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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
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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;
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- 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

38



(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 na@ement, 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 concepéil model selection and its simplification. A schematic pattern for the
construction of a conceptual model is illased 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 adequateagdable data to develop and calibrate the model professionallyamith
acceptable manneUltimately, the final constructed conceptual model would not be definitive

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

2005).

Regulatory framework Model objectives Available resources Available field data :I Selection

1 C |

l: J: ] ! v
Processes , Aquifer system ] , Boundariesl Time dependence

FIOWi T ILocation; iTypc Distribution lSlcady'suf‘ ITmnsiem.smiI

I Fluid componemsl Aquifer typc| [ Layersl L[)imensiorj Iljotmpyl I Homogcncily—l IMedialypc—I LSalumtionl

Fluids properties

Phase | | Regime | | Density | | Temperature

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

Groundwater model boundaries are generally reptedeby the underground or ovground
domains or points at which the head (dependent variable) or the derivation of the head (flux) is
known, where these boundaries could be outer and/or inner. According to Franke et al. (1987), it
is completely critical to select the right or appropre boundary conditions
construction process. The presence of large surface water or impermeable rocky bodies will
form the physical boundary of groundwater flow systems. In respect of the hydraulic boundaries
of groundwater flow systemgshe groundwater or surface water divides as well as to the
streamlines, rivelines, and lakes will be the potentiometric boundaries of thesensyst
(Anderson and Woessner 1992; Diersch 1988derson et al. 2015). Mathematically, the
hydrogeological bondary conditions of a groundwater flow system can be explaineduby fo

types of boundaries as illustrated below:

1. Dirichlet Boundary Condition (Head Boundary):

In this type of boundary, the key assumption is to neglect the groundwater flow within
the flow domain. In addition, at the flow domain boundary, the outside water bodies
have no influence at that boundary which means that the assigned potentials at the
boundary will remain fixed and constant (Diersch 1998). The hydraulic head at the
domain boundarys known, such as lakes, rivers, streams, or occasional water bodies
which are in contact with an aquifer. If such these boundaries do not have a
connection with araquifer, it will remaina boundary through applying a fixed or

specified head in a spific cell or cells whicthaveknown heads.

2. Neuman Boundary Condition (Flow or Flux Boundary):

Regardless the state of flow and groundwater movement inside the flow domain, the
flux boundary condition is fixed by the external flow boundaries which are effected
on domain boundaries. The domain flux boundaries are specified by either no flow
boundary which presents naturally between geological units (normally assigned by
zero) or by a specific value such as in the interactions between surface water and
groundwate bodies, underneath flow, sprifigw, and seepage between bedrock and
alluvium. The commonly Neuman boundary which is applied widely is thiéono
boundary which occumig between those units bigherandlowers permeability or at

the water divide boudary where the movement of groundwater flow takes two

opposite directionat a specific boundary (Dellet©99).
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The variation in soil permeability between two adjacent soil units causes refraction of
flow lines, especially when the difference reaches avaers of magnitude or higher,
where, in general, the flow movement in the high conductivity layers is horizontal and
essentially vertical in those lower conductivity layers; therefore, this can be
considered enough to rationaliaeneflow boundary(Freee and Witherspoon 1967;
Neuman and Witherspoon 1969). Exampleshefno-flow boundary can be found at
faults, saltwater interface located close to coastal aquifers, low permeability layer
results in little flow quantities, and divides located at regigmalndwater aquifers
(Zheng et al. 1988).

3. Cauchy Boundary Condition (A dependent Head Flow Boundary):

When there is a difference in the heads values over a specific boundary (one greater
than the other), there will a flux crossing that boundary by a matgequals to that
headsd difference multiplied by the trar
boundary condition is applied for sur f a
guantities seeped into the subsurface bodies will be dependerd bpditaulic head
difference between the surface water and groundwater levels and the hydraulic
conductivity which separates these two bodies vertically, and sometime
evapotranspiration parameter because flux quantity in the unconfined aquifer is

proportioral of the subsurface water talfl@ersch 1998)

4. Injection and/or Pumping Wells Boundary Condition:

Groundwater aquifer is mostly exposed for stresses by undergoing extraction
schedules or sometimes by injection schemes, which are leading to changing the
groundwater table level, where it can consider the locations where those schemes are

applied as a boundary condition for the aquifer (Diersch 1998).

3.6.1 Recharge rate

Recharge isone the most important factor affecting theehaviar and levels of regional
groundwater aquifer systems, especially in those environments classified as arid aaddsemi

and unfortunatelyits quantity is often difficult to estimate (Wood and Sadf2995). Natural
recharge flowingto the saturated ared the groundwater reservoir results from the vertical
percolation of rainfall over an area and also from the leakage losses of rivers, lakes, and streams
after a heavy rainfallis falling in the uppempart of a catchmenDirect recharge refers to large
amounts of rainfall, some of which contribute to the provision of sufficient moisture content of

the soil, and the remaining paros&sthe groundwater table to become part of the groundwater
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flow system. In groundwater modelling, the natural assumpiforecharge is to be spatially
distributed to include all areas if these regions are all recharged from precipitation. The recharge
value used in the groundwater system is usually positive to indicate that there is a quantity of
water leaking into the growlwater system. Most recharge to groundwater usually occurs in wet
seasons such as the winter season and some occurs during those seasons with intermittent
rainfall. In dry seasons, often in arid and seamd areas, the effect of recharge is often
negleced because it is too small to be sufficient even for soil moisture. For the purpose of
estimating the recharge value of groundwater system, several methods have been developed
which can be dividedor chemical Tracers), physical Water Balance Methodnd isotopic
methodqSimmers 1988)

3.6.2 Constant head and specified head

The word AConstanto refers to a uniform valu
groundwater system, constant hydraulic head (line or surface) represents the sum of the pressure
head (comes from gage pressure dividedhieyunit weight of water) and elevation head (water

p ar t potehtial @eergy located above a datum). Physically, the water level above a specific
datum in an observation well or a piezometer is the constant hydraulic head. Although it may be
imaginary, butsometimes the head avex surface mawdistribute equally at all points.
Consequently, all the observation wells located on a surface of equal hydraulic head will have
the same heads; therefore, it can be assigned all of those points with an equal ot beadta
boundary. Commonly, when a part of a boundary of a surface of an aquifer system coincides
with another essentially constant head surface, the constant head boundary wilLebnuet

al. 1987).

Regarding to the specified head boundary whagresents a general boundary condition type

as compared with constant head boundary type, it occurs wherever it can specify the head as a
function of position and time over a specific boundary part of a groundwater system. An
example of this boundary tgds an aquifer connected with a stream/river and there is a seepage
from that stream downward into the aquifer, the boundary condition between them will depend
upon the change in heads in the aquifer and the stream as a function with time. Wheres it can b
specified that boundary as a constant head boundary if no significant changes occur and in this
case the boundary will be a function of position alone, otherwise the boundary will be as a
function of position and time. In other word, streambed headassigned as specified heads

over a groundwater system depending upon the circumstances external to that system where

these specified heads wiktmainthe same during the simulation process of the groundwater
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system problem, regardless the real stressdsmay the groundwater system will be subjected

for during the simulation procefisehn et al. 1987).

Both constant head and specified head boundaries have an important physical characteristic in
the simulation analysis process in aquifer systems motlhere, it actually represents an
inexhaustible source of water during the analysis process of groundwater model even if the
quantity of water provided by these boundaries is not reasonable in the real field. Therefore, it
should be carefully defined thigght head boundaries in each simulation of the groundwater
system because these boundaries affect significantly and effectively in evaluating the results and

predictions of groundwater systetrefin et al. 1987).

3.6.3Groundwater-surface water (river) interaction

Traditionally, water resources management has usually focused on either groundwater or
surface water as separate entities. All surface water resources like lakes, wetlands, streams,
reservoirs, rivers, and estuaries are interacting with grouedwasources. The interaction
between the surface water and groundwater leads to exchanging water and solutes between
them. Therefore, it needs for a clear understanding of this connection to get an effective land
and water management (Winter et al. 1998)

There is adynamic interaction between the groundwater and surface water where this
interaction is continuous in the hydrological cycle (Winter et al. 1998; Sophocleus 2002). In
either system, the quality and quantity of water will practically be &ffiedue to these dynamic
interactions. Traditionally, groundwater and stream or river have been treated by hydrologists as
distinct, or independent resourceslowever, due to the development of land and water
resources, ibecame apparettiat this develoment has affected the quantity and quality of both
systems (Winter et al. 1998). FHamistance contaminated aquifers that discharging water into a
river may lead to longerm pollution of surface water source, or, on the other hand, bodies of
surface water may be considered as the major pollution source to groundwater aquifers.
Understanding theomnection relationship between surface water and groundwater has been
nowadays receiving growing attention from the research communifjhe European Union
Water Framework Dirgtive (2000)haverecognised the groundwateru r f ace wat er i

importance and the real need fotegrating the management of both these two bodies.

Recharge into the groundwater aquifers is provided by the surface water bodies and not only
from precipitation. The exchange zone in streams (hyporheic zone) is existingitvdaarebe

found a mixture of surface water and groundwater (Kazezyilmaz and Medina 2006). The
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hyporheic zone is a very complex biochemical, hydrological, gemlogical zone (Conant
2004).Hyporheic zonéhas the abilityof affecing the groundwater souraguality and quantity

due to the connection with the surface water source, where any affsststhese sourcest

will move to the other through thizone (Kazezyilmaz and Medina 2006). This effect will
become more pronounced when abstraction fromsdielld takes place in or close to hyporheic
zone. Fluxes direction between groundwater and surface water bodies depends upon the
hydraulic gradients6 variation which depends
the whole hydrological systermhere the flows between these two systems are controlled by

the hydraulic properties of them (Townley 1998).

Actually, aquiferstream connection happens through various scales both in space and time
(Schaller and Fan 2009). Three patterns of dpatiales are shown in Figure 3.that
corresponding to the direction of movement of water, which has three types of movements
away, toward, and parallel to the water table surface (Toth 1963). Additionally, the geology and
topography of the field considered lte understudy will also control the groundwatsurface

water interaction (Woessner 2000).

Local flow system Direction of flow

Local ,-'"J EﬁtW
\\_Nﬂf //—\_

Intermediate
flow system

Reglonal
flow system

Figure 33: Groundwater flow systems can be local, intermediate, and regional in scale
(Modified and adopted by Toth 1963)

Streams usually feed on the groundwater in most climatic settings and physiographic. Even
when streams are foremost losing surface water to groundwater, certain reaches or springs may
be received a groundwater inflow through some seasons. The streanprwptetion which is

derived from groundwater inflow varies across climatic setting and physiographic (Winter et al.
1998).According to Winter et al. (1998}, is classified that there are three kinds of interaction
between groundwater and streams orravéd) gaining stream, 2) losing stream, and 3) stable

stream flow (no flow across streambed).

When the water table elevation which is adjacent to the streambed is greater than the stream

water level, streambed will allow to groundwater to percolate girauand this will lead to
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increasing the stream water level througbugrdwater as shown in Figure Pattle Delamore

Partners ad Environment Canterbury 2000).
GAINING STREAM
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Figure 34: (A) Receive watefrom the groundwater systeif8) Contour lines on the upstream
crosses the stream (Adopted from Winter et al. 1998)

If the water table, which is adjacenttte streambed, was below or lesser than the stream water
level, this will lead to losing water from the stream into the groundwater by the outflow through
the streambed as shown in Figure 8Pattle Delamore Partnersich Environment Canterbury

2000).

LOSING STREAM

Flow direction

/Ground—water flow line

Figure3.5: (A) Lose water to the groundwater system, (B) Contour lines on the downstream
direction leaves the stregihdopted from Winter et al. 1998)
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When the groundwater and stream levels are exactly the same, this meansehatrtbdtow
across the streambed. However, it is relatively rare to occur like this case over long reaches for
prolonged periods (Pattle Delamore Partners and Environment Canterbury 2000).

It canalsothe streams or rivers Iseparated from the groundwatsystem byan unsaturated
zone. This zone will be located between the riverbed and the groundwater table level where the

stream in this situation will be known aslisconneatd stream as shown in Figure .3.6
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Figure 36: Schematic representation oflsconnectediver (Adopted from Winter et al. 1998)

Someti mes streams or rivers have suffered
precipitation, or release water from reservoirs, or rapid snowmelt which may causdowater
move from the stream or rivers into the streaanks where this process is known as bank

storage (Winter etlal998), as shown in Figure 3.7
BANK STORAGE

Flow direction

Water table at
high stage

Water table Bank storage

during base flow

Figure 37: Stream water moves into the strebanks as bank stora¢&dopted fom Winter et

al. 1998)
In respect of the interaction between the groundwater and lakes, there are three basic ways of
interactions between groundwater and la&esllustrated in Figure 3.8 hese are some lakes
receive groundwater inflow from its entibed, some loss water into the groundwater through
the seepage from the entire bed, but actually most lakes loss its surface water into the
groundwater by the seepage from some parts of the bed and receive groundwater inflow from

the other parts of the beahd this is the third basic interaction way (Winter et al. 1998).
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Figure 38: (A) Lakes receives groundwater inflow, (B) Lakes loses water as seepage to
groundwater, (C) BotfAdopted from Winter et al. 1998)

Despite of these basic interactions are approximately the same for streams, but it is still different
in several ways. The level of water for natural lakes, which are not controlled by dams,
generally does not vary as gklig as the level of water in streams; therefore, the importance of
bank storage for lakes is lesser than those for streams. Evaporation has a lesser effect on stream
levels than lake levels because the lakes surface area is generally bigger and lesshahaded
many reaches of streams. This is because the water of the lake is not replenished as easily as the
reach of a stream. Furthermore, lakes can be found widely spread in the landscape with a
complex groundwater flow system than streams. Also, commtaKg, sediments have larger

bulks of organic deposits with a very poor permeability than those for streams. These deposits
can affect more on the seepage from the lakebed and biogeochemical exchanges of solute and
water of lakes than on streams (Winterlefl898).

Hydrogedogical properties of the rivbed have a significant impact on the degree of
groundwatetsurface water interaction. It is reported by Fox and Durnford (2003) that the
streanbed/riverbedof the streamviver has a hydraulic conductivitwith some orders of

magnitude less than the surrounding aquifer as this explains the hydraulic head loss that occurs
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in this less conductive layeAlso, Fox and Durnford (2003) have assumed that due to the
continuous supply of water to the surface watadiés (streams or rivers) and in turns to the
streambed, the streambed layer will remain fully saturated, so the geology of this layer will
control the determination of the hydraulic conductivity of streambed. Often the materials that
much form the streanall layerare deposited suspended sediment from the river widtese
suspended materials are often solids and unable to infiltrate the streambed into groundwater
aquifer, and will be removed from the river's water and deposited in the upper surface of the
streambed layer in a process known as mechadiiagdjing This cloggingis unable to protect

itself in the situations when there is an abstraction process from the groundwater aquifer to be
filtered through the riverbed. Mechanical clogging could be reduced normally by the quantity of
bedload transported by therive when whi r | up and remove the
(Schubert 2002). It is highly predicted by Schubert (2002) to happen a chemical clabgimg

there are high loads of biodegradable substances in the river water that can strongly cause a
changein the redox potential and pH, which will cause sedimentation of materials in the pore
spaces of the streambed and aquifer. Therefore, there is an important role for the quality of the
ri verds water that can af f ec tof gootundwateguifage t h e

water interaction, and all in turn will affect the groundwater quality.

