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ABSTRACT

Water d€rnand for agriorltgre and othcr sectors in Pakistan is gcttitlg highly contestcd

as a resglt of continuous misrranagement of water rEcouEes coupled with decreasing

per capita water availability. Agficulturc development is morc endmgcr€d under

climatic vllne,labilities. fire traditional water rnanagement approaches in the country

are detrimcntal to susainable agriorltre in particular and economic growth in gcn€ral.

The poor gonernance is also creating water quality and quantity imbalances in the upper,

middle, and tail rcaches of the Indus Basin and posrng profound implications for

poteirtial spatioterrpomal r€turns of farming. A physical water rnanagernent solution

wouldn't be a successful approach as it ignores uratcr useNs' behaviors; their intcraction

with each other and thc feedback effects they receive from the systern. Agent-Basod

Modeling is a relatively netrr apprcach that provides helpful tmls to simtrlarc social

behaviors in sustainable watcr mansgeme,lrt. The Agent-Based Modc[ing ryproach is

ryplied to develop models to itrchdc behavioral cornplexities of stakeholdcrs inwater

management consid€ring uncertainties and non-convexities of the systenr. This strrdy

assesses policy paradigms for syrtematic conjunctive ground and surface watcr usc

under the physical ctraracteristic of water resoupes zubject to socio-economic

conditions and the bchaviour of frrmcrs. Initialln the dynamics of the inigation systern

with asymmetric aooess to irrigation water are assessed under the Business-as-Usual

sceirario. Climatic and physical p'roperties of the system are varied to see water

quaotiryquality relation and earningp of farmers. lVe have found mall farmers are

using less both surface and groundwater irrespoctive of the distance ftom the water

sourpe. ProfiB and water use differences arr skewed more towards the large farmers

located nearest to the canal heads. It is concludcd from the results that water qudity



pafamctcrs logging and salinity arc dAeriorated if the same water usc practices are

adopted for an extended pqiod. otr clirnarc clrange experiment undcr conve'ntional

inigation practices slrows thst in the season where rainfall is sulficientlyhigh the profits

based oa spatial differences among farrrers arc not much p'ruvale,nt due to less need of

orchanging watcr Urns to fulfill water derrand from surface wder. Howwer'

unfavorable weathcr conditions detqiorarc water quality paramct€rs and wentually,

prodgctivity, crop growttr, and profits and have sevGrc oonsoqucnoes for wlnerable

small fafl1€rs locatcd at the tails of watr sources. We have dweloped an ABM model

simulating the system by varying differurt agro-climatic parameters for water

withdrawal behaviours of farmers as BAU, and Institutional lvlanagement

PerspectivdlMP) and Sclf4overning Rules (SGR) to substantiate a groundwater

developmant framswo* in conjurction with thc managuneirt of surface watcr.

Overtime spatially distributcd farmers' caricaturized scenarios were built to include

groundwater table fluctuations for bAter management of water r€sounlec. The model

slows th31 SGR and IMP bring equity in water availability and prwent agriculture from

worsening water quality paramcters. Howorcr, consistency in the bene'fis rnay break

down in extrenre cascs of climate change and spatio-physical conditions. otr water

managerrent pcrspectivcs providc improved outcomes of water withdrawal. SGR

perspwtive managpd to incrcase groundwater absfaction prices 3 times morp than the

existing rates for the farmers located near the water sourc€. For the farmers located at

tails, IMP appears to manage r€souroes better than other scenarios. Thc rczults of our

final conjunctive watcr managonent model show a tade-offbetween sustainable water

management practices and famrers'benefits arising from crop production Ground and

surface water use behavior is found as a collective action problem. Farmerc' bcnefits

are always prefcrred over collective benefiB of spatial water availability to tail-cNld



firymers und€r climatic change and critical watcr rupply scenarios. Water costs pnovod

a major d6errrinant of wa6rgse behavior in less waterdcficient areas. Traditionally,

large farrrers are found using more ground and surface water inespcctive of their

location P6B6pressurq local rules, orinstitutionalmaoageme,ntcanimprovethewater

managementp,roblenr. Howwer, all managemurt pempctives bcome impotentunder

exfreme climate change. tnproved and sustainable water maoagernent requires to have

alea-wise surfac€ and grcurdwatcr use policies aDd institutiond support for the

p,romotion ofrules and norms.
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CIIAPTER 1. INTRODUCTION

1.1 Baclground of StudY

Water is a necessity for atl living beings on the planet. It is a cnrcial component of

socio-economic dwelopmeirt and environmental inteslty. Srutainable development of

water rcsouues underpins all poductive and liveable activities like agriculture,

industry, encrgt, sanitation, health, and conse,ryation of the enviro,nment (Kundzervicz

et al., 2008; Xie,2fl)6). This means that the competition forwaterbetrveen agriculture

and the other sectors is very high and destined to increase with population growth

@onell & Askew, 2000). Population grouth is one of the factors which primarily

exacerbate prcssur€ on water rrsources since the water base remains the same.

In tlre "Business-as.Usual" scenario,40Yo of the global population is supposed to fact

water scarcity by the year 2050 (Ganido & Ingram, 201l).

Pdcisan is an agrarian country with the world's most extensive welldwelopod

contagious irrigation s],Btcm. Pakistan utilizes about 93% of ie fteshwater resources in

agriorlture (GoP, 20o4; Mushtaq Eta1.,2007; Shehzad a a1.,2007; Lytton d.al.,2Ull).

Moreover, water demand for agriculture and other sectors in the country is getting more

acute as a result of continual mismanage,rrent of water rcsources coupled with

decreasing per capita water availability. IrrigEtion water requirement for the yeat 2024-

25 is projwted at255 billion rn3, while it was found 163 billion m3 for the poiod 1994-

95 und€r existittg water managcrnent practices and policies (Ahmd et al., 2007).

Moreover, the additional supply of water for the requirod expansion of agriculture,

industry, andthc environmeirt is estimatod a145,7,arrd2.5 m3 (Muslrtaq et a1.,2007).

lVater rcsouces of Palcistan are calculated at 172 billion m3 (Ahmd d d., 2OO7;

IWASRI, 198) which are far less than water demand and hence show a shortfall of 83
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billion m3 of iniption water for the year2024-25(Ahmed ct al., 2W7, Fatima et d.,

2o2t).

The water resorrce situation becornes more fragile in the oont€xt of global climate

change. Global climarc change is one of the most important issues faced by the world

in the 2lst century. It affects all setors of the econorny, but agriarltural productio'n is

more scnsitive in response to the disturbances in water availability. These

vulnsabilities of the natural ecos)rst€m impact the supply balances in water-scarte

cormtries (Kaiser & Drcnnen,1993; Rosenzweig & Hillel, l99E).

furiculture is climatedependent inbothpoorand rich countries (Parry & Rosenzweig

1990; Rosenzwag & Parry, 1994; Watson d d., 1996) but poor cormEies are mor€

sensitive to these changes(Kunrkulasuriya & Rosenthal,2013; Seo & Mendelsohn,

2008) due to the lack of better adaption shabgies (Madzrvamuse, 20ll; OECD).

Besides other regions of the world, water stpss causod by climatc change is more

visible in South Asia (MoE, 2UJf)). The resilience of water rcsouroe management

stategies in response to the rising porpulatiorL urbanization, indusnializatioq and

environmental degndation is verypoor. The sustainabilityof the system is endangered

morc in the presence of climarc clungc (Iaghsri et al., 2012; Yu et al., 2013). Water

availability in Pdcistan in the climate change scenario is projected to increase or

decrease by 25o/o or l2%, respectively (hteJal., 2013). Moreover, projections are also

made for the prcductio,n of agricultural commodities affeted by climate change.

LTNFCCC (2007) has projected a fall in wheat production in the regions by 50 pucent

followed by a change in weather conditions.

Agrioilture in Pakistan is also vulnerable to changes in climatic conditions. Global

Climate Risk Lrdex rankd Pakistan in the top ten counties that are pfirne to vagaries

of climarc (Krcft d d., 2014; MoE, 20[D). This Sensitivity is high due to the higher

)
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reliance of thc economy on agriculture, which is vulnerable to climatic conditions

(Khan, 2015). Extre, re weather conditions have led Pakistan to face many losses.

Increased global warming and peculiar rainfall have rnade arid areas more sensitive.

The impacts of climarc change on farmers' lives arp devastating (Shakoor ct al., 201l).

Howevcr, climatc change rnay boost the production of some cro,ps in some parts of the

country (IPCC,2015).

Clfunate change will affet the water supplies of the country. Since most of the

tibutaries in Punjab are derived from Himalaya Glaciers besides monsoonal rainfalls

water flow in these tibutaries is majorly dependent on snontrnelt in summers and

spring. It is predicted that glaciers melting due to a temperattre rise can reduce water

flows by 4V/o at the end of this century as corrpared with the water flows in

2000(Qurcshi, 20ll). An increase in water demand due to increasing agriculture,

industry, and domestic needs coupled with a decrease in water flows due to clirnatic

changes is bringing serious challe,nges to agriorlture in general and poor and tail-end

farmers in partiorlar. Population pr€ssurc along with mismanagement of water

rcsources exacerbates the iszue. Furthermore, climate change is another factor that is

anticipated to put additional shess on agriorlture. Climarc change and water

managenrent are closely linke( unexpccted weather conditions; drought, and floods

affect the way horr water is sourced and used (Ringler & Anwar, 2013). Vision 2030

recognizes the dsvastating impact of expected clirnate change on agriorlture and

livelihoods (PC,2007),. Exheurc ternperatures, the shift in the monsoon seasorL and

the melting of glaciers have severc oorrequ€nces for water oonsumerc. Moroover, the

peculiar nafirE of climate change along with soil and water degradation is threatening

agricultural production and hence food sccurity (Ahmed & Gartanu 2013). Yu et al.

(2013) estimated a zubstantial fall in crop output in all regions of Pakistan. It has been

I



also estimated that under climate change conditions, the agriculture share of GDP is e

on ayerage expected to fall by 5.lo/o.

The govern6ent of Pakistan has initiated water sector strategies to emsure sustainable

water availabitity to support economic growth. Water managenrent in Pakistan r€quires

effective implementation of policies regarding infrasnucnral, financial, ffid

instihrtional dwelopme,nts. Assessment of the socio-econonric implication of these

policies and their impacts are significant for their evaluation. Tlre p,ressures imposed by

the higher watcr demands, quality of water discharge and climate changs raise nent

water challengeg which can be handld only by coordinated efforts of multiple

staketrolders though cooperation and participatory processes. Paldstan Water Soctor

Shategy (GoP, 2OO2) e,rnphasizes the need for participatory water managenreirt at the

lwel of planning and designiag for the improved practices of inigatio,n water

managerne,nt, nsal water supply, and sanitation Moncover, swirching to participatory

approaches has many advantages, including easy reach to fftc desirod outcomes, and it

involves minor cos6 in the water sector. Implementing and increasing the extent of

participatory approachcs to water management are recognized as an important put of

IWRM (MoE, 201l). By rwognizing the neod for participatory water manageNne'nt

pIDA (Paftistan lrrigatio,n and Drainage Auttrority) hos initiated policies of

Participatory Inigation Managerrc,nt (PM) in all provinces in anticipation of the

importance associated with participatory qproaches in the coilext of water

management (fuiwar et al., 2008).

1.2 Context Reseerch Problem and Rationale

Most watcr crisis in the world is beliwed to be stemmed from misgovernance and

undenrtilization of water resources @atrl-Wostl et al., 2fi)8; lVinpenny & Camdessus,

2003). Similarly, inefficient use and low conseration of water are considerod root



causes of water scarcity in Pakistan (Altaf et al., 2009). Moreover, water scarcity has

become a major sounee of conflicts over water distribution among competing users

(Zawahri, 2009). Pakistan is facing a continual shortfall of water as its dernand is

increasing to corpe with the increased population's needs for food, wats, and energy.

paldstan is projected to be water-shesscd n2025 as per capita water would be as low

as 850 rn3 while it was 12()() m3 in the year 2005 (PEPA, 2005). These water shortages

and sfiess situations are also responsible for interprovincial conflicts regarding water

distribution (IIJC[[, 2010). Mismanag;ernent of water resourtes is responsible for a

great ngmb6ry of watq losses. As per an estirnate, out of diverted water for irrigatiorl

30% of the watcr is lost through syatenr losses (au€shi, 201l). It is a unanimous view

of all stalreholders that poor water murageurent is responsible forpersistent inequalities

in water distib,ution at the uplrcr, middle, and end tail of water channels (Altaf et al.'

2009).

The agricultural scctor has rernained dominant in the provision of employmot to

42.3o/oof the labor force in the country (GoP, 2015-16). Dcploymeirt of the sector is

contingeirt largely on favorable watcr supplies. To deal with seasonal variations in

water availability, conjunctive usc of ground md surface water is advocated by water

experts. For this pupose, the govcnrnrent tried to complcme,nt surface water with

grotrndwater by installing tube wells. It incr€asd cropping intensities by lSWo (Ahtrtad

etal.,z1}7). Due to these neas(ms, there has been a more than 30fi)7o increase in tube

wells installation since the 1960s (Watto & Mugera, 2015). Paldstm appeared 4th in

the world and first in South Asia for the cropped area under groundwater inigation

(Watto & Mugerg 2015). f,lue to dwindling and unwen surface water supplies over

time and spaae; relianceongroundwaEruse inPalcistan is increasing(Watto &Mugerg
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2015). It has been estimated tlrat the share of groundwater in inigation supplies has

increased by more than 50% in Pakistan since the 1960s (Qur€stti et al., 2010)'

There exist ineffrciencies in access and usage of groundwater sincc the pote'ntial of

grogndwater development is limitod to large farnrers. Small farmers still buy frrom large

farmers informally frrom their surplus groundwater (Qur€shi et al., 2010). Duc to

flexibility tike groundwater, there has been an increasing tendemcy among farmers to

extract groundwater. Howerrer, ineffrcient inigation practices, poor drainage facilities,

and canal oonveyance losses cause the problem of sdinity and waterlogglng (Khan et

al., 2008; qreshi et al., 2010). It has been estimated that groundwater extractio,ns are

50o/o grater than their annual rcharge. Increasing reliance on pumped water for

inigation can endanger soil and water quallty. The sustainability of the curr€nt lerrel of

agriculture production cannot be restrained under the current groundwater water

withdrawal tendency. Despirc the fact, groundwater water has a huge contribution to

hurnan settlerne,nts, competition among uscrs, both agricultural and domestic, for hig!-

quality urd strallow groundwater is beco,ming intense. These facts have posed serious

challe,nges for grorurdwater managerneirt in key areas of thc country.

Surface watcr availability in the country is roduced by 460/o from 1996- 2001.

In the same perio4 private tube wells have observed an increasc of S9o/o,which clearly

shows the increasing importance of groundwater resources. The massive use of

groundwaterhas created issues of salinity in large tracts of the krdus basin fuid many

other arras are furtlrer tmder ttreat of the issue. Farmerc are conjurctively uing both

surface and groundwater. But current shategies are making groundwaterunsustainable

and exacerbating the issue of sccondary salinization (Usman d d., 2016a). Excessive

use of groundwater usually happens due to the sea.sonal or rotational availability of

surface water. Fixed rotatim-based irrigation systenr needod to be corrected to serve



the water requircrrent of the crop (Q,treshi et al., 2010). In recent )'ears, irrigatio'n

reliance on goundwaterhas increasdbTMoin sonre parB ofthe Indus Basin. Greater

economic returns and reliable suprplies of groundwater impelled farmers to gtow water-

intensive crops. (Watto & Mugera, zll4).This will lead to unsuiable conomic returns.

It has been estirnatcd that there will be a32o/o strortfall in water, which can result in a

deficit of 70 million tons of food by 2025 (ADB, 2002).

There exist many kinds of negative externalities of groundwater over-

abshactions. The pmblem of soil salinity and waterlogging is exacerbating day by day.

Alnost 4.5 million hectares of land are subject to salinity, half of this area is from

irrigatod 111rd6s and Sindh. Furthermorg land degndation is reducing cmp potentixl

by 2So/ogvery f,ear (Qureshi, 2011). Moreover, it has also been found that inequitias in

pgmping costs prwail duc to the existiag canal water allocations (Basharat, 2015). The

farmers at the tail-e,nd of the canal systcm are found to pay more than twice in pumping

costs as compared to the head-end farmers. In addition to this inequity, tlre cunent

surface water allocation schedule contib,utes to the gfowing waterlogging and salinity

probleurs in arcas of Punjab (Chandio et al., 2012). Mor@Yer, watq table depth and

salinity are foturd higher in the areas away fi.om rivers or canals. More than 1.4 million

hgctares of agriorltural land are abandond duc to salinity in the coultry, and the

majority of this kind of land prevails in tail-€md areas (Martin et al., 2006).To manage

these tlpes of inequalities and issues, it has been suggested to utilize conjunctive

sgrface and groundwater for sustainable gmundwater abstraction in the middle Indus

(IdacDonald et al., 201 5).

In Sindb groundwater is 4Yoto 8% of the surface water as aomparod with canal

command areas of Punjab, whw the ratio of ground and surface water use is almost

the same. Groundwa6r is an undenrtilized resource in surface irrigated areas of Sindh



due to hig[r surface water allocations. Isstres of logging and salinity arc g€tting intense

in some par6 of Sindh and Punjab, respectively (vm Steenbergen et al., 2015). It has

been found that groundwatq abstraction in Punjab is far morc than its recharge. A

mechanism for parallel extraction of groundwater fiom tail to e,nd can help to reduce

the issue of salinity and unerren extraction of the resource (Shafeeque et al., 2016).

Moreover, area-specific policies for ground aod surface water conjunctive use under

the physical characteristics of the resourpe srbject to the socio-economic conditions of

farmers is an urgent need of the hour (Murray-Rust & Vander, 1994).

Sustainable agriorlttre and food security Policies for judicious use of

groundwater must be made to make surfrce water available for tail-enders. There is a

need to motivate farmers for zustainable groundwater use and to resolve pricrng

entitleme,lrt and r€gulatory issues (Qureshi, 201l). It has been found that farmers at end

tails are using 38% morc groundwater water. Upsteam farmers must be encouragad to

use groundwater wisely to provide more canal water to tail-enders to avoid losses in

agricultural prodtrction(Usman et al., 2016a).Excessive ap,plication of groundwater can

cause secondary salinization at the middle and tail end of the areq and it can have

serious implicatioru in the long nm. Given the Gnonnous importancc of conjundive use

of sgrface and groundwater, there is a need to dwelop sptenratic policy options for the

hea4 middle, and tail end of the Indus basin for zustainable water managernent

(MacDo,nald et d., 2015;Qreshi, 2Lll;Usman et al., 2016a). fui ideal and corrpl*e

model may have some sort of human behavior in response to policy initiatives

(McKinney, 1999).

Grorurd and surface water cannot be dealt with as separate tcsounoes.

Understanding the interaction of surface and groundwater is essential fo,rpolicymaking

for water runagcment in agriorlture. In most arid or semi-arid regions, they are
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interchangeable rcsources. The interaction of both can have a significant irnpact on

water qtrantity and quality (Brodie et al., 2007). Managing one of the compone'nts will

be partly effective due to continuing interaction between them. Since shortages of

surface zupplies have led to the dcvelopment of groundwater. Groundwater has been

proved as a vital rEsouroe to deal with the rnrlnerabilities in surfac,e water zupplies

@ovolo et al., 2009;Taylon et al., 2013; Tsu & Graham-Tomasi, l99l)' Moreover'

groundwater is treated as a srprplernent rcsource where surflace water is available in

abgndance. For sustainable gse ofgrormdwater, it is necessary to oolryare surfacre water

travel cost and groundwater pumping to reflect the economic value of resource usage

(faylor €t al., 2Ol4). By comparing @sts, spatial conditions can be defined to use

zurface water at the ncarest distance from canals and groundwater at the farthest

distance from headworts. The scarcity cost of both rqloulces is also different across

time. The farmer usually switclres ftom one resouroe to anotherresource if ttre scarcity

price of either rpsoulcc changes. For instance, if grorurdwater becomes scarce, the

farmer may swirch trg surface water. The sruface water area will increase (Roumasse(

2007;Taylor ct al., 2Ol4). Subsidies for groundwater abstraction can be regulated by

comparing the travel cost of groundwater and sutface water to tail-enders and head-end

farmers.

Elficient managenre,lrt of increasingly scarce water resources is indispeirsable

with the continuously Sowing food deman4 as its basic souue rnore or less reinains

the same over time. Effrcient manageurent may arrive from good governange.

Stakeholders' participation is one of the principles of good governanoe. lt may Pove

an important factor in the improverrent of water manag€,mcnt (Harvey & Rceq 2007;

Reed, 2008). It has also been emphasizod in water sector sfiategies that conservation

and rnanagenrent strould be addressd by engaging all stakeholders for water
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rnanagenrent in cooperation with provincial inigation departmenc. Regulating rewards

or penatties for farnrels asoss spaoe and time for expected water use strategies may

prcve useful for irrigation water managernent.

1.3. Objectives of Research

ltis studywillaim at

o furalyzing the dynamics of the irrigation syatern with asymmetric acccss to

inigation water and highlighting farmers' potential benefits under different

risks arising from uncertain hydro+limatic and econorric conditions.

. Assessing how conjrmctive use of ground and surface water can be managed

co,nsidering spatial surface and groundwater availability of frmers through

social and institutional enhurcerre,nt in the forms of providing incentives,

penalties, and nen, regulations

o Undemtanding pollcy options for groundwater regulatory frameryork through

delineating alternative surface and groundwater tse and exhaction cost.

10
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Meeting the water de,rrmd ofall uses is becoming an unprecede,nted challenge' Besides

other uses, wat€,f denrand fo,r agriarltt[e has exceeded the $$tainable limits'

Agricultural development has madc world food secgre. But there exist unrret

challenges as achiwing better quality food with wateruse efficiency, living healthy and

prodgctive livcs, environmental sustainability, and value addition in GDP. Despirc the

availability of food at low prices, aooess to food remained poor around the globe. Due

to ill-managed nesourees, agriorlture development remained consfained- Groundwater

is a reliable and preferred rrsouoe for agriorlture is becoming pollutod and de'plaed

rnaking aocess uneconomical and unsustainable.

A holistic approach to deal with the issue of incr€ased water d€mand for human

settleme,nts is required. A major step to reach these goals, ncessitate analysfurg how

the water rEsource of the coutry is cunently managed and affecting food supply and

environ6e,ntal sgstainability. There is a need to see water managenrent practices that

r€mained successful or failed to achiwe concerned goals to dwelop a knowledge base

to have a better undcrstanding of the curent statc of the lcsounse.

2.l YYater Manegement Practices in Pekistan

pakistan is highly dependent on inigated agiculture for iS agriorltural produce.

Irrigarcd agiorlture in Pakistan is a major consumer of both surface and groundwatcr.

It is mainly conlined to the Indus Plains, where it has been dweloped by hamessittg

principal water re.sources available to the country. Without assued inigation zupplies,

these arid aod serri-arid areas of Pakisan cannot support any agnculture (Wescoat Jr

et al., 2000). To assurc water zupplies for agriarlture massive infrastructure projecB as
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lir,k canals and large reservoirs started under the Indus Basin Dwelopmerrt Pmgfaut

(IBDP) to fill the gap of the diversion of water of Sutlej, Bias, and Ravi in farrcr of

hrdia @isuras, 1992). Reseuch on water rrsoute manageurent in the 1960s and 1970s

was primarily based upon the implenrentation of IBDP, which converted the Indus

Basin into the largest inigation syst€m in the world. ErUineerirg solutions to water

managcillentproble,ms wereregardedasthebest sfrategic manageme,ntproblems ofthe

issue atthattime. Waterand PowerDwelop,me,ntAuthority (WAPDA) was established

to regulate these megaprojects. Water governance and related issues wene the main

ooncem of policymakers (Jones, ln q.

The construction of large dams and canals fuelled the issue of waterlogging and

salinity. The area under these menaces increased to over 4 million hectares. Reducing

the severity of the problenr was the prime conoern of water sector policymaldrg in the

country. Many conpctive measunes were tried, but the issue of logging int€nsifid

further due to floods in the l95G(Rehman d,aL,l9D7). A nationwide survey has been

conducted for waterlogging asscssmcnt from 1976-79. It was found that the water table

was on avenage at 8 feet depth in almost 50026 of the area under study. The issue of

salinity was fouud grrppnU due to waErlogging in these areas (Choudry, 1977).Itrc

government initiated a large-scale vertical drainage program through the Salinity

Contol and Reclamation hojects SCRAP program in the 1960s, which lead to the

largescale installation of tube wells @hutta & Smedenra, 2N7). A national Water

Drainageplanwas settomanage andcoordinateregional waErdrainageprograms (van

SteabergcNr et al., 2015).

Initially, Soil Reclamation Board was given the responsibility to confiol

waterlogging and salinity through the development and operation of drainage tube

wells. Boatds' powem were dissolvd and the Provincial trnigation and Power
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Departrrent tied to franre lice,nsing for groundwater extraction in 1965, but it was not

ratified. In l96E WAPDA, a federal entity was establishd, which is rcsporsible for the

development of all major power, inigation, and drainage infrastructure' whereas the

opcration of inigation and drainage infrastrtrcture is usually transferred to the provincial

irrigation ae,partrrents. As per 1958, Act WAPDA is responsible for isguing arca-

specific nrles; such rules havenevqbcen amrounce4 and conflict foranthorizationfor

groundwater mansg€ment between PIPD and WAPDA are neither addressed nor did

they operationalize. Moreover, as paft of SCARP, more than 15000 dcep public tube

wells in Scncrally in Punjab and Sindh and Specifically in KP wrc installcd till 1995.

