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ABSTRACT  

Groundwater is a vital water resource in many areas in the world, particularly in the Middle-

East region where the water resources become scarce and depleting. Sustainable management 

and planning of the groundwater resources become essential and urgent given the impact of the 

global climate change. This research will  use a new hydraulic conductivity estimation 

ñDistributed Value Property Zonesò approach, which is integrated into a state-of-the-art 

computer modelðthe Visual MODFLOW (version 4.6)ðto assess the current state of 

groundwater resources and the risk of future water resource security in the region centred at Al-

Najaf province, which is located in the mid-west of Iraq and adjacent to the Euphrates River. It 

will also explore and assess the groundwater aquifer-Euphrates River interaction. The impact of 

the interface soil layer located between the two soils of Al-Najaf region aquifer is studied, 

which is considered to be the second novelty in this research. 

 

The model is calibrated both statically and dynamically. The new hydraulic conductivity 

approach is highly improved the calibration process, particularly the dynamic process. Where, 

the application of the dynamic calibration with a 16.5 mm/year recharge rate shows the best 

correspondence with the field observations. After considering the new approach, sensitivity 

analysis and validation process are also carried out to evaluate the behaviour of the model, 

which reveals acceptable convergence. Ignoring the interface soil layer from the 

conceptualisation process and considering the aquifer as one layer only has affected the modelôs 

results. Specifically, only 0.24 km
2
 dry area appears in the aquifer as compared with the current 

stateôs results of the groundwater aquifer when the interface soil layer is modelled. In addition, 

the Euphrates River leakage results are different due to the impact of the interface soil layer 

when compared with those results when ignoring it from the modelling process. Calibration is 

also affected. The calculated heads were high and dispersed when compared with those heads 

when the interface soil layer is modelled. This affects the accuracy and acceptability of the 

modelôs calibration results. 

 

The results of the current state of Al-Najaf region show a general flow pattern from the west to 

east of the study area, which agrees well with the observations and the gradient of the ground 

surface. With the current discharges taken from 69 wells in the study area, a dry area is found in 

the top and bottom layers, which equals 39 km
2
 and 1.32 km

2
, respectively. This indicated a 

degree of insufficiency of water resources in the study area because the groundwater aquifer 

supplies only 84% of the current water demand from the pumping schedules. The computed 

groundwater balance shows that the Euphrates River supplies water of 5354 m
3
/day into the 

groundwater aquifer, instead of gaining water from the recharge of 23527 m
3
/day if no water is 
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pumped from the wells. The predicted impact of climate change cases concludes that the largest 

effect on the groundwater-Euphrates River connection is when reducing the recharge rate and 

the western constant head. In particular, the groundwater aquifer's dry area will increase 

dramatically and will reach 150 km
2
 and 120 km

2
 in the top and bottom layers, respectively. The 

Euphrates River will also suffer hugely through the loss of 14100 m
3
/day due to the reduction of 

either the recharge rate or the western constant head. Increasing the pumping schedule for future 

use will also impact on both the groundwater aquifer and the Euphrates River. Reducing the 

Euphrates River level by 0.5m or 1m will slightly affect the leakage from the river and the study 

area's dryness. To control the impact on the groundwater aquifer and its connection with the 

Euphrates River, it is highly recommended to remove some wells from the pumping schedule 

and reduce the pumping rate of the other wells, and constantly monitoring the behaviour of both 

over time. It is expected that the results obtained from the study can provide important 

information for the sustainable and effective planning and management of the groundwater 

resources for Al-Najaf City and the surrounding area. 

 

KeywordsðAl-Najaf region, conceptual modelling, distributed value property zones approach, 

interface soil layer, groundwater aquifer behaviour, Visual MODFLOW. 
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Chapter One 

Introduction  

 

1.1 Introduction  
 

Water plays a key role in social and economic development around the world. Water resources 

are commonly referred to the surface water from rivers, lakes and streams, and subsurface water 

from groundwater, springs and others. The surface water gathered through the constructions of 

reservoirs, dams and barrages is seen as the main supplier to the needs of the world (Aesh 

2009). As stated by Quevauviller (2008), of 37 million km
3
 of drinking water which is available 

on the planet, about 8 million km
3
 is found in groundwater resources. With the rapid economic 

development and the population growth at the global scale in recent years, the use of surface 

water has been seen significantly increased. The change of climate from the greenhouse gas 

emission, which is the main cause of the global warming, may also lead to the shortage of the 

surface water resources, especially in the Middle East region (Quevauviller 2008). In recent 

decades, in many countries of the world, evidently groundwater has become one of the most 

crucial natural resources. As this source has the ability to supply water, it provides a number of 

essential advantages as compared with surface water source, such as higher quality to use it for 

various lifeôs aspects; better protection from contaminants which may infect this source; less 

prone to seasonal and long-term fluctuations, and uniformly spread over large areas as 

compared with surface water where it is very often available in regions which devoid of surface 

water (Igor and Lorne 2004). Therefore, for domestic uses, industry, and especially agriculture, 

the freshwater supplied by groundwater source will ultimately become very important, 

particularly when surface water sources have exposed for depletion problem (Siebert et al. 

2010). As a result, the use of groundwater is inevitably increased at the present and in the 

future. To control the sustainable and effective management of the surface and subsurface water 

resources, water security becomes an extremely urgent issue at the global level.  

 

Middle-East countries are located in the more arid lands in the world, which includes North 

Africa and the Arabian Peninsula. In these regions, there are only three major rivers (surface 

water sources), the Nile (in Egypt), the Tigris (originated from Turkey and terminated in 

southern of Iraq in the Shatt al-Arab), and the Euphrates (originated from Turkey and passes 

through Syria and terminated in southern of Iraq in the Shatt al-Arab) which provide water for 

narrow sections (areas) throughout the year. The rest of the regions are being forced to rely 

mainly on the desalination process of seawater for drinking purposes, especially in the Gulf 
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region. However, the other countries have to rely heavily on groundwater for human 

consumption and agricultural activities. Therefore, the groundwater is a major component of life 

particularly in the Middle-East region (El-Baz 2013). 

 

The total Tigris River Basin area is around 375,000 km
2
. The average annual runoff is estimated 

at 21.33x10
9
 m

3
 when entering Iraq. The Tigris River contains many tributaries, the most 

important ones are the Great Zab, the Small Zab, Al-Edheim River, Diyala River, and others. 

Regarding the Euphrates River, its basin area is around 500,000 km
2
. The average annual flow 

of the Euphrates River when entering the Iraqi borders is estimated at 30x10
9
 m

3
, with a 

fluctuating annual value from 10x10
9
 to 40x10

9
 m

3
. This quantity is allowed to enter Iraq under 

the agreement between Iraq and Syria as it often changes under political changes that negatively 

affect these agreements. Unlike the Tigris River, the Euphrates River is not connected to any 

tributaries when it runs through the Iraqi lands where it only discharges of around 10x10
9
 

m
3
/year to Hor al-Hamar (one of the marshes in south of Iraq). The annual runoff in both rivers 

which has been entered from Turkey and Syria, has changed over the successive decades where 

in the period from 1938 to 1980, the total annual runoff rate of both was reaching up to 68x10
9
 

m
3
, while the records showed that in certain years in the mid-sixties and mid-seventies, the 

annual runoff rate has exceeded 84x10
9
 m

3
. On the other hand, in the early 1960s, records 

illustrated a severe drought where the discharge rate of both rivers was 30 x10
9
 m

3
. Therefore, 

this large variation in the annual discharge rates makes it difficult to develop an appropriate 

water allocation plan to address the competitive demand for water from all sectors, as well as to 

ensure fair water sharing among neighbouring countries (MOWR 2015). Iraq had not 

experienced any shortage of water from the Tigris and the Euphrates Rivers previously, but the 

changes that have emerged in recent years (such as wars, population increase, excessive 

increase in water demand for various purposes) have been increasing the effect on the water 

security in Iraq. The Iraqi government has also called for Turkey and Syria to change their water 

policy with the riparian countries, which has led to the building-up of the tension in Iraqi-

Turkish and Iraqi-Syrian relations. 

 

In Iraq, the lack of application of modern technological methods in the management of water 

resources has led to the country lagging behind global development for several decades. Where 

twelve years of blockade and economic sanctions, which have imposed on Iraq, have deprived 

the engineers and scientists of the opportunities for the cooperation with the modern world and 

transfer of modern technologies to the Iraqi Ministry of Water Resources (MOWR); therefore, 

the negligence in the field of water resources was very large and need for strenuous efforts to 

promote this vital sector. Iraq has gone scarce of water through successive years since 1933, the 
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worst of which were 1999, 2000 and 2001, and now the situation is repeated since 2008 and so 

far. This indicates the impact of global warming on the scarcity of rainfall and climate change as 

well as the several factors which have contributed to the current water crisis and led to a major 

impact on water resources in Iraq. Climate change or global warming represents one of the 

factors that led to the drought phenomenon, which included the entire Middle East, not just Iraq, 

resulting in a significant decrease in the amount of rain and snow and a clear decline in the 

water revenues of the Tigris and Euphrates Rivers and their tributaries. The behaviour of 

neighbouring countries such as Turkey and Syria is changed where the fresh water flowed from 

the mountains in Turkey to Iraq and through Syria to Iraqi territory, flows from the immemorial 

time without any barriers like dams. In the early 1970s, neighbouring countries have started to 

build storage dams and irrigation projects and continue to establish more of these dams without 

taking into account the consequent shortage of water imported to Iraq and deterioration of its 

quality, where these dams located on the Euphrates River in Turkey and Syria have the ability to 

control the quantities of water received in Iraq. The management of water inside Iraq represents 

another problem, where there is poor planning of this source in general due to the previous 

policies of successive governments, which led to the disruption of the development process in 

irrigation projects and the deterioration of services in the water resources sector. All of these 

issues have produced the failure to develop clear plans to manage this vital source, which in 

turns led to some agricultural lands becoming dead and unsuitable for agriculture. Currently, the 

agricultural sector in Iraq contributes only to 8% of the Iraqi economic output although it is the 

second largest sector in the country. This is due to years of negligence for this sector, 

international sanctions, and the lack of investment and deterioration in recent years due to the 

decrease of the Tigris and the Euphrates Riversô levels, which consider the main sources of 

water for agricultural and life purposes (MOWR 2015). 

 

Al-Najaf province feeds mainly from the surface water supplied by the Euphrates river, which 

passes on the eastern side of it. Four provinces south of Al-Najaf are feeding mainly on surface 

waters provided by the Euphrates River, where vast areas of arable land are left without being 

sown due to the drought, which further exacerbated its decline level, leading to severe water 

shortages in the region. The low water level in the Euphrates River (Figure 1.1) forced farmers 

to cultivate a quarter of the land which normally cultivates previously. In addition, the decrease 

in the Euphrates Riverôs level resulted in a shortage of those waters quantities required to meet 

the needs of the population for drinking and irrigation (MOWR 2015). 
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Figure 1.1: Declining of the river level and appearing the riverbed (Adopted from MOWR 

2015) 

The problem has become worsen and led to the drying up of some of the subsidiary irrigation 

canals which are branching from those tributaries of the Tigris and Euphrates Rivers, but far 

from the main flowing water of the Tigris and/or the Euphrates River. The dryness of these 

canals has resulted in the inability to cultivate agricultural land in the areas around of these 

canals despite the presence of the source of groundwater in some of these areas, but the poor 

management by the decision-makers has prevented the use of this vital resource due to the 

absence of extracted wells available in those areas (MOWR 2015). 

 

With the sharp decline in the Tigris and Euphrates Riversô levels in Iraq as reported by the Iraqi 

Ministry of Water Resources (MOWR 2015), the Tigris and Euphrates Riversô running water 

are reduced by 30% and 35% respectively, which has caused the destruction of large tracts of 

agricultural land, significant livestock, and fisheries losses in the country, government efforts 

with neighbouring Turkey and Syria to increase water supply flowing in these rivers are 

increased. Where the agriculture in Iraq suffers from a significant decline compared to the 

actual production which was available before 2003. The most important reasons that contributed 

to this decline are the lack of successive governments to support farmers in funding and crop 

requirements, and the absence of a general agricultural plan for irrigation. In addition, the 

shortage of precipitation aggravates the problem in the last ten years on those lands away from 

the river or those that do not have groundwater, to increase non-planted areas, although those 

areas are cultivable (Figure 1.2). More than that, the rise in temperature significantly led to 

highlighting the phenomenon of desertification and drought, which led to a clear impact on the 

areas of arable land and thus on the agricultural sector in general (MOWR 2015). 
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Figure 1.2: Drought of arable lands due to the unavailability of water (Adopted from MOWR 

2015) 

A good groundwater quantity was discovered at the slopes of the mountains in the north-east 

toward south-east in the area on the right bank of the Euphrates River. The safe yield of the 

water that is stored in the groundwater reservoir in northeastern-southeastern of Iraq is 

estimated to be between 10 m
3
/s and 40 m

3
/s at a depth of between 5 m and 50 m. The aquifers 

located on the right bank of the Euphrates River (such as Dibdibba formation, Injana formation, 

and others) are between a layer of gypsum and dolomite at levels that are increasing in its deep 

to the west, with water at a depth of 200 m (after Abu Jir fault, such as Dammam formation, 

Umm Er Radhuma formation, and others), with an estimated safe yield of 13 m
3
/s from the 

western formations. The salinity of groundwater in these formations is estimated to be suitable 

for agriculture, industry aspects and often for drinking. In other parts of the country, good 

groundwater quality is to some extent limited due to high levels of salinity (MOWR 2015). 

