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l. EXECUTIVE SUMMARY

This thesis focuses on the development, applicati@hevaluation of new integrative approach for
the planning of Managed Aquifer Recharge (MAR) @pis in the context of Integrated Water
Resources Management (IWRM). The approach combgsees of quantitative water resources
management with the idea of MAR to artificially emice groundwater recharge. To test the approach
MAR is applied for two fundamentally different casterdies: the tropical coastal region around the
city of Jodo Pessoa in Northeast Brazil and thedfitJericho with its neighboring Auja village in

the semi-arid Lower Jordan Valley of Palestine.

In the tropical case study area of Jodo Pessoacuie threats for the local groundwater resources
could be detected for the present. The water resswaystem does, however, reveal a high sensitivity
and risk for overexploitation under the assumptigingarious scenarios for future development. The
results show that this risk could be reduced ifraglskd in time. A decentralized implementation of
several MAR facilities throughout the study arearaped with surface runoff from the river network,
has been identified as a potential measure to st@gastainable development of the water resources
system even under challenging future conditions angotential increase of the highly water
demanding sugarcane plantations. It is suggestedttd| at least two MAR test facilities in thesar

testing surface infiltration technology at one koma and direct injection at the other.

The semi-arid case study of Jericho-Auja nowadagsdy suffers from immense water shortage in
addition, to high seasonal and annual fluctuationsvater supply, coming mostly from several
natural springs in the region. A set of measuresuggested that might be combined with a MAR
implementation in order to increase the amount afewavailability on one hand and reduce the
volatility of supply security on the other. The rhgsomising measure of activating new water
sources is the implementation of additional deepigdwater wells that penetrate the aquifer beneath
the shallow alluvial fan which is strongly overexipbd presently. Future scenarios revealed even
higher deficits in water supply that could, aftee exploitation of all available local water sowce
and the implementation of a MAR system, only beeted by additional water imports. Also for this
case study the installation of at least one MARtglant is recommended, in addition, to immediate
actions with regard to the implementation of asteae new deep well. Political restrictions have

been neglected for this study.

In both studies the application of the suggested approach lead to valuable results and an
increased understanding of the local water ressusgstem. Extended recommendations are given
for both areas with a special focus on the enhaanéof monitoring systems, since data scarcity is
a big challenge in both studies. Without a profodath basis, water resources management is limited

to many assumptions and approximations, increabmdevel of uncertainty for any results.
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. Z USAMMENFASSUNG

Die vorliegende Arbeit setzt den Fokus auf die Ecitlung, Anwendung und Beurteilung eines
neuen integrativen Planungsansatzes fur die kdiettel Grundwasseranreicherung (efgiAR -
Managed Aquifer Recharpem Kontext eins integrierten Wasserressourcengamants (engl.
IWRM -Integrated Water Resources Managem&dr Ansatz kombiniert Themen des quantitativen
Wasserressourcenmanagements mit der GrundideeAlgs dile Grundwasserneubildung kinstlich
zu erhohen. Um den Ansatz zu testen, wird er figi Zandamental unterschiedliche Fallstudien
angewendet: die tropische Kistenregion um die Stadid Pessoa im Nordosten Brasiliens, sowie

die Stadt Jericho und das angrenzende Dorf Aujseimi-ariden Unteren Jordantal, Palastina.

Fur die tropisch gepragte Fallstudie Jodo Pessoa kaine akute Gefahrdung der ortlichen
Grundwasserressourcen festgestellt werden. Daseiassourcensystem zeigt jedoch eine hohe
Sensitivitat und Gefahr fur Ubernutzung unter den&hme verschiedener Szenarien zukiinftiger
Entwicklung. Die Ergebnisse zeigen, dass dieseikdrisrheblich reduziert werden kann, wenn
entsprechende Malinahmen zeitnah durchgefuhrt weilen dezentrale Implementierung von mit
Oberflachenwasser betriebenen MAR Anlagen wurdepalentielle MalRnahme identifiziert, um
eine nachhaltige Entwicklung der Wasserressoursetihst unter herausfordernden mdglichen
Entwicklungen zu unterstitzen. Es wird empfohlen, mindestens zwei Standorten MAR

Pilotanlagen zu errichten, um jeweils Infiltratieusd Injektionstechnologien im Gelénde zu testen.

Die semi-aride Fallstudie Jericho-Auja leidet bisrbeute unter enormer Wasserknappheit und einer
zusatzlichen Belastung durch hohe saisonale urrticjiégn Schwankungen der Wasserversorgung.
Eine Reihe von Maflnahmen wird empfohlen, welche Kiombination mit einer MAR
Implementierung die Menge an bereitgestelltem Wassdéhen und die Volatilitat der
Wasserversorgung reduzieren kénnten. Als die visprechendste MalRnahme wird hierbei die
Errichtung mehrerer Tiefbrunnen empfohlen. Szenagakiinftiger Entwicklung zeigen einen
weiter steigenden Wasserbedarf an, welcher sellasth nAktivierung samtlicher lokaler
Wasserressourcen nur tber weitere Importe gedemkiam kdnnte. Auch fur diese Fallstudie wird
die Installation einer MAR Pilotanlage in direkiéerbindung mit der Installation wenigstens eines

Tiefbrunnens empfohlen. Politische Einschrankungerden fir diese Studie nicht beachtet.

In beiden Fallstudien hat die Anwendung des vordgegenen neuen Planungsansatzes zu
wertvollen Ergebnissen und einem verbesserten &faisis des lokalen Wasserressourcensystems
gefuhrt. Ausfuhrlichere Empfehlungen werden fir Namitoring der Ressourcen ausgesprochen,
da beide Regionen durch einen Mangel an Daten gegirid. Ohne eine solide Datengrundlage wird
jegliches Wasserressourcenmanagement auf zahlrefehmeutungen und Schéatzungen limitiert,

welche einen erhdhten Grad an Unsicherheit gewanrrtergebnisse bewirken.




Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

lll. A CKNOWLEDGEMENT
First and foremost | would like to express my smecegratitude to Bernd Rusteberg

and Prof. Gerhard Gerold for supervision of my thesd continuous support of my work.

| started to work with Bernd Rusteberg more tharysiars ago as a student. Since then | learned a
lot from him about the issue of water resourcesagament and to work and think on a larger scale
within the context of interdisciplinary projectstime Middle East and Northeast Brazil. He enabled
me to work independently, but was always availablkmes of need. He encouraged my ability to
solve problems creatively and think outside the. Bgithout him neither the project framework nor

the thesis itself would have been realized.

Prof. Gerold enabled my contribution in the BRAMARject. He gave many great advice and was
a patient source of continuous support for my ssiélh Northeast Brazil. He was always available

for discussion and enriched my work with his expece.

| want to personally thank Prof. Martin Sauter émabling my cooperation in the SMART-MOVE
project and joining my examination committee. Ferthore, | thank the other members:

Prof. Heinz Hotzl, Prof. Martin Kappas and Dr. Elagjendijk for putting me to the test.

Many thanks go out to the colleagues and frieridslithe honor to work with during the past years,
that directly or indirectly contributed to this #& Prof. Cristiano Almeida, Lucila Fernandes,
Jaqueline Coutinho, Romero Barbosa (UFPB, Jo&dooREsG&erald DaSilva (I3S, Jodo Pessoa);
Saskia Schimmelpfennig, Prof. Matthias Schoniget Brof. Glunter Meon (TU Braunschweig);
Barbara Tsuyuguchi, Prof. Janiro Régo and ProfloSa&Balvdo (UFCG, Campina Grande); Prof.
Suzana Montenegro and Victor Coelho (UFPE, BraMyath Abu Sadah (HEC, Ramallah);
Abdelrahman Tamimi (PHG, Ramallah); Sebastian Sdhrand Torsten Lange (University of
Gottingen); Marcos Freitas (ANA, Brasilia); Anna &b and Prof. Johannes Pinnekamp (RWTH
Aachen); all the consortium members of the BRAMARI SMART-MOVE projects that were not

named here personally; and finally the BMBF foafiging these projects.

My special gratitude goes to Christoph and Sana&a@bRTheir support and cruel honesty during the

final stage of my work was beyond measure.
| thank my family and friends for believing in me.

Last, but definitely not least, | want to thank thest important person in my life: My wife, Maj.
She is the source of endurance and calmness tphatre going for more than eleven years. And

continues to do so. Without her, this would notédhbeen finished.

Leipzig, 14.06.2018




Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

V. T ABLE OF CONTENTS

L EXECUTIVE SUMMARY I
1. ZUSAMMENFASSUNG II
. ACKNOWLEDGEMENT i
IV. TABLE OF CONTENTS v
V. LIST OF FIGURES Vil
VI. LIST OF TABLES Xl
VIl. LIST OF ABBREVIATIONS Xl

1 INTRODUCTION
1.1 MOTIVATION

1.2 PROJECT BASED FRAMEWORK 3
1.2.1 THEBRAMAR PROJECT.....iiitiiiiiitiiiiiiieeiieeeeeeeeeeesssesseeeeeeaeeeteeeeeeeseeeeeeeeeeeeeeeeeeeeenes 3
1.2.2 THE SMART-MOVE PROJECT.....ctttttttuieemmmmmrennrennnnnnrennnnennniennneeeeseessssssessnnnsnnnnnnnes 5

1.3 RESEARCH OBJECTIVES
1.4 METHODOLOGICAL APPROACH
1.5 RESEARCHHYPOTHESIS

2 LITERATURE REVIEW 10

2.1 MANAGED AQUIFER RECHARGE 11
2.1 1 INTRODUCTION. ..ttt ettt e e et et e e e e e e eeas 11
2.1.2  STATE OF THEART ittt ettt ettt 12
2.1.3  WORLDWIDE APPLICATION. ..ctttttttttttteteesruensensntnnssnsnsssnsseennnneeeseesssesssssssssnesssssnnnnes 15
2.1.4 CHALLENGES OFMAR PLANNING ....ccooiiiiiiiiiiiiiiie ettt 17

2.2 INTEGRATED WATER RESOURCESM ANAGEMENT 19
2.2. 1 INTRODUCTION....c ittt et ettt ettt e e e e e e 19
2.2.2  STATE OF THEART 1ottt ettt e e ettt e e ettt e st e e st e e e s st e e ennesbaeesassaeeanbeaesnbeeesasseeeanseaeas 2Q
2.2.3 CHALLENGES OFIWRM IMPLEMENTATION ....ccoiuiieiiuiieeireeeireeeainreeessseessneeenseeens 21

2.3 MAR AS INTEGRAL PART OF IWRM:
NEED FOR AN INTEGRATED PLANNING APPROACH 22




Managed Aquifer Recharge in the Context of IWRM: Florian Walter

A new Integrated MAR Planning Approach. Georg-August-University Goéttingen
3 METHODOLOGY:

SUGGESTION OF A NEW INTEGRATED MAR PLANNING APPROAC H 23
3.1 INTRODUCTION 24
3.2 METHODOLOGY :

3.3

4.1

4.2

4.3

4.4

DETAILED DESCRIPTION OF THE SUGGESTED MAR PLANNING APPROACH 26
3.2.1 STEP1: DATA ACQUISITION AND ANALYSIS...ccuvireeeiitriereeassrrereesasneneesanssennnnssens 26
3.2.2 STEP2: GENERAL MAR FEASIBILITY ASSESSMENT . ...cctttttiiririrerieerirennnennneennnennns 27.
3.2.3 STEP3: WATER RESOURCESSYSTEM ANALYSIS ...iiiiiiiiieeee e 28
3.2.4 SteEP4: COMBINATION OF MAR CONCEPT ANDIWRM MEASURES

TO INTEGRATIVE STRATEGIES. ... e e 31
3.2.5 STEPS: DEVELOPMENT SCENARIOS. . .uiiiiiie sttt eaa e e 33
3.2.6 STEP6: MAR GROUNDWATERBUDGETASSESSMENT....cciiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 34
3.2.7 STEP7: GROUNDWATERSIMULATIONS ...ceiiiiiiiieieeeeeeee ettt e e 35
3.2.8 STEP8: PERFORMANCE ANDIMPACT ASSESSMENT. ...uuiiiieriaeeeeeee e 36
3.2.9 STEP9: RECOMMENDATIONS FORPILOT PLANT(S) wuuuiieeiiieeiiei e 38
3.2.10 STEP10: TECHNICAL MAR FEASIBILITY STUDY ...ccoiivviieeeiiieieeesninneeeessnneeeessnnnens 39
SUMMARY OF THE SUGGESTED APPROACH 40
CASE STUDIES: JOAO PESSOA AND JERICHO-AUJA 42
INTRODUCTION 43
STEP 1: DATA ACQUISITION AND ANALYSIS 44
4.2.1 SOCIO-ECONOMICS.....cciitiieiitiieeitee e ettt e eitee e s ette e eneeestae e s tee e s aaaeeeanteeesnseeeanneaeenread 44
A O I N PP 49
4.2.3 HYDROLOGY ..cccutiiiiitiieiiiieeeettee e eitee e s itte e s asteseneesbee e e abe e e e aaseeeanaaaesteeesssseeeannennes 52
4.2.4 HYDROGEOLOGY.....ettttttttttteuunuuessuunnsenssesssssssssenneaeeeeeeeeseeesssssssssssssssssssnssennnsnnnes 54
STEP 2: GENERAL MAR FEASIBILITY ASSESSMENT 62
4.3.1 SURFACECHARACTERISTICS....uuuuuiuuaeaaasaaa e e e e e e e e e e e eeeeee s 62
4.3.2 UNDERGROUNDCHARACTERISTICS. .. uiitiiee e eeee e 63
STEP 3: WATER RESOURCESSYSTEM ANALYSIS 64
4.4.1 SUBDIVISION OF STUDY AREA INTO MANAGEMENT UNITS ...ouiiiiiiiiieiiieeeeeeeeeeeeee, 64
4.4.2 WATER AVAILABILITY 1otttttuuutinuntnnnnn s aas s aa s e st sns s 67
4.4.3 WATERDEMAND .....cotttttiititiittiitttieetttetteetibeeebbeeeeee et eeeeeeeeeeeeseaeseeesbbssbbebbbennnbnnnes 76
4.4.4 HYDRO-INFRASTRUCTURE ...ttt iaeteae e eeee e e 86
4.45 WRSBUDGETS ANDPROBLEM IDENTIFICATION ...cceiuvvireeessteeeeeansneeeeessnneeeessnnnens 88




Managed Aquifer Recharge in the Context of IWRM:

A new Integrated MAR Planning Approach.

Florian Walter
Georg-August-University Goéttingen

4.5

4.6

4.7

4.8

4.9

4.10

5.1
5.2

STEP 4; COMBINATION OF MAR CONCEPT AND IWRM MEASURES
TO INTEGRATIVE STRATEGIES

451 MAR IMPLEMENTATION CONCEPT....ccutuiietituteeeetineeeeeineeseenseesanmneneaeens
4.5.2 INTEGRATIVE MAR-IWRM STRATEGIES.....ccuiiiiiiiiiieeeiiiieeeeiiin e e e e e eeees

STEP 5: DEVELOPMENT SCENARIOS

4.6.1 BASELINE SCENARIO. . .cuu ettt ettt e e e e e e e e e e e e e e aens
4.6.2 AGRICULTURAL DEVELOPMENTSCENARIO....ccuiitniitiitieeiieeiieeteeennesneens
4.6.3 DRY CLIMATE SCENARIO (DRY) ...cciiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeseeveeevanas e

STEP 6: MAR GROUNDWATER BUDGET ANALYSIS

4.7.1 OVERVIEW OF STRATEGY-SCENARIO COMBINATIONS TO BE ANALYZED
4.7.2 GROUNDWATERBUDGETS FOR SELECTEISCENARIOS ANDSTRATEGIES

STEP 7: GROUNDWATER SIMULATIONS

4.8.1 OVERVIEW OF CONDUCTEDSIMULATIONS AND MODEL SETUP.......ceuvvvnnes

4.8.2 SIMULATION RESULTS FOR SELECTEISCENARIOS ANDSTRATEGIES
STEP 8: PERFORMANCE AND |MPACT ASSESSMENT

4.9.1 DEFINITION OF INDICATORS. ...cctuuieiiiiiieeeeiiieeeeeie e e e et e e s ernmeeseeeann e eeenenas
4.9.2 INDICATOR EVALUATION ...uiiiiiiiicieiis e et e et e et e e e e ematn e e eann e e e eaanas
4.9.3 PERFORMANCEMATRICES AND RANKING OF STRATEGIES........cccvvvnveeennnn.

CONCLUSIONS FOR MAR IMPLEMENTATION IN THE CASE STUDIES
(STEP 9: RECOMMENDATIONS FOR MAR PILOT PLANTS)

4.10.1 CONCEPT OFMAR PILOT PLANTS ...oiiiiiieiiiiee ettt eneeeeaee e
4.10.2 SOURCE OFWATER ....ceeiiutiieiiieeeitteeesteeesteeesissssenneesseeesnssesassseassnneeeanns
4.10.3 LOCATION ...uiiieiiiiiieeeaitieeeeaatteeeeaassseseesnnneesassseseeaassseeeeaassseeeesassneeennn
4.10.4 TECHNOLOGY.....iiiiiieeiiieeiiteeeeetteesstteeestteseeneeessaeessssaeesnreeeansneesasseesasneas
4.10.5 PRETREATMENT ...ciittitittiitttitttiteteeteeeaeeseeesesssrereeeeeeeeeeeteteeeeeeeeeeeeeeeeeeeees
4.10.6 OPERATION. ...ttt i ettt e e e
4.10.7 MONITORING ... .ceiiiiiiiiiiiie ittt et e e ettt eeeeees
4.10.8 OUTLOOK TO STEP10: TECHNICAL MAR FEASIBILITY STUDY ....cccevvvveeene.

EVALUATION AND DISCUSSION

REVIEW OF OBJECTIVES AND HYPOTHESIS
EVALUATION AND DISCUSSION OF M ETHODOLOGY AND MAIN RESULTS

5.2.1 STEP1:DATA ACQUISITION AND ANALYSIS....uuiiiiiiieiieeiiieeeieeeree e
5.2.2 STEP2: GENERAL MAR FEASIBILITY ASSESSMENT ..ccuueeeeeeeeeeeaeeenaeeennns
5.2.3 STEP3: WATER RESOURCESSYSTEM ANALYSIS ..cvuiinieeiieeeiieeeeeereeanenees

5.2.4 StEP4: COMBINATION OF MAR CONCEPT ANDIWRM MEASURES

TO INTEGRATIVE STRATEGIES. ... iiiitiieeeeei e eeeitie e e e et e e s etrseeeee e e e eennnas

............. 416

-Vi-



Managed Aquifer Recharge in the Context of IWRM: Florian Walter

A new Integrated MAR Planning Approach. Georg-August-University Goéttingen
5.2.5 STEPS: DEVELOPMENTSCENARIOS. ....uuiitiieiie et et e e et e e e eemeeee e e et e eeaanas 168
5.2.6 STEP6: MAR GROUNDWATERBUDGETANALYSIS . .iitiiiiiiieiiieeeieeeeeeeee e 691
5.2.7 STEP7: GROUNDWATERSIMULATIONS ...cuuiiiiiiiiiee it eeei e et ee e e eenmeeee e e eanns 170
5.2.8 STEP8: PERFORMANCE ANDIMPACT ASSESSMENT.....uiiiiiiiiiiieiiieeeeeeeee e e eanne 1
5.2.9 STEP9: RECOMMENDATIONS FORPILOT PLANTS ..ouviiiiiiiic e, 172
6 CONCLUSION AND RECOMMENDATIONS 175
6.1 SUMMARY 176
6.2 CONCLUSION 178
6.3 RECOMMENDATIONS 179
REFERENCES 182
APPENDIX 194
SHORT ACADEMIC CV 220

- Vil -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

V. Li1ST OF FIGURES
Figure 1-1: BRAMAR Project Research Concept -WaaKKAGES ........cccceevrriiiiiiiriiereeeess s 4

Figure 1-2: Location of the tropical case studyaaledo Pessoa along the coast of

NOIMNEASE BrAZIl ......eeiiiiiiiiiiiiiie et e e e e e e s bbb e e e e e e e e s e b baeeees 4
Figure 1-3: SMART-MOVE Project Research Concept t\@ackages...........cccoeevveeevveevveeesom 6..
Figure 1-4: Location of the semi-arid case studaalericho-Auja, Palestine. ...........c...oeeuuee... 7
Figure 2-1: Site specific objectives of MAR ProfCt...........ooovviiiiiiiiiiiiieeeeeeeee e 12
Figure 2-2: Schematic of types of Managed Aquifeclarge................c.oo e, 14
Figure 2-3: Outline of the historical developmehMAR in Europe showing the number

of MAR sites opened or closed per decade betwaeh8A0s and 2000S ........cccceeeeeeeeeeeriiceeee. 16
Figure 2-4: Spiral evolution Of IWRM ... iiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e e eree e e 20
Figure 2-5: Example of pentagram approach to coenpliernative IWRM strategies.................. 21
Figure 3-1: lllustrated overview of suggested indéed MAR planning approach. ................. 24
Figure 3-2: lllustration of MAR Planning ProCes$efS1/10 .......ccceeiiiiiiiiiiiiiiieeeee e e e 26
Figure 3-3: lllustration of MAR Planning Proces$e{®2/10. .......ccouveeiiiiiiiiiiiiiieeee s 27
Figure 3-4: lllustration of MAR Planning Proces$e{®3/10. .......ccuvveeiiiiiiiiiiiiiieeee e 29
Figure 3-5: lllustration of MAR Planning Proces$e{S4/10 ........ccouveeiiiiiiiiiiieiieeee s 31
Figure 3-6: lllustration of MAR Planning Proces$e{®5/10 ........ccouviviiiiiiiiiiiiiiieee s 33
Figure 3-7: lllustration of MAR Planning Proces$e{S6/10 ..........ccccouiiiiiiiiiiiiieeee e 35
Figure 3-8: lllustration of MAR Planning Proces$e{S7/10 .........couueeiiiiiiiiiiieiieeee e 36
Figure 3-9: lllustration of MAR Planning Proces$e{®8/10 ........ccuuueviiiiiiiiiriiiieeee s 37
Figure 3-10: lllustration of MAR Planning ProceS$ep 9/10 .........vvvvviivvviiiniiiiiiiiiiiceeaeeeeeennn 38
Figure 3-11: lllustration of MAR Planning ProceS$ep 10/10 .......ccooeeiiiiiiiiiiiieiieee e, 39
Figure 3-12: lllustration of the entire suggestedR/planning approach as a whole............... 41.
Figure 4-1: Outline of study area JOA0 PESSQ@ umm..ccvveeriieiiiiiiieiiiieiiiiiiiieeiieeeeeeeseeeseeeereeeeen. 45
Figure 4-2: Location of study area JOA0 PESS0@.aa....cccceeiiieiiieeeeeeeeeeeeeeeeeeeee e, 45

Figure 4-3: Population the the case study are#&ifgliion among municipalities and urban/rural 46

Figure 4-4: Land use map JOA0 PESS0a .....cccueeeeeiiiiiii e 47
Figure 4-5: Agricultural [and USe iN StUAY Ar€@. e ... .uieeeiieieieie i 48
Figure 4-6: Climate Diagram JOB0 PESSO@ ...ccuueeeeiiiiiiiiiiiiiiiiieiieeiiieeiiesiiissiieeeeeeeseeeeeeeeeeereeens 50
Figure 4-7: Climatic Diagram -JeriChO ..ottt 51
Figure 4-8: Sub-Catchments of Panta Rhei HydroBdWodel ..............ccooooiiiiiiiiiiiies 52
Figure 4-9: Delineation of the three major watedshi& the study area............cccccoovviiceeeeennen. 53
Figure 4-10: Aquifer Systems and River Network t&taf Paraiba ............ccoooecciviieeiennnnns 55
Figure 4-11: Sedimentary Basin ParaibDa. ... oo 56
Figure 4-12: Stratigraphy of Alhandra SUB-BaSiM c..........ccccviiiiiiiieiiiie e 56

Figure 4-13: Geological map of study area with mas of impermeable Gramame formation.... 58

- Viii -



Managed Aquifer Recharge in the Context of IWRM:
A new Integrated MAR Planning Approach.

Florian Walter
Georg-August-University Goéttingen

78

Figure 4-14: New groundwater monitoring networkled BRAMAR project..........cccccceveeernnnnee 59
Figure 4-15: Geological Formations -Wadi AUJa.............cuvvriiiiieiiiiiieee e 61
Figure 4-16: Stratigraphy of case study area JeRla ...............ooeevrriiiiiieeeiiiieeeeeeee 61
Figure 4-17: Delineation dflanagement Unitfor JOA0 PESS0a. ............cccuvvrvriiiiieeeecme e 65
Figure 4-18: Delineation dflanagement Unitfor Jericho-Auja. ...........cccvvvviieeiie i 67
Figure 4-19: Total average water availability -J&BSS0a. ..........ccevveeiiiiiiiiiiiiiiie e 68
Figure 4-20: Spatial distribution of water availapi-Jodo Pessoa.....................coov s commvvvvnnns 70
Figure 4-21: Total average water availability -GB0-Auja ...............ccoooeeiiiieeee 72
Figure 4-22: Spatial distribution of water availdpi-Jericho-Auja. ..................oooiivimmme e 73
Figure 4-23: Locations of main spring groups inshedy area..................coo oo, 74
Figure 4-24: Historic time series of springs in gedy area..................ooo oo, 75
Figure 4-25: Total average water demand -JO80 BESSO..........ccooeeeeeieeiiee e 76
Figure 4-26: Spatial distribution of water demafo&o PeSS0a. .........cccevvvvvvvveeevveees s eeeees 11
Figure 4-27: Distribution of mean annual water dedha study area among demand sectors......
Figure 4-28: Distribution of growth stages over ylear to derive mean Kc values for sugarcane 80
Figure 4-29: Overlay of sub-catchments from hydyadal and land use map ..........ccccccoeeenee 81
Figure 4-30: Domestic Water Demand per municipalitgg comparison urban and

rural demand [MCM/A]. ... e e e e e e e e e 83
Figure 4-31: Total average water demand -JeriChjBeAU............oevvieiiiiiiiiiiiiiiie e 85
Figure 4-32: Spatial distribution of water demadericho-Auja. ............cceeeeveeeeiiiiiieeeeeeeeeen 85
Figure 4-33: Total water budget on average basEo-PeSS0a. ..........cevvveeeiiiiiiiiiiiiiieeeeeeeeeeen 89
Figure 4-34: Total water budget on average basisco-AUa.............ccvvvreiieiieeeiiieeeeeeenn 90
Figure 4-35: Constraint Mapping rESUILS ......cccuuiiiiiiie e 94
Figure 4-36: Suitability Mapping RESUILS ... evveeeiiieiiiiiiiie e 95
Figure 4-37: Schematic preliminary selection of MRations based on constraint

= [0 JRST 011 =Y o1 1020 4 F= 0] 011 o 96
Figure 4-38: Schematic of preliminary MAR site stilen for simulations............................... 98
Figure 4-39: Assumed domestic demand developme&b-Pessoa.................ccccevvvvviieecee. 104
Figure 4-40: Assumed domestic demand developmenthb-Auja.............cccvvvvivieniinnnnnnnnnn. 105
Figure 4-41: Assumed agricultural demand developmEIao Pessoa. ..............vvvvvevvnivnnimnen. 106
Figure 4-42: Assumed agricultural demand develogrmlaricho-Auja.........cccooeeeeeeeiieeeieeeenee. 107
Figure 4-43: Assumed water availability developmaoBio Pessoa..........ccc.vvvvvevvnnennnnssmmmmmnn 107
Figure 4-44: Assumed water availability developm@eticho-Auja.................ccccevvvevvvveeees 108
Figure 4-45: Overview of strategy-scenario comhbames -JOA0 Pess0a. ...........cceeervinint memmnm. 109
Figure 4-46: Schematic of MAR Budget parameters.........ccooeevveiiiieiiiiieeeeeeeeeee e 110
Figure 4-47: Overview of strategy-scenario combames -Jericho-Auja. .........ccccceeveeivvvinnnn 111
Figure 4-48: Groundwater budget Baseline Scenado Pessoa -DN. ............cccccceevviiinnnnee 112




Managed Aquifer Recharge in the Context of IWRM: Florian Walter

A new Integrated MAR Planning Approach. Georg-August-University Goéttingen
Figure 4-49: Groundwater budget Baseline Scenado Pessoa -Strategy A...........cccceee..n 113
Figure 4-50: Groundwater budget Baseline Scenado Pessoa -Strategy B. ..................... 115
Figure 4-51: Groundwater budget Baseline Scenado Pessoa -Strategy C. ..................... 115
Figure 4-52: Direct comparison of strategies urgiseline Scenario -Jodo Pessoa............ 116..
Figure 4-53: Groundwater budget ADS JO80 PESSQA..........cuuviiiiiiiiiiiiiiiiiieieee e 118
Figure 4-54: Direct comparison of strategies ufles -J080 PesSs0a. .........ccccceeeeviiiiiieeennn. 119
Figure 4-55: Groundwater budget Dry Scenario JEBSEA. ..........cccoeeeeeieeeieeeieeeeee e s 120
Figure 4-56: Direct comparison of strategies uridigr Scenario -Jodo Pessoa. ................... 120
Figure 4-57: Groundwater budget Baseline Scenariohb-Auja -DN...........ccccceeieiiiiiniiiioeee 121
Figure 4-58: Groundwater budget Baseline Scenariohb-Auja -Strategy A. .........cccceeee. 122
Figure 4-59: Groundwater budget Baseline Scenariohb-Auja -Strategy B....................... 123
Figure 4-60: Groundwater budget Baseline Scenariohb-Auja -Strategy C...........ccoc...... 124
Figure 4-61: Groundwater budget Baseline Scenariohb-Auja -Strategy D. ..................... 125
Figure 4-62; Groundwater budget Baseline Scenarichb-Auja -Strategy E. ...........ccccvvvvem 125
Figure 4-63: Direct comparison of strategies urgkeseline Scenario -Jericho-Auja. ........... 126
Figure 4-64: Groundwater budgets ADS JeriCNO-AUJa........cccceemiiiiiiiiiiiiiiiee e 127
Figure 4-65: Groundwater budget ADS Jericho-Auf@at8gy F(i). .....cceeerriiiiiiiiiiiiiiieeninns 128
Figure 4-66: Direct comparison of strategies umBS -Jericho-Auja. ..........ccccvvvveevieeeiinne 129
Figure 4-67: Groundwater budgets Dry Scenario GBerAUja. ..........ccoveeriiiiiiiiiiiiiiii e, 130
Figure 4-68: Groundwater budget Dry Scenario Jerishja -Strategy F(ii)........ccccoeveeeerrieens 131
Figure 4-69: Direct comparison of strategies uridigr Scenario -Jericho-Auja. .................... 132
Figure 4-70: Model environment with boundary coiis and virtual observation wells. ......... 133
Figure 4-71: Direct comparison of strategies urgseline Scenario, simulated -Jericho-Auja. 135
Figure 4-72: Direct comparison of strategies urgseline Scenario, simulated

-Jericho & Auja SEPArated. .........oooi oo 138
Figure 4-73: Direct comparison of strategies urkles, simulated -Jericho-Auja................. 139
Figure 4-74: Direct comparison of strategies umkles, simulated -Jericho & Auja separated.. 140
Figure 4-75: Direct comparison of strategies urigigr Scenario, simulated -Jericho-Auja. ....... 141
Figure 4-76: Direct comparison of strategies umkles, simulated -Jericho & Auja separated.. 142
Figure 4-77: Indicator assessment Baseline ScenBi@m Pessoa............cccvvvvvvvvvennscmmmmnnme s 145
Figure 4-78: Indicator assessment ADS -JO80 PeSS0a..........c.cccevvvvvvevveieiiiviiiiieeeeeeeeeeeee 146
Figure 4-79: Indicator assessment Dry Scenarico-BaBS0a. ........cccevvvvvvvvevvvriiiiiiiirereeeeeeess 147
Figure 4-80: Indicator assessment Baseline SCeRBIThO-AUjA. ........uveerniiiieiiieeiiis i, 147
Figure 4-81: Indicator assessment ADS -JeriChO-AUja..........cccuuvveieiiiiiiiiiiiiiiiee e 149
Figure 4-82: Indicator assessment Dry Scenari@CBAUJA. ..........cvvevveeeeriiiiiiiirieeecceeeeeeee 149
Figure 4-83: Overall performance of StrategieSOIBASSO0A. ..........c.ovvvrrrriiiieeeeesiiieeeeeee e 151
Figure 4-84: Overall performance of StrategieSOIBASSO0A. ...........oorvvrrrririieeeeesiiieeeeeee e 152




Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

VI. List of Tables

Table 4-1: Municipalities in Case Study Area Jo@sd®a -urban and rural population .........46...
Table 4-2: Overview lithologic formations JOGO0 RIEBBS..........c.ccuvvriiiiieeiiiiiiiiee e 57
Table 4-3: Main aquifers of the WesSthankK ... .....eeeiveriiiiiiiiiiiiiiiiiiieeeeneeeeeeeeeeeenrennnnn, 60
Table 4-4: K values of crops present in Jodo Pessoa studyapsading on growth stages ....... 79
Table 4-5: Calculated average ¥alues for each crop and month according to gretdges...... 80
Table 4-6: Population and Domestic Water Demantiénstudy area 2010 (including losses) ..... 83
Table 4-7: WRS Analysis - Hydro-Infrastructure JEBBS0a .............uevverviiriiiiiinniinnsceeeeeeeennes 86
Table 4-8: WRS Analysis - Hydro-Infrastructure @BG-AuUja...........c.ccevvvvvvveeerieiiiiiiiiieeneeeeeean, 88
Table 4-9: Selected criteria and thresholds forgframt Mapping............cceeevvvvevvvervvieeeemreennnns 93
Table 4-10: BRAMAR-IDSS Criteria for Suitability NB@Iing ............ccooee e, 94
Table 4-11: Overview of developed strategies f@ecstudy Jodo Pessoa .............cccoee o 99
Table 4-12: Overview of developed strategies faecstudy Jericho-Auja.........ccccceevviiieennn. 101
Table 4-13: Water resources system parametersargsponding scenarios -Jo&o Pessoa ........ 103
Table 4-14: Water resources system parametersaresponding scenarios -Jericho-Auja....... 105
Table 4-15: Summary of groundwater budgets for Basé&cenario -Jodo Pessoa.................. 6.11
Table 4-16: Summary of groundwater budgets for ADEBO PESS0a...........cc.vvvvveeeieeeesiiimnnn 118
Table 4-17: Summary of groundwater budgets for 8egnario -Jo&do Pessoa...................... 120.
Table 4-18: Summary of groundwater budgets for ADEIChO-AUJA ..........occvvvvirieeeeeeniiiieens 128
Table 4-19: Summary of groundwater budgets for 8egnario -Jericho-Auja....................... 131
Table 4-20: Direct comparison of strategies undesdline Scenario, simulated -Jericho-Auja .. 136
Table 4-21: Direct comparison of strategies undeSAsimulated -Jericho-Auja.................. 140
Table 4-22: Direct comparison of strategies undeBSAsimulated -Jericho-Auja.................. 142
Table 4-23: Performance matriX -JOA0 PeSSO@. ccuu.uuviiiiiieiiiiiiiiiiiiieee e 150
Table 4-24: Performance mMatriX -JerCHO-AUjAmm..cveeiieiiiiiiiiiiieiiieeeieeeeieevieeeeee e e ee e 152
Table 5-1: Evaluation Sheet for Planning Step.L....cooovvviviiiiiiiieiiiiiiiiiieveeeeeee e 164
Table 5-2: Evaluation Sheet for Planning StER.2 cee....covvvvviveiiiiiiiiiiiieevieiieevveeeeee e eeeeeee 165
Table 5-3: Evaluation Sheet for Planning SteR.3....covviiiiieiiiiiiieeeieeieeeeereee e 166
Table 5-4: Evaluation Sheet for Planning SteR.4 ce.....covvvviviiiiiiiieiiieeieeevveeeeee e 167
Table 5-5: Evaluation Sheet for Planning Step.S....covviviiiiiiiiiiieiieeereee e 169
Table 5-6: Evaluation Sheet for Planning StER.G e ..vvvvviiiiiiiiiiiieeeee e 170
Table 5-7: Evaluation Sheet for Planning SteR.7. ccc....oevvviiiiiiieeee e 171
Table 5-8: Evaluation Sheet for Planning SteR.8 . ..ovvviiiiiiiiiiiieeeeeee e 172
Table 5-9: Evaluation Sheet for Planning SteR.O . ..vvviiiiiiiiie e 173

-Xi -



Managed Aquifer Recharge in the Context of IWRM:
A new Integrated MAR Planning Approach.

Florian Walter
Georg-August-University Goéttingen

VII. L IST OF ABBREVIATIONS

ADS

BL
BRAMAR
DN

DW

DWD

ET

GW
IDSS
IWD
IWRM
Ind.

MAR
MARSOL

MCM

MU

P

PHG

PWA

Q

RwWC

SAT
SMART-MOVE

SR

TE
TU-BS
UFPB
UMAR
Vol.
WRS

Agricultural Development Scenario
Baseline (Scenario)

Project:Brazil Managed Aquifer Recharge
Do Nothing (Approach)

Deep Well

Domestic Water Demand
Evapotranspiration

Groundwater

Information and Decision Support System
Irrigation Water Demand

Integrated Water Resources Management
Indicator

Managed Aquifer Recharge

Project: Demonstrating Managed Aquifer Recharge as a Solut®m
Water Scarcity and Drought
Mio. Cubic Meters

Management Unit

Precipitation

Palestinian Hydrology Group
Palestinian Water Authority
Discharge

Rusteberg Water Consulting UG
Soil Aquifer Treatment

Project: Sustainable Management of Available Water Resouwits
Innovative Technologies - Management Of Highly atalé REsources in
semi-arid Regions

Surface Runoff

Treated Effluent

Technical University Braunschweig
Universidade Federal da Paraiba
Unmanaged Aquifer Recharge
Volume

Water Resources System

- Xii -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Gottingen

INTRODUCTION




Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

1.1 Motivation

The management of water resources requires aibdstwledge of the system. It is not sufficient
to focus on isolated components in such a comptexctsre. Every action that changes one
component in a water resources and supply systdérhavie an impact on other parameters. That is
why Integrated Water Resources Management (IWRM3 to achieve a conjunctive management
of these systems by addressing all nodes of waigply and water demand. Managed Aquifer
Recharge (MAR), the artificial increase of grountkvarecharge with surface water resources,
represents an intervention to these systems thiatomisequently impact various parameters. Within
this study, MAR and IWRM will not be seen as sefddut rather connected tools with the shared
goal of improving the management of water resougsreating MAR as an integral part of IWRM,
its potential impact on the entire demand and supptwork is considered. This study will give a
recommendation for such an integrative MAR plannagproach in accordance with IWRM
practices. By applying this approach for two diffiercase study sites located in the tropical doastl
of Northeast Brazil and the semi-arid Lower Jordatiey in Palestine, its applicability and potehtia

for transferability to other regions is tested andluated.

The aim of this study is to contribute to the stdtthe art of IWRM and MAR research by suggesting
a framework for an implemented planning approael night serve as a guideline for researchers,
water resources managers and other stakeholdpesialty in underdeveloped areas where the idea
and concept of water resources management is ofgemtly required, yet not fully implemented
due to structural and monetary restrictions. Byirsgthe goal high by trying to recommend actual
measures that might be implemented in the caseestudthe suggested or a similar form, the study
aims at achieving at the very least a more profaaumdi advanced understanding of the individual
systems and reveal present knowledge gaps that mmégfilled by follow-up studies. If the study
leads to at least the recognition of what mighepbtally be possible in the two areas, for example

more investments in monitoring to produce more eatewresults then it can be considered a success.

The studies presented in this thesis were conductde: context of two international research and
development projects: The BRAMAR and SMART-MOVE jeat. The author’s contributions to

these projects, which was enabled by the Universitysottingen and RWC -Rusteberg Water
Consulting UG, directly contributed to the two mats’ scientific outcomes. Both projects will be
briefly introduced in the following to create andenstanding of the framework of this study and

give recognition to the respective research pasttieat enabled this work.
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1.2 Project based Framework

1.2.1 The BRAMAR Project

BRAMAR (Strategies and Technologies for Water Scarcity gdtton in Northeast oBRAzil:
Water ReuselManagedAquifer Recharge and Integrated Water Resources Managgmeas a
research and development project in German-Brazd@operation with a regular runtime from
2014-2017. Its declared intention was to fill resbagaps with regard to water reuse and MAR as
part of IWRM response strategies to combat watarcity and facilitate a sustainable development
of Northeast Brazil. The project was funded by BMBte German Federal Ministry of Education
and Research, and co-financed by Finep, the BaazHunding Authority for Studies and Pojects
The research was conducted in cooperation of 2&dutisns including three German and three
Brazilian universities as well as several indus@iad consulting partners and local municipalities,
all coordinated by RWTH Aachen.

The main scientific and technical objectives of pingject were (ISA RWTH, 2015)

« Mitigation of water scarcity and water related clicts in Northeast Brazil through sustainable
strategies based on the integrated management availlable water resources

» Contribution to the recovery of groundwater levefscoastal and inland aquifer systems of
Northeast Brazil by Managed Aquifer Recharge andglémentation of measures for
groundwater protection and quality

« Foster water pollution control by improved wastesvdhfrastructure and water reuse

* Promotion of water reuse in all areas, e.g. muradipes, agriculture and industries

* Demonstration of suitable German water reclamatimthnologies for different reuse

applications

To achieve these goals, the project was structarezh Work Packages (WPs), each committed to
its own specific objectives but all connected ameracting as illustrated in Figure 1-1. The MAR
specific studies presented in this thesis weretéacan WP3 in strong cooperation with WP2 on
water budgets and hydro(geo)logic modelling, WP'@eaision support tools and WP8 on IWRM
strategies. WP3 itself was subdivided in three chgdies. For each case study, individual MAR
studies have been conducted by different univessiflhe University of Campina Grande (UFCG)
studied the possibilities of artificially rechargia narrow alluvial aquifer in Sumé, a city in Hgemi-
arid inland of Northeast Brazil. The University Bérnambuco (UFPE) analyzed potential MAR
measures for the urban center of Recife, whereeapbritation lead to depleting groundwater
quality and salinization of the aquifers. The Umsity of Goéttingen cooperated with the University
of Paraiba in studying MAR for the area around Jééssoa, a coastal city and capital of the federal

state Paraiba. Figure 1-2 gives an overview oftlonaf the study area.
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WP 9
Knowledge Transfer and Dissemination

Figure 1-1: BRAMAR Project Research Concept -Work PaegdtSA RWTH, 2015).

Figure 1-2: Location of the tropical case studyaaledo Pessoa along the coast of Northeast Bramig|€ Inc., 2018).

Over the course of more than three years a lodcoelachieved in the BRAMAR project by good
cooperation between all partners. Speaking focéise study of Jodo Pessoa with its water resources

related research objectives, a good basis fordutesearch has been established. At the beginning
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of the project, data on the different types of wagsources at Jodo Pessoa was very scarce. It was
due to combined efforts of Brazilian and Germantrgas that the area is now among the best
monitored within the Northeast of Brazil. The datdlected by the new monitoring networks and
the outcomes of this and many other studies the¢ s@nducted within the project can support future
studies that will have to continue and finish lofsaspects that are still left open. As for MAR
planning in Jo&o Pessoa in particular, but al$¢artheast Brazil in general, this work might sugpor
the actual design and implementation of MAR tesilifaes that are urgently required in order todak

MAR planning in the region to the next consequéistiap.

The main partners in the MAR related studies atdhse study Jodo Pessoa were, besides the
University of Géttingen, the local Federal Univeysif Paraiba (UFPB, portUniversidade Federal

da Paraibg, the Technical University of Braunschweig, Germ@&hU-BS) and Rusteberg Water
Consulting UG (RWC) from Germany.

1.2.2 The SMART-MOVE Project

SMART-MOVE (Sustainable Management ofAvailable Water Resources with Innovative
Technologies ManagemenOf Highly Variable Water EEsources in semi-arid Regions/as a
collaborative research and development projectéoca the Middle East. It is a follow-up of the
preceding/SMARTandSMART llprojects, all funded by the BMBF. A total of 2&iitutions from
Germany, Israel, Jordan and Palestine collaboratié@ project. Among these partners were several
universities, research center, local authoritied ather consulting experts and institutions. The
project coordination was conducted by the Universit Gottingen. The overall purpose of the
project was to test and improve the water resousgstems of the Lower Jordan Valley against
highly variable hydrological conditions such asrente droughts or floods by means of innovative

technologies.