SCARP Monitoring organization, assessed deep tube wells' groundwater

qualtty and level for designated areas only. firc government prompted private tube

wells development in Punjab, Sindb tr(P, and Baltrchistan. This initiative was

specifically taken for agricultual dwelopment drainage and food s€curity. Subsidies

were providod on power zupplics up to 6(P/o. For further dwelopmeirt, pump scts and

soft loans were providcd (Johnson, 1989). kritially, the Government zubsidized tube

wells dcvelopment latcr it was rwognizcd that through private tube wells agriarlture

sector has achiwed sustained dwelopmcnt in tube wells installation by the 1980s. But

the Government continued zubsidies in elecrtric supply.

This prcgram has zubstantiallyincreased supplies foragriorlture (Kazni et al.,

2012; Qurcshi d d., 2010). This widespread dwelopment of gmundwater abstraction

proved more effective than any other program to deal the iszue of food security. It

makes groundwater a mot€ important r€source than surface water in the conntry.

Besidcs knowing about water rnangsemeirt practices it is important to see the widely

dweloped models to understand water management problem around the world.

13



2.2 Water Management Models

lvlainly water monagcment models rwolve around optimizatio,n and utilization

of water rEsources to meet the co,rryAing needs of water. Usually, r€source allocation

decisions are guided for policynalrers to rnake informod policies considering the

relationstrip betrreen the associatod economic be,nefits of water demand and water

rEsources. Popular optimization methods for water manage,ment alt linear

prcgramming, netrvor* flow programmiag (Fulkerson, 196l), nonlinearprogramming,

dynamic programning; syst€m dynmics (Mirchi d d., 2012; Sharawat d d., 2014)

and genetic algorithm (Castilla-Rho et al., 2015; Farhadi et al., 2016).

rilater manage,rnent models at the basin scale main[y consist of reservoir

operatioq groundwater management conjunctive use of surfrce water and

groundwater, and inigation and drainage management (McKinney, 1999). Moreover,

models for inrcgrated water rcsourrc managenrent (Mayer & Muftoz-Hernan dez.,2009),

optimization tochniques for rescrvoir o,peration (Hajkowicz & Colling, 2007), and

multiplecriteriaanalysis forplanning andmanagernent(Rani & Moreira,2010)do exist

in litcnatur€. orrt of these models, mathematical models have been extensivelyusd in

the past to solve water quantity and quality issucs. Mainly simulation and optimization

arc two app,roaches usod by researchers to deal with the issue. Optimal managure,nt

consists of the optimization of allocation zubject to constrainB in the systein, and

simulations are the ass€ssrrerit of the system behavior basd on a set of rules govenring

water allocations and infrastnrchre dcveloprnent (McKinney, 19D9). CurrentlS efforts

are madeto oetimize wateruse to maximizemonetaryas well asnon-monetarybenefits

as soil and environmental degradation (Mayer & Muf,oz-Hernandez, 2009).

Grcud and surface water managenrent separately and conjrmctively are dealt

with simultaneously in literature. Groundwater being established as a rnajor and viable



wat€r r€soupe for agricultre and municipal use (Mekonneir et d., 2016). Groundwater

rnanagemen! dueto its complex naturE, has atfactedmanymodeling ap,proaches fiom

economists as corrpared with other phpical models. Groundwater msoagcmc,lrt

modeling includes the valuation of groundwater use, water use efficiency, and

ince,ntiviziag for policy implementation to optimal confiol of groundwater. Modeling

focus initially was resticted towards maintaining quantities and qulity of water

supplies for these uscs (Willis & Lin, l9E4). Grounder behavior is included in the water

manage,ment frameryork frrom the approximation of finite difference and fine eleurent

methds for water quantity and qrulity (Gorelick, 1983). Multi+riteria and multi-

objctive models have been made for the problem of allocation, tradi4g rates of

freshwato, and pumping cost of the aquifer (Shafike d, a1.,1992; Willis & Liu, 1984).

GroundwaEr statrs is atrectod by the hydrologicd stochasticity of surface wat€r

and water managEnent policies. The dynamic nature of groundwater resorrces has led

rpsearchers to dwelop modeling 4proaches accordingly. Systernatic analysis mettrods

have been usd to assess the impact of quota and taxes on groundwater considering GW

as a single aquifer (Feinerman & Iftryp, 1983). Dynamic programming is used to have

a functional oquation for pumping rules to confiol groundwater aquifa (Bu( 1964).

Optirnal econouric use of groundwater r€soulces has becn anal).zd for optimal

abstractions, and pohcy for cascaded pumping tax for a differeirt lwcl of groundwater

userc was advisd @rown & Deacon, 1972).A simulation model forhydrological-legal

farmer dwisions systcm was dcvelopcd. Undcr different instihrtional arrangements,

allocative and distrib,utional oonsequences of these anangements werc made (Bromley

d d., 2001). Only a few studies have included the complexrty of this resource,

ittcludfury physical models of resoruces (Young et al., 1986). Conjunctive use of water

is also important as one sourpe of water cannot fulfill tlre future requireurents of a



growing population (Iarmaocioglu et al., 2013). Different studies have been conducted

to sce the efficiency of conjgnctive wat€ruse througlr dynamic o,ptimizatiou @rown &

Deacon, l9Z2; Noel et al., 1980). Due to the issue of dimensionality in dynamic

optimization, static, steady-statc oetimizatlon models for conjunctive use were

dsvdopd (OMara & Duloy, 1984; Rogers & Smitb 1970).

Over time, conjunctive water use models have seen much dwelopment.

Simulation optimization models got attention 80s and early 90s. The hydmlogrcal

simulation modcl, along with the net benefit optimization model, is applied for

conjunctive management for the Colorado River. It has been found that a centralized

governed system is more elfective in achieving management goals (Young, 1995). A

multiobjective simulatio,n-optimization model was developd to address the issue of

water qulity, water allocation, and udcsirable groundwater over-abstraction(louie et

al., 1984). Simulation-optimization models have been developed for optimal inigation

to maximize crop yield (Clnng d d., 20ll; kftoff& Gorelich 1990; Peralta et al.,

l9E8). These studies used economic, hydrological, and agronomic componenE for a

comprehensive assessnre,nt of water rrsourpe managenrent at thc basin level.

Mushanafieh et al. (l9s), hane specifically used onedimemsional simulation-

optimizationrsing water flow equation foroptirnal conhol ofpollution urd sustainable

cmp yield. A multi-p€riod conjunctive watcr use model with grcundwater quality

constainb was dcvelopod by Wong d al. (1997). The waterdrawn limit has been

established ftom the strface and groundwater foreach selected timeperiod ofthe sfirdy.

Rrcently, there has been a zurge in the hydrological-eonomic modcl for

maximizing eonomic benefits (An,2012; Riryler & Cai, 2006). The general objectine

of this tlpe of management model is to allocate waterbasod on maximizing the annual

net profits frrorn crop or agricultural water usg water used in aquaculture production,
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rcsid€ntial water usq indusniat water use, hydroclectric power rue, water allocated for

ecosystenr functioning and rcreational usc, etc. (Cai et al., 2006; Pulido-Vel6zquez et

a1.,2006;Ringter & Cai, ZfiM;Rosegrant et al., 2000).

The model has also bee,n dweloped to use linear programming and basin

netcrork flow prcgramrning b solve thc issue ofwat€r nranag€nrent (Ihaper et al .,2003;

GoA, 2UJl2 ; Iabadie, 195).

popular water managenrent models as optimization through linear prognmming

require to have linear conshaint and convex objecive fuirction. Similarly' models based

onuonlinearprogramning are muchlargcandusuallyunableto findfeasible solutions

for local conv€rg€,lce. Furtlrernrorg models based on netrvork flow programuring will

fail to glve appropriate solutions for iterative updates (IslarU 201l). To capture, non-

oonver, and no,nlinear dynamics Syatenr Dynamics and Agsnt-Based models are

getting important. Syctenr dynamics (SD) and ageirt-based models (ABM) are now

practiccd for qualitative and quantitative causal models to soe the inrcrrelationships of

the physical (e.g., water inflowg ouflows) and behavioral (e.g., dccision rules,

perceptions) pr1rcesses in the syste,ur (An et a1.,2014; Jansseir, 2002; Schlueter et al.,

z1lz).It is a feedback-orieirtod modcling franrework for learning aud communicating

about thc infterent complexity of water managenrent and has be€n widcly applied in

many envinyrmental problems, includiag wat€r manageiaent ([VanS et al., 2011; Winz

et al., 2fi)9). All these mcthods have advantages and disadvantages in their applicatioms.

The nature of the study can help to use the technique most zuited to solve the problern

at hand. Usually, the SD ap,proach is a topdorm ap,proach in contrast to ABIVI, which

is a bottom-trp approach (Richardso,n, 2003). The ABM based model will be app,ropriate

to use due b thc naturc of the co,mplexity of behaviour of agents and their interaction

for water use in agriculture. Before we estsblish the importance of ABM models, we

L7
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will look into the need and gap in use of ABM to uderstand water managenre'lrt in

Pakistarl In the following section we will review some of the important models already

dweloped to gndcrstmd water managcmel$ in irrigated agriorlture of Pakistan

2.3 lYater Menagement Models in Pakisten

Contingous struggles have been made to manage irrigated agriculturc in the cotmtry'

For the purpose of water managernent, different modeling approaches have bcen used

by policyrnakers and researchels. f,)ue to the co,mplex naturc of water allocation under

multipleconstaints, simulationoptimization ap,peared as awidelyused 4proach @as

& Datta, 1999). Since conjgnctive water managerrent increases efficiency, reliability

in wa6r supplie$ and cost-effectiyernss in the regional environrnent of the inigation

systerr (chang et al., 201l; Emch & Ycb 198; Gorclick, 1983). Models of simulation

and optimization are dweloped for the independeirt manage,rrent of zurface and

groundwater, conjunctive water rEsoutte management is assesscd by combining both

approaches simultanously. The majority of the models twolvc around the

optimization of waEr allocatio,rU water pricing, and crop patterns. Some studies arc

rwieryed as porctranges that are evolved in simulation and optimization app'rcaches.

Linear programming-based optimization model was dweloped to get optirnal crop

patt€rns, and then a simulation model was rued to waluatc optimal conjunctive use

sgrface and grogndwater. Specifically, the optimal pumping rates and the regiond

changes in hydraulic heads caused by the optimal groundwater withrlrawals frrom the

aquifer wcre revealed (Garg & Ali, 2000). Linear prognmming models of a

rppresentative farm in Punjab Pnovince have been used to assess the value of inigation

water. furd different sce,lrarios for econorric and finaocial values of water-related

investrne,nt were guided (Chardttry & Yormg; 1989).
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Indus Basin Model Revised based on mathe,matical programming is dweloped

to guide optimal ground and surface water management. It was found that the Mangla

dam extension can significantly reduce overexploitation of water rcsoulpGs (Alam &

Olsthoorn, 201l).

Ir[any sfidieshave calibntedttrephpical and agro-ecological models to asscss

water manageflrent altenratives. A physical grotmdwater model for the Indus basin is

dweloped usrng MODFIOW and calibrated for Punjab. Region-spccific policies due

to hete,rogeneity in groundwater conditions are rocommended (IGan et al., 20lO'

Furthernrore, MODFIJOW has been used to calculate aod simulate groundwater

withdrawing cost and conjunctive water coming years in the lnwer Indus Basin of

palristan (Qadir et al., 2016). The impact of severe climatic conditioru on groudrvater

deplaion for upper Chaj Doab has been observed by calibrating the GIS and Fdlow

model (Ashraf & Ahmad, 2008).

Grormdwater abstractio,n and depletion have been quantified by calibratio'n Soil,

and \Vater Assessment Toot (SWAT) with crop data and Punjab is found one of the

most \ruherable provinces (Cheerna et al., zLl4).In Pd<istan, the rnajority of water

management sffiies are limited to agro-oological and physical models. Some studies

have also tied to includc thc economic aspect of inigation. But the integration of

agroecological stgdieswith socio-eonomic aspcts of inigation is completely ignored.

Ttis stgdy wi|[ bring a first comprehe,nsive diagnostic framewort to assess policy

paradigrns for systematic conjunctive ground and surfacc water use under the physical

characteristic.s of water rcsources subject to socio-economic conditions and bchavior of

farmers.
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2.4 Theoretical baclrground of Economic and Social+cological

System and ABM

Water managemelrt is dealt with as an economic problenr to allocate scarce r€souEes

as pcr the principle of maximum be,nefit or maximizing the present valuc of water use

over time (Rogmasset & Wada, 2llz).Increased po,pulation and economic activities

are mounting prcssure on water rEsorrroes since the last centur5(Esteban & Albiac,

20ll). Depletable rrsoupes as water have got an important placc in econouric

litcrafiue. Prrorninent authorc have discussod the zustainable exploitation of rcsources

as Solow (1974),Stigliu (1974),and Dasgupta and Heal (1974).

The problerr of water management arises due to diffculty in the recognition of

prcp€rty rights, which leads to having the excessive depletion of resources (Estebm &

Albiac, 20l l). Among others the most prominent work on manag€,m€nt of resources is

establishd by Pigou (1932); for efficient allocation of resources government needs to

interveirc in the market by irrposing zubsidy or tax. Howwer, Coase (1960), established

the tenet of property righb and argued that this Pigouvian concept is not satisfactory.

Efficient economic outoome in p,resence of low or zero tansaction cost parties can

reach to voluntary agrwment without the interrrention of the government and conflicts

on propcrty rights can be resolved to bring mutually beneficial outcomes. But real world

application of Coase theorern is limited as Dixit & Olson (2000) provod that efficient

equilibrium is not alwap achiwable if little fiansaction cost exist. In the prescnce of

maoy participants as in case of inigated agriarlture not all std<eholder will voluntary

agree and barpin to reach efficient outcomes. Moreover, this illustration is applied in

situations whrc there is no asymnretric information and property rights are clearly

defrned along with already mentioned zero transaction costs but all these conditions are

rarely achievable in agriorlture water manage,nrent like sceirarios. Along with tlre



\

mentioned factors Galiani et al. (2014; Hesda, 2022) found commitrrent a cmcial in

conducting the bargaining process and reaching an efficie'nt outcome'

Howwer, water as a oommon pool resource crcates a water use Gxternality. There

existsmarket failure aswaterextactimbyoneuserwill affect wateruseby others and

furttrer, they have no ince,ntive to save water stock. So a p,rorper instinrtional settlernent

and a balanced interteinporal allocation of water rcsoruces arc requirod to deal with the

issnc @asgupta & Heal, lg79). Usually, there are two t5pes of models available at

hand zuch as e@nometrics and DSGE models, former srccessfully forecast the

economy based on past data for some quarters if the world rernains static, later consider

the world as static so rules out chances of crisis or shocks (Farmer & Foley, 2009).

Furtlrermore, Computable Gencral Equilibrium(CGE) models areusuallybased onthe

assumptions ofa rational represeirtative agent with pcrfect and costless information and

market clearing prorperties. Modcl bascd on these assumptions can be hi8hly

misleading. However, decenfialized and bottom-up approaches in economic.s are

complex and adaptive in nature and consist of interacting agent; their interaction create

macroeconomic irregularitics which in turn influence local interactions. These kinds of

interactions emerge as dynamic system. But complete complexity of the system is

merely measlred by theoretical and econonretric models (Nolan et al .,20DiTesfatsion,

2001, 2003). In ttre nral-world, the,l,e exist bormdd rationality, adaptatiotl, feedback,

and dynamics in the syst€m, which cannot be easily encounterod through these

equation-based models(Holland & Miller, 1991; Tesfatsion' 2mQ.

Sffiies in agriculture or irrigation arc not dedt without the inclusion of human

activities as these s],sterns emerged as humandominated due to extensive dwelopment

of agriorlture and massive use of natural rcsouces. Besides ap,pro,priatioq the issue of

over-drafting of rpsources usrally prevails. In order to examine how robust cono'mic

i
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decisions are rnade under uncertainty and how interaction typologies bctsveen agents

affed the dynamics of these systenrs, a ncw approach is suggestod. As far as putE

analytical models are concerne4 they do not consider the prospects of comnron-pool

resoures managed by stakeholders. Since there exist cases where these resources ane

successfully managed and resulted in reducing free-riding and building inter-personal

trust (Dietz et al., 2003; Ostrom & Watker, 2(X)3; Ruttan, 2003)'

Conventionally, thc manageureirt of natural resouflges in economics is studied as a

renemrable r€soufl)e. Till thc 1970s, models were used to consider the static state of the

world (Gordon, 1954). But progress has been made to include dynamics of the syate,rt

through optimization poblerr, which was addressed through dyramic programing'

grame ttreory and equilibrfurm analpis (Dasgupta & Heal, 1979). Eve,ntrally'

ulcertainties and non-convexities of natural r€sourc€ syste,ms have been inchrded in

the models @asgupta & Miler, 2003;Janssen et al., 2004). In mainsfeam economics,

an agcNrt can only maximize his utility for an infmite horizon if hc has perfect

knowledge, but the utility function is of limited use if we study a syst€m similar to the

social-ecological syttc,m, which consists of non-convex dyraurics, structural

uncertainty, and heterogeneity among agents, multi-atnibtrte utility, and spatial

hetcrogeneity. fui analysis made o,n the basis of unrealistic modcls cur lead to having

misleading outcomes and govenrance problenrs (Scheffer et al., 2001). This discussion

poses a qqestion ofhow to analyze the management of the social-ecological systems in

the presence of stakeholders with conflicting interests in spatially explicit and non-

convex dynamics. ABM is considerod a p'romising tool to analpe the complextry of

social-wological systems (Jansscq }W2).ABM can help to include spatial differences

of clranging social and econornic conditions (Gimbletg 2002; Grimm & Railsbach

2005) which is neglcted in CGE and other equations in the models. In addition,

!
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cunpntly, spatiat models are based on the assumptions of fixed conditions, which are

not a tnre representation of the real world. As in the case of irrigation farmers'

grogndwater extraction decisions can affect other farmer's decisions. Similarly, land

selling, r€ntin& water buyrng selling, produce selling decisions cannot be taken

indepe,ndently; rather, they are influeirced by the decisions of other agents that exist in

the system. Currently, optimization and simulation metlrods for farm and rcsorupe

manageinent arc limited to short-run studies. Howwer, these models have achieved

sophistication due to advanced mathematical progranrming and computer programs.

But for longer period simulations and inclusion of human-environurent interaction

made it analytically impossible to run tlrese models. Computational economics

€,ncornpasses these issues (Reeves, 193) with the increasing p,ractices of the

methodology of ABM (Berry etal.,z0/Jlz).

ABM is better at deallng with economic uralysis of the real world. In ABM, policy

makers can crcate an artificial eoonomy to see the impact of different intenrentions

quantitatively. ABM is a computerized simulation of several autonomous interacting

agents. Thc agents can bc as lretmgeneoru as needod e.g., individuals, social

groupingp, institutions, biological entities, and physical entities. Models in ABM arc

not built with thc aszumption to reach some equilibrium statc, instead agelrts act and

int€ract with their environment md other agents to malrc some emergent rezult.

Moreover, ABM can handle a wide rangc of nonlinear behaviours as compared b

conveirtional equilibrium models. It can explicitly model human behaviour, and ttreir

interaction with the environment as social dilerrmas in natural rcsouce manage,ment

are better dealt with commrmication between different stakehold€rs (Ahn et al., 2003;

Ostnom et al., 1994). ABM preseirts pote,ntially the best solution for the uderstanding

of the complex economic systein with inclusion scale explicitly (Gibson et d., 2000).



The economic model buildt through ABM can help us to have a useful for€cast of the

real social-ecological sys6m. ABM can help to build and test inrcgntcd theories which

include different aspects of social and naturat sciences (Farrrer & Foley, 2009). The

complcxityofthesocial-ecologicalsyst€,mp,rovidesawayforwardtorrscABMfor

str,rdying and analyslng this sptem. A genemal Framework that is required to be

followed is well depicted by Anderies et al. (2004).

Figrre 2.1: Depiction of Social-Ecological System (SES).

lSource: Anderies et al. (2004)

Every Social Ecological System (SES, heirceforth) o,r coupled human and natural

syst€trI needs to bc analysd keeping all its stalrctplders into account. The systeut

cannot be dealt with without the inclusion of social, ecological, and physical entities as

far as irrigEtion in agriculture is concerno{ the single-tiered model is given in Figure

2.1. Moreover, to see the robustness ofthe above s)lstc,!tr, its resilience canbe examined

against differeirt tlpes of shocks, which are represented by incoming amrws in the

l Andcries, J. M., Jansscrt M. A., & Oshorq E. (2004). A framcurork to analpc thc robustncss of
social+ological systems fiom an institutional pcrspcctivc. Ealogandbeiety,9(l), lt
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figure above. firese can be bio,physical as well as socio-economic disnrptions' this

sy6te,m can observe changes due to fluchEtions in extenral shocks, intmal actorc, and

linlrs between them. Internal disturbances can be caused through strategic interactions

betrveen B and C. Furtlrermore, these interactions are firther complemented by links I'

2,3,frd6. Moreover, Lirkages among cological entities as l, 4, and 5 can also be a

significant confiibuton to the fluctuations in the systenr. External shocks may affect

various components in SES. It can affect A's prefercnce in the response of new

information and inward and outward migration of people. C's abilities can also be

affcctcd by changps in high regul*ioms and governance. D can also obserrre a change

dge to changes in regulations and natural slrocks. These all changes alE

intmrtependently related to each other. And their inrcractions thrugh all scales can

cause SES to be less or mor€ robut to int€fnal or external changes.

Social dilemmas ofdiffereirtkinds are facedbyhumanparticipantr in the above

system. A, frce the dilemma of common-pool tcsources as therc r@ain incentives of

no coopeiation from B to usc rcsources. C, may also facc social dileinmas of bad

governance. Cooperation in social dilemmas can bc obtaind thrcugh repcatcd

interaction betweeir agents. But the issre persists with the possibility of less interaction.

This kind of social dilemna can be dealt wit[ recognizing people's capacities to build

itrstitutions. Even though the issue of sustainsbly governing the resources rcmains

gnresolved. Successful govcrnance requires creating zubstantid information about the

availability of rcsorupes, caprciff for conflict resolution among users and between

rEsource harvesting rule co,mpliance betrveen users, effective infrastructure, resilience

for external slrocks, md internal c,hanges.

Including all e,ntities of the social-ecologicd sptern can help to have optimal

govenruroe strategies that can make social dilemmas get r€solyed. But B and C can



have dwel@ some set of norms that can work in some qpecific social-ecological

settings. ABM is being intensively rsed for a theoretical understanding of the

cooperation betnreen agents. Sioce overfiarvesting of common-pool resogrces bocomes

more acrrte in the pr€sence of uncertainry. There are different tlpes of theoraical

models arrailable for thc impact of human behaviour and resource managemc'nt'

Moreover, some models of munral tnst relatio,nship also prarail where agents restict

theirbehaviorn aod set rules to prsvcnt rcsourpe collapse'

ABM experienced its application to SES as a coordination problenr that seeks

to be resolved in irrigation systens of Bali (JansserU 2007)'It has also been applied to

tackle the rangelands coodination problun in Cameron (Rouchier et al'' 2001)'

collaborative forest manage,m€nt in Indonesia (Purnonro ct al.' 2003) and the

management of livestock efflgent in Frmce have been examined through this model

(Janssen' 200D.
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CIHPTER 3. METHODOLOGICAL FRAMEWORK AND

DATA COLLECTION

C,oncerning inigation, cunently, different tlpes of models are in practice as

linear programing approaches, which maximize utility and use shadows priccs for the

determinatio,n of water prices and quotas. Approaches from game-theory where agents

try to optimizc utility zubjct to the strategies other agents adopt for their optimizations

(Le Bars et al.,zDz)are also in practice. But these approaches are limited as they don't

consider imperfect informatio,rU evolution, the spatiality of agriorlture activities,

interacting agents, and boundd rationality, which are thc tue characteristics of agents

in the system. The explanato,rypowerofthese models is limited to answerthe questions

@erger, 2001). It has been recognized that one of the crucial issues in the management

of natural rtsorrces is the interaction betrvee,n stakelrolders (Di€tz et al.' 2003). Due to

thereasons,orrcntly,molecomprehensivebottom-upapp'roachesfornanrallEsourpe

managenre,nt regarding broader stalrcholdcr participatio,n is bco,ming popular (Hare et

a1.,2003; Irnini et al.,2004).

3.1 ABM md Agrlculhtre Weter Menegement

The ABM apecard as a majorbottom-up tool being extensivelyus€d in many

theoretical and mpirical studies basd on complexlty (Ar1 2012). ABM is defined as

'An agent-basod model is a conputerized simulation of a nurrber of docision-malrers

(agents) and institrtions, which intcract through prcscribed rules" (Farmer & Foley,

2009). AgE rtr ia this metlrod dynamically intcract with the environment and have a

capacity to learn and adapt in rcsponse to change in the eirvironment. This malrod

focuses on hameesing the complaitybyurderstanding the individuality of the ageirts
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and warns against aggregation of behaviogr of agenS as it may bring mislcading resuls

Q'n, zLlz;Bousquct & Ir Page, 20fJ4.).

For understaoding as behaviour of famrer and their interactions, ABM starts

with assrmptioos d€duced from the real wo,rld and ends up b,ringing simulation-based

resuls that can be furtfuer analyscd. Some rcsearchers have turnod it into a third way of

doing science (A,xelrod, 19' f.7). ABM gives promising oubomes besides c€rtain

criticism o,n the validation and calibration of these models (Lempert, 2002; Par*er et

a1.,2003). In rtcent ]rears many dwelopme,nts have beeir made, aod the ABM model

has evolved ftom individual-based ecological models followed by testing of conceptual

ald thoretical social models followed by realistic unpirical models coupled with

environmental, ecological models (fut 2012).

