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ABSTRACT 

Growing awareness about the benefits of more sustainable management and 

allocation of water resources has highlighted the need to manage surface water and 

groundwater systems as a single integrated system. Hydrological models are a simplified 

representation of hydrological processes and can be applied for water and environment  

resources management and gain an integrated view of the status of Integrated Water 

Resources Management (IWRM). A reliable and accurate simulation of both land surface 

and groundwater hydrological processes represents the most essential step in IWRM. 

Coupling surface and groundwater models is the only way to achieve such a purpose. It 

has become imperative that surface and groundwater resources be managed as a holistic 

system. In this study, the land surface model (WetSpass-M) is coupled with the 

groundwater flow model (MODFLOW-NWT) to improve the long-term stressors 

simulation of the standalone model.  The Drava floodplain region is highly affected by 

human activities and it suffers from water stress and intensification of drought hazards. 

WetSpass-M, a GIS-based spatially distributed water balance model, was implemented 

to assess monthly, seasonal, and annual averages of groundwater recharge, surface 

runoff, and actual evapotranspiration in the Drava basin, Hungary, for the period from 

2000 till 2018. The long-term temporal and spatial average monthly precipitation (58 

mm) is distributed as 29% (17 mm) for surface runoff, 27% (16 mm) for actual 

evapotranspiration, and 44% (25 mm) for groundwater recharge.  

Understanding how changes in distinctive land use/land cover (LULC) types 

influence basin hydrology would greatly improve the predictability of the hydrological 

consequences of LULC dynamics for sustainable water resource management and 

promoting the region’s economic growth. This study simulates the impacts of LULC 

changes from 1990 to 2018 on the hydrology of the Drava floodplain using the coupled 

surface water - groundwater model. A moderate expansion of built-up areas increased 

surface runoff, while the afforestation of arable land and meadows and the overgrowth 

of bare mudflats with willow shrubs increased evapotranspiration. As a consequence, the 

total annual groundwater recharge decreased by 5.3 × 107 m3 in the floodplain. 

Moreover, an average groundwater level decline by 0.1 m is observed in the same period. 
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Declined groundwater recharge, increased runoff, and evapotranspiration exerted a 

negative effect on water resources in the Drava basin.  

Integrated water resources management is necessary, particularly in a system 

where considerable interactions exist between surface and groundwater resources. The 

integrated study requires reliable estimation of the basin water budget and hydrologic 

fluctuations between surface and groundwater resources. For rehabilitation measures 

(focusing on water replenishment to oxbows) with the purpose of enhancing ecosystem 

services, the detailed hydrogeological study of alluvial deposits and soils is 

indispensable. Different fluvial sediment structures scenarios were investigated using a 

three-dimensional groundwater model MODFLOW-2005 via ModelMuse as a user 

graphical interface to assess the exchange between surface flow (from the Drava river 

and the Cún-Szaporca oxbow lake) and aquifer. The results show that the application of 

a multilayered structure provided the most realistic result. Two scenarios for the 

replenishment of the lake were analyzed.  

This study explores the hydrological feasibility of alternative water management, 

i.e. the restoration of natural reservoirs (abandoned paleochannels) to mitigate water 

shortage problems. The consequences of applying a natural reservoir in augmenting 

surface water storage are investigated under variable management scenarios of 

recharging or feeding the reservoir. The assessment of such reservoir/groundwater 

interactions according to different scenarios of reservoir recharge is a precondition to 

establishing new water governance in the region, which can, in turn, be the basis for 

exploiting economic opportunities. Sustainable ecotourism and related development 

would ensure a safe livelihood for the local population.  Different management scenarios 

for two natural reservoirs were simulated with different filling rates. In both instances, 

a natural reservoir with a feeding rate of 1 m3 s-1 is found to be the best scenario. In this 

case, 14 days of filling are required to reach the possible maximum reservoir stage of +2 

m. The first-meter rise increases the saturation of soil pores and the second creates an 

open surface water body. Two filling periods per year, each lasting for around 180 days, 

are required. Such an integrated management scheme is applicable for floodplain 

rehabilitation in other regions with similar hydromorphological conditions and hazards, 

too. 
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 The research approach of the integrated models can generally be applied to any 

catchment and inspired by the need of considering all aspects related to hydrological 

models for IWRM to bridge the gap between stakeholder involvement and natural 

hydrological processes in building and applying integrated models to ensure 

acceptability and application in decision-making for IWRM. 
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Im Monthly interception 

Csr Actual surface runoff coefficient 

Ch A coefficient that describes the moisture condition of soil 

IR Interception ratio 

Sy Specific yield 

𝑅𝑛𝑗 ∆h is the change in water table height with time 

Q Fow 

K Hydraulic conductivity averaged over the height of the aquifer 

A Area 

ℎ1 −  ℎ2 Difference in hydraulic head 

L 
the distance along the flow path between the points where ℎ1 and ℎ2  are 

measured 

h Hydraulic head in the porous mediumrespectively 

Kx Anisotropic hydraulic conductivity for the porous medium in x direction 

Ky Anisotropic hydraulic conductivity for the porous medium in y direction 

Kz Anisotropic hydraulic conductivity for the porous medium in  z direction 

W Volumetric flux per unit volume at sources or sinks of the porous medium 

𝑄𝑅𝐼𝑉 Flow between the river and the aquifer 

𝐶𝑅𝐼𝑉 Hydraulic conductance of the riverbed 

𝐻𝑅𝐼𝑉 River stage 

ℎ𝑎 Head in the aquifer beneath the riverbed 

ℎ𝑟𝑖𝑣𝑏𝑜𝑡 Level of the river bottom 

d Thickness of the streambed deposits 

q Seepage rate 

ℎ1
𝑛 Lake stages during the present time step, 

ℎ1
𝑛−1 Lake stages during the previous time step, 

W Withdrawal rate from the lake 

SP Net rate of seepage between the lake and the aquifer 

Qin Stream inflows 
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Qout Stream outflows 

𝐴𝑠  Surface area of the lake  at the beginning of the time step. 

Δt Time step length 

GHBin Lateral groundwater inflow by GHB boundaries 

GHBout Lateral groundwater outflow by the GHB boundaries 

ΔS Total change of storage 

QLAKin Inflow from stream to the lake 

QLAKout Outflow from stream to the lake 

LAKin Discharge from the aquifer to the lake 

LAKout Aquifer recharge from the lake 

Elak Lake evaporation 

QGWin Groundwater recharge from streams 

QGWout Discharge from groundwater to streams 

Ssat Change in saturated zone storage 

ℎ𝑚 Observed groundwater level 

ℎ𝑠 Simulated groundwater level 

ℎ̅𝑚 Mean observed groundwater level 

ME Mean error 

MAE Mean absolute error 
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1. INTRODUCTION 

1.1  General 

Groundwater is a vital source of freshwater across the world for drinking, 

agricultural irrigation, and maintaining ecosystem services (IPCC, 2001). Incessant 

human interventions alter, at an increasing rate, the hydrological process and, 

consequently, reduce the availability of water in the floodplain. Moreover, a growing 

global population combined with climate change, pollution, and insufficient 

groundwater recharge results in dropping groundwater levels. A better understanding of 

the special and temporal distributions of water balance components, especially 

groundwater recharge, becomes essential for successful management of water resources 

and modeling subsurface fluid and contaminant transport (Arefaine et al., 2012), 

especially now where these resources become the primary source for drinking water 

(National Research Council, 2008).   

The water resources are under serious pressure because of population growth, 

climate change, and industrialization, which make these resources more vulnerable (Heo 

et al., 2015). They can influence sustainable development and ecosystem services by 

influencing the socio-economical structure of the society (Yin et al., 2017). Moreover, 

land-use/land-cover (LULC) changes are among the major factors altering regional 

hydrological processes of river basins (Yang et al., 2019), such as streamflow (de Paulo 

et al., 2018), evapotranspiration (Deng et al., 2015), surface runoff (Rodriguez-Lloveras 
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et al., 2015), base flow (Wang et al., 2006), infiltration, interception, (Ghimire et al., 

2014), and flood regime (Jodar-Abellan et al., 2019) of the catchment. In addition, 

human interventions have fundamentally altered the water availability of floodplain 

landscapes (De Vries, 2013), led to lower groundwater tables and deteriorated the 

balance of natural systems (Hu et al., 2002). The spatial distribution of groundwater 

quant ty and quality is highly influenced by human activities (Gehrels et al., 2001). 

Without accurate estimation, the effects of LULC changes on hydrologic components 

may be understated or exaggerated or even misinterpreted. There are still research 

questions as how concurrent changes in several LULC classes, and changes in the 

individual LULC classes influence changes of each hydrological component. The 

answers to these questions will improve the predictability of hydrological consequences 

of LULC changes and, thus, are crucial and urgent for efficient water resources 

management, ecological restoration (Tang et al., 2005), and sustainable development. 

Channel/floodplain connectivity is a decisive factor of water supply to oxbow lakes 

and, thus, a main ecological requirement for floodplain restoration (Wren et al., 2008). 

The sedimentological sequences along the lower sections of rivers have been created by 

the alluviation of meandering rivers in historical times. For the rehabilitation measures 

with the purpose of enhancing ecosystem services, the detailed hydrogeological study of 

alluvial deposits and soils is indispensable. Hydrologists warn that subsurface and 

surface water have to be regarded as actively communicating components of a single 

system (Winter et al., 1999). The multi-layered sediments are of crucial importance as 

geological background to subsurface water dynamics. Obviously, the randomly layered 

geological units cause anisotropy. Their position and extension modifies the velocity of 

subsurface flow. Oxbow lakes and abandoned channels, the most common landforms of 

floodplains, are regarded particularly sensitive to human pressures (Hulisz et al., 2015; 

Jason et al., 2008). Major streams, like the Drava River, and their hyporheic zones 

maintain a hydraulic balance with groundwater. Among groundwater bodies and 

aquifers, the unconfined aquifer reacts most rapidly to rainfall events. Alluvial sediments 

indicate an extreme degree of heterogeneity in the hydraulic properties of sediments. 

Exchange between the alluvial aquifer system and surface water will be affected by the 

degree of the subsurface heterogeneity (Woessner, 2000). Although many studies 
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address the interaction between the groundwater and surface water (Rudnick et al., 

2015), the degree of subsurface heterogeneity for aquifer was rarely addressed.  

International examples show that the integrated (conjunctive) use of surface water 

and groundwater within a proper management system increases the efficiency of water 

utilization (Cheng et al., 2009), provides sufficient irrigation water for agriculture (Seo 

et al., 2018), and improves the environmental conditions of irrigated lands (Liu et al., 

2013). The management of a sustainable river basin requires a better understanding of 

water resources systems and their relationships and types (e.g. groundwater, surface 

water, quantity and quality, upstream, downstream interactions, and biotic components). 

Computer models are widely available when it comes to applications in water resources 

and hydrological analyses. A surface water model is responsible for the surface water 

hydrology, such as actual interception, transpiration, evapotranspiration, surface runoff, 

soil water, and groundwater recharge, while a groundwater model covers all processes 

associated with groundwater, including saturated flow and groundwater discharge into 

rivers. Coupling the surface water and groundwater models eliminates the limitations 

inherent in each model to yield a solution that is more in line with real -world 

hydro(geo)logy. Integrated models in IWRM have gradually gained in significance as 

the problem of IWRM becomes more and more complex requiring more detailed, refined, 

and dynamic solutions in more challenging situations.  

1.2  Problem Statement 

The understanding and effective management of drought and flood issues within 

catchments are critical to the sustainability of these systems and the environments they 

support. Surface water and groundwater systems within catchments present significant 

feedbacks and consequently must be considered as a single system. Holistic 

consideration of these systems in catchment hydrology requires the understanding and 

quantification of both surface and subsurface flow processes and their interactions. 

Whilst there has been a significant contribution to the knowledge and understanding of 

hydrogeological research of surface water-groundwater interactions in the past few 

decades, there are still specific knowledge gaps on how different types of systems (i.e. 
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connected gaining and losing, and losing disconnected) function and interact at different 

spatial and temporal scales and in different hydrogeological environments.  

Consequently, a need has arisen for fully integrated surface-subsurface flow models 

which have become an essential tool in understanding and quantifying these 

interactions/processes.  This body of research addresses some of the complexities of 

surface water-groundwater interactions in highly regulated river basins, at different 

spatial and temporal scales, and investigates a number of the dominant controls (e.g. 

sediment sequences and LULC changes) that influence the exchange processes and 

dynamics between surface water and groundwater.   

Over the last centuries, half of European wetlands and more than 95% of riverine 

floodplains were converted to agricultural and urban lands (Gumiero et al., 2013). 

Human interventions have fundamentally altered the water availability of floodplain 

landscapes (EC, 2000). Changes in the water regimes of rivers are predicted to be 

damaging to these ecosystems under extensive human pressure, resources exploitation, 

and pollution. Abandoned channels and oxbow lakes, the most common landforms of 

floodplains, are regarded particularly sensitive to such pressures. They are highly 

sensitive to human activities. Recently, the Hungarian Drava floodplain was influenced 

by large-scale landscape degradation. Global climate change, on one hand, and human 

interventions, on the other hand, substantially alter and disturb the ecological regime and 

balanced water budget of floodplains (Bonacci and Oskoruš, 2019). River channelization 

and widespread agricultural utilization induced gradual desiccation in the Drava 

floodplain, loss of wetlands and reduced landscape diversity (Pinto et al., 2013). In 

response to specific regional influences, droughts tend to occur with a frequency equal 

to that of floods (Lóczy et al., 2014). The previously satisfactory water availability in 

the Drava floodplain, disconnected from the river channel, was replaced by the 

alternation of flood and drought periods – occasionally even within a single year (Lóczy 

et al., 2014). With groundwater tables dropping by 1.5 to 2.5 m, the entrenchment of the 

river leads to intensified drought hazard and water stress in the floodplain (Dezső et al., 

2017; Lóczy et al., 2014). Increasing drought hazard is recognized as a key factor 

contributing to the loss of ecosystem services, including biodiversity and agricultural 

productivity, in the floodplain (Lóczy et al., 2020, 2014).  Water shortages, particularly 
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manifested in decreased river discharge and wetlands desiccation, are aggravated by the 

acidification trend induced by global climate change. As a consequence, the ecological 

functioning of the natural systems and physical habitats have deteriorated.  

Moreover, water shortages have adverse effects on agricultural productivity, 

related socio-economic conditions, and the life quality of the local population. The 

optimal design of groundwater table in the floodplain is a complex task because of the 

conflicts between agriculture, forestry, flood control, and natural conservation demands 

(Lóczy et al., 2014). The conditions for agriculture, the main source of subsistence for 

the population, became critical. Recently, a competition between water users represented 

a serious issue in the Drava floodplain (Bonacci and Oskoruš, 2019) and it is predicted 

to radically aggravate in the next few years. Water resources are limited and any shortage 

in them threatens the sustainable development of different sectors (e.g., industry, 

agriculture, municipal, and tourism) in the Drava basin. Protecting groundwater 

resources in the Drava basin is especially important for the provision of ecosystem 

services, landscape management, nature conservation, and economic development 

though improving agricultural productivity. Therefore, it is required to investigate and 

manage alternative water resources.   

1.3  Motivation and Objectives 

IWRM is a complex process and requires integration at a different level. It is 

crucial to study hydrological and groundwater flow models and all processes which 

influence this model to assess the availability of water and investigate the LULC change 

effects on water resources. This study aims to present a comparative analysis of the use 

of an Integrated Surface Water-Groundwater Hydrologic Modelling to capture 

hydrologic responses and to integrate water resources management for the highly-

regulated river basin. Most studies focused only on one or two aspects of modeling for 

water resources management where a systematic approach is required. Therefore, the 

main aims of this thesis are: 
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• To assess the interactions between groundwater and surface water at a critical part 

of this system: between a protected oxbow (which is fed by water according to the 

ODP) and the main river (Drava). 

• To assess groundwater potential, long-term spatial distribution of monthly, 

seasonal, and annual components of the water budget in the Drava basin.  

• To assess the potential effects of LULC change on the total water budget and 

average groundwater level of the Drava floodplain 

• To recommend suitable management strategies for restoration of the surface and 

groundwater resources under the water replenishment scenarios through natural 

reservoirs. 

The Specific objectives are: 

• To assess the effect of sedimentological sequences along the lower sections of 

rivers on surface water –groundwater interaction 

• To analyze the exchange of water fluxes between the lake and aquifers and the 

changes in groundwater levels under each scenario of oxbow lake(s) 

replenishment 

• To evaluate the feasibility of water replenishment through natural reservoirs under 

different management scenarios 

• To quantify the water budget and water retention, under different management 

scenarios in the lower parts of the floodplain 

One of the objectives of this thesis is to support the Government in their decision-

making by providing access to improved (processed) data and to provide planners with 

tools to assess the effects of LULC changes on ecosystem services and explore the 

hydrological feasibility of alternative water management, i.e., the restoration of natural 

reservoirs (abandoned paleochannels) to mitigate water shortage problems. One of the 

challenges for the study is to feed their knowledge into regional and national planning 

systems to manage the Drava River basin now and in the future. The outcome of this 

study may serve as a contribution to their objectives, by providing an improved 

understanding of the special and temporal distributions of water balance components, 

the spatial extent and variation of groundwater levels, the effects of LULC change on 
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hydrology, and the dynamic interactions between groundwater and surface water within 

the Drava River basin, especially water balance between the lake and groundwater. This 

was done to achieve the goal of further understanding of the use of WetSpass–

MODFLOW as a planning tool to predict the effect of natural and anthropogenic 

influences on the floodplain. 

1.4  Research Question 

• What is the impact of the replenishment of the Cún-Szaporca oxbow lake system 

on the hydrologic system adjacent to the lake area? 

• What is the long-term spatial distribution of monthly, seasonal, and annual water 

balance components? 

• How can coupled models (coupling WetSpass-Modflow) be applied to improve 

long-term stressor simulation? 

• What are the potential effects of different LULC changes on groundwater recharge 

in the Drava River Basin and how can these effects be explained? 

• What is the hydrological feasibility of applying natural reservoirs as an alternative 

water resource management? 

Specific questions 

• How can randomly layered fluvial sediments influence groundwater-surface water 

interaction? 

• What is the effect of model discretization?   

• What is the impact of the lake level variations on the temporal variability of 

groundwater heads and on the spatial extent of that influence? 

• How are water balance components influenced by land use types? 

• How are water balance components are influenced by soil types? 

• How is the sensitivity of groundwater recharge to LULC changes spatially 

distributed within the Drava River Basin and how can this be explained? 

• What are the recommended management strategies for water retention in the Drava 

basin? 
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To achieve the study’s aims, the research strategy has been designed as 

follows: 

• Set up Aa quasi-distributed hydrological model (WetSpass-M) for a highly-

regulated river basin, the Drava River basin in the Hungary involving validation 

using the water table fluctuation method. The linear regression method is applied 

to perform a statistical analysis by identifying the trend of precipitation data.   

• Build a three-dimensional groundwater flow model, calibrate it with observed 

groundwater levels and lake stages and conduct the sensitivity analysis for the 

groundwater flow model using computer code for universal sensitivity analysis, 

calibration, and uncertainty evaluation (UCODE-2005) with the help of 

ModelMate. 

• Integrate framework model which couples the calibrated hydrological model 

(WetSpass-M) with the calibrated groundwater flow model (MODFLOW-NWT) 

to improve the simulation of a long term stressor.  

• Perform a holistic investigation of sediment sequences by satellite image 

processing (SIP), Ground Penetration Radar (GPR) record, particle size 

distribution (PSD) of sediments measured in situ and determining hydraulic 

conductivity from each auguring. 

• Reconstruct the stratification and layer variability of alluvial sediment formations 

where the subsurface flow is crucial.  

• Create various modeling scenarios for different degree of aquifer heterogeneity to 

assess losses from the lake and water retention in the system. 

• Simulate different management scenarios in augmenting surface water storage by 

applying two natural reservoirs and feed them into the coupled model to explore 

the hydrological feasibility of alternative water management. 

1.5  Structure of the Thesis 

This thesis consists of nine chapters including the introduction in Chapter 1 and 

conclusions in Chapter 9. 
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Chapter (1) Introduction: Includes problem statement, research objectives and scope of 

thesis. 

Chapter (2) Literature Review: is a review of literature on the physical background of 

groundwater recharge and various methods of recharge estimation, modeling support for 

integrated water resources management, impact of land use change on groundwater, 

surface water-groundwater interactions, and modeling lake-groundwater interactions. 

Chapter (3) Description of the study area: a short description of the study areas is 

provided in terms of location, hydromorphology, climate, geological and 

geomorphological settings, soil, land cover and surface and groundwater in the 

environment of the oxbow system. 

 

Chapter (4) Hydrological Modelling of a Highly-regulated River Basin: is about 

building a hydrological modeling using the WetSpass-M model of the complex highly 

regulated basin, the Drava River in Hungary. It involves model description, structure, 

required input data and parameters, and validation with the water table fluctuation 

method. A summary of the limitations follows the detailed discussion of the model set 

up.  

 

Chapter (5) Groundwater flow model: treats the developing of a groundwater model 

(MODFLOW-NWT) with ModelMuse as a graphical interface for the Drava Basin. It 

includes conceptualization, boundary conditions, sensitivity analysis using computer 

code, calibration, and uncertainty evaluation (UCODE-2005). The model is calibrated 

with an eight-year data series of observed groundwater levels and water budget .  

Chapter (6) Integrated assessment of the impact of Land-use/land-cover changes on 

hydrology: studies the coupling of the land surface process model (WetSpass-M) with a 

physically based fully distributed groundwater flow model (MODFLOW) to improve 

simulation of the long term stressor. It is applied to assess the impacts of LULC changes 

from 1990 to 2018 on water balance components and groundwater levels of the Drava 

floodplain. 

Chapter (7) Randomly layered fluvial sediments influenced groundwater-surface 

water interaction/ assessment of water replenishment to a floodplain lake : investigates 
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the sedimentology of the Cún-Szaporca oxbow of the Drava floodplain, evaluating the 

interactions between a protected oxbow and the main river (Drava) under different 

fluvial sediment structures scenarios using 3-D groundwater flow model. The model was 

applied to analyze two scenarios for the replenishment of the lake.  

Chapter (8) Integrated water resources management:  is concerned with the elaboration 

of different management scenarios for two natural reservoirs with filling rates ranging 

from 0.5 m3 s−1 to 1.5 m3 s−1 using the calibrated integrated model (WetSpass-M/ 

MODFLOW-NWT). It includes the assessment of lake–aquifer exchange fluxes and the 

Spatio-temporal extent of reservoir impact for each scenario.  

Chapter (9) Conclusions and Recommendations for future studies 

References:  Have been shown at the end of the thesis. 

Appendices: Appendix (A&B) contains the data entry. 
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2. LITERATURE REVIEW 

Computer models play an essential role in Integrated Water Resources Management 

(IWRM) providing a range of support to the assessment of water resources management 

and decision making. This chapter offers a review of Integrated Water Resources 

Management, the concept and methods of groundwater recharge, and models of 

groundwater hydrology. Moreover, surface water groundwater interaction, assessment 

of lake- groundwater interaction, and modeling techniques of lake/reservoir and aquifer 

system interactions are presented. 

2.1  Integrated Water Resources Management 

IWRM is an approach to utilizing, formulating, and implementing planning and 

management strategies for sustainably and ecologically developing water resources by 

considering the spatial and temporal interconnections with human, natural resources and 

environmental aspects among water users. Currently, it has been considered as a global 

paradigm for water resources management and has been broadly applied for practical 

water resources management problems (Gain et al., 2012). The water resources systems 

should be fully considered and dealt with as part of the broader environment including 

socio-economic demands under the impacts of the cultural and political situations. 

The IWRM practice depends heavily on the use of computer-based models because 

both allocating and assessing water resources are non-trivial processes (Salem et al., 

2021). In the beginning, the use of computer models in water resources management is 

naturally required to obtain quantitative knowledge of water resources at a given place 

and then to allocate resources in an efficient and optimized manner under specific 

constraints. The set of computer models used in the past differed slightly from those that 
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have been used to study natural processes in the water cycle, such as hydrological 

models. IWRM community tends to use more generic names, such as simulation models, 

to highlight their pioneering role in IWRM, i.e., simulate the natural process of 

producing resources with different initial and boundary conditions and to form the basis 

for ‘what-if’ analysis further.  

The computer models in the latter group are mathematically similar to the process 

of solving optimization problems with the primary goal being defined as efficient use of 

water under different constraints. Since the water use represented by models in this 

category is often referred to as allocations to a different portion of water resources, these 

models are also called allocation models, although appropriation, strictly speaking, is 

only a small part of their purposes while nowadays more complex models focus on 

supporting overall decision making. Sheer (1981) presented the earliest attempt of using 

computer models in IWRM where the Potomac Reservoir and River Simulation Model 

(PRRISM) was applied from the late 1960s to the early 1970s, to simulate the water use 

from the reservoirs during the drought season in the Potomac River Basin, Metropolitan 

area Washington, USA. 

Over the last two decades, the need for detailed models has increased dramatically 

with the use of several, such as PDM (Moore, 2007) and MODFLOW (Niswonger et al., 

2011). While this step, in general, helps practitioners to improve individual paradigms 

and improve governance in return, it has fragmented the idea of integration. 

Consequently, researchers have increasingly recognized the problem of using highly 

specialized, fragmenting models in IWRM.  Research on model integration in the context 

of IWRM has appeared in many of the research agendas, with some promising results, 

e.g. in WetSpass-Modflow. Their overall results demonstrate that the model can 

represent the results of integrated watershed modeling that includes surface hydrological 

and groundwater hydrological components. Besides, the results improve understanding 

regarding spatial patterns of groundwater influence on sewer flow, which can aid 

floodplain management schemes for the conjunctive use of ground surface water. 
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2.2  Groundwater Resources 

Groundwater is a major source of freshwater across the world for drinking, water 

supply of food production, and agricultural irrigation and plays an important role in 

maintaining ecosystem services (IPCC, 2001; UN/WWAP, 2006). About 2 billion people 

worldwide rely on groundwater supplies (WWAP, 2015). Groundwater is a vital natural 

water resource globally due to its better protection from surface pollution and its low 

impact by seasonal fluctuations with regard to surface water (Zektser and Everett, 2004). 

Moreover, groundwater plays an essential role in sustaining rivers, wetlands, and lakes 

during dry periods. The groundwater is the stored water at the subsurface/underground 

of the earth, which exists in pores between sedimentary particles and in fissures and 

aquifers of solid rocks. Groundwater served as the largest reservoir of drinkable water 

and it is less contaminated by wastes as it can be stored in the saturated zone of the soil. 

Groundwater resources are indirectly affected by variations in precipitation, 

temperature, and evaporation and generally with a time delay while climate variability 

affects surface water resources more directly (Jyrkama and Sykes, 2007). The 

sustainability of groundwater resources relies on groundwater recharge, i.e. downward 

water flow to the water table and groundwater storage (Healy and Scanlon, 2010). 

2.3  Groundwater Recharge 

Groundwater recharge is a hydrological process by which water percolates down 

the soil and reaches the water table either by natural and artificial methods to replenish 

the aquifer with water from the land surface (Healy and Scanlon, 2010). Groundwater 

recharge can be defined as the entry of water into the saturated zone and until it reaches 

the water table surface (Freeze, 1969). This process is connected to the other water 

balance components since precipitation is partitioned into evapotranspiration, surface 

runoff, interception, and infiltration. In general, the amount of percolation into the 

groundwater system depends on various factors such as climate, vegetation cover, soil 

composition, geological formation, soil moisture content, land slope, land use/land 
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cover, topography, the presence or absence of enclosing beds, and depth to the water 

table. Recharge is encouraged by natural vegetation cover, flat topography, soil 

permeability, and depth of water table and unconfining beds (Al Kuisi and El-Naqa, 

2013; Obuobie, 2008). Consideration of these characteristics is a prerequisite to the 

estimation of groundwater recharge. There are various sources of recharge to a 

groundwater system, including both natural and human-induced sources. Natural sources 

are represented by recharge from precipitation, rivers, lakes, ponds, and other aquifers.  

While irrigation losses from both fields and canals and, leaking water mains, septic tanks 

sewers, and over-irrigation of gardens, parks, and other public amenities present human-

induced sources. There are three principal mechanisms of recharge according to 

Hendrickx (1992): 

Direct (diffuse) recharge: water added to the groundwater reservoir in excess to soil 

moisture and evapotranspiration deficits by direct vertical infiltration from precipitation 

or irrigation. 

Indirect recharge: Infiltration to the water table following runoff and localization in 

joints. Two principal categories of indirect recharge are apparent: that related to surface 

watercourses, and a localized recharge resulting from the horizontal surface 

concentration of water in the absence of well-defined channels, such as recharge through 

small depressions, sloughs, joints, and potholes. 

2.3.1  Factors Affecting Recharge 

Groundwater recharge is influenced by complex processes and several parameters 

which themselves are affected by many factors. Climate, vegetation characteristics,  and 

Soil types can vary significantly over small regions. Therefore, lumped or point -based 

models do not present a complete look and accurate estimation of groundwater recharge. 

