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ABSTRACT 

 

 

Coupling a Water Balance Model with a Groundwater Flow 

Model and its Application on Ergene Basin 

Emmanuel RUKUNDO 

 

Department of Civil Engineering 

Doctor of Philosophy Thesis 

 

Advisor: Prof. Dr. Ahmet DOĞAN 

 

Groundwater is of great importance to support the ecosystem life on planet earth. 

The reliable simulation of groundwater recharge and identification of its dominant 

influencing factors is indeed the key control to understand the groundwater system, 

its potential accessibility, and its sustainability. During this research, a GIS grid 

based water budget model (mGROWA) was applied to estimate the long-term 

groundwater recharge and other water balance quantities based on basin 

characteristics such as hydro-climatic data, land cover, soil textures, geology, and 

topography. The study was performed in Ergene river catchment (11000 km2) 

which is one of the Mediterranean basins located in Turkey. The model simulations 

were done for the spatial resolution of the grid cell of 100 m for the period of 20 

years (1991-2010).  The hydrograph separation techniques, based on the base flow 

indices (BFI), were applied to split up the modeled total runoff into two main 

components namely groundwater recharge and direct runoff depending on the 

catchments attributes (e.g. geology, groundwater depth). The model was validated 

in 10 sub-catchments possessing long-term daily stream records. Thereafter, the 

statistical methods including Pearson correlation method and principal component 
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analysis (PCA) were integrated for assessing the most controlling basin factors that 

are influencing the groundwater recharge. Simulated groundwater recharge rates 

were displayed as long-term yearly mean and as long-term monthly levels with the 

purpose of denoting periodic variation of groundwater recharge. 

mGROWA has shown the ability for estimating the spatial and temporal variability 

of groundwater recharge with high confidence, however, it does not simulate the 

distribution of hydraulic heads.  Against this background, a new method for 

integrating the mGROWA, with the regional subsurface water flow model 

(MODFLOW) was adopted. The recharge values resulted from mGROWA was 

provided to MODFLOWas input data, in a steady state, and the simulated 

groundwater depths by MODFLOW become the input file of mGROWA. In this 

coupling, the iteration ends when acceptable groundwater heads are reached.  

The model validation and statistical analysis have indicated that the differences 

between simulated and observed values are generally under 20% and no valid 

inconsistency was observed. PCA revealed that the recharge variation is mostly 

influenced, in order of significance, by vegetation land cover, soil textures, and 

climate variables. The generated results may conclusively contribute to the 

establishment of quantitative status of groundwater system exploitation and 

enhancement of water resource management policy of the study area. In addition, 

this study draws special attention to the advantage of applying coupled procedures 

to adjust and validate the recharge rates as input data of the upper boundary in sub-

surface water flow models.  

 

Keywords: Ergene catchment, Recharge, Water budget components, Catchments 

characteristics, and Principal component analysis   
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ÖZET 

 

 
Su Bütçesi Modeli ile Yeraltı Suyu Akım Modelinin 

Bağlanması  ve Ergene Havzasında Uygulaması 

 

Emmanuel RUKUNDO 

 

Inşaat Mühendisliği Bölümü 

Doktora Tezi 

 

Danışman: Prof. Dr. Ahmet DOĞAN 

 

Yeraltı suyu, dünya ekosistemini desteklemesi dolayısıyla büyük bir öneme sahiptir. 

Yeraltı suyu beslemesinin güvenilir modellerinin yapılması ve buna bağlı olarak 

etkin olan faktörlerin tespit edilmesi, yeraltı suyu sisteminin anlaşılmasında, 

potansiyel erişilebilirliğinde ve sürdürülebilirliğinde kullanılan en önemli 

araçlardandır. Bu çalışma boyunca, CBS hücre temelli bir su bütçesi modeli olan 

mGROWA uzun dönemli yer altı suyu beslemesinin ve diğer su dengesiyle ilgili 

büyüklüklerin tahmin edilmesinde kullanılmıştır. Su dengesiyle ilgili büyüklükler 

hidro-iklimsel veriler, arazi kullanımı, zemin yapısı, jeoloji ve topoğrafya gibi havza 

karakterlerine bağlıdırlar. Çalışma Türkiye’nin Akdeniz havzalarından birisi olan 

11000 km2 alana sahip Ergene Nehri su toplama havzasında gerçekleştirilmiştir.  

 

Simülasyonlar 1991-2010 yılları arasındaki 20 yıllık dönem için ve 100 m’lik bir 

uzamsal çözünürlükle yapılmıştır. Taban akımı indislerine (BFI) dayalı hidrograf 

ayırma teknikleri, havzanın toplam akışının yeraltı suyu beslemesi ve direkt akış 

bölgesi olarak ikiye ayrılmasında kullanılmıştır. Bu ayrıştırmada jeoloji ve yeraltı 



xix 

 

suyu derinliği gibi özellikler etkendir. Model, 10 alt-havzada yer alan uzun dönemli 

günlük kayıtlarla doğrulanmıştır. Sonrasında, Pearson korelasyon yöntemi ve 

birincil bileşen analizi (PCA) de dahil olmak üzere bazı istatistiksel araçlar havzanın 

yeraltı suyu beslemesi üzerindeki etken parametrelerin değerlendirilmesinde 

kullanılmıştır. Yeraltı suyu beslemesinin periyodik değişkenliğinin resmedilmesi 

amacıyla simülasyon sonuçları olarak elde edilen yeraltı suyu besleme değerleri 

uzun dönemli yıllık ortalama ve aylık ortalama şeklinde gösterilmişlerdir. 

mGROWA uzamsal ve zamansal yeraltı suyu beslemesi değişkenliğini tahmin etmek 

konusunda yüksek bir doğrulukla başarılı olmuştur, ancak hidrolik basınç 

değerlerini tahmin etmemektedir. Modeli geliştirmek amacıyla bölgesel bir yüzey 

suyu akış modeli olan MODFLOW kullanılarak bu model mGROWA’ya entegre 

edilmiştir. mGROWA’dan elde edilen yeraltı suyu besleme değerleri MODFLOW’a 

kararlı durum için girdi olarak, MODFLOW’dan elde edilen yeraltı suyu derinlik 

değerleri ise mGROWA için girdi olarak kullanılmıştır. Bu ikili eşleşmede iterasyon, 

kabul edilebilir bir yeraltı suyu seviyesi elde edilince sonlanmaktadır. 

Model doğrulama aşaması ve istatistiksel analiz, simülasyon sonuçlarıyla ölçülmüş 

değerler arasında %20’den daha büyük bir farkın ve herhangi bir tutarsızlığın 

bulunmadığını göstermiştir. PCA analizi besleme değişkenliğinin daha çok, önem 

sırasıyla; bitkisel arazi tipi, zemin yapısı ve iklimsel değişkenlerden etkilendiğini 

göstermiştir. Elde edilen sonuçlar bölgede yeraltı suyu sistemlerinin mevcut 

durumlarının sayısal olarak değerlendirilmesinde ve su kaynakları yönetimi 

politikalarının geliştirilmesinde kullanılabilir. Ayrıca, çalışma besleme değerlerini 

yukarı havza sınırında girdi olarak kullanılmasıyla su akış modellerinde iki farklı 

yöntemin eşleşmeli olarak kullanılmasının avantajlarına dikkat çekmektedir. 

 

Anahtar kelimeler: Ergene su toplama havzası, Besleme, Su bütçesi bileşenleri, Su 

toplama havzası karakteristikleri, Birincil bileşen analizi 

                                        

YILDIZ TEKNİK ÜNİVERSİTESİ  

FEN BİLİMLERİ ENSTİTÜSÜ 
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1 

Introduction 

 

     1.1 Literature Review 

Groundwater reservoir is an important source of water for nearly 50 % of the earth’s 

population for different purposes such as in the domestic activities use, power 

generation, and irrigation practices [1]. The groundwater can be considered as a 

renewable water resource for giving assistance to the agricultural, industrial, 

environmental, and domestic needs which nowadays present an important increase 

in their demands [2]. The determination of recharge is necessary in order to address 

some of the key study priorities in the groundwater reservoirs and estimate its 

continuous access possibility even though other parameters must be considered, e.g. 

social, economic and hydrogeological information [3]. However, the recharge 

component in water balance quantities remains the least understood quantity 

generally caused by its extensive spatial and temporal variability and require more 

attention for direct measurement [4]. The research on groundwater recharge in a 

river basin or at a regional scale is very important to provide insight into the 

quantitative status of the groundwater reservoir, thus the groundwater resources 

management. 

The existing studies related the groundwater in the Ergene River basin has only put 

attention on quality, not the quantitative status of the groundwater [5], [6]. The 

spatially differentiated water balance together with recharge within this catchment 

has not been studied and satisfactorily understood. However, the Ergene catchment, 

in the northwestern part of Turkey, is considered as an important source of the 

freshwater. The Ergene drainage area provides assistance to the economies of the 

area in providing the domestic water to the people living in the area, approximately 

equals to 1.150.000, in satisfying the industrial needs which are about 2500 textile 

factories, supplying the irrigation water for the agrıcultural lands of approximately 

file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_1
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_2
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_3
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_4
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_5
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_6
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73% of the total area of the Ergene river basin, and also keep the environmental 

sustainability of the ecosystem within the investigated area [7]. Groundwater is of 

great importance as the main source of a direct water supply system and important 

for the irrigation for the land of the Ergene basin. To expand the Ergene catchment 

methodology of sustainable groundwater resources management, the recharge 

together with other water balance components must be quantified in spatial and 

temporal resolution, there is a need to broadly ascertain and well understand them 

over the study area. Groundwater recharge refers to as deep infiltration of water 

from the rainfall or river that percolates from the earth to unsaturated zone of soil 

namely vadose zone of the soil, then replenishes acquirer, and the recharge 

quantitative analysis remains important in the management of groundwater.   

In last years, a lot of researches in the hydrogeology, mainly took attention in the 

determination of base flow, as portion contribution of groundwater discharged into 

the river [8], [9] and some methods were used for this objective including the 

recursive digital filter approach [8], smoothed minima base flow separation 

techniques, approach of graphics, chemical budget techniques and also the 

conductivity mass budget approach [9]. Some other numerous techniques were also 

applied to determine the groundwater recharge including direct measurement 

approaches, such as seepage meters and tracer methods. Nevertheless, the field 

measurements methods showed their limitation in terms of high cost [10], and are 

mostly influenced by the analysis of errors and the irregularity patterns in spatial 

[11].  The water balance including the recharge was recently simulated by using 

computer-based models, which depend on soil–water balance approach and they 

are well-known by their high accuracy. However, their simulated results are of 

limited estimates especially in the lack of model calibration and verification caused 

by the significant uncertainties presented in input data. 

The spatially distributed groundwater recharge levels are paramount input data of 

regional sub-surface water flow models, especially concerning a reasonable and 

precise determination of sub-surface water dynamics and quantities. At catchment 

or regional scale, the sub-surface water flow models, the spatial and temporal 

patterns are unable to be determined accurately by trial and error approach 

file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_7
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_8
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_9
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_8
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_9
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_10
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_11
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throughout the adjustment of the model within the investigated area. Nevertheless, 

this may be done by taking into account the hydrogeological procedures and apply 

the water budget modeling approach to describe and simulate the upper boundary 

recharge to the groundwater flow models. The analysis of the influence of natural 

and anthropogenic drivers of dynamics at the catchment scale for a long period of 

time necessitates a combination of awareness and modeling ability throughout 

hydrological information and processes, and computer potential. Models 

integration aims to expand the model control range in order to incorporate a new 

aspect of the operations with the purpose of figuring out progressively. The 

fundamental aim of coupling models is to link disciplines and connect separated 

knowledge among them for reinforcing their abilities to severely assess the 

interactions issues between environment an human activities along with the 

dynamics scenarios analysis [12].    

Groundwater flow models are known as very helpful tools for understanding the 

groundwater systems of a given region, applicable for groundwater resources 

management, and in its future exploitation planning.  Last decades, different studies 

have focused on the developments of subsurface water simulation models. For 

instance, Groundwater modeling system GMS, designed by the united states 

department of defense, and it supports the MODFLOW 2000 code, Visual 

MODFLOW, FEFLOW, Groundwater Vistas, and SWIFT. The use of MODFLOW, which 

is a modular three-dimensional finite-difference groundwater model of united 

states geological survey, in the representation and estimation of the response of 

groundwater systems, has become greater over the last decades. The model can 

generate the influence of wells, rivers, drains, head-dependent boundaries, 

recharge, and evapotranspiration and their codes are named packages used to 

model the hydrological systems. A number of stand-alone programs, in last years, 

were able to interface together with MODFLOW through the data files in many 

studies, for instance, the effective transport program PMPATH,  the solute transport 

model MT3D, MT3DMS, and  PEST for parameter estimation. 

The water budget model mGROWA is well used for large scale water balance 

components simulation including the groundwater recharge [13]. The development 
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of the model allows the calculations with high resolution of the recharge and this the 

main objective of mGROWA. This grid-based spatially distributed water balance 

model (mGROWA) and modular three-dimensional finite-difference groundwater 

flow model MODFLOW [14] are proven to be applied for simulating the hydrological 

responses. Nevertheless,  mGROWA and MODFLOW differently symbolize a building 

structure, (e.g. regional discretization and hydrological response modeling) and are 

respectively restricted to their modeling world,  each presenting strengths and 

weaknesses while simulating hydrological responses and applying computational 

resources [15]. 

MODFLOW model is well-proven to be applied for assessment of the groundwater 

system which is frequently quasi-steady state and consequently requires spatially 

distributed groundwater recharge in the long period as upper boundary input data. 

Therefore, mGROWA, which generates accurate long-term groundwater recharge 

depending on climatic data, land-use types, soil groups, topography, and geology of 

the investigated area, could be applied in integration with MODFLOW for the aim of 

assessing the sub-surface water dynamics and groundwater reservoir. This will 

enhance the modeling of the influence of long-term stressors e.g., climate and land-

use change [16], [17], [18],  groundwater contaminant transport assessment, crop-

specific irrigation demand estimation, and applied as the decision support system 

for water resources management.  

MODFLOW has become nowadays the most useful simulating tool in the researches 

about the assessment of the groundwater flow within an aquifer system. The various 

graphical user interfaces (GUIs) have been designed in order to make easy the work 

of modeling using MODFLOW model with the purpose of production of a model 

definition of input and output files and for the visualization of the results and 

interpretation of outputs of the model [19]. The graphical user interface mainly 

possesses an interactive environment where the user develops simulation cells 

insert input data such as hydraulic properties and boundary conditions, execute the 

simulation and perform the post process of the obtained results. However, the 

different graphical user interface is designed with varying complexity and 

sophistication levels [19]. Recently, scripting MODFLOW model in Python has 
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become popular and Python permits in the insert and applies the modeling in its 

environment.  It has the advantages in the development of the model input data files 

execution of the simulation and read and draw outputs of the model. The importance 

of using Python in groundwater flow remains in existence of packages to ease the 

simulation development process, together with packages used for plotting the 

model outputs, controlling array, making a maximization, and the assessment of 

data.   

     1.2 Objective of the Thesis 

The main objective of this thesis is to develop a new approach by coupling the 

mGROWA and MODFLOW models in order to assess the groundwater recharge at a 

regional study by considering a case study of Ergene river basin. The thesis specific 

purposes are split into two objectives (1) to develop a method for determining 

spatially distributed water budget components including groundwater recharge 

that can assist to some of the key study priorities in groundwater and to show the 

importance of the method for regional scale; and (2) to couple mGROWA with 

MODFLOW models and apply it to Ergene catchment to improve the model results 

for groundwater recharge  and hydraulic heads assessments. 

The novelty of this study is first that a distributed water budget model such as 

mGROWA was applied to the entire Ergene river basin for the first time, and this will 

enable to provide a detailed groundwater resource information necessary for water 

resources management in the investigated area. Secondary, due to the limitation of 

mGROWA ability to provide details on groundwater dynamics, and also to 

determine the groundwater table levels, which is an important data in estimation of 

recharge in wetlands dependent zone or shallow areas, the coupling of mGROWA 

and MODFLOW was necessary and done for the first time in other to improve the 

two model details results. 

