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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 urgarthgivmpact of the

global climate changeThis researchwill use a new hydraulic conductivity estimation

ADi stributed Value P whiclp & rintegrated d@onaessateof-tleejarp r o a ¢ |
computer modé the Visual MODFLOW (version 4)J® to assess the current state of
groundwater resources and the riskuttire water resource security in the region centred at Al

Najaf province which is located in the miglest of Iraq and adjacent to the Euphrates Riler

will also explore and assesstigroundwater aquifdeuphrates River interaction. The impact of

the interface soil layer located between the two soils elN#jhf region aquifer is studied

whichis consideredo bethe £cond novelty in this research.

The model is calibrated both stasily and dynamically. The new hydraulic conductivity
approachis highly improvedthe calibration procesgarticularly the dynamiprocessWhere

the application of the dynamic calibration with a 16.5 mm/year recharge rate gtowesst
correspongknce 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 interfsmié layer from the
conceptualiation procesand consideringhe aquifer as one layer only has affected the ndodel
results Specifically, only 0.24 knf dry area appears in the aquifer as compaigitithe current
statd s r ef the draurdlwateaquiferwhentheinterface soil layer is modelleth addition,

the Euphrates River leakage resulte different due to the impact of the interface soil layer
whencompared with those results when ignoring it from the modelling process. Calibration is
also affectedThe @lculated heads were high and dispenstdéncompared with those heads
when the interface soil layer is modellethis affects the accuracy and acceptability of the

model 6s calibration results.

The esultsof the current state of ANajaf regionshow a gaeral 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 layershich equals 39 kfmand 1.32 krfy respectively This indicated a
degree of insufficiency of water resources in the study beeausehe groundwater aquifer
supplies only 84% of theurrent water demand frotie pumping schedules. The computed
groundwate balance shows that the Euphrates River supplies water of 5384yninto the

groundwater aquifer, instead of gaining water from the recharge of 23%@aynif no water is

v



pumped from the wells. The predictieapactof climate change cases conclutlest the largest
effect on the groundwatdtuphrates River connectiosa when reducing the recharge rate and
the western constant heabh particular,the groundwater aquifer'dry areawill increase
dramaticallyand will reach 150 krhand 120 krhin the bp and bottom layersespectively. The
Euphrates River will also suffer hugely throuttye loss of 14100 nVdaydue to the reduction of
eitherthe recharge rater the western constant head. Increasing the pumping schedule for future
use will also impacbn 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 connectitme with
Euphrates River, it is highly recommendedrémovesome wells from the pumping schedule
and reduce the pumping rate of the otlells, andconstantlymonitoring 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 ANajaf Cityand the surrounding area

Keywordd Al-Najaf region conceptual modellingjistributed value property zones approach,

interface soil layer, groundwataquifer behaviour, Visual MODFLOW.
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Chapter One

Introduction

1.1Introduction

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

are commonly referred to the surface water from rivers, lakes and streamsapandace 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 milllon® of drinking water which is available

on the planet, about 8 million Kns found in groundwateresources. With the rapetonomic
development and the population growth at the glasbale in recent years, the usiesurface

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 Easbrre@uevauviller 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 Wateryvidesa number of
essential advantages as garedwith surface water source, suchhégher quality to us it for

vari ous | ibdtter @pretectiors fpom cantaminanwhich may infect this sourcéess

prone to seasonal and letgyrm fluctuations, and uniformly spread over large areas as
compared \ith surface water where it is very often available in regions wikésoid ofsurface
water(lgor and Lorne2004). Therefore, for domestic uses, industry, and especially agriculture,
the freshwater supplied by groundwater source will ultimately become ivgpprtant,
particularly when surface water sources have exposed faetis 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 manageaiehe surface and subsurface water

resources, water security becomes an extremely urgentistweglobal level

Middle-East countries are located in the more arid lands in the world, which includes North
Africa and the Arabian Peninsula. In thesgioas there are only three major rivegsurface

water sources), the Nile (ikgypd, the Tigris (originated from Turkey andterminatedin
southernof Iraq in the Shatt alrab), and the Euphrate®ifginatedfrom Turkey and passes
through Syria and termated in southerof Iraq in the Shatt aArab) which provide water for
narrow sections (areas) throughout the year. The rest of the regions are being forced to rely

mainly on the desalinationprocessof seavater for drinking purpses especially in the Gulf



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 MiddleEast region (EBaz 2013.

The total Tigris River Basin area is around 375,006, Hine average annual runoff is estimated

at 21.33x1® m®> when entering Iraq. The Tigris River contains many tribusartee most
important ones aréhe Great Zab, the Small Zab,-BbheimRiver, Dyala River, and others
Regarding the Euphrates River, its basin area is around 500,300 henaverage annual flow

of the Euphrates River when entering the Iragi borders is estimated at’36%1@ith a
fluctuating annual value from 10x1 40x16 m®. This quantity is allowed to enter Iraq under

the agreement between Iraqg and Syria as it often changes under political changes that negatively
affect these agreementdnlike the Tigris River, the Euphrates River is not connected to any
tributaries whentiruns through the Iragi lands where it only discharges of around 10x10
m’/year to Hor aHamar (one of the marshes in south of Iraq). The annual runoff in both rivers
which hasbeenentered from Turkey and Syria, has changed over the successive debades w

in the period from 1938 to 1980, the total annual runoff rate of both was reaching up td 68x10
m®, while the records showed that in certain years in thesimites and mieseventies, the
annual runoff rate has exceeded 84xff. On the other handn the early1960s records
illustrated a severe drought where the discharge rate of both rivers wa§°36°. Therefore,

this large variation irthe 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 neigliiag countries (MOWR 2015). Iraqg had not
experiened 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) baeaincreasingthe effect onthe water
security in Irag. The Iraqgi government has also called for Turkey and Syria to change their water
policy with the riparian countries, which has led to the buildipgof the tension in Iraqi

Turkish and IragiSyrian relations.

In Iraq, the lackof application of modern technological methods in the management of water
resources has led the countrylaggingbehind global development for several decades. Where
twelve years of blockade and economic sanctions, which have imposed on Iraq, havadepriv
the engineers and scientists of the opportunities for the cooperation with the modern world and
transfer of modrn technologies to the IraqiiMstry of Water Resources (MOWRJherefore,

the negligencen the field of water resources was very large aadd for strenuous efforts to

promote this vital sector. Irag has gone scarce of water through successive years since 1933, the



worst of which were 1999, 2000 and 2001, and now the situation is repeated since 2008 and so
far. This indicates the impact gfobal 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 resoursdn Irag. Climate change global warmingrepresents one of the
factorsthat 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 trdsutihe behaviar of
neighbauring countries such as Turkey and Sysi@hanged wherthe freshwater flowed from

the mountains in Turkey to Irag and through Syria to Iraqi terriftows from the immemorial

time without any barriers like dams. In the ed870s neighbarring countries have started to

build storage dams and irrigation projects and continue to establish more of these dams without
taking into account the consequent shortafjevater 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 Irdige management of water inside Irag represents
another poblem, 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 resourt¢es gdcof these

issues have produced the failure to develop clear plans to manage this vital source, which in
turns led to some agricultural lanbdscomingdead and unsuitable for agriculture. Currently, the
agricultural sector in Iraq contributesly to 8% of the Iragi economic output although it is the
second largest sector in the country. This is due to yeamsegligencefor this sector,
international sanctions, and the lack of investment and deteriorationeint rgears due to the
decreaseof theTi gri s and the Euphrates Riversob | eve
water for agricultural and life purposes (MOWR 2015).

Al-Najaf provincefeeds mainly fromhe surface water supplied by the Euphrates river, which
passe®n the eastern sid# it. Four provinces soutbf Al-Najaf arefeedng mainly on surface

waters provided by the Euphrates River, wheast 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 cultiggigeviously In addition, the decrease

in the Euphrates River 6s watnrs quantitieseraquiredtemeeti n &
the needs of the population for drinking and irrigation (MOWR 2015).



Figure 11: Decliningof the river level anéppearing the riverbed (Adopted frattOWR
2015)

The problem has become worsen and led to the drying up of some of the subsidiary irrigation
canals which are branching frothose tributaries ofhe Tigris and Euphrates Rivers, but far
from the mainflowing water of theTigris andbr the Euphrates River. Thdryness 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 theedisionmakers has preventdtie use of this vitatesource due to the
absence of extracted wells available in those areas (MOWR 2015).