The impact of temporal and spatial variability on groundwater recharge is also becoming 

more widely appreciated. 
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2.3.1.1  Climate Variability 

Climate variability is influencing groundwater recharge and level owing to changes 

in evaporation loss and precipitation (Waikar and Somwanshi, 2014). In most 

applications of groundwater flow modeling, the precipitation rate is often regarded as 

spatially constant or averaged over time in steady-state analyses. However, precipitation 

varies significantly even over short distances, and consequently, the result of the spatial 

variation of precipitation should not be neglected, especially in studies of large-scale 

modeling (Jyrkama and Sykes, 2007). Rainfall is considered one of the most important 

supplies of water in any region. The amount of water that is used for different purposes 

in a specific region depends on the amount of rainfall.  Excess water means a waste of 

water which is so precious in any region. Moreover, it can raise the groundwater tabl e 

that resulted in unsatisfactory saturation of the root zone. On the other hand, an extensive 

period with the absence of rainfall during the growing season leads to the wilting of 

plants. The availability of freshwater resources becomes a limiting factor for crop growth 

worldwide (Gat, 2004). 

In the groundwater recharge process, precipitation is considered as the most 

important parameter. It provides the water that will recharge the groundwater system and 

represents the dynamic force in the hydrologic cycle. Precipitation is influenced by 

metrological factors such as temperature and wind resulting in dynamic and complex 

distribution while the spatial distribution and intensity of precipitation affect the amount 

of groundwater recharge. Storm events could be largely different in duration, intensi ty, 

and velocity, while lower temperatures can lead to mixed precipitation (Jyrkama and 

Sykes, 2007). The impact of rainfall and evapotranspiration on the groundwater basin is 

generalized. According to Karimi, et al. (2015), actual evapotranspiration represents the 

water amount that is subtracted from the soil through transpiration and evaporation. It 

changes with the accessibility of moisture and temperature throughout the year 

(Bakundukize et al., 2011). In the rainy season, when effective precipitation is larger 

than the potential evapotranspiration and the soil is at field capacity, the actual 

evapotranspiration will be at its maximum value and equal to PET which enables the 

aquifer to be recharged. The aquifer is no longer recharged when PET is larger than 
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precipitation. The used water for ET is taken from soil moisture storage and precipitation 

until it is depleted (Van Landtschoote, 2017). Thus, potential evapotranspiration (ETo 

or PET) is an important parameter of the water budget with high temporal and spatial 

variability. The climatic variability will influence ET and alters basin water yield (Lu et 

al., 2005; Shao et al., 2012). 

2.3.1.2  Land use/land cover 

LULC type has a substantial effect on groundwater recharge or infiltration (Dost 

et al., 2013; Walker et al., 2002). LULC is one of the most important controlling factor 

in basin hydrology (Fetter, 2001). Vegetation affects recharge through transpiration and 

interception. Large-scale vegetation controls the amount of infiltration rate, deep 

drainage, net rainfall, and the storage capacity of the aquifer. The stored water that could 

be removed by vegetation relies mainly on rooting depth.  Shallow-rooted grasses 

remove less water than deeper-rooted trees and shrubs (Jyrkama and Sykes, 2007). Urban 

regions can also have an obvious effect on groundwater recharge by increasing 

impervious areas which alter their natural state (Hendrickx, 1992). However, the 

argumentative impact of urbanization is often on the quality of recharge, rather than on 

its quantity (Foster, 2001). The LULC is also useful to estimate the vegetative 

parameters' values such as evaporative zone depth and leaf area index (LAI). The LAI 

parameter is used for controlling both surface evaporation and transpiration (Ala-aho et 

al., 2015). 

2.3.1.3  Soil Properties 

Soil texture is the key point to understand all required information for the 

hydrological investigation of any region (Berhanu et al., 2013). Soil represents the main 

physical characteristics that control runoff and recharge and generation. The soil 

infiltration capacity relies on soil permeability, which controls its storage capacity and 

influences the hostility of the flowing water into deep layers. Since the soil texture has 

a significant impact on the soil infiltration capacity, sandy soil has the highest infiltration 
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rates while heavy clay and loamy soil show lower infiltration rates and higher surface 

runoff (SMEC, 2007). 

The water saturation degree of the root zone controls the hydraulic conductivity 

distribution and consequently the infiltration to the groundwater table. Also, it affects 

the uptake water by roots and as the result the actual evapotranspiration (Berendrecht, 

2004). Therefore, the groundwater recharge process is not only affected by temporal and 

spatial variability in the major metrological variables, but also relies on the spatial 

distribution of land surface characteristics, hydraulic conductivity, and depth properties 

of underlying soils. 

2.3.2  Estimation of Groundwater Recharge 

The evaluation of water balance components is critical for sustainable and effective 

management of surface water and groundwater resources such as estimation of water 

availability, quantification of sustainable amount of groundwater depletion, or 

prevention of desertification and land degradation. Estimation of groundwater recharge 

is a challenging and complex process as groundwater recharge depends on several 

parameters such as topography, land use, soil texture, groundwater depth, meteorological 

conditions, and other hydrologic characteristics (Batelaan and De Smedt, 2007). 

Measuring the groundwater recharge for a large area in situ is unmanageable; it is usually 

quantified by indirect techniques (Bakker et al., 2013; Scanlon et al., 2006). The 

selection of an appropriate technique to evaluate the groundwater recharge remains a 

difficult step. Moreover, several factors may attribute to the choice of the most reliable 

technique, such as the scale of space and time and the range and validity of the recharge 

estimates (Hendrickx, 1992; Scanlon et al., 2002). Quantifying groundwater recharge 

requires modeling the interaction between important processes in the hydrological cycle 

such as evapotranspiration, surface runoff, infiltration, and variations of groundwater 

levels (Jyrkama and Sykes, 2007). Scanlon et al. (2002) categorized groundwater 

recharge techniques based on hydrological zones from which the recharge data is 

obtained, namely unsaturated zone, saturated zone, and surface water. The different 

zones provide estimates of groundwater recharge over varying scales of space and time 
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The estimation techniques of groundwater recharge are further classified as follows: 

tracers methods, physical techniques, and numerical modeling approaches within each 

hydrologic zones. 

2.3.2.1  Groundwater recharge estimation methods 

Numerous techniques are used to estimate groundwater recharge including 

experimental methods, chloride ion mass balance method, Hydrological Budget (HB), 

empirical methods, distributed Double Hydrological budget (DHB), statistical 

approaches such as Water Table Fluctuation (WTF), recession curve displacement 

method (Rorabaugh Method) and numerical methods like water balance simulation 

(Anuraga et al., 2006; Batelaan et al., 2003; Carrera-Hernández and Gaskin, 2008; Salem 

et al., 2020b). Wang et al. (2008) used experimental methods through isotope tracers, 

and to estimate groundwater recharge. Lysimeter tools enable to present the actual 

drained water from the soil column. This allow to explore an explicit relationship 

between groundwater recharge and other water balance components. They are not 

appropriate in many developing contexts, however, their installation is costly. Moreover, 

the obtained groundwater recharge with lysimeters as an unsaturated-zone technique, is 

better to consider as point estimates (Scanlon et al., 2002), because of the heterogeneity 

of vegetation and soil.  

The water table fluctuation method (WTF) has been applied in several studies to 

relate water levels in wells to groundwater recharge, via specific yield (Meinzer and 

Stearns, 1929; Rasmussen and Andreasen, 1959). Seasonal or annual estimates could be 

performed based on the periodic measurements of water levels of wells, but this method 

is intended for estimating the short-term in water table fluctuations in response to rainfall 

events. The spatial validity of this method ranges from a lower estimation of several 

square meters according to Healy and Cook (2002), to an upper limit of one thousand 

square meters according to Scanlon et al. (2002). Ideally, to achieve reliable estimates, 

numerous wells should be observed. In developing contexts, such observations may 

rarely be undertaken, however, again limiting the use of this approach. WTF is applied 

by evaluating the specific yield for an area of groundwater level fluctuation (Healy and 
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Scanlon, 2010). Moon et al. (2004) evaluated groundwater recharge using modified WTF 

and groundwater hydrographs for the basin of a river in South Korea. They concluded 

that the average groundwater recharge ratio was grouped based on their groundwater 

hydrographs and varied from 4 to 15%.  Healy and Cook (2002) reviewed the 

applicability of the WTF method to evaluate groundwater recharge and demonstrated its 

limitations. Martin (2005) utilized WTF to quantify the annual average of groundwater 

recharge in Atankwidi, West Africa. He reported that the recharge varies from 13 mm to 

143 mm. Salem et al. (2018b) used empirical methods based on precipitation depths and 

WTF to evaluate groundwater recharge in the Cún-Szaporca oxbow of the Drava 

floodplain, Hungary. Rasoulzadeh and Moosavi (2008) used an inverse approach and 

considering the WTF model as a forward model evaluated the WTF parameters and 

groundwater recharge for the vicinity of Tashk Lake in Iran. Theis (1937) reported that 

the recharge rate could be calculated by multiplying the specific yield by the annual rate 

of water table decline during periods of no recharge, assuming that the annual basin 

inflow equals the annual outflow over the long term. Similarly, the recharge rate is 

determined by multiplying the specific yield by the rate of water level rise multiplied by 

during recharge periods. Bear (1979) conducted the relationship between recharge and 

precipitation at different times.  

The Rorabaugh method is applied when a series of groundwater recharge events 

take place during one runoff season. This method can be used when the recession curve 

is moved upward by a recharge event. The extent of the upward shift of the recession 

curve is used to estimate groundwater recharge (Rorabaugh, 1964; Rorabaugh and 

Simons, 1966).  Winter et al. (2000) used principal component analysis (PCA) to 

categorize groundwater hydrographs of small lake watersheds to understand the features 

of recharge and the impacts of geology on water-table fluctuations. Manghi et al. (2009) 

applied (HB) method to evaluate groundwater recharge in Hemet sub basin, United 

States. They found that annual long-term average recharge was 12.5 million cubic 

meters, from 1997 to 2005. El-Rawy et al. (2016) applied DHB approach to quantify the 

distribution of recharge rate over the Zarqa River Basin, Jordan. Hendrickx (1992) 

highlighted five main techniques of evaluating direct groundwater recharge from 

precipitation, empirical methods, direct measurement, tracers, water budget methods, 
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and Darcian approaches. Commonly, groundwater recharge is estimated to a large extent 

as an imbalance between evaporative demand and precipitation at the land surface 

(Gebreryfael, 2008). Currently, with the advantage of Geographic Information Systems 

(GIS), physical-based hydrologic modeling has become essential in contemporary 

hydrology for evaluating these factors as well as the effect of climate change and human 

intervention on water resources and basin hydrology (Alemaw and Chaoka, 2003). 

2.4  Models Used in Groundwater Hydrology 

Groundwater models are conducted for numerous hydrologic investigation 

purposes such as water quantity estimations, remedial designs, and vulnerability 

assessments (Ella et al., 2002). The hydrological models were classified into three major 

classes. Those are: 

• Empirical models (data-based models) 

• Conceptual models (parametric models)  

• Physically-based model (mechanistic models).  

 

2. 4.1 Empirical models 

An empirical model is based on investigation and observation, they are utilized to 

construct a relationship between rainfall and runoff to predict runoff in different regions 

(Chen et al., 2013). Physical transformation function to relate input to output is not 

considered in the empirical method. These models are often used in ungauged 

(unreachable) regions, where only little data or information are available on the region 

involved. An empirical model could be a clarification of a true system with the 

exploitation of experimental knowledge, mathematical justification, while not 

attempting to illustrate general physical laws. This type of model is developed by nature 

sometimes from analysis on easy knowledge sets. Several hydrological models are 

empirical and have an important function in developing the science of hydrologic 
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models. In these models, it is assumed that the climate boundary is absolute and the 

structure is static (IHMS, 2006). 

2.4.2 Conceptual models 

In the conceptual model the physical processes are taken into account which are 

acting upon the variables input to produce output variables. The conceptual method 

attempted to add physical importance to used constraints and variables in the 

mathematical function which present the connections between all processes that 

influence the system. Darcy formula (law of porous media flow) represents an example 

of a simple conceptual model. Conceptual models are widely employed as they are easy 

to use, can always be calibrated, and use limited input data. 

2.4.3 Physically based models 

Physically-based models are founded on the understanding of the behavior of 

involved processes and describe the system by involved equations grounded on the laws 

of conservation of mass, energy, and momentum. The physically-based model 

parameters are identical regarding the respective prototype physical characteristics (Ella 

et al., 2002). Physically-based models often use dispersed and deterministic input data. 

These models are distributed based which can explicitly represent the spatial distribution 

of the mainland surface characteristics such as soil, climatic variables, and topographic 

elevation (Wijesekara et al., 2012). Physically-based models have numerous worldwide 

applications. The estimated or measured hydrologic stresses and model parameters e.g. 

differences in natural groundwater recharge, human impacts such as groundwater 

extractions) could be adjusted in the input data file, so that the model is climatically and 

geographically transferable to any other region. Therefore, recent studies in 

hydrogeology mostly use physically based models (Cunderlik, 2003). WetSpass model 

is an example of physically distributed models. 
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2.5  Groundwater Flow Modeling 

Numerical models enable detailed assessment of the impacts of hydraulic 

properties of the vadoze zone and their spatial variabilities on groundwater recharge. 

These models are depending on soil profile subdivided with a number of homogeneous 

layers with their hydraulic properties. They simulate the transformation of precipitation 

into flow considering all intermediate processes such as interception, evapotranspiration, 

runoff, and infiltration. Thus, they are able to evaluate groundwater recharge at several 

points and at many times. Initial conditions and boundary conditions, vegetation 

properties, and soil properties must be imposed in the models to estimate groundwater 

recharge. Groundwater flow modeling provides several advantages for the estimation of 

groundwater recharge. Three-dimension full distributed numerical groundwater flow 

models such as MODFLOW are applied to evaluate groundwater recharge by adjusting 

the input groundwater recharge until simulated groundwater level by model match the 

measured one. One issue in this approach that any changes in aquifer variables such as 

aquifer storage and hydraulic conductivity influence the simulated groundwater level. 

The uncertainty associated with transmissivity is often greater than that associated with 

groundwater recharge. Consequently, the accuracy of the estimated groundwater 

recharge could be low. The ability of groundwater flow modeling programs such as GMS 

MODFLOW to gather a wide variety of data into a consistent model is a tremendous 

advantage. However, without flow values, multiple possible solutions could be provided 

without a sense of which is the best fit, leading to the non-uniqueness issue of modeling 

systems. Moreover, head values should be continually observed to establish the variation 

in the system, which could be a concern in developing contexts in the case such 

information is limited. Where parameters such as rainfall are not integrated directly, it 

could be difficult to obtain an explicit relationship between recharge and rainfall. Once 

the relevant factors such as hydraulic conductivity and recharge are established, 

investigations of alternative scenarios through change factor values are straightforward 

and result in multiple outcomes. For example, Markstrom et al. (2008) developed the 

GSFLOW model through coupling watershed with the groundwater flow model, which 

links MODFLOW-2005 (Harbaugh, 2005) with PRMS (Leavesley et al., 1983) to 
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simulate surface water and groundwater resources. Conceptually, GSFLOW subdivided 

the coupled system into three compartments. The first compartment includes plant 

canopy, soil zone, impervious storage, and snowpack and it is simulated by PRMS. The 

second presents lakes and streams, while the third compartment is simulated by 

MODFLOW-2005 and includes unsaturated and saturated zones. Another example is the 

(Batelaan and De Smedt, 2007) coupled WetSpass model which calculates the long-term 

average of water-balance components to a regional groundwater flow model. Regional 

groundwater models are often quasi-steady state applied for evaluating the groundwater 

system (discharge-infiltration relations) and thus require long-term average recharge 

input. Therefore, WetSpass, considers the spatial distribution of land use, soil texture, 

slope, and climatological conditions in estimating groundwater recharge. WetSpass can 

be iteratively linked to a groundwater flow model, which provides the water table level, 

while WetSpass returns estimated groundwater recharge accordingly. 

2.6  Hydrological Models 

Hydrological models are simplified systems to estimate the hydrological cycle 

processes in an entire or parts of the river basin. They are dependent on a set of 

interrelated equations that try to transfer the physical laws, which control extremely 

complex natural phenomena. Also, different varieties of models can be applied, based 

on the input variables, the existing database, required analysis, and considered output, 

rainfall-runoff models described the representation of physical processes, they could 

either be based on a simple mathematical connection between the variables of input and 

output of the basin or involve the description of basic processes that participate in the 

runoff generation. In the past decades, numerous models have been developed in 

different parts of the world. These models could be generally categorized based on 

process description as data-driven models, conceptual models, and physically-based 

distributed models (Beven, 2012). Hydrologic models can be classified as distributed, 

undistributed conceptual, or stochastic etc. based on their physical parameterization and 

model structure.  
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Klemes (1983) proposed two types of modeling approach: a top-down and a 

bottom-up approach. Physically-based distributed models represent a bottom-up 

modeling approach (Savenije, 2001; Sivapalan, 2003). Physically-based distributed 

models were developed starting from the 1980s at the same time with the development 

of Geographical Information System Tools and Remote Sensing Techniques and can 

provide the highest accuracy in the modeling of precipitation-runoff processes (Xu, 

2002).  These models are based on the principles of physical processes depending on 

continuity and the conservation of mass, energy, and momentum. In this approach, 

hydrological processes are modeled by presenting a large number of model parameters 

that are presumed to be measurable at a micro or plot-catchment scale, representing the 

different heterogeneities in the catchment. In top-down modeling approaches, the 

equations applied to describe the physical processes often have (indirect) physical 

meaning but calibration is used to obtain the parameters. The modeling procedure in a 

top-down modeling approach usually starts with a simple model and progressively 

increased complexity through the step-wise inclusion of process descriptions (Montanari 

et al., 2006; Sivapalan, 2003). 

 In recent time, advances have been conducted in the hydrological process through 

understanding and modeling using topography-driven, conceptual, flexible, semi-

distributed model structures (Gao et al., 2014; Gharari et al., 2014). Data-driven models 

are dependent on extracting information that is contained in hydrological data. These 

models include mathematical equations that do not depend on realistic principles such 

as energy, momentum, or mass balance equations (Solomatine and Wagener, 2011). The 

applications of such models are based on a proper analysis of the input/output time series 

(Bowden et al., 2005). Numerous hydrological models are available today for estimating 

groundwater recharge. Physically distributed models, such as MIKE SHE (System 

Hydrological European), are proper for ungauged basins (Zhang et al., 2015). 

TOPMODEL (Topographic Hydrologic Model) have performed well in assessing the 

areas of runoff in mountainous areas (Gumindoga et al., 2014), along with DREAM 

(Manfreda et al., 2005), and WetSpa (Wang et al., 1996). The ZOODRM model (Hughes 

et al., 2008) combines the temporal and spatial constraints on the inputs, such as the 

length of the daily rainfall time series, the spatial distribution of rainfall, and the number 
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of rain gauge stations. Hemmings et al. (2015) used the ZOODRM model to assess three 

precipitation distribution scenarios to incorporate the spatial relationships of rainfall 

with elevation and latitude, to estimate the spatial and temporal recharge rates of 

Montserrat Island. Sophocleous (1991) developed a simple modeling approach to 

estimate groundwater recharge from rainfall records, water-table fluctuations in wells, 

and vadose zone water balance analysis. 

The Soil and Water Assessment Tool (SWAT) was applied widely to evaluate the 

effects of different soil textures, vegetation cover and land use, on water production, 

non-point source pollution, and sediment yield, which requires complicated and large 

parameters. The unsaturated zone physically-based numerical models such as SWAP 

simulate the water flow equation of the unsaturated zone, i.e. the Richard equation for 

porous media. Parametric models, like EARTH, use analytical or numerical relations 

between precipitation and groundwater recharge. These models deal with conceptual 

groundwater recharge that could not be included by existing numerical models such as 

groundwater recharge through a hard rock formation. Gehrels (2001) applied both the 

EARTH and SWAP models to predict groundwater recharge fluctuations in the porous 

media of the Veluwe region. Both models performed well to evaluate deep groundwater 

level fluctuation. Therefore, the parametric models could be applied in porous and hard 

rock formations. Lee and Chung (2007) reported that water balance components can be 

evaluated using the soil moisture budget method and base-flow model. This model uses 

the separating baseflow from the total streamflow discharge and obtains groundwater 

recharge (Lee and Chung, 2007).  

Kendy et al. (2003) developed a multi-layer soil water balance model which 

operated daily to quantify groundwater recharge in an agricultural region in northern 

China. The data requirements of the model are relatively high. The subsurface is 

subdivided into layers according to soil horizons, each with properties of saturated 

hydraulic conductivity, saturation, and field capacity that control flow from one layer to 

another.  Once one layer is saturated with infiltrating water, the excess  water is 

transferred automatically downward to the next layer. The presented water below 

saturation flows down based on an exponential relationship between moisture content 

and hydraulic conductivity. The model was applied to the top two meters of the 
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subsurface, but theoretically could be extended for the entire vadose zone, to better 

control the dynamics of soil moisture storage and groundwater recharge. This approach 

calculated groundwater recharge at several discrete locations in the study area. The study 

of Kendy et al. (2003) neglected runoff, but the model could be modified easily to 

involve runoff calculation. Estimation of groundwater recharge is often confounded by 

high spatial variability. 

In most water balance models, groundwater recharge is determined as the residual 

term of the water balance equation and a significant uncertainty could be associated with 

estimating groundwater recharge (Chen et al., 2005; Kendy et al., 2003). As 

evapotranspiration contributes to the largest term of the water balance in arid/semiarid 

regions and as several methods exist for determining evapotranspiration, it attributes 

significantly to this uncertainty. Improving the estimation of all other parameters in the 

soil water balance equation is the only way to decrease this uncertainty by increasing the 

temporal resolution of the accounting procedure. Thus, groundwater recharge is 

commonly used as a calibrating parameter in groundwater flow modeling (Ghiglieri et 

al., 2014). 

2.7 WetSpass Model 

WetSpass is an acronym for water and energy transfer between soil, plants, and 

atmosphere under a quasi-steady-state that was built upon the foundations of the time-

dependent spatially distributed water balance model (Batelaan and De Smedt, 2007; 

Batelaan and Smedt, 2001). The model simulated the long-term average spatial 

distribution of water balance components surface runoff, actual evapotranspiration, and 

groundwater recharge at seasonal and annual scales using hydrometeorological data, 

topography, soil mapping, and land cover. WetSpass-M (Abdollahi et al., 2017) is a 

downscaled model from the seasonal temporal resolution to a monthly scale. In the 

WetSpass model, the total water balance for a raster cell grid is split into independent 

water balances for the bare soil, vegetated, bare soil, open-water, and impervious parts 

areas, and open-water of each cell. This accounts for the non-uniformity of the land use 

per cell grid, which is dependent based on the raster cell resolution of the raster cell. The 
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processes in each part of a cell are set in a cascading way. This means that an order of 

occurrence of the processes, after the precipitation event, is assumed. Defining such an 

order is a prerequisite for the seasonal timescale with which the processes will be 

quantified. 

A mixture of empirical and physical relationships is applied to describe the 

processes. The quantity determined for each process is consequently limited by a number 

of constraints (Batelaan and De Smedt, 2007; Batelaan and Smedt, 2001). WetSpass is 

developed as to regional groundwater flow models are quasi-steady-state used applied 

to simulate infiltration–discharge - infiltration relations based upon on long-term 

average groundwater recharge input data. Thus, the estimated recharge through 

WetSpass can be applied as an input for regional steady-state and transient groundwater 

models and, hence, increase the confidence in the evaluation of groundwater recharge 

(Rwanga and Ndambuki, 2017). Baseflow, surface runoff and total discharge were 

applied to calibrate the WetSpass water balance components.  

2.7.1 Application of the WetSpass model 

Recently, energy and water transfer among plants, soil, and atmosphere (WetSpass) 

model (Batelaan and Smedt, 2001), under a quasi-steady state, has been used widely for 

groundwater recharge assessment. Abu-Saleem (2010) adjusted WetSpass model 

parameters for Jordanian conditions by developing a modified WetSpass model 

WetSpass-Jor. Abu-Saleem et al. (2010) used a WetSpass model to simulate the water 

balance components in the Hasa basin, Jordan. They concluded that 83.96% of the 

precipitation accounted for actual evapotranspiration while groundwater recharge and 

surface runoff and are represented by 0.64% and 15.4% of the precipitation, respectively. 

Arefaine et al. (2012) evaluated the water budget components in Northern Ethiopia using 

the WetSpass model.  The results show that around 81% of precipitation is attributed to 

the actual evapotranspiration while the remaining 72% and 12% of the total precipitation 

are accounted to surface runoff and recharge. Abdollahi et al. (2012) developed the 

WetSpass-M model by downscaling the seasonal resolution to a monthly scale.  Al-Kuisi 

and El-Naqa (2013) used the WetSpass model to quantify the water balance components 
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in the Jaf basin in. The model findings present that the major portion of the rainfall 

(94.6%) attributes to actual evapotranspiration, 4.9% accounts to surface runoff and 

0.5% recharges the aquifer system.  

Gebreyohannes et al. (2013) used the WetSpass model to assess the availability of 

surface and groundwater resources in the Geba basin, Ethiopia. The main findings show 

that 6% of precipitation recharges the groundwater system, 18% is accounted to surface 

runoff and 76% of rainfall is released through evapotranspiration. Aish (2014) evaluated 

the water budget components using the WetSpass model in the Gaza Strip. Annual mean 

rainfall of 53.5 mm is distributed as 77% of evapotranspiration, 11% of surface runoff, 

and 12% of groundwater recharge.  

Armanuos et al. (2016) applied a Wetspass model to determine the spatial 

distribution of groundwater recharge in the Nile Delta aquifer, Egypt. The simulated 

results reveal that such a WetSpass model works well in estimating water balance 

parameters in the Nile Aquifer. Zarei et al. (2016) an estimated groundwater recharge, 

actual evapotranspiration, and surface runoff for different land-use in the Mashhad basin, 

Iran, using the WetSpass-M model. WetSpass-M reveals that 57% of rainfall contributes 

to actual evapotranspiration, 29% accounts for groundwater recharge, and the 

remaining14% became surface runoff. Ghouili et al. (2017) applied the WetSpass model 

to evaluate the groundwater recharge in Takelsa multilayer aquifer, Tunisia. The results 

show that the mean annual actual evapotranspiration, surface runoff, groundwater 

recharge, and are 461 mm, 92 mm, and 22 mm, respectively. 89% of the annual rainfall 

is lost by evapotranspiration while 17.8% and 4.3% are attributed to surface runoff and 

groundwater recharge respectively. Gebremeskel and Kebede (2017) assessed seasonal 

and annual average groundwater evapotranspiration, surface runoff, and recharge in the 

Werii watershed, Ethiopia, using the WetSpass model. Outputs of the study show that 

the total long-term temporal and spatial average rainfall (717 mm) is distributed as 

90.7% (650.16 mm) for evapotranspiration, 6% (44.06 mm) for runoff, and 4.2% (30.06 

mm) for recharge. The model was also applied to assess the groundwater recharge 

potential for proper management and planning of the water resource for the Birki 

watershed (Meresa and Taye, 2018). Accordingly, to the results of WetSpass, 85.5% of 

the precipitation is lost by evapotranspiration, 7.4% and 7.1% of the precipitation 
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becomes groundwater recharge and surface runoff, respectively.  Aslam et al (2021) 

applied Wetspass-M to assess water balance components in the Khadir canal sub-

division, Pakistan. Amiri et al (2022) integrated the GIS-Based Wetspass-M Model to 

assess spatial-Temporal Water Balance Components in Moulouya Basin, Morocco. 

2.8  Impact of Land Use Change on Groundwater 

LULC changes are complex and dynamic and have direct impacts on the subsurface 

and groundwater hydrology of the catchment area e.g. (Bhaduri et al., 2000; Fohrer et 

al., 2001; Tang et al., 2005) on soil, water, and the atmosphere (Mayer and Turner, 1994). 

The effect of LULC changes on the regional water balance is considered to be one of the 

most important research topics in global hydrology, and numerous studies show that 

large‐scale LULC changes are the important factors leading to the hydrological cycle 

and regional climate changes (Hutjes et al., 1998; Zhang et al., 2001). Thus, the 

International Human Dimensions Programme on Global Environmental Change (IHDP), 

the Geosphere‐Biosphere Programme (IGBP), an international program of biodiversity 

science (DIVERSITAS), the World Climate Research Programme (WCRP), etc. take the 

relationship between land use and land cover changes and Biosphere Aspects of the 

Hydrological Cycle (BAHC), as well as its climate frangibility (Hoff, 2002; Lambin et 

al., 2002). Also, in the established LUCC of IGBP and IHDP, one core problem is to 

understand the effect of the regional LULC changes on hydrological processes and water 

resources (Suzanne, 2001). Such research indicates that LULC changes remarkably 

affect the regional vegetation ecosystem and the regional hydrological cycle (Zhang et 

al., 2001). Thus, the mechanism of LULC changes in the region influencing the 

hydrological process become vigorous fields in the development of hydrology (Hoff, 

2002). 

