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Foreword

I am very pleased to present this valuable book on the UAE water resources pre-
pared by two distinguished scholars in the field of geology and hydrogeology, Prof.
Abdulrahman Sultan Alsharhan and Prof. Zeinelabidin Elsayed Rizk.

The sustainable management of water resources is a common global challenge
for all countries but particularly so in an arid desert country such as the UAE with
very little renewable water resources. As noted in detail in the book, there is an
increasing challenge for the country to ensure provision of water—the basis of our
survival—against rapidly growing demands and the onset of climate change.

Researchers are aware of the challenges facing water resources in the UAE and
are working with the federal and local government entities to help increase scientific
understanding and find innovative solutions.

The book is comprehensive and is comprised of 28 chapters, describing conven-
tional and nonconventional water resources in the UAE, diagnosing the challenges
facing these resources, and describing ways and means of water conservation through
technical solutions and social practices. The book also includes several case studies on
the use of remote sensing, geographic information systems, isotope hydrology, and
modeling techniques utilized in water resource assessment in the UAE. Finally, the
book analyzes the issue of water governance and discusses the importance of balanc-
ing water resource management and meeting the increasing water demand.

This book is the first of its kind to be available in the UAE in the English lan-
guage. It is a remarkable achievement and fills the knowledge gap in natural resource
management in the Arab world and, particularly, in the UAE. It is a highly recom-
mended read for students and scholars alike interested not only in water resource
management but also in topics such as desertification and climate change.

I congratulate the authors for developing this outstanding book and encourage
others to follow their footsteps in contributing to the advancement of science in the
UAE and to protect our precious natural resources.

Minister of Climate Change and Environment, Thani Ahmed Al-Zeyoudi
Ministry of Climate Change and Environment

Dubai, United Arab Emirates

vii



Acknowledgments

The authors of this book would like to thank His Excellency (HE) Dr. Thani Ahmed
Al Zeyoudi, Minister of Climate Change and Environment (MOCCAE), United
Arab Emirates (UAE), for writing the foreword and for his kind and encouraging
statements in introducing this book to the Arab and international readers. Without
HE’s support, this publication would not have been possible.

The authors would like to thank the Ministry of Climate Change and Environment
(MOCCAE), Ministry of Energy (MoE), Federal Competitiveness and Statistics
Authority (FCSA), National Center of Meteorology and Seismology (NCMS),
Environment Agency-Abu Dhabi (EAD), Abu Dhabi Water and Electricity Authority
(ADWEA), Dubai Electricity and Water Authority (DEWA), Sharjah Electricity and
Water Authority (SEWA), and Federal Electricity and Water Authority (FEWA) for
the information derived from their publications and websites, which were used in
the preparation of this book.

The authors would like to thank Prof. Warren W. Wood, Michigan State
University, East Lansing, Michigan, United States, for his kind revision of Chap. 24
on the application of national isotopes’ techniques for water resource investigations
in the UAE. The authors thank Dr. Redouane Choukrallah, International Center for
Biosaline Agriculture (ICBA), for his kind revision of Chap. 14 on water desalina-
tion: environmental impacts and brine management.

Gratitude and appreciation are extended to the graduate students we have super-
vised and graduated from UAE University (UAEU) and Ajman University (AU),
who now hold key positions in the ministries responsible for water resources, aca-
demic institutions, federal and local authorities, and public services. Their theses
research and recent publications were used in this book.

The authors would like to thank their families who have stood by their side and
supported them to go ahead with this publication which has taken much of their
time and effort. Special thanks to Dr. Ayman Z. Rizk for his help in running the
iThenticate and Turnitin programs licensed for Ajman University on the book man-
uscript and provision of the PDF files three times for each chapter.

The authors would like to thank the administrations and colleagues in their aca-
demic institutions for their continuous support and help.

ix



Contents

PartI Introduction to Water Resources

1 Introduction to Water Resources of the United Arab Emirates .......... 3
2 Overview on Global Water Resources.................c.ccccoeeveevieeiiecneeenneenne. 17
2.1 Global Water ReSOUICES ......c.vviivviieiiiieeiiie e 18
2.1.1 Conventional Water Resources...........cccccveevvieeeneeennen. 19

2.1.1.1  The World Oceans..........cc.ceevreerreeenrreennen. 19

2.1.1.2  Water Resources in Continents..................... 19

2.1.1.3  Glaciers and Ice Sheets..........cccccevveeererennnen. 20

2.1.1.4  Groundwater.........ccccvveeerureeecreeesireeeereeeeenes 20

2.1.1.5 Lakes and Reservoirs..........cccceeevveeenveeennen. 21

2.1.1.6 SWAMPS ceveeriiieiieiiieeicete et 22

2. 117 RIVETIS.iiiiiiiiciii et 22

2.1.2 Nonconventional Water Resources...........ccccoccvveeevieenns 22

2.1.2.1  Desalinated Water...........cccceeeveeerrieennreenen. 22

2.1.2.2  Treated Wastewater.............ccccveeererreeereeennnen. 24

2.1.3 Water Demands ........c..cooeuvveeeiieinieeeeiie e 27

2.1.4 Water Challenges.........ceevveeveenienieenieiieenee e 27

2.1.4.1  Demographic Drivers .........ccoccevveerveereennnenn 27

2.2 Water Resources in the Middle East and North Africa Region..... 29
2.2.1 Conventional Water Resources............ccccueeevvieenieeennen. 30

2.2.1.1  Surface Water .......c.cccvveeecivieeciieeiieeeiee e 32

2.2.1.2  Groundwater.......c.cccceveeeeiirieeiieeesrieeeree e 33

2.2.2 Nonconventional Water Resources...........ccccecevveeeveeennne 33

2.2.2.1  Desalinated Water...........cccoceeveeerrieenneeenen. 33

2.2.2.2  Treated Wastewater.............ccceveeerveeenreeennnen. 35

2.2.3 Water Demands ...........ccoovveeeiieiiiieeeiie e 35

2.2.4 Water Challenges.........c.eevveeieenienieenienieerie e 35

2.3 Water Resources in the Arab COuntries.........c.ccceeveeeeeveeerveeennnennn. 36
2.3.1 Conventional Water Resources...........ccccevveevvieenneeennen. 42

xi



Xii

Contents
2.3.1.1  Surface-Water Resources...........cccceeeeuvvrennnen. 42
2.3.1.2  Groundwater Resources ............c.cceeeverennnen. 43
2.3.2 Nonconventional Water Resources...........c.ccccoveeeeveeennns 43
2.3.2.1 Desalinated Water...........cc.coceveeevrieeenerennen. 44
2.3.2.2  Treated Wastewater..............ccoueeevuveeeeneeennen. 44
2.3.2.3  Other Non-conventional Water Sources....... 44
2.3.3 Water Demand.............ccoovieeeiiiiiiiieeeiieceeee e 47
234 Water Challenges.......c.cevuereerierienienienieieneeie e 49
2.3.4.1  Overexploitation of Groundwater
RESOUICES....coouviiieiiiieiieeceeeee e 50
2.3.4.2  Sustainable Management of Groundwater
RESOUICES....ccouviiieiiiieiieeceeeee e 50
2.3.4.3 Natural Variability of Water Resources......... 50
2.3.4.4  Shared Water Resources............cceeeeuveeennnen. 51
2.3.4.5  Water Pollution............ccoovveeviieeniieenieee. 52
24 Water Resources in the Arabian Gulf Region .........c..ceceveeienncee. 52
2.4.1 Conventional Water Resources............ccccveevvieeeneeennen. 54
2.4.1.1  Surface Water .........cccceeeeviieeciieeciieeeee e 54
2.4.1.2  Groundwater...........cooveeeevurieeiieeesreeeeree e 54
2.4.2 Nonconventional Water Resources...........c.c.ccoveeeeveennes 55
2.4.2.1 Desalinated Water...........cc.coeeveeevvieeeneeenen. 55
2.4.2.2  Wastewater Treatment and Reuse................. 56
2.4.3 Water Demand.............ccoovveeeiiiiiiieeeieceeee e 57
244 Water Challenges.......c..ceovereerierienienieneeieneeieseeneeeee 58
2.4.4.1 Reduction of Water LosSes..........c.cccccvvrnnnee. 58
2.4.4.2  Industrial Water and Wastewater
Management........c..cocueveeeeneenieneenieneenennnes 58
RETEIENCES ...vviiiiiiiieieeeeee ettt e e 58

