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Preface

According to FAO, one third of the world’s total population lives in arid environments. The
climate has been always changing and in combination with human’s intervention in the
ecosystems more regions face common challenges with the arid regions.

Studying present water systems can give insights about the options available to different
cases in respect to water management as well as challenges in operating one. Studying past
systems gives on the other hand a broader view about the complexity of each system. A
water system is the child of specific environmental and societal conditions. The first form of
system is a reflection of both of them. However, as time progresses, interactions begin to
happen between the three of them. Eventually, the system shapes its surroundings, both
human and non-human and the limitations of the triptych are challenged. The interactions
are the most important factor in the endurance of the system and they can only be studied
and understood in the depth of time.

The water system of focus was never studied before and thus the first analysis performed in
this project serves to limit the framework in which the system was operating.
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Abstract

An archaeological field study led to the gathering of data for a past Omani irrigation system
of the 16™-17" century. The system was supplied with water from a main water system (falaj
systm) and the cross-section in the water system is well preserved. Hydraulic modeling was
selected in order to understand the interactions between the system-the environment and
the human agent. The water demand is not known but it can be estimated with assumptions
regarding the crops, the soil and the agricultural practices. Two scenarios on the input flow
in the system were made and in the hydraulic modeling different irrigation management
scenarios were implemented. From the modeling results, it can be concluded that the
system needed hydraulic structures for irrigation in all fields to be possible. From the
hydraulic simulation and the water balance in the fields, stones that divert water are placed
in the fields after the completion of irrigation. The stone settings reveal that the system
needed co-operation from the inhabitants to work in order to satisfy the water needs. If
parallel irrigation in combination with hydraulic structures is performed then the irrigation
duration lowers but more farmers are needed. If the fields are irrigated separately, less
human force is needed but the irrigation duration raises a lot. Power relations between
canal systems, between the intakes of water from the main system and between fields
systems are reasons to believe that conflict had to be resolved between the users of the
system. Finally, potential locations for intake of domestic use and perennial crops were
identified based on the priorities directed by traditional agriculture.



Extevi|c llepiAnym

Elcaywyn)

H meploxy tou Bopelou Opadv xapoaktnpiletal amo &npo kAipa (Wikipedia.org). Amo ta
apxaia xpovia OUwWGE, oL KATOLKOL £EXOUV KaTadEPEL va KAAALEPYOUV UEYANEG EKTAOELS E TNV
KaTtookeun €8IKWV cuotnuatwy petadopdc vepou, ta aflaj (evikog:aflaj) (Al-Ghafri et al,
2003). Mo CUYKEKPLUEVA, EWEG KAl TNV TWPLVA €MOXN TA CUOTAUATA XPNOLLOTOLOUV E(TE TO
VEPO TIOU CUAAEYETAL OTa Bouvad £ite TO EMOXIKO VEPO ota Asyopeva wadi. ITnv mepintwon
oUA\OYNG UTtoyElou VEPOU, TO CUCTNUO KATAOKEUNG (YWWOTO KAl w¢ ganat) anoteAeital ano
OTO£G 0 USATOTEPATO METPWHA UE KATOKOPUPA TOUVEA yla AEPLOUO KOl ETILOKEUEG TIOU
e€eAlooovtal 0 AVOIKTOUG Oywyoug ylo TNV UETOdOPA TOU VEPOU OTLG KOAALEPYNOLUEC
ektaoelg (Shahalam, 2000). Ztnv nmepintwaon mou To vepd GUAAEYETAL amo TNyEG ota Bouva,
TO oUOTNUA QNMOTEAEITOL QMO TOUG OYyWYOUG UETOPOPAC TTOU KOTAARYOUV OTOUG OLKLOUOUG
EVW TENOG av To cloTNUA TPododoTeital and eMOXLIKO VEPO TOTE ATOTEAE(TAL ATIO AYWYOUG
€KTPOTAG. Ta cuoTHUOTA SLAVEUOUV TO VEPO WE TIPOTEPALOTNTO OTNV OLKLOKN XPNOoN OMwWE
daivetal anod To MApaKATW OXAUOL:

Water Source

Drinking

Mosques and forts

~

Men bath Domestic

Women bath

Washing

» —
o

Date palms and trees

Agricultural

Seasonal crops

Crain

IxAuna 1. Mpotepardtnta xpriong vepou o€ ovotnua falaj. (Mnyn: Shahalam, 2000)

H meploxi Aoyw tou evllad€povtog mou apPoucLAleEL KivOE TNV TTPOCOXH OPXALOAOYLKWVY
opadwv. Mia amod auTEG elval n apxaloAoylkeg opada tou Mavemiotnuiov tou Leiden, n
orola ouvélefe Oedopéva amo €va opSeuTIKO cuoTnua PaplTNTAG TNG TEPLOXAG HE
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QMWTEPO OKOTIO TNV KaAtovonon tng kadnuepwng {wng Twv KATOKwVY TNV mponyouuevn
XWALETIO O€ Eva OPLAKA EPNULKO TtEPLBAAAOV OTIWG QUTO.

H kotookeury tou cuothuatog dpdsuong xpovoloyeital tov 16°-17° uX awova Kot n
eykataAewpr tou otig apyxéc tou 20°° awwva (Costa and Wilkinson, 1987). H meploxn
Bpioketal avapeca ota Pouva Kkat otnv mapabaAldcola TOAn Zoxdp. To ouotnua
Tpododoteital pe vepod anod €va falaj to omolo evwvel ta Bouvd pe tnv Zoxdp. To €idog
vdatikol ToOpou amod Ttov omoio tpododoteital Sev elval yvwotd kabBwg n apxn tou
ouvotnuatog &ev €xel evtomlotel akoun. Ev toutolg, n HeyaAn tou éktaocn (mavw omo
36,5km) koL to yeyovog OtL Sev €xel BpeBel KATOLOG OywWYOC EKTPOTING TIAPATIEUTIOUV OE
olOoTNUA TIou Tpododoteital amod UTIOYELo VEPO 1 amod vepo Tnyngs. Ta SUo cuoTAUATA AUTA
€xouv Mo otabepn por 6Ao tov xpovo. Tnv ibla mepiodo daivetal otL Aettoupyovoav Suo
AA\a cuotiuata Tou Bplokovial KATAVIN oUTOU TOU OUOTAMATOG dapdsuong, Ta omoia
XPNOLUOTIOOUV KoL AUTA vepO amo To falaj.

H nmapouoa epyacia anookomnel otnv untofonbnon Twv oTOXWV TNG APXALOAOYLKNG EPEUVAC.
Mo CUYKEKPLUEVQ, OL OTOXOL QUTOL Elval n KaTavonon Twv aAANAETIIOPACEWVY TWV KATOKWVY
LE TO CUOTNUA, O EVIOTILOUOC TIBOVWY TIPOBANUATWY TTOU UTtopEL va avTipetwriayv Kabwg
Kal n euPabuvon oOTIG OXECELG OUVEPYOOIAC TIOU QTALTEL TO oUOTNUA YloL TNV EMLTUXA
KAAALEPYELO KOPTIWV.

Apxika Ba yivel avadopd cuvomtikd oto Bewpntikd umoBabpo oto omoio PBaociletal n
epyoaoia. Itnv ouvéxela avaAUETOL CUVOTTIKA N peBodoloyia Tou xpnowlomolibnke, To
EVVOLOAOYIKO HOVTEAO KaBw¢ Kol ol mopapétpol mou &ev AndOnkav umdpel. Meta
napouctalovtal KoL EpUNVEVOVTOL Ta AMOoTEAEoUATA oMo To Aoylwouilkd Sobek 1D kat amod
Vv avaluon 6edopévwy. TENoC Slvetal Hio CUVOTITIKA TIAPOUGCIAc TWV CUUMEPOOUATWY
amo TNV CUVOALKNA €pEuval.

OewpnTIKO VTIOBaOpO TG Epyaciag

H epyaoia Baoiletal otnv SouAeld Tou KowvwvioAoyou Bruno Latour. O Latour (Latour, 1996)
urootnpilel OtL ywa TNV Katavonon twv aAAnAemdpdoswv o€ pila Kowwvia TPEMEL va
E0TIOOOUE OTA QVIIKEIPHEVA TTOU Xpnotpornotolvtal. O 0pog AVTLIKEMEVA XpNOLUOTOLE(TaL
yla KABE TL TOU €XEL UAIKEC SLOOTAOELC KoL LBLOTNTEG. Ta avikeipeva aAAnAoemidpolv UAKA
OAAG KOl TIOALTIOTIKA HE TOV AVOPWIO HECW TWV TMEMOLONOEWV TOU £€XEL yla QUTA KoL
OUVETIWG N UTapén toug oploBetel Ti¢ aAAnAenidpaoelg. H vAomoinon tng dpbdeuong otnv
nepimtwon €vog apdeUTIKOU CUOTAUATOGC TIPETEL Vo Tpaypatomolnbel péow Twv
OUYVKEKPLUEVWVY KOVOALWVY KOl TOU OUYKEKPLUEVOU edadouc pe okomd va apdeloel Ta
OUYKeKpLUEva xwpaddla. O Eptoev (2010), mpoteivel tnv xpnolpomnoinon tng udPAUALKNC
povtelomoinong w¢ peBodoloyia oUVEEONC TWV OQVTKEWWEVWY HE TOV avOpwrivo
apayovta.



To cvoTNNX

To ovotnua (Zxnua 2) tpododoteital anod to falaj oe 2 onueia.

IxAua 2. To apdeutiké ocloTNHAL.

Me0oSoAoyla

H pebBobdoloyia amoteleital amd tnv avaluon twv Oebopévwv wG €XOouv Kal TNV
povtelonoinon oto udpauAilkd povtélo Sobek. Ta debopéva mou €xouv 60Bel yla tnv
Tipaypatonoinon avaAUoswy eival Ta UPOUETPLKA OTOLXELO TNG TIEPLOXNAG, Ol SLAOTACELG TWV
KavaAlwv Tou apSeuTikoU cuoThpatog Kal Tou falaj, dwtoypadieg yla tnv katavonon g
dwataéng tou ouotAuatog, n TomoBeoio METPWV TOU €XOUV XpnoLldomolnBel yla tnv
oploBétnon twv xwpadlwy, n tomobecia KATOWWVY TEWV OTO cUOoTNUA KoLl n tomobeoia
KTlplwv TOU OLKLopOU.

AvdAvon Apxikav Sebousvwv

H avaAuon twv apxikwv O&edopévwyv meplhapPfdavel tnv oUykpLon Twv UPOUETPLKWY
6ebopévwy pe TNV tomoBeoia Twv KOVAALWY Kol TwV Xwpodplwv. AUTO OTMOCKOTIEL aPXLKA
OTOV EVTOTIOUO TWV OXECEWV €€APTNONG TWV Xwpadlwy Otav o Tpomnog tpododdtnong Tou
vepoU elval amod xwpadl oe xwpadt Kal katd dsUtepov otnv opadomoinon Twv xwpadpLwv
nou tpododotouvtal anod Eva CUYKEKPLUEVO cloTnUA KavaAlwy. Emiong, To yeyovog OtL to
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cuotnua tpododotel Ta xwpadla péow Baputntag Sev onuaivel 6TL OAa Ta KAvAALo £XOUV
Aoyo Umapéng KABwE N KATAOKEUN KATIOLWV oo autd SuvnTikd pmopel va eixe amodevyBel
amnod TNV eENEKTACN AAWV CUCTNUATWY. H avaAucon auTr OKOTEVEL KON OTO VA KATAVONOEL
TNV XPNOLWOTNTA Tou KABe cuotiuatog kavaAlwv. Ol opadonol)oeLg mou yivovtal otnv
OUVEXELO XPNOLLOTIOLOUVTOL OTO OTHOLUO TOU MOVTEAOU.

Evvolodoyiké povtédo, Bnuata Movtedomoinonckatr MéBobo¢ Emeéepyaciag
AmoteAsouatwy

Mapoxn ’ Tdotnpa ) ZATtnon
vepol vepol vepol

Kupiwg obotnpa ZloTnpa apdeuong KahAigpyeieg,
(90¢-100g aiwvag) (160¢-170g aitvac) avaykeg oikiopod

+

Mnyn

+

KAipa

Ixnua 3. Meviko oxnua apdeuong.