Hydrological models play a significant role in the quantitative evaluation of the 

combined impact of LULC changes on hydrological processes (Pechlivanidis et al., 

2013). In the last few decades, numerous hydrological models have been developed to 

assess the effect of LULC changes on the water balance components (Carrera-Hernández 

and Gaskin, 2008; Gumindoga et al., 2014; Niehoff et al., 2002; Singh and Saraswat, 
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2016; Zhang et al., 2015). Spatially distributed hydrologic models could provide the 

spatial patterns of the hydrological effect of LULC (Wang et al., 2013; Wang et al., 

2013).  In this method, the model domain is subdivided into grid cells, and each cell is 

classified with a land use category. Ghazavi and Ebrahimi (2016) assessed the effect of 

land use change on groundwater dynamics according to water balance modeling using 

MODFLOW, Remote Sensing (RS), and GIS. They concluded that increasing 

agricultural areas resulted in an increase in annual discharge and annual recharge from 

irrigation water. Singh and Saraswat (2016) evaluated the effects of soil texture and 

LULC on water balance components using the soil and water assessment tool (SWAT). 

Carrera-Hernández and Gaskin (2008) developed a simple daily soil-water balance 

(SWB) to estimate Spatio-temporal of aquifer recharge and to assess the impacts of urban 

growth in the Basin of Mexico. They found that urban growth in the alluvial plain had 

diminished groundwater recharge. Jat et al. (2009) also reported that the decrease in 

groundwater recharge has resulted from the increase in impervious areas in Ajmer, India. 

Hydrological models coupled with l and use models have also been developed but their 

application is limited to surface runoff and flood prediction (Lin et al., 2007; McColl 

and Aggett, 2007; Niehoff et al., 2002; Tong and Liu, 2006). The water and energy 

transfer between soil, plants, and atmosphere, the quasi-steady-state water balance 

(WetSpass-M) model performs well regionally (Abdollahi et al., 2017) and it is also 

applicable worldwide (Al Kuisi and El-Naqa, 2013; Armanuos et al., 2016; Gebremeskel 

and Kebede, 2017; Salem et al., 2019d, 2019a). 

As land use data are usually derived from remote sensing images, the issue of a 

mixed pixel could increase inaccuracy and uncertainty if the grid cell is treated as a 

single land use type.  The WetSpass model determines the water balance components of 

a grid cell while taking into account the fractions of bare soil, vegetation, impervious 

area, and open water; thus, the WetSpass model provides a good choice for evaluating 

the long-term average spatial patterns of groundwater recharge (Batelaan and De Smedt, 

2007; Batelaan and Smedt, 2001). It considers many influencing factors, such as 

precipitation, temperature, wind speed and terrain, and land-use type, can assess the 

long-term impacts of land use changes on the water regime. It has been widely used to 

evaluate the effects of LULC change on the hydrological cycle (Dams et al., 2013, 2008; 
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Poelmans et al., 2010; Zomlot et al., 2017). Poelmans et al. (2010) coupled WetSpass 

with an urban model to identify the impact of urbanization on groundwater systems for 

the period 1976–2050 in Flanders, Belgium. Results predict a decrease in groundwater 

recharge with an increase in the built-up area in Flanders. Pan et al. (2011) evaluated the 

impacts of land use types on the hydrological processes and groundwater recharge in the 

Chinese basin of River Guishui using WetSpass model. They concluded that the 

reduction in farmland and urban expansion has decreased the groundwater recharge by 

4×106 m3 for the period between 1980–2005. Moreover, they concluded that decreases 

in the order of grassland, cropland, forest land cover types, and urban land. Zomlot et al 

(2017) quantified the impacts of LULC change on groundwater recharge in Flanders, 

Belgium. WetSpass, coupled with remote sensing, is applied to assess the hydrological 

dynamics under changes of the impervious surface area.  

2.9  Application of ArcGIS in groundwater hydrology  

The GIS has gained an extreme position in studying hydrogeology over the 

conventional methods because of its repetitive coverage, synoptical view, and high ratio 

of benefit to availability of data and costs in various ranges of the electromagnetic 

spectrum. GIS provides many tools to obtain an overview of groundwater conditions in 

the region through integrating information regarding soil, geologic structures, lithology, 

geomorphology, drainage, vegetation land use, etc. (Rawal et al., 2016). The structure 

of the GIS raster model is highly appropriate since it can connect GIS input data easily 

derived from satellite imagery with a mathematical model of groundwater flow. GIS data 

structures are applied efficiently since parameter data are stored in attribute tables while 

spatial data are stored in raster layers. New raster layers can be generated from the 

attributes to use in spatial evaluation. The attribute tables could easily define new soil 

and land cover and types, as well as parameter changes, to investigate future water and 

land management scenarios (Batelaan and De Smedt, 2007). A detailed review of 

applications of GIS in water resource management is presented by several researchers 

(Jha et al., 2007).  
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These reviews show that GIS applications in water management and hydrology are 

critical in modeling dominated context. Moreover, they provide several geoscientific 

applications of GIS and the function of geo-computation in the application and 

development of GIS technologies (Jha et al., 2007). GIS can be used in the hydrological 

models to prepare input data or to integrate them as an extension tool for developing the 

ArcGIS functionality.  Batelaan and De Smedt (2001) have developed a tool that is used 

as an extension in ArcView GIS 3.3 in surface and sub-surface water balance modeling, 

and the other tool Arc SWAT which is an extension in ArcGIS for water balance. 

Developing distributed hydrological models remained a challenging and problematic 

task over the last decades due to the temporal and spatial and distribution of hydrologic 

processes. For this reason, the application of GIS has become a common and useful tool 

in numerous fields of science. Distributed hydrological models are often linked to GIS 

and use capabilities to estimate spatial parameters from topography and digital maps of 

soil type and land use. The powerful GIS tools give new possibilities for hydrological 

research in understanding the fundamental physical processes underlying the 

hydrological cycle and the solution of mathematical equations representing those 

processes. 

2.10 Surface water-groundwater interactions  

In most regions on the Earth, surface water and groundwater are in a continuous 

dynamic interaction that could influence the water quantity and quality of both, the 

surface-water and groundwater resources (Sophocleous, 2002). Nowadays, water 

resources management moves towards the challenge of integrating surface water and 

groundwater as one management unit (Ala-aho et al., 2015; Salem et al., 2018a). This 

paradigm shift needs a better understanding of the complex interactions between 

groundwater and surface water and reliable techniques to simulate these interactions. 

Among groundwater/surface-water interactions, probably the most complex and distinct 

interactions are those between lakes or reservoirs, and groundwater according to 

Chapman (1996) terminology. El-Rawy et al. (2020) developed modules for 

groundwater-surface water interaction as part of the STRIVE (stream river ecosystem) 
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package within the flexible environment for mathematically modelling the environment 

(FEMME) software. 

Furman (2008) reviewed and discussed different techniques for coupling surface 

and subsurface flow processes. These techniques differ between physical models that 

conserve momentum and mass and numerical models. He reported five different 

categories of the physical models relying on the definition of the boundary conditions at 

the interface between surface and subsurface systems. The first category suggests 

continuous velocity and its gradient along the interface, the second suggests also the 

continuity of velocity but by weighting the kinematic viscosity with the velocity gradient 

with t, the third implies the velocity continuity along the interface but within the gradient 

involves a jump condition,  the fourth category is a special case of the third one where a 

different representation form for the jump, and the fifth considering only the derivative 

form of the velocity from the fluid-free side.  

Moreover, Furman (2008) discussed three different categories of numerical 

models:  no-coupling, iterative coupling, and full coupling. No-coupling is the simplest 

approach in which solving the surface water system is the first step, then follows the 

definition of boundary condition and finally solving the subsurface system. The second 

category is similar to the first but the boundary condition is updated by the solution of 

the subsurface system in the same time step. The third category represents the most 

sophisticated approach that solves simultaneously the two systems with the internal 

boundary condition. International examples show that the integrated (conjunctive) use 

of surface water and groundwater within a proper management system increases the 

efficiency of water utilization (Cheng et al., 2009; Salem et al., 2019b), provides 

sufficient irrigation water for agriculture (El-Rawy et al., 2016; Seo et al., 2018; Singh 

et al., 2015), and improves the environmental conditions of irrigated lands (Liu et al., 

2013). Construction of recharge dams and controlling the rate of groundwater abstraction 

are considered common practices (Healy and Scanlon, 2010; Krešić, 2009). Managed 

Aquifer Recharge (MAR) using treated wastewater is a feasible option for non-

conventional water resources in arid and semiarid regions ((Abiye et al., 2009; Allam 

and Allam, 2007; Asano and Cotruvo, 2004; Gale, 2005; Khan et al., 2008) . 
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2.11 Modeling lake-groundwater interactions 

The interaction between lakes (subsurface reservoir) and groundwater is the most 

important part of lake water budget and it substantially influences lake water quality 

(Nakayama and Watanabe, 2008; Schwartz and Gallup, 1978; Stauffer, 1991). Modeling 

the interactions between surface water and groundwater in adjacent areas to rivers, lakes, 

and reservoirs was a topic of many studies, applying numerous approaches. The 

exchange between reservoir/lake water and groundwater is governed by the 

stratification, texture, and isotropy of sediments in the shoreline zone (J. Dezső et al., 

2017; Salem et al., 2018b; Sanford, 2002). The most direct and simplest way of 

investigating a lake interaction with groundwater is by evaluating exchange seepage 

between lake water and groundwater by using methods of point field measurements such 

as potentio-manometers, piezometers, seepage meters, dye tracing, and thermic profiling 

(Lee, 1977; Ong and Zlotnik, 2011; Otz et al., 2003; Winter et al., 1988) or a combination 

of methods (Anibas et al., 2009; Owor et al., 2011; Su et al., 2016). However, such 

techniques are vulnerable to heterogeneity and hence difficult for spatial integration.   

Mass-balance methods and geochemical analyses quantify groundwater inflow, 

which determines isotope or solute concentration in the lake (Sacks et al., 1998; Stauffer, 

1985). The latter methods are complex, as they need a conservative tracer unaffected by 

land use such as stable isotopes (Brindha et al., 2014; Kanduč et al., 2014; Krabbenhoft 

et al., 1990; Sacks et al., 2014). Moreover, semi-analytical water balance models (Ghosh 

et al., 2015; Rudnick et al., 2015) include quite a number of assumptions to simplify 

spatial heterogeneity. Isotope-balance methods (Coplen, 2011) using δ2H or δ18O 

measurements of water were applied in several hydrological studies to evaluate 

groundwater inflow to lakes, with different degrees of success (Dinçer, 1968; 

Krabbenhoft et al., 1990; LaBaugh et al., 1997; Sacks, 2002; Turner et al., 1984) . 

Increasingly sophisticated physically based distributed through integrated hydrological 

models represent the most reliable and complete tools for the assessment of lake 

water/groundwater interactions especially if based on solid features of hydrogeological 

conditions of a lake and its adjacent area and time series data (El-Zehairy et al., 2018). 



Chapter 2: Literature Review 

 

38 
 

Liuzzo et al. (2015) applied a lumped conceptual model (TOPDM) to assess the 

impacts of climate change on the availability of water resources in the Belice River Basin 

(Italy), in which Lake Garcia is situated. Fowe et al. (2015) applied a genetic algorithm 

model to couple Boura reservoir with the adjacent groundwater system and to optimize 

water allocation. Chhuon et al. (2016) coupled the MODSIM decision support system 

with semi-distributed hydrologic SWAT model to evaluate the effect of a future upland 

reservoir on the Prek Te River, Cambodia, on hydrological consequences. A Modular 

Three-Dimensional Finite-Difference Ground-Water Flow Model (MODFLOW) 

(McDonald and Harbaugh, 1988) is used widely to simulate this interaction from 

different approaches. Leblanc et al. (2007) simulated the lake as a constant stage source 

or sink through the river package. One of the disadvantages of this approach is that the 

river stage is constant during each stress period and not changing due to the interaction 

between the river (the lake) and the groundwater system. Another approach to simulate 

the water balance of lakes uses the General-Head Boundary (GHB) Package 

(Mylopoulos et al., 2007). Gurwin (2008) applied the General Head Boundary Package 

(GHB) for lake simulation. In his study, the lake bed sediment was simulated by 

adjusting the conductance of each cell simulated as a GHB. The main drawback of GHB 

approaches is that the lake stage is assumed to be constant during each stress period. 

Fenske et al. (1996) simulated the lake using the Reservoir Package. This approach does 

not differ much from the GHB approach except that the Reservoir Package allows the 

lake stage to vary according to the user specified limits. The disadvantage of this 

approach is that it requires prior knowledge of lakebed seepage to estimate the lake 

stages (Merritt and Konikow, 2000).  

Another approach that represents the lake volume through high hydraulic 

conductivity cells (Lee, 1996) is called the “high-K” technique. The difficulty of 

simulating the connection between the lakes and streams is the main drawbacks of “high-

K”. This method was applied by others including Lee (1996), Anderson et al. (2002), 

Chui and Freyberg (2008), and Yihdego and Becht (2013). Lee (1996) used the same 

approach to simulate the transient lake stage   and groundwater interactions for Lake 

Barco, an acidic seepage lake in the mantled karst of north central Florida. Lee concluded 

that the model underestimated the groundwater inflow compared to the calculated inflow 
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from the hydrologic budget lake using the energy budget method. Yihdego and Becht 

(2013) used a three-D flow model with the high-K technique to simulate 

lake/groundwater interaction in Naivasha, Kenya. Yihdego and Becht (2013) found that 

this method is limited to seepage lakes such as Lake Naivasha which do not have outlet 

and lose water mainly by seepage through sides or bottom and it may lead to instability 

problems with groundwater heads solution. Moreover, this approach can be difficult to 

simulate accurately the connection between the lakes and streams (Merritt and Konikow, 

2000).  

Cheng and Anderson (1993) developed the MODFLOW lake package (LAK1) that 

solves the aforementioned problems. The main advantage of the lake package is that lake 

stages are not defined as hydraulic boundaries but determined as part of the simulation 

it allows the fluctuation of the lake stage. Also, the exchange of volumetric water 

between the lake and the aquifer is determined following the hydraulic gradient and 

explicitly defined lakebed conductance (El-Zehairy et al., 2018). The LAK1 Package 

was also incorporated with the Stream Flow Routing (STR1) Package (Prudic et al., 

2004) to regulate inflow water to the lake and outflow from the lake to streams. The 

Lake Package LAK1 did not consider that some of the lakebed cells could become dry 

due to low lake stages. Also, it did not take into account the flow resistance within an 

aquifer, which could be substantial in magnitude and even larger than the lakebed 

resistance in the case of thin lakebeds (Merritt and Konikow, 2000). The most important 

addition in the next, LAK2, package can simulate more than one lake simultaneously. 

Lake representation as a volume of space within the model grid is the greatest 

improvement in the LAK3 Package (Merritt and Konikow, 2000), where a lake is 

represented which consists of inactive cells extending downward from the upper surface 

of the grid reviewed by Hunt (2003). Active model grid cells bordering this space and 

presenting the adjacent aquifer, exchange water with the lake at a rate determined by 

conductance and by the relative heads that are based on grid cell dimensions, user -

specified leakance distributions and hydraulic conductivities of the aquifer material that 

represent the resistance to flow through the material of the lakebed. The simulation of 

solute transport is also added in LAK3. Kidmose et al. (2011) validated the LAK3 

package through measurements by seepage meter. LAK3 package used in many studies 
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such as Vaeret et al. (2009). The advantages and disadvantages of three approaches for 

simulating lake–groundwater interactions (namely, fixed lake stages, high-K nodes, and 

LAK3 package) were compared by Hunt (2003). 

Kidmose et al. (2011) a 3-D MODFLOW steady-state model including LAK3 

Package to simulate lake-groundwater interaction to assess the spatial distribution of 

Lake seepage Hampen, Western Denmark. They compared the steady state model results 

with the seepage meter measurements and concluded that both results compared well if 

direct measurements of seepage from the nearshore were combined with measurements 

from deeper parts of the lake. Anderson et al. (2002) applied both, the Lake Package and 

the High-K approach to simulate lake levels in Pretty Lake, Wisconsin. The results show 

that the High-K method is more accurate than other methods, but it requires a longer run 

time and more post-processing at the same time. On the other hand, the review of Hunt 

(2003) stated that the LAK3 Package is superior to all other lake simulation approaches 

because any change in the lake stage, due to interaction with groundwater system and/or 

streams is appropriately stimulated by the Lake Package and not considered when using 

any other approaches.  Besides, the LAK3 Package has been proved to be more stable in 

simulating lake- groundwater interaction than other techniques.  It has also the capability 

of simulating multiple lakes within one model and simulates better the lake–stream 

connections. Another important improvement took place recently in the most up-to-date 

LAK7 Package, also used in this study. Water balance is simulated more realistically in 

the latest update LAK7 package (El-Zehairy et al., 2018). The experience gathered from 

the MODFLOW lake packages is utilized in the modeling of water balance for the 

reservoir planned in the Drava floodplain. 

2.12 Proposed Research 

The reviews presented in the above sections showed that a large number of studies 

have been conducted in the areas of assessment of groundwater recharge, surface water, 

and groundwater interaction with LULC change variables. The research is required to  

extend the knowledge of the effects of LULC on the hydrology of the basin. There is a 

lack of systematic studies that have measured the efficiency of natural reservoirs as 
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integrated water resources management approach. Processes like groundwater recharge , 

field water balance, and groundwater modeling are to be fairly well understood. 

Considering the above-mentioned aspects, an attempt is made to study the local and 

catchment scale effects of LULC change and developing a methodology to 

systematically assess the effects of surface water and groundwater interaction with 

LULC change variables in the watershed. Integrated water resources management aims 

to find an optimized approach to address, and balance the needs of multiple participants, 

stakeholders, as well as multiple natural components. Integration of computer modeling 

in Integrated Water Resources Management has become increasingly crucial as IWRM 

becomes more and more complex requiring more refined, detailed, and dynamic 

solutions to more challenging situations such as land use/land cover change and climate 

change effects.  

In this study, the spatially distributed water balance model WetSpass-M (Abdollahi 

et al., 2017) is selected for the following reasons: 

• It is a robust multidisciplinary basin model; 

• It is a spatially distributed and time-dependent water balance model that can 

be used to model spatial heterogeneity of catchment characteristics even 

without the extensive data requirements of fully distributed models;  

• It involves an optimized implementation of hydrologic processes;  

• Simple data requirements still assure model accuracy and a rapid process of 

simulation (Dams et al., 2008; Dujardin et al., 2011; Tilahun and Merkel, 

2009); 

• It is user-friendly and easily compatible; 

• It is possible to integrate this model with other models to develop a range 

of scenarios to be investigated and analyzed. 

The WetSpass-M model is a physically based, basin-scale, spatially distributed, 

and time-dependent hydrological model that operates on a monthly step. This model is 

developed to estimate the long-term average, spatially distributed, water balance 

components: actual evapotranspiration surface runoff, and groundwater recharge. The 

WetSpass-M model is computationally efficient and capable of continuous simulation 
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over long periods which concerns water resources managers. The WetSpass-M model 

will be applied to create a hydrological model for the highly-regulated river basin, the 

Drava River basin in Hungary. The state-of-the-art interfacing of the WetSpass-M model 

with other environmental models has been achieved to develop a range of scenarios. One 

such example is the coupling with MODFLOW-NWT, the groundwater flow model, 

which has been carried out by many researchers such as Dams et al. (2008); (2013); 

Ghouili et al. (2017) and Zomlot et al. (2017).  

The WetSpass-M model has a limitation in terms of dealing with groundwater since 

it excludes in-depth soil water balance and its groundwater module is lumped and 

accordingly, parameters such as hydraulic conductivity could not be spatially 

represented (Kim et al., 2008). On the other hand, in the MODFLOW model, an accurate 

and reliable estimation of recharge rates within the input data is the key component. The 

groundwater flow of MODFLOW often overlooks the precision of the recharge rates that 

are needed to be calculated into the model. In this study, the coupled WetSpass–

MODFLOW model will be applied to a highly-regulated river basin, the Drava River 

basin in Hungary, to construct a monthly WetSpass–MODFLOW model to assess the 

impact of land use land cover changes in the study area on groundwater hydrology. This 

model will be applied to different management scenarios by simulating two natural 

reservoirs with different filling rates. The WetSpass–MODFLOW coupled fully 

distributed water resources model will be useful for decision-makers in water resources 

planning and management. 
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3.  DESCRIPTION OF THE STUDY AREA 

3.1  Location 

The Drava basin is located in southwestern Hungary along the lower section of the 

Drava River. It lies between latitudes 46°3’20.05” and 45°45’50.8” North and longitudes 

17°26’13.05” and 18°21’38.71” East (Figure 3-1). This section of the river coincides 

with the national border between Hungary and Croatia in the axis  of a 15-km-wide 

alluvial plain (Szalay, 2014). The Hungarian Drava section is 75 km long, and the 

corresponding catchment extends to 1.143 km2 and it is more undulating with sand dunes 

in the west and flattens out towards the east.  In the Hungarian section of the Drava River, 

there are twenty major side channels, thirteen tributary streams, hundreds of meander 

scars, and eighteen oxbow lakes (Pálfai, 2001). Borehole samples and Ground 

Penetration Radar (GPR) surveys show extreme spatial heterogeneity in the hydraulic 

properties of sediments in the Drava basin (J. Dezső et al., 2017). The Hungarian section 

of the basin is traditionally affected by floods prior to river regulation. Beginning with 

1750, river channelization divided the area into an active and a morphological (in the 

terminology of Hungarian water management:” protected”) basin. This channelization 

resulted in reducing river length by 50 % (Buchberger, 1975). The lowest-lying areas of 

the Drava basin, next to the Drava channels and its tributaries, almost entirely consist of 

silty deposits and are hardly suitable either for human settlement or intensive cultivation. 

The main features of the basin are oxbows, abandoned channels with natural levees, 

scroll bar systems, backswamps, and to the north elongated blown sand dunes  of east to 

west strike (Lóczy, 2018). 
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Figure 3-1: Location of the Drava basin, Hungary, with river gauges, observation wells, 

geological boreholes and hydrometrological stations 

3.2  Hydromorphology     

The hydromorphological features of the Drava river and their effects on the basin 

along the section under study are presented through the EU project REFORM indicators 

(Restoring Rivers for effective Catchment Management) (González del Tánago et al., 

2016) The Drava is an important tributary of the Danube. Its length is 720 km and the 

total catchment area is estimated between 40,150 and 41,810 km2, of which 6,160 km2 

(ca 15%) lies in Hungary (236 to 70.2 river kilometer), where it is a border river with 

Croatia (except for a 29-km section) (Sommerwerk et al., 2009; VKKI, 2010). The long-

term average discharge of the Drava River is 595 m3 s−1 at the Barcs gauge, where the 
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average water stage was 618 cm for the period 1896–2018 (Lóczy et al., 2017; VKKI, 

2010). Basin storage during flood waves is responsible for a considerable difference 

between discharges measured at the upper and lower river gauge. The maximum 

discharge of 0.1 % probability is assumed to be 3070 m3 s−1 (reached during the flood of 

1827), while 900 m3 s−1 and 170 m3 s−1 are accounted to bankfull and baseflow discharge, 

respectively (VKKI, 2010). As a possible source of water replenishment, the Fekete-víz 

stream is a tributary with an average discharge of Qav= 2–2.5 m3 s−1. High daily water 

level fluctuation results from the peak operation of the Dubrava hydroelectric power 

plant in Croatia. It accounts to 110-130 cm at Őrtilos, 30-40 cm at Drávaszabolcs, and 

50-70 cm at Barcs. The dams on the Austrian and Croatian river sections created artificial 

conditions and make the selection of reference locations for rehabilitation extremely 

difficult. 

3.3  Geological and Geomorphological Settings 

The entire Drava basin consists of three main geological units of the southeastern 

foreland and their Eastern Alps: 1, the Southern Alpine Nappe System (with the eastern 

Dolomites); 2, the Austroalpine Nappe System (with a small portion of the High Tauern 

Window) and 3, the southwestern margin of the Pannonian (Carpathian) Basin (Lóczy, 

2018). The basement of the Hungarian Drava basin is represented by carbonates and 

Triassic clastics in the eastern section and a graben built up of metamorphites in the 

west. The Drava Plain is a lowland along the Hungarian section of the Drava river 

between Drávatamási and Drávaszabolcs. Ethnographically named as “Ormánság”, 

which refers to small, separated mounds rising above the basin. The mounds have a few 

meters of relief and are continuously settled.  Geologically, the Drava river basin was 

formed in a graben and is characterized by a variety of geological units f rom recent 

alluvial deposits to older rocks. During the late Pleistocene- Holocene the top 0-100 m 

sequence of the basin accumulated from unconsolidated fluvial sediments. Their textural 

character is represented by coarse sand to heavy clay series. 
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3.4  Active Floodplain 

The average active floodplain width varies from 80 m to 1,800 m as the minimum 

and maximum values, with an average value of 650 m. On the other hand, the average 

morphological floodplain width is 3,500 m with a maximum width of 14,500 m which 

includes the active floodplain and the former, now flood-free, floodplain outside the 

levees. The sheer floodplain width could be considered as a primary factor in the 

assessment of rehabilitation potential (Lóczy, 2013). In the Hungarian bank of the active 

floodplain, the vegetation is softwood forest plantations and subordinately wet meadows, 

mainly in the oxbows vicinity (Ortmann-Ajkai et al., 2003). Today, flood-protection 

levees artificially restrict floodplain width. Therefore, active fluvial processes can only 

operate over the 1–10-km-wide artificially confined floodplain 

3.5  Climate 

The climate of the catchment is characterized by winter drought (January to 

March), wet summers (Atlantic influence in June-July) and autumns (Mediterranean 

influence in October-November) (Lovász, 1972). The basin climate is moderately wet 

and warm in the east and under a Mediterranean influence, while in the west it is under 

an Atlantic influence (Lóczy, 2019). The annual mean temperature for the period 2010 

till 2018 is 11.6 °C, while the minimum and maximum extreme temperatures are 

respectively -12 °C and 33 °C. . The long-term mean annual temperature is 10.8 °C in 

the east and 10.2 °C in the west. The number of sunny hours is between 2000-2500; in 

the summer quarter 810-820, in the winter period 210 sunny hours are expected on 

average. The number of cold days (mean daily temperature below -10 °C) is 10, while 

the number of hot days (mean temperature above 30 °C) is 21. Winter is characterized 

by little snowfall.  The number of snow covered days is around 30, and the average 

maximum snow thickness is 20-22 cm. The dominant wind direction is typically 

northwestern, but especially in the autumn months, southeastern wind is not uncommon 

either. Average wind speed is around 2.5 m s -1. Mean yearly global radiation is 4600-
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4700 MJ m-2. The period April to June is characterized by higher discharges, attributed 

to snowmelt in the southern ranges of the Eastern Alps. The average runoff in the Drava 

basin is around 435 mm and precipitation is 720 mm, but the effect of this inflow on  the 

Drava water regime is much more limited than that from the Alpine region. The climatic 

conditions are reflected in equable monthly and annual river regime, where only 

moderate variations are observed. The duration of river ice has considerably decreased 

due to global warming: in the 1930s the river was commonly frozen for 28-30 days, 

while in the 1990s only for 2-3 days. In the 21st century, it was almost free of ice cover. 

However, exceptionally huge amounts of snow (5.9 km3) were recorded in the Alpine 

region in the winter of 2013-2014 (National Water Management Service). 

3.5.1 Rainfall 

Rainfall is considered one of the most important supplies of water in any region. 

The amount of water that is used for different purposes in the specific region depends 

on the amount of rainfall.  Excess water means a waste of water which is so precious in 

any region. Moreover, it can raise the groundwater table that resulted in unsatisfactory 

saturation of the root zone. On the other hand, an extensive period with the absence of 

rainfall during the growing season leads to the wilting of plants . The availability of 

freshwater resources becomes a limiting factor for crop growth worldwide (Gat, 2004). 

Not only total annual rainfall is important, but the knowledge on the temporal, spatial 

variability and trends of precipitation is essential for the proper management and 

planning of water resources including quality preservation and evaluation, optimal water 

distribution, flood hazard mapping, proper design of hydro-related schemes such as clean 

water supply, construction of reservoirs and stormwater channels. The spatial 

distribution of monthly, seasonal and annual precipitation over the Drava basin for the 

study period is shown in Table 3-1. The long-term spatial distribution of average annual 

rainfall for the period from 2000 to 2018 is shown in  Figure 3-2. The average annual 

precipitation displays great variation between 383 mm yr -1 and 1057 mm yr-1, with a 

mean value of 673 mm yr-1 and a standard deviation of 152 mm yr-1. The average long-

term rainfall amounts in dry (winter and autumn) and wet (summer and spring) seasons 
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are 281.41 mm and 396.10 mm, respectively. The rainy season (summer and spring) has 

a share of 60 % of the annual rainfall, while the remaining 40 % falls in the (drier) season 

(winter and autumn) (Salem et al., 2019c).  