Groundwater gains water from rivers or streams and vice versa depending upon the head
gradient difference between the groundwater regime and the water lethed afver. River
package (RIV) exists withiVisual MODFLOW program is designed to simulate the flow
effects between groundwater and surface water systems. According to that, there is a term must
be addedo the equation of flow Eq3.4) represents the epage between the surface water and
groundwater foeach cell in the blockezkntedsystem.

The general equation of flow between the river and the groundsystsm is presented in Eq.

(3.5. Some assumptions are made for this equation, the first oalé rispdel cells underlying

the riverbed are fully saturated and this means that the level of water table should not drop
below the riverbed layer bottom, and the second is, head losses that measured between the
aguifer and the river are limited and depiegdupon those that across the riverbed layer, that is,

no intrinsic head loss occurs between the underlying model cell node and the riverbed layer

bottom as illustrated in Figure 379 B.

(Qb) v — (Cb)riv (H riv ~ hg ) (35)

3 -1
where, (Qp)nv IS theriver-aquifer exchange flow, positive if #eeed into the aquifer (LT );

H., is theriver water level (stage) (L) is thegroundwater heatleneath the river (L); and

2 -1
(Cy)riv Is theriverbed hydraulic conductance {L ) and it equals:
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K,
Co)uy = % (3.6)

riv
where,(Ky)riv, Liv, Wiy andMy;, are the hydraulic conductivity of the riverbed, river length that
crosses the node of the cell, the width of the river within the cell, and thickness of the riverbed

layer, respectively and all ¢tfiem can be shown in Figure .9

A
,/
P
Cell boundary
B
_Impermeable walls
S e Head at the node
e River surface, HRIV in the cell
I 5 O A
5 e e
* Low permeabilty” -+
Cell boundary”
(¥
C i
/
£ijil
111
iy
1111
£111]
I8y
"l
SRy
17
1111
it
17
¥
; B
Hydraulic conductivity

of riverbed material

e ol { 77 17%//////// |||,

riverbed A & s o s A
Z 22 7
——
—
w

Width of river

Figure 39: (A) An aquifer shows a river crosgction (B) RiverAquifer conceptualistion
through a simulation, and (C) Individual cell of idealized riverbed conductance (Modified and
adopted by McDonald and Harbaut®88)

60



Indeed, Eq.(3.5 gives acceptable values of flow between the river and the aquifer over a
certain range of aquifer heads. However, if the groundwater table (W.T.) level in the aquifer
falls below the riverbed bottom leaving an unsaturated spaberlyimg this layer, the seepage
from the river into the groundwater in this case will depenthermead in the aquifeas it can

be seen in Figure 3.10n addition, whether it is assumed that the riverbed layer will remain
saturated, this will lead taoosidemg the head at the riverbed baserepresenthe elevation of
water table at this point and this means it will be equBlifoAccording to that assumption, the

seepage flow from the riverbed bottom (the river) into the groundwallelbe represented in
Eq.(3.7):

(@) =Ci (Hriv : Briv) (3.7)
where B, is theriverbed elevation.

Flow through
Streambed

Head at the bottom
of the streambed
Water . is equal to elevation
Table ~__ of bottom of

: — ] L T . .7 7| streambed layer.

Figure 310: Water tabldalling beneath the riverbed bottom (Modified and adopted by
McDonald and Harbaugh 1988)

It can rewrite Egs. (3.5 and (3.7) by depending upon the riverbed elevatid,) which

represents the Visual MODFLOW simulation concept of groundvgatdace water intaction

as below:
(Qb)riv = (Cb)riv (H riv "~ hg) hg = Briv
(Qb)riv = (Cb)riv (Hriv - Briv) hg ¢ Briv

Indeed, in general, the flow seepage betwdean dquifer and river is a threlémensional
process and it is just an approximation whepresernng the flow between them by a single
conductance term and the elevation of the riverbed. This is becauseetbediis much various

from the confining layer in the idealized situation (McDonald and Harhaugh 1988). This means
the flow between these two parameters (river and aquifer) is considered to be one dimensional

because the flow exchange is just throughritrerbed.
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3.7 Hydraulic conductivity

Hydraulic conductivity or transmissivity are the most important parametach are required

for a steadystate groundwater flow modelling to be distributed over the grid cells of a
groundwater model. Specificallyyydraulic conductivity represents a tool to measure water
transmit capacity and it is defined asonstant ofproportionality that discharges a certain
amount of water in a specific porous medium under a unit of hydraulic gradient and it can be
expressethy Darcy law ¥ = T Kwhich is illustrated in detaih Eq.(3.1). As transmitted water

is controlled by hydraulic conductivity, this means that the hydraulic conductivity has the ability

to control the rate of groundwater movement under a given hydigralitient in the saturated

zone and also control the containment degree of pollution. Coefficient of permealdisp is
represented thhydraulic conductivityterm and itrefers to the soil behaviour which is either

can transmit wat ert AtPrea memibtl edt oAl mpenrnme a b
conductivity distributed over an area is constant with an equal value, the aquifer soil hydraulic
conductivity in thateoaséa betsafdite bal délov
toplaceoverm area, it will call the aquifer soil
specific place, if the hydraulic conductivity essentially the same in all directions within the
aqui fer, that aquifer wildl bbee ccaallll eedd aass fiilAsn
(Tesfaye 2009)In groundwater modelling process, it is general to assume that the aquifers are
homogeneous and isotropic to convenience the simulation process although this situation is
completely rare. However, the modellersed to simulate the aquifers as possible as close to
reality (Sefelnasr 2007).

3.8 Pumping

Pumping water from aquifers which are connected to the bodies of surface water will have a
crucial effect on water movement between these two bodies of wateeffEbeof withdrawal

wells on the regime will be local in scale if the withdrawals were presented by a single well or a
small group of wells. However, when the withdrawing wells are many over large areas, the
effect will be regional in scale (Winter et. dl998). If the diversions of spring flow or the
groundwater withdrawals are affecting the system of the groundwater by the negative way, the
one option of management is to limit the withdrawals for an established safe yield and
specifying the location ofthe new wells in order to minimize or overcome on the negative
impads as illustrated in Figure 3.1Drawdown (water level decline) may still happen at large
distances from the pumping wells until establishing new equilibrium conditions even when the

leves of water near the pumping wells can recover its level relatively quickly (USDA 2007).
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Figure 311 Effects of pumping from a hypothetical groundwater system that discharges to a
stream (Adopted from Heath 1983)
Fox andDurnford (2003) discuss the three regimes which are describing theaquier
interaction when there is an abstraction process. It is reported that in case of the groundwater
level in the aquifer is within the elevation of the river bed, the interactigigne is dominated
to be fully saturated with flow. This situation happens wivater pressures are not sufficiently

negative enough to make the subsoil unsaturated, where this means, the rate of abstraction from

the aquifer i s | elge sedpiagnfront thee rivea. danicef, the €pscificr e
discharge (q) (L/T) through the stream or river bed intofaguan be described in E.9):
q=- K,Ol (3.8)
Sw - Hriv

where, Ky, is the saturated hydraulic conductivity of the streaml&ds the drawdown that
represents the distance between the water level in the Hygr §nd the water table in the

groundwater aquifer (Fox and Durnford 2003).

The negative sign refers to the downward flux seeping from the river toward the groundwater

aquifer.

63



3.9 Evapotranspiration

As groundwater represents efrategic importance, it needs for an accumd@mation of
groundwater recharge. In addition, protectaingroundwater systems requires an assessing of
the fundament al controlling factors that af i
The actual evapotranspiration process represents a major process in the hydrological cycle
where it plays an iportant rolen simulatingthe hydrological effect of climate change (Zhao et

al. 2013). As AlNajaf province is classified as an arid area (Ahmed et al. 2013), thus the most
important parameter that highly affects the groundwater recharge is the actpatation.To
estimationthis parameteranexperimentalusing measurement instruments) and mathealatic

techniques have been investigated by many researchers as detailed below

3.9.1 Measurement techniques

A variety of instruments have been used tdnestie the actual evaporation, such as-pan
measurement, Bowen ratio (BR), using of weighing lysimeters, and Eddy covariance techniques
(Li et al. 2009). The description of each experimental method is available in detail in Bosman
(1990),Bausch and Bernaid992),Edwards (1986), and Leuning et al. (1990), respectively.

3.9.2 Mathematical methods

The widely used mathematical methods are categorized into either empirical methods or
analytical methods (Verstraeten 2008). In #@rapirical methods, the actualaporation is
estimated by depending uptime meteorological data for the site under consideration through
using empirical relationships. By depending upon the direct and indirect measurements such
using remote sensing technology or grodaded instrumds, complex analytical physical
processes methods are established to estimate the potential evaporation and then either use it as
it is, or corrected it to estimate the actual evaporatioret al. 2009), so these methods are

rarely used. The commonly djgul empirical methods that estimajithe potential evaporation
arePenman equation, Penmitonteith equation, Blanegriddle method, Turc's formula, and
Thornthwaite methodPenman equation needs for lots of parameters which are not available
through thedata that have been collected for the study site. For instance, one of these
parameterdhat are used in Penman equation (isg) which represents th
vapour pressure curve with respect to temperature and this is unavailable in thalleetidc
Therefore, it cannot use it to find the potential evaporation (PE). In PeMimiateith equation,

a lot of parameters are not available through the collected data where this makes this equation

moredifficult to apply.BlaneyCriddle method deperdipon various coefficients such a@he
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crop coefficient consumptive use for monthly periadyl K (the crop coefficient for irrigation
season ogrowingperiod of the evapotranspiration consumptive) useleed, these coefficients
are not available fothe crop cover in the study site; therefore, it is unable to use this formula.
Turcdés formula needs values of 10 days of
short wave radiation to calculate the potential evaporati@n 10 days.However these data
may not available through the collected datsagbarticularsite. Therefore, its not possibléo
usethis formula to calculatéhe potential evaporatioparameterThe formula proposed by
Thornthwaite equation (1948) is the only method whaan be used because all of its
parameters armore likely be availablelt is mainly based on the monthly temperature mean
with an adjustment for the daily number of daylight hours. The potential evaporation for each
month of the yeaaccording to this thod,can be estimated :as
&10T g
PE=166—1y (3.9)
e o
where, PE is thenonthly potential evaporation (mm); iB the averagemonthly temperature
(°C); and | is theannual heat indeXC), which can be calculated as over ami@nth (or a year)
period:
. %2 %.81..514 610
i=18> 2

andconstant can be calculated as:

a=0.016H+0.5 (3.11)
Thecorrected potential evaporation PEc (in mm) can be estimated as

PEc=PE* K .12
where K is the constant factor expressing the daylight hours #ral latitude for the

selectedstudy region.

Values of monthly main pential evaporatiothat resulf r om Thor nt hwai t eds
need to be corrected using (K) based on latitude geographical position for an area and the

daylight hours in that area-¥alues are illustrated in Table B.1 in Appendix B.

Table B.1 in Appendix B has provided thevKlues that should be used to correct the calculated
potential evaporation to get the actual evaporation value. The only parameter needed to apply
Thornthwait® $ormula is the mean monthly temperature valuesaddition, the latitude and
longitude directions of the considered study site with the daylight hours that this study site
exposed for, are the only needed parameters to correct the potential evaporation values.

Applying of Thornthwaite equation (1948) faret areas (or rainy months) will give very well
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resul t s, but it needs to use the adjustment

dry months or areas (Bautista et al. 2009).

3.10Accuracy of numerical models

Minimizing the uncertainties aherrors represent the most important issues that controlling the
accuracy and reliability of numerical models. Errors in the applicatangroundwater

modelling are sourced from (Konikow and Bredehoeft 1992):

- Conceptual errorscepresentheoreticalmisconceptions about the basic processes
that have been introduced into the model.

- Numerical errors: generate in the equassolving algorithm where these errors
include rounebff errors, numerical dispersion, and truncation errespecially in
transporimodels.

- Inadequacies and uncertainties of the input data will lead to arising errors which in
turn will affect the comprehensive description of stresses, aquifer properties, and

domain boundaries.

The most common sources of most groundwater modeklimgrs are arising from the
conceptualisation and uncertaimoblems. Recent studies emphasise on how it can incorporate
uncertainties in numerical modelling. A stochastic program was presented by Yangxiao and Van
Geer (1992) to reduce and quantify theoundwater flow uncertainty for the input data
processed by a numerical model called MODFLOW. Linking of numerical and stochastic
models was suggested by many reseatfAnderson and Woessner 1982rakostas and
Manolis 1998).

In the model developmengroundwater modelling errors occur at the stage of the mathematical
treatment of the generating accuracy, governing equationsjstency, convergence or stability
problems. As groundwater numerical models are almost approximations, modelling errors are
generally generated while subdividing the model domain by a set of guiith&r while
differentiating or integrating the governing equations (i.e. the mass balance equatiwtsle
interpolating the various model parameteos, while solving the resulted system set of
equations. In the present work, a high attention is fm@pplyaccurate boundary conditions

and accurate geological and hydrogeological properties to arrive foestheonstruction dhe

groundwater model fdhe considered study site.

In Visual MODFLOW program, in order to define River Package data, it needs to input six

entries which are layer, row, and column of the cell which containing the river reach, width of
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the river, river stages at the start and goints, riverbed layer thickness, riverbed layer
conductance, and riverbed lmtt at the start and end poinks.the simulation process for the
River Package, river seepage term which is entered at the beginning of each iteration will be
added to the egation of flow for each cell in the system. According to the comparing between
the last recent values of head at the cell that containing the river reach and the value pf RBOT
for the reach, Visual MODFLOW program will choose whicjuation will use eitheEg. (3.5

or Eq.(3.7) to calculate the flow seepage. This means that the value of head (h) at a specific cell
from the previous iteration will be used to the next one and because the program will check this
value again at the beginning of the new iteratto take a decision of which river seepage

equation will use, this will lead to lagging by one iteration behind the calculations of seepage.