With the sharp decline in the Tigristelmagd Eup
Ministry of Water Resource@MOWR 2015),the Tig i s and Euphrates Ri Ve
are redaed by 30% and 35% respectivelyhich has caused the destruction of large tracts of
agricultural land, significant livestock, and fisheries losses in the country, government efforts
with neighbaring Turkey and Syria to increase water supply flowing in these rivers are
increased. Wher¢he agriculture in Iracpuffers from a significant decline compared to the

actual production which wasvailable before 2003. The most important reasioat contributed

to this declinearethe lack of successive governments to support farmers in funding and crop
requirements, and the absence of a general agricultural plan for irrighti@uldition the

shortage of precipitatioaggravateshe problemin the last ten years dhose lands away from

the river or those that do not have groundwater, to increaselaoted areas, although those

areas are cultivable (Figure 1.0ore than thatthe rise in temperature significantly led to
highlighting the phenomenon of desertifioat 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 12: Drought of arable lands due tiee unavailability of water (Adopted fromlOWR
2015)

A good groundwater quantity was discovered at the slopes of the mountains in theasobrth
toward soutkeast in the area on the right bank of the Euphrates River. The safe yield of the
water that is stored in the groundwateeservoir in northeasteisoutheastern of Iraq is
estimated to bbéetween 10 fifs and 40 rils at a depth of betweenrf and 50 m. The aquifers
located on the right bank of the Euphrates River (sudbiladibbaformation,Injana formation,

and otherkare 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, suéraasnam formation

Umm Er Radhuma formation, and otherwith an estimated safe yield of 13/mfrom 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
groundvater quality is to some extent limited due thigh levels of salinity (MOWR2015).

Some of groundwater reservoirs in Iraq are receiving groundwater from Saudi Arabia such as
Umm Er Radhuma formation in the sowtlest of Irag, which is received of aboux1®’
m’/year The renewable groundwater resourigedraq are estimated to be 35.2%T¥@%year.
According to the MOWR (2015), the total amount of water withdrawn from the groundwater
resources in 2012 was estimated atx@® m°® 79% for agricultural purposes, 6.5% for

domestic supply and 14.5% for indiiat use.

In Irag, there are manyrban agriaultural, and desert are#fsatown a large stockf waterand

can take advantage of it for multiple purposeshe currentesearch, it will address the City of
Al-Najafand its surrounding aremn particular, to the importance of this province and the large
number of arrivals from all over the world as a sacred &eagraphicallyAl-Diwaniyah,Al -
Muthanna Al-Nasiriyah andAl-Basrah represent the provinces whiok neighbouring to the
province of AFNajafand 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, anctalgure. Therefore, it



requires the provision of appropriate additional amounts of water without relying only on

Euphrates River.

Al-Najaf provinceis located in southwestern part of Iraq and borders with Saudi Arabia. It
shares its internal boundariegwthe provinces of AAnbar, Babil, Karbala, AMuthanna and
Al-Qadissiya as shown in Figure 1.3. It is located on the spesh of the Iraqi capital centre
Baghdad with a distance about 161 Kom the western border of thpgovince there is the
Westen desert, which extends to the borders of Saudi Arabia. The total areaNafjaklis

about 2882410° m?. There is a sea also in tisovince which is called ANajaf Sea, it is dry

at this time, but sometimes owns oscillating level during the rairgosseof the year and it is
located adjacent to the Western Sah@te 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 passedoiigh the eastern border. Typical dry desert weather
represents the climate of thpsovincethrough the most seasons. Summer season is hot and dry,
and the rainfall is very low and limited to the winter months. On the yearly averafjaj#l
provincerecaves only about 100 mm of rainfall. On the eastern side ofptluginceand close

to the Euphrates River, there is-KWufa City, which represents the second capital populated
area in this provinceVater users in this region are dependent mainly on the water running in
the Euphrates Riveandthe groundwater quantities which are pumped from thesvielt to
support their livelihoods. There are a lot of groundwater formations imptbisnce someare

near from the ground surface (suchikdibbaaquifer) and some are located deeper (such as
Dammam andJmm Er Radhuma aquifers). Some of these formations have huge quantities of
water, especially those aquifers located on the western part girthiace (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-téommg economic
development of this source to be ready for futoseillating 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 regionspcepare some scenarios that can deal with difficult situations. Most
of the aquifers in ANajaf provinceare composedf limestone, dolomite, dolomitic limestone,
coarse sand, fine pebbles, gypcrete, claystone, sandstone, chalky limestone with maridbeds,
others (Jassim and Goff 2006).
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Figure 13: Iragi governorates map with the Iraggographicaheighbours (Adopted from
MOWR 2015)

In recent years, ANajaf province suffers from increasing the level of groundwaitersome
areas The main reasons for the rise of the groundwater irptioiginceare, theweaknes®f the
infrastructure system in some regions to collect water from residential hoaiséall that falls
on theregion, andthe seepage from the Euphrafser. Moreover,seeping gpart of river
water into the groundwateandthe little useof the groundwatersource in multiple aspects of
life in some areas whictio nothave wellsfield, all of these factors together led to a rise in the
groundwater leval in this cityand its surrounding are@he effect of rising groundwater level
has caused some issues. For examplegtbendwater in thisagion contains chemicals that
effect through the time on these foundations as shown in Figure 1.4, or its fltdvoemse soil

erosion from under or around of these foundations. Some populated areas may be affected by



the rising of humidity due to the presence of groundwater, especially in thieoéVeavy rains,

which leadto the rise of water level in the grounaer reservoir. In theegion 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 irrigatio despite the presence of groundwater in these lands (no wells available),
which causes the increase of soil moisture which will affectdbhadations of those structures
(MOWR 2015).

Figure 14: Effect of groundwater on tHfeundations of buildings

The regios surrounding AINajaf provincehavelarge areas of agricultural lands loth east

and west areas of thigovincewhere itis one of the Iraqi provinces that produce a section of
crops that feed the counésyeconomy, sch as wheat and rice crops. Surface water represents
the main factor in feeding agricultural crops in @revince of Al-Najaf, represented by the
Euphrates River and there are some areas feeds on groundwater. As the result of the high levels
of groundwagr in thisprovinceand the nofuse 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 warketise longterm 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 thisvince(MOWR 2015).



Figure 15: Immersingagricultural ares 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 laclpabulation 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 evartigth rate of precipition, this

will lead to increasinghe groundwater levels and thus dumping large areas of agricultural lands
and othergMOWR 2015)

Figure 16: Groundwater seen in the desert areas efl&jaf province

1.2 Motivations

The most important reasons for doing this work can be summadayzéx followings:

1. Exploringthe groundwater resources in-Whjaf region and its connection with the surface
water source represented by the Euphrates River to assess both of these whatbes
there is an impact applied on thdéram the current pumping schedue not and whether
the interaction between them will affect each other or not.

2. Due to some issues affecting the source of surface wepeesented byhe Euprates
River, such asl) the excessive use for the surface water source for all life purposes
agriculturally, industrially, household, and drinking, lijh temperatures which increase
the evaporations from the surface water sourceh@jtage that may happen in the surface



water source afteGAP project (22 dams on Tigris and Euphrates rivers) completes and
becomes under operation, g)pulation increase, and many more, it needs to use another
sourceof water such ashe groundwater source to reduce the impact of these issges
participate by providing water for some da

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 vea@iged by the Euphrates River
where it will keeplarge 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 AlNajaf province.

5. Usingthe groundwateresource 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 th
Euphrates River and expand the scope of use of this vital dguocedwater source)

6. Helping the decisionmakers inAl-Najaf region by providing an integrated view of the
groundwater and surface water resources available in the governorate and the ttama
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 sourdbe fpotentiafuture
water scarcity.

7. Providing a specialied study on the source of groundwnr 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 ofAl-Najaf provinceor Iraq, especially as Iraq contains mamgundwater aquifers
containing large amounts @fater and mdsof them are not investezhd/or studiedo far.

1.3 Aims and objectives

This study is to use the modern stafdhe-art-Visual MODFLOW (version 4.6), which is
classified as an accurate code in groundwater modglKongnar 2015) to assess the water
resources (groundwater and surface water) iN&jaf region Irag as well as the interaction
between theskvo resources. The scientific objectives of this thesis are to:

1. Build a 3D groundwater flow model for Majaf region by using anovel approach of
hydraulic conductivity estimatidimterpolationthatis provided byVisual MODFLOW to
simulate the resources of water through establishing a conceptual model.

2. Explore he impactof the existing interface soil layehat separating the sgle unconfied
aquifer (Dibdibba aquifer) into two soil layers to assess its impaotagel entire domain

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

4. Study the impact of the river level, which passes througiNajaf 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 bylingila model that can
simulate the river and the aquifer at the same time.

5. Estimate the vulnerability of groundwatersource (Dibdibba aquifegnd the Euphrates
River by the impact of dryclimate changesvhich are highly expected to happen in the
future

6. Identify the ideal locations for theumpingwells which will be used for the appropriate
purposes in ANajaf regionas well as maintaining the sustainability of this water source
through the development of appriate decisions to manage wédicatiors. This will
provide the hility to supply an extra water f@opulation usage.