PartII Geomorphology and Geology

3

Geomorphology and Geology and Their Influence

on Water Resources................ccocoeviiiiiiininininiiciccccceceeeee e 65
3.1 Main Topographic and Morphologic Features..........c.cccoceevenenee. 66
3.1.1 MOUNEAINS......coviiieiieiieiiienie ettt 66
3.1.2 Gravel PIains ......c.ccooevieiiiiiiiiiiiiiiiiccecceeeee 73
3.13 Sand DUNES........cccovuiviiviiiiiiieicicceceeeee e 80
3.14 Coastal AT@AS......c..ecueieieieieieieieiee et 86
3.1.5 Drainage Basins ........c.cceoevienienieniinienieienceceeeeen 88
32 General Overview of Aquifer Systems........coceeeveevereencnnencnnne. 89
33 Geologic History and Hydrogeologic Characteristics................... 94
3.3.1 Paleozoic Deposition and Water Occurrences............... 95
332 Triassic Deposition and Water Potential ....................... 98
333 Jurassic Deposition and Water Potential ....................... 98

334 Cretaceous Deposition and Water Potential .................. 99



Contents Xiii

335 Cenozoic Deposition and Water Potential..................... 99

34 Stratigraphic Units of Surface OutCrops ........cccceeeevvereerereencnnne. 102
35 GEOlOZIC SIUCTUIES ..c.evveieenreiieiienieeteeteete ettt 105
3.5.1 Surface Geologic Structures.........coceeevevverveevenieeeennenn 105

3.5.1.1  Ru'us AlJibal.....cooeeininincniniincccnecen 105

35.1.2  DibbaZone....ccccooeriininiiiinieieeeeeeee 106

3.5.1.3  Northern Ophiolite Zone ..........cccceeeuenene. 107

3.5.1.4  Southern Ophiolite Zone...........cccceeeuencene. 107

35.1.5 HattaZone......cocooeeveiiiiiiiniiiniiiiiee 107

35.1.6  Wadi Ham Line .......cccccoceeviniininiininiinen, 107

3.5.1.7 Al Fayah Mountains ........c..ceceeveevenveeeennenn 108

3.5.1.8 Al Ain Mountains ........coceeevevvenveneenieeeennenn 108

352 Subsurface Geologic Structures ..........c.ccceeeeerveeeenncene 109
REfEIENCES ...ocviiiiiiiiiiiicccccc e 109

Part III Climate and Water Balance

4

Climate Conditions and Their Impact on Water Resources................ 115
4.1 INtrodUCtION .....c.viiiiiiiicicicice e 115
4.2 Solar Radiation.........ccoeeviriininiiniinieieicicicicreeeieceeee e 116
4.3 AL TEMPETALULE ...ttt 116
4.4 Relative HUMIdity «...ccoovvereiiieniiienieiecceecececeee e 128
4.5 WINd SPEEA ... 129
4.6 EVAPOTation .......ccccoviiiiiiiiiiienieieseeeee e 134
4.7 EVvapotranspiration ..........coceecuereevienienienienieneeniescenie e 139
4.8 Rainfall......cooiniiiiiccc e 141
4.9 Global Warming and Climate Change.........cc.cccceeeevervieneniencnnne. 158
49.1 The Impacts of Climate Change............ccccceceevereencnnee. 158
4.9.2 The UAE Efforts to Mitigate Climate Change.............. 159
493 Changes of Temperature in the UAE ..........c.ccoceeenes 161
494 National CommuniCations..........ccceueeverveeeiereeeerenennens 161
4.10  Impact of Climate Change on Water Resources...........cc.ccoceennennee. 163
4.10.1  Variations of Temperature and Rainfall ........................ 163
4.10.2  Decline of Aquifer Recharge.......c..cccccoceevirencncncnnne. 166
4.10.3  Shortage of Irrigation Water..........cccceveerereencneencnnne. 167
4.10.4  Depletion of Groundwater...........c.cceeeeeereereeneneenennne. 167
4.10.5  Increase of Soil Salinity .......cc.ccccevveevenvieniniencniencnnne, 168
4.11  Impact of Climate Change on Water-Resources Planning ............ 169
4.12  Modeling Climate Change ...........ccoceevuereerienienienienieneeneeeeneeaen 169
4.12.1  Water Demand.........c.cocooevivinininicneniiiiiccieeceen 170
4122 Water SUPPLY c.eeoveeieniieienieeieieeeceee e 171
4.12.3  Groundwater SUPPles.......ccceeeevverienieneenenienereeneenen 172

REFEICNCES wooiiiiiieiiee et e e 174



Xiv Contents

S Climatic Water Balance...............c.cocccociiiiiiniininiiincceecee
5.1 INErOAUCHION ...t
5.2 Groundwater Recharge...........cocveeverieiiiniininiiniiicicecceenee
5.3 Hydraulic ConductiVity .......cccoeeeuerienienieniinieiieeenicneeneeeeneeeen
54 Infiltration Capacity .......ccoceevuereeiienieiiinieeeeececec e
REfEICINCES ...vviiiiiiiiieiieitee e

Part IV Conventional Water Resources

6  Seasonal Floods: Harvesting and Contribution

to Aquifers’ Recharge..............cccoovveiiiiiiieiieiiiececceeee e
6.1 INErOAUCTION ..o
6.2 MOTPROMEITY ..ottt
6.3 Surface RUNOFT .....c..cooiiviiiiiiiic e
6.4 Rainfall-Runoff Relationship .......c..cccceeievinininiinininiiicnee,
6.5 Estimation of Runoff Volume..........ccccceceeviniininieniinincicncne,
6.6 Rainfall-Reservoir StOrage.........ccvevvevierienienienieneencnieneeeeneeeen

6.6.1 INPUt Data...cveviiiiieiiiieiee e

6.6.2 Model Calibration .........c.ccoceeverienierieneesieneeneeeeneennen

6.6.3 Storage Simulation.........coccevereenerienenieninieeeeeeene
6.7 FIash FIOOMS ......ooeiiiiiiiiiiiieniicececee e

6.7.1 Flash Floods Hazard.........c..cccccooveniniiniininiiniiience,
6.8 Recharge Dams ........cocovveiiiiiniiiiiiiiiccceceee e
RETEICICES ...vviuiiiiiiiieiieiie e

7  Natural Springs: Hydrogeology, Hydrogeochemistry

and Therapeutic Value...............ccccoooiiiiieiiiniieieeceee e
7.1 INtrodUCtION ..c..c.viiiiiiiicicicicic e
7.2 Locations of SPrings .......cocceceveevierienienieniinienieeeeneseenie e
7.3 GEOlOZIC SEING...couveieiieriieieiieteeieeteett ettt
7.4 Rainfall.......ccoooiiiiiiiiiiice e
7.5 Springs’ DIiSCharge .........cooeveeverieneniiiieiceecceccee e
7.6 Rainfall-Discharge Relation..........c..cccceeeevienieniniencniencniencnne,
7.7 Groundwater Levels—Discharge Relation ..........cccccecceveninencnee.
7.8 Physical and Chemical Properties..........cccceeeevereencniencneencnnne.