3.11Visual MODFLOW description

Visual MODFLOW (v.4.6) used in this research has been presented to modetliagsessing

of groundwater flow in one, two, or three dimensions, heterogeneous, and anisotropic (aligned
with grid) aqufers by U.S. Geological Survégstitute This software is produced by McDonald

and Harbaugh (1988) usirthe programming language d¥ortran 77. It is dealingvith the
saturated flow, bloclcentredcells, and steadystate or transient flow. Thisrggram uses the

finite difference method to solve set of edins by depending upon E¢3.3) which is
presented previously in this chapter and it is supported by various dptieess tosolve

matrix equations like (SIP, SOR, LMG, PCG2, PCG4, and WHS). In additieppssibility to
develop this software makes it an easy and complete ogenteptualisethe environment
practically such as groundwater flow and contaminant transport, so that, this program has been
developing constantly since 1988 to date. Moreover, advantages of Visual MODFLOW model
comprise of many facilities such as adjusbinfiation and data entry and exit, exchange data
between various standard form within of it, source code availability, ability to simulate
groundwatessurface water interactions, sediment transport, simulation of water quality and
protection initiatives ofvater source, involving many packages that simulate the hydrological
stresses of groundwater and contaminant systems, and many more as tivelloas price

comparatively to other softwa(gumar 2002)

Visual MODFLOW accuracy with regard to spatial disisation hasbeen explored by
Haitjema et al. (2001). The accuracy of the boundary conditions for the groundwater regime and
the appropriate cell sizes were the most important issues founded by Haitjema et al. (2001) to
get an accurate groundwater modihe regions that having singular velocities near corners,
zones or layers with contrasting transmissivity levels, or regions with strongly diverging or

converging flows, need for a large number of cells to be accurately modelled. It should notice
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that thenature of the finite difference grid as well as cell siga®strictively dependingipon

the cell sd number (number of rectilinear row

In 1997, Barrash and Dougherty have found that the fifiiterenceformulation which is used

in MODFLOW gives underestimatedesultsfor large head gradients occur in the pumping
vicinity closed to wells. Generally, relative small grid spacing is required for flow field in the
vicinity of irregular hydregeologic units (e.g. discontinuities, or very littlata). Moreoveran

accurate velocity is needed due to the accuracy ofdhtaminant transport modelghich is
represented by thedvection dominated transpavhere using small cell sizes represent often a
condition to reach tctumcy. ntocdneedudes or slitniadbei theset vy a
l' imitations through refining the systembs gi
grid refinement method was presented by Mehl and Hill (2002) and (2004)-itinaeBsional

and then glimensional blok-centred finite difference grids by using shared nodes with good
accuracy results. Others three programs (MODTMR, TMRDIFF, and RIVGRID) were
developed by Leake and Claar (1998jing a telescopic mesh refinement method within
MODFLOW program. Another metid was presented by Spitz et al. (2001) for refining a
model grid. In MODFLOW and MODPATH, the nesteddiscretisation method is used to
improve the resolution of padines by eliminating weak siisk Howeverjt may need for a long
execution time to ruthe model wheifine grids are used where this will lead to understand the
system dynamics and calibrate the model accuratdtgrnatively of the grid refinement, an
analytical element model has been suggested by Kelson (2002) to extract the aquiféeprope
boundary conditions, and parameter values for thoseegibns to be then applied in Visual
MODFLOW regional model to get an accurate local modelling.

A finite element package was presented in Jones (1997) as an alternative method to solve the
eguation of groundwater flow within the model layer, while a finite difference method was used

to simulate the vertical flow. The input data was consistent with MODFLOW modules with a
capability for manipulating of the designed grid. In fact, no other waekbwlith the flexibility

of the grid structure in MODFLOW that have been investigated so far. Where, it was suggested
by Hill (2002) t hat in the future, MODFLOW
refinement which will make the model grids legmustured. In 1990, a higherder finite

volume method has been developed by Zheng (1990) for transport simulation which is
represented by the MT3D code integratgthin MODFLOW where this method was based on

the finite difference method for dividing drcells so that can drive thwterstitial fluid velocity

components.
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Different interpolation techniques errors and performance through approximating the hydraulic
parameters and gradient terms in each cell on the surface of a model in MODFLOW have not
been investigated so far. Matrix solvers potential inaccuracies of old MODFLOW version, SIP,
SSOR and PCG2 were fully addressed and discussed by Osiensky and Williams (1997). In the
recent MODFLOW version, Mehl and Hill (2001) have compared the added gdW@rwith

the previous solvers through two simple tests. Another comparison was made by Wilson and
Naff (2004) to the newly solver GMG. The latest achieved WHS solver added to MODFLOW

can implement conjugate gradient algorithms called thEijugate Gradint Stabilized (Bi

CGSTAB) acceleration routine efficiently with Stone incomplete decomposition for the partial

di fferenti al equations of groundwater -fl ow
conditionedo of t he gr csuan effacive greonditidniogifortinese r i c e
matrices is necessary to be the solution more efficient. This solver works oriartejeproach

to reach the solution at each one time step. To approach the solution, the factorized parameter
matrix is varying de to the effect of the outer iterations. When the hydrogeologic parameters of

the flow are updated, such as (saturated thickness, transmissivity, storativity) in the factorized
matricesd6 equations set, t hen t acwrizationtlegels i t e r
are allowed for matrices to be initialized differently to improve the stability and efficiency of
the model 6s solution. The outer iterations

3.12 Discretization

Discretization $ a phenomenon concerned by the temporal and spatial transformations of the
groundwat er mo d e | éspendeatccomgpaonenis chroagh ttansfoimimg these

components into discrete elements. Geometry discretization represents a crucial element to
distribute the boundary conditions and stresses which need to be applied. Model geometry cells
should be small enough to express clearly the details of the geologic and hydrogeologic
parameters, demonstrate as smiyods possible the curvature of the hydraulic gradient and

groundwater table, and show the effects on the hydrogeological system come from point

stresses such as nodes pumping wells, recharge, and evapotranspiration (Sefelnasr 2007).

Mesh or grid size in the discretization process should be chosen to be appropriated to describe
evidently the spatially distributed aquifer properties and aquifer heterogeneity, where almost it
needs to refine the model grids as much as possible to nmeedarge variation of aquifer
properties. In contrast, lesariation of thedistributed data of aquifer properties will need for
large sizes of mesh or grid cells. Sizes (Refinemengriof cells will lead toachievingthe
objectives of groundwater modely) as all aquifer properties will be spatially distributed over

the hydrogeological system. Therefore, for the purpose of groundwater management and
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sustainability, a great attention should be paid for simulating the hydrogeological systems when
specifyirg the sizes of grid cells of groundwater flow systéinis not always practical to use
comparable grids or cells in size and dimensiorih® cells where th@umping wellsare
located although the predicted head or drawdown in the area close to pumglinig @most

high even in case of applying groundwater management and sustainability schemes. Where,
typically, as in the finite difference modethe pumping rate is applied to the cell where the
pumping point (well) is assigned, the pumping well dianetill remainmuch smaller than the

cell size, which means it cannot refine the grid size by depending upon the well diameter
(Sefelnasr 2007)Visual MODFLOW finite difference technique depends upon block centred
formulation of groundwater model discmttion as shown in Figure 3.12s a weHknown

method to distribute the geological and hydrogeological parameters over the discretised model
domain (Harbaugh 2005).

(@) (b)

Figure 3.12 Finite difference grid conventions in two démsions (a) Meshcentred grid
system and(b) Block centred grid syste(@doptedfrom McDonald and Harbaugh 1988

3.13 Calibration

Many hydrological problems that the groundwater model exposed for should be addressed in the
calibration process. Thaeccur ate definition of ACali brati
manipulating of model input data to be the results of the model (heads or flows) as closely as to
the observed field information. An automatic or manual model parameter adjustment can be
done and check the effects through using some statistical techniques as this step of adjustment
represents one of model calibration aspects. Where there are some other key aspects have the
capability to control model results and can produce a good matchtimghe fied data, such as

the conceptualaion process of the groundwater flow system, discretisation, recharge rate, and
many more. The basic concepts that identify the model acceptability are the closeness between
the simulated and observed collecata, and some other important parameters need to be

incorporated in the model, both are crucial in evaluating the final calibrated model. It can be
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seen some of the conducted calibrations with various methods acctwréiagh investigator in

detailin Anderson and Woessner (1992).

Several techniques are employed to assess the calibration process withoutipawgitigntion

to the calibration method used, either trial and error (Manual) or automated. The mest well
known technique is by calculating tlagference between the measured and calculated heads
(called residuals) which will assist in clear quantification of the calibration process through
either graphical or statistical comparisons. The calibrated model should have as minimum as
residual valueand standard deviation through comparing them with the acceptable threshold
values. The standard statistics which are used to evaluate the model calibration process are the
Standard Error of the Estimate (SEE) (m), Root Mean Squared Error (RMSE) (m),liXedma
RMSE (%), and the Correlation Coefficient (CC) (dimensionless). Equations used for these

statistics are illustrated below.

1 .0
SEE= |——— - R)? 3.13
\/ hpa®-R (3.13
RMSE= la R? (3.14)
Nix
. RMSE
Normalized RMSE = (3.15)

(Xobs)max - (xobs)min
— Cov(xcal’ Xobs)
Scal'sobs

CC

(3.16)

1.0
where, R = X, - X, R==—AQ R ; XcaandXepsare the calculated and observed results of
i=1
a specific parameter, respectiveGov(Xa, Xoby iS the covariance between the calculated and
observed r gs ujlditae thesmmdard dewviations results of the calculated and
observed values of a specific parameter. Formulas of the covariance and standard deviations are
illustrated in dé&ail in Vi s ual MODFLOW 2011. 1 uScblunbergerma n u ¢

Water Services

Groundwater models need to be calibrated to ertheferecasting results as each model either

be calibrated under steady state condition or under transieditioan Usually, it needs to
perform water levels in the steady state calibration which are represented by the mean of either
the monthly longterm water levels, or the annual water levels, or the seasonal water levels for a
specific season. At a particulpoint exposed for certain stresses with a specific time, a new

calibration approach called quasdeady state calibration is used to explore the behaviour of an
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aquifer. Transient calibration is considered to explore water levels and aquifer behadeur un
changeable stresses with time such as changing recharge rate and extraction quantity over time.
Consequently, transient calibration requires some handle control for these fluxes during the
modelling process period to achieve the model with an accuaditeration (Anderson and
Woessner 1992).

3.14 Validation

I n practice, the process of wvalidating the
known process called calibration. The International Atomic Energy Agency (IAEA) defined
Avalidationd as the process of comparing th
with those of field observations and experimental measurements. However, the multiplicity of
attempts of the supposed solutions and the uniqueness of model sohian providing good
comparison with inadequate or erroneous models simulated previously. Also, because the
expression "good" is objective and compatible with the operational definitions used in the
validation process, any competent scientist may dedlat the model validation result is
acceptable while another scientist may use the same field data and prove that the model is not
valid and cannot consider it as acceptable. Therefore; in science and engineering, the
operational d e f inot seém t@wbe meahingflilgood o0 does

The sampling division method is one of the attempts that could make the model validation
process more rigorous as this approagbaitsernedn groundwater studies after it was applied

in the verification process in watersheddrlling. Using this procedure, the model is calibrated
using one part of the historical recorded data of the study site, which contains more than one
referenced event which can through it characterize or distinguish the system response. Then the
other par of the historical recorded data will be inserted into the calibrated model to verify the
response of the model through comparing its results with the observations as this process called

the verification process.

The application of division sampling apach in groundwater is usually a weak procedure.
Generally,groundwater systems have a long time scale to response for the external events much
longer than the surface water systems, as it is rare for a historical record to be long enough to be
divided inb independent data sets during groundwatalysis Therefore, it is necessary to

take into consideration when considering split sampling that the model response dbes not
influenced by stresses during the verification process period. Since the datauofiwater

models are rare to presence independently, it is difficult to apply these spilt data widely in

groundwater systems (Leonard and John 1992).
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3.15 Uncertainty

Uncertainty in the hydrological modelling may be a result of eeitimaccurate model
conceptualiation or incomplete input parameters or natundlerited processes. Due the
incomplete understanding of the model simulation process and the inaccurate hydrologic
processesreproduction by using either mathematical or statistical techniques, the model
uncertainty hasirisen(Dasand Lewis2007).In each modelling process, it should be reported

the uncertainties which are influenced on model results to be accurately takendotmt in

input parameter values (either the geological or hydrogeological properties). A further detailed
description is provided by McMahon et al. (200Qyhen a systenof continuous interest to
societyhas referred for predictions of a problem, thiegaf uncertainty analysis will include
improving the design of the simulated model to monitor the predicted trends and changes in the
aguifer system. The model should then be periodically reviewed and evaluatedalipnaging

it through inserting nevand necessary information (such as changes in stresses), where the
model predictions then can be validated by comparing its results with field observations and
accordingly revised the presumed conceptual model. When the predictions/results of a model
are nmatching the field data, it came considered the constructed model as a satisfactory model,
otherwise, it will need to made changes for some model parameters to reach for an acceptable
adjustednodel (Taylor 1985).

3.16 Summary

An investigation of flowsimulation process with its methods applied on groundwater models
whether it is steady state or transient simulations is explaliedprocedure tmitiate building

a conceptual model for an area with timundary conditions and aquifer properties needed
explored with a schematic pattethat shows the steps required to reach the acceptable
groundwater model. The basic equation of groundwater flow in the porous medium, unconfined
aquifer, andheterogeneous and anisotropic groundwdlier conditions ismathematically
described. Due tthe presence of the Euphrates River in the study area, river package (RIV)
equations and the river connection with the groundwater aquifer are also described. The
interaction between the river and groundwater reservio@nvthere is a pumping process in
operation is illustrated. The basic wkilown equations of potential evaporation estimation and

its requirements to apply are illustrated with the appropriate equdtmnthwaite equation)

for the current studyAn explanation of Visual MODFLOW with its accuracy in modelling
groundwater problems are reviewed to highlight the advantage from using this software. The
related crucial techniques such as calibration, validation, and uncertainty analyses which are

required to asess groundwater models to be acceptable and represent the real studied region,
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are investigated to highlight the benefits from these techniques on how can assist to reach the

final acceptable models.
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Chapter Four
Study Area

4.1 Introduction

Reliable and accurate informatidor any study areas needed. Anymodelling study is
dependingon the collected measured data which are required to success the modelling process
(Kumar 2015).However, most ofthe groundwateresource availale in Al-Najaf regionis

either usednefficiently by a wayled to drying it or itleft to gatherunderneath the ground
surface without using it which in turns led to either damaging the agricultural areas, or
damaging buil di ngs 6 gs$omaadftieadeserpancds, ragothiere arefewne r g i
aquifers havin@ huge quantity of groundwater. Dibdibba aquiferated within the boundaries

of Al-Najaf region (the study site in this researcty) considered to be under investigation

because there i® availability for the good management obgndwater resource in this region

The study area hathe Euphrates River passirigrough the eastern part of it after bifurcating
itself into two branches. The first branch calledKAifa (on the western sidef the eastern part
of the study area) and the second branch caélleflbbasiyah(on the eastern sid# the eastern
part of the study arealhe study area contains some of the populated dileag\l-Najaf
central, AlKufa, Al-Abbasiyah, AlHurryah, Maysn, AFHaidariyah, AiManathirahand many
more where théotal numberof population in hese regions is approximately 1.2flion Iraqi
citizens It can be seen the location of-Nhjaf region which represents the study area with
somedetailsin Figure 41. Thestudy area is about 25.25 kmlangitude directiorand38.7 km

in latitude direction respectively, enclosing a model aregppfoximately 976 kfn

In Figure 4.1, it can be seen that there is TaNajaf, which is located on the lower west side

of the study area. This geological formation represents a cliff on the ground surface with a level
reach to 90 m where on the foot of this cliff, there is a transferal fault callediAfawlt.
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Figure 41: The study site witmaturalgeological boundary conditions
4.2 Field data

The numerical models of groundwater néadntensive, accurate, complete data sets which are
covering the whole region of the modelled arfBat, with the developmerdf GIS techniques

and the complicated statistical methods, it should largely no longer be a problem to model the
interested area emewith a data gap. In order to develop the model of the groundwater, the
following information and data should be completely prepared: (a) the complete layer
discretization and slice elevations over the whole interested area, (b) aquifer parametefs, and (c
the boundary conditions. Generally, the required data for a groundwater made¢ disted

below (Moore 1979).