This study generally developed a new approach that strongly relies on the impact of 

soils groups, land-use types, topography, and climatic conditions in order to 

calculate spatially distributed recharge and generate at the same time the sub-

surface water flow dynamics by coupling mGROWA and MODFLOW models. The 

accurate estimate of recharge at the regional scale is the leading variable required 
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for exploring the recharge-discharge systems along with providing the authenticity 

in sub-surface water flow models calibration and validation.  The groundwater 

recharge and dynamics are a prerequisite to the sustainable sub-surface water 

quantity and quality management. 

     1.3 Hypothesis 

The hypothesis of this study is defined as mGROWA model generates no valid 

contradictory behaviors on water balance quantities and the coupling mGROWA and 

MODFLOW models generate all observed behavior of groundwater dynamics (for 

instance hydraulic heads). 

The mGROWA model is a grid-based distributed hydrological water budget model 

and will be applied in order to simulate the water budget components: actual 

evapotranspiration, total runoff, direct runoff and groundwater recharge at Ergene 

River basin. mGROWA simulations will be performed in daily time steps for the 

hydrological reference period of 20 years from 1991-2010 and in a spatial 

resolution of 100 by 100 m. Simulated groundwater recharge rates will be presented 

as long-term annual averages and as long-term monthly values in order to indicate 

the seasonal fluctuation of groundwater recharge rates.  

The most important mGROWA output will be groundwater recharge levels which 

will be used as the upper boundary condition of MODFLOW. Iterative mGROWA 

MODFLOW applications will be done in order to improve model results relating to 

groundwater dynamics (Figure 1.1).  In the dependent wetlands areas, to estimate 

the evapotranspiration and recharge, the position of the water table plays the 

important role in the calculation, the mGROWA model, in this study is iteratively 

coupled with the groundwater flow model MODFLOW which is capable to generate 

the groundwater table level within the catchment as input data in mGROWA. In 

coupling the mGROWA returns the groundwater water recharge to MODFLOW. In 

this study, the calculated groundwater recharge in the investigated area as the 

output of the mGROWA is integrated into a groundwater flow model (MODFLOW) 

as upper boundary layer in order to determine groundwater dynamics e.g. the 

hydraulic heads distribution as shown in Figure 1.1. The outputs of this approach 
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are tested and validated by comparing the recorded and calculated hydraulics 

heads. 

 

Figure 1. 1 Schematic Diagram of the Iterative Process Between mGROWA and 

MODFLOW Models 
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2 

General Review 

 

     2.1 Introduction to Modelling Groundwater Recharge Process 

Accurate spatial and temporal characterization of groundwater recharge is 

fundamental for effective water resources management. However, surface water 

bodies and groundwater system have been always in dynamic interaction. Due to 

the connection between groundwater and surface water, their interaction mainly 

happens when a part of groundwater flows to the surface water body, e.g. rivers or 

when some amount of water surface infiltrate and replenish an aquifer as recharge 

[20]. A recharge is commonly referring to as the hydrologic process where water 

flows downward from the surface water body and pass the water table to 

groundwater reservoir. This process generally takes place in the unsaturated zone 

under the plant roots zone where there is excess soil water and is commonly 

referring to as a flux to the water table level. However, all the excess water in the 

unsaturated soil does not necessarily get to the groundwater due to ability 

properties of storing in the unsaturated zone, also when groundwater system is not 

able to accommodate further recharge. For instance, the infiltrated water may be 

stopped by impervious or semi-pervious rocks and flow laterally in the soil [21].  

The recharge in shallow aquifers might also lead to local seepage by establishing an 

increase in the level of the water table; also the groundwater reservoir may 

subsequently be withdrawn by plant evapotranspiration [21].  

Different methods may be used to estimate the recharge. The most applied methods 

are direct measurement by using lysimeters, tracer methods, and stream gauging 

techniques [22]. A lysimeter can be defined as a device used in the site, possessing a 

weighable soil column where the water coming to and leaving from this device are 

calculated and storage change can be detected. The lysimeter approaches may be 

also applied to estimate the evaporation as it can be able to estimate other water 
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budget elements. However, these direct approaches are sensitive to the errors in 

measurement and spatial change pattern, and highly expensive [11].  Groundwater 

models are also applied to determine recharge in case of all other elements of the 

hydrologic water cycle are given with high accuracy.  However, as hydraulic 

properties of the aquifer are also largely unreliable, the recharge is usually roughly 

determined as a lumped fitting parameter along with other uncertain variables 

throughout the calibration [23].  Accordingly, it can be said with confidence that an 

advanced calibration can be reached given that the observed rates of recharge are 

inputted into the groundwater. 

2.1.1 Water or Soil Moisture Budgets Techniques 

In the soil moisture budget approach, for determination of groundwater recharge, 

when the soil water content equals or arrives at the field capacity, the soil starts 

draining. Therefore, it is required to determine the soil water content conditions for 

the duration of a year in order to analyze the critical conditions of the soil. Against 

this background, there is a need for clarification of appropriate characteristics of the 

soil along with the ability of the plants to extract water from the soil and transpire 

it. In the case where there are no plants cover in the investigated area or bare soil, 

only evaporation is taken into an account. The evaporation of such bare soil can be 

very significant in some locations such as in the semi-arid areas in order to explain 

the water content status in the soil when the dry season ends and in temperate 

climates where in the winter seasons the groundwater recharge is observed and the 

evaporation is considered as a lost water from the soil. Mostly,  evapotranspiration 

happens at a lower amount than their potential amount because of plant stress 

coming from the restricted availability of water content existing in the soil. In the 

water balance approach, the input is the difference between daily precipitation and 

interception and runoff in order words infiltration.  The equation below shows the 

water budget.  

𝑄𝑟 = 𝑃 − 𝑅 − 𝐸𝑇𝑎 − ∆𝑆                                                                                                        (2. 1) 
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Where 𝑄𝑟denotes recharge [L], P stands for the precipitation [L], R represents runoff 

[L], 𝐸𝑇𝑎 stands for actual evapotranspiration [L] and ∆𝑆 shows the storage change 

in the soil [L].  

In the recharge determination, the design of the conceptual model (Figure 2.1 ) is a 

key step. It can be designed at the starting of the recharge assessment and examined 

as additional information that gives new insights to the hydrological system [24]. 

Soil moisture balances present the main elements of any conceptual model in 

hydrology,  giving a joint in groundwater recharge together with other processes in 

the water cycle.  

 

Figure 2. 1 The Iterative Process for Designing a Conceptual Model of 

Groundwater Recharge Processes 

          2.1.2 Spatial and Temporal Variability in Recharge 

Generally, the groundwater recharge levels spatially change either in systematic or 

random patterns over an investigated area. The climatic data, land-use change and 

geology play the principal role in systematic patterns of a recharge. The higher 

precipitation occurs in the area where the more recharge rates occur. The random 

parameter in spatially distributed groundwater recharge may be presented as a 

local-scale alteration in space that may be assigned, for instance, to various diversity 
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in permeability in soil types and land cover changes e.g. vegetation.  The 

groundwater recharge can be also changed in time.  The recharge variability is 

affected by seasonal trends and trends that are happening in long periods of years.  

The groundwater recharge rates may be also affected by alteration in time of land-

use changes e.g. vegetation. The significance of spatially and temporally distributed 

area change in groundwater recharge have to be taken into account with the 

overview of the aims of the study. In the groundwater resources assessment, the 

change in recharge may not be critical when a mean amount of groundwater 

recharge has to be estimated for the whole aquifer. For analyzing the aquifer 

vulnerability to contamination, the distributed area change in recharge becomes 

significant, thus, techniques to produce point estimates of groundwater recharge 

can be suitable. In the last decades, the design of the groundwater flow models have 

taken into account the assumption of considering a recharge as non-variable in time. 

Nowadays, the groundwater flow model applications frequently permit a recharge 

to change during a long time, however, a recharge is taken as non-variable for years.   

Many studies around the world for spatially distributed groundwater recharge were 

done and some literature of them were summarized and presented in the section 

below: 

Kunkel and Wendland (2002) in [25] applied the GROWA98 model for an area 

distributed water budget assessment in Elbe catchment. In this study, the water 

balance components were estimated depending on regional site conditions such as 

the precipitation, temperature, land cover, soil groups, geology, and topography. 

They presented a methodology of total runoff separation by applying baseflow 

indices in unconsolidated and hard rocks by considering geology and groundwater 

depths. This study has permitted the applications of the models for instance for the 

determination of diffuse nutrients existing in groundwater.   

Bogena et al. (2005) in [26] focused on the assessment of the uncertainties in the 

modeling of the recharge for various scales. In this research, the grid-based water 

balance model GROWA was applied to assess the influences of various sorts of 

uncertainties on the simulated recharge due to the uncertainties existing in the 

input data. In this study, the area differentiated input errors were estimated in 

file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_25
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_26


12 

 

topography attribute by applying Monte Carlo approach. The authors discussed the 

uncertainties existing in the GROWA outputs for various scales. 

Karpuzcu et al. (2008) in [27] conducted a study on three Turkish catchments with 

the main objective of assessing the water pollution in these investigated areas. The 

water balance model GROWA was used in order to produce water budget 

components such as runoff, evapotranspiration, and recharge based on soil, land, 

topography, geological and climatic data of the interest areas. GROWA model has 

proven its capability in simulating the recharge in Turkish catchments.  

Herrmann et al. (2009) in [28] studied the regional groundwater recharge by 

applying GROWA in Germany in the Lower Rhine lignite mining area. The aims of 

this study were to generate the groundwater recharge rates and provide a 

comparative assessment of the results of the groundwater model Rurscholle and 

two groundwater recharge different datasets and finally to provide a methodology 

for the validation of GROWA model outputs where the modeled hydraulic heads 

together with the recorded data from the wells were used. This research showed the 

benefit of applying a coupled methodology and the techniques for groundwater 

recharge calibrating and validation for regional studies. 

Panagopoulos et al. (2015) in [29] discussed the results of the area distributed water 

budget model in the case study of Pinios catchment located in Greece. The GROWA 

model was applied for this purpose and has shown the successful applicability in the 

groundwater resources management in this interesting area which is a part of the 

Mediterranean basin, regardless the climatic information, soil and land parameters 

together with geological characteristics for which the model was developed and 

tested. 

Herrmann et al. (2015) [13] developed a new model mGROWA for simulating the 

components of water budget including the recharge at a large scale.  The mGROWA 

is grid-based water balance model which determines, at the regional scale, the 

recharge as long term yearly mean and also the temporal monthly recharge with the 

purpose of showing the seasonal fluctuations. The in- and out fluxes of each 

individual grid cell of the model are calculated separately without considering 

lateral water or energy fluxes. The outputs of this model were used for assessment 
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of the use of groundwater in the Federal State of North Rhine Westphalia in 

Germany. 

Tetzlaff et al. (2015) in [30] investigated the area distributed groundwater recharge 

taking a case study of Slovenia in the line of Europe water legislation. For this 

purpose, the spatially differentiated water budget model GROWA was applied in 

order to provide an accurate water budget components including the recharge. In 

this study, it was found that the groundwater resource display huge regional and 

seasonal patterns. The outputs of the study were used for water resources 

management by decision makers of Slovenia.  

Zomlot et al. (2015) in [31] studied the area distributed of recharge together with 

the base flow and their influencing parameters in Brussels, Flanders, and Wallonia 

in Belgium by using the spatially distributed water budget model named WetSpass 

to determine the long-term recharge. The WetSpass is classified as a quasi-steady 

state model to estimates the water and energy transfer among the soil, plants, and 

atmosphere.  The model produces the spatial distribution of water balance 

components such as runoff, evapotranspiration, and groundwater recharge on a 

large scale. During this study, the influencing factors controlling recharge and base 

flow were examined. 

Ehlers et al. (2016) in [18] focused on the sensitivity of-of recharge estimated by a 

grid-based water budget model mGROWA considering the soil and land use 

characteristics changes and climate change in the Mediterranean catchment. The 

research assessed the climate change influence on recharge by taking a case study 

of Riu Mannu basin which located in Sardinia. The study also analyzed the impact of 

changes in the crop coefficient together with various soil structure differentiation in 

a catchment on modeled recharge. The research was appropriate to possess 

involvement in water security in the basin and the results provided by this research 

was an extremely important direction for decision makers in the water resources 

management sector. 

Herrmann et al. (2016) in their study [32] about modeling the future recharge by 

considering the climate change models in the Mediterranean basin in the Thau basin 

located in France. This study combined the recorded climate information together 
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with the combination of global and regional circulation models and executed in the 

water budget grid-based model mGROWA in order to determine the current and the 

future recharge for the investigated case study. The outputs have shown that there 

is no trend of reduction in recharge and soil characteristics taken in the maps and 

synthetic aperture radar convey to the good model outputs. 

Hermann et al. (2016) in [33] conducted the research about the influence of climate 

change to the required irrigation and water resources specifically the groundwater 

resource and the investigation happened in the catchment of  Hamburg located in 

Germany. In this study, the required irrigation and recharge ratio was analyzed in 

order to detect the influence of climate change on the groundwater resource 

vulnerability. Against this background, the water balance model mGROWA was 

applied by taking into account of the modeled recharge rates and the required field 

plant-specific irrigation. The outputs of this research showed the significant role of 

area distributed parameters in simulating recharge and base flow. 

Cheo et al. (2017) in [34] applied water balance model GROWA in the Far- North 

region located in Cameroon with the aim of simulating the area distributed 

groundwater recharge through precipitation in order to provide information related 

to the sustainable groundwater resources management. It was summed up that 

GROWA model outputs provide a reliable groundwater recharge in the interested 

area through precipitation.  

     2.2 Groundwater Flow Models 

In the century of 19th, the researchers worldwide had initiated the basic 

development of the groundwater water flow models for its quantitative description. 

Hegen and Poiseuille in 1839 and 1840 respectively in [35] and [36], were first to 

provide the techniques and equations to handle some issues with a viscous flow in 

the capillary pipes. In 1958, the scientist Henry Darcy in [37] developed the 

approach to estimate water motion in a porous medium, this has been used as Darcy 

Law.  A big number of models nowadays use this law in order to analyze the 

groundwater flow, not only in the models but also in some experimental studies, the 

Darcy law has been used.  Since the groundwater is the fundamental source of fresh 

water which do sustain the different life aspects of planet earth, numerous studies 
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have put their focus on surface and groundwater interactions to handle different 

hydrological, geological and environmental issues caused by this interaction. 

The study of the groundwater reservoir within the aquifer is complex due to the 

issues of accessibility of the data, but also the financial problem as some studies 

requires experimental studies which are costly, difficulties in allocating the 

boundary conditions for the investigated area, even less expertise in the assessment 

of groundwater, etc. Due to the complexity of analyzing the groundwater at a large 

scale, there is a need for using models.  Several groundwater models were developed 

to analyze the issues of groundwater. For instance, Groundwater modeling system 

GMS [38], designed by the united states department of defense, and it supports the 

MODFLOW 2000 code, Visual MODFLOW [14], FEFLOW [38], Groundwater Vistas, 

and  SWIFT. 

Normally, understanding the process of a complex physical process, there is a need 

for the development of models for simplifying the process.  This is the same for 

interpreting the groundwater system, a groundwater model may be taken into 

account as an important, accurate and valuable estimating tool for subsurface 

management and planning for future exploitation.  The models are nowadays so 

applicable in order to simulate the behavior groundwater flow [39]. Besides, 

groundwater models are considered as a powerful tool, as they determine the 

groundwater heads for complex hydrogeological conditions [40].  The groundwater 

models are split into two categories [41], where the first one includes models used 

for determining the head distribution of under certain conditions, for instance, in 

the study of the hydrological alteration under agriculture activities such as irrigation 

or in water supply in groundwater abstraction.  The second category deals with the 

solute transport models, which are mainly applied to simulate the solute 

concentration influenced by dispersion, advection and chemicals reactions. 

However, these models can be grouped into two classes namely physical and 

mathematical models.  It is stated that the physical models are developed in the 

laboratory environment by applying the porous medium such soil (silt, sand, and 

gravel) to determine the heads and directions of flow [40]. Whereas the 

mathematical models are mainly relying on mathematical partial differential 
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equations of groundwater flow.  The analytical or numerical techniques can be 

applied to provide the answers of this partial equations, thus their names are 

mathematical groundwater models. The mathematical structure is applied to 

decrease the complexity of the geometry of the domain for delivering a quick 

response. These models are dependent on physical characteristics of an investigated 

area such as climate data, land use data, soil data, geology topography, and the 

boundary conditions, to achieve this objective they use different approaches 

including the finite difference and finite element techniques [40]. 