To achieve this main objective, a variety of apphas has been studied by the SMART-MOVE

consortium, such as (Georg-August-Universtiy Ggeim, 2018):

e the development of a generalized IWRM implememationcept for water resources
management on the basis of representative catchareatclusters to consolidate the water
planning processes of the local stake holders;

« the installation of telemetric monitoring systemsgroundwater protection and high resolution
observations of extreme runoff events;

< the involvement of industry partners to create avienment of mutual exchange between the
companies on the one hand and researchers and staldholders with their specific needs on
the other hand.
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» the optimization of the cleaning performance anst @fficiency of decentralized waste water
treatment technologies;

« the preparation of a roll-out investment project fbe implementation of decentralized waste
water treatment plants;

» the assessment and demonstration of decentraliastewvater treatment and re-use at Fuheis
demonstration site both, by applying different tesibgies and by participative involvement of
local stakeholders;

» the controlled groundwater enrichment (managed fmgurecharge) and evaluation of
technological approaches with the help of accompaniiydrogeological investigations;

e a capacity development and knowledge disseminatiogram for the public and industry

partner organizations.

WP 7 Project Management

WP 1 Scenarios on Hydrological Variability and Transboundary Modeling

KIT UGOE KIT DIs
WP 1.0 WP 1.1 WP 1.2 \3];:.3
Scenarios Cluster West Cluster East Management

WP 2 Storage and Desalination . WP 3 Waste Water Management
—_

WP 2.1 Managed Aquifer Recharge
and Surface Storage pHG

Waste Water
PR Management towards

WP 2.1 Brackish Water Desalination Groundwater Protection
EBI &

WP 4 Water Resources Planning SALAM u’évgg
Regional
Strategies
for an Integrated

& |WP 5 IWRM Implementation Water Management

WP 6 Knowledge Transfer and Dissemination

Figure 1-3: SMART-MOVE Project Research Concept -WRakkages (Georg-August-Universtiy Goéttingen, 2018).

All these measures were coordinated and struciarédork Packages (WPs), as in the BRAMAR

project (Figure 1-3). The work on MAR and IWRM werainly located in WP2.1 and WP4 on

MAR and IWRM, respectively and were subject to aesk in the predecessor projects (e.g.
Rusteberg et al., 2014, Rusteberg et al., 2012, 2t11). The project was further subdivided into
regional clusters. With Cluster West being the foamea of this study. It describes part of the
Palestine the Lower Jordan Valley. Hence, the studind results presented here were mainly
conducted in cooperation with Palestinian partiaeid in accordance with these stakeholders’ own
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development goals and constraints for the regitis $tudy might help to contribute to the area’s
positive future development. In contrast to thepical case study, no own field investigations or
active data acquisition was conducted by the authtnis project. All data used in this study was
supplied by the project partners. Figure 1-4 iHaists location and rough outline of the study area

along the Jordan River.

Besides the University of Gottingen, the main pensgrfor MAR research at the case study Jericho-
Auja within the context of the SMART-MOVE projecteve the local partners HEQHydro
Engineering ConsultangyRamallah), the Palestinian Hydrology Group (PHtBg Palestinian
Water Authority (PWA) and the German partner RustgiWater Consulting UG (RWC) who was

also involved in the Jodo Pessoa case study.

Figure 1-4: Location of the semi-arid case stuaaalericho-Auja, Palestine (Google Inc., 2018).

1.3 Research Objectives
From the initial motivation and the opportunitydoenduct research within the framework of the two

projects presented above, two essential objectisege been formulated for this thesis:

1. Development of an overall, transferable and intiéggdVAR planning approach and
application of the approach for both projects drartrespective case studies,
2. Formulation of recommendations for the two casdistithat aim to improve of the water

resources situation under consideration of MAR [&MBM strategies.
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The design of an overall MAR planning process, Wingcbasically a suggestion for a framework for
MAR studies in general will be the main producttlwt thesis. The goal and focus of this study,
besides the applied scientific results under mbjeative #2, is to design and recommend a process
or framework of MAR planning for future projectsthreir early stages. The designed process should
serve as a guideline for areas and stakeholdetrdhéve limited to no experience with the MAR
technology. Therefore, it is necessary that thegss is simple, applicable, transferable, adjustabl

and reproducible.

The second objective is of a rather applied andtiga character and will target two goals. As
introduced, two case studies are analyzed withan ¢bntext of the respective research and
development projects. These case studies are imhedifferent from each other, but the overall
objective remains the same: To identify potentiedtegies of MAR implementation in the context
of IWRM. One declared goal is to be able to givabramendations for further studies in the specific
areas that aim at the implementation of MAR tesilifees and might consequently lead to the actual
application of MAR in the respective areas as asuesato mitigate water scarcity. The second goal
of this objective is to test and validate the MARmming approach developed beforehand and show

that it can serve as a guideline for similar stedie

1.4 Methodological Approach

This thesis is structured in six chapters. Theiahimotivation, the overall framework of the
conducted studies, their objectives and a hypathast given in this chapter. The theoretical
background presented by means of a literatureweigigiven in Chapter 2 and should inform about
the scientific state of the art and applicatiobath, Managed Aquifer Recharge and Integrated Water
Resources Management worldwide as well as the patefintegrating the one with the other. This
will form the basis of the new MAR planning apprbdhbat is the focus of this study. The approach
itself is the actual methodology used for both cdadies and is presented step by step in Chapter 3
The application of the approach is thoroughly doeated in Chapter 4 for both case studies in
parallel. The chapter is designed in a way thatghgroach itself remains the focus, with a parallel
presentation of the individual case study resolt®fch of the planning steps. In Chapter 5 aliltes
and the methodology itself is critically evaluated! both the research objectives and hypothesis are
reviewed and the results discussed in detail. Al foonclusion and a summary of recommendation
will finalize this thesis in Chapter 6. The appenigicludes results that were not directly addressed
in the other chapters but are of importance andldrserve the further illustration and transparency

of the conducted research.
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1.5 Research Hypothesis
The following thesis will evolve itself around adfeld hypothesis that has been formulated

according to the objectives and initial motivatfonthe research:

The suggested integrative MAR planning approacdharssferable and generalized enough to
be (a) successfully applied to two inherently differehresearch areasand may serve as a
guideline for similar studies, but also specifidfeetive and goal-oriented enough to
successfully develop, test, compare and consequ@gntiecommend combined MAR and
IWRM strategies and additional measurésr both case studies, that aim at the improvement

of the local water resources system and the sadti@mlevelopment of the respective region.

The first part (a) describes the general assumgitiat the new developed MAR planning approach
can indeed be applied to a variety of differenecstsdies. Though it may not be quantifiable per se
it is the fundamental hypothesis that must be @elfin order to accept any results that are produced
by following the suggested methodology. It willtested by the mere consequent application of the
approach to the two introduced case studies inheasdt Brazil and Palestine and a follow-up
evaluation of its applicability. The second paitfirmulates the assumption that the process can no
only be applied to study areas of vastly differemaracter, but actually produce results in the form
of suggestions and recommendations for potentipldmentations of MAR in combination with
IWRM measures and helps identifying potential foprovement of the water resources systems and

its management in the current state.
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2.1 Managed Aquifer Recharge

2.1.1 Introduction

Managed Aquifer Recharge describes a variety ofsores that aim at artificially increasing the
recharge of water to an aquifer. MAR has a broald fif application (Page et al., 2018). One purpose
of MAR, and the most relevant one for this studytoi take water surpluses during the rainy season
and store them underground. The additional rech@argiee aquifer will then, within certain limits,
be available during the dry period by means of gdwater pumping. This way MAR, if
implemented in a sufficient manner, can help mitgtoe effects of an uneven temporal water
distribution. By increasing the groundwater recleatgring the months of high water availability,
there is more water in the aquifer during the odghe year. Meaning that the negative effect of
exploitation on the groundwater level might be il Groundwater storage usually offers storage
capacities that are much higher than those of stidtorage facilities (Pulido-Velazquez, Marques,
Harou, & Lund, 2016). The potential benefits BMAR implementation are manifold. It can support
local economy and bring environmental benefits {@apet al., 2017). Not only on the local level,
but potentially for entire regions (Bindu & Mohame2D16) When implementing treated waste
water or storm water in a MAR project, it can hgépning public acceptance of the use of such water
resources (Mortimer, 2014). Furthermore, MAR capriowe the groundwater quality by recharging
it with clean water. By direct injection of watey the aquifer at coastal zones, it may serve as a
measure against sea water intrusion in heavilyogbgal coastal aquifers, creating a fresh water plum
that prevents further salinization (Arduino et 2DP8) Treated waste water might be used in a Soil
Aquifer Treatment (SAT) system, utilizing the vadaone as a natural filter to further purify the
recharged effluent (Wolf et al., 2007). Either wine main purpose of groundwater management is
to extend the amount of water resources and red¢egreer water quality in times of surplus and
distribution in times of shortaddSCE, 2001). It can provide a cheap solution tone areas since
no additional water resources must be activatetydibher the MAR implementation utilizes the
already existing sources. This requires a good gemant of local water resources and the

involvement of the local communities (Jadeja et2018).

There has been some overlapping of this studytaqmaject framework with another MAR focused
project: the MARSOL project (TU Darmstadt, 2018),iaternational project with 21 partners from
six EU countries that was concluded in late 201& project aimed at promoting the advantages of
MAR and improve the state of the art, while demaistg the technology at eight field sites. It also
aimed at providing guidelines for water quality uggments at MAR sites (Kibeck & Nottebohm,
2016), contaminants modelling at MAR sites (Kubetlal., 2017) and frameworks for legislation
(Capone et al., 2015) and legislation (Sapiand.eP@16). The outcomes of the project will be set

in perspective with the results of this thesishia final conclusion.

-11 -
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2.1.2 State of the Art

As indicated above, MAR in most arid and semi-aries where groundwater is either already over-
exploited or saline, recharge enhancement has tdtemstore excess runoff, including in fractured
rock aquifer (Dillon, 2005). However, numerous teidues and methods exist to implement a MAR
system on a regional level. The implementation &RVto a region is highly site specific and
requires a full understanding of the local condisiolt requires careful planning to integrate tbin
the water resources system and the overall wassiurees management objectives (Rusteberg,
2008). Knowledge of the quality and quantity of th&ter source, hydrogeology of the study area,
operation and implementation costs and the avéitiabind comparative feasibility of alternatives

are of major importance (Bouwer, 1996).

Mitigating
floods and
flood
damage

Freshening

Improving
saline aquifers

urban

& assisting .
g/w demand amenity,
management land value &

biodiversity

i Improving
Protecting coastal water
against quality by re-
aquifer ducing urban

salinisation discharges

Securing Enhancing
and environmental
enhancing e
original water
watt?r supply
supplies catchments

Figure 2-1: Site specific objectives of MAR projeislion et al., 2009)

As Dillon et al. (2009) describe, MAR has many chjees in addition, to water supply that vary
from site to site (Figure 2-1). Besides the obviougease in water security and enhanced water
supply, numerous economic, social and environmeobgéctives may be met with a MAR
implementation. The issue of protecting againstifagalinization has already been addressed.
Furthermore, MAR may serve as a method to enhamdgeoamental flow in original water supply

catchments or to mitigate floods and their dam&ge.also the technology of choice is depending
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on site specific parameters. Figure 2-2 gives agrwew of the most commonly applied MAR
techniques compiled by Dillon (2005). As can beernbsd the various techniques for MAR can be
seen as a response to the local conditions. Thstraotion of underground dams for example
requires specific underground conditions that allolcking the natural groundwater flow by
constructing an underground dam at a local bottlené hydraulic conductive mediums. In contrast,
infiltration ponds require a quite large surfaceaaavailable for utilization in contrast to injecti
wells (illustrated here by ASR and ASTR -Aquifeni@tge (Transport) and Recovery techniques).
But the injection wells on the other hand have ghtdemand on the quality of the water to be

recharged, since they carry a higher risk of coimation for the groundwater resources.

MAR does not describe one specific method with gpecific goal. It rather describes a variety of
methods, technologies, goals, objectives and meadhat are all underlying the conditions and
specific surface and underground characteristitsefespective study area (Page et al., 2018). Soi
Aquifer Treatment (SAT) is a MAR technigue that siseaste water that has be pre-treated to a
certain degree in surface approach. It makes utfieeafatural attenuation capacity of the local soll
or aquifer in the vadose zone (Bekele et al., 200&2ner et al. (2012) compiled the results of MAR

applications that utilized reclaimed water in anTSs#oproach.

Modelling of groundwater flow and transport pro@ssplays a key role in the planning of an MAR
implementation (Moeck et al., 2018). It is the idéany model to represent the real world condgion

as well as possible. This can help the water martagevaluate the impact of potential actions and
measures in a non-invasive manner. The implementatf a MAR facility might even have a

negative impact on an ecosystem (Scherberg é2Cdl8). Therefore, a well calibrated groundwater
model that allows to evaluate potential impact®tetctual implementation in the field can vastly
improve the planning of MAR in a region and hasdmee, as of today, a necessity. Also optimization
schemes that aim at the improvement of a MAR ofmratan be much more efficient under the

consideration of groundwater models (Fatkhutdino8t&fan, 2018).

Despite its broad variety, some universal critedaments for a successful MAR implementation can
be summarized (Dillon, et al., 2009):

» asufficient demand for recovered water;

e an adequate source of water for recharge;

e asuitable aquifer in which to store and recover tiater;

« sufficient land to harvest and treat water and

* the capability to effectively manage a project.
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Figure 2-2: Schematic of types of Managed AquifectiRege (Dillon, 2005)

If there is no requirement for the additional aahility or improved quality of water from the grain
there is no reason to invest in a MAR project. tlneo words there needs to be a driver, e.g. deficit
in water supply, to come up with a strategy thabimes MAR. To check the availability of an

adequate source of water for recharge requiresderstanding of the local water resources system.
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By means of analyzing water potentials from différgources and balancing them with current and
prognosticated future water demands, availablesotlyr untapped water resources can be identified.
These might be activated by adequate measuresd@piplication of MAR. The water sources may
also include already used but insufficiently mambhgeter resources. For instance, existing water
supply networks may suffer from vast water lossas @ poorly maintained hydro-infrastructure.
By reducing such losses, for example by modermnadr sanitization of said networks, additional
resources might be activated. This is where thenitg of MAR, in the search of suitable water
sources, plays a pivotal role in IWRM. Dillon, Pheget al., 2009 further emphasize on the
prerequisite of having a suitable aquifer presanivhich to store water. They describe the best
aquifers for MAR as those that simply can store @muvey large units of water. Furthermore, they
name high thickness and uniform hydraulic properéie preferable in order to maximize the ability
to recover water from the aquifer. The availabitifysufficient land to harvest and treat water rhigh
be up for discussion, since the land requirememdasically depending on the origin and quality
of the water source used for MAR and the corresjmgndecision which MAR technology to be
used. The last point, the ability to effectivelymage a project, is of course of major importance fo
any type of project. In terms of MAR, as will beesan this study, the management of a MAR facility
requires daily adjustments in recharge volumese@ally if the water source origins from highly

fluctuating hydrological conditions.

2.1.3 Worldwide Application

Since the agricultural revolution, roughly 10,00€ays ago, mankind has always struggled with
temporal and spatial imbalances of water availgbdnd demand (Hartog & Stuyfzand, 2017).
Groundwater has long been discovered as a moabielksource of water than, e.g. river discharge.
In China the exploitation of groundwater resourcas be dated back to 1000-2000 B.C. (Wang et
al., 2010) Even cases of MAR are reported. For example sprngadiethods were applied by
artificial canals that allowed surface water tdlirdte to the ground, turning saline land intctifer
soil for agricultural use. Other cases of dug welise to rivers are reported, that were periobjical
flooded by storm water and thus recharged the equénabling extension of agricultural lands
(Wang et al., 2010)

In Europe the modern history of MAR, as Sprengel.e2017) named it, began in the"k&®ntury.
Figure 2-3 gives a timeline of documented MAR pectgein Europe, distinguished by the major
technique that was applied. As can be seen, indbaet filtration and spreading methods were
among the first techniques. Sprenger et al. (20hdgrline that these applications have developed
autonomously throughout Europe, the diversity ohatic and hydrogeological conditions creating

numerous site specific designs of MAR.
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Figure 2-3: Outline of the historical developmehMAR in Europe showing the number of MAR sites opmkne closed
per decade between the 1870s and 2000s (Sprerajer2817)

Today MAR can be seen as a supportive measure/edogethe European Union’s green economy
policies (Sapiano et al., 2017). In addition, itym@eate new markets, leading to job creation
opportunities in dry regions of Europe, such adrszspecially in the Mediterranean region, MAR
is considered a promising technique along the abashe (Sprenger et al., 201Faly supports the
establishment of MAR systems by providing a legigéaframework (De Giglio et al., 2018Also

in the USA MAR is an established measure (Gibsaoal.e2018). The state of Idaho for example
dedicates 5 Mio US$ per year to stabilize aquiféte numerous techniques, amongst which MAR
can be found (Mortimer, 2014In the Middle East MAR is being applied for margays. It often
plays a role in the planning of new sea water desabn plants in Israel, since the new available
water resources must be stored somewhere. ForBal@et al. (2006) estimate a potential of more
than 36,000 MCM (Million Cubic Meter), which is rghly 18% of the annual irrigation water
demand of India, of yet unused surface water teuitable for MAR. Nava et al. (2018) describe the
development of a MAR with recycled water in Mexiand underline the country’s advances in
increasingly applying the technique within the paesirs.

A lot of experience with MAR can be found in Audiawhere research in the field is very advanced.
As Dillon et al. (2009) describe, MAR in Austrabsarted in rural areas with the aim of securing

water supplies for irrigation. The method then adr® urban centers. They link the development of
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MAR and the broadening field of application witking water prizes, meaning that economics are

the driving force that enables advances in the fiel

Globally the pressure intensifies to deal with watkallenges due to potential climate change
impacts, growing water demand, extended food prosluand the parallel need for sustaining
ecosystems (Sapiano et al., 2017, Sprenger &(dl7, Huskova et al., 2016), causing MAR to be
set more and more into the focus of water managestetegies worldwide (Hartog & Stuyfzand,
2017) Stefan & Ansems (2017) developed a web-based giakahtory of MAR applications. It
provides a global overview of MAR suitability mapsad MAR case studies and their relevant
parameters. Available layers include information site name, MAR type, year of scheme
deployment, the source of infiltration water, tiwaf use of abstracted water, as well as the main

objectives of the project (Stegan & Ansems, 2017).

2.1.4 Challenges of MAR Planning

Worldwide there is still a lack and overall defioitith regard to scientific and complete
administrative systems for MAR, such as technicétiga for the planning of MAR systems Wang
et al., 2014) There are, however, numerous regulations thatsfasu groundwater quality and
protection aspects of MAR implementation, suchake Australian Guidelines for Water Recycling
(Dillon et al., 2009) The main concerns that are addressed by existongatons are related to
health risks that may arise from introducing pa#regor toxic chemical to the groundwater (Asano
& Cotruvo, 2004) While these are very important concerns that regrggulation, there is also a
need for MAR guidelines that act as a frameworkttier planning of MAR projects. Many regions,
such as Northeast Brazil that is addressed inldat#hiis study, lack of any experience with the
technique. Even in regions that have a long tadith MAR, such as China, there is still a need for
the establishment of guidelines for MAR and the aggment of such projects (Wang et al., 2014).
Some countries, such as Mexico, have establishadeocurrently designig adequate guidelines for
MAR implementation (Gonzélez et al., 2015). Ondhef main issues is that, as expressed before,
MAR is a very site specific method that must beigtesd according to each individual case study.
This makes it difficult to create an overall franww for its planning and implementation. Most
legislative approaches addresing groundwater mamagieare designed for individual areas and

their specific situation (Mortimer, 2014)

The success of a MAR implementation relies on a piete understanding of the local
hydrogeological conditions and the water resousgeem, including its current state of management
and hydro-infrastructure and the potential impaofsthe planned measures. Besides this

understanding of the system, trained and experiepeesonnel is important (Page et al., 2083)
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suitable source of water must be available. Thistmot be currently used in other ways or should
have the potential to be used more effectively wimamaged accordingly (Gale et al., 2006)
addition, the considered source of water for MARWH be of suitable quality according to local
legislation or adequate pre-treatment measures brustddressed (Dillon et al., 2009, Asano &
Cotruvo, 2004). Even apparently high quality wateurces might require pre-treatment measures,
for instance with regard to reducing the sedimead lin storm waters to minimize the clogging effect
of recharge facilities (Hartog & Stuyfzand, 20Bg&kele et al., 2018Environmental aspects of a
potential MAR implementation need to be carefubgessed. Recharging large amounts of surface
water will reduce downstream water availabilityn8ar to the issue of planning a surface reservoir
by building a dam. Therefore, it must be considevbdther the water intercepted for MAR might
collide with downstream water entitlements (Dillehal., 2009 Gale et al., 2006)The opposite
effect can also be achieved by increasing the veataitability and the environment can benefit from

stabilization of overexploited groundwater resosraghich is a most welcome effect of MAR.

The selection of adequate locations for additiogrmlundwater recharge, or simpMAR Site
Selection is a very complex issue and has been subjectatoyratudies (Rusteberg et al., 2012,
Rahman et al., 2012). To delineate suitable lonatimmot only physical parameters but also socio-
economic considerations should be assessed (Gale 2006). A comprehensive hydrogeological
study should be conducted to achieve a good urahelisig of local conditions before the site and
method of MAR can be selected (Mortimer, 2014). &&png on the source of water that should be
used to recharge the aquifer, it must be considerediow for a sufficient residence time of the
water in the underground to use the soil for natatenuation of potential contaminari&prenger

et al., 2017). But also the residence time of regh water is of importance for purely numerical
considerations. The longer the water remains witigreach of recovery wells or a predefined area
of interest that is supposed to benefit from theRAAeasures, the bigger the impact will be and the
more resilient a system might become towards droaghditions. To account for the above, the
planning of MAR measures requires long term moirigpof water resources and modelling of the
system in order to plan for future developmentadoordance with water plans and local objectives
of water management, as well as potential impatcteedMAR implementation (Casanova et al.,
2016). But also during operation MAR implementasi@aquire ongoing monitoring, e.g. to be able

to react to clogging effects of infiltration fatidis (Parimalarenganayaki & Elango, 2018).

To summarize, a successful planning of MAR requiéregery good understanding of the system.
Water resources require long term monitoring taniife trends and patterns. Modelling entire
systems allows to account for the impact of fuszenarios and the comparison of different water

management and MAR options.
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2.2 Integrated Water Resources Management
2.2.1 Introduction
Integrated Water Resources Management (IWRM) imeéfas “a process which promotes the
coordinated development and management of watet dad related resources, in order to maximize
the resultant economic and social welfare in anitalgle manner without compromising the
sustainability of vital ecosystems” (GWP, 2000)isTtefinition does not specify how the process
should be designed. Rather it is supposed to heding framework that should aid managers and
stakeholder to implement better water resources agement strategies (Chidammodzi &
Muhandiki, 2017). This means IWRM s, just like MAR site specific approach that has to be
specifically designed for each target area. Thenésaork is guided by the 4 Dublin Principles
(ICWE, 1992):

() fresh water is a finite and vulnerable resourtacial for the sustenance of life, development

and the environment;

(i) a participatory approach should be the basfavater development and management;

(iii) women play a central role in the provisiamanagement and safeguarding of water; and

(iv) water has an economic value in all its commpetuses and should be recognized as an

economic good.

In addition, the IWRM framework also relies on té&spillars (GWP, 2000):
(i) enabling environment;
(i) institutional roles and functions of the van® administrative levels and stakeholders; and

(i) management instruments for effective regwiatimonitoring and enforcement.

The concept behind IWRM has been applied in sevaahtries for many centuries, while only
within the last few decades it has been tried tplément it in a larger scale (Rahaman & Varis,
2005). Since societies become more and more inhthemselves, resources require adgeuately
coordinated management and increased assessmasg eggions (Hundecha et al., 20¥djer the
United Nations Conference on Environment and Deaknt in Rio de Janeiro 1992 called for
integrated approaches of developing, managing aimwater resources in its Agenda 21, over
80 % of countries worldwide made changes in thailices and laws, most effectively in
development countries (UN-Water, 2012). The fadbke of IWRM was followed by critical
reassessments in the 2000s, leading to a condemsatd focus on its practical elements (Linton,
2014)
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2.2.2 State of the Art

As introduced, IWRM describes a process or set@disuares, not a specific action or technology.
Human activity is evaluated within the contextloéit impact on ecosystems, e.g. by means of land
use changes (Jin et al., 2018). Furthermore ihiglay iterative process that requires constampiiot
assessment and improvement. In this sense the I\MBtivbach is very similar to the MAR planning
approach introduced before. Figure 2-4 illustrates progressing development of an IWRM
implementation. The suggested approach is dividefive steps and starts with recognition and
identification of the water resources system asddiivers, very similar to the MAR planning
approach. After the conceptual planning and implatéon, constant monitoring and evaluation is
required in order to identify the impacts of thgleamentation and re-evaluate the situation. Without
proper monitoring, e.g. of groundwater extractifnosn a coastal aquifer, negative effects such as
seawater intrusion may be triggered (Fatema e2@1.8). If the initial problem could not be solved
or new problems occur, the system requires adjudtriidiis way the IWRM process repeats and

improves itself as an iterative process.

Progress of IWNRM
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AT,
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identifying 4. Implementing,
monitering & evaluating
Figure 2-4: Spiral evolution of IWRM (UNESCO, 2009).

A typical measure of an IWRM implementation mightthe activation of new, or up to now unused,
water sources. As for example the implementatioadsfitional groundwater wells or starting to
reuse treated waste water for irrigation. Also thedernization of existing hydro-infrastructures

might be a valid measure in underdeveloped regiBeafore any of these potential measures might
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be implemented, it is useful to evaluate coexisstrgtegies beforehand. This way, a first impact
assessment in accordance with the iterative plgmpmocess shown above can be performed without
taking the risk and implement measures without kngwthe potential consequences. Different
strategies can be compared by means of indicatesasient, utilizing for example models or simple
budget calculations. Figure 2-5 gives an examplleost indicator assessment can help comparing
alternative IWRM strategies. The pentagram illugtraof indicator performance allows for a direct
comparison of both performances. This is only oxargle of how a performance assessment can
be conducted and interpreted. There is no starmatdipproach and indicators should be designed
according to the specific case study. If, for exlEnphe target area suffers from depleting
groundwater levels, one indicator to assess thionpeance of an option might be the level of
stabilization that the groundwater level would pialy receive once the measure is implemented.
This underlines the importance of having adequatelats before any implementations can be
planned and the importance of monitoring the sysiéiar measures have been implemented. With
their predictive capability, models allow to recagn problems and prospects that come along
specific measures of IWRM (Singh, 2010).

' ] Cost Recovery
initial Plan ~ CoftRecovery | FinalPlan | 3
Environment Envionment :
& River Flow Safety for Imigation & River Flow ~ Safety for Irrigation
Waler Quality Safety Water Quality -/ Safety
in Urban river for Domestic & Industry WS ey for Domestic & Industry

Figure 2-5: Example of pentagram approach to coenphiernative IWRM strategies (UNESCO, 2009).

2.2.3 Challenges of IWRM Implementation

As introduced, IWRM implementation begins with anpdete analysis of the local system. This
process can be referred to as Water Resourcesibystalysis (Rusteberg et al., 2012). In order to
implement any proper management system for watesurees both the spatial and temporal
dimension of water availability must be studiedtfifHundecha et al., 201@esides quantitative
aspects, also water quality aspects must be addkgbough it is much more challenging to monitor
on a frequent level (Chittoor, et al., 2016). Imi&idn to knowledge of the existing water resources
system, it is of major importance for the developtmef strategies to consider a broad variety of
development scenarios (Kawo et al., 2018). Wateplsuand demand of the future are hard to

estimate due to climate variability, growing agtiatal and domestic demands, changing socio-
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economics, etc. (UNESCO, 2009). Furthermore, thejuomtive management of surface and
groundwater resources, as is an important asp@sbdérn IWRM, may be conflicting with existing
institutional, legal or simply physical constrainBulido-Velazquez et al., 2016All these
challenges can only be adequately addressed if IWiRivining is conducted in accordance with
local stakeholders. Stakeholder consultation amticgzations must be planned carefully in order to
achieve benefits for the planning process (UN-Wd&@#t2). Unfortunately the application of most
IWRM concepts is challenged by the lack of prattitdintions and methodologies (Grizzetti et al.,
2016) An important issue in groundwater management amesbroundary aquifers (Fraser et al.,
2018). Traditional borders between countries or@nsurface characteristics, such as watershed,
rivers or mountain areas. Aquifer often cross bawied and create conflicts of interest. It is theme

an increasingly important task of IWRM to gap thielpe of international water conflicts and work

on solutions for cooperation of adjacent countiiesianage their groundwater resources together.

2.3 MAR as integral part of IWRM: Need for an Integrated Planning Approach

It is obvious that there is a strong parallel bemthe planning of a MAR system and IWRM. Both
are highly site specific in their development ahdwsd ideally be planned and conducted in an
iterative manner and evaluated based on adequdimaiars. IWRM must be seen as an overall
framework for water resources planning and managemile MAR is a specific measure. Only
the implementation of a MAR concept to a regionhwitzerexploited groundwater resources may
not be sufficient to restore the system, an addificcollective management may facilitate the
restoration of the groundwater equilibrium (Dillet al., 2009) IWRM systems worldwide often
rely on the conjunctive management of surface andrgiwater resources and are focused mostly
on integrating storage and hydro-infrastructurerorove water allocation (Pulido-Velazquez et al.,
2016) In the USA and Australia, MAR is already widely atled and viewed as an important
component of IWRM strategies (Sapiano et al., 20h7\North China MAR is considered to be an
effective measure in the context of integrated wadsources management in regions that face
environmental problems such as land subsidenceyaseaintrusion and deterioration of water
quality (Wang et al., 2014). In this context MARsh@ be understood as an optional measure of
water resource management (Rusteberg et al., 26%23uch, MAR has the potential to achieve
many goals of an IWRM system, such as restore alecated or brackish aquifers, protect
ecosystems, enhance water supply, improve waterigeconserve surface water resources, and
others (Dillon & Arshad, 2016). In the followisgudy, both MAR and IWRM will be analyzed and
evaluated as a cohesive union. A MAR planning aggtowill be presented that tries to cover all
findings of above presented literature review aedie a framework of MAR planning in the context

of Integrated Water Resources Management.
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3.1 Introduction

This chapter will introduce the methodological agmh that is used throughout the thesis in order
to achieve the main objectives. It is at the same & suggestion for a new integrative process for
MAR planning that sees the management of aquitdraigie as an integral part of IWRM which will
be tested by application to the two introduced cstadies. The process, or planning approach,
presented here, is the result of literature revithas identified a lack of such frameworks and six
years of experience in the field of conceptual MARNning. The most prevailing issues or
challenges of said planning have been identifiethénprior chapter. In addition, to mere literature
review, this process has been designed, testeingmdved in an iterative manner while working on
the two case studies. It is therefore not onlyrtie¢hodology of this thesis, but also a productef t
studies related to this thesis and an extendedthgpis in the sense that it is assumed to be of
universal applicability for different study are&stst, an overview of the designed process will be
given. Followed by a detailed description of aldlindual suggested steps and iterations of the
process. Finally, a complete summary will be ilastd that may serve as a guideline in basic MAR

planning research.

D
"

———

Figure 3-1: lllustrated overview of suggested ind¢gd MAR planning approach.
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An overview of the suggested approach is givenigurfé 3-1. It begins with a general acquisition
and analysis of data in order to give a first steget on the general feasibility of MAR
implementation in the study area. Some examplethése data will be given below. Second step is
the analysis of the water resources system. Thisines a detailed understanding of water demand
and availability in their spatio-temporal distritart over the studied water resources system. It
includes surface and groundwater resources andriiesew them as separated entities. Once the
water resources system is fully understood andachenized and MAR is identified as one potential
contribution, the water resources manager beginfinidg general concepts for a MAR
implementation under Step 4. It is the central phtihe suggested approach. This is where the lactua
integration of MAR and IWRM is located.

The conceptual design of MAR is conducted in vdpse interaction with the identification of
potential IWRM measures that aim at increasing wateilability or decreasing water demand.
Together the two approaches create integratedegieat These strategies serve the purpose of
beginning an iterative process of improvement amdeiased understanding of the system. To
evaluate the strategies, scenarios for the futaveldpment are required and formulated in Step 5.
They include general assumptions for the future dsb specific plans in existence by local
authorities or other stakeholders. The scenar@<lasely connected to the planning and design of
the former strategies and dictate the frameworleumdhich they have to perform. The scenarios are
used to test the strategies for their applicabdiygl performance under varying conditions. As the
illustration shows, most of the steps followingstline iterate back to Step 4. All of the following
steps are designed to test the suggested strateyles the designed scenarios. According to the

results of the individual steps they should be mrpd with each iteration.

Both, strategies and development scenarios areinechin a series of MAR groundwater budget
assessments in Step 6. These are purely numedtidasthat should help to judge basic performance
issues or identify inconsistencies in the developegharios and options. To analyze the actual
potential impact of strategies under different sc&s, a good and reliable groundwater flow and
transport model is required. By means of simulatimer Step 7, a performance and impact
assessment of the designed concepts can be cotiduncter full consideration of the groundwater
flow dynamics, which cannot be addressed by mehtigeanere numerical budget assessment. The
actual performance is evaluated and ranked baseadequate indicators in Step 8, leading to
recommendation for the implementation of MAR pibténts under Step 9. The idea is to test and
evaluate the MAR approach in the field under reafldvconditions in a downscaled version. The
actual conduction of this so-called technical MARdibility assessment forms the final step of the
suggested approach. Due to its complexity and idwratf preferably several years, this step may

include a whole new process.
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3.2 Methodology: Detailed Description of the suggeste®AR Planning Approach

3.2.1 Step 1: Data Acquisition and Analysis

The first and most fundamental point is an initlata acquisition and analysis of that data (Figure
3-2). Without a profound data base it is virtuathpossible to develop adequate concepts for MAR
or any other form of IWRM measure. It is also bdsicthe definition of future scenarios and the
development of a groundwater model. Models aretempt to recreate a real system in a simplified
manner in order to simulate potential reactionthefanalyzed water resources system to changes.
No model can represent a real system in a sufficiemner if there is not a good and complete set

of different data.

Figure 3-2: lllustration of MAR Planning Processe{st/10.

It is recommended that all available data sour€elata should be identified first. Besides sciéntif
publications by prior or running studies, localkstfaolders should be consulted here. These could
include local, regional or federal water authositiministries, NGOs, watershed committees, water
suppliers, farmers or the municipalities themselv@ace an overview of all available data is
established, data gaps can be identified. Theflisgquired data is very site-specific and depends
the local conditions. The water manager should laageneral idea of the local conditions before a
study begins. Therefore, the set of required dataild more or less be clear. When data gaps are
identified, which will be the case in most studgas in developing or emerging countries, it is of
vast importance to the MAR project to plan and emtéwn evaluations to fill these gaps. It is not
recommended to rely on a poor data basis. Thisonllf increase the level of uncertainty and may

consequently lead to results that may neither sgmtethe actual system nor receive acceptance by
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local stakeholders. Stakeholder acceptance is @rrmaportance if any actual implementation is
expected. This issue will be addressed in severpsof the suggested approach.

Own evaluations may include intense field work sashhydrogeological surveys. The water
manager should be aware that it might be requiveseek assistance of local experts in order to
obtain the required data. Often local stakeholtex® plans and designs of, for example, monitoring
campaigns but lack the required funding or suppbitten planning for a MAR project, adequate
funding must be accounted for to support theseuatiahs. For example if spatial data on hydraulic
parameters, such as hydraulic conductivity, is imggst should be considered to conduct a campaign
of pumping tests in the field. These require, besigersonnel and expertise, time and money. These

aspects should be taken into account before th@ld@AR project starts.

3.2.2 Step 2: General MAR Feasibility Assessment

Based on the acquisition of existing and new datfirst judgement must be conducted whether
MAR is a feasible technique to be applied in thepeetive study area or not. The step is illustrated
in Figure 3-3. The prevailing surface and undergtbuaharacteristics might be not suitable for a
MAR system. Based on the acquired data, it mustakiated whether the local physical conditions
allow for a MAR implementation. With regard to sacé characteristics these criteria include the
existing land use patterns. In a dense urban emwient it may be more challenging to introduce
MAR. Technologically an implementation would thenmost cases be limited to direct injection
due to the reduced availability of free areas fdtiate water. Along with this pre-selection of a
technology come specific demands on the water tyualienhanced requirements for pre-treatment.

Figure 3-3: lllustration of MAR Planning Processe{s2/10.
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If there is land available, or easy to acquirepgppphy may be the limiting surface characteristic.
In general, the higher the slopes, the higherrtiamentation costs for infiltration ponds. Alse th
spatial distribution of water sources and demamdisrs plays a key role for general MAR feasibility.
Managed recharge should ideally be conducted ¢bodes source of water in order to keep the costs
for water transport and additional hydro-infrastunes as low as possible. The costs of MAR
schemes vary substantially between MAR types a@sktlsite specific conditions (Ross & Hasnain,
2018, Choi et al., 2018). On the other hand, MABu#th add to the water availability which will
increase water consumption and subsequently,alequate prizing system is applied, to monetary
benefits to balance the costs (Kiparsky et al.,820The demand centers, meaning the locations
where groundwater is mainly extracted from the fgushould be located downstream the general
groundwater flow direction. Otherwise, the additityrecharged water my take another course and
flow away from the pumping wells. This leads to tinelerground characteristics: There has to be a
suitable medium, an aquifer, to be used as stdmgdAR. This aquifer, or aquifer system, must
allow for additional recharge without reaching timeits of its capacity. Its hydraulic conductivity
should be high enough to allow recharge in thegetbgely required quantities and at the same time
keep the water long enough within the vicinity loé extraction wells (Rojas et al., 2018). If théada

is insufficient to judge a general feasibility ofAR, Step 1 may not have been conducted in a

sufficient manner and should be repeated.

3.2.3 Step 3: Water Resources System Analysis

To thoroughly analyze the water resource systeshinsajor importance for all consecutive steps. It
creates the basis for any planning of MAR measard$/RM and development strategies. Figure
3-4 illustrates this step. The main goal of the 8/ &esources System Analysis (WRS) is to identify
the potential of water resources in a region amdréguired hydro-infrastructural components to
activate these resources (Rusteberg et al., 2Ri&aeberg et al., 2018). By doing so, the WRS also
includes a water balance assessment by quantifyiagspatio-temporal distribution of water
availability and demand. Depending on the analyggstem, or study area, it may be recommendable
to discretize a large area into smaller units. €lemild be based on surface water catchmentg if th
system is highly characterized by surface watenne®s, or patterns of land use, predominant water
demand sectors or other features. Whatever metriséd to discretize spatially should allow for a
separated analysis of all delineated units. In shisly the spatial discretization is referred to as
“Management Units” (MU). It allows for an evaluati@f water budgets with a special focus on
evaluation of potential water management issued) as MAR and IWRM. For example, a study
area might be predominantly characterized by lea®in a way that a clear delineation between the
urban and rural area can be conducted. This meglat duitable criterion for spatial discretizatitin.

could be determined that the water supply of therkight have lower requirements on water quality
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because most of it is used for irrigation purpogésile the urban MU on the other hand may depend
on high quality water to cover domestic demandss Thonly one example of how this measure

could help in developing water allocation schenreshe following process. It must be decided

whether a spatial discretization makes sense aad, on which parameters it should be based.

Whatever systems or sub-systems are analyzed, epep&rameters are water availability and
demand. As for the first, it is not to be confuséth water supply. Water availability in this coxrte
means all existing sources of water that are piaignaivailable for anthropogenic use in the study
area. These include yet unused, or “untapped”, watsources. For example there might be an
unused potential of treated waste water that igsadisd to the sea. It represents an unused water
resource that might as well be applied for irrigatiThe same is true for surface water discharging
unused through rivers. It is vital to identify a@llese currently used and potential future water

resources.

Figure 3-4: lllustration of MAR Planning Processe{s8/10.

In most areas water plans are already existingcdnathelp to identify these parameters. Often also
projects are already in planning or even in thel@mgntation phase that will supply the study area
with additional water. They have to be includedha planning. Potential sources of water supply
are, depending on the local climatic conditiongdsied to high variability. This means that in most
cases it will not be possible or feasible to giveam annual values of water availability. Rather,
transient time series should be acquired. Espgcsaliface runoff in semi-arid regions is highly

fluctuating from year to year. It is recommendedréty on actual monitored data. For a first
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evaluation, historic data should be used. Of cotivege can never be extrapolated to the future 1:1
in a satisfying manner. But for a first impressafrthe water resources system, and maybe also for
a first scenario to later calculate, historic valaan be used as an implication. If data is natable,

it should be collected. In addition, to field exipegnts and monitoring campaigns, data could be
acquired by means of simulation. For instancelimatic data is available in abundance, it might
make sense to simulate the spatial distributiorawifall or natural recharge to the groundwater as

was done in one of the case studies presentedsithtsis.

A similar situation is given for the parameter watemand. While water availability data might be
under strong influence by climatic variations atlteo external factors, water demand is mostly quite
constant. At least for domestic, industrial or caenoml sectors, water demand will not variate too
much in between seasons in most cases. The coigrang for irrigation water demand. It is highly
linked to water availability, in terms of rainfalh years of high rainfall, irrigation demand midge
rather low, while dry years result in increased dadfor additional water to satisfy local crop wate
needs. Since water is mostly supplied, distriboteat least monitored by a local authority, monthly
data can be expected to be available most of mhe. tif this is not the case, also own evaluations
should have been applied in the prior step. Faamt®, as will be shown in this thesis, irrigation
water demand can be calculated with a spatio-teahplgscretization based on land use and climatic
data. Domestic water demand could be estimateddbaseassumptions for per-capita water
consumption, paired with current socio-economicadand knowledge of the water distribution
networks to address losses due to leakage. Aldoyttre-infrastructure should be addressed. In what
way are the various water sources connected tvélter demand centers? How is water transport
and application managed? What irrigation techniguesused? What are the resulting loss rates due
to transport and application? All these mattersukhdoe covered in a water resources system

analysis.

All these data should help to identify the problémmost cases this will be an imbalance of temipora
and/or spatial distribution of water availabilithch demand. If there is such an imbalance the
gquestions remains whether additional storage, fample supplied by a MAR implementation,

might be a potential solution to this problem.Héte is no demand for MAR, or any water storage
in this respect, there is no need to proceed wi¢hstudy. Stakeholder contribution is the key to
deliver a complete and accurate picture of thel veder resources system. Making use of existing
water plans, development strategies, past and onggeater resources projects and even political

agendas will increase the acceptance and validafidre final results.
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3.2.4 Step 4: Combination of MAR Concept and IWRM Measures to integrative Strategies

This step represents the key element of the sugdiesanning approach. It is the iterative
development and integration of conceptual MAR piagrin combination with potential IWRM
measures. Figure 3-5 illustrates this twofold iatéive step. On the one hand stands the delineation
of conceptual MAR options, on the other hand IWRMasure are defined. Both depend on a
complete understanding of the water resources maysded stakeholders’ plans for future
development of the region as emphasized in the ptaps. This double-step is the basis and core
element of the following steps. Therefore, it is #tarting point of many iterations that fall back
here. The suggested process of designing integrstiimtegies should be explained. Basically at this
point it is required to give a first description loéw a potential MAR implementation could be
outlined. Though the planning of a MAR system meguire many more factors, each of which will
be accounted for in later steps. At this poins itiucial to define two major aspects of the suigges
implementations: locations and operation schemasafirst iteration both of these elements might
be addressed rather superficially. Based on thiyzew data a first idea of where to strategically
locate additional groundwater recharge should becobvious. For instance, if the main water
source in a study area is a natural spring sysasns the case in the semi-arid case study, and the
main demand center is an agricultural area dowasttee groundwater flow direction of this source,
the obvious first choice would be to consider MABse to the source, using the natural groundwater

flow direction to transport the additionally stonedter to the demand center.

*

Figure 3-5: lllustration of MAR Planning Processes#/10.
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The second element is the operation. In the chesample, operation of the suggested MAR facility
would be defined by the spring system’s dischargktae temporal distribution of irrigation demand
at the demand center. Irrigation demand duringréggon’s dry season might be so high that it
requires direct coverage by the spring dischargeinD the wet season, there is a clear surplus of
water availability. This surplus of water is theusze of our imaginative MAR system. By means of
water resources system analysis a calculation tghty available water volumes is possible that
could be recharged via MAR during this rainy seadars amount, in a temporal discretization, is
exactly what we consider the operation schemeagresient series of recharge volumes available for
MAR. The combination of both, the operation scheme the location(s) are enough at this point to
proceed with the MAR planning process. It is impatt however, to define a set of alternative
options. Even though an option might not appeaable for the case study, it has a certain value fo

comparison. It might help setting the evaluatiopatiential MAR performances into perspective.