 

Figure 3-2: The spatial average annual rainfall distribution 

Table 3-1: Long-term monthly, annual, and seasonal precipitation in (mm) for the Drava 

basin during 2000-2018 

Time Scale Min Max Mean Std. dev. % of annual precipitation 

Monthly 0.23 228.58 56.63 28.14  

Annual 382.68 1056.66 672.91 152.36  

Winter 44.23 202.01 128.69 46.71 19.00 % 

Spring 92.57 414.01 205.58 67.48 30.34 % 

Summer 93.58 334.27 190.53 62.27 28.12 % 

Autumn 82.16 227.54 152.72 38.18 22.54 % 

 

The precipitation changes considerably from month to month as depicted in Figure 

3-3. May is the month with maximum rainfall and it contributes to 16.8 % of mean annual 
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precipitation (Salem et al., 2019c). The average monthly precipitation of the basin 

ranged from 0.23 mm month-1 to 228.58 mm month-1 as the minimum and maximum 

values respectively, the mean and standard deviation of this distribution are 56.63 mm 

and 28.14 mm, respectively. May precipitation is followed in order by October (12.6 %, 

secondary maximum), September (12.4 %), and July (10.3 %). Least amounts of rainfall 

are observed during December (17.6 mm) followed by March (35.5 mm), which 

contribute only 2.2 and 4.4 % to the annual rainfall, respectively.  

 

 

Figure 3-3: Long-term average monthly precipitation and potential evapotranspiration 

(1981-2018) 

Regarding daily precipitation, the result clearly indicate that peak daily 

precipitation was 85 mm and the maximum number of precipitation events in a year were 

12 events. From Figure 3-4, it can be observed that rainfall is usually at its peak from 

the end of April to mid of May, the end of October, Mid-July, and all September, and 

minimum daily rainfall was observed in December and March. These findings are 

essential for the assessment of runoff and infiltration because when precipitation 

intensity is larger than the ability of the soil to absorb moisture, surface runoff happens. 
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Figure 3-4: Fluctuation of rainfall for the basin at daily and monthly scales (2000-2018) 

3.5.2 Potential evapotranspiration (PET)  

Daily potential evapotranspiration (PET) was calculated from meteorological data 

(soil heat flux, hourly incoming solar radiation, wind speed, and relative humidity) using 

the FAO-Penman-Monteith method (Allen et al., 1998) ) Equation (3-1). 

 

PET = 
0.408∆(𝑅𝑛−𝐺)+𝛾

900

𝑇+273
𝑢2(𝑒𝑠−𝑒𝑎)

∆+𝛾(1+0.34 𝑢2)
,  (3-1) 

where PET is the potential evapotranspiration (mm d-1), 𝑅𝑛 is the net radiation (MJ 

m-2 d-1), ∆ is the slope of the saturation vapor pressure function (kPa °C -1), G is the soil 

heat flux density (MJ m-2 d-1), 𝑢2 is the wind speed at 2 m height (m s -1), T is the daily 

average air temperature (°C), 𝑒𝑠 is the saturation vapor pressure (kPa), 𝑒𝑎 is the actual 
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vapor pressure (kPa), and γ is the psychometric constant (kPa ◦C -1). Daily PET varies 

from 0.0 mm to 46 mm, with an average of 19.8 mm. Figure 3-4 presents the average 

monthly PET, which varies from 5.1 mm to 138 mm with an average of 60 mm. The 

highest PET occurs in July, 138 mm, while January has the lowest, 5.7 mm. The average 

annual PET of the basin is 674 mm yr-1. About 88 % of the PET is associated with the 

summer half-year, while the remaining 12 % with the winter half-year. 

3.5.3 Lake evaporation 

The Penman open-water equation (Penman, 1948) was applied to determine open-

surface water evaporation. Daily evaporation from the lake surface using the Penman 

approach is based on hourly incoming solar radiation, relative humidity, air temperature, 

and wind-speed and can be determined from Equation (3-2) (McMahon et al., 2013): 

𝐸𝑂𝑊 =  
∆

∆ + 𝛾
 .

𝑅𝑛

𝜆
+  

𝛾

∆ + 𝛾
 . 𝐸𝑤  (3-2) 

where EOW is the daily open-surface water evaporation (mm d−1 = kg m−2 d−1), Rn 

is the net daily radiation at the water surface (MJ m−2 d−1), λ latent heat of vaporization 

(MJ kg-1), and other terms have been previously defined.  In the present study, the water 

albedo was assumed to be fixed and equal to 0.1 as recommended by Govaerts (2013). 

Ew is a function of the average daily wind speed and can be determined from Equations 

(3-3) and (3-4) 

 

𝐸𝑤 =  𝑓(𝑤) . (𝑒𝑠 −  𝑒𝑎)  (3-3) 

𝑓(𝑤) = a + b. 𝑤2  (3-4) 

where 𝑓(𝑤)  is wind function, (𝑒𝑠 −  𝑒𝑎) is vapor pressure deficit (kPa), 𝑤2 is the 

daily average wind speed (m s-1), a and b are wind speed function constants (values of a 

= 1.313 and b = 1.381 are recommended by McMahon et al. (2013). Evaporation from 

the Cún-Szaporca Lake is concentrated on the summer months and shows a large 

variation between 0.0 mm d-1 and 6.8 mm d-1, with a mean value of 1.85 mm d-1.  



Chapter 3: Description of the Study Area 

 

52 
 

3.6 Topography and Slope 

The Digital Elevation Model (DEM) of the investigated area is used with a cell 

size of 10 m. The DEM is processed to derive topographic, stream network, and slope 

angle maps of the investigated area (Figure 3-5)(Salem et al., 2019a). A Digital Elevation 

Model (DEM) (Figure 3-5a) is obtained from the South-Transdanubian Water 

Management Directorate (DDVÍZIG), Pécs, at 10 m resolution. The highest point in the 

basin is 407 m, in the eastern part of Villány Hills, while the lowest point is 81m in the 

southwestern part of the basin. The mean elevation of the basin is found to be 114 m.asl. 

The slope map is derived directly from the DEM using Spatial Analyst Tools within 

ArcGIS.  Slope angles vary from 0 % to 23 % with an average value of 0.7 % (Figure 

3-5b). 

(a) 

 

(b) 

 

Figure 3-5: a) Topography; b) slope. 

3.7  Soil and Sediment Data 

Figure 3-6a shows the vertical distribution and frequency of the different sediment 

textures and their thicknesses by a box diagram for the top 100 m. The CMu (clayey 

mud) layers mostly occur at around 25–30 m depths (ranging from 20 to 40 m) and their 

average thickness is 5 m (2 to 8 m). All texture classes occur in the top 20 m of the 

modeling space. These sediments were deposited in point bars, channels, and oxbows 

(Słowik et al., 2018). During the Late Pleistocene-Holocene in the top 100 m fluvial 

coarse-sand–heavy clay series deposited in the basin (Figure 3-6a). Subsurface water 
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flow and capillary rise are influenced by the above-mentioned landforms and deposits. 

In the research area, fluvisols occur, which were formed under periodically surplus water 

conditions and forest vegetation. The investigation of soils was based on GPR (Ground 

Penetrating Radar) satellite image analysis and particle size distribution studies. Along 

with paleo-channels the basin is built up of dunes, point bars, and other forms of 

accretion (Dezső et al., 2017; Lóczy, 2019; Słowik et al., 2018). Subsurface water flow 

and capillarity are influenced by the above mentioned forms. 

Soil samples were taken at 89 sampling sites manually (Figure 3-1)(Salem et al., 

2019a). Samples were dried in the oven at 60 °C till they reach constant weight. Malvern 

MasterSizer 3000HS particle size analyzer was used to perform the particle size analysis. 

The samples were classified into five textural classes of the spatial distribution of soils 

that were interpolated using Thiessen polygon tools within ArcGIS (Figure 3-6b). The 

missing part of the study area is obtained from the AGROTOPE base (MTA ATK TAKI, 

2013). In the Drava basin, five soil textures occur (Figure 3-6b): the northern part of the 

Drava basin is mainly covered by loamy soil, while in the south sandy soils dominate. 

The soil textures that are the most common are loam and sand, 53% and 27%, 

respectively, followed by sandy loam (9%), clay loam (7%), and clay (<4%). 

a) 

 

b) 

 

 
Figure 3-6: a) Vertical distribution of sediment textures in the top 100 m. ClMu: clayey 

mud; FiS: fine sand; COMedSa: coarse to medium sand, b) Spatial distribution of soil 

textures in the Drava basin 



Chapter 3: Description of the Study Area 

 

54 
 

3.8  Land use  

Land use is associated with both surface and groundwater patterns and influences 

groundwater recharge by altering infiltration rates (Jinno et al., 2009). Land use data for 

the Drava basin in 2018 is obtained from the CORINE database (CLC, 

2018)(https://land.copernicus.eu/pan-european/corine-land-cover/clc2018).The 

investigated area is characterized by 17 land cover forms as depicted in (Figure 3-7a). It 

is dominated by agricultural land (69 %), forests (25 %), and artificial surfaces (4 %), 

while the total area of wetlands and water bodies amounts to 2 %. 

3.9 Groundwater Assessment  

The groundwater can be found virtually at 2-4 m depth. In the Dráva Basin, it is 

not possible to distinguish the water bodies at shallower depths from the groundwater. 

The water reserves which are contained in the sand layers of the Upper Pannonian 

sediment sequence represent a significant part of underground water resources. 

Currently, only 10-20 % is utilized from the utilizable water resources of the Dráva 

valley area downstream of Barcs. The artesian wells provide more than 500 l min-1 water 

below 100 m depth, which is limited in usefulness by its high iron content. There are 

still operating vulnerable drinking water bases in the region, but the wells of shallower 

depths are only used as observation wells to keep deeper wells safe. Thirty-five 

observation wells (Figure 3-1) for daily groundwater depth data are obtained from the 

South-Transdanubian Water Management Directorate for the period from 2000 to 2018. 

Groundwater levels range from 91.3 m to 117.8 m with an average of 99.3 m for the 

whole Drava basin (Salem et al., 2019d). Figure 3-7b presents the average annual 

groundwater level for the 35 observation wells for 2000-2018. 

(a) (b)  

https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
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Figure 3-7: a) Land-cover map of Drava Basin, and b) Average annual groundwater level 

for 38 observation welss (2000-2018) 

3.10  Surface Waters in the Environment of the Oxbow System 

The 18 Drava oxbows can be characterized with a total of 150 ha surface, 

moreover, there are 3 natural lakes, 5 ha and 3 reservoirs with a total of 137 ha surface. 

The region’s largest river is the Drava with the largest tributaries of the Black water 

(Fekete-víz) and the Pécs water (Pécsi-víz). The Dráva river has potential floods in the 

summer (June-July) and autumn (October-November) alike, while its low water levels 

occur mainly in September and between December and February. The local watercourses 

bring plenty of water mainly in early summer, but they can flood in other periods as well. 

They are the Korcsina channel (length: 38 km, catchment area: 167 km2), the Sellyei-

Gürü (11 km, 76 km2), the Black-water (Fekete-víz) (76 km, 2021 km2 – only its 18 km 

section under Baranyahidvég belongs to the landscape), the Gordisa-channel (7 km, 43 

km2) and the Lanka-channel (25 km, 132 km2) (DDKÖVÍZIG, 2012). The Pécsi-water 

feeds into the Black-water (Fekete-víz) below the Kémes bridge. 
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4. HYDROLOGICAL MODELLING OF A HIGHLY-

REGULATED RIVER BASIN 

As reviewed in Chapter 2, the first group of computer models (e.g. hydrological 

models, hydrodynamic models, and hydraulic models) is typically applied to studying 

natural processes in the water cycle. The hydrological models are used to simulate the 

physical processes of the natural water system to evaluate the available  surface and 

groundwater resources with different initial and boundary conditions and to form the 

basis for a further ‘what-if’ analysis. Although many river floodplains in question 

already have flow regulations in place which makes it difficult to model the hydrological 

process, stakeholders become increasingly keen for more accurate information when it 

comes to human impacts, such as spatially distributed water resources under different 

management practices. In this chapter, the spatially distributed water balance quasi-

steady-state WetSpass -M model is applied as an example of a hydrological model to 

describe a highly-regulated river basin.  

 

4.1 Introduction 

The Hungarian Drava floodplain is characterized by alternations of floods and 

drought periods. On the lower sections of the Drava River, incision and entrenchment of 

the river led to dropping groundwater level by 1.5 to 2.5 m in the adjacent basin and 

increasing drought hazard (Dezső et al., 2019; Lóczy et al., 2017). Indeed, the human 

interventions (extraction gravel from the river bed, regulator constructions, improved 

water retention in the hydroelectric dams and reservoirs etc.) resulted in decreasing water 

stages (Burián et al., 2019). The water budget of the Drava basin is unbalanced; available 

water resources are not efficient and sufficient for agricultural productivity (Lóczy et 
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al., 2014). Protecting groundwater resources in the Drava basin is especially essential 

for the provision of ecosystem services, natural conservation, landscape management, 

and economic development through improving agricultural productivity. Hence, an 

accurate assessment of spatial and temporal variations of water balance components, 

especially groundwater recharge and evapotranspiration, is crucial for developing a 

groundwater flow model for the Drava basin and, consequently, for optimal long-term 

planning and management of the available water resources (discussed later in the 

upcoming chapters).  

In this chapter, a hydrological model built for a highly-regulated river basin is presented. 

The Drava river basin, Hungary is modeled using the spatial distributed water balance 

quasi-steady-state WetSpass model (WetSpass-M). The model is then calibrated against 

the observed data using the water table fluctuation method (WTF). The method can be 

readily extended to study future climate and land use change impact 

4.2  Study Area 

The study area is presented in Chapter 3. 

4.3  Data Collection 

The required data to build an application of the WetSpass-M model can be 

categorized into two groups. There are GIS grid maps and parameter tables (Batelaan 

and Smedt, 2001). The GIS grid maps include meteorological data (precipitation, 

potential evapotranspiration (PET), average temperature, and wind speed), topography, 

slope, land use, soil type, and groundwater depth. The model makes use of grid GIS 

technology and digital data to partition the precipitation into actual evapotranspiration, 

surface runoff, evapotranspiration, and groundwater recharge. Parameters such as soil 

type and related land use are connected to the model using attribute tables of soil and 

land-use raster maps. The attribute tables also allow defining new soil types or land 

cover easily, as well as changes in the parameter values, which permits analysis of future 

land and water management scenarios (Batelaan and De Smedt, 2007). All input data 
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were prepared as raster mapS in ESRI ASCII grid format with a resolution based on the 

digital elevation model (DEM) with a cell size of 100x100 m totaling 547,249 raster 

cells. Table 4-1 present the input parameters and their sources for WetSpass-M model. 

South-Transdanubian Water Management Directorate (TWMD). 

Table 4-1: Input data and sources for WetSpass-M model  

ID Input parameter Sources Resolution 

1 DEM and slope TWMD and own processing 100 × 100 m 

2 Daily temperature TWMD and own processing 100 × 100 m 

3 Daily precipitation TWMD and own processing 100 × 100 m 

4 Daily wind speed TWMD and own processing 100 × 100 m 

5 Daily PET 

TWMD and FAO-Penman-Monteith 

method 100 × 100 m 

6 LULC maps 

Corine data base (CLC 1990, 2000, 

2006, 2012 and 2018) 100 × 100 m 

7 Soil texture 

Map based on soil sample analysis and 

AGROTOPO data base 100 × 100 m 

8 Groundwater depth TWMD and own processing 100 × 100 m 

9 
 

Land-use parameters lookup 

table WetSpass-M model  

10 Runoff coefficient lookup table WetSpass-M model  

11 Soil parameter lookup table WetSpass-M model  

 

4.4  Methodology 

As mentioned above, the hydrological modeling of river basins is widely used to 

reveal regional water resources and their variability. The selection of the model relies 

on the scale of the problem, data availability, robustness of the model, and computational 

cost. In this study, Water and Energy Transfer between Soil, Plants and Atmosphere 

under quasi-steady state WetSpass (Batelaan and Smedt, 2001) is chosen as it has been 
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most frequently used in large scale modelling studies to investigate the relative impact 

of LULC changes, climate, and management practices on available water resources. This 

model is widely used to successfully investigate the impact of catchment management 

on: 

1. Water availability (e.g. Gebremeskel and Kebede, 2017); 

2. Irrigation return flow (e.g. Mustafa et al., 2016); 

3. Climate change (e.g. (Gebremeskel and Kebede, 2018; Kahsay et al., 2019; Tam et al., 

2016); 

4. Drought and overexploitation (e.g. Soleimani-Motlagh et al., 2020);  

5. Urbanization (e.g. (Zhang et al., 2017); and 

6. Land-use/land-cover change on variable soil textures (Batelaan et al., 2003; Dams et 

al., 2008; Wang et al., 2012). 

4.4.1  Modelling Using WetSpass-M 

Spatially distributed water balance quasi-steady state, WetSpass model (Batelaan 

and De Smedt, 2007; Batelaan and Smedt, 2001) stands for water and energy transfer 

among plants, soil, and atmosphere. In this study, a semi-physically based distributed 

water balance model (WetSpass-M) is utilized to estimate the spatial groundwater 

recharge on monthly, seasonal, and annual scales. The model considers the spatial 

distribution of land use, soil texture, elevation, slope, and meteorological parameters for 

each raster cell. The wetSpass model treats a region or basin as a regular pattern of raster 

cells (Batelaan and De Smedt, 2007). The total water balance for a raster cell (Figure 

4-1: Schematic representation of water balance after (Batelaan and Smedt, 2001)) is split 

into independent water balances for the vegetated, bare-soil, open-water, and impervious 

parts of each cell. This allows one to account for the non-uniformity of the land-use per 

cell, which is dependent on the resolution of the raster cell, and the processes in each 

part of a cell are set in a cascading way (Batelaan and Smedt, 2001). The total 

components of the water balance of the vegetated, bare soil, open-water, and impervious 

fraction per raster cell are calculated using the following equations 
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 ETraster = avETv + asEs +aoEo + aiEi, (4-1) 

Sraster = avSv + asSs +aoSo + aiSi, (4-2) 

Rraster = avRv + asRs +aoRo + aiRi, (4-3) 

where ETraster, Sraster and Rraster are total evapotranspiration, surface runoff, and 

groundwater recharge of a grid cell, respectively, each having a (v) vegetated, (s) bare -

soil, (o) open-water, and (i) impervious area, respectively. The terms av, as, ao, and ai 

are the fraction areas of vegetated, bare-soil, open-water, and impervious areas, 

respectively. The mathematical formula of WetSpass-M is described in Appendix A. 

 

 

Figure 4-1: Schematic representation of water balance after (Batelaan and Smedt, 2001) 
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4.4.2 Model validation 

The WetSpass model is validated using the water-table fluctuation method (WTF). 

WTF is one of the most widely used techniques to estimate groundwater recharge (Healy 

and Cook, 2002; Kubicz et al., 2019; Martin, 2005; Moon et al., 2004) . The method is 

more scientific and considers the response of specific yield and groundwater level 

fluctuation, which are more realistic and directly measurable, unlike other approaches 

where assumptions are to be made for most of the components.  Recharge is then 

calculated by the following formula: 

R = Sy x ∆h                                   (4-4) 

where R is recharge, Sy is specific yield, and ∆h is the change in water table height with time. 

A gravimetric method (Singhal and Gupta, 2010) was used to measure the specific yield 

of undisturbed samples for the investigated area. First, the samples were dried in an oven at 

105 ºC for 24 hours and filled with water until full saturation. Then, the samples were placed 

on a sand bed for 24 hours so that the gravitational water was lost from the soil. In this period, 

the amount of capillarity lost from the undisturbed samples, and the difference represents the 

specific yield. The measured values of specific yield for different lithologies are presented in 

Table 4-2. The observed daily groundwater levels for 18 observation wells were obtained from 

the South-Transdanubian Water Management Directorate. Table B1 presents the coordinates 

and annual change in groundwater level and specific yield for each of the observation wells. 

Table 4-2: The measured values of specific yield for different lithologies 

Lithology Specific Yield 

Sand 0.27 

Sandy Loam 0.22 

Loam 0.20 

Clay Loam 0.13 

Clay 0.07 
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4.5 Results and discussion 

4.5.1  Validation of the WetSpass-M Model 

The calculated groundwater recharge from Water Fluctuation Method is used to validate 

the WetSpass-M model. The simulated groundwater recharge for the WetSpass-M model at 

the corresponding observed wells were extracted from the spatially distributed results in GIS. 

Figure 4-2 shows that the simulated groundwater recharge by WetSpass-M matches the 

calculated recharge by WTF with R2 = 0.91, a mean error of 7 mm yr-1, and an absolute mean 

error of 18 mm yr-1. The simulated recharge by the WetSpass-M model was then considered 

conditionally validated. 

 

 

Figure 4-2: Scatter plot for the simulated values (WetSpass) and calculated values (WTF) of 

groundwater recharge for 18 monitoring points 

4.5.2  Water balance components 

The main outputs of the WetSpass-M model are raster maps of monthly groundwater 

recharge, surface runoff, actual evapotranspiration, and interception for the period 2000 to 

2018 (223-time steps). In these maps, every pixel represents the magnitude of the water budget 
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component (in mm). A WetSpass-M model calculates the total actual evapotranspiration per 

pixel as a sum of evaporations from open water, impervious surface area, bare soil, 

interception of vegetated area, and the transpiration of the vegetative cover (Abdollahi et al., 

2017; Batelaan et al., 2003). This research presents the first study to assess the spatial and 

temporal distribution of groundwater recharge in the Drava basin. The WetSpass results for 

water balance components will be used as integrated groundwater modeling inputs and 

boundary conditions in the Drava basin. 

4.5.2.1 Actual evapotranspiration 

The spatial distribution of monthly, seasonal and annual actual evapotranspiration, 

simulated by the WetSpass model is presented in Table 4-3. An assessment of water balance 

components on the annual scale is required to evaluate the total water budget of the Drava 

basin, also for monthly and seasonal scales to determine the agriculture water requirements. 

The simulated monthly long-term actual evapotranspiration of the Drava basin ranges from 0 

mm month-1 to 67 mm month-1 as the lowest and highest values. The mean and standard 

deviations are 16 mm and 14 mm, respectively. The total annual actual evapotranspiration is 

determined by accumulating the simulated monthly actual evapotranspiration in the Drava 

basin. The annual average of evapotranspiration varies from 127 mm yr-1 to 263 mm yr-1 as 

the minimum and maximum values, respectively, with an average value of 190 mm yr-1 and a 

standard deviation of 39 mm yr-1 (Table 4-3). Average actual evapotranspiration represents 

27 % of annual average rainfall (Figure 4-3b), of which an average of 158 mm (83 %) falls 

during the wet season (spring and summer), while the remaining 32 mm (17 %) occurs in the 

dry season (winter and autumn) (Table 4-3). This variation is due to rainfall differences within 

the two seasons. High annual and seasonal actual evapotranspiration are observed in the 

northwest of the Drava basin because of the higher rainfall while the northeast part that 

receives less precipitation shows lower evapotranspiration as depicted in Figure 4-3b. 

Table 4-3:  Long-term monthly, annual, and seasonal WetSpass simulated components of 

the Drava basin, 2000-2018 

Period 
Value Precipitation 

(mm) 

Recharge 

(mm) 

Evapotranspiration 

(mm) 

Runoff 

(mm) 
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Monthly 

Range 0–229 0–58 0–67 0–114 

Average 58 25 16 17 

Std. 

dev. 
28 10 14 13 

Annual 

Range 398 – 1072 175 – 412 127 – 263 77–418 

Average 696 307 190 199 

Std. 

dev. 
161 55 39 81 

Winter 

Range 44–202 30–121 6–16 9–71 

Average 129 81 11 37 

Std. 

dev. 
47 28 3 18 

Spring 

Range 93–414 48–102 41–138 10–187 

Average 215 72 83 59 

Std. 

dev. 
67 14 23 39 

Summer 

Range 94–334 50–104 40–152 9–123 

Average 200 76 76 46 

Std. 

dev. 
62 14 24 32 

Autumn 

Range 82–228 49–110 13–31 22–96 

Average 153 77 21 57 

Std. 

dev. 
38 17 4 23 

4.5.2.2 Interception  

The spatial distribution of annual average interception is given in Figure 4-3d. Such 

annual average interception ranges from 10 mm yr-1 to 15 mm yr-1, with an average 

interception rate of 13 mm yr-1. The southern part of the Drava basin has the highest 

interception due to the presence of a dense vegetation cover (Figure 4-3d). About 91 % of the 
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simulated interception occurs in wet seasons (spring and summer) while the remaining 9 % 

takes place in dry seasons (winter and autumn). 

  

(a) (b) 

  

(c) (d) 

Figure 4-3: Spatial distribution of simulated mean water balance component (a) 

groundwater recharge; (b) actual evapotranspiration; (c) surface runoff; and (d) interception. 

4.5.2.3 Surface runoff  

The used WetSpass-M model calculates monthly surface runoff (in mm month-1) using a 

rational method through an actual surface runoff and soil moisture coefficient (Abdollahi et 

al., 2017). The monthly, seasonal and annual WetSpass simulated runoffs in the basin are 

presented in Table 4-3. Estimated monthly surface runoff varies from 0 mm month-1 to a 

maximum of 114 mm month-1 with an average value of 17 mm month-1 and a standard 

deviation of 13 mm month-1. Annual surface runoff is calculated by accumulating the 

simulated monthly values over the whole period. Annual actual surface runoff shows a large 

spatial variation with values between 77 mm and 418 mm. The average and standard deviation 
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of this distribution are 199 mm yr-1 and 81 mm y-1, respectively (Table 4-3). Mean surface 

runoff in the basin constitutes about 29 % of annual mean rainfall. Mean surface runoff in 

summer and spring seasons is 105 mm, while average runoff in winter and autumn seasons is 

approximately 94 mm. As presented in Figure 4-3c, the northeastern mounds have high 

seasonal and annual surface runoff rates attributed to their gentle slopes. The highest mean 

seasonal and annual surface runoff values of the Drava basin are observed in the northern part 

attributed to the presence of clay, clay loam, and loam soils with low permeability, which 

increases surface runoff. On the other hand, the lowest runoff occurs in the southwestern and 

central areas due to the presence of sand and sandy loam soils. This confirms that the soil map 

is an important source of information on the spatial distribution of surface runoff. 

4.5.2.4 Groundwater recharge 

Groundwater recharge is essential to assess groundwater resources; however, it is difficult 

to evaluate groundwater recharge (Alley, 2002; Healy and Scanlon, 2010). The WetSpass-M 

model evaluates the long-term spatial distribution of monthly groundwater recharge for the 

Drava basin as a residual term of the water budget components by subtracting the monthly 

surface runoff and actual evapotranspiration from the monthly rainfall. The spatial distribution 

of groundwater recharge depends on topography, slope, soil type, land cover/land use, and 

climatological conditions (Batelaan and Woldeamlak, 2007). Winter, spring, summer, and 

autumn groundwater recharge of the Drava basin changes spatially with the basin 

characteristics and topography (Figure 4-4a–d). The WetSpass-M model evaluates the 

monthly long-term groundwater recharge of the Drava basin to be 0 mm and 58 mm as 

minimum and maximum values, respectively, with a standard deviation of 10 mm month-1 

and mean value of 25 mm month-1 (Table 4-3). The average annual groundwater recharge is 

determined based on monthly simulated data. The maximum, minimum and mean values of 

annual groundwater recharge for the whole period are 412 mm, 175 mm, and 307 mm, 

respectively. Average recharge attributes to 44 % of the total average annual rainfall (Figure 

4-3a). Average long-term groundwater recharge values for the dry (winter and autumn) and 

wet (summer and spring) seasons are 158 mm, and 148 mm, respectively. 
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About 52 % of the annual groundwater recharge takes place in the winter and autumn 

seasons (Figure 4-4a, d), while the remaining 48 % happens in the summer and spring seasons 

(Figure 4-4b, c). As shown in Figure 4-3a, the central-western part of the Drava basin that 

receives a high value of precipitation has higher annual and seasonal groundwater recharges. 

Also, forests and agricultural areas in the southern and central parts of the Drava basin are 

characterized by high groundwater recharge due to the presence of permeable (sand and sandy 

loam) soils with apparently flat topography. On the other hand, the northern part accounted 

for a lower rate of annual and seasonal groundwater recharge attributed to the presence of 

shrub and mudflat cover with less permeable loam soil (Figure 4-4a-d). In general, the 

groundwater recharge analysis reveals that higher values are observed in agricultural land with 

permeable soils. 