2.2.1 Physical Models 

The experimental models are being for analyzing the water flow and transport 

process in the soil, thus the physical models are developed in the laboratories 

environment. SandBox Model is mostly known as a physical one and has got 

expertise in simulating groundwater flow and transport processes. Many 

experimental setups were performed to analyze the processes of the variable 

density flow of underground water flow in a saturated medium in the objective of 

applying the validation of the output of numerical models.   Thus, SandBox models 

enable to get the data necessary for performing the benchmark examples [42]. 

Besides, they may be applied to analyze the contaminant in groundwater water and 

remediation under various site conditions. Nevertheless, a number of important 

dissimilarities between the small size of the experimental model compared to the 

real observations on the site. Thus their results should be verified if used with the 

observed ones [42]. 

2.2.2 Mathematical Models 

Various groundwater flow models are categorized as mathematical models and have 

been applied in application from the 18 century.  The basic approach of 

mathematical models is to analyze the behavior of the groundwater reservoir 

system and constitute by expressions including partial differential formulas. 

Generally, the mathematical models are categorized as deterministic and stochastic 

models [42].  In the deterministic ones, it takes into account the principle in which 

the occurrence of considered input events reaches a certain determinable result. In 

the stochastic approaches, there is an advance assumption of uncertainties in input 
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data, and regarding this, the model observes the uncertainties. The deterministic 

models are greatly applied compared to the stochastic approaches, despite the fact 

that the intended trend, in the study to establish the adoption of stochastic 

approaches, exists. Inflow issues, to solve the partial differential equations, there is 

a need for knowing the initial conditions, and boundary conditions, in order to 

numerically solve it [42]. 

Numerical methods are very useful to solve some realistic site cases, especially for 

regional groundwater flow studies. In the last decades, the numerical models were 

attracting the attention of researchers in their design and they become suıtable for 

dealing the complex issues, with the high speed in processing by computers. These 

numerical models presented the interests in modeling the multidimensional and 

complex physical systems, modeling the temporal and spatial distributions of 

different program results, enabling the use of boundaries conditions, matching the 

input information spatial variability and both steady and transient states. Thus 

these models are good for solving the issues of real groundwater flow at different 

scales. As a matter of fact, the design of groundwater flow models for a mathematical 

method by governing equation together with the related boundaries states would 

be much difficult than developing an analytical model approach. The computer code 

is needed for solving the differential equations, and these equations are presented 

by a number of algebraic equations which must be decoded by simultaneously as 

many methods were developed to analyze these numerical models [42].   

In the groundwater flow issue, the hydraulic heads are the approximates responses 

of these models at a given point in time and space domain. Here, a number of 

algebraic formulas with regard to discrete piezometric heads, an environment of the 

model, take a place of partial differential equations at given locations. In solving the 

water-related issues, numerical approaches for many combinations of diffusion-

advection issues were used. In most cases, the groundwater issues can be analyzed 

by pure diffusion equation whereas the solute transport may be described by 

diffusion-advection methods.  

The section below presents the literature about the use of groundwater model 

worldwide: Khalaf and Abdalla (2014) in [43] applied Groundwater modeling 
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system for multi-aquifer systems of Nubian aquifer system located in Weste of Africa 

with aim of studying the issues related to dewatering and increasing in depths of 

groundwater table whether in shallow or deep aquifer. The results of the study were 

used to analyze the optimal pumping rate for various modeling temporal references. 

Qiu et al. (2015) in [44] applied the groundwater modeling system model GMS in 

order to assess the groundwater system and the water resources in the study area 

namely Jilin catchment located in China. In this study, it was proven that the 

groundwater recharge presented the most sensitive parameter in the developed 

model. It was concluded, in this study, that a numerical model such as GMS can be 

applied in the interested area in order to produce efficient results that can be used 

in the investigated area groundwater resources management and sustainability.  

Rahnama and Zamzam (2013) in [45] studied on modeling the groundwater in 

quantity and quality using mathematical models with help of groundwater flow 

model MODFLOW together with MT3DMS in the case study namely  Rafsanjan 

aquifer. Through the results of the study, ıt was suggested that the use of water 

resources in the investigated area have to be reduced and stop the flow provided by 

agriculture wells. 

Guzman et al. (2015) in [15] developed a new approach of integrating Soil Water 

Assessment Tool well known in surface water studies and groundwater flow model 

namely  MODFLOW in order to simulate the dynamic interaction between surface 

and groundwater. The outputs of this developed integration displayed the similarity 

in modeled and observed discharge and groundwater levels and it was concluded 

that this linkage can be applied for modeling dynamic interaction between the 

domain of surface and groundwater water systems. 

Bailey et al. (2016) in [46] focused on studying spatial and temporal patterns 

interactions of surface and groundwater domains at large scale. The study applied a 

coupled approach of Soil Water Assessment Tool and groundwater flow model 

MODFLOW in the Sprague catchment located in the USA in order to examine the 

interaction between surface and groundwater and later on apply this information in 

the water resources management and water rights in the investigated area. The 
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outputs of this study also had shown the potential places from the aquifer to rivers 

with mass loading of heavy nutrients.  

Qadir et al. (2016) in [47] conducted research about a 3-D conceptualization and 

modeling groundwater flow in Dera Ismail Khan basin located in Pakistan. The study 

applied the groundwater flow model Visual MODFLOW for the long-term 

hydrological period in order to examine the present status and future groundwater 

levels in the investigated area. The modeled results showed incremental 

drawdowns during the considered simulated temporal duration. 

Bakker et al. (2016) in [19] have presented a new technique for groundwater model 

by designing a Python package named FloPy that can build model input files, execute 

and post-processing of the results of the MODFLOW model. The application of this 

groundwater flow model in the environment of the python ease the data 

exploration, and possible model evaluations which may be easier for a graphical 

user interface.
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3 

Materials and Methods 

 

     3.1 Study Area Description 

This study was conducted in Ergene river basin which is located in the middle of the 

Thrace region, at the part of north-west of the Republic of Turkey. This investigated 

area is bordered by north Marmara river basin, Meriç river basin and the country of 

Bulgaria, and situated between the latitude coordinates of 466.000 and 602.000 m 

and the longitude coordinates of 4.510.000 and 4.660.000 m as shown in Figure 3.1. 

The Ergene river basin covers 1.4 % of the Republic of Turkey and possesses an area 

of approximately 11,000 km2. The topography in the digital elevation map shows 

that the minimum and maximum elevations in the Ergene river basin reach 

respectively 2.4 m and 1,021 m above the sea level as shown in Figure 3.1. The main 

river of Ergene drainage area runs from the West-side in the Istranca Mountains to 

the East side of the catchment with the length of 265 km with the average annual 

discharge of 28.7 m3/s. The River of Ergene and its affluent streams are of great 

importance source of the water in the north-western side of the Republic of Turkey. 

It assists the economies of the area as a the main source of the water in supplying 

the municipal domestic water for approximately around 1,150,000 habitats and the  

industrial water needs for  approximately around 2,500 textiles factories located in 

this area, the agricultural water needed by crops in irrigation, noted that the 

agricultural lands mainly control the basin with approximately  an area of 73% of 

the whole Ergene river basin and maintaining the sustainability of the ecosystem 

life in this region. 
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Figure 3. 1 Ergene Catchment Geographic Context and Available Gauging Stations 

       3.2 Water Balance Modeling Based on mGROWA Model 

A grid-based hydrological water balance model mGROWA was designed the 

application of regional or catchment scale,  for spatially highly resolved long-term 

estimation of water budget components including direct runoff, evapotranspiration 

and groundwater recharge[13]. Regarding the classification of models by Becher 

and Serban (1990) in [48], it is categorized as a grid-based hydrological water 

budget model. The development of mGROWA goes around the flow of ideas of 

conceptual models where the representation of the hydrological operation uses the 

fundamental laws of physics. However, this model at a certain level, it has an 

empiricism approach. In addition, the mGROWA approach is extremely dependent 

to the basis of the data which is mostly area covered by the regional information for 

groundwater resources management and the need of having spatially highly 

resolved water quantities patterns, for instance for 100 m resolution or lesser, 

which is appropriate for the execution of sustainable groundwater resources 
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management. mGROWA, in its first run, estimates physically the soils moisture 

dynamics, capillary rise, from the groundwater to the root zone, total runoff and 

actual evapotranspiration in daily time. 

 

Figure 3. 2 mGROWA Model Input Data and Its Simulation Scheme 

Figure 3.2 shows the general modeling scheme realized in mGROWA. The left 

column lists the spatial data basis mandatory for performing simulations. The 

middle column shows the main water balance quantities simulated by the 

programme Mgrowap. The separation of runoff components and groundwater 

recharge is based on results produced by Mgrowap and is performed by the 

programme Mgrowa Runoff Separation. 

The water budget quantities for each discrete grid cell and the vertical flux are 

determined by applying the water budget formula in Equation 3.1. 

𝑑𝑠

𝑑𝑡
= 𝑝 + 𝑞𝑐𝑟 − 𝑒𝑡𝑎 − 𝑞𝑡                                                                                                         (3.1) 

Where s denotes the storage level  that can be stated as  the soil moisture (mm/day), 

p presents the precipitation in a grid cell (mm/day), 𝑞𝑐𝑟 stands for the capillary rise 

from the groundwater, eta denotes the actual evapotranspiration (mm/day) 
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estimated by using equation 3.2, and 𝑞𝑡 shows the total runoff in the grid cell 

(mm/day).  

The actual evapotranspiration depends on grass reference evapotranspiration (et0), 

crop coefficient (𝐾𝐿𝑁), relief function depending on slope and aspect (𝑓(𝛽, 𝛾))and a 

function of soil water content (s) as denoted in equation 3.2, f (β, ɤ) was obtained by 

applying the equation 3.3.  

𝑒𝑡𝑎 = 𝑒𝑡0. 𝐾𝐿𝑁 . 𝑓(𝛽, 𝛾). 𝑓(𝑠)                                                                                                  (3. 2) 

In the high elevation of topography, the actual evapotranspiration rates are also 

affected by topographic factors such as slope and aspect. This impact is considered 

in the form of a correction factor given by equation 3.3. 

𝑓(𝛽, 𝛾) = 𝛾[1.605 ∙ 10−2 ∙ sin(𝛽 − 90) − 2.5 ∙ 10−4] + 1                                            (3.3) 

Figure 3.3 shows the dependency of the correction factor on relief factors such as 

aspect and slope. It is shown that the actual evapotranspiration on southerly 

exposed slopes prevails or dominates that on northern slopes. 

As a result, for instance, a 16 % higher evapotranspiration rate is determined for 

southerly exposed slopes for a slope inclination of 10° compass direction than flat 

land.  When it comes to the northerly exposed slopes for the slope inclination of 10° 

compass direction, against this background, the rate of evapotranspiration is 

determined to be equal to 84 % of the evapotranspiration of flat area. These 

dissimilarities in evapotranspiration raise with increasing slope inclination.  

Because of the additive correlation between precipitation and actual 

evapotranspiration in the simulation of the total runoff rates, it can cause a change 

of the runoff rates for determined considerations. 
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Figure 3. 3 Function Values of Topography  

Depending on the site parameters and conditions e.g. vegetation covered land, 

impervious covered land, and free water, the storage function can be determined. 

Equation 3.4 represents the Disse function which is the inter-dependent function of 

actual evapotranspiration and varies in the range [0,1]. When the soil water content 

diminishes to the permanent wilting point, the Disse-function turns to zero thus the 

real evapotranspiration does. When the water content in the soil increase up to field 

capacity level, the Disse function displays 1 and thus the real evapotranspiration is 

maximum.                                            

f(θ) =
1−e

−r
θ−θpwp

θa

1+e
−r

θ−θpwp
θa −2∙e−r

                                                                                                         (3.4)    

where   θ represents the actual soil water content, e stands for the Euler number, r 

shows vegetation or plant-specific factor, θa  represents the plant's available soil 

water content at field capacity, θpwp  soil water moisture at the permanent wilting 

point.  

In the land located in impervious surface, e.g. in urban areas, the storage function is 

determined by applying the equation 3.5 and the storage function equals to 1 for the 

water body areas as enough quantity of the water is accessible for the evaporation 

action. 
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f(s) = {

1,                                          s ≥ et0. KLN. f(β, γ)

0,                                                                    s = 0
s

et0.KLN.f(β,γ)
,               0 < s < et0. KLN. f(β, γ)

                                                    (3.5) 

The water storage capacity of 1 mm over an impervious grid located in urban areas 

[49] is considered in mGROWA and if daily precipitation goes beyond the 1 mm, the 

excess of precipitation becomes the direct runoff. Consequently, the more 

impervious sites exist in the investigated area, the more direct runoff is generated.  

In the second run of the simulation,  mGROWA split up empirically the total runoff 

into direct runoff and groundwater recharge and the outputs of the model are 

presented in monthly time steps as it was proved that the groundwater 

management does not need a higher temporal resolution[13].  The separation 

approach applied the concept of a base flow index (BFI) as described in Kunkel and 

Wendland, (2002) in [25](Equation 3.6). 

𝑞𝑡 = 𝐵𝐹𝐼. 𝑞𝑡 + (1 − 𝐵𝐹𝐼). 𝑞𝑡 = 𝑞𝑟 + 𝑞𝑑,                                                                            (3.6) 

Where qd shows direct runoff and qr denotes the groundwater recharge. 

Figure 3.4 presents the concepts of BFI that are used in distributed water balance 

model mGROWA for determining the groundwater recharge in the investigated area. 

The impervious area, such as urban areas, generates a total runoff which equals to 

direct runoff as presented in Figure 3.4. Under this impervious area, there is no 

account of the recharge due to the imperviousness of cover of the land, there is even 

no penetration of the water counted in these areas.  In the previous areas, such as in 

the vegetation land cover, or the dependent wetland zones, the groundwater table 

level plays an important role in the hydrograph separation. In a shallow zone, the 

net groundwater recharge is estimated due to the impact of the capillary rise 

occurring in such kind of area. In the area that the impact of capillary rise is not 

taken into account, the rock types of investigated area dominate the recharge. 

Regarding the types of rocks of an aquifer, the base flow index is determined [13]. 
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Figure 3. 4 Base Flow Index Method for Total Runoff-Separation in mGROWA [13] 

3.2.1 Computation of Daily Climate Drivers 

Two categories of climatic input data have to be prepared for the mGROWA-

simulation. First, station-based daily time series of 𝑝 and 𝑒𝑡0 in order to derive the 

time behaviour  and second, regionalised monthly sums of 𝑝 and 𝑒𝑡0 in a grid format 

in order to input a precise water and energy budget. There are mainly two reasons 

for the use of the monthly budget in grid format in the end. (1) The number of 

interpolations to perform increases significantly if they are performed on a daily 

basis and thus the runtime of the pre-processing of the simulation and eventually 

the occupied disk space. (2) The regionalisation of station-based monthly sums of 𝑝 

and 𝑒𝑡0 lead to a more reliable spatial distribution compared to a regionalisation on 

a daily basis because of the short-term spatial heterogeneity of these quantities. 

Finally, the modeller is able to use regionalisation techniques which are suited for 

the specific conditions in the area under consideration. 
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The programme Mgrowap repeats the sorting of the two internal lists of p- and et0-

stations concerning the distance of stations to the grid cell being processed in 

ascending order. Each grid cell is encompassed by four quadrants in the 

mathematical meaning. For each of these quadrants the programme determines the 

nearest p- and et0-stations that have daily values for the month being computed 

available. Based on these four stations (in the best case), the programme computes 

so-called merged daily sums for the days belonging to the corresponding month by 

using the inverse distance weighting method [50]. If in any quadrant no suitable 

station could be found, the number of stations is reduced, respectively. The merged 

daily sums are then used as weights for the calculation of daily values based on the 

gridded monthly sums by using the following equations 3.7 and 3.8: 

𝑝𝑖 = 𝑝𝑔 ·
𝑝𝑠𝑡,𝑖

∑ 𝑝𝑠𝑡,𝑖
𝑡
𝑖=1

      (3.7) 

𝑒𝑡0,𝑖 = 𝑒𝑡0,𝑔 ·
𝑒𝑡0,𝑠𝑡,𝑖

∑ 𝑒𝑡0,𝑠𝑡,𝑖
𝑡
𝑖=1

     (3.8) 

i - index of the days in a month, g - grid-based monthly value, t - the number of days 

in that month, st - merged station-based daily value. By using this approach, the 

simulation results finally base on the water and energy budget originating from the 

monthly grids and have obtained their climate-induced time behavior from the daily 

station-based time-series.  