Some of groundwater reservoirs in Iraq are receiving groundwater from Saudi Arabia such as 

Umm Er Radhuma formation in the south-west of Iraq, which is received of about 8x10
7
 

m
3
/year. The renewable groundwater resources in Iraq are estimated to be 35.2x10

9
 m

3
/year. 

According to the MOWR (2015), the total amount of water withdrawn from the groundwater 

resources in 2012 was estimated at 66 x10
9
 m

3
, 79% for agricultural purposes, 6.5% for 

domestic supply and 14.5% for industrial use. 

 

In Iraq, there are many urban; agricultural, and desert areas that own a large stock of water and 

can take advantage of it for multiple purposes. In the current research, it will address the City of 

Al -Najaf and its surrounding area, in particular, to the importance of this province and the large 

number of arrivals from all over the world as a sacred area. Geographically, Al -Diwaniyah, Al -

Muthanna, Al -Nasiriyah and Al -Basrah represent the provinces which are neighbouring to the 

province of Al-Najaf and depend upon the water of the Euphrates River. These provinces are all 

feeding on this river through the daily life for all purposes and nowadays these provinces are 

suffering from a lack of water supplied for drinking, economic, and agriculture. Therefore, it 
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requires the provision of appropriate additional amounts of water without relying only on 

Euphrates River. 

 

Al -Najaf province is located in southwestern part of Iraq and borders with Saudi Arabia. It 

shares its internal boundaries with the provinces of Al-Anbar, Babil, Karbala, Al-Muthanna and 

Al -Qadissiya as shown in Figure 1.3. It is located on the south-west of the Iraqi capital centre 

Baghdad with a distance about 161 km. On the western border of this province, there is the 

Western desert, which extends to the borders of Saudi Arabia. The total area of Al-Najaf is 

about 28824x10
6
 m

2
. There is a sea also in this province, which is called Al-Najaf Sea, it is dry 

at this time, but sometimes owns oscillating level during the rainy seasons of the year and it is 

located adjacent to the Western Sahara. The desert plains dominate the landscape in this city. A 

strip of irrigated agricultural land (farmland) runs along the most right and left sides of the 

Euphrates River, which is passed through the eastern border. Typical dry desert weather 

represents the climate of this province through the most seasons. Summer season is hot and dry, 

and the rainfall is very low and limited to the winter months. On the yearly average, Al-Najaf 

province receives only about 100 mm of rainfall. On the eastern side of this province and close 

to the Euphrates River, there is Al-Kufa City, which represents the second capital populated 

area in this province. Water users in this region are dependent mainly on the water running in 

the Euphrates River and the groundwater quantities which are pumped from the wells field to 

support their livelihoods. There are a lot of groundwater formations in this province, some are 

near from the ground surface (such as Dibdibba aquifer) and some are located deeper (such as 

Dammam and Umm Er Radhuma aquifers). Some of these formations have huge quantities of 

water, especially those aquifers located on the western part of this province (Western Sahara) 

and some have limited water quantity. Due to the availability of this renewable source, it is 

intended by policy makers and water planners to maximize the long-term economic 

development of this source to be ready for future oscillating hydrologic constraints. Recharge 

and total holding water capacity represent the most important annual constraints that facing the 

aquifers of groundwater. Due to the aridity, and various climate changes, an extra attention is 

needed for these regions to prepare some scenarios that can deal with difficult situations. Most 

of the aquifers in Al-Najaf province are composed of limestone, dolomite, dolomitic limestone, 

coarse sand, fine pebbles, gypcrete, claystone, sandstone, chalky limestone with marl beds, and 

others (Jassim and Goff 2006). 
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Figure 1.3: Iraqi governorates map with the Iraqi geographical neighbours (Adopted from 

MOWR 2015)  

In recent years, Al-Najaf province suffers from increasing the level of groundwater in some 

areas. The main reasons for the rise of the groundwater in this province are, the weakness of the 

infrastructure system in some regions to collect water from residential houses, rainfall that falls 

on the region, and the seepage from the Euphrates River. Moreover, seeping a part of river 

water into the groundwater, and the little use of the groundwater source in multiple aspects of 

life in some areas which do not have wells-field, all of these factors together led to a rise in the 

groundwater levels in this city and its surrounding area. The effect of rising groundwater level 

has caused some issues. For example, the groundwater in this region contains chemicals that 

effect through the time on these foundations as shown in Figure 1.4, or its flow could cause soil 

erosion from under or around of these foundations. Some populated areas may be affected by 
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the rising of humidity due to the presence of groundwater, especially in the event of heavy rains, 

which lead to the rise of water level in the groundwater reservoir. In the region of Al-Najaf, 

there are some buildings that suffer from the problem of the rise of groundwater due to the 

proximity of these structures from the agricultural lands, which rely mainly on the water from 

the river in its irrigation despite the presence of groundwater in these lands (no wells available), 

which causes the increase of soil moisture which will affect the foundations of those structures 

(MOWR 2015). 

 

Figure 1.4: Effect of groundwater on the foundations of buildings 

The regions surrounding Al-Najaf province have large areas of agricultural lands in both east 

and west areas of this province where it is one of the Iraqi provinces that produce a section of 

crops that feed the countryôs economy, such as wheat and rice crops. Surface water represents 

the main factor in feeding agricultural crops in the province of Al-Najaf, represented by the 

Euphrates River and there are some areas feeds on groundwater. As the result of the high levels 

of groundwater in this province and the non-use of this source in some areas, led to the rise of 

groundwater to immerse the land and flooded many agricultural areas as illustrated in Figure 

1.5. Where, due to the lack of drains to drain these waters on the long-term, it has led to damage 

of those areas to become unsuitable for agriculture because of the salinity, resulting in a 

significant loss in the local product crops of this province (MOWR 2015). 
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Figure 1.5: Immersing agricultural areas by groundwater  

The rise of the groundwater level was not limited to the agricultural areas only, but also in the 

desert areas which have small agricultural areas as shown in Figure 1.6. Where these areas 

contain a good stock of groundwater and lack of population for the purpose of investment of 

this source as well as the lack of the management plans that should be prepared by the 

government to reclaim of these areas. Therefore, in the event of a high rate of precipitation, this 

will lead to increasing the groundwater levels and thus dumping large areas of agricultural lands 

and others (MOWR 2015). 

 

Figure 1.6: Groundwater seen in the desert areas of Al-Najaf province 

1.2 Motivations 
 

The most important reasons for doing this work can be summarized by the followings: 

1. Exploring the groundwater resources in Al-Najaf region and its connection with the surface 

water source represented by the Euphrates River to assess both of these sources, whether 

there is an impact applied on them from the current pumping schedule or not and whether 

the interaction between them will affect each other or not. 

2. Due to some issues affecting the source of surface water represented by the Euphrates 

River, such as 1) the excessive use for the surface water source for all life purposes 

agriculturally, industrially, household, and drinking, 2) high temperatures which increase 

the evaporations from the surface water source, 3) shortage that may happen in the surface 
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water source after GAP project (22 dams on Tigris and Euphrates rivers) completes and 

becomes under operation, 4) population increase, and many more, it needs to use another 

source of water such as the groundwater source to reduce the impact of these issues and 

participate by providing water for some daily lifeôs activities. 

3. Sustaining the groundwater source to ensure its durability for future demand without any 

impact that may lead to damaging it.  

4. Reducing the dependence or excessive use of the waters supplied by the Euphrates River 

where it will keep large amounts of water for future use in addition to maintaining the level 

of the river, which will help the arrival of the Euphrates River water to those provinces 

southern of Al-Najaf province. 

5. Using the groundwater resource for the purposes of agricultural development through the 

reclamation of some agricultural land and the provision of water for this land from this 

source, which will help reduce the use of the surface water source represented by the 

Euphrates River and expand the scope of use of this vital source (groundwater source). 

6. Helping the decision-makers in Al -Najaf region by providing an integrated view of the 

groundwater and surface water resources available in the governorate and the damage to 

these sources and how to manage them in the best manner, which in turn will reduce the 

future damage and provide the quantities of water in these sources for the potential future 

water scarcity. 

7. Providing a specialised study on the source of groundwater, the effects applied on this 

source, and how to manage it in the best manner so that this study can be applied in other 

places of Al -Najaf province or Iraq, especially as Iraq contains many groundwater aquifers 

containing large amounts of water and most of them are not invested and/or studied so far. 

1.3 Aims and objectives 
 

This study is to use the modern state-of-the-art-Visual MODFLOW (version 4.6), which is 

classified as an accurate code in groundwater modelling (Kumar 2015), to assess the water 

resources (groundwater and surface water) in Al-Najaf region, Iraq as well as the interaction 

between these two resources. The scientific objectives of this thesis are to: 

1. Build a 3D groundwater flow model for Al-Najaf region by using a novel approach of 

hydraulic conductivity estimation/interpolation that is provided by Visual MODFLOW to 

simulate the resources of water through establishing a conceptual model. 

2. Explore the impact of the existing interface soil layer that separating the single unconfined 

aquifer (Dibdibba aquifer) into two soil layers to assess its impact on model entire domain 

conceptualisation and model results. 
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3. Assess and estimate the available groundwater quantities as a basic aspect of the current 

groundwater management. 

4. Study the impact of the river level, which passes through Al-Najaf province on the 

groundwater level in the area close to the river and in Western Sahara region. In addition, 

explore the impact of groundwater exploitation on the aquifer by building a model that can 

simulate the river and the aquifer at the same time.  

5. Estimate the vulnerability of groundwater resource (Dibdibba aquifer) and the Euphrates 

River by the impact of dry climate changes which are highly expected to happen in the 

future.  

6. Identify the ideal locations for the pumping wells which will be used for the appropriate 

purposes in Al-Najaf region as well as maintaining the sustainability of this water source 

through the development of appropriate decisions to manage well locations. This will 

provide the ability to supply an extra water for population usage. 

7. Create a management plan for the groundwater in Al-Najaf province so as to ensure the 

provision of scheduling of wells extraction amounts, locations, and effects on the 

groundwater aquifer system for the present and future advantages. 

1.4 Thesis layout 
 

The scientific and logical sequence that should be followed for the purpose of preparing a 

rigorous scientific research is as described in the chapters below with the required sequence, as 

follows: 

 

An introduction explains some important information about the groundwater issue overall the 

world nowadays and the motivation leads to studying the groundwater problem in Iraq and 

specifically in Al -Najaf region, are illustrated in Chapter 1. Gaps which are leading to address 

Al -Najaf region to be under study are also explained in this chapter. 

 

Chapter 2 presents a comprehensive review on the previous studies conducted by other 

researchers which are relevant to the current study/study site. The chapter focuses on the studies 

which were developed or modelled by MODFLOW program, but at the same time presents the 

other studies which were carried out using different codes or programs deal with groundwater 

analysis such as GMS program (Groundwater Modelling System), PMWIN (Processing 

MODFLOW for Windows), FEFLOW (Finite Element Subsurface Flow System), and others. A 

general view on the novelties intended to apply in this study is explained. 
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Chapter 3 describes the basic equations of groundwater flow which are governing the movement 

of groundwater flow for an area through the confined and unconfined aquifers, groundwater-

surface water interaction (groundwater-river interaction), and some other equations related with 

methods to estimate some of the boundary conditions needed to build the groundwater model. 

The boundary conditions and those criteria needed to calibrate and validate of any groundwater 

model are also explored.   

 

In Chapter 4 will describe the geology and hydrogeology parameters of the study area in terms 

of the nature of the topography and stratigraphy of the region and nutrition, which are mainly 

affected the movement of groundwater. This chapter will analyze the geological and 

hydrogeological collected data to extract the boundary conditions. In addition, the methodology 

used to calculate some of the needed boundary conditions is explained in detail. 

 

Chapter 5 will include the description of the conceptualisation of the groundwater model for Al-

Najaf region by using Visual MODFLOW program in detail; step by step, with the method of 

building the 3-dimensional groundwater model. It will apply the boundary conditions and does 

the calibration and validation processes for the model. 

 

Chapter 6 explains the results of the current situation of groundwater resources in Al-Najaf 

region. In addition, it will illustrate and explain the results that are resulted from the Visual 

MOFLOW analysis for Al-Najaf region groundwater model in detail for each case/scenario 

which is considered and applied to the model. 