  

(a) (b) 

  

(c) (d) 

Figure 4-4: Simulated spatial distribution of average groundwater recharge in the Drava 

basin (a) Winter; (b) Spring; (c) Summer; and (d) Autumn. 
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4.6  Summary 

Numerous river basins around the world are highly-regulated with several physical 

flow control and a range of regulations and storage structures. One such river basin is 

the Drava River basin in Hungary. Developing a groundwater model for the Drava basin 

requires an accurate estimation of groundwater recharge and evapotranspiration as input 

data and boundary conditions.  This study evaluates temporal and spatial distributions 

of actual evapotranspiration, surface runoff, and recharge by applying the WetSpass - M 

model, which is crucial for integrated groundwater modeling of the Drava basin and 

optimal long-term planning and management of the available water resources in the 

basin. The basic relevant input data form for the WetSpass-M model is prepared in grid 

maps using the tool ArcGIS tool. It comprises monthly climatological recordings (e.g., 

rainfall, temperature, wind speed), distributed land cover, soil map, groundwater depth, 

topography, and slope. The spatial variability of groundwater recharge depends on 

climate conditions, groundwater depth, distributed land cover, soil texture, topography, 

and slope. The outputs of the WetSpass-M model revealed a favorable structure of water 

balance in the Drava basin, with the dominance of groundwater recharge.  
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5. GROUNDWATER FLOW MODELING 

Groundwater is one of the main components of the hydrological cycle but has not 

been well modeled by surface hydrological models such as WetSpass. An accurate 

simulation of both land surface and groundwater hydrological processes in the river 

basin is a fundamental step for integrated water resources management, particularly for 

watersheds where both surface water and groundwater resources are used conjunctively. 

In this chapter MODFLOW-NWT with ModelMuse as a graphical user interface is used 

to simulate groundwater flow to model a complex river catchment, the Drava River 

basin, thereby serving the IWRM goals of optimizing the conjunctive use of surface and 

groundwater.  

5.1 Introduction  

Groundwater modeling is the way of representing reality in a simplified form 

without making invalid assumptions or compromising the accuracy to investigate the 

system response under certain phenomena or to predict the behavior of the system in the 

future (Baalousha, 2009). Groundwater models use mathematical equations to simulate 

groundwater flow and transport processes according to certain simplifying assumptions. 

These assumptions include the flow direction, the anisotropy or heterogeneity of bedrock 

or sediments within the aquifer, aquifer geometry, chemical reactions, and contaminant 

transport mechanisms. Models should be represented as an approximation and not an 

exact representation of real conditions because of the uncertainties in the required dat a 

by the model and the embedded assumptions in the mathematical equations. A better 

understanding of hydrogeology in a given area is achieved by integrating the information 

on the aquifer boundaries, hydrochemistry and groundwater flow to build a 3-D 

conceptual, hydrogeological model (Yihdego, 2005).  
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Figure 5-1 presents the main steps of methodology in groundwater modeling. The 

first step in modeling is defining the model’s purpose. Data collection represents a major 

issue in the modeling process. The conceptualization of the model is another 

fundamental step in modeling followed by setting up the numerical model. Model 

calibration and validation, and sensitivity analysis can be performed after model 

completion. The last step is preparing and running simulations for prediction scenarios.  

 

 

Figure 5-1: Flow diagram of stepwise methodology in groundwater modeling 
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5.2 Materials and methods 

5.2.1  Study Area 

The investigated area covers part of the Drava basin region in the southwest part 

of Hungary, as shown in Figure 5-2. The floodplain extends from 45.74°–46°N latitude 

and 17.44°–18.15°E longitude with a total area of 538.46 km2. The elevation of the 

floodplain ranges between 133 m.asl and 83 m.asl, with an average elevation of 100.3 

m. The floodplain is flat, with an average relative relief of 0.26 m km -1 (Figure 5-2). 

Settlements were built on elevated terrain. 

 

 

Figure 5-2: Location of the Drava River floodplain, SW Hungary, with watercourses, 

existing (Cún-Szaporca) lake, and topography. 
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5.2.2  Groundwater data 

The data used to create the groundwater flow model, MODFLOW, are 

demonstrated in this section. There are also two categories of data collected for modeling 

the catchment, namely:  

1) The static dataset, such as DEM (used as the elevation of ground surface) , depth 

of groundwater from the ground surface (used to estimate initial groundwater head), 

aquifer designation data and soil type map (for horizontal permeability values) that are 

assumed to be static over the study period;  

2) The historical observations of daily groundwater level; and daily lake stages 

5.2.3 Defining modeling objectives 

The model approach, extent and model type may vary depending on modeling 

objectives. Groundwater models can be applied as predictive, interpretive, or generic 

(Anderson and Woessner, 1992). The main objectives of groundwater modeling in this 

study are: 

• Predicting the temporal and spatial distribution of groundwater head and 

groundwater flow.  

• Investigating different fluvial sediment structures scenarios to assess the 

exchange between surface flow (from the Drava river and the Cún-Szaporca 

oxbow lake) and aquifer. 

• Evaluating the impacts of LULC changes from 1990 to 2018 on 

groundwater systems.  

• Investigating different management scenarios on hydrological processes 

and groundwater systems.  

5.2.4  Conceptual model 

A conceptual model represents the most important part of groundwater modeling 

and builds on an understanding of how a groundwater system works. It consists of 
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understanding the groundwater system characteristics and their spatiotemporal 

evaluation and provides a descriptive representation of the hydrogeologic system. A 

good conceptual model should simplify the complexity of the reality in a way that meets 

management requirements and achieves modeling objectives (Bear and Verruijt, 1987). 

Simplification relies on the objectives, the amount of available data, the scale of the 

model, and the current level of understanding. The conceptual model describes factors 

which include: 

• Model domain and aquifer geometry  

• Aquifer parameters such as hydraulic conductivity, porosity, 

transmissibility, specific yield, specific storage, etc 

• Boundary conditions 

• Evapotranspiration and groundwater recharge 

• Identification of sources and sinks  

• Water balance  

According to evidence from geological boreholes, pumping tests and GPR surveys, 

the groundwater flow system consists of four layers. Since the sediments in the area 

range from coarse sand to clay, the four layers are highly heterogeneous in space. The 

records of GPR, supplemented with auger holes, presented high heterogeneity in the 

hydraulic proprieties of the sediment depending on particle size (ranging from coarse 

sand to clay). The fall head method was applied to calculate the hydraulic conductivity 

for each borehole. According to boreholes data, the first layer consisted of four K-zones 

of hydraulic conductivity (Figure 5-3), varying from 375 to 0.15 m d−1, while the second 

layer was characterized by three zones with a range of 375 and 75 m d−1. The third and 

fourth layers were described by two zones, with a range from between 375 and 75 m d −1 

and 0.15 to 3 m d−1, respectively (Figure 5-3). Although all the hydraulic parameters 

were determined in the field, because of limited spatial representativeness and the 

influence of modeling scale in accordance with Guimerà et al. (1995), Zhang et al. (2006) 

and Zhang et al. (2007), they still had to be adjusted in the calibration process. 

Fortunately, the majority of the units had natural boundaries.  The upper layer of the 

aquifer is under the effect of lake level fluctuations, whereas at high stages, the aquifer 

is recharged from the lake, and at low stages, groundwater system discharge into the 
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lake. Lake stages variability affects seepage from the lake and the leakage through the 

aquifer in upward direction. Inputs to the groundwater system are groundwater recharge 

from precipitation, river seepage and lake seepage, lateral groundwater inflow from part 

of the northern boundary, while the output from the groundwater system includes 

groundwater seepage to rivers and lakes, lateral groundwater outflow from the south 

western boundary and, evaporation from groundwater.  

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 5-3: Hydraulic conductivity zones for (a) layer 1; (b) layer 2; (c) layer 3; (d) layer 4. 

 

5.2.5  Numerical Groundwater Modeling (Software Description) 

Modular Finite-Difference Ground-Water Flow Model (MODFLOW) is developed 

by the U.S. Geological Survey and used a cell-centered FDM to simulate three-

dimensional groundwater flow in three dimensions for both steady-state and transient 

conditions. It went through several versions, MODFLOW-88 (McDonald and Harbaugh 

1988) MODFLOW-96, MODFLOW-2000 (Harbaugh et al., 2000; Hill et al., 2000), and 

the current version is MODFLOW-2005 (Harbaugh, 2005). The MODFLOW model is 

built based on the combination of two basic equations the principle of momentum 

conservation and mass conservation (Trescott and Larson, 1977). The three-dimensional 
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groundwater flow with a constant density of an anisotropic and a heterogeneous porous 

medium can be described by the partial-differential equation of Freeze and Cherry   

(1979). 

5.2.5.1  The groundwater flow equation 

The partial-differential equation of groundwater flow used in MODFLOW is 

(McDonald and Harbaugh, 1988): 

𝜕

𝜕𝑥
 ( 𝐾𝑥 .

𝜕ℎ

𝜕𝑥
) + 

𝜕

𝜕𝑥
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𝜕ℎ

𝜕𝑦
) +  

𝜕

𝜕𝑥
 ( 𝐾𝑥 .

𝜕ℎ

𝜕𝑧
) + 𝑊 =   𝑆𝑥 .

𝜕ℎ

𝜕𝑡
 

(5-1) 

where h (L)  is the hydraulic head in the porous medium;  Kx, Ky, and Kz (LT–1) 

are anisotropic hydraulic conductivity for the porous medium in x, y, and z directions, 

respectively W (T–1) is the volumetric flux per unit volume at sources or sinks of the 

porous medium, W < 0.0 for flow out of the ground-water system, and W > 0.0; Ss (L–

1)  is the specific storage for the porous medium and t is time (T). In this study, 

MODFLOW-NWT (Niswonger et al., 2011) with ModelMuse (Winston, 2009) as a 

graphical user interface was applied to simulate groundwater flow. MODFLOW-NWT 

was mainly developed to run models suffering from nonlinearities of drying and 

rewetting of the unconfined aquifer. This is in contrast with other versions of 

MODFLOW, which exclude dry cells from calculation.  

5.2.6  Boundary conditions 

5.2.6.1  General-Head Boundary (GHB) Package 

MODFLOW General-Head Boundary (GHB) was assigned to the southwestern and 

part of the northern boundary (Figure 5-4) to simulate lateral groundwater inflow and 

outflow of the system based on the time series of groundwater level from the available 

observation wells. Initially, the conductance of GHB was set to be 20 m2 d−1, based on 

geological boreholes and adjusted during the calibration process. 
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5.2.6.2  River boundary simulation 

The River Package is designed to simulate volumetric river interactions with 

groundwater. In this study, all rivers and streams were simulated by the river package. 

River reaches within the model domain are imported from their shape files as polylines. 

Elevations of river bottom are set at ground level, i.e. the top of the grid cell as given by 

the DEM. The water depths of the Drava river, Fekete-víz, and Okor are obtained from 

the Water Directorate management for the period 2000-2018 while the water stages in 

the other streams were assigned under the ground level by 0.75m. The southern boundary 

is represented by the Drava River and assigned as a river package. Based on data 

available from observation wells, the general direction of groundwater flow is from north  

to south. The Fekete-víz and Okor streams comprise the northern, eastern, and part of 

the western boundary and they are parameterized by the River package (Figure 5-4). All 

streams in the floodplain are assigned by a river package. The conductance of the 

riverbed was initially set to 5 m2 d−1, and then adjusted during the calibration process. 

(Riverbed conductance for the main streams is set to 0.3 and 0.2 for the secondary 

streams and adjusted during the calibration process. Flow between the river and the 

groundwater system for reach n is given by: 

𝑄𝑅𝐼𝑉= 𝐶𝑅𝐼𝑉 (𝐻𝑅𝐼𝑉 −  ℎ𝑎) ℎ𝑎 >  ℎ𝑟𝑖𝑣𝑏𝑜𝑡 (5-2) 

𝑄𝑅𝐼𝑉= 𝐶𝑅𝐼𝑉 (𝐻𝑅𝐼𝑉 −  ℎ𝑟𝑖𝑣𝑏𝑜𝑡) ℎ𝑎 ≤  ℎ𝑟𝑖𝑣𝑏𝑜𝑡 (5-3) 

𝑄𝑅𝐼𝑉 is the flow between the river and the aquifer;  𝐶𝑅𝐼𝑉  is the hydraulic 

conductance of the riverbed(L2T-1); 𝐻𝑅𝐼𝑉  is the river stage(L);  ℎ𝑎  is the head in the 

aquifer beneath the riverbed; and ℎ𝑟𝑖𝑣𝑏𝑜𝑡 is the level of the river bottom. Therefore, when 

the head in the aquifer is higher than the river stage, the aquifer recharges water to the 

river, represented as a negative inflow to the aquifer. When the head in the aquifer is 

lower than the river stage, flow is recharge to the aquifer. This flow increases linearly 

as the head in the aquifer decreases, until the aquifer head reaches the river bottom the 

flow remains constant. Riverbed conductance, 𝐶𝑅𝐼𝑉  (
𝑚2

𝑑𝑎𝑦
) can be computed as follows 

(McDonald and Harbaugh, 1988): 

𝐶𝑅𝐼𝑉 = 
𝐾.𝑊.𝐿

𝑑
 (5-4) 
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K is the hydraulic conductivity of riverbed sediments (L T-1), w is the width of a 

river reach (L), L is the length of river reach corresponding to a volume of aquifer (L), 

d is the thickness of the streambed deposits (L), 

 

 

Figure 5-4: Boundary conditions, observation wells, and planned reservoirs 

5.2.6.3  Lake Package 

Using the LAK package to simulate lake/groundwater interactions is one of the 

advantages of using MODFLOW-NWT under ModelMuse. Unlike the Reservoir 

package, the lake stage in the Lake Package can rise or fall due to interaction with 

groundwater and/or with streams. The Lake Package is integrated into MODFLOW-

NWT by specifying lake nodes in the model finite-difference grid, then, the lake stage 

is determined based on the exchanges of volumetric water in and out of the lake and the 

overall water balance of the lake (Hunt, 2003).  The seepage between a lake and its 

groundwater system depends on lake stage, lakebed leakage in grid cell dimensions, the 

hydraulic conductivity of the lakebed material, the adjacent aquifer, and hydraulic heads 

in the groundwater system. The seepage is calculated by Darcy’s law (Merritt and 

Konikow, 2000), as follows: 

q = K (ℎ1−ℎ𝑎)/d, (5-5) 
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where q is the seepage rate (L T−1); K is the hydraulic conductivity (L T−1) of materials 

between the lake and the aquifer; ℎ1 is the stage of the lake (L); ℎ𝑎 is the aquifer head (L); d is 

the distance (L) between the points at which ℎ1 and ℎ𝑎 are measured; and the volumetric flux 

Q (L3 T−1) is established by the following equation: 

Q = q A = (K (h1−ha)/d) A = C (h1−ha), (5-6) 

where c = KA/d is the conductance (L2 T−1) and K/d is the leakage (T–1). 

Estimating a lake water budget requires quantifying the gains and losses of water 

from the lake, such as gains from precipitation, overland runoff, and inflowing streams, 

and losses due to evaporation and outflowing streams, besides any other types of 

anthropogenic gains and losses. The updated lake stage in the Lake Package is calculated 

through the water budget procedure by the explicit form of Equation 2.26.  

 ℎ1
𝑛 = ℎ1

𝑛−1 + ∆𝑡 
𝑃−𝐸−𝑆𝑅−𝑊−𝑆𝑃+ 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 

𝐴𝑠 
 (5-7) 

where   ℎ1
𝑛 and  ℎ1

𝑛−1 are the lake stages (L) during the present and previous time 

step, Δt is the time step length (T), P is the precipitation rate (L3T-1) on the lake during 

the time step, E is the evaporation rate (L3T-1) from the lake during the time step, SR is 

the surface runoff rate (L3T-1) to the lake during the time step, W is the withdrawal rate 

(L3T-1) from the lake, SP is the net rate of seepage (L3T-1) between the lake and the 

aquifer, 𝑄𝑖𝑛 is the rate of inflow from streams and 𝑎𝑛𝑑 𝑄𝑜𝑢𝑡  is the rate of outflow (L3T-

1) to streams during the time step, and 𝐴𝑠  is the surface area of the lake (L2) at the 

beginning of the time step. 

Cún-Szaporca Lake was assigned in the model through the LAK7 package (Figure 

5-5). The lake simulation was performed using a separate additional inactive layer 

(Merritt and Konikow, 2000) with variable thickness. The top of the inactive layer had 

a 1.0 m thickness outside the lake and the top equaled the maximum lake s tage within 

the lake area. The bottom was equal to the bathymetrically defined lake bottom. To 

represent the lakebed leakance, three undisturbed sediment samples were taken from the 

oxbow lake bed for laboratory analyses in PVC pipes of 45 mm diameter (Figure 5-5). 

The hydraulic conductivity of three intact samples from the oxbow lake was calculated 

in our laboratory experiment using the falling head method (Landon et al., 2001). 

Following the hydraulic measurements, grain size distribution analyses were carried out 

on undisturbed samples with a Malvern Mastersizer 3000 Hydro LW (Malvern Inc., 
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Malvern, United Kingdom) particle size analyzer. Geologically, the sediments of the 

oxbow bed can fundamentally be subdivided into two types: a calcareous sandy and a 

clayey-silty unit.  Hydraulic conductivity was 8.3 x 10 -8 m s-1 for KP1 and 2.82 x 10-7 m 

s-1 for the sediment samples of KP2 and KP3. The modi of the PSD curves were markedly 

different, 10 μm in the deepest part of the lake and 80 μm along the shoreline. Thus, lake 

bed leakance was assigned by 0.05 d−1 for the deepest part (former thalweg) of the oxbow 

and 5 d−1 for the remaining lakebed area. 

 

Figure 5-5: Cross section of Lake Kisinc with sites of the sampling (Kp1, Kp2, Kp3) and 

K1 well tests. 1, fine oxbow bed material, 2, alluvium (clayey, silty, sandy deposits), 3, 

brown topsoil with root canals, 4, mixed lacustrine sediments 

5.2.6.4  Stream Flow Routing Package 

In this study, the feeding canal to the oxbow lakes was simulated using the Stream 

Flow Routing Package (SFR). One of the main advantages of the SFR package is  that it 

is linked to the lake package, and it was developed to accommodate streams that 

discharge water into and from lakes (Prudic et al., 2004). Unlike River Package or Drain 

Package, the SFR Package is able to simulate volumetric surface water discharges. The 

feeding canal of oxbow lake was simulated by rectangular section, the hydraulic 

conductivity for the streambed was initially assigned as and adjusted during the 

calibration process the stream bed thickness was assigned as 1.0 m, the Manning 

coefficient was assumed equal to 0.0354, the canal width was set equal to 1.5 m.  

5.2.6.5  Recharge (RCH) and Evapotranspiration (ET) Packages 

Recharge and evapotranspiration are estimated using the WetSpass-M model, as 

explained in section A.1 of Chapter 3. The spatial distribution of groundwater recharge 
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and evapotranspiration are imported in the form of a shape file into ModelMuse.  Inputs 

to the groundwater system are groundwater recharge from precipitation, river seepage 

and lake seepage, lateral groundwater inflow from a part of the northern boundary, while 

output from the groundwater system includes groundwater seepage to rivers and lakes, 

lateral groundwater outflow from the southwestern boundary, and evaporation from 

groundwater. 

5.2.6.6  ZONEBUDGET 

ModelMuse can provide the overall volumetric groundwater balance, but it cannot 

produce the water balance for a specific region in the model or for each simulated layer 

alone. Harbaugh (1990) developed the ZONEBUDGET, which is capable of calculating 

the water budget for any zone. The ZONEBUDGET is also available under ModelMuse 

environment. It reduces the calculations that may be done by the user through providing 

the water budget for any single zone and for composite zones.  

5.2.6.7  The Head Observation (HOB)  

The Head Observation (HOB) Package was applied to simulate the time series head 

records. For each piezometer, the required data are the piezometer name, the observed 

head, and the time step. The piezometer coordinates were imported to ModelMuse as 

points. After activating the HOB Package, and then the data were assigned to each point 

individually.  

5.2.7  Model Computational Grid 

The conceptual model is converted to the numerical model by defining the grid 

size, whereas the grid size relies on the problem type. In the current study, the model 

was discretized by a 100 m by 100 m grid, and the model was refined for lake area with 

30 m by 30 m, resulting in a domain of 361 rows and 742 columns, and 4 layers with a 

total number of 1,339,310 cells, 655,390 of which were active cells. Once the model is 
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converted from conceptual to numerical by assigning the grid type, the model is to be 

translated and simulated with all the given inputs (including boundary conditions and 

observed wells). 

5.2.8  Defining Initial Groundwater Head 

The initial heads are required for both the steady-state and the transient state mode. 

The initial groundwater head map was constructed using observed measurements of 

depth to water table converted to hydraulic heads from the available 18 observation 

wells. A nearest-neighbor technique was used to interpolate those observations. The 

initial head map was imported to ModelMuse as a shape file and initial heads have been 

assigned to each grid cell. The observed average lake level stage was 98 m.  

5.3  Water balance 

To establish the water balance of reservoirs is a complex task due to intricate 

interactions between surface and groundwater components. The water balance of each 

model zone is important to assess the interaction between the natural reservoir and 

aquifer system.  The water balance equation of the whole model is 

P + GHBin + Qin = ET + GHBout+ Qout + ΔS,                   (5-8) 

where P is precipitation, ET is total evapotranspiration, Q in is stream inflows, Qout 

is stream outflows, GHBin is lateral groundwater inflow by GHB boundaries, GHBout is 

lateral groundwater outflow by the GHB boundaries, and ΔS is a total change of storage.  

The water balance equation of the Lake Package can be expressed as follows:  

P + S +LAKin +QLAKin  = ELAK + LAKout +QLAKout+ ΔSLAK,    (5-9) 

where S is surface runoff, QLAKin is inflow from stream to the lake, QLAKout is 

the outflow from stream to the lake, LAKin is a discharge from the aquifer to the lake, 

and LAKout is aquifer recharge from the lake. In the equation, ELAK is lake evaporation. 

Daily lake evaporation is calculated using the Penman open-water equation (Penman, 

1948) based on wind speed, hourly incoming solar radiation, air temperature, relative 

humidity, air temperature, and wind speed. ΔSLAK is a change in lake storage.  
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The water balance equation of the unsaturated zone is calculated using water and 

energy transfer between soil, plants, and atmosphere under quasi-steady state conditions 

WetSpass (Batelaan and De Smedt, 2001) see equations in chapter four.  

The water balance of the saturated zone for four aquifers is expressed as follows:  

R + LAKout + QGWin + GHBin = ET + LAKin + GHBout + QGWout + Ssat, (5-10) 

where QGWin is groundwater recharge from stream, QGWout is the discharge from 

groundwater to streams, and Ssat is the change in saturated zone storage. 

5.4 Calibration Process 

The model calibration process is aimed to match the model results with the 

measurements in the field within some acceptable criteria. In groundwater models the 

simulated groundwater head and fluxes are forced to match the field measured  values at 

observed points with a range of acceptable error. This process requires changing model 

parameters (i.e. hydraulic conductivity, specific yield, specific storage), boundary 

conditions, and hydrologic stresses to obtain the optimal match. Proper f ield 

characterization and sufficient data are required to achieve a well -calibrated model..  

In this study, the steady-state and transient models were calibrated manually in a 

forward way because of its high complexity involving long simulation time when using 

optimization codes such as UCODE (Hill and Tiedeman, 2007) or PEST (Doherty and 

Hunt, 2010), and forward calibration procedure enables the modelers to understand 

model behavior. A steady-state model was developed to represent an initial case for the 

transient model by applying long-term average parameters, i.e., mean precipitation, 

mean groundwater levels, mean PET, and mean groundwater recharge for the period 

from 1 January 2010 to 20 September 2018. The steady-state oxbow lake stage was 

calculated as an average for the whole lake stages during the study period (173.77 m 

a.s.l.) (the model parameters). Several statistic indices have been recommended for 

assessing the performance of a model, of which Mean Error (ME), Mean Absolute Error 

(MAE), and Root Mean Square Error (RMSE) are used as measures of groundwater head 

and lake stages calibration. They are mathematically presented as follows:  
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ME = 
1
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(5-13) 

where n is the number of observations; ℎ𝑚 is observed groundwater level, ℎ𝑠 is 

simulated groundwater level and ℎ̅𝑚 is the mean observed groundwater level. ME 

provides a general description of model bias as both positive and negative differences 

are involved in the mean, the errors may eliminate each other, and thus decreasing the 

overall error (Anderson et al., 2015). MAE measures the average error in the model. 

RMSE is the average of the squared differences in observed and simulated heads.  

5.5  Sensitivity analysis 

A sensitivity analysis is a process of changing model input parameters through a 

reasonable range and evaluating the relative variation in model response (Kumar, 2004) 

and measuring the effect of these variations on the model outputs. There are a large 

number of uncertain parameters, boundary conditions, and stresses in regional 

groundwater models. Sensitivity analysis quantifies the impacts of uncertainty on the 

estimates of model parameters, on model results and provides which parameters have a 

greater impact on the output. Parameters with a high effect on model results should get 

the most attention in the data collection and the calibration process .  In this study, 

sensitivity analysis was achieved using computer code for universal sensitivity analysis, 

calibration, and uncertainty evaluation (UCODE-2005) (Poeter et al., 2006) with the help 

of ModelMate (Banta, 2011). It was applied to groundwater recharge (RCH), hydraulic 

conductivity (HK), which was divided into five zones, evapotranspiration (EVT), river 

conductance (RIVC), and general head boundary (GHB) parameters.  

5.6  Transient model calibration 

The transient state solution represents a set of solutions corresponding to time steps 

of a specific stress period, while the steady-state solution produces an average solution 
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for the analyzed problem (Shakya, 2001).  However, starting the transient model by 

steady-state model as an initial condition proved to be unsuccessful due to a large 

difference between the steady-state parameters and the measured daily values at the start-

up of the transient model on 1 January 2010. Thus, the steady-state model was abandoned 

and the first three hydrological years from which data were available, i.e., from 1 January 

2010 until 31 December 2012, were used as a warm-up period, after which the model 

was run (calibrated) throughout the following six hydrological years from 1 January 

2013 to 20 September 2018. Daily stress periods, each including one single-day time 

step, were assigned the time domain of the final transient model. There were 18 daily 

piezometric records (Figure 5-4); two of them were used for assigning the head of the 

general head boundary at the western side. The same parameters in the steady-state 

model were applied in the transient model, and they were adjusted during the calibration 

process. The calibration process was conducted mainly by adjusting the number of 

initially assigned K-zones, their areas and the associated hydraulic conductivities (Kh), 

groundwater recharge, and evapotranspiration boundary conditions. Some minor 

changes were made in the initially assigned riverbed conductance, and GHB conductance 

at the western boundary was slightly adjusted. 

5.7  Results and Discussions 

5.7.1  Results of steady-state calibration and sensitivity analysis 

Calibrated results of the steady-state model showed a good agreement between 

observed and simulated groundwater heads, with R2 = 0.98. Mean error was −0.016 m, 

and mean absolute error was 0.09 m as shown in Figure 5-6a. The calibrated values of 

hydraulic conductivity result in six zones: 550, 1.25, 0.1, 5, 60, and 170 m d -1. The river 

bed conductance for the main streams was found 30 m2 d-1, and for secondary streams 3 

m2 d-1. The conductance of the GHB boundary was changed to 40 m2 d-1. The calibrated 

groundwater recharge is 0.95 times of the obtained average of groundwater recharge 

from WetSpass. The parameters of groundwater recharge (RCH), hydraulic conductivity 
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(HKZ1), and evapotranspiration (EVT) had the highest composite scaled sensitivity 

values and were therefore the most sensitive parameters (Figure 5-6b).  

a) 

 

b) 

 

Figure 5-6: a) Scatter plot for simulated versus observed heads of steady-state using 18 

observations; b) composite scaled sensitivities calculated with the parameter values 

5.7.2  Transient Calibration 

However, starting the transient model by steady-state model as an initial condition 

proved to be unsuccessful due to a large difference between the steady-state parameters 

and the measured daily values at the start-up of the transient model on 1 January 2010. 