3.2.2 Method for Base Flow Determination 

In the Ergene river basin, the only 10 streamflow gauging stations were identified 

to possess data and their hydrographs represented the data since the hydrological 

year of 1991 to 2010. 

The ArcGIS tools were used to delineate the sub-basins based on the availability of 

gauging stations, and the river grid map and topographic data from the Ergene 

digital elevation model(DEM). The daily mean data of total runoff was analyzed at 

selected gauging stations for the calibration and verification of the mGROWA model 

results analysis as shown in figure 3.6. The selected 10 discharge stations constitute 

areas in the catchment in the range from 50 to 1094 km2, these sub-catchments 
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present a large change in characteristics related to climatological data, geological 

information, and site soil parameters. The recorded mean long-term total runoffs 

have been used to test the validity of the estimated mean long-term total runoff.  In 

the numerous number of literature, it has been proven that the groundwater 

recharge may solely indirectly be estimated from the observed discharge by 

adopting relevant hydrograph separation methods.  

For the determination of BFI values, in the first step, the recorded runoff was used 

to estimate the base flow indices values within the selected sub-basins.  For this 

purpose, the runoff data were assessed, however, it was found that the most basins 

of Ergene are greatly affected by activities of water management such as irrigations, 

dams and other reservoirs, thus the necessity of using a large scale has to be taken 

into account for this purpose. The basin related base flow indices (BFIbasin ) were 

estimated according to the equation 3.9. 

BFIbasin = QG/MQ                                                                                                                  (3.9) 

Where MQ stands for Mean annual discharge in m3/s, and QG means groundwater 

discharge in m3/s. 

The base-flow in the interested sub-basins was separated from the total observed 

discharge by applying the method known as monthly low water flow rates (MoLR) 

[51]. Wundt (1958) in [52] showed that, regarding the unconsolidated aquifers, for 

long term series of years, for instance, more than 10 years, the mean monthly low 

water flow values present the accurate estimates of groundwater recharge of the 

investigated area. This approach is known as Monthly Mean Low water discharge 

for a prolonged long period of years (MoMLR). Regarding the impervious zone such 

as hard rock aquifer, the MoLR-values are not accurate compared to the mean 

groundwater recharge, as the MoLR possesses also valuable quantities of direct 

runoff, such as direct runoff and interflow, whıch is also taken into account by the 

MoMLR method. Thus, Kille (1970) in [53] and Demuth (1993) in [54] generated a 

useful hydrograph separation method for the consolidated zones, to allow a 

decrease of MoMLR values in the interflow component as shown in figure 3.5. 

MoMLR-method is presented in equation 3.10. Then, the MoMLRr-value were 

generated by the use of concept the slope m, the number of MoLR values n and the 

axis intercept y0 as shown in figure 3.5 and expressed in equation 3.11 
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𝑄𝐺 ≈ 𝑀𝑜𝑀𝐿𝑅 = ∑ 𝑀𝑜𝐿𝑅𝑖/𝑛𝑛
𝑖                                                                                        (3.10) 

𝑀𝑜𝑀𝐿𝑅𝑟 = 𝑚 ∙
𝑛

2
+ 𝑦0                                                                                                     (3.11) 

 

Figure 3. 5 Separating the Interflow Component from Groundwater Recharge in 

Consolidated Rock Areas(MoMLRr-method) 

3.2.3 Attribution of Area-Differentiated BFI Values in mGROWA 

In the unconsolidated rock regions, the mGROWA model uses the BFI values from 

the literature, as it was proven by my studies such as [55] and [56] to reach to the 

realistic groundwater recharge values. BFI are presented in table 3.1.  For the solid 

rock regions, as the effect of geological subsoil conditions by far predominates that 

of soil characteristics by Kunkel and Wendland(1988) in [55], the influence of 

geology in determining the river flow fractions, and they established the hydraulic 

conductivity classes and their corresponding BFI values generated by calibration 

(Table 3.2).    
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Table 3. 1 BFI-values of the Unconsolidated Rock Areas According to Dörhöfer & 

Josopait (1980) [56], Hennings (2000) [57] and Wessolek & Facklam (1997) [49] 

 

Table 3. 2 The Classification of the Hydrogeological Properties of the Hard Rocks 

in North Rhine-Westphalia and the Associated BFI-Values Obtained by Calibration 

 

file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_56
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_57
file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_49


31 

 

 

Figure 3. 6 Procedure in the mGROWA Model for BFI Calibration 

The calibration is performed in a catchment-area-related manner. For this purpose, 

the relative area fractions (ai) of the individual site parameters in each region under 

investigation were multiplied by the respective (BFIi), added up and compared with 

the base flow indices observed (BFImeas). As expressed in equation 3.12 below: 

                                                        (3.12) 

where MR denotes the measured long-term average total runoff.  

The base flow indices varied in a continuous iteration process (depending on the 

properties of rock types) by maximum likelihood method, until the sum of the 

square deviations between calculated and measured base flow fractions, assumes 

the lowest value, as shown in the equation 3.13. 



32 

 

                                                                                                         (3.13) 

3.2.4 Validation of mGROWA Models Results 

The validation of mGROWA model, in the investigated area, was performed by 

comparing the observed and estimated water budget components of Ergene river 

basin by applying the Nash-Sutcliffe index techniques[58] to spatially analyzing the 

differences in estimated recharge and total runoff with observed hydrographs in 

sub-basins having the sufficient discharges recorded data. 

The Nash-Sutcliffe index, commonly known as the efficiency index noted as Ef has 

been widely used and possibly considered as a valid statistic indicator for analyzing 

the goodness of fit of a model [59]. The efficient index Ef can change with the interval 

of –∞ and 1.  The acceptable interval relies on the interval of 0 - 1, if a negative 

occurs, this shows a nonconformity in the development of the hydrological models, 

where the value of 1 reveals a perfect performance. The other concept for this 

efficient index was presented by Herrmann et al. (2015) in [13] for applying 

simultaneously this efficient for the all selected discharge stations within the basin 

together with their related drainage areas by using the Equation 3.14.     

𝐸𝑓 = 1 −
∑ (𝐴𝑖.(𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑,𝑖−𝑄𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑,𝑖)

2
)𝑛

𝑖=1

∑ (𝐴𝑖.(𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑,𝑖−𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑,  𝐴𝑉
)

2
)𝑛

𝑖=1

,                                                                      (3.14)                                                                             

Where Q observed denotes the recorded discharge per unit of area, Q simulated stands for 

the related modeled discharge, Q observed, Av represents the observed overall discharge 

per unit of all considered sub-basins, A stands for the specific basin area and i is the 

sub-basin indicator. 
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Figure 3. 7 Procedures for Validating the Simulated Water Balances by mGROWA 

Model 

Figure 3.7 presents the procedure for mGROWA model validation. First of all, a 

blending of the gauge-related catchment areas with the total runoff levels calculated 

by the GROWA model in an area differentiated manner is performed. The individual 

values of the grid cells are then integrated over the respective catchment areas and 

compared with the measured runoff levels. The attention was considered here that 

the same reference period is used for both the calculation and the gauge through-

flow values. If a satisfactory agreement is achieved for a sufficiently large number of 

catchment areas, it was assumed that representative information has been obtained 

with the underlying model. 

       3.3 Principal Component Analysis 

During this research, a multivariate approach known as Principal Component 

Analysis (PCA) was used by means of the software called the XL-STAT. The principal 

component analysis is defined as of the multivariate statistical tools applied to 
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perform an assessment of data tables which possess the recorded data from 

surveying and quantitative inter-correlated dependent variables. The aim of the 

tools was to convert the data table into a new generated orthogonal and without 

correlation inset of parameters known as principal components (PC), which can be 

useful to withdraw the important information from the data. PCA  squeeze the data 

by saving only the most significant information in it, making easy meaningful, and 

investigating the structure data with its configuration [60]. In this research, the PCA 

helped to decrease redundancy in the database but also to provide the controlling 

factors that present the high variance in recharge, therefore the variables mostly 

contributing to the spatial pattern or change in recharge of Ergene river basin.  A 

varimax rotation technique has been done for rising the variation between the 

factors for each component [61]. 

In the use of PCA, the standardization concept of the original variables eliminates 

the impact of calculation units, returning the data dimensionless, as shown in 

equation 3.15.  

𝑍𝑖 = (𝑋𝑖 − 𝜇)/𝜎                                                                                                                    (3.15) 

Herein Zi stands the standardized variable i, 𝜇 presents the mean, 𝜎 means the 

standard deviation of the set of available data, and 𝑋𝑖 denotes the original variable 

i. 

The PCA technique breaks down the original matrix presented as X into two factors 

namely factor scores and factor loading matrices, as expressed in equation 3.16. 

𝑋 = 𝑇𝑃′ + 𝐸                                                                                                                          (3.16) 

Herein, the X is the standardized matrix of variables, T (I observations of J variables) 

matches to the matrix J PCs; P’ stands for the original transpose where E denotes the 

residual matrix. 

3.3.1 Procedures for PCA  

Firstly, the Pearson product moment correlation coefficient was determined and 

used to show the strengths of correlations among the recharge and drainage area 

characteristics [62]. The matrix of correlated parameters with catchment area was 
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calculated, then the linear relationship between the Ergene river basin 

characteristics was done by determining the Pearson correlation among the 

characteristics, these correlations rely on the range of -1 and1. The significance of 

the correlation is given by the high coefficient, the positive and negative signs show 

the similarity and the reverse in the direction respectively among the characteristics 

of the drainage area [63]. 

Secondly, parameters which were found meaningfully correlated with the recharge 

had been assessed with the principal component analysis method. In the 

presentation of components, the first one possesses the information of a high 

portion of the variance in the original data. The eigenvalue of the principal 

components was calculated and the PCs possessing an eigenvalue higher than 1 with 

a factor loading greater than 0.7  was taken into account as the variables that 

influence mostly the spatial patterns of recharge [9], [31]. Regarding the PCA, the 

highly weighted variable in PCs has been estimated regarding the status of 

correlation values and their sums [62].  This technique has decreased the number of 

variables and generate a small dataset that presenting a high control of the recharge 

in the Ergene river basin. 

 

Figure 3. 8 The Overview of the Methodology for Assessing the Recharge and its 

Controlling Factors 
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The overview of the approach used to deal with the first objective consists of 

mGROWA model application to determine different water balance quantities 

including recharge. Against this background, the spatial distribution was 

determined as a dependent function for different attributes including relief, soil 

groups, land use type, and hydro-climatic characteristics. Then the Wundt and Kille 

separation approach were used to estimating the base flow. The recharge obtained 

from the mGROWA model and base flow were compared. Next XL-STAT software 

was used to detect the influencing characteristics affecting the recharge. Then, PCA 

was applied to reduce the dimensions of the data and to detect the data with high 

variance together with the recharge.   

      3.4 Groundwater flow modeling   

In this study, a subsurface water model known as MODFLOW was applied in the 

python environment to simulate groundwater flow dynamics in the study area. 

MODFLOW is a remarkably adaptable three-dimensional model which generates 

groundwater conditions and flow dynamics through the confined or/and 

unconfined aquifer [14]. It is characterized as a finite-difference model.  MODFLOW 

incorporate the approaches to determining the flow from external stresses e.g. 

wells, drains river beds, areal recharge, head boundaries, and evapotranspiration. 

The equation 3.17 exhibit the three-dimensional groundwater flow formula 

operated in sub-surface water model (MODFLOW). The formula was obtained by 

expending the conservation of mass concept applied on a control volume of an 

investigated area. 

Ss
∂h

∂t
=

∂

∂x
[Kxx

∂h

∂x
] +

∂

∂y
[Kyy

∂h

∂y
] +

∂

∂z
[Kzz

∂h

∂z
] − W                                                        (3.17) 

Where Kxx, Kyy, and Kzz are function of space stand for hydraulic conductivity in x, y 

and z directions respectively with units of [LT-1]; h denotes the potentiometric 

head[L]; W is a function of space and time and expresses the water source and /or 

sinks [L3T-1]; Ss stands for the specific storage[L-1], and t denotes the time[T]. Figure 

3.9 shows the database and all steps of groundwater modeling procedures that were 

taken into account during this study. 

file:///E:/PhD/Thesis/Report_thesis/phd_thesis.docx%23_ENREF_14


37 

 

 

Figure 3. 9 Procedure for Data Processing and Groundwater Modeling Studies 

The solution to equation 3.17 is attained when applying approximation of block 

centered finite-difference. Together with the boundary information and initial 

conditions, equation 3.17 presents the transient flow existing in the heterogeneous 

and anisotropic medium given that the principal axes of hydraulic conductivity are 

aligned with the coordinate directions. In this study, we considered a steady state 

condition, thus the right term of the equation 3.17 is not considered. MODFLOW 

packages are the basic package (BAS), Block-centered flow package (BCF), 

Horizontal flow barrier package (HBF), and source term packages, which can be 

head dependent or head independent packages. The head dependent packages 

include the river package (RIV), drainage package (DRN), general head boundary 

package (GHB), and evapotranspiration package (ETV).  The head independent 

packages are the well package (WEL) and recharge package (RCH).  

      3.5 Coupling Methodology 

In the coupling mGROWA and MODFLOW models, one model runs then after the 

second model runs with the interrupted transmission of input data. The most 

important mGROWA outputs were the groundwater recharge rates which was used 

as the upper boundary condition of the MODFLOW model. Iterative mGROWA-
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MODFLOW applications will be done in order to improve model results relating to 

groundwater dynamics. A grid-based water balance model mGROWA model is 

applied to the investigated area to determine the spatial and temporal water balance 

quantities including surface runoff, actual evapotranspiration, and groundwater 

recharge. As in the dependent wetlands areas, to estimate the evapotranspiration 

and recharge, the position of the water table plays the important role in calculation, 

the mGROWA model, in this study is iteratively coupled with the groundwater flow 

model MODFLOW which is capable to generate the groundwater table level within 

the catchment as input data in mGROWA. which in coupling the mGROWA returns 

the groundwater water recharge to MODFLOW. The stabilization of results was 

verified manually and it was done by checking the differences between the current 

and the previous modeled results the iterations were stopped. The coupling was 

done python environment by considering the following steps: 

1. Build a running MODFLOW model that has the desired input parameters and 

initial conditions including the groundwater recharge, 

2. Run MODFLOW for one-time step,  

3. Use the FloPy HeadFile class to read the binary heads file created by 

MODFLOW.  Read these heads, and then write them out to a file that can be 

read by mGROWA model, 

4. Run the mGROWA model, 

5. Read the recharge results from the mGROWA model and then write them to 

the MODFLOW recharge package, 

6. Go back to step 1 and repeat for the next stress period. 

3.5.1 Import Libraries in Python Environment 

This study necessitates Python core libraries such as Scipy libraries (stands for 

a Python-based ecosystem of open-source software for mathematics, science, and 

engineering) such as numpy (to deal with an N-dimensional array object) and 

matplotlib (used to plot library for the Python), and the Flopy library. For the 

management and data extraction from raster files, the GDAL library was used. 

The MODFLOW and FloPy utility packages were imported where the aliases 

were also provided as bf for utilities. During this study, the FloPy package is 
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composed of some python scripts to run MODFLOW, MT3D, SEAWAT, and other 

MODFLOW-related groundwater programs. The os is a python package applied to 

provide access to operating system dependent functionality for instance to open 

files. 