7.8.1 Physical Properties........c.ccoveverienienieneenienceneneeneenen

7.8.2 Chemical Properties ........cocceeevveenereenernienenneneeiennns

7.8.3 Spring Water—Groundwater Relationship .........c...........
7.9 Springs’ Water QUality.......c.ccooerieneriininiinieieeecscec e
REfEIENCES ...oviiiiiiiiiiciecccce s

8 Aflaj Systems: History and Factors Affecting Recharge

aNd DISCRATZE .......cc.oooiiiiiiiii e
8.1 INErOAUCTION ...coviinieiiieieiiecc e
8.2 Af1a] HISTOTY ..eviiiiiieieeieiece et

8.2.1 Aflaj Construction and Maintenance..........cc.cceeeeveneens



Contents XV

10

8.2.1.1  Aflaj ConsStruction .......c..cccceecvevveeeenieneennenn 260
8.2.1.2  Aflaj Maintenance .......c..ccoceecvevveeeenreeeenncnnn 263
8.2.2 Aflaj Administration...........ceceeeevireenennienienneneeneneens 264
8.3 Afla] DISCharge.....cccuevueeiiiiiiiiiicieseccceec e 268
8.3.1 Factors Affecting Discharge, Water Quality
and Water USE .......cccccevveviiiiiiiiiiiiiiciciececeeeeeie e 271
8.3.1.1  Climate Conditions......c...cccevverververuenuennenn 271
8.3.1.2  Geologic Setting.......ccccocvevvervenieneenienieenn 272
8.3.1.3  Human ActiVities ......ccccocverrerrenrenrenienienenn 273
8.4 Aflaj Water QUAlity .....cocoveeierieiinieieiceee e 273
8.5 Afla] Water USE ....coveruiiiiiiiieniicieieeieeeteeeee et 276
REfEIENCES ...ooviiiiiiiiiiiiccc e 279
Limestone AqQUifers...........coccoovieniiiiiiniieieeeee e 281
9.1 Northern Limestone AqQUifer.........ccceceeveviinieniniencnecnenieneenen 282
9.1.1 Geological Setting of Wadi Al Bih.......cccccoceeviniinennn, 282
9.1.2 Hydrogeology of the Wadi Al Bih Basin....................... 284
9.1.3 Hydrogeochemistry .........coceeevereenirienennenenienecienens 285
9.14 Isotope Hydrology........cccceveevireeniniinenienenicnieienens 286
9.1.5 Water QUAlity .....ooceeeeriiiiiiiiiirieeeeeeee e 293
9.1.6 Water Problems .........c.cocoivivininiiniiniciiiiiicicieece 296
9.2 Jabal Hafit Limestone AQUifer .........cccoceverieniniencncncnicncnne, 299
9.2.1 Hydrogeology of the Dammam Aquifer
inJabal Hafit ... 300
9.2.2 Hydrogeochemistry .........coceeevereeniricnennienenienecienens 302
9.2.3 Isotope Hydrology........cccceveevireeniniinenienenicnieienens 303
9.2.4 Geothermal Energy of Groundwater ..........cc.cceceeeuenes 304
9.2.5 Groundwater USES.......c..ccueueiiieiiiiieiiieiieeieeneane 304
9.3 Limestone Aquifers in the Western Region...........cccccoceevcriencnne. 305
9.3.1 Simsima AQUIfer......c..cooeriiniiiininieeeeeceec 305
9.3.2 Umm Er Radhuma Aquifer ..........coceveivennncninncnnns 306
9.3.3 Dammam AQUIfer........cccooveevinieniniiniiiencieneeienens 307
REfEIENCES ...oviiiiiiiiiiiiccccc e 307
Ophiolite AQUIfer ..............coooiiiiiiiniiiiee e 311
10.1  INtrodUCtiON .....cccoiiiiiieiiiiiiciieicc e 312
10.2  Geomorphologic and Geologic Features...........c.cccoereeviereenennns 312
10.3 MOIPROMELIY ..ottt 315
10.4  GeOologiC SENG..c..ecvveriiiiiriiiiieierieetente ettt 317
10.5  GeOoloZIC SIIUCUIE .....eovveuiiriiiiieiieieetenieeteseeee ettt 324
10.6 Hydrogeology ......cocuevuerieriirieniieienieetenieete sttt 324
10.7  Effect of Lineaments on Groundwater Levels..........c..ccocceeevennnee 326
10.8  Effect of Lineaments on Groundwater Chemistry ..........c..ccceeueee 330

RETEICNCES .ooeiieiiieie e e e 332



Xvi Contents

11 Gravel AQUITErs .........ccoooviiiiiiiieiecce e 335
11.1  The Eastern Gravel AQUIfer.........cococeverviiniiinineininicienicienens 336
11.1.1  Geomorphology and Geologic Setting.........c.cc.ccceuenvee. 336

11.1.2 Hydrogeology........ccocereererienenienieeienieeienieeieeeeneeenes 338

11.1.3  Geoelectrical Investigations ........c..ceceeveevveneeneeneenennnen 338

11.1.3.1 Wadi Al RUh€ib .....cccooiiiiiiiiiice 342

11.1.3.2 Wadi Dadnah ........cccoccceveineinecnccincinenne 346

11.1.3.3  Wadi Basserah .........cccceeveenenviniincnenncnnns 347

11.1.3.4  Wadi Wurrayah.......c.cccoevenevinecnccncnnenne 349

11.1.3.5 Wadi Al Tawiyean .......c.ccccveeerecenccencnnenns 351

11.1.4  HydrogeoChemistry .......ccccocvevervenienienenieneeieneeneennnen 355

11.1.5  Isotope Hydrology.....c..ccoceeieverienenienenieneeieneeneennen 361

11.1.6  Groundwater USES.........ccceruveruerienieeienieeieneeieneeniennen 362

11.2 The Western Gravel AQUIfer.........ccoceveeviinieincnieincnicienicieneens 364
11.2.1  Hydrogeology........ccocereererienieniinienienieeieseeie e 366

11.2.2  HydrogeoChemistry .......c.ccocveverienierieneeieneeieneeniennnen 370

11.2.2.1 Electrical Conductivity and Salinity............. 372

11.2.2.2 Systems of Groundwater Flow ..................... 373

11.2.2.3 Major Ions and Hypothetical Salts............... 375

11.2.2.4 Hydrochemical Profiles...........c.cccoccrevuennces 375

11.2.2.5 MInor Ions ......coceevveveenireenenicniiieneccnens 376

11.2.2.6 Trace CONStitUCNLS.....c..eevuerirenierreierrenieeieneeee e eees 378
11.2.2.7 Hydrochemical Coefficients...........c..ccceeueee 379

11.2.3  Isotope Hydrology.....c..ccocerieverienenieneeiinecicneenieenen 381

11.2.4  Groundwater Evaluation .........c..cceceeeveveevincencneencnnne. 385
REfEICICES ...eviiiiiiiiiiiiitce e 390
12 Liwa Quaternary Sand Aquifer...............c..coocooininiininiinnie 395
121 INrOAUCHION ..euviiiiiiiieitcieeitecetee ettt st 396
12.2 GeOologiC SENG..c..eerveriieiiriiiieeiereetenteete ettt 398
12.2.1  Tertiary Sediments ........ccceevevuervenierveneerieneenieneeneenne 398

12.2.2  Quaternary Deposits.........coceevereenierieneniieneenieneeniennen 399

123 Hydrogeology ......coceevuerieriiniiieeienieeienitete sttt sttt 400
12.4  HydrogeoChemiStry ........coeeiiriieieniiiiinieeieneeie ettt 403
12.5  Water QUALILY ..coovevuieieriiiiiniieieeteieet ettt 415
12.6  Isotope Hydrology.......cccoeeieririeniiiiiniiicneeicneeicsieeie st 422
REfEICICES ...eviniiiiiiiieiieiece e 424
13 Sand-and-Gravel Aquifer System..............ccccoovirriiiniiieniieniienie e 427
131 INtrOAUCHION ..ottt ettt 428
13.2  Geomorphology and Geology .........cccccveeveereenuireenienienieneenieneens 428
13.3  Hydrogeology ......cocueouerieriiriinieeienieetenieete sttt 429
13.3.1  Groundwater-FIow Systems........c..ceceveevueneenueneenennne. 431