As far as natural r€soulce managenrent is concerne( thse have been fourd

coupling of the differeirt agrohydrological, eco-hydrological models (Lajiao et al.,

20ll; Tagrre & Ban{ 2OO4). Since the coupling of ABM with the biophysical and

hydrological prccc.ss€s is a progressively active research area (Matthovs & Setnao,

2006) and a powerfrrl tool for haodling the co,mplexities of of coupled human and

natural system (CHANS) (An et al., 2014). Agriculture is an example of CHANS

where consist€nt interaction and feedback between hydrological, bio,plrysical, and

socio+onomic prrlccsses takes place(Liu et al., 2007). These factors provide partial

understandiag if any of them are considered in isolation (Matthews & Selrnan, 2006).

For a complcte underctarding of the competing interests, these ttree mrst be strongly

maeecd together (Bskes et al., 2008). Itrsighb from the complexity of the system arc

suggested to be gained through integnting hydrological, biophysical, and socio-

economic models (tiu et a1.,2007) for resorupe managemen! policy implications, and

tftrigns (Schdmhart et al., 20ll).
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Ageirt Based modelling is a curreirtly widely used methodology for modelling

and simulation of the complex adaptive syste'ms which can be an effective approach for

water resource manag€ilr€,nt (Bandini et al., 2009). In a complex adaptive s)'st€'m as

water; the interaction betweur agents canbe influenced through the influence individual

agents reccive (lvlacy & willer, 2N2). ABM provides a plafform for delineating

interactions among individuals to include human decisions to simulate their actual

behaviour (Edmonds & Barthclenry, 2002;Terna' 1998)'

ABM is found advantageogs as compared with other modelling approaches as

it provides a ddailed explicit description and e'6ergent betraviogr of the hetemogamous

geogr4hical systerrs with interacting agents (Bonabeau, 2002; Bousquet & k Page'

20k;Gal6n et al., 2009). But it is also important to note that ABMs can't predict the

exact state of the s)'stem modelled rather, it exptains how the systenr will evolvc for

diffourt possible future scenarios'

Spcific ABMS for water management arc available as for stakeholders'

analysis; Multi-unit Arrctions, Adoure Basin (Athanasiadis et al.' 2005)' camargue'

JOGOIVIAN ud FIRI,IA Limburg models, for managenrent of donrestic demand and

srpply; FIRrVIA Thames, DAWN(Athanssiadis et al., 2u)4), DANUBLA' FIRNIABAR

models and for management of irrigOted agriorlture; AWARE (Farolfi' 2004)'

SHADOC (Barr€teau & Bousquet, 2000), LAKE, BALI (Jansse'n, 2007:' Jansse'n'

2001), MANCA (Le Bars et al., 2005), SINUSE (Feuillette et al',2003) and sao Paulo

(Ducrct et al., 2004) models have bee,n developed' widely reviewed and applied

throughout the world Cfzina et al., 2006). In these models problern of appropriation of

infrasmcEre, overexploitation of grorrndwater (Feuillettc et a1.,2()03; Holtz & Pahl.

Wostl, z[l2),social dilemmas of cooperation and governance (Aktrbari & Grigg' 2013;

Jansseq 2006) are discussed. Soure studies have been used to assess the dynamics of



water resource rnanagcrncnt as coupled human and nansal systcnrs (Becu et al', 2003;

Tesfatsion et al., 2Ol7). To connprelrensively guide goundwater managcment policies

r€ceNrtly, the coupling of ABMs have been done with physical groundwater flow

modelling (Fuhadi et al., 2016;Multigu et al., z}l4),where grcundwatsr codes are

updated as pef sfiess crcated by ABM and then updated state of the variable is used to

ass€ss pohcy implication (Castilla-Rho et al', 2015)'

Initially, the currcnt study analyses the dynamics of the inigation systcm using

ABM. Dynamics of the inigation systenr in t!rc prcsence of all agents as water users'

providers, ecologicat and physical conditions of tfue aquifer are assessed as per the

conceptrul fragework given in figr5e 3.1. UsuallY, the conceptual framework for

agent-based modcls is dweloped considering the properties of all age'lrts and the way

they interact with each other. After specifying their behaviour, a theoretical and

conceptgal formwork is developed for agent's relationship with each other and the

eirvironment. Subseque,ntly, agent relatcd data is dwelopod' After delineating the

appropriate relationship among age,lrts and environment model is validated in context

of real world scemarios. Some of the relwant conceptual frameworks for water

management in ABMg are given in Afebari & Grigg ( 2013), Becu et al', (2003)'

Berger, (2001) and Castilla-Rho et al' (2015)'
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3.2 Methodologr for Agent-Bered lrrlgaflon Model

A comprehensivc model for dynamics of inigation system for differcnt nramgement

intcrvention undcr coopcration and cmflict scemarios is dsvelopc4 which will help to

answer dl objectives pr€sented aborre.

33 Timettne of Fermers Acdvlfies

Diffcrent tlpcs of models have bccn uscd by rpsearphers for conrmm-pool

restnrce management. The cur€nt study will use an agent-based model to assess

ftasiblo watrr Eansgcrncnt statcgics fu agcnts of conflicting and competing intcrcsB'

ABM is capable of solving complex problems where humanbehaviour and interactim

between the,m are included. Timeline for tlnee crops in Rabi and Kharif seasons as per

'FAO crop calcndar for Pakistan is givcn

Sng!rcane

FAO crop calcndr Pakigtan

Tesfabion et Ll. (2017) devcloPEd an agent-based modcl for watcrshed mauagsment

that assesses the dynamics of the syst€m by inclgding dl agents iu the model'

Furthcrmore, this model fied to oovEr all cornplexities of wafier tse. A modified

vcrsion best suited for inigated agriorlttue of Palcistan is presented here. Modifications

Key

Tablc 3.1: Crop calc,ndar of selccted c'ltops

t https://cropcalendar.apps.fao.ory/palslstan
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-

are based on conjunctive water use assessilnent' and the kind of subsidics o'r concessions

are available for farmers in pakistm. lnitially, the farmer will decide about crop

cultivation basEd on his socio-economic conditions and the inforrration about

government facilitation for farming. After analyzrng these variables' the farmer will

grow crcps and assess input costs. His money inconre will be updaEd'He will also

decide on cooperation as p61' his perception of the sy6t€'m' Aftcr tran'e'stirU' his wealth

ofmoney,incomeisupdatedfornextp€riodcroppirrgdccisions.

In zubperiod tc, farmers drcidc for cropping wheat subject to realization of

input costs, watetr availability, aod sgbsidies' Ttere are different t1ryes of zubsidies

available in Pakistan; concessional prices of fertilizers, the low tariffon electricity for

hrbe wells, and zubsidy on impmved irrigation practices' The Punjab Inigatod

Agficutturc Productivity Improvernant Project (PPIP) is subsidizing improved

irrigation practices@ell et al., zlll).Ttis study will assess the impact of these kirds

of zubsidies on the system. ABM will help to see the impact of diffe'rent kinds of

subsidies of different amounts. Further differcnt cases of the low, medium or high

lwels of zubsidies on the above heads will be considered.

Though ts to tr farmer pt[chases inputs need for sowing the crop as seeds'

fertilizers strbject to socio-ocono,nric consaaint, income, landholding ctc' In tr farmers'

expected yrel4 water re+rirement, conjuoctive use of surfacc and gfoundwater is

determircd. The governme,nt intervenes in this time paiod for zubsidies onelecficity'

sccds, aod fbrtilizcrs. At the beginning of O support prices of wheat are realized' At

the initial stage farmer will dcide o'n cropping zubject to input costr and his money

hotdings. Initially, inplt costs for farrring will be rcalizcd in t1 and it will be bascd on

required seeds, fertiliz€rs, labour, or water costs. The timeline will be adjusted for either

!
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of the cmps accordingly. Farmers will assess input cost as pcr acre requirerneirt'

hqutCost4t= tn1utco$ (#J (3'1)

Govemment allocatcs ie bdget h th€ p€riod t2 for srbsidizing electicity' seeds'

fertilizers, and improved inigation practices. IlPsltht2Allot is budget allocated for

improved inigation practiccs and can be written as:

IlPsub42Allot = S42B i1 (3'2)

Heie Ss,2 is zubsidy allocated out of budgSt announced in puiod l' Amount of budget

allocatcd for improved irrigation practices is set aside and rate p€r acrc is determined

as below:

ttzz = ts:z =l llPflb"'lf 
y-oer1

S&Fnrbs,2r{llot = (St,zB tr )

Lr equation (3.3) r",2 is the retentim laod zubsidy. HefG rmar ranges betrveen [0-l]' is

o paramet€r showing maximum arrailable land for improved inigation practices' Part of

the budget is allocated for srbsidy on seeds and fertilizcrs, as depicted in eqgation (3'4)'

The rcst of the budget allocated for agricutturc is allotted for subsidy on electicity' It

canbe writtsn as:

GWjnrgsubsl,2Allot=|l.IlPsttb"42Allot-S&Fszb"g,2Allot|811(3.5)

GW -i.I:igsttb 
is the zubsidy allocated for groundwater inigation' At the beginning of

the sub-puiod t 3 farmer allocates his land betureen usual cropping and waterrctention

practices.

As-p(ctt) = cusAF (3'6)

Hae An*(css) is the area undcr usual crorpping practices and r{Fis the t'otal farrr area

Farmer's crop land retained for inigntion practices Ant(ct s) in pedod t3 can be writtcn as

(3.3)

(3.4)



Ant(c,,3)= [1- Anop(ctt)l (3'7)

Tte allocation of thc above land for c,rop and rctcntion can help to realize retention subsidy ie'

ltese pcrc€ntagps will dcpict farmers land allocation forboth types of croping

Ret$tb'est(t2,2)(rt'g) = ts2tlyAF (3'E)

Farmer,s retention land nrbsidy for the year t is realized as in equation (3'8)' Due to

srbsidies, farmers receive his money holdfuE at time t: 3 will become

Mttktztez) = Mtt* RetSltbrul(rs'2r33) 2 0 (3.e)

In zub time period t:4 farmer purchase inputs required for croplaud urd inptrt cost is

needed to be zubtractod to updarc monGy inconre of frmer in time period fi 4

lrl 41 (t 42t s'.r) = l/r,r (rr,z rtr ) - hErttC o st rrA o*(c's) > 0 (3.r0)

Insubtimeperiodts totatwateruseisrealize4whichisdirectlyproportionaltocrop

yield. wlJcrs = totol watfr use in fime period t5 is realized = Hartest Yield (Ht 5)

CroPrrs(css) = Ilr's *Areaoq(ces)

In subperiod t5 crop price is rcalizod'

v alw{3q (ct s) = Cprice t c \ Cropsrs(Qs)

The rnartA valgc of farmer cmp is realizod, and farmer update his money income as

ffii (c6t s,zrer) = M t +G t ztatl + v ahu{fD (cez) (3.12)

Farnrer sell his crop in thc Ina*ct at the pli1en Cpric?3;5 sod r€tain crop in thc

arnount to consume for hcrsclf as Consfr, it will dderminc farmers' welfarc' which will

be measured by utility he obtains by consuming th6t crorp. Besides the money he

receives; his utility also depends m hope the utility he obtained ftrom cooperation

durhg the time p€rid of cropping. U'the total utility received by the farmer will be

obtained as:

(3.11)
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tt'o^ - lJoctt+ ttfL,.z
(3.13)

We used additive forrr of utility function In multi-agent rcsourpc allocation systern

for feasibly reaching the socially optimal outcome the utility fuirctions used by agents

to modcl their preferences over altemative bturdles of resourpes are additivg it is

zufficient to use very simple negotiation protocols that only cater for deals involving a

single rEsoutpe at a time. This representation is as orpessive as the "stutdatd'

represmtation as listing the values of all possible bundles of utilities and that it often

allows for a more succinct representation of utitity functions (Chwaleyre et al., 2fi)8;

NSu)rGn 6,aL,2014).

Farmers Utility of conzumption lIOClrT is measured by the following equation

IOCET = u(Corci7) =ln(Cozs L, -d + RD (3.13a)

-FAnd d is a zubsistcnce lwel of a crop and farmcr risk tolcrance parametcr RT is to be

maintaincd by thc farmer. Non-concavity of the utility firnction is induced fire to the

explicit dAennination of thc subsist€nce lwel of consrmption The standard utilitrrian

approach for utility maximization in the contcxt of welfare maximization is not

\xalidated hcre. Furthennore, the complamess of the utilitarian approach is also

challeirged dge to the inclgsion of constaing of zubsistcncc consuruption(fesfatsion'

2006). Ifthe farrrer is unable to attain a minimum level of consumption, i.e.

-FCprice*5* d > t711rtrd6rzros)

Then the farmer's constrmption will be

(3.14)

Corclr7 = li\?f (tezrrs)/Cpricrrr" I f then the farmer will exit from the madrct

he may reirt out his land. If equation (3.14) is not trug then the farmer will save and

made consumption as per following saving and corsumptionconshaints
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Slt t Cprice45* Cor16,lt = t'qi,dkezrez) (3'15)

Consf,.7, d
sf, > sfo

And possibly hrmeruses his saving as next pcriod moncy

M1t+r1.r= Sf.z

At thc end of the time pcrio4 t famrer will updarc its state fiom t to t+l' Here the role

of Governureirt is take,n as exogcnous. It can be made endogeiroru by co'nsidoittg

governmeirt fimctions as a colloction of O & M costs and allocation of subsidies. The

existing model willbe comple,mcntedbytakingthe Government as e,odogenou ifthcre

will be a need to have an assessnr€nt of water pricing determini4g O & M costs.

For general rmderstandirU, it is important to relate part of the corc€ptual framework

with the oqgations of the model. Equation 3.1 and oquation 3.6-3.15 can be related to

farmer decisionmaldng or farmer self-interaction in a conceptual framework with the

block a. Eqtrations 3.2-3.5 include dircct impact of subsidies, while ttre induced aspect

of government intervention is depicted through equations 3.23 and3.26 nd can be

related with block b in the conc€,ptual framef,rork. Furtlrcrmore, equations 3.19,3.20,

3.21,3.22 depict agent interaction with othcr agents in the system and can be relatcd

withblock c in the coaceptual framework.

3.4 Cooperttion and Conflict in YYeter Monagemenfi Governing

3.4.1. Conluncfve C'round rnd Surface Tyefr Use

Alftbari and Grigg (2013), proposed the ABM model to sec cooperation betveen

conflicting int€res6. ABM is calibratod with a waterslred model to capture the

dynamics of the system, timings of flow, allocations, the interaction between

stakeholders, and resultant decisio,n-malcing. A regulator is definod as a modiator

betrveen the environment and diversions. Water allocation, quantity, and quality are

tt



determined by the e,lrvironment. Water demand is zup'posed to be deterrrined by the

interaction of all agents.

The cooperative and non-coo,perative behavior of famers deternrines the gap

between de,rnand urd supply of water. Farmers are allocated water after deducting it for

the minimal environurental requirernmts as per their tand area. If the water dernand of

agents is more ttran its allocated shart, then the behaviour of the age'lrt is considered

non-cooperative. Aftenyard, willingness of a diversion for cooperative behavior is

sought. The behaviour of age,lrts to cooperate depends on social pr€ssulp' educatiorU

and neighboring ageirt behavior. To bring cooperative behavior legal, managemeirt, and

legislative prpssurgs are deftred as permodification factor (d€eend o'n social pr€sslrc

and education, tr.). If agents cooperate in case of watq slrortage, then demand

modification will be zero. Detail of the model is given below

Since TAW{-*1 = $tfrcewatet I Gtoutdwatet (3'16)

And AvotlahleSurfaceWatet[=17 =Qn-sw-Qmn-sw (3'17)

Surfrcc water is available in more quantity if the land is near to watcr sourpe so

available surface water will proportio,nal to the distance frrom water source i.e.,

Ailllllfl- [ 0n-st"r:t - Qmlm..sw'"U 
O*, (3.18)

Hcre, dsw is the available surfrce w8tff, afi DWS is the distance fro,m a watet source

lf AswEL.T 2 D1p13-1;7 = Fmtnswoter use is tlu surfacewatsr

HGIE Dp.' j=1,7 is hnncr maximurr dcrnand for inigation watcr. Tlre slmrc of groundwater

willbe negligible. And if

ASll[a,7 S D6qi=137

Famer water use wilt be thc conjrmctive surface and groundwater. There will

be a cap on grormdwater use as Qffi#r,r.If surface water arrailability is negligible in

so(re arcas then agriorlture watcr use will be groundwater in total. The action and



belravior of thc farrrers will depmd on their perception of the syst€ln' Sorre may relate

their benefitr with cooperation. ln con6ast, some may rcmain consistent with

coo,peratirre or mn-coopcrative behavior irrespoctive of the benefiE of coopemtion thcy

achieve. The coo,peratine behavior of farmers can be assessod by ryplyitU a cap on

groundwateruse. Two cases canbe discrrssed as

Casel: AgenB will cooperate if ASWELTT2 D6ag=127 and will agrec to withdraw the

optimired amourt of groundwatcr Qfriflry

Case 2: fuents will not coopffitc if ASWET.? 3 Dmatrt=rzt and will not acccpt the

orptimized levtl of grormdwatcr allocation QffE r,

The governmeirt can intervenc for cooperation to exist. Wamuse utility can be

calculated for farmers forcooperative and non-cmperative behavior as

\

Uflr,r(C - c) = a x v!-l[,(c) + Fn

ufltt(c -r IVC) = b xvl;f,z@c)

u{!*t(NC -c)= cxvLJ::t (c)+F,'r

ul\t(NC + IVC) = d, xv!:I?@c)

(3.1e)

(3.20)

(3.21)

(3.22)

And

The first tcrm om right-hand side of these equations shows social pr€s$r€ and the

second term represents the effect of education urd social plcssut€ on fatmets' utility.

U[!r,r(C + C) showr behaviour cooperative frrner who is willing to keep the same

bchavionr. /gldU'L.t(C + NC) shows a farmer's behaviour who is willing to change his

behavion from cooperativc to non+oopcrative behaviour.VE.]f"@ is the proportion of

neigfibour of farmers having coopcrative bchaviour and lrfi1lr(ilC) is the proportion of

neighbour have non{oop€rative behavior and F,, is a modification frctor. And this frctor

can bc dctcrmincd through governmcnt penalties and inccntivcs in case of non+oope'lative

and coo,pcrative behaviours of frrmcrs, rcspectirdy.
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For cooperative betravioru modification factor can be estimated as

( ttls:w{,,7+Q#-r,)-D-",n,l'
F- = (1 - a) x {sinoa,} + 

I 
C - "l 

*T
\ 

-

(3.23)

ffi- 
lncentluc!

First terrr on right hard side slrows the impact of education and fainhg thc governmc'lrt

provides and the second tenn shows the ince,ntives in the form of nrbsidy for the ag€nts

who cooperate, which is pro,portional to grcundwater de,mand by the agent'

To updarc wat€r dffi16nd afta govcrnment intervention, trw wat€r denrand is

calculated forthat age,nt as

NuDLH= [D,ot=r ., - (ASwLr,, * Aff!=*r) t (1 - U{\il (3.24)

!

Non-cooperative agents usc morc grouodwater ttran allocated. They will face penalties

in the form of no zubsidy provision If non+ooperative agant consgmes more than

allocated groundwatcr as 7 x Qffirrr.They will be penalized to coopaa'te their new

maximum water dcmmd will be

NW DL,u, = D^ot=t.z = (ASutLt, * Afflr,r) (3.2s)

Quantity of watcr dcmand 7 will be calculated basod on D^n'="'fO*rr*, 
-d th"

hydrological conditions of the age,lrB. Iryact of this encouraging impact will be addd

througfu the corrwtion factor as F- in the utility function of non-cooperative agents

wifling to cooperate. A farmer is allowcd to withdraw its Dro3-1,7, if after intervening

Dla2as=r:7 of farmer lies between I x Qfflr,, * Off;,|!1z ftm thc farmer will be

chargpd with a little tax/ftrc. Modification factor for non-cooperatirrc agents can be calculatcd

as
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Here F aod (1- p) coefficiens are the effece of fiaining aod penalties on non-

cooperative farmers, rcspectively. Our Agent basd model reflects and approximatc

the mettrodology Prcs€nted h€r€.

3.5 Oveniew lhsign and Details (ODD) of Conjunctive TYater

Every ABM is required to be reportod intenns of ODD givenby Grirtm et al. (2010b).

Tlre overview consists of the purposo, variable, and process of ABM. The design

inclgdes cflrergpnce, adaption and fitness stochasticity, predictiotr, semsitivity'

collectives, and obssvation. Dctails tell us about initialization, input data, aod sub-

models. Explanation of all these witl be addd in the context of the cur€nt dweloped

ABM model.

35.1 ABM for Coniunctive Gnound end Surfece lYeter

\Vater resouroe rnanagement includes human and natrual agents; farmers, regulaton

andhydrclogical sy6t€Nns. Thecomplexityof intcractionbetweenthenrrequires theuse

of ABM to ce6r€ the feedbach adaptability, and ernergent behaviour in the s],st€m.

Undcrstanding of socio-natural syaterrs and the complexitybetwsr thenr can deliver

policy irnplications for water rnanagenrent in irrigations systems. To dwelop ABM,

socio-@onomics, natgral and feedback models arc to be dsvclopd (Giuliani et al.,

2016; nan Heerdeir et al., 2003). Every ABM is required to be presented through

ovenriew, design" and details (ODD) of the mode; ODD recommeirdod by (Grimm a

al., 2006). A flow chart of the model is given in Figurc 6.8. Reprcsenting farmers'

agents andtheir interactionwithnatual syste,ms consistingofthe canal command level
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of the l.ower Bari Doab cutal command Arca ad ttre type whe'lr both grorurd and

surface water are conjrmctively used'

3.5.2 Purpoce of the Modd

This model will serve the purpose of surface water manageinent and will see how

farmers managp water dcmaod ftom the conrbination of sll,face wat€r allocations and

gfoundwater cxfiaction. Moroover, the conjunctive water used will be assessed as a

sourte to improve water quality and crop p'roduction of the farmer' A firther pupose

ofthe modct is to assess if the cxpenses of surface waffitavel cost canbe approximated

as of groundwater abstraction for spatial differences among farmers' Different

conjuoctive watcr manage,ment and use sfiategies will be observed b gee if water

pncing can be used for water trading and water availability at the head middle and tail

reaches availability of water cou$es. Moreover, we ant aiming to sec the following

outputs.

How dynamics of the g)'st€m are affected by varying the social' economic'

physical and economic variables?

How penalties, rcwands or setf-governing rules can help to maintain water

quality and quantity available for farmcrs having spatial differences so that

profitr/ benefits of ftrmers can be improved?

How surfacEwateruse cost canbe rationalized thorough groundwateruse costs

under spatio-tenrporal conditions?

Fmers intcract inmany ways for collecttive action in surface water inigption;

i. Acquisition of more water; lobbying for an inqpase in disclrarge of canal water

and illicit practices for infrastnrctural interventions (fampering the Mohgp)

3.
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Figrlte 3.2: Flow chart of ABM for conjunctive watcr manag€rnent.

Source: Author's own develoPed

Water oouEes rnaintenance

Relocating of infrastnrcture (Mohga)
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iv. The lining of main canals

v. Grolndwater markas @uying and sellirU of grcgndwater)

vi. Buyrng and selling/ exchanging of their water turn (Warabadi)

Tte farmer will prefu individul action if there is a lack of collective action urd ttrc

possibility of gating morc benefits frrom individual actions. Individual efforts of

farmers to increase water srpplies may include

i. Conjrmctivewatcruse

ii. Water tading (canal water is usually exclrangod and groundwatcr is bought and

solO (Small farrrer may gct half an hour of water turn he may sell 2R days

wat€r turn to the big neigtrbor in order get one complae ftrn. This will take him

to wait a long b water his crop. There is compensation of time but no

compeirsation of the amormt of water farrrers geB on his exchanged turn.

111.

lv.

Use of water allocated for government prop€rty

Physical intervention; acquisition of water, sipholtittg

Groudwater purchase and Installation of tube wells

Refusal to sparc zurPlus water

Cropping Pattern and Use of canal water allocated for orchards

v.

vi.

vii.

vill. Ivlaintenance of the farmcr clrannel

3.5.3 Entidcq Stete Vrrlrbler' rnd Scrlel

Farmers own farms and are spatially conn$t€d to the water sourses. There afie wat€r

oourses in thg systenr- Farnrer chooses cropping on the basis of socioeconouric

characrcristics, watctr availability, and cfiop yield. Farmers own farms aod farm has the

following P,roPerties
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o Logging and Sdinity

o lllaterDcmand
o \l/ater allocation

Paramet€rization of the model is ginen in Appurdix A3'l

Figrre 3.3: Initial vien' of themodel'

Source: Nctlngo Interface

Watgisallocatedasp€rthepruviorrslandcultivationaf,€aatthetimeof

construction of canals. Now area Wder cultivation is more and so there is a need to

allocate morE wat€r so that water dernand can be fulftlld.

35.4Inttirl Chect( of the Model

Farmers are located on the canal and they witl receive water turns as pef schedule wery

l0 days. It means that over a )'Ear a farmer will receive 47 turns approximately out of

53 weeks and total turas ofthe ycar. As rest of the days canals usrally are not operated

for Bhal safaac. All his variables as yield, bene,fitq loggin& and salinity will clnnge

accordingly. At wery inigation turn' all paramders of the farmer will change and if the

farmer's demand is not met, he will use grcrmdwater which will change his costs'

benefit, aod other variable scenarios. Farmcr farther trom canals will face water losses

of seepages. The more distant a fanner from the water source morc he will face water

loss his fcwer dcmand will meet througtr surface watcr rest of dernand will be futfilld

though groundwater. Ttre initiat view of the model is given above'
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35.5 Pruccc Overvlew Se'heduling

water is received on tbe basis of rotation to ev€ry farm oncc evcry l0 days' Farmers

pse water they need otherwisc they tade watcr to head or tail end llrmers for money

or kind. Usually, water d€mand is morc than zup'ply. Farrrers face water deficiency

and accordingty per fuectare yield is less. Due to seepage and wapotuspiration water

availability will be less at the turn of the farnrcr at the tail. Farrrers can trade their water

eirtitle,rrcnts with other farmers at sooe agreed prices. Farmers will fulfill their de'ftcient

d€mand frronr grcund water but their cost, yield, and othcr pararneters will change

accordinglY.