The first three hydrological years from which data were available, i.e., from 1 January 

2010 until 31 December 2012, were used as a warm-up period, after which the model 

was run (calibrated) throughout the following six hydrological years f rom 1 January 

2013 to 20 September 2018 with a daily time step. The calibrated results of the transient 

model against the time series of observation well heads and the stages of the Cún-

Szaporca Lake are shown in Figure 5-7. The calibration process of groundwater head 

was carried out using 16-time series of daily groundwater levels from observation wells 

extending over 10 years. Calibrated results showed a good match between observed and 

simulated groundwater heads, with R2 = 0.98. The mean error was −0.08 m, and the root 

mean square error was 0.4 m (Figure 5-7a). Additionally, the calibration of lake stages 

showed a good agreement between simulated and observed stages with a correlation 

coefficient of 0.90, a mean error of −0.07 m, mean absolute error of 0.15 m, and root 

mean square error of 0.2 m (Figure 5-7b). The calibrated parameters of hydraulic 
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conductivity, river conductance, general head conductance, and groundwater recharge 

are shown in Table 5-1 

 

 

(a) (b) 

Figure 5-7: Model calibration. (a) Scatter plot for simulated versus observed groundwater 

piezometric heads; (b) simulated and observed daily variability of lake stages  

Table 5-1: Calibrated parameters for the calibrated model. R represents the spatial 

distribution map of the average groundwater recharge 

Parameter Value Unit Description 

HKZ1 360 m d−1 Hydraulic conductivity of zone 1 

HKZ2 25 m d−1 Hydraulic conductivity of zone 2 

HKZ3 0.10 m d−1 Hydraulic conductivity of zone 3 

HKZ4 5 m d−1 Hydraulic conductivity of zone 4 

HKZ5 60 m d−1 Hydraulic conductivity of zone 5 

RIVC1 300 m2 d−1 River conductance of streams 1 

RIVC2 5 m2 d−1 River conductance of streams 2 

GHB 40 m2 d−1 Conductance of general head boundary 

RCH 0.95R mm d−1 Groundwater recharge 

5.7.3  Water Budget of the Groundwater Flow Model 

The water balance at the end stress of the calibrated transient model is shown in 

Table 5-2. The inflow rate from GHB boundary to the aquifer represents 42.25 % of the 

total inflow to the aquifer through 627,789.00 m3 d−1. Both groundwater recharge from 

precipitation, streams, and the Cún-Szaporca Lake are represented by 41 % of the total 

inflow to the aquifer through 609,169 m3 d-1. The total water budget of the floodplain 
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proves the importance of groundwater recharge in maintaining groundwater levels. 

Groundwater discharge from the aquifer to streams is 1,275,244.38 m3 d−1, which 

amounts to 85.82 % of the total outflow from the groundwater system as the area 

characterized by shallow groundwater table, while evapotranspiration represents 10 % 

of total outflow. 

Table 5-2: Water balance at the end stress of the calibrated transient model 

 
Input Output Input−Output 

(m3 d−1) % (m3 d−1) % (m3 d−1) 

Recharge 546,403 36.8 457 0.0 545,946 

Evapotranspiration 0 0.0 149,992 10.1 −149,992 

GHB boundary 627,789 42.3 10,949 0.7 616,840 

River 62,766 4.2 1,275,244 85.8 −1,212,478 

Lake 6868 0.5 4967 0.3 1901 

Storage 242,055 16.3 44,265 3.0 197,783 

Total 1,485,881 100.0 1,485,874 100.0 0 

5.8  Summary 

Developing a groundwater model of the floodplain is crucial to assess the 

interactions between surface water and groundwater at a critical part of this system under 

different hydrological conditions, also to evaluate the water retention and water budget 

under different management scenarios in the lower parts of the floodplain to sustain 

agricultural production and wetland habitat.  A regional steady and transient 

groundwater model was constructed using MODFLOW-NWT with ModelMuse as a 

graphical interface to simulate the flow of water. The steady-state and transient state 

model calibration indicated a good correlation between the computed and observed water 

levels with a correlation coefficient of 0.96, a mean error of −0.016 m, and a mean 

absolute error of 0.4 m.  The sensitivity analysis was conducted using (UCODE-2005) 

with the help of ModelMate.
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6. INTEGRATED ASSESSMENT OF THE IMPACT OF LAND-

USE/LAND-COVER CHANGES ON HYDROLOGY 

Land-use/land-cover (LULC) change is considered to be a key human factor 

influencing groundwater recharge in floodplains. Without accurate estimations, the 

impact of LULC change on water balance components may be either understated or 

exaggerated. Nevertheless, the effects of LULC changes on the surface hydrology has 

not been investigated in the Drava Basin. In this chapter, a coupled surface hydrological 

model, i.e. a spatially-distributed water balance model (WetSpass-M), coupled with a 

groundwater flow model (MODFLOW-NWT) were integrated to assess the impacts of 

LULC changes with different soil textures from 1990 to 2018 on the hydrology of the 

complex river catchment, the Drava basin, where human interference has led to a critical 

environmental situation. The results show that the coupled model significantly improves 

the overall simulation of water balance including groundwater conditions under the 

effect of LULC changes. 

6.1 Introduction 

LULC changes are among the major human interventions altering the regional 

hydrological cycle and the groundwater flow systems (Calder, 1993). Changes in the 

water regimes of rivers are predicted to be damaging to these ecosystems under extensive 

human pressure, exploitation, and pollution. Intensive human exploitation of land 

resources throughout the entire human history leads to significant changes of LULC 

(Bronstert, 2004). Groundwater system is an important part of the regional hydrological 

cycle, and it has been strongly affected by LULC changes (Alley et al., 1999; Calow et 

al., 1997). Moreover, the water balance components (i.e., groundwater recharge, actual 
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evapotranspiration, and surface runoff) respond differently to LULC classes according 

to soil texture and climate conditions (Han et al., 2017). 

More specifically, the lower section of the Drava floodplain is substantially 

impacted by diverse human activities and the provision of ecosystem services has 

declined. Therefore, managers need to know and understand how land-use decisions and 

allocation will affect the flow of water to protect and improve water resources generally, 

and groundwater in particular, (Brauman et al., 2012). Hence, the spatial distribution of 

groundwater recharge for areas with different soil texture types affected by LULC is 

considered essential for both planners and stakeholders to estimate the sustainable yields 

of groundwater systems (Sophocleous, 2005) and to reach sustainable and efficient 

management of water resources in the Drava floodplain. 

6.2  Integrated surface water- groundwater models 

A physically-based WetSpass model simulates only the surface processes based on 

topography, slope, soil type, land cover/land use, and climatological conditions 

(Batelaan and Woldeamlak, 2007). It does not consider a two-way exchange between 

surface processes and groundwater, ignores run-on/runoff dynamics in recharge 

contribution. On the other hand, MODFLOW simulates flow processes occurring in the 

saturated zone defined by three-dimensional cells and the hydrogeological properties. 

MODFLOW use a finite difference approach to solve the groundwater flow differential 

equation, and integrates groundwater systems with other hydrological sub-system 

components (e.g. surface drainage, vadose zone, transport phenomena, etc.) through the 

incorporation of ‘packages’ using a gridded spatial discretization. However, it does not 

directly account for hydrologic processes that occur on the surface or in the root zone.  

For that reason, most recent research focuses on the development and application 

of integrated models that handling surface-groundwater interactions. The key goal of 

model integration is to bridge the multi-disciplinary knowledge gap to support the 

quantitative ability to accurately assess hypotheses and system response under dynamic 

scenarios (Arnold, 2013). Therefore, an integrated WetSpass-M and MODFLOW is 
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essential to better represent feedback fluxes spatially within the surface and groundwater 

domains. This will improve simulation of the effects of long-term stressors, such as 

climate change, and LULC change. This chapter demonstrates the coupling of WetSpass 

and MODFLOW to assesses the impacts of LULC changes on the hydrology of the Drava 

river floodplain.  

6.3 Materials and Methods 

6.3.1 Study Area 

The study area is presented in Chapter 5. 

6.3.2 LULC Data 

Land use and land cover patterns of the Drava basin for years 1990, 2000, 2006, 

2012, and 2018 are obtained from the CORINE database for Land Cover (CLC (1990), 

CLC (2000), CLC (2006), CLC (2012) and CLC (2018)). As depicted in Figure B1, 

around half of the total area is under agriculture use, which is scattered over the whole 

floodplain. Agricultural areas are dominated by arable land (cereals and row crops). The 

extension of grassland (grazing land, meadow) is limited since animal husbandry has 

declined in the region. Forest areas are composed of coniferous forest, deciduous forest, 

and mixed forest with the dominance of deciduous forest. Coniferous forests are found 

in the southern part of the floodplain, while deciduous forests show a scattered pattern 

(Figure B1). A comparison of LULC maps for the years 1990, 2000, 2006, 2012, and 

2018 shows that the major changes observed in six LULC classes: Agriculture, forest, 

willow-poplar shrubs, urban, meadow, and mudflat during 1990 - 2018 (Figure 6-1). The 

proportional extent of forest and mudflat and willow-poplar shrubs increased from 24 % 

to 27 % and from 5.8 % to 8.1 %, respectively, from 1990 to 2000 while they decreased 

to 24.0 % and 7.0 %, respectively, in 2012 and then they increased to 28.1 % and 12.4 

%, respectively, in 2018 (Figure 6-1). Arable land areas gradually decreased from 56.3 
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% to 43.7 % from 1990 to 2018. Built-up areas were relatively stable between 2000 and 

2012 while they increased from 3.2 % to 6.1 % between 2012 and 2018 (Figure 6-1). 

The extent of meadows decreased by 3.2 % and 3.1 % between LCLU in 1990-2000 and 

2012 – 2018, respectively (Figure 6-1). The expansion of forests and mudflats occurred 

at the expense of arable land and meadow areas. Moreover, herbaceous vegetation is 

replaced gradually by willow and poplar shrubs (Salem et al., 2022). 

 

Figure 6-1: Area percentage of LULC classes in 1990, 2000, 2006, 2012, and 2018 

6.3.2.1Assessment of CORINE Land Cover (CLC) 

The European CORINE Land Cover (CLC) mapping scheme is a project managed 

by the European Environment Agency. The CLC inventory was initiated in 1985, and 

updates have been issued in 2000, 2006, 2012, and 2018. The standard CLC 

nomenclature comprises of 44 land cover classes. These are classified in a three-level 

hierarchy. The first level consists of five main classes: 1) agricultural areas, 2) artificial 

surfaces, 3) wetlands, 4) forests and semi-natural areas, 5) water bodies (Heymann et al., 

2014), the second level consists of 15 headings and the third, most detailed, level 

includes 44 thematic classes (Feranec et al., 2007). The satellite imagery, from which 

CLC vector layers were drawn, consists of single date LANDSAT 5 MSS/TM (for 
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CLC1990 LANDSAT -7 Enhanced Thematic Mapper (ETM)ETM (for CLC (2000)), 

SPOT-4/5 and IRS P6 LISS III imagery (for CLC (2006)), IRS P6 LISS III and RapidEye 

(for CLC (2012)), and lastly, Sentinel 2 and LANDSAT 8, for CLC (2018) (CORINE 

Land Cover, 2020). CORINE provides a European scale map at 1:100,000, with a 

minimum mapping unit (MMU = 25 ha) for areal phenomena, 5 ha for change in land 

cover every six years (Kallimanis and Koutsias, 2013), minimum width of linear 

phenomena (MMW = 100 m) and thematic accuracy is higher than 85%. Those technical 

parameters are regarded as suitable for national or regional studies (Falťan et al., 2020). 

However, the CLC database has a particular limitation in spatial resolution. It has 

become the primary spatial data source on land for EEA. CLC is widely applied for 

environmental modeling, indicator development, and land use land cover change 

analysis in the European context (Büttner, 2014). 

 CLC is considered one of the most important sources of the land cover database 

from a European perspective attributed to its applicability to large regions and the 

comparability of the landscape dynamics development of various landscape types 

(Falťan et al., 2020). The Corine Land Cover program is a reliable source for assessing 

the effects of human activities on the Natura 2000 protected sites (Ursu et al., 2020).  

The Lucas survey (2003) used Eurostat LUCAS data for the reinterpretation of 

IMAGE2000 around LUCAS sampling points and automatic comparison of CLC (2000) 

codes with LUCAS land use and land cover codes to validate CLC (2000). Their results 

showed that the overall reliability of CLC (2000)was 87 % and 74.8 % for the 

reinterpretation approach and automatic comparison, respectively. The CLC (2000) and 

CLC (2006) database was validated using stratified random sampling through the re-

interpretation of Google Earth imagery for IMAGE2000 and IMAGE2006. 17 of the 25 

change type groups showed accuracy higher than 85 %, 13 types of which had an 

accuracy higher than 90 %, including the largest level change class (Büttner, 2014). 
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6.3.3 WetSpass-MODFLOW coupling 

WetSpass model is basically limited in terms of dealing with groundwater flow 

because of its lumped nature. On the other hand, MODFLOW has difficulty in 

determining the distributed evapotranspiration and groundwater recharge that are the 

main input for the groundwater model. Consequently, it is promising that the 

hydrological variables are realistically computed if a WetSpass-based evapotranspiration 

and groundwater recharge are applied for input data in MODFLOW and the groundwater 

level is determined and exchanged to WetSpass, then the spatiotemporal features in the 

investigated area will be appropriately represented. In this study, the coupled WetSpass-

MODFLOW framework links calibrated hydrological modeling (WetSpass-M) in 

Chapter Four with calibrated groundwater flow model (MODFLOW-NWT) in Chapter 

Five, applying ModelMuse as a graphical user interface, as shown in Figure 6-2. In this 

framework, WetSpass simulates water balance components. Meanwhile, MODFLOW-

NWT simulates three-dimensional groundwater flow and all associated sources and sinks 

(e.g. recharge, discharge to drains, interaction with lakes, and interaction with stream 

networks). Using this approach, the outputs of the WetSpass-M model were used as 

inputs to MODFLOW-NWT. MODFLLOW- NWT computes groundwater hydraulic 

head and groundwater-surface water interactions, which are passed to WetSpass. Such a 

coupled model was applied to assess the impacts of changing LULC on the hydrology 

(water balance components, water budget of the system, and groundwater level) of the 

Drava floodplain. 

 

Figure 6-2: Adopted modeling framework 
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We launched five different runs, each corresponding to one LULC map from the 

years 1990, 2000, 2006, 2012, and 2018, respectively. To isolate, and yet capture, the 

effect of LULC changes, other input parameters such as meteorological data, topography 

(DEM and slope), distributed groundwater depth, and soil types were kept constant 

among the five runs. For the simulation meteorological variables for the period 2010-

2018 was used as climate input, as well as the DEM, slope and soil of the study area for 

all the five runs. Each run simulated the long-term average water balance components in 

the 9 years from 2000 to 2018 (223 time steps). 

6.4 Results and discussion 

6.4.1 Impacts of LULC changes on water balance components 

The simulated annual average water balance of Drava floodplain for each LULC 

maps of the years 1990, 2000, 2006, 2012, and 2018 is presented in Figure 6-3. For the 

LULC base scenario in 1990, groundwater recharge accounts for 48% of annual 

precipitation (688 mm yr-1). It mainly takes place during the winter half-year. Both 

evapotranspiration and surface runoff amount to 26% of the total annual precipitation. 

Almost 89% of evapotranspiration occurs in the summer half-year. The statistical 

analysis (minimum, maximum, average, standard deviation) for LULC of 1990, 2000, 

2006, 2012, and 2018 is presented in Table 6-1. Compared to LULC in 1990, the average 

annual groundwater recharge over the floodplain is 8 mm lower in 2000, 4 mm higher in 

2006, 6 mm higher in 2012, and 8 mm lower in 2018 (Figure 6-3). Similar to groundwater 

recharge, average annual surface runoff decreased from 182 mm for LULC in year 1990 

to 177 mm for LULC in 2000 and surface runoff values for LULC in 2006 and 2012 

were similar to that in 1990 (Figure 6-3). For LULC in 2018, average annual surface 

runoff increased by 8 mm yr-1 with respect to LULC in 2012. In contrast, the average 

annual actual evapotranspiration for LULC in 2000 was 19 mm higher than that in 1990 

but evapotranspiration for LULC in 2006 and 2012 decreased by 4 mm and 11 mm, 

respectively compared with LULC in 1990 (Figure 6-3). The average annual actual 
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evapotranspiration increased from 169 mm with LULC in 2012 to 192 mm with LULC 

in 2018 (Figure 6-3). The spatial distribution of water balance components for the current 

scenario 2018 is presented in Figure B2 of the appendix.  

Table 6-1: The statistical analysis (min, max, average, standard deviation) for LULC 

scenarios of 1990, 2000, 2006, 2012, and 2018  

Scenario Value 
Recharge 

(mm) 
Runoff (mm) 

Evapotranspiration 

(mm) 

Land-use 1990 

Min-Max 0-533 80-680 50-1393 

Average 325 183 180 

Std. dev. 100 70 140 

Land-use 2000 

Min-Max 0-533 42-756 79-1435 

Average 317 177 200 

Std. dev. 100 80 159 

Land-use 2006 

Min-Max 0-533 80-680 50-1393 

Average 329 182 177 

Std. dev. 100 71 142 

Land-use 2012 

Min-Max 0-533 80-680 49-1393 

Average 333 180 169 

Std. dev. 100 71 138 

Land-use 2018 

Min-Max 0-533 80-680 50-1393 

Average 317 189 192 

Std. dev. 106 80 170 

The variability of surface runoff matches the trend of changes in LULC. As shown 

in Figure 6-1 and Figure 6-3, the decrease in surface runoff from 1990 and 2000 matches 

the decrease of built-up areas in this period. The comparison of changes in surface runoff 

and LULC maps indicates that the increase of average annual surface runoff  by 9 mm 

yr-1 can be attributed to built-up areas (sealed surface) expansion between 2012 and 

2018.  These areas are characterized by a partially or fully impervious surface and were 

considered as having a negative impact on the Drava floodplain. Changes in built-up 
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areas were observed as the primary contributors for the change of surface runoff from 

1990 to 2018. 

The comparison between changes in actual evapotranspiration and groundwater 

recharge and LULC changes indicated that changes of forest, willow - poplar shrubs, 

mudflat,  meadow and arable land were the strongest contributor to modified recharge 

and evapotranspiration, suggesting that the primary increase of evapotranspiration and 

decrease of recharge can be attributed to the increase of forest, willow-poplar shrubs and 

mudflats and decrease of meadow areas and arable lands from 1990 to 2000 and 2012 to 

2018 in the Drava floodplain. The replacement of arable and meadow lands by forest, 

mudflats, with expanding willow shrub areas was identified as the strongest contributor 

to the major increase in evapotranspiration by 19 and 23 mm yr -1 and a decrease in 

groundwater recharge by 8 and 16 mm yr-1 between LCLU in 1990-2000 and 2012 – 

2018, respectively (Figure 6-3). Conversely, from 2000 to 2012, the decrease of forest 

areas by 3% (27 % - 24 %), mudflat and shrubs areas from by 1.1% (8.1%-7.0%), with 

expanding meadow areas by 2.7% (5.9%-8.6 %) (Figure 6-1) contributed to the major 

decrease in evapotranspiration by 31mm yr -1 and an increase in groundwater recharge 

by 16 mm yr-1 (Figure 6-3). 

 Unlike arable lands, riparian willow shrubs have permanent access to shallow soil 

water and groundwater system (Doody et al., 2006; Yin et al., 2014), increasing total 

leaf area of the canopy, evaporative, and transpiration losses (Doody et al., 2006; 

Marttila et al., 2018). This property of willow shrubs resulted in less water recharged. 

Indeed, mudflat areas are seasonally inundated by the river and have high groundwater 

levels, which enhanced transpiration and resulted in changes in the water balance of the 

floodplain by reducing groundwater recharge and increasing evapotranspiration. 

Moreover, urbanization leads to a decrease in groundwater recharge. Because of low 

groundwater and high drought hazard ecosystem services are provided at a lower level, 

and agricultural productivity is reduced because of the water deficit. Thus, the ecosystem 

services and agricultural productivity in the Drava floodplain reached a critical situation 

and, hence, human activities have a net negative effect on groundwater recharge in the 
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floodplain. Thus, understanding the spatial distribution of groundwater recharge changes 

is crucial for water resources management in the Drava floodplain. 

 

Figure 6-3: Average yearly water balance components for the Drava floodplain from 1990-

2018 (values are in mm yr-1)  

6.4.1.1 Impacts of LULC changes on groundwater recharge 

Minimum, maximum, average, and standard deviation percentages of change in 

groundwater recharge of the simulated LULC scenarios (2000, 2006, 2012, and 2018) 

with respect to the base year 1990 are presented in Table 6-2. The range of change in 

groundwater recharge between 1990 and 2000 was from -100% to 256.8%, respectively, 

with a mean decrease of -2.5% (Table 6-2). In the period 1990–2006, groundwater 

recharge slightly increased by 1.3% on average (Table 6-2). The average increase in 

groundwater recharge was 2.4% during the period 1990-2012 (Table 6-2). The difference 

in groundwater recharge which occurred between the year 1990 and the year 2018 ranged 

from -100% to 289.7% with an average decrease of -2.6%. The spatial distribution of the 

change in simulated groundwater recharge for the LULC scenarios is shown in Figure 

B3 of the appendix. 

Table 6-2: Minimum, maximum, average, and standard deviation values of the change in 

groundwater recharge in % of the simulated LULC scenarios (2000, 2006, 2012, and 2018) 

with respect to the base LULC in1990 
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 Change in groundwater recharge 

 2000 - 1990 2006 - 1990 2012 - 1990 2018 - 1990 

                                    %   

Minimum -100 -100 -100 -100 

Maximum 256.8 273.6 273.6 289.7 

Average -2.5 1.3 2.4 -2.6 

We also investigated the change in groundwater recharge in the following period 

with an interval of 6 years. In a period from 2000 to 2006, the change in groundwater 

recharge varied from a minimum of -72% to a maximum of 126% with an average value 

of 4% and a standard deviation of 8% (Figure 6-4a). This variation of groundwater 

recharge is associated with changes in arable lands, mudflat, forest, and meadow. A 

small variation in groundwater recharge was observed during the period 2006–2012 with 

an average ratio of 1% due to small changes in LULC for this period. Groundwater 

recharge decreased from 2012 to 2018 (Figure 6-4b). As depicted in Figure 6-4c, the 

simulated changes in groundwater recharge showed a large variation between -100% and 

256%, at a pixel scale, with an average value of -5% and a standard deviation of 28%. 

This means that the total annual groundwater recharge decreased by 5.3×107 m3 with 

respect to LULC in 2012. This reduction in groundwater recharge is associated with the 

expansion of built-up areas, forest, mudflat, and growing of willow shrubs with 

shrinkage of agriculture areas. The results clearly indicate that LULC changes affect the 

overall water budget of the floodplain.  

a) 

 

b) 

 

c)  
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Figure 6-4: Change in groundwater recharge: a) 2006 – 2000; b) 2012 – 2006; c) 2018 – 

2012 

6.4.2 Water Balance components under different LULC and soil textures 

LULC changes from 1990 to 2018 are considered the major factor contributing to 

the spatial variation of groundwater recharge, actual evapotranspiration, and surface 

runoff in the Drava floodplain. To quantify these impacts, we assessed water balance 

components under different LULC classes. Figure 6-5 shows the average annual 

groundwater recharge, runoff, and actual evapotranspiration, as a function of LULC 

classes under LULC of 2018 in the Drava floodplain. Groundwater recharge, actual 

evapotranspiration, and surface runoff are strongly dependent on LULC. Agricultural 

land comprises 44 % of the Drava floodplain and it is scattered over the investigated 

area. Deciduous forest covers 24% of the total area of the floodplain. Mudflats (deeper 

lying areas which are seasonally inundated by the river and have high groundwater 

levels) and forests show high average actual evapotranspiration by 499 and 322 mm yr -

1, respectively, while they have average groundwater recharges of 133 and 251 mm yr -1, 

respectively (Figure 6-5). Groundwater recharge is assigned to a value of zero for open 

water surfaces (i.e., rivers and lakes) in the WetSpass-M model since the open water 

surfaces are assumed to be groundwater discharge locations (Singhal and Gupta, 2010). 

Similar to a study of the southern Moravian floodplain forest (Čermák and Prax, 2001), 

forest areas are characterized by high actual evapotranspiration with an average of 322 

mm yr-1. The coniferous forest has the lowest surface runoff with an average of 130 mm 

yr-1. Built-up areas show a low groundwater recharge and actual evapotranspiration with 
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an average of 204 and 231 mm yr-1, respectively, as these areas are characterized by a 

partially or fully impervious surface. 

 

Figure 6-5: Average annual groundwater recharge, surface runoff, and evapotranspiration as 

a function of LULC in 2018 

Figure 6-6 presents the water balance components for 2018 as a function of 

different soil textures in the Drava floodplain. The spatial variability of soil types comes 

from fluvial land features and strongly influence local/regional hydraulic properties 

(Dezső et al., 2019). Hydraulic conductivity, porosity, specific yield, and capillarity 

depend on textural properties. For the light soil texture, sandy soils of natural levees 

show the highest average annual groundwater recharge rate because of their high 

conductivity, while heavy soils (clay) in the swales between point bar ridges have the 

lowest rate of 210 mm yr-1. The simulated average annual recharge of the sandy soil is 

343 mm yr-1 (Figure 6-6). Clearly, the groundwater recharge values for sandy loam, 

loam, and clay loam fall between the values for sand and clay soils. Evaporation strongly 

depends on the depth of the groundwater table, which is within 1 m in the study area. 

Heavy soils (clay and clay loam) in abandoned river channels and the riparian zone have 

the highest evapotranspiration and surface runoff as they are located in the deepest 

morphological position with shallow groundwater and intensive capillary rise. In 

contrast, sand and sandy loam soils have the lowest surface runoff. The WetSpass -M 

model indicates the average annual actual evapotranspiration of soils of  clay texture to 
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be 235 mm yr-1 while the simulated average annual surface runoff of sandy soils is 160 

mm yr-1 (Figure 6-6).  

 

Figure 6-6: Average annual groundwater recharge, evapotranspiration, and runoff as a 

function of soil texture for LULC in 2018 

This study shows that water balance components have been influenced by both soil 

texture and LULC classes. Table 6-3 presents the average annual groundwater recharge 

(mm) across different combinations of land-use and soil types to assess the spatial 

variations of the groundwater recharge as a function of LULC class and soil textures in 

the Drava floodplain. A higher groundwater recharge was observed in forest and arable 

areas with sandy soils due to the high permeability of sandy textured soil. On the 

contrary, areas predominantly with clay and clay loam soils showed a lower amount of 

groundwater recharge because of the less permeability and shallow groundwater system 

of such soils. The highest average groundwater recharge of 411 mm was accounted to 

forest areas with sandy soil type while mudflat land with clay soils show the lowest 

average groundwater recharge of 123 mm followed by built-up areas (Table 6-3). The 

results indicated that groundwater recharge was more effected by land-use than soil type 

as the standard deviation of the groundwater recharge for the different land-use classes 

is higher than the standard deviation of groundwater recharge for the different soil 

textures (Table 6-3).  

Groundwater recharge variability with soil textures and LULC classes similar to 

the present findings have been reported for the Guishui River Basin, China by Pan et al. 

(2011), for the upper San Pedro watershed, Mexico and USA, by Nie et al. (2011), for 
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Flanders (Belgium) by Zomlot et al. (2015) and a catchment in northern Ethiopia by 

Kahsay et al. (2019) and Gebru and Tesfahunegn (2020). A higher evapotranspiration 

rate was observed in sites where the predominant cover is water body, mudflat, 

grassland, and forest with clay loam and clay soils that could be due to the high 

transpiration demand of vegetation cover and water availability of soil type (Table  B2 

in the appendix B). Similar findings of the influences of LULC and soil texture on 

evapotranspiration variability were reported by Graf and Przybyłek (2014), Singh et al. 

(2013), Zomlot et al. (2015), and Kahsay et al. (2019). The largest amount of surface 

runoff was detected in built-up areas with clay soil texture characterized by lower 

infiltration capacity, while sand and sandy loam soils with forest, meadow, orchard, and 

shrubland land use have the lowest amount of surface runoff because of their high 

permeability (Table B2 in the appendix). Moreover, the present results indicated that 

LULC variability affects more the spatial variability of surface runoff than the effect of 

soil type in the study area. Zhang et al. (2017), Kahsay et al. (2019), and Gebru and 

Tesfahunegn (2020) have reported similar results of the impacts of soil texture and 

LULC classes on surface runoff variability. 

Table 6-3: Average annual groundwater recharge across different combinations of soil 

texture and LULC in 2018 

LULC classes 

Soil texture 

Sand Sandy Loam Loam Clay Loam Clay Average St.dev 

Build up 231 208 197 181 149 193 27 

Industry 184 177 162 149 126 159 21 

Infrastructure 275 - 218 195 157 211 43 

Agriculture 344 297 279 245 190 271 52 

Meadow 393 340 319 266 206 305 64 

Orchard 366 - 306 270 210 288 57 
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Deciduous forest 302 272 255 240 235 261 24 

Coniferous forest 250 - 232 - - 241 9 

Mixed forest 284 261 241 236 230 250 20 

Shrub 139 161 167 180 183 166 16 

Reference  - 276  180 228 48 

Mud flat 143 127 123 116 94 121 16 

River 0 0 0 0 0 0 0 

Lake - - 0 - - 0 0 

Average 243 205 198 189 163   

St.dev 107 97 97 76 63   

-, (no value) as there is no such LULC for a given soil texture 

6.4.3 Impacts of impervious cover changes on water balance components  

The share of built-up areas in the Drava floodplain did not change considerably 

between 1990 and 2012. From 2012 to 2018, the built-up areas increased from 3.2% to 

6.1%, mostly converting from arable land, thus, change in recharge, evapotranspiration, 

and surface runoff under built-up areas for this period were assessed to reveal the impacts 

of urbanization on water balance (Table 6-4). Both evapotranspiration and surface runoff 

presented increasing trends while groundwater recharge decreased from 2012 to 2018. 