 

Chapter 7 summaries of the outcomes of the research study. According to the consequences, it 

will put the recommendations for the decision-maker that should be taken into consideration for 

the future well planning. 

 

1.5 Publications 
 

¶ Conferences 

- Kareem, H. H. and Pan, S. 2016. Modelling of groundwater resources for Al-Najaf City, 

Iraq presented at ICWES 2016: 18th International Conference on Water and Environmental 

Sciences, Kuala Lumpur, Malaysia, 11-12 February 2016. urn:dai:10.1999/1307-

6892/10003691. 

 

http://scholar.waset.org/1307-6892/10003691
http://scholar.waset.org/1307-6892/10003691
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- Kareem, H. H. and Pan, S. 2018. Impact of interface soil layer on groundwater aquifer 

behaviour presented at ICGMTA 2018: 20th International Conference on Groundwater 

Monitoring Technologies and Applications, London, United Kingdom, 15-16 February 

2018. urn:dai:10.1999/1307-6892/10008558. 
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Chapter Two 

Literature Review 

 

2.1 Introduction 
 

The fundamental development for the quantitative description of groundwater flow was in the 

19th century as the first two scientists Hagen (1839) and Poiseuille (1840) were the only 

researchers who derived the equations deal with viscous flow through capillary tubes. Then, 

Henry Darcy (1856) derived the well-known flow law which can simulate water flow or 

groundwater movement in a porous medium and known as Darcy Law. Most groundwater 

studies have used this law as a base to identify the true results in either the experimental or 

numerical simulations. Many researchers have dealt with groundwater flow and groundwater-

surface water interactions because groundwater issue represents an important source of fresh 

water that can help to support various life aspects. The connection of this source with the over-

ground sources (Rivers, Streams, or Lakes) will affect each other geologically, hydro-

geologically, and environmentally. 

 

Although there are many aquifers in Iraq collecting groundwater, such as Dibdibba formation, 

Umm Er Radhuma Formation, Dammam formation, Injana formation, Fatôha formation, Nfayil 

formation, and Euphrates formation (most of them are in the Iraqi Western Desert), but the 

groundwater studies at the Iraqi level are still very few. The reasons for that are sometimes the 

complexities of data access, financial support of those studies need for experiments to improve 

data required, less experience in the field of groundwater analyses, and difficulties in assigning 

the correct boundary conditions for the area intended to be under study. Therefore, the only 

Iraqi groundwater studies were conducted by Al-Salim and Khattab (2004), Al-Sadiq and 

Akulaims (2005), Al -Sammaôa et al. (2008), and Al-Muqdadi and Merkel (2011). In those 

studies, MODFLOW and GMS ñGroundwater Modelling Systemò program have been used to 

investigate the groundwater aquifersô behaviours in terms of estimating the groundwater 

quantities in those areas and its suitability for use. The weakness in these studies is, those 

studies were not taken into account the parameters that affect the quantity or quality of this 

source like the contaminant, recharge, discharge, the impact of pumping wells-field, and the 

future prediction of this source. However, Dibdibba aquifer located in the area under study in 

this research lacks for any study that deals with the behaviour of this aquifer under external 

impacts such as pumping schedule or climate change although the presence of pumping wells 

used for agricultural purposes.  
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Groundwater modelling represents the management tool that helps to provide a decision about 

the groundwater system behaviour and the future response of that system due to the several 

impacts applied on aquifers. Modelling process has three important objectives (Anderson and 

Woessner 1992): 

 

¶ Predicting the behaviour for certain events which may the system be exposed for; 

¶ Gaining an overview of the dominant parameters by interpreting the dynamics of the system 

so that if the data is insufficient, it will provide the appropriate guides for data collection 

activities; and 

¶ Formulating the regulatory guidelines for the area under study by generating the appropriate 

geological conditions for flow analysis. 

 

To meet these objectives, several groundwater models have been developed to deal with the 

problem of groundwater which can generally be classified into two categories, physical and 

mathematical models. In order to assess the groundwater and groundwater-surface water 

interaction, several studies on groundwater flow, its relationship/connection and its affect/effect 

on/with surface water will be reviewed in this chapter. These studies will provide a 

comprehensive insightful on the deficiencies or weaknesses of previous works to identify the 

appropriate requirements of treatment. 

 

2.2 Groundwater models 
 

Generally, a model is a device designed to represent an approximation to simplify  the modelling 

process of complex physical processes. It may represent the groundwater model by an electric 

model or a scale model or a real groundwater aquifer model. A groundwater model, if it is 

constructed by a proper way, can be considered as an effective and valuable predictive tool for 

the groundwater resources management. The groundwater flow issues in the environment can be 

simulated using groundwater models (Anderson and Woessner 1992). In addition, it can 

consider the groundwater model more powerful if this model simply quantifies the groundwater 

heads and time for the complex hydrogeological conditions (Anderson et al. 2015). Poeter and 

Hill (1997) divided the groundwater models into two categories, the first one is the groundwater 

flow models which solve the head distribution over a domain and can predict the hydrological 

changes (such as irrigation developments or groundwater abstraction), while the second one is 

the solute transport models that solve the concentration of solute which is affected by 

dispersion, advection, and chemical reactions. Generally, groundwater models can be classified 

into two types, physical models and mathematical models. Physical models are those 

constructed in the laboratory by using the porous material (usually sand) to identify the 

https://en.wikipedia.org/wiki/Groundwater
https://en.wikipedia.org/wiki/Scale_model
https://en.wikipedia.org/wiki/Aquifer
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groundwater heads and flows directly (Anderson et al. 2015). Mathematical groundwater 

models are generally those models depended upon the equations of groundwater flow, which are 

the partial differential equations. These equations often can be solved by either the analytical or 

numerical methods; therefore, it can call the mathematical models as numerical, mathematical, 

or computational groundwater models. Analytical models are typically using the structure of 

mathematics to simplify the complex geometry of the groundwater domain to get a quick 

answer. Numerical or mathematical models are generally based on the real physics (real 

geological, hydrogeological, and boundary conditions) of the groundwater flow through 

deriving the appropriate mathematical equations. These mathematical equations are solved by 

various numerical solutions techniques or methods such as the finite difference method, the 

finite element method, and many more (Anderson et al. 2015).   

 

2.2.1 Physical models 
 

As physical models are those constructed in the laboratory, it can be using these experimental 

models to understand the groundwater flow and transport processes. The widely spread model is 

named as the ñSandBox Modelò, which represents a reduced scale of the natural porous medium 

domain. This model type has been used in many applications in groundwater flow and transport 

phenomena. Series of laboratory experiments have been made by Oswald and Kinzelbach 

(2000) to study the phenomenon of the variable-density flow of the subsurface flow in a 

saturated medium to use the results of these experiments in verifying the reliability of some 

numerical codes. Therefore, Sand Box models can be used to obtain the information required for 

elaborating of the benchmark examples (Loudyi 2005). In addition, these kinds of models can 

be used to study the groundwater contamination and remediation movement under different site 

field conditions (Hoopes and Harleman 1967; Ishaq and Ajward 1993). However, there are 

significant differences between the phenomena measured in the sandbox model and those 

observed in the field resulting from the small size of the laboratory model compared to the 

actual dimensions of the field site. Therefore, conclusions obtained from such models need to be 

re-examined when applied and translated into the field situation (Loudyi 2005). 

 

2.2.2 Mathematical models 
 

Groundwater flow mathematical models have been in use since the late of the eighteenth 

century. The fundamental concept of these models to deal with the behaviour of the aquifer 

system is represented by a set of mathematical expressions, such as linear algebraic equations or 

partial differential equations. Broadly, these models can be classified as either deterministic or 

stochastic (Loudyi 2005). 

https://en.wikipedia.org/wiki/Mathematics
https://en.wikipedia.org/wiki/Mathematics
https://en.wikipedia.org/wiki/Mathematics
https://en.wikipedia.org/wiki/Finite_difference_method
https://en.wikipedia.org/wiki/Finite_element_method
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Deterministic methods/models assume that the whole system works on the principle that the 

occurrence of a given set of events will lead to a specific definable outcome, whereas stochastic 

methods assume in advance that inputs are uncertain and accordingly it is designated to record 

of this uncertainty. Although there is an intended trend in research to develop the using of the 

stochastic methods, but deterministic methods are still more widely used than stochastic 

methods. Depending upon the assumptions which are made for the flow problem in terms of the 

partial differential equations, initial conditions, and boundary conditions, the governing 

equations in the deterministic approach will be almost solved numerically (Loudyi 2005). 

  

The more realistic field situations for the constructed mathematical models of a regional flow is 

almost analysed by approximated numerical techniques. Since the 1960s, numerical models 

have remained in continuous development where it becomes the preferred modelling approach 

to the sophisticated groundwater problems, especially the recent development of the high-speed 

digital computers. Numerical models have provided many advantages which included the ability 

of: 

1. Simulating the complex physical systems; 

2. Simulating the multidimensional groundwater systems; 

3. Simulating both temporal and spatial distributions of various model output; 

4. Incorporating the complex boundary conditions; 

5. Harmonizing the spatial variability of the inputted parameters; and 

6. Harmonizing both steady-state and transient conditions. 

 

Consequently, numerical groundwater models are better for simulating those problems of the 

real flow field. Where in fact, conceptualisation of a groundwater model into a mathematical 

model in the form of defined the field governing equations with the associated boundary 

conditions could have more complexity than that for constructing an analytical model. The 

solution of a mathematical model can be obtained through transferring those kinds of models 

into numerical models and then writing a computer code for solving the partial differential 

equations of the numerical model. The partial differential equations can be replaced by a set of 

algebraic equations which must be solved simultaneously as various numerical techniques and 

codes are existing for solving numerical models (Loudyi 2005).  

 

Numerical methods/techniques solve the partial differential equations, which are stated in the 

mathematical models, by an approximated solution. The hydraulic heads resulted from the 

approximate solution represent the numerical values at specified points in space and time 

domains defined for the groundwater problem. Where, as mentioned earlier, a set of algebraic 
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equations in terms of discrete piezometric heads will replace the partial differential equations at 

discrete points within the model domain (Loudyi 2005). 

  

Fluid applications have been solved by many numerical methods for various combinations of 

diffusion-advection problems. Generally, pure diffusion equation can describe the groundwater 

problems (i.e. flow problems), while diffusion-advection equation can represent the solute 

transport and the variable density flow. In this study, flow problems which mostly dominated by 

diffusion have been emphasised to investigate the worldwide techniques which have been used 

for this type of mechanism. The current principal methods which are nowadays in use for those 

equations integrated within the fluid applications are the finite difference method; finite element 

method; integrated finite difference method; boundary element method; and finite volume 

method (Abott 1989). 

     

The most extensively important and widely used methods in the groundwater flow problems are 

the finite difference method and the finite element method. Where the classic codes which have 

been used widely in these techniques have proven the strength of these methods in certain 

applications, but sometimes showed weakness in others. The three later methods are newer in 

their applications in the groundwater flow problems and still under investigation.  

  

2.3 Existing groundwater codes and limitations 
 

Various codes have recently been developed for most problems classes which are accounted in 

the field of groundwater management. Some of these codes are comprehensive for some extent 

and have the ability to handle various specific problems, whilst others are like tailor-made 

designed for particular problems. Most of these codes are developed or adapted to be used in the 

microcomputers through benefitting from the development of computer speed, graphical 

capacities, and high memory storages. Groundwater flow codes are structured to formulate the 

numerical algorithms to be able for tackling fluid flow problems where these algorithms called 

solvers. In addition, many codes offer great accessibility to access their code solving power. 

Nowadays, all the commercial CFD ñComputational Fluid Dynamicsò packages have a complex 

user interfaces for inputting parameters and examining outputs where most of these codes are 

containing three main elements, a pre-processor of the input parameters, a solver that can 

approximate the unknown variables, and a post-processor computer program that can offer 

graphic capabilities for inputs and outputs visualizations (Loudyi 2005). 

 

Generally, some public domain programs have less user-friendly facilities because those 

programs are more concentrated on solver performances than other facilities. Therefore, such 
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high capabilities represent a part of the selection criteria of the groundwater flow modeller who 

should choose the related code carefully. Table A.1 in Appendix A summarizes the most widely 

used existing codes in the field of groundwater flow simulations in the saturated zones. The 

performance of each modelling code, its applicability and functionality, stability, accuracy, data 

preparation or execution of each flow problem can be analysed depending on the programme 

documentation or manuals (Loudyi 2005).  

 

Over 500 computer programs currently exist for analysing groundwater or surface water 

problems (Van der Heijde 1996) where although this number has increased dramatically as 

many codes are newly created and developed to address the various research purposes, but this 

field remains need for development. For instance, one of the problems, evaluation of 

groundwater model applications remains without a common agreed methodology to evaluate 

these applications. In the face of decision-making based on model applications in many water 

quality issues, organizational staff needs guidance to evaluate the objective from building a 

model. The system of experts for selecting the appropriate computer software to analyze 

groundwater problems could be a very useful and helpful tool for promoting their use among 

local communities. For specific objectives, some authors have already proposed such systems, 

for instance, groundwater protection programs, pumping test experts system (Ouazar et al. 