3.5.6Inldel Modcl

l. A farmer will get rEsoupe as p€r allocation with wery tick (wery l0 days). It

meaos that if the'e are l0 farrrers with loF dck all farmers would have rcccived

water n'ns and the same will be rcpeated 40 times. The syatcm will compleE

onc )'ear in 40 ticls.

2. Farmcr will change its all paramaers as crop yield, loggitlg, salinity' water tablc

d€eth, aod all rclated Parameters'

3. A distant farrrer from a watcr sourEc which is assessed through the 'who'

nunrberof farmers will face morp waEr secpage and waporationproblcrns.

3.5.7 Modcl with weter tredc

Farmer use allocatcd water as pcr his turn. There can be the following possible

sce,lrarios:

l. If the farm is at the tail and the tand area is less than {/ aclt' one water tum will

not be sufficient to mect the water d€mad. The farmer will tade his turn and

the,n cornbinc his two to thrce hrms to inigate his land. Wait timc may reduce

F
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his crop p,roductivity. He will cxchange his water turn wittr upsheam frmers'

Even this heatn€nt may not fulfill his water d€mand'

If the farm is at the head ad the farm area is < 7 acre he may sell his turn to get

watq exchanged with other neig[rboring downstreaur farmers.

If the famr is at the head and the land area is > 7 aae,water deinand is fulfilled.

Their farms productivity will be reasonably higher. He will not defect in his

favor to acquire water through illicit anangenrents. If de,rrand is not met he

may tade wat€r or use other sourpes to get water. UsirU illicit sources will rnake

water scarce for tail-end fanners to lheir allocations. And therc are ctrances of

the defect.

If the farm is at the tail and land area is > 7acre. He may not be able to meet

crop de,mand. He will exchange water right with the farmers at the head. Or he

may use other sources to get motp water than his allocation. Produdivity may

docrease orcrcp choice maYchange.

5. 1n the cascs wherc demand > allocatiorU chances of defect are higher. Farmers

may not cooperate with thc design principles of Warabandi. In this case, thcy

may face social pr€ssurc and nrn closure in casc ofcomplainE as a punishnent.

Consequentln water availability will be less.

3.5J Ilerlgn Coneptr

The design concept of conjunctive water is given below.

3.5.t.1 Berlc Prlndpler

The conccpt has been takeir from the Indus Basin inigation syEtetrl known as

Warabaodi. Besides other factors water availability affects cropping decisions of

4.
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the farmers and fitness is related with the anrormt of bencfit farrrer gets out of

farming.

35J.2 Emergence

Spatial equity in water disfibrution How cooperation for mmagfuE water is

achieved?

3.5.t3 AdePtetion

The farmer will learn over time about their cropping decisioms and how water

availability and trading over time has an impact on qop yield. He will have a

memory for the srarcgies which has given him the highcst benefit and he will

act accordingly.

3.5J/ Obiecdver

Farmer's objective is to maximize his benefit. And it will be assessed for

different shategies of water use decisions. From cooperation to optimal pricitU

decisions.

3.5JS Leamlng

At wery time step, all frrm-relatod variables will be updated and help for

cropping and inigation decisions of the farrrers

3.5J.6 Prediction

The farmer wilt prodict water availability and prospective use of water and

expected bencfit out of the water and decide for croppittg'

35J.7 Se,nslng

Famer will scnse water prices for waEr trad€s and network with the least

offered price. they may network to get the benefit of water theft etc.
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3.5.t.t Interecdon

Farnrers will trade their e,ntitlenre,nts aud directly interact with neigfubors'

3.5J.9 Sbe.hesticitY

Some random behaviors for coopeiation are included. Farmers are zupposed to

comparE costs andbe'nefitr of dcisionrnaking'

3.5.t.10 Collectiver

Farmers'water trading and defects will rnake some aggrcgat€ behavior Gmcrge

or theircoo,peration can also enrerge as an aggr€gatc behavior'

3.54.11 Obrenedon

Some of the data from ttre lieraure will be used for thc initialization of the

model.

3.5.9 Inlffeltzedon

what is thc initial stryp of the model of thc world? At timc to farsrer will dccide

cropping on the basis of expected watcr availability md expetcd gains from crop'pittg'

This modelwill considcrthetimeperiodfrom sowingto lrarvestingthecrop througfuout

the year. Isnre of water availability bwomes intense in zummers for Kharif crops' The

simulation will cotrsist of 10 days rotation for 40 time steps in two seasons around the

whole year. Cropping decisions at time T0'

35.10 InPutDrtr

Input daa from cxrcrnal sorrses such as data files or other models to repr€sc|It

processcs that change over tirre'

i. Distance ftronr lVater sourEe

ii. WaterDernand
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iii. WaterTrade

iv. Farm Area

v. Waterallocation

vi. Behaviors

vii. hices

viii. Initial Benefit of cropping

3.5.11 Sub Moddr

The farmer will cooperate more if he needs surface water morc othenvise incentive to

hoard or cheat will be morr. Some tenancy does exist and water is allocated as per

agreement at the time of the conhact betrreen tenanB. The difference in water

availability at the tail and hcad is arourd 30)6 on average. toggng and salinity has

their own dynamics. It docs exist most in the areas whei,e thete is less drainage.

3.5.12 Preudo-coding

If inigation firn is equal =l then srface water will be uscd and if de,maod is not

fulfilld thrugh surfacc watff, then groundwatcr will be used to fulfill the cxcess

demand.

3.6. Date Collection

Data on crop parameters, socio-eonomic conditions of farmcrs, and physical variables will

be obtained through a survcy ftrom randomly selocted frrmcrs trom designated sircs of the

upper Indus basin in Punjab and Sindh province. Data on niluenues, @sts and crop prices is

obtained ftom thc Agricultue Ycar Book of Pakistan. Data on the development of
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groundwat€r will be takcn ftrom Punjab Development Statistics (PDS)| and BoS Sindhs.

DnG to thc necessity of analysis for rcgion-specific water managsflicnt policies, data ftom

bothprovinccs will be collectcd accordingly. Dataon watertable dcpth andqudity will be

taken frrom Inigation Deparfinentss, and SCARP Monitoring Orgianization (SMO) of the

Water and Power Develop6ent Authority (WAPDA), whereas the cropping pattcrns and

crop yield data will be collected frrom Agricultural Extcnsion Scrvices of respcctivc

provinccs in Indus Basin. Data on the spatial availability of surhcc water will be takcn

from WAPDA. Data on climatic rariablce, watctrus€, and crop watcr requireme,lrt is takcn

fro,m different r€,pofts of thc PCRWR and Pakistan Mehological Department. For

validatim puqxrscs, data for the mc,ntionod paramcters will be taken for the recent years

from literaturc.

3.7. Evaluedon of ABM model

Evaftration of ABM is a denranding task Verification and validation of revealed

behaviour fi,om thc model are diffcult to urderstand and relatc with real-world

phcnornenon (Srbljinovid & Skunca, 2003). Howw6, waluation ofthe ABM model is

a challenging task. To assess the rcliabilrty of the developd ABM, differemt

experimenb are implenrented for different parameters to obscrve variation in results to

confimr or reject thc hlpothcsis. Statistical analysis or test can also be nm to assess the

signilicance of thc measur€ as in our model for logging salinity and profits. In ABM it

is reommcnded to collct differcnt resule from multiple runs at diftre'nt points in

time. Data collccted is used to draw charts, a8 summaty statistics rnay not depict a clear

picture for large data sa. Grryhs, which embd the full sct of data in a pictorial

' h$Bl6lndhlss,rsu,Ekl
5 htto://lrrhatlon.ounlab.sw.oMndex.asox
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r€,pr€scntatioD, facilitate rmderstanding while still providing all the data available' But

with cmplex data scts, designing a usefirl and immediately informative graph is

cha[c,nging and is the zubject of an extensive body of literature (B€rtb 1983; Tgfte &

Graves-Morris, 19E3). Graphs arc trot only useful to help cluify the data after a model

nlU but they arc also uscful dufing the running of a modcl. Moreover, time series

analysis is very important in agsnt-based modclfury because much of the data generated

by ABMs is terrporal in nature. One way to analyze a time series data is to determine

if therc are partiarlar plrases that data goes through during the couse of a nllr and at

multiple runs overlaid on cach othcr. This can help to see not only the gc,ncral nend of

the model brut the possible paths that the model rsually talces. For example, time series

analysis can be used to examine data that is timedependent. The tpical way this is

donc is by dcscribirU a relationship between time and some input parameters. The

conectncss of the model is measured if the modcl output is correct (Wilensky & Rand,

20r5).

Model validatio,n is measur€d ifmodel results correspo,nd to the real world. And

the process by which agcntr and envirornent interact rnabhes with the real world.

Verification of the model cntails if implernented model relarcs the conceptrnl model.

Due to the stochastic natue of ABM multiple runs depicting the output conesponds

to the real world will validate the model (Galfu et al., 20(D). Experiment details of the

model are given in rppcndix A 3.2 and appendix A 3.3 Furthcr cvaluation of the model

rpquires real-world data aod errp€rt assessmcnt of the process involved in the

constnrction of the model. Conceptual accuracy is also one of the important factors to

build ABM which furtlrer advances our theo,retical understurding of the systeur. This

highlights the importance ofABM in advaocing ttre understanding and the development
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of ncw formal theories and e,rrpirical conoboration (Henrickson & McKelvey, 2002).

In ogr models we have followed the samc path for waluation aod validation of the

models such as if results are in accordance with real-world. Momver, model is also

built upon shong relationship among variables basd on available litcraUrre. To have

better understanding of the systenr we have simultaneously ananged our output for

individgal variables across management perseectives and system lerrel results of time

series.
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CHAPTER 4. AVAILABILITY AND QUALITY O['

IRRIGATION WATER IN PAKISTAN

Ttris section discusses irrigation water quality and quantity status in major inigated

areas ofPakistan and lir*s withthe impo,rtance ofwatsavailabilityforfarmersthrough

agent-based modeling.

The Indus Basin Inigation Systcrnr (IBIS) is one ofthe largest inigation systcm

in the world, which contains area of l7.2lvlfnr. The IBIS comprises the Indus River,

fdlirg ultirnarcly into the Arabian Seq and its tributaries include the trkbul River, the

Jhelum River, the Chenab River, tho Rayi River, the Beas River, and the Sutlej River

(Figure 4.1). (rcRW& z0lq. As per the hrdus Water Treaty G[trD @iswas, 1992) of

1960, Pakistao has thc right to use wat€r of the former three rivers the trkbul, Jhelum,

and Che,nab. Furthermore, for river diversion, the IBIS comprises 12 inter river link

canals, df, 4 rnajor canal and conunand arc8s ar€ grvcn in the diagnm below canal

inigatio,n E/stems (normally called canal commands), of which 23 are in Punjab

hrovince, 14 in Sindh hovince, 5 in Iftyber Paklrtunkhwa (KP) Plovince, and 2 in

Baluchistan Province. The existing canal $ystern in Pakistan is a century-old continuou

s,,stem designcd to fulfill the demand of arable land required to be irrigated at that time.

Althotrgh, it was not designed to fulfill the crop waterroquircnrent, whie,h is morc than

3-8 mm/day as compared with the 2 nmlday water capacity of canals (Qreshi, 2014).

PrimarilS thc canal syst€m was dcsigned for crop intmsities of 60 to EWo, but now

thc crop int€osities have increased up to 172% (Mirza & Irtif, 2012). f,)tre to inigation

intensity and multiple cropping, the existi4g inigation systenr is providing deficicnt

watq supplies
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Figure 4.1: Map of thc ludns Basin Inigation Systcm (BIS), including rirrers, linlr
cmals, and cand comurands.

Source: Van Sbenbergen et al., (2015)

Along with incrcascd warcr supplics, the constnrction of largc dans, including ilrc

MmglaDam and the TarbelaDam, haveresultodin increased groundwatcrrecharge in

hdab ad Sirdh Prrovinces. The chrnging watcr balance has been utilized well in

Rmjab, comparcd with Sindh. But both Rrnjab and Sindh are facing problcurs of

salinity and logging duc to ovcr-abstraction and uder abotraction of water,

ttspoctively. In the lower Indus plai4 waterlogged conditions arc a rnajor corcern for

especiallyduring and immediately afterthe Kharif season, dong with the low

cropping inrcnritics and urop yiclds in thc Rrbi rcason (van Stccnbcrgcn et al., 2015).

Despite the factthatoverallwateravailabilrtyhas impruvedwhile inequitywer

sPocc and time has not relativcly improvod among farrrcm. Warcr use for inigpt€d
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agricultur€ is around l5l km3 p€r )rear, which is 95% more than the total withdrawal of

water (Kanwar, 2010). Due to this reaso,n, crop water demad is fulfilld by additional

groundwater supplies. Ovcrall differeirces in crop poductivity exist among famrst due

to the inequity of water availability betveen the head, middle and tail reaches of

distibrutaries. Besides, inzuffrcient availability of surface wat6, farrrqt at the middle

and tail reaches also face the issue of poor quality of groundwater. This results in lower

crorp yield, degndation of lur{ and rising inequality in incomes (I^atif & AhmaA}UJ9i

aurpshi et al., 2010). The same scenario has been depicted in studies that the distant

farmers face crop produCIivity loss due to sdinity problenrs (Iatif & Ahmad, 20fJ/9;

Ixtif & Pomee, 2()()3; Yercan et al., 2m4). Salinity can limit water uptake of crops and

can affect soil and water qualrty (Klrodapanah et al., 20(D; Mustafa et d.' 2017). This

will result in the permanmt concentation of soil salinity and form environmental

degradation (Mays & Tod4 2005). Considering the importance of water use urd the

prevale,nce of logging and salinity, it is important to see what literature insights us about

the serrerity of the issnre in rnajor inigated areas of Pakistan.

4.1 YYater Quality Measurement Thresholds

Water salinity is usrully measured by the lwels of total dissolved solids (IDS) or

through elecrical conductivity (EC), and Sodium Adsorptio,n Ratio (SAR-that indicates

the relative concenfiation of Na+ to calcium and magnesium)(Wan& 2013). When

waterwithhigh SAR is appliedto soil, the sodium inthe watercan dislocate important

minerals (calciunr and magnesium) in the soil and damages the soil structurc. This also

rcduces the infiltration of water into the soil and derpases crop Vield (Nouri et d.,

2Ol7). It causes a 53o/o roduction in wheat crop (Kumar et al., 2017). A substantial

amount ofliteratureis available explainingtheredtrctionindiffereirtcrops due to saline/
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poof quality wat€r use (Anjurr et al., 2005). A srmmary of pot€ntial yield reductio'n

frrom satine watc,f for selected inigated crops is grven in Table 4.2' Rpsidual sodigm

caftonate (RSC) is caused when carbonate and bicarbonate exceed the calcium and

magnesigm in inigation water (Naseem et at., 2010). Extensive use of water with high

RIIC accumulates sodium in the soil aod results in plant toxicity and poor plant

dcvelopment associatcd with excessive soil salinity and sodality. Moreover, Table 4.1

slrows perrrissible limit values of water quality parameters recommended for cTop

irrigation. The pH and allolinity affect the zuitability of inigstion water for effective

c,rop growth" The normal pH range for inigation water is 6.5 to E.4 @auder et al.' 201 l).

Thc alkalinity is produced due to carbonate and bicarbonate ions in the groundwater.

Itis cagsedprecipitatio,n ofimportrnt minerals such as Ca and Mg in drying conditions.

Table 4.1: Threshold lwels of water $allty parameters recommended crop for

irrigotion

Parametss EC @dm) SAR(rnnroUL)rrz RSC(meqn) pH

Fit 0-l 0-6 t-[.25 6.5

IvlarginallyFit t-t.25 610 t.25-2.5 6.s-8

Unfit >1.25 >10 >2.5 >8

TSource: Khao et al. (2016)

The inigation water qulity is generally described by the ttuoe parameters, zuch as EC,

SAR and RSC.

7 Khan, A. D., lqbal, N., Ashtef, M., & Sheikh, A. A. (20161. Gmtlldlwater irwest@ations and

mqping intlle upry lndusptain. Pakistan Council of Research In Water Resources

(PCRl,lrR).
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4.2 VYater Quantity and Quality Status in Mejor lrrigeted Al'eas of

Pakistan

The Uprper Ch€nab Canal (UCC), is one of the most important canals, having a

cultivable canal corrmand area of 0.71 Mha. fuid more than half ofthis canal command

area is non-pcreirnial. The actual crop water requirunent is2Mo40o/omore than canal

water zupplies (Shakir & Maqbool, 201l) which requires to use groundwater,

calculatod as 3.32 billion cubic metne after discounting for losses. Groundwater quality

undcrlying in UCC rangcs from fresh with EC =1500 lrS.tr'' to marginal with EC

15fi)-2700 [,S.rr't. Frcsh quality grcundwater is underlying in the majority of areas

(Jehangir d, a1.,2002; Shakir et al., 201l).

In the lower Chemb Canal (LCC), qualrty of groundwater deteriorated over

time and area under differeirt water quality strtus is found u23o/o fit,55o/o marginally

fit and 21.56% tmfit for irrigation (Awais d d., 2020).In the Iagar Distributary, EC

mnges ftom 1270 to 1550 l.S..r't ftom head to tail arcas. But the RSC indicator of

water quality shows a differrnt perspective in the area The RIIC ranges between 3.75

and 4.18 mel-1 ftom head to tail. Poor water quality in the area is associatcd with the

higher RSC caused by a higher concentration of bicarbonate in water inespective of the

location of the farnrers. O\rerall, 2lyo of n$e wells at the head aund79/o of trfte wells

at the middle ard tail are found to have marginal to poor quality groundwater (Usman

et al., 2016b). Total crop,ping int€msities rangc froml79/oto l9lYo,whereas the canal

was consfiucted for crop,ping intensities of 50026. Water at the head of watercoruses is

found to have EC < 600 1,S."rn''. While middle and tail end of water ooumes are found

tohave saltaccumulationduetosalinegroundwaterused as azupplenrenttocanal water

with EC mngcs ftom 1600 to 2000 lrS.crn-t (Kazrni c.al.,20l2).
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'Figrre 4.2:Watsr quallty status in caml command arcas

Shakoo,r ct al. (2015), collcccd data for the cultivable conrmand arca of the Chenab

River at northwest the Gugera Branch Canal on the Southeast, the Qadirabad-Bdt*i

Caml ontheNorflheast, andthe Trimmu-SidhailinkCaml onthe Southwpst. Visible

difrerrcnccs in groundwatcr quality in prc- and poct-monsoon soasons welp obscrved.

Groundwater quality was measu€d through EC, SAR, and RSC and found to be

significantly affccting c,l,op production. Efrec'ts of a lo/o increasc in EC wcrE to obviots

that thc ctop yield dcclined by 0.0E0 aad 0.526%, rcspectively, in marginal and

hazardous areas along the lower Gugem Branch Canal (about 33.80km

uide strip).

Along with othcr arpas of delicient surfacc watcr nrpplies, the Kurianvnla,

Kilanwala, and Mungi Canals undcr L,ICC were found to have an avfiage shortage of

wat€r from 360/o-720/o in Rabi ad Khrif seasons compelling frtmers to use poor

quality grormdwater to suppleurent their water requirement (SIaqas et al., 2019).

I Ihu fc figrne is cxtsrctcd fiom papaa Uroan ct aL, (2016), Krzmi d sl (2012), Basharat, (2012),

ktif (2009), Shrkir & lt{aqbool (201 l), Shakoor ct d (2015), Iqbal et d (2t20).



The lower Bari Doab Canal (LBDC) is designed for 67Yocrop intensities while

maximum irrigation demand is 8 mm/d aod as per normal evryotanspiration of I its

requirement is I ltr/day/second while the currmt flow is 0.23 lpdtra roquires

growrdwater use for cropping intemsities o f l6W/o. Consequently, a fall in WTD of I .03

ft/year was recorded. It has been obscrved that the WTD of 3 out of 4 chosen LBDC

divisions &oeeed friom 0.04 to 0.34 rdyear. Groundwater quality has been found from

marginal to hazardors as of 33 to l7Yo, and wells of marginal quallty water have

ins€as€d over time. Frames dug the pump of 15-20 m de€p in depl*od areas of the

Khanewal division. The sanre is the casc in the Satriwal division; farrrers are replacing

their centrifugal nrbe wells with eletricity-based hubines, which is adding multiple

times to their irrigation costs. Due to differe,nt hydraulic ingredients, the salinity lwel

is exfiemely high in Jahanian town and l0 km wide between Pattoki and Chunian

starthg from Raiwind. Differurt hydraulic gradie,nts are at the risk oflateral and vertical

saline infiusion in the LBDC. Upsteam saline water aneas ar€ causing groundwatcr

salinity in fr€sh downsfieam areas due to groundwater flows. Total groundwater

pumping is 1.4 timcs higher than the groundwater recharge in the al€a, causing a loss

of 0.54 million acrefeet in groundwater storage, which is cquivaleirt b 1.18 ft/year fall

in aquifer over 0.8 million GCC hectares of the LBDC (Shakir et al., 20ll). tuiother

strrdy has estimatod a 30-40 cm/year drop in groundwater lwel in most of the LBDC

command areas (Basharat 2015).

In BahawalpurDistrict, Groundwaterqtralitywas assessed by cornparingvalues

of EC, TDS, SA& and RSC in sanrples with standard pennissible limits by (Mdik a

al., l9M). On the EC and TDS values , 34 o/o ail, l2o/o of the sarrples were found as

totally unfit and marginally unfit for inigation The highest crop yields are found in the
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arcas wherc the groundwater was of fit quality, compared with other union cormcils

(Riaz et al., 2018).

In the Sahiwal canal conrmand area of LBDC, farmers use low-quality

groundwater with EC rangcs from 0.34- 5.17 ddm with TDS 215-33W mglL' [ower

quallty water gse is addhg morc to the soil salinity and deterioratilg soil quality. The

use of marginal and poor-quality water has rnade non-saline and non-sodic soil to sodic

soil (SAR=18.9). The majority of the salt was addd to rice crops due to excessive use

of groundwater. About 3 to llVoof cmp reduction was obserrred due to grotrndwater as

the only watcr source. The yield of crop water was not affcted rurtil the EC of

groundwater reaclres 5.17 ddm (Ishaq & Janai{ 2015).

In CCA of the Main branch lower (I\ilBL), groundwater salinity increased from head to

lowerreaches of all tlre inigation clrannels, i.e., the main, secondary, and rcrtiarycanals.

The grogndwater is of zuitable quality only in about one-half of the cornmand area

cural. More than 50olo area has EC as 1.5 ds/m, so overall water productivity is

declining. 47o/o of bearea has low-quality groundwatcr that is unfit for irrigation and

rnay cause sov€re problenrs to crop yield (tatif & Ahma{ 2009)'

Around,rc% or morc water dcficit dcmand is fulfilled througfo grcundwater use,

which cagsed the capillary rise and hence rcot zone salinization. As a result' the

cropping patt€rn has observed a reasonable change from low to high delta cro'p made

farmers heavily relyupon marginal +rality grorurdwater (Aslam et d., 2006). This has

resulted in a fall in grormdwater tables and the use of brackish grormdwater and

acceleratc thc process of secondary salinization.

Bal&sh and Awan Qffiz)concluded that groundwater application having EC between

1.50 to 4.70 dS/m tumod the top 3fi) mm soil depth of a typical non-saline soil into
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saline conditions. Hussain et al. (2012) found that salinity was a major obstacle in

sgccessful crop production in rnany s€mi-arid areas like Paldstan. Hill and Koenig

(1999) estimated that the application of poor-quality water reduced the expected yield

of alfalfa to 6(}% of what it could be wittr good quahff water. Sodification of soil occurs

within a slrortcr p€riod of time as of 3 years when sodium and bicarbonate-rich

groundwater is used (Aslanr et al., 2006). It has been found from soil samples of the

Indus River dela that more than 5096 of samples ar€ affected by soil salinity (Solangi

et a1.,2019).

Substantial land parccls in the northcrn part ofthe inigation system in the Upper

Jhelunr Caoal (UJC) and lowerparts ofthc lowerJhelum Canal are alTected by logging

in spitc of4 years ofdrought (19D-2000). Moroovu, canal command areas with lower

inigation intasities and more canal water supply as Muzaffargarh and the Eastern

Sadiqia cornmand areas atE also waterlogged. WTD is relatively high in Rachna Doab

ast3.4o/o area is more than the depth of 12 m while Rechan D,oab and Bahawalpur (the

tail area of Panjnad) have \MTD as0.7o/oand 4.2% respectively. The diffe,rence in canal

zupplies, crop water deinand from north to south is making a fall in groundwater tables,

but salinc warcr intrusion in water sfiess areas is not a point of concern due to very slow

groundwatcr movernent, but in areas where saline water is lying over the frestt leakd

surface water is making the issue of salinity. The water table in the lower parts of the

LBDC is depleting by 16-36 crnlyear. The maximum water depth table is found as 23.9

m in Khror Paccg hdhran. Crop water dmand is incr€asing fi'om north to south at the

same time, canal water sup,ply, and rainfall are also decreasing. Farmers are inrcnsively

using groundwater. Inespective ofcanal zupply and climatic variability, equitable canal

water supply is implemented in Pakistan (Basharat & Tariq, 2014).In the above shrdies,

\
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it is established that major irrigated areas of Pakistan are under thrcat of low to high

salinity and logging. It is important to rmderstand that how loqgittg and salinity can

affect cop growth and can prove defimental to farmer's wellbeing.