DEM (Digital Elevation Model) for the area of interest.
Geological settings and cressctions of the aquifer layers.
Contour maps anthetopographic map of the terrain surface.
Hydrological parameters of the aquifer system.

Water table and potentiometric maps for the whole aquifer.
Thethickness of each layer of the aquifer.

Transmissivity and hydraulic conductivity data.

= =4 4 A4 -4 -8 - -2

Collimation bedsnformation.
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Well extraction strategy.
A descriptionon the aquifer layers such as which one is confined and which one is not.
Temporal and spatial information about rates of evapotranspiration, recharge into

groundwater, discharge from groundwater int® shirface water, and climate situation.

Data setswhich are related to the area under stadg collected from various offices and
ministries in Iraq including the crossections of the Euphrates River, upstream and
downstream levels of water for tB®iphrates River, bed elevation for the Euphrates River. Data
related with wells that are injected in the study area, and those related with the geology and the
hydrology of the area of study are also collected. Some of the most important offices and

ministries are:

Ministry of water resources (MOWR 2015).

2. Ministry of industry and minerals, general commission for geological survey and
mining (GEOSURV2015).

3. Ministry of transportation, Iragi meteorological organization and seismology

(MOTRANS 2015)

Ministry of science and technology (MOST 2015).

General commission for groundwater.

General company for drilling wells irrigation.

Baghdad University.

Some geologists in the geology of soil and groundwater in the MOWR.

© © N o g A

Al-Najaf Meteorological station.
The data otained need for processing and checking to find the geological and hydrogeological
properties as well as the boundary conditions related to the study area so that it can build a

model of the study area by a careful and accurate way.

4.3 Digital Elevation Model (DEM)

To build a groundwater model to represent the area of study with a high accuracy, one of the
information that need tbe known accurately is, the natural levels of ground to find the terrain

in the right form. To address that, it can use either the GPS device or the aerial satellite images.
The use of GPS device represents a complex process where the user needs to be postent in m
of the locations of the study area. In addition, the collected coordinates need for an adjustment
process, therefore; ground levels collected by the GPS device could have inaccurate coordinates
with a high proportion of error. The other method is bygishe aerial satellite images such as

DEM-Digital Elevation Model or DTMDigital Terrain Model whereas these images have a

77



very accurate ground level coordinates as well as containing another data, which are very

interesting (Khemiri et al. 2013).

Therefore, one of the most important data, which should be prepared for the area of study is, the
DEM-Digital Elevation Model because this satellite imagerashinformation such as terrain
elevations, contour lines, amdichmore that can be obtainedaligh processing of this image.

The Digital Elevation Model (DEM) is a digital representation of the terrain, which is varying in
height, and it is one of the basic outputs of the geographic information systems (GIS). Digital
Elevation Model, in particuta is an estimation tool for the distributed surface and subsurface
characteristics. It can also show the charactesisif flow as well as illustratinthe control on

the water movement that is exerted by topography in the landscape and the preditt®on of
flow characteristics for these regions (Khemiri et al. 2013). Moreover, one of the important
advantages of the digital elevationodel is, its ability tastorelarge amounts of spatial data a

regular basis and easy to handle as a databbk$ea(is2002).

GIS provides an opportunity to show the study area as a digital representation in two
dimensions and in three dimensions through extracting (X, y, z) coordinates. X and Y of these
coordinates represent the horizontal directions, while Z repse@ntertical direction (height)

as well as to other facilities, which are built by a computer through the GIS software (Seeruttun
and Crossley 1997; Jazmani and-Méqgdisi 2002). Moreover, Geographical Information
System (GIS) has allowed users for atdreand effective understanding use of water cycle
through processing of contours, radar and opitinagesdownloadedrom the satellite.Indeed,

the use of DEM is growing impressively with the GIS use and this leads to the improvement of
the extracted iformation from the elevation data such as forest regions, lineaments, erosion,

and floods mappin@Khemiri et al. 2013).

One of key elements to start this research is, to find the elevations of the ground surface of the
study area to be adopted in thelgsia of groundwater model and this can be done by using the
aeri al di gital photographs which are call ed
Land Cov e mtp:Aave.iandéoveyoog/data/ent website is used to download the

aerial photograpih Do wn | o a d with 90mraecgracyhat is representing the DEM Al-

Najaf provinceas shown in Figure 4.2.
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To process the downloaded image, it needs to open it by using the GIS program. Theestudy ar
can be extracted from the downloaded DEM after processing it through the GIS software. The
final extracted DEM for the study sits illustrated in Figure 4.3.
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Figure 42: DEM as downloaded from GLCF website
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Figure 43: Final DEM of the study area after extracting from the downloaded image

The elevations of the top ground surface of the study area shown in Figure 4.3 is extracted from
the GISprogram as an ASCII file and then plotted in 3Dshown in Figure 4.4.
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Figure 44: T;pology or terrain of the study area extracted from DEM

Using the downloaded 90m DEM for the study site shown in Figure 4.3, the Elevation Contour
map ly using the ARC MAP programan beproduced as shown iRigure 4.5. It is obvious that
the elevation of the ground surface is higher on the western side and gradually decreases into the
eastern side direction. According to that elevation, the movement of groundwater depends
sometimes on the gbe of the ground surface and this means that the movement is from the
west side to east side for the whole regiothefstudy site. The general slope of the study area
according to Quinn et al. (1991) method is 0.0018.
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Figure 45: Topographic contour map of the area of study
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4.4 Geological properties of the study site

According to the data collected, there is a fault (transversal faoljed on the soutiest of

the study area right underneath toldf (Tar Al-Najaf) as illustrated in Figure 4.1. The
groundwater in this area does not have any connection with the groundwater on the eastern side
and the groundwater that comes from the western part of the desert will emerge at this fault.
According b that, it means that this area needs to be inactive or removed when building the
groundwater model in order to remove the results of this area from the simulation of the
groundwater modéng results The fault inthe study areads illustratedon the geological map

shown in Figure 4.6. The fault in the area of study called Abu Jir Fault. The upper part (ground
surface area) of the fracture called TasNdjaf.
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4.4.1 Tar Al-Najaf

Tar Al-Najaf is represented by a high cliff whereas at the foot of that cliff, the Abu Jir fault is
located. In the Westerside/partof Al-Najaf province, there is the urban city of-Mhjaf as

well as a large depression, which is calledN&ljaf Sea. AlAtia (2006), as it is cited in Al
Shemmari (2012), Tar ANajaf represents one of the limits of the study area on the southwest
part. Thereare anumberof formations located on both sides of TarMdjaf. Figure 4.7 shows

a picture of this cliff, it forms a sequence of sharp rocky cliffs, which are composed of claystone

and sandstone. The depth of this cliff reaches to approximateiy (X)-Shemmari 2012)

Tar Al- Najaf

Figure 47: Tar Al-Najaf (Adopted by AlSShemmari 2012)

4.4.2 Stratigraphic features of the study area

Indeed, the formations that constitute the aquifers in the region of the study area can be
illustrated in Figure 4.8. According to Figure 4.8, the stratification of aquifers is formed by the
old ages of soilgéancient geological epochahd depending upon the erosion that is happened in
ancient timegBarwary and Nasira 1996Figure 4.9 will show a section that illustrates the
aquifers in the study area. It will explain most of these aquifers separately.
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4.4.2.1 Dibdibba formation (Pliocené Pleistoceng

Al-Jawad et al. (2002), as it is citedAh-Mussawy and Khalaf (2013}he main soils of this
formation that are composed it, are coarse sandstone and pebbly fine sandstone. The thickness
of this formation is approximately 85m. It is exposed along the ridge of T-htafsf and
represents the top most part of the exposddseso making up the area between Karbala and
Al-Najaf. This formatiorappearsagain in AlBasra and AMuthana Cities which are located in

the southern part of Iraq with a maximum thickness reaches to about 350m (Jassim and Goff
2006).

This formation foms a large area between-Whjaf and Karbala, it is about 2980@° m?,
340«10° m® of this area is betweehl -Najaf and Karbalgrovincesand 2640810° m? is in the
southern desert. The underneath formation of Dibdibba is Injana, but the upper ofitit is w
Quaternary sedimenfdassim et al. 198Al-Mussawy and Khala2013)

4.4.2.2 Injanaformation (Late Miocene)

Barwary and Slewa (1995), as cited inMussawy and Khalaf (2013)njana represents the
second formation below Dibdibband it generallyconsiss of sandstone and claystone with
some other soils like partly greenish silty, lenticls of grey, brownish, and yellowish sandstone.
In addition, it containsthin beds of about 0.3m of marly and chalky limestone which
occasionally pesent in the sequence. The thickness of this formation is up to 35m.

4.4.2.3 Fat'ha formation and Nfayil formation (Middle Miocene)

The lower part of Injana formation consists of two formations which are called Fat'ha formation
and Nfayil formation. The thickness of both of them is up to 25m and betweer3QL5,
respectively. Fat'ha formation represents one of the aerially and economically important
formations in Irag. Fat'ha formation consists afsequence of reddish sandy calcareous
claystone and lownish coarse grained sandstone, with limestone intercalation2.()r2
(Barwary and Slewa 1995). While Nfayil formation consistg@en, partly reddish isandy
places, dolomaitic and gypseous marl with interbedded calcareous, partly sandy claydtone a
fossiliferous limestone (Alaf and AlSaady 2010).
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4.4.2.4 Euphrates formation (Early Miocene)

It represents one of the most widespread formations in Iraq and belongs to the early Miocene
sequence. It consists of olitito chalky limestone which locally contains corals and shell

coquinas (Jassim and Goff 2006).

4.4.2.5 Dammam formation

Dammam formation comprises of dolomites, shales, limestone (chalky, dolomitic or
organodetrital), and marls. The thickness of thismition reaches to 250m. Indeed, it
represents the most important aquifer in the south west part of Iraq. Jassim and Gaff (2006)
characterized this formation as onetloé formations which havea highest transmissivity and
permeability in most area of it beuse of the presence of karastified and cavities canals, joints

and fissures, as well as fractures.

4.4.3 Aquifer of groundwater in the study area

As a consequeal of the previous information, Dibdibba, Injana, Euphrates, and Dammam
formations are coidered the main geological aquifers in the study area which are containing
groundwater. According to the data collected, indeed, the deepest boreholes (Wells) in the study
area from the whole number of the wells whiehk injected in the study araee usd to find the
thickness, extension, and stratigrapbfythe aquifer which will be used as the aquifer that will
provide groundwater in ANajaf study area.

Figure 4.10 shows the locations of ttheepesboreholes irthe study area and the direction of

the geological section which is (A0 ) . Figure 4.11 demonstrates

thicknesses of each aquifer, elevations of boreholes, and the distance between boreholes.
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According to section (MA6) , which is illustrated in Figul
No. 54, and Well No. & are representing the deepest wells. Therefore, this means that the
aquifer that will be presented or considered to be the aquifer that should be studied within the
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study area is Dibdibba aquifer or Dibdibba formati@ullected data shows th&iibdibba
formationcomprises of two layers and it is considered as unconfined aquifer. These layers are
coarse sand (Top layer) and fine pebbles (Bottom layer) with conductivities equal tel1.67e
m/s and 1.984 m/s, respectivelfGEOSURYV 2015)

4.4.4 Dibdibbaaquifer soil properties

The layers of the groundwater Dibdibba aquifer in the study area are two. The first one (Top) is
coarse sand, with a conductivity equalslt67e4 m/s, and the second (Bottom) one is fine
pebbles, with a conductivity equals t®8e4 m/s. The hydraulic conductivities which are
corresponding to these values in m/day are 14.43 m/day and 17.1 m/day for the Top and Bottom
layers of the aquifer respectively (GEOSURYV 2015).

4.5 Hydrogeological properties of the study area

The movement of groundwater in all the regions in Iraq as well as to the groundwater levels can
be shown in the hydrogeological map in Figdtg2. The tydrogeologicalmapillustrates that

the movement of the groundwater for the whole area afidaf provnce is from the western

part to the eastern part as it is illustrated in the hydrogeological map shown in&iguaad it

is the same for the area of study. The movement of groundwsatgrthe study area is
longitudinally with levels of 50 m and 20 on the western and eastern sides respectively;
therefore, the boundary conditions represented by the constant heads over the study area will be
represented by these levels. The ptigdrogeological data such as temperature, rainfall, daily
rainfall, soil moisture, change in soil moisture, sunshine duration, radiation, potential
evaporation totals, wind speed, amethtive humidity which are related £d-Najaf provinceare
collected fromthe Iragi Ministry of Transportatio(MOTRANS 2015)for the period (2801

2014) and inserted in Appendix C in the Tables C.2 through Gdrhe of these data netedbe
processed to find other factors that affected the study area such as finding the recharge rate that

should be implemented on the area of study.
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Figure 412 Hydrogeological map shows the elewat$ of groundwater in Iraq (FPopted from
GEOSURYV 2015)

4.5.1 The Euphrates River

It was mentioned that the Euphrates River passes through the eastern side of the study area with
two branches. Therefore, due to the bifurcation of Euphrates River in the study area, it requires
the boundary conditions at both sections to be specified separately. The details of those
conditions are given in TABLE 4.1 for both branches of Euphrates RAM@WR 2015)

Table 41: Conditions for Euphrates River used in the model

Water Elevation Bed Bed layer Width Hydraulic
Branch  Northern Southern Elevation Thickness (m) Conductivity
end (m) end (m) (m) (m) (m/d)
Western 24.65 21.05 19.2 0.6 174 0.364
Eastern 24.55 21.35 19.2 0.6 99 0.300
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4.5.2 Observation and pumping wells

The total number of the observation and pumping wells in the study area is 69 wells and these
wells imported into the model using an excel sHidetwith all the information needed (well
number, easting, northing, well ID, pumping rates, and dynamic and static water. [€hels)
details of these wells are illustrated in Appendix C in Table C.1 (GEOSURYV 2015).