1996), groundwater management has focused on the assessment and clean-up activities for 

hazardous waste site risk (Chowdhury and Canter 1998), or wellhead protection program (Wang 

1997). Some governments have published their handbook on the selection and application of 

mathematical models for either flow or solute transport processes (USEPA 1994; NGWCL 

2001). More generally, selection of the appropriate modelôs code for a specific field problem 

will depend upon the modelling objectives and the criteria that are describing the related code 

for a specific site. 

 

A computer programming language represents the numerical technique that will create a code 

for a specific problem. Therefore, limitations and capabilities of a code will depend on the 

performance of the numerical method used and the efficiency of computer platform. It became 

more important to evaluate the limitations of a selected code for the improvement purposes. 

Generally, a brief description of code limitations are broadly classified as follows (Loudyi 

2005): 

¶ Conceptualisation related: geological and hydrogeological features that can simulate the 

problem. These assumptions are needed when developing a model such as (model 

dimensions, boundary conditions, confined or unconfined, isotropic or anisotropic, steady or 

transient flow, heat considerations, transport considerations, etc.). 
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¶ Mathematical solution needed: It depends on the solution method selected, if a numerical 

technique is used in the selected code, the solution will be either in FD ñFinite Differenceò, 

FE ñFinite Elementò, FV ñFinite Volumeò, or BE ñBoundary Elementò method where the 

solution method will identify the limitations of the problem. Therefore, the accuracy and 

efficiency of the code will be affected by this type of limitations.  

¶ Hardware needed: In the programming language, the number of cells, model size, time 

steps, the amounts of data that can conceptualise the problem, and the numerical precision 

of calculations, are restricted to storage capacity and computer speed. 

 

2.4 Numerical models 
 

The world has recently proceeded the development use of groundwater rapidly, often outside the 

control of the governments. As a result, the uninterrupted pumping and pollution have 

threatened the sustainability of groundwater aquifers. Therefore, in many countries, awareness 

has emerged the need to improve groundwater management because, in many regions, the 

sustainability of groundwater resource is exposed to the daily shrinkage due to the excessive 

daily use (Groundwater Governance 2015). Generally, groundwater is controlled by three 

problems: depletion resulted from overdraft; submerged regions with water which will lead to 

increase the salinization due to insufficient drainage system; and pollution resulted from 

industrial, agricultural and other human activities (Shah et al. 2000). Overdraft is a process of 

extracting groundwater beyond the equilibrium or safe yield of groundwater aquifer, which 

could cause some consequences such as drying up some sub-surface groundwater aquifers, as 

this problem has led to drying up some of the natural streams and springs during the eighties of 

the last century (Shah et al. 2000). Due to the lack or sometimes absence of the drainage system 

and the lack of water management, some of the saturated irrigation fields have significantly 

affected by the occurrence of salinization. The increase in the irrigation process for agriculture 

has led to double the risk of waterlogging and salinization (Kbrom 2017). The quality of 

groundwater is threatened by degradation either due to the seawater intrusion (in coastal areas) 

or by the anthropogenic pollution resulted from the variety of contaminants which are existing 

in industrial or urban or even agricultural areas, so pollution represents sometimes a great issue 

in groundwater management (Groundwater Governance 2015). 

 

Iraq has suffered from a severe shortage in groundwater studies due to the need of such studies 

for many data and a good knowledge of the nature of spatial and temporal characteristics, as 

well as sometimes required to conduct some laboratory tests to get some important 

characteristics in the modelling process. At the local level (in Al-Najaf City and the surrounding 

area), properties of soils of groundwater aquifers have been studied by Al-Aboodi (2008), Ali 
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(2012), Jalut et al. (2013), Abojassim (2014), and Omran et al. (2014). Those studies have 

investigated the chemical concentrations in Bahr Al-Najafôs groundwater aquifers, hydrological 

properties for the area extended between Al-Najaf and Karbala provinces, uncertainty of 

parameters effect on the head as a dependent variable in Bahr Al-Najaf, the concentrations of 

uranium in the groundwater and soil in some areas of Al-Najaf province, and estimated the 

quantity of surface water in the groundwater source in Bahr Al-Najaf as well as how are these 

kinds of waters are distributed in the groundwater resource respectively. These research still 

without a confidence because the materials which those researchers have been used still have 

the weakness of confidential results although these studies still contain the minimum amount of 

information and data necessary to initiate comprehensive and complex studies. 

 

In the same context, the other groundwater aquifersô properties studies in other areas at the 

country level, the Western Sahara has motivated lots of researchers to consider that area as it 

has some important regional groundwater aquifers with huge amounts of water. Where, Parsons 

(1957), Ingra Yugoslavian Company (1961-1967), Consortium-Yugoslavia (1977), AlFurat 

(1989), AlFurat (1995), Al-Jiburi and Al-Basrawi (2009), Al-Fatlawi and Jawad (2011), Al-

Muqdadi and Merkel (2012), Ali et al. (2013), and Al-Mussawy (2014) have studied different 

areas in Iraq to investigate the deep fractured aquifers properties, chemical analysis and 

pumping test, hydrogeological conditions in the Mutable blocks, Umm Er Radhuma aquifer 

properties, wadis specifications in the Iraqi western desert, geochemical parameters in Tigris 

riverôs water in Baghdad province. Still the focusing of all of the mentioned studies is on the 

geological, hydrogeological, and environmental properties of the Iraqi groundwater aquifers 

without taking into account the benefits of this available groundwater source.  

 

Groundwater flow analysis represents the fundamental aspect of many researchers who looking 

for how to extract groundwater and treat it so that can consider it as a new source of water 

which can be used for different life purposes such as agriculture, industry, domestic use, and 

others. In the same context, many researchers have studied the effect of different kinds of 

pollutants on groundwater which resulted from factories, after being buried under the earth's 

surface in order to evaluate the effect of these contaminants on the groundwater quality and how 

it spreads. In other words, find the time and mass which the contaminant needs to spread 

through the groundwater system in order to keep this source as far as from pollution. This is 

because the groundwater source in an area has the ability to feed different fields of human lifeôs 

needs. 
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The Iraqi regions which have been under study by the international researchers are very limited. 

Groundwater flow and contaminant studies are many where each researcher has the choice to 

choose the appropriate program that can simulate the intended area for study. The codes which 

are used to analyse the groundwater/surface water bodiesô behaviours are many (as illustrated in 

Table A.1 in Appendix A), where the selection of the appropriate code depends upon the aim of 

the study and the characterization of the study site. A review on the groundwater flow studies 

and groundwater-surface water interaction studies that have been used Visual MODFLOW 

program will be presented. 

 

Mace et al. (2000) who developed a three-dimensional groundwater model to estimate the 

groundwater availability and levels of water for the purpose of pumping and future use for the 

upper and middle Trinity aquifer in Hill Country Area, USA. MODFLOW software was used to 

simulate the model for the steady-state (when the water levels in the aquifer near equilibrium) 

and transient (when climates are transitioned from a dry to wet period). The steady state 

calibration process was carried out for the year 1975 for the water table levels and the results 

were good as it is shown in Figure 2.6. Recharge and the horizontal hydraulic conductivity were 

effected the water levels of the middle Trinity aquifer, while the water levels of the upper 

Trinity aquifer were most sensitive to the vertical hydraulic conductivity. 

 

Figure 2.1: Simulated water levels for the middle Trinity aquifer for the 1975 steady-state model 

(Adopted from Mace et al. 2000)   

CEDARE (2002) developed a groundwater flow model for the Egypt Nubian sandstone aquifer 

system in order to simulate the system of groundwater flow for this area for the last 8000 years 

due to climatic changes.  
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Andrews and Neville (2003) studied the amount of chromium released in the valley which is 

near to Mojave River in California, USA. This study was presented to understand the methods 

that controll migration and fate of chromium in groundwater in order to be used as a tracer to 

investigate and study the dynamics of the basin. MODFLOW and MT3D were used for 

simulating the groundwater and chromium transport, respectively. Developments and 

modifications to MODFLOW resulted in a new well package that guesses pumping rates from 

wells for each time step depending upon the available drawdown. MT3D was modified to 

account for mass trapped and to redistribute mass to the system when the water table descends 

under non-irrigated areas and when water levels rise above. 

 

Leighton and Phillips (2003) built a numerical groundwater flow model for the Antelope Valley 

ground-water basin in California, USA by using geohydrology data. The system of groundwater 

flow comprises of three aquifers: the Upper, Middle, and Lower one. The model of groundwater 

flow of the basin was divided horizontally into a grid which consists of 43 rows and 60 columns 

of square cells one mile on each side and vertically for the three aquifers as which represented 

above. The results of model simulation showed that groundwater storage was declined for an 

approximately of 8.5 million acre-ft (10.5x10
9
 m

3
) from 1915-1995 and the water level to about 

150ft in the south-central part of the groundwater basin and this was with an extra 5ft of 

subsidence was simulated in the central part of the basin.  

 

Scanlon et al. (2003) used various approaches to simulate the groundwater flow in karst system. 

These approaches were equivalent to porous media distributed parameter, lumped parameter and 

dual porosity approaches, as well as discrete fracture or conduit approaches. The study was to 

simulate the regional groundwater flow in karst aquifer by using two different equivalents 

porous media approaches: lumped and distributed parameter as well as to evaluate the adequacy 

of these two approaches. The results showed that the Karst aquifer was very sensitive for the 

recharge than the pumping rate and this means that it needs to enhance recharge as well as to 

keep the conservation measures in order to improve the spring flow.  

 

A groundwater numerical model was built for a multi-aquifer and unconsolidated complex 

system in Swidnica area, southwestern Poland by Jacek and Maciek (2004). MODFLOW 

program integrated within GMS software was used to develop and calibrate the conceptual 

model depending upon the investigations from several hundred boreholes using the steady state 

condition. This study was to analyse the impact of wells abstractions 53000 m
3
/day on the 

groundwater level. Results showed that the abstractionsô impact on the multi-aquifer system was 

well (the groundwater decline was very slight) and the aquifer system was working efficiently 
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because the aquifer was received recharges from rainfall, Sudety Mountains which were 

existing along the boundary fault zone, and some lakes infiltrations. In addition, the aquifer 

system showed the ability for increasing the abstractions from wells. 

 

Al -Sibaᾳai (2005) has built a mathematical model for modelling the movement of groundwater 

in the lower basin of the Euphrates (Sector Six) in Syria by using MODFLOW program. The 

results of the study showed that the area in case of bad drainage, and the basin in general 

suffered from the problem of bad drainage process, which led to a gradual rise in the 

underground water level.  

 

Blegen (2005) accomplished both analytical and numerical groundwater flow models for the 

aquifers in delta structures (Trandum delta) in eastern Norway. This study has carried out the 

analytical and numerical solutions for the steady state head in those confined aquifers and 

unconfined aquifers in the area and after that, the results of these models were compared with 

each other. The analytical model was simplified to a one-dimensional flow so that it can use 

Poissonôs equation to get the solution. While, MODFLOW was used to make the numerical 

solution. Results were similar for a wide range between both analytical and numerical models. 

 

Karamouz et al. (2005) developed a method to conjunct of using the groundwater and surface 

water with emphasis on the quality of water by using the ANNs and GAs (Artificial Neural 

Networks and Genetic Algorithms), respectively. The objectives of the study were to control the 

groundwater table fluctuations, reduce pumping cost, and supply an acceptable water quality. 

This model was applied to the irrigation networks in the southern part of Tehran, Iran. Results 

of the proposed model showed the importance of an incorporated systems approach to allocating 

the surface and groundwater resources in the study area.  

 

Abdulla and Al-Assa'd (2006) studied the groundwater flow for Mujib aquifer, Jordan. The 

groundwater in Mujib area is the main source of water because Jordan is an arid country with a 

very little amount of water. The groundwater model was built to simulate the aquifer system 

under different stresses. The results of this model showed that this model was very sensitive to 

the anisotropy, horizontal hydraulic conductivity, and specific yield even when the recharge 

rates were low.  

 

Sefelnasr (2007) has developed a three-dimensional transient groundwater flow model by using 

FEFLOW program (Finite Element Flow) for the Nubian Sandstone Aquifer System (NSAS) by 

depending upon the GIS-Database integration. This model was suggested to do three things, the 
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1st was to standardize a define regional boundary conditions of the NSAS, the 2nd was to 

simulate the management options of the groundwater for a various stressed areas within the 

aquifer, and the 3rd one was to predict the environmental effect which results from the 

extraction projects on the present and future groundwater extraction on the various exploitation 

locations. In addition, this study was used to predict the economic lifting depth through the 

simulation until 2100. Therefore, five scenarios of extraction were proposed to detect the 

practical option of groundwater management. Through the results, scenario 3 was the optimal 

one that meets the optimal groundwater management option and the economic lifting depth, 

while scenario 5 gave a lifting depth after the 100m and this represents faraway the economic 

lifting depth in both the Kufra oasis and the East Oweinat area.  