13.4  HydrogeoChemiStry ........coeeieriiriiniieiiniieieneeieneeie et 432
1341 MaJor IONS .cooveiiiniiiiiieieetcietceeteeee e 433

13.4.2  Groundwater-Dissolved Salts.........cccocveeveevviiveiieeinnnnnnn. 437



Contents xvii
13.43  Groundwater TYPES ......ccoververuerienienienieeieneeie e 438
13.4.4  Hydrochemical Ratios........cccceecverueriinenniincencniencnee. 439
1345  Water USES...coueoiiriiiiiieieniicieeiecieeteieee e 440
13.5  Isotope Hydrology......c.ccoceierirvieniiiiiniiiinieicnecicsecie e 441
REfEICINCES ...vviiiiiiiiieiieitee e 451
Part V. Non-conventional Water Resources
14 Water Desalination: Environmental Impacts
and Brine Management .................coocveviieiiieniienienie e 455
141 INrOAUCTION ..ottt sttt 456
14.2  Desalination TeChnolOgIes ..........ccocervuerieiirieneneeienieienieieneens 457
143 Environmental Challenges ..........ccoccevereeviinieneneenenieneneenieneens 460
14.3.1  Physical IMpacts........cccceveevienieiiinienineeeeeneeeenieeen 460
14.3.2  Chemical Impacts.......ccccoeeverieienienieneeneneenceeenenen 460
14.3.3  Biological IMpacts ........ccceecverierienieninieiieeieeieneeen 462
144 Alleviation MEASUIES......cc.ceueriirieriirienieeienieeeenieeiesbeeee e sieens 462
14.4.1  Zero-Brine Discharge...........coceevevieniniininiencnicncnnne. 462
14.4.2  Solar Pond Technology ........ccccccceeveeveneenineencniencnnne. 466
14.43  Use of Renewable Energy .........ccoceveveeninicncnicncnnne. 468
14.4.4  Research and Development.........c.ccoceveeveneencniencnnne. 468
RETEICINCES ...vviuiiiiiiiiiiieee et 468
15 Treated Wastewater: Quality Concerns and Potential Uses ................ 471
15.1  INErOAUCHION ..ouutiiiiiiiieiteieeitete ettt et 471
15.2  Evolution of Wastewater Treatment ..........ccocceveereeriereeneneeneneens 472
15.3  Wastewater Treatment Plants ..........ccccoeeviniinininncnienenecnenns 476
15.4  Quality of Treated WasteWater ..........cceeeveereeriereenienierieneeienieens 477
15.4.1  High Salinity ..cc.ccoeveviriniiiiinicicicicicececececen 477
15.4.2  Health RiSKS c..coviiiiiiiiiiieiiicceecceccecee e, 481
15.4.3  Biological Oxygen Demand........c..cccccoceevireencneencnnee. 482
15.4.4  Sewage SIude ....cccoeeveniieiiiniiiirieceeceeeeeen 482
15.5 Reuse of the Treated Effluents .........ccccoceeviniiiinininiincniicns 482
15.6  Applications of Treated WasteWater...........coceeveereeriereenieneenennnens 483
15.6.1  Environmental USe........c.cccceveiviiniininieniniencniencnnen 483
15.6.2  Urban Use........coeeieiiieieniieiiniicieeiteieeieee e 483
15.6.3  Industrial UsSe .....cooevuieieniieiiiniiiiinieeicnceceee e 484
15.6.4  Agricultural US€........ccceevieiiiniiiiniiiiniecneenceeeneeen 484
15.7  Regulations of Treated WasteWater ...........ccoceeveereerierieenieneeniennns 484
15.7.1  Requirements for Treated Wastewater Used
I ITIZAtION. c. e 485
15.7.2  Requirements for Treated Sludge Used
fOr TITIZAtiON ...t 486
15.8  Advantages of Treated-Sewage Water..........ccoceveeverieneneenennens 486
15.9  Limitations on Usage of Treated-Sewage Water ..........c.cccceevuennee 487



Xviii Contents
15.10 Public Awareness and Capacity Building..........c.cceoeveeveninnennns 489
15.11 Wastewater Treatment in Abu Dhabi............ccccoooiiiiiiiiiiiniinenne. 490

15.11.1 Existing Wastewater Treatment Systems............c.......... 491
15.11.2 Domestic Wastewater Production and Reuse................ 491
15.11.3 Industrial Wastewater Production.............c...ccccueeeeveennn. 492
15.12 Wastewater Treatment in Ras Al Khaimah...............ccccoeevveennenen. 492
15.12.1 Wastewater-Treatment Plants............c...ccoeveeeiiieennieenn. 492
15.12.2 Wastewater-Treatment Levels ...........cccoevveiiiiiienninen. 493
15.12.3  Uses of Treated WaSteWater ............cccveeevveeeeveeeeneeennns 493
15.12.4 Costs and Benefits of Wastewater Treatment................ 494
15.12.5 Treated-Wastewater Quality Parameters .............cc........ 494
15.12.6  Waste Disposal .......c.ccoceevieriinericniniineeicneeiceeenieen 495
15.12.7 Health RiSKS .....ccveiiiiiiieiiiieiee e 495
RETEIENCES ...vviiiiiiiieieeeeee ettt e e 496

Part VI Water Challenges

16 Challenges Facing Water Resources...............ccccoovveviieniencieenieniieeninens 501
16.1  INtrOdUCHION ....ceiiiiieiiie et e 502
16.2  Surface-Water Problems............ccoceeeeiiieiiiiiieiieceiee e 503

16.2.1  FlOOAS..cccuiiiieiiieeieee e e 503

16.2.2  SPIINZS..iiuiiriiiiiniiiieiieeteiteeett ettt 503

1623 Afla] e 504

16.3  Groundwater Problems.............ccoouiiieiiiiiiiiiieiiec e 504
16.3.1  SCACILY.coueiriirierieiieiteetesteeeeeete et 504

16.3.2  DePletion..c..ceveieiiiiieieniieieniecieeitee e 505

16.3.3  Water LOZZINg....cooveiiieiiniieiiniieieeieeecee e 508

16.3.4  Increasing Salinity.........cccceceveevieneenenieeneniencnienceen 509

16.3.5  Salt-Water Intrusion ............ccceeveeeeiieeeciieeeciee e 515

16.3.6  Water Hardness ..........c.coeeeviieeiiiiiiiieccieeeee e 516

16.3.7  Unsuitability for Irrigation ..........ceceevereenenencnencnnne. 517

16.3.8  Water Pollution..........cccceeeeviieeiiieieiieeeieeeeee e 518

16.3.9  Earthquake Hazard........c..ccccooieiiniiiiniiniiicncicce, 518

16.4  Problems Related to Water Desalination.............ccccceeveeeevreeenneenn. 518
16.4.1  Disposal of Reject Brine .........ccccceceeveveeninencncncnnne. 519

16.4.2  Impact of Pollution on Water Desalination.................... 522
16.4.2.1 Oil Pollution .........ccccoveeeeeuiieeiieeecieeeeee e 522

16.4.2.2 Thermal Pollution...........cc.ccccovveevveeeenneennen. 523

16.4.2.3  Algal Growth......cccoceeviiriineniiniiienicienens 524

16.4.2.4 Salinity Problems .........cccccocevveniincninnennns 525

16.4.2.5 Heavy-Metal Pollution ........c..ccoceevuereenuennnns 526

16.5 Problems Related to Usage of Treated Sewage Water .................. 526

REFEICNCES wooiiiiiieiiee et e e 527



Contents Xix

17

18

Drinking Water: Sources, Standards and Quality Issues..................... 531
17.1  INrOAUCTION ..ottt ettt 531
17.2  Drinking-Water Standards...........ccoccecererniiniinneneenicnienieneeieneens 532
17.3  Sources of Drinking Water ..........ccccceceverviiniiinineincniiienicenens 533
17.4  pHand TDS..c..oooiiiiieeceeeee et 538
17.5  MaJOr IONS cceevieiiiiiiieeiicieetecee et 538
17.5.1  CatiONS..cvieieniieiinieeienieeieeiteeetete et 538