It may not be possible to define conceptual MARia without analyzing potential new water

sources by means of IWRM measures first. The ditrthose two interacting planning steps are
presented here should not be taken as fixed. Rattlershould be addressed in parallel. The IWRM
measures should ideally be based on existing &wdiregional water plans, if available, and extend
them if possible. In most cases the existing ptready include IWRM measures. IWRM measures
in this study are understood as actions, implentientaor likewise that aim at the management of
either water availability or water demand. For eglarthe construction of new hydro-infrastructure

in terms of a pipeline that import additional waterthe study area (supply management). Or the
modernization of existing networks to reduce wai@nsport losses (demand management). Ideally,
MAR is already an element of such plans. If thatasthe case, it should be included in a way that
it does not replace any of the other planned measout rather complements them. This is where
the prior conducted water resources analysis ismafor importance. Without a complete

understanding of the system, backed with real detageliable results can be produced. The higher

the uncertainty of the initial data, the higher timeertainty of the results.

The results gained in the analyses to follow tleegeial definitions should circle back to this poin
if results show potential for improvement. As hagi shown in the literature review chapter on
IWRM, iteration is fundamental to water managems8irtce MAR will be viewed as an integral part
of IWRM in this study, the same assumption is valkdte. For instance the following steps might
reveal that the existing water plans and their IWRlMdasures, even in combination with a MAR
system, will not suffice to supply the region wighough water for the next decades. By iterating
back to this step, an additional strategy can lsigded that includes the activation of yet another
source of water. Or the implementation of anothé&RMacility at a different location. The potential

impacts cannot be judged based on mere analysie axisting water resources system. Rather it
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requires forecasts and calculations based on assun®in terms of development scenarios. These
will be addressed in the next step.

3.2.5 Step 5: Development Scenarios

A variety of scenarios for the future developmetihe water resources system should be established
based on external factors that are beyond theaamftthe water manager. These external parameters
are those that are not under the influence of amyam planning activities, such as climatic
parameters or economic scenarios that impact thelgiion growth or agricultural extension. The
design of these scenarios should be in accordaiticéh& system. The overview in Figure 3-6 should
serve as a framework for orientation regarding dbdine of these scenarios. It is suggested to
develop at the very least one Baseline Scenaberaand Development Scenario and a Dry Climate

Scenario.

Figure 3-6: lllustration of MAR Planning Processe{s6/10.

The Baseline Scenario serves as a basis for cosoparit should include only conservative
assumptions for socio-economic growth and demamngldement. The historic growth rates for
population and domestic demand may for example tiended to the future. The Demand
Development Scenario can for example be built adfdiive agricultural sectors. Since agriculture
will in most cases be the dominant water consumdrig on the other hand a flexible factor that
might change according to the market developmengxXample if one specific crop becomes more
valuable in the future and is more water demandihg.idea is to make assumptions that are realistic
on the one hand but also challenging for the watsources system with regard to increased water
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deficits. The scenarios are stress tests. Therltbgedesigned strategies perform under extreme
conditions, the more suitable they may be for amaamplementation. The third development
scenario concerns extreme climatic conditionsrimseof reduced rainfall. The selected case studies
for this thesis for example are located in theit®pn the one hand and a semi-arid environment on
the other. While the one may apparently have wiatexbundance, the water demand has often
developed in parallel and is accordingly high. Haren small changes in rainfall might have strong
impacts on the supply-demand balance. Semi-aritbmegoften suffer from droughts and it is
important to design strategies that help mitigatewscarcity under drought conditions. According

to the study and its individual system, at leagt dmallenging climatic scenario should be developed

3.2.6 Step 6: MAR Groundwater Budget Assessment

Once the conceptual MAR options, IWRM measuresdavelopment scenarios are designed, a first
numerical evaluation can be conducted. The gotdliektep is to analyze the impact of the designed
strategies under the given scenarios on the sySirwe MAR is a measure to use a local aquifer as
storage medium, the budget assessment should blected for the aquifer. All data of input and
output, water availability and demand, rechargeraosdvery by pumping wells, should be transient
with at least a monthly temporal resolution. Asaduced in Step 3, there might also be a spatial
discretization based on Management Units. If thithe case for the study, individual groundwater
budgets for each MU might be calculated and, intauafg an overall budget for the entire study area
accumulated. It is important to know what the exmrameters of in-and outflow are that should be
calculated in this step, which is illustrated irgdie 3-7. Basically the in-and outflow of the
groundwater budget assessment are the same skttadhat have been acquired in the prior steps
and compiled in terms of future development scesand strategies. Knowing the system as defined
under Step 3 and having developed strategies ohgement and scenarios, all variables of the
budget are available. What is conducted hereimplas IN -OUT budget equation on at least monthly
basis, depending on data availability. The IN fgthe natural groundwater recharge, unmanaged
recharge resulting from human activities and the ingroduced or planned recharge via MAR
facilities. The OUT part is the pumping from theudier that is selected as storage medium. It can
be calculated by taking the identified water demand subtract the volumes of water that are
supplied from other sources, like surface runaf§ervoirs or import. The exact application of this

step, with its formulas etc., is given in this tkeer both case studies in Chapter 4.

The results can be interpreted based on the aceatedugroundwater budget. It is the sum of all
monthly time steps’ individual budgets. Basicatlye higher this accumulated value, the better the
MAR performance under the given scenario. Thesdtsesan only be seen as a first estimation and

should mainly serve to iterate back to Step 4 emgfove the conceptual strategies. Also, the budget
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results may lead to the conclusion, that the seteBV/RM measures or strategy is insufficient or,
the other extreme, brings too much water into tfstesn. In any case the IWRM strategy might be

adapted, for instance by considering additionalewanports or leave out one of the potential
measures.
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Figure 3-7: lllustration of MAR Planning Processe{s6/10.

3.2.7 Step 7: Groundwater Simulations

Mere water budget calculations are insufficierjutige the potential impact that a MAR installation
in combination with IWRM would have on a complexs®m. Therefore, it is highly recommended
to develop a groundwater flow-, and ideally alsmsport-, model of the study area. This might be
challenging for some regions with regard to datailakility. If possible, groundwater simulations
should be conducted. Only with models it is posstiol consider the groundwater dynamics that
result from any interference with the aquifer innfioof pumping and recharging.

By increasing the recharge to an aquifer, the sufdit water will increase hydraulic gradients,
resulting in higher groundwater flow rates. Thesdh® other hand might lead to an increased flow
out of the system. Natural groundwater flow direasi might locally even be changed to the opposite
direction when the recharging water creates a baldgcal groundwater levels. Also the strategies
to be evaluated will rely on increased groundwexgractions due to agricultural growth or increased
reliance on groundwater due to climatic scenanwslitions with vastly decreased rainfall. All these

parameters cannot be covered by mere budget didnidas presented in the prior steps. But since
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simulations may become a quite complex and timeswmmng issue, the prior step is supposed to
help reducing the amount of strategies to be sitadlé&dy allowing a pre-selection of favorable

combinations or the selection of representativargtas. The results of the simulations can be
interpreted in many ways. A first evaluation of fhasibility and impact of a MAR measure can be
made based on groundwater levels. By analyzingangbaring the transient results for groundwater
fluctuations in the simulation of different strayefgr the same scenario, the relative performarice o
each measure can be identified. The results shdeddly lead to a reconsideration of the developed

concepts and it should be iterated back to Stepfdrther improve the solutions.

2028 2030 2032 2034 2036 2038 2039

BL B ——BL C ——BL D —BL E

Figure 3-8: lllustration of MAR Planning Processes¥/10.

3.2.8 Step 8: Performance and Impact Assessment

Step 8 of the suggested MAR planning approachpgsrformance and impact assessment (Figure
3-9). Prior steps in the process already includidimpact assessment, by means of accumulated
water budgets or simulated groundwater levels, ntakhis step not really a stand-alone step but
rather an implemented element of the entire proddss assessment is based on the idea to define
quantifiable indicators that can be used to giwelae to the individual strategies. It may be of
advantage to define these indicators earlier througthe process and use them already in the past
two steps as an orientation if iteration back tepSt is required. Once the budget and simulation
assessments are conducted and the selection otipbtgrategies that might be implemented in the

study area is reduced to a moderate number, theedeiihdicators can be used to finally directly
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compare and rank the remaining options. The indisathemselves should ideally be defined in
accordance to the local stakeholders’ own pref@a®néxisting water plans can be used as a basis.
They often include defined development goals, wikmhld have been used also for the definition of
scenarios, which can be translated into quantdiadicators. They should cover at least the three
main fields of sustainable development: socialneatics and environment as have been addressed
in Chapter 2. The assessment itself should incltide actual calculations of the indicator
performances and a comparison based on a defingghtimg of the selected indicators. This
weighting, like the indicators themselves, can eeved by stakeholder consultation. For instance,

the level of achievement in the environmental gettay outrank the economic and social aspects.

11: GW
Costs Stress Decline  Volatility  Efficiency
#DN 1.00 0.00 0.00 0.00 0.00
#Strategy A 0.60 0.17 033 0.50 1.00
Stategy B 031 026 056 051 1.00
#Statcgy C  0.10 032 074 023 1.00

V- GW CmGw
Vot Decline

DN Strategy A

#DN #Swategy A #Stategy B Strategy C

Figure 3-9: lllustration of MAR Planning Processe$8/10.

In order to avoid a bias of the results by adjgsthre indicators and setting the weighting durimg t
evaluation, which may lead to the unconscious gitémstrengthen the performance of a subjective
strategy, these steps should ideally be conductéord the actual evaluation starts. Finally the
assessment will deliver a ranking of MAR optiorsited by performance. Now ideally a priority
option for a potential MAR implementation has bedentified. If this is not the case and the
performances are overall unsatisfactory, it shdxaldterated back to the definition of strategied an
try to further improve these. If this also failsmay be concluded that MAR, despite prior positive

results, is not a suitable measure for the casly stu
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3.2.9 Step 9: Recommendations for Pilot Plant(s)

If the prior steps lead to the result that onenrzed strategy could be identified for the stuahga
that can support achieving the development goatk performs satisfactory under a variety of
extreme scenarios, recommendations for the installaf one or more pilot plants in the field shaul
be given. Step 9, as illustrated in Figure 3-1&Gascerned with the compilation of all results and
creating a basis to work together with engineertherdesign of a long-term experimental unit.

This step is the logical next level of the MAR rasdh. Relying solely on computer simulations
cannot be sufficient. Only by testing and operatindownscaled MAR facility in the field and
carefully monitor its operation, final recommendas can be given. It is recommended to include
engineers in the design process and give themathergl direction based on the study results. These
include a definition of the operation schemes atiogrto the listed parameters. In addition, to the
design of a pilot plant, a monitoring system shdadasuggested. The goal of the field implementation
will be to test the theoretical assumptions undat world conditions. Therefore, the behavior &f th
recharged water and the system’s response mustudetiied by means of monitoring. The

recharged water could additionally be fed withezér in order to track the groundwater flow regime.

Figure 3-10: lllustration of MAR Planning Processef59/10.

It can be foreclosed at this point that within giedy this is where the application and testinthef
suggested MAR planning process will end for botsecstudies. The results of this thesis will be to

give recommendations for actual field implementatio
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3.2.10 Step 10: Technical MAR Feasibility Study

The next step in the suggested MAR planning appredlt be the actual design, implementation
and evaluation of the suggested pilot plant. Ttap sequires cooperation with engineers. The design
of a MAR facility is again highly depending on thite specific parameters (Patel & Desai, 2018)
and the framework that is delineated by evaluatfd®tep 1-9. The final goal should be a conclusion
about the applicability and feasibility of a MARstgm in the study area. As the illustration in Fé&gu
3-11 shows, even now the results may and shouttitiea new iteration of improving integrative
MAR strategies. There is no guarantee that allrédtezal work conducted at this point will actually

lead to a positive result. This is why field expegits are of such an importance.

The actual design should be conducted based onethidts formulated in the prior step. Close
cooperation with local stakeholders must be undedli For instance in underdeveloped regions,
where most of the water users are farmers, it wbaldecommendable to include these farmers in
the building process of the pilot plant. This irases the transparency of the conducted measures

and consequently the chances of acceptance byetmep

Figure 3-11: lllustration of MAR Planning Proces$ei510/10.

It is recommended that the pilot plant is locatédagotential final position for a real MAR
implementation. The plant might be designed in g that its capacity can easily be increased. For
instance when using surface infiltration ponds ugicadditional area should be available to increase
the recharge capacity if the pilot plant are tranmsfd into an actual facility. The pilot plant skbu
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basically be a downscaled version of the suggddi®R facility. The experiment runtime and the
type of monitoring are very site specific issued dapend on the system, the technology used, the

water quality, groundwater environment, possilgititto monitor and potential political restrictions.

3.3  Summary of the suggested Approach

Figure 3-12 summarizes the entire suggested MARnjphg approach and sets the individual steps
into context. It should serve as an overview tham ®e consulted throughout the following
applications of the process. All of the steps Wwél followed for both case studies and knowledge
about the overall structure of the planning proseiisbe taken as granted. Once the recommended
MAR concept has been successfully tested in the, fieis necessary to disseminate the test results
by giving actual recommendations for MAR implemeiota This should cover all of the above
results, considerations and a good documentatidheoplanning process. If possible, an economic
evaluation should be given. One of the main questiwill be who to address. If stakeholder
involvement has been conducted from the beginrimg,question may already be answered, since
the responsible people should have been part ofetiige planning process. Other ways of
dissemination are the formulation of policy brieFhiese short summaries of recommendations can
be addressed to a variety of recipients. It shbeldlear who the audience will be, since addressing

experts and scientists requires a different apprtizen addressing politicians or city planners.

Whoever the recipient of the final recommendatiails be, it should now be possible to give a
complete description of the conducted work and tteithe results are based on. The comparison
with other MAR options and IWRM strategies in thentext of different scenarios for future
development will allow to make a case for the geldaecommendation. Therefore, these final
recommendations should already include a basisoimparison, e.g. a do-nothing approach that will
show the future development of local water resaursgstem if no additional measures are

conducted.
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Figure 3-12: lllustration of the entire suggesteARplanning approach as a whole.
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CASE STUDIES:
JOAO PESSOA
AND

JERICHO -AUJA
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4.1 Introduction

The new developed planning approach presenteceipribr chapter has been applied to two case
study areas. They have been selected for theitagitpiin demand for advanced water management
strategies and their fundamental difference in watsources characteristics. By applying and tgstin
the approach to these contradicting conditionsagfital climate at the coast of Northeast Brazil on
the one hand and semi-arid conditions within thevé&iloJordan Valley on the other, its general
applicability as a framework for MAR planning stesliin the context of IWRM can be evaluated.
After a brief introduction to each case study, tiapter will present the results of each individua
planning step as presented above. The individusd study results will be described and discussed
in parallel, meaning the structure of this chadiocused primarily on the approach itself, rather
than presenting the case studies one after the. dthaddition, this chapter presents the resuits w
regard to MAR planning. The following brief des¢iim are supposed to give an overview of the
two case study areas. All details to the mentignaidts will be elaborated in the following sub-

chapters.

The study area of Jodo Pessoa is characterizedttsme rainfall and surface runoff during 4-5
months of wet season per year and an extensiveopotenic use of the local aquifer system. The
main water demand sector is agriculture in thedargal area predominantly featuring sugarcane
plantations. Water demand and availability arengfipdepending on the annual precipitation falling
directly over the coast, since the local aquifestey receives little to no horizontal recharge from
the semi-arid inland. Vertical groundwater rechasggtrongly restricted in the urban area due ¢o th
impermeability of the ground. The aquifer is reagtstrongly to climatic variability with several
meters groundwater fluctuation in between montleghBvater quantity and quality must be studied
carefully with regard to risks affiliated with thetense agriculture, its consumption of irrigation
water and use of pesticides, as well as the domestier systems in the rural area, with little to n
treatment of waste water and many cases of unmedraaggfer recharge from cesspits and industrial
waste water. This study focusses on the quanttaispect of a sustainable use of local water
resources and the creation of a data basis tlatigsal to the future planning and management of
the valuable resource. MAR planning for Jodo Peardadts surrounding rural area is challenged by
the overall poor data situation. Though there anearety of authorities responsible for water
management and monitoring in the region (e.g. AESRA), no groundwater monitoring networks
were existing at the beginning of the project. Megmo data of groundwater levels or fluctuation
was available. For surface runoff, at least sonta was present. In addition, water extractions from
both, ground-and surface water, are not monitdfetice, the actual consumption is not known. To
rely at least on some data, completely new momgprietworks had to be designed and installed,

time consuming and cost intensive. With regard tARVin particular, Northeast Brazil has no
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experience with the technology. This might implglexreased acceptance of MAR implementation,

which is crucial for a successful implementation.

The case study of Jericho-Auja stands in conteetste prior study area. Located in the Lower Jordan
Valley (LJV), it is characterized by semi-arid cdimhs and high water scarcity. Unlike the
Northeast of Brazil, water is not available in attance, even throughout the rainy season. Main
water sources are local springs that are fed byfaihiin the mountains. Spring discharge itself
underlies very high variability. Rainfall within éhstudy area is limited to a few storm flow events
per year, with some years even completely lackimg rmajor rainfall events. Besides the highly
fluctuating spring discharge, groundwater is thénmsaurce of water for local farmers and domestic
supply. In general it can be distinguished betwaempper and lower aquifer, both showing high
levels of salinity in some areas, with brackishugrdwater conditions. The upper, shallow aquifer is
already overexploited by pumping wells of unknowamber. Insufficient traditional water
management systems, non-efficient irrigation teghes and surface reservoirs for storage intensify
the severe water resources situation. The hydrogmall situation of the aquifer system is very
complex and heterogenic. The lower, deep aquiterais a high water potential but the installation
of additional wells is costly and underlies numerpolitical and legal restrictions. This study will
focus on the purely scientific aspects of the |locatler management issues, showing what would be
possible taking all political obstacles aside. émtcast to the prior case study of Jodo Pessoa, the
study area of Jericho-Auja has already been subgentany studies and preceding research and
development projects (e.g. SMART and SMART II). fidfere, it is not part of this study to acquire
additional data by means of field work or other sugas. The MAR study relies on the data and
achievements of many years of cooperation of SMAR@ SMART-MOVE project partners. In the
following, the main necessities for a successfulRMitnplementation in the study area are briefly
addressed. This chapter will set a rough framewbtke overall design of potential MAR infiltration

facilities based on the site specific conditionssgnted here.

4.2 Step 1: Data Acquisition and Analysis

4.2.1 Socio-Economics

a) Jodo Pessoa

Jodo Pessoa is the capital of the federal stagl@an Northeast Brazil. Including the surrounding

rural area, over one million people inhabit thedgtarea. The area is characterized by a high
developed urban area at the coast and a denselagatuse further inland. Irrigated sugarcane is
the dominant crop, according to own land use asss#s. The coastal alluvial aquifer is under high

stress due to vast water extraction rates duriegdily season as will be shown under the water
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resources system analysis section. The tropicalaté produces high precipitation during the rainy
season, but without proper storage these resocare®t be used throughout the rest of the year.
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Figure 4-2: Location of study area Jo&o Pessoa.
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Figure 4-1 shows the outline of the case study. dieaselected boundaries were based on numerous
factors. The area includes the urban area of Je@soR as well as the entire Gramame catchment
area and a small part of the Baixo Paraiba catchrié outline of the study area orientates on
natural boundary conditions: The eastern boundamypresented by the sea. The southern boundary
follows the watershed between the catchments Grareamd Abiai. To the west the change of
geology from the coastal sedimentary aquifer tatailine hard rock formations sets a limit to the
aquifer. As a northern boundary the Rio Paraibase#ected.

The biggest municipality in the case study arethéscity of Jodo Pessoa. With roughly 725,000
inhabitants (as of 2010) it is the capital of thddral state Paraiba. Followed in size by Santa Rit
with 120,000, Bayeux with 100,000 and Capedelo @000 inhabitants respectively. Further
90,000 people are spread over another five minmicipalities the size of 6-30 thousand inhabitants
each (IBGE, 2010).

Table 4-1: Municipalities in Case Study Area JoéssBa -urban and rural population (IBGE, 2010)

Municipality Urban Population Rural Population Total Population
Jodo Pessoa 720,785 2,780 723,515
Santa Rita 103,717 16,593 120,310
Bayeux 98,793 923 99,716
Capedelo 57,936 8 57,944
Pedras de Fogo 16,358 10,674 27,032
Conde 14,487 6,913 21,400
Alhandra 11,153 6,854 18,007
Cruz do Espirito Santo 7,440 8,817 16,257
Sao Miguel de Taipu 2,977 3,719 6,696
Sum 1,033,646 57,231 1,090,847
Population in Case Study Area Joao Pessoa 2010 Urbén vsSRuéaliopuéegi%n
1 Case Stu rea
17032 211400 18,007 1(2’2621 y

57,231

s

= Jodo Pessoa = Santa Rita = Bayeux
Capedelo = Pedras de Fogo = Conde
= Alhandra = Cruz do Espirito Santo = Sao Miguel de Taipu w Urban = Rural

Figure 4-3: Population the the case study are&ritalision among municipalities and urban/rural.
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Table 4-1 lists all municipalities in the study aneith inhabitants categorized by urban and rural
population. In total about 1.1 Mio. people liveand, since some municipalities lie on the border of
the selected outline, around the study area. Theodephy shows that the vast majority of people
in the region live in urban districts. Only 5% @#tpopulation live in rural communities (IBGE,
2010). In total numbers that is 1.03 Mio. peopleities and 60,000 people living in villages or
farms. Figure 4-3 illustrates this one-sided disttion.

For MAR site selection data on land use plays atpivrole in identifying suitable areas for the
implementation of recharge sites. If surface te@dgies such as infiltration ponds are utilized quit
large areas are required. Forests or urban areasoaisuitable for this purpose. Agricultural land
might be purchased. Depending on the cultivateg tand costs might vary. It is also relevant in
terms of irrigation demand calculations. In thedsgtwarea, only estimations of irrigation water
demand exist as will be discussed in the sectiowater demand assessment. In order to perform
calculations of potential irrigation water demalachd use must be known. This allows for an analysis
of spatial distribution of demands, as well as ¢akulation of scenarios in terms of agricultural

development or change of climate conditions sugbresipitation.

Landuse Map Jodo Pessca

Legend
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Figure 4-4: Land use map Joao Pessoa (Walter, &Cdl8).
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Landuse - Joao Pessoa Irrigated Agriculture
4 km?(1%)

564.1 km?
(53%)

Sugarcane = Policulture
= [rrigated Agriculture Others Pineapple = Coconut

Figure 4-5: Agricultural land use in study area.

Land use of the Jodo Pessoa case study area hastbdeed in cooperation with the BRAMAR
project partner UFPB. Based on a pre-existing re@yeral field visits were conducted to update and
improve the data (Walter et al., 2018). Figure @ndl Figure 4-5 show the results of this analysis.
According to the results, irrigated agriculture mskip about 47 % of the study area. Of these the
major crop in the region is sugarcane (roughly 7ar%49 km?2 within the outline of the study area).
In total this means one third of the region cossiétsugarcane fields. Being a crop with fairlythig
water demand, these results indicate very higlrcalgural water demand. This will be analyzed in
detail in Chapter 4.4.3. The second biggest craperarea is pineapple: Roughly 66 km? (or 13 %
of the irrigated area) are pineapple fields. As banseen in the land use map, these areas are
concentrated in the center of the study area. Astdth % of agriculture consists of polyculture area
These contain manioc, mango, pineapple, coconagrtzaand others. It was not possible within the
course of this study to collect more detailed infation about those areas. Hence, they are
aggregated as “polyculture”. In the southeast efdtudy area some bigger coconut plantations can

be found. However, these only make up 1% of irddareas.

b) Jericho-Auja

The semi-arid case study area comprises two muaiittgs; the city of Jericho and the Auja village,

north of the city. It inhabits roughly 25,000 peaplhe region is of rural and agricultural characte
and suffers from extreme climatic conditions. Wath increase of water availability and a more
resilient water supply system, the area would hawe enormous potential for agricultural

development.

The Lower Jordan Valley (LJV) is bordered by theddm River to the east and mountains to the
west. Towards the Dead Sea in the south, surfavatsn drops steadily to more than 400 m below
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sea level. The city of Jericho is famous for itaim to be the world’s oldest city, though
archeological discoveries contradict this statemdatvever, today it inhabits around 22,000 people,
living mainly from agriculture and tourism. Jericisdocated directly at the border of the two Wadis
Nueimah and Qilt and relies, amongst groundwatsouees, on the discharge of the respective
spring groups. North of the city the village of Aug located. With roughly 3,000 inhabitants it is
significantly smaller. Auja village receives mosits water supply from the Auja spring, which has
the highest discharge, but also highest hydraai@bility, in the study area as will be preserited
Chapter 4.2.3. Main source of income is the logaicalture. Due to political and economic
indicators, most of the agricultural areas belangrivate companies, as local farmers continuously
sell their land and share on the local water rigitalter, 2013a). Most of the associated land @n b

described as uncultivated.

Infrastructure is given by a main road connectinggAwith Jericho, continuing parallel to the Jordan
River to the north and a road going westwards tdwlae mountain area an Auja Spring. Today’s
agricultural land is limited to less than 33 km3tMaround 6 kmz2 located around Auja village and
some 27 km? ha around the city of Jericho. Accaydmlocal development plans, so-called “water
plans”, there is a high potential for agricultueatension to an area of 43 km?2. Limiting factor for
agriculture in the study area is water availahiliyt land. These values have been assessed bygtproj
partners after stakeholder consultation in the exnof the development of a WEAP model
(Rusteberg et al., 2018a).

4.2.2 Climate
a) Jodo Pessoa
The case study area lies within a “tropical monsolamate” zone according the Koppen climate
classification (category “Am”, Koppen, 1918). Theéimate is determined by the following
characteristics:

* Monthly mean temperature > 18°C in all months

« Pronounced dry and wet seasonality

* Precipitation < 60mm in the driest month

* Precipitation > [100 -(total annual precipitatioRS)] in the driest month

(McKnight & Hess, 2000)

Figure 4-6 shows historic climate data for the cifyJodo Pessoa from 1961-1990. Mean annual
precipitation is 2,145 mm, while the average terapge is 26.1°C with very limited fluctuation
throughout the year. It can be observed that thenmeonthly temperature never drops below 24 °C.

On average the months October to December areyarty dry, showing a clear seasonality of wet
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and dry periods. The dry season lasts, dependitigecennual variability in rainfall, from September

or October to January or March. The driest monthyé¥nber, has a mean precipitation of 24.9 mm.
With a mean annual precipitation of 2,145 mm alsolaist criteria for tropical monsoon climate is

fulfilled (100 -2145mm / 25 = 14.2 mm < 24.9mm).

Climate - Jodo Pessoa (1961-1990)

350 175
21453
- 2145.3 mm 150
261 °C
250 125
= 200 100
= )
= 150 75 &
100 50

50 1 2
, 1 m N a

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
s P [mm] 354 249 285 758 108.4 252.2 349.8 307.3 346.1 346.2 183.5 872
———Tmean [°C] 263 26.7 269 27.1 272 270 26.7 260 252 242 243 251

s P [mm)] == Tmean [°C]

Figure 4-6: Climate Diagram Jodo Pessoa (INMET, 201 INMET, 2017b).

For precipitation a rather satisfying monitoringwerk has already been installed. It is the best
monitored parameter in the region. In order tohfartimprove the network, the BRAMAR project
added several new precipitation stations. Also tf@se, the local partner at UFPB took over
responsibility for operation and maintenance. Thailable data sets were used as input for the
hydrological model of the project partner (Schimphehnig et al., 2018).

The case study’s specific data situation requisdstations of the irrigation water demand. Fos thi
purpose data on potential evapotranspiration igired. Within the study area some climate stations
were already installed. The BRAMAR project adde@ @aditional station to the region, being
operated and maintained by the UFPB. The availdbla sets were primarily used for the
development of the hydrological model developed thbg project partner TU Braunschweig
(Schimmelpfennig et al., 2018). The model delivelmtdongst other relevant data, time series for
potential evapotranspiration that was used fordhleulation of irrigation water demand, being

presented in the next step: The water resourcésmyanalysis.
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b) Jericho-Auja

Climate in the Palestinian territories is strondjgterogeneous. It is characterized by several
microclimate zones ranging from humid in the westegights to extremely arid in the south over a
relatively small spatial extension (Striem & Rosgnd973). In general, average temperatures
increase from west to east and from north to s@Dtideen, 2001), while average annual rainfall
decreases with the same spatial distribution (EXACI98). Climate is highly influenced by the
central mountain range, the North African Desetth® south, and the Jordan-Syrian Desert to the
east (PCBS, 2010). Hence, the western semi-caagfi@n can be described as sub-humid climate,
changing to humid conditions with the beginningled# mountain area, at the western slopes. The
central heights within the mountain range can lagatterized as semi-arid, while its eastern heights
are mildly arid. The Lower Jordan Valley east af thountain range is generally determined by

semi-arid to arid climate (Striem & Rosenan, 1973).

Figure 4-7 shows average climatic data for thecBerdistrict in the south of the study area. The
average annual precipitation of 184.4 mm is faowedverage potential evapotranspiration rates of
2120.6 mm/a (Shawanah, 2010). Rainfall is strotiglited to October to April, with a peak during
winter months at a maximum average of 53.7 mmmudey. Rainfall mainly occurs in short events
of very high intensity. These events periodicatlgder storm floods, as high quantities of water
discharge in short time and the dry soils are btg t take up much of the water. Thus, the area is
strongly characterized by these storm floods’ fleaths: The Wadis. Potential evapotranspiration
rates outrange precipitation all over the yearhwiximum rates during summer, reaching average
values close to 300 mm in July. Temperatures instbdy area range from 13.3 °C in January to

30.0°C in July on the monthly average level. Meamual temperature is 22.5 °C.

Climate - Jericho (1986 - 2004)
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Figure 4-7: Climatic Diagram -Jericho (modified afhawanah, 2010).
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4.2.3 Hydrology

a) Joao Pessoa

Located in the coastal part of the state Parafiearegion of the Lower Paraiba River Course is
narrowed by the basin of Mamanguape and Mirirhrorth, by the Atlantic Ocean to the east, by
the Gramame subbasin and the state of Pernambuhe swuth and the East Course region of the
Paraiba River to the west. It spans from latitug#e&'13 " to 7°30'20 " South and longitude 3847
"to 35°55'23 " West of Greenwich. In the CityGafbadelo, the Paraiba River flows into the Atlanti

Ocean, after its lower course drained an area 40 &2 (Costa et al., 2007).

On the south coast of the State of Paraiba thehe ibasin of the Rio Gramame, which has an area
of ca. 589 kmz2. It is located between latitudeD?Z°L " and 7°24'23 " South and longitude 34°48'12
"and 35°10'46 " west of Greenwich. The mainrrofehe Rio Gramame and its tributaries form the
hydrographic network of the basin which is studiddmbaba, Mamuaba and Gramame are the main
sub-basins of the Gramame River, while the UtinggeR Rio Pau Brazil, Pitanga Creek, lbura
Creek, Piabucu Creek and the River Good Water thenmain tributories on the right bank and the
Riacho Santa Cruz, Stream of Quizada, Bezerra dohigiAngelim do Riacho, Botamonte Creek,
Rio Mamuaba, Camaco Rio and Rio Mumbaba on thd-lgfire 4-8. The course of the main water

basin is 54.3 km long and is not too subject todiag (Costa et al., 2007).

Sub-Catchments Panta Rhei - Jodo Pessoa

20 Kilometers

Figure 4-8: Sub-Catchments of Panta Rhei Hydroloditdel (modified after Schimmelpfennig et al., 2p18
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Nearly no active surface runoff gauges could badowithin the study area. Within the course of
the BRAMAR project, several new gauges to measunase runoff have been installed by project
partners. Operated also by UFPB, these gauge®dealuable data on water availability. As for the
above introduced parameters, surface runoff data iwglemented in the hydrological model
(Schimmelpfennig et al., 2018). For the purpos®AR planning, the model generated time series
of surface runoff that were used for this studyttél gauges were established within the model area

as illustrated in Figure 4-8. Quantities of suefagnoff will be discussed in Chapter 4.4.2.

b) Jericho-Auja

There are no major surface water bodies in theredvadis represent the only surface freshwater
supply for the region due to rainfall events whicieur irregular and variable in intensity. The Jord
River, east of the study area, flowing from Lakbéfias north of the study area to the Dead Sea in
the south is the only surface water body in théored?alestinians, however, have no access to this
water source as it lies within Israeli territorshéltwo municipalities of Jericho and Auja cros&éhr
main wadis: Wadi Auja to the north, Wadi Nueimal &adi Qilt in the south (Figure 4-9). Due to
the difficulty of translating Arabic names into Hisd, literature contains a variety of differentysa

to spell these names (eAuja/Uja, Nueimah/Nuwei'ma, Qilt/Qelb name only a few).
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Figure 4-9: Delineation of the three major watedshia the study area (Abu Sadah & Tamimi, 2011).
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4.2.4 Hydrogeology

a) Jodo Pessoa

An overview of the aquifer systems in the stat®afaiba and its geology are given in Figure 4-10.
The Sedimentary Basin Paraiba is characterizecheylight brown color. At the coastal area it
consists of three Sub-Basins which are from nartbouth: Miriri, Alhandra and Olinda. The Miriri
Sub-Basin is devided from the Alhandra Sub-Basithieyltabaiana Fau(Falha de Itabaiana)he
Golana Faul{Falha de Golana)devides the Sub-Basins Alhandra and Olinda. ThexdMauape
Fault(Falha de Mamanguapeaharks the northern boundary of the SedimentaryrBasis fault is
part of the Patos Shear Zo(#ona de Cisalhamento de Patosh the south, the basin is bounded
by the Pernambuco Shear Zo(#ona de Cilahamento de PernambucBidimentary soils are
predominant here. They are sandy and clay depdgithe edge of the Paraiba Basin there are also
cretaceous sedimentary formations. These mainge an steep slopes (Santos et al., 2013). The
sedimentary aquifer system covers the entire coesgioon of Northeast Brazil. This enables the

extrapolation of results from this case study tesal similar areas along the coast.

The study area is located within the vicinity o# gedimentary basin Paraiba (Figure 4-11 and Figure
4-12). The sedimentary aquifer is defined by faayels: the Barreiras, Farinha, Gramame and
Beberibe. The sediments of the Barreiras Formadienved primarily from weathering of the
crystalline basement and are located more to tieeiégn of the continent. In the state of Parailis th
foundation is composed of crystalline rocks offeteau of Borborema. Sedimentological analyzes
in the Paraiba Barreiras revealed granites, greeiasd schists, which are the predominantly
lithologies of the Plateau of Borborema, to begbarces of the sediments (Gopinath et al., 1993).
According to  Alheiros et al. (1991), the uppamfiation is characterized by quartz sands and clays
subarcoseanas, which have a highly variable thgkire the state of Paraiba and can reach up to
80m. The deposits vary from gravel and coarse ganéine, feldspathic compositions with
interbedded microclasts of clay/silt with a yellstvicream color (Pereira da Silva, 2006). Due to the
absence of fossils in this group, there are unicgiga in their age. Some authors consider the
Tertiary East to Pleistocene, Oligocene to PlemteqMabesoone et al., 1972) and Lower to Upper

Pliocene (Suguio et al., 1986).
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Figure 4-10: Aquifer Systems and River Network -StftParaiba (modified after: AESA, 2015).
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Table 4-2: Overview lithologic formations Jodo Ress

Formation Material Thlckn[er:]s [mij d}
Barreiras alluv. sediments and sandstdne, < ? (west) <3
partially clay 0-90 (east),
mean: 20(east)
Gramame clayey limestone 0-160
mean: 55
Beberibe sandstong 60-290 <8
mean: 185
* based on mean literature values (see text)

The Barreiras Group occurs consistently along treziBan coast from the state of Amapa to the
northern part of the state of Rio de Janeiro (D@S8antos, 2011). Despite the great extent of this
group their deposits are still poorly understoaathbwith regard to its sedimentary characteristics
and mainly about their tectonic features. The naBareiras" has been used with a stratigraphic
meaning in order to describe sandy and clayey dispafsvarying colors. Dating of paleomagnetic
mirco-pollen indicates Miocene to Pliocene age.d&lmng time the Barreiras Group was considered
essentially of continental origin. Some authorseheavealed the presence of marine fossils and
coastal vegetation debris in its strata (DaSilvat@g 2011).

Due to the climatic conditions and the resultingathering zone of the northeastern forest, the
outcrops distinction both of the Beberibe and thothe Barreiras Formation have always been
considered and continue to be a mapping challefpe. Barreiras can be recognized by its
characteristics: poor selection, irregular stredifion and tendency to wheather in varying collors.
Paraiba, the Barreiras Group crops out over aavaatin the eastern part of the state, mainly dcoger
the sedimentary basin Pernambuco-Paraiba (DaSirtS 2011). This carbonate unit of shallow
marine environment has an average thickness othess55 m, of which more than two thirds are
represented by gray argillaceous limestones (Le@iS#, 1998). This layer was deposited from the
slow subsidence of the continent and the consequsmtin sea level in the Upper Cretaceous
(Furrier, 2011). Maria Farinha is the continuatioihthe limestone sequence of the Gramame
Formation, being differentiated only by their fégsintent, which is considered to be of Paleocene
to younger Eocene age (Mabesoone, 1994). This tdfers a maximum thickness of 35 m, partially
eroded by subaerial exposure prior to the depaositib continental sediments of the Barreiras
Formation (Leal and S&, 1998).

According to Brito Neves et al. (2009), at varigasnts of the geological section WE between Alto
da Boa Vista and Tambau, there are portions wherésramame Formation could not be found,
such as the area comprising the Alto neighborhoattiidw in Jodo Pessoa. However, in areas where
this formation has been found, it appears quitedaiconspicuously influencing the thickness and

relief from Barreiras (Furrier, 2011). The arrangatof limestone in the metropolitan area of Jodo
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Pessoa offers a sub-horizontal stratification, Wiémot very pronounced, and characterized through
rough banks or otherwise forming compact masset, fracturing and groundwater dissolution
(Lummertz, 1977). These fault planes contributerater percolation triggering a chemical reaction,
which is able to slowly dissolve the lime, finatlysulting in dolinas (Furrier, 2011). Brito Nevds e
al. (2009) state that the Gramame Formation cansfstlear carbonate rocks, argillaceous limestone
and calcareous sandstones, some with a basal @imspbrizon. In contrast, the limestone facies
are always homogeneous, grey to cream in coloh, edgitcareous marl with thin clay films (DaSilva
Santos, 2011). The Beberibe Formation variesaimgind thickness with a maximum of 360 m and
average 230 -280 m (Leal and Sa, 1998). It mosttyis in the subsurface mainly along the coastal
strip between the river Goiana and the Canguarekauli. On the surface, the Beberibe Formation
proves difficulty to distinguish from the Barreir&srmation. According to Furrier (2007) they had
similar genetic processes and show many similaritiegrain size and texture of the sediments,
ranging from a moderate to weak selection and sgjodar to sub-rounded grains (DaSilva Santos,
2011). However, the sediments of Beberibe ofterelambetter selection, a higher proportion of
clastic or recrystallized quartz and clear homogesecolor compared to the Barreiras sediments

(Brito Neves et al., 2009 in: DaSilva Santos, 2011)

River basin Paraiba and Gramame
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Figure 4-13: Geological map of study area with oot of impermeable Gramame formation (dark bIB®RH, 2000).

-58 -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

By this it can be conclude that the aquifer is unficeed but the Gramame formation divides the
Barreiras and Beberibe formations in the east. fiyaraulic connectivity between the upper and
lower aquifer is still subject to research. Towest, where the Gramame formation cannot be found,
the two aquifer layers are directly connected. €kact location of the fault that separates the

combined aquifer in the west and the layered agunféhe east is still subject to further research.

For the local groundwater conditions only very seatata was available (e.g. Coelho, 2011). To fill
this data gap, a new groundwater monitoring netva been implemented in close cooperation
with the UFPB and TUBS. Figure 4-14 shows the patlf the network of 13 automated and 19
manual groundwater level gauges. The UFPB maintdiasmonitoring and collects data on a

monthly basis. Some of the results gained were asadater point of this study. Unfortunately, the

overall time series of collected data was not sigfit to support modelling of the study area in a
satisfying manner. Another goal of the groundwatenitoring is a better understanding of natural
groundwater recharge, which is at present estimdgdmeans of hydrological simulations

(Schimmelpfennig et al, 2018). There are severahaus available to estimate natural groundwater
recharge from water table fluctuation (Rama et2018). According studies are currently under

development based on the new groundwater monitoida.
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Figure 4-14: New groundwater monitoring networkled BRAMAR project (BRAMAR, 2018).
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b) Jericho-Auja

Three main aquifers can be identified in the Westh@ able 4-3) referred to as the “uppermost”,
“upper” and “lower” aquifer (Messerschmid & Sawallii999). They are mainly comprised of
limestone and dolomite, intersected by formatiohshalk and mar. The Auja catchment is the
recharge zone of thgperanduppermostquifer, and accumulation zone of tbeer aquifer. The
Jerusalem formation provides high recharge poteatid transmissivity due to fractures and karst

formations (Messerschmid & Nazzal, 2008).

Table 4-3: Main aquifers of the Westbank (after ssrschmid & Sawalhi, 1999)

Aquifer Formations Age

‘Uppermost’ Jerusalem Turonian

‘Upper’ Bethlehem Cenomanian
Hebron

‘Lower’ Lower Beit Kahil Albian
Upper Beit Kahil

Figure 4-15 depicts geological formations and Fegyrl5 the stratigraphy of Wadi Auja.
Unfortunately the map distributed by the Israeliotdgical Survey does not cover the entire study
area as parts to the east and south are missggjdds outcrops of Cretaceous formations, Senonian
(orange) and Turonian (green), the area is donmdnageQuarternary sediments of the Holocene and
Plio-Pleistocene. These include limnic silts angad#ts of Dead Sea predecessors, the Lisan
formation (Gropius, 1999). The Lisan formationgcontrast to the coarse clastic alluvial sediments,
shows very low hydraulic conductivity values, closempermeability. The Lisan covers the alluvial
aquifer at the eastern part of the study area. @egeundwater flow direction in Wadi Auja is west

to east, downstream to the Jordan River and norslowth, towards the Dead Sea (Ali et al., 2009).

In the study area Jericho-Auja the SMART-MOVE pob@elineates between the “shallow/alluvial”
and “deep” aquifer. The shallow aquifer refers teet of alluvial fans of coarse gravel and sand
formations with high hydraulic conductivity. Infifition tests and geophysical measurements wit
GPR (ground penetrating radar) have been conduotéfadi Auja within the course of the
SMART Il project. The geophysical results suggegeametry and hydraulic characteristics of the
alluvial basin west of Auja Village that make iitable for subsurface storage, measuring values of
more than ten m/d for hydraulic conductivity (Haak& Kemna, 2012). The shallow aquifer is
recharged mostly by lateral flow from the upper mtain aquifer and some vertical flow from the
deep aquifer. For most parts the shallow aquifanonfined. Towards the east it is confined by the
Lisan formation (Khayat, 2005). Deposits of theddor River with very low hydraulic conductivity
and high salinity. Lenses of the Lisan formatiom t@ observed within the alluvial aquifer. The
underlying, deep Cenomanian limestone aquifer (Bugmuifer” of the Westbank) is characterized
by intercalations of marl or flint bearing challdsewhich by weathering form karstic or protokarsti

formations with sinkholes and karstic caves (Singéo7).
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Figure 4-15: Geological Formations -Wadi Auja
(for legend see Figure 4-15; modified after GeatagBurvey Israel, 1973).