3.5.2 Generate a MODFLOW Model Object 

The second step is to generate a MODFLOW model object which is saved in a Python 

variable named as the model. The set up of the model name and working directory 

is provided. In this study, based on regarding the complexity existing in the 

geometry and layers thickness and elevations, the Newton solver was applied to this 

model in order to find the solutions of the finite difference equations in every step 

of a MODFLOW-NWT stress period in Python environment. Linmeth stands for as a 

flag that shows that can be applied by matrix solver, and in this code, the number 2 

shows that XMD is applied in the simulation. For increasing the MODFLOW model 

performance, specifically in non-linear issues, the Newton linearization approach 

can be applied and has been integrated in MODFLOW 2005 as  NWT solver package 

to resolve the non-linear linear formulas. The NWT solver package is mostly used 

for assessing the common issues related to unconfined aquifers and the interaction 

between the surface and groundwater. Furthermore, for a wide range of hydraulic 

conductivities existing in the rocks type of an investigated area, the MODFLOW 

presents the difficulties for solving a matrix that gathers together all of the 

numerical discretization equations and obtaining the solutions. Thus, χMD solver 

package, which is relying on a preconditioned gradient sort matrix solver, can be 

applied to increase the performance of the model. The preconditioning procedure 

allows different levels of incomplete (lower-upper) LU decomposition and 

arranging of unknowns. The maxiterout here stands for the maximum number of 

iterations to be allowed for the solution of the nonlinear problem for this model.  

 3.5.3  Working with Raster Files 

The GDAL library was necessary to work with the raster such as digital elevation 

model DEM and boundary conditions in order to have the geo-transformation 

parameters. The raster should have the same working grid cell resolution. The 
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information from the raster can be read by means of Numpy arrays and as input to 

the top of the model (Figure 3. 10) 

 

Figure 3. 10 Importation of the Libraries, the Creation of the Object and Reading 

Raster file in Python 

1. Spatial Discretization 

The discretization of Ergene catchment model was indicated by the MODFLOW 

discretization file called DIS.  The geology of Egene river basin reveals that it is 

mainly composed of four main layers such as alluvium layer, aquiclude, aquifer, and 

an aquitard. The geometry of each layer was prepared by ArcGIS tools and imported 

in the python. In the discretization, the first input data was the model object created 

in the previous code. The column and row number and dimension for the Ergene 

river basin model come from the imported raster attributes. 

2. Description of groundwater flow packages for the MODFLOW model 

To specify if the grid cells are active or inactive with the purpose of making the 

conductance of inactive cells to be zero. The so-named boundary array IBOUND 

which a terminology of the MODFLOW model was applied. IBOUND can be used as 

an indicator of the boundary variable in the investigated area. Only one value can be 

attributed to every model cell.  Generally, IBOUND numbers are read a layer at a 
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time. In three dimension the value of IBOUND can be expressed as presented in the 

below statement: 

If IBOUND (J, I, K) < 0, means cell J, I, K possesses constant head. 

If IBOUND (J, I, K) = 0, means cell J, I, K is inactive. 

If IBOUND (J, I, K) > 0, means cell J, I, K is active and means heads will be determined. 

In this study, the basic package(BAS) are used to describe the active cells where 

there is a need to compute the heads and the IBOUND array was used for this 

purpose. NumPy package was applied to firstly initialize existing arrays 

characterized by code 1. HNOFLO variable is MODFLOW terminology which stands 

for the value of the head to be assigned to all inactive grid cells in the modeling. As 

the head existing in the no-flow cell or inactive grid cell are considered as unwanted 

heads in the model simulations, it will not influence model output, thus to be used 

in the indication of inactive grid cells in case of the head results are printed.  

NRCHOP is MODFLOW terminology and in this model stands for one of the option 

code of recharge. In the investigated area, the recharge fluxes were expressed in the 

layer variable by a presentative number assigned for every vertical column. Against 

this background, the groundwater recharge was assigned to the cell for every 

column thus the option code shows the grid cell is assigned to recharge.  The code 1 

presents that the recharge is only assigned to the of the grid layer, the code 2 means 

that the vertical distribution of recharge is identified in the layer variable, and the 

code 3 reveals that the groundwater recharge is assigned to the highest active grid 

cell in every vertical column (figure 3.11). 
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Figure 3. 11 Discretization and Defining Flow Packages in Python Script 

For this model, the sorts of results that MODFLOW prints to a result file are 

identified by the output control (OC) package of the MODFLOW model. For this 

context, the balance outputs are written and heads are stored thus no arguments are 

required (figure 3. 12). 

 

Figure 3. 12 The River Package and Output Control Package Definition in Python 

Script 

At the end of the model, the MODFLOW input files were written and saved, these 

files including eight files of the Ergene river basin model and then the generated 

model was executed (figure 3.13).  

 

Figure 3. 13 Code for Writing MODFLOW Input Files and Running the Model 
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      3.6 Input Data 

3.6.1 Hydro-Climatic Data 

Table 3. 3 Datasets for mGROWA Model 

 Data base Scale/spatial 

resolutions 

Data source 

Climate data 

 

Precipitation (1970 to 2014) 

Temperature (1970 to 2014) 

100x100 m General Directorate of State 

Hydraulic Works (DSI) 

Soil data Main soil groups 

 

 

 

The depth of the groundwater 

table, 

Perching water influence 

Root depth, effective field 

capacity 

 

Capillary rise from the 

groundwater table 

1/25,000 

 

 

 

Derived based on pedo-

transfer functions  

National soil database by 

General Directorate of State 

Hydraulic Works (DSI) 

 

 

National soil database by 

General Directorate of State 

Hydraulic Works (DSI) and 

fields studies 

Land cover Land use types 

Percentage imperviousness 

1/25,000 National soil database by 

General Directorate of State 

Hydraulic Works (DSI)  

Hydrogeology Geological map 1/500,000 General Directorate of State 

Hydraulic Works (DSI) and 

fields studies 

Relief Digital elevation model SRTM 

Ground surface slope 

Ground surface exposition 

 

30x30 m SRTM/X-SAR by National 

imaging and mapping agency 

Runoff  Station data Monthly 

and daily resolution 

General Directorate of State 

Hydraulic Works (DSI) and 

fields studies 



44 

 

Table 3.3 presents the prepared dataset that was used in mGROWA model to 

simulate the water balance components in the Ergene catchment. 

The available climatic information in Ergene river basin was collected from 41 

stations and climatic data were used, in this research, in water balance components 

simulation. All the data were collected from the Turkish General Directorate of State 

Hydraulic Works (DSI) and specifically, the collected data includes daily 

precipitation and extreme temperature data. The grass reference 

evapotranspiration rates were estimated by applying Hargreaves approach [64] 

where the input data was the minimum and maximum temperature Tmin and Tmax 

respectively, and average temperature (daily temperature) and extraterrestrial 

radiation as shown in the equation 3.18.   

𝐸𝑇0 = 0.408 ∗ 𝐾𝐻𝑅𝑎 ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)𝑒𝐻 ∗ (
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

2
+ 𝐾𝑇)                                   (3.18) 

Where KH, KT and eH coefficients should be adjusted depending on the region of 

application. 

The Hargreaves method was decided to be an appropriate and accurate approach 

by the Food and Agriculture Organization (FAO) for determining the grass reference 

evapotranspiration in case study presenting the issues of climatic data availability 

such as relative humidity, net solar radiation, wind velocity etc [64]. Nevertheless,  

for humid regions, this approach needs calibration [65]. For Turkey as well, there 

was a need for calibration in order to estimate the grass references 

evapotranspiration, the study of Cobaner et al ( 2017) in [66] provided the 

calibration of Hargreaves in Turkey, and modified it, this modification suggests the 

use of coefficient KH =0.00419, KT=17.8, and eH=0.2342. Then by means of GIS, the 

datasets were generated as digital datasets for the period of 1991-2010 as shown in 

Figures 3.14 and 3.15 in the form of grids pattern. 
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Figure 3. 14 Daily Precipitation Data Availability and the Period for the Modeling 

 

Figure 3. 15 Daily Temperature Data Availability and the Period for the Modeling 

In figure 3.14 and 3.15, it can be seen that most of the stations' data do not cover the 

whole years between 1970 and 2014. There are 41 climate stations that have the 

precipitation and temperature data. Only 5 stations and 6 stations for precipitation 

and temperature respectively, can provide the data for the whole period 1970 – 

2014 as presented in Table 3.4 and Figure 3.16. Therefore, after evaluation of the 
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climatic databases, the period of 20 years (1991-2010) was selected as the modeling 

period of the Ergene catchment. 

Table 3. 4 Selected Stations According to the Continuous Availability of Data for 

the 1991-2010 Period 

Precipitation Temperature 

17050Edirne 

17052Kırklareli 

17054Çorlu 

17608 Uzunköprü 

17632 İpsala 

17634Malkara 

17050 Edirne 

17052 Kırklareli 

17054 Çorlu 

17608 Uzunköprü 

17631 Lüleburgaz 

17632 İpsala 

17634 Malkara 

 

Figure 3. 16 The Location of Gauging Stations Used in Ergene Catchment 
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Figure 3. 17 Daily Average Temperature for Considered Stations in Ergene 

Catchment 

 

Figure 3. 18 Monthly  Average Temperature for Considered Stations in Ergene 

Catchment 
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Figure 3. 19 Daily average Precipitation for Considered Stations in Ergene 

Catchment 

 

Figure 3. 20 Monthly Average Precipitation for Considered Stations in Ergene 

Catchment 
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Table 3. 5 Extracted Statistics about Climatic-Variables 

Temperature 
Stations  

Minimum Average maximum 

Daily Monthly Daily Monthly Daily Monthly 

17050 Edirne -10.5 -1.42 14.22 14.16 33.1 27.83 

17052 Kirklareli -11.35 -0.36 13.93 13.85 33.35 27.2 

17054 Corlu -10.35 -0.95 13.58 13.5 32.5 26.74 

17608 Uzunkopru -11.6 -2.42 13.83 13.76 31.8 28.08 

17631 Luleburgaz -11.2 -2.3 14.17 14.1 32.95 28.02 

17632 Ipsala -9.45 -0.27 14.65 14.57 31.95 27.61 

17634 Markara -10.6 -0.72 13.79 13.64 33.25 27.64 

Precipitation 
Stations 

Minimum Average maximum 

Daily Monthly Daily Monthly Daily Monthly 

17050 Edirne 0 0 1.66 50.72 91.5 180.2 

17052 Kirklareli 0 0 1.5 45.82 74.9 161.71 

17054 Corlu 0 0 1.5 48.05 111.3 205.4 

17608 Uzunkopru 0 0 1.72 52.35 105 214.45 

17632 Ipsala 0 0 1.63 49.78 98.8 208.8 

17634 Markara 0 0 2 61.11 115.1 406.4 

 

Table 3.5 summarizes the descriptive statistics of the information data provided in 

figures 3.17,3.18, 3.19 and 3.20. It shows the average daily and monthly statistics 

(minimum, average and maximum) climatic data. 

The Ergene river catchment is dominated by terrestrial climate, summers are hot 

and arid in the north, whereas the winters are cold. In the south part, it is 

characterized by a Mediterranean climate where the summers are hot and dry and 

winters are warm and rainy. During the year, January and February are the coldest 

months, with an average minimum temperature of 4 0C, whereas June and July are 

the hottest months, with an average maximum temperature of 20 0C (Figure 3.17 

and 3.18). The average annual temperature of the Ergene river basin is around 13 

0C. The mean annual long-term precipitation is about 590 mm, the highest 

precipitation amounts occur in November and the minimum in August. In the south, 

annual precipitation distribution increases from 650 mm/year to 730 mm/year, 

whereas in the northern part, the precipitation ranges from 600 mm/year to 900 

mm/year. In the Ergene river basin, since 1991, the precipitation information has 

been collected and no remarkable trend was found in precipitation. The annual 

average evapotranspiration ranges from 450 to 950 mm/year.  
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The climatic data, precipitation, and grass reference evapotranspiration were 

needed to be generated in the format of American Standard Code Information 

Interchange(ASCII) grid cells for the resolution of 100 m.  For this purpose, the 

ArcGIS tools were used, and the inverse distance weighted method was adopted for 

interpolation of climatic data for the case study [67]. This approach has helped to 

generate the distribution of precipitation and grass reference over the Ergene river 

catchment. Over a period of 1991-2010, the long-term precipitation and grass 

reference evapotranspiration of Ergene river basin was found to be approximately 

591.29 ± 66.9 mm/ year and 1035.26 ± 34.46 mm/year respectively. As the standard 

deviation counts more, the spatial variability of the precipitation and grass 

reference evapotranspiration is high over the basin. The next task was to settle the 

spatially distributed precipitation and grass evapotranspiration to be used as input 

data in the mGROWA model, then the daily climatic data were accumulated into the 

monthly data in mm, and their grids were generated to be used as a model as input 

data.  

Discharge data in the Ergene river basin was needed for calibration and validation 

of the mGROWA model results. Data were collected, processed and made available 

by DSI. For the first step, the daily runoff data database for selected gauging stations 

was established, the stations cover the 44% of Ergene river basin.  The selection of 

the gauging stations was done on basis of the availability of the continuous time 

series recorded data, where for this study, the span of 20 (1990-2010) hydrological 

years were taken into an account. The 10 stations were selected with the area from 

20 to 2794 km2, which are greatly showing differences in terms of climatological, 

geological and soils data. The mean long term runoff data helped to validate the 

simulated total runoff by mGROWA. For the groundwater recharge rates, as the 

results of the model, were adjusted and verified by using the baseflow from the 

separation hydrographs by Wundt and Kille method [52], [53]. Table 3.6 shows the 

gauging stations selected and their coverage areas.  
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Table 3. 6 Gauging Stations used for the Validation of the mGROWA Model Results 

for the Long-term Period 1991-2010 

ID Gauging station Catchment 

area(km2) 

Observed Mean Annual Total Runoff 

(m3/s/a year) 

D01A008 Lüleburgaz 2794 109.5 

D01A020 Inanlı 1415 72.9 

D01A063 Ayvacık 25.8 4.5 

D01A031 Soğucak 71.3 4.4 

D01A039 Poyralı 69.4 5.7 

E01A001 Babaeski 478.4 25.9 

D01A065 Çayırdereköy 50.5 4.3 

D01A052 
 

K.Yoncalı 118.3 5.2 

D01A013 
 

Inecik 92.18  
 

4.8 

E01A005 Uzunköprü 10194.8 237.2 

3.6.2 Topographic Data 

The topography of an area can have a high influence on the regional water balance 

components. Primarily, the slope and aspect may impact the rates of actual 

evapotranspiration furthermore the slope helps as input data for estimating the 

base flow portion of river discharge. A distributed map for relief on 100x100 m of 

grid cells was generated by means of GIS tools as presented in Figure 3.21.  
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Figure 3. 21 Aspect and Slope Maps of the Ergene River Catchment 

The slope and aspect datasets were derived from the digital elevation model and are 

presented in Figure 3.21. These datasets were used in formulating the rainfall-

runoff relationship within the basin. 

3.6.3 Landuse 

For the calculation of vegetation actual evapotranspiration, the land use data was 

needed. The presentation of CORINE 2012 which stands for coordination of 

information on environment land covers was used in this study. This presentation 

possesses 44 classes, where 26 of them are presented in the Ergene river basin 

(Figure 3.22). As it can be seen, the high proportion of land use cover is composed 

by vegetation such as non-irrigated arable land with 211 CORINE presentation code 

which occupies approximately 54.9 % of the investigated area, the permanently 

irrigated land comes second with a Corine presentation code of 212 and covers an 

area of 8% of the catchment, thirdly, the land principally occupied by agriculture 
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covers an area of 7.1 % of the study area, then a 6.8% of the total area of Ergene 

basin is covered by transitional woodland-shrub, the other class such boar forest, 

pastures natural grasslands, rice fields and discontinuous urban land (112) cover an 

area of 6%, 3.9%, 3.2%, 2.6%, 1.7 % of the investigated area, respectively as shown 

in Table 3.7. The share of other categories exhibits low percentages (below 1%). For 

Ergene water balance components modeling, the information of imperviousness, 

rooting depth of plants and land-use-specific actual evapotranspiration factors were 

allocated to Ergene digital landscape model correspondingly. 
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Table 3. 7 Classes of CORINE Land Cover for Ergene River Basin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Landuse Categories Total 

area(km2) 

Percentage of 

area(%) 

Continuous urban fabric 11.25604438 0.102134792 

Industrial or commercial units 71.87197731 0.652150009 

Road and Rail networks and 

associated land 

16.81605205 0.152585039 

Mineral extraction sites 25.73104596 0.233477671 

Dump sites 3.025447711 0.027452226 

Construction sites 4.539527242 0.04119064 

Sport and Leisure facilities 0.135598701 0.001230392 

Rice fields 294.0965197 2.668565067 

Vineyards 2.049956045 0.018600836 

Pastures 435.5440924 3.952028237 

Land principally occupied by 

agriculture  

786.6957913 7.138299051 

Board leaved forest 656.5847895 5.957701352 

coniferous forest 111.5690858 1.012352561 

Mixed forest 65.21633963 0.591758263 

Natural grasslands 359.2157988 3.259442626 

Sclerophyllous vegetation 2.729198191 0.024764125 

Transitional woodland-shrub 736.3867723 6.681806431 

Sparsely vegetated areas 43.85892954 0.397965972 

Burnt areas 0.708002226 0.006424252 

Inland marches 2.377825852 0.021575852 

water courses 0.137587343 0.001248436 

water bodies  54.79066509 0.497158059 

Discontinuous urban fabric 43.6608875 0.396168983 

Discontinuous urban fabric 195.9622487 1.778116966 

Non-irrigated arable land 6056.838171 54.95837482 

Permanently irrigated land 905.6041487 8.217246496 

Permanently irrigated land 5.450971523 0.049460878 

Fruit trees and berry plantations 4.123233883 0.037413288 

Fruit trees and berry plantations 3.66805748 0.033283121 

Complex cultivation patterns 78.50727965 0.712357236 

Complex cultivation patterns 41.62175094 0.377666321 

TOTAL 11020.7738 100 
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mGROWA recognizes the land use of 4 classes, thus the CORINE land use cover was 

transformed into the vegetation land, urban land, water body surface and bare 

land as presented in table 3.8. 