 

MODFLOW and MT3D have been used to simulate the groundwater flow and solute transport 

in the subsurface systems in the Azraq basin, Jordan by Waôil and Randa (2007). The model 

simulated five scenarios to control the effect of the pumping rate on the groundwater systems as 

well as estimating the TDS (Total Dissolved Solids) results from the pumping schedule through 

finding the EC (Electrical Conductivity). The study reported that the scenarios which have been 

applied have an impact on the drawdown values. In addition, these scenarios have an impact on 

the EC values less than the impact on the drawdown.  

 

Humphrey (2008) developed a new numerical groundwater flow model for the southern portion 

of Honey Lake Valley in Lassen County, California County, Nevada to simulate the drawdown 

in the interbasin transfer across the California-Nevada state line. The people in this area and the 

SIAD (Sierra Army Depot) were worried about the reduction in the groundwater in the 

interbasin transfer. This was because of the prior modelsô predictions which presented for this 

area by others which resulted in a large range of drawdown. The values 1.4m and 0.8m were the 

results of model simulation for the drawdown across the California-Nevada state line and the 

SIAD, respectively.  

 

Fouépé et al. (2009) built a groundwater model to simulate the groundwater flow and particle 

migration in an unconfined and shallow aquifer in the south-east of Yaounde City, Cameroon by 

using Visual MODFLOW. A steady-state simulation was carried out after calibrating the model 

using 18 observation wells. The calibration gave good agreement between the calculated and 

observed heads after excluding one observation well because of the errors in measuring this 

value. The results reported good trend for the contours levels which were corresponding to the 

observed ones.  
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Montenegro and Odenwald (2009) tested a three-dimensional saturated/unsaturated groundwater 

flow model for an excavation pit in Minden, Germany in order to overcome on the water table 

difference which is currently about 13m beside of this excavation pit. This study was to assess 

the design parameters like the elevation of seepage face, head distribution, and discharge to the 

pit. The study was depended upon the difference between 3D model and a conventional vertical-

plane approach. Calculations of the 3D pit model led to a higher head distribution than any 

vertical plane model in the area close to the upper and lower head of the pit as well as vertical-

plane approach cannot apply for the radial flow. The 3D model results showed a seepage face 

slightly above the pit bottom while higher levels of seepage were estimated from the vertical-

plane model.  

 

Tesfaye (2009) studied the groundwater flow and contaminant transport for Akaki wellfield and 

its surrounding catchments in Addis Ababa, Ethiopia by using steady-state groundwater 

modelling. One layer aquifer (100m thick) was presented in this study. This aquifer was 

simulated by using PMWIN (Chiang and Kinzelbach 1998) software (pre and post processor for 

MODFLOW) (McDonald and Harbaugh 1998) under confined and unconfined conditions. 

Furthermore, PMPATH has been used to find the path lines and times of travel of the 

contaminant. By using the trial and error method, the model was calibrated by comparing the 

observed and calculated heads. Recharge and base flow values which resulted from modelling 

were approximately indicating good agreement between different models. In addition, hydraulic 

conductivity and recharge that represent the optimized parameters were distributed spatially 

over the area of the model. Flow lines were converging toward of the Akaki wellfield from all 

directions and this means that any water contaminant from the upper aquifer part will end in the 

wells and cause the pollution for all the wellfield.  

 

Nasrin et al. (2013) performed a mathematical groundwater model using Visual MODFLOW (v. 

3.1) to evaluate the current and future development effects quantitatively and qualitatively in the 

Narmab aquifer located in Golestan province, Iran. Water level data from 15 wells for the 

period from October 2003 to October 2004 were used to calibrate the model of the study area 

and the results showed a good agreement with the calculated head values. Results showed that 

the groundwater level remains acceptable with the current pumping schedule during the 

complex climate change. While, for the future prediction in the next few years, the groundwater 

level will decline in the aquifer, especially when the pumping rate was increased.  

 

A steady state, finite difference, two aquifers groundwater model was developed by using 

MODFLOW to estimate the quantity of the groundwater in the Choutuppal Mandal, Nalgonda, 
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India by Kumar and Kumar (2014). The observation heads from 19 observation wells were used 

to calibrate the model and the result of the calculated heads gives a good agreement as it is 

shown in Figure 2.7 after excluding 7 wells which do not match the calculated ones. Results 

showed that the aquifers are suffering from low storage and needs for an immediate 

arrangement for the groundwater recharge to save this source for future usage. 

 
Figure 2.2: Computed groundwater level contours in groundwater flow model (Adopted from 

Kumar and Kumar 2014) 

The MODFLOW code which is integrated within GMS software (Groundwater Modelling 

System) was used by Manouchehr and Ali (2015) to simulate Gotvand plain aquifer in Iran and 

assess of Abbid-Sarbishe area, which is located to the north of Gotvand in case of applying an 

artificial recharge. The model was calibrated and validated from September 2009 to August 

2010 and then used to assess the artificial recharge applied on this area. Through the results, it 

was found that the western areas of the project were highly affected by the artificial recharge 

during the period from 2005 to 2007 around the piezometer G19 which was located on the 

northern part of Gotvand plain. In addition, the artificial recharge has a positive effect on the 

study area aquifer, but this effect was not sufficient because of the sedimentation, drought in the 

past years, and the seasonal water flood.  

 

By using the GMS program, a numerical groundwater flow model was established by Shuwei et 

al. (2015) to evaluate the groundwater resources systems in the Jilin Urban Area (JUA) in China 

based on the collected data from 190 boreholes. Stages of the river were calibrated to control the 

groundwater flow in the field. The input for the model in terms of the hydraulic conductivity 

and specific yield were extracted from the results of 290 pumping tests. The model was 

calibrated using the trial and error method and gives a good agreement with a root mean square 
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of 0.66 m. Recharge was the most important sensitive factor on this model. Results reported that 

there was a decline in the groundwater level along the river valley in the Songhua. The model 

provided a scientific basis for using the groundwater source sustainably based on the demand 

and supply for the water resources in the JUA.  

 

In Iraq, the groundwater aquifers in general include the formations of Dibdibba, Umm Er 

Radhuma, Dammam, Injana, Fatôha, Nfayil, and the Euphrates where most of these formations 

are located in the Iraqi Western Desert. Although these formations have huge quantities of 

groundwater, but the groundwater studies that deal with this vital source are lacking, especially 

Dibdibba formation which has not been studied before despite the presence of pumping wells in 

this formation used for agricultural purposes. The reasons for that are sometimes the 

complexities of data access, financial support of those studies need for experiments to improve 

data required, less experience in the field of groundwater analyses, and difficulties in assigning 

the correct boundary conditions for the area intended to be studied. Therefore, the only Iraqi 

groundwater studies were conducted by Al-Salim and Khattab (2004), Al-Sadiq and Akulaims 

(2005), Al-Sammaôa et al. (2008), and Al-Muqdadi and Merkel (2011). Bashiqa and Al-

Hamdaniya regions in the northern part of Iraq and Umm Er Radhuma and Dammam 

formations in the Iraqi Western Sahara were the undertaken areas being studied. Some of those 

researchers have used MODFLOW and the others have used GMS to investigate the 

groundwater aquifers behaviours in terms of its availability in those areas and the ability to use 

this source. The weakness in these studies is that those studies were not taken into account the 

parameters that affect the quantity or quality of this source like contaminants, recharges, 

discharges, the impact of pumping wells-field, and the future prediction of this source.           

 

One of the most important processes for any groundwater model is the calibration process 

where it needs to make a comparison between the simulated heads or fluxes with the field 

measurements during the adjustment of the aquiferôs parameters. Typically, groundwater 

models are calibrated either to steady-state conditions only or transient conditions only or for a 

steady state followed by a transient calibration (Anderson and Woessner 1992). When the 

calibration has conducted using trial-and-error calibration, the calibration process is considered 

to be completed when the residuals errors values between the simulated and calibrated values 

can subjectively judge it as ñacceptableò (Philip 1980). 

 

All of the above reviewed studies were calibrating the groundwater models either using the 

transient calibration only or using the steady state one when there are no pumping conditions 

applied over the studied area (this type of calibration called ñStatic Calibrationò). When there 
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are pumping conditions applied on the study site, the calibration will be called ñDynamic 

Calibrationò. The name of Static or Dynamic comes from the behaviour of groundwater heads 

over the whole study area which is affected by the groundwater parameters such as recharge, 

pumping rates variation, evapotranspiration quantities, and others. The Static and Dynamic 

heads are shown in Figure 2.9, where the observed water table levels inside the pumping wells 

when the pumping wells are out of work or operation represent the ñStatic Headsò and when the 

pumping wells are in operation, the heads will be ñDynamicò.  

 
Figure 2.3: A cone of groundwater table depression generating by the effect of pumping 

schedule (Adopted from Fletcher 1995) 

In fact, often due to the unavailability of groundwater heads observations over intermittent 

intervals of a study site, the transient flow calibration is difficult to carry out and only the steady 

state calibration (Static Calibration) has been used. The steady state calibration when the 

pumping schedule is under operation (Dynamic Calibration) has not applied yet in the research. 

Where, the steady state ñStaticò calibration without pumping schedule applied will remain 

untrusted for the following reasons: 

1. Static heads are measured before running the pumping wells, but in the reality, this 

measure is done during the operation of the neighbouring wells so that this will give an 

inaccurate level of the measured heads.  

2. Measuring the dynamic heads is always done after running the pumping well and 

reaching the steady state condition where at this point, the level of water inside the 

pumping well (dynamic head) is measured. Therefore, dynamic heads are more 

reasonable to deal with in the calibration process. 

3. Dynamic heads are measured during the operation of all the neighbouring wells in the 

study area or at least most of the wells in the vicinity around the pumping well intended 
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to be measured where this will enhance the confidence of the Dynamic calibration 

greater than the Static calibration.  

 

2.5 Groundwater-surface water interaction 
 

Traditionally, water resources management has usually focused on either groundwater or 

surface water as separate entities. However, due to the development of both land and water 

resources, it is apparent that there is an effect on the quantity and quality of the groundwater and 

surface water due to the interaction between them where this connection affects each other. All 

surface water resources like lakes, wetlands, streams, reservoirs, rivers, and estuaries are 

interacting with groundwater resources. The interaction between the surface water and 

groundwater leads to exchanging water and solutes between them. Therefore, it needs a clear 

understanding of this connection to get an effective land and water management (Winter et al. 

1998). In Iraq, studies which are belonging to the relationship between groundwater and surface 

water are have not considered yet, especially those studies dealing with the direct or indirect 

relationship between the river and groundwater. Some of the previous world studies which have 

been studied the relation of groundwater-surface water will be presented. 

 

In 2002, a two-dimensional theoretical groundwater model of unconnected alluvial aquifer was 

modelled by Yassin and Michael (2002) to assess the quantity of seepage from a stream or a 

river through the streambed (Clogging Layer) into a subsurface aquifer. This assessment was 

carried out by modifying the saturated MODFLOW Code with a saturated/unsaturated code 

called ñMOBFLOWò. Results of both Codes MOBFLOW and MODFLOW were compared 

with a variably saturated model, SWMS_2D to evaluate the widely used groundwaterïriver 

interactions MODFLOW models.  

 

Stream or River package in MODFLOW (McDonald and Harbaugh 1996) is considered to be 

connected with the underlying aquifer by a model cell. In addition, the seepage between the 

channel and the aquifer is assumed to be proportional to the difference between the riverôs heads 

and aquiferôs water tables, if the groundwater table level was connected to the river water level. 

But, once the groundwater table of an aquifer drops below the riverbed level, the assumed 

exchange between the river and the aquifer which was dependence on the difference between 

them, it will become proportional of the river water level alone when the system becomes 

disconnected. Therefore, in the disconnected (either shallow or deep groundwater table) system, 

the seepage from the river toward the aquifer will become constant. 
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Bouwer (1969), Rovey (1975), and Dillon and Liggett (1983) developed new equations/models 

to address the exchange quantity when the system is disconnected. All the three models were 

not capable to estimate the variable seepage for the shallow water table where with the third 

model, there was an ignoring for some aquifer properties which led to overestimating the 

exchange values. In MOBFLOW model which was improved by Yassin and Michael (2002), an 

equation was used to overcome the disconnection problem. The newly suggested MOBFLOW 

code and the original MODFLOW code were compared with the SWMS_2D code. The results 

showed that the quantity of seepage for the disconnected river-aquifer system of MOBFLOW 

and SWMS_2D were very close to each other, whilst with the MODFLOW code, the seepage 

was 67.5% underestimated than those values for the other two codes where this is because 

MODFLOW cannot dressed of the unsaturated situation. 