1w oy Tanny
('s) (mY%m
> SYMBOL THICKNESS LITHOLOGY
e {m) st opte obmoptn mwpyp ands mepp
6; rNOLOCENE fFAkan] concLomenare_[oravers | *™ A%, | sous |sasua sous  nman
Zx . % SAMRA FM X130 1IN 'nYsn o
or PLIO-PLEIST p100°50-1'%8 30 203 2'005P o8 LISAN FM. - 10°2 N3N Spgap sea
oS+ FLASTOCENE Pl COARSE CLASTIC Mibr LT Wb | aRoup
- a
z0 3s GHAREB FM mpnman| 5 3
1 2
25 MISHASH FM (UPPER PART) (152 p5n)UXTD NNEN | E S
ENONIAN o @
= I 50 a s ) MISHASH FM (LOWER parT)  (pnmn 75mUXER n13n | = 2
e i et =9
25-80 e T T MENUHA FM amunmin | A §
Tt Y, W, e
NEZER FM._ X3 AMEN | NEZER FM. xanvisn | B E
15-80
TURONIAN e T (LIMESTONEN o orn e
S 19-40 - SHIVTA FM I NMIN
%
L) 10-25 DERORIM FN "M NN
ey~ SR llhad B S A—
- 20 WERADIM FM ommsn | E 2
-z T e e J. . r_‘ 2
7] T Z Y re
30-40 — ~ AVNON FM makmMn (K o
SIS = | §
e Xy s
S e g
- F
CENOMANIAN mup 65 -130] AMMINADAV FM 373°n8 NN | = 2
EN YORQE'AM FM oupY I's .0
s (UPPER PART) e Fial
40-50 BET ME'IR TONGUE KD M ed
37 ***EN_YORGEAM FM _(LOWER PAR) (1nnn pon ) Sepy 18 0 |
& 10+ KESALON FM 1202 N3N |

BASE UNEXPOSED MM K3 0°02

Figure 4-16: Stratigraphy of case study area Jeriohja (Geological Survey Israel, 1973).
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4.3 Step 2: General MAR Feasibility Assessment

4.3.1 Surface Characteristics

a) Jodo Pessoa

The data situation for the case study of Jodo Repsesented itself as very poor. As briefly
introduced before, next to no data regarding wasources were available when this study started.
Groundwater monitoring was, besides few measuresrignearlier studies, factually non-existent.
The same goes for runoff measurements in the rivdadnly historic time series were available.
Existing data revealed to be flawed in many wayee best available data was for precipitation, for
which a working monitoring network is establishediaome climate data. Communication with
local authorities for water resources managemewnealed limited interest in improving the
groundwater monitoring. Several offers of cooperatin establishing and maintaining a new
network were rejected citing lack of manpower anddk. The first conclusion of an overall
assessment of the data situation was thereforghibaitial research objectives must be extended t
the implementation of at least some minimal dataitocng. According to local partners (UFPB),
the study area is now one of the best monitoreimegpf Northeast Brazil with regard to surface
and groundwater resources. This was only possildetal the funding by BMBF. In the following
the individual parameters are introduced and prstieg data situation as well as extensions toghes
networks or field tests are described. Based om#t@ now available, conclusions for the general
feasibility of implementing a MAR system are givefhe analysis of available surface and
underground characteristics revealed huge data gdpsof effort had to be given to fill these gap

in cooperation with the BRAMAR project partnersslvme cases, approximations had to be derived.

Within the course of the study at least a fundaalatdta basis could be established.

Land use analysis reveals a clear cut between wdyaters and rural agricultural areas. Only very
limited areas remain without anthropogenic use.a&potential installation of MAR via infiltration
ponds rather large surface space is requiredelicdle study, this would lead to the requirement of
utilizing existing agricultural areas for MAR puiges, leading to increased installation and
maintenance costs for MAR since land has to behased or rented from local farmers for that
purpose. For the large urban areas infiltrationdsowill not be a feasible MAR technology. Here,
injection wells would be required. Meteorologicata revealed rather high rates of potential
evapotranspiration typical for tropical climate gHiirrigation water demand during the dry season
is indicated. These will be calculated in detaillhapter 4.4.3. The resulting loss rate for surface
water storage must also not be neglected. MAR steager in the underground, making the negative
effect of evaporation losses obsolete. Rainfallgpas and quantities show a very high potential of
water availability. Without proper storage of theseounts, most water will get lost for the study
area. There is a strong temporal imbalance inaliwith clear defined rainy and dry season. Swfac

runoff results by project partners reveal vast gtias of water during the rainy season, as will be
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discussed in Chapter 4.4.2. Higher amounts of viager would be required. It can be concluded that

water availability, in the rainy season, is noinaiting factor for any further MAR planning.

b) Jericho-Auja

For the Jericho-Auja case study, interpretatiotihefavailable data from many years of research and
development projects in the region revealed a gdigdrigh potential for the implementation of any
infrastructures and measures towards water resouna@magement. This assessment neglects the
current political restrictions, which is not a tofor this thesis. It can be concluded that thetexj
hydro-infrastructure is not very efficient and suff from high loss rates. Also, the distribution of
water for irrigations follows old, traditional odional patterns based on a time-sharing approach
(Walter, 2013a). Lots of water resources remairsadwr inefficiently managed so far. The surface
characteristics would favor the implementation AR system utilizing the springs as main source
for recharge. Their location groundwater upstrednthe areas of demand and the beneficial
topographic conditions favor a MAR implementatiband use is scarce and many areas would be
available for installing surface infiltration meass such as infiltration ponds. Existing hydro-
infrastructure, such as canals that transport viader the springs to the demand centers, or the Auj
dam, could be integrated in the planning of a MABtam, though they will require modernization
to decrease losses. There is a high potentiahéouse of infiltration ponds for MAR. This techngjo
requires, depending on the soil characteristicscpaghtities of desired recharge, quite large serfac
space. Combined with passive infiltration wellscauld be a hybrid low cost technology that is
suitable for the study area. That is, if the usatkwsource for recharge is of good water quafity a
does not require extended pre-treatment measuhgs.stirface infiltration technology is mostly

challenged by clogging caused by sediment loaddirfgepits could reduce this load.

4.3.2 Underground Characteristics

a) Jodo Pessoa

The hydrogeological survey revealed a large allagaifer system with high potential of additional
storage by means of MAR. However, certain limitasionust be taken into account. The major rivers
in the study area are connected directly to thegptwater, acting like boundaries for additional
recharge. Any recharge groundwater upstream afiijer rivers will unavoidably discharge through
the rivers. Also the connectivity of the free alehaquifer west of the major fault in the aquifeesst

of the fault is not fully understood due to lackdaita. This aspect requires further research. $it mu
be assumed, since it is not indicated otherwise thfe entire aquifer system is completely conmkcte

The deep eastern aquifer is being recharged frerfigle western alluvial aquifer. It can be conctide
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that a general potential and feasibility of thedgtarea for the implementation of a MAR system is

given. How this MAR system could be designed wallfbrther studied in the following.

b) Jericho-Auja

Like the Jodo Pessoa case study, the case stutBrioho-Auja has high potential with regard to
storage capacities in the underground. Thoughated biquifer is more complex in its composition
than it is the case in the prior case study. ThiFdgeological situation is very complex and th& ris
of contaminating recharged water by mixing withdbbrackish groundwater is high. Also, the
interface with the carbonate aquifer to the west twe limitations given by the Lisan formation in
the east require further studies and implementaifodAR test facilities. This study will assume
that local aquifer conditions are indeed suitalole MAR and develop recommendations for test

facilities.

4.4 Step 3: Water Resources System Analysis

4.4.1 Subdivision of Study Area into Management Units

a) Jodo Pessoa

The identification of water surpluses and defigts basic step when it comes to MAR planning.
For this purpose, water demands and availabilitgtrbe known on spatial and temporal level. With
this information, very basic groundwater budgetektions can be performed that reveal when and
where MAR might be a solution to limit groundwatkpletion and increase the systems resilience
against increased water stress (Gronwall & Odur@akeng, 2018). Due to vast data scarcity in the
study area, main source of spatio-temporal datathe@$ydrological model developed within the
BRAMAR project, introduced in the prior chapterciinmelpfennig et al., 2018). The study is
based on a meteorological data set of 14 years #@00-2014 with a monthly resolution. Special
attention has been given to the agricultural waégnand. Existing data has been updated by means
of field investigations to create an up-to-datallase map. In combination with climate data derived
from the hydrological model (Schimmelpfennig et a018), irrigation demand has been calculated
according to FAO standards (FAO, 1977).

The study area with its more than 1,000 km?2 issgaitge and calculating water budgets on a monthly
scale for the whole area proved to be impractithis is due to the high spatial variation in water
demand. Domestic water demand is highly concemtriateirban areas. Especially the city of Jo&do
Pessoa, comprising of roughly 70% of the total pajoon in the study area, centralizes the domestic
water demand sector within a comparably small anegddition, domestic water demand, in contrast

to agricultural water demand, is not subjectechtowtery high temporal variations; domestic water
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demand is not highly affected by rainfall patterA¢so the agricultural water demand is not
distributed evenly over the study area. Land usiees show high spatial concentrations of différen
crops, especially sugarcane, pineapple and foresttgres. The latter does not require irrigation,
while the first requires the most irrigation aslw shown in the following. For an effective MAR

planning it is therefore necessary to differentiz®veen the water demands on a spatial distributio

For this purpose the study area is subdivided ldt®o calledMlanagement UnitgMUs). Figure
4-17 shows the outline of the color coded MUs. Bkéection of MUs has been based on data
availability. As surface runoff is the source foAR planning in this study, watersheds are used as
a basis for water budget calculations. Selectiregehspecific sub-catchments was due to the
availability of runoff data at the respective otgleThese origin from the hydrological model
(Schimmelpfennig et al., 2018). Since actual rumzfa is scarce, the decision had been made to
base MAR budget calculations on the results ofdéeeloped model. It combines all available
hydrological data in the study area and is theesfoe best available source to base this analgsis o
The hydrological model suffers from lots of uncettig@s. Hence, all data used in this study are mere

approximations as will be further elaborated in @ba5.

Paraiba | (260km?)

Paraiba Il (73km?)

Paraiba 1l (46km?)

" Mumbaba | (113km?)

Mamuaba (76km?) Gramame Il (149km?)

0 25 5 10 15
Kilometers

Gramame IIl (74km?)

Figure 4-17: Delineation dflanagement Unitfor Jodo Pessoa.

The model delivers runoff data for a set of speaifirtual gauges in the study area. The selected
outlines of the MUs orient directly at these vittattions. This way, the water budgets calculated
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for each MU can directly be set into relation witike respective runoff at the respective outlet. ivhe
considering water extraction from the river at gaia spot within the MU, these extractions can be

subtracted from runoff data for the MU downstream.

For the MUs Paraiba |, Cuia, Gramame | and Oceasimolated, or measured, runoff data is
available. This is due to the fact that the tigdluence on the flow behavior does not allow for
accurate estimation close to the sea. Besidespth# catchments of Cuia River and the direct riinof
within the city are not relevant enough to be sciigje to monitoring. This is also why the MU Paraiba
| is comparably large. For planning purposes it Mdiave been beneficial to further divide the MU
between mostly urban area in the east and agrialltmea in the west. Unfortunately, the runoff
station at Paraiba Il (“Ponte de Batalha”) is tasternmost reliable data source for model calinati
That is why further division of the MU is impraaic For groundwater simulation purposes, the
spatial distribution of water demands can stillfogher discretized by appointing the domestic
demand to the eastern part, and simulating wateaaion for irrigation purposes to the westerrf hal
of the MU.

b) Jericho-Auja

The Water Resources System Analysis, as an impatigmin the MAR planning approach, follows
the same overall concept as in the prior case studifke the Jodo Pessoa study, no own data
acquisition had to be undertaken. All data was begy local authorities or received from the
predecessor projects SMART | and SMART II. Thedwling analysis will underline how site
specific water management and, especially, MARmlamnis conducted. The boundary conditions

of Jericho-Auja are completely different to tho$e¢he prior study.

In the prior case study of Jodo Pessoa, the stiadywas divided into Management Units (MUS)
based on the availability of surface runoff dathisTwas due to the fact that for a potential MAR
system at that area, surface runoff could be censitithe main, if not only, source of water for
enhanced recharge. In the semi-arid study aregrichd-Auja, surface water resources can be nearly
neglected. However, the local watersheds, the Wadigertheless represent a good orientation for
dividing the study area in terms of MUs for sevaredsons. For one, data for water demand is
available on the basis of municipalities. The twabyanunicipalities in the study area are the city o
Jericho and the Auja Village. Auja Village is maislupplied by the Auja Spring, while Jericho city
covers its water demand from several springs. altasvs to view Auja and Jericho as two separate,
yet interacting units. Jericho city is locatedret watershed of Wadi Nueimah and Qilt. Since water
supply comes from sources within both Wadis, aisdjwm between Wadi Nueimah and Wadi Qilt

in terms of a Management Unit would not be benaffi¢turthermore, the region can be subdivided
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on a management level in terms of mountain andeyalireas. This study focusses on the
municipalities in the valley. This results in twdJg: Auja and Jericho as illustrated in Figure 4-18.

N

%Tf

0 5.0 75 10.0

- e s Kilometers

Figure 4-18: Delineation dflanagement Unitfor Jericho-Auja.

4.4.2 Water Availability

a) Jodo Pessoa

The results of the water availability evaluationgerided by hydrological modelling
(Schimmelpfennig et al., 2018) for the case stuwdypPessoa are given in Figure 4-19. The simulated
surface runoff for all MUs is given in detail in pendix 1. The values represent mean average
monthly quantities. The year 2020 has been senasaa of reference for all budget calculations to
follow. As can be seen there is a vast amount dase runoff, peaking during the winter months
(southern hemisphere) of May to July. This obséowadlirectly correlates with the climatic values
given in Chapter 4.2.2. Surface runoff in the twajan rivers (Paraiba and Gramame) and their

contributors sum up to an average of 680 MCM (Miabic Meter) per year. Together with an
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average annual groundwater recharge of 280 MCMé&y tepresent a water availability of 960
MCM/a. Please note that this quantity is a mereeqadl and does not represent the amount of
actually used or activated water resources. Thigaspéstribution of this water potential is illusted

in Figure 4-20. As can be seen the Rio Paraibahdiges the highest quantities. Most discharge
outside the rainy season comes from groundwaterslaischarging through the rivers. This strong
interaction of ground-and surface water has bedneaded before and creates a challenge for MAR
planning, since MAR should ideally occur duringthdhe rainy and dry season, and hence requires

a certain distance from the rivers in order ndlitectly lose the recharged water back to the siver

Water Availability - Jodo Pessoa - mean monthly basis (2020)
300

250
200

150

[MCM]

100

50

0
Oct Nov Dec Jan Feb Mar Apr May Jun Jul  Aug Sep

®mRunoff 20.40 15.70 14.10 18.70 18.70 39.20 51.40 62.80 220.80 128.80 51.40 38.70
uGW 10.26 8.13 824 1225 17.43 1849 23.78 35.46 61.32 44.83 21.87 17.73

mGW = Runoff

Figure 4-19: Total average water availability -J&&ssoa.

Surface runoff is the main potential source of wéte MAR measures that are analyzed in this
study. The raw data for surface runoff was derigdydrological simulations (Schimmelpfennig
et al.,, 2018). Based on the simulated runoff datatlie virtual runoff gauges, mean values are
presented here. Due to high variability over thargethe median was used to derive theses values
in order to eliminate the impact of extreme disgeaevents. Results show a clear seasonality in
runoff. In coherence with the precipitation pateeas described in the previous chapter, a clery rai
season from March/April to August/September camdeatified. With its peak in June/July where
runoff easily exceeds four times the monthly averdaraiba River in general has a much higher
discharge rate than Gramame River. With peak digelsaof several hundred MCM during the rainy
season. Gramame River discharge in comparison (edé® 50 MCM. Both rivers show relative
steady flow behavior during the dry season. Theewdtscharging in those months is mostly
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groundwater leaving the system since there isoagtinteraction between ground-and surface water
in the area. In total, runoff in the study area bamuantified with more than 680 MCM per year.

This is, for the most part, water that leaves ffstesn into the sea without being utilized.

For a complete water budget analysis not only trelability and demand during a specified time
step must be balanced, but it must also be takercansideration whether already available storage
facilities have an impact on the temporal distiifubf water availability. This means that by stori
water in the system surpluses from one time pedagl,one month, can be transferred into the next
to a certain amount. That is the core idea of MAR @ill be considered in detail during the MAR
groundwater budget calculations. The case studg bhes two major storage facilities; the big
Gramame-Mamuaba Surface Reservoir and the smaleédvReservoir, both operated by AESA.
The reservoir is located within the MU GramameTte main contributors are the Gramame and
Mamuaba Rivers. The capacity of the reservoir i9 BECM. The Marés Reservoir is located close
to the urban area of Jodo Pessoa within the MUlBatalts capacity is 2 MCM. Unfortunately only
the change in storage volume is monitored for &senvoirs, not the actual in-and outflow. Hence,
the exact operation scheme for the reservoirs isknown and only rough approximations with

regard to the actual water supply can be made. &sirvoirs are mainly used for domestic water

supply.

Natural groundwater recharge has also been appabetn by the hydrological model
(Schimmelpfennig et al., 2018). Available data (#adrbasis) has been transferred to a monthly scale
following the mean rainfall distribution. The dathows generally high quantities of groundwater
recharge. It accumulates to roughly 250 MCM perr yka spatial distribution has been simulated
on the same level as the precipitation and suniageff as introduced before. Natural groundwater
recharge is defined by the volume and intensityagifall. This means during the dry period and
draught years, the already strongly exploited agusfystem suffers additionally from decreased

recharge, creating an even higher water stress.
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Figure 4-20: Spatial distribution of water availépi-Jodo Pessoa.
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Besides natural groundwater recharge from rairifadl groundwater resources also receive water
from anthropogenic sources. This is included ingiven groundwater recharge values. Return flow
from irrigation and leakage of water distributiogtworks must be considered. When discussing the
potential benefits of Managed Aquifer Recharge,car refer to these processeslssnanaged
Aquifer Recharge (UMAR). For an environmentally tairsable use of the aquifer system the
withdrawal from the aquifer must not be higher tiarecharge on a long-term average basis. MAR
is a measure to increase the groundwater rechatymerease the systems resilience for periods of
enhanced groundwater pumping. UMAR originates fioigated agriculture and domestic water
distribution networks. Recharge by return flow frsnigated agriculture is the amount of water used
for irrigation purposes that percolates to the faquin case of irrigation with pumped groundwater
this creates a circle of withdrawal and rechargsaime extent. For the case study a return flow of
5 % is assumed. Like the agricultural return flteakage from water distribution networks in urban
areas adds to the groundwater recharge. It is asbtinat distribution networks in the study area
have very poor efficiency rates. The rest of théewss lost during transport by leakage and some
part of it can percolate back into the aquifer eystFor this analysis a recharge rate of 20 % from
leakage is assumed for the urban area. This reehsugpatially limited to the cities and villages i
the study area. For the rural area a return flamfdomestic demand of 90 % is assumed. This is
due to the fact that most villages lack sewageesystand waste water simply infiltrates unmanaged

into the soil. Actual quantities of unmanaged regbavill be presented in Chapter 4.4.3.

b) Jericho-Auja

The water availability situation in the Jericho-Awase study has been thoroughly analyzed and re-
assessed within the long course of the SMART ptejegxg. Rusteberg et al., 2011, Rusteberg et al.,
2014a). The most recent results of the water aviitlaevaluation for the case study Jericho-Auja
underline the fundamental difference between tleedase studies. As can be seen in Figure 4-21,
the magnitude of mean monthly values is much Idivan in the prior case. Surface runoff is almost
neglectable with a maximum of 0.58 MCM in Decemibertotal the available water resources sum
up to an average of 32 MCM/a. In contrast, for JB&esoa with its tropical climate this value was
about 680 MCM. The most abundant source of watkeislischarges from the various spring groups.
In addition, these discharge amounts underlie ewdrfuctuations from year to year. These numbers
must not be confused with actual water use or atgt/sources. Treated Effluent (TE) for instance
is currently not fully used for irrigation purpos@$ie same goes for Treated Effluent form El Bireh,
a Palestinian city in the mountain area and the dgeundwater resources, which are yet mostly
untapped. Figure 4-22 illustrates the spatial ithistion of these water potentials. Spring discharge

is the main source of water for the study areaurfeig-23 gives an overview of the springs’ locadion
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For some springs, actual discharge data is availabithin the course of the SMART-MOVE
project, discharge measurements have been conductaject partners (e.g. Schmidt, 2018).

Water Availabilty - Jericho&Auja - mean monthly basis (2020)

7.0
6.0
5.0
=) 4.0
&)
= 3.0
2.0
1.0
0.0
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Runoff 0.00 022 0.58 0.14 0.18 0.27 0.00 0.00 0.00 0.00 0.00 0.00
mTE (El Bireh) 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
TE 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14

®Deep GW 0.60 0.60 0.60 0.60 060 0.60 0.60 0.60 0.60 0.60 0.60 0.60
®Shallow GW 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
H Springs 1.69 1.71 247 282 297 353 291 266 228 210 192 174

m Springs ™ Shallow GW ®Deep GW ®TE ®=TE (ElBireh) = Runoff

Figure 4-21: Total average water availability -ded-Auja (based on Schmidt, 2018 and Rusteberg, 2Gil8a).

For this study, available historic discharge valaee used as a basis for water availability
calculations. Figure 4-24 shows available histdata sets for all springs. The available data sets
were not complete. Missing values have been fithedith arithmetic means of neighboring values.
As can be observed, Auja spring is the most pragrictf all, but also one of the most variable in
terms of discharge. With an average of 9.63 MCM/makes up for roughly 30% of the total
available spring discharge in the region (PWA, 208dllowed be the Fawwar & Qilt spring group,
with also very high fluctuations of discharge. 8alspring, located directly in the vicinity of Jd10
city, has very steady discharge quantities aroudd/&M/ in average (PWA, 2007). Also the minor
springs show relative stable discharge conditibnttal roughly 30 MCM/a of spring discharge are
available for the study area (PWA, 2007). Howedeg to the high fluctuation of the major springs,
this value can be decreased to 17 MCM/a (for exampthe hydrologic year 1978/79) or reach
peaks of up to 46 MCM/a (as was the case in 199B®2A, 2017). This vast water potential must
be managed in a sustainable manner. MAR might eitable measure to increase the system’s
resilience against such drought year and enswegterm storage of high water surpluses in very
wet years. These values do not account for loss katring transport and application which are very
high in the study area yet.
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Figure 4-22: Spatial distribution of water availéhi-Jericho-Auja.

Surface Runoff in the study area is very scarcectturs in terms of flash floods with varying
intensity and frequency. In many years no significaurface runoff events occur, while some years
extreme events happen. These values should ordyagieery coarse approximation of surface water
potential. In Wadi Auja a surface reservoir isatisd. A simple earth dam, constructed in a sidearm
of the Wadi that can hold back some water duringsevents. It is located in the west, upstream of
the village. With a storage capacity of 0.5 MCMsétves as a surface water harvesting facility. The
water is partially extracted directly from the danwasin (Abdel Ghafour, 2005). Due to lack of
sealing, high quantities of the dam water infitrd the ground and evaporate. For an efficient
application of storm water for MAR measures, itsesms requires modernization and extension of
the existing harvesting facilities. The storm watenaturally high of sediment load. The heavy
rainfall leading to storm floods takes up high amtsiwof sediment by flowing through the Wadi. Due

to the high infiltration rates at the reservoiistfacility could be seen as a MAR infiltrationesit

The local shallow aquifer system receives natweharge mainly by lateral inflow from the karstic
mountain aquifer. Due to the highly variable hydgital conditions, this recharge underlies very

-73-



Florian Walter
Georg-August-University Gottingen

Managed Aquifer Recharge in the Context of IWRM:
A new Integrated MAR Planning Approach.

high fluctuations. This recharge was implemented &se series in the groundwater flow model
applied for this study (Abu Sadah, 2017). As befthese mean values can only be seen as a coarse
approximation, since annual variability in quamestiis extremely high in the study area. However,
for water resources management this means thedhalibw groundwater system has a sustainable
yield of roughly 12 MCM/a. Water extraction abowstvalue can be seen as an unsustainable use
of the aquifer, leading to overexploitation.
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Figure 4-23: Locations of main spring groups inshely area (modified after Rusteberg et al., 2D14b

Overall there are five sources of UMAR. It is asednthat 7.5 % of spring discharge, since poorly
managed, is recharged to the shallow aquifer thrdeakage in the transport channels (Abu Sadah,
2017). During storm events a rough ten % of ruisoffpproximately percolating to the groundwater.
Only a very low 3 % of irrigation water might recba the aquifer, since evaporation rates in the
study area are extremely high (Abu Sadah, 20173 Vidiue is substantially higher for leakage from
cesspits. Since parts of the study area do notepesa centralized waste water treatment plant,
households are connected to small cesspits. Tdrage systems recharge an estimated 50 % of

locally produced waste water to the aquifer (Abda®ea 2017). Cesspits are especially present in
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Auja village area. Due to lack of treatment, thesgspits are an enormous source of contamination
for local groundwater quality. Leakage from fresatev supply from the local water distribution
networks accumulates to a rough 15 % of the domsspply (Abu Sadah, 2017).

Historic Spring Discharge Case Study Area Jericho-Auja 1977-1997
2.5

2.0

0.5

0.0
Oct-77 Oct-79 Oct-81 Oct-83 Oct-85 Oct-87 Oct-89 Oct-91 Oct-93 Oct-95

—Auja Spring  —Nueimah Spring Group ~ —Qilt Spring Group

Figure 4-24: Historic time series of springs in #hedy area (modified after PWA, 2007).

As of today, loss rates from domestic and irrigaticater supply networks are quite high. The local
water distribution networks, especially in the vewyal Auja village region, are outdated. They
urgently require modernization, resulting in vastiuctions of loss rates. Present water losses are
assumed to be up to 60 % for utilization of spidigcharge. As a potential goal a reduction of water
losses due to transport and application to aro&fb 3s possible. This measure would substantially
increase water availability, but would require highestments in the local water management. This
factor and its impact on the water budgets will d&lyzed as one primary goal for IWRM
implementation in the area.

Besides the shallow aquifer, a deeper aquifer ésent in the study area. In the course of the
SMART-MOVE project this aquifer is commonly refedréo as the “Deep Aquifer”. It has a
substantial groundwater potential. Usage by Paiests is restricted due to political issues.
However, according to (Rusteberg et al., 2018ayl¢ep aquifer would hold a potential 7.2 MCM/a
to be additionally extracted in the study area Alegtinians. According to Rusteberg et al. (2018a),
a total of 1.7 MCM/a of treated waste water fromichm city is presently unused. This high quantity
of poor quality water could be used directly faigation. It is not recommended to be used for
aquifer recharge, e.g. by means of Soil Aquiferalment. Rather, the treated effluent of the waste

water treatment plant Jericho could be directlyliadpto the fields, lowering the irrigation water
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demand from other sources. A decrease in irrigatemand would, in return, increase the
availability of fresh water for MAR purposes. Indittbn, another 2.0 MCM/a of treated effluent
could be imported from the city of El Bireh (Rustedpet al., 2018a).

4.4.3 Water Demand

a) Jodo Pessoa

Figure 4-25 summarizes the results of water denaasdssment. Total water demand in the study
area accumulates to 517 MCM per year on averagseds in the Irrigation Water Demand (IWD)
analysis, rainfall has a high impact on the denfanddditional irrigation. Since rainfall is highly
variable over the years, so is the demand foratiog water. Figure 4-27 illustrates the distribati

of water demand among the different demand sedtdoecomes clear that the IWD, on the mean
annual average, makes up nearly 75 % of the tetaladd in the study area. This underlines the
dependency of the local water resources systentimate and land use factors. According to the
demand sectors and land use patterns in the Mitleeadtudy area, also high spatial variability of
water demand has been identified. It is illustrateBigure 4-26. Water demand in the study area is
characterized by high need for irrigation in theatuwestern part, with certain hot spots of high
sugarcane density, and concentrated domestic dameaind in the urbanized eastern coastal region.
Most domestic demand is located in the MU Parajbahkere the highest urbanization density is
located with the city of Jodo Pessoa as well agnineicipalities Santa Rita, Bayeux and Capedelo.
Together these sum up to about 96 % of total Dam@gater Demand (DWD) in the area.

Water Demand - Jodo Pessoa - mean monthly basis (2020)
300

250
200

150

[MCM]

100

50

0
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

BOther Demands  11.35 11.35 11.35 11.54 11.54 11.54 11.54 11.54 11.54 11.54 11.54 11.54
BIrrigation Demand 70.06 59.90 50.15 27.97 25.55 26.38 17.09 13.29 0.39 8.55 21.94 58.20

B Irrigation Demand M Other Demands

Figure 4-25: Total average water demand -Jodo Besso
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Total Water Demand Study Area Joao Pessoa
mean annual values [MCM]

12108

\‘

= [rrigation Demand = Domestic Demand
= [ndustrial Demand = Livestock Demand

Figure 4-27: Distribution of mean annual water dedhan study area among demand sectors.

As the land use analysis indicates, the study iaraaharacterized by intensive agriculture (Figure
4-27). By far the most occurring crop in the areaugarcane, followed by pineapple with about.
Other crops like manioc, banana, mango or cocarutnastly grown on comparably small fields or
in polycultures. The water demand situation in shely area has been estimated in prior studies,
especially in the course of water masterplanstferrégion. However, it was found that the numbers
given in those reports are difficult to reconstrlictorder have a more complete picture of thealctu
situation and being able to calculate certain afjucal and climatic scenarios in Chapter 4.6, the
irrigation water demand has been re-calculated.

The method used for calculation was derived froeréitommendations of the FAO and is following
their standards (FAO, 1977). All calculations presd in the following have been done on a spatial
distribution based on available land-use data aedspatial resolution of the hydrological model
developed by Schimmelpfennig et al. (2018) for thizoduced time period from 2000-2014.
Following the FAO approach, first the crop wateethéET.op) is calculated. It is defined as the depth

(or amount) of water needed to meet the waterttossigh evapotranspiration:

h
ETo * K¢ = ETcrop [?] (4.1)
with ETo = reference evapotranspiration

Kc = type specific crop factor
ETerop = specific crop water need

The crop water need represents the total amoumatdr that is required for a specifc standard crop
to grow and develop under ideal conditions. A séadctrop in this context is defined as uniform,

actively growing, completely shading the groundeefrof diseases and having favorable soil
conditions, including fertility and water (FAO, 1B7 The crop water need depends on the climate,
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the crop type and the growth stage of the crogs. ot to be confused with the irrigation demand,

which will be calculated later.

Reference crop evapotranspiration {EEpresents the influence of climate on crop wag¢eds. The
reference crop is grass. The major climatic factdreh influence the crop water needs are sunshine,
temperature, humidity and wind speed. Methods tiveléhe reference evapotranspiration are the
experimental pan evapotranspiration method or theemical Blaney-Criddle Method. For the case
study the later has been applied by Schimmelpfeanigl. (2018) for the model calibration. The
Blaney-Criddle Method is based on the followingtata (FAO, 1977):

ETy = p * (0.46 * Tpypan + 8) (4.2)

with p = mean daily percentage of annual daytimers
Tmean= mean daily temperature (°C)

The crop factor, K mainly depends on the type of crop, the grovabef the crop (fully developed
plants use more water than in the initial stage)) the climate, humidity and wind speed. The total
growing period (in days) is the period from sowargransplanting to the last day of the harvest. It
mainly depends on the type and variety of the ctiop,climate, and the planting date. The total
growing period is divided into four growth stagé®\Q, 1977):

1. Initial Stage (from sowing or transplanting uittie crop covers about 10% of the ground)

2. Crop development stage (until the ground co®e80% has been reached)

3. Mid-season stage (until maturity; includes flowg and grain-setting)

4. Late season stage (until the last day of theds&rincludes ripening)

Table 4-4 shows Kvalues for the five most represented crops irstbdy area. Note that the table
only covers three instead of the prior introduaaat growth stages. This is due to a lack of literat
values for those crops. With a development andseaon stage of 180 days and a corresponding
K. of 1.25, sugarcane is the most demanding of thsciPineapple has a quite low water demand

and a very long mid-season stage.

Table 4-4: k values of crops present in Jodo Pessoa studylapsmding on growth stages
(Initial Stage, Development StageMid-SeasorandLate Season

Crop Growth Stage Source
Initial Stage Developm. / Mid S. Late Season
Kc Days Kc Days Kc Daysq

Sugarcane 0.40 50 1.25 180 0.75 60 FAO, 1977
Pineapple 0.50 60 0.60 720 0.3 10 FAO, 1977
Mango 0.92 25 0.83 30 0.70 3P Teixeira et al., 2008
Coconut * * 0.54 * * * Jayakumar, et al., 1988
Manioc 0.30 150 1.10 15( 0.5p 60 FAO, 1977

* no available data
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Sugarcane Kc
Plant Date
Sep

Oct

Nov

Dec

Jan

Feb

Mar

Kc mean 0.71 0.71 0.81 0.91 0.97 1.01 1.13 1.18 1.11 1.08 1.05 0.88
Legend Il Stage " Development/ Mid-Season

Figure 4-28: Distribution of growth stages over ylear to derive mean Kc values for sugarcane (&#&d, 1977).

It was not possible within the course of this sttalgbtain actual operational data on the plantatio
The reason was that for the vast majority, no dets available. Farmer irrigation their crops have
groundwater access by means of wells. Some of thaseegistered by local authority AESA and
are allowed a specified amount of water extragtienyear. But none of them are monitored. Field
investigations revealed that most farmers let tiséalled pumps run for some hours and flood their
fields (Walter, 2013a). Only vague information f&en made available on when there is a harvest
season or when new crops are planted. To obtaawenage Kvalue for each crop and month, some
assumptions had to be made. Figure 4-28 illustthiesapproach that has been conducted on the
example of sugarcane. The equivalent tables footther crops are found in Appendix 1.

Typical plantation dates for sugarcane are Septeibech, with an initial growth stage of around
50 days (~2 months), followed by a mid-season stdgeound 180 days (6 months) and a final stage
of another 60 days (2 months) (FAO, 1977). Thesitlations shows the respective Wlues based

on the different plant months, with an average &dor each months assuming that there is a
homogeneous distribution of plant dates over théysarea. The same calculation has been made for
each of the main crops of the region, with exceptibthe trees, Mango and Coconut. Table 4-5
shows the result of theckalculations for each month. For all plantatiomghe study area these

average Kvalues have been applied.

Table 4-5: Calculated average ¥alues for each crop and month according to gratdabes

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Sugarcane 0.71 0.71 0.81 0.91 0.9 1.01 1.13 1/18 111 1.08.05[L 0.88
Pineapple 0.33 0.30 0.30 0.3(|) 0.30 0.30 0.80 0/30 0.30 0.33.37p 0.37
Manioc 0.50 0.70 0.90 1.10 0.95 0.80 0.50 0440 0.35 0.30.30p 0.30
Mango 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0483 0.83 (0.83.83p 0.83
Coconut 0.54 0.54 0.54 0.54 0.5¢4 0.54 0.54 0/54 0.54 0.54.54p 0.54
Policulture* 0.62 0.69 0.76 0.82 0.7)7 0.72 0.56 0/59 0.57 0.56 .56 p 0.56

* average value of manioc, mango and coconut combined

The Irrigation Water Demand (IWD) is the quantifyn@ter required by the crop after precipitation.
It is the water that needs to be artificially iatgd to the field. Consequently it is calculated by
subtracting the precipitation from the crop wateea
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ETcrop — P = IWD [%] (4.3)
with ETerop = Crop Water Need
P = Precipitation
As a basis for IWD calculations the land use mamduced in Chapter 4.2 was used. Rainfall and
evaporation data was supplied by the hydrologicatleh (Schimmelpfennig et al., 2018). Figure
4-29 shows the overlay of both spatial datasets.eBoh of the outlined polygons the crop water

need and irrigation water demand was calculated monthly basis.

Overlay Landuse and Sub-Catchments Panta Rhei - Jodo Pessoa

Legend

- Sugarcane
Pineapple

- Policulture

- Coconut

Bl Uban Residential

B (ndustrial Area

- Rural Residential

- Shrubland

" Grassland
Forest
Mining Z
Natural Vegetation ¥
Pasture
Sand

. Water Body

Prawn Farm

20 Kilometers

Figure 4-29: Overlay of sub-catchments from hydgatal model (Schimmelpfennig et al., 2018) and lasd map
(Walter et al., 2018).

The present Irrigation Water Demand (IWD) has beaiculated following the above described
approach on a monthly basis for the years 2000-2@%klear seasonality can be observed (Figure
4-31). This reflects the precipitation patternghia area as presented before, with its typicalyrain
season with no or very limited irrigation demand ainy seasons with irrigation demands of up to
more than 10 MCM per month. These results are uthdeassumptions that 100% of agricultural
areas are irrigated. Within the course of actuageti and scenario calculations this value will be

adjusted, as it can be assumed that only 70 %egftdntations are irrigated with groundwater.
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To determine the spatial distribution of this deohéime former introduced MUs are used. In order to
plan for MAR, it is essential to know when and whesater is pumped from the aquifer. Figure 4-26

gives an overview of the spatial distribution ofIVbased on this MU approach. It can be observed
that there are specific “hotspots” for irrigatioendand. The areas with highest concentration of
sugarcane plantations show the highest agriculivaéa¢r demands. Urban areas show little to no
demand for irrigation purposes. Note that watemfiggardens and parks falls under domestic
demand. Especially the MU “Mumbaba_II" shows an I\t#iat alone reaches to more than 10 MCM

per month, depending on the year.

Also note that the values given here and in theréig are absolute values in MCM and not relative
values in mm. Using absolute values allows an eas&essment of different water demand sectors.
For example the domestic or industrial water denmanednot quantities that are relative to an area.
Domestic water demand is calculated based on Igerscapita and in no relation to hydrologic

parameters such as rainfall or evaporation, bo#mtties of relative value measured in mm. Hence

for all demand and supply quantities in this stueywill refer to absolute values in MCM.

The IWD calculated above does not account for wlateses during transport and application yet.
No system has a 100 % efficiency. Some irrigatemiihiques are more efficient than others. One of
the most efficient ones is drippling irrigatiorsystem where irrigation water is brought directyyw
close to the crops roots. However, in the studg avest irrigation is done by sprinklers. By sprayin
the irrigation water into the air, the water isjgabed to high evaporation rates. An average efficy

of 60 % is assumed for the study area. This melamdWD without losses as presented above
represents only 60 % of the total IWD. This is #ttual amount of water that must be supplied for
the agricultural sector. These values assume @tatd of the agricultural areas are indeed irrigated

Different levels of irrigation coverage will be dyzed in the chapters on scenarios.

Table 4-6 shows the population and annual DWD &mhemunicipality in the study area. The DWD
has been calculated by BRAMAR project partners ¢Bret al., 2018). The distribution of DWD is
in accordance with the size of municipalities anomber of inhabitants. Biggest consumer of
domestic water is the city of Jodo Pessoa with BEC8/ per year. In comparison the DWD of Santa
Rita, despite being about 1/6 of the size of J&&s@&a, is significantly lower. With roughly 8 MCM
per year it is less than 1/10 of the prior. Thisnmgethe smaller municipalities have a lower peitaap
water demand than the coastal city. The differeacebe explained in a lesser degree of urbanization
and poorer connectivity to the water distributi@twork. Also the city of Jodo Pessoa includes more
parks and gardens as a result of the bigger cimattiah of wealth in the city, in addition with
tourism, increasing its water consumption. In td@éio Pessoa makes up for roughly 80 % of the

total DWD in the region besides being home to &@lyo of the population. This imbalance in DWD
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distribution is illustrated in Figure 4-30. The saimbalance can be observed with regard to the
demand distribution between urban and rural aespite 5.2 % of the population living in rural
areas, the DWD for those areas makes up onlyhessz % of the total DWD.

Since DWD has not been assessed on a monthly basi& approximations had to be made with
regard to its temporal distribution. It is assurtieat the DWD is not strongly influenced by climate
conditions. Hence it is assumed that DWD is cortstaroughout the year, without seasonal

variations.

Table 4-6: Population and Domestic Water Demantiérstudy area 2010 (including losses)

Municipality Population (2010)* Demand [MCM/a] *
Urban Rural Total Urban Rural Total

Jodo Pessoa 720,785 2,780 723,515 85.50 0.10 85.60
Santa Rita 103,717 16,593 120,310 7.38 0.61 7.99
Bayeux 98,793 924 99,716 5.63 0.03 5.66
Capedelo 57,936 8 57,944 3.30 0.00 3.30
Pedras de Fogo 16,358 10,64 27,032 0.93 0.39 1.32
Conde 14,487 6,913 21,400 0.82 0.25 1.08
Alhandra 11,153 6,854 18,007 0.64 0.25 0.89
Cruz do Esp. Santo 7,440 8,817 16,257 0.42 0.32 0.75
Sao Miguel d. Taipu 2,977 3,719 6,696 0.14 0.14 0.28
Total 1,033,646 57,231 1,090,877 104.77 2.09 106.85

* Braga et al., 2018

Domestic Water Demand in Case Study Area Urban vs Rural Domestic Demand
Jodo Pessoa 2010 in Case Study Area 2010
1.32
3301:080.89 %730.28 2.00

.

= Jodo Pessoa = Santa Rita = Bayeux
Capedelo = Pedras de Fogo = Conde
= Alhandra = Cruz do Espirito Santo = Sdo Miguel de Taipu = Urban = Rural

Figure 4-30: Domestic Water Demand per municipaitg comparison urban and rural demand [MCM/a].

Some municipalities lie in between Management Uaitd/or on the border of the study area. For
sake of a conservative approach, 100 % of the DWbwnicipalities located at the rim of our

proclaimed study area are considered to be coweitbch the budget realm of the case study. For
the spatial MU-approach the DWD of municipalitidgtt lie between several MUs has been
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distributed among the MUs according to their siraegea. These values already include water losses
due to transport and distribution. For NortheasazBran averagely poor efficiency of 20 % is

assumed for domestic water distribution networks.

Like the domestic demand, Industrial Water Demanthe case study area has been analyzed by
(Braga et al., 2018). For the study area, beingghlyhagricultural region and less of an industrial
location, this demand is marginal. About 1.2 MCM pear, that is less than 1 % of the total water
demand in the study area, can be accounted fandlustrial sector. Main industrial branches in the
region are ethanol production from sugarcane asihal number of cement industries, exploiting
the eastern outcrops of the limestone Gramame tamarhough the industrial demand sector is
only marginal in comparison, the industrial areas @ncentrated and lay mostly within the same
Management Unit. Hence they will not be neglectedifater budget calculations on the MU scale.
As industrial water demand is not dependent orfathjibut relatively constant throughout the year,
the assumption has been made that the temporalbdigin of industrial water demand is

homogeneous over the months, just like in the ohdemestic demand.

Another small water demand sector in the regiath@ssupply of livestock: water for cattle, goats
and chicken. Similar to industrial demand, thedteek sector is only of minor importance for the
region as a whole, while socially important for mamall farmers. Braga et al. (2018) analyzed the
Livestock Water Demand as roughly 11 MCM per yddiis amount is required by farmers in
addition, to rainfall in order to provide for liviegk, making up only less than 3 % of total mean
water demands in the study area. This is a valtieaviot of uncertainty since lots of small farms o
villagers have some unknown minor number of livelstdn order to allocate the demand spatially,
areas with the land use patterns grassland andblaoncu have been identified and the demand
distributed accordingly. Most cattle in the arearsopen land. Accordingly, the water demand to
supply the cattle was, similar to irrigation watlmmand, assumed in relation to rainfall behavior:
During months with strong rainfall less water igjuiged for the animals. Hence, the temporal

distribution of the water demand has been calcdlateording to the rainfall patterns.

b) Jericho-Auja

While the total water demand in Jodo Pessoa appedrs very low in comparison to the water
availability, the semi-arid case study again revemlcontrast. The results of the water demand
evaluation are presented in Figure 4-31. Similath® prior case study, also this regions water
demand is dominated by irrigation. With a mean ahdemand of 33 MCM, it is six times as high

as all other demands combined, making up 85% atotta¢ water demand of 38 MCM/a.
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Water Demand - Jericho&Auja - mean monthly basis (2020)
7.0
6.0
5.0
4.0

[MCM]

3.0
2.0
1.0
0.0

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
® Other Demands 0.49 0.43 038 0.33 0.33 038 043 0.49 0.54 0.54 0.57 0.51
BIrrigation Demand 1.65 2.31 231 198 1.65 264 3.63 3.96 429 396 264 1.98

BIrrigation Demand @ Other Demands

Figure 4-31: Total average water demand -Jerichjg-Au

Water Demand - Auja
- mean monthly basis (2020)
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Water Demand - Jericho
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Figure 4-32: Spatial distribution of water demadeéricho-Auja.

As described above, the study area is a highlyt mra with a vast potential for agriculture. Main
crops of the region are palm trees, numerous vbigstaherbs, grain, grapes and citrus fruits. Some
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agricultural production is conducted in greenho¥¢alter, 2013a). Data for irrigation demand has
been supplied by Rusteberg et al. (2018a). Irogatiemand for the Management Unit (MU) Auja
sums up to 6 MCM/a, whereas the MU Jericho hasraation water demand of around 26 MCM/a.

Both MUs have a high potential for agricultural engion with regard to land availability and

fertility. The limiting factors is water availaliji. This circumstance will be further analyzedhe t

following chapters when calculating a scenarioaigrcultural development.

Compared to irrigation water demand, other demahgaes for the study area are significantly lower.
For the study, there is no benefit in distinguighbetween actual domestic, public or commercial
demand. Hence, given here are the accumulateds/fuell other demand sectors in the study area.
Figure 4-32 summarizes these demand values on a lmeal for each MU. The more developed
MU Jericho shows about five times higher demandsa the rural MU Auja. The distribution over

the year is fluctuating with a peak in the summenths, when it nearly doubles.