17.5.2 ADIONS weouiiiiiiiiiinieeieseeest et 541

17.6 MINOT TONS ...eeiiiiiiiiiieniicieetecetee ettt 541
177 Trace EIBMEeNtS ........coeviiriiriiiiiiinieeieneeteneeee et 542
17.8  Drinking-Water Standards...........ccocceveveeniinieeneneenenienieneeeneens 543
REfEICINCES ...vviiiiitiiiiiieieee e e 546
Groundwater: Quality Degradation and Water Pollution ................... 549
18.1  Wadi Al Bih Limestone AqUifer..........cocceceveevineincniincnienenens 550
18.1.1  INtroduCtion ........coccevuereerienienieniienieeienieeeeeeee e 550

18.1.2  Field WOrK .....coeiuiiiiriiriiieieeeeee e 550

18.1.3  Chemical and Microbiological Analyses .........c..cc........ 550

18.1.4  Microbiological Pollution .......c...cccceceeveeviineencneencnnee. 552

18.2 Al Ain Limestone AqQUifer........c.ccoceevinerniiniiinineinicnicienecienens 555
18.2.1  INtroduCtion ........cocceveereenierienienieieeteieeeeeeee e 555

18.2.2  Field Work and Laboratory Analyses........c..ccccceceenuennee. 555

18.2.3  Discussion of Results.........ccocevverieriineniiinicenenienennne. 556

18.3  Fujairah Ophiolite AQUIfer..........ccoceeviririiiniiiiniiicnicicreciene 558
18.3.1  INtroduCtion ........coccevuereenienienienieieetenieeeeeeee e 558

18.3.2  Field Work and Laboratory Analyses........c..ccccceceeruennee. 559

18.3.3  Discussion of Results.........ccocevveriircieninniinicencneenicnnne. 559

18.4  Eastern Gravel AQUIfer.........ccoceevieviriiinirniiniiiineciceccseeee 560
18.4.1  INtroduCtion ........coceevuireerieriiiienieieeteieete e 560

18.4.2  Model Assumption and Simulations .........c..cceceeeenuennee. 562

18.4.3  Discussion of Results........cccocevverierciininiiinicencneenennne. 563

18.5  Western Gravel AQUITeT.........coeeiiviriiiniiiiniiicnecicseceseces 567
18.5.1  INtroduCtion ........coccecuereerierienienienieetenieeeeeeee e 567

18.5.2  Satellite Images and Water-Resources Data.................. 568

18.5.3  Discussion of Results.........ccocerveririineeniiniceneniencnnne. 568

18.6  Liwa Quaternary Sand AQUIfer ........cccoceeviirirvineininicnienicienens 569
18.6.1  INtroduCtion ........cocceceereenienienienienieetenieeeeeeee e 569

18.6.2  Field Work and Laboratory Analyses........c..ccccceceenuennee. 571

18.6.3  Discussion of Results.......c..ccocevveririeneniineeneneencnnee. 571
18.6.3.1 Sources of Nitrate.........coccevervuererrueneeruennns 571

18.6.3.2 Land Use.....coceevuieiineeiinieniiiicniccienieeieiens 572

18.6.3.3 Major Ions Chemistry.......c.cceceererueneennennnnns 573

18.7  Quaternary Sand Aquifer in Ajman Emirate...........c.cccoeveenennens 574
18.7.1  INtroduCtion ........coccevuereenieriinienieieeteieeeeeeee e 574

18.7.2  Field Work and Laboratory Analyses........c..ccccceceenuennee. 576



XX

Contents

18.7.3  Discussion of Results.......c.cccocereeriirciineniiinicencneencnnne. 576

18.7.3.1 Pollution SOUICES.......cccerveerereererieneerenieens 577

18.7.4  Natural Factors .......c.ccoceevieriineniiniiniinieeicsceceeeenen 578

18.7.4.1 Geographic Location ..........ccceveeueneenennnns 578

18.7.4.2 Climatic Conditions.........ccoccevvereeveneeruennnnns 578

18.7.4.3 Hydrogeologic Setting.........c.cccoceevvereeruennnns 579

18.7.4.4 Groundwater Chemistry .........ccocceeereeruennnnns 580

18.7.5  Anthropogenic Factors.........cccceceevevciinennienicnncneencnnee. 584
REfEICICES ...vviiiiiiiiiiiieieeee et 586

Part VII Integrated Water Resources Management

19 Water Conservation and Integrated Management ............................... 593
19.1  INrOAUCHION ..ottt ettt st 593
19.2  Flood-Water CONSEIVALION ...........coeeierieierierienieeienieeienieenienneens 595
19.3  Groundwater CONSEIVAtION ..........coeeverieeierierieneeienieeienieenienieens 596
19.4  Desalinated Water...........co.eviiriieieniiienieieneeie et 599

19.4.1 Demand Management ..........cc.cecueeeeruereeneneeneneenennne 599
19.4.2  Supply Management..........cccceceeevereeneneeneneeneneenennnen 601
19.5  Treated WaStEWALeT ........cc.eveerieeieniieienieeienieeee et sieens 602
19.6  Technological Solutions and Social Practices..........c.cccoceveeruennnee 603
19.6.1  Controlling Water Wastage..........ceccevvereenereeneneenennnen 604
19.6.2  Minimizing Water LosSS .....c.ccoceeviereeneneeneneenenieneneen 606
19.6.3  Sequential Water USe ........ccceeeeveneenieneeneneenenieneneen 606
19.6.4  Water Tariffs.......ccocooievieniiiinicieeccecen 606
19.6.5 Improved Planning ........c..cccceeveeveniencniencniencnienennne. 607
19.6.6  AWAIENESS.c..eouiiiiiiiiiieiieiieieettete ettt 607
RETEICICES ...vviuiiiiiiiieiieiie e 608

20 Water Harvesting ............ccccoeoiiiiiieiiiiiiieiieeie ettt 609
20.1  INtrodUCHON ..couviiieiieiieicetecee et 610
20.2  Traditional Water Harvesting Methods ..........ccccceceevineeninencnnen. 610

20.2.1  Surface Water Harvesting........c..cceceecveveevcncencneencnnne. 610
20.2.1.1 Rainwater Harvesting .........ccoccvevveneenennnnns 610

20.2.1.2  BAITIEIS c.uveveeiiiieeiieiieic et 611

20.2.1.3  HabiSas ....ccceevuerieiinieniinieieeieneeeesieeenins 611

20.2.1.4  Berkas......coceviriiiiniiniieeceee 613

20.2.2  Groundwater Harvesting .........ccccceceevveveeviencencneencnnne. 614
20.2.2.1 Afla] SYStemS..cc.eevvireeniirienieiieneeieseeeniens 614

20.3  Modern Water Harvesting Methods ........c..coceeveniiviincencncenennnn. 616
20.3.1  Surface Water Harvesting........c.ccceceevveveevicncencneencnnne. 616
20.3.1.1 Cloud Seeding .......ccccevereererreenerrieneeieninns 616

20.3.1.2  Artificial Rain.....cccoeoiniiinecnccnincincns 617

20.3.1.3 Recharge Dams........ccoceeeenerienenncneencnnns 618

20.3.2  Groundwater Harvesting .........ccccceeevveveeviencencneencnnne. 623



Contents XXI1

20.3.2.1 Artificial Recharge ..........ccoceevenervcninncnnns 623

20.3.2.2 Aquifer Storage and Recovery .......c..cccc.... 625

20.3.2.3 Subsurface Dams......c..cocceverveeneincnenncnnns 628

REfEICINCES ...vviiiiiiiiieiieitee e 629
21 Advanced Agricultural Technologies................cccccoeeviriiinniiniiinienee 631
211 INtrodUCHON .couviiiiiieiiiicetececee e 631
21.2  Agriculture and Food Production...........cecceceeviineiviincencncencnnne. 634
21.3  Sources of Irrigation Water ..........cccceevevierieneeiineeiiineecseeneeanen 638
21.4  Trrigation Methods.......ccccovvireeniirieniniinieniceeteeeeeeeec e 639
21.4.1  Conventional Irrigation Methods ..........cccccoccevinienennne. 639