Table 3. 8 Land-Use Type used in mGROWA 

Land type Grid-cells number Area(km2) Percentage(%) 

Vegetation land 996325.02 10589.896 96.09 

Urban land 31947.30 339.56 3.08 

Water body surface 5391.49 57.30 0.51 

Bare land 3199.18 34.00 0.31 

∑ 1036861 11020.774 100 

 

Figure 3. 22 Land Use Types of the Ergene River Catchment according to CORINE 

2012 
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3.6.4 Soil Data 

The water balance is particularly governed by pedological factors. In the study area, 

the evapotranspiration rate is controlled by the water stored in the soil, the so-called 

plant available soil water content. This soil hydrological parameter enters in the 

calculation of the water balance values. Information about the available field 

capacity, effective rooting depth and the capillary rise are required to derive this 

parameter. Some other soil parameters, e.g. depth of groundwater table are also 

important for separating the base flow fraction from the total runoff level. As it can 

be seen from Figure 3.23, the 8 soils type were found in the Ergene river basin. The 

brown forest soils without lime greatly control the northern part of this case study. 

Brown soils without lime and vertisol groups occur in the center of the case study. 

 

Figure 3. 23 Soil Groups in Ergene River Basin 

The alluvial soils were found in the location of the river beds and the nearby areas 

whereas the brown forest soils with and/or without lime occurs in the south of the 

Ergene river basin. The small portion of urban soils was found dispatched with the 

case study area as well. In overall, the brown forest soils, brown forest soils without 

lime, vertisols greatly dominate the Ergene river basin with the portion of 33.8, 25.2 

and 23.6 % respectively.  The other soils groups are occurring in the investigated 

Brown soils 
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area are in small proportion, for instance, alluvial soils, brown forest soils, urban 

soils, and rendzinas soil groups cover an area 9.2 %, 5.8 %, 2.1 %, and 0.02 % 

respectively as shown in Figure 3.23 and Figure 3.24. Pedotransfer functions were 

used to provide the parameterization of Ergene river basin soil profiles, and the 

parameters such as rooting depth, field capacity were provided in order to know the 

capacity of storage and release of water for different soils groups of Ergene river 

basin. 

 

Figure 3. 24 Soil groups in the Ergene River Catchment 
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3.6.5 Geology  

Hydrogeological information has given insight into groundwater flow through hard 

rocks and unconsolidated rocks and therefore, this information was used for spatial-

related clarification of the runoff constituents. Within the framework of the data 

requirements of the mGROWA model, the geological units are important for the 

separation procedure for calculating groundwater recharge. 

Figure 3.25 shows the geological units in the catchment of the Ergene River which 

was used in mGROWA for determination of groundwater recharge and Figure 3.26 

shows different sections across the investigated area. 
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Figure 3. 25 Geological Map of the Ergene River Basin 
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Section 1-1 

 

Section 2-2 

 

Section 3-3 

 

Section 4-4 

Figure 3. 26 Section of Geological Units at Ergene River Basin 
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Figure 3. 27 The Recorded Groundwater Depth from Monitoring Wells in the 

Ergene River Catchment   

As it can be seen in the Figure 3.27, the maximum measured groundwater elevation was 

observed in the north part of the investigated area in the range of 400 to 500 m of elevation 

whereas the minimum recorded levels were noticed by in the central and southern part of 

the study area. 
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Table 3. 9 Hydrogeological Classifications of the Rocks in Ergene River Basin 

 

In Ergene river basin, the principal lithological structure is composed of 

metamorphites and clastic rocks. The metamorphites are mainly grouped in gneiss, 

schist and marble rocks and are characterized by the long period of existence 

whereas the clastics are mainly of low age compared to the metamorphites and 

possess low permeability. Basalt rocks were seen in the southeastern part of the 

Ergene catchment in the form of holms.  The tectonic lines were observed in the 

north and northeast. The quaternary rocks covered by alluvium composed by sand, 

gravel, and clay were found along riversides.  Based on the geological information of 

the study area, the hydraulic properties of the geologic rock units were studied and 

summarized in Table 3.9 and Table 3.10. 
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Table 3. 10 The Range of Hydraulic Conductivity in Ergene River Basin  

 

3.6.6 Stating Head  

After generation of the grid with the resolution of 100 x100 m, for groundwater 

computation needs to suppose initial water surface that known as starting head. As 

a default starting head equal to the upper-level elevation of each layer surface as 

shown in Figure 3.28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Min Max
perposed by 

pumpinging Tests
Given

1 Aluvium
Soils and Rivers 

Aluvium
1 400  2-53 35 0.35 Free (Unconfined)

2 Aquiclude clay and silt 0.01 1 - 0.05 0.35 Leaky

3 Aquifer Sand and silt 1 400  0.3-41 Variable (0.3-41) 0.35 Semi-Confined

4 Aquitard Silt and Clay 0.1 10 - 1 0.35 Semi-Confined

Layer Layer Name Matrial

Horizon K (m2/day)

Aquifer TypePorosity
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a. Top layer b. Middle layer 1 

 
 

c. Middle layer 2 d. Bottom layer 

Figure 3. 28 Starting Head of Water Surface as the Initial Condition for 

Groundwater Modeling by MODFLOW 

3.6.7 River and stream  

Generally, river and streams are able to obtain or lose their water from or to 

groundwater reservoir. Rivers and streams are classified in MODFLOW as the head 

dependent boundary. Concerning the Ergene river basin soil properties, 

characterized by alluvium soils in plains, the potentiality of gaining of losing water 

referred to as conductance were determined for this case study. Rivers and streams 
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of the investigated area (figure 3.29) were categorized by their width where their 

conductance was calculated by applying the following relationships: 

Darcy law for flow in media:       

𝑄 = 𝑘
∆𝐻

𝐿
𝐴                                                                                                                                     (3.19)  

Where Q = flow rate [L^3/T] 

k = hydraulic conductivity [L/T] 

A = gross cross-sectional area of flow [L^2]. 

ΔH = the head loss [L] 

L = the length of flow [L] 

The variable  C= k*A/L given as geometry and hydraulic characteristics of the river 

and referred to as conductance [L^2/T]. The river bed thickness and area can be 

represented for rivers in the following form. 

𝐶 =
𝑘

𝑡
𝑙𝑤                                                                                                                                        (3.20) 

where: 

t = the thickness of the material in the direction of flow [L] 

lw = the cross-sectional area perpendicular to the flow direction [L^2]. 

Conductance per unit length should be entered as presented in equation 3.21: 

𝐶𝑎𝑟𝑐 =
𝑘

𝑡
𝑙𝑤

𝐿
=

𝑘

𝑡
w                                                                                                                           (3.21) 

where: 

Carc = conductance per unit length [(L^2/T)/L] or [L/T] 

t = the thickness of the material [L] 

w = the width of the material along the length of the arc [L] 

The computation of conductance for rivers and streams was performed by 

considering the hydraulic conductivity in the alluvium soils of 3.5 m2/day  and the 

calculated conductance is presented in Table 3.11. As it can be seen in table the unit 
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conductance of rivers for unit width of rivers is in the range of 53 to 315    m2/day 

per meter. 

Table 3. 11 The Conductance of the Streams in Ergene Catchment 

 

 

Figure 3. 29 The Streams in Ergene Catchment 

Min Mean Max

1 79 10 15 20 656 1 34440000 53

2 33 20 25 30 532 2 23275000 44

3 35 30 40 50 450 2 31500000 70

4 24 50 75 100 302 3 26425000 88

5 14 100 150 200 86.1 3 15067500 175

6 19 200 270 350 98.5 3 31027500 315

Total 204 2124.6 161735000

 River Width (m)

Class
Length 

(Km)

Thickness 

(m)

Conductance 

(m2/day)

Conductance 

(m2/day/m)
Numbers
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3.6.8 Wells  

In this investigated area, 1178 municipal wells, 1040 industry wells, and agriculture 

were recorded to be available (Figure 3.30). However many of them lacking the 

depth and discharge information. Thus  89 monitoring wells containing the all 

information related to discharge and water levels were used during this study for 

calibration. 

 

Figure 3. 30 The Location Wells and Usage in Ergene River Basin 

3.6.9 Specified Boundary Flux 

Generally, an aquifer can recharge or discharge naturally by its boundary formations 

and also an aquifer possesses an underground connection located out of the 

catchment boundary. In this situation, there is a linear or non-linear relationship 

between the flux into (or out of) groundwater and the head in the bound. During this 

research, the simplest connection between bounds of Ergene catchment and its 

groundwater was considered as a linear relationship. A reference head and 

conductance were computed for this relationship.  When the head in the aquifer 



68 

 

nearby equals the reference head, the flux is zero.  If the head in the aquifer nearby 

is less than the reference head, water enters the groundwater system through the 

general-head boundary.  If the head in the aquifer is greater than the reference head, 

water leaves the groundwater system. 

The conductance value (C) for the length of bound is calculated by the following 

relationship (equation 3.22): 

𝐶𝑎𝑟𝑐 = 𝐾 ∗ 𝑊 ∗
𝐿

𝐷
                                                                                                                   (3.22) 

Where: 

K is the average hydraulic conductivity. 

W is the thickness of the saturated aquifer perpendicular to the flow direction. 

L is the boundary length perpendicular to the flow direction. 

D is the distance from the general head boundary to the model boundary. 
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4 

Results and Discussions 

      4.1 Simulated Water Balance Components  

After many iterations between mGROWA and MODFLOW models, the simulated 

outputs were stabilized and negligible variations were analyzed for the water 

balance quantities and hydraulics heads. In this section, the results of mGROWA 

model over the Ergene river basin are presented, including spatially water balance 

components for hydrological reference of 1991-2010. Figure 4.1 shows the 

simulated actual evapotranspiration expressed as actual evapotranspiration, total 

and direct runoff, and the groundwater recharge.  The direct and total runoff 

produced by mGROWA were presented in the form of maps and represent the values 

generated for a grid cell of 100 m, thus the investigated area river flow values were 

not included.    
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Figure 4. 1 Water Balance Components for Hydrological Reference of 1991-2010 

Generally, the vegetation cover, soil texture and climate of the investigated area 

influence the actual evapotranspiration. In Figure 4.1, It is observed that the 

spatially differentiated actual evapotranspiration shows a large pattern in a 
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common way of land cover across the Ergene river basin. The lowest actual 

evapotranspiration under 300 mm/year can be noticed in the impervious zones 

located in urban areas. Large rates of actual evapotranspiration (400-450 mm/year) 

were observed in the highest topography located in the northern part of the study 

area where the land is characterized by the forest. In the land characterized by low 

elevation of topography, the actual evapotranspiration was also found to be affected 

by the land use groups, and it is noticed that in the non-irrigated arable land, which 

possesses a high portion in the investigated basin with 55%, the actual 

evapotranspiration changes in the range of 350-400 mm/year. Overall, it was found 

that the arithmetic average rates of the actual evapotranspiration within the Ergene 

river basin is 450 mm/year. 

Concerning the total and direct runoffs as presented in Figure 4.1, due to the 

existence of large impervious area, the cell grids located in the urban zones show 

the large total runoff rates and direct runoff from 350 to 400 mm/year and 200 to 

300 mm/year respectively. Regarding the simulated total runoff, it is steadily being 

reduced (under 150 mm/year) in the region of high topography existing in the north 

part of the study area because of the existence of large land forest that produces 

significantly the large ETa. Against this background, in the high altitude of the north-

eastern zone of the study area, the total runoff rates become lower than 100 

mm/year, and this continues up to the interval of 100-150 mm/year in the parts of 

north-west of the investigated area. The simulated direct runoff displays the same 

distributed area pattern as the total runoff and all of them are significantly affected 

by the land cover type. Overall, the arithmetic averaged for the total and direct 

runoffs were found to be 200 and 85 mm/ year in the Ergene river basin. 

According to the generated long term recharge, as expressed in Figure 4.1, It can be 

noticed that the Ergene river basin may be categorized into 3 areas such as area 

characterized by high, moderate and low recharge levels with high dependencies of 

area related characteristics such as soil texture and structures, hydrogeology, the 

aquifer storage capacity together with the hydraulic conductivity of rocks. It can be 

observed that the impact of the hydrogeological characteristics plays the main role 

in the spatial pattern of the recharge. The highest rates of the groundwater recharge 
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up to 500 mm/ year was observed in the lowland of the Ergene basin catchment 

characterized by alluvial layer. This can be explained by the existence of high water 

penetration in an unconsolidated sand aquifer that is mainly composing these 

alluvial zones. The groundwater recharge in the range of 100 mm/year to 200 

mm/year was simulated in the zone so-called moderate zone. The decreasing of the 

groundwater recharge rates was observed in the north part of the Ergene river 

basin, where it was found a recharge lesser than 50 mm/ year. For the investigated 

area, the simulated average recharge for 1991-2010 equals to 95 mm/year. 

During this study, the monthly recharge for investigated hydrological reference 

(1991-2010) was also simulated. Figure 4.2 shows the outputs of the mGROWA 

model in the Ergene river basin for the average monthly groundwater recharge. It is 

noticed that the groundwater recharge levels take place from November to April in 

the investigated area, where the maximum rates were obtained in January. The 

diminishing of the recharge for this case study starts to occur in April and this is due 

to the starting of vegetation period.  
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Figure 4. 2 The Average Long-term Monthly Net Groundwater Recharge (1991-

2010) 

For demonstrating the time behavior of the mGROWA model, the control points at 

different discharge station where the land is characterized by the vegetation were 
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presented. The Figures 4.3 to 4.9 show the computed some daily water budget 

quantities for selected grid cell corresponding to the mentioned stations for the 

hydrologic reference of 2002. The year of 2002 was taken randomly in order to show 

the balance values. The climatic input data for the mGROWA model are precipitation 

and grass reference evapotranspiration. These variables are presented in the first 2 

lines of Figures 4.3 to 4.9. In general, the grass reference evapotranspiration reveals 

the seasonal ups and downs, and are very useful in the estimation of the actual 

evapotranspiration (Eta).  The Eta, as presented in row number 3, comes after this 

cycling with the irregularity of periods where soil water content is close to the 

permanent wilting point as revealed in the row number 6 of the Figures 4.3 to 4.9.  

This divergence has strongly pronounced the end of May and end of September 2002 

as shown in row number 4 of Figures 4.3 to 4.9, and this is caused by the drought. 