4.4.4 Hydro-Infrastructure

a) Jodo Pessoa

The above presented water sources and demand <egter connected by certain hydro-
infrastructural installations. In order to activateimprove the supply from sources or reduce the
losses during the transport and application atldmand centers, some suggestions can be made that
would be required in order to use the full potdrafathe discussed units. Table 4-7 summarizes the

findings and suggestions for the case study Jo&sode

Table 4-7: WRS Analysis - Hydro-Infrastructure J&&ssoa

Water source Existing hydro-infrastructure Suggested hydro-infragructure *
/ Demand center
Surface runoff |« Surface reservoirs * MAR facilities (see Chapter 4.5.1)
« Pumping stations + Additional pumping stations at the rivers
e Pipelines or canals from rivers to MAR
facilities
Groundwater » Extraction wells °

Wastewater treatment plants (2 step)| * Additional treatment step(s)
« Pipelines for disposal to prevent UMAR

Treated effluent

Rain water « None * Rainwater harvesting in urban area for direct
injection (see Chapter 4.5.1)
Irrigation demand |« Sprinkler irrigation * Replacement of sprinkler by extended drip
« Drip irrigation irrigation to reduce loss rates
» Flooding irrigation
Domestic demand| ¢ Water distribution network * Modernization to reduce loss rates

* to activate / improve the respective water supply
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As the main water sources in the study area, seiriacoff in the rivers and the local groundwater
system have been identified. Surface runoff atgmess extracted at several pumping stations
throughout the study area. It is recommended tehesabundant surface runoff to feed several MAR
facilities as will be presented in detail in Chaptés. 1. For this purpose additional pumping steio
and pipelines or canals will be required to tramsghee water. To recover the recharged water of the
MAR systems, a high number of groundwater extractiells are already in existence. It can be
assumed that the number of wells is sufficientalad effluent is considered of no interest for the
water management strategies to be developed. Howehee uncontrolled recharge of secondary
treated waste water can be considered a risk fmunglwater contamination. It is suggested to
introduce additional treatment steps and dischéhrgeeffluent without harm for the groundwater
resources. At present no major facilities for raabtey harvesting are known. It is suggested to
consider the implementation of such a system iruthan area and use the rainwater for controlled
recharge of the aquifer in terms of direct injeatias will be discussed in more detail. Water dadnan
may be reduced for both, irrigation and domestittas. While the exact numbers could not be
quantified, a substantial number of irrigation syss$ in the study area rely on sprinkler technology.
It is recommended to replace these with a moreiefft technology, such as drip irrigation. The loca
water distribution networks in the villages andanlareas should be modernized to reduce transport

losses.

b) Jericho-Auja

Table 4-8 summarizes the recommendations for theSWAR case study Jericho-Auja. The
suggestions are based on prior works that havedmepiled by Rusteberg et al. (2018a). In contrast
to the prior case study, surface runoff plays aomiole in the water supply of Jericho-Auja. Main
supplier are the numerous natural springs withénstiudy area. While some of these springs are not
connected to the water distribution networks y#ieplike the Auja spring are connected by open
canals. These have considerably high loss ratésgiansport due to spilling and evaporationsit i
recommended to connect all springs to the supplyvaoréks and modernize the transport
infrastructure by means of pipes, reducing thespart losses. For the very scarce and irregular
surface runoff in the wadis, some minor retentiodasures are implemented. Furthermore, Auja
comprises a surface reservoir to store some ofuheff. In order to efficiently use this source,
additional retention measures, such as earth danenecommended. A supply network is required
to transport captured runoff to the irrigated arasated effluent from the Jericho treatment plant
also requires an extended distribution networkfioiently irrigate some of the area with this slga
source. For groundwater extraction, more wellstaghly recommended. That includes the yet
untapped deep aquifer. These so called deep wellsfanajor importance to the WRS of the study

area. Agricultural irrigation is already very effiee with a lot of areas being covered by greenbsus
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and application of drip irrigation. However, esgdigi spring discharge is often used to flood the
fields in an inefficient manner (Walter, 2013a)is'method should be abandoned.

Table 4-8: WRS Analysis - Hydro-Infrastructure JedeAuja (Rusteberg et al., 2018a)

Water source Existing hydro-infrastructure Suggested hydro-infragructure *

/ Demand center

Spring discharge |+ Open canal (Auja) * MAR facilities (see Chapter 4.5.1)
« Pipelines (Jericho) * Pipelines to MAR facilities

Surface runoff « Surface reservoir Auja e Additional retention measures (e.g. earth
» Minor retention measures damns)

« Small reservoirs / ponds of local farmers Supply network to agricultural areas

Treated effluent |« Wastewater treatment plant (Jericho)| © Extended treatment
* Supply network to agricultural areas

« Import of TE from EIl Bireh by pipeline

Shallow GW « Extraction wells * More wells

Deep GW o - « Deep wells

Irrigation demand |« Greenhouses with drip irrigation * Extend greenhouses and drip irrigation
» Flooding irrigation

Domestic demand « Water distribution network * Modernization to reduce loss rates

* to activate / improve the respective water supply

4.4.5 WRS Budgets and Problem Identification

a) Jodo Pessoa

Figure 4-33 summarizes the results for the casby/slodo Pessoa. Water budget analyses showed a
strong spatial and temporal imbalance between wigt@and and availability in the case study area.
Vast surpluses and floods during the rainy seasandsin contrast to highly increasing water
demands during the dry season. The system showsnexthigh sensitivity towards rainfall
guantities. The creation of additional water steragll in any case increase the water resources
systems resilience. Though the annual budget igiysthe values given here are total values of
water availability and do not represent the actisd. Availability includes also the unused but

potentially available water.

Most of the surface runoff discharges to the oceamsed. Rather, the local aquifer system is
immensely used to cover demands. Comparing ndiothéwater availability but the groundwater
recharge with the demand values, it reveals them ¢éhvough there are vast amounts of water in the
tropical case study, the groundwater could be stiltfe overexploitation if the resources are not
properly managed. Local aquifers are the most itapoistorage facilities and sources of water to
close the gap between rainy and dry season. Theyrater enormous stress with high fluctuations

of the water table and need to be protected inrdmdereserve a sustainable water supply of the
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entire study area. MAR might be a suitable andibdasstrument to achieve this goal. The analyzed

time series showed an immensely improvement o$yseems resilience towards dry periods.

Water Resources Budget - Joao Pessoa - mean monthly basis (2020)
300

250
200

150

[MCM]

100

50

0
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

= Runoff 204 157 141 187 18.7 392 514 62.8 220.8 128.8 51.4 38.7
® GW Recharge 103 81 82 123 174 185 238 355 613 448 219 17.7
@ Other Demands  11.35 11.35 11.35 11.54 11.54 11.54 11.54 11.54 11.54 11.54 11.54 11.54
@ Irrigation Demand 70.06 59.90 50.15 27.97 25.55 26.38 17.09 13.29 0.39 8.55 21.94 58.20

mGW Recharge ®Runoff ®Irrigation Demand @ Other Demands

Figure 4-33: Total water budget on average bae&o-Pessoa.

The high spatial heterogeneity in water demandauvadlability lead to the conclusion that MAR

should be installed in a decentralized manner. &gehfacilities must be distributed according to
local water extraction rates from the aquifer witthie rural area. Main source for MAR should be
surface runoff during the rainy season. A suffitidistance to rivers must be considered in order to
avoid directly losing the recharged water to theans. Effective water retention methods in the
rural area are recommended to increase local rgeh&ain water harvesting solutions can be
beneficial for the study area. In addition, minoil &quifer Treatment facilities might support ldca

groundwater balances, though the effect on locaumpiwater budgets is questionable since
unmanaged recharge of wastewater is occurringdiregpresent. These measure might, however,

add to a sustainable management in terms of groatedwuality management.

b) Jericho-Auja
Figure 4-34 summarizes the findings of the analgsgsented in this chapter. The water resources

system analysis revealed a high water potentitiefocal springs. At present these springs are not
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managed efficiently, resulting in rather high loates. Surface runoff occurs very infrequently but
presents itself as a high potential additional wabeirces if adequate measures are being installed
harvest this resource. Further additional watercasican be found in the deep aquifer, offering a
high potential to increase water availability. Hewe this valuable resource’s usage is restricted b
high investment costs and legal and political iss@emore accessible additional water source is the
treated waste water of Jericho city that could ibectly applied as field irrigation water. The lbca
shallow aquifer, that is today used to cover allewaeficits in the study area, reveals a susténab
yield of around 5MCM/a. As water demand analysis/d) the currently activated water resources
cannot cover demand peaks during some months g&tre putting pressure on the shallow aquifer.

This might lead to further overexploitation in theure.

Water Resources Budget - Jericho&Auja - mean monthly basis (2020)

7.0
6.0
_ 5.0
= 4.0
% 3.0
2.0
1.0
0.0
Runoff 0.00 022 0.58 0.14 0.18 027 0.00 0.00 0.00 0.00 0.00 0.00
® TE (El Bireh) 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
TE 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
® Deep GW 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60
® Shallow GW 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
® Springs 1.69 1.71 247 2.82 297 3.53 291 266 228 2.10 192 174

B Other Demands 0.49 0.43 0.38 033 033 038 043 0.49 0.54 0.54 0.57 0.1
@Irrigation Demand 1.65 231 231 198 165 264 3.63 3.96 429 396 2.64 198

® Springs ® Shallow GW mDeep GW TE
u TE (El Bireh) Runoff @Irrigation Demand B Other Demands

Figure 4-34: Total water budget on average basisctib-Auja.

To conclude, the results of this chapter revealed@parent overexploitation of the local shallow
groundwater system at one hand and a high poteftiaditional water resources on the other. This
indicates that with adequate water management mesasicreased water surpluses can be generated.
These would in return allow for the implementataira MAR system that might increase the local
system’s resilience towards dry periods. Potentiahsures might be reduction of loss rates by
modernization of the water supply networks or atton of additional water sources, especially in

terms of extractions from the deep aquifer.
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The water resources analysis for the case studsaled a present overexploitation of the local
shallow alluvial aquifer. The main source of wdtarthe study area are natural springs. These are
associated with heavy fluctuations in dischargentityaand consequently low reliability of water
support. Main water user in the area is the logdtalture. Due to the climatic conditions with hig
potential evapotranspiration and low rainfall watlery uneven temporal distribution, the irrigation
demand is very high constantly throughout the y&he use of the spring discharge, especially in
Auja, is based on traditional systems of waterritistion among the farmers. The water losses during
transport, intermediate storage in cisterns, amdiggtion on the fields mainly by flooding are very
high. All these factors lead to an increased pumpirgroundwater to fill the demand gap. Analysis
showed that the natural groundwater recharge isuificient to cope with the demands, meaning
the groundwater resources in the shallow aquifeaerexploited. Furthermore there is a problem
with groundwater quality in the region. This is doenaturally brackish groundwater conditions in

parts of the area and the uncontrolled leakagawéated waste water from cesspits.

The analysis also revealed high potentials of &t water sources that can currently be consitlere
as unused. These are groundwater from the deefeadueated waste water for irrigation and the
enhanced retention of the scarce surface runofffofAhese will be addressed as potential IWRM

strategies that can be combined with MAR.

4.5 Step 4: Combination of MAR Concept and IWRM Measures to integrative Strategies
4.5.1 MAR Implementation Concept

a) Jodo Pessoa

In this chapter the basic development scenariothfostudy area are defined. A focus will be set on
variations in land management and climate changeeSurface water is available in abundance
during the rainy season, the main question is ratfeere to infiltrate additional water to the

underground, than how to activate additional wedsources.

The selection of feasible locations for MAR faddl# depends on a variety of criteria (Rahman,
2011). On the one hand, additional aquifer rechahgaild of course be planned for locations that
would potentially benefit from an increase in grdwater level. It is primarily a question of local
groundwater budgets. That is why a preliminarycaa of potential MAR locations has to be done
in order to calculate the positive effects of thomasures on a spatial context. It does not maisese
to infiltrate additional quantities of water atogtion where there is no pressure on the grourstwat
resources. This aspect of MAR site selection, tinelg numerical analysis of groundwater level
decline and recharge, will be addressed in thecteafiter. Those results will then be further aretyz

by means of groundwater flow modelling. Each ofdteps might reveal new, more beneficial sites.
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MAR site selection is a very iterative approachefBfore, the results of this chapter should not be

seen as final recommendations, but rather a tegtia identifying suitable locations.

The suitability of locations for an actual, physicaplementation of MAR is depending on several
site specific parameters. Among these are:

* Landuse

* Infiltration rate

* Hydraulic conductivity

* Depth to water table

e Water pollution sources

* Slope / terrain

* Residence time

» Distance to rivers

* Groundwater quality

These physical parameters, without guarantee fimptateness, decide over the general feasibility
and suitability of locations for MAR facilities. 8@ of the criteria, e.g. slope or land use, are of
minor importance when looking for locations to ieplent direct injection wells. They are, however,
of high importance for the planning of infiltratiqggonds, which require large areas and benefit
economically from initially flat terrain. For theusly a spatial-multi-criteria tool is used for MAR
site selection. The tool is part of the BRAMAR-ID@8formation and Decision Support System)
developed by project partners from RWC in the ceurfsthe BRAMAR project (Rusteberg et al.,
2018). The system utilizes the above listed catésr a two-step analysis; the Constraint Mapping
and Suitability Mapping. In the following both wile briefly introduced, selected thresholds fos thi

study are presented and the results of tool apjgicavill be discussed.

In the Constraint Mapping first selection of feasible areas for MAR impeatation is conducted.
By eliminating areas with criteria outside a spedfrange of thresholds, only feasible areas remain
in the analysis. The tool applies values of eithénot feasible) or 1 (feasible) to areas, depandin
on whether the site specific criteria are withie tefined thresholds or not. Table 4-9 shows the
selected criteria and thresholds for Constraint piiagn A minimum depth to the groundwater table
of 20 m has been selected. The values refers tean rgroundwater level as interpolated from
groundwater monitoring data. Since the main timeréeharge via MAR is supposed to be during
rainy season, it can be expected that the mearr Veatd is already closer to the surface than the

average value suggests. In addition, any rechdeg®®R facilities, be it via infiltration ponds or
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direct injection by wells, will raise the groundwatevel even higher. Sufficient storage space must

be existent in order guarantee an efficient opemati any MAR facility.

Table 4-9: Selected criteria and thresholds forsamt Mapping

Criteria min. max.
Depth to water table 20m -
Distance to pollution source 500m -
Distance to rivers 500m -
Slope - 5%
feasible not feasible
Land use Agriculture Water bodies
Grassland Urban areas
Fallow Land Forests

Distance to potential pollution sources, in thiseghe industrial facilities in the study areaais
qualitative issue. A lot of industrial waste waterlready infiltrating the aquifer. This means an
already existing recharge on the one hand, andiprasly decreased groundwater quality in general
at those locations. A safety distance of 500 m khprevent influences with those unmanaged
recharge locations. Distance to Rivers is a crucidiéria in the case study. Due to the lack of
groundwater flow simulation results at this poihtlee study, it is the only indicator for how long
the infiltrated water would actually be availalbde fecovery from the aquifer. Since in the studsaar
the rivers are directly connected to the groundwéteras assumed that any additional groundwater
recharge close to the rivers will lead to a quicksl of those resources through the streams. A
sufficient distance to rivers allow the water talbdelocally rise some meters without directly
discharging into the surface runoff network. Witlesge hydraulic conductivity values of around
3 m/d, a distance of 500 m to the nearest riverldvensure the recharged water to remain for roughly
167 days or 5.5 months within the area of inte@spending on the hydraulic gradient. The slope
has an influence on the suitability of a locationthe construction of infiltration ponds. The lasi
assumption for the rural area of the case studp isse at least a hybrid-technology of passive
infiltration wells within large infiltration pondsThis criteria would not affect the suitability af
location for direct injection wells, since they deither require big areas, nor is their construnctio
strongly influenced by surface characteristicsoider to keep construction costs relatively low, a
maximum slope of 5 % might be considered suitalelee {fRahman, 2011). Land use is another
surface characteristic that primarily influences #election of suitable sites for infiltration pend
Due to land costs, preservation of natural vegatatind the impossibility to recharge on water bodie
(except riverbed filtration was considered) suigafikes were restricted to areas that are currently
under agricultural use, grassland or unused fdéma. Urban areas and maybe forests might still be

used for direct injection measures via pumping svell

The results depicted that most parts of the rurah avould potentially be feasible for the

implementation of infiltration ponds for MAR undére assumption of above introduced criteria and
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thresholds. Figure 4-35 illustrates the results. the urban area in the east, space for infiltratio
ponds is very limited. Given the results, rechangedirect injection wells is considered a feasible
option at those locations. In addition a decergealiMAR system would be required since the rivers

act as barriers for groundwater flow.
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Figure 4-35: Constraint mapping results (Rustebesd. £2018).

Similar to the Constraint Mappingprocedure, theSuitability Mappingrates the spatial mesh
according to defined criteria and thresholds. Intgst to the prior approach, the locations are not
distinguished into feasible and non-feasible btgdan a scale from 0% (unsuitable) to 100% (fully
suitable). The BRAMAR-IDSS (Rusteberg et al., 201&)| for Suitability Mapping offers the
selection of criteria as described in Table 4-10wkver, since the data situation is too poor tizeti
this range of criteria, for this analysis only stopnd depth to groundwater can be taken into
consideration. Data about potential recharge ragsifer thickness and residence time, as well as
relevant quality data, is not available on a spatiale. The results lead to a preliminary selectib

potential locations for MAR recharge. These ars@néed in Figure 4-37.

Table 4-10: BRAMAR-IDSS Criteria for Suitability Mapm

Category Criteria

Surface Characteristics Potential recharge rate
Slope

Underground Characteristics Aquifer thickness

Depth to groundwater table
Residence time
Groundwater Quality Chloride concentration
Nitrate concentration

pH

Sulphate concentration
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Figure 4-36: Suitability Mapping Results (Rustebdrgle2018).

Application of the tools revealed that for a realltircriteria analysis, insufficient spatial da& i
available. The results for Constraint Mapping atisfying, while the output of Suitability Mapping
is insufficient to make a statement about finaloremendations for MAR implementation. It is
strongly recommended to obtain the required spatih of groundwater quality and hydraulic
parameters. Preliminary results of the BRAMAR pebjsuggested that more data needs to be
collected (BRAMAR, 2018). However, the resultstastbrief analysis show the potential and basic
concept of MAR site selection. The selected sibeMAR recharge will be used for water budget
calculations, establishing operation schemes fggassted MAR measures. For Managed Aquifer
Recharge, the prior site selection process reveahiedecessity to plan for decentralized solutions.
Based on the MU scale and following the availableutated runoff data, as well as the connection
between rivers and groundwater acting like a batagroundwater flow, it is assumed that MAR
could be implemented at seven locations simultasigod’hese locations are, for the following
budget calculations, assumed to be close to tihgavirunoff gauges introduced earlier. Figure 4-37

shows the rough locations of potential MAR sitesissumed for this analysis.

The quantity of MAR has been calculated based eratailable runoff data. It is assumed that each
facility can recharge a maximum of 1.8 MCM per ntonEhis might be achieved via infiltration
ponds or direct injection. The actual monthly regleds calculated based on the runoff data, allgwin
for enough water to flow further downstream. Ifalotunoff is low, no water will be extracted for
MAR. The median monthly discharged3erves as a threshold. Below thg @lue, no water will

be extracted for MAR. As introduced in the prioapter, different sources of Unmanaged Aquifer

Recharge (UMAR) are present in the study area.& aesnatural groundwater recharge, return flow
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from irrigated agriculture and leakage from doneestater supply networks. All three sources of
unmanaged aquifer recharge are included in therwatiget calculations.
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Figure 4-37: Schematic preliminary selection of MRations based on constraint and suitability magpi

After the potential locations for MAR and the franaek of the water resources system were defined,
the remaining factor were the actual operationhesé facilities in order to account for potential

impacts of the measures. Note that other plannargrpeters such as the choice of technology or
required pre-treatment measures were considereshaally important. Since the focus of this

method was clearly set on quantitative impacts afew management issues, technological and
qualitative details must be evaluated by meanpe@déific studies. The compiled results suggested to
conduct field experiments that built up on the ditative analyses. First the water manager should
know where and when water could be artificiallyh@ged to the aquifer and what the expected
impacts will be. Only then it makes sense to defiegdd experiments to focus on these other aspects.

b) Jericho-Auja
For MAR budget analyzes at the case study Jeriakja;Aa special focus was given on the
implementation of IWRM measures. This means agtigahew water sources for the region. In

combination with MAR, the surpluses that may re$idim these measures can be stored in the
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alluvial aquifer. In addition, scenarios of hydmical variability should be analyzed. These
considered various scenarios of a varying sprirsghdirge and overall water availability. It was
analyzed how the resilience of the system agaiosgdr drought periods will increase by
implementing an additional water storage via MARvéy important factor for the region, in
accordance with local development plans and siegegs the extension of agricultural areas. For
comparison this study only gives results for aéutiension of agricultural areas as introducedwelo
The combinations of these three main factors (wsderces, hydrological variability and agricultural

development) defined the studied MAR scenarios.

In contrast to the Jodo Pessoa case study, the foicuhe Jericho-Auja study was set on a
maximization of irrigated agricultural land. Prelitary budget calculations revealed that an
increased resilience and stability of the wateoweses system can be achieved very easily with a
basic MAR scheme. This set the focus, in accordaiittethe development plans of local authorities
on agricultural development. Therefore, this stedy a focus first on some general assumptions
regarding a MAR implementation and then analyzedtimpact the activation of additional water
sources in terms of IWRM strategies have on theesysind if a full extension of agricultural land

can be irrigated under those conditions.

No decision support tool for MAR site selection wasilable for the study area Jericho-Auja.
However, some prior studies were conducted dealitig MAR site selection in the region (e.g.
(Lutz, 2011, Walter, 2013). Based on these studies some trial and error approach with the
available groundwater flow model developed by Alauli&@h (2017), three preliminary suggestions
for infiltration sites have been selected. Theecidt for a first site selection were very genesahce
spring discharge is the main potential source dewia the study area, it was decided to delineate
MAR locations in the vicinity of those springs. Alsdue to the high uncertainty regarding the
underground characteristics and groundwater flomadyics, the locations should be as close to the
recovery wells as possible. The slope should bewél % ideally in order to reduce construction
costs and the land should be available for MARc&Ino spatial tool could be applied, creating
Constraint and Suitability Maps as in the priorecasudy, only a simplified site selection was

conducted.

Figure 4-38 illustrates the selected locationsfliother MAR analysis based on above mentioned
criteria. These locations, one for MU Auja and tleo MU Jericho, were used for the below
presented groundwater and MAR budget calculatiord groundwater flow simulations. These
locations have already undergone a trial and expproach with the available groundwater flow
model. They appear to give the best results ingesmsimulated groundwater recharge. Future

studies in the area will need to install test fae8 and conduct tracer tests to verify the sulitgb
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of these preliminary selections. Also, the appiarabf a spatial-multi-criteria-analysis as in tle&io
Pessoa case study is highly recommended. For tlwsviiog assessments it was assumed that all
monthly surpluses can be recharged via MAR. Thplssiravailable for recharge was calculated on
the individual monthly budget for each MU in thexhstep. In contrast to the prior case study,
available volumes for potential recharge do nothhgaat extreme values. Therefore, it was assumed
that actually all of the monthly surplus can beherged, after accounting for typical loss rates. In
addition to the MAR measures, the sources of ungeshaquifer recharge (UMAR) were also
considered for budget calculations. These arerrdtow from agriculture (3 %), surface runoff (10
%), leakage from cesspits (50 % of waste watenértiral area) and leakage from domestic supply
networks (15 % of other demands). These return Slavere already included in the budget
calculations. As for the other case study, theaaperation schemes for each MAR locations were
assessed by means of budget calculations basedeatrofIWRM strategies under different future

scenarios.
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Figure 4-38: Schematic of preliminary MAR site sétat for simulations (modified after Rusteberg ef 2012).
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4.5.2 Integrative MAR-IWRM Strategies

a) Jodo Pessoa

In this section the actual framework for MAR operatschemes are defined. The potential available
water sources in the case study areas have albesmtydiscussed. The presented quantities do not
necessarily represent the actually used or actve#tues, but rather potential, untapped water
resources. Since a future installation of MAR fitie$ was assumed, the actual sources of water and
their allocation for these options had to be cogrsd. For this purpose a set of IWRM strategies has
been designed. They were developed in a way, #udt rategy represents an extension of the prior.
Therefore, not sets of alternative measures weatiated, but rather the cumulative benefit of a
combined implementation. For all strategies preskrtere, it was a basic assumption that the
resulting water surpluses of each month would hificially recharged according to the prior
introduced boundary conditions of locations anddassumptions. Since the suggested approach
that is tested here is of a highly iterative chemgdhe strategies presented in the following have
already been revised several times by evaluatidheo$teps to follow. It would not be beneficial fo
this thesis to actually give the results of eaefaiion that finally lead up to this stage of depehent.
Approximately 12 iterations of evaluating this stegve been conducted before the results that are

shown here were finalized.

Before addressing the actual strategies, some hasignptions should be named concerning water
allocation in the area. There is an extraction afewdirectly from the surface runoff of an unknown
quantity. Without proper modelling of both grounaidesurface water in an integrative way, the exact
extend of interaction between both systems can loalgpproximated. To avoid an overestimation
of the potential of MAR in the region, values wexgimated very conservatively. It was therefore
assumed that only 60 % of the remaining irrigattemand is indeed covered by groundwater
extraction. The same applied for industrial anagdtock water demand. The surface reservoirs
Gramame-Mamuaba and Marés were considered as exgppliDomestic Water Demand (DWD).
To simplify matters, and due to lack of data, isvaasumed that the aquifers supply a steady amount
to the urban districts and therefore directly daseethe DWD by 50 %. Hence, only 50% of the

above introduced domestic demand was assumeddavieeed by groundwater pumping.

Table 4-11: Overview of developed strategies faecstudy Jodo Pessoa

Strategy MAR at 7 locations Modernization MAR at 7 locations
with surface runoff of irrigation networks with surface runoff
and a max. capacity of to reduces losses by 1094  and a max. capacity of
1.8 MCM /month 3.6 MCM /month
A X - -
B X X -
C - X X
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Within this framework a total of three strategidsrgegrative IWRM and MAR implementation
have been designed and were used for the followiegs. They are presented in Table 4-11.
Strategy A considers the implementation of sevarenigalized MAR facilities spread throughout
the entire study area (see Figure 4-37). Eachesietiocation would receive water from the nearest
main river. The strategy assumes an active operafithese facilities according to available runoff
guantities. The volume of recharge is defined lgyabtual measured runoff in the rivers. For this
purpose a design is necessary that allows on sigsunement of the current runoff, e.g. by means of
a simple water level measurement in the river. Ddpg on the current discharge, some of the
surface runoff can be relocated to flow to the mdi MAR location where it is infiltrated, e.g. via
ponds. The choice of technology can be neglectddsapoint. Merely the range of values should be
within the vicinity of what is potentially possibl8trategy A assumes a maximum capacity, which
is only achieved during the rainy season with ¥segne runoff quantities, of 1.8 MCM per month.
To give a dimension, this quantity could be sumpliby a 60 cm wide canal or a
40 cm diameter pipe, assuming a mean flow velazit$y m/sec. The system could be designed
passively by means of an overflow weir and a caedyjng on gravity and the pressure of water.
This capacity would be sufficient under present dayditions to increase groundwater recharge in

a sustainable manner as shown in Chapter 4.7.

Strategy B suggests a modernization of existingation networks. Many sugarcane plantation are
irrigated by sprinkler systems. A technology ttstharacterized by very high evaporation losses
during application. Fine films of water get sprayedhe air, sometimes more than ten m above the
ground, creating an artificial rain on the fieltlinder the given climatic conditions this irrigation

technology must be considered as ineffective. &jsaB therefore extends Strategy A by a decrease
in irrigation losses by ten %. This value is puratyassumption. Many plantation already make use
of drip irrigation, a highly recommended technolagjyice, if correctly installed and applied, it

reduces water losses to a minimum and requiretelihtd no active management once installed. The

exact number and distribution of irrigation techrég is not known.

Strategy C is a combination of A and B, with thedifioation that a maximum capacity of
3.6 MCM per month for each MAR location is assuméhlis means a doubling of the capacity
during the rainy season. As before this volumeilg an assumption based on the knowledge gained
by many iterations of the MAR planning approache§dare maximum values that are only reached
during months of extreme rainfall. The actual estican from the rivers is calculated in the nexpste

in detail on a monthly basis for each location,rdire course of 14 years.
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b) Jericho-Auja

In contrast to the prior case study, the wateruess system of Jericho-Auja proved to be much
more complex. Not only surface runoff and grounéwanust be considered as feasible sources of
water, but many more factors must be consideredaioage the system in a sustainable manner. At
present the main water source of the region imgmischarge from the several spring groups of the
region. Therefore, the very first IWRM/MAR implentation considered was to use this abundant
source of naturally discharging groundwater from tfountain aquifer system as source for MAR
(Table 4-12). Three locations of MAR infiltratiomVe already been introduced. It was assumed that
all monthly surpluses can be infiltrated at thoseations. Since the spring discharge is highly
variable, so is the potential recharge at the MA&ssLike for the other case study, these schemes
of monthly operation were calculated very detaifethe next step under different scenarios of fitur
development. Strategy A would require the instaltabf pipes to modernize the existing channels
which suffer from high evaporation and spill losgesrder to efficiently transport the water from
the springs to the selected MAR sites. Before amylémentation of IWRM measures, in terms of
activating new water sources, should be considaredffort should be undertaken to modernize the
existing hydro-infrastructure and reduce the culyerery high loss rates in water transport, sterag
and application. Current loss rates for the uspaohg discharge accumulate to roughly 60 %. It was
therefore assumed that for all strategies caladltitese losses are reduced to 35 %. As before, this
values is only an assumption and requires furthefiss. Any of the measures will also require a
high social acceptance in order to change thetioadi water sharing policy of the local farmers.
Strategy B includes the activation of all springsMAR purposes and adds an improvement of the

surface water retention measures that are implexdexttpresent.

Table 4-12: Overview of developed strategies faecstudy Jericho-Auja (after Rusteberg et al., 2018)

IWRM Spring Surface Deep Wells Local Treated Import of
Strategy Discharge Runoff Treated Effluent remaining
Retention Effluent Import deficits*

A X - - - - -

B X X - - - -

C X X X - - -

D X X X X - -

E X X X X X -

F X X X X X X

* varies according to scenario and resulting defjcherefore F(i) and F(ii) were distinguished

Close to Auja village a dam had already been coctd. Additional smaller retention measures,
simple earth dams along the wadis, are recommetmlaghpture as much of the sporadically
occurring storm flood events. Even though the wagspurces system analysis showed that this
resource is highly variable and there may be maars/without any significant runoff event, it is

the first and most natural source of additionalenv#tat should be addressed.
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Strategy C adds a very important source of additiamter that is much less volatile than the prior.
It is recommended to install several wells intodlep aquifer. In accordance to the SMART-MOVE
project they are referred to &eep WellfDW). The underlying deeper aquifer has a very high
natural recharge and has the potential to incréesevater availability by several MCM per year.

This resources at present is unused by Palestidia@go political issues. It is a valuable resource
that must not be ignored if a sustainable wateragament in the Lower Jordan Valley should be
achieved. The installation of additional wells ikey issue and prioritized before the activation of

further resources.

The next considered source is the complete andiexffi reuse of treated wastewater from local
sources considered in Strategy D. This water soshoelld not be infiltrated by means of Saill
Aquifer Treatment technologies, but rather be &obptio the fields directly. Thus decreasing the
irrigation water demand accordingly, leaving maesh water resources, e.g. spring discharge, for
actual infiltration via MAR. Strategy E additionaltonsiders the import of treated effluent from the
wastewater treatment plant of El Bireh, a Palestiriity in the mountain region. This import option

was suggested by local stakeholders and projetigyar

Strategy F assumes that any remaining deficitsvilhbe detected by the following groundwater
budget assessment, would be covered by additioaarwmnports. The source of this import will not
be defined here, for it is purely speculative. Alse quantity is variable and was assumed to cover
the calculated deficits over the next 20 yearsdastified by the groundwater budget assessments
under Chapter 4.7. The reason this strategy hasibeleided is that local water plans focus on very
ambitious goals for agricultural extension. Evedemconsideration of all local water sources will
still not be sufficient to cover the demands thatid arise from the desired extension of agricaltur
areas. It is neither the aim nor the objectivéhif study to question national water plans. Rather
means and strategies should be developed and addhat might help achieving the goals that were
set. Therefore, the following analyses reveal teghht Strategy F is a measure to emphasize how
many additional imports would be required to fllfthe goals under consideration of all other
potential IWRM measures in combination with MARIdttherefore rather a way of showing what
would additionally be required to meet the develepthgoals, than saying that the goals might have

to be lowered.
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4.6 Step 5: Development Scenarios

4.6.1 Baseline Scenario

a) Jodo Pessoa

The next step is the definition of scenarios fotufe development to evaluate the developed
strategies. It would not be sufficient to simplgatulate the water resources system on a mean
average values. Both case studies underlie str@agposal and inter-annual variability in
hydrological conditions. The system of water sosi@ed demands is under constant fluctuation. By
means of storing water surpluses during periodsigif water availability and making it available
during periods of increased water demand, it isidea of a MAR implementation to increase the
resilience of the system against this volatilityesources. To evaluate this spatio-temporal effect
MAR on the system it was therefore required torgo the evaluation of actual time series of future

scenarios.

Table 4-13: Water resources system parametersanesponding scenarios -Jodo Pessoa

Parameter Baseline Agricultural Dry Climate
Development

Domestic demand + + +

Agricultural demand o) + T+

Water availability o] 0 -

0 aspresent + increase ++ strongincreasedecrease -- strong decrease

Table 4-13 gives an overview of the designed seesdor the case study Jo&do Pessoa and the
corresponding parameters that where adjusted &r ¢odcreate these scenarios. Baseline(BL)
describes the very basic assumption of future dgweént for the entire study area. It was assumed
that all relevant parameters continue the way there for the past years. This includes population
growth and the correlating domestic demand, laredpsgterns and the corresponding crop water
need, as well as rainfall, impacting the actuabation demand and natural and anthropogenic
groundwater recharge. This means the Baseline soenepresents a sort of blueprint that can be
used to evaluate the impact of any measure if thomgtinue exactly the way they were in the past

years.

The second scenario is tAgricultural Development Scenar{&DS). A challenging development

of the vast agricultural lands around Jodo Pessas agsumed. Based on the land use study
conducted, the assumption was that the remainimggpiple plantations, being relatively low in water
demand, will be replaced by the much more profidhlt highly water demanding sugarcane. This

would directly impact the irrigation water demanmdiahange its spatial distribution.

The third and last scenario, tBey Climate Scenariobuilds up on the prior scenaamd extend it

by decreased rainfall. To keep the assumptionseceasve, an overall reduction of rainfall by a
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10 % will be assumed. All scenarios for Jodo Pe&suin with the year 2020 and end at 2034,
covering a total of 14 hydrological years (Octokptember).

As a basis for all scenarios input from the hydgatal model developed by Schimmelpfennig et al.
(2018) was used. This includes surface runoff thi® major rivers and spatio-temporal rainfall
distribution, as well as groundwater recharge ratee model had been calibrated and validated for
a 14 years time series (2000-2014). For the samntris time period of discharge and rainfall were
transposed to the future. The data has been pegsenChapter 4.4.2. Observed data for validation
of these simulated values are scarce. Therefonsuitd not be beneficial to develop synthetic time
series for the future. The simulated historic datrepresents the most reliable recreation of the
natural system that was available at this poine $#lected hydrological time series determines the
irrigation water demand, since it was derived ftberainfall as has been presented in detail before
It also determines the amount of natural groundwaigharge and the available surface runoff that

can be used for MAR as described above.

The socio-economic water demand such as domestikirty water or industrial water demand on
the other hand are not directly influenced by tidrblogical time series. For this demand, simple
assumptions of population growth have been takenaansideration. Accordingly the increase of
domestic water demand was calculated in direcetatron to this growth rate. Figure 4-39 illustsate
the resulting development of domestic water dem&uwinestic demand was assumed to increase
linearly over the analyzed time period. It is ideal for all scenarios. The ADS and Dry Scenario

will change with regard to irrigation demand andevavailability.

Assumed Domestic* Demand Development
200

180

160

[MCM/a]

140
120

100
2020 2022 2024 2026 2028 2030 2032

All Scenarios

Figure 4-39: Assumed domestic demand developme#ib-Bessoa (* incl. other minor demand sectors).

-104 -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

b) Jericho-Auja

For the semi-arid case study a similar approach weasl to design the scenarios. Again, three
fundamental development scenarios will be analyzegresented in Table 4-14. Similar to the Jodo
Pessoa case study they also include a Baselineuligral Development and Dry Climate Scenario.
In contrast to the prior study, the Baseline Saerdwes not transpose historic hydrological datia in
the future. Rather, a set of synthetic time sesiese developed by Schmidt (2018). These data sets
are based on actual long term observations ofdbal Ispring discharge. As has been shown in
Chapter 4.4.2, the most abundant source of watheistudy area is the discharge from local spring
groups, which is fed by precipitation in the moumsa Schmidt (2018) derived synthetic spring
discharge values by means of precipitation runaffielling. From a combination of mean-dry-wet-
mean (MWDM) climate conditions, a time series ofy2@rs was derived. For the Baseline Scenario
the synthetic values represent a series of fiveagesyears, followed by five years with above
average water availability, five years of near gfntuconditions and finally another five years of
average conditions. This is a good representafitreacase study conditions. The mean annual water

availability over the 20 years period remains e average value from historic data.

Table 4-14: Water resources system parametersanesponding scenarios -Jericho-Auja

Parameter Baseline Agricultural Dry Climate
Development

Domestic Demand + + +

Agricultural Demand 0 + ++

Water Availability 0 0 --

0 aspresent + increase ++ strongincreasedecrease -- strong decrease

Assumed Domestic* Demand Development

—_
«
S
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& ,
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S O OO0 oo Q S O O O o o o C oo O
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All Scenarios

Figure 4-40: Assumed domestic demand developmerithd-Auja (* incl. other minor demand sectors).

For socio-economic development, meaning increasedomestic and public water demand, no
variations of scenarios were analyzed. Rather s& lsmowth assumption was used. As introduced
before, this values were considered as minor inpagison to irrigation demand in the study area. In
total it is assumed that the demand will lineanlgrease from 5.4 MCM/a to 10.3 MCM/a within the

20 years time period as shown in Figure 4-40.
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4.6.2 Agricultural Development Scenario

a) Joao Pessoa

The second scenario is based on the same hydral@gid socio-economic parameters as the BL.
However, the ADS assumed an aggressive extensidheohlready overrepresented sugarcane
plantations by extending to the valuable areasateapresently used for pineapple cultivation. Fégu
4-41 shows the resulting increase in irrigationevdemand. These values were calculated following
the same methodology as the prior irrigation demasadculations according to FAO
recommendations (FAO, 1977).

Assumed Agricultural Demand Development
700
600
500

[MCM/a]
w -
(=)
(]

200
100

2020 2022 2024 2026 2028 2030 2032
= Baseline Scenario = A gricultural Development Scenario

e Dry Climate Scenario

Figure 4-41: Assumed agricultural demand developgriEr@o Pessoa.

b) Jericho-Auja

The ADS for Jericho-Auja orientates on the locatevand development plans. Rusteberg et al.
(2018a) delineated the potential agricultural esitem in the two municipalities within the context
of a water allocation assessment conducted in W&RST-MOVE project. In accordance to local
water authorities the development of irrigation evademand was assumed as depicted in Figure
4-42. The assumption for the ADS was, that Jerahdd linearly extend its irrigated areas within
ten years until 2030 to 30 kmz, resulting in a mieggation demand of 30 MCM/a. For the Auja
village the irrigated agriculture was supposedxtered at the same pace within ten years and reach
a maximum of 13 MCM/a in 2030, remaining constarttluhe end of the analyzed time period. The
assumption was that other demands will develohénsame manner as in the Baseline Scenario.
Also the same hydrological conditions were assunmeglaning the same time series of spring
discharge and surface runoff will be used. Irrigatiliemand for both the ADS and Dry Scenario is
identical, since rainfall in the study area is sarse to begin with that it has no impact on the
irrigation demand. The crop water need in all césesvered by 100 % by irrigation, neglecting the

few rainfall events.
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Assumed Agricultural Demand Development
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Figure 4-42: Assumed agricultural demand developgriEricho-Auja.

4.6.3 Dry Climate Scenario (Dry)

a) Jodo Pessoa

The potential impact of climate change on water aleafis and availability was analyzed in a very

simplified manner. In order to identify the potahiimpacts of a changing climate on the system,
simplified estimations with regard to decreasedfedii were analyzed as the Dry Climate Scenario.

This scenario uses the prior ADS as a basis, asguan extension of sugarcane plantations, and
adds a decrease of 10% rainfall, surface runoffraatdral groundwater recharge as an additional
parameter. This led to yet another increase igation water demand which has been re-calculated
using the same methodology (Figure 4-41).

Assumed Water Availability* Development

=
=
@]
= 2000
o I I . I I
, il I 1 [

2020 2022 2024 2026 2028 2030 2032
EBaseline & ADS M Dry Scenario

Figure 4-43: Assumed water availability developmdofio Pessoa
(*including surface runoff, spring discharge andumal groundwater recharge).
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In addition to the ADS also water availability iffeated by this scenario. Figure 4-43 gives an
overview of the resulting change in water avaiipbih comparison to the Baseline and ADS. As
presented in Chapter 4.4.2, some years of extrehigtysurface runoff can be detected (esp. 2023
and 2030) that might be explained by poor data #&bbmate the hydrological model
(Schimmelpfennig et al., 2018) from which the batata set of runoff was derived (years 2000-
2014).

b) Jericho-Auja

The last scenario that was evaluated was the Dryaf#® Scenario for which the prior introduced
synthetic spring discharge time series (Schmidt820vas used as well. But instead of a moderate
climatic MWDM (mean-wet-dry-mean conditions) sceaaran MDDM (mean-dry-dry-mean)
development of water availability was assumed. Nteathat after five years of mean hydraulic
conditions, ten years of very dry conditions wallow. After that, the environment return to a mean
state for the last five years of the 20 years tamges. The Dry Climate Scenario also includes all
other assumptions of the ADS. The relative diffeesim water availability is much more drastic than
for the tropical case study. During the assumedpénjod from 2025 -2035 water availability is in
some years only half of what was assumed for theu8LADS.

Assumed Water Availability* Development
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Figure 4-44: Assumed water availability developm@eticho-Auja
(* including surface runoff, spring discharge aradural groundwater recharge).
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4.7 Step 6: MAR Groundwater Budget Analysis

4.7.1 Overview of Strategy-Scenario combinations to be atyzed

a) Jodo Pessoa

In this chapter the designed IWRM and MAR Strategiee analyzed with regard to their potential
impact on the groundwater system under assumpfitireavarious scenarios of future development.
Figure 4-45 gives an overview of the MAR Groundw&adgets that were evaluated resulting from

combination of strategies and scenarios.

Strategy Do Nothing A -
Scenario i
P h 4 A (€ )
Baseline (0)
\ N . .
c g [ )
Moderate (1)
\ il » .
D @ ( A (
Dry (1)
N A 7 o ]

Figure 4-45: Overview of strategy-scenario combaret -Jodo Pessoa.

Analyzing each of the strategies for each sceném®groundwater budgets were evaluated for a
total number of 12 cases. This includeB@&Nothing(DN) approach as a means of comparison for
each scenario. This approach neither considersaeatiyation of water resources in terms of the
IWRM strategies, nor does it account for any MARaswes in the system. Meaning that the
individual DN approach for each scenario represer@potential future development if no measures
are undertaken to improve the current state ofvider resources system. The respective boundary
conditions of the scenarios, like increased irf@atdemand etc., was considered as well. This
allowed the DNs to serve as a basis for evaluatidghe individual strategies’ impact on the system

and served as the default to calculate performbypaereans of indicators.