7. Createa management plan for the groundwater iAN&jaf province so as to ensure the
provision of scheduling of wells extraction amounts, locations, and effects on the

groundwvater aquifer system for the present and future advantages.

1.4Thesis 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 reggjuetnce, as

follows:

An introduction explains some important information abitgtgroundwater issue overdthe
world nowadays andhe motivation leads tcstudying the groundwater problem ilagq and
specificallyin Al-Najaf region are illustrated in Bapter 1.Gaps which are leading to address

Al-Najafregionto be under study are also explained in this chapter.

Chapter 2 presents a comprehensive reviewthe previous studies conducted by other
researchers which arelevantto the current studgtudy 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 (Gndwater Modelling System)PMWIN (Processing
MODFLOW for Windows), FEFLOW (Finite Element Subsurface Flow System), and o#hers.

general view on the novelties intended to apply in this study is explained.
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Chapter 3 describegbe basic equations of groumdter flow whicharegoverning the movement

of groundwater flow for an area through the confined and unconfined aquifers, groundwater
surface water interaction (groundwatefer interaction), and some other equations related with
methods to estimate somoé the boundary conditions needed to build the groundwater model.
The boundary conditions and those criteria needed to calibrate and vafidayegroundwater
model are also explored.

In Chapter 4 will describe the geology and hydrogeology paranwténe 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 bampaonditions. In addition, the methodology

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

Chapter 5 will include thdescription of the conceptualison of the groundwater model for Al
Najaf region by using Visual MODFLOW program in detail; step by step, with the method of
building the 3dimensional groundwater model. It will apply the boundary conditions and does

the calibration and validation proces$asthe model.

Chapter 6 explains the results of the current situation of groundwater resourcedlafafAl
region In addition, it will illustrate and explain the results that are resulted fronvighel
MOFLOW analysis for AlNajaf region groundwater radel in detailfor eachcasescenario
which is considered and appliemthe model.

Chapter 7 summaries of the outcomes of the research study. According to the consequences, it
will put the recommendations for the decisimaker that should be taken irdonsideration for

the future well planning.

1.5Publications

M Conferences

- Kareem, H. H. and Pan, S. 2016. Modelling of groundwater resources-fdaj&f City,
Irag presented at ICWES 2016: 18th International Conference on Water and Environmental
Sciences, Kuala Lumpur, Malaysia, -12 February 2016.urn:dai:10.1999/130Q7
6892/10003691
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- Kareem, H. H. and Pan, S. 2018. Impact of interface soil layer on groundwater aquifer
behavour presented at ICGMTA 201&0th International Conference on Groundwater
Monitoring Technologies and Applicatigndondon, United Kingdom, %6 February
2018.urn:dai:10.1999/1308892/10008558
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Chapter Two

Literature Review

2.1 Introduction

The fundamental development for the quantitative dasmn of groundwater flow wasiithe

19th century as the first two scientists Hagen (1839) and Poisél8#0) were the only
researchers who derived the equations deal with viscous flow through capillary tubes. Then,
Henry Darcy (1856) derived the wddhown flow law which can simulate water flow or
groundwater movement ia porous medium and known as Darcgw. Most groundwater
studieshave used this law as a base identify the true results in either the experimental or
numerical simulations. Many researchers have dealt with groundwater flow and groundwater
surface water interactions because groundwatarei represents an important source of fresh
water that can help teupport various life aspects. Thentection of this source with the over
ground sources (Rivers, Streams, or Lakes) will affect each other geologically,- hydro

geologically, and environméatly.

Although there are many aquifers in Iraq collecting groundwater, such as Dibdibba formation,
Umm Er Radhuma For mati on, Dammam f or mati on,
formation, and Euphrates formation (most of them are in the Iragitafie Desert), but the
groundwater studies at the Iragi 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 tieddf of groundwater analyses, and difficulties in assigning

the correct boundary conditions for the area intended to be under study. Therefore, the only
Iragi groundwater studies were conducted bySalim and Khattab (2004), Madiq and
Akulaims (2005),Al-Sa mmab6a et a | -Muqda@ @r@ 8Verkel (20419 In AHose
studi es, MODFLOW and GMS fGroundwater Modell
i nvestigate the gr oundwas efrestinaating ithe groundwateb e h a v
quantities in thee areasand its suitability for useThe weakness in these studies is, those
studies were not taken into account the parameters that affect the quantity or quality of this
source likethe contaminant, recharge, discharge, the impact of pumping-fietis 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 changeughihthe presence of pumping wells

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

the groundwater system behaviour and the future response of that system due to the several
impacs applied on aquifers. Modelling process has three important objectives (Anderson and
Woessner 1992):

Predicting the behaviour for certain events which may the systexposed for;
Gaining an overview of the dominant parameters by interpreting the dynamics of the system
so that if the data imsufficient, it will provide the appropriate guides fdata collection
activities; and

1 Formulating the regulatory guidelines for the areaeurstiudy by generating the appropriate

geological conditions for flow analysis.

To meet these objectives, several groundwatedelshave been developed tieal with the
problem of groundwater which can generally be classified into two categories, playgica
mathematical models. In order to assess the groundwater and groursiwitee water
interaction, several studies on groundwater flow, its relationship/connection and its affect/effect
on/with surface water will be reviewed in this chapter. Thesmlied 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 approxiteesiompify the modelling
process of complex physical procesdesnay represent thgroundwatemmodel by an electric
model or ascale modebr a real groundwatesiquifer model. A groundwater model, if it is
constructed by a proper wasan beconsidered aan effective and valuable predictive tool for
the groundwater resources managememe.groundwater flowissuesn the environment can be
simulated using groundwater modglanderson and Woessner 1992h addition, it can
consider the groundwater model magowerful if this model simply quantifies the groundwater
heads and time for the complex hydrogeological conditf@nslerson et al. 2015Poeter 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 prediygydh@ogical
changegsuch adrrigation developmentsr groundwater abstractionyhile the second one is
the solute transport models that solve the concentration of solute whiaffeted by
dispersion, advection, and chemical reacti@enerally, groundwater models can be classified
into two types, physical models and mathematical modBlsysical models are those

constructed in the laboratorlgy using the porous material (uslyalsand) to identify the
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groundwater heads and flows direc{iinderson et al. 2015)Mathematicalgroundwater
models are generally those models depended upon the equations ofngataurilow, which are

the partial differential equations. These equations often can be solved by either the analytical or
numerical methods; therefore, it can call thathematicamodels as numerical, mathematical,

or computational groundwater models. Analytical models are typically using the structure of
mathematicsto simplify the complex geometry of theogindwater 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 equatiorfgestE mathematical equations are solved by
various numerical solutions techniques or methods such afinitee difference methodthe

finite element methadand many mor@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 wigdlyrspdel is
named asB®b®khkeMpauBiehimapresents 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 ma@swmgld and Kinzelbach
(2000) to studythe phenomenon of the varialdensity flow of the subsurface flow in a
saturated medium to use the results of these experiments in verifying the reliability of some
numerical codes. Thereforgand Boxmodels can be used to obtain the information reqdiamed
elaborating of the benchmark examplesydyi 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; Ishaqg and Ajward 1988yever,there are
significant differences between thghenomena measured in the damd model and those
observed in the field resulting from the small size of the laboratory model compared to the
actual dimensions of theld site. Therefore, conclusis obtained fronsuchmodels need to be

re-examined when applied and translated into the field situéitiomdyi 2005)

2.2.2 Mathematical models

Groundwater flow mathematical models have been in use since the late of the eighteenth
century. The fundaméal 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. Broadlthese models can be classified as either détestic or
stochasticl{oudyi 2005).
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Deterministic methodmodelsassume thathe whole systemvorks 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 timputs 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
methoa. Depending upon the assumptions which are made for the flow problem in terms of the
partial differential equations, initial conditions, and boundary conditions, gheerning
eqguations in the deterministic approach will be almost satuederically Loudyi 2005).

The more realistic field situations for the constructed mathematical models of a regional flow is
almost analysed by approximated numerical techniques. $iec£960s, numerical models
have remained in continuous development where it bectmegreferred modelling approach

to the sophisticated groundwater problems, especially the recent development of @ebkidh
digital computers. Numerical models have provided many advantages which included the ability
of:

Simulating the complex physicaystems;

Simulating the multidimensional groundwater systems;

Simulating both temporal and spatial distributions of various model output;
Incorporating the complex boundary conditions;

Harmonizing the spatial variability of the inputted parameters; and

o gk w NP

Harmonizing both steadgtate and transient conditions.