ZtnVv nepintwon tou eéetaldpevou cuoTNUATOC dev elval yVwWOTEC OUTE OL TTAPAPETPOL TTOU
oxetilovtal pe tnv mpoodopd vepolU OUTE OUTEG Tou OXeTilovtal pe tnv IAtnon. H
ofeBatotnta ¢ IATNONG avtlpetwniletal pe TV dnuloupyla oevapiwv. OL KaAd
Sdlatnpnuéveg dlaotaoelg tng dtatopung tou falaj mplv Tou onueiou eKTpomng Tou vepol oTo
cvotnua apdeuvong kablotolv bkt tnv Meplypadr Twv oevapiwv o€ cuvaptnon UE TO
MEYlOTO €Timebo vepoU TOU ETUTPEMETOL OTO KOAVAAL [0 TNV QVILLETWTON TNG
aBeBatotntag TnG {NTNONG, N ool LOOUTOL HE TIG AVAYKEG TwV GUTWV TTOU KaAALepyoUvTal,
ETUALYETAL WG OVTUTPOOWIIEUTIKOC KOPTOG TOU OUCTHUATOC TOo owtdapl. Mia mpoodatn
€PEUVA OE TIEPLOXI KOVTA OTO OpSEUTIKO OUOTNHA YLa TI AVAYKEG OE VEPO OLTAPLOU Sivel pia
KaAr ektipnon (Norman et al, 1997). Emiong yivetat n uméBeon otL n dapdeuon
enavaAappavetal kabe 10 pépeg. Mpodavwg avayvwpiletol OTL OL AVAYKES TWV KOPTIWV OF
vEPO, AOYW YEVETIKWV TPOTIOTIOLOEWY, £xouv oAN&EeL o oxéon pe tov 16° awwva (Zhu et al,
2015). Enmiong mpodavwe to ottapt dev Ba ATav o HOVOG KOPTOC Tou KaAAlepyeito. Ev
TOUTOLG Yla AGyoug armAomoinong n emthoyr Bewpeitat KaAn.



Mioe AAAn mapduetpog mou emnpedlel tnv Aapdeuon eivar to €dadog. To €dadog
OVTUTPOOWTEVETAL OTO HLOVTEAO Ao tov pubuod dtBnong tou vepou. Zav emthoyn edadoug
eTUAEXONKe éva Aaomwbdeg £6adog To omoio daivetal otL umtdpxel otnv eploxn(FAOa). Evag
AaAAoG Adyog elval ol mMapATNPNOELS TWV OPXOLOAOYWY TAPATEUNOUV O eUdopo £6adog
anokAeiovtag tnv mbavotnta 1o €dadog va eival dpylhog 1 appog. H dinbnon ennpealetat
KOL OO ToV XPOVO NG dpdeuong OMwe Kal armd tnv mopoxn vepou. Ouwg, n avaiuon
gvalobnolag mou Tmpayupatomolionke €58el€e OTL OL CUYKEKPLUEVEG TOPAUETPOL Ttailouv
HLKPOTEPO POAO arto To €idog tou eddadouc.

JTO UOVTEAO UTELOEPYXETOL KoL N HEBodog apdeuonc. Mo oUYKeEKPLUEVO OTNV USPOUALKA
povtehonoinon egetalovral:

A) H mapdAAnAn apdeuon 6Awv Twv xwpadLwv

B) H apbeuon amo ta avavin xwpddla ota katavtn. H tpodpodotnon unopel va adopd 6Ao
TO oUOTNUA ] EVA CUCTNHO KAVOALWV.

N H apdeuon amod ta katdvtn xwpddla ota avavin. H tpodpoddtnon unopel va adopd 6Ao
TO oUOTNUA ] EVA CUCTNLO KAVOALWV.

A) H apbdeuon os opadeg xwpadlwv mou Tpododotolvtal amnod To (510 KavAAL e TNV TEXVLKN
arnd Ta avAvTn oTa KATAvTn

MNna tnv edappoyn twv B,[,A tomobetouvtal MUAEC OTO OUOTNUO. XTIC TIOPASOCLAKEG
TIPOKTLKEG TOV POAO TwV MUAWV Ttal{ouv METPEC.

MNapapetpol mou dev AndOnkav umoPet sival n e€dtuion ota kKavaAwa, n dwbnon ota
KavaAla, n mapouvcia Twv peptwv UALKWY Kal TEAOG ol aAAayEG otnv {ATnon Tou vepol Aoyw
S10pOpPETLKOU OTOXOU 0OBELAG.



Eiopon
vepol

Aoun Tou
guaTfparog lfl:::‘ Aiavopf
PuBpiozig
pofg vepol
Pubpog .
Eiopon oTo . Mapoyn aTig
MpwTo Xwpadi Gmgg:cr;g;m kahhépyeieg
EEapTwpeva
Xwpagia
Eiopon oto Pubpog Evamopeivwy
Teheutaio dinBnaong ato VEPO OTIG
Xwpadi £dagog kKaAhiEpyeieg

IXAua 4. AlavonTtiko LovtéAo.

2TO MOVTEAO ETUAEYOUUE VA ELCAYOUUE OAa Ta XWPAPLO TTOU UTAPXOUV £TOL WOTE Ta
OTOTEAECUATA VO EVOL QVIUMTPOCWIEVUTIKA WG TIPOC TNV KOTAVOWN TWV powv Kol va
eUPaVIOTOUV OXECELG POTEPALOTNTAC HETAEL TOuC. Otav ta xwpadla dev tpodpodotouvral
amo KavaAl ekpong €xouv emadn HE €va KOVAAL Kal umapxel n Suvatotnta va
tpododotnBoulv amd autd péow NG Bapltntag. Ze auth TNV nepimtwon Bewpeital ot pia
TETPA IO TO KAVAAL adatpeital €tol wote va entevxBel n apdevon tou kavaAlol. Itnv
nepimtwon mou 8ev umapyxel enadn UE KAVAAL TOTE TO XwpAdL AVAKEL 0 pla opada
xwpadlwv ta onoia tpodpodotouv Tto éva To dAAo. O tpodmog tpodpodotnong, dedopévou otL
Sev €xel BpeBOel kAmMolo XWHATIVO KOVAAL Bewpeital Ot yivetal péow ¢ adaipeong piag
TIETPOLG OO AUTEC TTOU 0PLOBETOUV TO XWwpadL.

2TO Onuelo autd TPEMEL vl SLEUKPLVIOTEL OTL OTL( POCOUOLWOEL; BewpnBnke OtTL OTAV
Eekwvael n apbevuon OAa ta mbava nepaopata, eite and xwpadl oe xwpadt, eite and KavaAl
o€ xwpadL eivat avolytd. AKOUN, To aPSEUTIKO CUOTNUA XWPLOTNKE O €VOTNTEG OTOU Uia
evOTNTA amoteAel éva cUOTNUA KAVAALWY OTIWG AUTO €XEL OPLOBEL Ao Toug aPXaLoAOyoUC.



‘Etol éxoupe ta cuothpata B,C,D,E,F,G kat H. Kamolwa amdé autd ta cuothpata KAEIVOUV pE
Vv BorBsla MUAwWV pe okomo tv euBabuvon otov TPOTOo MoU AELTOUPYEL TO cUCTNUA.

Ma tnv mpooopoiwon twv oevopiwv ota omoia ta xwpadla apdevovtal mapaAAnia
akoAouBouvtal ta mopakATw Brpata:

I.  Emloyn oevapiou elopong vepou (20% i 80% tng pEylotng Suvatng)
II. Mpooopoiwaon pe to Aoylopiko Sobek
. Kataypadr tTwv powv og KABe xwpadL Eexwplota

ITIG MEPUTTWOELS B kat I émou n dapdeuon yivetal amd Ta avAvin OTA KATAVTN KAl TO
avtiotpodo akoAouBeital n Stadikaoia:

l.  Em\oyn oevapiou elopong vepou (20% ) 80% tng Leylotng duvatng)
II.  MNpooopoiwon pe to Aoyloutko Sobek

lIl.  Kataypadr tng porng £ite 0TO MO AVAVTN €(TE OTO MLO KATAVTN XwpAdL (avaioya pe
Vv uEbodo apdeuong)

IV.  Edappoyny uvdatikoUu tooluyiou ylwa tnv elpeon NG OSldpKelag tng dApdeuong
XPNOLLOTIOLWVTAC TNV XPOVOOELPA TWV ELOPOWV, TNV XPOVOOELPA TWV EKPOWV (av TO
xwpadtL tpododotel dAo xwpadl), Tov pubud dBNONG Kal TNV AMALTOUMEVN
TooOTNTA VEPOU.

V. TomoBétnon mETpag-mUANG OTO ONUELO TTAPOXNC TOU VEPOU YLO VO OTOULOTIOEL I pON
T(POG TO XWPAPL.

VI. TNpocopoiwon HE TO AOYIOUIKO YlLO TOV UTIOAOYLOUWV TWV VEWV POWV HETA TNV
TOomoB£TNON TNG METPAG.

VII.  Kataypadrl Tn¢ poAG OTO AUECWE EMOUEVO N QAUECWE TPONYOUUEVO YXwpPAdlL
(avahoya pe tnv pEBodo apdeuong).

VIII.  Zuvéxion tnc Stadikaciog Omwc mepLypAadpnKe MPLV E TOV UTIOAOYLOUO Tou USATIKOU
Looluyiou Kot TNV TomoBETnon METpag MUANG Otav £XeL LKavomolnBet n {ntnon vepou
Qo TO KAVAAL.

IX. Otav oAokAnpwBel n apdevon OAwv Twv Ywpadlwv mou Tpododotolvtal and éva

KOQVAAL TO KAVAAL KAELVEL PUE TTETPA-TIUAN.

H nepimtwon A poldlel pe v nepimtwon I pe v dtadopd OtL uapyeL pia mETpa mUAN N
omola QTOTPETEL TNV TIAPOXETEVON TWV KATAVIN XWPAPLWY WOTE va PEIVEL TO VEPO OTNV
emBupntn opdada xwpadwwv. Otav oAokAnpwBel n dapdeuon otnv opada TOTE n MUAN
OVvOolyEeL yla va TapoxeTeuBel n emopevn opdda pe tov idlo tpomo.

Jtnv mpoonabela eVPECNC EVOG TPOTIOU OVATTAPOYWYNC ATMOTEAECUATWY XWPLG OUWE TNV
emninovn Stadikacia tng nmpooopoiwaong dnuoupynBnke o deiktng IrrEf o omolog cuvdéel Tnv
Slapkela apdeuong e TNV €ktacn xwpadlwv mou cuvdéovtal Pe Eva KavaAl 1) cloTnua
KOQVOALWV KAl TNV tapoxn vepou o€ auto. MNpaktikd Ba umopoVcale va ToV EENYHOOUUE WG
€va HETPO TNG amodoonc pe Baon tov xpovo. O deiktng toovTal pe TNV SLAPKELA AVNYUEVN
W TPOG TNV EKTACT TWV XWPAPLWV KaL TNV TIapoxr VEpoU.
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Amotedéopata

To amoteAéopota MapouoLalovial OTOV MOPAKATW TiVaKa:

Nivakag 1. AmoteAéopata ano Tnv Xpron Tou LOVTEAoU.