4.3 YYater Quality and CroP Growth

Irrigation water quality can affect crop yield and soil's physical conditions, besides

f€rtility nee4 sustainability and perforrrance of inigation system and consurnptive rse

of inigation water. Thercforc, knowledge of inigation water qrulity is critical to

understanrtiag what managmre,nt clranges arc neocssary for long-tenn productivity.

Water salinity hazard, which is measured through elecEical conductivity, is the most

inlluential watcrqualityparuneter. Cropproductivityis atrectd dueto the inabilityof

plants to compete with ions in the soil solution for water. Higher EC means less

availability of watcr for plants wen if soil may appear weq as plants cannot hanspire

salinc watetr, Useable water refirces as EC increases, and crop yield is directly related

to the amount of water hanspired through a plant @auder et al., 201l).

Tablc 4.2: Potential yield reduction frorn salinc water for sclected inipted crops

o/oYieldReduction

Crops >0o/o >lV/o >25o/o >50o/o

EC (ddm) ilzsrc
Barley 5.3 6.7

Wheat 4 4.9

2.5 6.0

4.7 5.8

8.7 t2
6.4 8.t
8.8 t2.5Rice

Sugar beet

potato

Corn(grains)

Corn(Silage)

Onion

l0

l.t t.7 2.5 3.9

l.l t.7 2.5 3.9
t.2 2.1 3.5 5.7

0.8 1.2 1.8 2.9

7.5

Alfhlfa 1.3 2.2 3.6 5.9

\

DryBeans 0.7 I 1.5 2.4
Sourcc: Baduret al., 201I
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Data is exnacted from Batrder et al.(2011) except for rice, which was asgesged by Qadir

et al.(2014) for Pakistan. Potential reduction in ctop yield due to saline use

groundwater is given bclow in Tablc 4.2.

EC of watcr primarily the major affccting factor for crop gronfh, but crop grorvth can

frce a fifihcr rcduction if watcr with codium imbalance ir applied and corditim

delr cloped is called sodicity, i.e., excessive accumulation of sodium in the soil. Sodicity

reduces water hansport though the soil. It keeps water pooled on the surface and

pwentr roots fromtaltitrgwata.Itis asecgsedthrough SARguantificationfiiom watcr.

Moreover, only SAR cannot bring prroper results if sodicity-related irrigated water is

used for inigation pot€ntial. This is becaue the swelling pot€ntiat of low salinity ECu

water is greater than high EC*watcrs at the same sodium content Therefonr, a mtxc

aoctmtr evaluation of thc infiltration/ permeability hazard rcquircs ruing ECw togcthcr

with the SAR ((Baudcr d al., 201l).

rln
ID

Eld

Itx,

$
.jIi'
0r0rooIatr rln

Figure 4.3:EC,RSC, and SAR in LCC in 2013.

Source: (Qadir d, al., 2014)

The economic cost of salinity is ruuallyunderestimated as it is consid€rcd as yield loss

ae coryared with non-calt inducd land. Based otr glown crcps, a loss of l5o/o ta 69%
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is observed due to salt if no interrre,ntion is made. Howwer, losses arc much more if

other costs as infrastructurc deterioration (including roads, railways, and buildings),

losses on prcpoty values of farms wirh degraded lan{ environnrental and social cost

of farrr businesses are talren into account (Ivits et al., 2013).

A compretre,nsive surdy of economic losscs and benefits has becn conducted by Qadir

et al. (2014). Besides other costs, the cost of restoration and rwersing of land

degndatio,n was addod to see the result in terms of favourable envircnmental and

economic benefie. Crop rotatio,n showed the maximum profit followed by digging

drain etc. There has been found a SV/o b l0P/o increase in income if proper processes

and methods are adoptodto ro&rce salinity frrom the land.

4.4 Farmers' Perception and Role of Water Quality and Quantity

Farmers' rcsponse and rote arc v€ry important in managing water for irrigation in the

context of water flows and salinity. It has been observed in the lagar distib,utary that

farmers have farrrs at thc head and middle of the watercourse. Grourdwater at the head

is fit for irrigation as compared with the middle of the watercourse where it is saline.

Farmer uses groundwater in the middle of the waterrcourser wherr a flat rate of

elecfricity is rylied due to government zubsidies and compromised satinity ovs water

costs (Iftzmi d,al.,zll2). However, best practices are requirod to use surface water in

the middle and good quality water at the head of the canal water. This could refirce

costs in t€rms of less enerryusc due b watertable dcpth.

Farmers ar,e well awalE of the losses incurred as a result of lowquality groundwater

use. A sunvey was conducted for farmers understating of water use and its poteitial

impact. It was found iltat 23o/oof farmers are fully dependent upon tubewell irrigation.

The majority of the farmers reportod that watcr quality is poor as comparod to the level
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it was l0 years ago. Farmers associated soil quality daerioration with more

gronndwater use or scarcity of availability of surface water. Afr9P of farmers linkd

salinity with cxcqssive groundwatcr use. A total of 7 5o/o of farmers responded that they

are facrng a3SYoreduaio,n in crop yield due to excessive use of groundwater. The cost

of p,roduction is also increasing, and tlrey have to bear morc costs for managing the land

affected by salinity. Du€ to the loss in margiml profits catrsed bytube well inigatiotl

farmers are considering agriorlture as non-profitable. Similar ooncerns are raised by

farmers in IJCC that grormdwater water quality has a significant role in crop yield wen

with the variation in the combination of ground and surface use (Culas & Baig 2020).

Heirce it is observed through literanrre that farmer's behavior of water use regarding

the combination of ground and surface water affests watcr productivity and farmers'

benefits ofcroppittg.

4.5 Agentr Based Model Vis-i-Vic Iogging and Selinity

It is veryimportant torurderstandthe social and individual behavioroffrrmers forwater

gse. Behavioral theories suggcst different tpes of behavior, whie,h usually agents

possess, as selfish age,lrts, altnristic ageirtr, mixed agents, and coopcrative agents

(Janssen & Baggio, zilq. The inigation belraviour of farmers best fits in coupled

human and naturat systcms and can be understoort through agent-based models

discussed in the previous chapter. Moreover, heterogeneity in farmes' behaviour will

help us to understand spatial and ternporal patt€rns. In other words, the reality could be

explained up to a better extent That is how changes in the belraviour and systcrr affect

farmers. A conceptual framework of the model is given in figure 4.4.
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4.6 Scope of Model

fire model is meant to see inigation water manageurent in Pakistan under different

sc€narios. The inigEtion behavior of farrrers is responsible for two menaoes of logging

and salinity. Farmers who have surface water available morc than water demand don't

rue grogndwater inespective of the fact that conjunctive water use ytelds more output.

Figrue 4.4: Conceptual frameworl6 agenE and their interaction in the model.

Source: Authm's own dweloPed

Further, duc to less or no use of groundwater issues of drainage caused loggrng in the

arca. Due to cxcessive surfacc water use fatmers farttrer from canals exclusively usc

groundwater of poor quallty with higher cNrerry cost and hence experience loss of

be,nefits associatcd with irrigation and face the issue of secondary salinization Pakistan

doesn't have a clear iniption water usc frameworh this study will fill the gap by

assessing farmers' behavior ruing difrerent water managernent shategies and will sce

how farmerc will respond to the strategies. Farmer's water use behavior will decide

ol0ld{trrrl llltmlgIi.E



logging and salinity iszues and resgltant be,nefits to the farmers' Overview, design and

details are give,n in chaptcr 3 and paramefization in appendix A 3'l' The model

implerne,ntation is rnade to answer the different objectives of the study. Hlryotheses are

structur€d on the basis of objectives.

4.7 Results and Discussion

4.7.l.H1pothertr: Arymmetric eccecc toweter ond fermerr benefitr

Arymmefi:ic rGoerr to water sourGe prtducer inequelity in farmerrt benelits and

hems weter quellty Peremeterl'

In ordsr to assess the dytramics of the inigation system with asymmetric access to

irrigationwater, bascline model is runbyconsideringthebackgrormd information frrom

literature aud real-world data Since logging and salinity and their link to tlre output of

farmers have not beeir given much attention in inigated agriorlture lircrature. The

analysis of logging, salinity, urd inigation water relationship has always remaincd

undervalued. Data relatod to salt balances and the relatiomship befiveen water quality

and qgality have seldom been given attention by plannem and river system authorities

(Kijne 2006). In the majority of irrigated areas thse exist inequalities in surface and

grogndwarcrusages due to spatial differeirces unong farmers. We have tied to assess

how water use inequality along time and space is creating imbalances in the quality-

quantity relation of irrigatio,n water. We have rnade three different scenarios to

understand the dynamics in the syctem. We have specifically made thre criteria;

Business.as-Usual (BA), Self6overning-Rules (SGR), and Institutional-lUanagenrent

Perspoctive GIIP). Model nrns twice season-wise for the time period of 25 years. lVe

have considerod the cultivation of wheat and cotton seque,ntially as the rnaior cropping

pattcrn in inigated agriorlture areas of Sindh and Punjab. Details of parameters are
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givcn in Overrricw, Desrgn, and Details (ODD) of the model in Appendix A 3.1. In

BAU wc havc supposcd that the inigation systcm is working 'as it is' with no changc

in conventional inigation pactices of farmers. Farmers are inigating the crops by turos

and also using grcundwatcr to supplcment the dcficicnt surfacc watcr supply.
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Figtre 4.5: Inequality in watcrnsc, profits, and yield/acre

Source: Author's own work

In Punjab, Pakist& it has bccn obscrvcd that surface wat€r supply has dways bcen

short of 30 to 4N/o of crop wat€r rcquir€m€nt, and the differcnce incrreases for the
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farmers locatcd at a fartlrer distance from canals. And the swerity of the situation

becomes worse.ndq climatic vagaries. We have assessed inequaltty in water use

soenarios as of surface and grogndwater gse a6ong farrrers located at different places

in the system depicted in Figure 4'5'

hequslity exists in all lwel but it persisS morc among the farmers locarcd at farthest

distances aod fo,nd that for the more distant farmers as of with Distance > 127;35o/o

of the farmers ar€ uslng 90% of the gronnd and surfrce water. In contrast, the variations

in the profits md yield/acre among farmers with diffe,rent distances fmm water sources

are not much visible. Howwer, inequality among yield and inequality among all

farme,lr for profits and yield is visible. Yield/acre among farmers is found to bc less

prevalent. This indicaEs the diffoences in wler productivity and the potential of

water-saving through managing the water use behavior of farmers. similarity can be

foud with the fact that water endowment and watcr use in crcps may not be strongly

linked with the crop yield and hoce profits if water is not in critical $pply (Fisher et

al., 2014). Irrigation is fognd to bc effective if altering the cropping pattcrn fmm less

to Dor€ valueadded crops is shifted along with the effective acc'css to ma*ets

accompanicd by significant institutional zupport (Ke'mp-Benedict et al', 201l)'

We have fi[ttrer explored resulB ftom thE model for thc type of farmers that

how largg small, and medium farmers are gsing water flesources and producing clops

in the system. We have found that large farmers with less distmcc frcm water source

are gsing morp surface wat€r and disparity is more visible among the6' Small farmers

are formd using less surfacc wat€r at all distances from the water soulpcs' The case of

groudwater use is not much differeirt. Large farrrers are found utilizing morc hrbe

well water at the tails of the water source. More use of gorurdwater is p'rerralent ftom
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head to tails of the canals. This is due to the reason that they usully own tube wells

and use more gfoundwater. Majorly, we can prcsume the fact that a major share of

water for inigation; sound and surfacc is consumed by large farmers' Iincentives

of stable watcr supplies are rnaking medium and spccifically large farmers install more

hrbe wells and reap the maximum b€ncfits of goven[nent zubsidies on elecrical tube

wells (Qureshi ,2020). Stable groundwater zupplies encouraged large farmers with

slrallow grormdwater tables to increase their irrigated a1€a or grow crcps with more

co,nrumptive use ofwater/ higherwater-intensive crops (Giordano e/-al''2021')' As it is

depictod in figrlle 4.6 that larger farmers are found using more grormdwater along the

heads to tails of canals. while surfacc water use is mone near heads of canals by large

farmers. But the difference in potential yield/acre and profits arre not much visible

considering 
.the crop/drop' conteict of water uses for inigation
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Y'

Generally, there exist differences in water use between farmers irrcspective of

their land sizc. Figure 4.7 shows farmer wise surface water usGd l€sulted from inigation

turns cornplemented by gfoundwater gse of fanners and resultant crop profits of

farmers. Farnrer is spatially located. Farm ID zeiro to 150 slrows nearcst and farthest

frrorn the water sourcc rcspectively. Farmer nearest is found rsing more irrigations turns

and he,lrce more s.rface water while the majority of the tait e'nd farmcrs are utilizing

more of groundwater. Smalt differe,oces among farmers' profits are found' Differences

are skewed morp towards the farrrers located nearest to the canal heads' The results are

similar to the surv€,y of crop yield disparity along the reaches of the inigation system

in the lower Cheirab canal where the greater availability of abundant surface and good

qualrty groundwater has rcsulted in disparity in cro'p yield in the area (Culas & Baig;

2020).

Thepattoninthedifferencesinprofisanrongfarmersisnotmuclrvisiblein

some seasons. Variations in profiS are majorly based on the groud' rurface' and

rahfall water uses. In the season where fainfall is zufficie'ntly high the spatial

differeirces amotrg frrmers arp not much prwalent. As ttrere will be less need of

exchanging turns and combining them to fulfil water dcmand of crops frour surface

water. In figure 4.7,fn[r-D; shows the less frequent rains and ttre resultant reduction in

the profits of all farmers. point Y shows that the farmers at tails persistently are earning

lowprofits due m less availabilityand access to inigatodwater. Asyrnmetric access and

ineqtriAble water gse bring different output to farmers along with poor water quality

and environme,ntal factor which affects lo,ng-run stability of output and sustainabillty

of agriculture.
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.Lt

The lack of canal water supply resqlted in the hearry use of marginal quality

gfoundwater whictr has steurmed thc problem of secondary salinization and catrsfuU

loss of cultivable land (Ikhlorvn & Affi,zOO2).We have p,resented results of logging

and salinity rcsulted from the apptication of ground urd zurface water over time' Figur€

4.8. Part A shows thc salinity profile of farmers over time and the B part shows the

logging profile of farrrers. The majority of the farmers operate und€r slightly saline to

highly saline conditions. It is depictod fro,m the graph that salinity is increasing over

the period of time as farmers complae 25 years consistr of 50 seasons of Rabi and

Kharif gfowing wheat and cotton crops. Iogging shows a clear pattern; farmers located

near canals are having nonnal water table depttu white the count of farmers incrpases

with disastous water table depth as farmer gow ctops over time. But the conditio'n is

worst among fanncrs located at tails. T[is is dge the fact that farmers are uing more

g..,d water b managp watq d€mand at the ails of the watcr sourocs. kr Figrrrc 4'8

betrveen 800-to-1000-time ste,ps, therre are fluctuations in loggiru; the number of

farmers wittr disastously deplcted water table are rcduccd and thc same case is

exhibit6d for salinity in the upper part of the diagram farmer's salinity profile has

improvod from serrerely saline to moderately saline and also r€sultod in inq€asd

profits of farmers as observed in part D of figrue 4'7'

The clranges in logging and salinity profile can be linkd with the rainfall

intensity in tlre time period as it was observed that more than average rainfall in

monsoon can bring root-zone salt balance over the period of years. A slight decrease in

hydraulic conductivity after monsoon teaching will not be a problem during the

irrigation
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season if the negative effcts of a high SAR of drainage water are offset by the higlt

salinity of the drainage water (Sharma & Tyag, 2004)' Usualln farmers are well arvarE

olthe harmfut effects of p'rolonged inigation of poor4uality water and try to cultivate

the cmp which ismorpwaterconsuming and salttolerant. Thedifference is that farmers

notice the problerr when sodicity aod salinity have already affected the cmp yield

significantly (Johnson, l9l). some farmers found increasing the nunrber of irrigations

as effective way ofcontrolling the salinity in tlre soil. Howwer, increasing the irrigation

without heathg the soit ftom salt deposits can further exaceibate the proble'm of

salinity.

Sirmilar results are presented in plenty of literature e'g', (Husain et al'' 2003;

Kijne & vand€r velde 1qr,2). But thc changes in soit saliniu and the factor causing

the change, aod the time period fo,r salinity build-up or rcduction have rarely bee'n

documentod or predicted explicitly in literature. We have tied to reflect some aspccts

of changes in loggirU and salinity in respmse to change in st[face, groundwaEr and

fainfall availability. It is concluded from the rezults of ABM that water quality

parameters loggingand salinitydaerioratcd if 'Business asusual'wateruse ispracticed

for the time period of 25 yeas or molE. Due to water trse practicee and ineqrulity in

nfface water availability; grorurdwatcr quality deterioratod from head to tail reaches of

the same canal command areas and zubsequently lowersthc agriorltural prodgce along

with the p,roliferated value of salinity'

The next hlpothesis is based on how farnrers dcal with the potentid risk of climstic atrd

economic conditio'lts.
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4.7.2.Ilypotherir: Potendel benefitr under uncertein hydro.cltmeffc end

economlc conditions ere effccted'

Fumerc .potential benefib deterionted undcr difierent rickr erlclng fiom

uncertain hydructimetic and economlc conditions

Climate changes are manifested through changes intemperattreq precipitationpattcrns

with resultrrt changes in the form of glaciers melt, and changes in enapotranspiratio'n

rates (Gardner et al., 2013;Rodell et al., 2018).This firther affects water availability

and agricultural produce specificalty in the areas wherc water is already scarpe (Khan

et al.,2020).

To understand the uncertain hydro-climatic and economic conditions we have

taken variatio,ns in the foltowing parameters; evryoration, rain moisture rate and

groundwatcr cosl Evryoration is linked with the surface watcr dischargs availablc and

grogndwater tables. More waporation means less surface water available for farmers

ar^d vice versa. secondly, we have talcen rain moisture rate which is linkcd to water

table dcpth, and contribtrtion of rain in surface watcr moistqr-e ratc and water loggitU

of the farmers. Thirdly groundwater cost is considered as a ptoxy of oconomic

parameters bcause the clrange in groundwater cost will crearc the difference in costs

for the farmers having ditrerent water table dcpths'

Roducing rain moisture ratc to 50% and increasing waporate rate to 50o/o than

the bascline cas6 to see that how this will affect farrrers yiel{ water use, and water

qualityparameters as logging and salinity. Figure 4'9 compares Blsiness Asusual and

rising hydroclimate change. It slrows that druing the period of 25 years nrmrbcr of

farmers innorrral wTD areas drastically falts and conce'ntrated in disastrously deplaed

and highlv d€,pletcd conditions. climate change is making waporation rise along with

meagr€ or no rainfalls cd$ing the rise in groundwater tables and making irrigated
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agriorlture more expensive coupled with the worsening the water quality Parameters 8s

rising salidty. 85% of the scarcity of surface water is met through groundwater

pumping in Pakistan (Bhati & Alfitar, 2ooz).Extensive groundwater pumping caused

a fall in water table depth to morp than 500 cm in morc than 5006 of the farm area in

Ptnrjab which makes small tube wells inefficient (Qurestri,2020)'

FigUrE 4.10 prese,nts the case of low temperatur€ and high rainfrlls' We have

fognd that high rainfalls causcd water logged areas to rise for dl types of farmers

located along the canal+ but it become worse for the farrrer tocated near canals' The

sirnilar case was obscrved in inigsted arcas of Rahim Yar Khan that heavy rainfalls

dufing 2010-14 made the water tables for farmers to rise with increased incidence of

water logging in some areas (Abid et al', 2016)'
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trn case of higher waporation and low rains, excessive use of tube well water is

practiced it calses salinity and consequeirtly lower agriorltural produce. Salinity for all

fanners with differqrt distances frrom water souroes rises as a result of over exploitation

of groundwater r€sorrces. The nunrbcr of farmers in the non-saline category genoally

falls and relatively inqpases in the severely saline cat€gory. While farmers frrom lesscr

distance frrom water sourpe rise more in the non-saline categorry. Results are depictod

in Figrre 4.11 ft can be relatcd to the dcpleted tables in figrue I due to which salinity

rises. The results are similar to (Qurcshi,2O2O) that fafling water tables are causing

salinity in inigatcd agriculturc of Pakistan. In Punjab majority of the tube rvells' water

is sodic saline and carsing irrigated land into sodic saline.

Stgdies slrow that on avcrage I ton of satt per acrc is addod in Pakistan and less

p,roductive use of extensivc water use is causing more salinity for the farmers at the

tails end of the watcr source (atlrcshi & Pcrry, 2021). Salinity in case of low

waporation ad high rains is givc,n in figure 4. Due to rains salinity riscs again as morc

rains carse drainage p,roblerns for the farmer near the heads of the canals. fire majority

of the farrrers fall in the category of severely saline land. While crop prolits and yield

zubstantially fall in the case of rising tenrperature as corryared with the falling

teinperafines and rainfalls.
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A heat map comparing profits for different scenarios as; Business as Usual,

exfieme oraporation and low rains, low waporation sd high rairs and random rains is

Fve,lr in figrre 4.13. The figure shows ttrat in exherne weather conditions maximum

profits of highest-earning farmers arc 33o/o less than the Business.as.Urual case.

Farmers located neartr to the water sourpe have earned mor€ as co,mpared with the

distmt fanner. Morover, for wheat and cotton crops differences inprofire are not much

visible. The c part ofthe diagram slrow low waporation and hig[r rains and top-earning

farmers are earning l0olo more profits than the business.as-usual case. This is due to the

rcason that the farmers are incurring fewer groundwater costs accompanied by less

water deficie,ncy due to low waporation and high raiDs. In this case, fanners arp not

bearing losses. In all other cases, farmers are incurring some losses. Moreover, high

rainfalls have caused all farmers to earn arormd maximum profits as depicted in parts

A B, C of the figrue. In order to verify the saure, we assessed the profits of farmers

using random rains instead of oo,p season rains. D part of figure 5 depicb profire for

random rains scenario. Random rains are bascd on the mean and standard dwiation of

c,rcp season rains. AII farmerc near water soutre earn maximum profits, while other

farmers most of them are bearing losses.

Variability of temperaturc and rcsultant productivity of crops in irrigated areas

is highly sensitive to variability of water supplies and ternperature. A tenrperature rise

of 0.5t-2t will result in agriorltual productivity fa[ing around t to 10olo by 2040.

The impact will be more seyerre for vulnerable farmers especially snrall farmers locatd

at the tails of watcr sources (Chaudhry, 2017).
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4.8 Conclusion

Thc dynamics of thc irrig*ion syst€ilr with asymmetric acoess to inigation water is

assessed. We have fied to erraluate that how water use inequality acrcss time and space

is creating imbalances in the quality-quantity relation in inigatod agriorlture. Inequltty

exists at all level but it persists morc among the farmers located at farthest distances

and found that for the more distant farmers as of with spatial distance more than the

average distance, 35% of the farmers are rsing 90% of the Fourd and zurface water.

In confast, the vari*ions in the profits and yield/acre among farmers with diffsent

distances ftrom water sources are not much visible. Howwer, inequality among water

gse is visible. ltis indicates the importance of differences in water productivity and the

potential of water-saving through managing the water use behavior of farmers. This

affirms the factthatwater eirdovrment andwateruse incrops maynotbe shongly lfutked

with the crop yield and hencc prcfiE if water is not in critical supply (Ftsher, Harding

& Kemp-Benedict, 2ll4).Irrigatio,n is found to be effective if alrcring the cropping

pattern from less to morc value-added oops is shifted along with the effective access

to martc6 accompanied by signfficant instinrtional support (Kemp-Benedict et al.,

20il).

R€sultr ofthc model shows that th€ large farnren with less distance fro,m water

souroe arc using mo,re zurhce watcr and inequlity in water tcsoulpe usage is evident

among the,m. Small farmes are fourd using less surface water at all distances ftrom the

water source. The case of groundwater use is not much diffetent. We can clearly verify

the most obserrrable fact that a major share of water for inigation; ground and surface

is consumedby large farmcrs.

87



Farmer at heads are found using more irrigations turns and hence more slrface

water while the rnajority ofthe Uil end farmers alp utilizing more of grourdwater' Small

diffene,nces mong farmers' profits arp found. Differences are skewed more towards the

farmers located nearcst to the cansl heads. The rezults are similar to th€ survey of uop

yield dispariry along the reaches of the inigation s]'st€Nll in the lower Chenab Canal

whele the greater availability of abudant zurface and good quallty gmundwater has

resultcd in dispadty in crop yield in the area (Cglas & Baig 2020)' Incentives of stable

water supplies are making medium and specifically large farmers to imtall more tube

wells aod reap the maximum benefic of governme,nt zubsidies on elecrtrical tube wells

(Qnreshi, 2O2O). Stable grogndwater zupplies encouraged large farmers with shallow

gfoundwatertables to increase theirinigated arcaorgrcw crops withmor€consurptive

use of water/ higher water-intensive crops (Giordano d, aL,202l).

our climate changp experimcnt shows that ttre difference in watcr use and

prcfits ar,e based onr rainfall, grcutrd and stsface water use behaviours' In thc season

where rainfall is zufficiently higfu the profits based on spatial differe'nces among farmers

are not much prevalent due to less need of exchanging turns to fulfil water dernand from

surface wd€r. We have exhibited logging ard salinity resulted fr'o'm the application of

groud md surface watcr over time. We have forud that salinity is increasing over the

period of time as farmers complete 25 years' time period for alternative crops'

Iogging shows a clear pafiern; farmers locatcd near canals are having'normal' water

table deptfu while the cognt of famrers incrrases with 'disastrous' watcr table dcpth as

farmer grcw crcps ovcr time. But the condition [6gomes wolst amoog farmers located

at tails. Howwer, betu,een E00 to1000 time steps, the,re are flucttratioms in loggirU; the

number of farmers with 'disasfiously' depleted watcr table reduced. In the same time

fall in salinity is also obserrred which is depicbd in timeline chart of sdinity. These
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drastic changes in salinity and logging are associatod with the hcarry rainfall in the

mentioned time period. This can be relatod with the fact that more than average rainfall

can bring root-zone salt balance over the period of time.