Consequently, numerical groundwater models are better for simulating those problems of the
real flow field. Where in fact, conceptuaison of a groundwater model into a mathematical
model in the formof 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 variowsicaintechniques and

codes are existing for solving numerical modetsudyi 2005).

Numerical methodgechniquessolve the partial differential equatignshich are stated in the
mathematical modelsdby an approximated solution. The hydraulic heads legsurom 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 cepliae partial differential equations at

discrete points within the model domalro(idyi 2005).

Fluid applications have been solved by many numerical methods for various combinations of
diffusion-advection problems. Generally, pure diffusion equationd=scribe the groundwater
problems (i.e. flow problems), while diffusiatvection equation can represent the solute
transport and the variable density flow. In this study, flow problems which mostly dominated by
diffusion have been emphised to investiga the worladvide techniques which have been used

for this type of mechanism. The current principal methods which are nowadays in use for those
eguations integratedithin the fluid applications are the finite difference method,; finite element
method; intecated 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.réviie classic codes which have

been used widely in these techniques have proven the strength of these methods in certain
applications, busometimes showed weakness in others. The three later methods are newer in

their applications in the groundwater flggroblems 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 compreli@nsome extent

and have the ability to handle various specific problems, whilst others are likentaitier
designed for particular problems. Most of these codes are developed or adapted to be used in the
microcomputers through benefitting from the é@pment 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 cogs offer great accessibility to access their code solving power.
Nowadays, all the commercial CFD AComputatio
user interfaces for inputting parameters and examining outputs where most of these codes are
containingthree main elements, a ppeocessor of the input parameters, a solver that can
approximate the unknown variables, and a {postessor computer program that can offer

graphic capabilities for inputs and outputs visualizatitwoudyi 2005).

Generally, sme public domain programs have less ddgendly 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 fidslienavho

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 Zbees.
performance of each modelling cods,applicability and dginctionality, stability, accuracy, data
preparation or execution of each flow problem can be analysed dep@&mdihg programme
documentatioror manualsl{(oudyi 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, furpthés

field remains need for development. For instance, ook the problens, evaluation of
groundwater model applicationemainswithout a common agreed methodology to evaluate
these applicationdn the face of decisiemaking based on model ap@tons in many water
quality issues, organizational staff needs guidance to evaluatebjbetive from building a

model The system of experts for selecting the appropriate computer software to analyze
groundwater problems could be a very useful and tketpbl for promoting their use among

local communitiesFor specific objectivessome authors have already proposed such systems,
for instance, groundwater protection programs, pumping test experts s{@teapar et al.

1996), groundwater management hasclised on thessessment and cleap activities for
hazardous wastte risk (Chowdhury and Cant&998), orwellhead protection program (Wang
1997). Some governments have published their handbook on the selection and application of
mathematical modelsof either flow or solute transport processesSEPA 1994; NGWCL
2001) . More generally, selection of the app
will deperd upon the modelling objectivesd 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 depemigeon
performance of the numerical method used and theiefty 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 folloouglyi

2005)

1 Conceptualiation related: geological and hydrogeological features that can simulate the
problem. These assumpt®rare 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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1 Mathematical solution needed: It depends on the solution method selected, if a numerical
technique is used in the selected code, th
FE AFi nittoe, EHVe mekmi ni te Vol umeo, or BE ABou
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.

1 Hardware needed: In the progmaing language, the number of cells, model size, time
steps, the amounts of data tlean conceptualesthe problem, anthe numerical precision
of calculations, are restricted to storage capacity and computer speed.

2.4 Numerical models

The world has reently proceededhe development use of groundwatapidly, often outside the
control of the governments. As a result, the uninterrupted pumping and pollution have
threatened the sustainability of groundwater aquifEngrefore, in many countries, awaess

has emerged the need to improve groundwater management henaosmy regions, the
sustainabilityof groundwaterresourceis exposed to thelaily shrinkage due to the excessive
daily use (Groundwater Governance 20Q15Generally, groundwater is conflex 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 activiti&hdhet 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 soreeriade groundwater aquifers, as

this problem has led to drying upmse of the natural streams and springs during the eighties of
the last centuryShahet 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 theccurrenceof salinzation. The increasi the irrigation process for agriculture

has led to double the risk of waterlogging and salinizatibbrgm 2017. The quality of
groundwater is threatened by degradation eitluer to the segaterintrusion (in coastal areas)

or by the anthropogenic pollution resulted from the varietgasitaminantsvhich are existing

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

in groundwater manageme@roundvater Governance 2015

Iragq has suffereffom 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 solaboratory tests to get some important
characteristics in the moldieg process. At the local level (in ANaja City and the surrounding

areg, properties of soils of groundwater aquifers have been studied-Bypaddi (2008), Ali
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(2012), Jalut et al. (3), Abojassim (2014), and Omran et al. (2014). Those studies have
investigatedhe chemical concentrations in Bahrlaj af 6 s gr oundwater aqt
properties for the area extended betweerNajaf and Karbala provincesincertainty of
paraneters effect on the head as a dependent variable in Bakajaf, the concentrations of

uranium in the groundwater and soil in some areas eflahaf province andestimated the

quantity of surface water in the groundwater source in BatiMajdf as wellas how are these

kinds of waters are distributed in the groundwassiourcerespectively These research still

without a confidence because the materials which those researchers have been used still have
the weakness of confidential resudlthough thesstudies still contain the minimum amount of

information and data necessary to initiate comprehensive and complex studies.

I n the same context, the ot her groundwater
country level, the Western Sahara mastivated 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 (196467), ConsortiurYugoslavia (1977), AlFurat
(1989), AlFurat (1995 Al-Jiburi and AlBasrawi (2009), AFatlawi and Jawad (2011), Al
Muqgdadi and Merkel (2012), Ali et al. (2013)nd AFMussawy (2014) have studiedifferent

areas in Iraq to investigate thieep fractured aquifers properties, chemical analysis and
pumpirg test, hydrogeological conditions in the Mutable blocks, Umm Er Radhuma aquifer
properties, wadis specifications in the Iraqgi western desert, geochemical parameters in Tigris
riveros water in Baghdad pr ovi nc adesiSdnithel t h
geological, hydrgeological, and environmental properties of the Iraqi groundwater aquifers

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

Groundwater flow analysis represents thiedamental aspect of many researchers lwhbking

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 sme 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 groundwatgaqddiivw

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 abiligytbfedi f f er ent fi el ds

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 @@y where each researcher has the choice to
choose the appropriateqgram that can simulate the intended area for study. The codes which
are used to analyse the groundwater/surface
Table A.1 in Appendix A), where the selection of the appropriate code depends upon die aim
the study and the characterization of the study site. A review on the groundwater flow studies
and groundwatesurface water interaction studies that have been Msmthl MODFLOW

program will be presented.

Mace et al. (2000who developed a thredgimensional groundwater model to estimate the
groundwater availability and levels of water for the purpose of pumping ane fuserfor the

upper and middle finity aquifer in Hill Country Area, USA. MODFLOW software was used to
simulate the model for theesidystate(when the water levels in the aquifer near equilibjium

and transienfwhen climates are transitioned from 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
effectedthe water levels of the middleriity aquifer, whilethe water levels of the upper
Trinity aquiferweremost sensitive to the vertical hydraulic conduity.
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Figure 21: Simulated water levels for the middle Trinity aquifer for the 1975 stetatg model
(Adopted fromMace 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 (2003tudied the amount of chromiureleased in the valley which is

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

that controllmigration and fate of chromium in groundwater in order to be used as a tracer to
investigate and study the dynamics tbe basin. MODFLOW and MT3D were used for
simulating the groundwater and chromium transport, respectively. Developments and
modifications to MODFLOW reswgdin a new well package that guesses pumping rates from
wells for each time step depending upon #wailable drawdown. MT3D was modified to
accountfor mass trapped and to redistribute mass to the system when the water table descends

under nodrrigated areas and when water levels rise above.

Leighton and Phillips (2003)uilt a numerical groundwatelofv model for the Antelope Valley
groundwater basin in California, USA by using geohydrology data. The system of groundwater
flow comprises of three aquifergie Upper, Middle, and Lower one. The model of groundwater
flow of the basin was divided horiztatly 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 madsimulation showed that groumdter storagevasdeclined for an
approximaely of 8.5 million acreft (10.510° m®) from 19151995 and the water level to about

150ft in the suth-central part of the groumdhter basin and this was with an extra 5ft of
subsidence was simulated in the central part of the basin.