) , ) Ewopor vepol |AnoteAéopata ) ) AplOuoG MeTpWV-
Zevaplo MéBobog apdeuong , , Awdpkela apdeuong ,
oto cUotnua | yla ocvotnua TWUAWV
NapdAAnAn apdeuonB0% tng pEyLotng Oha 28 fields with no water Kavévag
MNapdAAnAn apSeuonB0% TnG péyLotng O\ 130fields with no water Kavévag
OAa ta ouotrpata | Amo ta avavin ota
avmxrdr:u Katdvmn B0% TNnG UEYLOTNG C 112 min 19
Ola ta Anata | ATo ta avd a
Taviti;t;u T T tmt\(;v\t’:]n ot B0% tng péylotng H 372min 33
'O\a T ouoTAaTa , ]
, , , And ta avavtn ota , )
OLVOLYTQA EKTOG ATIO TO KTV B0% tnG LEYLOTN( C 48min 16
H n
‘O\a ta cuoTHpata , )
, , , Ané ta avavtn ota , )
QLVOLYTA EKTOG ATIO TO KTV B0% TNG MEyLoTNg B 97min 31
H n
Ewopon 1 kAelotn kat | Amd ta avavin ota , .
H KAeoTo KaTdvTn BO% TG pEyLotng C 36min 17
'O\ KAeLOTA €KTOG | ATd ta avdvtn ota , .
, ) B0% tn¢ HEYLOTNG C 22min 16
anoto C KATOVTN
Etopor) 1 kAelotn kat | Amo ta ava a
topon 2K lo,m KoL Aot V ven ot P0% tng péylotng C 113min 17
H kAeloto KATAVTN
Ewopon 1 kAeloth kat | Amo ta avavtn ota , .
i , 0% tNnG peyLotng H 560min 33
C KAELOTO KATAVTN
Avolyté uoévoto B | Amd ta avavtn ota , .
otV £10pot 1 Kertéven 0% tng HEyLlotng B 396min 31
Avouto povoto B [ ApSeuon og opade
Gt:](f/ e‘Llopor'] 1 P xw;dd)tw‘\t ¢ P0% tng uéylotng B 580min 31

O &eiktng IrrEf umoAoyiotnke yla To cuotnua KavaAlwv C KoL TNV TeEXVIKA apdsuong (amo

avavtn ota Katavin) dedopévou OTL UTIAPXOUV TIOAAEG TPOCOUOLWOELG yla To cuotnua. H

KOUmUAn IrrEf-mtapoxn mou mepvael amod ta onueia Sdivel pia moAu koA mpooéyylon. Edav

TPOCOECOULE KOL TA ATOTEAECUATA TWV TIPOCOUOLWOEWV ATtO TA AAAQ CUCTAHOTO KAVOALWY

pe TNV (Ola Texviki dalvetal OTL N KAUMUAN UMopel va TEpLypAPEL KoL QUTA. ZUVETWC,

6ebopévou piag mopoxnG UMopoUE va BPOURE TNV TLUN TOU CUVTEAECTH KOL OTNV CUVEXEL

Vv Sldpkela tg apdeuong ywa TNV dla mapoxn Kat yla pila ouykekpuuévn éxktaon. H

SLAPKELDL QUTH QVILOTOLXEL OTNV TEXVIKA ApSeuong amo ovAvin oTa KATAVIN HE TNV

XPNOLLOTIONGCN TIETPWV-TIUAWV.




IrrEf for Scenarios B1-5 IrrEf curve for all the B scenarios

00300 0035
0,0250
0,0200
00150
0,0100

0,0050

<
¥ = 4E-05x 55 ¢

R2=09944 o=
0,0000 0 + R0 4
0,0000 0,0500 0,1000 0,1500 0,2000 0,2500 0,3000 0,3500 0 0,05 01 0,15 02 025 03 035

Input discharge (m3/s) Input discharge (m3/s)

Ixnua 5. Aaypappata IrrEf-mapoxn yia to cbotnpo kavaAiwy C (aplotepd) Kal yia Tot OAEG TIG MEPLNMTWOELS (Se§Ld)

Me tov Oeiktn autov €ylve duvatn n ekTiPnon TG OUVOALKNG SLapKeLag t¢ apdeuong yla
OMA0 TO cuotnua pe 2 peBodoug. Itnv mpwtn pEBodo, n apdeuon yivetal and avavin ota
KOTAVTN ylo OAQ Ta cuoThpata mopdAAnAa evw otnv §g0TEPn Ao AVAVTN OTA KOTAVIN ylo
KaBe cvotnua Eexwplota . Eival epdavnc n peyain dtadopd otnv dtapkela apdeuong Adyw
SLapOPETLKAG TEXVLKAG.

Nivakag 2. AmoteAéopata yio Thv cUVOALKN SLdpKela TG Apdeuong.

, Ewopon vepou oo , , AplOuog
MéEBobog ) Aldpkela apdevong , ,
olotnua TIETPWV-TIUAWV
1 80% TNC UEYLOTNG 2h39min 125
1 20% NG UEYLOTNG 11h26min 125
2 80% TNC UEYLOTNG 5h4min 125
2 20% NG UEYLOTNG 21h50min 125
LUUTEPAC AT

lMNa tig oxéoelg e€ovoiag

e AmO TI TPOCOUOLWOELG KAl TNV TOMOBETNON TWV TETPWV-TIUAWY, €ival epudaveg otL
OTIG TIEPUTTWOELG TIOU €Xoupe tpododotnon vepol amd xwpddL oe xwpdadt, TO
avavtn xwpadt acket e€ovaoia ota KATAVTN XwpEAdLA.

e To nmpwrto onueio mapoxEtevong eivat USpaUVALKA aveEaptnTo amnod To SeUTEPO EVW TO
Seutepo efaptatal amd To MPWTO. TO AMOTEAECU UTOPEL va epunveuBel kal oe
OoX€0N LLE TOUG XPNOTEG TOU VEPOU Twv dU0 mapoxeteloewv. Omolog €xeL EAeyxo OTO
TIPWTO CNUELO TTAPOXETELONG UMMOPEL VO AOKAOEL EAEYXO OTO SEUTEPO KOl OE OAOUG
TOUG XPNOTEG TOU.

e Am6 tnv availucon Twv powv daivetal oOtL dU0 OCUCTAPOTO E£XOUV EYYEVNH
TPOTEPALOTNTA oTNnV dpdeuon to F kat to E.

Juunépaopa: Ou oxéoelg e€ovoiag oe éva cvotnua, dedopévng tng dpuong Twv avBpwnwy,
SnNULoUPyoUV ALTIEC CUYKPOUOEWY OTOUG aypOoTeG. lNa tnv opaAnl cuppilwon Twv KAToikwv
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TOU OUOTAMATOG, KATolou eiboug tomikn apxn €ival avaykaia wWoTe va TNPOUVTOL KOVOVEG

XPriong Tou vepou.

Mo Ta KaTavin apSEVUTIKA cUCTANATA

Otav elval avoLyTEG oL 2 TIPOXETEVOELS TOU ap&EUTIKOU CUOTHHATOG, SeCUEVETAL
oto cuOoTNUA PEXPL Kot To 90% Tou vepou Tou KUAAQ oto falaj. Zuvenwg, ekeivo To
Slaotnua oL XPAOTEC TWV KATAVIN aPSEUTIKWV CUOTNUATWwY O&v pmopolv va
EKUETAAAEUTOUV TO VEPO yLa Apdeuon TNG TAENG TTOU EPEUVHONKE.

H Sapkela tng apdeuong, yla ta €idn apdeuong mou npocopolwbnkay, eival Katd to
MEYLOTO TNG TAENC TNG Hiag pépag otig 10 pépeg (mou avilotolel otnv mepiodo NG
apSeuong). ZUVETIWG, N XPrion Tou vepoUu amod To cUoTNUA SEV ATIOTPEMEL TNV XPHON
TOU VEPOU Qo Ta KATAVTN cuoThpata epocov Sev yivetal TNV Sla oTLyun.

Jupnépaopa: Aladaivetal n avaykn UmapEnNg KAMOLAG CUVEVVONONG METAEL TOU apSEUTIKOU

OUCTAMOTOG KOl TWV KATAVTN apSEUTIKWYV CUOTNUATWY. MapdAAnAa, €lval onuavtiko va

TOVLOTEL N B€on MPoTEPALOTNTOC KoL Apa Kal e€ouciag ou €XEL TO CUOTNUA OE OXECN HE TA

Katavtn apSEUTIKA CUCTAHATAL.

Ma tnv péBodo apdeuong

2TO OEVAPLO TWV MEYAAUTEPWVY TIAPOXWV ELOPONC VEPOU, €val cUOTNUA KavaAlwy (To
ovotnua H) umnepyelhilel av MPooTaBCOUE VO QIMOMOVWOOUE TV apdeuon o€
QuTo.

Itnv meplmtwon mou n apdeuon yivetal mapdAAnAo o OAa ta Xwpddla xwpig
edapuoyn MeTpwv-tUAwy, kamota xwpadla umepxedifouv evw aAAa ou Bpiokovtat
o€ 1o XopunAd v opetpa Sev Aappavouv kaBoAou vepod. e xapnAEC MAPOXEC VEPOU
TAvw armo to 1/3 twv xwpadpuwv sv S€xetal vepo.

‘0Ooo mo moAAa cuotripata apdevovral mapAAAnAa pe TNV epapuoyr METPWV-TIVAWY,
TOOO HELWVETAL O CUVOALKOC XpOVOG TNG ApSEUONC TOU CUOTHHATOG EVW audvovtal
Ol TIETPEG-TIVAEC TIOU TIPETIEL VA TOTOBeTNBOUV amd TOUG XPrOTEC TOU CUCTAOTOC OE
pio ouykekpLUEvn Xpovikn Ttepiodo.

H xpnowuomoinon mepLocOTEPWVY UNXOVIOUWY eA€éyxou Sev amodépel amapaitnta
pelwaon ¢ dldpkelag tng dpdevong akoun Kat oto (dlo cuotnua.

Juunépaopa: Eival n amapaitntn n xprion METPWV-TIUAWY yLa TNV AmoTeAEoUATIKN dpdeuon

OAWV TWV XWpPaPLWV. I OXECN UE TNV TPAKTLKA APSEUONG OL AyPOTEG £XOUV Vo EMIAEEOUV

ovApeco Ot pia xpovoBopa TPAKTIK OpSeUoNC TOU OUWCG XPELAleTal AlyOTEPOUC

avBpwroucg yla va eriteuxBel ) og pla MPAKTIKA N Omolo HELWVEL KATA TTIOAU TV SLapKeLa

¢ apdeuong oAAG amaltel TNV CUMMETOXN TOAWV ATOUWV OTO cUCTNUA, TNV KOAN

ouvepyaoia Toug KoL ToV KOAO GUVTOVLOUO TWV KLVIOEWV TOUG.
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1. Introduction

1.1 An archaeological expedition

In 2014, archeologists from the University of Leiden carried out an expedition. Before the
expedition places of interest were identified with the help of satellite images. The region had
not been researched in detail before. Among many interesting features from different eras,
the irrigation system that is analyzed in this study stood out (Figure 1). The system is dated
to the Islamic period. Water is provided by a main water system constructed between the gth
and 10" century A.D.

Figure 1. The irrigation system (Source: Google Earth)

A year later (2015) the area was revisited in order for researchers to gather more data. The
most essential data concerning the irrigation system are the following:

e Elevation data: During the expedition elevation data were recorded with precision of
cm in features of interest such as the canal bed and the fields.

e Photographs: Several photographs of the irrigation system were taken.

e Dimensions: In order to understand the irrigation practices in the region, systematic
documentation was performed on the canal dimensions (with precision of 1 cm).

e Locations of buildings and structures: The location of the settlement structures and
field structures was recorded.
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1.2 Historical Background

In order to analyze the system, we searched for more information about the region and its
history. The irrigation system is located on the hinterland of the Sohar region as shown on
the map of Figure 2. The city of Sohar, which served as a port, was really prosperous (almost
12.000 houses) in the 10" century according to historians of that period (Williamson 1973).
The port was located at a strategic point of a large trading route. Some of the regions that
were involved in the trade were India, Africa and South Arabia. The political instability seems
to be the cause of both the rapid rise and the rapid decline of the city. The flourish came
either when the city was under the control of the Caliph of Baghdad or during a small
independence period. Different empires including the Seljuk Turks, the Portuguese and the
Persians controlled Oman until the 18™ century when the region came under the hands of
the local families (Yaruba and Al said dynasty).

Even though the physical properties of the coast do not favor the creation of a harbor, the
region had an important asset (Williamson 1973). The wadi (Wadi Al Jizzi) that reaches the
coast provides a natural connection between the mountains and the sea. In addition, it
carries the water that the port needs in means of perennial waters and groundwater aquifer.
It was in this wadi that a massive (up to 30km) water system was constructed (Costa and
Wilkinson, 1987). The system, which is called falaj al Mutaridh, was used in the 10" century
but probably was built in several stages. The stone water system has many features such as
inverted siphons and mills and was probably used to supply water to the palm gardens near
the Batinah coast. During this period, the palm gardens occupied an area four times larger
than the modern ones. The system also provided water to travelers and merchants passing
through the wadi and to nearby settlements. However, it is uncertain whether all these
advantages justify the project’s enormous size and the required investment for its
construction.