4.5.3 Meteorological data

Most of he meteorological data collected to address the groundwater systerNajaftegion
study area is provided by tmeinistry of transportation, Iragi meteorological organization and
seismology (MOTRANS 2015). The only station available inNajaf provinceis Al-Najaf
province meteorological station which is located in the Western SaharaN#j#fiprovince at

a distance of about 40 km from the western border of the study Hneaanalyses of the
collected data shown in Tables C.2 through C.11 in Appebdixl be briefly described in this
part.

4.5.3.1 Rainfall

Rainfall data analysis represents an important issue for different domains such as water
resources planning and management, agricultural planning, steam flow estimation, runoff
prediction,climatological studies, and environmental studies (Subramaya 1984; Hatzzian et al.
2007). Where, the quantity, distribution, and intensity of rainfall are representing the most
crucial parameters in many hydrologic studies (Mutreja 1990; Juny et al. Zigdde 4.13

shows the mean monthly and yearly values of rainfall which falls eXNafdf province for the

period 19862014. Clearly it can be seen from Figure 4.13, the rainfall is always enclosed
between January and April period, and, October and Dezrepatniod, where the highest values

are in January, February, March, November, and December, while the lowest values of rainfall
are in April and October. The other months from May to September (some of Spring and
Summer season months), there is no rdimfathese seasons or completely rare. In addition,
Figure 4.13 shows that the average rainfall value is oscillating over the peric@B8Where

the lowest and highest values were in 1990 and 2006 respectively. Moreover, most values of
rainfall are raged between 5mm and 10mymarly except for some years which are higher or

lower, where this represents tidtNajaf provincewas suffering fronthelack of rainfall.
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Figure 413 Monthly and yearly mean values of rainfall tbe period 1982014

4.5.3.2 Temperature

Figure 4.14 shows the average monthly temperd@rever the period 198R014. It can be
obviously seen that July and August temperatures are ranged betwé@naafl 50°C and
sometimes become very close t0’80 Where in the reality these values are the monthly mean
and this explains that the daily temperatures maybe reach great&Otf@uso this will add a
great impact on the study area in tewfi®vapotranspiration increasich in turns lead to an
impact on the groundwater resource. In addition, from Figure 4.14, April, May, June,
September, and October have a temperature betwe€h &40 °C where sometimes become
below this range in April and October. While the otheonths January, February, March,
November, and December are ranged approximately betwééna®d 25°C. Ovemll, the
average temperatures over the period 128D4 for all months is approximately 30 per year
where this value is high and will affect teidy area through increasing the evapotranspiration
which will lead to increasing the dryness.
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Figure 414: Mean monthly temperature over the period 12804

4.5.3.3 Potential evaporation

Evaporation is the mo#nportant parameter in the hydrgioal cycle where any increasethe

tenperature will lead téncreasinghe evaporation rate. However, evaporation parameter is also
affected by wind speed, humidity, radiation, and water availability (Thompson and1Beity

Al-Mugdadi 2012). In addition, evaporation represents the quantity of water which is actually

evaporatedon a normal day and this means if the soil emerged the water out, the actual

evaporation will be the quantity @fater which has been evaporatedl not that quantity which

could be evaporated when the soil has an infinite quantity of water to evaporate daily (Zahraa

2016). For many years, there were difficulties in measuring the evaporation and transpiration

from the open water surface which leddmisunderstanding the hydrological cycle. However,

these difficulties together with the ambiguous results from different types of instruments led to

developing empirical techgues which can easilgstimatethe evaporatiorby using the
available climaticdata (Dawod et al. 2006). According to the (MOTRANS 2015), potential
evaporation is measured by using Pan Class A. Figure 4.15 illustrates the mean monthly and

yearly evaporation for the period 198014. It can be seen that the monthly evaporation in

Jure, July, August, and September has the largest values as compared with the other months. In

addi ti

on, over al |l val ues of evaporation

highest values over the period 198014 are approximately 2400mr2.4m) and 4250mm

over

(4.25m) yearly respectively where this means that there is a high impact on the groundwater and

surface water resources. In respect of the mean yearly evaporation, Figure 4.15 shows that the

evaporation is increasesignificantly in the last 9 years (2008014) as compared with the
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previous ones. Where, it is increased from about 200mm in 1980 to be greater than 350mm in
the period 200&2014. Over the period 198005, the peak evaporation events were only three
events in 1985, 1990, and9®and were approximately 325mm, while the peak events over the
period 20062014 have been happened each year when compared the evaporation values of
these years with the previous peaks, where th& aaporation of these years wegual to
325mm.
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Figure 415. Mean monthly and yearly potential evaporation over the period-2080

4.5.3.4 Soil moisture

Soil moisture content represents the ratio of the present water weight of soil to the dry weight of
soil, this is if it is expressed by weight, but if it is expressed by volume, it will be the ratio of
water volume in the soil mass to the total volumehaf $oil mass. The variable key in the
climatic system is the soil moisture where it represents an important parameter for water and
energy storage in the regional climatic system (Seneviratne et al. 2006). In addition, due to the
spatial and temporal vatians in the soil moisture, thattenton in the climate studies is
increased because soil moisture represents an essential element that can effect the
biogeochemical and ecosystem cycles in the land atmosphere system through participating in
the derivation of energy fluxes and land water surface (Xi and Qi 2004). Figure 4.16 and Figure
4.17 show the values of the soil moisture inNsjaf provine and thechangein the soil
moisture in each month over the period 12804 respectively. From Figure 4.16.can be
seen that the soil moi sture values are osci
19802014 and this is because soil moisture has affected by other parameters such as rainfall,

temperature, evapotranspiration rate, and others. In auditie overall trend of soil moisture is
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declined dramatically over the period 198014 where in 2014 the soil moisture values did not
exceed 30mm as compared with theeghnning values which were greater than 60mm.
Moreover, from Figure 4.16 seen thatrhare only two peaks for soil moisture, both of them

were in 1983 in March and April months.
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Figure 416: Monthly soil moisture over the period 198014

Figure 4.17showsthe change ifmonthly average and yearly to&bil moisture values for the

period 198e2014. Clearly from this figureit can be seen that there are some values of sail
moisture are negative and some puossitive for a specific yeaiThe negative value of soil
moisture means that the soil mass will fees@lf from the groundwater system during the dry
seasons, while the positive value means that there is an abundance or surplus water in the soil
mass that can move to feed the groundwater system during the wet seasons. In addition, Figure
4.17 shows thathe trend of the soil moisture summation curve is declining significantly in the
last decade 2062014 to give approximately the least values of soil moisture. Moreover, from
the summation curve of the soil moisture seen that only 18 years have beengiedi titbvater

aquifer in AFNajaf province as compared with the others which were consuming some of the
aqgui ferds water to compensate the drought in
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Figure 417: Monthly soil moisture change with the total summatiwer the period 1982014

4.5.3.5 Relative humidity

Relative humidity represents the ratio of the actual we#graur quantity in the air to the
maximum required waterapaur quantity which can saturatd the particular temperature or it

is the air watevapaur content to its capacity ratio (Ahrens 2007:-Muqgdadi 2012). Figures

4.18 and 4.19 show the mean annually and monthly values of relative humidity over the period
19802014, respectively. From the ramal average values shown in Figure 4.18, it can be seen
that most values of relative humidity are low (less than 50%) and this explains that the
atmosphere of the area of study is dry for some extent where only one year 2009 exceeds the
50%. Where, the m@mum and minimum values are in 2009 (51.42%) and in 1984 (36.17%)
respectively. From the monthiyiean values shown in Figurel9, it can be seen that when the
temperature increased during the Spring (April, May, June) and Summer (July, August,
September¥easons, the relative humidity is decreased dramatically from approximately 70% to
be 25% in July. This indicates why the study area is classified as an arid/egea when
temperature increasase relative humidity decreasasad this will dry the climte and add an

impact on the sources of water through increasing the evapotranspiration.
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Figure 418: Annual mean of the relative humidity over the periods 12804
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Figure 419 Monthly mean othe relative humidity over the periods 198014

4.5.3.6 Wind speed

95

Wind is a natural thredimensional vector which has different directiowhere, it represents
one of the wetknown and crucial factors that causing erosion (Ahrens 200-KMu§dadi
2012). Around the study area and during the year, wind is blowing from north,westhand
west directions (Consortiwwdugoslavia 1977). Figure 4.20 and Figure 4.21 are showing the
annually and monthly mean wind sps@&der the period 1982014 respeotely. From Figure




4.20 seen that the average range of wind speed for the perioe2Q980s approximately
between 1.5 m/s and 3 m/s where the overall trend shows that wind speed is reduced in its
intensity in the last decade. It is obvious from Figuil4hat again in Spring and Summer
seasons, the wind speed is higher than the other seasons as a result of the drought and high

temperatures.
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Figure 420: Annual mean of wind speed in m/s over the period 188
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Figure 421 Monthly mean of wind speed in m/s over the period 12804
4.5.3.7 Radiation
Earthdés surface sunlight or solar radiation

system as well as the key component for the lifehe planet where it plays an important role
in the Global Energy Balance (Trenberth et al. 2009). Radiation quantity arrives the earth

surface various dramatically due to the position change of the sun during the day and the change
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in the atmosphere coitibns (Kurt and Frank 2006). Because of the solar radiation power
represents an alternative way to produce photovoltaic cells and electricity, it becomes rapidly
common method (Chandal et al. 2005). In Irag, the stations that are measuring theaigoba
energy are few and needl increase the pyrometers at many locations of a given area to record
more data (Tadrost al. 2014). Figure 4.22 and Figure 4.23 illustrate the solar radiation values
per year and month respectively for the period 12@D4. Most yearly values of the solar
radiation shown in Figure 4.22 are significantly high where it ranges between 4@drfvamd

575 Mw/cnf except for year 2000 which was 368 Mw/cihe peak value as shown in Figure
4.22 was in 2004 and it was 566.5 Mwfcriirom Figure 4.23, it can be shown that in Spring
season, Summer season, last month on Winter season, and first ménttumn season, solar
radiation produced large values because of the long exposure to sunlight and heat power in solar

radiation, which produces a huge amount of solar energy.
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4.5.3.8 Sunshine duration

According to GAW (Global Atmosphere Watch) and WMO (World Meteorological
Organization) (2003), sunshine is defined as the period in which the direct solar radiance
exceeds the threshold value which is 120 YWkvhere, to estimate the potential solar energy, it
needs to collect the information about the solar radiation datehvidiessential for designing

the system of the solar energy conversion (Bekele 2009). When the solar radiance averages 1
kw/m?, the peak sun hour (PSH) will be considered and it will be equivalent to the number of
hours per day that have been exposed tslineat the averaged poiiMOST 2006). Figure

4.24 and Figure 4.25 show the average values of sunshine per year and month respectively.
Sunshine ranges between approximately 7.5 h/d and 9.5 h/d over the perie20198@s

shown in Figure 4.24. The peaalues were in 1985, 1990, and 1998 and it was 9.3 h/d, while
the minimum value was in 1992 and it was 7.4 h/d, as it is illustrated in Figure 4.24. From
Figure 4.25, it can be seen that the maximum values of the monthly mean sunshine hours are in
Springand Summer seasons (greater than 8 h/d) where in these seasons the daytime is longer
than the night as compared with the other seasons, Winter and Autumn. Exposure to long
periods of sunlight will lead to increasing the impact on the existing sourceatef such as

surface water and groundwater.
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Figure 424: Annual mean sunshine duration in h/d over the period-293@
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4.5.4 Water balance and recharge rate

Water balance describes the quantity of wéltaw IN and OUT from an aquifewhich are
produced through the zone budget. The budfetzone can be considered as a column of soil

or adrainage basin. Water balance has assumed that the input and output are equal and any
change for one of the parameters that represented by the input or output will lead to a change in
storage &S) as shown in Eq. (4.XAl-Mugdadi 2012).
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Input (R)i Outpu ( PET + RO + @®SM) = Stor@d@e chang

Rainfall (R) is considered as the only input over the study area, while Potential
Evapotranspiration (PET), Runoff (RO), and c
outpus. The aquifer in the study area relies only on the precipitation or rainfdlleasain

recharge for it. An accurate estimation of this parameter is very important for different
hydrol ogic typeds assessments s ucnanta solutemod e |
transport, protection of water quality, and many more. The estimated recharge represents the
key for understanding various development effects in industrial, urban, and agricultural areas.
Recently, the hydrologic assessment demand is isetdedo support the decisions of
management in different aspects of life and this leads to increasing the need for practical
methods and ways to estimate recharge rates and finding zonesheisimilar value of

recharge (Scanlon et al. 2002).

Generallythere is a net groundwater recharge (RGW) that can be extracted through making the

balance between the quantity of water that input to the groundwater system and the output water
from it. First of all, it needs to classify the area of study in respedinedte to identify whether

the area of study is arid or semiarid area. Where, Aridity Index represents the parameter which

can be used to classify the study area.

4.5.41 Aridity Index

According to the United Nations Environment Programme (Middlatoth Arnold 1997) that
has adopted an aridity indeshich is defined by the E¢4.2) and shown in Table 4.2:

I, = RIPET 4.2)

where, PET ishe potential evapotranspiration; and R: average monthly precipitation or rainfall.

Table 42: Index of Aridity (Middleton and Arnold 1997)

Climate Type Aridity index range
Hyperarid <0.05
arid 0.0571 0.2
Semtarid 0.27 0.5
Dry subhumid 0.57 0.65

According to the collected data which are illustrated in Tables C.3 and C.9 in Appendix C
(Rainfall and Potential Evaporation Totakspectively, it is noticed that the area of study is

considered as an arid climate type.
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4.5.42 Rechargeinto groundwater calculations (RGW)

Calculated the net groundwater recharge represents a crucial point of the parameter inputs for
the groundwater model especially for the areas depending only on rainfall. Therefore, to
calculate this pameter, it needs to find and calculate four parameters, which are vegetation
index, actual evapotranspiration, soil moisture, and runoff as shown in the network frame Figure
4.26.