Scanlon et al. (AB) used various approaches to simulate the groundwater flow in karst system.
These approaches were equivatergorous media distributed parameter, lumped parameter and
dual porosity approaches, as well as discrete fracture or conduit approaches dyheasttio

simulate the regional groundwater flow in karst aquifer by using two different equasalent
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 reembaharge as well as to

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

A groundwater numerical model was built for a maljuifer and unconsolidated complex
system in Swidnica area, southwestern Polandldgek and Maciek (2004MODFLOW

program integratedvithin 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 svelistradbns 53000 riday on the
groundwater | evel. Resul t s s howaqdifertsystamtwas he a

well (the groundwater decline was very slight) and the aquifer system was working efficiently
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because the aquifer was received reclarfyem 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-Si b §008&)has built a mathematical el 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 ofald drainage process, which led to a gradual rise in the

underground water level.

Blegen (2005) accomplisheabth analytical and numerical groundwater flow models for the
aquifers in delta structures (Trandum delta) in eastern Norway. This shsaarried out the
analytical and numerical solutions for the steady state hedkose confined aquifersand
unconfinedaquifers in the area and after thiie results of these models were compared with
each other. The analytical model was simptlifie a onedimensional flow so that it can use
Poi s s o tioh $0 get the solution. WhileODFLOW was used to make the numerical

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

Karamouz et al. (2005Jeveloped a metiabto 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 dictuations, reduce pumping cost, and supply an acceptable water quality.
This modelwasappliedto the irrigation networks in the southern part of Tehran, Iran. Results
of theproposed model showed the importance of an incotgaEystems approach to &liing

thesurface and groundwater resources in the study area.

Abdulla and AtAssa'd (2006)tudied 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 gensitive
the anisotropy, horizontal hydraulic conductivity, and specific yielchevben the recharge

rates were low.
Sefelnasr (2007has developed a thremensional transient groundwater flow model by using

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

depending upon the GiBatabase integtion. 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 3radne 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 thiwigh t
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 thenecdiftong 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 sahgport

in the subsurface systems antRahdg2007)AThe magel b a s i
simulated five scenarios to control the effect of the pumping rate on the groundwater systems as
well as estimating the TDS (Total Dissolved Solids) redubis 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 iaap on the drawdown.

Humphrey (2008yleveloped 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 Califoidgvada state line. Thpeople in this area and the

SIAD (Sierra Army Depot) were worried about the reduction in the groundwater in the
interbasin transfer. This was becaw$dhe prior modeldpredictions 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 Califdfeizada state line and the

SIAD, respectively.

Fouépé enl. (2009) built a groundwater model to simulate the groundwater flow and particle
migration in an unconfined and shallow aquifer in the seai$t of Yaounde City, Cameroon by
using Visual MODFLOW. A steadstate simulation was carried out after caliimgithe model

using 18 observation wells. The calibration gave good agreement between the calculated and
observed heads after excluding one observation well because of theiremogasuring this

value. The results reported good trend for the contouedsleshich were corresponding to the

observed ones.
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Montenegro and Odenwald (20G8steda threedimensionabaturated/unsaturated groundwater

flow model for an excavation pit in Mindeermany in order to overconae® the water table
difference which igurrently 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 coalveettmal

plane approach. Calculations of the 3D ipibdel 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. TBen3odel results showed a seepage face
slightly above the pit bottom while higher levels of seepage were ediifftata the vertical

plane model

Tesfaye (20093tudied the groundwater flow and contaminant transport for Akaki welHiedd

its surrounding catchments in Addisbaba, Ethiopia by using steadtate 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 angrposssor 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 calitmatssimparing 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 optimizednpeters were distributed spatially
over the area of themodel. Flow lines were convergirigward of the Akaki wellfield from all
directions and this means that any water contaminant from the upper aquifeillgartiwn the

wells and causthe pollutionfor all the wellfield.

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

3.1) to evaluate the current and future development effects quantitatively and qualitatively in the
Narmab aquifer located in Golestan praén 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 levetemains 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 ste, finite difference, twaquifersgroundwater 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 da@ matchthe calculated ones. Results
showed that the aquiferare suffering from low storage and needs fan immediate

arrangement for the groundwater recharge to save this source for future usage.
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Figure 22: Computed groundwater level contours in groundwater flow model (Adopted from
Kumar and Kumar 2014)

The MODFLOW code whichs integratedwithin GMS software (Groundwater Modelling
System) was used by Manouchehr and Ali (2015) to simulate Gotvand plain aquifer in Iran and
assess of Abbi&arbishe area, which is locatedthe northof Gotvandin case of applying an
artificial recharge. The model was calibrated and validated from September 2009 to August
2010 andhen used to assess the artificial recharge applied on thisTémeaigh the results, it
was found that the western areas of thggatowere highly affected by the artificial recharge
during the period from 2005 to 2007 around the piezometer Biiéh was located on the
northern part ofGotvand plain In addition, theartificial rechargehas a positive effect on the
study area aquifebut 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 groundwatesaurces 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 speific yield were extracted from the results of 290 pumpingsteBhe 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 models Regsoited 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 Irag, the groundwater aquifers in general include the formations of Dibdibba, Umm Er
Radhuma, Da mma m, | n j theEaphratds avihete imast of tNdseafgrmations a n ¢
are located in the Iragi Western Desert. Although these formations have hugitieguaht
groundwater, but the groundwater studies that deal with this vital source are lacking, especially
Dibdibbaformation which has ndieenstudied beforelespite the presence of pumping wells in

this formation used for agricultural purposebBhe reasns 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 conditisrfor the area intended to be studied. Therefore, the only Iraqi
groundwater studies were conducted bySalim and Khattab (2004), ABadiq and Akulaims

(2005), AISamma b6a et a | -Mugdadi add8Njerkel @011). Baéshiga and- Al
Hamdaniya regionsni the northern part of Irag and Umm Er Radhuma and Dammam
formations in the Iragi 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 behaurs in terms of its availability in those areas and the ability to use

this sourceThe 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 contaminantsigesxha
discharges, the impact of pumping welkdd, and the future prediction of this source.

One of the most important processes &ory groundwater model is the calibration process
where it needs to make a comparison between the simulatdd bedluxes with the field
measurements during the adj uTSypical,ngroundwiatert h e
modelsare calibrated either to steadtate conditions only or transient conditions only or for a
steady state followed by a transient cadtipn (Anderson and Woessner 1992). When the
calibration has conducted usingaranderror calibration, the calibration process is considered

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

can subjectivelyjdge it as facceptableo (Philip 1980)
All of the above reviewed studies were calibrating the groundwater meilleés using the

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

applied over the studied areafi s t ype of <calibration called

28



condi
The

ar e
Cal i

pumpi ng
brationo.

t he
Dynamic

tions applied on stud)

name of Static or

over the vinole 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 pivey puetis

when the pumping wells are owitf

pumpingwellar e i n

Static Water Level

e

River

S 'J L -
9050
o

-

G I T
- »

Confining Clay

wor k

operati on,

» ’ ® 2o\ > X Qep
ot F1

or operation

t he

represent

heads wil|l be AL

f %!
3 >
3 43

e g
] R

—
L3

Figure 23: A cone of groundwater table depressgmmerating 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 alydloe steady

state calibration (Static Calibratiorjas been used. The steady state calibration when the

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

Wher e, t he

untrustedor the following reasons:

steady

st at empiidgSdcheduie @gpliedc wilemaimr at i o

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

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

inaccurag level of the measured heads.

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, dyndmaeds are more

reasonable to deal with in the calibration process.

Dynamic heads are measured during the operation of all the naigithavells 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
surfa@ 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 connaitéots 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 solutésden 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 consid yet, especially those studies dealing with the direct or indirect
relationship between the river and groundwabeme of the previous world studies which have

been studied the relation of groundwedarface water will be presented.

In 2002, a twedimensional 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 assesament
carried out by modifying the saturated MODFLOW Code with a saturated/unsaturated code
called AMOBFLOWO. Results of both Codes MOB
with a variably saturated model, SWMS_2D to evaluate the widely used grouridivater
interactions MODFLOW maodels.

Stream or River package in MODFLOWIcDonald 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 proportiomal t he di fference betw
and aquiferb6s water tabl es, if the groundwat
But, once the groundwater table of an aquifer drops below the riverbed level, the assumed
exchange between thever and the aquifer which was dependence on the difference between
them, it will become proportionabf the river water level alonehen the system becomie
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 eqlratolets

to address the exchange quantity when the system is disconnected. All the threeweoeel

not capable to estimatbe variable seepage for the shallow water table where with the third
model, there was an ignoring for some aquifer properties which lex/dmestimating 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 SWMSoaB. The results
showed that the quantity of seepage for the disconnectedaruifier system of MOBFLOW

and SWMS_2D were very close to each other, whilst with the MODFLOW code, the seepage
was 67.5% underestimated than theséues for the other two des where this is because

MODFLOW cannotdressed of the unsaturated situation.