After the decline of the region, the water system did not function as it had in the previous
years (Costa and Wilkinson, 1987). One theory is that it ceased to work in the 12 century. It
is estimated, via indirect dating, that in the 17 century fields that were constructed in that
period reused the system. The irrigation system of focus is the most upstream field system.
According to estimations, the fields were abandoned in the 20™ century. Miles (Miles, 1877)
was the last to record the agricultural activity in the region and the usage of the water
system.
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Figure 2. Map of Oman (Source: http://www.lib.utexas.edu).
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1.3 From water to humans

1.3.1 Theoretical background

The general goal of this project is to understand more about the way people lived in this
settlement and, if possible, in the broader area. This corresponds to finding interactions
happening inside this area on a daily basis. We consider interactions among people and the
irrigation system, people and the general system, people and the environment and, if
permitted by the data, the system and the environment. Furthermore, we try to get a
glimpse of the societal aspects of this settlement.

While trying to identify the elements that make our society different than the society of
other primates, a group of sociologists turns to interactions (Latour, 1996). Their method is
to try to evolve the interactions into social construction. Another group of sociologists
suggest that this is not possible because interactions can never escape the social structure
surrounding them. Bruno Latour (1996), on the other hand, believes that both theories have
a flaw. In both theories there is a presumptive gap between interactions and social
structures. Also, they do not consider the difference between human interactions and those
characterizing the primate ones. Human interactions are more isolated and can occur even
when two persons are far away one from the other. Furthermore, two people can interact
while acting on different times. What makes these interactions possible is the existence of
objects. Primates do not use objects in the scale we do. This is why Latour proposes that we
should use objects as a starting point of a social analysis leading to both interactions and
social structure. But how can objects make such a difference? For a start, objects have
material properties. These properties enable them to be used by people in order to replace
their actions. Essentially, they do not imitate humans and their behavior cannot be
predicted. In other words, objects are not mere reflections of agency and we should address
them as agents themselves.

As to the argument that objects affect the social, objects interact physically and culturally
with humans and bring recurrent themes to them (Strang, 2014). The result of the
interaction cannot be deterministically derived and in the cultural level this happens because
each culture gives different meanings to the recurrent themes. As a final statement,
properties are always defined when we see an object in relation to something else. As water
engineers, we are interested in water and we look into the relation between water and the
structuring properties of the irrigation system.
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1.3.2 From theory to practice

In order to put the theory into practice we need to come up with a method to link objects
(structures in the system and water) to daily interactions. Ertsen (2010) has proven that for
irrigation systems we can use the analysis of flows in the system to gain insights about the
human agent. This can be achieved with hydraulic modeling. Hydraulic modeling shows how
the flows are distributed in a water system locally and temporally. This is information we
cannot extract from a water balance method of a water system. Flows can indicate possible
problems in dealing with the system and thus are linked to the human agent.

1.4 Traditional agriculture in Oman

1.4.1 Aflaj

Traditional agriculture in Oman is achieved with the falaj system (plural: aflaj). The term
means “a gap between two sides, a small creek or a small water conveying channel”
(www.unep.or.jp). It is estimated that 3.095 aflaj systems still function while about 1.064
have been abandoned. Evidence shows that the first aflaj systems in Oman date back to

2500BC (http://whc.unesco.org). It is also believed that the technology was first used in
Northern part of Oman and then in the Southern part (Al-Ghafri et al, 2003). A strong
statement is that the population of a single area was dependent on the flow of the nearby
falaj system (Shahalam, 2001).

1.4.2 Source
There are three types of sources that can feed a falaj system:
A)Dawudi Falaj-the groundwater type

This type is known in other countries as qanat (Al-Ghafri et al, 2003). Water is derived from a
mother well (or multiple wells) located in the mountain mass. From there, sub-surface
tunnels (at a maximum depth of 50m) lead the water to the surface. The slope has to be
gentle so that the speed is not high and so that erosion is avoided. For ventilation and
maintenance purposes shafts are constructed. Furthermore, there are secondary tunnels to
ensure that the system has water in case of damage in the main tunnel. Generally, this type
requires a lot of initial capital from the construction. Typical width of the canals is 0,5-1m
and height 0,5-2m.
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B) Aini falaj-the spring type

The system consists of open channels that convey water from a spring to the desert area.
The lack of knowledge about the origin of spring water had led people in ancient times to
believe that there was an underground ocean. Also, the warm temperature of the water has
been linked to therapeutic properties (http://www.omanws.org.om/).

C) Ghaili falaj-the spate irrigation type

Water in this type of falaj derives from wadi beds and shallow groundwater aquifers through
infiltration and from rainfall. Moreover, the channels (with length from a few hundred
meters to 2 km) are usually open and they do not have water flow all year round. Finally,
their height does not exceed 4 meters.

Open Section Collection
Section
Water Use J\ Conveyance Section J | Mother

[ - Well
Underground Sectioh ! / -

\

: Agriculture

—_——— e — ]

- Water Table
- Groundwater zone

Rarstified
Zones

b. Cross-section of Ayni Falaj

SATURATEDZONE,
Groundwater = .

c. Cross-section of a Ghayli Falaj

Figure 3. The three types of aflaj systems and their source of water (Source: Shahalam, 2000).

17



There are several types of aquifers that are known to supply the aflaj systems with water
(http://www.unep.or.jp):

e Alluvial Aquifers in Wadis (renewable source, with limited fluctuating flows)

e Alluvial Fans Aquifers (limited flow with high velocity)

e Alluvial Plains Aquifers (high and stable flow, characteristic of the Al-Batinah region)

e Regional Aquifers (stable flow for long periods); Local Flow Systems (flow in Wadi
channel), Intermediate groundwater flow systems (often discharged into the sea),
Regional Aquifer Systems (large volumes from mountains to desert)

In dry months water is reduced by 50% and in dry years the reduction can be at the scale of
90%. Flow derived from intermediate groundwater flow systems is more resistant to change.

1.4.3 Distribution

In a video made by Unesco (http://whc.unesco.org/en/list/1207/video) about present falaj
systems it is stated that water in the falaj systems is enough for irrigation but not enough to
perform parallel irrigation of all canals. From the snapshots of the video and from
photographs in the same site (http://whc.unesco.org/en/list/1207/gallery/), we can observe
that in order to irrigate the fields, there are openings in the canal system,operated with
sluices. Sluices and stones are also used to isolate water so that it flows in specific parts of
the system at a time. Figures 4 and 5 show the use of stone instead of sluices and the flow
from an outlet to a field.

Figure 4. Diversion of water with stones in modern falaj system. (Source: yade.edu)
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Figure 5. Outlet in a falaj system in Oman (www.landolia.com).

The traditional priority in water distribution is shown in Figures 6 and 7. It is important to
note that agriculture comes last in priority and also that date palms are irrigated before
seasonal crops.

Figure 6. Irrigation distribution (http://www.4gress.com).
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Agticultural

Figure 7. Priority of use in aflaj systems (Source: Al-Ghafri, 2003)

1.4.4 Water shares and allocation

The users of the falaj can own/rent land and/or own/rent water shares. Some water shares
are owned by the community and are rented so that the community has money for
maintenance and public works. The private water shares are considered property and can be
inherited or even sold to users from downstream water systems. The shares are allocated
based on time (http://inweh.unu.edu/). Time management has been possible with the help
of the sun in the days and of the stars in the nights. A day is divided into 2 bada and each
bada into smaller units with the smallest one corresponding to less than a second. The one
bada corresponds to the duration of the night and the other to the duration of the day. This
method caused difficulty in the past because of the seasonal differences between duration
of the day and the night. An alternative method is the use of a cylindrical object full of water
and inside another object with specified volume and a small hole on the bottom for the
water to pass through. One water share is the time needed for the water to fill the smaller
object.

Irrigation rotation is dependent on the soil and the flow in the system, varying from 4 to 20
days. When there is a dry spell, irrigation rotation is altered so that all the flow is exploited.
Time corresponded to water shares is changed analogically and this is one of the advantages
of using time versus volume to define the shares. On the other hand, domestic use of water
is free of charge. Water is taken in a location that is upstream of the fields (Zekri and Al-
Marshudi, 2008) and thus water flow in the fields may fluctuate.
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1.4.5 Falaj administration

Figure 8 shows the hierarchical order for falaj administration. The roles of the administration
are (Al-Ghafri, 2003):

Wali
Dadhi
Sheikh
Andit Commuttes
Falaj Owners
Wall Al-Falay
l
| | | |
Tunnel Section Arif  Dallal Amin Al-Daftar Canal Section Arif
I I I
EBayadir Clerk Bayadir

Figure 8. Falaj administration, (Source: Al-Ghafri, 2003)

e Governor (Wali)

e Qadhi (Judge): Resolution of lasting conflicts using the Islamic law.

e Head of the village (Sheikh)

e Audit committee: Composed of village members and responsible for checking the
cash flow books of the falaj.

e Administrator (Wakil): Responsible for water shares, economic management of the
falaj, conflict management and general decision maker. The head of the villages and
the falaj owners assign him. If the falaj is relatively small the only management stuff
is the administrator.

e Assistants (Arif): Responsible for timing irrigation.

e Banker (Amin Al-Daftar): Similar duties to an accountant.

e Auctioneer (Dallal): Responsible for renting the water shares and organizing the
events for the auctions.

e Labor (Bayadir)
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1.5 Specific research goals:

e Understand the function of the system.

e Understand the limits, in terms of management, which are inherent to the system.

e Gain insights about the human actions the system required to function.

e Gain insights about the evolution of the system.

e Gain insights about priorities in the fields.

e Check if there could be possible conflict among the users of the system or with the
downstream field systems.

1.6 Chapters’ overview:

Chapter 2 focuses on the description of the system.

In chapter 3, the methodology is analyzed.

In chapter 4, the conceptual modeling is discussed.

In chapter 5, results from a raw data analysis are presented.

In chapter 6, the modeling process is analyzed, the scenarios used are explained and the
numerical results are shown along with brief remarks.

In chapter 7, the results are elaborated in order to provide insights about the system
regarding its social aspects.

Chapter 8 gives an overview of the general conclusions drawn from the research and
suggestions for future research.
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2. Description of the system

Input from the
main water

/ Erosion zone
0 0,1 0,2 km A
L 1 1 1 J

£ £10

Figure 9: The studied irrigation system. Water flows with gravity.

2.1 Canal system

The water enters the irrigation system from the main water system (Falah al Mutaridh) in
two intakes as indicated in Figure 9. The main water system is symbolized as canal system A.
The distribution of water is served by canal systems symbolized as B,C,D,E,F,G and H. Canal
system D could have served as drainage. It is also connected with canal systems E and G. It is
interesting to note that in the start of canal system D the field area is eroded. Figure 10
shows the erosion zone.
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Figure 10. Erosion zone (Photo from Wadi Al Jizzi Expendition 2014).

Canal system A is made of stone and is well preserved (Figure 11). Canal systems F and D
(Figure 12) are made of stone cement and they are both well preserved. In the other canal
systems the canal bed is not well preserved and rocks form the canals on both sides.

Figure 11.Channel A (Photo from Wadi Al Jizzi Expendition 2014).
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Figure 12. Channel D (Photo from Wadi Al Jizzi Expedition 2014).

2.3 Fields

The total area of the 180 fields is 68,082 m?. The fields have stone boundaries between them
(Figure 13). Some of them are terraced (Figure 14). Also, walls surround some of the fields
(Figure 15). Finally some fields have circular stone bunds (Figure 16) that probably
accommodated date palm trees.
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Figure 13. Stone boundaries in fields (Photo from Wadi Al Jizzi Expedition 2014).

Figure 14. Terraces in fields (Photo from Wadi Al Jizzi Expedition 2014).
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Figure 15. High walls in fields (Photo from Wadi Al Jizzi Expedition 2014).

Figure 16. Circular bunds in fields. Photo from Wadi Al Jizzi Expedition 2014.
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2.4 General Water system

2.4.1 Source

HAWR AN
BAAGHA

Figure 17. Main water system and parts (Source: Costa and Wilkinson, 1987).
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The source of the system is yet unknown. Costa and Wilkinson have commented that the
water system that nearby water systems are fed from a natural pool. During the field study
of 2014, a natural pool was found in the most upstream part that was reachable. This pool
could have served as the source of the main water system. Another possible water source is
the ganat system that was found near the pool.