21.42  Advanced Irrigation Methods.........ccccceceeviinceniniencnnne. 640
21.4.2.1 Drip Irigation.....c..coceevereenerneniennieneeienens 640

21.4.2.2 Sprinkler Irrigation ..........ccocceveerervcniencnnns 643

21.4.2.3 Bubbles [rrigation.........ccccceeeeerervicneencnnnns 644

21.5  Protected AZrICUITUIE .....coceevueeiiriiiiniiiiectceetceeeeeeec e 645
21.6  Biosaline AGriCulture .........c.cceoereenierienieniinieeieneeeeeeeec e 646
21.6.1  Water Conservation ..........coceeeeevenueeeeneeieneeneneenennees 648

21.6.2  Water REUSE....cceeveeiiniiiiiniieicerceeeccete e 649

21,63 Water Data......cooeveeniiniiienicicctceecceeeee e 649

21.6.4  Trrigation Efficiency ......cccoceveeciininiincenicnccncnccncee, 649

21.6.5  Water StOrage .....c.ccevuerueeruerieniinieieeienieeienieeeesieeneeennes 649

21.6.6  Seawater Use in Biofuel.........cocccoevincenininincncnne. 650

21.7  Aquaculture and HydroponicCs..........c.ccoeevereriinennienieencneenennen 651
21.8  Agriculture and the Environment.........c..cecoeeeeveneeniencencncenennne. 651
21.9  Agriculture POlICIES. ....ccccoouererriiriiiiniiienicectceeeeeeec e 651
REfEICICES ...eviiiiiiiiiiiiitce e 652

Part VIIT Modern Techniques in Water Investigations

22 Application of Remote-Sensing Techniques for Water-Resources

Investigations in the UAE ..............cooooiiiiiiiiiiiiieceeeeee 657
221 INtrOdUCHON ..couviiieiieiieicetecee e 657
222 Image ProCesSING ....ccceveeiiriinieniienieniienieeteieeteie e 660
22.3  Image Enhancement...........coccooeriineniininicniniinieeieecec e 660
22.4  Information EXtraction .......c..cccccoceeverieninieninienieicncecsceneen 661
22.4.1  Infiltration Rate ......c.ccoceeveriiniiniiniiiincecceceeeen 661
22.42  Uniformity Coefficient.........ccccecvevervueneeniencencniencnnne. 663
22.43  Classification of Dune and Interdune Areas.................. 665
22.4.4  Calculation of Natural Evaporation...........c.cceeeeeenuennee. 666

REFEICNCES wooiiiiiieiiee et e e 666



XXii Contents

23 Application of GIS Techniques for Water Resources

Investigations in the UAE ..............cocooiiiiiiiiniiieee e
23,1 INtrodUCHON .coutiiiiiieiictcetcrcecee e
23.2  Geomorphology and Geology .......c.ccoceevuerienieriinerieneeneneeneennen
23.2.1  Geomorphology......c.ccoceeverienieriiniinicneeiescee e
23.2.2  Geologic Setting.....ccccoveruerierieriiiieieneeieseee e
23.3  Hydrogeology and Hydrogeochemistry .........cc.ccoccevvereencneennennee.
23.3.1  Hydrogeology........ccocereererieniriinieeienieeienieeienieeneeeeees
23.3.2  HydrogeoChemistry .......ccccoceererrenierieneeieneeieneeneenen
234 GIS MOMEL ..ottt ettt
23.4.1  Model Construction.......c..cevevueerenieeeeneenieneenieneenennnes
2342  Model INPULS ..co.eerveeiiniiiienieieetcieecceeeee e
23.43  Model OULPUL.....coeeviiriiiienieieerceeeceeeee e
REfEICINCES ...vviniiiiiiiiiiieieee e

24 Application of Natural Isotopes Techniques for Water

Resources Investigations in the UAE...................coccooiiiniiniiiniiie,
241 INtrOdUCHON .coutiiiiiieiieicetcrceeree et e
242 Sources of Rain Water........cccceverienieriinenieniieicnieeiceeec e
24.3  Origin and Age of Groundwater...........coccecvereeveneenieneeneneenennen
24.4  Natural Isotopes in Groundwater ............cccceeeveneerieneeneneenennne
24.4.1  Wadi Al Bih Limestone Aquifer.........cc.ccccevvcevereencnne.
2442  Jabal Hafit Limestone Aquifer ...........ccceceveencneencnnne.
24.43  Eastern Gravel AQUifer........ccccocevevvineeniincencneenennne,
2444  Western Gravel AqQUifer........cccoceveevincevinicencncencnnne.
2445 Liwa Quaternary Sand Aquifer ..........cocceeevcevcncencnnne.
24.5  Source(s) of Increasing Groundwater Salinity ..........coccevvereennennee.
24.6  Assessment of Groundwater Pollution..........ccccceeeviincenincencnnne.
24.6.1  Oil-Field Brines.....cc.ccoceverieninieniniinceicscecseeneeen
24.6.2  Nitrate POIIUtION ....cocevieniiriiiiiiciecicccicccc e
24.7  Efficiency of Groundwater Recharge Dams..........ccccoceevineenenee.
REfEICICES ...eviiiiiiiiiiiiitce e

25 Application of Modeling Techniques for Water-Resource

Investigations in the UAE ..............cooooiiiiiiiiiice e
25.1  INtrOAUCHION ....eiiiiiii ettt e e
252  Wadi Al Bih MOdel ......ccoooeviiiiiiiiiieieeceeeeee e
25.2.1  Model ASSUMPLONS...c..eeruerreriirriniirienieeienieeeeneeneeeaees

25.2.2  Boundary Conditions .......c..ccoceeceeruereeneenieneenueneenennne
2523 Input Data.......ccccooiiviniininiiitcce e

2524  Simulation ........ccccoeiviiiiieiiiieeiiie e
25.2.4.1 Calibration.........ccceeevevieeeiuiieeiiie e

25.2.4.2  PrediCtion .......cccoveeevvieeeiiieeiee e

25.3  Groundwater Flow Models for the Al Ain Area.........cc..cccuvenene...
25.3.1  AlJaww Plain Model .........cccooeoiiiiieiiiieiec e

25.3.2 West ALAIn Model.........ccooeviiiiiiiiiiiiiieeiee e

RETEICNCES .oooiiieieeie et e



Contents

Part IX Water Governance

26 Water Governance inthe UAE..................c.coccooinininiiince,
26.1  INtrodUCHON ..couviiiiiieiiiicetececeectece e e
26.2  HiStorical OVEIVIEW .......ccccoeeviiriinieniiiinicieeteieeee e