We bave tied to reflect some aspects of changes in logging md salinity in

r€sponse to change in surface, groundwater and rainfall availability. It is concluded

ftrom the results that watcr quallty parameters loggng and salinity are deterioratcd if

same water use practices ar€ adoptd for extendod p€rid of time. Due to water use

practices and inequality in zurface water availability and extmsive use of groundwater;

groundwater quality deteriorated from head to tail reaches of the same canal command

areas and zubsequentlylowers the agriculturalproduce dong with theproliferatedvalue

of salinity.

To uderstand the impact of hydro-climatic and economic conditions we have aken

variations in waporatio4 rain moisture rate and groundwater costs to reflrct the effect

ofhydro-climatic aod conomic conditions respectively. Experiment shows that durirg

simulatod period nunberr of farrrers in 'normal' water table depth areas drastically

falls and conccnfi:atcd morc in 'disashously' dcplaed and 'highly' depletcd conditions.

This change in climate i.e., rise in anaporation rate along with fewer rains causing the

fall in groundwater tables and making inigatd agriculture muc expensive. This fall in

groundwaEr tables is resulted ftrom scarcity of surfrce water which is met thrcugh

grotnrdwatcr pumping in Palcistan (Bhatti & Akhtar, 2002). Water tables are found to

fltrctuate in response of the cbange in the climatic variables. Extensive groundwater

pumping caused a fall in water table dqth of I metre /year (Qureshi ,2020).

In case of low ternperature and high rains we have found that high rainfalls

caused water logged areas to rise for all types of farmers located dong the canals, but

it bcome worse for the farrrer locatod near canals. The similar case was obserrred in
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irrigatod areas of Rahim Yar tr(han that heavy rainfalls during 2Ol0'14 made the water

tables for farmers to rise with increased incidence of water logging in some areas (Abid

et al.,20lo.

In case of hig[rer waporation and low rains, excessive use of tube$,ell water is

a routine practice of farmers. This causes salinity and consequently lower agdculfiml

prodrce. Salinity for all farmers with different distances fiom water sourtes rises as a

result of over cxploitation of groundwater resoupes. The nurrber of farmers in the

'non-saline' category generally falls and relatively incrcases in the 'serrercly saline'

category. While farners firom lesser distance from watcr sourpe rise morc in the 'non-

saline' category. The results are similar to (Qur€shi,2020) that falling water table is

causing salinity in inigatcd agriculture ofPakistan. In Punjab majority oftlre hrberuells'

water is sodic saline and converted inigatd land into sodic saline land. Studies show

that on average t ton of salt per acre is addd in Pakistan and less use of

extensive wafi€r is causing more salinity for the farmers at the tails emd of the water

soupe (aur€shi & Perry, 2021). lhre to rains salinity risas again as mor€ rains cause

drainage problerrs for the farrrer near the heads of ttre canals. The majority of the

farrrers fall in the category of serrerely saline land. While crop profir and yield

zubstantially fall in the case of rising te,mperature as compared with the fdling

temptratur€s aod rainfalls.

rffe have exhibited variation in inte,nsity of profire thrcugh heat maps. It is

observod that extne,me weathcr conditions afrect both highest and lowest earning

farmers. Elrtreme weather makes forrrer to earn 307o less than baseline expuiment.

However, spatial distance appcars as one of the imporant factor detennining the

farmelr' profits wcn in case of climatic vagaries. Favourable weatlret conditions also

bring more profits conrparing it with baseline data. This is dtre b the reason that farmers
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are inosring fewer grogndwater costs acco,rrpanied by less water deficiency due to low

wryoration and high rains. In order to vcrify the same, we assessod the profits of

farmers using raodo'm rains instcad of crop season rains. Major differences in profits

are basod on spatial distances. Productivity of cro,ps in irrigated agriorlture is highly

se,nsitive to variabitity of water supplies and teurperafire. It has been estimated that a

tenrperature rise of 0.5t- 2qC will result in agriarltural prodrctivity falling around 8

tol0rl/o.The impactwill bemore severt forwlnerablc farmers especiallysnrall farmers

locatcd at the tails of water souroes (Chaudhry, 2017). Sunming up, inadeqaute

surface water is alonggith extensive groundwater withdrawl is casuing salinity. I^arge

f:::mers use morE of surfroe water and escape 0re loss assosiated with saline

groundwater and increased grourdwater pumplng cots. These benefiB agglomerated

and bring inequlity in water use. Howwer, spesifically small farmers and generally all

farmers are affectod by the systein of ltrARA BAI.IDI that leads to over or under

irrigation of oops and consoquently destoy soil nutrie,nts and reduces crop water

productivity (Btratti d, al., 2017).
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CHAPTER5.GROTINTDWATERIT'IANAGEMENT

5.1 Groundwater Use Baclrground

Many scientists argue that the explosive grorvth in groundwater inigation ha's

had little relationstrip with the pattern of occurrence of the groundwater rcsorule. In the

long nrq grourdwater development is self-regulat'rng; people cannot pump mort water

than there is in the aquifers. According to therr, long before the hydrogeology of

aquifers imposes a check on firther dcrrelopment, the economics of pumping water

Aom deep aquifers would do so. It is therefore ironic that global pockas of intensive

groundwater use have emcryd in regions as North China and South Asia that are not

amongst the bcst endowed for it (ShalL 2007).

5.2 Groundweter: A Common Pool Resource

The tow-excludability and subhactabilrty of groundwater make it a oommon

pool resource (CPR). Every abstraction of groundwater roduces ir availability to be

used as CPR(OsfiorU 1990). Somewhere ground discharge cause grormdwater loss and

mines at the same time in some land pockAs Clteis, 1940). Moreover, grormdwateruse

also affects groundwater qualrty for the water s€€pd into the aquifo @rentwood &

Robar, zUl/.). Howwer, the non-excludability of CPR in the groundwater manageme,lrt

context can be talren as low excludability. Since landowners can't be excludcd from

groundwater pumpcd through installed tubewells on their lands.

Gmrndwater dwelopment is easily accessiblc subject to the availability of cheap

tectrnology and subsidized eners/ (Sctrlager, 2N7). Thesc characrcristics make

groundwater face a conrmon pool resource problerr called Tragedy of oommon, or this

can be regarded as a "tragedy ofopen access" that needs to be considened (Feeny et al.

1990; Grafton 2000). In major groundwater depletion arcas there is no policy or

b
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minimal enforcedrules forgroundwaterabsfiactio,n from SouthAsia; China,India' and

Pakistan (Shab 2A07).

5.3 Consequences of Overuse of Groundwater

Ovenrse of grormdwater has rcsulted in the pursuanoe of the self-interest of

farmers aimcd at rnaximizing their cro,p yield. This problenr is aggravated if no

regulatory or economic anangements are imposed (Hardin, l96E). Morover, farmers

misperceive excessive water use with crop yield and sacrifice long+erm sustainable

water availability with the short-term crop intcmsity (Sterreoson et al, 2019).

Irrespective of the fact private and social welfare will be diminished in the long run

farme,ls do not fird it beneficial to prreserve grormdwater if no other farmer is intemded

to do the same and if there is no monetary compensation is offei,od for groundwatcr use

reduction Formal per unit priccs are missed in CPR cases, and mostly in dweloping

cogntries insallationandoperations are facilitatedthrough subsidies, whichresulted as

indiscriminated purrping and contrib,uting to exerssive grormdwater extaction in

many locations (Kluir et al., 2015;van Stee,nbergen et al., 2015). Unregulated use of

groundwater brilgs social, environmenal, and economic conscqu€oces along with

aquiferdepletion (Ilarou & Lund,2008; Skunay et al.,2012). In addition to the social

and ecological problems, economic proble,ms of increased inigation cosb have lead

farmers to migratc and change their sources of livelihood other than farming (Basharat

& Tariq, 2014).

Soil salinization, land subsidc,nce, seawatcr intnrsion, etc. are ttre main

environmental cxtemalities overdrafting of the groundwater in inigated agrioilture

arpas. HiShlV d€pleted water arcas arc gven in Appe,ndix A 5.1. As far as economic

externalities are concerned; farrrer starts reducing cmp production and improved
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methods of inigation when marginal costs of groundwata extraction excced its

maryinalbcnefib.

Dcpth to Watcr Table (0-50!n)

Figure 5.1: Water Qutity in shallow groundrvater arcas across doabs in Pakistan (2016)

Source: Khan etd. (2016)

Howe,ner, farmers will kccp drilling water until the net benefit of itll least valuod

crop is morc than the prcsc,nt value of all future pumping costs savings (Harou & Lun{

2008). Mueove,r, therc docs exist cpatid cost differcncec in the drilling of 2V/otD3V/o

as ptr water tablc dopths, and hc,nce it makes the diffcrcnccs in costr of watcr buprr

as well and malcing crcpping lcss profitable for smdl farmers and tenants (Mustafa ct

d., 2013). Figure 5.1 shorvs the difference in water $ullty acroos Doab in shallow

grormdwater. This is a cause of logging and salinity in many areas with the prcsemce

and abscncc of gurface watcr. Famrcrs keeps their land parccls fallow in ordcr O mdrc

land culti\rable in futur€.

5.4 Menrgement Problem

Regulation of groundrvateruse is the first and forernost response to the oyentse

of cmmon-pool rtsorrces. A suitable institutional framewort will becmre a

significant challmge if rcgulation is hardly acc€pted as a solution. Howwer, people's

behavior mly trot be tamed by the extenral institutional framework @erlces, 1989),

35
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which ignores internal rules, customs, ard logic andmayplove impotent for common-

pool rEsorroe managpment (Blaoco & Walker, 2019). Tlre probabillty of

orrerunploitation ruains high due to thc misperception of fuurers about unlimited

availability of the rrsourqe, god-gven diht, aod societal needs (St Jotn et d., 2010)

and continue to free-ridin& which causes signfficant systern collapsc (Osuro,m, 1990).

5.5 Grrundrveter Economy

Usualln in Paldstan, grormdtrffi is owned by old md big landlods as they

have hrberrells qr their land and arc the fimdamental beneficiary of it Selling merely

rcpresents wster scarcity price to laadless or groundunrter hDrers. And groundwater

buyers re easily dcnied watcr wlren cncrry slrorhge or fucl prices are higher than

averagc. As a result, ownerr tend to harrc more crop productivity as compared with

b,uyers (It leinzem.Dick, I 96).

5.6 Groundryeter withdrawel Strtus end Issuca in Pekistrn

The Crcvemmerf promotcd privde urbewells dwelopment in Punjab Sindh

KP, and Baluchistm. This initiative was specilically t"keo for agricultural development

drainage, food secuity, eE. Subsidies werc prrovided ur power supplies up to 60lo. For

firthcr development pump sets and soft loans werc prrovided (Johnson, 1989). Initially,

the Crovernmcnt-subsidized tubewells development, and latcr it rvas rccognized ttrat

throug[t private tnbervells, the agricultue scctor had achierred susained

in ubovells installation by the I980s. But Gormnnrent contimred subsidies in electric

supply.

The share of grormdnater in rvm zupplies at the fum garc has increased to

50%. Grormdwater ortraction has incrcasd wd€r supply b 75o/o due to wtrich

ctrltivation arca and qopping inmsity has increasd to 35oA from 1960-85. wat€r

ptoductivity of grumdwarcr is morp as cmpared with surfroe water fire to rpliable
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supply and fewcrconve]rmce losses. The issue of food seority andpoverty is majorly

dealtbygrogndwater extaction inPaldsta as elsewhere in South Asia (Llamas' 2000).

The issuc of drainage caused logging in the Indus plain.The p,roblem ofwaterlogging

was obsernedinthe RcchnaDoaab and Chaj Doaab inthe early l9h centtry. To identify

the issue Watcr Iogging Board (WIB) md Watcr Drainage Board (WDB) utere

cstablishd in l9l5 and 1917, respectivcly. Many conrctive measuts were tid but

6e iszue of logging intmsified fir6er &rc to floods in the 1950s @ehman et al., 1994.

A nationwide survey has be€n conduc'ted for waterlogging assessme,nt frofri 1976-79.

It was fomd that the watcr table was on avcrage at t feet dcpth in almost 5(P/o of the

areaundcr study. The issue of salinitywas found grrpping due to waterlogging in these

reas (Choudry, 1977). Thc C.roveirment initiat€d a vertical drainagc prcgram through

Salinity Conhol and Reclamation.

Gmudwater use and proliferation have a long history in Pakistan; it started in

the 1960s undcr Salinity Contnol md Reclamation Projecs (SCARPs) with the

installation of 20,000 public tubewells, which has norv reached 1.4 million. orrt of the

total installed tubwells,99:/o arc private hrbewells. Th€r€ has been found a l5(P/o rise

in pdvaf€ tube well installation in Pakistan (GOP, 2018). An overuiew of prirafe

trbsrvell installation is given in Figure 5.1. In Pakistan, groudurater use is becomiqg

more po,pular due to less dwelopment in surface wat€tr, which cr€ates inefficieircies of

surftce water delivery along with an inqpase in crop intensity, subsidized accessibility,

aod reliability of compared with the surface watcr aocess only (Basharat, 2015).

Fanners with grouduater aocess are ablc to cultivatc 30% more land and their income

is substantially highcr than the farmers wlro had access to surfrce watcr only (Fanrqui,

20u).
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Number of Prirane Tubewcls /1000 hectu€s

Agdcuthrrr Stdilticr of Pr(2018)

Agicolhrc Strtirtio of Pa(2015)

Agrisulur Statirtios of Pd(2010)

Agriculhuc Strti*ics of Pd(205)
rwMr(2002)

PSODP(2UXI'01) 

-

Agricultrc Smi$icr ofPd(1999) 

-

NESPAK/SG(1991) 

-
f,iAPDA(I9t0) 

-Gowmcat of Rujab (1979) 

-Ff,iP(196fl r

020/O60t0

Figure 5.2: Increase in the deosity ofprivate tube wells in the Pujab province of
Pakistan

6orce: Various r€ports of govemrment of Pakistan

In Pddstan, specifically in hmjab, groundrvater rechrge is far less than

glroundlvat€r exhactions. Overexploitation of grormdurater in ftesh groundwater areas

is visible. In Baluchistan development of hrbcwells has rcduccd watc,r apcess for lkrea

which deprivcd many farmers acoess to vital r€souroes.

5.7 llAer of Groundweter Agenb ln Agilculture

Croudwater us€tr ar€ divided into 3 groups, i.e., tuberyell ownerr, water buyers, end

shareholders (Malik et al., 200t). Farmcrs install hrbewell aB p€r installation cost over

the land thry owncd for unresfioincd water cxuaction, sharcholdcr shares installation

e i. Crwnmeot of PrLisan (2018), Agrioiltnrc Strtirticr of Patistur (2013). Pakish Brcan of Strtietics.

ii. Gwuanmo,fPdfih (2015), AgriflltrE Strtirticr ofPatirhn(2015). Plkirrtr Bllsrrrof Statirricr.

iii. Govsnncr ofP*irtan (2010), Agricuturc Strtilicr of Prlirtm (2010). Prtfuffi Eurcru of Suri*icr.
iv. Gwqancnt ofPrtirtrn @0lt), Agdculturc Suirtics ofPrtkta! (201E). Prtfuh Burcar of Sad*icr.
v. .Govcromcot of Patistrn (2005), Agriculbrll Strtirtics of Pe&istrtr (2005). Minfutry of Foo( Agriculnuo &
Lircstoet

vi ff,IIlI. 2$2. IWMI nuld iris!6m od xacr rutirticr 2002. Colombo, Sri Lrula: hgn tiud WlE
MrnrgEffifit futitrto.
viiPPSGDP. 199!l. Databarc for g,ondwcr mrIugcmEnt in fud$ - Tcchnicsl Rcport No. 30 (Find Reorr).
Lrlrore, Pakirh: Prmjab Privar Scctr Groundrvrlcr DffiloprnEot Projet Connlltmb (A conrortium of Arcdfu -
Eurccmmll NESPAK NDC & Ilalcrw).
vii. Crvuamrnt of Prkirtrn (1999), Agriorlhurrl rbtirticl of PrIirEn,Irhm,bc{ItIbEn: Miniruy of Foo4
ASdcttlulc rnd Uvt$ck, Eoonmics Divirion ud Govrrnm't of PatLhn.
viii. NESPAKAOI. t901. Cmtrftutioo of privrE n$GlwElh h tho dcvelopnrcnt of urcr pffitirt Fhd Rrptrr
NESPAK in asocirrior with Spccidilt Group lac. (Pt t) Ltd.

ix. WAPDA 19E0. PrivEE tubclulElb tnd frcbrs fficfug crumt raE of invcsturcnt commicr rercarph rccrion
I^rllortr Prtith: Phnning md Dcrclopurcot Divirion Ed WrEr snd Po*rr Dcvrlopmart Aurhuity.
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cost and receive water as p€r their need by payrng operational @sts, and the third one

buys throug! informal prices at an horuly rate or with the tacit agreemeirt for water as

bartcr E/stcms sharing crorps in exchange of groundwateruse (Malik et al., 2008). The

cost for inigation for buyerc as compared with the former two grcups is far higho

(Ashfrq et al., 2009). Moroover, diffcmences in the costs are basod on the energy soulpe

of the tubewell eloctricity or diesel. Sincc electicity is zubsidized by Government the

cost is far less than diesel bas€d hrbrrells. These differences crcate farurers' ability to

earn equiable profits (Bashir et al., 2005). Socio-inequalities are created as water

monopolies areobtainedbythefamrerswho cur afforddeep tubwells. Moreover, water

b,uyers rcnd to produce less valued md less water-intemsive cn ps as compared with

tubewell own€rs this has created fundamental inequalities among them. Crop

productivity for grouadwater buyers was high in all crops as compared with pump

owners as bnryers have usod a mix of both surface and groundwater. And the share of

groundwater in their irrigation was less. Althougfu ptttnp ownerc have got more

sugarcane crqs perhectare as conrparod with the buyers'crop productivity. Moreover,

buyers are getting higher gross value and marginal product form wheat, rice, and

sugisrcane.

lVaffi buyerr arc getting slightly morc beirefits than pump own€rs. Irrigation

cosB contibute a larger slurc in total costs. And out of inigation costs, groundwater

costs arc morle as surfac€ watcr charges pcr hectare, are fixed. Pump ownem bear morc

inigation costs if costs further divided into into buyers and non-buyers.liYopercent of

the areahas gone uncultivated forpoor farrrers due to expemsive tuberyell installation

More than 407o of dug wells are recoastnrctod or deepened due to falling water tables.

Waterqualityand increasing watertable are endangering agriculture growth in gsneral

and landless poor farmers'crop yield in specific. Figrre 5.3 portrap this scenario.
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5.t Erlrtence of Groundweter ltflrrkets ln PrHstrn

Cnoundwater extaction has plaf,ed atr enotmous tole ia Pakism's agrioiltttt

dcvelopmart. But it is not srutainablymanagcd. Poor fatmcrc mootly being last in thc

qucuc with unrcliablc surfacc wstcr supplicr atp formd buying watGr from tubswoll

own€rs. These issues are firther exacerbafied by convqnnce losses. This is due to the

lEason shsllow hrbwells are prcfcrred in the Goutry. Buycrs umally findr many scllcrs

of groudwrtcr, available pnccs of lcasing water frlls as nunrber of scllem incrcascs.

Figure 5.3: Watcr quality in dccp arcas across Doab in Pddstrn (2016).

,rSourpe: (Khm etal,,20l6 & Q,rrcshi st al.,2003)

lte average prices of hrbewell water are given in Table 5.1. This has incrcasd

uder access and lead to over-drafting ofwater. Reallocation of surface rvatsr is needod

betrveeu ficsh groundwater areas with high and low inigatim cosE and saline

gumdwater areas to reducc watsr miniag in former and salinity conhol in later ar€as.

Tablc 5.1 shows that dicscl-opcratcd groundwatcr is morc cxpmsive rs compared with

elec'tric tubewcll, this can caue discrimination in carningwithin audbctrvecn prrovinccs

oKhan, A. D.,lqbal, N., Ashnf, M., & Sheikh, A A. (2016). Grwndynterlnnsfrgatfutcand
nrying in the uryr lndlus fuin. Pakistan Counci! of Researctr in Wabr Resourcee
(FCRI rR).
Qunehl, A. S., Shah, T., & Akhtar, M. (2003). The groundttater wrcmy of Pakrbfan (Vot.
64). rWMr.

3s Pcrccntagc arpa frr Dceth to Water thble (25l-3fl)rnl
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due to elerration and eirergy sources available for grouodwater disclrarge (Qur€shi et

al., 2003). Orvners uzually take advantage of this situation and charge high prices or

deny ondeinand water provision

Table 5.1 se[ing rates of groundwater in different p'rovinces (us $/m3)u

Provinccs Eloctsic TWs Dicscl TWs (Diescl Enginc) Dicscl TWs (tractor opcraFd)

Ptmjab 0.51{.60

KP 0.134.77

Sorupe: (Qureshi et al., 2003)

5.9 Paradigm Shift in Groundweter Development

Key to this, in many instanccs' is a policy paradigm shift ftom groundwato

develop,ment to long-terrr groundwater managcmeirt (Khair et al., 2019; Mushtaq et al.,

2013; Sharma et al., 2010). There are plcnty of evidences available in lircrature for

managing grouodwaterdepletionthrough state contuol orinstitutional regulations. Few

examples are available or community-lwel local rules establishcd to manage waf,er

r€sources (Kadclrodi, 2004). Currcntly, the directorate of land reclauration is

resnonlble for groundwater monitoring. Groundwater manage,rne,nt is a complex issue

that should be dealt includiag all types of water uses. Consid€ring socio-economic and

physical resourccs governurent is initiating a special focus on water saving and

protection of groundwater quality for sustainable groundwatr manage,mmt (Kori et al.,

2009). Groundwatcr users and the local organizatlon have always been ignored in

groundwatcr managemenL But fiom Baluchistan's experience of groundwater

rranage,m€nt through enforcing rules for common-pool resources strggests that

grormdwater management must be inclusive of all stakeholders. Inclusion of all

rr Qur€shi, A. S., Shah, T., & Akhtrar, M. (2003). Tlre grcundwder ea nwty of Pakislan (Vol.

64). rWMr.
u No Data is antlable

1.27-1.48

t.t2
2.394.49

r.7G2.73

Xu

3.77



\

stakeholders r€quir€ to use ABM to asscss groundwater dynamics to find social norms

or dwelop regUlatory fraurework for zustaimble gfoundwater management'

5.10 Agent-Besed Groundwater Usc Model

Famrer participates diffoently in water marlcets as per their choices of inigation

requirernent, water quality, and type of tubwell installd. They interact with nahral

rEsources and other agents in the systern and leave a feedback effect by affecting their

ncighbors and these tlpes of systerns consisting of complex ageirts and are undqstood

through agent-based modelling. But social norms and colletive actions are hardly

appreciated b rmderstand eme(gence in the systems. Studies have becn conducted to

walnate farmers violating (Du et a1.,2017), and non-violating (Castilla-Rho et al.,

2017)belraviour fon water managcnrent under complae information and imitating the

behaviour from neigtrbouring farmers. This study will stimulate infonnal markets to

ud€rstaDd and exhact rules to regulatc farmeds behavior for water withdrawal.

Morcover, the regulation regarding watcr withdrawal rights will also be assessed to see

the response of the systenr. The schenratic diagram ofthe model is given in Figure 5.4.

The groundwater mar*ets are sfio,ngly establistred in all three provinces. Water

markas have the potential to move water frorn low to high value uses, promote

inveshent in increasing the efficiency of water usc, and hansform water lhom being a

scarce but free resource into an eonomic good with an opportunity cost (Qreshi et al.,

20/J4; Shah et al., 2000).

fuscssm,cnt of cooperation in the irrigation syate,m is limited b a theoretical,

field, and statistical analysis. Diffirsionof governance of inigation s)lsterns and factors

rcsponsible for the wolution of cooperation are required to be investigated. Water users

have social relationships. Their interaction can lead to having aggregate belravior. The

heterogsneity of individuals interacting in different social neturorks can bring
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cotnplexity to thc systcln. Individual lcarning trom social interaction can be madc uld

observed through simulatioms (Cai & Xiong' 20ll)-

5.10.1 Scope of the Model

Groundwater is a complex managsment problem. Farmers interact with each

other md with water tEsourpes. Iarge farmers interact with water ltsourccs and rtse

unmaoaged withdrawal of water caruing water depletion for werStone in the system.

Agcrilf,i[ iffi. Coopcntimmrycriru if
ttcrc re reid uu a otk qrding gab
cxibcrcE-bmiryd4aidilt

Enforcod coopcntio duurg[ pcoalthr r
Rcdrrc{im in ruhidia ifpotirg cd L hitU

Figrre 5.4: Schernatic diagram of agent based model for grorurdwater managurent

Sourcc: Author's own dweloped.
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Depletion increases grormdwater abstaction cost weir moIG' Slnall farmers,

tenants, or sharcc1rpp€rg, if they buy ftrom large firms, ttrey usually fx a perceirtage of

the cro,p as barter in exchange for the groundwater they use. If prices are pre-dfiermined

among b,uyers and sellers, then they are d€nid groundwat€r use if €'neryy prices

observe a fall.