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

- The Yassin and Michael (2002) studiave treated the disconnected rivaquifer
system whichalready does at addressn MODFLOW as theSchlumberger Water
Services Company (whd@nnovative this softwarehas 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 aseatady
as the field has emy 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 refl ec

- It canconclude from this study the accuracy of the MODFLOW program in cases where
there is a connection between the river and groutetwand this promotes the

widespreadiseof this code in solving the problems of groundwater models.

Philip et al. (2010) studied the accuracy of MODFLOW software for simulating the
groundwatetsurface water interaction for a connected/disconnected losing river and compared
that accuracy with the HydroGeoSphere program results. HydroGeoSphere is a program that
can simulate theaturated and unsaturated groundwataface 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 becemndisconnected with the river;

- As stated bySchlumberger Water Services Company, MODFLOW can simulate the
river-groundwater interaction with either fully connected river or fully disconnected
river, this point was under evaluation wherePRdslip et al. (B10) stated that in the

reality the situation is transitional;

31



- The mismatch between the riverés and ce
discrdization which will result in @roundwater table position error under the river; and

- Due to the coarse vagal 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
homogerous 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 c el | sldyerdvithn e . T
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
anunderestimation and the unetérer layer was unsaturated.

- If the river remainsconnected, but losingvater into the subsurface aquifahe
difference in the infiltration fluxvas not affected too much by the groundwater table
level change because the pressure head in both of MODFLOW and HydroGeoSphere
programs wereclose to each other in their values. Therefore, the underestimation of
infiltration flux was affected by the disconnected situation only.

- When the riverés width was greater than
was overestimated and vice verfi@s was indicated for the connected system. For the
unconnected system, the horizontal discretization was affected the groundwater head.

- If a vertical discretization was appli¢d the model, dry cells were found as this has

affected t heencaduinglithé Smulatmmpsoeegsu
The argument for Philip et al.és (2010) stud

- It is already noticed and mentioned Bghlumberger Water Services Company (who
innovative this software) that this softwareaplied 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 interaction through all the
simulating praesgsto be ensured that the connection between the two systems still
exiss and there is no mismatch in the river seepage or aquifer discharge.

- I n MODFLOW, there is a high capability
corresponding exactly to thevrie r 6 s wi dt h t hrough the refi
will raise the accuracy and efficiency of the groundwateface 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 fve results do not corresportd the real
situation in the real field.

Therefore, all the above statements mentioned by Philip et al. (204,@)therit candeal with
them within the MODFLOW program and overcome thereatly, 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 msémope for the purpose of studying and investigative

factors that affectach other.

To quantify the relationship between the groundwater and surface water in the habitat
restoration along riparian, a groundwater model was built by-$hing 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 ma@delised to
demonstrate the sensitivity of the groundwater elevations to the eégpage 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
betweenhe surface water and groundwater was involved by Kadbas. (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 gratenénd surface

water.

A threedimensional groundwater flow model with eigtguiferswas established by {iang et

al. (2007) for simulating the regional groundwatarface water flow connection among the
springs, rivers, and groundwater in the Heitver basin in China. The model was calibrated

with the investigated base flow as well as the historical groundwater level andagieesd
reasonable correspondencene modellingresults reported that there weaecoupling and
decoupling between the grodwater 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 etal. (2007) used the isotope data to study the interaction between the groundwater
and surface water in the Heihe River basin, Novistern of Chinaparticularly in the lower
desert reaches during the irrigation and-iragation periods. Results repodt¢hat 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 additiom the riparian forest region, the groundwater level has to rise
rapidly after the shotterm releases water from the middle reaches but it will return to decline
after the shorterm releases finished. Therefore, the shenmn releases discharged watel wi

not contribute in recharging the groundwater in the degetian fringe regionduring the

irrigation period.

Safavi and Bahreini (2009) developed a groundwater model to examine the interactions between
the groundwater and surface waterNiajafabadsemiarid plain region idran through the
steadystate and transient conditions by usin@BDFLOW-2000. The results of thetudy
showed that water budget was completely depending upon the seepage from Zayandehrood
River and return flows from irrigated lamdcomponents, 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 througteliimy the low flow of river

periods in the serarid riparian environments in the sowtlestern of United States. The
critical features were such as the local variations in seepage rates, riparian evapotranspiration,
distributed water based on the rulé alocations 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 theeessive reliance of human water use gave

an adverse imget through endangering the Rio Grande silvery minrdovaddition, 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.

Alphonceand Thomas (2010) developed a coupled model through integrating MODFLOW and
TOPNET with these models which are integrating through the exchange ofldvasand
recharge and riveaquifer 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 stileamand water table depths, and the

simulated results. Therefore, the good matching between the measured and sinalleted v
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illustrated thatthe coupled model was adequate @ath simulate the study area as well as

capturing the effect of temporal and spatial variation in the recharge parameter.

To gain an insightrito the potential climate changes in the Western Urfttiedes, an integrated
groundwateisurface water modekere used by Justin and Richard (2012) through using 12
circulation model projections for rainfall and temperature from 2Z0@D. This model was to
evaluate the interaction between the hydrologicaldeis such as storage, groundwater recharge,
streamflow, evapotranspiration, groundwater discharge, and snowmelt timing. The changing in
rainfalls and temperatures over the period 20100 resulted in more than 30% reduction in
streamflow through the sunartime 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 bgng et al. (2012) to characteritherelationships between the
surface wateresourcesuch as rivers, lakes, and reservoirs and the groundwater source near the
river in a shallow aquifer in Jialu River, a branchfaihe River inChina. Results showed that

the excessive domestic use hate@ed the groundwater source chemically in the north of
Zhengzhou City and Fugou County. In addition, approximately@®@ of river water was
composeaf the groundwater in the closeinity.

A developed interface tool kantegrated with the MODFLOWbftware to determine the nature

and extent of the groundwatsurface water connection to finally manage the water supply was
carried out by Ruopu et al. (2016). This tool can be applied in other areas whasititigs

were similar and neefdr a water maagement. Applyin@f 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 stugling the connection between the groundwater and surface water.

Despite the existence of the Tigris and Euphrates rivers, and many groundwater aquifers in lraq
particularly in AFNajaf province studies that deal the relationship between groundwater
source 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

geobgical and hydrological characteristics of either system, or studied of the effect of

contaminants on each of them due to the connectionseb@ttveen them, or studied the
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chemical elements in groundwater and their effect on surface water. While nbosestuidies
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 oesidantial areas.

2.6 Hydraulic conductivity

Generally, in theenvironmental 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, andlue#oe surface

and subsurface fl@s in various regions such asan, rural, and even landscape areas. Many
methods hee been used to estimate ome of laboratory methods and some others are field
methods (Jakub 2014). Where, vidlue has the ability tachange from place to place
horizontally and vertically due to the internal or external imp#€ssterbaan and Nijland
1994).

Generally, two types of groundwater water flow models are available right now, the forward and
inverse models. The basic stasfdhe 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 bounda
conditions are known, the forwasblution will be easily obtained. Bui 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 meagsiienthe study area. Therefore,

in order to develop a reliable groundwater flow model that can be used to prediehthéour

of an aquifer, the aquifer criteria or parameters shouldnterpolated (Sefelnasr 2007)
Typically, inverse model is stamdj 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 fieldeasured values of fluxes and heads are having a higher

degree of conflence (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 thastorical time series of measured values (field measurenedtes)

adjusting themodel inputs in both of steadyate and transient simulations (Anderson et al.
2015). The procedure that is used to estimate the aquifer parameters is called théwalibrat

Mo d el calibration is the process of adjustin
matching between the simulated results and the measure@Sedé¢dnasr 2007)The goal of

history matching is to produce a satisfactory match to the fidasurements (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. Thentéistorical 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 éybést way (hydrologic and
material property parameters);
Compare model outputs with the field observations;
Adjust the input parameter valuas obtain a better fit of the outputs to observations;
and

5. Select the model with the best possible fit thatresponds the field limitations and

resources.

When the correspondence between the observed and calculated heads or fluxes resulted from a
groundwater model does naachthe sufficientaccuracysa little confidence of the calibrated

model will be geneated which will affect the future forecasting; therefore, history matching is
very important for the model 6s fit evalwuatio
the inverse model, the first is the manual tdatlerror approach, and the s&d is the
automated triand-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 mdel will run, and the model outputs represented by the calculated hydraulic heads
will be compared to the fieltheasured heads. This approach depends upon repeating the
running process multipfémes where the modler wi | | manually change ¢
values and then evaluate the outpat$ t e r each par ameatsatisfGcory adj u
matching is obtained (Sefelnasr 200The manual adjustment method has some advantages
such as improving the modiet 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 ebke the modkder 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 motee r 0 s-serisg, thut remainsimperfect process begse
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 inhbjectivsty
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of this approach arét is expensive because it needgstous work, it is disappointing because

it remainsall 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, manal triatanderror 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 graoundwate
models that are used in the regulatory and legal areas, is undesirable (Bair and Metheny 2011).