For each of these combinations, detailed operaitremes of the suggested MAR facilities were
calculated on the monthly basis for the selectedftiame of 14 years between 2020 and 2034. Each
Management Unit's individual groundwater budget wakulated separately in order to receive
results in a spatio-temporal transient distributiiigure 4-46 illustrates the components and
parameters of these budget calculations. As a lihsisnalysis focused on the aquifer system as the

storage unit. The spatial dimension was given eyMitUs. The aquifer receives recharge as natural
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recharge from rainfall, by return flow from irrigeh water and domestic supply, as well as from
MAR as an additional option (green arrows). Theatieg part of the equation is the water that needs
to be extracted from storage, respectively grouneihat is being pumped from the aquifer, in

order to satisfy the demand sectors. The MAR watielgetAS for each MU can be expressed as:

AS = Qin + Ruar + Rrp + Ryar — GWP — Qoue (4.4)
with AS = Change in Storage
Qn = Groundwater inflow
Rnat = natural Recharge
RrF = Recharge from Return Flow
Rvar = Recharge by MAR
GWP = Groundwater Pumping
Qout = Groundwater outflow

Management Unit X Management Unit Y

Water Demand Water Demand

" R
Livestock Industry Livestock Industry

Irrigation Domestic Irrigation Domestic

ey e e

Natural Natural
MAR
Recharge Recharge

IVES

Figure 4-46: Schematic of MAR Budget parameters.

b) Jericho-Auja

The budget situation for the semi-arid case studg im many ways simpler than in the prior. For
instance, the study area was divided into onlyitwgtead of eleven MUs. Also these two run parallel
in terms of water availability. The individual tisiant water availability for each unit is indepentde

of the other. Whereas in the prior case studyitle#s were used as main source of water for MAR,
in this case study the discharge of the local gpgroups was considered. Auja and Jericho both
have their own springs to cover local demandsné onit consumes all water from their source, it
does not impact the other MU since they are notrdsgam each other. In the Jodo Pessoa case

study, any withdrawal from the rivers must be cdesid for the water budget of the downstream
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MU. That simplified the equation for budgeting lmstcase. The groundwater on the other hand still
is a connected system. Any drawdowns or increasdscal groundwater level of one MU will
inevitably cause an according reaction in the otfiels groundwater system. To evaluate this
interaction, mere budget calculations are not cieffit. This is where groundwater flow modelling
is required. Figure 4-47 gives an overview of tlenbinations of strategies and scenarios to be
evaluated in the following.

Steey Do Nothing
0) A (& F
Scenario

© ™\ @ &

CENCN(0)]
Moderate (1) [ ’

=

Dry (I1) [ ’

Figure 4-47: Overview of strategy-scenario comharet -Jericho-Auja.

Due to the high variety of potential IWRM strategtbat could be implemented to cope with water
deficits in the study area, the total number ofsgde combinations was accordingly higher in this
case. Including the Do-Nothing approaches for eaeimario (DN), a total of 20 combinations was

evaluated. The overall concept and idea followsstrae structure as for the other case study.

4.7.2 Groundwater Budgets for selected Scenarios and Stiegies

a) Jodo Pessoa

Baseline Scenario

Though groundwater budgets have been calculatethi®rapproach on the spatial resolution of
Management Units (MU), results will be presenterelss accumulated values. Otherwise it would
be necessary to present the results of 132 catcutahe series (12 combinations of scenarios and
strategies for eleven MUs) of 14 years. Therefthre results are presented in this section by means
of accumulated values. For each month, the rechamge series of all seven suggested MAR
locations, as well as the calculated abstractitastay groundwater pumping are added and displayed
in one combined graph. Figure 4-48 gives theseegagded results for the Baseline Scenario under
assumption of the Do-Nothing (DN) approach. Theaited results for each MU are given in

Appendix 3.
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Baseline - Jodo Pessoa - Do Nothing
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* hypothetical, assuming infinite groundwater cajyac

Figure 4-48: Groundwater budget Baseline Scenaéo Bessoa -DN.

The red area represents the volume of water egtitdodbm the groundwater by means of pumping.
These values have been calculated followed the gdascribed methodology and assumptions for
demand coverage. As introduced, the values repgrasenmulated values for the entire case study
area of Jodo Pessoa. First, the DN should be redeivcan be observed that groundwater extraction
peaks up to more than 60 MCM/month during the @gssns to cover irrigation demands, domestic
supply, as well as livestock and industry. For nsearcomparison, the accumulated values over the
14 years time period were be used. Total extraatiaase of the DN under the Baseline scenario is
-4668.8 MCM. The purple line represents the accated| groundwater budget during each month.
It is the result of the individual monthly budgetaulation considering the budget of the prior nhont
Thus it represents the calculated developmentefitbundwater storage without consideration of
natural groundwater outflow from the system. laistrong indicator whether the groundwater is
managed in a sustainable manner. Sustainabilityisiregard would mean that the withdrawal from
the aquifer over time should not exceed the re&aRgecharge in this case includes natural
groundwater recharge, unmanaged aquifer rechamye feakage and return flows, as well as
Managed Aquifer Recharge. Though in case of thelaNVIAR was considered. This will be added
in Strategy A. Results of the DN show that underdbfined assumptions and boundary conditions,
the local groundwater system would potentially acolate a negative budget of -751.8 MCM over
the course of these 14 years, not considering aldlow of groundwater leaving the system to the
ocean, the north or south. To account for thesampaters, a groundwater flow model was required.

Given the aquifer characteristics and geometrys théficit would translate to an overall mean
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hypothetical groundwater level drawdown of -2.2%Hxq. 4.5), assuming an area of 1,113 km? and
porosity of 0.3.

Astorage

= — (Eq. 4.5)

Ax*p

with Ah = hypothetical change in groundwater level [m]
Astorage = accumulated budget [Mio. m3]
A = study area [m?]
p = porosity

This value would be influenced by groundwater iat&on with areas outside the study area. Strong
drawdown leads to an increased hydraulic gradiedtraight therefore subsequently cause more
inflow from surrounding systems. In this case, sitiee aquifer system ends at the western boundary
of the delineated study area, no additional inftmuld occur from there. Any deficits created in the
study area would potentially cause increased inflmmw north and south to the aquifer.
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Figure 4-49: Groundwater budget Baseline Scenaéo Bessoa -Strategy A.

Since these neighboring regions are subject tonseteagriculture and depend on the local
groundwater resources, a sustainable managemené afystem should result in at least a neutral
budget for the study area, preferably even a pesithe. This mean calculated potential drawdown
might intensify locally. Interviews conducted witical farmers during the many field investigations
as part of this study revealed that most smallsathiat local farmers depend on are quite limited in
depth, often not more than 2-3 m (Walter, 2016)niMéarmers reported of time periods where

groundwater drops to levels that leave their warlys As has been seen in the water resources system
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analysis, groundwater withdrawal concentrates mesareas with intense agricultural activity. Now
that the basis for comparison has been establiieitie Baseline Scenario, revealing indeed an
indication for demand of an improved water resosing@nagement, the potential impact of the

suggested MAR implementation should be discussed.

Figure 4-49 gives the same plot structure of ithtgdn for the accumulated results of StrategytA. |
can be observed, that the graph now includes vdtueasdditional recharge to the aquifer (blue).
This only refers to recharge via MAR. The natuealharge (Qnat) however, is included in the budget
calculation of the accumulated groundwater budgete; but not represented graphically. Meaning
that all blue areas refer to actual recharge viaRVfAcilities. As the strategy was defined with a
maximum capacity of 1.8 MCM/month for each MAR figj the total maximum value for all seven
suggested locations combined is 12.6 MCM/monthc&s be observed, recharge via MAR does
only occur during some months of the year. Thiduie to the direct correlation of surface runoff to
actual infiltration by MAR. Outside the rainy seasihere is too little runoff in the rivers to be
accounted for in the MAR operation schemes. Theaetion rates are exactly the same as in the DN
approach, since Strategy A does not include angedse in water demand or reduction of required
pumping from the aquifer system. The accumulateximguiwater budget over the 14 years time
period actually remains positive. With a final valaf + 58.37 MCM, the system remains in a
sustainable state within the selected period. Ratethe budget to groundwater level fluctuation,
this value would translate to roughly 0.2 m of @hegroundwater increase. These results require
further analysis by means of groundwater simulatituots of factors come into play that cannot be
accounted for by mere groundwater budgeting. Thesdts can, however, be taken as an indication
of the potential performance of a MAR implementati&ven so, the accumulated groundwater
budget curve reaches minimum values of around @1NMdGM, translating roughly to a temporary

decrease of the overall groundwater table of ntoma 8 m.

Strategy B introduces the concept of reducing atian losses to the case study. Figure 4-50 gives
the respective results for this advanced combinatiol WRM and MAR. In contrast to the prior,
Strategy B has an impact on the quantities thatpareped from the aquifer. The reduction of
application losses during irrigation by ten %, éygreducing the amount of sprinkler irrigation and
replace it with more efficient techniques like diojgation, would theoretically result in a rediact

of pumping, since less water will be needed dutiiregdry season to irrigate all crops.

The effect on the accumulated groundwater budgethi® entire study area of Jodo Pessoa is to
observe: an increase of the total budget value5#1+43 MCM over the course of 14 years. Meaning
a theoretical increase of the potential groundwkgeel by 1.6 m on average, with an absolute

minimum value of -398MCM, or -1.6 m of groundwat#ecrease. The final stage potentially
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recommendable MAR implementation considers an asgef the MAR facilities’ capacities from
1.8 MCM/month to a doubled 3.6 MCM/month. This niighquire the installation of advanced
infiltration technology, such as active pumpingwaiter into the surface, which increases potential

implementation costs in comparison to rather lostsolution of infiltration ponds
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Figure 4-50: Groundwater budget Baseline Scenaéo Bessoa -Strategy B.
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Figure 4-51: Groundwater budget Baseline Scenaéio Bessoa -Strategy C.
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Strategy C further considers the reduction of atign water losses by 10% as introduced under
Strategy B. Results given in Figure 4-51 indicétes impact of the increased capacities on the
volumes of water that might actually be rechargethe aquifer via MAR. Whereas in some years
this new accumulated maximum of 25.2 MCM/month a$ met, due to insufficient runoff in the
rivers, it still has a significant impact on theamulated overall groundwater budget after 14 years
The measure would, under the given scenario, iseréfae total volume of artificial recharge to
1513 MCM, resulting in a budget of + 1244.88 MCM,roughly + 3.7 m of groundwater level
increase (Table 4-15). Again, this values doesraptesent the actually expected increase of
groundwater, since outflow from the system is mmsidered in these calculations and the given
value should only help setting these huge volumkesgerspective. Under the assumption of Strategy
C under the Baseline Scenario, the minimum valuéuafget is only -326 MCM, or -1.1 m of
groundwater decrease. Under these assumptionStridtegy appears to be extremely beneficial for

the region and reveals a very high potential bénefi

Table 4-15: Summary of groundwater budgets for Bas&cenario -Jodo Pessoa

Baseline _ Accumulated Budget
Scenario Nat. Recharge MAR Extractiop
[MCM] [m] *
DN 3917.0 MCM 0.00 MCM -4668.8 MCM -751.8 2|3
Strategy A 3917.0 MCM 810.2 MCM -4668.8 MCM 58.4 0J2
Strategy B 3891.6 MCM 810.2 MCM -4160.3 MCM 5414 1|6
Strategy C 3891.6 MCM 1513.6 MCM -4160.3 MCM 124419 317
* hypothetical, assuming infinite groundwater cajyac
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Figure 4-52: Direct comparison of strategies urikeseline Scenario -Jodo Pessoa.
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As the assessment shows, a significant improveofahe overall mean groundwater budget could
be achieved by means of MAR implementation in tlwggssted manner. Furthermore the
combination of the method with a water managemetmmsuch as the chosen example of reducing
irrigation water losses by promoting more efficiemigation techniques in the area analyzed as
Strategy B, would potentially bring a comparablg bdditional benefit to the system. Figure 4-52
illustrates the potential relative impact of thdiimdual strategies on the system in direct congoeri

to another. The individual lines represent the aadated groundwater budget over the selected time
series as has been shown before. The direct casoparnderlines the performance difference of the
strategies. An ideal groundwater budget would renpaisitive values throughout the entire study

period.

These first results should only be understoodasmgarative performance assessment and the given
transformation of budget volumes into meters ofugdwater fluctuation are only approximations.
The Baseline Scenario assumes a moderate futuetogavent of the study area without change in
water availability by rainfall and natural groundesarecharge, nor changes in the socio-economic
growth rate or alternative ways of agriculturaldamse. Therefore, it is necessary to review these
strategies under changed boundary conditions. ffategies intrinsic structure and idea remains the
same for the next two scenario analyses. Onlydhedary conditions change. By design, the chosen
scenarios should result in an overall intensifiesugdwater withdrawal on the one hand, and less
recharge on the other. This way, the positive ingat the suggested measures can be evaluated

under increased groundwater stress situations.

Agricultural Development Scenario

The results for the two other scenarios shouldid$audsed in a less details, since the overallasela
operation of each strategy remains the same. Tdrerdhe results are discussed less detailed and a
focus is on the difference in performance. Figus84ives the results for each strategy under the
assumed scenario. There is an increase in grouadwaimping under this scenario, since the
assumption was that valuable agricultural areasatfegpresently cultivated with pineapple, willals

be used for sugarcane in the future. The scenasanaes that the land use change is already
conducted in 2020. The induced stress on the gueated can be observed in the DN approach. For
this solution the accumulated groundwater budget tive 14 years is -1,203.7 MCM, or roughly
-3.6 m over the entire study area. As a base fimpeoison, the DN budget for the Baseline Scenario
was -751.8 MCM, meaning the scenarios boundary itiond led to an increased groundwater
withdrawal of around 450 MCM over 14 years, aroG2dVICM/a of additional pumping from the
groundwater. As the results show, the mere imphtation of decentralized MAR facilities as

suggested under Strategy A would no longer bedeffi to maintain a sustainable groundwater
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budget, in contrast to the BL. Strategy B howeweducing irrigation water losses, in combination
with decentralized MAR facilities, shows a highetgntial. Though even under this solution, the
groundwater budget barely remains positive. Stya@still outperformance the prior two and shows
that only by changing the management of the prBsemailable water resources, can bring huge
benefits for the region, in comparison to a do mgftstrategy (Table 4-16). Figure 4-54 underlines

these differences in performance. Appendix 4 htildgesults for each MU.
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Figure 4-53: Groundwater budget ADS Joao Pessoa.
Table 4-16: Summary of groundwater budgets for Al#io Pessoa
Agricultural Nat. Recharge MAR Extraction Accumulated Budget
Development (Qnat) (Astorage)
Scenario [MCM] [m] *
DN 3940.8 MCM 0.00 MCM -5144.5 MCM -1203)7 -3/6
Strategy A 3940.8 MCM 810.2 MCM -5144.5 MCM -393.6 -1{2
Strategy B 3912.0 MCM 810.2 MCM -4568.1 MCM 1541 0|5
Strategy C 3912.0 MCM 1249.7 MCM -4568.1 MCM 5937 1{8

* hypothetical, assuming infinite groundwater caipac
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ADS - Jodo Pessoa - Strategy Comparison
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Figure 4-54: Direct comparison of strategies uriles -Jodo Pessoa.

Dry Climate Scenario

The last scenario evaluated was the Dry Climatea&t® It combines the agricultural development
of the prior scenario and extends it by a reducatemwavailability by -10 %. This impacts both
irrigation water demand and surface runoff, as wslihatural groundwater recharge. Figure 4-55
gives the results for the individual strategies amthe scenario. For the DN, an accumulated
groundwater budget of -1,725 MCM was calculateds Mwould translate to more than -5 m of
groundwater drop over the entire study area, utftesimplified assumptions of Eq. 4.5. Neither
Strategy A, nor B would now be sufficient to stdyistgroundwater depletion (Table 4-17). The
spatial scale can best be interpreted from thdtsegven in Appendix 5.

Even under Strategy C, reduction of irrigation wdtsses in combination with advanced MAR
facilities distributed over the study area, theugiwater budget could only be raised to +244 MCM,
with most of the time series remaining below O, nieg a temporal drop of groundwater levels by
an average of -1.8 m, which of course is localghler or lower depending on the spatial distribution
of water demands as presented in the water resyséem analysis (Figure 4-56). The results can
still be seen as very promising under the devel@ssdmptions with regard to the general positive
effect of IWRM and MAR measures in the region.
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Figure 4-55: Groundwater budget Dry Scenario JaEss@a.

Table 4-17: Summary of groundwater budgets for Begnario -Jodo Pessoa

Dry Climate MAR Extraction Accumulated Budget
Scenario Nat. Recharge (Astorage)
DN 3640.5 MCM 0.00 MCM -5365.4 MCM -1725.0 -5]2
Strategy A 3640.5 MCM 751.9 MCM -5365.4 MCM -973.0 -219
Strategy B 3610.1 MCM 751.9 MCM -4757.4 MCN -395.4 -1j2
Strategy C 3610.1 MCM 1391.3 MCM -4757.4 MCM 24319 0{7
* hypothetical, assuming infinite groundwater caipac
Dry Scenario - Joao Pessoa - Strategy Comparison
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Figure 4-56: Direct comparison of strategies uridigr Scenario -Jodo Pessoa.
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b) Jericho-Auja

Baseline Scenario

As in the prior case study, first the specific BiameScenario for Jericho-Auja should be analyzed
and the strategies’ impact on the groundwater budigeussed in more detail. Figure 4-57 illustrates
the results for the DN approach. It can be obsethiat extraction from the aquifer by means of
groundwater pumping is much less volatile tharhangrior case study. Though there is a difference
in groundwater extraction between the rainy andsdgson, it is not as extreme as in the tropical
study. This is due to the circumstance that thdysauea is, by its semi-arid nature, generallyrdrie
that the former, resulting in a more steady depecelen the groundwater resources. As before, the

detailed spatial results are compiled in Appendix 6
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Figure 4-57: Groundwater budget Baseline ScenariohteAuja -DN.

The very limited rainfall does not impact the iaigpn water demand in a way, that seasonal vaniatio
becomes dominant in the water resources systemt ¥émaalso be observed is that even under
Baseline Scenario assumptions, the local grounaviseotentially highly overexploited. With an
accumulated deficit of -376.8 MCM over 20 yearsteiveals a mean annual overuse of around
19 MCM. Assuming a very small area of actual grausier extraction, as is given by the size of
agricultural lands, of only 25 km? and an effecipagosity of 0.3, this would result in a hypothatic
groundwater drawdown of more than -50 m (Eq. 4.5).
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Baseline - Jericho&Auja - Strategy A
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Figure 4-58: Groundwater budget Baseline ScenariohteAuja -Strategy A.

These values are only valid within the frame oluagstions and boundary conditions within which
the groundwater budget calculations were perforrmegkality this huge overexploitation would not
be possible. Rather, the given deficits would tadsulnsuccessful harvests since there would simply
not be enough water stored in the aquifer systebetexploited to this extend. Agricultural areas
could not be irrigated and would run dry as a ttessince areas of this character usually have
emergency plans for droughts, prioritizing the kimg water supply, usually bigger harm to the local
population is prevented. For sake of comparabiitghe potential impact on the system of each
strategy, we will assume an infinite groundwateailability for the budget calculations. The impact
of Strategy A on the system can be seen in Figith®. AVith only some limited water management
measures and the implementation of a MAR systeradpluses, the potential calculated impact on
the budget could be significant. Though the accatedl groundwater deficit over 20 years is still
remarkably high with -174.1 MCM, or roughly -23 rmhgroundwater depletion, it is only half as
much as for the DN approach. Strategy A comprisesrtodernization of hydro-infrastructure for
the use of spring discharge in combination witls@ of surplus water use for MAR. As can be seen,

MAR would only occur during the wet season duringie years.

Strategy B for the Jericho-Auja case study exténe /AR implementation by an advanced surface
runoff retention network. This measure would adgvadditional water for storage depending on the
occurrence of storm flood events in the wadis. F@gé59 illustrates the resulting groundwater

budget. Under the BL, which assumes a synthetidathitime series of mean, wet, dry and mean
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hydrological periods (MWDM) as introduced in Chap#e6, this would potentially add another
23.3 MCM over the course of 20 years to the budgetharge by MAR shows stronger peaks during
the rainy seasons, assuming that the storm floodlsl @fficiently be harvested. The overall benefit
to the groundwater budget of the area is rather teducing the negative accumulated budget to
150.8 MCM, or a hypothetical drop of -20 m in grdurater level. The problem with surface runoff
harvesting in the study area is the high volatitityactual rainfall and runoff events. The five gea
dry period in the scenario between 2030 and 203&ate no significant increase in recharge volumes

compared to Strategy A.
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Figure 4-59: Groundwater budget Baseline ScenariohieAuja -Strategy B.

Strategy C includes the implementation of new welldracting water from the deep aquifer. The
very strong positive impact of this potent new seunf water can be observed in Figure 4-60. The
required extraction rates from the shallow alludgguifer is reduced by roughly 85 MCM over 20
years. In addition, recharge by MAR facilities ieases by 45 MCM, resulting in an accumulated
groundwater budget of -42 MCM, or -5.7 m. Thougiti siegative, the result is an enormous
improvement. At the beginning of the scenario’s pleyiod (2030-2035), the accumulated budget is
even positive. It has to be kept in mind that thigperiod makes even the Baseline Scenario a very
challenging one in terms of water demand. The im#and the new deep wells is not to pump water
from the deep aquifer for re-injection to the stvallaquifer. Rather, the deep wells should primarily
be used directly for irrigation and drinking waseipply, reducing the demand for spring discharge.
Therefore, the MAR facilities assumed for the siggts are the same with regard to design and

- 123 -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

required hydro-infrastructure, yet the volumes mfirsy discharge that is available for infiltration
will vary depending on the demand coverage of afjuce and others from other sources. The
implementation of deep wells to cover huge amoahtBese demands in a very stable way without
much volatility, consequently increases the amairgpring discharge that can be used for MAR
purposes.
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Figure 4-60: Groundwater budget Baseline ScenarichteAuja -Strategy C.

Strategy D adds an efficient use of local wasteewavailability for irrigation on the fields. Asca
be seen in Figure 4-61, this measure might add lonlied benefits to the water resources system.
The overall accumulated groundwater budget mightirbproved to -8.8 MCM, or -1.2 m
groundwater decrease. The strategies build up oh ether: Strategy D includes the deep well
suggestion and rainwater harvesting. The reasemtbasure is introduced after the apparently much
more expensive measure of deep well installatiothét the application of treated effluent for
irrigation on the fields underlies certain restdos. To some amount, treated effluent is alreasyu
for irrigation at present. The suggested methodldvincrease the effectiveness and volumes of
waste water reuse. Not all crops can be irrigatitk the available treated waste water. There are
some religious and social obstacles as well. Wiotiveded and managed effectively, the treated
effluent appears to be a good and reliable additiahe prior IWRM measures in combination with
MAR.
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Baseline - Jericho&Auja - Strategy D
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Figure 4-61: Groundwater budget Baseline ScenarichteAuja -Strategy D.
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Figure 4-62; Groundwater budget Baseline ScenariohteAuja -Strategy E.

The final stage of IWRM and MAR implementation iretstudy area Jericho-Auja is the activation
of imported treated effluent from the city of Er&n in the mountain area of Palestine. This paténti
future plan of local water authorities would adaitner 2 MCM of water supply to the area. The
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overall accumulated groundwater budget would comsetly be improved to + 31.2 MCM over
20 years, resulting in a potential increase ofldcal groundwater level by 4.2 m. Furthermore, this
potent steady supply of treated effluent would ltéala positive groundwater budget throughout the
entire time period from 2020 to 2040. Assuming teiel of IWRM implementation in combination
with MAR, the Jericho-Auja case study area couldlamaged in a sustainable manner under the BL
Scenario. In comparison to the DN approach predantgally, no losses of harvest would have to

be expected even under the harsh five years drqegiud.
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Figure 4-63: Direct comparison of strategies urigeseline Scenario -Jericho-Auja.

Agricultural Development Scenario

The Agricultural Development Scenario (ADS) hadrb#eroughly introduced before. It contains

assumptions for the extension of irrigated agruzaltland following the development plans of local

authorities and stakeholders (Rusteberg et al.8&201 he irrigation water demand is assumed to
increase linearly over the course of ten years f&980 to 2030, putting enormous additional

pressure on the water resources system. Sincantjie strategies and their potential relative impac

have been presented in the last section, all eesilltdirectly be compared for the ADS. Table 4-18

and Figure 4-64 summarize the budget evaluatianteefor the DN approach and Strategies A-E.

For the spatial distribution of these results sppekdix 7.
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Figure 4-64: Groundwater budgets ADS Jericho-Auja.

The DN approach will serve as a basis of comparfsorperformance. As the results show, the
accumulated groundwater budget over the 20 yeaisdos -524 MCM. For comparison, under the
BL Scenario it was -376 MCM. This would hypotheligdranslate to an overall drawdown of

-70 m over the area of interest (Eq. 4.5). Sincg ¢xtreme drawdown would not be possible in
reality, this values would actually translate tossige losses in harvests since the crops couldgimp
not be irrigated. This point has been discussedreebut it is important not to confuse a negative
result in groundwater budget and actual resultiagvdown in groundwater levels. The values given
here should only illustrate and set the absolutebairs in relation. For a good estimation of actual

groundwater fluctuation, the application of a grdwater flow model is necessary.
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Table 4-18: Summary of groundwater budgets for ADSicho-Auja

Agricultural MAR Extraction Accumulated Budget
Development | Nat. Rechargg (Astorage)
Scenario (Qnat) [MCM] [m]*
DN 240.0 MCM 0.0 MCM -764.0 MCM -524, 873
Strategy A 240.0 MCM 16.6 MCM -581.0 MCM -324.4 541
Strategy B 240.0 MCM 29.6 MCM -570.7 MCM -301.1 -50.2
Strategy C 240.0 MCM 39.9 MCM -473.0 MCM -193.1 32,2
Strategy D 240.0 MCM 44.1 MCM -443.2 MCM -159.1 26.5
Strategy E 240.0 MCM 48.9 MCM -407.9 MCM -119.1 -19.8

* hypothetical, assuming infinite groundwater caipac
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Figure 4-65: Groundwater budget ADS Jericho-Aujmai®gy F(i).

The overview of results given here illustrates plagential impacts of the different strategies. The
ADS is very challenging with regard to water demahsi before the biggest improvement could be
achieved by the implementation of deep wells bedgmrwith Strategy C. But even under
consideration of the additional activation of loaal imported treated waste water in Strategydc, th
shallow aquifer could not be managed in a susté&nmablnner under assumption of full agricultural
extension and under the selected hydrological ¢imngi. The hydrological input time series was the
same as in the Baseline Scenario. Hence, alsadrcéise a drought period of five years occurs
between 2030 and 2035. It can clearly be observéaei graph for Strategy E that the groundwater
budget remains in a sustainable state up untititbeght period. This result can be seen as a first
success towards sustainable management. Howesallyidhe system should also be able to
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withstand long lasting drought events. The resgdised by this analysis can therefore be used to
develop a final Strategy.

ADS - Jericho&Auja - Strategy Comparison
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Figure 4-66: Direct comparison of strategies urles -Jericho-Auja.

Strategy F(i), presented in Figure 4-65, is a tesfithe groundwater budget assessment for all
available possible water management strategies. §dilution has been established by backwards
calculation of Strategy E. Since the activatiomatifavailable sources would not be sufficient to
maintain a positive groundwater budget, two choigere left. One possibility was to reduce water
demand. Since all feasible measures to reduce eatars in the region have already been addressed
in the strategies, the only possibility would bed@duce agricultural areas as defined in the ADS. |
would therefore be possible to conclude that thdécaljural extension as desired by local
stakeholders is not feasible with the resourcessaodld therefore be reduced to an extent that can
sustainably be managed. On the other hand the uzanl can be that, to give a priority on the
positive agricultural development of the regioronder to increase its wellbeing, additional water
has to be imported to the region. Strategy F(i)efoee considers the results of Strategy E and adds
water imports in the volume of calculated defiaiis,a steady monthly basis. This means an assumed
import of 5.3 MCM per year to the study area. TMagder could potentially be additionally supplied
by Israel or Jordan, neglecting political issuelse Tesulting accumulated groundwater budget is
+ 0.9 MCM after 20 years, resulting in a potenyialieady groundwater environment, not accounting
for natural outflow. As given in Figure 4-66, thecamulated groundwater budget would potentially

even stay positive throughout the entire time gkrManaging the water resources system in this
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manner, by combination of IWRM and MAR does hawepbtential to even withstand five years of
drought events under full irrigation of feasibleds according to the local development plans.

Dry Climate Scenario

The last scenario that was assessed is the Drna@iScenario. It is a combination of the prior ADS
and the introduction of an extreme drought peribteo years. Already the prior Baseline climatic
assumptions had a drought period included, butfonlfive years from 2035 to 2040. In this extreme
scenario the drought period lasts from 2030 to 2@dplacing also the prior assumed overly wet

period from 2030 to 2035. Appendix 8 summarizeséselts for each MU individually.
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Figure 4-67: Groundwater budgets Dry Scenario clieriAuja.
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The results are again shown for the DN and Strese8tE in the familiar way in Figure 4-67 and
Table 4-19. It can be observed that this extrenemato strongly decreases the potential for
agricultural extension due to immense water shertdge accumulated groundwater budget turns
negative and remains negative from the first yeanrmmder the DN assumption. The implementation
of MAR measures under Strategy A and the stepwitansion of the IWRM measures can at least
lead to some improvement of the water resourceemsywithin the first years. But the very long

drought period cannot be sustainably managed ewvéerwactivation of all available sources.

Table 4-19: Summary of groundwater budgets for Begnario -Jericho-Auja

Dry Climate MAR Extraction Accumulated Budget
Scenario Nat. Recharge (Astorage)
DN 214.0 MCM 0.0 MCM -819.8 MCM -605.8 -101J0
Strategy A 214.0 MCM 9.6 MCM -684.5 MCM -460.8 -76.8
Strategy B 214.0 MCM 16.6 MCM -674.7 MCM -444.1 740
Strategy C 214.0 MCM 22.0 MCM -572.1 MCM -336.1 -56)0
Strategy D 214.0 MCM 24.4 MCM -540.5 MCM -302.1 -50/4
Strategy E 214.0 MCM 27.2 MCM -503.4 MCM -262.1 -43J7
* hypothetical, assuming infinite groundwater cajac
Dry Scenario - Jericho&Auja - Strategy F(ii)
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Figure 4-68: Groundwater budget Dry Scenario Jerihja -Strategy F(ii).

It had already been concluded in the prior scerthabthe activation and effective management of
all available local water sources, plus the disedssiport of treated effluent from El Bireh, would
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not be sufficient to sustainable develop the regiaccordance to the level of agricultural extensi
as desired by local stakeholders. The results weesl to calculate backwards the amount of
additional import of water that would be requirédaddition the prior introduced Strategy F(i) for
the ADS, the Dry Scenario was used to develop &jyaf(ii). The results are given in Figure 4-68.

This final strategy includes all the prior assumps and measures and adds the import of
10.1 MCM/a. As can be seen in the results, thisitngf additional water to cover parts of the water
demand will be required in order to sustainably aggnthe local groundwater resources. Additional,
interregional IWRM studies will be required to ayrad possibilities to import this water to the ragio
Figure 4-69 underlines the need for additional watgort, after the activation of all local sources

if the agricultural extension is supposed to bectliped as planned and the system shall be resilient

against massive drought events.
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Figure 4-69: Direct comparison of strategies uridigr Scenario -Jericho-Auja.

4.8 Step 7: Groundwater Simulations

4.8.1 Overview of conducted Simulations and Model Setup

This step of the suggested MAR planning approadirowly be applied to the case study of Jericho-
Auja. Unfortunately it was not possible within tBRAMAR project to calibrate and validate a

groundwater flow model for the case study Jododessa satisfying manner.
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To evaluate the introduced MAR strategies and seendor the case study Jericho-Auja, a
groundwater flow model was utilized. The model bagn developed by Abu Sadah (2017). The
model was developed with GMS Modflow. It is a fendifference model. Only limited groundwater
data was available for model calibration and vaiaa Also for hydrogeological parameters only
scarce data was available and the very complexaictiens of alluvium and the clayey Lisan
formation required some simplifications with regéwdhydraulic conductivity and other parameters.
Consequently the model was kept very simple anteamonly one layer representing the alluvial
aquifer and, characterized by very low hydraulindwurctivity, the Lisan formation to the east, close
to the Jordan River. Boundary conditions have ls#nas general head boundaries according to
Figure 4-70 to represent the interface of the alluvwith the mountain aquifer, where it receives

groundwater recharge and also for the south anithest to allow for groundwater outflow from
the study area.
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Figure 4-70: Model environment with boundary coiudis and virtual observation wells.
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Since the alluvial aquifer does not reach the JoRiger, being disconnected by the Lisan formation,
no boundary condition has been defined there. Rgehay MAR is located at the prior selected
locations, one for Auja and two for Jericho. Themgion schemes, the actual recharge happening
at each facility, is directly derived from the prioresented budget calculations. In the model the
recharge was actually represented by injectionswdlhis was due to simplification reasons.
Modflow does not represent the vadose, or unsatiraine. Therefore, it does not make a difference
with regard to the simulation results. The figulsoagives the locations of assumed pumping wells.
There are plenty of wells that have been addedifaulation reasons, which are not existent in
reality. This is required, since the strategies aoeénarios simulated assume much higher
groundwater extraction rates over a larger area ihahe case today. The main reason being the
extended agricultural area that is assumed foAb® and the Dry Climate Scenario. The highlighted
observation wells are used in the following to ea#t the mean variation in groundwater levels by

triangulation for each Management Unit (MU).

The need for modelling is given by the requirenadratnalyzing MAR impacts on local groundwater
dynamics. Both, natural and artificial rechargeh® alluvial aquifer, as well as monthly operation
schemes as introduced in the water budget analg$iiger the input to simulate each strategy and
scenario. As could already be shown on a purelyemnioa scale, MAR can be a suitable solution to
the increased water demands and their unfavoraipdral distribution. However, the dynamics of
local groundwater fluxes cannot be evaluated bynsiebudget analyses. That is why the calculated
results for groundwater depletion are so high engtior section, reaching more than 100 m for some
scenario-strategy combinations. In a natural sysextneme drawdown by strong overexploitation
will lead to an increased hydraulic gradient arfidgvailable, accordingly increased groundwater
inflow from outside the system. For the prior sagjia constant natural flux to the system has been
assumed. In order to account for these issues adfingwater hydraulics and dynamics, the
application of a model is required. The focus \afjain be on the exact same combinations of
scenarios and strategies as analyzed before. Duaicfor the spatial dimension, the results of both
MUs will be given for comparison. Final resultstbé simulations will be discussed as accumulated
values for the entire study area. A special focas get on the simulated depletion of groundwater
resulting from the groundwater budget as simulaiethe model. All input parameters are the same
as for the groundwater budget calculations, extcephd outflow of the model environment. Abu
Sadah (2017) set the boundaries of the model asrgleimead boundaries: The recharge from the
adjacent carbonate aquifer will be calculated ley tiodel according to changes in groundwater
levels and steep hydraulic gradients will provokereased inflow. For this purpose it must be
assumed, also since other data and informatioaclsrig at this point, that the potential recharge

from the mountain aquifer can be infinite.
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4.8.2 Simulation Results for selected Scenarios and Stiegies

Baseline Scenario

Figure 4-71 and Table 4-20 summarize the groundveitteulation results of the Baseline Scenario
(BL) for each of the designed strategies (A-E) #macorresponding Do Nothing approach (0). The
figure shows the average development of the meamgmwater level resulting from triangulation of
the above introduced observation wells’ virtual meaments of each MU’s area of interest as a
geometrical mean value for each month over thee20@stime period of simulation. The table reflects
this mean groundwater fluctuation and adds accusulilgalues of the water budgets calculated by

the model.
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Figure 4-71: Direct comparison of strategies urikeseline Scenario, simulated -Jericho-Auja.

Under the assumption of the BL and a DN approadyrglwater level would potentially drop by

-68 m over 20 years according to simulation reséissin the prior budget calculation this extreme
result requires further explanation since it is realistic. It is based on the assumption that wate
would continuously be extracted from the aquifegardless of dropping groundwater levels. The
wells in the model all reach the bottom of the &uiln reality this is not the case. Groundwater
pumping would in reality stop the minute that grdwater levels fall below the wells’ reach.

Consequently, as has been explained before, ioigatater would simply be missing and the field

could not be irrigated. Losses of harvests wouldheeresults. For this analysis, the hypothetical
drop in groundwater was used as a measure of ingpacperformance of the individual strategies
under assumption of MAR implementation. For thedmiatalculations it was therefore necessary to

calculate the total deficit of water, in order t@kiate the quantities that are missing in theoretp
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sustainably manage the aquifer system. If the tations would assume a stop in groundwater
extraction, every time the groundwater drops betogertain threshold, the results could not be
compared with each other, since the boundary donditwould be changed. The same basic
assumption must be applied for the simulationfarlinstance, the wells were included in the model
with limited screens, a more realistic result cdudachieved regarding groundwater depletion. But
for the analysis we require the hypothetical po&iirop of groundwater levels in order to be able

to compare and evaluate the impact of the IWNRMMAGR strategies.

Table 4-20: Direct comparison of strategies undeseBae Scenario, simulated -Jericho-Auja

Strategy Qin -Qout MAR Extraction Budget GW Level
(Astorage) Potential*
DN 436.7 MCM 0.0 MCM| -625.8 MCM  -189.1 MCM -67.9m
A 303.6 MCM 49.7 MCM| -464.8 MCM  -111.5 MCM -39.0 m
B 291.3 MCM 58.2 MCM| -455.8 MCM  -106.3 MCM -37.4m
C 219.9 MCM 80.5 MCM| -368.8 MCM -68.4 MCM -23.7m
D 197.3 MCM 86.2 MCM| -340.2 MCM -56.7 MCM -19.9m
E 171.3 MCM 91.3 MCM| -304.8 MCM -42.2 MCM -15.3m
*

hypothetical, assuming infinite groundwater caitypc

To compare the simulation results with the priondwected groundwater budget assessment, one
more important point must be adressed. The déficthe Baseline-DN combination was calculated
to be -376.8 MCM with an estimated potential grouater drop of -62.8 m (Figure 4-57). That value
was assuming a constant inflow of groundwater @f RBHCM (over 20 years). The model on the
other hand does account for groundwater dynanticald¢ulated a positive budget of 436.7 MCM
for in-and outflow of groundwater, not accountiray MAR, which is 0 for the DN anyway, or
extraction by pumping wells. Meaning that naturaumdwater inflow under the assumption of BL
and DN, outnumbers natural outflow by + 436.7 MCistiothe course of 20 years. Since outflow of
the system has been neglected in the groundwatigebassessment, this values stands in contrast
to an assumed inflow of 240 MCM for the prior assesnt. Meaning that the model calculated an
inflow of groundwater which is relatively nearly itg as high as was assumed in the budget
assessment. This underlines the benefit of applyiggoundwater model rather than relying merely
on budget calculations that require more assumpaod generalizations. The result is that the model
calculated only half as much water leaving thesgjer(-189.1 MCM in comparison to -376.8 MCM).
As was assumed, the increasing hydraulic gradiestjlting from the drop in groundwater level,
increased the volume of inflow from the connectenintain aquifer. This observation will apply to
all the results presented in the following and ek the absolute difference, yet relative sintyari

of the two assessments. The extraction rates diges for the simulations are by some percentage

higher than in the budget assessment results.iFlise to a conversion error from the calculated
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required pumping and the model input. One of ttetesys applied runs with a default length of 30
days per month, while the other uses the actuahdalc number of days. This error has only been
detected after all simulations were conducted. &the transition error is minor and the relative
comparability of results with each other is mor@amant than the comparison of budget assessment

with simulations, it has been decided to negleti&oldress this circumstance.

The results themselves show a high similarity latiee comparison as the prior evaluation. With
every additional measure introduced by a new glyatthe groundwater situation quantifiably
improves. While the DN resulted in a drop in growater potential of -70 m in average over both
management units, Strategy E improves this sitnatica mere drop of -15.3 m. This is where the
effect of groundwater dynamics can be observed.pFioe assessment resulted in a positive budget
for Strategy E, even being able to raise the piatietoundwater level (Figure 4-62). Apparently the
immense recharge via the MAR facilities decreasgdmal groundwater inflow to the system during
time periods of high MAR activity in the simulatioh is the reversed effect of the phenomenon
discussed before. Potential groundwater inflonulssequently reduced by roughly 70 MCM when
comparing the results in detail. This shows thairimg the real world conditions by means of
groundwater modelling, an actual ideal value fouigsy recharge cannot be determined by
groundwater budget calculations alone. By usingahg@mulation results and applying a trial and
error approach, the ideal recharge volumes coulccdleulated, leading at least under these
simulation assumptions to a sustainably manageifiescaystem. This underlines the importance of
recreating the system as detailed as possible rendécessity to perform actual long term field

experiments prove or disprove the assumptions made.

It can be observed that the implementation of MAG&he under Strategy A, without any further
activation of water sources, would result in a greenefit for the study area. By artificially
recharging approximately 50 MCM and reducing purggin 60 MCM over 20 years, the simulated
budget improves by roughly 80 MCM, comparing sinedebudgets of DN and Strategy A according
to Table 4-20. That these values do not add umtonprovement of 110 MCM is again due to
groundwater dynamics and the resulting variabitifygroundwater inflow. Strategy B adds the
effective harvesting of surface runoff during staguents. Its impact is, as in the prior assessment,
comparably low. Strategy C again brings the highelstive improvement of performance, adding
the installation of deep wells. The model environtndoes not include the deep aquifer and only
represents the shallow alluvial aquifer as storagi. The idea of Strategy C is that constant
extraction from the underlying deep aquifer willda the demand coverage in the study area,
reducing both pumping from the shallow aquifer enudeasing the volume of spring discharge water
to be infiltrated in the MAR facilities. For an dwation of Strategies D and E the spatial

differentiation of groundwater levels are giverfFigure 4-72.
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Figure 4-72: Direct comparison of strategies urigkseline Scenario, simulated -Jericho & Auja sepdrat

The figure shows the spatial dimension of the satad groundwater budget and corresponding
virtually observed hypothetical groundwater potalstiOn the left the curves for Jericho are given,
on the right those for Auja. It is obvious thattim the model environment, Jericho suffers from
much more groundwater stress than Auja. While iraAaven for the DN approach no depletion in
groundwater potential can be observed, it is thielde area that reveals these extreme negative
values over the 20 years simulation period. Thiseolation is easily explained when looking back
at the water resources system analysis and thialsghatribution of water demand (Figure 4-32). It
had been evaluated that the mean annual water deimdericho is five times as high as that of the
rural Auja area. This is directly reflected in gpatial groundwater budget results presented Asre.
the results show, for Auja the implementation oatgtgy D would potentially be sufficient to achieve
sustainability in water management under the BLn&de. Therefore, the additional import of
treated effluent from El Bireh, considered undea®gy E would only be used for the irrigated
agriculture of Jericho. In contrast to the priomauical assessment, the simulations do not show a
sufficient coverage of water demand to achieveasability for the Jericho area despite the
implementation of Strategy E. Strategy F, assuraddijtional import of water from outside the study
area, will be analyzed together with the prior tsjgges under assumption of the ADS, the

Agricultural Development Scenario.

Agricultural Development Scenario

The results for the simulations of the ADS are samped in Figure 4-73 and Table 4-21. For this
scenario Strategy F(i) had been introduced, assuthaimport of additional water from outside the
study area. The results in general reflect theessge numerical budget assessment conducted
before. The scenario assumes the extension ofudtgrial lands within ten years from 2020 to 2030.
The impact on the water resources system can glearbbserved in the illustrated mean simulated
groundwater levels. For this scenario and its tethé same principle assumptions and explanations

given above regarding the nature of the displayedrgiwater level are valid.
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Figure 4-73: Direct comparison of strategies url28, simulated -Jericho-Auja.

Results confirm that in order to develop the adtiral sector of the region, which is one majorlgoa
of the local stakeholders and authorities, cana@dzomplished by activation of local water sources
and the implementation of MAR alone. Though thesasuare can have a very high potential impact
on the system, additional imports will be requiteden under Strategy F(i) which had been designed
according to the results of the groundwater budgeessment proves insufficient under simulation
conditions. This can be explained with changingigdwater dynamics: Increased recharge leading
to decreased natural inflow and even increasedngireater flow out of the system. By atrtificially
recharging the aquifer according to the strategidth, high volumes during a short time period, a
temporal bulge in local groundwater level is crdat€his has the reverse effect of a cone of
depression, creating a steeper hydraulic gradretihe opposite direction, thus creating stronger
groundwater flow radially away from the infiltraticite. As the numbers show, the balance between
natural lateral in-and outflow for Strategy F(i)isly 215 MCM, while it was 548 MCM for the DN
approach.

The spatially distributed results given in Figurd4 underline the prior observations. The high
difference in total water demand between the Jermid Auja area was even intensified by the
assumed agricultural extension. To repeat the gstsums introduced in Chapter 4.6 the irrigation
water demand for Jericho is assumed to increase ZioMCM in 2020 to 30 MCM in 2030, while
the increase in Auja is from 6 MCM to 13 MCM, sifigantly lower in relation. As prior simulations

of the BL Scenario revealed, the local water resegiof Auja achieve a level of near sustainability
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by implementation of Strategy D alone. This wasficored by the simulations of the ADS, All

imports considered by Strategy E and F(i) are atked directly to Jericho.