2.4.2 Other field systems

By the time the fields were used (16" -17™ century) only the upper part of the falaj was
active. The irrigation system of focus consists of the fields at points 9-10-11 shown in Figure
17. Some remarks about the map of Figure 17:

e Fields at point 3. Costa and Wilkinson (1987) mention that the fields belong to a
Ya'riba or a post Ya'riba settlement and were used until recently.

e Fields at point 5. The book mentions that they were recently abandoned but does not
mention the period they were constructed.

e Fields at point 12. No mention about the time they were first used or abandoned.

o Fields at point 13. The book mentions that the fields belonged to Sihlat but there is
no other mention about the period of use.

e Fields at point 18. The book mentions that they were first used in the 9th-10th
century. No date of abandonment mentioned.

e Fields near Sohar (possibly from the 9th-10th century).

From the previous historical reference and the new archaeological updates it is safe to
assume that at least the fields at number 12 and the fields of the Sihlat settlement were
used simultaneously with the fields of focus. This means that there was a shared interest for
the water of the falaj. This may have been a major source of conflict between the
neighboring settlements.
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2.5 Flows

Due to the rock collisions along the water system, there are uncertainties regarding the
flows in the system. Also, no written records concerning the flows have been found.

2.6 Settlement

On some parts of the irrigation system, buildings were found that probably belonged to the
settlement that was using the system (Figure 18). None of these buildings has been
identified yet as a mosque, which means that we cannot be sure that the traditional
agricultural practices were being performed.

Figure 18. Water system and settlement location.
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3. Methodology

Two kinds of analysis are performed: the raw data analysis and the modeling analysis. In the
former, the elevation data are analyzed in combination to the location of the fields and the
canal systems. Then we identify the fields that are irrigated by the same canal system and
the fields that are irrigated by field to field irrigation. The fact that the irrigation system
functions with gravity does not mean that all canal systems were constructed to enable flow
to the fields they feed. There is also a possibility that canals coexist with other canals that
could potentially serve the same part of the system. A final goal of the raw data analysis is to
identify these fields.

Concerning the analysis that includes the simulation with the hydraulic software we know
that water systems are built to bridge the gap between water supply and demand. Figure 19
shows the scheme for this irrigation system. For our case, we know nothing about the input
of water and the water demand. This is why the methodology is based on the hydraulic
properties and scenarios are made for the unknown variables.

Input of Water Water
water ‘ System Demand
Main water Irrigation Crops,
system (9th- system (16th- Settelement
10th century) 17th century) needs
Source
Climate

Figure 19. General Scheme of the Water Balance in the System.
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3.1 Input of water

The water that is derived from a source located inside the mountain mass enters the

irrigation system through the main system (Figure 19). Presently, even in the winter months

there is no flow in the main canal or in the irrigation system. This leads to uncertainty

regarding the past flows and the scale of the volumes that entered the system. The amount

of water is dependent on the following factors:

Availability of water. The availability of water is dictated by the climatic conditions of
the area. The present climate in the Sohar region, in which the system is located, is
classified as hot desert climate (Wikipedia.og) and the annual rainfall is
approximately 108mm. The construction of the main water system, where the input
comes from, is estimated to be 1000 years old. From the historical sources it can be
implied that the area back then was arid. The proxy data that refer to Oman and the
Arabian Peninsula (Cook et al, 2010, Anderson et al, 2002, Liickge et al, 2001,
Fleitmann et al, 2003) and Northern Oman (Burns et al, 1998) are not detailed
enough for the studied period. Thus, it is safer to use the present climatic data.
Source of water system: The type of source (flood water, groundwater, spring or
surface water) is not known. Other falaj systems in Oman are known to be supplied
by stable spring water (Nagieb et al,2004)

Structural limits: The input in the system is limited by the dimension of the main
canal in the point of the input. The cross-section that is well preserved is rectangular
and has dimensions of 0,97m height and 0,58m width.

3.1.1 Scenarios for water supply

From the 3 parameters mentioned above, it becomes apparent that the best approach is to

explore the structural limits. Thus, in order to address the uncertainty of the unknown input

flows, two scenarios (Table 2) are created based on the water level at the point of the known

cross-section.

Table 1. Scenarios about the input flows.

Level from canal bed | Initial water level

Scenario (m) (m)
1 20% [of max water level 0,194 205,894
2 80%|of max water level 0,776 206,476
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3.2 Water demand

The water demand that this system was built to satisfy can be divided into the irrigation
demand and the settlement demand. Apart from irrigation, there hasn’t been any evidence
that the water was indeed used for the settlement. Settlement demand will be considered in
the analysis process, because no other means of water supply for the inhabitants were
found in the field study, but will not be modeled.

The irrigation demand is dependent on:

e The crops

e The regional climate

e The agricultural practice
e The soil

The crops and the climatic data dictate the crop needs in relation to the yields. The type of
the source of the systems limits the agricultural practice. For example, if the source of the
system is flood water then the system would only irrigate the fields after flood events, which
happens very few times in Oman. Finally, if there is no limitation posed by water availability,
the irrigation intervals depend on the soil.

We cannot be sure about the type of crops grown in the fields. From literature, it is apparent
that the date palms played a really important role in everyday life in the past centuries
(Dutton et al,1999). In this field system, at least in some fields, there are other crops. For
example, similar circular stone structures as those found in the fields, have been used in
fields today to accommodate date palms in one field, probably for the provision of shadow.
Therefore, in the fields with the circular structures, the crops that were grown must have
been other than date palms. Another observation about the system concerns the terraced
areas. The terraced areas are currently used to give priority to the crops derived from trees
so that they have secured their water supply (Britannica.com). If this practice were used in
this system, it would imply that in the different levels of the terraced areas different crops
were grown. Some crop types that are popular in Omani agriculture are sorghum, barley,
mangoes, fruit trees, wheat and alfa-alfa (Britannica.com). Other indications about the type
of crops grown in the fields do not exist. It could be assumed that the settlement would
desire enough food in order to survive but this cannot be proven in this stage.

In a recent study that was carried out in a field system in Northern Oman the water needs
were calculated for wheat and date palms (Norman et al, 1997). Today’s wheat is different
from the past one. The crops need more water (Zhu et al, 2015). Also, the climatic data
might be different. Due to lack of evidence, error could occur in calculating the past climatic
data and the water needs of the past crops. As a result, we use only the present climatic
data and the water needs from this study (Table 2). Also, for simplification purposes, it is
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assumed that all the fields contain wheat. Modern wheat has higher water needs than past
wheat but lower than date palms. This is why it serves as an average scenario for water
demand.

Table 2 shows the water needs from the study. The water needs in the study were used for a
specific interval. The interval is dependent mostly on the soil and secondly on practical
aspects of irrigation. More field capacity means larger intervals. Table 3 shows the water
needs adjusted for different intervals. The calculations have not taken into consideration the
evaporation in the fields.

Table 2..Water needs for wheat and date palms and calculation of averages (Source: Norman et al, 1997).

Plot Field 1 Field 2 Field 3 Field 4 Field 1 Field 2
Crop wheat wheat wheat wheat dates dates
Area (m2) 419 520 365 249 465 299
ETmax (mm) 344 358 411 377 1940 1943
ETa (mm) 305 332 358 345 1779 1611
S (mm) 41 29 23 17 44 52
Pe (mm) 48 28 24 10 262 337
IRR (mm) 272 333 406 531 1882 1245
Yields (T/ha) 3.7 3.7 4.3 3.9 25 29
Start day 4/11/1995 9/11/1995 | 29/10/1995 | 5/11/1995 | 31/10/1995 | 6/10/1995
Finish day 23/2/1996 7/3/1996 8/3/1996 5/3/1996 26/10/1996 | 1/10/1996
Days 111 119 131 121 361 361
Total amout 216 275 311 318 1473 1222
mm/d 1,95 2,31 2,37 2,63 4,08 3,39
Average mm per day 2,31 3,73

Table 3. Average water needs for different irrigation intervals.

Irrigation interval |Wheat (mm)
1 2
2 5
3 7
4 9
5 12
6 14
7 16
8 19
9 21
10 23
11 25
12 28
13 30
14 32
15 35
16 37
17 39
18 42
19 44
20 46
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3.2.1 Soil

The type of the soil in the fields is not known. The photo (Figure 20) shows that the top layer
is gravel. The soil in the general area of study is considered to be relatively fertile which
corresponds to loamy soils (FAOa). This is reinforced by observations of the area after rain
events. Therefore, the soil does not behave as clay or sand. The soil plays an important role
in the irrigation. It influences the irrigation intervals, the flow in the fields, especially for field
to field irrigation, and the water losses in the canals. Numerically, the soil type is reflected in
the infiltration rate.

Figure 20. Photograph from ditch in the canal system B. Photo from Wadi Al Jizzi Expedition 2014.

The infiltration in a specific moment for a specific soil is dependent on various factors. On a
semi-arid area where the groundwater table is low, the rate is mostly dependent on the
amount of water the soil receives and the duration of the rain/irrigation. At first the
infiltration is really high and then it lowers to the saturation rate. Using the Green Ampt
method, a sensitivity analysis was performed in order to understand the scale of error that
could be made by using a specific infiltration rate. The method uses the parameters of loam
and then for a specific amount of water supply and time of irrigation, it calculates the
average infiltration rate.
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Tables 4,5 and 6 show the results of the sensitivity analysis of the infiltration rate when we
change the irrigation amount and the duration of infiltration. Column 1 in each table shows
the total hours of irrigation. Column 2 shows the result of the Green Ampt calculations with
Matlab and Column 3 shows the hourly amount we give to the fields based on the total
amount and the total duration of irrigation. Each table corresponds to a different total
amount; table 4 uses total amount 33,375mm, table 5 uses 50 mm and table 6 uses 75mm
total per day. All tables refer to loam.

Table 4. Sensitivity analysis for different irrigation durations (Total amount: 33,375mm, Soil:Loam)

Duration of irrigation Mean infiltration mm/h St dev % (stdev/average)
(mm/h)
1 5,429 33,375 0,019710403 4%
2 >236 16,6875 Total irrigation amount (in mm)
3 5,127 11,125
4 5,05 8,34375 33,375
5 4,992 6,675
6 4,944 5,5625
7 4,903 4,767857
8 4,868 4,171875
9 4,835 3,708333
10 4,806 3,3375
Average 5,019

Table 5. Sensitivity analysis for different irrigation durations (Total amount: 50mm, Soil: Loam)

Mean %
Duration of irrigation | infiltration [ mm/h Stdev
(stdev/average)
(mm/h)
1 4,9 50 0,013382082 3%
2 4,765 25 Total irrigation amount (in mm)
3 4,69 16,66667
4 4,638 12,5 50
5 4,599 10
6 4,567 |8,333333
7 4,54 7,142857
8 4,516 6,25
9 4,495 5,555556
10 4,477 5
4,6187
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Table 6. Sensitivity analysis for different irrigation durations (Total amount: 50mm, Soil: Loam)

Mean %
Duration of irrigation infiltration mm/h Stdev
(stdev/average)
(mm/h)
1 4,51 75 0,009434 2%
2 4,406 37,5 Total irrigation amount (in
3 4,353 25 mm)
4 4,318 18,75 75
5 4,291 15
6 4,269 12,5
7 4,251 10,71429
8 4,235 9,375
9 4,222 8,333333
10 4,209 7,5
Average 4,3064

Table 7 shows the results of the sensitivity analysis of the infiltration rate when we change
the soil type for specific total amount of irrigation and specific duration of irrigation. The
result of the Green Ampt model is shown in Column 2.

Table 7. Sensitivity analysis for different types of soil (Total amount: 33,375mm, Irrigation duration: 4h)

Mean Infilitration rate | _ . N
Distance from average | Duration | Irrigation rate
mm/h

Clay 0,475 7,5241 4 8,35
Sandy Clay 0,808 7,1911
Silty Clay 0,968 7,0311
Clay Loam 1,246 6,7531
Silty Clay Loam 1,986 6,0131
Sandy Clay Loam 2,527 5,4721
Loam 5,05 2,9491
Silt Loam 12,244 4,2449
Sandy Loam 16,706 8,7069
Loamy Sandy 37,981 29,9819

Silt -
Sand too high

Mean 7,9991 2,9491

The sensitivity analysis shows that the selection of type of soil is important but the irrigation
amounts and the duration of the irrigation are not as significant as the type in comparison.
The infiltration rate chosen for the fields is the slit’s loam average rate that was calculated as
12,4Amm/h for 4 hours of irrigation and rate of 8,35mm/h. This corresponds more or less to
the saturation rate of sandy loam in the literature (Van Genuchten et al, 1991). During the
irrigation event, the fields receive the water in a limited amount of time. The saturation rate
is representative because it is reached really quickly and also for simplification purposes it
serves as a safe choice.
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Errors in the infiltration rate mostly affect the supply of water to downstream fields that are
irrigated from previous fields and not directly from the canals. This is because in order to
have run off from a field the input rate must exceed the infiltration rate and there must be a
thin layer of water in the field. This can create a false perception of the irrigation duration.
The results are amplified if the flow is too high.