 

The arguments of the research done by Yassin and Michael (2002) are: 

- The Yassin and Michael (2002) study have treated the disconnected river-aquifer 

system which already does not address in MODFLOW as the Schlumberger Water 

Services Company (who innovative this software) has stated that the program is 

dedicated to the study of saturated conditions. 

- It was a two dimensional study and for a theoretical case study, not for a real case study 

as the field has many climatic, geological and hydrographic changes that may change 

many of the physical properties of the model instantly or simultaneously and therefore 

the results may be true but do not reflect the real fieldôs situation. 

- It can conclude from this study the accuracy of the MODFLOW program in cases where 

there is a connection between the river and groundwater and this promotes the 

widespread use of this code in solving the problems of groundwater models. 

 

Philip et al. (2010) studied the accuracy of MODFLOW software for simulating the 

groundwater-surface water interaction for a connected/disconnected losing river and compared 

that accuracy with the HydroGeoSphere program results. HydroGeoSphere is a program that 

can simulate the saturated and unsaturated groundwater-surface water flows. The study focused 

on four MODFLOW aspects to be under accuracy evaluation, which were: 

 

- MODFLOW inability to simulate the negative pressures underneath the riverbed when 

the groundwater table become disconnected with the river; 

- As stated by Schlumberger Water Services Company, MODFLOW can simulate the 

river-groundwater interaction with either fully connected river or fully disconnected 

river, this point was under evaluation where as Philip et al. (2010) stated that in the 

reality the situation is transitional; 
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- The mismatch between the riverôs and cellôs widths during the model horizontal 

discretization which will result in a groundwater table position error under the river; and 

- Due to the coarse vertical discretization to avoid drying cells out, the simulation will 

have an error in the height of groundwater table. 

 

To evaluate these four aspects, a small scale model was built by Philip et al. (2010) with a 

homogeneous layer 120m depth, 250m width, 10m thickness and a river of 10m length, 10m 

width, and 0.5m depth in both of MODFLOW and HydroGeoSphere programs. The river was 

assigned for single straight cellsô line. The vertical layer was divided into 12 sub-layers with 

10m thickness each. Comparison of the MODFLOW results with those of HydroGeoSphere 

showed that: 

 

- When the groundwater table level was underneath the riverbed, the infiltration flux was 

an underestimation and the under-river layer was unsaturated. 

-  If the river remains connected, but losing water into the subsurface aquifer, the 

difference in the infiltration flux was not affected too much by the groundwater table 

level change because the pressure head in both of MODFLOW and HydroGeoSphere 

programs were close to each other in their values. Therefore, the underestimation of 

infiltration flux was affected by the disconnected situation only. 

- When the riverôs width was greater than the cellôs width, the groundwater table level 

was overestimated and vice versa, this was indicated for the connected system. For the 

unconnected system, the horizontal discretization was affected the groundwater head. 

- If a vertical discretization was applied to the model, dry cells were found as this has 

affected the modelôs consequence during the simulation process. 

  

The argument for Philip et al.ôs (2010) study, for each point is illustrated below: 

 

- It is already noticed and mentioned by Schlumberger Water Services Company (who 

innovative this software) that this software is applied for the saturated flows with a high 

accuracy so the researcher should collect the right code for the site under study to be the 

results more trusty. 

- It needs to check the situation of the groundwater-river interaction through all the 

simulating processes to be ensured that the connection between the two systems still 

exists and there is no mismatch in the river seepage or aquifer discharge. 

- In MODFLOW, there is a high capability to manipulate by the cellsô sizes to be 

corresponding exactly to the riverôs width through the refining cells process where this 

will raise the accuracy and efficiency of the groundwater-surface water interaction 

simulations. 
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- There is no need for the vertical discretization in simulating the real case studies as this 

will mislead the simulation process to give results do not correspond to the real 

situation in the real field. 

 

Therefore, all the above statements mentioned by Philip et al. (2010) are, either it can deal with 

them within the MODFLOW program and overcome them directly, or may not need them to be 

existed originally within the groundwater model prepared for the considered study site.  

 

Globally there are many studies dealt with the relationship between the groundwater and surface 

water resources to be under the microscope for the purpose of studying and investigating the 

factors that affect each other.  

 

To quantify the relationship between the groundwater and surface water in the habitat 

restoration along riparian, a groundwater model was built by Tain-Shing et al. (2001) using 

MODFLOW and applied along the San Joaquin River from the Merced River to the Friant Dam, 

Nevada, USA. Calibration was done using the available data. The model was used to 

demonstrate the sensitivity of the groundwater elevations to the river seepage rates and regional 

boundary conditions. Results illustrated the nature dynamic and transient interactions between 

the groundwater and surface water.  

 

An overview of different methods for estimating the exchange fluxes in the transition zone 

between the surface water and groundwater was involved by Kalbus et al. (2006) to choose the 

appropriate one. Results concluded that when combining different measuring methods together, 

this will considerably complex the estimated fluxes values between the groundwater and surface 

water.  

 

A three-dimensional groundwater flow model with eight aquifers was established by Li-Tang et 

al. (2007) for simulating the regional groundwater-surface water flow connection among the 

springs, rivers, and groundwater in the Heihe river basin in China. The model was calibrated 

with the investigated base flow as well as the historical groundwater level and gives a good 

reasonable correspondence. The modelling results reported that there were a coupling and 

decoupling between the groundwater and surface water represented by the Heihe River in some 

reaches. In addition, the study results were suggested to reduce the groundwater schedule 

pumping to maintain and sustain the development of the groundwater in the study area.  
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Tomohiro et al. (2007) used the isotope data to study the interaction between the groundwater 

and surface water in the Heihe River basin, North-Western of China, particularly in the lower 

desert reaches during the irrigation and non-irrigation periods. Results reported that in the non-

irrigation period the river water will feed the groundwater in both the desert riparian fringe area 

and the riparian forest region. While in the irrigation period, the lower desert reaches of the river 

was usually dried up. In addition, in the riparian forest region, the groundwater level has to rise 

rapidly after the short-term releases water from the middle reaches but it will return to decline 

after the short-term releases finished. Therefore, the short-term releases discharged water will 

not contribute in recharging the groundwater in the desert-riparian fringe region during the 

irrigation period.  

 

Safavi and Bahreini (2009) developed a groundwater model to examine the interactions between 

the groundwater and surface water in Najafabad semiarid plain region in Iran through the 

steady-state and transient conditions by using MODFLOW-2000. The results of the study 

showed that water budget was completely depending upon the seepage from Zayandehrood 

River and return flows from irrigated lands components, while boundary conditions were 

playing as a minor component in the total balance mass.  

 

Allison et al. (2010) developed a link between MODFLOW and RiverWare to provide a model 

which can be used to incorporate the critical features through modelling the low flow of river 

periods in the semi-arid riparian environments in the south-western of United States. The 

critical features were such as the local variations in seepage rates, riparian evapotranspiration, 

distributed water based on the rule of allocations to users and/or environmental flows and 

irrigation flows. The performance of this link was applied on the Rio Grande in the vicinity of 

Albuquerque, New Mexico and illustrated that the excessive reliance of human water use gave 

an adverse impact through endangering the Rio Grande silvery minnow. In addition, the linked 

model prediction showed that the flows in the Rio Grande Basin were reasonably accurate 

except when the flow was very low during few periods.  

 

Alphonce and Thomas (2010) developed a coupled model through integrating MODFLOW and 

TOPNET with these models which are integrating through the exchange of base-flow and 

recharge and river-aquifer connections and applied this model in the Big Darby Watershed in 

Ohio, USA. Generally, the coupled model gave good agreement results for calibration and 

validation processes between the measured stream-flow and water table depths, and the 

simulated results. Therefore, the good matching between the measured and simulated values 
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illustrated that the coupled model was adequate and can simulate the study area as well as 

capturing the effect of temporal and spatial variation in the recharge parameter.  

 

To gain an insight into the potential climate changes in the Western United States, an integrated 

groundwater-surface water model were used by Justin and Richard (2012) through using 12 

circulation model projections for rainfall and temperature from 2010-2100. This model was to 

evaluate the interaction between the hydrologic variables such as storage, groundwater recharge, 

streamflow, evapotranspiration, groundwater discharge, and snowmelt timing. The changing in 

rainfalls and temperatures over the period 2010-2100 resulted in more than 30% reduction in 

streamflow through the summertime and this highlighted the impacts of the climate changes on 

the groundwater resources.  

 

An investigation for the spatial and temporal variations in water chemistry which were affected 

by humans has been done by Yang et al. (2012) to characterise the relationships between the 

surface water resources such as rivers, lakes, and reservoirs and the groundwater source near the 

river in a shallow aquifer in Jialu River, a branch of Huaihe River in China. Results showed that 

the excessive domestic use has affected the groundwater source chemically in the north of 

Zhengzhou City and Fugou County. In addition, approximately 60-70% of river water was 

composed of the groundwater in the close vicinity.  

 

A developed interface tool has integrated with the MODFLOW software to determine the nature 

and extent of the groundwater-surface water connection to finally manage the water supply was 

carried out by Ruopu et al. (2016). This tool can be applied in other areas when the settings 

were similar and need for a water management. Applying of this tool on the State of Nebraska, 

USA gave utility and robustness for the results. Therefore, with some appropriate adjustments 

and precautions, this program can be used for managing and planning the water resources in 

terms of studying the connection between the groundwater and surface water. 

 

Despite the existence of the Tigris and Euphrates rivers, and many groundwater aquifers in Iraq 

particularly in Al-Najaf province, studies that deal the relationship between groundwater 

sources and surface water (rivers or lakes) are missing and unavailable. Even at the level of the 

Arab, studying the river's relationship with groundwater is rare. 

 

Most the previous studies were either focused on the effect of climate changes (weather), or 

geological and hydrological characteristics of either system, or studied of the effect of 

contaminants on each of them due to the connection exists between them, or studied the 
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chemical elements in groundwater and their effect on surface water. While none of those studies 

have studied the effect of pumping schedule on the interaction between these two systems. It is 

also not clear that those studies were conducted in the residential or non- residential areas.  

  

2.6 Hydraulic conductivity  
 

Generally, in the environmental and water regimes protection, hydraulic conductivity represents 

the key role that affecting these regimes. In addition, it is necessary to know how can determine 

(approximate) the hydraulic conductivity value (K) to explain, analyse, and describe the surface 

and subsurface flows in various regions such as urban, rural, and even landscape areas. Many 

methods have been used to estimate K, some of laboratory methods and some others are field 

methods (Jakub 2014). Where, K-value has the ability to change from place to place 

horizontally and vertically due to the internal or external impacts (Oosterbaan and Nijland 

1994).  

 

Generally, two types of groundwater water flow models are available right now, the forward and 

inverse models. The basic stand of the forward model is for the solution of the hydraulic head of 

an aquifer at any time and any point of the aquifer. When the aquifer parameters like storativity, 

transmissivity, hydraulic conductivity, stresses on the aquifer, and the initial and boundary 

conditions are known, the forward solution will be easily obtained. But, in reality, the entire 

aquifer parameters are rarely found complete or represent the whole area of interest, as in most 

cases those parameters are found to be as scattered measurements in the study area. Therefore, 

in order to develop a reliable groundwater flow model that can be used to predict the behaviour 

of an aquifer, the aquifer criteria or parameters should be interpolated (Sefelnasr 2007). 

Typically, inverse model is standing to solve the groundwater aquifer parameters through using 

the head observations as a dependent variable in the governing equation of flow (Laplace 

equation), where usually the field-measured values of fluxes and heads are having a higher 

degree of confidence (Anderson et al. 2015).    

 

Inverse models or problems are usually solved by history matching. History matching is a term 

originated from the petroleum industry field and refers to the matching process between the 

outputs of a model and the historical time series of measured values (field measurements) after 

adjusting the model inputs in both of steady-state and transient simulations (Anderson et al. 

2015). The procedure that is used to estimate the aquifer parameters is called the calibration. 

Model calibration is the process of adjusting one or more aquiferôs parameters to reach the best 

matching between the simulated results and the measured data (Sefelnasr 2007). The goal of 

history matching is to produce a satisfactory match to the field measurements (observations) by 
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identifying a set of parameters that promote the satisfactory matching. These parameters are 

adjusted within reasonable ranges in successive forward runs of the model until that model can 

produce an acceptable match. The term historical matching includes (Anderson et al. 2015): 

  

1. Identify the calibration targets from a set of field observations (which parameter needs 

to calibrate with the observations that available); 

2. Run the model after estimating the input parameters by the best way (hydrologic and 

material property parameters); 

3. Compare model outputs with the field observations;  

4. Adjust the input parameter values to obtain a better fit of the outputs to observations; 

and 

5. Select the model with the best possible fit that corresponds the field limitations and 

resources. 