In some arpas whe,le groundwatcr is the only soutue of irrigation and rainwater

is plentiful, small farmers rnay face logging in some seasons and water shortage in other

seasons, or they have to leave their land fallow and wait for the next season.

kr Pakistao, no groundwater rnanage,meirt fraurework oriss. The unprecedented use of

groundwater increascs the direct aod indired cost of grormdwater withdrawl. Indircct

cost includes expe,nsive groundwater and lower water quallty and delayed availability

in the case of the buyer as an indirwt cost of groundwater abstraction. In ttris chaper,

we uscd an agent-based model to cryturc these complexities.

5.10.2 Stete Endties, Strte Veriebleq end Scelec

Largp and small farrrers arp two type.s of agelrts that are b,uyers and sellcrc of

groundwater. Rcgulator agent is considercd as autonomous in the contoil of policies

for quota or grormdwater use rules or fees. furother entity is grorurdwatcr depth to table

linkd with the tubewells and will be updated alomg with the use of groundwater.

Farmers are cooperative and non-cooperative in sharing water and dealing in informal

and fonnsl markas. They are cooperative if their watcr demand is timely fulfilld

through tube well watctr, and eneqgy cost is thc same as it was at the time of agreernent

to share/sell water. But they rnay not appcar coopeiative if their demand is not fulfilled

and regulators impose a limit on groundwater use or charge a flat fee. 95% of tlre

farmers are small farmers and have land less tlmn 5 ha. And are considered ftom the

areawhere agriarlture mostly is rain-fed or depe,ndent on groundwaterused in KP and

E
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in some areas of pgnjab with the land having morc altittrde than canals or somc arEas

where canal water is not availabtg and precipitation is also limited.

5.103 Proceu Overvlew end Schcduling

Srnall farurers decide about uoppiag their land subject to th€ availability of

groundwater, in Punjab usually three farrrers btry water from tubovell owne,ls, aod in

KP, it is Eight. If irrigation time is delayed or heary cost is charged or ifpromisod share

of the ,kind" is not offered to the tubewell ownerE, then they will not be able to eam

poteNtial benefis. Next cropping will be based on previous expuience.

5.10.4 Groundweter end Depth to Groundrvrter

Farmers are set to have differmt water table depths and distaoces from surface

water. Since water table depth for farmers is zupposed betu,een 2-100 feel This watcr

table depth is distrib,uted among farmers on a spatid basis. Furttrer, 2lo/oof the farmers

are supposcd to have WTD betrvecn 2-30 feet, and the rest of the farmers have water

table depths greater ttun 30 and less than 100 feet. Iarge farmcrs use uninterrupted

groundwater rmtil or unless quality is stated worsening offor regulation for a limit is

imposed. With wery tick, ten dafc of the cycle will be rcpresented, and the model will

be updatod for wheat and rice/cotton cultivation for a pedod of I year.

5.105 Derlgp Concept

Irrigation watcr dcmand for uops is calculatod as the fimction of crop water

roquirement basd on crop coefficient and cultivated area of the crop. Based o,n the

behavioural dcfinition of the social norm, the norm is emeqged among fatmets, as a

result of ruleg learning pnrcesses and adaptability and equation 3.19 to 3.26 can be

considerod in the oontext of groundwater for coop€rating (Cil and non-coopeiating

agemts lNCa)
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Norms=Zrj4n (s.1)

ThesenormscanGrnergeintherangeof [-1,1]anqinexhernecases,-l and I forfully

cooeerative and non-coo,perative agents. This can help inunderstandiag the prwale,nce

of social notms, regulationg or non-oompliance with the rules as a policy to rnanage

water r€soruces. This model is based on the observatio,n that peoplc cooperate if they

expct and/or observc others will cooperate too (Oshorn, 1998; Van lange et al., 2013).

We assume that an agent i has the expectation EC that agent i will follow the

cooperative nonn

5.10.6 Theorcdcal end Empiricel Beclrground

hitially, artificial groundwater model incorporating social and physical

behaviour is developed on the patches of land parcels owned by farmers by assessing

changes in watcr table depth loggia& salinity, erc. Iat€r oq it can be coupled with

physical model of groundwater flow. This tpe of model is developed (Castilla-Rho et

d., 2015) in Netlogo named as Flowlogo. It is a modeling environment, which

conspiorously facilitatcs thc dwclop,mcnt ofcoupled agent-basod groundwater models.

The Flowlogo modeling envircnurent is capable of modeling differert boundary

conditions (no flow, ft(d hcad, aod constant flrx) and a variety of sorures aod sinls

(pumpiry and injection wells, springs, steams) an4 accordiryly, it can simulatc

fiansient and steady-state 2D groundwater flow in confined and urconfinod aquifers

(Castilla-Rho et al., 201 5).

We assume that omly farnrcrs who irrigate have an impact on the dynamics of

thc coupled human and natural sptems. We also assume that farmers solely grow wheat

and cotton as these arc the prcdominant crops in the area
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5.10.7 Indivlduel Decicion Meklng

Tlre farmers decide on inigation based on the prwious records of water

availability, and impositions of regulations. Buyem roduce their land if face deficiency

in water arrailability o,r flip to least water-intensive. krgc farmers decide abo*

cooperating with the rules or r€spccting the norms and, tog*her with small fatmers,

determine systcm properties. The purposc of farmers is to maximize benefiS or avoid

losses.

5.10S Leerning

Individuals will learn from their past behaviour and behaviotr of their

neighbours. ThEy also co,nsider lcaildng ftom fittest farmers based on qop yield aod

cooperation lwel of farmers.

5.10.9 Senslng

Iarge farmers will sense water quallty if it is excessively drawn from lower d€pth to

the water table and try to act accodingly.

5. 10.10 Indlvlduel Predlcdon

Explicit prediction is not modelle4 but implicitly prediction regarding farmers'

behaviour is usd as a tool to bring social nonns into practice for the ernergi4g pattern.

5.10.11 Interections

Farmers interact with each other dirrctlythrough watcrmarkets and indirectly through

impactiag grormdwater quality and quantity.

5.10.12 Collectivec

Collectived groups or social netrvorls arp not formed during simulations.

106



=

5.f0.8 EeterngeneitY

Heterogenoogs farmers, d€pth to water tablg cmps, different water cost sfructt[es are

part ofthe model.

5.10.14 Stoe.herffcity

Initially, stochasticity regading WTD and change in climatic condition are considerod.

5.10.15 Observedon

Water rquircment is considered if rainwater is not fulfilliag the dcmand while rt*ing

deisions regarding buying and selling goundwater, water table, irrigations costs,

rnartet ornon-market exchanges, crop yield, benefitr/profit, cooperative age,nts are the

daa observations in the modcl. Itesults strow variability in depth to water table and

water costs and profi$ due b spatial and te,mporal patterns.

5.10.1 6 Implementetion Deteilr

The model is implernented in Netlngo 6.0. Dcpth to water table and groundwater

transport model is imitated through Flowl.ogo, a groundwatcr flow simulation model.

The model will be available upon rcquest.

5.10.17Inlfttizrfion end Input of the Detr

Initially, farmers are created with spatial variation among them, which makes them

haveadifferenceinwaterroquire,ment, DM, etc. Watertabledepthwillbe linlredwith

Flowlogo modcl, and it changes accordingly. The values of the variables are assigned

to the farmers as per the modcl requirement. An example of selling water is giveir below

5.10.1t Submodel

Tlrere arrno submodels available inthe model.

to selliqt<eesswater+
setpotantial-bryers otherdarmers in-rdius 3 with [(excess-twter <= 0)J

askgntential$rynrs [set input-cost inputast + 0.0(nS * ( ucess-water) /
W set ryield ryield - .005l
set income2 0.5 ] (acess-water)

end
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5.10.19: Model'r implementetion end Hlpothecis

Model is imple,me,ntedto testthe hlryothesis forgroundwaterrnanageme,nt and potential

cost orpricing ofgrormdwat€rcoosidering the dynamics ofwatertable dcpth and water

gse belravior undcr differmt watcr usc manageinent perspectives.

5.1020 Velidadon orf the Modet

It is irportant to understand the results obtained from the model are reliable or not. We

have estirnated all unlnown parameters through running the experiments in Netlogo

Behavior space. Usually, there are two approaches used for validation of the model,

i.e., assessing through structural aod outcome validations. Smctural refers to comparc

consistency betrveen model stnrcturc and expert opinion frrour literature, and outcome

validation requires model resuls with empirics fnom literature (Du et al.,20l7;

Gorzales & Ajami, 2llg).From validation of the model, we have formed certain rules

which are verified frrom historical daA and oubomes ofinigationpractices in literature.

Grogndwater table deptll loggin& salinity, and farmm'profits are found to have

realistic valucs.
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5.11 Resultc and Discussions

ElAOthcclr: A$ecsment of groundwrter reguletory framework:

Alternefive surfece end groundweter ure precffcec over sptoe end time lmproves

groundweter rcgulrffon Problems

Ggradwater is the mainstay of irrigation unds continuous dqleted surface waEr

Irsources. otr rnodel presenB some maso-scale phenomena of grormdwater use that

enroged from micro-behaviours of itdividuls.

Figrre 5.5 d€picts that increasing groundwater cost is equally feasible under water table

depth of 5 mAers. For SGR it is more viable to increase groundwater extaction cost to

800 per irrigation pcr acr€. As water table depth increases from 5 to l0 IMP appears to

bring bctter rezults coryaring it with BAU ard SGR.

In presence of water table depth of 10, undcr different water cosB, IMP of watcr

managerncnt perspetive prcves morp cffetive as profits, logging and salinity show

desirable pattem At extneme high water table depth all of the water manageinent

perspctive bcomc impotent. Profits and logging arc found lsd below the mcan while

salinity is found lsd above the meao" Only logging parameter is found in required

limit whie,h is a rcsult of high water table depth. For WTD of 5 under low cost BAU is

paforming befficr while under high cost SGR is performing bettsr than scenarios.
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Under the hig[rest water table de,pth of 20 profits are found to be ISD below

ftrom mean and salinity as ISD above from mean. SGR exhibits to/oaoreprofits than

BAU and IMP when groundwater abstraction cost is rais€d to E00. This shows that

extreme water table depth situation brings undesirable results for wery variation in

groundwater cost

The lower part of figrre 5.6 slrows that over time salinity reduces to rain inflrxes. It

reduces mote in SGR comparing it with BAU and IMP.

Besides groundwater withdrawals, salinity is majorly atrec'ted by rainfalls.

lvlaximum salinity is 21, 17, and 20 in BAU, IMP and SGR. Howwer, the avemage total

salinity is found to be highest in BAU followed by IMP and SGR. Comparing salinity

over increased groundwatcr withdrawal cost, it shows that salinity has reduced to a

maximum of 18% in SGR at a water table depttt of 20 and l3Yo n IMP. Howwer,

comparing salinity from within the management perspective doesn't show any

improvenrent even ifwatertable depth is incrcasing. But if withdrawal cost is raised it

slrcws imp,rovenrent at the same lwel of watertable depttr" This can reflect the limited

tnre value of deplaing groundwater rrsource as in our model we have not put a limit

on groundwater availability rather withdrarval cost is linkd with groundwater use.

The upper part of figrre 5.6 slrows profits. It is obserrred that managed water use

behaviour yield morc prcfits comparing with the BAU scenario. SGR and IMP are

€xhibiting 6% ard2.T%omoreaverage profits than BAU.
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Difference reduces with inseased abstraction cost and water table depth

scenarios. In BAU increasing water table depth is reducing loggiry as farmers will be

inclined to gsc less groundwater and utilizing more effciently their allocated surface

water. Howwer, within IMP if groundwater cost is as minimum as 2fi) then farmers

are found irresponsibly usirry groundwater their logging is erre,n high with high waEr

table depth. Morcover, logging is found to be 87o and 6E% less in IMP and SGR if we

comparc them with BAU. Differences beconre more visible when the cost rate is higlr.

Figrue 5.7 slrows density plots of logging and salinity. Part A shows that tails are

thicker under morc cost and relatively less water table depth in BAU and IMP. The

peak of logging appears early as water table depth rises along with ttre same high water

withdrawal cost In the case of salinity tails of the density plots are found to be thick

and rightly skewed when watertable deeth is low and it becomes equal for all scenarios

rmder largc fall inwatertable depth.

:
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Figur€ 5.8 slrows the cost limit of groundwater abstraction. It is linked with the

changes in WID. As WTD rises it raises grormdwater abstraction costs. This cur be

observed that groundwats extractioncost canbe raisd to limit the groundwat€ruse.

It can be observed ftrom the figurc that under 1VTD of 5 with groundwater cost

per unit as 2(X), emeryd as 360 rupees for BAU 320 for SGR and 317 fho IMP.

Howwer, with the higher WTD of 20 and initial withdrawal cost of 2fi) groundwater

withdrawal cost emrerged as 320 de,picted in thc figrre. Morover, with the initial cost

of 8()() and WID of 5, withdrawal cost sharply rose up to 1280. In the exheure cases of

20 WTD and water withdrawal cost of E00 per unit an expone,ntial increrrent can be

observed incasc SGR

The cost initially rises strarply from 800 to I lfi) and then increased with doclining ratc

raised rnaximum up to 1280 pcr unit. As water table depth rises use of surface water

falls itr IMP aod SGR In most of thc instances, IMP and SGR are utilizing more

groundwater and less surface water forthe farmers which are locatod near canals hcods.
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Table 5.2: Groundwat€r ard Surface water use unds differeirt Crroundwater cost

scenarios

Sourpe: Author's own worlc

Data shows that farmcrs near thc canal in BAU and IMP arc using on average 70o/oto

60026 more surfacc water than groundwater and incur less inigation water cost in the

production prooess. ltlhile in SGR surfacc water use is only 8% to l07o than

groundwatcr. Sincc more groundwater rnakes famrers bear morc watcr costs and if they

af,e near canals tlrey can be cornpensated with the part of the cost of groundwater ttrey

pay in addition for conrpliance with thc social norms of using less surface water when

they are near thc canal. For the farmers using 7096 more surface water as observed in

the case of BAU, tlrey must be clrargcd oquivalent to the groundwater cost for surface

waterus€ asof280rupccspcrorbicmetcr. While farmcrswith60To morc surfrcewatcr

can bc imposd to pay 252 per orbic meter of water us€d for inigation

surfrcc and use

Awas€ stoundwrtcr usc/ba Averac€ surfacc watcr usc/ha

Bruiness asUsual Bruiness as Usual

;NnD s lo 20 i;*ar 5 lo m

200

400

t00

2tt2 211.0 ZLL.O

2LL.L 210.8 2LL.2

2LL2 210.9 211.2

361.3

362.3

362.1

200

400

800

362.3 362.3

362.5 362.2

362.4 362.1

Itrstitutiomd Manaccmcnt Pcrspcctivc Institutimal Manactnr€ot Perspcctive

2fi0

400

800

117.1 t1.15 't1.43
u1.32 't\1.16 f 1.11

f 1.19 'tr.Ag tL.42

200

400

800

.1,9.s oo.ez o0.83

o0.7 u0.8s +0.64

J0.7 00.82 00.82

Sclf-Govuninc Rulcs Self-Govcrninq Rules

200

400

800

.t33.2 133.4 f33.2

f33.1 '133.2 f33.4
,t33.2 'l'32.9 +33.8

200 019.2 .110.5 u19.4

400 01e.2 01e.3 01e.s

800 019.4 +1s.11 019.7

ttl
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Table 5.3: Co,mpuing Crroundwater costs aod Profit udcr differcnt watcr table depth

sc€offios

Sourpe: Author's own wor*

Table 5.3 showr that llumers in IMP and SGR are makiag lYob 5% more profits than

BAU with WTD 20 to 5 respetively. Howorer, groundwata use cost is 0.5% to 14%

morc than the BAU casc. Howwer, with the lowest WTD and cost groundwatcr

withdrawal cost is morc inmanageraent sccoarios comparing itwith the BAU sc€mario.

Figrre 5.9 prrescnts gFolnrd aod surfhce water use by farmers across time. Farmers arc

found using morc grcundwater acn ss time in SGR comparing it with BAU and SGR.

And BAU sc@rrio rcflccts thickcned rigfut-skewed tails across time in BAU followed

by IMP in surface water usc courparing wilh SGR

R€sults show tbat frrmcrs getbenefif ftrom extcnsivegrormdwaterusebutunregulated

and unplannod exploitation is cndFng€ring sustainable irrigation and caused incrEasd

extraction costs duc to fa[ing water table (Shakoor et d., 2015).

Dceleting the watcr table r€sults in degrading groundwater quality and intansifying thc

soil salinity problenrs (Qureshi, 2020').

F
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Comoarison aycrage DrofiB and groundwaErlEq loct

Croundwutcrusc cost Avtmarcuofits/ha

Busitrcss asU$td (BAU) Brnincss asU$ul (BAU)

>{5lo20 "e- s lo zo

xn
400

800

350.3 305.8 3(B.9

603.3 6lt7 619.6

1210.1 1222.s L2N.7

45975 44879

46Gr8 4d.766,

45859 44;il6

2N
400

800

4tr23

46145

46175

trstitutioml Manaccrmcnt PersDectivE (IMP) Institutional Managrmcnt Pcrspctive (IMP)

2p0

400

800

.1,13.739 t0.263 t0.345

to.s44 ,10.374 +0.443

+0.078 't.0.431 't 0.211

2N

400

800

,t0.858 +t.242 +2.577
,13.710 't 2.665 +2.657

+2.253 ,12.838 f1.685

Self{iorrcrnins Rulcs (SGR) Sclf-Govrrninc Rulcs (SGR)

200 .1,10.17 13.943 f2.950

400 14.095 't.3.879 t3.1s1
800 ,14.030 tg.ttt f2.995

2W

400

800

t3.4G f4.364 ts.7s3

+4.9tt7 f3.800 ts.673
,t4.G3 +3.355 t5.390
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In the model, seasonal rainfalls and crcp water roquirement wcre taken bascd on

estimation by Sadaf & Zannd2013) Overtimespatially distributed farmes'

caricatgrized ec@arios were bruilt to include grormdwaEr d€eth fluchrations for better

rnanagenrent of water resourpes. SGR afld IMP try to bring equig in water availability

and to pruvent agriorlnre ftromworsening waErqulityparmacrs which bring arise

in overall benefis in the syEtem. Howwer, consisteirt sustainability maybrreak down in

extnenre cases of climatc change and spatio-physical conditionrs. We have obserued that

in extre,me dcplctd watcr table dept[ irrigation water bcomes conomically

inaccessible aod has rcpcrcussions om agriculture produce and susainability of

irrigation Climatic, phpical, economic conditions along with farmers' water use

behaviour are major d€termini4g factors for water use manag€mcNrt and sustainable

farm income for individual farmers and agriculture collectively (Iambrurino d d.,

2020).

5.12 Conclusion

We have integrated ABM of frtmcrs' decision-making for inigation with the

grouodwatrr cost rnriations to strdy the importancc of individuals in an agriorltural

and hydrclogic syrtcm. Modcl r€sults show that accounting for individual haerogeneity

has impacted at the syatem and leads to the formation of emagent pattcrns, while also

bring up smre groundwatcr cost or prices related information. Itesule slrow that

monito,ringandregulationsmakefamremusegroundwaterratiooally. SGRmanagedto

raisc groundwater abstraction price 3 timcs morc than the existing rates for the farmers

locotd nears canals heads. For the farmems locatod at tails IMP appears to rnanage

rcsoutte bett€r than other scenrios. But increasing groundwater abstraction cost can

appear defimental for farmers produce aod profits at tail ends.

-
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Co,mparing salinity over inc,l,eased groundwater withdrawal cost shows thlt

salinity has redrced to a maximum of 1 E% in SGR at a water table depth of 20 aod 1 3%

in IMP. Howerrer, comparing salinity from within the management perspcctive doesn't

show any improvcnrent evcn if watcr tablc depth is increasing But if withdrawal cost

is raisod it shows improvement at the sure level of watcr table depth. This can rcflect

the limited tnre value of dcplaing grormdwater rcsourpe as in our modcl we have not

ptrt a limit on groundwatcr availability rather withdrawal cost is linked with

groundwater use. Sme is the case of profits. SGR surpasses in bringing more profits

corrpuing with IMP aod BAU. Roduced groundwater cosE arE dsvising iresponsible

behaviour in groundwatcruse under BAU. Furthermore, salinity is found to be lowesg

in less watcrtable dspth undcr a[ costs soenarios, while incrcasing watcrtable depth is

causirg salinity to risc while increasing cost is furtlrer exacerbating thc problem. UdEr

increasing water table depth none of the water managc,ment perspective imp,mves

salinity situstions. Furthermorg grcundwatcr qtraction cost is found to be highcr with

higlerwatcrtable dcpth scenarios. This canbc learnod that groundwaterexEaction cost

can be raiscd b limit the groundwafier usc. But the rise in cost can ireelf ernerged to the

relatively lower lwel if watcr table dcpth is higfter. It means that risittg costs or prices

of groundwatq when water table depth is lower appears morc effctive. In other words,

regulations of ground water abstrac'tion cost ncar canals can bring relatively better

rcsults. All vuiations in costs and water tablc slrows crneN3cnge in groundwater cosB

in lo4g-nrn brut at low lwel of extractio,n cost less water table depth BAU can effectively

raise grormdwater cosE comparing it with IMP and SGR This means that near canals

heads groundwatcr cost can be raiscd wen under BAU without more deliberate policy

change.

;
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Undcr IMP 1rld SGR farmerg Ec nsing relatively less surface watcr and more

of groundwater if they arG nearEr b the cmals. More groundwater rnakes farurers bear

morc watcr cos6 and if they arE near canals, they can be compcnsated with the part of

the cost of groundwater they pay in addition for compliance with the social nonns of

ruing less surface water whm thcy are near the canal. Usc of surface water can be

restricted if farmers are charged progressivcly equinalent to the groundwater cost for

surface water use. Moroovcr, Farmeir are found using more groundwater across time

in SGR co,mparing it with BAU aod SGR. BAU scenario reflets thickened right-

skewed tails acmss time in BAU followed by IMP in zurface wateruse comparing lvith

SGR

Manging farmer's behaviourunder socio-oconomic and climatic conditions can

bring life to lost agricultural pohtial in the country. Howwer, gating benefib of

farmems'cooperation in areas wherp shong norms and sociaal pr€ssur€ prwails is a

complex and cballenging task. This policy of restricting groundwater use can increase

the potential bencfie of famss and roquire a cost of monitoring from the exchequer.

From apolicy standpoint, thc Crovcrnmentneeds to havc abcttcrurderstanding

of famer's bchaviours of groundwatcr abstsaction under different costs regimes if it is

to improve acccss to the groundwatcrrcsoupe. This rcquires indcpthknowlodge about

the farmer's water use behaviour in response to pemalties and zubaidies for dilferrnt

groundwateruse perspctives md resultmt bendre of growing crcps. In the context of

wer-increasing reliance on groundwater use in Paldstan in tlre last two decades, with

its consequences (ircrcasd Gnsg;/ demand for water extraction and ryplication, atrd

r€duced soil hcalth thrcugh increasod salinity), this study identifies the formation of

rules for the use of groundwater as entry poinB for policies aimed at addressing the

groundwater managcnrcNrt problem"
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CIIAPTER 6. Coniuncffve lVater Management

6.1 Importrnce of Conf uncdve lYrter Menrgement

The agriarlturl sector in Pakistanrrraaincd dominant forthe povision ofcmplo;mcnt

to 42.3o/o of the labour fotcc in the country (GoP, 2015-16) This contribution of ftc

agrioilture sector is contingent largsly oa favourable water supplies. Srufice watcr

availability in thc countsy has rducd by 460/o in frc last two decadcs. Ths€ has bccn

found a l0 million acre-feet reduction in the Rabi caml water zupply from 2001-2018.

Figure 6.1 prtseoB ground ad surfrc,c watcr availability at frrm gntc during thc last

two decadcs.

Overall WaterAvailability at Farm Gate (I{AF}
!m

zio

N
150

1(x,

50

0

,f d d ,f d d d .f d r,' dl d.f d| de r,' d r,'
rRabi Surfroc WrE rkbi GmradWilEr

I Khdf Sur&cc Watsr r Xtrrrif Cnound lVah

Figure 6.1: Surface and groundrvaler availability at farm gate (MAF).

aSource: Agricultural Satistical Yearbook (2017).

Farrrcrs at the tail God suffer morE as they are not only deprived of the canal

urdtr bttt thcy arc also pumping grouadwatcr of low quality morc prcportionally as

compared with the hcad-cnd farmcrs. lhcy arc unable to fulfiU lcaching requiremcms,

a Gonnrment of Pakistran. Agda.rltural Statisdcal Yearbootr. Pakistan Bureau of Statblics.
2017



leod to increase the soil sdinity levels as compared with the rystean farmers. Morc

6m 1.4 miltion hectares of agriorlture land are abaodoned duc to salinity in the coutry

md the majority of &is land is found in ail areas (Martin et al., 2006). A limitcd strpply

of canal w$cr rlakcs farmcrs dcpcnd morE on thc groudwam. As surfapc watcr is a

limit€d rEsoures, thcrefore, the Govcrnmcnt is trying to complcmcnt tlrc surface wiler

with groudwater by itrstslling public tube wells. It rcsultcd in up to l7W/o incrcase in

oopping inmsitics in Pakistan (Ahmsd d,al.,z0/i,7). This issuc is fiuthcr exacsrtatql

whe,lr crops harle diffcrcnt spatial and tcryoral water requirenrenE. \[atcr requiremem

of thc whcat oop is 207o lcss in hnjab thatr thrt in Sindh. Moreovcr, within thc samc

pmovince, differcot crops have different uratsr require,rrents as well. The average crrop

watcr rcquiremcnt is givm in Figrne 6.2. Shortages of surfacc watcr have intcnsivcly

afu€d the grounh of wdcr-intensive crops, especially in watcr shortrge arcas. This

situanion compelled frrmers to develq altcrnative plans of switching to low watcr-

irtcnsive cnope and dry ctopr, as well ar for thc dcvelo,pmcnt of shallonr and deep urbc

wells.