26.2.1  Ministry of Agriculture and Fisheries ............cccocc......
26.2.2  General Secretariat of UAE Municipalities ..................
26.2.3  General Water Resources Authority ..........cocceeeveencnnee.
26.2.4  Federal Environmental AZency ..........cocceeveveeruereencnne.
26.2.5  Ministry of Environment and Water.............cccecceeunee.
26.2.6  Ministry of Climate Change and Environment..............
26.3  Administrative Status of Water Authorities........c..cccceeveevireenennee.
26.3.1  Federal AUthOrities . .......ccccovevuerveniiniiniieiinceiceeeeeen
26.3.1.1 Ministry of Climate Change
and Environment ..........ccccceceevincenineenennne.
26.3.1.2 Ministry of Energy .......ccccoceevenenvcneencnnns
26.3.1.3 Federal Electricity and Water Authority.......
26.3.1.4 National Center of Meteorology
and Seismology ......cccocveeveniiniinceniiieneeen
26.3.2  Local AUthOTities.......coceeruerienierriniieicnieeicncee e
26.3.2.1 Environment Agency of Abu Dhabi .............
26.3.2.2 Abu Dhabi Water and Electricity
AUhOTILY ..ot
26.3.2.3 Dubai Electricity and Water Authority.........
26.3.2.4 Sharjah Electricity and Water Authority.......
26.3.2.5 Ras Al Khaimah Environment Protection
and Development Authority ........c.ccoceevuenee.
26.3.2.6 Ajman Municipality and Planning
Department .........coceevverciieniiennieniiiiicneeeane
26.3.2.7 Umm Al Quwain Municipality.......c..cc..c......
26.3.2.8 Fujairah Municipality .......cccceocevverveneenennns
2604 Water LaWs....couooiiiiiiiiiiiiinicccecceeceee e
26.4.1  Conventional Water-Resources Laws........c..ccccceeencnnee.
26.4.1.1 Surface Water Laws.........ccoceevverernieneencnnns
26.4.1.2 Groundwater Laws ..........ccoceevenerncnenncnnns
26.4.2  Nonconventional Water-Resources Laws.............c........
26.4.2.1 Desalinated Water Laws .........ccoccevereenennnns
26.4.2.2 Treated Wastewater Laws ........c.cceeueveeenennnns
26.5 Institutional Development.........c.cccoevieneriininiineenieneecneeeeen
26.5.1  Need for Federal Water Laws......c..cccccoceevvereencneencnnne.
26.5.2  Establishment of a Federal Water Authority .................
REfEICINCES ...vviiiiiiiiiiiieitcee e e

XXiii



XX1V Contents

Part X Water Resources and Demand Management

27 Water Resources and Water Demands in the UAE ............................... 757
27.1  INtrOdUCHON ..coutiiiiiieiiiicetericec et 757
27.2  Water RESOUICES ......eouiiiiiiiiiiierieeienitecetceeece e 760

27.2.1  Conventional Water Resources...........c..cecevceeruereencnne. 760
27.2.1.1 Seasonal FIoods........cccccoceerervienennicnennennns 761

27.2.1.2  SPIINZS.coiiriiiinieiinieniteeenieete e 762

27.2.1.3  Afla] i 763

27.2.1.4 GroundWater..........coccevereenerneenennieneeniennens 765

27.2.2  Non-conventional Water Resources ..........c..ceceeeenuennee. 776
27.2.2.1 Desalination Water ..........ccocceeeerervueneenuennnns 776

27.2.2.2 Treated WasteWater..........ccoceevereevenieennennnns 779

27.3  Water Demands .......ccccooeeviineeninieneniececeeeeee e 781
27.3.1  Agricultural Water Demand ..........ccccceceeviiniincnencnnne. 784

27.3.2  Municipal Water Demand ...........cccceceveeviincencnencnne. 784

27.3.3  Industrial Water Demand.........c.cccoceecveneevincincncencnnne. 785

27.4  Demand-Supply Balance.......c.ccooeeverieniniicniniiiniiiincecnceneeen 785
27.4.1  Present Demand-Supply Balance.......c..cccccoccevuvreencnnee. 785

27.4.2  Future Demand-Supply Balance ........c..cccccocceviniencne. 785

27.43  Future Water Demand ............coceoevviineenincincncencnnne. 785

27.4.4  Future Water SUpply.....ccocceceerervieneniiineeienceieneeneeeen 786

27.5 Integrated Water Resources Management Strategy.............cc........ 786
REfEICICES ...eviiiiiiiiiiiiitce e 788

28 ConCIUSIONS .......oueiiiiiiiiiiicicitcet ettt 793
28.1  INtrodUCHON ..couviiiiiieiiiicetecece et 793
28.2  Overview on Global Water ReSources ..........cccceeeeveereencneenennne. 794
28.3  Geomorphology and Geology .......c..cecuevuerririeriineriineeicneeneeanen 796
28.4  Climate Conditions and Their Impact on Water Resources .......... 797
28.5  Climatic Water Balance.........cc.ccoceeverienienicneniineiicneecseeneen 799
28.6  Seasonal FIoOds.......cccccoiiiiriiniiniiniiniiiccicieetececeeee e 800
28.7  Natural SPringS.....cccceceereeriireerenienienieneetee ettt 801
28.8  Afla] SYSEIMS .eeovieniieiiiiieieceeee e 801
28.9  LimesStone AQUITEIS .....c..coocererrerienenienieetcieeteeet e 803
28.10  Ophiolite AQUITET ....cceevvieiirieeienieenieeet e 804
28.11  Gravel AQUITETS c..coveeuiiriiiiireeierieeerteeee e 806

28.11.1 The Eastern Gravel AQUifer.........cc.cocceveeviincincncncnnne. 806

28.11.2 The Western Gravel AQUIfer........c..coceveevuencencneencnnne. 807
28.12 Liwa Quaternary Sand AqQUIfer ........c.cccoceeveveriiineniinienineenenee, 809
28.13 Sand-and-Gravel Aquifer SyStem.........ccccecveverviineniieneencneenennne. 810
28.14 Desalinated Water........c..cooereeriirienienienienicieeteeeeeeeeee e 812
28.15 Treated WaStEWALeT ........cocuereeriirieenieniieieeireieeiteeie et 813
28.16 Challenges Facing Water ReSources ..........coccecveveeieneencneencnnne. 813
28.17  Drinking Water ........cccueverriiriiniinienieniienieereieetesie et 815

28.18  Groundwater POIUtION ........ccovuuvieiiiiiiiiiiee e 815



Contents XXV
28.19 Water Conservation and Integrated Management ...............c.c..... 817
28.20 Water Harvesting........ccoeevereenienienienienieeieieeieieeee e 818
28.21 Advanced Agricultural Technologies ..........cccceceveeviinicenincencnnne. 819
28.22  Application of Remote-Sensing Techniques...........ccccccecveeninnnne. 820
28.23  Application of GIS Techniques for Water Resources.................... 821
28.24 Application of Natural Isotopes to Water Resources .................... 821
28.25 Application Modeling Techniques for Water Resources............... 823
28.26  Water GOVEINANCE .......ceeueeuiruiiiiiiriiieiesteieie e 825
28.27 Water Resources and Water Demand .............ccccecveiiinincncnnne. 826
REfEIENCES ...ocviiiiiiiiiiiicccce e 826

INAEX ..ot 831



Abbreviations

AADC
AAS
ACI
ACSAD
ADDC
ADSSC
AED
ADWEA
ADWEC
ADFCA
AMPD
amsl
AOAD

ASR
AUST
AW

BOD
Br
BSA
BWRO
GCC
Cd

Cr

Ca2+
Ca(HCOy),
CaSO,
CaCO;
]4C

Al Ain Distribution Company

Atomic Absorption Spectrophotometry
American Concrete Institute

Arab Center for the Studies of Arid Zones and Dry Lands
Abu Dhabi Distribution Company

Abu Dhabi Sewerage Services Company
United Arab Emirates dirham

Abu Dhabi Water and Electricity Authority
Abu Dhabi Water and Electricity Company
Abu Dhabi Food Control Agency