  

When the correspondence between the observed and calculated heads or fluxes resulted from a 

groundwater model does not reach the sufficient accuracy, a little confidence of the calibrated 

model will be generated which will affect the future forecasting; therefore, history matching is 

very important for the modelôs fit evaluation. There are two phases for history matching to solve 

the inverse model, the first is the manual trial-and-error approach, and the second is the 

automated trial-and-error approach which is performed using software (Anderson et al. 2015). 

 

2.6.1 Manual trial-and-error approach 
 

The base of this approach starts with selecting an initial value of the unknown parameters; then, 

the forward model will run, and the model outputs represented by the calculated hydraulic heads 

will be compared to the field-measured heads. This approach depends upon repeating the 

running process multiple-times where the modeller will manually change some parametersô 

values and then evaluate the outputs after each parameterôs adjustment until a satisfactory 

matching is obtained (Sefelnasr 2007). The manual adjustment method has some advantages 

such as improving the modeller experience on how changes of the number, magnitude, and 

location of the adjusted parameters influence the matching fit of the simulated and observed 

values, providing a wide insight on how the groundwater simulation and groundwater aquifer 

behave, and enable the modeller to identify the sensitive and insensitive parameters that 

influence the model outputs effectively or less effective. Although the manual approach helps 

largely in developing the modellerôs hydro-sense, but it remains imperfect process because 

sometimes the parameters that affect the model are large and thus it is impossible to track each 

one in the calibration process (Anderson et al. 2015). The deficiencies and inherent subjectivity 
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of this approach are: it is expensive because it needs strenuous work, it is disappointing because 

it remains all the time needs for an improvement, and it is subjective because its results will be 

biased and this makes it difficult to evaluate the project under study (Carrera and Neuman 

1986). 

 

In addition, manual trial-and-error approach even with a rigorous procedure of manual 

parameters changes may still having some untested sets of parameters that might give a better 

model, where the lack of guarantee to present the best fit of a model, especially groundwater 

models that are used in the regulatory and legal areas, is undesirable (Bair and Metheny 2011). 

Therefore, automated trial-and-error rigorous mathematical methodologies are developed.  

  

2.6.2 Automated trial-and-error approach 
 

The automated trial-and-error approach includes two types of methods which can estimate the 

parameters of groundwater flow in the inverse models (problems): the direct and indirect 

methods. 

 

A. The direct method 

Stallman (1956a, b) has suggested a direct solution to the inverse problem of the groundwater 

flow modelling. This method assumes that the modelôs groundwater hydraulic head is known in 

space and time over the modelôs domain, but in fact, field-measured head sometimes requires 

interpolation. In this case, the partial differential equation of the groundwater flow will be 

written with the hydraulic conductivity as a dependent variable. Solving this equation will 

specify hydraulic conductivity. Due to the headsô interpolation even with small values, solving 

the partial differential equation will lead to large errors in the hydraulic conductivity of the 

inverse model. Therefore, although the direct method is attractive due to mathematical elegance 

and computational efficiency, but it found to be unstable to the most realistic problems 

(Anderson et al. 2015). 

 

B. The indirect method  

The indirect method is essentially automating the manual trial-and-error method where the 

hydraulic properties of a groundwater model will be estimated by using computer algorithms 

and statistical regression. This method has been advocated by many researchers, Yeh and Tauxe 

(1971), Cooley and Sinclair (1976), and Cooley (1979) to solve groundwater parameters and 

now itôs called ñPESTò ñParameter Estimation Methodò. The inverse code of this method has 

been developed by Cooley (1979) and Cooley and Naff (1990) and then extended to MODINV 
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(Doherty 1990), MODFLOWP (Hill 1992), and UCODE (Poeter et al. 2005). PEST (Parameter 

ESTimation) that recently developed by Doherty (2014a, b) has replaced MODINV in 1994 to 

become currently widely used in the applications of groundwater modellings. The mechanism of 

this method depends upon using an algorithm of (Yeh 1986) that involves and accomplishes this 

loop of orders: find or guess an initial value of a specific parameter, compare the calculated 

outputs of the forward model to the observed field data,  and repeat the last step until the value 

of the considered parameter (the considered objective function) will reach the minimal 

difference as compared to the observed data (Sefelnasr 2007). This method is considered to be a 

valuable and essential tool for groundwater modelling where it can estimate the groundwater 

parameters for complex models through the calibration process. Nowadays, automated methods 

are still evolving and finding better ways to solve the partial differential equation in the inverse 

models or problems and become active methods in the research area (Zhou et al. 2014). 

 

Groundwater aquifers are classified into two categories, simple or complex, based on the aquifer 

thickness and the spatial variation of the hydraulic conductivity. If these two parameters are not 

varied over the study site, the study site will consider having simple aquifer conditions; 

otherwise, aquifer conditions will be complex. The most important target of any groundwater 

flow model is the hydraulic head behaviourôs prediction over a groundwater aquifer, where the 

spatial and temporal variation of the aquifer boundary conditions, aquifer parameters, and 

stresses will have the greatest impact on the response of any groundwater aquifer (Sefelnasr 

2007).  

 

Various hydro-stratigraphic units of an aquifer can be identified and distinguished from the 

pumping tests calculations through calculating hydraulic conductivities and storativities. It is 

impossible in the real world to obtain comprehensive values of data at every desired point due 

to partial constraints (Sefelnasr 2007). In Iraq, particularly in Al-Najaf region (the study site), 

due to the difficult circumstances that the country has suffered from for at least a half-century, 

there was a scarcity of the data sets collected from various sources.  

 

To account this scarcity and discontinuity of the data needed, and to establish an accurate 3D 

groundwater model for the area under study. A novel third approach called ñDistributed Value 

Property Zones Approachò rather than the manual and automated trial-and-error approaches is 

available in Visual MODFLOW, is applied to Al-Najaf region groundwater model to reach for 

the best representation of the real field where although this novel approach is easy to access and 

apply through using Visual MODFLOW, but there is no one has applied it. Therefore, a great 

effort is given to apply this novelty through the spatially interpolating the hydraulic conductivity 
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in order to approximate the aquifer hydraulic conductivity to help in producing the best 

matching of the simulated and observed data. The methodology and application of this process 

are available in detail in section 5.7. Where, the ñOptimal Predictionò method that refers to the 

synonymous of the word ñKrigingò (Kriging method) is applied to predict the best underneath 

groundwater aquifer that gives the best matching for a high extent with the real field. This 

method uses the appropriate Variogram to analyse the spatial variation parameters and the 

roughness and continuity of various surfaces (Barnes 1991; Zimmerman 1991). It reduces the 

error of the expected values estimated by the spatial distribution. Therefore, accurate aquifer 

parameters will result in more efficient groundwater models. 

 

2.7 Interface soil layer 
 

A good conceptualisation of a groundwater model is the most important step that is needed to 

represent the real-modelled field that in turn will result in good predictions (Spiliotopoulos and 

Andrews 2006). As a result of accurate modelling and models of groundwater, decision-makers 

will be able to manage groundwater resource, assess the impacts on aquifers, issue the 

appropriate plan to negotiate local and regional groundwater supply, evaluate dewatering due to 

ecological systems, design and control pumping schedules needed, assess drought impact during 

dry seasons, predict the effects of climate changes and issue the scenarios to control those 

effects in advance, and many more advantages will be available under consideration for 

decision-makers through these developed groundwater models (Jeff et al. 2017). 

 

In most populated areas of the world, groundwater collected in the geological formations 

constitutes an important component of water supply for agriculture, industry, and domestic use. 

Withdrawal waters from pumps are supplied by those geological environments capable for 

yielding large amounts of water where these geological formations are existing underneath the 

ground surface and called aquifers. An aquifer is defined as that geological environment, 

saturated and permeable enough to provide an economic quantity of water for extraction process 

as it is commonly composed of unconsolidated sand or gravels and sometimes from permeable 

limestone and sandstone which represents rocky sediments (Kruseman et al. 2000). These 

aquifers may be confined or unconfined, depending upon the geological and lithological 

characteristics of the subsurface layers. There may also be more than one aquifer carrying water 

as this will be called by layered aquifer systems or multi-layered aquifer systems (Hemker 

1999). Layered aquifer system consists of either two or more aquifers separated by aquitards or 

aquicludes as shown in Figure 2.4. Typically, aquitard geological unit has limited ability to 

transmit water vertically as this makes aquitardôs water production is not sufficient to meet 

pumping wells demand, where as it consists of loams or clays, sometimes aquitard can be 
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considered as an impermeable layer. Aquiclude is classified as a completely impermeable 

geological unit, consists of unfractured dense metamorphic or igneous layers (Kruseman et al. 

2000).  

 

Figure 2. 4: Impermeable layers (AQUITARD/AQUICLIDE) along an aquifer which zero 

vertical flows occurs (Adopted from Kruseman et al. 2000) 

Whilst, sometimes, layered aquifer system consists of two or more aquifers or layers, each has 

its own geological and hydrogeological characteristics and is separated by interfaces which 

allow for crossflow as shown in Figure 2.5. The interface between layers is considered as an 

open boundary for transmitting water and stresses applied on the aquifer (Kruseman et al. 

2000). 

(a)  (b)  

Figure 2. 5: A confined layered aquifer system showing the partially penetrating well, either in 

the upper layer (a) or in the lower layer (b) (Adopted from Kruseman et al. 2000)  

 Most studies are either dealing with a layered aquifer system that having either aquitards or 

aquicludes (Blegen 2005; Waôil and Randa 2007; Abdulla and Al-Assa'd 2006; Al-Muqdadi 

 

/AQUICLUDE 
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2012), or dealing with a single aquifer single soil layer (confined/unconfined) (Al -Salim and 

Khattab 2004; Al-Sibaᾳai 2005; Shuwei et al. 2015), while sometimes it may have single aquifer 

with layered soils separated by interfaces. 

 

In Figure 2.5, it can be seen that there are two layers of soil separated by an interface soil layer, 

each of which has its own hydraulic conductivity, transmissivity, and storativity coefficients. 

Because the interface soil layer allows the water to move vertically, which layer will provide the 

water to the pump is not of considerable importance. The sequence of the layers in Figure 2.5a 

and b will not affect the pumping well because both of these layers will contribute by providing 

the required amount of pumping water. Thus, it is clear that both layers act as a single 

groundwater aquifer, even though these two layers are separated by the presence of the interface 

soil layer. This means that the interface soil layer must be represented in the mathematical 

model for the region under study to be the model conceptualises the real field (Kruseman et al. 

2000). 

 

The numerical representation of the interface soil layers in the groundwater models will 

certainly affect the uncertainty tests that are applied to the groundwater models to reach to the 

accepted model. Therefore, it is necessary to represent those interface soil layers 

mathematically/numerically, especially if that interface exists in the area. The reaction of the 

layered groundwater aquifer systems separated by an interface soil layer to the pumping process 

will be similar to those of the single-layer groundwater systems. Where, the hydraulic 

conductivity of the stratified groundwater systems separated by an interface soil layer depends 

on the equivalent value of the hydraulic conductivities of the entire system. If the layered 

groundwater aquifer system was confined, as shown in Figure 2.5a and b, then the equivalent 

value of the hydraulic conductivity for the whole system will be calculated using the analytical 

method that was develped by Javandel and Witherspoon (1983). Otherwise, if the entire domain 

of the groundwater system was unconfined; then, the equivalent hydraulic conductivity of the 

system will be calculated according to Darcy Law/Method (Kruseman et al. 2000). The full 

description of Javandel and Witherspoon (1983) with the boundary conditions and limitations to 

be able to apply for a layered aquifer system is presented in detail in Kruseman et al. (2000). 

 

The study area in this research is Al -Najaf region of Iraq, which has two soil layers with various 

geological and lithological characteristics for each layer. These two layers comprise the 

groundwater aquifer in this region (Dibdibba aquifer). These two soil layers are separated by an 

interface soil layer, which does not prevent the groundwater from the vertically movement 

between these two soils. Therefore, the impact of existing of an interface soil layer separating 
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the single unconfined Dibdibba-aquifer into two soil layers on Dibdibba aquifer behaviour is 

studied for the first time in this work. It will  also explore the effect of the interface soil layer on 

the modelôs results and calibration if it does not conceptualise in the constructed model for Al-

Najaf region. The calibration will compare the results of the models with and without an 

interface soil layer. All of the geological, lithological, hydrological, and boundary conditions 

related with Al-Najaf region study area will be explained in detail in Chapter Four. 