[ MSD Thornthwaite, 1948 [ NDVI ] NOAA
L | 4
SM
' v v

& |- -0 er F - - - [

[ SCS / CN ]
A 4 ‘
WS F—-——--—- (D--=-=-=-=-- » RO

RGW

Figure 426: Framefor calculating groundwater recharge

where, MSD: meteorological station data-{¥djaf meteorological station); NDVI: normalized
difference vegetation index; NOAAational Oceanic and Atmospheric Administration; SM:
soil moisture contentR: Rainfall; AET: a&tual evaporation and evapotranspiratigigM:

change in soil moisture conter8CS: soil conservatiorervice; CN: curve number; WS:

water surplus; RO: runoff; and RGW: groundwater recharge.

1. Vegetationlndex

To assess water use, biomass, plant stress, crop production, and plant health, it needs to
calculate the vegetation indices through using the remote sensing technique because nowadays
these indices are widely used and have numerous benefits in diffeseiptides (Jackson and

Huete 1991). The Normalized Difference Vegetation Index (NDVI) represents a good measure
for the vegetation cover over the ground surface for wide regions. NDVI is also recognizing the

water and ice for the areas without vegetatiovec Reading University 2002).
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To calculate the NDVI, it needs to download Thematic Mapper (TM) data with band 3 (Red)
and band 4 (Near Infrared, NIR) and then processing it by using the GIS program through using
the followingEq. (4.3):

NIR- Red
NDVI = ———— 4.3
NIR+ Red (+3)
The Thematic Mapper of the study area has been downloaded from the "Global Land Cover

Facility" GLCF http://www.landcover.org/data/landsatiebsite as a "Landsat Imagery" and

processed usintpe GIS software. Resulshowthat the minimum NDVI was-0.6363) and the
maximum was (0.4473) while the mean was (0.00588). Since tha NBVI value was less

than (0.1), this means, generally betweef.{1 0.1) corresponds to barren areas of sand, snow,

or rock (Cohen and Shosha2§02). Therefore, the impact of evapotranspiration from the crops

in the study area has been neglected because the study area shows that it lacks for vegetation
cover or has a very small transpiration value does not constitute a significant effecrsbét c
neglected. Consequently, transpiration from the d&opsger land will be neglected becautse

effect on the calculations will be very small and imperceptible.

Actually, in arid areas, rainfall is not meeting the water demand for growing plasmtssieeit is
insufficient whereas the rainfall to transpiration ratio may be less than (0.1) (Domenico and
Schwartz 1998). Due to no vegetation cover in the study area is investigated-igdB\than

0.1), thus, theparameters of thtotal evaporation (PET> actual evaporation (AE), the runoff

(RO) , and the change ishowsiolkq (4.0vidl représenttiee ordyo nt e n

output quantities from the model.

2. Actual evaporation (AE)

Due to the increasing use of the irrigation over farmlamdsaso discharging water from the

soils with high levels of groundwater, estimating evaporation has become a crucial parameter
during the recent decades. An accurate estimation of evaporation represents a very hard process
either due to unsecure paramsténat should be considered into account or unavailability of
these parameters. Indeed, most of the calculations of the evaporation parameter depend upon
empirical models in estimation and this leads to resulting in inaccurate v&lagsson and
Pomade2005).

To calculate the (AE), it needs to find the potential evaporation (PE) dirdhé purpose of
using it to calculate the actual value of evaporatidrere are several and different equations
that could be used to calculate the potential evaporéfig) as described in chapliégrree The

most appropate formula that can apply t&l-Najaf regionis Thornthwaite's formulg1948).
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This equation islescribed in detail in chaptehiiee. As mentioned, potential evaporation values
which are esulted fronthis equatiomeedfor an adjustment. The calculations of the potential
evaporation values are illustrated in Table D.1 in Appendix D. When the value of the
temperature is equal or exceeds 2&% it cannot us@hornthwaite's formuldo calculatethe
PEand it will use Table 4.® find PE directly from this table (Thornthwaite 1948):

Table 43: Values of PE for temperaturerats O 26. 5 CA (Thornt hwa
T(C° PE (mm)

26.5 135.0
27.0 139.5
27.5 143.7
28.0 147.8
28.5 151.7
29.0 155.4
29.5 158.9
30.0 162.1
30.5 165.2
31.0 168.0
315 170.7
32.0 173.1
32.5 175.3
33.0 177.2
33.5 179.0
34.0 180.5
34.5 181.8
35.0 182.9
35.5 183.7
36.0 184.3
36.5 184.7
37.0 184.9
37.5 185.0
38.0 185.0

The value of theotential evaporation is calculated and corre¢gc) as illustrated in Table
D.1 in Appendix D, so it is ready to use it to calculate the actual evaporation (AE) as bellow
(Bryson et al. 2008):

8R-PEcC2 0 THEN AE=PEc({
AE:\le ﬂ (4.4)
i R-PEcBO THEN AE=R y

where, R is thenonthly mean rainfall (mm).

3. Soil moisture (SM)

The Climate Prediction Centre (CPC) and National Oceanic and Atmospheric Admiration (Noaa
2009) are providing the modelled monthly mean soil moisture water height as equivalent values

with a curve for a selected region. The soil moisture values for the study area are downloaded
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from this websitewww.esrl.noaa.gov/psd/cdiin/db_search/SearchMenusfpl the period
from 1980 to 2014s illustrated in Table C.5 in Appendix C.

The collected data represents the values of the soil moisture (SM), while to calculate the
goundwater recharge, it needs to find the cl
moisture for a specific month can be calculated thraugttracting the soil moisture content

value forthe previous month from that specifito n t val@ef soil noisture. After obtaining

the values of change in soil moisture (@SM),
shown inEg. (4.5) below:

WS=R- (AE+ S I (4.5)
Three assumptions are considered with respect to R and AE to estimate water surplus (WS)

value, if considering that there is no change in soil moisture content (Domenico and Schwartz
1998:

1. R = AE: Theordtally this means that Water Surplus equals to zero (WS=0) because
rainfall will satisfy the evaporation completely without residual.

2. R < AE: Rainfall will be available to participate or satisfy the evaporation partially.

3. R > AE: Practically Water Surplum this case is existing and will rebuilding the

component of soil moisture to be ready for the recharge that may be happened later

4. Runoff (RO)

Subtractingof the Runoff (RO) value from the water surplus (WS) will result the groundwater
recharge (RGW). Where there is no data available or collected from Irag which can be used to
calculate the value of runoff (RO) for the study area, so it needs to findyawapasr formula

to estimate this parameter. Thus, the Runoff Curve Number (Simply CN) represents a hydrology
empirical parameter that can be used to predict runoff from the value of rainfall. This curve
number was developed by the USDANfted States Depbment of Agriculture 200)7 and
formerly called the SC®pproach Soil Conservation Service Curve Number Apprdach
This Number is widely used because it represents an efficient method for calculating
approximately the runoff through using the rainfall #rspecific area. According to the
infiltration rate, it can be classified the type of soil in the study area depending on the hydrology
soil groups and also finthé¢ Curve Number (CN). Tables 4.4 and dhow the hydrology soll

groups and the values of CN
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Table 44: Hydrologic soil groups according to infiltration rates (Maidment 1993)

Group Infiltration Runoff rate Soil Description
rate cm/h
A o 0.7 Low Sands or gravels
B 0.381 0.76 Moderate- Fine Silt loam and loam
C 0.137 0.38 Fine- High Sandy clay loam
D 0.07 0.13 High Clay loam, silty clay loam,

sandy clay, silty clay and clay

Table 45: CN according to the hydrologic soil group (Maidment 1993)

Curve numbers for

Cover description hydrologic soil group

A B C D

Open space (lawns, Poor condition (grass cover <50%) 68 79 86 89
parks, golf courses, Fair condition (grass cover 50 to 75%) 49 69 79 84
cemeteries, etc.) Good condition (grass cover >75%) 39 61 74 80

Paved parking lots, roofs, driveways, etc.
(excluding right of way)

Paved; curbs and storm sewers (excluding i

Impervious areas 98 98 98 98

98 98 98 98

of-way)
Streets and roads Paved; open ditches (including righitway) 83 89 92 93
Gravel (including right ofvay) 76 85 89 91
Dirt (including rightof-way) 72 82 87 89

Natural desert landscaping (pi@us area only) 63 77 85 88

Western desert urban  Artificial desert landscaping (impervious wet
areas barrier, desert shrub with 1o 2-inch sand or 96 96 96 96
gravelmulch and basin borders)

L Commercial and business (85% imp.) 89 92 94 95
Urban districts

Industrial (72% imp.) 81 88 91 93

g acre or less (town houses) (65% imp.) 77 85 90 92

'y acre (38% imp.) 61 75 83 87

Residential districts by "gacre (30% imp.) 5¢ 72 81 86
average lot size g acre (25% imp.) 54 70 80 85

1 acre (20% imp.) 51 68 79 84

2 acres (12% imp.) 46 65 77 82

From Tables 4.4 and 4.5he area of study belongs to hydrologic soil group A and Curve
Number equals to (63pr a natural desert (Maidment 1993). The study area has a maximum
daily rainfall equals to (1.16 in) (29mm) as shown in Appendix C in Table C.4. This means that
the value of Runoff is equal to zero or very close to zero as it can be found from the SCS

relation curve between storm runoff and rainfall that illustrated in Figure 4.27.
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Figure 427 SCS relation between storm runoff and rainfall (Maidment 1993)
Finally, after finding the value of runoff which was equal to zeray it@an be found the value
of the recharge rate for the groundwater system which is needed to be implemented into the
conceptual model of the study area inMdjafregionas below:

RGW=WS- RO (4.6)
All the calculations of the recharge rate into the groundw&e&W) are illustrated in detaiih
Table D.1 in Appendix DA brief descriptionof these calculations also explained in Table
4.6. The calalations showed that the mean value of recharge rate fge&@s(19802014) is
(40.32 mm/year). Actually, 70% of this recharge happened in January, May, June, July, August,
and September, while 30% in February, March, April, October, November, and Rzcasian
overall trend as shown in Table 4.8ometimes, the groundwater recharge is negative in some
months for a specific year as illustrated in the calculations in Table D.1 in Appendix D, where
this means that the groundwater aquifer in some monthsyefr is losing water upward into

the soil to substitute the dryness in that soil.
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Table 46: Values of groundwater rechage for the period (1980 2014)

Year Total R mm Monthly WS RGW mm
1980 100.4 Jan, Feb, May, Jun, Jul, Aug, Sep 42.52
1981 56 Jan, May, Jun, Jul, Aug, Sep, Oct 6.56
1982 182.5 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep 48.93
1983 119.9 Mar, May, Jun, Jul, Aug, Sep, Oct, Nov, Dec ~ 55.96
1984 145.4 Jan, May, Jun, Jul, Aug, Sep, Nov 30.32
1985 58.8 Jan, Feb, Mar, May, Nov, Dec 21.81
1986 132.6 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep, Nov  111.23
1987 159.3 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep, Dec 86.7
1988 165.1 Jan, Feb, May, Jun, Jul, Aug, Sep, Nov, Dec  54.06
1989 112.3 Feb, Mar, May, Jun, Jul, Sep, Oct 42.25
1990 36.4 Jan, Feb, May, Jun, Jul, Aug, Sep, Oct, Nov  43.96
1991 52.5 May, Jun, Jul, Oct, Nov -12.7
1992 116 Jan, May, Jun, Jul, Aug, Sep, Oct, Nov 46.7
1993 170 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep, Oct  52.21
1994 147.6 Jan, May, Jun, Jul, Aug, Sep, Nov 55.44
1995 64.1 Jan, Feb, May, Jun, Jul, Aug, Sep, Oct 26.54
1996 91.3 Jan, Feb, May, Jun, Jul, Augep 41.96
1997 142.9 Jan, May, Jun, Jul, Aug, Sep, Nov 44.02
1998 95.7 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep, Oct, N\  79.64
1999 54.8 Jan, May, Jun, Jul, Sep, Nov 34.33
2000 62.9 Jan, Feb, Mar, May, Jun, Jul, Sep, Nov, Dec  24.41
2001 75 Jan, May, Jun, Jul, Aug, Sep, Nov 19.46
2002 64.2 Jan, May, Jun, Jul, Oct, Nov, Dec -1.68
2003 74.1 Jan, Mar, May, Jun, Jul, Sep, Nov, Dec 38.15
2004 65.2 Jan, Feb, Mar, May, Jun, Jul, Aug, Sep 42.02
2005 71.7 Jan, May, Jun, Jul, Sep 42.76
2006 194.9 Jan, Feb, May, Jun, Jul, Aug, Sep, Dec 90.2
2007 71.9 Jan, May, Jun, Jul, Aug, Sep, Nov, Dec 45.29
2008 81.2 Jan, Feb, May, Jun, Jul, Sep 20.71
2009 94.1 Jan, Mar, Apr, May, Jun, Jul, Aug, Sep, Oct, N 9.72
2010 50.3 Feb, Mar, Apr, May, Jun, Jul, Aug, Sep, Oct 15.69
2011 78.2 Jan, Feb, Apr, May, Jun, Jul, Aug, Sep, Oct ~ 52.93
2012 48.8 May, Jun, Jul, Aug, Sep, Oct, Dec 2.95
2013 119.5 Jan, May, Jun, Jul, Aug, Sep, Oct, Nov 70.07
2014 99.9 Jan, Mar, Apr, May, Jun, Jul, Sep, Oct 26.02
Mean 98.7 70% Jan, May, Jun, Jul, Aug, & Sep 40.32
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In addition, Table 4.6 shows that the valuex the recharge rates leaking to the groundwater
aquifer (RGW) are very large, as most of them have exce2si#dof the rainfall value and
sometimes exceeded 50% as in the years 1987, 1999, ZWi& 2007, 2011, and 2018.can

also be noticed in the years 1986 and 1998 that the value of recharge rate received by the
groundwater aquifer in AlNajaf region exceeded 80% of éhrainfall value. m 1990, it is
noticed that the value of recharge rate 43.96 mm/year leaking into the aquifer was greater than
the value of the rainfall 36.4 mm/yefar this year It can; therefore, beoncludel that most of

the recharge rate valusbown inTable 4.6are illogicalbecauseAl-Najaf province is classified

as 1) an arid area, 2) the amount of rainfall received in this province is very low, and 3) it is
subjected to high degrees of temperatures sometimes reachif@ Bfich leads to hip
evaporation amounts. All of thegwoblemswill prevent the arrival of large quantities of
rainwaterto the aquifers available in this provin@sthis is enhanced by the presence of some
negative quantities of recharge rates, whiuddticatethat the sdisometimes moisturizes itself
depending on the groundwatdiroughthe capillary phenomenon. In addition, from Table 4.6,

the quantity of recharge rate (RGW) into the groundwater aquifer in the years 1981, 2009, and
2012 can be considered logical and @table becauseafter subtracting the losses
(evapotranspiration, soil moisture, and othdrsin the rainfall amount, the remaining rainfall

that will recharge the aquifevill be within these valugsasshown in Table 4 .Gor these years.