 

Figure 4. 3 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at INANLI Station 
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Figure 4. 4 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Luleburgaz Station 

 

Figure 4. 5 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Babaeski Station 
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Figure 4. 6 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Poyralı Station 

 

Figure 4. 7 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Soğucak Station 
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Figure 4. 8 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Cayırderekoy Station 

 

Figure 4. 9 The Temporal Simulated Water Balance for Example of the Hydrologic 

Year 2002 for an Individual Grid Cell at Ayvacık Station 
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During this study, the annual water balance components including real 

evapotranspiration, runoff, together with recharge rates were exhibited in the 

function of available Corine 2012 land use types together with soils groups in the 

study area (Figure 4.10 and 4.11). The related coverage zone area within Ergene 

river basin was also exhibited. As it can be seen in Figure 4.10, the simulated 

recharge exhibits a high variation based on the given Corine 2012 land cover. It can 

be observed that the artificial zone areas that are in terms of code such as 111, 112, 

121, and 122 which stands for continuous-discontinuous urban fabric and 

Industrials zone areas, possess a very small rate of recharge because of the presence 

of great rate of imperviousness of abovementioned land covers. Therefore, they 

displayed great runoff rates. 

 

Figure 4. 10 Average Annual Rates of Water Balance Components Based on 

CORINE Land Cover 
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In the investigated area, 3 % of the total area is composed of the artificial grid cells 

(urban land) scattered in different places.  The land cover of codes 131, 132 and 133 

displayed the great rates of recharge and the code related land cover are mineral 

extraction sites, dump sites, and constructions sites, respectively and they possess 

only 0.3 % of the total area of the investigated area. The above-mentioned land cover 

classes for mineral extraction sites, dump sites, and constructions sites influence 

natural hydrogeology quite profoundly, where in this area characterized by this land 

cover, the permeability of the rocks can rise up to hundreds of times [68], [69]. 

On the sides of the agricultural grid cells represented by the Corine 2012 codes: 211, 

212, 213, 221, 222, 231, 242 and 243, it can be noticed that the real 

evapotranspiration controls other water budget components in the study area, and 

this becomes the same for land covers such as the forest and semi-natural cells 

represented by the Corine 2012 codes of 311, 312, 313, 321, 323, 324 and 334.  It 

was observed that such land-use covers exhibıted a medium average of 

groundwater recharge rates. However, the exception is noticed in land cover 

characterized by bunt grid cell with Corine code of 334, in this type of land cover, 

the recharge was found to be 240 mm/year which is greater than areal 

evapotranspiration.  It is also observed in figure 4.11 that simulated recharge is a 

relying-variable on the soil classes of the Ergene river basin with great influence 

existing in grid cells characterized by the alluvial soils.   

 

Figure 4. 11 Average Annual Rates of Water Balance Components Based on Soil 

Groups  
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The alluvial soil is characterized by a great capacity of the water conductivity where 

the penetration of the water becomes easier through this type of soil, and this 

penetrated water replenishes the groundwater aquifer.  In the urban soil, it was 

noticed that it possesses a very small rate of recharge equals to 50.3 mm/year. 

Urban soil type may be characterized as anthropic soils, mainly resulting from 

human activities. 

Figure 4.12 shows the base flow statistics resulted in the approach applied in this 

study namely Wundt and Kille hydrograph separation approach. The great media in 

the Ergene river basin is observed in sub-catchments: Soğucak, Çayirderekoy, 

Ayvacık, and Poyralı displayed respectively the base flow of 90.4, 77, 73.5 and 49 

mm/year. These subbasins are located in the north part of the investigated area 

where the area described by high relief (slope and elevation). The topography 

influence greatly the groundwater recharge and the base flow, the increase in the 

topography for instance, the gradient slope augments the level of groundwater 

transmission within the catchment [70].  The basins such as Luleburgaz, Babaeski, 

and Inanlı exhibited respectively the small median in simulated values of the base 

flow: 33, 37, and 38 mm/year. They are found in the zone characterized by the 

average slope grid cells and average elevation. These small values of base flow can 

be explained by the related existing land use type characterized by the agricultural 

land with possession area of 73% of the total area of the investigated area which is 

frequently irrigated from the groundwater. A part composed by the urban grid cell 

zones can affect negatively the base flow because of the alteration in natural system 

ability of the surface and underground to drain the water. Thus, the surface and 

groundwater interaction can be disturbed and deteriorated [71]. In the investigated 

area, it may be concluded that the basins parameters such as relief, land cover and 

the surface and groundwater interaction control the interconnection between the 

groundwater recharge and base flow. 
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Figure 4. 12 Descriptive Statistics of Base Flow in Different Considered Sub-basins 

      4.2 mGROWA Model Evaluation 

As mGROWA model is not a runoff concentration model, thus, its validation cannot 

be based on the comparison between the daily modeled and recorded water budget 

values [13]. Nevertheless, the valuation of the results of the model can be performed 

by balancing the long-term recorded and calculated total runoffs and groundwater 

recharge values. Against this background, Figure 4.13 presents the validation of the 

mGROWA model and a 45-degree plot line was presented to show the comparison 

among the simulated runoffs and recharge together with their corresponding 

recorded values. The comparison of the balance quantity was done for the 

hydrological reference horizon of 1991-2010. In this study, a quantitative statistic 

namely Nash-Sutcliff (Ef) was applied in order to indicate the performance of the 

model, and it can be seen in Figure 4.13 that a value of 0.94 was achieved for total 

runoff and this value shows a very good performance. For the groundwater recharge 

simulation, Nash-Sutcliff (Ef) was found to be 0.76, when the baseflow from 

hydrographic separation method was compared with the simulated recharge. The 
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Moriasi et al. (2007) in [72] showed that when the coefficient of Nash-Sutcliffe 

becomes higher than 0.75 and 0.65, this reveals the very good and good achievement 

in the modeling, respectively, in case of considering a single basin. As can be 

observed, the deviations between observed and simulated total runoff and 

groundwater recharge for almost all sub-basins taken into account is under ± 20%. 

Except only 3 sub-basins displayed the differences in the observations and 

simulations values which are greater than 20%. Generally, the inaccuracy existing 

in the modeled and recorded quantities can be explained by some discrepancy scale 

of an empirical model [51]. In addition, in the investigated area, there are some 

water management activities such as dams, irrigation, wells that can lead to the 

negative or positive alteration of the water system. 

 

Figure 4. 13 The Recorded and Model-Calculated Total Runoff and Groundwater 

Recharge Comparison for Hydrological Reference of 1991-2010 
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      4.3 The Recharge Controlling Factors  

 In this study, prior to the performance of the principal component analysis (PCA), 

the Pearson correlation approach was applied to provide the linear correlation 

among the basin attributes such as soils textures, land cover, area, topography, and 

climatic data together with the recharge. In a total of 20 basin characteristics were 

put together where some ArcGIS processing was done in order to gather their 

statistics. Table 4.1 presents the basin attributes, its attribute symbols, the related 

units and also the linear correlation when assembled together with the recharge. 

The basin attributes were generally expressed in percentage of their corresponding 

surface areas compared to the total area of the investigated area. Table 4.1, shows 

the correlation between the basin attributes together with recharge.  The 

correlation analysis presented in Table 4.2 is the correlation existing in presented 

variables, where the significant linear correlations are also indicated. Accordingly, 

some basin attributes can be completely redundant, thus, provide a contribution to 

the identical driving principle in defining the spatially differentiated variance of the 

recharge.  

In Table 4.1, the only 6 basin attributes are observed to possess a notable linear 

correlation with the recharge. The climatic data shows the influence on spatially 

differentiated groundwater recharge. As a result, the greatest positive linear 

correlation can be observed by precipitation with a correlation of 0.817, which is in 

the same agreement with many studies [31]. 
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Table 4. 1 Basin Characteristics, Units and their Pearson Correlation with the 

Recharge 

Catchment attributes Abbreviation Units Correlation with the  
groundwater 
recharge 

Soil types    

Alluvial soil AS % 0.671 

Brown forest soils BFS % -0.293 

Brown forest soils without lime BFSWL % -0.752 

Rendzinas R % -0.277 

Brown soils without lime BSWL % -0.020 

Vertisol V % 0.302 

Urban soils US % -0.062 

Land cover characteristics    

Artificial surface Land ASL % 0.130 

Agriculture area AA % 0.676 

Forest F % -0.659 

Semi natural area ANA % -0.300 

Wetland and water bodies WWB % -0.072 

Area and topography    

Basin drainage area BDA Km2 0.541 

Basin slope BS % -0.058 

Elevation E M -0.469 

Depth to the water table DWT M 0.185 

Climate    

Precipitation P mm/year 0.817 

Actual evapotranspiration AE mm/year -0.686 

1 Values in bold represent correlation with a significance level alpha=0.05 
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The negative correlation was found between the actual evapotranspiration together 

with the groundwater recharge. This reveals that high actual evapotranspiration 

will stop the aquifer to have the maximum recharge and low actual 

evapotranspiration produce the increase in recharge. These results are in the same 

agreement with the study in [73]. This was followed by brown forest soils without 

lime, as it can be observed from Table 4.2, it is found to be negatively linear 

correlated with the recharge. For the soil groups, it can be seen that 2 groups are 

greatly correlated with the groundwater recharge. The alluvial group soil exhibits a 

great positive linear correlation together with the groundwater recharge. The 

alluvial zone existing in the investigated area is composed mainly by sandy soil 

group that is characterized by moderate and high hydraulic conductivity, therefore, 

the high ability of water penetration which may reach to the increase of the recharge 

in the investigated area. 

The linear negative correlation with the groundwater recharge was also observed 

with the brown forest soils without lime. In this type of soil, the main component is 

formed by clay soil and possess a very low conductivity thus the water is not allowed 

to infiltrate easily into the aquifer.  

According to the land cover types, only two from the five considered land cover 

types exhibited the noticeable linear correlation with the groundwater recharge. 

The land use types such as agriculture area and forest are observed to possess 

almost the similar correlation coefficient however a contrasting significant 

interdependence with groundwater recharge. The mass of the forest biomass can be 

expected to intensify the evapotranspiration and reduce the total runoff within the 

catchment, thus influence in a negative way the quantity of the water that can 

replenish the aquifer [74]. When considering the basin area and corresponding 

topography, there was no observed noticeable linear correlation between the 

recharge. Against this background, the principal component analysis (PCA) was 

used together with the highly linear correlated attributes with the recharge.  During 

this study, it was noticed that the catchment attributes such as AS, BFSWL, AA, F, P, 

and AE exhibited the noticeable interdependency together with the groundwater 
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recharge. Table 4.3 presents the PCA of basin attributes that are expressing a great 

linear correlation together with the groundwater recharge.  

In this study, the eigenvalues greater than one are taken into account in this study 

(Table 4.3). The area distributed variance of the groundwater recharge for the 2 

principal components that were taken into account, is equivalent to almost 84%. It 

can be seen that the percentage of forest land use type show the largest loading 

factor, whereas the land covered by the agriculture become the second, and followed 

by the brown forest soils without lime together with the actual evapotranspiration, 

respectively, in principal component 1. The precipitation affects much more the 

groundwater recharge as it is indicated in principal component 2. 

Table 4. 2 the Linear Correlation Assessment of Basin Attributes 

 

Basin attributes exhibiting great positive weighting on principal component 1 are 

alluvial soil (AS), agriculture area (AA) and precipitation (P) as it is indicated in table 

4.3.  Precipitation displayed the noticeable positive linear correlation with the 

groundwater recharge due to the reason that the precipitation becomes the main 

source recharge and this is in the same agreement with many pieces of research such 

as one presented in [9].  Alluvial soil types intensify the quantity of the groundwater 
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recharge, due to the reason that such sort of the soils is characterized by great 

existing of the sand particles that permit the water penetration to the alluvial aquifer 

type [20]. Thus, it is likely for the alluvial soil types are corresponding to the high 

rates in groundwater recharge. The observed positive linear correlation among the 

groundwater recharge and agriculture lands can contribute to the increase of the 

recharge based on the patterns existing in the infiltration and evapotranspiration, 

thus, without knowing specifically these corresponded land use types in details in 

the investigated area, the direct mechanism cannot be ascertained. 

Table 4. 3 Principal Component Analysis (PCA) of Basin Variables that are most 

Correlated with Groundwater Recharge 

  PC1 PC2 

PC Analysis Eigenvalue 3.946 1.090 

Variability (%) 65.774 18.174 

Cumulative (%) 65.774 83.948 

Variables    

AS  0.582 0.621 

BFSWL  -0.894 0.087 

AA  0.939 -0.277 

F  -0.941 0.289 

P  0.516 0.719 

AE  -0.880 0.139 

                  Note: Bold type indicates variables with a loading factor greater than 0.70. 

The results from principal component analysis reveal that groundwater recharge 

rates are small in an amount in the investigated area where the brown forest soils 

without lime, forest, and actual evapotranspiration control the area as it can be seen 

in Table 4.3. It can be observed also that the brown forest soils without lime are 
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likely to possess a high composition of clay soils which are strongly related to 

evapotranspiration and runoff, and this may result in a reduction of the 

groundwater recharge. Actual evapotranspiration affects negatively the 

groundwater recharge in diminishing the available quantity of the water for 

recharge. The forest land-use cover which is mostly known to increase the water 

infiltration and to have a relatively great quantity of evapotranspiration, therefore 

this results in the low groundwater recharge. In agreement with principal 

component analysis, it can be concluded that the groundwater recharge spatial 

patterns are influenced in order of significance by vegetation land-use, soil group 

types, and climatic data in Ergene river catchment. 

Table 4. 4 Eigenvalues 

  F1 F2 F3 F4 F5 F6 

Eigenvalue 3.946 1.090 0.738 0.155 0.069 0.000 

Variability (%) 65.774 18.174 12.306 2.586 1.154 0.006 

Cumulative % 65.774 83.948 96.254 98.840 99.994 100.000 

 

 

Figure 4. 14 Eigenvalue for every Principal Component and the Cumulative 

Variability 
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Table 4.4 and Figure 4.14 are related to a mathematical object called eigenvalues, 

which reflect the quality of the projection from the N-dimensional initial table 

(number of variables) to a lower number of dimensions. In the investigated area, the 

first eigenvalue is as 3.946 and displays a 65.774% of the total variability. This 

means that the first principal component contains the data which represents 

65.774% of the total variability of the data. Each eigenvalue corresponds to a factor 

and each factor to one dimension.  A factor is a linear combination of the initial 

variables, and all factors are uncorrelated.  The eigenvalues and corresponding 

factors are sorted by descending order of how much of the initial variability they 

represent (in terms of percentages). The factor means the PCA dimension or PCA 

axis. Ideally, the first two eigenvalues will correspond to a high percentage of the 

variance, ensuring that the maps based the first two factors are a good quality 

projection of the initial multi-dimensional table of variables. In this study, the first 2 

factors allow representing 83.95 % of the initial variability of the data. 

 

Figure 4. 15 Correlation Circle on Axes F1 and F2 
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Figure 4.15 presents a projection of the initial variables in the factors space. When 

two variables are far from the center, then, if they are close to each other, they are 

significantly positively correlated (e.g AS and P) (r = 1). If they are orthogonal, they 

are not correlated, if they are on the opposite side of the center, then they are 

significantly negatively correlated (r close to -1). When the variables are close to the 

center, some information is carried on the axes, and that any interpretation might 

be hazardous.  In this case, this can be confirmed by either the correlation matrix or 

the correlation circle on axes F1 and F3. This correlation circle is useful in 

interpreting the meaning of the axes.  

 

 

Figure 4. 16 Observations on the Two-Dimensional Map 

This Figure 4.16 enables to identify trends in the observations. In this study, the 

groundwater recharge in İnecik and Çayırdereköy are unique as they can be seen 

from this Figure 4.16. coming back to the annual recharge values, Inecik displays the 

maximum value whereas the Çayırdeköy exhibits the minimum recharge. The axes 

were presented in terms of the factor of scores. 
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After a PCA analysis, a multiple linear regression analysis was done in order to 

identify the most controlling factors affecting the recharge and thus the regression 

model was generated. A multiple linear regression analysis was performed through 

XLSTAT software with the catchment ‘ attributes that were displaying high linear 

correlation with the recharge. The aim, of this action, was to create a model where 

the recharge can be explained by the basin characteristics with a high factor of 

loading in PCA and finally to verify the linear model in the Ergene River catchment 

(Table 4.5 and Figure 4.17). For the recharge with the principal component analysis 

with high loading catchment attributes (AS, E, BFSWL, AA, F, P, and AE) generated 

by two PC possessing an eigenvalue more than 1. Against this background, multiple 

linear regression analysis with the PC scores resulting from the principal component 

analysis. The groundwater recharge model possesses the 6 variables (AS, E, BFSWL, 

AA, F, and AE) that were obtained from the two uncorrelated PCs and account for 

83.9% of the total variance. The equation of the model was generated and presented 

in equation (4.1). 