Ajman Municipality and Planning Department
Above mean sea level

Arab Organization for Agricultural Development
Arsenic

Aquifer Storage Recovery

Ajman University of Science and Technology
Arab world

Boron

Biochemical oxygen demand

Bromide

Bismuth sulfite agar

Brackish water reverse osmosis

Gulf Cooperation Council

Cadmium

Chromium

Calcium ion

Calcium bicarbonate

Calcium sulfate

Calcium carbonate

Carbon 14

XX Vil



XXViii Abbreviations

CEDARE Center for Environment and Development for the Arab Region and

Europe
CDM Clean Development Mechanism
Cl- Chloride ion
CO, Carbon dioxide
CCS Carbon capture and storage
COy/m? Carbon dioxide per cubic meter
CFCl, Trichlorofluoromethane
CFCs Chlorofluorocarbons
Co Cobalt
CH, Methane
CPDPs Cogeneration Power Desalination Plants
C, Uniformity coefficient
Cu Copper
DC Direct current
DEWA Dubai Electricity and Water Authority
DM Dubai Municipality
DP Desalination plant
2D Two-dimensional
3D Three-dimensional
DLR German Aerospace Center
DO Dissolved oxygen
Dy Drainage density
DS-1 DubaiSat
DST Defined substrate technology
DEM Digital elevation model
DWEA Dubai Electricity and Water Authority
EAD Environment Agency-Abu Dhabi
ECA Eastern coastal area
ECCD Energy and Climate Change Directorate
EDSA Eastern drainage southern area
EGDC Emirates Green Development Council
EMR Eastern mountain ranges
ECC Energy and climate change
EPA Environmental Protection Agency
EPD Environmental Protection Department
EPDA Environment Protection and Development Authority
DRDAS Earth Resources Data Analysis System
ESCWA Economic and Social Commission for Western Asia
ESRI Environmental Systems Research Institute
ds Effective grain size
EC Electric conductance
EDN Effluent distribution network
EC Electrical conductivity

ED Electrodialysis


http://www.google.com/url?sa=U&start=1&q=http://www.escwa.org.lb/&e=9797

Abbreviations

ERWDA
ESCWA
ET

E-

FAO

Fe

FE

Fs

ET
FCSA
FEA
FEWA
EDTA
FAO
FM
FWA
GIS
GMWL
GCMs
GP
GPD
GCC
GDP
GHGs
GMWL
COM
GSM
GSO
GWI
GWRA
GWRO
’H

H

H,S
HMS
HGA
HCO;~
th2
dh/dl
ICBA
TAEA
ICP-AES
Ic

1P
IPCC

XXiX

Environment Research and Wildlife Development Authority
Economic and Social Commission for Western Asia
Evapotranspiration

Fluoride ion

Food and Agriculture Organization

Iron

Finite element

Stream frequency

Evapotranspiration

Federal Competitiveness and Statistics Authority
Federal Environmental Agency

Federal Electricity and Water Authority
Ethylenediaminetetraacetic acid

Food and Agriculture Organization

Fujairah Municipality

Federal Water Authority

Geographic information systems

Global meteoric water line

Global climate models

Gravel plain

Gallon per day

Gulf Cooperation Council

Gross domestic product

Greenhouse gases

Global meteoric water line

Cabinet of Ministers

General Secretariat of Municipalities

GCC Standardization Organization

Global Water Intelligence

General Water Resources Authority
Groundwater reverse osmosis

Deuterium

Tritium

Hydrogen sulfide

Hydrologic Modeling Center
HydroGeoAnalyst

Bicarbonate ion

Half-life time

Hydraulic gradient

International Center for Biosaline Agriculture
International Atomic Energy Agency
Inductively coupled plasma-atomic emission spectrometry
Infiltration capacity

Induced polarization

Intergovernmental Panel on Climate Change
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IDA
IRENA
Ir

ISO
IWA
IWRM
Ipcpd
IAEA
IWACO
JICA

K+
KCl

LDAS
L/d
L/Sec
Pb

Li
LMWL
MMWL
Qm

M

MAF
Mn

M g2+
pS/cm
Mn
MAR
MAF
g /L
Mo
MOE
MOEW
MSF
MOFA
(MOCCAE)
mg/L
MCM
MENA
MEW
MED
MMWL

Abbreviations

International Desalination Association
International Renewable Energy Agency
Infiltration rate

International Organization for Standardization
International Water Association
Integrated water resources management
Liters per capita per day

International Atomic Energy Agency
International Workshop on Aliasing, Confinement and Ownership
Japan International Cooperation Agency
Hydraulic conductivity

Potassium ion

Potassium chloride

Kilometer

Kilogram

Hydraulic conductivity of the soil layer
Land data assimilation systems

Liters per day

Liter per second

Lead

Lithium

Local meteoric water line
Mediterranean meteoric water line

Ohm meter

Meter

Ministry of Agriculture and Fisheries
Manganese

Magnesium ion

Microsiemens per centimeter
Manganese

Managed aquifer recharge

Ministry of Agriculture and Fisheries
Micrograms per liter

Molybdenum

Ministry of Energy

Ministry of Environment and Water
Multistage flash

Ministry of Foreign Affairs

Ministry of Climate Change and Environment
Milligram per liter

Million cubic meters

Middle East and North Africa

Ministry of Electricity and Water
Multi-effect distillation

Mediterranean meteoric water line



Abbreviations

MPMR
MSP
MIST
MIG
MgCl,
MWE
Na*
NGOs
NH;
NH,~
NO,~
NO;~
NO;™-N
15N

NH,CI
130

Pb
PET
pH
PO,2-
ppb

ppm
Ps

RSB
26R(g
™R

RO
RS
STP
Sc
SC
Se
SEPA
Sr

XXXi

Ministry of Petroleum and Mineral Resources
Methane serpentinized peridotites

Masdar Institute of Science and Technology
Million imperial gallons

Magnesium chloride

Ministry of Water and Electricity

Sodium ion

Nongovernmental organizations

Ammonia

Ammonium

Nitrite

Nitrate

Nitrate-Nitrogen

Nitrogen-15 isotope

Sodium chloride

Effective porosity

Nickel

National Aeronautics and Space Administration
National Centre of Meteorology and Seismology
Nanofiltration

National Drilling Company

Nitrous oxide

Ammonium chloride

Oxygen 18

Ozone

Lead

Potential evapotranspiration

Hydrogen ion concentration

Phosphate

Part per billion

Part per million

Water surplus

Groundwater recharge

Regulation and Supervision Bureau
Radium

Radon

Bifurcation ratio

Reverse osmosis

Remote sensing

Sewage treatment plant

Storage coefficient

Specific capacity

Selenium

Sharjah Environment and Protected Areas Authority
Strontium
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Sy
SPC
SEWA
SPOT

SWRO
SWI
SWS
SAR

SOS
Sr
Se

SO,
TDEM
TDS
TH

TEM
TDEM
TA

TH

TDS
(TDIC)
™

TPH
TRANSCO
TSS

TU

UN

UAE
UAEU
UAQ
UAQM
UNDP
UNESCO
USGS
UPC
UTM
VES
VRBA
WDC
WDCA

Abbreviations

Specific yield

Sewage Projects Committee

Sharjah Electricity and Water Authority
Earth observation satellite (French: Satellite Pour 1’Observation de
la Terre)

Seawater reverse osmosis

Saltwater intrusion

Schlumberger Water Services

Sodium adsorption ratio

Specific yield

Slow-release oxygen source
Strontium

Selenium

Storage coefficient

Stream frequency

Sulfate ion

Time-domain electromagnetic method
Total dissolved solids

Total hardness

Transmissivity

Transient electromagnetics
Transient-domain electromagnetics
Total alkalinity

Total hardness

Total dissolved solids

Total dissolved inorganic carbon
Thematic mapper

Total petroleum hydrocarbon

Abu Dhabi Transmission & Despatch Company
Total suspended solids

Tritium unit

United Nations

United Arab Emirates

United Arab Emirates University
Umm Al Quwain

Umm Al Quwain Municipality

United Nations Development Program
United Nations Educational, Scientific and Cultural Organization
United States Geological Survey
Urban Planning Council

Universal Transverse Mercator
Vertical electrical soundings

Violet red bile agar

World Dam Commission

Western Drainage Central Area
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WDNA
WHO
WMO
WWF
Zn

Western Drainage Northern Area
World Health Organization

World Meteorological Organization
World Wide Fund

Zinc
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