4.6 Summary

Thestudy siteis selected to be under assessment for groundwater and surface water sources. On
the eastern side tiie study areghe surface source of water represented by the Euphrates River

is located. All the geological and hydrogeological charactesisti the study site collected from

either GEOSURYV (2015) or MOWR (2015) or MOTRANZ(5) are illustrated in detailhe
meteorological collected data related with the climatology of the study site such as Temperature,
Rainfall, Daily Rainfall, Soil Moigire, Change in Soil Moisture, Sunshine duration, Radiation,
Potential Evaporation Totals, Wind speed, and Relative htyradé also analysed in det#il
understand clearly the weather of thimvince It is found that thigprovinceis exposed for an

arid climate. In addition, to estimate the recharge rate that the study site exposed for,
Thornthwaite formula is used and it is found that the study area has 40.32 mm/year recharge
rate. The DEMDigital Elevation Model is downloaded fromh e GLCF A Gl obal L
Facilityo f r atip://wivwhlendcowee.dyggdatd/setmand by using the GIS

Geographical Information Systems software, the ground surface elevations are extracted. In

addition, analysis of thBEM results in the topographic contour map of the study site and this

map shows a general eastern slope of the study area equals to 0.0018.
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Chapter Five
Model Setupand Validation

5.1 Introduction

The definition of the groundwet model as modified bfnderson and Woessner (1992) is the
computational method that needs for an approximation for an underground water system to
simplify the more sophisticated reality. Natural processes and human activities are usually
affected the grandwater systems so it requires to manage and maintain the groundwater
resources within the acceptable limits to provide the economic and social advantages from this
source. Therefore, the past and present knowledge behaviours of the groundwater systems
should represent the base of modelling to understand the future changes and uncertainties
(Kumar 2015).

Groundwater modelling represents a powerful tool for groundwater prediction, management,
and protection and remediation. Where usihgsemodels will help the decisiomakers to

prior predictthe behaviour of the groundwater system. Groundwater models are classified into
three categories: analogue, physical, and mathematical models. The category which the most
popular nowadays is the mathematical medehere these models can be solved by either
analytical or numerical methods. Analytical solution methods do not require much data, but the
application of these methods is limited to simple problems. While, the numerical solution
methods have the abilityothandle the more complex problems, where these models have
become more effective and simple to use because of the rapid development for the computer
processors and speeds. The most -wmbwn approaches of groundwater modelling are the
AFinite BINOf diFemée® EIl emento methods where
advantages. Where, according to the problem concern and the objectives of modelling, the
appropriate approach of modelling method can be selected. The results of any groundwater
problem are affected by the modelling approach chosen, initial conditions, boundary conditions,

space and time of discretization, and quality and quantity of prepared data (Husam 2009).

There are main stages for a numakgroundwater model setup (Kresic 2007
1. Development of the conceptual model, which represents the crucial part of modelling
and the basis for all further simulation activities.
2. Computer model code selection that can effectively simulate the problem and prepare

the purposes of simulation.
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3. Definition of the geometrical properties such as the grid layout, boundaries of the
model, position, and layers number.

4. Input of the geological and hydrogeological properties such as the hydraulic
conductivities, storage, porosity, and others.

5. Definition of the boundary conditions of the model that influence the simulation process
such as the internal and external constant heads stresses which affecting the system,
recharge applied to the model, wells pumping, springs outflow, evapotranspiration,

drains, rives, and others.

The next step after completing the model setup is, running the simulation process and then
calibrating the model to match the hydraulic heads or the hydraulic chemical or contaminant

data which is collected from the field.

5.2 Groundwater modelling process

There are several steps should be done to get a complete and correct groundwater model that
can predict the future changes of climate accurdhdrz and National Centre for Groundwater
Research and Training 2012)he modHer needs to have a wide knowledge about the geology

of the study site and about the hydrogeology which is retatdae groundwater flow processes,
description of groundwater flow mathematical equations, flow and solute movement, solving
techniques of theidf f er ent i al equations either by the
checking the reliability of the results (Kumar 2015). The groundwater modelling process steps
are shown in Figure 5.1 and the descriptiosafie important steps are illustrateglow (Merz

and National Centre for Groundwater Research and Training.2012)

1. Planning: It needs in this step to know clearly the objective from designing the model
to provide the appropriate data which is relatethe objective and can use it to build
the model.

2. Conceptualisation: It comprises of many activities, such as defining the geometry of
the model, geological and hydrogeological properties of the model, and boundary
conditions which are needed to designghmundwater model.

3. Calibration and Sensitivity analysis: It represents an important process and it is an
iterative process to simulate the hydrogeological properties and boundary conditions in
order to be the model 6s ndeolecddbbservatens.c| os el

4. Prediction: It provides the results of the modelled equations which are simulating the
objective of the modelling study. In addition, these results show the state of the study

site and provide a description and prediction forfthiere events that may happen and
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what will be the effect of these events through comparing that effect with the original
state and decide whether the effect is acceptable or not.

STAGE 1: Planning

STAGE Z:
Conceptualisation

e ——
————
—————

DATA AND GAP
AMALY SIS,
CONCEPTUALISATION

AND DESIGHN REFPORT
AND REVIEW

STAGE 3: Design

CALIBERATION AND
SENSITIVITY REPORT

AND REVIEW

The feedbachk loops allow
the process to go back to
any one of the proceeding
stages as required.
For example, the reviewer
may judge the model
design to be inadequate,
which can mean revisiting
the conceptual model or
the planning stage.

-
YES |
SEAGE & Final FIMAL REPORT AND
Reporting and Archiving REVIEW

Figure 51: Groundwater modelling pcess odified after MDBC 2001; Yan et al. 2010)

After defining and knowing the appropriate information which is needed to start building the
conceptual model, the next step is represented by creating the conceptual model that represents
the study arealn general, to build the groundwater model, it should prepare the data or
information that governs the analysis system, building the conceptual model and defining the
boundary conditions, and the final step is choosing the numerical type of model sanalysi
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whether by the finite difference or finite element method. In this study, Visual MODFLOW
represents an accurate and good software to analyse the groundwater models by using the finite
difference method and it is important here to mention that grid reéneis not required due to

the huge area of study.

Creating a model needs mainly for five steps, inserting the input files of the study area with all
the boundary conditions, running the model, visualizing amtlihg the outputs, calibrating

the modelthrough manipulating the input parameters and boundary conditions, and finally
finding the final predictive model and doing the sensitivity analysis if needet@gtiadi

2012). Figure 5.2 represents the methodolbgy tonsidered in this research.

[ Boundary conditions ] [ Observation wells ]

~o >
=Y
[ Initial conditions ] ————— ———-{ Parameters ]

————— > [ 3D Nodel ]

=
[ GW. Flow J o ( Budget zone ]

Figure 52: Groundwater flow Model by Visual MDFLOW (Adopted from AIMugdadi2012)

5.3 Conceptual model of the study area

To simulate the groundwater system in the study area, it needs for software that can deal with
the simuhtion process accurately and efficiently. Therefore, Visual MODFLOW program which

is designed by Waterloo Hydigeologic Company is used because the software deals with the
environmental processes effectively. Visual MODFLOW has six solvers whiclir@@, SIP,

SOR, WHS, SAMG, and GMG). WHS represents the most suitable one that can be running the

model as compared with the others, which are failed to run the model.
Visual MODFLOW software is set up for the study areayet the initial forward modelThe
computational mesh for the study area consists of 194 columns by 127 rows with two layers as

shown in Figure 5.3, Figure 5.4A and B, with a 3D view. The size of the cells used is
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approximately 200m by 200m, covering an area equals to 38676m by 25@84raverage

19499 active and 513@active cells. Based on the geological and hydrogeological analyses
illustrated in chapter 4, it can build the groundwater model with two layers with a known
permeability. The elevation of the ground surface is impofteth the 90m SRTM data
according to the downloaded DEM. The bottom elevations of each layer are extracted from the
wells that are injected in the study area. In addition, as it is illustrated in the geological data,
there is a fault in the western parttbé study area so this part is considered as an inactive area.
The moded s a dgswmcodnéned with two layers to represent the geological features of the
study area. The hydraulic conductivities are set to 14.43 m/day and 17.1 m/day for the Top and
Bottom layers respectivel\as stated byGEOSURYV (2015) As suggested by the field
observations, the movement of groundwater is also eastward in general. Therefore, constant
heads along the western and eastern boundaries are set to 50m and 20m respectiv®y (MO
2015). To run the model, the recharge rate into the groundwater needs to be adopted, from the

calculations illustrated in chapter 4, the recharge rate value is 40.32 mm/year.

Figur 53: Comptational mesh and Iocatiomping wells with the specification of
boundary conditions
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Figure 54: Vertical crosssection shows the layers of the studgaa (A) Typical crossection
of the study area layers, and (B) 3D view of the topograpliye study area forward model
with layers composition

5.4 Model calibration

Model calibration represents an important part of any groundwater modelling process. Before
implementing the groundwater model in any type of role management, it must be proved that

the groundwater model can successfully simulate the observed aquiferobehfis make the
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calibration process, there are certain parameters such as the recharge rate and hydraulic
conductivity need to be changed in a systematic way and leave the model to repeatedly run until
the computed values corresponding the field obsemaddes with an acceptable level of
accuracy (AIMussawy and Khalaf 2013).

The calibration process in this part will comprise of two types through using 69 observation
wells that injected in the ANajaf regionstudy area with values of static heads (when theze

no pumping conditions) and dynamic heads (when themeumping conditions).

5.4.1 Static calibration(Steady State without Pumping Conditions)

In this part will un Visual MODFLOW with a steadstate conditionPumping rates in this step

of calibration ofthe model will not be implemented. Static term means that in this part of
calibration, it will use the values of observed heatdshe steady state conditidior the
observation wells which areeasured when there is no pumping schedule implemented in the
area of studyRunning Visual MODFLOW model without pumping from the wells has given

the groundwater table shown in Figure 5.5. It is clear that there is a flooded area toward the end
of slope fom the west. Comparing the computed heads with the static observed heads taken
from 69 wells is shown in Figa 5.6, which indicates an owstimation from the model in
general.

Figure 55: The water table with a flooded arn@sAl-Najaf province model for a recharge
R=40.32 mm/year
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Figure 56: The relation between the calculated and observed heads for a recharge R=40.32
mm/year and 69 wells

From the results shown in Figures 5.5 and 5.6, suiggested that the recharge value (it is a
large value) used in the model be excessively larger than that is required. Since the calculated
recharge is regarded as the potential recharge, and in reality the study area has never been found
to be flooded irthe past, rather suffered from the water scarcity due to the high temperature
leading to high evaporation, the oxestimate might be due to the inaccuracy in data collection,
for instance, the soil moisture which has a great impact on the recharge rvakrens of
increasing or decreasing it. Where, soil moisture values are provided by The Climate Prediction
Centre (CPC) and National Oceanic and Atmospheric Admiration (NOAA 2009) as equivalent
modelled values for the monthly mean soil moisture water heigmerefore, these values
represent potential values measured by a model and not actual field measurements measured in
the field. In addition, it may not be for the actual study area, it may be creeping for the adjacent
areas which are close to the staglga and not within the accurate boundaries of the study area.

To further determine realistic recharge value, a further sensitivity test is carried out using the
static heads measured from 69 wells in the study area, by varying the recharge value. To
quariify the sensitivity test, the Normalized Root Mean Squared Error (Normalized RMSE%),
and the Residual Sum of Squares (RS$3tmwn in Eq(5.1), are used.

N
Rss=3 (h,- h,) (5.1)

i=1
where,RSSis the total residual sum of squares (summation of the squared difference between
the calculated and observed heads)s thecalculated head;.his theobservechead; and, Ns

thenumber of wells (69 wells).
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Visual MODFLOW results for the sensitivity test are illustrated in Table 5.1. As it can be seen
from Table 5.1, the minimum value of the Normalized RMSE% and the minimum squared
difference between the calculated and observed heads are corresponding to aavedabaye

equals to 7.55 mm/year. Therefore, this value will be used as a recharge for the static calibration
because it gives the best fitting between the calculated and observed heads (Figure 5.7) as well
as there is no flood with this value as it isistrated in Figures 5.8. From both figures, the
fitting can be considered acceptable and also there is no flooding in the study area.

Table 51: Results of Visual MODFLOW program for the Static case with different values
of recharge over the study area

Iteration Recharge Normalized RSS
No. mm/year RMSE % m?
1 40.32 24.086 9139
2 375 22.825 8207
3 35 21.738 7444
4 325 20.675 6733
5 30 19.647 6081
6 27.5 18.651 5480
7 25 17.703 4937
8 225 15.567 3817
9 20 15.967 4016
10 175 15.207 3643
11 15 14.014 3094
12 145 13.943 3062
13 14 13.875 3033
14 11 13.590 2909
15 105 13.561 2897
16 9 13.551 2892
17 7.55 13.517 2878
18 6 13.582 2906
19 5 13.659 2939
20 4 13.760 2982
21 25 13.967 3073
22 2 14.049 3109
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Figure 57: Relation between the calculated and observed heads for a recharge = 7.55 mm/year

Figure 58: Water table elevation with a recharge R=7.55 mm/year

5.4.2 Dynamic calibration(Steady State with Pumping Conditions)

Following the calibration of the model on the static heads, it will now consider the dynamic
heads of the pumping wells to calibrate the study area model under a steady state condition
when there are pumping conditis. Dynamic heads are the observed groundwater levels inside
the pumping wells which are measured during the operation of all the pumping wells after
reaching the steady stafequilibrium) condition When applying the optimal recharge 7.55
mm/year obtaiad from the static calibration to the case when all 69 pumps are operating,

Figure 5.9 shows the comparison between the calculated and observed dynamic heads. It is clear
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that most of the calculated heads are underestimated when the pumping wells arttheunder
operation process, indicating that the specified recharge of 7.55 mm/year is too low for this
case. Therefore, the recharge needs to be increased.