Under built-up areas, the annual average groundwater recharge had the maximum 

variation rate with –10%, while the variation rates for annual average evapotranspiration 

and surface runoff were +7% and +6%, respectively, from 2012 to 2018. 

Table 6-4: Annual water balance components in the Drava floodplain under built-up areas 

from 2012 to 2018 
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Parameter Value 
Recharge 

mm yr--1 

Evapotranspiration 

mm yr--1 

Surface 

runoff 

mm yr--1 

 

2012 

Range 137 - 358 133-383 158 - 301 

Average 214 211 249 

Standard 

deviation 53 22 37 

 

2018 

Range 133 - 218 211 - 260 232 - 328 

Average 193 227 263 

Standard 

deviation 21 13 20 

           Variation - 10 % + 7 % + 6 % 

6.4.4 Effect of LULC changes on groundwater quantity and average 

groundwater level 

To assess the impacts of the LULC changes on groundwater quantity, a 

groundwater flow model for each of the years (1990, 2000, 2006, 2012, and 2018) was 

built using the WetSpass-M results of groundwater recharge and evapotranspiration. The 

water balance components for simulated LULC scenarios are shown in Table 6-5. 

Aquifer recharge from precipitation, recharge from the rivers to the aquifer, discharge 

from the aquifer to river, evapotranspiration, inflow and outflow through, and changes 

in groundwater levels compared to the base scenario (1990) were used as indicators to 

quantify the impact of LULC changes on the water budget of the Drava floodplain. The 

spatial distribution effect of the LULC change (1990-2018) on the groundwater level of 

the floodplain for all scenarios with regard to the base case (1990) is presented in Figure 

6-7. 

Table 6-5: Water balance components (in m3 d-1) and changes in average groundwater level 

with respect to the base case (in m)  
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1990 812,061 293,247 1,482,103 498,063 550,555 83,287 0.0 

2000 812,977 292,507 1,469,941 499,736 536,821 86,139 - 0.04 

2006 812,396 293,948 1,488,173 497,428 557,846 83,557 0.02 

2012 812,235 294,675 1,494,416 496,679 563,799 81,612 0.06 

2018 813,408 294,696 1,472,552 502,269 538,317 84,095 -0.04 

The results clearly reveal a cycle of rising and falling averages of groundwater 

level for the different scenarios of LULC changes of the floodplain. The variations in 

groundwater recharge, evapotranspiration, and groundwater level were associated with 

changes in LULC classes. Compared to LULC in 1990, in 2000 the recharge rate from 

precipitation to aquifer decreased by 13,743 m3 d-1, while actual evapotranspiration 

increased by 2,852 m3 d-1 (Table 6-5). Consequently, the average groundwater level 

decreased by 0.04 m (in Figure 6-7a). With respect to the scenario of year 2006, the 

recharge rate from precipitation to aquifer increased by 443,869 m3 d-1 (Table 6-5), while 

the spatial distribution of change in groundwater level ranged from 2.1 m to -3.7 m with 

an average rise of 0.02 m compared to LULC in 1990 (in Figure 6-7b). Regarding the 

scenario for 2012, the simulated change in groundwater level ranged from -2.6 m to 1.9 

m with a mean value of 0.06 m compared to the base scenario (in Figure 6-7c). In the 

2018 scenario, the groundwater recharge from precipitation dropped by 25,482 m3 d-1 

and the evapotranspiration increased by 2483 m3 d-1 with respect to scenario 2012 (Table 

6-5). Thus, the lower amount of groundwater recharge and higher value of 

evapotranspiration for the current scenario (2018) led to average groundwater levels 

reduced by -0.1 m over this period. The simulated change in groundwater levels showed 

a large variation between -2 m and 5.4 m, with a mean decrease of -0.04 m between 2018 

and the base case 1990 (in Figure 6-7d). Dropping groundwater levels reduced the 
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variety of crops which could be grown in the Drava floodplain and thus reduced the 

profitability of agriculture. At the same time, the water supply of nature conservation 

areas also became insufficient.  

a) 

 

b) 

 
c) 

 

d) 

 
Figure 6-7: Change in groundwater level of the simulated LULC scenarios with respect to 

the base case (1990): a) 2000 – 1990; b) 2006 – 1990; c) 2012 – 1990; and d) 2018 – 1990 

6.5 Summary 

In this chapter, an integrated framework model which couples the water balance 

model (WetSpass-M) with the groundwater flow model (MODFLOW-NWT) is 

developed to assess the spatial distribution and the range of LULC change impacts on 

the hydrology of the Drava River basin. The interactions between natural hydrological 

processes and changes in energy fluxes, water, and storage attributable to human 

interventions are essential for water resources managers for the understanding of how 

these systems might respond to LULC change among other drivers for change.  LULC 

change either has a positive or a negative effect on water balance components. .  The 

results showed that water balance components have been influenced by both soil texture 

and LULC classes. Moreover, LULC changes have a direct effect on groundwater 
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recharge and the provision of floodplain ecosystem services. The coupled model proved 

to be a valuable assessment tool for assessing the impacts of long-term stressors such as 

LULC changes. Decision-makers should take measures to minimize the negative effects 

of further LULC change: restricting surface sealing, encouraging the cultivation of crops 

with reduced water demand on arable land, preservation of grazing land and meadows , 

and checking their overgrowth with shrubs. The approach tested in this research allows 

temporal and spatial estimation of hydrological components under the changes of LULC, 

providing quantitative information for decision-makers to implement a sustainable 

management of water resources in the Drava floodplain.  
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7. RANDOMLY LAYERED FLUVIAL SEDIMENTS 

INFLUENCE GROUNDWATER-SURFACE WATER 

INTERACTION/ ASSESSMENT OF WATER 

REPLENISHMENT TO A FLOODPLAIN LAKE  

For the rehabilitation measures (focusing on water replenishment to oxbows) with 

the purpose of enhancing ecosystem services, the detailed hydrogeological study of 

alluvial deposits and soils is indispensable. In this chapter, the investigation covers the 

area lying between the Cún-Szaporca oxbow lake system, under rehabilitation, and the 

Drava River, which controls groundwater flow. A 3-D groundwater flow model is 

developed for the Cún-Szaporca oxbow of the Drava floodplain to gain a better 

understanding of the water budget of the whole system through different fluvial sediment 

structures scenarios. The model was applied to investigate the exchange between surface 

flow (from river and lake) and aquifer under the normal situation and for different lake 

replenishment scenarios. The results may be inspiring in understanding subsurface water 

dynamics in the lake–river systems influenced by complex sediment structures.  

7.1 INTRODUCTION 

 Floodplain/ channel connectivity is a decisive factor for supplying water to oxbow 

lakes and represents the main ecological requirement for floodplain restoration (Wren et 

al., 2008). Hydrologists warn that surface and subsurface water have to be regarded as 

actively communicating components of a single system (Winter et al., 1988).  Alluvial 

sediments indicate an extreme degree of heterogeneity in the hydraulic properties of 

sediment (Miall, 2006). The exchange between the alluvial aquifer system and surface 
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water will be affected by the degree of subsurface heterogeneity (Woessner, 2000). 

Although many studies address the interaction between groundwater and surface water 

(Sophocleous, 2002; Rudnick et al., 2015; El-Rawy et al., 2016), the degree of 

subsurface heterogeneity for aquifer was rarely addressed. The multi-layered sediments 

are of crucial importance as geological background related to subsurface water 

dynamics. The knowledge of the role (in a hydrogeological sense) of these layers is 

limited. Obviously, the randomly layered geological units cause anisotropy. Their 

position and extension modify the velocity of subsurface flow.  

 To improve the water availability and land management of the floodplain, a large-

scale landscape rehabilitation project, the Old Drava Programme (ODP), was launched 

in 2013. The main objective of the ODP (AQUAPROFIT, 2005), implemented by the 

Hungarian Government, is to provide a holistic approach to water policy along the Drava 

river floodplain depending on the nature conservation and sustainable management of 

lake ecosystems and land. In this project, one of the most important plans envisages 

water replenishment to oxbow lakes by raising their level from different sources. During 

the program hydrological structures (feeder canals, reservoirs, dams, and sluices) were 

constructed to achieve the set goals. The length of the feeder canal is 3.1 km and it has 

a capacity of 0.4 m3 s-1. The Fekete-víz reservoir has to be filled to a minimum level of 

93.1 m to ensure gravitational flow from the canal to the level of the oxbow lake by at 

least 0.5% slope. Unfortunately, the ambitious plans often go wrong because they 

neglected the hydrogeological reality (Dezső et al., 2017) and did not take into account 

the clogging of the feeding canal bottom. The first replenishment took place in March 

2016 and not more than a 20 cm increase in lake level has been achieved.  

In this chapter, a groundwater model of the Cún-Szapora Lake is developed to 

assess the exchanges between surface water and groundwater at a critical part of this 

system under different hydrological conditions and to quantify the water budget and 

water retention, under different management scenarios of oxbow lake(s) replenishment 

to protect the wetland habitat and agricultural production. 
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7.2 Study area 

To evaluate the potential river–lake-groundwater interactions and to assess the 

potential replenishment options, an abandoned meander of the Drava of 257 ha total area 

(the Cún-Szaporca oxbow) was selected as a case study (including ca 140 ha of oxbow 

lakes,). The meander was partially cut off from the new Drava channel during the first 

stage of channelization between 1842 and 1846 (Dezső et al., 2015). In a period of 

drought summer, the Cún-Szaporca oxbow system separated into five lakes. The study 

area is Lake Kisinc which is the largest oxbow lake of 20 ha area, with a maximum water 

depth of 2.4 m and an average water depth of 1.12 m (DDKÖVÍZIG, 2012) (Figure 7-1 (. 

The width of the semi-natural riparian zone of the oxbow lakes is merely 10-20 m. This 

wetland area is part of the Danube-Drava National Park and is registered as a Ramsar 

Convention site.  
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Figure 7-1: a) Location of the research area with case study (sub)area; b) direction and 

codes of GPR records, augering sites in the case study area, c) the sections of three 

important GPR records appended the result of the satellite image analyses 
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7.3 Methodology 

7.3.1 Holistic investigation of sediment sequences  

Pedo- and sediment diversity was characterized by satellite images, Ground 

Penetrating Radar (GPR) survey (conducted by Marcin Słowik as a s part of a project 

2016/23/B/ST10/01027 “Processes forming anabranching and meandering rivers: 

examples of selected rivers from Wielkopolska Lowland and Transdanubia” supported 

by the National Science Centre, Poland), and augering. First, morphological features 

were identified from satellite images (Google Earth). The images were transformed to 

8bit type and evaluated using signal processing (smoothing) by Origin8 software. 

Fieldwork augering and GPR surveys were implemented to study the sediment layers in 

detail. Augering-based subsurface layering was compared with a GPR survey. Particle 

size analyses were performed using a Malvern MasterSizer 3000HS (Malvern Inc., 

Malvern, England, United Kingdom) particle size analyzer. The in situ investigation 

hydraulic conductivity of each augering was implemented by falling head method 

(Juhász, 2002). Pumping test results (Dezső et al., 2017) and borehole information were 

compared with GPR records (as depicted in Figure 7-1).  Surface water (lake and river) 

groundwater interactions were characterized by subdued ridge-and-swale topography in 

the paleomeander systems. Albeit the area is topographically relatively uniform, 

borehole sampling and GPR records showed extreme heterogeneity in the hydraulic 

properties of sediments. It was found that the fluvial landforms of the area have four 

zones with different hydraulic conductivities. In situ saturated hydraulic conductivity for 

each borehole was measured using the fall head method (Landon et al., 2001) by using 

the following formula: 

 

                                                                           

(7.1) 

where k is saturated hydraulic conductivity, L is the height of the soil core, t1 and 

t2 are initial and final times of the experiment, respectively, h1 and h2 are the 

https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=S%C5%82owik%2C+Marcin
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corresponding pressure heads. Geographic Information System (ArcGIS v10.3) was used 

to prepare the groundwater model data and to visualize the model outputs.  

7.3.2 Groundwater flow model setup  

 The finite-difference code MODFLOW-2005 (McDonald and Harbaugh, 1988), 

with ModelMuse (Winston, 2009) as a pre-processor graphical user interface, was 

applied to simulate groundwater flow. The model was discretized with a finite-difference 

grid that consists of 60 rows, 14 columns, and 10 layers with a cell size of 10 m by 10 

m and with a total of 8400 cells, out of which 6540 are active cells. The top boundary of 

the model was represented by a 10-meter resolution Digital Elevation Model (DEM). 

The eastern and western boundaries were assigned with constant head values 

(interpolation between 89.68 and 90.69 m) and (interpolation between 89.8 and 90.91 

m), respectively, based on initial groundwater level (see Figure 7-2). The groundwater 

recharge was found to be 2.5E-05 m d-1 and the average daily evapotranspiration was 

estimated at 13 mm. 
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Figure 7-2: Hydraulic conductivity zonation, observation wells and the boundary conditions 

of the study area 

7.3.3 Replenishment Scenarios 

The baseline scenario represents the existing situation of the lake without 

replenishment, with water level at 90.5 m above sea level. This case is applied to 
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calibrate the steady-state model and to compare the results with replenishment scenarios. 

Two hydrological scenarios of lake envision replenishment by setting two different lake 

water levels. 

7.4 Results and Discussion 

7.4.1 Model calibration 

The model is calibrated for steady state using data from 3 boreholes and 2 

observation wells (see Figure 7-3). The calibrated recharge is 1.35E -05 m d-1, the 

conductance of riverbed is 150 m2 d-1 and the hydraulic conductivity of zone 1, zone 2, 

zone 3 and zone 4 are 6.75, 60, 6.75, 500 m d -1, respectively. The results match with 

observed values with a correlation coefficient of R2 = 0.94 as depicted in Figure 7-3. 

Mean error is 0.03 m, while the absolute mean error is 0.08 m. Moreover, simulated and 

observed heads are scattered around the mean values of observation heads which 

represent a reliable model. 
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Figure 7-3: Scatter plot for simulated versus observed groundwater heads of steady states 

using five observation wells  

7.4.2 Water Balance 

Table 7-1shows the water balance of the calibrated model. The total amount of 

inflow from lake to aquifer is 891 m3 d-1 which represents 37% of the total inflow to 

aquifer and groundwater recharge from precipitation is 0.85 m3 d-1. The water budget of 

the system showed the importance of replenishment of oxbow lakes as a source to 

recharge the aquifer and preserve the sustainability of groundwater. The total discharge 

from the aquifer to the river is 321.63 m3 d-1 while evapotranspiration accounted for 

223.95 m3 d-1. An amount of 1167.50 m3 d-1 (or 48.87%) recharges the aquifer from the 

western boundary and 329.38 (only 13.79%) from the northern boundary. An amount of 

1843.40 m3 d-1 (77.16%) flows out the aquifer through the eastern boundary. This 

coincides with a real situation that flows come from northern western direction to the 

eastern direction.  

Table 7-1: Water balance for the simulated steady-state model 

 In Out In-Out 

(m3 d-1) % (m3 d-1) % (m3 d-1) 

Eastern Boundary 0.00 0.00 1843.4 77.16 -1843.4 

Northern 

Boundary 

329.38 13.79 0.00 0.00 329.38 

Western Boundary 1167.50 48.87 0.00 0.00 1167.5 

Lake 891.00 37.30 0.00 0.00 891.00 

River 0.00 0.00 321.63 13.46 -321.63 

Recharge 0.85 0.04 0.00 0.00 0.85 

Evapotranspiration 0.00 0.00 223.95 9.38 -223.95 

Total 2388.98 100 2388.98 100 0.00 
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7.4.3 Fluvial sediment structures scenarios  

River–groundwater–lake interactions were identified in paleomeander systems 

with subdued ridge-and-swale topography. Albeit the area is topographically relatively 

uniform, field borehole sampling, GPR surveying, and model runs indicated extreme 

spatial heterogeneity in the hydraulic properties of sediments down to 10 m below fluvial 

landforms detected by remote sensing. Analyzing swales, it was found that darker 

(lower-intensity) units on the grayscale denote sedimentologically relatively 

homogeneous fine sandy–silty deposits, while the lighter colored units are characterized 

by the random alternation of loamy sand subunits of 20–50 cm thickness. The relatively 

homogeneous units are bordered by erosional features like vertical stackings, scour 

channel fills, or as coastal sediments of the river. They are intercalated with the 

previously mentioned layers with low (less than 10°) angles. From the aspect of the 

buildup of the model space, the relative positions of the two subunits are random, both 

for the case study and the entire floodplain.  

Based on field observations, the hydrological scenarios are constructed in an ever 

more complex way as shown in Figure 7-4. Seepage from the lake into deeper layers and 

storage in sediments or occasionally percolation into deeper layers has also been 

analyzed (Table 7-2) The theory for creating our modeling space is that the generated 

(sub)structures which are characterized by different hydraulic properties and formed 

during sedimentation are analogous with fluvial features such as point bars, traces of 

lateral migration of river channel, and lateral accretion. 
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Figure 7-4: Result of six scenarios of modeling. Arrangement for each case: a) plan view; 

b) profile; c) distribution of groundwater level  
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Table 7-2: The result of seepage from the lake and recharge to the river for fluvial sediment 

structures scenarios 

Case Water loss 

from lake 

(m3d-1) 

Recharge to 

river  

(m3d-1) 

Description  

1 344.29 176.34 Aquifer represented by one layer (loam k = 60 md-1) 

2 1468.95 1477.15 Aquifer defined by one layer (sand k = 500 md-1) 

3 1464.76 482.22 Aquifer characterized by multilayered zones for half 

of the aquifer and the same properties repeated for 

the second half 

4 1425.45 250.98 Random pattern for variable zones defined half of 

the aquifer layers and this structure repeated for the 

second half 

5 1464.96 512.29 Aquifer represented by 6 zones which distributed for 

every layer according to GPR records 

6 347.79 707.74 On satellite images, 6 continuous zones  from the first 

to the last layer represented the vertical 

discretization of the aquifer 

 

The application of a simple structure was inadequate. Water loss in Case 1 is too 

low, in Case 2 seepage and recharge values are virtually identical, for which unreal rapid 

interaction should be assumed. Thus, the simplification of the sediment structure leads 

to an erroneous result. In Cases 3 and 4, the layering revealed by GPR was repeated. For 

this, it was assumed that sedimentation processes are periodically repeated during the 

alluviation of the floodplain. Water retention is calculated from the difference between 

seepage and recharge. The values received are now realistic. 

The stepped arrangement in Case 5 represents the “vertical stacking” structure 

disclosed by GPR studies. The depicted water transfers are also realistic.  
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For Case 6 the surface structures revealed by satellite images were arranged 

vertically down to the bottom of the model space, disregarding the sediment structure 

reflected by the GPR investigation. The result was unrealistic. 

7.4.4 Effect of model discretization 

To study the effect of the model discretization, various models were built. 

Summary of the simulated model discretization scenarios, water balance components, 

and average groundwater level for every scenario are presented in Table 7-3. 

Table 7-3: Water balance components compared to the base case situation 
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m3d-1 

(1) Model 

defined by 6 

zones and 10 

layers in 

vertical 

discretization 

1497.12 1843.39 891 321 223.95 0.85 90.26 

(2) Model 

defined 6 

zones and one 

layer for 

vertical 

discretization 

496.41 4195.83 4382.0 412.49 271.23 0.84 90.3 
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(3) Model 

characterized 

by grid cell 5 

m by 5 m 

1910.10 2161.9 989.11 506.17 231.97 0.84 90.274 

 

Contour lines of the simulated groundwater levels of the model discretization 

scenarios with the base case are shown in Figure 7-5. The results clearly pointed to a 

major effect on the groundwater levels and water balance between all scenarios. In case 

2, the vertical discretization of the aquifer is characterized by one layer with average 

vertical hydraulic conductivity, disregarding the sediment structure that is reflected by 

the GPR survey. Water leakage from the lake increases by 3491 m3 d-1 with respect to 

the first case, resulting in the average groundwater level rise by 4 cm and increases in 

the amount of outflow through constant boundaries and ET increase. In case 3, the cell 

size of the model was changed to 5 m by 5 m. The water balance component is quite 

similar to the base case, in which the recharge rate from the lakes to the aquifer increases 

by 98.11 m3 d-1and discharge of aquifer to the river increases by 185.17 m3 d-1. The 

average groundwater level rises by 1.5 cm with respect to the base case (Table 7-3). In 

case 4, the surface of the model defined by one zone with average horizontal hydraulic 

conductivity and one layer in vertical discretization, the simplification of sediments 

structure leads to increases in the seepage of the lake to the groundwater system by 

2846.23 m3 d-1  and discharge from aquifer to river increases by 2135.71 m3 d-1. The 

average water table rises by 8 cm in comparison to first case.  
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Figure 7-5: Contour lines of water table levels (m asl.) for model discretization scenarios 

compared with base case 

7.4.5 Replenishment Scenarios 

In the basic scenario (i.e., in absence of lake replenishment) in which lake stage is 

at 90.5 m. asl., the results show that leakage (outflow from the lake) is 895 m3 d -1 and 

the outflow from evapotranspiration is 18 m3 d-1. Discharge from aquifer to river is 721. 

m3 d-1, from which the recharge from lake to the aquifer is 174.95 m3 d-1 and the average 

groundwater level is 89.68 m asl. as shown in Figure 7-6a. The results of the simulated 

scenarios are summarized in Table 7-4. In the first replenishment scenario, with 

increasing the lake water by 0.5 m (91 m asl.). The seepage from the lake is 1,298.8 m3 

d-1 and outflows through evapotranspiration rise by 161.20 m3 d-1 with respect to the 

baseline situation. The average groundwater level rises by 0.28 m. In the second 

scenario, at the maximum lake stage of 91.5 m. asl., recharge rate from the lake to the 

aquifer increases by 745.59 m3 d-1 compared to the baseline case. Consequently, the 

average water table rises by 0.77 m, and the amount of loss by evapotranspiration 

increases.  

Table 7-4: Water budget components and changes in groundwater level compared to the 

baseline situation 

Scenario 

 

Average 

lake level 

Aquifer 

recharge 

from lake 

Discharge 

from 

aquifer to 

river 

Evapo-

transpiration 

Average 

change of 

groundwater 

level 

)m asl.) (m3d-1) (m) 

Baseline case 90.5 895.96 721.02 18 0 

1st 

replenishment 

91 1298.3 446.71 180.8 0.28 

2nd 

replenishment 

91.5 1409.7 488.46 685.66 0.77 
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Simulated groundwater head contours for the second scenario with the head 

contours of the basic scenario are presented in (Figure 7-6b). All results point out that 

the planned replenishment scenarios of the lake will raise the groundwater level and 

augment, on the average, the groundwater system by over 65 % of the leakage from the 

lake. 

a) 

 

b) 

 

Figure 7-6: a) Simulated groundwater head contour map for basic scenario; b) Head 

contours for maximum replenishment lake stage 91.5 m.asl with head contours of basic 

scenario 
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7.5 Summary 

The channelization of the Drava River changed the water budget of the Cún-

Szaporca oxbow lakes in the floodplain. This chapter covers i) a holistic investigation 

of sediment sequences by satellite image processing (SIP), Ground Penetration Radar 

(GPR) record, particle size distribution (PSD) measuring from sediments in situ 

determining hydraulic conductivity from each augering; ii) reconstruction of layering, 

layer variability, alluvial sediment formations where the subsurface flow is crucial, iii) 

creating various modeling scenarios for different degree of the aquifer heterogeneity to 

assess losses from the lake and water retention in the system using a three-dimensional 

groundwater model using the finite difference code MODFLOW-2005 via ModelMuse 

as user graphical interface and iv) developing different water management scenarios 

through the lake replenishment to the Cún-Szaporca oxbow to gain a better 

understanding of the water budget of the whole system under the normal situation and 

for different lake replenishment scenarios. The results show that the application of a 

multilayered structure provided the most realistic result. Subsurface water monitoring 

and previous calculations also support that multilayered structures are characterized by 

considerable water retention capacity. The water budget for the simulated replenishment 

scenarios will maintain the water for close-to-natural ecosystems and agriculture in 

equilibrium. These outcomes will help the planners and all stakeholders better manage 

water resources in the oxbow area. 
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8. INTEGRATED WATER RESOURCES MANAGEMENT 

 

Growing drought hazard and water demand for agriculture, ecosystem 

conservation, and tourism in the Hungarian Drava River floodplain call for novel 

approaches to maintain wetland habitats and enhance agricultural productivity. In this 

chapter, the calibrated coupled model of surface water (WetSpass-M) and groundwater 

model (MODFLOW-NWT) in chapter is applied to explore the hydrological feasibility 

of alternative water management, i.e., the restoration of natural reservoirs (abandoned 

paleochannels) to mitigate water shortage problems. Different management scenarios for 

two natural reservoirs are simulated with filling rates ranging from 0.5 m 3 s-1 to 1.5 m3 

s-1. The findings of this study can be utilized in planning rehabilitation measures in 

lowlands with water shortage 

8.1 Introduction 

Incessant human interventions alter, at an increasing rate, the hydrological process 

and, consequently, reduce the availability of water in the floodplain. Currently, a 

competition between water users is seen as a serious problem in the Drava floodplain 

(Bonacci and Oskoruš, 2019) and it is predicted to radically aggravate in the next few 

years. In the Drava basin, alternative water resources have to be explored (Salem et al., 

2020a). International examples show that the integrated (conjunctive) use of surface 

water and groundwater within a proper management system increases the efficiency of 

water utilization (Cheng et al., 2009; Salem et al., 2019), provides sufficient irrigation 

water for agriculture (El-Rawy et al., 2016; Seo et al., 2018; Singh et al., 2015), and 

improves the environmental conditions of irrigated lands (Liu et al., 2013).  
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Natural reservoirs are designed to store surface water, so their beds should have 

low seepage and permeability. However, they are influenced by natural and particularly 

strong artificial (due to lake regulation) driving forces, which imply large and fast-

changing lake-water levels (lake-stages), implying a large impact on groundwater 

dynamics. That effect may result in flooding of the area adjacent to a reservoir also 

influencing contamination or agricultural productivity of that region. For all these 

reasons, the management reservoirs and their adjacent areas need appropriate models 

and methodologies adequately accounting for groundwater /surface-water interactions.  

The present study proposes an example of such methodology, based on modeled 

simulation of interactions between lake or reservoir and groundwater in the adjacent 

region. The consequences of applying a natural reservoir in augmenting surface water 

storage are investigated under variable management scenarios of recharging or feeding 

the reservoir. The assessment of such reservoir/groundwater interactions according to 

different scenarios of reservoir recharge is a precondition to establishing a new water 

governance in the region, which can, in turn, be the basis of exploiting economic 

opportunities. Sustainable ecotourism and related development would ensure a safe 

livelihood for the local population. 

8.2 Material and methods  

8.2.1 Study area 

The same investigated area of Chapter Six 

8.2.2 Methodology 

Integrated Water Resources Management (IWRM) at the catchment scale depends 

heavily on the use of computer model simulations that capture surface 

water/groundwater allocations and the underlying hydrological processes. The coupling 

of traditionally surface hydrological models such as WetSpass, with a dedicated 

groundwater model such as MODFLOW has become a pivotal research area especially 
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when it comes to more complex IWRM scenarios. Therefore, in this study, calibrated 

integrated hydrological model WetSpass-M with groundwater flow model MODFLOW-

NWT with ModelMuse as a graphical user interface in Chapter Six was applied to 

simulate different management scenarios for conjunctive use of surface water and 

groundwater. 

8.3 Simulated Scenarios 

The natural water reservoirs are the former oxbows, paleomeanders, and deeper-

lying floodplain sections, which are under excess water effect. These areas may be 

suitable for the storage of surplus water provided by the adjacent watercourses. The 

model space covered two subareas: 1, the Korcsina oxbow system (Figure 8-1b); and 2, 

the Okor–Fekete-víz backswamps (Figure 8-1c). The exact location of the potential 

reservoir was selected from the analysis of the topography and hydraulic soil properti es 

explored by auger samples. The selected subareas were simulated as natural reservoirs 

with filling and discharge conditions based on +2 m vertical water depth increasing 

theoretically with different stream discharges of 0.5, 0.75, 1, and 1.5 m3 s−1. (The excess 

water hazard on agricultural land excludes water level rise above +2 m.) Based on 

measurements of stream discharge, to obtain feeding with stream discharge larger than 

1 m3 d−1, constructing a dam is required. Evaporation from the open water surface of the 

reservoir is the main challenge of the natural reservoir solution. The forested environs 

of the reservoir, however, reduce evaporation. This model is the first attempt to 

investigate whether water management through establishing a natural reservoi r can be a 

major contribution to floodplain rehabilitation. Results of the management scenarios are 

discussed below. 

. 
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(a) 

  

(b) (c) 

Figure 8-1: (a) Boundary conditions, observation wells, and planned reservoirs; (b) 

Korcsina reservoir; (c) Okor reservoir. 