Therefore, automated triahderror rigorous mathematical methodologies are developed.

2.6.2 Automated trialand-error approach

The automated trisgdnderror approach includes two types of methods which can estimate the
parameters of groundwater flom ithe inverse models (problemgjie direct and indirect
methods.

A. The direct method

Stallman (1956a, b) has suggested a direct solution to the invetdemrof the groundwater

fl ow modelling. This method assumes that the
space and time over t he -masuedhea sanetimesiregyiresb u t
interpolation. In this case, the partial diffatial 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 I
the partial differetial 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 realistibems
(Anderson et al. 2015).

B. The indirect method

The indirect method is essentially automating the manuatami@gerror 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 ezsedie and Tauxe

(1971), Cooley and Sinclair (1976), and Cooley (1979) to solve groundwater parameters and
now it @PESAMAdreamet er Esti mati on Met hodo. The
been developed by Cooley (1979) and Cooley and Naff j189@ then extended to MODINV
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(Doherty 1990), MODFLOWP (Hill 1992), and UCODE (Poeter et al. 2005). PE&hrheter
ESTimation) that recently developed by Doherty (2014a, b) has replaced MODINV in 1994 to
become currently widely used in the applicationgrolundwater modellings. The mechanism of

this method depends upon using an algorithm of (Yeh 1®&6)jnvolves and accomplishes this

loop of orders: find or guess an initiealue of a specific parameterpropare the calculated
outputs of the forward odel to the observed field data, amgbeat 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 Z00¥nethod 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 difteakaquation 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 thyraulic 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 thehydraulic head behavio@irprediction 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 aquifeagiSefel
2007).

Various hydrestratigraphic units of an aquifer can be identified and distinguished from the
pumping tests calculations through calculating hydraulic conductivities and storatiits.
impossible in the real world to obtain comprehensiakies of data at every desired point due
to partial constraint¢Sefelnasr 2007)Iin Iraq, particularly in AlNajaf region (the study site),

due to the difficult circumstances that the country hdfed from for at least a hatfentury,

therewasa 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.
PropertyZones Approacho rather t h-anderrorlamroatiesis a | 8
available in Visual MODFLOW, is applied to Majaf regiongroundwater model to reach for

the best representation of the real field where although this novel approash is aacess and

apply through using Visual MODFLOW, but there is no one has applied it. Therefore, a great
effort is givento apply thisnovely through thespatially interpolating the ydraulic conductivity
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in order to approximate the aquifer hydrauliorductivity to help in producinghe best
matching of the simulated and observed data. The methodology and application of this process
are available irdetail in secton 5.7 Wher e, the AOpti mal Predict
synonymous of the worl Kr i gi ngo ( Kri ging method) is app
groundwater aquifer that giveale 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 19@&Huces the

error of the expected values estimated by the spatial distrib(thmrefore, accurate aquifer

parameters will result in more efficient groundwater models.

2.7 Interface soil layer

A good conceptualaion of a groundwater model is the most important step that is needed to
represent the reahodelled field that in turn will result in good predictions (Spiliotopoulos and
Andrews 2006). As a result of accurate modelling models of groundwater, decisionakers

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 acahtrol 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 availaloler wconsideration for
decisionmalkers through these developed groundwater models (Jeff et al. 2017).

In most populated areas of the worlgtoundwater 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 arm@xistlerneath the

ground surface and called aquifen aquifer is defined as that geologicalvieonment,
saturated and permeable enough to provide an economic quantity of water for extraction process
as itis commonly composed afnconsolidatedand or gravels and sometimes frparmeable
limestoneand sandstone which represents rocky sedim@igseman et al. 2000)hese
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 aquifersms or nalti-layered aquifer systems (Hemker
1999) Layered aquifer system consists of either two or more aquifers separated by aquitards or
aguicludesas shown in Figure 2.4ypically, aquitardgeological unit has limited ability to
transmit water vertically as this makes aqu

pumping wells demand, where as it consists of loams or clays, sometimes aqgaitaoe
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considered as an impermeable lay&quiclude is classified as a completely impermeable
geological unit, consists of unfractured dense metamorphic or igneous (léyeseman et al.
2000)

ARTESIAMN BORE BCRE RIER:

N/ WATER TABLE

LNCONFINED AQLIFER

COMNFIMED AQLUIFER

Figure 2.4: Impermeable laysr(AQUITARD/AQUICLIDE) along an aquifewhich zero
verticalflows occurqdAdopted fromKruseman et al. 2000)

Whilst, sometimeslayeredaquifer system consists of two or more aquifers or layers, each has
its own geological and hydrogeological characteristics iamskparated by interfaces which
allow for crossflowas shown in Figure 2.5The interface between layers is considered as an

open boundary for transmitting water asttesses applied on the aquif&ruseman et al.

2000).
of](f'—ﬂ
aquiclude ;

YIRS AT 49009 090600660

Figure 2.5: A confinedlayered aquifer system showing thertially penetrating well, either in
the upper layefa) or in the lower laye(b) (Adopted fromKruseman et al. 2000

Most studies are either dealing with a layered aquifer system that having eitherdaqoiitar
aquicludesBl egen 2005; Waodi l and -Assa'chaD@6; AMQgdadi; Abd
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2012) or dealing with a single aquifer single soil layer (confined/unconfingbBalim and
Khattab 2004; AISi baqgai 2005; ,8hlessaneeiimesithay lzave.singk @duiten
with layered soils separated by interfaces.

In Figure 2.5, itanbe seerthat there are two layers of soil separated by an interfackagei]
each of which has its own hydraulic conductivitgnsmissivity, and storativitgodficients.
Becauséhe interface soil layer allows the water to move verticallyich layerwill provide the
water to the pumjs not of coni&lerable importanceThe sequence of the layers in Figure 2.5a
and b will not affect the pumping wddecauséboth of these layerwiill contribute by providing
the required amount of pumpingater Thus, it is clear that both layers act as a single
groundwater aquifeeven thoughhese two layers are separated by the presence of thedaterfa
soil layer. Thismeans thiathe interface soil layemust be representdd the mathematical
modelfor the regionunder study to be the model conceptualises the real(Keldseman 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 nwdsdsh to the
accepted model. Herefore, it is necessary to represent those imcerfaoil layers
mathematically/numerically, especiallytiiat interfaceexists 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 simglayer 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 aquéfr system was confineds shown in Figure 2.5a and b, théhe equivalent
valueof the hydraulic conductivity for the whole system will be calculated using the analytical
methodthat was develped bjavandel andlVitherspoon (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/Metliduseman et al. 2000).HE full
description of Javandel amiitherspoon (1983) with the boundary conditions amittions to

be able to apply for a layered aquifer systeprésentdin detail inKruseman et al. (2000).

The study area in this researclAlsNajaf regionof Iraq, which haswo soil layers with various
geological and lithological characigtics for eachlayer These two layercomprise the
groundwater aquifer ithis region (Dibdibba aquiferThese two soil layers are separated by an
interface soil layerwhich does not prevent the groundwater from the verticalbvement

between thee two soils. Thereforehé impact of existingf an interface soil layer separating
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the single unconfined Dibdibkequifer into two soil layers on Dibdibba aquifer behavimur
studiedfor the first timein this work It will also explore the effect ofi¢ interface soil layer on

the modeids results and calibration if it does not conceptualise in the constructed modet for Al
Najaf region The calibration willcompae the results ofthe modelswith and withoutan
interface soil layerAll of the geological, lithological, hydrological, and boundary conditions
related with AtNajaf region study area wile 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 groundwatesurface water, chemically, physically, and hydraulically. Bl particular
groundwatetriver interaction has been dealt with ifiesv manner becawsthis overlap needs to

build complex groundwater models and complex analyzes in which accurate results can be
obtained for this interaction procedghis interaction will be under investigation for-Najaf

region. Calibration of groundwater models conmonly classified into twowell-known
methods, the steadstate and transient calibrations. The steady-siytamic calibration is used

in this study and gave acceptable correspondence between the calculated and observed collected
data with the assistanae f applying the new approach faDi :
which is used to improve ANajaf region model through conceptudtig the entirehydraulic
conductivityof the study area to be very close to the egdire domain in the fieldlheimpact

of the interface soil layemwhich is located between the two layers of Dibdibba aquifethe
conceptualigtion process and model results is studied to assédssher or not its
conceptualiation will affect the behaviar and results of the groundwaterodel. 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 theincreaseof the awareness and understanding of the interaction between the
surface water and groundwater, mathematical and conceptual Gwloiéty 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 i€onsta
2008; Bunner et al. 2009T.he spatial range between groundwater (G\&8Qrface water (SW)
features and the mechanism interaction of the mathematarig|Hrepresentation is an attempt

to close the interactions scale of SW/GW from approximately simple analytical methods to

complex and difficult numerical solutions (Konradd8) Rushton 2007).