3.2.2 Scenario for water demand

The scenario for the water demand was formed under the following assumptions:

e The soil is fertile and behaves as some type of loam.

e The water needs as described in the Northern Oman study, are satisfied with regular
irrigation throughout the wheat period.

e The irrigation interval is 10 days.

The above lead to irrigation needs 23,15mm every 10 days.

3.3 Water system

3.3.1 Irrigation method

There are three general types of irrigation in terms of field priority:

A. Simultaneous irrigation of all fields
B. Irrigating firstly the upstream fields and afterwards the downstream ones
C. lIrrigating firstly the downstream fields and afterwards the upstream ones

In order to achieve type B and C, hydraulic structures are needed to control the flow. In the
case of type B, after the irrigation completion in the upstream fields flow must be diverted
to the downstream ones. The opposite happens to the type irrigation type C. In the studied
system, the archaeologists found stones in some canal systems. These stones could have
been used for the diversion of water. In the modeling, we will use two different methods
which correspond to type B. In the first method, flow will run to both the upstream and
downstream parts of a canal. After the upstream fields have been sufficiently irrigated they
will be closed with stones. Then, when all the fields of a canal have been irrigated, stones
will be placed in the canal to stop the flow. In the second method fields will be grouped from
the upstream part of a canal or a canal system to the downstream. The canal will be closed
in the downstream end with a stone so that no other field will get water. When the irrigation
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has been completed the stone will be removed and will be put on the downstream end of
the next fields.

3.3.2 Structures in the system

The system is comprised of the canal systems, the borders of the fields, the walls, the fields
(terraced or not), the circular bunds and some buildings belonging to the settlement. Most
of them are considered as primary data in the analysis and their existence and dimensions in
the past system is not questioned in this study.

3.3.3 Stone settings

The primary purpose of stones-sluices is to divert water so that all the fields can be irrigated
and so that the irrigated fields do not flood. The sluices open and close in several places
inside the system. The settings are adjusted for each scenario.

3.3.4 Sequence of Fields

Some fields have no access to a canal or an outlet. These fields were probably watered by
other fields. Assuming there are two fields in a row, the first field is watered by an outlet or
by a canal. When water reaches a specific height which is controlled by the software (1mm),
it begins to run-off to the next canal. The sequence is determined by the raw data analysis. If
fields are found to be potentially irrigated by two fields, one field is chosen. The criterion for
this choice, wherever it can be applied, is the minimization of the number of fields that one
field could supply. The sequence of the fields is considered fixed and no changes are made in
them during the study.
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3.4 Validation of results

In order to consider a scenario realistic for this system, it must support the following:

A) The system was functional. The fields must have been sufficiently irrigated.
Scenarios in which fields are left without water could correspond to dry periods but
not average years.

B) The system was functional and at least 2 other systems downstream were
functional in the same period. The total irrigation duration of the system must not
exceed one third of the total available time of the falaj.

C) Flows must be in accordance with the dimensions of the canals.

Because of the lack of compelling evidence concerning the use of the system, the
conclusions refer mostly to excluding scenarios. The remaining scenarios are the ones with
the higher probability to have happened. At this point it is very important to highlight that it
is not certain that one of the remaining scenarios describes what was really happening. This
is because the scenario-making process is limited by the perception of the researchers.
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4. Conceptual modeling

An irrigation system is a complex system and only a simplified version can be perceived and
modeled. Figure 21 shows the way the system is perceived with the parameters discussed
previously:

Inflow of
water

|

Structure of
+ Distribution
the system

+

Gate (open
+ Drainage
close)

Elevation data =

Inflow to 1% Soil Water to
field infiltration crops
Fields of sequence
Inflow to Soil All water to
last field infiltration crops

~—

Figure 21. Conceptual modeling of the system's function.
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4.1 Parameters excluded from conceptual modeling

The parameters that were perceived but for reasons of cost benefit were not taken into

consideration are:

Loss of water due to infiltration or evaporation

Evaluation: The size of the system is small enough to assume that there is no water
loss (due to evaporation or infiltration) when water is transferred to the fields.
Changes in the perception of water needs by the farmers

Evaluation: In this study it is assumed that farmers knew empirically the water needs
for a specific yield from the start. Otherwise, the complexity of the simulation would
increase unnecessarily. Either way the error concerning the selection of the crops is
higher than the error from this approach.

Sedimentation

Evaluation: Sedimentation has not been taken into consideration. This assumption
was not perceived as risky because in many cases the canal bed could be observed
which means that the sedimentation has not been so effective in changing the
elevations.
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4.2 Synopsis

Table 8 shows the parameters and the number of scenarios for each parameter

Table 8. Parameters in the conceptual modeling and scenarios.

Scenarios
Parameters A B C
Inflow of water | 20% of max [80% of max
Distribution All open Up to down | Down to up
Structure Fixed
Gate settings Adjusted to each scenario
Drainage Implented if needed
Soil Sandy loam
Sequence of fields Fixed
Crops Wheat
Irrigation intervals 10 days
Elevation data Fixed

4.3 Sobek

For the hydraulic simulation, Sobek 1D was used. Figure 22 shows the modeling scheme in
the software.

Figure 22. On the left the System in the model and on the right the system from GIS data.
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In Sobek the model is further reduced. This is because SOBEK 1D cannot simulate surface
flow and overflow. In the model:

e Fields are canals with large dimensions (Figure 23). Irrespectively of the shape of
each field, the fields have rectangular cross-section.

Width = Length of canal — field = Area of the field
Width = Length of canal — field

The height of the canal-field is 5m so as not to disturb the simulation process. All 180
fields have been simulated separately in order to gain further insights.

The infiltration of the soil has been inputted as a lateral flow right after the weir of
the beginning or the start of the reach. The weir serves as the opening of the field so
that water can flow inside. The rate is multiplied by the area of each field, in order to
convert it into m>/s.

e At the end of the last field in the sequence, there are boundary conditions (Figure
23). To simulate the effect of the borders of the fields, weirs with really high
elevation have been put at the end of each field to keep the water in.

e Regarding the fields which have outlets, there is no hydraulic structure between the
outlet and the field.

e Forthe fields that are irrigated from the canals without an outlet, it is assumed that a
large stone from their borders is removed to let the water from the canal in. The
opening of the stone is thought to be about 35cm. This is achieved by putting an
artificial outlet of 0,5m and then a weir with a width of 35cm.

e For the fields that are irrigated from other fields, it is assumed that a large stone
from their borders is removed to let the water from the other field in. As in the
previous case the opening is 35cm.

e The elevation data are inserted in the cross-sections. For most of the fields there is
one cross-section definition and thus one elevation data. When the field is located in
a strategic point there is one extra cross-section definition in order to make the
elevation transformation smoother. In the canal systems there are at least two cross-
section definitions at each reach. The elevation at each definition is calculated with
interpolation between the two cross-sections but also between the reaches.

e Most of the canals are of rectangular cross-section, which is considered to be a
closed canal in Sobek. In order to simulate them as open canals, the height in the
cross-section definition has been set to 5m.

e When three branches intersect, there can be linear interpolation in only two of them.
This affects the continuity of the elevation and the slope in some braches.

e Generally, water is retained in the fields due to the borders of the fields. In some
cases there are high walls surrounding one or a group of fields. The effect was not
modeled.
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If the water level exceeds the maximum water level, Sobek will not make alterations
to keep the flows realistic. This means that when high flows occur in the system, they
will reach the fields instead of overflowing in the canals.

Boundary

reach

Field reach

Figure 23. Boundary and Field reach in the Sobek model.
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4.3.1 Determination of irrigation completion

The irrigation completion for each field is determined with the water balance method.

e For the first part of each field the time series of discharge is documented and marked

as Q;. The positive values mean that water enters the field.

e |[f the field is not connected to other fields on the downstream side then no other
documentation is needed. If the field has other fields on the downstream side then

the time series of discharge in the first part of the other field is also documented and

marked as Qqyt.

e When there is a sequence of fields the irrigation duration is calculated firstly for the

most downstream field.

e The water needed for each field is 23,15mm. The irrigation duration is time t when:

+ Water layer(t — 1) = 23,15mm +

Water layer(t) =
area area

Qin(t) =t Qout (i)

Where n is the irrigation duration of the field which is located right downstream. If
n<t then the gate which is put into the field downstream closes at n. If t<n then a
gate cannot be put in the field before time n to ensure sufficient water flow in the

downstream system.

The stones in the fields are simulated as weirs which rise enough after the irrigation

completion to prevent water from flowing.
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5. Raw Data Analysis

5.2 Elevation data
Could the construction of canal system F have been prevented by constructing E first?

The elevation lowers from F to E in the upper fields and from north to south. Figure 24
shows that Field 2 has the same elevation as field 3 but higher elevation than field 4 so
flooded water would preferably go to field 4. Water cannot flow either from field 1 to 5 due
to the slope or from field 3 to field 5 due to the higher upper parts. This makes the canal
system F essential for the irrigation of fields 1 and 5..

Figure 24. Canal system F and E in Raw Data Analysis.
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Could canal system E have been the extension of channel B?

According to the slopes (arrows in Figure 26 point to low elevations) channel C could have
been an extension of B. One possible explanation is that the fields supported by the canal
system C were built afterwards and the dimensions of the sub canals did not suffice to
supply the fields in C.

Areal

Figure 25. Canal system B and E in Raw Data Analysis.
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Could Channel C have been an extension of channel B?

According to the slopes (arrows in Figure 26 point to low elevations) channel C could have
been an extension of B. One possible explanation is that the fields supported by the canal
system C were built afterwards and the dimensions of the sub canals did not suffice to

supply the fields in C.

Figure 26. . Canal system B, D and E in Raw Data Analysis.

What is the function of channel D?

Channel D supplies water to the isolated field subsystem and to some southern fields of the
main system. Canal D could have been connected to canals E4 and E5 even if a connection
has not been found (Figure 26). Elevation data show that this is the only way that canal
system D could get water from intake 1 or 2. In all other cases topography does not favor the

flow to the system.
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5.2 Canal systems and fields.

From the raw data analysis each field was linked to one canal system. From this match, the
areas that each canal system irrigates were calculated (Table 9).

Table 9. Canal systems and areas they supply.

System [Areain m? Percentage
H 17418 26%
F 2512 4%
D G 11688 17%
E 10277 15%
C 5275 8%
B 19577 29%
other 1335 2%
all 68082 100%
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6. Experimentation with the System

6.1 Intake 1 and 2

Simulations were performed to understand the hydraulic connection between intake 1 and
2. The results show that if we close the first intake, the second intake gets more water for
the same flow in the general system. On the other hand, if we close intake 2 there is no
change in the flow of intake 1 (Figure 1).

Remarks from results: There is a power relation between intake 1 and 2. Users of the
irrigated fields by intake 1 have more power over users of the irrigated fields by intake 2
than the opposite.

Figure 27. Location of the two inputs in the system.
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6.2 Canal system H

System H is really unique for the general irrigation system because it has small canal
dimensions in comparison to the other canal systems, especially given the fact that it
irrigates 26% of the total irrigation area. This is the second largest area to be irrigated by a
canal system (after canal system B which irrigates 28% of the total area). Simulations were
performed in order to understand how realistic some stone settings are in regard to the
dimensions of canal system C. Stones were put in different places in the system.

Remarks from results: If water is diverted from system C, for the high flow scenario, the
water level in canal system H exceeds the maximum by 100%. If not, the water level is in a
permitted height. In the low flow scenario, for any stone setting, water level in system H is
realistic.

6.3 Canal system Cand H

In order to understand the hydraulic reasons for the relatively small canal dimensions in
system H and the role of system C, simulations were performed. In one set of experiments
elevation data were changed so that the average slope in the two systems is the same. The
second set of experiments focused on the width of the canal systems.