8.4 Results and Discussion 

8.4.1 Korcsina Subarea 

The Korcsina paleochannel system is a potential water reservoir in the western 

central part of the floodplain. With streams feeding 0.5 m3 s−1, the total upfilling (+2 m 

relative water level from 98 to 100 m) in the Korcsina reservoir would take 55 days, with 

2,376,000 m3 water demand. The discharge (seepage) period lasts 11 days from a level 

of 100 m to 98.75 m. By the end of the filling period, seepage from the reservoir to 

groundwater reaches 35,815 m3. Recharge from groundwater to the reservoir in the 

filling period from the water level stage of 98 to 99 m and over this level becomes zero 
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Figure 8-2a). For filling at a rate of 0.75 m3 s−1, the reservoir reaches the stage 100 m 

after 27 days with reservoir seepage of 38,900 m3, while the recharge from groundwater 

to the reservoir takes place in the first five days of the filling process at the level of 99 

m (Figure 8-2b). In the filling with a discharge of 1 and 1.5 m3 s−1, 18 and 11 days are 

required to achieve +2 m relative water level rise in the reservoir (Figure 8-2c,d). For all 

scenarios with different discharges to the reservoir, the reservoir stage did not reach 98 

m again because of the shallow groundwater table, which allows groundwater recharge 

larger than the seepage when reaching a level of 98.83 m (i.e., the inflow from 

groundwater to the reservoir, which is equal to the seepage from the reservoir at this 

stage) (Figure 8-2).  

  

(a) (b) 

  

(c) (d) 

Figure 8-2: Daily variability of Lake Korcsina stage, groundwater seepage into the lake 

(GW-Inflow), seepage from the lake into groundwater (GW-Outflow), and net lake seepage 

(LAKnet) during the simulation period of one year. Note that the fluxes are referenced to the 

temporally variable lake with different feeding discharge from the stream. (a) Feeding at Q = 

0.5 m3 s−1, (b) Q = 0.75 m3 s−1, (c) Q = 1.0 m3 s−1, (d) Q = 1.5 m3 s−1. 
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8.4.2 Simulation of the Water Storage Opportunities in the Okor–

Fekete-víz Area 

These randomly distributed and irregular-shaped paleochannels and backswamps 

are located at the confluence of the Okor and Fekete-víz streams. The main textural types 

in the west are medium to coarse sands, in the middle part fine sands, and the 

southeastern part loamy sands (Figure 3-6b). The bed level of the Okor natural reservoir 

is at 95.95 m. Feeding is from the two mentioned streams. With streams feeding at a rate 

of 0.5 m3 s−1, the reservoir stage does not reach +2 m relative water level (from 95.95 to 

97.95 m), but it reaches 97.7 m within 61 days (Figure 8-3a), while with a stream 

discharge of 0.75 m3 s−1 the reservoir stage is at 97.95 m after 22 days, with seepage of 

49,733 m3 (Figure 8-3b). Regarding the scenario of stream feeding at 1 m3 s−1, 13 days 

are needed to reach the stage of 97.95 m, while the discharge (seepage) period l asts for 

180 days (the reservoir dries out) (Figure 8-3c). With a stream discharge of 1.5 m3 s−1, 

the reservoir achieves the stage of 97.95 within one week (62,215 m3 seepage) Figure 

8-3d). There is no recharge from groundwater to the Okor reservoir at the stage of 97.35 

m during the filling and discharge period. 

  

(a) (b) 
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(c) (d) 

Figure 8-3: Daily variability of Okor lake stage, groundwater seepage into the lake (GW-

Inflow), seepage from the lake into groundwater (GW-Outflow), and net lake seepage 

(LLKnet) during simulation period of one year. Note that the fluxes are referenced to the 

temporally variable lake with different feeding discharges. (a) Feeding by Q = 0.5 m3 s−1, (b) 

Q = 0.75 m3 s−1, (c) Q = 1.0 m3 s−1 and (d) Q = 1.5 m3 s−1. 

 For both reservoirs, and with a feeding discharge of 0.5 and 0.75 m3 s−1, the 

feeding stream capacity does not allow the recharge of the reservoirs in 60 days and 25 

days, respectively, based on the observed discharge of the feeding stream. However, 

feeding the reservoir at a rate of 1.5 m3 s−1, a +2 m rise to be achieved in five days 

requires the construction of a dam on the feeding stream. Therefore, this scenario would 

not be economically feasible. Thus, the best scenario for both reservoirs is a feeding rate 

of 1.0 m3 s−1, as 18 and 13 days are needed for filling the Korcsina and Okor reservoirs, 

respectively, and water recharge to the reservoirs could be implemented by two filling 

periods per year, each providing water storage for six months. The drop in the water 

level in the reservoir after the filling period is attributed to the pressure differences 

between the reservoir water and the adjacent groundwater. The reservoir bed seepage 

analysis was a crucial step to understand the interactions between the reservoir and 

groundwater system. The seepage from the reservoir to the groundwater system, up to 

25,000 m3 d−1, was dominant during stages higher than ~99 m, whereas the recharge 

from groundwater to the reservoir, up to 5000 m3 d−1, was dominant during stages below 

99.00 m. Water levels in the reservoirs are primarily affected by the surrounding 

groundwater levels, regulated by the hyporheic flow of the streams. The first 1 m of 

filling increases the saturation of soil pores, which raises soil moisture content in the 
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root zone and the second meter creates an open water body, which is useful to create 

wetland habitats in the floodplain. 

8.4.3 Spatio-Temporal Extent of Reservoir Impact 

The assessment of the spatio-temporal impact of a lake (reservoir) on groundwater 

conditions is required to manage the groundwater systems adjacent to artificial lakes. 

The developed groundwater head of lakes Korcsina and Okor for a filling scenario with 

a discharge of 1 m3 s−1 at different filling and discharge periods were plotted against 

distances at a cross-section which passes through the lakes (Figure 8-1b,c) for the 

selected stress periods (Figure 8-4 and Figure 8-5). The influence of the lake on 

groundwater levels decreases with distance (Figure 8-4 and Figure 8-5). However, there 

are differences between the trends of the two sections due to the variance in 

hydrogeological and hydraulic conditions for the two locations. The results clearly 

indicate that after 10 and 20 days of filling the Korcsina reservoir, the average 

groundwater head increased by 1 m and 1.6 m, respectively, with respect to the base case 

along the cross section. For the Okor reservoir, the average groundwater head increased 

by 0.7 m and 1.3 m after filling periods of 10 days and 20 days, respectively, with respect 

to the base case, while the average groundwater table decreased by 0.9 m and 1.0 m after 

discharge periods of 70 days and 170 days, respectively, compared to the base case 

(Figure 8-5). As depicted in the gradual rise in groundwater table after successive fill ing 

(Figure 8-4 and Figure 8-5), the natural reservoirs improve aquifer storage and hence 

maintain the level of ecosystem services and increase agricultural productivity in the 

Drava basin. 
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Figure 8-4: Simulated groundwater levels at a line crossing the Lake Korcsina at 10 and 20 

days of filling and at 70 and 170 days of discharge period with respect to the base case. 

 

 

Figure 8-5: Simulated groundwater levels at a line crossing Lake Okor at 10 and 20 days of 

the filling period and 70 and 170 days of the discharge period with respect to the base case. 
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Lake–aquifer exchange fluxes in the Korcsina and Okor reservoirs are shown in 

Figure 8-6 and Figure 8-7: Lake–aquifer exchange fluxes of the Okor reservoir: (a) at 

the end of filling period of 10 days (+2 m reservoir stage), (b) for 40 days of the discharge 

period (+1 m) (positive represents upward reservoir seepage gain and negative represents 

downward reservoir seepage loss)., identifying the losing and gaining zones of the 

planned reservoirs with the help of the cell-to-cell flux terms in the model output files. 

Exchange fluxes between the reservoirs and the groundwater system for different periods 

of filling and discharge were analyzed. The sign on the graph indicates the direction of 

fluxes between the reservoirs and the aquifer. A positive sign represents upward 

reservoir seepage gain and negative represents downward reservoir seepage loss. For the 

Korcsina reservoir with 20 days of filling (+2 m), the seepage from reservoir to 

groundwater system ranged from 0 to 245 m3 d−1 with an average value of 55 m3 d−1, 

with higher values in the northeast (Figure 8-6a). The average exchange between 

reservoir and aquifer was 1.4 m3 d−1 after 40 days of discharge period, the majority of 

which the reservoir has gained from the aquifer (Figure 8-6b). 

 

(a) 
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(b) 

Figure 8-6: Lake–aquifer exchange fluxes for the Korcsina reservoir: (a) at the end of filling 

period of 14 days (+2 m reservoir stage), (b) for 40 days of discharge period (+1 m) 

(positive represents upward reservoir seepage gain and negative represents downward 

reservoir seepage loss). 

Similar seepage patterns can be observed for the Okor reservoir (Figure 8-7a,b), 

with average values of seepage of 25.3 m3 d−1 and 0.7 m3 d−1 after 14 days of filling (+2 

m) and 40 days of discharge (+1 m), respectively. The patterns of spatial seepage at 

various reservoir stages through filling and discharge periods are different, attributed to 

variations in reservoir-bed leakage and reservoir stages. The magnitude and direction of 

seepage between the reservoir and the underlying groundwater system rely on the 

reservoir-bed leakage and the difference between reservoir stage and hydraulic head of 

an underlying aquifer. In the Drava Plain, of highly variable alluvial deposits and soil 

textural types, the modeling of reservoir/groundwater interchanges is central to the 

planning of rehabilitation measures. 

(a) 
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(b) 

 

Figure 8-7: Lake–aquifer exchange fluxes of the Okor reservoir: (a) at the end of filling 

period of 10 days (+2 m reservoir stage), (b) for 40 days of the discharge period (+1 m) 

(positive represents upward reservoir seepage gain and negative represents downward 

reservoir seepage loss). 

The findings point out that several factors influence the interactions of the reservoir 

with the groundwater system. The regulated recharge to the reservoir and the large 
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spatio-temporal variability of interactions indicate that sophisticated and complex 

modeling methods are required to depict such a complex hydrological system. Therefore, 

the integration of a spatially distributed water balance model (WetSpass-M), and a 

groundwater flow model (MODFLOW-NWT) to represent the volumetric exchanges 

between reservoir and groundwater was applied for case studies in the Drava floodplain.  

8.5 Summary 

This chapter assessed the feasibility of the natural reservoir in augmenting the 

water resources of the floodplain through surface water storage and to mitigate water 

shortage problems caused by drought and human interventions using MODFLOW-NWT 

with ModelMuse as a graphical interface. The two selected subareas were identified as 

potential natural reservoir sites. Simulated reservoirs had a filling and discharge 

conditions based on +2 m vertical water depth with different discharges from adjacent 

streams at 0.5, 0.75, 1, and 1.5 m3 s−1 rates. The simulated water balance shows that 

reservoir-groundwater interactions are mainly governed by the inflow into and outflow 

from the reservoir. Overall, the study shows a promising direction for using a coupled 

surface-groundwater model in IWRM. Such an integrated management scheme is 

applicable for floodplain rehabilitation in other regions with similar hydromorphological 

conditions and hazards, too.
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9. CONCLUSION AND FUTURE WORK 

9.1 Introduction 

The detailed conclusions have been recorded at the end of each chapter of the research. 

Conclusions based on the studies presented in the preceding chapters will be outlined. 

The recommendations for future works are given at the end of the chapter. 

9.2 Main Conclusion 

There were four main parts of this study: the first part is simulating long-term mean 

spatial patterns of actual evapotranspiration, surface runoff, and groundwater recharge 

of a highly regulated river system, the Drava River basin. A WetSpass-M model is 

utilized to estimate the spatial groundwater recharge on monthly, seasonal, and annual 

scales. The total components of water balance of the vegetated, bare soil, open-water, 

and impervious fraction per raster cell are calculated. The basic input data of WetSpass–

M model include meteorological data (precipitation, air temperature, wind speed, and 

potential evapotranspiration), distributed groundwater depth, LAI, soil types, 

topography (DEM and slope), and land use/land cover of the investigated area. Such 

input data are prepared as grid maps using Geographic Information Systems (ArcGIS) 

collected for the period from 2000 to 2018. The cell size of the raster is 100 m × 100 m 

The spatial variability of groundwater recharge relies on climate conditions, 

groundwater depth, distributed land-cover, soil texture, topography, and slope.  Land 

cover and soil textures are dominated by agricultural area and loam in the Drava basin. 

Water balance components under different land uses and soil textures were evaluated. 
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The water-table fluctuation method (WTF) is used to validate the performance of the 

WetSpass-M.  

The second part is developing a 3-D steady-state and transient groundwater model 

using the finite difference code MODFLOW-2005 for the period from 1 January 2010 to 

20 September 2018. The first three hydrological years from which data were available, 

i.e., from 1 January 2010 until 31 December 2012, were used as a warm-up period, after 

which the model was run (calibrated) throughout the following six hydrological years 

from 1 January 2013 to 20 September 2018 with a daily time step. The calibration 

process was carried out using measured lake stages and time series of daily groundwater 

levels from 18 observation wells. The sensitivity analysis was achieved using UCODE-

2005 with the help of ModelMate. The interaction between the Cún-Szaporca oxbow 

lakes and groundwater is simulated using MODFLOW-NWT  under  ModelMuse 

environment,  considering the interaction between surface water and groundwater by 

activating the Lake Package (LAK7),  River Package (RIV), the Stream Flow Routing 

Package (SFR7),  Recharge Package (RCH) and Evapotranspiration Package (ET). The 

sedimentological sequences were investigated using satellite images, GPR profiles, 

boreholes for revealing layering, and in situ studies of hydraulics of seepage. The origin 

and extension of layers were identified through geomorphological interpretation 

(distinguishing between point bar, dune, and other deposits). However, from the 

viewpoint of hydraulic modeling, a random spatial pattern of such deposits was 

reconstructed. Their hydrological properties show a wide range (k = 10 -4–10-7).   

Different fluvial sediment structures scenarios were investigated to assess the 

interactions between groundwater and surface water at a critical part of this system: 

between a protected oxbow (which is fed by water according to the Old Drava 

Programme (ODP)) and the main river (Drava). Moreover, the model is applied to 

analyze two scenarios for the replenishment of the Cún-Szaporca oxbow lakes. 

The third part is the coupling WetSpass model with MODFLOW to improve the 

simulation of impacts of long-term stressors, as this variable concerns the decision-

makers for water resources. The integrated hydrologic modeling framework is applied 

to assess the impacts of LULC changes from 1990 to 2018 on the hydrology of the Drava 

floodplain, where human interference has led to a critical environmental situation. Five 
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different runs, for which, each run corresponds to one LULC map from the years 1990, 

2000, 2006, 2012, and 2018, respectively, were conducted. To isolate, and yet capture, 

the effect of LULC changes, other input parameters such as meteorological data, 

topography (DEM and slope), distributed groundwater depth, and soil types were kept 

constant among all the five runs. Each run simulated the long-term average water balance 

components. Impacts of impervious cover changes on water balance components were 

assessed. Moreover, the integrated model is applied to evaluate the effects of LULC 

changes on water budget and groundwater level. 

The fourth part covers the hydrological feasibility of alternative water 

management, i.e., the restoration of natural reservoirs (abandoned paleochannels) to 

mitigate water shortage problems was explored within the Drava Basin. A digital 

elevation model, GPR section, satellite images and hydraulic soil properties revealed by 

auger samples were used to identify possible allocations of a natural reservoir. The 

model space covered two subareas: 1, the Korcsina oxbow system; and 2, the Okor–

Fekete-víz for two natural reservoirs were simulated using the integrated surface water -

groundwater model with filling rates ranging from 0.5 m3 s−1 to 1.5 m3 s−1. Different 

management scenarios for the selected subareas were simulated as natural reservoirs 

with filling and discharge conditions based on +2 m vertical water depth increasing 

theoretically with different stream discharges of 0.5, 0.75, 1, and 1.5 m3 s−1. The 

consequences of applying a natural reservoir in augmenting surface water storage are 

investigated under variable management scenarios of recharging or feeding the reservoir . 

The primary findings of this thesis are as follows: 

• For the surface water modeling of highly-regulated river basin:  

The WetSpass-M model estimates the annually actual evapotranspiration of the 

basin, for the period from 2000 to 2018, to be 127 mm and 263 mm as minimum and 

maximum values respectively. This represents 27% of the annual average precipitation. 

83% of total evapotranspiration occurs in the wet season, while the remaining 17% 

occurs during dry seasons. Around 29% (199 mm yr-1) of the average annual rainfall 

feeds surface runoff with a minimum and maximum average values 77 mm yr-1 and 418 

mm yr-1, respectively. Annually simulated groundwater recharge ranges from 175 mm 
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yr-1 to 412 mm yr-1with an average of 307 mm yr-1, which correspond to 44% of mean 

annual rainfall. The analysis of simulation results shows that the WetSpass-M model 

works properly to simulate hydrological water budget components in the Drava basin..  

• For groundwater flow model: 

A regional steady and transient groundwater model was constructed for the Drava 

basin. Calibrated results of the transient groundwater flow model showed a good match 

between observed and simulated groundwater heads, with R2 = 0.98. The mean error was 

−0.08 m, and the root mean square error was 0.4 m. Additionally, the calibration of lake 

stages showed a good agreement between simulated and observed stages with a 

correlation coefficient of 0.90, a mean error of −0.07 m, mean absolute error of 0.15 m, 

and root mean square error of 0.2 m. The parameters of the groundwater recharge (RCH), 

hydraulic conductivity (HKZ1), and evapotranspiration (EVT) had the highest composite 

scaled sensitivity values and were therefore the most sensitive parameters  

• For the impacts of Land-use/land-cover (LULC) change on the Drava basin 

hydrology: 

LULC change is considered to be a key human factor influencing groundwater recharge 

in floodplains. Without accurate estimations, the impact of LULC change on water 

balance components may be either understated or exaggerated. The expansion of 

artificial (sealed) surfaces between 2012 and 2018 was detected as the main contributor 

to the increase of surface runoff by 9 mm yr-1 in the Drava basin. The replacement of 

arable and meadow lands by forest, mudflat, with expanding willow shrub areas was 

identified as the strongest contributor to the major increase in evapotranspiration by 9 

mm yr-1 and a decrease in groundwater recharge by 7 mm yr -1 between LULC in 2012 

and 2018. These changes in LULC have resulted in a decline of groundwater recharge 

over an area of 5.3 × 107 m3 amounting to a 0.1 m drop of groundwater level regarding 

the whole floodplain between 2012 and 2018. A decrease in groundwater recharge would 

directly reduce recharge for both deep and shallow aquifers and it increased the 

environmental threat in the floodplain. As a consequence, the conditions of agriculture 

that represent the primary source of subsistence for the local population became critical. 

The results also show that LULC changes have a direct effect on groundwater recharge 
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and the provision of floodplain ecosystem services. The coupled model proved to be a 

valuable assessment tool for the effective and sustainable implementation of floodplain 

rehabilitation plans. Finally, as a result of human intervention, available water resources 

in the Drava floodplain are rapidly diminishing, and effective integrated watershed 

management is required to address water availability.  The approach tested in this study 

allows temporal and spatial estimation of hydrological components under the changes of 

LULC, providing quantitative information for decision-makers to implement sustainable 

management of water resources in the Drava floodplain.  

• For the water balance of the Cún-Szaporca oxbow lake: 

The theory for creating our modeling space is that the generated (sub) structures that are 

characterized by different hydraulic properties and formed during the sedimentation are 

analogous with fluvial features such as point bars, traces of lateral migration of river 

channel, and lateral accretion. The results of running of scenarios characterized by 

extended continuous layering in whole model space were shown to be unsuccessful. The 

application of a multilayered structure provided the most realistic result. The 

multilayered scenario result shows that the difference between input to groundwater (i.e. 

seepage from the oxbow lakes) and output to the main river channel amounts to 67% on 

the average. The replenishment scenario would result in raising the average groundwater 

level and, consequently, the recharge rate from the lake to aquifer will be increased. 

Water budget for the simulated scenarios will maintain the ecosystem and agriculture 

water in equilibrium.  

• For the feasibility of constructing natural reservoirs for two subareas: 1, the 

Korcsina oxbow system; and 2, the Okor–Fekete-víz back swamps as alternative 

water resource management within the Drava bain.  

For both reservoirs, around 60 days and 25 days of stream feeding of 0.5 and 0.75 

m3 s−1, respectively, are required to achieve the target water depth for the reservoir (+2 

m), the optimal and economic scenario of filling the reservoirs is with a stream discharge 

of 1 m3 s−1 for 14 days, based on the capacity of the feeding stream. Feeding at a rate of 

1.5 m3 s−1 would need around just six days, but this is not an economical scenario as it 

necessitates impoundment and dam construction. With feeding at 1 m3 s−1, filling would 
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be repeated twice per year, as the reservoir lasts for 180 days. The effect of the reservoir 

on the groundwater table in the adjacent area depends on the reservoir stage, leakage, 

and the distribution of the groundwater head using the reservoir results in raising the 

groundwater table by 0.8 m at the end of the filling period. Natural reservoirs can be 

regarded as an economically feasible management practice of water retention and can 

help protect ecological values, the restoration of wetlands, and enhance agriculture 

productivity on the Hungarian section of the Drava floodplain. Moreover, the findings 

of this research can be utilized in planning rehabilitation measures in lowlands with 

water shortage. The simulated water balance shows that reservoir-groundwater 

interactions are mainly governed by the inflow into and outflow from the reservoir. Such 

an integrated management scheme is applicable for floodplain rehabilitation in other 

regions with similar hydromorphological conditions and hazards, too. The modeling 

workflows developed here can be used to apply new GW–SW interaction scenarios with 

a multitude of both natural and anthropogenic influences. 

9.3 Recommendations for Future Works 

Further research is needed to enhance the approach in light of the issues identified 

in this study, which include, but are not limited to: 

• Since climate change has a substantial impact on the hydrologic features of soil and 

water management in a floodplain, the possible consequences of climate change on the 

hydrological response should be investigated. 

• Land-use modeling should be improved further, incorporating different agricultural 

crops, and the influence of land-use change should be integrated with other global 

changes, such as climate change, to estimate the future of our groundwater systems. 

• More soils data should be collected so that the subsurface, from the surface to the water 

table, can be better characterized. Moisture content measurements at various near -

surface depths should also be made to better understand the dynamics of soil moisture 

and its relationship to cropping patterns and climate. 

• This research may be expanded to investigate groundwater quality and groundwater 

pollution caused by surface water contamination. 
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APPENDICES 

Appendix A:  

Assessment of monthly water balance components using WetSpass-M 

model 

The monthly water balance per a grid cell can be represented by: 

Pm = SRm + ETm+Rm, (A-1) 

where Pm is monthly precipitation, SRm is monthly surface runoff, ETm is monthly 

evapotranspiration, and 𝑅𝑚 is monthly groundwater recharge. The surface runoff (SR) 

calculation relies on the relationship between the land-use, soil, slope, precipitation 

intensity, interception, and soil infiltration capacity. SRm is calculated on the monthly 

scale using: 

SRm  = Csr Ch  (Pm – Im), 
(0-2) 

where Im is monthly interception, Csr is actual surface runoff coefficient (-) that 

represents the monthly precipitation part, which contributes, directly, to runoff, and Ch 

is a coefficient that describes the moisture condition of soil  (Zarei and Ghazavi, 2016). 

Monthly interception (Im) is determined by: 

Im = Pm IR, (0-3) 

where Im is interception [mm/month], Pm is monthly precipitation [mm/month] and 

IR is interception ratio. In WetSpass-M, total monthly evapotranspiration per grid cell 

(ETm; mm/month) is determined by: 

ETm = avETv + asETs +aoETo + aiETi, (A-4) 
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where the area fraction and evapotranspiration for vegetated cover area, bare soil, 

open water and impervious surface are denoted by av, ETv, as, ETs, ao, ETo, ai, and ETi, 

respectively. Vegetated area evapotranspiration (ETv) is a sum of actual transpiration 

and interception for the vegetated cover area (Batelaan et al., 2003). Monthly 

groundwater recharge Rm (mm/month) in WetSpass-M is determined as a residual 

parameter of water balance: 

Rm= Pm - SRm -ETm, (0-5) 

where Pm is monthly precipitation, SRm is monthly surface runoff, and ETm is 

monthly evapotranspiration (Abdollahi et al., 2017). A more detailed description of 

complete mathematical formulation for the WetSpass–M can be found in Abdolaahi et 

al. (2017).  
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Appendix B 

a) 

 

b) 

 

c) 

 

d) 

 

e)  
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Figure B1: Land use/ Land cover of the study area at: (a) 1990; (b) 2000; (c) 2006; 

(d) 2012; and (e) 2018. 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

 

Figure B2: Spatial distribution of annual average water balance components for 

LULC in 2018: (a) groundwater recharge; (b) actual evapotranspiration; (c) surface 

runoff; and (d) interception; and (e) transpiration 

a) 

 

b) 

 

c) 

 

d) 
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Figure B3: Change in groundwater recharge of the simulated LULC scenarios with 

respect to the base year 1990: (a) 2000 – 1990; (b) 2006 – 1990; (c) 2012 – 1990; 

and (d) 2018 – 1990 

Table B1: The location, average annual groundwater depth, and average annual change 

in groundwater 

Station Longitude and latitude Average annual 

groundwater 

depth (m) 

Average annual 

change             

in groundwater 

(m) 

Drávafok 17⁰45′50″E, 45⁰53′50″N 3 1.35 

Sellye 17⁰50′52″E, 45⁰52′52″N 3.11 1.05 

Kemse 17⁰54′48″E, 45⁰49′48″N 2.2 1.18 

Vajszló 17⁰59′16″E, 45⁰51′16″N 3.25 0.77 

Kákics 17⁰51′22″E, 45⁰54′22″N 1.4 1.7 

Lakócsa 17⁰41′32″E, 45⁰53′32″N 1.63 1.45 

Dráva-iványi NY 17⁰49′3″E, 45⁰50′3″N 1.5 1.6 

Vejti NY 17⁰58′10″E, 45⁰49′10″N 3.15 1.8 

Potony 17⁰39′10″E, 45⁰55′10″N 2.34 1.64 

Ketujfalu 17⁰42′46″E, 45⁰57′46″N 2.6 1.1 

CUN_2 18⁰5′6″E, 45⁰48′6″N 3.59 1 

CUN_3 18⁰4′41″E, 45⁰48′41″N 1.66 1.18 

CUN_5 18⁰4′43″E, 45⁰46′43″N 2.3 1.22 

CUN_1 18⁰4′44″E, 45⁰47′44″N 1.69 1.7 

CUN_4 18⁰5′46″E, 45⁰47′46″N 3.19 1.8 

Szaporca K-8 18⁰6′12″E, 45⁰46′12″N 2.78 0.6 

Darány 17⁰35′20″E, 45⁰58′20″N 1.69 1.53 

Barcs 17⁰27′17″E, 45⁰57′17″N 4.82 0.8 

 

Table B2: Average annual actual evapotranspiration across different combinations of soil 

texture and LULC in 2018 

LULC classes 

Soil texture 

Sand Sandy Loam Loam Clay Loam Clay Average St.dev 

Build up 218 227 237 248 258 238 14 

Industry 219 221 234 242 254 234 13 
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Infrastructure 217 - 241 254 267 245 18 

Agriculture 168 196 204 215 220 201 18 

Meadow 165 190 202 235 236 206 27 

Orchard 153 - 186 195 189 181 16 

Deciduous forest 257 311 344 346 392 330 45 

Coniferous forest 362  - 411  - -  386 25 

Mixed forest 269 331 359 371 406 347 46 

Shrub 395 347 335 296 239 322 52 

Reference - - 190 - 219 205 15 

Mud flat 477 511 526 543 573 526 32 

River 1345 1330 1356 1357 1358 1349 11 

Lake - - 1371 -  1371 0 

Average 354 407 443 391 384   

St.dev 314 340 388 320 312   

1.  

-, (no value) as there is no such LULC for a given soil texture 

Table B3: Average annual surface runoff across different combinations of soil texture 

and LULC in 2018 

LULC classes 

Soil texture 

Sand Sandy Loam Loam Clay Loam Clay Average St.dev 

Build up 225 233 252 260 297 253 25 

Industry 280 271 297 307 337 298 23 

Infrastructure 180 - 218 238 279 229 36 

Agriculture 174 196 209 235 293 222 41 
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Meadow 118 142 155 177 242 167 42 

Orchard 143 - 178 211 258 198 42 

Deciduous forest 101 120 139 167 229 151 45 

Coniferous forest 105 - 154 - - 130 24 

Mixed forest 103 132 145 175 239 159 46 

Shrub 141 162 177 200 259 188 41 

Reference - - 213 - 288 251 38 

Mud flat 207 218 237 255 299 243 32 

River 160 161 162 162 162 161 1 

Lake - - 162 - - 162 0 

Average 161 182 193 217 265   

St.dev 53 48 45 44 43   

2.  

-, (no value) as there is no such LULC for a given soil texture 

 

 