𝐺𝑅 = −217.3 + 0.5 ∗ 𝐴𝑆 + 4.6𝐸 − 02 ∗ 𝐵𝐹𝑆𝑊𝐿 + 2.3 ∗ 𝐴𝐴 + 2.25 ∗ 𝐹 + 0.69 ∗ 𝑃 − 0.75 ∗ 𝐴𝐸    (4.1) 

Table 4. 5 Predictions and Residuals  for Groundwater Recharge Model 

Sub-basins GR(mm/year) Pred GR (mm/year) Residual(mm/year) 

ÜZUNKÖPRÜ 
124.469 119.321 5.149 

BABAESKI 
68.553 67.430 1.123 

AYVACAK 
80.652 88.695 -8.043 

K.YONCAK 
99.740 95.229 4.511 

LULEBURGAZ 
94.801 95.632 -0.832 

INANLI 
87.852 89.997 -2.145 

INECIK 
131.205 133.592 -2.387 

ÇAYIRDEREKÖY 
66.756 70.612 -3.856 

POYRALI 
75.850 72.766 3.083 

SOĞUCAK 
72.021 68.625 3.396 
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Figure 4. 17 Comparison of Predicted and Observed Recharge (mm/year) 

Figure 4.17 shows the comparison of predicted groundwater recharge based on the model 

equation with observed recharge. The coefficient of determination or R squared and the 

Nash Sutcliffe coefficients were used to determine the fit of the goodness of the model 

where the model display 0.96 and 0.98 for R squared and the Nash Sutcliffe coefficients 

respectively. Thus 96% of the variability of the groundwater recharge is explained by 

catchment attributes (AS, E, BFSWL, AA, F, P, and AE).     

      4.4 Simulated Hydraulic Head 

In the steady state groundwater flow simulation, the deep aquifers can be taken as 

confined aquifers where the transmissivities characteristics and saturated zone of 

the unconfined aquifer must be described in the model. In addition, the vertical 

exchange among the provided aquifer layers was considered. The investigated area 

is discretized into the grid cell of 100x100m. The MODFLOW calibration was 

performed in the steady state based on the observed mean hydraulic heads. The 

procedure firstly takes into account the observed hydraulic head, and it was 

manually performed by a trial and error approach. In this approach, the 
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transmissivity was changed until reaching the same or similar hydraulic heads when 

compared to the observed ones at different observing wells. Many iterations 

between mGROWA model and groundwater flow model MODFLOW were done, the 

simulated outputs were balanced in order to analyze the recharge and hydraulic 

heads as explained in coupling methodology. 

 

Figure 4. 18 Simulated Hydraulic Heads (m) for Ergene River Basin 

Figure 4.18 shows the simulated hydraulic heads map for the Ergene river basin 

aquifer. As it can be observed from this figure, the calculated heads greatly change 

depending on the relief of the investigated area. It is noticed that the hydraulic heads 

vary in the range of 10 to 400 m where the highest head values are observed in the 

high altitudes in the northwest part on the study area up to 250 m. The lowest values 

were observed in the central part and west to southern part in the plains of the 

Ergene river with heads vary from 10 m. The moderate heads in the range of 45 m 

to 200 m were observed in the middle and south of the investigated area. Generally, 

it can be seen that the groundwater flows to the stream plains from the middle to 

the outlet of the catchment.  
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Figure 4. 19 Manual Calibration Result of Ergene River Groundwater Model for 

Steady-State Condition (heads are in m) 

The post-processing was done in Groundwater model system (GMS) such as 

calibration and validation of the model. The measured data in spring from were 

divided into two groups in which one group were used for calibration and another 

part were used for validation and this was done by using observed point coverage 

in GMS.  GMS is capable of using (parameter estimation (PEST) and stochastic 

method for doing the calibration. The results of calibration in this study were 

obtained manually. After the calibration model, some observed groundwater levels 

also were used to validate the model. The good adjustment was achieved as it can 

be seen in Figures 4.19, 4.20, 4.21 and 4.22. 
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Figure 4. 20 Scatter Plot of Recorded and Computed Hydraulic Head  in the Ergene 

River Basin(Calibration in Steady State Condition)  

Figure 4.19 and 4.20 show the map and the scatter plot comparing the observed and 

computed hydraulic heads in 89 different monitoring wells existing in the Ergene 

river basin. Figure 4.21 and 4.22 shows the validation results performed in GMS 

model.  R-Squared can be defined as a statistical measure of fit that shows how much 

variation of a dependent variable is explained by the independent variable in a 

regression model. An R-squared of 95.22 % and 84 %, respectively for calibration 

and validation, means that all modeled hydraulic heads are nearly completely 

explained by observed hydraulic heads. The Nash Sutcliffe coefficients were used to 

determine the fit of the goodness of the model where the model display 0.93 and 0.83 for 

the calibration and validation, respectively. Thus, the model validation shows that the 

model was performed very well and no inconsistency was observed in simulation.    
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Figure 4. 21 Validation  Result of Ergene River Groundwater Model for Steady-

State Condition (heads are in m) 

 

Figure 4. 22 Scatter Plot of Recorded and Computed Hydraulic Head  in the Ergene 

River Basin (Validation in Steady State Condition) 
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      4.5 Discussion of Results  

In the comparison between the observed and the model-simulated outputs, there are 

obvious differences that continue to exist. These inaccuracies can be caused by 

unreliability in the complexity of model-data environments such as modeling approach, 

errors occurring in observation, uncertainties occurring in soils groups, land-use types, 

topography, and climatic data. In addition, the estimated groundwater divides into some 

considered sub-catchments might not be representative for real corresponding river 

drainage area due to artificial channels, irrigation practices, dams, and pumped 

groundwater wells that can perturb the natural water budget of a catchment. Besides, the 

fact of assuming that recharge, as it is equivalent to base flow, implies the equivalence 

between groundwater shed and the surface watershed, where the groundwater cannot 

discharge crosses boundary. Although, groundwater can run in aquifer even most of the 

time it can overlap many basins, within basins groundwater and surface water boundaries 

frequently may differ from each other, and this may alter in time. Therefore, to recognize 

the groundwater shed area which contributes to a river is hard work. Usually, a 

dissimilarity, between the observed base flow in the river and estimated recharge, may be 

caused by non-consideration of the lateral fluxes in such models that consider only 

vertical fluxes, and also the effect of scale. 

The recorded base flow from the river gauging stations and its analysis can be used to 

estimate the level of groundwater recharge [13], [31] as a comparison method. Base flow 

is taken into account as a groundwater recession flow, where the portion of groundwater 

flows to the streams during the rainless seasons. The main consideration, in this approach, 

in order to determine the recharge levels, is that base flow is taken as equivalent to the 

total groundwater recharge of a basin and the groundwater discharge is roughly 

considered as the recharge [75]. The base flow analysis method does not consider the 

origin of the water, however, it considers that great rates of base flow are generated by 

flow coming from the groundwater reservoir. Thus, for a long period of time, base flow 

rates are generally taken as a watershed groundwater recharge [76].  This method is 

broadly useful to validate groundwater models which are based on empirical water 

balance techniques such as mGROWA model [77]. However, this approach possesses the 

complexity in directly comparing the recharge and base flow as the later one’s approaches 

estimate the substitute of groundwater discharge and thus of real recharge [75]. 
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In accordance with PCA, the recharge variation is controlled in order of significance by 

vegetation land-use, soil group types, and climate. The finding of high influence of 

vegetation on groundwater recharge was confirmed by [78], in their study about a global 

assessment of groundwater recharge for vegetation. Globally, vegetation possesses the 

greatest amount of water input such as precipitation and irrigation water that become 

recharge, and it presents around 1.3 and 3 times greater than potential evapotranspiration 

and soil hydraulic conductivity in recharge variation [78]. Regarding the finding on the 

influence of soil types that become the second significant factor for influencing most the 

groundwater recharge variation, in the coarse-textured soil, the recharge in much greater 

than in fine-textured soil, thus the movement of the water in the soil is highly controlled 

by soil texture and structure. This is the result is a confirmation of outputs of studies [31]. 

The finding of high influence of climate on variation of recharge was also confirmed by 

Jan et al. (2007), in their study [79] about the rainfall intensity and distribution impact on 

groundwater level changes and they found that mainly the increase or decrease in level 

of groundwater is a result of the presence or absence of precipitation, respectively. Thus 

the groundwater increment is directly relying on the accumulated precipitation. 

Stonestrom et al., 2007 in their study [80], showed that the recharge becomes much more 

depending on the quantity and intensity of precipitation, that influences the quantity of 

water to penetrate into the soil. 

In the coupling, the mGROWA model simulates the groundwater recharge iteratively 

linked to the MODFLOW, in a manner that the modeled recharge can also be affected by 

the depth to the groundwater and vice versa. Generally, the regional groundwater flow 

models such as MODFLOW for the groundwater systems assessment e.g infiltration and 

discharge connections are usually the steady state and thus require the use of long term 

period groundwater recharge input data. Moreover, the area distributed recharge variation 

caused by the spatially differentiated soil groups, land use types, topography, etc., may 

be important and need to consequently be taken into account for these regional 

groundwater flow models.  

Furthermore, the groundwater recharge values become each one of the essential poorly 

limited hydraulic variables in nearly all groundwater flow and transport models. As a 

result, the groundwater recharge is usually applied as an adjustable variable in performing 

a model calibration. Thus, unsatisfactory in the controlling accurately the recharge values 
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may conduct to a condition of model ‘s non–uniqueness for its outputs, which may return 

water resource management models useless. Despite that, by coupling the groundwater 

aquifer and stream masse budgets, the general calibration of a regional groundwater flow 

model may be enhanced. Against this background, by applying the long period term input 

data, the mGROWA model produces the temporal and spatial distributed area of runoff, 

actual evapotranspiration, and recharge. Considering the evapotranspiration from the 

shallow zones (wetlands), the depth to groundwater table needs to be accounted and 

considered in the calculations of the groundwater recharge. Thus, in this study, 

mGROWA is iteratively linked to the MODFLOW that produces the depth to the 

groundwater, and in accordance with this, the mGROWA model returns the computed 

recharge to MODFLOW. In the modeling of recharge, the groundwater levels were 

considered with a view of preventing additional uncertainty and vagueness in optimizing 

hydraulic conductivities by inverse modeling.   
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5 

Conclusion 

 

The study was conducted in Ergene River basin classified as the among most 

important catchments exposed to a high level of groundwater exploitation 

because of the existing of the industrial and agricultural activities. Therefore, the 

determination of the groundwater recharge was necessary for its sustainable 

management. But also, in groundwater modeling, the spatial pattern of the 

groundwater recharge is rarely considered, even though inadequate input recharge 

data may rise uncertainty in simulation’s outputs and calibration, particularly in 

computing the hydraulic conductivity and groundwater dynamics. The methodology 

of baseflow estimation in investigated area denotes a considerable spatial pattern 

of groundwater recharge, and this exhibits the necessity of determining the spatially 

differentiated recharge on Ergene river basin. The GIS grid-based mGROWA 

technique was proven to be able to determine the spatial patterns of groundwater 

recharge.  

This study aimed to develop a new approach that strongly relies on the impact of 

soil groups, land-use types, topography, and climatic conditions in order to calculate 

spatially distributed recharge and generate at the same time the sub-surface water 

flow dynamics by coupling mGROWA and MODFLOW models. The accurate estimate 

of recharge at the regional scale is the leading variable required for exploring the 

recharge-discharge systems along with providing the authenticity in sub-surface 

water flow models calibration and validation.  The groundwater recharge and 

dynamics are a prerequisite to the sustainable sub-surface water quantity and 

quality management.  

In the first objective of this study, the novel grid-based water balance model 

mGROWA results and the dominant factors influencing groundwater recharge in 

Ergene catchment is discussed. Five sequential tasks were performed during this 

study. In the first task, (1) a regular and reliable GIS input database made up of the 
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climate, land-use, soils types, geology, and topography information was created. 

This was followed as the second step (2) by a water budget analysis with the aim of 

estimating the renewable water resources such as total runoff at macroscale 

catchment. Then (3)  the dominant runoff components (direct runoff and 

groundwater recharge) were determined by adopting the concept of  base flow 

index (BFI), and (4) the reliability of the long-term spatially distributed runoffs  was 

verified by comparing the modelled and observed runoffs (total runoff and baseflow 

obtained from Wundt-Kille separation techniques) from the 10 available gauging 

stations, (5) finally principal component analysis method was applied in the 

purpose of determining the dominant catchment and climate factors influencing 

groundwater recharge.   

The mGROWA model outputs have been presented in the form of maps. The lowest 

actual evapotranspiration (less than 300 mm/y) was observed in urbanized areas. 

High actual evapotranspiration in the range of 400-450 mm/y appeared in the 

highest altitudes of the northern part of the study area where the land is covered by 

forest. The arithmetic average value of the actual evapotranspiration was noticed to 

be 450 mm/y. The urbanized areas displayed the high total runoff values, hence the 

high direct runoff level in the range between 350 and 400 mm/y, and  200 and 300 

mm/y respectively. The total runoff levels steadily decrease in the high altitude land 

located in the northern part of Ergene catchment due to the forest cover which 

generates high actual evapotranspiration (lesser than 150 mm/y). The generated 

direct runoff shows similar spatial patterns as the total runoff and both are highly 

influenced by the land-use type. Across the study area ( approx. 1,091,645 grid cells) 

the arithmetic averages for total runoff and direct runoff are 200 mm/y and 85 

mm/y respectively. The alluvial plains in the lowland of the catchment prevail a high 

net groundwater recharge levels up to 600 mm/y, because of high infiltration rates 

in such unconsolidated sand aquifers. In the northern zone of the catchment, the net 

groundwater recharge rates are generally diminishing up to the lowest values (less 

than 50 mm/y). The calculated long-term average net groundwater recharge level 

over the Ergene catchment amounts 95 mm/y. It could be seen that the groundwater 

recharge rates starts to occur in November and ends in April. The highest rates of 

groundwater recharge were observed in January and start to decrease in April as 
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the vegetation time begins. In accordance with PCA, the spatial groundwater 

recharge variation is controlled in order of significance by vegetation land-use, soil 

group types, and climate.  

In the second objective of the study, the calculated groundwater recharge in the 

investigated area as the output of the mGROWA is integrated into a groundwater 

flow model (MODFLOW) as upper boundary layer in order to determine 

groundwater dynamics e.g. the hydraulic heads distribution. The calculated heads 

greatly change depending on the relief of the investigated area. It is noticed that the 

hydraulic heads vary in the range of 10 to 400 m where the highest head values are 

observed in the high altitudes in the northwest part of the study area. The outputs 

of this approach are tested and validated by comparing the recorded and calculated 

hydraulics heads. The approach developed in this study is recommended to be 

applied in different catchments across Turkey. The outputs so generated may 

conclusively contribute to the establishment of the quantitative status of 

groundwater water reservoir exploitation and enhancement of water resource 

management and policy of the region. 

This study has achieved all the significant issues such as estimating different water 

balance components including the recharge and its controlling factors, and the integration 

of the water balance model and groundwater flow in the Ergene River basin, which has 

been a significant contribution for both groundwater and surface water resources. Despite 

this achievement,  this research can be further improved by considering below-mentioned 

points, which are not fully implemented in this study resources. (i) Drilling more 

observation wells distributed over the investigated area for significantly improving the 

model calibration. Against this background, these wells will provide the groundwater 

database which will provide the ability to run the current model and any future 

groundwater model by a transient flow. (ii) Including the water quality analysis for the 

Ergene River basin, to investigate its suitability for drinking purposes in addition to the 

agricultural and industrial uses, to reduce the dependence on the surface water source 

through the maximum benefit from the available groundwater source. (iii) mGROWA 

simulations can be performed based on climate data, land-use, and soils data as well, 

against this background, the land use and climate change attribute are very necessary for 

the context of water resources management for simulations considering climate data from 
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regional climate models and land use change. By applying this, it can enable the 

projection of the effect of climate and land use change on the discharge of the Ergene 

River and recharge as a precondition for the execution of groundwater management 

strategies.     
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