Good management of groundwater aquifers requires the ability to predict the groundwater
system movement and salt situation of that system as weltediéct the changes which are

implemented on the groundwater system by the naturewmdrhactivitiesAl-Si b a o a i 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 storaige of the aquifer systelrecomesero,

the flow will change to steady state. The difference betweep thastypes of flow, the steady

state and transient flows, is the time.tle steady state system, water particle enters the flow
domain from the inflow boundary will continue flowaightforward to the outflow boundary in

a direction parallel to the pathlines, which are coinciding with the flowlines without paying any
attention forthetime as shown in Figure 3.1&Vhilst, in a transient flow system, the flowlines

and pathlines do na@oincide with each othexs shown in Figure 3.1Where, 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 cqrafiieteater
particle. Consequently, groundwater hydrologists should understand the flow simulation
techngues to analyze both the steadste and transient flows accurately by using the
appropriate mathematical equatio(fsreezeand Cherry1979) A description of the flow

simulation techniques i8ustrated.
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Figure 3.1: Water particle movement in: a) Steady state flow, antrémsient flow (Alopted

3.2.1

In the steady state flow model, the variation of head with time in Laplace flow governing

from Faber 2001)

Steadystate simulation

equation will be equal to zero which will resultdanstantomputed heads and fluxes wiiime

interval. Oftenmany modelling objectiveare addressed through theadystate solution alone,

such as analysis of various groundwater flow patterns, estimate leakage losses from surface

water bodies, calculathe water table gradients for regional problems, simulate flow directions
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pattern affected by the lortgrm pumping schedule, and forecast the {ameraged stress
effects such as drought or projected ldegn extractions. In addition, the initial conditioofs
transient modelling in transient flow models use thkutgmn resulted from the steadyate
modelling. In any graphical user interface software (GUI), the default simulation option used to
specify inputs is usually epresenting the initial steadyak simulation process of a
groundwater flow model (Anderson et al. 2015).

3.2.2Transient simulation

Transient simulation begins by introducing individual stresses such as defining the change in
recharge rate or pummj extraction, or bycombining both of recharge rate and pumping
schedule at the same time to identify the initial conditions represented by specifying the
distributed starting heads. Theundary conditions lect ed on t he model 6s ¢
usually affected the steadyate solution, &t in case of théransient simulation, the transient
solution will be affected by those stresses defined abégnning of the simulatioprocess

when those stresses redbb perimeter boundary. Typically, a flow model will reach for a new
steady stateondition when new stressed conditions are continued for a suffpseiod Some

factors are required to be considered by transient simulg@imrerson et al. 2015)

1. Storage parameter valudsr all hydrogeologicunits as well as tahe hydraulic
conductivity thatshould be set in the model.

2. The initial conditions of the model shall be formulated.

3. Thehydrologic stresses should s propagatedo reachthe perimeter boundary of the
model| because this may affect the simulated field conditions.

An appropriate discretization of time and space should be done for the model.
In the model calibration process, field observations should represent the length of the
simulated time period.

6. Longer running time is required for tramst simulation than thesteadystate one
because the transient model must solve the problem at each time step, which requires
several iterative trial solutions, as each model needuslittiple time steps to terminate.

7. Head reslts are only one set in steadtate simulation, hile in the transient
simulation, each time step has 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 propbrtiona
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 aicgptd the changes in
geological characteristics (Lent and Kitanidis 1989)atft be expressed this in £§.1):

. dh
V=-Ki=-K, ! (3.1)
cdL

where, V is thevelocity of groundwater (L/T); Kis thehydraulic caductivity of the soil (L/T);
h is thewater tabé of the groundwater (L); and L is thength of flow of the soil particle
through the soil media (L).

The general representation of the conservatidiumf mass equation (Continuity Equari) can
be expressed in E(B.2). Eq.(3.2) represents the flow discharge which represented by, Q is the
discharge (E/T), i is the hydraulic gradient (dh/dL) (dimensionless), and a is the area of flow
(L?).

Q=- Kia (3.2)
Negative signs in both equations 3.1 and 3.2 refer to the convention for the relation between the

flow direction and headradient.

Whereaghe equations ajroundwatemovemenin generalre based otwo famous equations
which areDarcy equation and energy conservagguiation as the integration thieseequations
will give the public and generapartial differentialequaion (Konikow et al. 2006). Therefore,
the 3D equation of groundwater movement of constant density through poralia 0@ be
described in Eq3.3):

Wg, Hhag ug hg pa,  phg ph
—aK,, as.K 0@N =S, — 3.3
IXg X+ wéﬁ(yyuye wzg “uz=+ ut 53

where Kxx, Kyy, and Kz arehydraulic conductivities along X, y, and z coordinates (LiTi§ the
potentiometric head (L)W is thevolumetric 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); (% is thespecific storage of

the porous media (}); andt is thetime (T).

Eq. (3.3) describes the neequilibrium, heterogeneous and anisotropic groundwater flow

condtions that provide therincipal axes of the hydraulic conductivity aligned with the
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direction of coordinates. Moreover, E3.3), together with the specification of flow and/or
head conditions and initial head conditions will constitute a groundwater rflathematical
representation of an aquifer systdrafbaugh 2005)

Equation 3.3is complexand cannot besolved analytically through its general boundary
conditionsdespite the presence sbmeanalytical solutionsfor special caseslo 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 nodinear equation which makes the analytical solution li§ tequation 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 fire 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 tbeir greatclarity. In groundwater field, the FDM is the w#hown

method where in this methothe partial differential equatiois solvedthrough divided the

problem into network otells representedy network ofpointsat thecentres of thesecells,

which called "Nodes"(McDonald and Harbaugh 1988%enerally, each cell in the network
system is connected with sheighbairing cells around it with aented point calledfiNoded

where the head will be calculated. The flow betweegrytwo cells will equal to the hydraulic
conductivity between them multiplied by the perpendicular area on the direction of flow
bet ween these two cells multiplied by the h
The water budgefor each cellis given by Eq.(3.4), which depends upon the equation of
continuity, and it is represented by the paramet€@{( ) At he sum of all fl o
whole cells syst®d ,xq { ) At he s um o fextemdl sourteb or wteessds winiam  t h

affecting a single cell slic a s river s, dr ai ns, recharge, €

N . a m Q. .

Anumber of cell s ne|ghb@gm[)idgmhetratedfthangecwentre
C =

storage within the Harbdugh200®r t he whol e system

NN th
-+ .= LI
ia:.lQl ia:1CI| SSIJ[

Eq. (3.4) represents the exact flow from one of the neighbouring cells to the central one as well

PV (3.4)

as the flows from external sourc8he numerical solution of Eq3.4) according to the finite
differene method is explained in detail MODFLOW manual as well athe discretization of
flow domain Harbaugh 2005)Also, Eq.(3.4) represents the unknown pressure heads at time

(t) for one of the sixieighbauring 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 neighbarring cells associated in the network system and this needs to solve (n)
equdion simultaneously for each time step intervithe 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 solutiomisstly done by using the iteration methods whereas
the iterations are used at each time interval of the mathematical model run. Firstly, assume the
initial valuesof 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 vantere and the resulting valuésvery

small and within the acceptable limit, thus these values of headsiweilthe closest solution of

the linear algebraic equations.

The developer has been adopted the Visual MODFLOW program developed by U.S. @kologic
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 mddeiseet the studied aas

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 compos$eo 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 groundwatéhe 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 congruct a conceptual model, it requires identifying a set of assumptions thdesaribe

the composition of the system, the relevant flow domain properties, antetti@nism of flow
processTherefore, an extensive exploration to investigate the natarelViiour of the system
and the right collection andterpretation of field data are fundamentally crucial to understand

t he syst e md delpioeptepareithe correctalefimition and representation of the flow
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problems. The objective of problem nagement, 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 concepal model selection and its simplification. A schematic pattern for the
construction of a conceptual model is illadad in Figure 3.2This schematic shawthe
common essential requirements needed to startlibgila conceptual model such amdel
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 nodelswhich simulate large areas nemre details andracial objectiveswhich mean

more cost needed with moreompleXaccurate codes and larger capacity of computers.
However, a simple conceptual model reasonableareasthat can facilitate modeller efforts
should be considered, but not too simple to gxatnt 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 adequateaslable data to develop and calibrate the model professionallyanith
acceptable manneUltimately, the final constructed conceptual model would not be definitive

as it can ahays be adjusted with any updates resulting from the calibration pricmsdyi

2005).

Figure 32: Schematic pattern used to build a conceptual groundwater model (Adopted from
Loudyi 2005)
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