50
®
45 -
-
40
& -
. .
35
£
- -
b5
T 30 4 . -
= e
g -
g 25 . o
S . .
20 . hd
’ - - -
e b
L™ .
15 . * .
LX) -
10 - T T T T T T
10 15 20 25 30 35 40 45 50
Observed Head (m)
Num. of Data Points : 69
Max. Residual : -21.032 (m) at PW23/14 Standard Error of the Estimate : 0.639 (m)
Min. Residual : 0 (m) at PW32/61 Root Mean Squared Error : 6.738 (m)
Residual Mean : -4.198 (m) Normalized RMSE : 19.35 (%)
Abs. Residual Mean : 4.26 (m) Correlation Coefficient : 0.825

Figure 59: Relation between the dynamic calculated and observed feeaaisecharge = 7.55
mm/year with 69 wells

By using the potential recharge rate calculated based on the main monthly data collected during
the period (1980 2014), 40.32 mml/year, it will calibrate the model under a steady state case
with pumping conditios. Figure 5.10 shows the relationship between the calculated and
observed dynamic heads when all pumps are operating \atloeigh the study area does not
subject for a flooded area, biit can be seen that most of the calculated headsstdre
overestinateddue to the large recharge rate value exerted on theTreeefore, it is clear that
the recharge value 40.32 mm/year is too high and needs to be reduced to get the optimal
recharge value and it should be between 7.55 mm/year and 40.32 mm/year.
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Figure 510:

Relation between the dynamic calculated and observed heads for a recharge =
40.32 mm/year with 69 wells

According to that, by starting from the recharge value 7.55 mm/year, it will increase the value

of the rechargeate for the dynamic condition when the pumping wells are under operation until

getting the best fit between the calculated and observed dynamic heads. Table 5.2 illustrates the

key parameter values which give the indication for the best fit betweeralthdated and the
observed heads, which are Normalized RMSE (%),Resldual Sum of Squar&SS which is
defined in Eq(5.]).

Table 52: Results of Visual MODFLOW program for the Dynamic case with different

values of recharge

Iteration Recharge Normalized RSS
No. mm/year RMSE % m?
1 7.55 19.35 3132
2 9 16.845 2374
3 10.5 16.783 2356
4 12 14.2 1687
5 135 12.467 1300
6 15 11.611 1128
7 16.4 11.007 1014
8 16.5 10.969 1006
9 16.6 11.694 1144
10 18 12.616 1332

In Table 5.2, the value of the recharge has been increased by an increment of approximately 1.5

mm/year in the range from 7.55 mm/year to 18.0 mm/year, with an increment of 0.1 mm/year

more and less around the optimal recharge value to be more accuaasgyining the optimum
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recharge rate value. It is found clearly from Table 5.2 that the recharge 16.5 mm/year gives the
best values of fitting, with the Normalized RMSE 10.969 % and least valR€8f= 1006

This value of recharge with these parametasies indicates that when the recharge value
equals to R= 16.5 mml/year, the calculated dynamic heads will be the closest to the observed
ones. Figure 5.11 shows the relationship between the calculated and the observed heads when
there are pumping condits. In this figure, it can be shown that most of the calculated heads
are close to the observed heads except some wells which having underestimated \hties of
head.
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Figure 511: Relationship between the dynamic calculaiad observed heads for a recharge =
16.5 mm/year with 69 wells

5.5 Applying the vertical discretization for Al-Najaf model

Groundwater flow field tcretization is essential to either improve the numerical model or
provide an agreeable representationhef lhydrogeologic physical system that is represented by
the constructed mathematical modétbi(ip 1994). Thediscretization of model grids is divided
into horizontal and vertical. The uniform horizontidcretization is commonly applied to the
top surf@e of a model to improve the mo@etesults However,to minimize the perturbations

in the vertical direction of flow, it isometimes necessatp considervertical discretization
(Philip et al. 2010).

In this sectionit will perform the vertical tscretizationfor the Forward model obtained from

the static and dynamic calibration processes at the recharge rates of 7.55 mm/year and 16.5
mm/year respectively. The model for theDdjaf region consists of two layers with a constant
hydraulic conductivity for each (GEOSURYV 2015). It will subdivide the top and bottom layers
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into two layers eachso thathe modelwill compriseof four layers as shown in Figure 5.1P.
will then perform the calibration process fothe model statically and yshamically through
Visual MODFLOW. Finally,t he cal cul a twllde coneparedsitd thosecobseried s
in the field.

Figure 5.12 Vertical crosssection shows theerticaldiscretizationapplied for the top and
bottomlayers ofAl-Najaf regionmodel

Tables 5.3 and 5.4 illustrate the comparison betweeRkehgarameters valu¢SEE, RMSE,
NormalisedRMSE, CC, and RSS) obtained from the fayer model after running it twice
once without pumping conditions (Stafi@ble 5.3) andagain with pumping conditions
(DynamicTable 5.4).From Tables 5.3 and 5.4, applying the vertidatrktizationto Al-Najaf
model leads to bethe calculated head resultgorsen where the difference between the
calculated and observed heads belmayer This hasled tothe key parametetseinggreater
than those values obtained when the model was run with two layers (as it is in the real field)
Vertical discretizationindicates the unacceptability of the model resuFsgures 5.13 and 54
showthe difference between the calculated and oleseheads for the Forward Moddloth
without and with the verticaliscretization respectively after applyingthe static and dynamic
calibration for both models, respectively. Figures 5.13 and 5.14 indlateéAl-Najaf model
(without vertical d@scretization) has given acceptable results for the correspordinglated
and observed heads as compared with tipose and dispersechlculated headthat resulted
from the Forward Model with the verticdiscretization(four layers) whichare remarked as

unacceptable.
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Table 5.3: A comparison of the static calibration results between the Forward Model
Without Discretization and the Forward Model With Discretization

Calibration  Recharge SEE RMSE

Normalized RMSE % CC RSS M
Case mm/year m m
*Static 7.55 0.783 6.458 13.517 0.788 2878
**Static 7.55 0.803 7.728 16.174 0.778 4121

* Forward Model Without Discretization
** Forward Model WithDiscretization

e Forward Model Without Discretization ® Forward Model With Discretization
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Figure 5.13 Comparison of the static computed and observed Heatse Forward Model
Without Discretizationand the Forward Model WithiBcretization when applying a recharge
rate of 7.55 mm/year

Table 5.4: A comparison of the dynamic calibration results between the Forward Model
Without Discretization and the Forward Model With Discretization

Calibration =~ Recharge SEE RMSE

Normalized RMSE % CC RSSm
Case mm/year m m
*Dynamic 16.5 0.437 3.82 10.969 0.900 1006
*Dynamic 16.5 0.466 4.566 13.114 0.88 1439
® Forward Model Without Discretization ® Forward Model With Discretization
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Figure 5.14: Comparison of the dynamic computed and observed lieatlee Forward Model
Without Discretizationand the Forward Model WithiBcretization when applying a recharge
rate of 16.5 mm/year
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The verticaldiscretizationthat is used in Visual MODFLOW through the finite difference
method is computationally convenient when the layers of a model are distributed horizontally
with regular rectandar cells. Most of the finite difference numerical codes, particularly
MODFLOW, assume that the layers of a model are distributed horizontally (in the vertical
direction) with a uniform shape of the rectangular cells to compute the flow. Due to the
sophisticated @nfiguration of the distributedydrogeologic units irthreedimensioss, it is
sometimes necessaty create an accurate numerical model through the refinement in the
vertical direction of flow(Philip 1994)

However, Al-Naja& model results (Forward Modeblith DiscretizationFour Layers)were
unacceptablePhilip et al.(2010 statedthat the verticabliscretization of the aquifer in Visual
MODFLOW will influence the groundwater levels duestime celldalling underthe dryness
problem Therefore,it will use Al-Najaf modé with two layers only.In many cases, it is often
very convenient to set up the groundwater model with a single layer only (Philip et gl. 2010
However because the praléd/collected information shothat A-Najaf groundwater aquifer
comprises of twaypes of soil layes, the constructed model has depended on these information
where the calibration results ftve dynamic heads were esltent and acceptabl@herefore it

will consider that model of two types of soil layéosbe AFNajaf region model

5.6 Model sensitivity

Sensitivity criterion is a good measure for the uncertainty of any groundwater model and it is
caused by the uncertainty of the aquifer parameters and sometimes the model boundary
conditions. The fundamental concept from implementing sensitivity anaby$ts understand

the influence that caused by the variation of model parameters and the hydrogeological stresses
on the groundwater aquifer system through changing the calibrated values systematically to
finally identify which parameter needs to a speci@rdion in the future studies (Anderson and
Woessner 1992). In this study, the approach of sensitivity is performed through using a systemic
change in the value of recharge. Model sensitivity to the hydraulic conductivity in the aquifer is

also examined.

Figure 5.1& and b show the relationship between the Root Mean SquaredrE48# (m) and
recharge rate when implemented the static and dynamic heads in the model respectively. The
result indicates that the model is less sensitive when the recharge leste than 16.5 mm/year

and significantly sensitive for the recharge values higher than 16.5 mm/year as an overall trend.
Values of RMSE are decreased slightly when the values of recharge rate increase either up to

7.55 mml/year (For Static Sensitivity) op to 16.5 mm/year (For Dynamic Sensitivity). With
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higher recharge rates (more than 16.5 mm/year)RMS&E values increase dramatically. This
indicates that the model is more sensitive for recharge values greater than (16.5 mm/year) and
less sensitive forecharge values less than that value. In addition, valuBY&E are ranged
between (6.48.65) m and (3.827.49) m for the static and dynamic heads respectively where
with the dynamic heads, there is a dramatic variation IfRMEE values and also ¢éhvalues of

the RMSE for the dynamic heads are often less than those for the static heads. As the error is
reduced with the dynamic heads, this indicates that with the dynamic observation heads, the
values of the calculated heads for the dynamic calibrai@ more closed to the observation
heads as compared with those calculated heads resulted from applying the static observation
heads. The least values of RMSE for the static and dynamic heads were at the recharge rates
7.55 mm/year and 16.5 mm/year respely as thisenhances theonfidence in the calibration

results obtained from the Forward model which were showing that the best matching between
the calculated and observed heads are atetttzarge rates of 7.55 mm/year and 16.5 mm/year

for the staticand dynamic calibrations respectively.
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Figure 515 Relationship between tHeoot Mean Squared Err@RMSE) and recharge rate
when implementing: (a) Static head and (b) Dynamic head

For the model sensitivity to the hydraulic conductivity, a series of tests are carried out with a

wide range of variation of the hydraulic conductivity. The logarithmic relationship between the
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hydraulic conductivity and the Normalized Root Mean Squaredr ERMSE %) is shown in
Figure 5.16for the static and dynamic heads which are implemented in the modah lbe
noticed from Figure 5.1@hat all values of the hydraulic conductivity which are greater than
approximately 14 m/day have a little effect the values of the Normalized RMSE and this
means that the model isds sensitive for the increasethe hydraulic conductivities more than

this value. However, the sensitivity for decreasing the hydraulic conductivity values to be less
than 14 m/day isound to be very large and resulted in high values of the Normalized RMSE.
This suggests that more careful consideration should be given when the hydraulic conductivity
is determined, in particular when it is less than 14 m/day because the results mEmdieally
changed. In addition, values of the Normalized RMSE resulted from applying the dynamic
headsare smaller than thogesultingfrom applying the static heads and this clearly indicates

that again the values of the calculated dynamic heads tee thein the calculated static heads.
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Figure 516: Thelogarithmic relationship between the hydraulic conductivity and Normalized
RMSE
As demonstrated, the values 7.55 mm/year and 16.5 mm/year are considered to be the best
values of the recharge rate which give acceptable results between the calculated and observed
heads for static and dynamic calibrations respectively. In addition, the model was sensitive for
the change in the hydraulic conductivity as an overall trend hisdsttuation needs to be
considered into account to reach for the accurate model that can be represented the real entire

domain of the study area.

5.7 PEST-automatic parameter estimation approach

A good conceptualion of a groundwater model is theost important step that is needed to

represent the reahodelled field that in turn will result in good predictions (Spiliotopoulos and
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Andrews 2006)Due to the general lack of the estimation of the hydraulic conductivity and
dispersivity, the groundwatenodel has sometimes untrusted results; therefore, at least, one of
these parameters should be estimated accurately thebeonceptualisatiorprocess more

efficient andthe results more reasonable (Takounjou et al. 2012Zhdrreal field the entire

aquiferd parameters are rarely found complete or represent the whole area of interest, as in most
cases those parameters are found to be as scattered measurements in uhdeastady
Therefore, in order to develop a reliable groundwater flow modettrabe used to predict the
behaviourof an aquifer, the aquifer criteria or parameters shouldhtegpolated (Sefelnasr

2007) Typically, inverse model is standing to solve the groundwater aquifer parameters through
using the head observations as a ddpat variable in the governing equation of flow (Laplace
equation), where usually the fieldeasured values of fluxes and heads are having a higher
degree of confidence (Anderson et al. 2015). The method used to solve inverse model has been
advocated by amy researchers (Yeh and Tauxe 1971; Cooley and Sinclair 1976; Cooley 1979)

t o sol ve groundwat er parameters aut omati cal
ESTi mat i on ThepPESTo(Racameaier ESTimation) technique has the capability to
optimize h e hydraulic conductivity of an aqui fe
Processo. I n this parameter estimati on app
observed and calculated groundwater heads represent the main objective function where when
this objective is achieved, the parameter estimation approach will terminate (Ganesan and
Isabella 2013).

In this section, it will apply the parameter estimation approach which is integviléa Visual
MODFLOW to interpolate the hydraulic conductivity the study site. Two constant hydraulic
conductivities and 69 field observations are inserted into the PEST approach as the model is run
under theseonstraiits to achieve the calculated heads to be close to the observed ones. PEST
approach is run fomto cases, the first case is when there is no pumping schedule applied on the
model and the recharge rate equals to 7.55 mm/year (Static Calibration), and the second is when
all the 69 pumping wells are-wperation and the recharge rate equals 16.5 mm(psaamic
Calibration). Figures 5.17 and 5.18sulted from VisuaMODFLOW-PEST running approach

are representing of those two casespectively. Where, Figures 5.87d 5.18illustrate the
relationship between the calculated and observed heads afteingetie best estimation of the
hydraulic conductivity of the study sitAs illustrated in Figure 5.1applying PEST approach

has improved the Static calibration through improving the values of the Standard Error of the
Estimate SEE, Root Mean SquareddeRMSE, and Normalized RMSE by reducing of these
values as well as to increabe Correlation Coefficient (CC), as compared with the same values

shown in Figure 5. 7. The value RBS is also reduced to become 2835 m
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Figure 517: PEST result of the calculated and observed heads for a recharge = 7.55 mm/year

In respect of the PEST approach results for the Dynamic calibration shown iia 5igi8 it has
been noticed that the values of SEE, RMSE, Némed RMSE, and RSS are increased
referring to unacceptable matching between the calculated and observed heads as compared

with those results shown in Figure 5.11, which were better. Even the r€@uised as shown in

Figure 5.18

Figure 518 PEST result of the dynamaalculatedand observed heads for a recharge = 16.5

mm/year with 69 wells

In conclusion, the PEST approach applied on the study area has slightly improved the Static

calibration, but with respect of the Dynamcalibration, the results of th8EE, RMSE,

Normalized RMSE, and RSS are increasgtere this means that when the pumping wells are
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