Remarks from results: In the present situation of slopes and canal dimensions, canal systems
C and H get almost the same amount of water (in the high flow scenario). The slope in canal
system C is relatively flat but this is reimbursed by its large width. If canal systems had the
same slope and the present widths, then the largest portion of water goes to system C. If the
systems had the same width with the present canal dimensions then canal system H gets
more water. The set shows that canal system C is constructed in a way to get equal portion
of water with H even though it irrigates a smaller area.

6.4 Experimenting with Management styles

The scenarios that were entered in the simulation were strategically chosen. The purpose
was to gain insights about the system with the least possible simulations. The simulations
focused on three systems; system C, system B and system H. Systems C and H are irrigated
from the same input source and they share water if there is no diversion of water. They can
show the result of different management types in dependent systems. Also, canal system B
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was chosen as a third representative because it irrigates the largest area from the first input.
Concerning the flows, two scenarios were used about the total discharge in the system; in
the first one the total input discharge is 80% of the maximum that fits the canal of the main
water system and the second is 20% of the maximum. Although the flows are unknown,
assuming that the system at some point could have functioned with the maximum input
discharge these scenarios serve analogically as a high and low discharge scenario. The above
scenarios were further specified with three different irrigation types. The first one is
irrigation with no stones in the canal systems. In this case, simulation shows what happens
to the fields without any human actions. Secondly, one where there is a maximum of one
stone in each field. And finally, one where stones are also put in main canals to prevent
water from running away from a specific cluster of systems at a time.

Time step of the simulation is 1 min and the simulated period is 2 days. The scenarios along
with the steps taken in each one are:

Steps for the type A scenarios:

e Simulate with Sobek 1D after removing all stones.
e Observe the flow in each field.

Scenarios:

A.1. No stones-80% of maximum input discharge.
A.2. No stones-20% of maximum input discharge.
Observation:

Some fields in canal system H and G do not get water at all, while others have really high
water levels.

Remarks:
It is clear that in order to irrigate all the fields effectively, human actions are needed.
Steps for the type B scenarios:

e Simulate with Sobek 1D after putting stones in canal systems if prescribed.

e Extract reach flows Q;, and Qo for the most upstream field in the system (Figure 29).
If the field belongs to a sequence of fields with dependency, then Qg is the flow in
the first reach of the next system. If not then Qg is considered to be zero because no
flow is considered to leave the system from the fields. This is an expression of the
borders in the fields.
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Qi Qout
Start of next field

o )

4

Canal-Field

Start of field

Figure 28. Location of Qin and Qout.

Calculate the water balance and mark the time in which the duration of irrigation is
completed.

If Qout is zero then we put a stone in the start of the system from the time of
irrigation completion until the end of the simulation period. If not, the water balance
for the next fields of the set is calculated. The minimum amount of stones is placed in
the entrances of the fields in order for sufficient irrigation to be achieved in all the
fields.

Simulate again in order to find the flows after the stone settings.

Extract reach flows Q;, and Qq: for the next most upstream field in the system. An
example in shown in Figure 30.

Direction of
Field targeted in flow
Simulation 2
—
Canal
L Sequence of fields
targeted in Simulation
1

Figure 29. Relation of fields in two consecutive simulations.
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B.1. Stones in fields after completion of irrigation-80% of maximum input discharge-no
stones in main canal systems. Goal: to understand the distribution, dependencies, priorities
in the fields and volumes of flows in the high flow scenario.

Results:

o |t takes at least 112 min to irrigate under these conditions the area that correspond
to canal system C. In this time, 19 stones are put in the system.

o |t takes at least 372 min to irrigate under these conditions the area that correspond
to canal system H. In this time, 33 stones are put in the system.

e Some fields (Figure 31) that are irrigated from canal system H do not get water
before the placement of stones in main parts of the canal system H.

Figure 30. Fields with no flow of water without stones in the main canal system.

e When there is a sequence of fields and the most downstream field is relatively large,
the last field needs more time to be irrigated than the first one. This means that the
first field in the row gets surplus of water in the attempt to irrigate all the fields
because water has to pass from this field with this modeling scheme.

Remarks: In this set-up it is not possible to irrigate first the downstream fields and then
the upstream. This is because the downstream ones may not get water at all before the
stones are placed in the system. In the case of a sequence of fields on the other hand, in
order to ensure sufficient irrigation stones are put only after the last field is irrigated.
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B.2. Stones in fields after completion of irrigation-80% of maximum input discharge- stone in
canal system H (Figure 32). Goal: to track differences in flows and irrigation time for system
C when system H is closed and to find the irrigation time for system B.

Figure 31. Location of stone in Scenario B.2.

Results

o |t takes at least 48 min to irrigate under these conditions the area that corresponds

to canal system C. In this time, 16 stones are put in the system.
o |t takes at least 97 min to irrigate under these conditions the area that corresponds

to canal system B. In this time, 33 stones are put in the system.
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B.3. Stones in fields after completion of irrigation-80% of maximum input discharge- stone in
canal system H + input 1 (Figure 33). Goal: to track differences in flows and irrigation time
for system C when more canal systems are closed.

Figure 32. Location of stones in Scenario B.3.

Results:

e |t takes at least 36 min to irrigate under these conditions the area that corresponds
to canal system C. In this time, 17 stones are put in the system.
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B.4. Stones in fields after completion of irrigation-80% of maximum input discharge- stone in
canal system H + input 1 (Figure 34) to prevent flow in the system. Goal: to track differences
in flows and irrigation time for system C gets the maximum amount of water.

Figure 33. Location of stones in Scenario B.4

e |t takes at least 22 min to irrigate under these conditions the area that corresponds
to canal system C. In this time, 16 stones are put in the system.

Remarks:

It is almost impossible for one person to move all 16 stones in 22 minutes.
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B.5. Stones in fields after completion of irrigation-20% of maximum input discharge- stones
as in scenario B.3 (Figure 33). Goal: to have insights about irrigation in lower flows and in
lower discharge in canal system C.

Results:

o |t takes at least 112 min to irrigate under these conditions the area that corresponds
to canal system C. In this time, 17 stones are put in the system.

B.6. Stones in fields after completion of irrigation-20% of maximum input discharge- stones
are put in canal system F and E (Figure 35) because these affect only flows in B. Goal: to have
insights about irrigation in lower flows and irrigation time in system B.

Figure 34. Location of stones in Scenario B.4

Results:

o |t takes at least 396 min to irrigate under these conditions the area that corresponds
to canal system B. In this time, 31 stones are put in the system.
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B.7. Stones in fields after completion of irrigation-20% of maximum input discharge- stones
are put in canal system C and input 1 (Figure 36). Goal: to have insights about irrigation in

lower flows and irrigation time in system H.

Figure 35. Location of stones in Scenario B.7

Results:

e |t takes at least 560 min to irrigate under these conditions the area which
corresponds to canal system C. In this time, 33 stones are put in the system.

e Some fields, as in the higher flow scenario, which are irrigated from canal system H
do not get water before putting stones in main parts of the canal system H.
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C. Stones in fields after completion of irrigation and stones in downstream part of clusters of
systems-20% of maximum input discharge- stones are put as in scenario B.6. Goal: to
compare irrigation duration with two different irrigation practices.

Steps for scenario C:

e Divide area in clusters of fields (Figure 37).

Figure 36. Cluster of fields in system B.
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e Follow the procedure as in scenario B with the difference that when the last field in
the cluster is irrigated the stone is put at the end of the next cluster keeping the non-
irrigated clusters without flows (Figure 39).

Irrigated
area

Figure 38. Stone location in the second cluster of fields.

Results:

e |t takes at least 580 min to irrigate under these conditions the area that corresponds
to canal system B. In this time, 31 stones are put in the system.

Remarks from results:

It takes more time to irrigate one cluster of fields at a time.

63



6.4.1 Synopsis of results

Table 10. Synopsis of results from experimentation with management styles.

Scenario Irrigation tecnhique | Input discharge [System | Duration of irrigation in system [Number of stones
All open Parallel irrigation 80% of max All 28 fields with no water none
All open Parallel irrigation 80% of max All 130fields with no water none
From upstream to
All open dowistream 80% of max c 112 min 19
From upstream to .
All open downstream 80% of max H 372min 33
From upstream to .
All open except for H downstream 80% of max C 48min 16
From upstream to .
All open except for H downstream 80% of max B 97min 31
1stitake closed +H | From upstream to
P 80% of max C 36min 17
closed downstream
Everything except | From upstream to
yrhing excep P 80% of max c 22min 16
from C closed downstream
1st itake closed+H | From upstream to
P 20% of max c 113min 17
closed downstream
1st itake closed+C | From upstream to .
20% of max H 560min 33
closed downstream
OpenonlyBin1st | From upstream to
P inp‘;t dowsstream 20% of max B 396min 31
Openonly Bin 1st
P inp\Lt Clustered fields 20% of max B 580min 31

6.5 Flows and irrigation time

In the end all the different scenarios of the same management type can be translated into
different flows in each canal system. Scenarios B1-5 provide information about how
different flows change irrigation time for system C under the same management practices.
In order to quantify the results, an indicator, IrrEf, is calculated:

Irrigation duration(i)
[Area(i) * (Input dls660harge(l)>

IrrEf (i) =

]

Where <lIrrigation duration(i)> refers to the scenario i where C gets <Input discharge(i)> in
ms/s. The area is the same in the case of system C. The units of IrrEf are minz/ms. The
purpose of this indicator is to serve as a converter of input flow into irrigation duration given
a certain area (Table 11).
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Table 11. IrrEf for different scenarios refering to C system.

Input o
. Irrigation
) discharge )
Scenario IrrEf inC duration [Area (mz)
(min)
(m®/s)
B4 0,0002 0,3053 22 5275
B3 0,0008 0,1489 36
B1 0,0163 0,0216 112
B2 0,0031 0,0496 48
B5 0,0233 0,0153 113

From Figure 40 we can conclude that the results follow a curve:

IrrEf for Scenarios B1-5
0,0300

0,0250

0,0200

IrrEf

0,0150

0,0100

0,0050

y = 4E-05x°1555
¢ R2=0,9944
0,0000

0,0000 0,0500 0,1000 0,1500 0,2000 0,2500 0,3000 0,3500
Input discharge (m3/s)

Figure 39. Chart of IrrEf for Scenarios B1-5.
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If we add the results from the other B scenarios we can see (Figure 41) that the curve
remains more or less the same. This means that the curve can be used for all the canal
systems. More specifically, if we have a canal system that receives a specific input discharge
we can find from this curve the IrrEf. With the IrrEf, the area of the region and the specific
input discharge we calculate the irrigation duration. It is important to note that this duration
corresponds to the management practice in which the system is irrigated from upstream to
downstream and to the stones are put after the irrigation completion.

IrrEf curve for all the B scenarios
0,035
*
0,03
0,025
0,02
&
0,015
0,01
0,005
¢ y = 3E-05x 1612
0 o R2=09916
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
Input discharge (m3/s)

Figure 40. Chart of IrrEf for all B Scenarios.

The practical meaning of the curve is that if we lower the total discharge in the subsystems
the duration of irrigation increases in a non-linear way.
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6.6 Irrigation duration of the system

We can use the IrrEf to estimate the irrigation duration in any system without the time

consuming steps described in type B Scenarios. Two scenarios of management

(Simultaneous irrigation and Irrigation for one system at a time) and two scenarios of total

discharge (20% of total discharge and 80% of total discharge) were implemented.

6.6.1 Simultaneous irrigation from upstream to downstream

The steps for the scenarios of simultaneous irrigation are:

Simulate with Sobek 1D.

Convert each system’s input discharge to irrigation duration. In order to do that we
find the IrrEf from the curve for the observed input discharge. Then we multiply the
converter with the area and the input discharge. This is how we find the irrigation
duration.

Close with a stone the first system to be irrigated.

Calculate the areas which were irrigated in the rest of the system.

Simulate again to find the new flows in the canal systems.

Convert the input discharge to irrigation duration for the remaining areas of each
system.

Close the first system to irrigate all of its remaining area.

Simulate again and follow the same procedure.

Table 12. Example of calculation step of the procedure.

System C System B System H System F| SystemE System D+G
Discharge (m3/s) 0,031 0,144 0,040 Already 0,114 0,024
Area (m2) 5275,000 18177,497 16810,581 irrigated 9029,113 11241,913
Time/(area*input) 0,008 0,001 0,005 0,001 0,012
ESt'mait:‘:n?: ration| 79,456 106,984 217,426 61,229 199,266
Areairrigated (mz) 4064,953 10403,395 4734,013 9029,113 3454,334
Areato beirr(m2)| 1210,047 7774,102 12076,568 0,000 7787,579

Results:

With 80% of the maximum total input discharge in the system, total time of irrigation
is 2hours and 40 minutes. In this time approximately 125 stones will be put in the
fields. This corresponds to 1 stone every 1min and 16s.