Table 4-21: Direct comparison of strategies undeBAsimulated -Jericho-Auja

Strategy Qin -Qout MAR Extraction Budget Groundwater
(Astorage) Level

DN 548.1 MCM 0.0MCM| -775.0MCM  -226.9 MCM -86.5 M
A 429.8 MCM 16.8 MCM| -589.8 MCM  -143.2 MCM -52.0
B 412.8 MCM 29.7 MCM| -579.3MCM  -136.8 MCM -50.3 m
C 346.1 MCM 40.0 MCM|  -480.4 MCM -94.3 MCM -35.9m
D 324.5 MCM 443 MCM|  -450.1 MCM -81.3 MCM -31.7m
E 299.5 MCM 49.1 MCM| -415.0 MCM -66.4 MCM -26.8 m
F() 215.3 MCM 69.8 MCM| -313.5 MCM -28.4 MCM -14.6 m

* hypothetical, assuming infinite groundwater cajyac
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Figure 4-74: Direct comparison of strategies urAies, simulated -Jericho & Auja separated.

The results show that the full implementation ofRW measures and MAR in combination with
additional imports from outside the area have a&mpaential impact on the system. Even the Jericho
district achieved acceptable results, if not tgtalistainable with a potential drop of -15 m ag@er
years. It may be deducted that for a sustainableagement of the water resources, under parallel
extension of agricultural land to the desired otlieven further imports would be required in order
to prevent groundwater depletion. Or that the adfical extension cannot be sustainably conducted,
if these additional resources are not available fBsults might be used to calculate backwards the

maximum sustainably possible area of irrigatedcadfure.

Dry Climate Scenario
Finally the Dry Climate Scenario was simulated, lgipg the same strategies. Note that Strategy
F(ii) is an extension of F(i) from the ADS, that svdesigned using the groundwater budget

assessment in order to perform a neutral accunaulbtelget, or no potential depletion in
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groundwater level, after the 20 years period. Aslieen shown in the ADS simulations, this neutral
value, representing a sustainable groundwater neanaigt, could not be achieved via simulation due
to the impact of groundwater dynamics. ResultdlierDry Scenario led to similar conclusions. As
seen in Figure 4-75 and Table 4-22, for this vetyegne scenario with its ten years drought condlitio
from 2025 to 2035, even the import of 10 MCM pearygom outside the study would not suffice to
sustainably manage the aquifer under the selesseargtions of agricultural development and water

supply.

With an overall groundwater depletion of -10 m afem years of drought followed by five years of
moderate hydraulic conditions, Strategy F(ii) sfilbwed a comparably very good performance. The
idea behind this assessment is to illustrate t laef improvement an integrated implementation of
IWRM and MAR can accomplish for the study area. Tosults showed very clearly that even
without additional imports, the groundwater sitaatiwould potentially increase significantly by
these combined measures. Based on these resdts fite calculated by trial and error simulations
what volume of additionally imported water wouldreguired in order to achieve sustainability even
after these extreme conditions and a full extensioagricultural areas. As Figure 4-76 illustrates,
even though the assumed imports would be allogatdw: Jericho area, leading to an increase MAR
activity at that location, the impact of the adufii@l infiltration via MAR can still be measuredtire

Auja vicinity, at least in simulation.
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Figure 4-75: Direct comparison of strategies uridigr Scenario, simulated -Jericho-Auja.
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Table 4-22: Direct comparison of strategies undeBAsimulated -Jericho-Auja

Strategy Qin -Qout MAR Extraction Budget Groundwater
(Astorage) Level*

DN 578.2 MCM 0.0 MCM| -831.6 MCM  -253.4 MCM -95.7m
A 497.3 MCM 9.7 MCM| -694.7 MCM  -187.7 MCN -70.7 In
B 475.2 MCM 16.8 MCM| -663.4 MCVM  -172.4 MCM -67.9m
C 429.1 MCM 220 MCM| -581.0MCM  -129.9 MCW -46.4 m
D 410.8 MCM 245 MCM| -549.0MCM  -113.7 MCM -42.0m
E 316.6 MCM 274 MCM| -511.3 MCM -94.3 MCM -35.7m
F(ii) 200.6 MCM 715 MCM| -290.8 MCM -18.7 MCM -10.3 n

* hypothetical, assuming infinite groundwater caipac
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Figure 4-76: Direct comparison of strategies urAies, simulated -Jericho & Auja separated.

4.9 Step 8: Performance and Impact Assessment

4.9.1 Definition of Indicators

After the evaluation of the individual strategies WRM and MAR implementation in the two case

studies, the achieved results were used in thitosein order to quantify the relative performance

of each strategy under the three scenarios. Foptitpose a set of five indicators has been degdlop

to illustrate one potential way to evaluate thefqremance. These indicators, introduced in the

following, were derived from comparison with oth&/RM studies (Chapter 2.2).
Ind. I = VOladd

with

(Eq. 4.6)

Vol ada = volume of additionally activated water resources

The first indicator rates the Relative Costs. Fopmplete assessment it is highly recommended to

perform a complete cost-benefit analysis. Unfortelyathat was not possible as part of this study.

In a cost-benefit analysis there are numerous ffathat influence the result. It has to be accalinte

for the complete list of expected costs of impletimgnthe required hydro-infrastructure, such as

canals, pipelines, pumping stations, MAR facilitiesonitoring and controlling devices, pre-

treatment facilities, their maintenance and openatiosts. On the other hand these costs must be

balanced with the expected added benefits by nefanenetary profits resulting from the additional
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irrigated lands and the crops harvested therealsparameters such as employment rates and others.
It was tried within the course of this researcloltain at least some cost parameters, but finally a
complete cost-benefit analysis would have exced¢dedscope of this study. Hence, a simplified
indicator has been developed as presented in &qTde parameter concentrates solely on the costs
and simplifies the assessment by approximatingeaggeelative costs of the different strategies by
assuming a unit cost per additional m3 of waterpied by the strategy. This very coarse
approximation of relative costs is only possiblace the developed strategies are created in a way
that each strategy builds up on the prior one. Negtihat with each strategy, an additional cost wil
occur that can safely be assumed to be linearlygrtional to the amount of water that the measures
provide. It is clear that a strategy that adds measure, like the implementation of addition earth
dams to capture surface runoff, or the moderninatfgarts of the irrigation network, is in relatio
more expensive than a strategy that neglects pieisific measure. Since the benefits of additional
water are the potential to grow, harvest and sellencrops with the available irrigation water, they
are reflected indirectly in the performance of tbibowing indicators. It must be kept in mind that
for all strategies and scenarios the basic assamigthat all field are irrigated to satisfy atigation
water demands to their fullest. But the lower tiipdthetical groundwater levels given in this study
drop, the less fields could be irrigated in realitiierefore, the benefit factor is representedeutly

by the stability of groundwater levels and the awmstbility of the system.

Ind. 11 = Zout (Eq. 4.7)

mn

with Qout = groundwater pumping
Qin = groundwater inflow + MAR
The second indicator addresses the GroundwatessSared is described in Eq. 4.7. For this study
groundwater stress was defined as the ratio ofmaclated groundwater outflow over inflow for the
respectively selected time period. Groundwaterlowttombines natural flow leaving the outlined
system and extraction by pumping, a value thatbess one focus of the prior evaluations. The
groundwater inflow includes the natural inflow teetsystem, natural groundwater recharge, any
return flow entering the groundwater (which for plification have before been included in the
natural recharge values) and artificial rechargévByR. Summarizing it accounts for all volumes
that enter or leave the groundwater within the el time period. Groundwater stress should be 1
or below in order to have a sustainable system.
Ind. 11 = Ahyegnqy (Eq. 4.8)

with Ahi = difference in groundwater level at time step i
i = last time step of simulation/budgeting period

The third indicator uses the level of Groundwatecline over the selected period. As described in
Eq. 4.8, it is defined as the difference in grouatbw head at the last time step of the analysis in

comparison to the initial head. This value has bpmsented before also as the accumulated
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groundwater budget or the storage chad§.(It was used to design the Strategy F for thele
Auja case study as well. The overall drop in grovategr over time should ideally be zero or positive.
Ind. IV = o= (x_—f)z (Eq. 4.9)
(n—-1)
with o = standard deviation of mean groundwater fluctunati
X = mean groundwater level

Groundwater Volatility is the fourth indicator thatas used for the performance assessment.
Independent of the overall drop or increase of gdeater level, it describes the ratio within which
groundwater fluctuates around its mean level. Matitecally, as given in Eq. 4.9, it can be described
as the standard deviation of the groundwater lewele. For evaluation, the mean groundwater level
over the entire study area was used as presenfiee bie is desirable that volatility of groundwate
levels is low. A high volatility, e.g. groundwatdiat fluctuates by +/-5 m on a daily basis, repnese

a high risk for the short term water availabili§ome shallow wells of local farmers might run dry
on a regular basis. In order to guarantee an umtesti supply by pumping wells, volatility should
therefore be as low as possible.

AS

Ind. V =
n VOladd

(Eq. 4.10)

with AS = storage change
Vol add = volume of additionally activated water resources

The last indicator should judge the efficiency bé tsuggested MAR implementation itself. As

described in Eq. 4.10, it is defined as the volwhstorage change over the volume of additionally
activated water resources resulting from the impletation of the respective strategy. It should give
an impression of how much the local groundwatetesgsactually benefits per volume of newly

supplied water. An ideal value for efficiency, whics of course never achieved in reality, would
be 1.

4.9.2 Indicator Evaluation

a) Jodo Pessoa

Baseline Scenario

For the tropical case study of Jodo Pessoa unfaelynno groundwater flow simulations could be
conducted due to difficulties within the coursetbé BRAMAR research project. This is most
unsatisfying since the application of a groundwdl@wv model for the Jericho-Auja case study
revealed many advantages of such a tool and rdsllie means of man iterations, in a better
understanding of the water resources system, tlegaction of all components and finally the

development of many more IWRM and MAR strategied, anost important, a first verification of

- 144 -



Managed Aquifer Recharge in the Context of IWRM: Florian Walter
A new Integrated MAR Planning Approach. Georg-August-University Goéttingen

the suitability of potential MAR locations. The lmlving indicator evaluation could only be

conducted with the numerical results of the grousigwbudget assessment from Chapter 4.6.

Figure 4-77 summarizes the results for the BL Seen@he performance of each strategy under the
scenario has been normalized on a scale from @dnalization has been conducted with the same
thresholds for all three scenarios in order tovellor a direct comparison between scenarios. On the
left these values are listed and illustrated by b@mn the right a radar chart serves the purpose of
illustration and comparability of performance. Thwgermost line represents the ideal value 1. The

relatively ideal solution would therefore followetloutline of the outermost pentagon.

Baseline Scenario - Jodo Pessoa - Indicator Assessment L %elative
osts
10 | |
| | |
0.5 R = ‘ V:MAR : I: GW
‘ D ‘ l { Efficiency "\~ Stress

“\; r,‘ﬂ\
[: Relative II: GW II: GW IV: GW V: MAR / "\\ \
Costs Stress Decline  Volatility ~ Efficiency ‘\\‘

DN 1.00 0.00 0.00 0.45 0.00 IV:GW \II: GW
Strategy A 0.60 0.17 041 0.63 1.00 Volatility Decline
Strategy B 0.35 0.26 0.65 0.45 1.00

B Strategy C 0.00 0.35 1.00 0.00 1.00 DN Stategy A
1DN = Strategy A = Strategy B ® Strategy C Strategy B — Strategy C

Figure 4-77: Indicator assessment Baseline Scenké Pessoa.

Results show a quite diverse performance by theetsirategies. The corresponding DN approach is
represented too. For the first indicator, relatvests, the DN achieves the highest relative rating
since it does not create any costs. At the same itishoes not create any benefits, well represented
in the other indicators. Since the strategies asgyied in a way that each one builds up on theroth
as has been stressed before, the relative costmgecas well. This does not mean that the stestegi
are not cost-efficient. This would require a conpleost-benefit analysis that is highly
recommended but cannot be performed within theseoof this thesis. Indicator | merely states that,
purely by costs, the do nothing approach is thepést and Strategy C, including the implementation
of large MAR facilities with capacities of up to63MCM per month and the modernization of

irrigation networks is the most expensive.

Indicator Il represents the stress on the grounglw&esults show that Strategy C outperforms the
others. The amount of additional recharge decregsemdwater stress significantly. The same goes
for Indicator Il on groundwater decline. Groundesvolatility, expressed in Indicator 1V gives a
contrasting result. Only Strategy B, the combirmatd MAR and the reduction of irrigation water

losses, appears to have a beneficial effect orikgian the relative comparison for the BL Scelaar
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Strategy C, with the otherwise highest performatheeto the high supply of additional water to the
groundwater, has the worst relative performanceu@awater levels seem to variate stronger around
their mean value as a result of the increased rgeh# the overall mean groundwater level is still
higher than for the other strategies, this mustnetessarily be interpreted as a negative result.
Similar to the relative costs indicator, resultsstriae seen as a whole and in context. A high \ityati
means only that the groundwater underlies strofigetuations around its mean value. If the mean
groundwater level is generally higher than fordkiger strategies, then that circumstance will weigh

higher in the final ranking, according to the pities of the decision makers and stakeholders.

ADS - Jodo Pessoa - Indicator Assessment I: Relative
Costs
1.0 ‘ ‘ f
0.5 ’ ‘ @ V:MAR | II: GW
- Efficiency S| \. Stress
0.0 | ’D U Ll \‘\\ j%‘
I: Relative II: GW II: GW IV: GW V: MAR \\\ \,«
Costs Stress Decline  Volatility  Efficiency N
#DN 1.00 0.00 0.00 0.00 0.00 \EVIZ tle gli f’w
olatily ecline
Strategy A 0.60 0.17 0.33 0.50 1.00 v
Strategy B 0.31 0.26 0.56 0.51 1.00
B Strategy C 0.10 0.32 0.74 0.23 1.00 DN Strategy A
BDN = Strategy A Strategy B ® Strategy C Strategy B —Strategy C

Figure 4-78: Indicator assessment ADS -Jodo Pessoa.

The evaluation for the Agricultural Development &méo (ADS) is given in Figure 4-78. The
approach is the same as for the prior scenarigahles are normalized to the same thresholds, with
a value of 1 representing the individual ideal 8olu Results for Indicator | did not change, since
the amount of additionally activated water volumekich are the basis for this calculation of this
indicator, do not change from scenario to scendftee most obvious difference in relative
performances occurs for Indicator IV. In contrastite BL, Strategy C performs actually better than
the DN approach. Although Strategies A and B stitpberform C by far, Strategy C outperforms the
others with regard to the general groundwater ledeeline represented in Indicator Ill. As before,
Indicator V is 1 for all strategies due to the mataf the groundwater budget assessment that these
results are based on. Since the budget calculaisames that all additional volumes are available
and contribute to the budget, the efficiency is agtl per default. Simulations by means of

groundwater modelling are required to analyzeitidgator.

Finally the relative performances of the Dry Clim&cenario are presented in Figure 4-79. As before

there was no change for the relative costs andliraited changes in Indicators Il and Ill. Indicato
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IV, however, shows a strong increase in relativégpsance for Strategy C, now outperforming
Strategy A, but not reaching the level of supplgseof Strategy B.

Dry Scenario - Jodo Pessoa - Indicator Assessment I: Relative
Costs
0.5 - ‘ V:MAR il I GW
g I - ‘ Efficiency Stress
‘ 1 ‘ v |
[: Relative  II: GW III: GW IV: GW V: MAR
Costs Stress Decline  Volatility  Efficiency
uDN 1.00 0.00 0.00 0.00 0.00 \%af’l"v EI;C?VZ
111 m
uStrategy A 0.63 0.17 0.25 0.41 1.00 &4
Strategy B 0.33 0.26 0.45 0.66 1.00
mStrategy C -~ 0.01 0.35 0.67 0.58 1.00 — DN —Strateay A
EDN = Strategy A © Strategy B m Strategy C Strategy B —Strategy C

Figure 4-79: Indicator assessment Dry Scenarico-Ba&soa.

b) Jericho-Auja

Baseline Scenario

For the semi-arid case study of Jericho-Auja alsmigdwater simulations could be conducted,
improving both the variety and performance of teeeloped strategies by repetitive improvement
in many iterations. The results presented and dgeuli here are based on the simulations, since
groundwater budget calculations are mainly an méeliate step to get from the conceptual planning
to the application of a groundwater flow model.

Baseline Scenario - Jericho-Auja - Indicator Assessment

(simulated) I: Relative

Costs

|
V:MAR / II. GW
III ] | | III Efficiency Stress

[: Relative 1. GW III: GW IV GW  V:MAR

Costs Stress Decline  Volatility ~ Efficiency 1
DN 1.00 0.00 0.00 0.00 0.00 IV: GW m: GW
| Strategy A~ 0.67 0.08 0.43 0.38 0.39 Volatility Decline
Strategy B 0.63 0.09 0.45 0.39 0.37
uStrategy C 046 0.14 0.65 0.63 0.37
B Strategy D  0.40 0.16 0.71 0.68 0.36 — DN Statery &
mStrategy E 033 0.19 0.77 0.73 0.36 Strategy B — Strategy C
DN = Strategy A = Strategy B ® Strategy C ® Strategy D ® Strategy E —Strategy D — Strategy E

Figure 4-80: Indicator assessment Baseline Scensicho-Auja.
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Figure 4-80 gives the results for the BL Scen&iace the underlying methodology is the same for
both case studies, also in this case the relatgesdecome higher, thus the respective Indicator |
lower, with every additional IWRM measure introddde the strategies. For the BL Scenario the
performance of Strategy E, utilizing all availaldeal water sources plus an extra import of treated
effluent from the city of El Bireh, was deemed suént to achieve satisfying results for the study
area. In contrast to the tropical case study ob Reéssoa, it also outperforms the other stratégies

groundwater volatility, Indicator IV. A significamiprovement in overall performance can already
be observed in the step from Strategy B to C, ihtcing the implementation of additional deep

wells, penetrating the underlying deep aquifer.

Analyzing the results it may be questioned why H8imtegies are developed as stepwise
improvements of each other rather than individti@tegies that can be compared as alternatives.
The iterative analysis of potential actions revedleat a parallel comparison of isolated measures
will never lead to a satisfying performance witlgasd to the fixed development goals of the case
study. As for Jericho-Auja, water plans foreseectktension of agricultural lands, for both economic
and political reasons. But regardless of the metivklocal stakeholders, decision makers and
authorities have set goals for the local develogmershould be the task of the water resources
manager to show ways of achieving these goaldhitnstudy it was tried to show what might be
possible and feasible under activation of all logater resources. The results can be used to either
calculate backwards the maximum volumes of irrmativolumes that can be planned with,
respectively the maximum area of land that coulasnably be irrigated, or calculate the amount of
water that would have to be additionally importedrte region to fulfill the set goals. In accordanc
to the objectives of this study, the second polisivas chosen. That is why the strategies budd u
on each other, in an order that is assumed toedbmtst logical with regard to practicability. Filyal
Strategy F is introduced, revealing the requireditamhal volumes of water for the region. Hence
the idea behind this assessment is to show thegaighbetween what is possible with local resources
and what might be accomplished by importing addalowater from a yet unknown source,

described as scenario F.

Scenario F is introduced for the ADS. The indicatssessment results are summarized in Figure
4-81. Results show a strong variation in Indicatpthe MAR efficiency. This indicator could not
accurately be addressed for the prior case studyalthe lack of a groundwater flow model. These
results underline the impact of groundwater dynantitat cannot be accounted for by mere
budgeting. In contrast to the prior case studyh lgpbundwater levels and volatility perform better
with every step of implementation. This can be axmd again by groundwater dynamics. The
additional recharge via MAR is very local. The effen the overall groundwater level is therefore

not that extreme during an episode of rechargeidter will require some time to evenly distribute
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over the area, buffering the effect on groundwéeel. Within the budget calculations on the
contrary, the added quantity to the groundwatenmeediately accounted for as a rise in the budget,
resulting in an apparently high volatility of theogndwater level. The results for the Dry Scenario
are overall very similar in performance to thosehef ADS (Figure 4-82). With the exception of
Indicator V; MAR Efficiency. It seems that with tivery high pressure that the scenario puts on the
water resources system, the overall efficiencyngfldAR measure increases.

ADS - Jericho-Auja - Indicator Assessment

(simulated) ‘
I: Relative
1.0 Costs
0.5 ‘
II V:MAR I: GW
0 II " llll ‘ ‘ llll Efficiency Stress
" LRelative I GW III GW IV:GW  V:MAR
Costs Stress Decline  Volatility  Efficiency
BDN 1.00 0.00 0.00 0.00 0.00 IV: GW II: GW
" Strategy A 0.67 0.12 0.40 0.36 022 Volatility Decline
Strategy B 0.63 0.12 0.42 0.37 0.20
B Strategy C 0.46 0.10 0.58 0.57 0.10
B Strategy D 0.40 0.12 0.63 0.62 0.12
B Strategy E . 0.33 0.14 0.69 0.67 0.15 — B —
B Strategy F(1)  0.14 0.21 0.83 0.78 0.19 Strategy B —Strategy C
EDN B Strategy A Strategy B ® Strategy C —Strategy D —Strategy E
B Strategy D W Strategy E W Strategy F(i) —Strategy F(i)
Figure 4-81: Indicator assessment ADS -Jericho-Auja
Dry Scenario - Jericho-Auja - Indicator Assessment
(simulated)
I: Relative
1.0
3 | V: MAR I: GW
II . IIlI ’7 ‘f Efficiency Stress
[: Relative  II: GW I:GW  IV:GW  V:MAR
Costs Stress Decline  Volatility  Efficiency
BDN 1.00 0.00 0.00 0.00 0.00 IV: GW II: GW
I Strategy A 0.67 0.05 0.26 0.23 0.46 Volatility Decline
Strategy B 0.63 0.06 0.29 0.25 0.49
B Strategy C 0.46 0.10 0.52 0.46 0.45
B Strategy D 0.40 0.12 0.56 0.51 0.45
u Strategy E ) 0.33 0.15 0.63 0.57 0.45 — DN S —
m Strategy F(i))  0.00 0.26 0.89 0.80 0.42 Strategy B — Strategy C
EDN B Strategy A © Strategy B W Strategy C —Strategy D ——Strategy E
B Strategy D ®Strategy E W Strategy F(ii) —Strategy F(ii)

Figure 4-82: Indicator assessment Dry ScenariockierAuja.
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4.9.3 Performance Matrices and Ranking of Strategies

a) Jodo Pessoa

In this section the results of prior indicator asseent are summarized and an overall ranking
conducted. It should be kept in mind that the aapion of the suggested MAR planning process for
the two case studies is mostly for demonstratiorp@ees and to check the applicability of the
approach. The thesis does not compare alternatiagegies but rather different levels of
development. Therefore, it is not surprising thatdtrategy that represents the highest level tdrwa
management implementation also receives the highasking. The difference in relative
performance of the strategies however, does rethecperformance of each measure that is added
from one strategy to the next. Not the absolutal fimlue of this assessment, but rather the relativ
distance between total performance points is of Higlest interest. The assessment can help
identifying both, the overall performance of a camelol strategy and the individual performance of
a single measure at the same time. Figure 4-83Tabte 4-23 summarize the final results of this
assessment. The overall performance has beenat@dlly means of a weighted average. For the
weighting some random values have been selectéitlfiration. All indicators have been weighted
similar with 15%, except for the overall developmen the groundwater table, represented by
Indicator Ill, which has been accounted for witl@ set a focus on the sustainable management

of the groundwater.

Table 4-23: Performance matrix -Jodo Pessoa

Indicator I Il 1 \Y \Y Total
Weighting 15% 15% 40% 15% 15% 100%
Strategy A

BL 60 17 41 63 100 52
ADS 60 17 33 50 100 4y
Dry 63 17 25 41 100 43
Mean 61 17 33 51 100 48
Strategy B

BL 35 26 65 45 100 57
ADS 31 26 56 51 100 58
Dry 33 26 45 66 100 52
Mean 33 26 55 54 100 54
Strategy C

BL 0 35 100 0 100 6(
ADS 10 32 74 23 100 54
Dry 1 35 67 58 100 56
Mean 4 34 80 27 100 57

The results show that Strategy C outperforms therattrategies only by a few percentage. The DN
IS not represented here since it is the basis wipevison and only outperforms the others in terms
of relative costs. Overall the results show thstAR implementation in the study area would bring
huge benefits with regard to groundwater stredstility and depletion. But the difference between
the three stages of development for the combind@NVnd MAR strategies is not that significant.

Under assumption of the BL Scenario, the implenmeniaof MAR, without any further IWRM
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measures, will bring a sufficient improvement te tkegion as could be shown in the above studies.
With the aid of a groundwater flow model these itssoould have been demonstrated and even

improved much more.

Overall Performance Evaluation - weighted mean values - Jodo Pessoa

1.00

0.75

0.50

0.25

0.00
BL ADS Dry Mean

Strategy A Strategy B Strategy C

Figure 4-83: Overall performance of strategies eJ@assoa.

b) Jericho-Auja

The variety of strategies analyzed for the send-aaise study of Jericho-Auja resulted in much more
differentiated performance values as shown in Eigtt84 and Table 4-24. The weighting of
indicators has been set in the same manner dsdfather case study to again allow for comparison.
As before the general benefit of MAR implementatioecomes clear, given by the relative
performance value of Strategy A with an overalingbf 36 %. The step to the next stage, Strategy
B, is only 1 %, indicating that the additional hest of surface runoff, which is the potential
innovation suggested by Strategy B, would not brmgh of an overall benefit to the region. Very
much in contrast to the implementation of deep sveditrategy C performs with 45 %, making a
visible leap from the former strategies. This iadés the value and importance of additional wells

in the study area as a key measure for IWRM.

The analysis also revealed that without additioveter imports to the area, the desired extension of
agricultural land is not feasible, even under cdasition of all other sources, including deep wells
To sustain the groundwater regime against droughogs at least 10 MCM of annual import would

be required as is assumed in Strategy F for thedlingate scenario.
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Overall Performance Evaluation - weighted mean values - Jericho-Auja
1.00

0.75

0.50
0.00 y y : ‘
BL ADS Dry Mean

u Strategy A Strategy B Strategy C ®Strategy D ™ Strategy E =~ ® Strategy F

¥

Figure 4-84: Overall performance of strategies eJ@assoa.

Table 4-24: Performance matrix -Jericho-Auja

| Il Ml \Y \Y Total
Weighting 15% 15% 40% 15% 15% 100%
Strategy A
BL 67 8 43 38 39 40
ADS 67 12 40 36 22 37
Dry 67 5 26 23 46 37
Mean 67 8 36 32 36 34
Strategy B
BL 63 9 45 39 37 40
ADS 63 12 42 37 20 37
Dry 63 6 29 25 49 33
Mean 63 9 39 34 35 37
Strategy C
BL 46 14 65 63 37 5(
ADS 46 10 58 57 10 42
Dry 46 10 52 46 45 43
Mean 46 12 58 55 30 45
Strategy D
BL 40 16 71 68 36 52
ADS 40 12 63 62 12 44
Dry 40 12 56 51 45 45
Mean 40 14 63 60 31 47
Strategy E
BL 33 19 77 73 36 55
ADS 33 14 69 67 15 47
Dry 33 15 63 57 45 4§
Mean 33 16 70 66 32 5(
Strategy F
BL - - - - - -
ADS 14 21 83 78 19 53
Dry 0 26 89 80 42 54
Mean 7 23 86 79 31 55
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4.10 Conclusions for MAR Implementation in the Case Stutes

(Step 9: Recommendations for MAR Pilot Plants)
4.10.1 Concept of MAR Pilot Plants
The idea of MAR pilot plants, or test facilities, to conduct long term field experiments based on
the theoretical analyses in order to confirm oceecepnd consequently improve the concepts of MAR
implementation in reality. They should be desigmedh way that they represent the suggested
approach, if necessary on a smaller scale, idaeaiady in full scale. Basically they are infilicat
tests over a long period of time with a correspogdnonitoring network that allows for evaluation
of the experiments. The pilot plants should be tiedat or close to one or more of the suggested
sites and operated according to the specific passiased for this study. Ideally they should cover
several years with a variation of hydrologic coiudlis. By constant re-evaluation the test facilities
should provide new data to this planning proceaslitey to more sophisticated solutions in the
integrated IWRM and MAR planning. In parallel theperiments would result in better
understanding of the local groundwater system asdhydrogeological characteristics to help

develop or improve groundwater flow and transpartiais.

In the following for each of the two case studieggestions are given for several aspects of tioe pil
plants based on the accumulated results of thdysithe parameters include source of water for
MAR, location of the pilot plants, technology tstepre-treatment measures to consider, how the
plants should ideally be operated and how the whka@eriment should be monitored to obtain

valuable results.

4.10.2 Source of Water

a) Jodo Pessoa

The study revealed surface runoff from the rivershee only sensitive option for MAR in the case
study of Jodo Pessoa. The vast runoff quantitiesglthe rainy season show a major potential for
aquifer recharge during the wet season. The drgoses characterized by limited surface runoff
which mainly consists of groundwater leaving thstegn through the streams. Part of that water can
be re-infiltrated by MAR, if sufficient runoff isvailable. The extractions from the rivers must alsva
be considered in order to prevent water deficitgrikiream. Therefore, the assumptions made in this
study limit the volumes of water extracted from thers in two ways. On the one hand there must
at any time be enough water in the rivers left. tBa other hand the capacity of potential MAR
facilities, especially when considering surfaceltirstion measures, limit the volumes of potential

recharge.
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Treated waste water was also considered an adaliticater source for MAR, to be used via an SAT
system. Studies with secondary treated waste \irat@rthe area were conducted in the BRAMAR
project, using soil column tests to check for theeptial of natural attenuation under local comahs

in the unsaturated zone (Da Silva, 2016). The reguére not satisfying, revealing a high demand
of additional pre-treatment measures if the locaste water resources should be considered for a
sustainable MAR application. In addition, the aabié runoff volumes in the local rivers are
sufficiently high, so that this additional sourceveater would only have limited impact on the
system. Furthermore, an unknown yet presumably &igbunt of this insufficiently treated waste
water already infiltrates uncontrolled into the dens. To protect the groundwater it should be
considered turning this Unmanaged Aquifer Rechartyea proper MAR system. But with regard
to quantities and impact on the budget, this stadyge to the conclusion that this potential soufce o

water can be dismissed for the case study.

To conclude, the suggested MAR pilot plants shdndded with water from the rivers during the
rainy season and other months of sufficiently hdibcharge accounting for water extraction

downstream the point of withdrawal.

b) Jericho-Auja

For the semi-arid of Jericho-Auja, surface runsfhot available in abundance. Rather it is a scarce
resource. As the analysis showed, the most abusdante of water is the spring discharge from
numerous local springs, being fed from the aquHet receives its recharge in the mountain area.
This source, besides the, at present, overexplshatlow alluvial aquifer, is the main supplier of
water to the region today. The study showed thataraus potential new sources could be activated.
Among these are, most importantly, the installattbradditional wells that pump water from the
deep aquifer. Also an increased harvesting of tiaece surface runoffs, mostly occurring in flash
flood events, has been considered, together wétetthanced reuse of treated effluent from local
sources and the city of El Bireh in the mountalfieally the study revealed that, in order to besabl
to satisfy the growing agricultural irrigation demek if the region develops according to the water
plans, additional imports from outside the studgaanust be considered. All these additional sources
shall not be used directly for MAR purposes. Rathey are supposed to become part of the local
water management and support a re-allocation oémwatsources. It is the spring discharge that
should actually be used for MAR according to thiglg. All other new sources should only lower

the water demand of agriculture, domestic, indudtrgstock and other sectors.

For a potential pilot plant it will be difficult tase spring discharge as a source, since watareso

are scarce for the moment. From a social standpamght also be difficult to receive support from
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local farmers in a semi-arid region for purposedlpwing valuable water to freely infiltrate the
ground. The pilot plant should therefore be consideto be implemented in combination with
another of the suggested IWRM measures to supgitiacal water to the region in parallel to
conducting the experiment. The installation of epeell is highly recommended to accompany the

pilot plant.

4.10.3 Location

a) Jodo Pessoa

By iterative analysis of groundwater budgets andgarison of different strategies on a spatial scale
according to the delineated Management Units (Mbl$dtal number of seven locations have been
identified to be operated with MAR facilities innadlel. This decentralized approach is mainly a
result of the size of the study area with its mitian 1,000 km2 and the strong interaction between
ground-and surface water bodies. The main rivezsalirperennial streams: They are connected to
and fed by the groundwater. For groundwater manageria MAR this means a sufficiently high
distance to the rivers is required in order noliose most of the artificial recharge directly de th
next stream. The rivers act as boundaries for ghwater flow and thus separate the groundwater

into different compartments.

For the installation of MAR pilot plants at leagtot different locations should be tested in parallel
Since no groundwater flow model could be applieithéostudy area, no precise locations can actually
be recommended. The selection of test sites shitiicefore orientate on the preliminary site
selection illustrated in Figure 4-37. It is reconmued to install one test facility within the rueaka
and one within the urban district of Jodo Pessas © land use, costs and infiltration capacities,
the study recommends the installation of infilatiponds within the rural area and the parallel
installation of injection wells in the urban ar@derefore, the recommendation is to conduct long

term tests by means of MAR pilot plants in botheareutting both technologies to the test.

Of course the selected locations must fulfill thgeatives and criteria of the site selection présgn
in this study: sufficient distance to the next riaad to the groundwater table, low slope, prefigrab

no agriculture, etc.

b) Jericho-Auja
For Jericho and Auja a total of three locationsgotential MAR facilities have been selected and
evaluated by means of groundwater flow simulatioame in the village of Auja and two in the city

of Jericho. The approximate locations are illustildah Figure 4-38. The locations have been selected
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since they are close to the main agricultural asgasalong potential transport paths for the spring

discharge following the topography of the area.

It is recommended to implement at least one MARtgilants in either of the two municipalities to
conduct a longtime experiment. The implementatibra MAR pilot plant will have to address
several challenges. For local support of such &rgnse, which is of very high importance in any
IWRM project, additional water should be suppliadoarallel. Based on the data analyzed for this
study, the village of Auja would be better suitedmplement the pilot plant. It could be combined
with the local Auja dam, maybe by using the dam hasis for the infiltration ponds and enhancing
the captured water with spring discharge, sincalttme is only filled during storm flood events. The

dam is located about 1 km west, upstream, of thgessted location.

4.10.4 Technology

a) Jodo Pessoa

The area would be suitable for the use of infikmatponds. These require comparatively big areas.
Land for these ponds would have to be bought fpeetedly high prizes, since some of the suggested
locations are cultivated with valuable sugarcame fotential alternative would be dug wells, which
are already used in some parts of Northeast BrEadse passive wells allow rather high infiltration
rates with significantly lower demand for surfaceaa In addition, especially close to or within the
urban area, active injection via pumping wells irttee aquifer would be possible. The
recommendation is to design pilot plants for bahhnologies, surface infiltration and direct
injection. A test facility in the rural area couye implemented in cooperation with a local farmer.
The required land could be leased from the farfmibe location should require the possibility to
connect it to the nearest main river, ideally naissing other farmers’ land. Two small infiltration
ponds could be installed in parallel. One mightdditionally equipped with a passive infiltration

well as described above to allow for higher indition rates.

The second facility should be implemented in theaardistrict of Jodo Pessoa, using active injection
wells. This pilot facility will require higher ingment costs, since it will rely on the drilling af
new well and active pumping and injection undehhigessure directly into the aquifer. Also this
second facility will require higher pre-treatmeneasures than a simple infiltration pond for the
surface runoff water would directly be injectedthe ground, increasing the risk of groundwater
contamination. Both technologies and locations iregtine extraction of surface runoff from the
nearest river and transport to the MAR sites. R purpose a small pipeline would have to be
installed and equipped with a pump. The entirdifgac@nd its hydro-infrastructure arises a need for

protection against thievery and vandalism, as égpee in the study area showed. It might also be
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possible to test bank filtration as a MAR technglobhis measure increases the recharge from the
river directly into the aquifer, e.g. by pumpinglasreating a stronger hydraulic gradient away from
the river. It will be required to run elaboratedstanalyses and intense research for exact feasible
locations to install the test facilities. Accorditgysite specific parameters it must be decidectiwhi

technology might best be suited to the location.

b) Jericho-Auja

With regard to the scarce land use in the study anel the comparably low volumes of required, or
rather available, recharge water, simple infilbatponds would suffice to conduct the experiment.
Land would presumably be available for rather losts and the low recharge volumes do not require
much area for infiltration. Basically the recommatidns regarding infiltration ponds are the same
as for the rural area of the tropical case studyossible, two infiltration ponds should be opedat

in parallel, allowing for maintenance of one pontiles the other is operated. In addition, the
enhancing effects of a passive infiltration wellinarease infiltration rates could be tested in the
facility. Direct injection would not be required te tested in the study area, since the potential
volumes for recharge are not that high and theasarfeveals a very high potential for passive

infiltration. The issue of evaporation losses fritva ponds requires further assessment.

4.10.5 Pre-Treatment

a) Jodo Pessoa

Unfortunately it was not possible within this studyconduct actual water quality assessments or the
monitoring of water quality parameters. The evatuapresented here as an exemplary application
of the newly developed planning process focusseslypan quantitative aspects of integrated water
resources management. Therefore, only assumptimuid be made with regard to required pre-
treatment measures for potential recharge watttertase study. In general it can be assumed that
surface runoff contains a large amount of suspesdids. These inevitably would lead to clogging
in recharge facilities, a very common and widespreaue in MAR. The effect of clogging cannot
fully be avoided and requires constant maintenahtee recharge facilities. Nevertheless, the ¢ffec
can be reduced by pre-treatment measures sucltlagsats. These are small basins in which the
recharge water is stored for some time, allowirggghrticles in suspension to sink to the bottom of
the basin. Qualitative analyses of both, the riasd the groundwater, must be conducted before the
planning of MAR test facilities in order to iderntithe necessary level of pre-treatment in the case

study of Jo&o Pessoa.
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b) Jericho-Auja

Most of the above is also true for the semi-aridche-Auja case study. No qualitative analyses
could be conducted. It is, however, known thatdaparts of the shallow alluvial aquifer show
brackish conditions. This aspects requires furntazstigation and an adequate groundwater quality
assessment. The spring discharge as water soul#\R is of good quality but in the past showed
signs of E. coli contaminations. This aspect rezgugpecial attention in order not to contaminage th

existing groundwater resources.

4.10.6 Operation

a) Jodo Pessoa

The operation of the suggested test facilitiehan lodo Pessoa study area must be adjusted to the
water availability. Active management will be reauai. The volume of recharge or injection should
sufficiently high in order to measure its impadteTindividual facility might already be designed fo
the analyzed maximum capacity of 1.8 MCM per mahithing the rainy season. The transport of
these volumes from the rivers to the infiltratiote svould require a pipe of at least 40 cm width,
assuming a steady flow of 5 m/sec. For an initeasiite selection a minimum distance of 500 m from
rivers was assumed. For sake of cost efficiencyamsdming that the test facility would run with a
lower capacity, this distance might be reduced.wianythe operation will require a pump and pipe
transport infrastructure and active regulationhaf extraction rates from the river. For the budget
calculations it has been assumed that a certaishbtd of minimum river discharge must be left for
downstream water supply. Maybe a suitable sectidgheoriver could be equipped with a weir that
allows an automatic regulation of the amount ofew#ttat is extracted, presuming that a runoff curve
is created for the site, allowing the quantificatad runoff based on water level in the river. fHina
these question must be addressed by engineersigndey the test facility and is beyond the scope
of this thesis. In general the operation of the tasilities should follow the idea of the presehte
budget calculations. Whenever there is sufficiemiiyh discharge in the river, water should be

extracted and infiltrated, respectively injectedhe test facility.

b) Jericho-Auja

Operation of a potential MAR pilot plant in the idao-Auja vicinity will also require flexible
management of the facility. If spring dischargassd as recommended, it will be required to manage
the water re-allocation similar to the Jodo Pessga study. The existing management of the spring
discharge for the Auja spring for example is based traditional system similar to time sharing.
There are several farmers and families that owrritite to a specific amount of time per day to
direct the stream of spring discharge flowing tlgtouhe channel in the direction of their farms

(Walter, 2013). They apply as much water as passibtheir fields and additionally store water in
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ponds. These ponds suffer from high evaporatioseslf possible, a potential MAR test facility
may make use of this existing system and buy some of water supply from one of the local

farmers, while in parallel activate some additiomater resources by means of deep well installation

4.10.7 Monitoring

In addition to the above given recommendation fier implementation and operation of MAR test
facilities, it is of key importance to monitor thexperiments of both case studies. These
recommendations are equally valid for both studyaarand their respective experimental setups. A
combination of groundwater level and quality meaments around the test site should be installed.
The infiltrated or injected water should be diluteith a tracer substance. At least three obsenvatio
wells should be placed around the infiltration ,siteeating a triangular. Another two observation
wells are recommended groundwater downstream fAflese wells should monitor the groundwater
level and, in adequate time steps, groundwateitgyerameters with regard to the selected tracer.
This way, a number of data can be obtained frompilat plants. On the one hand the general
feasibility of MAR can be confirmed, or falsifie@n the other hand many aspects of potential
benefits from MAR can be determined. Also, new iinfation on the groundwater flow behavior
and dilution processes can be gained. It is recames to implement the monitoring some time
before the actual MAR pilot plants start operatibhis way the data obtained allows for an actual
impact assessment similar to the theoretical doingiapproaches used in this study. Without proper
monitoring, the installation of MAR pilot plants wiol be in vain. It is this data obtained by the
monitoring network that will help improve, respeely develop, proper groundwater flow and
transport models for the study areas and subsdguwamtribute massively to a proper planning of
the MAR facilities. Following the suggested MAR ipteng approach that this thesis is based on, the
results of these long term field experiments, whsicbuld run at least for 2-3 years, should serge th

iterative improvement of the developed potentigdtsgies of IWRM and MAR implementation.

4.10.8 Outlook to Step 10: Technical MAR Feasibility Study

The final step of the suggested MAR planning apgmozomprises the actual design, conduction,
monitoring and evaluation of the long term MAR dieésts with pilot plants as suggested in the prior
section. Depending on the complexity of the spedifise, this step could be an entire additional
project. Designing a MAR facility, even on a snsalale, would require the assistance of engineering
expertise. This study, or rather the approach sigden this study, can only supply the overall
framework of the above described points from wataurce to monitoring. To implement these
suggestions in the field will also require enhancechmunication with local stakeholders, farmers,

decision makers and authorities. Especially inlraraas such as in both of the case studies, the
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support by local communities can immensely bemieéitproject. That is why it is of such importance
to plan and design the initial IWRM and MAR stragsgin close cooperation with stakeholders and
orienting them on their needs and future developrpkms. These field experiments should aim at
reproducing the suggested MAR facility in a smakeale. The time period of running and
monitoring the experiment should cover some yeafisile the experiments are running, further
iterative improvements should be conducted on tifa¢eg)y development, on groundwater flow and
transport models and the overall understandingeéystem. The time could also be used to conduct

workshops with locals and introduce the new teabgyto the farmers to increase social acceptance.

The suggested minimum monitoring requirements shaldo be extended to collect as many data
on the water resources system as possible andenaskricted to the MAR pilot plant itself. To
conclude the MAR feasibility study, a final formtitan of recommendations is required. These
recommendations should be backed with all of tradyéical assessments conducted in all prior steps
and an intense testing of the approach in the figidneans of MAR pilot plants. It must be
considered who to address with these recommendbé&tore the research is finished. It has been
addressed at many points throughout this thesisthkeholder participation is key from Step 1 on.
The recommendation should include all the pointressed by Step 9 - the recommendations for
MAR pilot plants. Potential benefits but also chaties and limits of a MAR implementation must
be given with full transparency of the process téatl to these recommendations. By knowing who
the addressee of these recommendation will beeXample a ministry, a funding agency or a local
authority, they can be formulated accordingly. Thesults of this thesis for instance are used to
formulate policy briefs to local authorities in erdo promote enhanced monitoring and the support

for the implementation of MAR pilot plants by mearigollow-up projects.
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5 EVALUATION
AND

DISCUSSION
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5.1 Review of Objectives and Hypothesis
In this chapter the initial objectives and the fatated hypothesis will be reviewed in order to

evaluate the results of this thesis. The overgéialves of the studies were formulated in Chapter

1. Development of an overall, transferable and intiaggadVIAR planning approach and
application of the approach for both projects dradrtrespective case studies,
2. Formulation of recommendations for the two casdistuthat aim to improve of the water

resources situation under consideration of MAR I&WBM strategies.

The development of an overall integrative MAR pliaigrapproach has been thoroughly introduced
in Chapter 3. The definition of most promising MAdfRanning options for the case studies Jodo
Pessoa and Jericho-Auja have been identified blyiagpthe suggested planning approach and are
given in the prior Chapter 4. The fulfillment ottfe objectives was coupled to the following regearc

hypothesis, as presented in Chapter 2:

The suggested integrative MAR planning approacdharssferable and generalized enough to
be (a) successfully applied to two inherently differehresearch areasand may serve as a
guideline for similar studies, but also specifidfeetive and goal-oriented enough to
successfully develop, test, compare and consequ@mtitecommend combined MAR and
IWRM strategies and additional measurésr both case studies, that aim at the improvement

of the local water resources system and the sadtigmlevelopment of the respective region.