 

2.8 Summary 
 

Mnay studies in different regions around the world have dealt with the problem of groundwater 

and groundwater-surface water, chemically, physically, and hydraulically. But, the particular 

groundwater-river interaction has been dealt with in a few manner because this overlap needs to 

build complex groundwater models and complex analyzes in which accurate results can be 

obtained for this interaction process. This interaction will be under investigation for Al-Najaf 

region. Calibration of groundwater models is commonly classified into two well-known 

methods, the steady-state and transient calibrations. The steady state-dynamic calibration is used 

in this study and gave acceptable correspondence between the calculated and observed collected 

data with the assistance of applying the new approach ñDistributed Value Property Zonesò 

which is used to improve Al-Najaf region model through conceptualising the entire hydraulic 

conductivity of the study area to be very close to the real entire domain in the field. The impact 

of the interface soil layer which is located between the two layers of Dibdibba aquifer on the 

conceptualisation process and model results is studied to assess whether or not its 

conceptualisation will affect the behaviour and results of the groundwater model. In addition, 

the study area is completely new and it is under study for the assessment and investigation 

purposes for the first time. 
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Chapter Three 

Methodology 

 

3.1 Introduction 

  
According to the increase of the awareness and understanding of the interaction between the 

surface water and groundwater, mathematical and conceptual modelsô ability must be increased 

to efficiently and accurately reproduce the complex and difficult exchanges between these two 

types of water resources. The complexity in simulating the interaction difficulty is caused due to 

the temporal variations in surface water and groundwater diffusion phenomena (Constantz 

2008; Bunner et al. 2009). The spatial range between groundwater (GW), surface water (SW) 

features and the mechanism interaction of the mathematical modelsô representation is an attempt 

to close the interactions scale of SW/GW from approximately simple analytical methods to 

complex and difficult numerical solutions (Konrad 2006; Rushton 2007). 

 

Good management of groundwater aquifers requires the ability to predict the groundwater 

system movement and salt situation of that system as well as predict the changes which are 

implemented on the groundwater system by the nature and human activities (Al -Sibaᾳai 2005). 

 

3.2 Flow simulation 
 

The general equation of flow (Laplace equation) is developed on the assumption of the flow in 

the porous medium is transient. But when the storage term of the aquifer system becomes zero, 

the flow will change to steady state. The difference between these two types of flow, the steady-

state and transient flows, is the time. In the steady state system, water particle enters the flow 

domain from the inflow boundary will continue flow straightforward to the outflow boundary in 

a direction parallel to the pathlines, which are coinciding with the flowlines without paying any 

attention for the time as shown in Figure 3.1a. Whilst, in a transient flow system, the flowlines 

and pathlines do not coincide with each other as shown in Figure 3.1b. Where, the flowlines are 

changing over time; thus, these flowlines will represent the direction movements of the water 

particle at a specific instant in time and cannot in themselves estimate the complete path water 

particle. Consequently, groundwater hydrologists should understand the flow simulation 

techniques to analyze both the steady-state and transient flows accurately by using the 

appropriate mathematical equations (Freeze and Cherry 1979). A description of the flow 

simulation techniques is illustrated. 
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(a)  

(b)  

Figure 3. 1: Water particle movement in: a) Steady state flow, and b) Transient flow (Adopted 

from Faber 2001) 

3.2.1 Steady-state simulation 
 

In the steady state flow model, the variation of head with time in Laplace flow governing 

equation will be equal to zero which will result in constant computed heads and fluxes with time 

interval. Often many modelling objectives are addressed through the steady-state solution alone, 

such as analysis of various groundwater flow patterns, estimate leakage losses from surface 

water bodies, calculate the water table gradients for regional problems, simulate flow directions 

Flowlines 

Pathlines 

Water 

Particle 

Water Particle 

Lines Movement 
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pattern affected by the long-term pumping schedule, and forecast the time-averaged stress 

effects such as drought or projected long-term extractions. In addition, the initial conditions of 

transient modelling in transient flow models use the solution resulted from the steady-state 

modelling. In any graphical user interface software (GUI), the default simulation option used to 

specify inputs is usually representing the initial steady-state simulation process of a 

groundwater flow model (Anderson et al. 2015). 

 

3.2.2 Transient simulation 
 

Transient simulation begins by introducing individual stresses such as defining the change in 

recharge rate or pumping extraction, or by combining both of recharge rate and pumping 

schedule at the same time to identify the initial conditions represented by specifying the 

distributed starting heads. The boundary conditions located on the modelôs circumference are 

usually affected the steady-state solution, but in case of the transient simulation, the transient 

solution will be affected by those stresses defined at the beginning of the simulation process 

when those stresses reach the perimeter boundary. Typically, a flow model will reach for a new 

steady state condition when new stressed conditions are continued for a sufficient period. Some 

factors are required to be considered by transient simulation (Anderson et al. 2015):  

1. Storage parameter values for all hydrogeologic units as well as to the hydraulic 

conductivity that should be set in the model.  

2. The initial conditions of the model shall be formulated.  

3. The hydrologic stresses should not be propagated to reach the perimeter boundary of the 

model, because this may affect the simulated field conditions.  

4. An appropriate discretization of time and space should be done for the model.  

5. In the model calibration process, field observations should represent the length of the 

simulated time period.  

6. Longer running time is required for transient simulation than the steady-state one 

because the transient model must solve the problem at each time step, which requires 

several iterative trial solutions, as each model needs for multiple time steps to terminate.  

7. Head results are only one set in steady-state simulation, while in the transient 

simulation, each time step has its calculated head results which mean transient model 

will produce more outputs. 
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3.3 Governing equations 
 

Groundwater flow is mostly representative by Darcy law wherein the flow rate is proportional 

of the hydraulic gradient and the hydraulic conductivity which describes the characteristics of 

the hydraulic media which represents the area where the groundwater flows (Bouwer 1978). 

Hydraulic conductivity is always changing through the distance according to the changes in 

geological characteristics (Lent and Kitanidis 1989). It can be expressed this in Eq. (3.1): 

dL

dh
KKiV C-=-=                                                                                             (3.1) 

where, V is the velocity of groundwater (L/T); KC is the hydraulic conductivity of the soil (L/T); 

h is the water table of the groundwater (L); and L is the length of flow of the soil particle 

through the soil media (L). 

 

The general representation of the conservation of fluid mass equation (Continuity Equation) can 

be expressed in Eq. (3.2). Eq. (3.2) represents the flow discharge which represented by, Q is the 

discharge (L
3
/T), i is the hydraulic gradient (dh/dL) (dimensionless), and a is the area of flow 

(L
2
). 

KiaQ -=                                                                                                             (3.2) 

Negative signs in both equations 3.1 and 3.2 refer to the convention for the relation between the 

flow direction and head gradient. 

 

Whereas the equations of groundwater movement in general are based on two famous equations 

which are Darcy equation and energy conservation equation as the integration of these equations 

will give the public and general partial differential equation (Konikow et al. 2006). Therefore, 

the 3-D equation of groundwater movement of constant density through porous media can be 

described in Eq. (3.3): 
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where, Kxx, Kyy, and Kzz are hydraulic conductivities along x, y, and z coordinates (L/T); h is the 

potentiometric head (L); W is the volumetric flux per unit volume which representing sinks 

and/or sources of water. It's value less than (zero) when flow out of the groundwater system, 

and it will be greater than (zero) when flow is into the system (T
-1
); SS  is the specific storage of 

the porous media (L
-1
); and t is the time (T). 

 

Eq. (3.3) describes the non-equilibrium, heterogeneous and anisotropic groundwater flow 

conditions that provide the principal axes of the hydraulic conductivity aligned with the 
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direction of coordinates. Moreover, Eq. (3.3), together with the specification of flow and/or 

head conditions and initial head conditions will constitute a groundwater flow mathematical 

representation of an aquifer system (Harbaugh 2005). 

 

Equation 3.3 is complex and cannot be solved analytically through its general boundary 

conditions despite the presence of some analytical solutions for special cases. To obtain the 

appropriate solution of groundwater governing flow equations, a set of boundary, initial, and 

constraint conditions is required to compute groundwater flow. Continuity equation is classified 

as a non-linear equation which makes the analytical solution of this equation has some 

complexity; therefore, numerical methods are the most appropriate ones to solve these formulas. 

Where numerical methods have more flexibility in their processes for the solution of partial 

equations, but it should firstly prepare for the discretization of the model domain, which 

represents the most important technique to solve the partial differential equations (Yeh 1981). 

Mostly the finite element method (FEM) and the finite difference method (FDM) are the most 

used techniques due to their great clarity. In groundwater field, the FDM is the well-known 

method where in this method, the partial differential equation is solved through divided the 

problem into network of cells represented by network of points at the centres of these cells, 

which called "Nodes" (McDonald and Harbaugh 1988). Generally, each cell in the network 

system is connected with six neighbouring cells around it with a centred point called ñNodeò 

where the head will be calculated. The flow between every two cells will equal to the hydraulic 

conductivity between them multiplied by the perpendicular area on the direction of flow 

between these two cells multiplied by the hydraulic gradient, this is according to Darcyôs law. 

The water budget for each cell is given by Eq. (3.4), which depends upon the equation of 

continuity, and it is represented by the parameter (×Qi) ñthe sum of all flows into and out of the 

whole cells systemò, (×qi) ñthe sum of all flows from the external sources or stresses which 

affecting a single cell such as rivers, drains, recharge, evapotranspiration, and wellsò, (N) 

ñnumber of cells neighbouring to the centre cellò, and ö
÷

õ
æ
ç

å
D

µ

µ
V

t

h
SS ñthe rate of change in 

storage within the cell for the whole systemò (Harbaugh 2005). 
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Eq. (3.4) represents the exact flow from one of the neighbouring cells to the central one as well 

as the flows from external sources. The numerical solution of Eq. (3.4) according to the finite 

difference method is explained in detail in MODFLOW manual as well as the discretization of 

flow domain (Harbaugh 2005). Also, Eq. (3.4) represents the unknown pressure heads at time 

(t) for one of the six neighbouring cells in the network system surrounding the central one. So, it 
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is impossible to solve the previous equation individually, but must be resolved in conjunction it 

with the neighbouring cells associated in the network system and this needs to solve (n) 

equation simultaneously for each time step interval. The final simultaneous solution will give 

the values of head at various nodes through specific times. 

 

3.4 The simultaneous solution of linear algebraic equations 
 

The linear algebraic equations solution is mostly done by using the iteration methods whereas 

the iterations are used at each time interval of the mathematical model run. Firstly, assume the 

initial values of heads in each cell at the beginning of the model run and after running the model 

will get other values which are closer to the actual solution for these equations. These values 

will be taken as a new basis for the initial values of heads for the next model run, and repeat the 

solution until becomes the difference between the values entered and the resulting values is very 

small and within the acceptable limit, thus these values of heads will give the closest solution of 

the linear algebraic equations. 

 

The developer has been adopted the Visual MODFLOW program developed by U.S. Geological 

Survey (McDonald and Harbaugh 1988) to resolve the main equations governing the movement 

of groundwater flow because this software has a high reliability and flexibility to build and 

analyze the mathematical and conceptual models to meet the studied case. 

  

The development of a conceptual model represents one the most important processes or steps 

used in the modelling of groundwater flow. The conceptual model which describes, explains, 

expects and controls on the hydrogeological conditions is composed of two determinants which 

are physical and chemical (Toth 1970). Through these determinants, it can be developed the 

conceptual model by building a simplified representation to the required study area and then 

defines the location and movement of groundwater in the study area, lithology of area of study, 

and identify the properties and boundaries of the aqueous formations within the study area so 

that it can apply the numerical model correctly and accurately to find the results. 

 

3.5 Conceptual Model 
 

To construct a conceptual model, it requires identifying a set of assumptions that can describe 

the composition of the system, the relevant flow domain properties, and the mechanism of flow 

process. Therefore, an extensive exploration to investigate the natural behaviour of the system 

and the right collection and interpretation of field data are fundamentally crucial to understand 

the systemôs behaviour and help to prepare the correct definition and representation of the flow 
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problems. The objective of problem management, level of accuracy, type of the investigated 

problem (either flow or contaminant), and the use of the model whether for exploration the 

system only or for future forecasting, are the most important features used to identify the 

appropriate conceptual model selection and its simplification. A schematic pattern for the 

construction of a conceptual model is illustrated in Figure 3.2. This schematic shows the 

common essential requirements needed to start building a conceptual model such as model 

domain geometry, flow characteristics, fluid properties, sources and sinks, processes of 

simulation, geological and hydrogeological data required, and initial and boundary conditions 

(Loudyi 2005).  

 

Large models which simulate large areas need more details and crucial objectives, which mean 

more cost needed with more complex/accurate codes and larger capacity of computers. 

However, a simple conceptual model for reasonable areas that can facilitate modeller efforts 

should be considered, but not too simple to that extent leads to exclude some important features 

which dominate the groundwater problem being investigated. In conclusion, the conceptual 

model will be good when it constructs to meet the exact objective need, as possible as low cost, 

and use the adequate available data to develop and calibrate the model professionally with an 

acceptable manner. Ultimately, the final constructed conceptual model would not be definitive 

as it can always be adjusted with any updates resulting from the calibration process (Loudyi 

2005).   

 

Figure 3.2: Schematic pattern used to build a conceptual groundwater model (Adopted from 

Loudyi 2005) 

 












































































































































































































































































































































































































































