With 20% of the maximum total input discharge in the system, total time of irrigation
is 8hours and 45 minutes (125 stones). This correspond to 1 stone every 4min
approximately.
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The following figures show the change of input flow with time during irrigation. Each line
represents a different canal system. When the irrigation is completed and a stone is put
on a canal system, there is sudden drop in its line. On the other hand, when there is a
sudden rise in a line, it means that flow has suddenly become available due to irrigation
completion in other canal systems. We can conclude that in high flows the canal systems
(B,E,D,G,F) that connect with input one have priority in flows in general (Figure 42),
whereas system C has high flow in regard to the area it irrigates (Figure 43). In lower
flows, on the other hand, systems H and E seem to be in priority (Figures 44 and 45). The
canal systems that keep their priority in both flow scenarios are E and F.

Flows-80%total discharge
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Figure 41. Evolution of discharge in each system with the progression of time and the placement of stones (80% of total
discharge scenario).
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Figure 42. Evolution of discharge per area in each system with the progression of time and the placement of stones (80%
of total discharge scenario).

68



Flows-20%total discharge
0,07
0,06
0,05
0,04
—o—System C
g ~fli—System B
_E. 0,03 === System H
@
3 =>&=System F
=
=i=System E
0,02
=@-System D+G
0,01
0 o
100 200 300 400 500 600 700 800
-0,01
Time form the start of simulation (in min)

Figure 43. Evolution of discharge in each system with the progression of time and the placement of stones (20% of total
discharge scenario).
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Figure 44. Evolution of discharge per area in each system with the progression of time and the placement of stones (20%
of total discharge scenario).
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6.6.2 Irrigation of one system at a time from upstream to downstream
The steps to calculate the irrigation duration of one system at a time are:

e Place stones so that only one system gets water at a time.
e Simulate with Sobek1D to find the input flow in the system.
e Calculate with the converter the irrigation duration.

e Repeat for every system.

e Add the irrigation duration of each canal system.

Results:

o With 80% of the maximum total input discharge in the system, total time of irrigation
is 5 hours and 3 minutes. In this time, approximately 125 gates are put in the fields.
This corresponds to 1 gate every 2min and 25s.

e With 20% of the maximum total input discharge in the system, total time of irrigation
is 21hours and 49 minutes (125 gates). This correspond to 1 gate every 10min and
30s.

General remarks:

It takes longer (almost 4 times longer) to irrigate when the irrigation is done separately.
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7. Analyzing the results

7.1 Falaj system

The fact that the main water system seems to derive from the mountains, combined with its
massive length, link to a spring or groundwater type source. Also, the water system is
located in higher elevation than the wadi and although the two are at some places close the
one to the other, a diversion canal was not found. In conclusion, most probably the flow in
the system was rather stable.

7.2 Stone stories

For each management practice simulated, a SWOT (Strengths, Weaknesses, Opportunities
and Threats) analysis is performed. The S and W are based on the results of the simulations.
In the end, each practice is evaluated in order to understand how plausible its
implementation was in this system.

7.2.1 Simultaneous irrigation of all fields-No intervention
Description: The system consists only of the canals, the borders and the walls.
S: No effort from the farmers is put in the system except for canal maintenance.

W: Irrigation in some parts is not possible (in the low flow scenario 130 of the 180 fields),
some fields get more water than the amount needed and there is no water allocation.

O: In fields with surplus of water, perennial crops could be cultivated. Inhabitants in the
settlement can take on other duties and have more overall production of goods.

T: We expect water clogging in case of high flows in the fields with priority and damage in
crops in fields with low priority.

Evaluation: The technique could be implemented if the inhabitants could be employed in a
more productive occupation and the agriculture could bring more benefits. Because the
flows are different between the fields, if farmers owned the fields, power relations and
conflicts between the farmers would occur. If the community owned the fields, differences
in flows would not cause any problem.

7.2.2 Parallel irrigation from upstream to downstream

Description: When the water demand has been satisfied in a field, stones are used to
prevent additional flow. When all the fields that correspond to a canal system have been
irrigated then a stone is put in the canal system.

S: Irrigation time is the minimum among the examined management styles.
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W: The amount of labor needed for the system to function is the maximum among the
different techniques. This is reflected by the amount of stones that need to be relocated in
the system. From 1 stone every 2 minutes to 1 stone every 10 minutes for several hours of
work, this practice needs a lot of co-ordination especially if we take into account that two
consecutive stone placements may be located far one from the other. Another weakness is
the fluctuation of flows in each field due to the constant opening and closing of gates. This
makes water rights complicated.

O: Fluctuations in flow do not have a considerable impact in irrigation duration.
T: Farmers must be in good terms and co-operate with each other.

Evaluation: This practice is beneficial if there is a time limit for using the main water system,
otherwise it is very complex, requires a lot of labor force in a small period and it can easily
provoke conflict.

7.2.3 Irrigation in clusters of fields from upstream to downstream

Description: Water is diverted with stones so that only a number of fields are irrigated at a
time.

S: The irrigation scheme is less complex, irrigation duration is at a plausible level and water is
more easily allocated.

W:-

O: Clusters can be given more easily priority so that the crops are protected and irrigated
more often. In these clusters it would be easier to grow trees.

T: In case of dry spells, time can begin to stress the system.

Evaluation: Given that the duration of irrigation does not exceed a time limit set for the
irrigation system, this choice seems really efficient in terms of labor needs. We could argue
that the entire system could rely on one team of farmers that irrigates one cluster at a time.

7.2.4 One field at time irrigation

Description: Flow is allowed in one field or sequence of fields at a time. This was not
modeled but we can make assumptions about the results.

S: Irrigation scheduling is simple, co-ordination is simpler and water shares are more just and
can be allocated per field.
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W: Irrigating in clusters of subsystems takes four times more than irrigating in parallel all the
fields. When the modeling changed from clustering on canal systems to clustering on a
group of fields, irrigation duration increased by 47%. Therefore, if we implement the
extreme case of clustering, which is irrigating a field at a time, we expect the irrigation
duration to increase in an unsustainable level. Also, high flows in the canal systems may
prove difficult to control.

O: In the event of a conflict between users of the system this practice provides the most
equal flows.

T: In the event of high flows, in canal system H water exceeds maximum water level with this
practice.

Evaluation: The high duration of irrigation makes the practice problematic. In the event of
high flows, the duration decreases and the practice can be implemented. While
implementing this method, it is possible to irrigate two fields in completely different
locations with the proper synchronization. The labor density is low and, as in the previous
case, the system could function with few farmers at a period.

7.3 Ownership

In a sequence of fields, the upstream field needs to be opened for irrigation to be successful
especially when one of the downstream fields is larger in size. If the fields are owned by
different farmers, the owner of the upstream field has power over the owner of the
downstream one. Earthen canals that have been dug in the fields do not enhance the power
relation because they can be easily altered.

Another aspect of ownership is the distance between the owned fields. Due to the fact that
high flows are dispersed, farmers can have benefits by owning fields in different parts of the
system. On the other hand, if a farmer has to irrigate the fields in a specific hour of the day,
it is difficult to ensure sufficient irrigation in two distant fields.

7.4 Downstream field systems

For the simulated flows, for the specific demand and for the simulated management types,
the duration of the irrigation of the system is less than 35% of the total available time, and
as a result the downstream water systems have their own share of water for irrigation. Due
to the fact that water is shared in all systems, it is logical to assume that a local committee
must have been present to promote co-operation of the systems. Otherwise the upstream
irrigation system could have exploited its power position and could have reduced the
capability of irrigation in the downstream systems. Another reason why local co-operation
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would be beneficial is for setting the irrigation time frames of each system. When the system
draws water from the main water system, the flow in the latter is reduced by 90%. Without a
specified time frame, irrigation in the downstream field system cannot be scheduled. If
irrigation is not scheduled, it becomes difficult to collect the number of farmers required to
work in the fields. Even if there is time for irrigation, without the proper labor force
irrigation cannot be achieved. This can result in frustration and conflicts between the users
of the downstream water systems and the users of the upstream ones.

7.5 Remarks

The previous analysis was done for a specific irrigation interval of specific water needs. By
increasing the frequency of irrigation in a period of time the water needs per irrigation
decrease and by decreasing the frequency the water needs increase. As for the total water
needs it is safe to say that most seasonal crops had less water needs. The existence of date
palms makes up for the extra (estimated) water and only if date palms were cultivated in a
high percentage of the total area the total water needs would have been higher than those
in the calculations. Overall, errors occurring from using wrong water demand lead to over or
under estimation of irrigation duration. All the other results are valid.

7.6 Conclusions

In this system, the results suggest that the choice of the irrigation technique seems to be
restricted by the available time and the available labor force. Although the general patterns
are valid one would wonder if the input flow scenarios were optimistic. If this is the case
then a combination of parallel irrigation with cluster irrigation has a better chance to have
occurred. Otherwise, in order to avoid conflicts a simpler choice would be to irrigate in
clusters. In any case, when dry periods occur, farmers need to co-operate more in order to
achieve the right results. Co-ordination on the other hand, has more to do with the
ownership of the fields and the choice of what fields to irrigate in parallel.
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7.7 Results and traditional agriculture

Traditional agriculture proposes:

e Priority to domestic use. The main settlement is located near the second intake. If we
consider the priority described in traditional agriculture, then water must be drawn
from a point that always has water and is located before agricultural use. This limits
the parts where water can be drawn for domestic use in the points shown in the map
of Figure 1. The first point is in the main channel. One of the buildings could serve as
a mosque. The main channel is the only point where water passes through even
when there is no irrigation. Intake 1 is hydraulically connected to the potential
locations of domestic use. This is why it needs to be controlled so that domestic
needs are satisfied uneventfully.

Figure 45. Potential location of intake for domestic use.
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e Priority to perennial crops. According to the figures inherent priority is given to canal
systems F,E,B in the 80% of max discharge scenario and to canal systems F,E,H in the
20% of max discharge scenario. Also the upstream fields get water first. Potential
locations of perennial crops are the upstream fields of the systems with consistent
priority F and E (Figure 2).

Figure 46. Potential location of fields with perennial crops.

e Water shares based on time. Parallel irrigation, as described previously, creates
uneven flows throughout the system, making water rights based on time also
uneven. It seems that this practice would possibly raise conflict between the farmers.

76



8. Results from the Simulation process

8.1 About the control mechanisms

Observation 1: The simulation of the flows for both input scenarios (20% and 80% of
maximum flow) with no stones (Irrigation scenario: Everything open) showed that some
fields do not get water while other flood.

Conclusion: Assuming that all the fields were simultaneously in use, the lack of flow in
several fields indicates that the system requires a control mechanism to function.

Observation 2: Irrigation duration increases when it is done for one cluster of fields each
time.

Conclusion: Large number of control mechanisms does not yield more efficient irrigation in
terms of time.

Observation 3: Stones in main canal systems that divert water away from fields that have
already been irrigated with sufficient amounts of water, lower the total irrigation time.

Conclusion: The importance of control structures is highlighted again in order to have more
efficient irrigation in terms of time.

8.2 About the irrigation management

Observation 4: When linked together, the upstream fields get more water than needed to
achieve sufficient amount of irrigation in the downstream fields.

Conclusion: The way the system was modeled (one opening from field to field) supports the
downstream to upstream irrigation method. This means that in order to have irrigation from
upstream to downstream other means of connections between consequent fields must be
used. The earthen canals and multiple openings in each field are examples of such
connections.
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Observation 5: The irrigation practice which yielded the minimum irrigation duration needed
the most labor force and co-ordination.

Conclusion: Users of the system had to choose between time and energy spent on the
system. Also, if the users did not co-operate well they may had to spend more time to
achieve successful irrigation of the system.

8.3 About conflict and co-operation

Observation 5: Inherent power relations concerning water exist between consecutive fields,
the two intakes of the system, the irrigation system and the downstream systems and finally
between field systems.

Conclusion: Power relations means that there is a predisposition for conflict. In order for all
the inhabitants to get their share of water in order to survive there must have been
agreements between the users. This can be linked to a local authority.
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