Whether the objectives have been met and the wyinlgithypothesis can be verified must finally be
evaluated. The methodology is directly linked te thuggested MAR planning process itself,
correlating with the first objective. By addressthg quality of findings, obstacles and advantages
discovered by applying the method to the two inhyaifferent case studies, its quality and gehera
applicability is discussed. Secondly, the acteaults with regard to the individual case studres a
the resulting recommendations of MAR planning apdicare evaluated. Building on the prior
findings, each step and its application for thevitial case studies is discussed. It is important

identify problems that occurred and restrictiorat tan be concluded from this study.
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5.2 Evaluation and Discussion of Methodology and Main Bsults

5.2.1 Step 1: Data Acquisition and Analysis

The first step of the suggested approach is a gedata acquisition and analysis of that data. It
means that all data that is publicly availabletf@ case study and has a relevance for the approach
should be collected and reviewed first. This iseay\basic step that should be trivial for the sbért

any research. Anyway, for sake of completenesg@atlow for an evaluation of the methodology

it must be listed. Table 5-1 summarizes and congptire main positive and negative remarks that
can be made based on the application of the mathbdth case studies. The table, as the ones to
follow, is color coded red and green for eitherate@ or positive annotations. This template of
evaluation sheet will be used for each of the stepsvaluate and discuss the main problems and

benefits of the suggested MAR planning approach.

The table shows that especially for the case slodp Pessoa quite a lot of data was not available,
such as irrigation demand and others. Some dath, &8 actual groundwater and surface water
extraction, are only available in terms of licens&s calledoutorgas(English: grants, licences
Unfortunately these only give a coarse idea ofafveual extraction of licensed wells and pumping
stations. They completely lack a temporal discagimn and the precision of actual monitoring data,
such as water clocks. Other data, such as landecpgred update. Fortunately the local partners in
the BRAMAR project supplied any data acquisitiotinaites. The most important measures, as have
been introduced in this thesis, were the mutualrptag and implementations of monitoring networks
for surface runoff and groundwater levels. Withsuth a strong cooperation with the local partners
this project could not have been conducted. Abégnning of the research though, trust had to be
gained first. It was noticed that it is of majorpartance to be as transparent as possible in the
evaluations that are conducted. Partners could Vaileable information and data back if they fear
misuse of the data. This becomes especially diffiEumost of the publications dealing with the
study area are written in Portuguese, creatingoamgency on local partners. Overall it can be said
that in the Jodo Pessoa case study a lot of &ffall project partners has finally lead to theibaing

of a good database. Important impulses could bengikesulting in the introduction of long-term
monitoring and field experiments. Unfortunately #ilese measure are both time and money
consuming. In the case study it was not the lackitiihgness or knowledge, but rather of funding

that caused the severe lacks in data.

Regarding the second case study of Jericho-Augaddla situation was little different. The SMART-
MOVE project was the third project of its kind emtyears of research between more or less the same
partners. A basis of trust had already been estaddliand many investigations conducted. Hence,
much more data was available from the beginninthdlgh it must be addressed that a lot of data

that was finally work with is based on assumptiand estimations by the project partners. Therefore,
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a high degree of uncertainty must be assumed. M@viement of stakeholders was given at all

times, guaranteeing a higher level of acceptantieeofesults produced.

Table 5-1: Evaluation Sheet for Planning Step 1

Step 1: Data Acquisition and Analysis
Creation of a data basis

Jodo Pessoa

Jericho-Auja

Task 1: Collection and Analysis of available Data

Domestic demand
Industry demand
Precipitation
Climate data
Hydrogeology

« Irrigation demand
e Current land use
* GW pumping

* GW recharge

* GW levels

¢ Surface runoff

* SR extraction

* GW & SR quality

 Spring discharge

e Domestic demand
* Irrigation demand
e Land use

* GW recharge

e Surface runoff

e SR retention

* Hydrogeology

e GW pumping

* GW levels

* GW & SR quality

Task 2: Identification of Data Gaps

Strong support by local
partners after trust was
gained

« Difficulties to gain
overview of available
data (language, trust)

» Several months of data
acquisition

» Even available data
often based on
assumptions

» Assumptions changed
several times over the
project (re-calculations
required)

Task 3: Filling gaps by own Evaluations

Interaction of project

» Pumping tests
Infiltration tests

* GW monitoring

* SR monitoring
 Climate monitoring

» SAT suitability

* Land use assessment
» Farmer interviews

» Hydrological model by

partners to fill data gaps:

project partner

e Groundwater model
could not be finished by
project partner due to
insufficient data

* Interaction of project
partners to fill data gapg
(e.g. model, spring
discharge series)

 Stakeholder
participation

« No own assessments
were conducted, all datd
was supplied by partner

U7

5.2.2 Step 2: General MAR Feasibility Assessment

The second step of the suggested MAR planning appris a general MAR feasibility study based

on available data. It should merely state whetherod MAR could be implemented in the area at

all. Again, Table 5-2 summarizes the main conchsir this step. Basically in both case studies a

general suitability for a MAR implementation coudd identified. Infiltration rates are in both cases

high enough to allow for an efficient implementatiof surface technologies such as infiltration

ponds. Some characteristics may limit the choicelozfation for the MAR facilities. The

hydrogeology in Jericho-Auja is very complex andamogeneous. The most important issue here

is the lack of any distributed water quality dateaving this study with only the quantitative aspec

of MAR.
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Table 5-2: Evaluation Sheet for Planning Step 2

Step 2: General MAR Feasibility Assessment
Evaluation of basic requirements

Jodo Pessoa

Jericho-Auja

Task 1: Assessment of Surface Characteristics

High infiltration rates
possible after excavatio
of soil

h

 High land use density
» Demand centers highly
distributed and

Relatively low land use
High infiltration rates
possible after excavatio

» Topography limits
applicability to wadis

n e Water quality not

* Flat topography inhomogeneous of soil available
* Rivers as water source (requires decentralized | « Springs as water source
well distributed MAR) uphill (transport by
* Water quality not gravity possible)
available » Demand centers

centralized
Task 2: Assessment of Underground Characteristics
e GW quality not » Hydraulic parameters

Hydraulic parameters * Hydrogeology very

« Large aquifer for storag¢ available complex
* GW flow behavior * GW quality not
available

5.2.3 Step 3: Water Resources System Analysis

The water resources system analysis is one of gst important steps. It is the bridge between the
mere data acquisition and analysis to the actuadldpment of MAR concepts and IWRM measures
that might potentially improve the system. Tablé Sammarizes the remarks on Step 3 for both case
studies. The spatial discretization of the studsaarinto Management Units was not a problem in
both cases, though the results for Jodo Pessoaquése complex with eleven MUs to analyze
separately. But the criteria for discretization v@roperly selected in both cases. They basically
oriented on the data availability. As for Jodo Basthe most important parameter for analyses was
the surface runoff in the rivers. Therefore, thealtons of existing historic and virtual simulated
runoff gauges were used to delineate sub-catchntieatgepresent the MUs. In Jericho-Auja the
situation was much simpler with a comparably sstitly area to begin with. Also the area includes
two municipalities, both with their own water supfdlom different springs. In between there is no

proper land use. It was hence trivial to sepataeatea in two MUs: Jericho and Auja.

For the actual budget parameters both studiesrsdffenmensely from the lack of proper monitoring.
Irrigation demand, which makes up around 75 % efwhter demand in the Jo&do Pessoa case study,
had to be calculated based on the conducted lamdwauations in combination with hydrological
simulation results from project partners. Thisadtices a high level of uncertainty, since none of
the calculations can be verified by observed deta. same goes for groundwater levels, -recharge
and surface runoff in the study. For Jericho-Aujarendata was available and processed.
Nevertheless, lots of the data sets supplied s@riden high degrees of uncertainty. Based on the
available and collected data for both case stualiganeral problem of spatio-temporal availability
and demand could be detected that might be acabtmteria MAR and further IWRM measures.

This indication was stronger for the semi-arid sastedy Jericho-Auja. In Jodo Pessoa, the negative
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effects of the current water management, or rdtw of water management, are not as pressing.
Rather, the suggested implementations can helgatetiwater scarcity issues in that study area
before they occur. For Jericho-Auja, the situatisnalready alarming. The approach helped
identifying the situation in both case studies #lodtrating it to stakeholders.

Table 5-3: Evaluation Sheet for Planning Step 3

Step 3: Water Resources System Analysis
Quantification of spatio-temporal water demand awailability distribution

Jodo Pessoa |

Jericho-Auja

Task 1: Spatial discretization into smaller “Manageent Units”

» Based on sub-
catchments according tq
runoff gauges

* 11 MUs to analyze, that
interact with regard to
water availability (SR)

* Discretization by
watershed and socio-
economics

* Only two MUs to
analyze

Task 2: Assessment of Water Availability and Potetsia

Hydrological model
results available

Only one practicable
water source for MAR
(SR)

* Limited actual
measurements availablé

* No proper monitoring
(except rainfall)

¢ One practical source for|
MAR (spring discharge)
but several sources for
additional demand
coverage (waste water,
deep wells, SR retentio
imports)

« High level of uncertainty,

« Political restrictions
must be neglected

* No proper monitoring
(except some springs)

Task 3: Assessment of Water Demand Sectors

Socio-economic
demands from project
partners

« Irrigation demand
calculation very intricate
with high uncertainties

* No proper monitoring

 All demand values
supplied by project
partners

 High level of uncertainty
* No proper monitoring

Task 4: Assessment of existing and required Hydrdréstructure

Manageable units of
hydro-infrastructure for
transport (because wate
is directly extracted
from rivers/GW where
required)

=

 Large number of surface
storages / damns with
insufficient monitoring
and data (only water
levels, no in-and outflow
measurements)

* Clear overview of
hydro-infrastructure

* Numerous investments
required to implement
suggested measures an
strategies

Task 5: Problem Identification

Solutions can be
implemented before
water shortage become
a pressing issue

No pressing need for
MAR or IWRM
identified, only in long-
term

 Strong overuse of
shallow GW identified

* High demand for
additional water supply

 High uncertainty due to
high level of estimationg

5.2.4 Step 4: Combination of MAR Concept and IWRM Measures to integrative Strategies
The central step in the entire planning approadheasdevelopment of a MAR concept that fits in
with potential IWRM measures, resulting in integratstrategies for the case study. Table 5-4
summarizes the evaluation of this step. The selecif suitable locations for MAR was hindered in
the Jodo Pessoa case study by the lack of a golichdwater flow model. Rather, the preliminary
selection of locations was supported by a spatigtiroriteria tool that is part of the BRAMAR-
IDSS, decision support tool developed in the coafske BRAMAR project (Rusteberg et al., 2018).
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Table 5-4: Evaluation Sheet for Planning Step 4

Step 4: Combination of a MAR Concept and IWRM Measues to formulate integrative Strategies
Formulation of Strategies that consider MAR as pAtWWRM

Jodo Pessoa

Jericho-Auja

Task 1: Location(s) for MAR

 Spatial multi-criteria-
assessment tool by
project partner for MAR
site selection

High homogeneity of
aquifer characteristics

» Could not be verified by
groundwater modelling

* WRS requires
decentralized
implementation at many|
locations (seven have
been selected)

» Small area of interest
results in limited choice
for locations

* Iterative improvement of
locations by
groundwater modelling

* Only broad knowledge
on hydrogeology (high
heterogeneity can causg
local unsuitability for
MAR)

h

Task 2: Operation Schemes for MAR

Based on simulated
runoff time series by
project partner at severd
virtual gauges
(correlating with MUSs)

1

Hydrological model
revealed some
weaknesses due to datg
insufficiency for
calibration and
validation

» Based on synthetic
spring discharge time
series from project
partner

Based also on several
assumptions for water
availability that cannot
be validated (no proper
monitoring)

Task 3: IWRM Measures for Supply Management

Water potential is
abundant (SR)

High level of uncertainty
regarding runoff time
series and assumptions
for sustainable
withdrawal rates (no
proper monitoring)

* Numerous potential
additional water sources

Many assumptions and
estimations (no proper
monitoring)

Political restrictions
must be neglected

Task 4: IWRM Measures for Demand Management

Based on assumptions
and estimations that
cannot be validated (no
proper monitoring)

* Inefficient water
network allows for vast
improvement by
modernization (loss
reduction)

High investments
required

Political restrictions
must be neglected

Task 5: Stakeholder Involvemen

t and Considerationexisting

Plans

Socio-economic growth
estimations taken from
official water plans

No plans regarding
agriculture or water
management so far

 Stakeholders directly
involved in the project

» Assumptions and result
could be discussed man
times

b

Task 6: Integration of MAR and IWRM to Strategies

MAR alone can vastly
improve water resource
system without

additional measure

* MAR as key IWRM
measure important for
the strategies to work

In the Jericho-Auja case on the other hand, thebeuwf possibilities for locations was limited from
the beginning. The high concentration of the demaaders and topography as well as connection
to available water sources left little choice foAR! locations. Also, the preliminary selection could
be verified by means of groundwater simulationsrafided in the process by several iterations back
to this step. Regarding operation of MAR facilitieslodo Pessoa, surface runoff from the rivers has
been identified as the most abundant source, witemely high availability during the rainy season.
The limiting factor, in contrast to the semi-arabe study is not the water availability but theacaty

of MAR facilities. Hence there is a high differenioethe design of IWRM measures in both areas.
For Jodo Pessoa it was simply not required to dpvallarge set of measures, while the semi-arid
case study is in urgent need for new water sounégsut which a positive future development

cannot be managed. Also for demand managementithberely a case in the Jodo Pessoa study.
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Though the positive effects and high potential ofi@ernization of irrigation techniques could be
identified and is recommended, it is not a higlompty measure. While in Jericho-Auja the reduction

of losses is seen as a fundamental measure withuédgriority.

Stakeholder participation could especially be adckdein the Jericho-Auja study, as has been
explained under the first steps. Therefore, theilltieg strategies combine some of the local
authorities’ development plans with new ideas. fher Jodo Pessoa case study, some cooperation
with local authorities has been tried to achievedid not meet much interest. It became clear that
the current situation of water supply and futureedigoment is not acute enough for awaking much
interest. The more important it is, from the viefittee author, that adequate measures and potential

future deficits are analyzed now before any dantagke system manifests itself.

5.2.5 Step 5: Development Scenarios

The MAR planning approach tested in this study sgtgythe design of at least three scenarios for
the future development of the case studies. Thed gould be achieved for both studies. As
summarized in Table 5-5 for both studies a Baselwgicultural Development and Dry Climate
Scenario has successfully been designed. For theliBa Scenario the semi-arid case study there
was an advantage by the supply of synthetic spiiagharge and correlating surface runoff time
series by a project partner (Schmidt, 2018). Thegied hydrological scenario represents a series
of moderate years, followed by above average watsyefollowed by drought conditions and
returning back to moderate conditions. The idea twagflect the high heterogeneity and variance
in water availability in the study area to evaluptgential strategies under these conditions. The
underlying hydrological assumptions for the JoassBa case on the other hand was actually
designed for the years 2000-2014 in the coursgdifdiogical modelling for the BRAMAR project
(Schimmelpfennig et al., 2018). This series has easposed to the future. An actual prognosis of
future climate conditions would have been preferdihit could not be designed within the course of
the project. The selected synthetic time seriesunbff can still accepted as representative since
although the seasonal variation is very strongénttopical coastal case study, the variation betwe
years is not that extreme as in the semi-arid sas#dy. For the Dry Climate Scenario a more
sophisticated input would have been preferrediferttopical case study. To analyze at least a rough
dry scenario, the prior selected hydrologic timgesehas simply been reduced by 10 %. This in
return led to increase irrigation demands, decbas¢ural groundwater recharge and decreased
surface runoff that has been calculated indiviguadk each MU. The analysis showed that the
system reacts very sensitive to depletion in rdietdumes. A valuable result that can be combined
and extended with the current state of officiainelte change scenarios and might trigger awareness

for potential threats to the water resources syskan the semi-arid case study again a synthetic
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series of spring discharge and surface runoff veagyded by Schmidt (2018), allowing the analysis
of a severe drought of ten years duration as Istedor the region.

Table 5-5: Evaluation Sheet for Planning Step 5

Step 5: Scenarios of future Development
Assumptions for Changes in the Water Resources System

Jodo Pessoa | Jericho-Auja
Task 1: Baseline Scenario
» Based on historical * SR time series based on ¢ Based on synthetic time
socio-economic growth simulated results for series of representative
rates historic values variable hydrological -
conditions from project
partner
Task 2: Agricultural Development Scenario
* Irrigation demand * No development plans | ¢ Based on evaluations of ¢ Very demanding
assessment allowed available project partner oriented scenario
spatio-temporal on official development | « Allows only for little
recalculation according plans adjustments
to assumption » Hard to manage
Task 3: Dry Climate Scenario
» System reacts very * No proper climate » Based on synthetic time| ¢ Extreme water shortage|
sensitive to variations in|  change data, just a series of extreme dry makes study area
rainfall coarse assumption hydrological conditions unmanageable without
from project partner additional resources

For both studies the local agriculture has beeecsadl as the main driver of the demand scenario.
For Jericho-Auja luckily development plans weresérg that outline the desired extension of
agricultural areas and the corresponding increas@ier demand. It was decided to base the scenario
on these assumptions in order to show to what exagmicultural development would be feasible
and what measure, or strategies, would need tonpkmented in order to achieve these goals.
However, the development goals are very ambitioud @an barely be managed with the water
resources even under consideration of all the dediZWRM measures in combination with MAR.
This led to the extended result that in order tbie® the desired level of growth in the region,
additional water imports would be required, aftéiazal sources are activated. The priority idl sti
set on the local resources, especially the impléatiom of deep wells. The analysis of scenarios

brought a huge benefit to the planning of MAR avwRIM measures.

5.2.6 Step 6: MAR Groundwater Budget Analysis

Step 6, the numerical assessment of MAR groundvaidgets was the most demanding of all steps.
It bridges the design of MAR concept and IWRM meada simulations and final recommendation.
As presented in Table 5-6 in both case studiestdpeled to at least 12 iterations back to Steped,
design of MAR concept and IWRM measures. This shilvwshigh value of this assessment. With
each iteration improvements on the suggested giesteould be achieved before these were actually

simulated. The only negative remark about this stapgd be for the Jodo Pessoa case study where
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the discretization into eleven MUs resulted in eyy@gh complexity of the calculation process. For
the future it is recommended to develop a toolties step that simplifies the process. Overall the

step vastly increased the understanding of thesyst
For the first task, the combination of strategied scenarios no remarks have been added, since this

is merely a merging of the prior results and irjpue series that neither created any difficulties n

brought any specific advantage.

Table 5-6: Evaluation Sheet for Planning Step 6

Step 6: MAR Groundwater Budget Assessment
Numerical Analysis of Strategies and Scenarios
Jodo Pessoa | Jericho-Auja
Task 1: Combination of Strategies and Scenarios

Task 2: Calculation of Groundwater Budgets

 Spatial discretization * High complexity » Revealed high deficits

allows for differentiated (11 Management Units)|  and insufficiency of

analysis present water resources )
* Increased understanding to supply agriculture

of the water resources » Simple to analyze and

system gained adjust

Task 3: Interpretation of Results and Iteration taép 4 if necessary

* Roughly a dozen » Several dozen iterationg

iterations conducted i conducted i

5.2.7 Step 7: Groundwater Simulations

Step 7 reveals the consequences of a bad datalaimil Even though a lot of effort has been put
into own data collections under Step 1, for theecstsidy Jodo Pessoa the strong deficit in data
availability manifested itself in the lack of aljutalibrated and validated groundwater model as th
summary in Table 5-7 reveals. Consequently no sitinls of the designed strategies could be
performed within the timeframe of this study. HoweMt therefore is the hope of this study that the
selected approach and the data acquisition thalbéms started within the course of the respective
research and development project, will consequéedlgt to increased investments in monitoring of
the water resources system of both case studiel, 8@ existing groundwater model for Jericho-
Auja and the unfinished model for Jodo Pessoa eamxtended and improved by additional
knowledge, actually restarting parts of the suggkstpproach and leading to improvement of the

suggested strategies.

Concerning the application of the groundwater floadel for the case study Jericho-Auja, it can be
concluded that the application added to the gakmuvledge of the prior step, the numerical
assessment. The application of a transient modelvdior the consideration of groundwater

dynamics, as has been stressed many times irn#ist Assessment by simulations is therefore the
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logical extension of the numerical assessment aust be given special attention. It should also be
kept in mind that the final goal of the assessmintise implementation of at least pilot plants for
MAR and some of the IWRM measures in the field.sTtg@quires an intense planning and design
before spending money on expensive long-term exparis. It is the key benefit of groundwater
model application to be able to test suggestionsstrategies before implementation. As the study
showed, it is also a very time consuming step &heun of simulations must be adjusted according
to the results of the prior steps. Each iteratiaoktto the development process of strategies sesult
in the setup of a completely new simulation scend@ut, as the results showed, it is a very imptrta
step in the MAR planning process and cannot beoepl by the numerical analysis as the next step

revealed.

Table 5-7: Evaluation Sheet for Planning Step 7

Step 7: Groundwater Simulations
Application of Groundwater Model for Strategies @wknarios

Jodo Pessoa | Jericho-Auja
Task 1: Model Development
» Aborted by project » Groundwater flow » Poor data for calibration
partner model developed by and validation available

project partner in close
cooperation

Task 2: Simulation of Groundwater Dynamics
» Could not be conducted| ¢ Results improved MAR | < High level of uncertainty

) site selection and due to insufficient data
understanding of the (no proper monitoring)
system

Task 3: Interpretation of Results and Iteration taép 4 if necessary
e Could not be conducted| ¢ Roughly half a dozen « Extremely time
iterations conducted consuming

5.2.8 Step 8: Performance and Impact Assessment

For the performance and impact assessment of thigndsl strategies under assumption of the

developed scenarios, identical indicators have femnulated for both case studies. As negatively

mentioned in Table 5-8 it was not possible to camdiproper cost-benefit assessment that could be
used as an indicator. Rather it was tried to attleampare relative costs by accounting unit costs
per additional volume of activated additional watsources. The benefit part of the equation could
be interpreted by the achieved stability in grouatiwlevel and the subsequently increased security
of water supply that allows for an extension ofi@gtural lands (Jericho-Auja) or the full irrigati

of existing agriculture without damaging the growater system (Jodo Pessoa). Since for all

strategies and scenarios the same agricultural mtmaassumed, the benefit part of the equation
would potentially stay constant since a full irtiga is assumed regardless of actual water

availability. This issue has been thoroughly disedsin the respective chapters on water budgets

and performance assessment.
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Table 5-8: Evaluation Sheet for Planning Step 8

Step 8: Performance and Impact Assessment
Identification of prioritized Strategies
Jodo Pessoa | Jericho-Auja
Task 1: Definition of quantifiable Indicators
* In accordance to water | ¢« No proper cost-benefit | ¢ Identical to other case | e ldentical to other case

plans and stakeholder analysis could be study (same indicators) study (same indicators)
priorities conducted
Task 2: Indicator Evaluation
« Differentiated results * Based on numerical » Based on simulations
assessment, not « Differentiated results -
simulations

Task 3: Comparison and Ranking of Strategies
* Allowed prioritization of | ¢« Weighting of indicators | « Allowed prioritization of | ¢ Weighting of indicators

strategies as wells as not consolidated with strategies as wells as not consolidated with
individual measures by stakeholders individual measures by stakeholders
direct comparison direct comparison

For the tropical case study Jodo Pessoa, the pexfme assessment by indicator evaluation had to
be performed based on the numerical assessmerdntrast, the case study Jericho-Auja allowed
for an evaluation of simulation results which canclbnsidered much closer to the real system since
groundwater models try to mimic actual groundwatgnamics leading to a more differentiated
evaluation. The assessment allowed on the one thaenelvaluation of absolute performance of the
constructed strategies, but also an interpolatiothé performance of individual measures. The
strategies have been developed in a way that eaeladds another IWRM measure to the prior.
Therefore, it is logical that the last strategy,ahhcombines all the others and adds one additional
measure, will outperform the prior strategiess iniportant to read the results presented in tigisis
correctly: It is not the absolute performance ddtiategy that if of importance, but the relative

improvement of performance over the prior strategy.

Finally the evaluation allowed to identify prioritmeasures and suggests strategies that would
potentially allow for the sustainable managementoofl water resources, with special focus on
groundwater, under the selected scenarios. Thé farzking in this thesis was not actually
consolidated with stakeholders regarding the tistion of weights for each indicator. This would
require thorough interviews and the distributiomgaéstionnaires to the entirety of stakeholders in
order to adequately weigh the indicators. The appbn in this thesis should therefore be consilere
as a demonstration of the possibilities that trggested planning approach offers.

5.2.9 Step 9: Recommendations for Pilot Plants

The application of the suggested MAR planning agaphowas concluded in this thesis with Step 9.
Basically all results of the prior steps were sumped to formulate actual recommendations for
MAR pilot plants. The step was restricted and teslin benefits in the same topics as that have

been addressed before. Table 5-9 summarizes timeamaiments to the step.
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Issues that have not yet been addressed are fdedula Tasks 6 and 7. The operation of the
suggested pilot plants should generally follow shene assumptions as were outlined in the MAR
groundwater budget assessments and simulationsewowsince pilot plants would potentially be
designed on a smaller scale, some adjustments veeuldquired.

Table 5-9: Evaluation Sheet for Planning Step 9

Step 9: Recommendations for Pilot Plant(s)
Conceptual Suggestions for the Implementation of Fasilities in the Field
Jodo Pessoa Jericho-Auja

Task 1: General Concept

 Overall concept * High complexity and » Complete
formulated demand distribution conceptualization )
demands decentralized formulated

solution

Task 2: Definition
Uncertainty regarding
volumes

of Water Source(s)
 High variety of potential
additional sources, yet
only one directly for
MAR (spring discharge)
Task 3: Potential Location(s)
No verification by * Verified by groundwater
model possible simulation
Task 4: Recommended Technology
» Clear recommendations
(infiltration ponds) -

* SR as only sensitive
choice

* Availability extremely
volatile

« Limited possibilities

Clear recommendations
(infiltration ponds and -
injection wells)

Task 5: Required Pre-Treatment Measures
Could not be identified
- due to lack of water -
quality data

Task 6: Suggested Operation of the Plant(s)
Pumping of water from | < Parts of existing hydro-
river to MAR site infrastructure could be
required (several 100m)| utilized (Auja dam and
Active operation canal)
management needed

» Could not be identified
due to lack of water
quality data

Water availability in
abundance (SR), no
problems expected

« Difficult to implement
due to water shortage
situation

* Recommended to
activate additional wate
first (e.g. implement a
deep well)

 Active operation
management needed

Task 7: Outline of Monitoring Setup

Clear recommendations
give for general outline

 High investment costs

e Same as for the other
case study

 High investment costs
¢ Political restrictions

(observation wells and
tracer injection, quality
monitoring)

The strategies designed in this thesis assumé ianfalementation of the suggested IWRM measure
which includes the implementation of new hydro-astructure as well as the activation of additional
water sources. For the case study Jodo Pessoald wat be sensitive to install a pipeline of 40-50
cm diameter over some hundred meters in order forpe a field experiment. Rather it might be

more suitable to operate the test facility on allenacale and applying less water for recharge.
Lower quantities could be supplied to the testlitgcby a much smaller tube, not requiring the

implementation of an entire pipeline. For the sanu case study many problems with regard to
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operation have been mentioned before. Social aliticpbrestrictions may impact the test facilities
and their operation. It was therefore recommendedombine a potential test facility with the
activation of some additional water for the regiéor, example by means of implementing one
additional deep well. This way water from the sgsitould be used for a MAR pilot plant without
giving the impression of wasting precious watemfr¢the farmer. Rather the new well would
compensate them directly, increasing social acoeptanmensely. Of course these plans are highly
restricted by the political circumstances that am a focus of this study. The additional
implementation of a small monitoring system in bodises will also face difficulties but is urgently

required in order to properly evaluate the tests.
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6 CONCLUSION
AND

RECOMMENDATIONS
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6.1 Summary

The studies presented in this thesis led to arasad understanding of the water resources system
of two case studies; the tropical coastal city @dal Pessoa with its rural surrounding and vast
sugarcane plantations in Northeast Brazil and ¢inai-grid city of Jericho and its neighboring Auja
village suffering from very volatile and scarce @ratesources in the Lower Jordan Valley, Palestine.
In order to define, test, evaluate and recommentbated strategies of Managed Aquifer Recharge
(MAR) in the context of Integrated Water Resou®Egragement (IWRM) for both case studies, a
new Integrated MAR Planning Approach has been deeel. This thesis put the new approach to
the test and evaluated its suitability for watenagement planning under different conditions. Based
on the studies presented in this thesis it canobeladed that the developed approach may indeed
serve as a framework for water resources managesnaties that aim to address MAR as an integral
part of IWRM. The introduced approach is a stestgp guideline that aims at a complete
assessment of the current water supply and denitaatien, management and hydro-infrastructural
measures that are required to activate new soofogater and the potential impact these measure
would have on the system under consideration of MAR mean to temporary store water surpluses
in the underground, based on a variety of scenaioosfuture development, supported by

groundwater monitoring and a final indicator drivassessment and comparison.

The results varied for each of the selected castiest The tropical case study of Jodo Pessoa is
characterized by an extreme rainy season thatgeewvater in abundance. During the dry season
there is still a significant amount of rainfall asdrface runoff. It is this surface runoff that heen
identified as the most potent source for MAR in thgion. Water demand on the other hand is
dominated by the strong agriculture, mostly comgigsbf sugarcane with a very high irrigation
demand. Though rainfall is nearly sufficient toisfgtthe high crop water need during the southern
hemispherical winter, a high dependency on groutelwzumping could be detected. But also the
domestic water demand, being strongly focusederutban area along the coast, leads to a massive
exploitation of local groundwater resources. Unfodtely the monitoring of either, water
availability and demand, is highly insufficient. dnder to close data gaps and perform an adequate
assessment, a lot of effort has been put into mong and field experiments, in close cooperation
with partners of the BRAMAR research and developnpeoject that supplied the framework for
this and many other studies in the region. Eveh thi¢ efforts conducted over the 3.5 years of ptoje
duration, the collected data was insufficient fae@f the partners to fully calibrate and validate
groundwater flow model, which would have resultediistrong improvement of the results. Even
so, the studies conducted in this thesis and elketierts in the BRAMAR project, with valuable
support of local partners, were able to improveuheerstanding of the water resources system and
create valuable insights for follow-up researchdéinhe assumption of various scenarios for future

development, no pressing threat to the groundvegtem could be detected. Which does not mean
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that there is no room for improvement. Scenariosirgavorable development in agriculture and
climate revealed a high sensitivity of the systemdrds precipitation that might potentially lead to
the danger of overexploitation and subsequent tieplén the mean groundwater table over the
entire study area of more than 1,000 km?2. The piaiesolutions designed in this study, relying on a
decentralized MAR system in combination with astgzartial modernization of irrigation techniques

in order to reduce water losses, could help miighése hazards.

The semi-arid case study of Jericho-Auja in manysastands in contrast to the tropical one. The
two municipalities are both suffering from very atlle and scarce water availability. The discharge
of local springs being the main source of watee, shistem is very sensitive towards hydrologic
variability. The springs recharge in the mountaieaawest of the study area. The municipalities
themselves receive only limited, volatile and extedy intense water by heavy rainfall events. These
occur very irregular and there may be many yeaasrow without any significant runoff in the three
wadis discharging in the area. Data on the casly stas provided by partners within the context of
the research and development project SMART-MOVEtaMaudget assessments revealed a strong
indication for the need of additional water sourd®gen under conservative assumptions for the
present situation and future development, the sysavealed vast deficits in covering the water
demands, mainly resulting from agriculture. The detd showed an extreme potential
overexploitation of the shallow local aquifer whiatreality manifests itself by insufficient irrigan

of the existing agricultural lands and subsequéemiti? losses in harvests. The planned development
for the region even aims at an extension of thecaljural land. Budget assessments showed that
these goals could only be achieved by activationusherous additional water sources. The most
abundant additional source was identified as we#dswould penetrate the deep aquifer, underlying
the shallow alluvial aquifer. Even under activatarall local water sources, including treated wast
water to be applied directly for irrigation and ihgort of waste water from a city in the mountain
area, which had been defined as one possible opyidocal project partners, the study area would
depend on additional water imports. By means ofekiards calculation, the minimum required
additional imports have been determined under ggsamof two future climate scenarios. Also for
this case study, recommendations have been foraaulat the implementation of MAR pilot plants.
They even extend the MAR considerations by diretitiking them to the recommendation of

implementing at least one deep well in parallel.

Both case studies suffer from pressure regardirtgrwasources system that has either manifested
itself already (Jericho-Auja) or will do so withiine next decades (Jodo Pessoa) might potentially be
addressed by the implementation of a Managed AgRéeharge solution, which has to be designed

individually to each case. Some of the resultsgesi and elaborated in this thesis may support

their realization.
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Both case studies also suffer from a lack in daaatially the selected methodology had to be agplie
under assumptions and estimations for some paresnétthe approach could not fulfill its purpose
to identify water management strategies to a fitkted, it at least revealed data deficits that khou

be accounted for by means of new and extended anorgtcampaigns.

6.2 Conclusion

After evaluation of the individual steps of the néwegrative MAR planning approach some
conclusions can be made with regarding its appglitaland the resulting suggestions for MAR
implementation. It became clear that the approacidcnot be followed to its full extend in both
case studies. Rather, some improvisation had feebfermed that can be judged as sufficient for
some of the tasks but unfortunately insufficient éthers. The reason for some of the steps not
producing satisfying results can be found in tlz@laquate availability of data. Especially with mega

to monitoring of key components of the water resesrsystem monitoring and available long term
data was insufficient to fully apply the approa€m the one hand it was an objective of this thesis
to develop an approach that is flexible enoughetajiplied to a broad variety of case studies. Since
water shortage often impacts underdeveloped redimaisdid not or cannot invest much in the
management of water resources, a certain lacktafalailability must always be assumed. On the
other hand the approach should also serve as &iark that helps identifying weaknesses in the
current water and data management and aims at wngréhese. The approach should show what
would be possible if investments in the right measwvould be increased. These measures do not
primarily mean IWRM measure as addressed in thdystwt first and foremost the investment in
monitoring and other evaluations. This became ealbpeobvious in the Jodo Pessoa case study
where the pressure on the water system and orespemsible stakeholders is not yet indicated but
very likely a problem that will manifest itself ihe future. Here, adequate monitoring of the altgla
water availability (surface and groundwater) anal dlotual extraction and consumption of water is
highly required. If the suggested approach can tedferlining the importance of data acquisition as
a fundamental basis to build any IWRM or MAR plamqiupon, then the approach does not fail its
objective. On the other hand there is a case dikel\ylericho-Auja, where the bad water resources
situation becomes very obvious even without prapenitoring. Here the approach was able to
supply stakeholders with information on what coldd possible with regard to a positive

development of the region and what measure thigdveguire.

The suggested planning approach was able to igledgficits and produce quite a list of
recommendations for both case studies. The high téwincertainty of the results given in this fkes
are foremost a problem of data scarcity. The appbn presented here was primarily for illustrativ

purposes, which does not mean that the final recemaiations are not valid. But they can be valid
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only within the frame of valid data. Additional gias, such as the highly anticipated implementation
of pilot plants and parallel water quality monitagicampaigns, will be required in order to givefin
statements about the applicability of Managed AgfuRecharge as a key measure to help mitigate

the water scarcity (present or future) in both csigdies.

Overall the approach can be considered a mere Warkeand a guideline. It succeeded in joining
MAR and IWRM as a strategic unit with regards taevglanning. It failed in providing all the tools
and individual methods that are required to sudabggmplement each of the ten steps. The iniiall
mentioned MARSOL project (TU Darmstadt, 2018) prostil many valuable results for the
promotion of Managed Aquifer Recharge and was cotedmostly in parallel to this study, starting
roughly one year before the works on this thesende, its results were not available for this study
until the last year of its runtime. Evaluation b&tMARSOL products revealed that it developed, in
contrast to this thesis, much more detailed suggestor data acquisition, field and laboratorytses
and other specific measures with regards to MARémgntation, operation and optimization. They
were mainly developed around eight different MAReatudies (TU Darmstadt, 2018). But they do
not address an overall MAR planning framework i $khope of the one presented in this thesis. The
newly developed approach does not address sp#uiéisholds or parameters but gives a direction
and orientation for the planning of a MAR projeat @ broader scale. As was initially pointed out,
in literature there are some regulations and gimedelpresented and discussed within other studies
(e.g. Dillon et al., 2009, Asano & Cotruvo, 2004alg et al., 2014, Gonzéalez et al., 2015) but they
are very specific for one region or country. Theutts of this thesis underline the impossibility to
present universally valid thresholds or list ofgraeters that can be applied to any case study. A
framework and guideline such as the approach pregen this thesis should be used foremost in
order to identify what these site specific paramseetend data deficits are. Then they should be
addressed in an appropriate manner with tools aethads, as for example developed by the
MARSOL project (TU Darmstadt, 2018). The developggroach helped identifying the data gaps
in the two case studies. It can be used to idettifise of other case studies, bring them to the

attention of local stakeholders and initiate adégjuaore specific measures to address those gaps.

6.3 Recommendations

Both case studies revealed one major important fieeyor with regard to water resources
management: the availability of data. It becamarcteat available data on groundwater resources
can be very scarce, even in regions for which Igoalindwater resources are of major importance
for the water supply. A region that does not hafdlg functional, at least basic, monitoring netko

of the major elements of its water budget, canrsial@ish valid water plans for its future

development. Therefore, the main recommendatianiitizbe given in this thesis is to focus future
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research on the establishment of monitoring netsvaakd their evaluation. By applying the
suggested MAR planning approach to these dataescag@ons, results could only be given within a
certain range of uncertainty. The higher the uagety of available data, the more assumptions and
approximations had to be undertaken to receive seméts, the higher the uncertainty of the results

themselves.

For the tropical case study of Jodo Pessoa theconlyol on water extractions from the local aquife
system and the rivers is by means of license vakesalledutorgas These do reflect the legally
allowed annual extraction of water, e.g. for pungpimells, but do neither reflect the temporal
operation of the facility, nor the actual extrantivhich might vary from the license. One very
important recommendation is at least the instaltatif water clocks or similar tools to monitor the
actual withdrawal from both, the aquifer and riveékssimilar recommendation can be given for the
numerous surface reservoirs in the study arealandrtire northeast of Brazil. For these only water
levels are recorded. These do reflect the curtatisof water storage but not the volume of in-and
outflow of the storage. Quantities that are of majgportance in order to manage and optimize these
storage facilities. This directly correlates witlrfeice runoff in the rivers. Only very scarce data
available on the actual discharge. There was sainerent data available from prior studies, but the
official monitoring of surface runoff lacks contityiand precision. Mostly it is based on rods,
installed and calibrated some years ago that @@ oet by locals on a daily basis who send the
readings to the responsible authority by lettereoacmonth. This system is in urgent need of
additional funding and modernization. The projestalled some automated runoff level gauges in
cooperation of local and German partners. As has Ipeesented, also groundwater level gauges
have been installed by the project and are suppbstenanual readings in additional wells by local
partners. This monitoring also requires the supgadtfunding from the responsible authorities. The
study showed that at least a coarse monitoringar&taf ground-and surface water resources would
immensely benefit the region and its developmenh wegard to upcoming challenges in water
resources management. The results from this stiltltherefore be used to formulate policy briefs

for the responsible local and national authorities.

For the semi-arid case study of Jericho-Auja maesging recommendations can be given. Since
water shortage is an acute problem in the ares, hiighly recommended to set a focus on the
activation of new water sources. An improved retenof surface runoff will bring relatively small
benefits. Rather the installation of additional ia/elvithdrawing water from greater depth than the
local shallow aquifer, is highly recommended as pbéential IWRM measure with the greatest
positive impact for the region. This measure veljjuire high investment costs but is, based on the
conducted impact assessments of this study, theureavith the highest benefit and allows for a

vast increase in water security and the extendiagricultural lands, which might result in econemi
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and social benefits for the region. In additiorfobe any extended IWRM measures are considered,
the local water management and hydro-infrastruatuine dire need of modernization. Water losses
due to transport, storage and application are kifly and must be reduced. The current system of
water distribution in Auja village requires reforas. Monitoring of groundwater levels and quality

must be implemented.

For both case studies the implementation of MARtmlants is recommended, a rough concept of
which is given in the thesis. For Jodo Pessoaast lvo pilot plants are suggested. One should be
located in the rural area, running on a surfacitriaion technology, such as infiltration ponds, i
suitable in combination with passive infiltratiorelg to increase infiltration rates. The otherhia t
urban vicinity by means of direct injection duethe requirement for higher recharge rates and the
lack of suitable and available surface area. Bddhtp should be fed with surface runoff from the
nearest river that must be pre-treated at leabtnegard to sediment load to reduce clogging and, i
the case of direct injection, with regard to coriteants which must be monitored in order to avoid
contamination of the groundwater resources. FoicleAuja at least one pilot plant is
recommended to be installed near Auja village. Bya parts of the existing hydro-infrastructure,
the costs of implementation should be reduceditB@peration water from the Auja spring should
be utilized. In order to compensate local farmerstlie apparent withdrawal of water it is highly
recommended to combine the pilot plant with thestaction of a deep well, increasing the water
supply for the village and thus the acceptance®tiperiment. The pilot plants in both cases shoul
be monitored in and adequate manner and operated fast two years. The results are supposed
to be used to set up, respectively improve, looaligdwater models and improve the knowledge on
the underground system. This study could not addiies very important issue of groundwater
quality and focused on quantitative aspects of wagsources management. It is highly
recommended to evaluate water quality data in lbae studies and include the results in the

assumptions and considerations of this thesis.

Finally it can be said that the suggested approantbe viewed as a recommendation and guideline
for future studies that address the complex is§uetegrated Water Resources Management in an
environment suitable for the implementation of Mgerh Aquifer Recharge. Further research on the

topic of integrating MAR to the IWRM concept is tecpd.
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Appendix 1:  Simulated surface runoff case study Ja#&iPessoa 2000 - 2014
(after Schimmelpfennig et al., 2018)
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Appendix 2:  Distribution of growth stages over theyear to derive mean Kc values for
present crops of Jodo Pessoa case stu@yter FAO, 1977, Kumar et al., 2008,
Jayakumar et al., 1988, Teixeira et al., 2008)

Pineapple Kc
Plant Date Oct
Jul
Aug
Sep
Jul Year 2
Aug Year2
Sep Year2
Kc mean 0.33 0.30 . . . . . 0.30 0.30 0.33 0.37
Legend iniial Stage © Development/ Mid-Season
Manioc Kc
Plant Date Oct Jul Aug Sep
Apr 0.3 o3
May 0.3 0.3 0.3
Jun 0.3 0.3 0.3
Jul b . 0.3 0.3 0.3
Kc mean 0.70 0.90 1.10 1.10 0.95 0.80 0.60 0.40 0.35 0.30 0.30 0.50
Legend Iniial Stage  Development Mid-Season
All Crops Jodo Pessoa - mean monthly Kc values

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Sugarcane 0.71 0.71 0.81 0.91 0.97 1.01 113 1.18 111 1.08 1.05 0.88
Pineapple 0.33 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.33 0.37 0.37
Manioc 0.50 0.70 0.90 1.10 0.95 0.80 0.60 0.40 0.35 0.30 0.30 0.30
Mango 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83
Coconut 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54

Policulture* ~ 0.62” 0.69” 0.76" 0.82" 0.777 0.72" 0.66” 0.59” 0.57" 0.56" 0.56" 0.56
* mean value of Manioc, Mango and Coconut
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MAR Groundwater Budgets for Jodo Pessso Management Units (Baseline)

Appendix 3:

A) Baseline Scenario - Do Nothing Approach
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B) Baseline Scenario - Strategy A
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Appendix 4:

A) Agricultural Development Scenario - Do Nothing Aoproach
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Appendix 6: MAR Groundwater Budgets for Jericho-Auja Management Units (Baseline)
A) Baseline Scenario - Do Nothing Approach
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C) Baseline Scenario - Strategy B

Baseline - Auja - Strategy B
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E) Baseline Scenario - Strategy D

Baseline - Auja - Strategy D
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Appendix 7:  MAR Groundwater Budgets for Jericho-Auja Management Units (ADS)
A) Agricultural Development Scenario - Do Nothing Aproach
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C) Agricultural Development Scenario - Strategy B
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E) Agricultural Development Scenario - Strategy D
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G) Agricultural Development Scenario - Strategy F
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Appendix 8:  MAR Groundwater Budgets for Jericho-Auja Management Units (Dry)
A) Dry Climate Scenario - Do Nothing Approach
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