Crop Watcr Rcquiremc,nt m3lha

55000

,05(Xl0

35000

250m

15000

5000

-5000 Mdze Bule1r

rBduchirra

Figurc 6.2: Prrovince wise anemage cmp watcrrequirerneirt

lSource: (Sadaf & 7*mrrm,, 2013)

I
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Colbo Suglrcmc
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6.2 Rrtionelizing Coniunctive YYeter Management

Food denrand mdcroppingintcosityhavemade excessive groundwatosupplementthe

sgrface water (a15€shi Gt al., 2008). In Pakistaq agriculture is becoming heavily

dcp€odent on groundwater. Statistics show r lfio/o increase in prinate tubwells per

10fi) hctares for inigation over the p€riod of 20 pars (furicultuml Statistics Year

Booh 2017-18).In contrast to Sitrdh, groundwatcr use in Punjab is morc prwalcnt as

compared with the surfacc water. The total inigated area in Punjab is 14.53 million

hrctarcs, out of which 3.62 million hcctares are inigated by canals only, whereas 2.95

million hectarcs of area is inigated exclusinely by tube wells.

Conjrmctive gormd and surfrce watcr are us€d lln54% of the irrigated area in

Provinccs and the r€mainfurg area is inigated through other souces (Ahmad et al.,

2007).In some arEas, groundwater d€pth hos incr€asd to l6m in Sindh and more than

l8m in Punjab. D€pttl to thc water trble in somc areas of UIB is rising more than l8m;

limiting crcp yicld of the farmers at the tail Gnds specifically in LBDC. Figrue 6.3

exhibig the situation in Pddstatr. Sorne arGas are severely affctcd by hcary

pumping increasing inigation costs for the farmers heavily dependmt on

groundwalcr. Initially, groundwatcr was in dynauric equilibrium before the inception

of the inigation E/stffir.

ll/atcr table rise in the area is less than thc watq tablc fall. The water table rosc

on average W 23.5 metcrs p€r ]rear and fell on average by 31.4 meters over thc pcriod

frorn 1910 to 2010. Figrre 6.4 shows the observed fall and rise in canal command areas

of the LBDC. Thc highest fall in watcr table depth is observed in Manchunnu canal

commatrd areas @asharat 2015). Crroundwatcruse in Sindh province is4o/o to 8% of

the surface watcr as comparcd with the canal cornrnand areas of Rurjab where the ratio

of ground and surface water use is aknost the same.
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Figure 6.3: Avcrage d€pth to watertable nariations in 2014 ac(xrs Upper Indus Plain
Agifu (hajab Lrigatioa Departureot)
tlSorutc: I(han et d., (2016)

Gruurdwatcris anrmdcrutilizcdrcsourcc in surface inigatcd arcas of Sindh due

te high surface water allocations. The issue of waterlogging is widespread in areas of

Sindh due to which watcr productivity is low as compared with Punjab. Dtrc to

scdimcntation, the storagc capaclty of the built rcscrvoirs is dccreasing and carsing a

shortage of surhce water orrer time. Ard37% of the water is lost drrc b insufficient

storagc crpacities in thc rucrvoin. Morcovcr, duc to flcxibitity in thc naurrc of

groundwater, there has been found an increasing tendencybetween farmers to extact

grctrndwatcr, and a 661p than 3U0/0P/o incruasc in fibc wcll installation has bccn

obserrred since the 1960s (Watto & Mugera, 20ts). Howwer, ineffisient irrigatim

tKh"l,A. D., lqbal, N., Ashmf, M., & sheikh, A. A. (20161. Groundwatcr tnwsfuationc aN
mawirrg ln ilp wpr ldw daln. Paklstan counci! of Roaoanh in wabr Resou-rcee
(PCRwR).



practices, poor drainage facilitie,s, and canal cotrvq/ancc losses caus€d the problem of

salinity and waterlogging (Khan et d., 2(X)8; Arcshi et al., 2010). trn receirt yea$,

inigation rcliance m groudwatcr has increasod cym up w-70o/o in some arcae of filc

comtsy. Rcliable watcr supplics, highcr cxpccted prrofits, and uncertainties in orsnt

are fornd as main &ivers for puruing reliable irrigation u/atcr supplies (lVatto &

Mugera,2014).

Thc massive use of groundwatcr has cocatcd the issuc of salinity in tarp haGts

ofthe Indus basin. And rnany other atcas arp further under tlneat ofthe issuc. Farmefis

arc conjunctively uing both surficc and groundwater. But cuntnt stratcgies are rnaking

glottttdwatcr rmgustrinablc and cxaccrtating thc issuc of sccondary salinizatim

(Usman ct d., 2016a). Exccssive usc of groundwater usully hrppcns due to the

scasonal or rotational availability of surfrce water. Fixed rotation inigation systern

trGdd to bc corrcctcd as pcr thc watcr ruquirrment of thc crop (Qrcchi et al., 2010).

'm

E I rr' l,' tl- rlr
Efi
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r Ay.r.g! wrttr trbl. rha I ArGngG watcr t.blG lrll I AutIegG Frll/trlr:

Figurc 6.4 Avuage groundunrtcr lcvel risc/ fall in LBDC command arers from l9l0
to 2010

Source: Author's oum extractim.

In rccent yeas, irrigation reliance on groundwater has increas dto TW/o.Crreater

cconomic rchEns firom groundwater irrigatioa impclled mrffis to rely m wata-

'r- 'r'
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intensive crops. Higher expccrcd prcfit8 and uncertainties in ouput are found as the

rnain drivers for pursuing reliablc inigatim zupplies (Watto & Mugerao 2014).It has

beeir folnd that groundwatcr abstsaction in Punjab is far morc than its recharge. A

meclanism for parallel extaction of groundwater from tail to end can help to rcduce

the issuc of salinity and rmwm cxnaction of the rtsouflge (Shafeeque et al., 2016).

6.3 Spatiel Manegement of Confuncfrve YYeter

Newregulations canbeenactcdto avoidthis issue to penetrate. Upsteam farmersmust

be encouraged to usc groundwater wisely to provide more canal water to tail-cndcrs to

avoid losscs in agriorltrual production (Usuran ct d., 20164). Morover, area-specffic

policies for conjuctive glroud ad surfacc water use unds the physical

chiracteristics of the rrsoulpe subject to socio-economic conditions of farmers is an

urgent need of thc hour (Murray-Rust & Vander Velde, 194). To increase water

productivity to fulfill growing population needs, area-specific conjunctive manageurent

of the rcsourrc must be give,n duc importance (van Stcenbergcm et 41.,2015). To deal

with scasond variations in water availability, conjunctive use of gpound and surfrce

water is advocated by water experts. For this purpose, conjunctive watcr managemernt

is considered as one of the most important rcsponscs to deal with the issues of equity,

efficic,ncy, food swurity, and sustainable water rcsource managernent under climarc

changc adrytation (Salnrquillo, 2fl)9). Technical design of natural r€souroe systenr

requircs understanding of intcrconnectivity of both surface watcr and watcr in the

aquifer. (Foster & van Steenbergcn, 201 l) argue that spontanous conjunctive use often

exacerbatcs frfling groundwater tables in c€rtain parts of the irrigation systeiq while

excessive surfacc water irrigation continues to catrse waterJoggi4g prcblems in other

parts. Thscforc, they advocate a rnorr coordinatcd use of surface watcr and

groundwatcrwithin inigation systuns. Inprinciplg conjunctive watermanagenre,nt can
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be gnderstood as an integrated approach to surfac,€ water and gMrndwater

managemeirt. Morover, conjunctive water management differs in different areas

depending on the hydro-gologcal and socio-econouric conditions. There are

differencec and bawcen irrigotcd areas of Sindh and Punjab aod r€quir€ to formulatc a

spate policy for the regulation and managcmcrt of inigation water rcsoutce syatems.

And conjunctive watcr managcrneirt can provide solutions for salinity cmtul, logging,

long-terrn water s€curity, and snrstainable agriculture (Foster & van Steeirbogcn, 201l).

6.4 Pricing the Irigation Weter

In Pakistm, groundwater is considerod as a supplemmt rcsoulce whcre surface water

is available in ab,undance to srnoothly deal with the uncertain naturp of surface water

(tsur & Graharn-Tomasi, l99l). To address the scarcity of the rcsouce, it is important

that prices of surfrce water mrut be jrutifiable ov€r spaoe and time (Chakranorty &

Umetsu,2ffi3; Knapp & Olson, lD5; Noel & Howitg 1982), This idea is illustrated

thrugh a basic undcntanding of thc dcrrad and supply of inigation watq (Ranago,

2019; Roumass€t, 2W7) that surface wats is zupplied frrom a canal headworks and that

farms are located along the canal. Farmers can irrigate crops uing diverted canal water

or by pumping groundwater on their farrrs. Caral conve)ranoe losses are increasing

with distancc ftom the hcadwor*s, althorgh a fraction of the loss percolates to the

groundwater aquifer. Thc margind cost of groundwater exhaction is dcreasing in the

head lwel, aod prwipitation contibutes to aquifer recharge. Now, the purpose is to

understand groundwaEr withdrawal ad surfrce watcr havel costs. Sgrface water

availability dcreases along with the distance ftom tlrc water soure hence decrease

surfacc water efficiency. Scarcity value of surfrce water increases with the inqrase in

distaoce and daermine the critical point whue the farmer can start using surface or

groundwater. Orrcrtime solution requires changes in the allocation of the common
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rEsources. Either farmers at heads are required to use groundwater molE or strrface

water morc to assess the best possible solution. Usually, to dcterrrine the price of a

resoulre, mErginal cost should be equl to the marginal benefit, but in the case of

sgrface water, wcn operation and management costs in Pahistan arc not realized in their

full poteirtial. For surface water; water cosE along with the oonve)'utce cost of water

mrut be included while m*fury policies and offering subsidies in surface and

groundwater use. Iocation-wise marginal costs ard beirefits of the farmers need to be

asscssod and charged for surfrce and groundwater. The difference in the price can be

detqmined through thc price near the canal hcad and the farmer's loccion. A case of

two farmers is presented here (Roumassct, 2(X)l; Roumassct & Smith, 2011) having

Figure 6.5: Crroundwater pnchg over time.
uSource: (Roumasset, 2001)

different derrands as Dl aod D2 ud DD is a conrbined dcmaod for the farmers in the

systcm and S is thc zupply of surfrce water which is considered fxod at a spcific

point in time. Here P* is the prie,e for the water Ql and Q2 for respcctivc farmcrs. A

s Roumasset J., & Smith, R. (2001). lnter{Istlct Water Allocatlon wlth Conlurrctive

Vse. Jdmal d @ilempuwy Water Rerrlactt and Educr/iir,n, , rql )' 9.
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farmer nearthe head is clrarged the same price fon fewerwater quantity as compared

distant famer2.

Water pncing and tading trnder a decenfalized syste,rr cm hclp to achierre

these prices. Regulators can implement block prices for different farmers at differtnt

prices to practicc cquity. Prices may be clrarged for water roquired more than ncessity

and water costs of farmers will increase with the increase in water consumption. Prices

can be differurt as ps conveyance losscs. Farmers can also eade wittr each other or

exchange their turn iftheycan delaytheir consumption forbetter anailability of water.

Groundwaterprices dstennination must take into account two tlpes of costs; one cost

is withdrawal urd the other is resource dcpletion cost. It will increase dong with thc

increase in grcundwater use. Further wder costs may arise indirctly in the form of

r€ducd b@cfits ofusi"g low-qrulitygroundwater. Farmers may suffer if groundwaEr

use in not rationalized.

Figurc 6.6: Conjunctive usc assessilrent without oonvcyatrce losses.

Soruce: (Roumasset, 2001)
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InFigrrre6.6,DltmdD2tarcthedmandforgroundwaterofafarmerandMctlad

MCO are thernaryinalcossof extactingwatEr' Tlremarginslcostsmustincludcwater

a2t

Figure6.7:ConjunctivcuseassessrnentwithorrtgonvelDncel.osses.

nsource: (Roumassef, 2001)

ThesccostsGanvary'ifthefarmcrisatubcrvellowncrorbruycrorifitisdrawitu

water ftrorrr public wclls' Thc conjunctive rse of groud and surface water in the cotrtc'c

ofavailabilityofeitherofthercsourtccanbeexaminedinFigrrre6.T.FigucS.T

reprcscntsthespatialdcmandsndstrpplyofgroundandsrtrfsccwaficr.Marginalcostor

water supply cuflGs are na'resented by 51 and 52 cuwes' ST is the total suprply curvc

conrbing gound and s'rface wd'r. p+ is the equilibritrmi cfficiency price, or mrrka

price.Farmer2carryingd€maodQ2canbcfilledthroughsurfrcewatsrsrpplyonly

aod excessive watcr s2Q2 canbe hao,femed to farmer 1 carrying deficit demand of

Ql.sl.Moreover,fumer2canrrsechcapgrcrrrrdwater,iftherearevagariesinsrrrface

watcravaitabilitybutthismsycalscloggrngifexcessivesurfacewatcrisnot

,E Roumasser, r. a s,nilI. -rzqol). 
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In Figr[e 6.6, Dlt ad D2t are the d€mmd for groundwater of a farmer aod MCtl md

MCOare the marginal costs of erilracting water. The marginal costs must iDclude water

depletion costs.

@Ql

Figur€ 6.7: Coqiunctive use asse$me,!il without conveyance Iosses'

ffisourpe: (Roumasset, 200 l)

These costs can vary, if 0re fanner is a tubewell owner or buyer or if it is drawing

waterftompublicwells. Theconjrmctiverse ofground and surfrcewaterinthecoatext

of availability of either of the resourpe can be examined in Figrrre 6.7. Figure 6'7

rrprescnts the spatial dcrnad aod supply of ground and surfacc water' Marginal cost or

water supply curyes are re,presented by Sl ad 52 cuwes' ST is thc total supply curve

combing gFormd and surface water. P+ is the equilibriurn, efficiency price, or mafta

price. Farmer 2 carrying d€mad Q2 can be filld lhrough surface wa&r sup'ply only

and excessive water S2-Q2 can be trmsf€rred to farmer I carrying deficit de,mand of

el-Sl. Moreover, farmer 2 canuse cheap groundwater, if there are vagaries in surface

water availability brut this may cause logging if excessive surfrce water is not

r Roumasset, J., & Smith, R. (2001). lnter-DistictWaErAllocatlon wi0t Conjunctive

Use. Jownal olMemrytary Water Regoqch ard Educr/tion, 11fl11,9'



potcntially gsod. For farmerl, surface water is not available, he will only be using

grogndwater which mty cause salinity in long run. Considering the above disctlssio'no

it is important to form rational policies for making gpund and surface waEr potantially

available b all farmers (Pongkijvorasi,2007). Moroover, this syatem becomcs morc

corrplex when frmers trade surface watcr and entcr into ttrc formal and informal

market to buy and sell groudwater. This complexity can be bctter undcrstood through

AtlM. A conjrmctive water rnanagenrent model is devised b understaill the water

managerrent perspective and find out anergence and pricing to b€ttcr mtnage

co,njuctive water in Palcistan

6.5 ABM for Coniunctive Ground and Surface Wster

lVater lEsorroe manageme,nt includes human and natural agents; famers, regulators,

and hydrological systems. The complexity of interaction between ttrern requires the use

of ABM to cryture the fcdbach adrytability md enrergent behavior in the syatem

Understanding of socio-natural sylt€ms and the complexity betwcen them can dclivcr

policy implications for water management in inigations systems. To dwelop ABM,

socio-eonomics, nafiral and feedback models are to be dweloped (Giuliani et al.,

2016; van Heerden et al., 2008). Every ABM is required to be prese,nted through

ovwicw, dcsig& and daails (ODD) ofthe mode; ODD rwommended by Grimm et al.

(2010a) is given h chsper 3 section 3.5. A flow chart of how the model will work

initially considering water turns and water allocation if it met the watcr need of the

crop is as follows.
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Figrlre 6.8: Basic surface and grogndwatcrusc decision flow'

Source: Author's own develoPed

6.7 ResulB and Discussion

Model results are based on implementation of model followed to answer the objectives

of the model. To asscss the objectives hlpotheses are made to see model's parametcr

thrcugh plots md tables if they relarc to the real world'

6.7 .l Implementation of Model

Hlaothecir: conlunctive ground rnd mrfecc weter ctn bc bet@r meneged

through lnrtitufionel rnd rociel enhrncement conclderlng rprdel rurfece end

groundwetcr avetlebllity of fermerr

Conjunctive watcr use affeds gound aod surfrce water availability differently for

farmers having spatial differeoces. Managing wapr availability on the basis of equity

canbring cost and be,nefits to the systcm. Maintaining equity can also affect water

qualtty paramet€rs.

6.7 .2 Baseline ExPeriment

Our model is based on tlgee tpcs of water use managcnrent Scenarios' We have

considered BAU, IMP and SGR aspccts of agiorltural watcr management. kr BAU;
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we hrve rimulatod ttc watcr usc bchavior of frrmorc without changing any param#r.

Dctails of thesc sccoarios are givrn in ODD of the Modcl. R€sulE from boseline

cxpcrimcnts ar€ gwcn in figure 6.9. The pu1pose is to see that how IMP and SGR are

improving water availability and water qtnltty parametcrs.

Initially, we have simulated a basic modcl with the above three tlpes of

scmarios without changiag parameters; call it Baseline Experimcnt. The model is

simulatpd 10 times for each tlpe of scmario and it nrns 90 timcs for Baseline

experiment in total. Figrre 5.9A. depicts water use under cn p season rains. It shows

that in the BAU scenario, farmer's plofits and logging r€maind 0.8 standard deviations

below the mean, while salinity re,mainod I standard deviation above the mean value.

! rrrmmcrcats ! loes,ns I s.urtg

A Basellne - No paEm€ttn changed

sdtooucmmgFrulas

lnttutonal.manag!mrnl
Wilcr Use uanagemettt

Burrnast.a3{raual
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FigufE 6.9: hofits, logging and salinity acrcss watcr mamgflieirt pertpectives for

baselinc exPerimCIt.

Source: Author's own wot*

h BAU salinity was highest; the majority of the farmers are facing an increasing lwel

of salinity along wittr fallirry prcfits majorly below avefage' while IMP shows some

improverrent in atl variables as comparod with the BAU scenario' There is an

improvement in profits of 0.6 standard deviations in IMP as compared with the BAU

while salinity is improved about 0.7 standard dwiations as compared with the BAU

scenario. As fln as the SGR scenario is concerned, profits are substantially higler as

compared with BAU and IMP water use perspectives. Profits arc 1.5 standad

deviations 6s1p rhan the mean of BAU and IMP.
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Figure 6.10: lVater use, logging and sdinity status in baseline experime,nt.

Source: Author's own wod(

Figure 6.10 shows comparison of p,rimary variables in the Baseline seelurio,

whcrc param€ters have changed to see the bchavior of primary variables over time. In

part A of figure 6.10 shows the volatility in surfrce wat€r used. It is found that in BAU

ad IMP, fanncrs arc uEing 160/o urd llo/omorc ayeragc surfaoe wttcr than in thc SGR

sc€nario of water rnanagernc,llt perspectives. In intervention scenarios, zurface wat€r

use is rclatively less than the BAU scenario. Morcover, in dl three Eoenarios, msximrm

watcr is also uscd in thc BAU sccnerio and the density plot in part A. shows e Eolr

skewed distibrution fu BAU with 14% and 57o morc surface water used than SGR md

IMP respectively; tails arc found 15% more hearry thau in case of BAU comparing

with thc SGR. Whilc in thc casc of grounduratcr, farmers uc formd using more
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grogndwater in SGR followed by IMP aod BAU scenarios and spread and Ails are

heavy in the case of SGR. This has r€sulted in unresricted srrface water use at heads

of surface watcr lEsoutrc. Most denrand is met througlr surface water rue while in the

case of SGR farrrers arc using overall less surface water and morp grourdwatcr.

Moreover, FgrtSerrrorg it is found that in Baseline sc€rmrios BAU is using 4% and

l0% rnore total water for inigation comparing with other managemeirt scemarios.

Syst€m efficiency rnay be lost in the case of interventions btrt desircd results for

reducing ilrcquallty can be met wilh maintaining water qualityparameters'

Besidcs water usg water quality paralneters; logging, and salinity in the

bascline experiment are also cxhibitcd in figrre 6.1l. Salinity is found to expand at a

greater rate in BAU comparing with lMP and SGR A rise in total salinity is found to

be lTyo d'lo/olower in IMp and SGR comparing with the BAU scenario. This is due

to the runesfictcd gse of grcund and surface water by spatidly located farmers. In

BAU, overall farmers are using less grcturdwatcr but the fanners at tail eirds are usittg

morc exteirsively which is causing a persistent rise in salinity due to fa[lng water table

depth.
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Wc observed ti-modcl density gaph of salinity wherc the pcak of salinity is

found to be at the tail in the case of SGR comparing with BAU, while in BAU majority

of thc farmers are found to have a grcatcr numh of salinity concentrations co'mparing

it with other sc€narios. Furthernrore, logging was also found in greater numbers in BAU

comparing it with SGR and IMP. Iogging is found to penetrate 5o/o ard23% lesser in

IMp and SGR rcspectively comparing it with the BAU scenario. While the sp'read of

logging almost renrained the same in all scenarios' Frcm the

discussion above this can be concludod ttrat total water use in BAU is less than other

sc€nafios but water quality parametcrs are gAting increasingly poor this can be related

to the fact that in the systc,nr somc of the farmers are utilizing more grcundwatcr in the

places whe,rc surface watef usc urd availability deerned i4ortant.

Season-wise pmfiB, loggrng, and salinity over time arc glven in figure 6' 1 I ' Every time

step shows a season and the syst€iln follows two seasons sequentidly Rabi and Khsrif

sGaSOns.

Fignrc 6.1I shows that in thc initial time steps BAU managenre,nt perspcctive is

generating morc average profits as comparcd with IMP and SGR. But over time this

pnvilege is shifted towards SGR followed by IMP and BAU water manage'lnent

pempoctives. SGR is generating more prcfits compared with the otlrer two prescriptive.

Salinity is fognd to bc lowest in most instances in SGR followed by IMP and BAU

sceflarios. Howwer, logging is found to have the same spread of vdues over time. This

is dge to the r€ason that in the majority of the area under discussion water table depth

and water availability is already dcficient which prevents farmers b face logging.

Eventr of exffie rainfalls may cause farmss to face loggrng with trarmful effects.
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6.73 Climafrc Chenge and lts Impect of Water Use Menagement

Penpecflves

lVe have cmducted a climatc change apcrimmt to sce that hm, watcr ntnagpmcot

perspectives bring different results. We have taken rain moisture rate and evaporation

ratc to rcflect the effect of weather changes on the ovuall s]rstm including fatmers'

nrder use behaviour and watcr qrulity parameters. Figwe 6.12 dcpicts profitr, logging

aod satinity actoss water use managsmmt scenarios.

CLrCtrrEsrhrr !r-rt !tcr,e !...*

hrra.il{r{urril 3a.Fihhg{irar

rirrcf lr$ lrft.lErrri

Figure 6.12: Climate change expoiment across water managuneirt socnarios.

Source: Author's oum work

Changes h rair moisturc rrtc atrd evaporatioo rates are trken as 0.2, 0.4, ud

0.6 tbcec chrngcs harre an eftct on weEr dcrnand aod availability of eurfrcc werr

groundwater and other syst€m paramctErs. It can bc assessed from the figurc above that

In SGR rcsuls are favorable for the systein thatprofits lat€s arc found to be more than

ISD above the mean and wats qrnlity parameters as logging and salinity are found to

be more than lSD below the mean. This is whyprofits arc highcr as the rise in togging
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and salinity parmcters hinder the risc in profits. While IMP also showed some

imprrovernent co,mparing it with thc BAU scenario. Howwer, comparing BAU in both

climate change and a baseline enperimqt; both logging and salinity parameters got

worst in the climarc changc expcrimcnt. Traditional practices of irrigatiqg crcps may

becourc dctrimetrtal for system parametcrs in casc of climate changc.

lvatcr use. logging, and salinity fm clirnarc change expcrimenb are givcn in

figure 6. I 3. Data shows that pattcrn of logging is thc sanc as in the case of tbc bascline

expcriment. Thst SGR has the lowest lwel of salinity followcd by IMP and BAU.

Howwer, average logging is found tobe 48o/o, 50o/o, ernd,620/o msre than the baseline

BAU, IMP and SGR rcspectively.

xarrrttrFril ! rrm*.lr E ilhrrrl,rr.r.ffi E r*$",tn;.d..

3r*crrtlld

Figwe 6.13: Wateruse,logging, and salinitystatus in climate change experimeirt.

Source: Aulhor's oym work

SGR appearcd bctrcr in thc climatc c,hangc cxperimcnt for rcducing salinity as

compared with BAU and IMP. Morcovcr, SGR and IMP arp found to have 6Yo gEldS(0ei/o

less average salinity than BAU. Howwer, comparing the reduction in salinity lwel

across baseline and climatic experience, we have found that in climatic orperiment

Orurl,(ratEi,

t4;2



intervention perrpetives as IMP and SGR have rduced salinity to I I % and 32% lesser

ttEn in baseline expoime,nts. Which can be lidd with the lesser impact of

intervmtions in case of climatic ctranges. While loggrng is found b b 3o/o ud l6Vo

morc cornpared with IMP and SGR cornparing it with BAU scenario in climate change

experimcnt. conrparing prcfits, IMP and SGR in case of climate clrange expedmens

ar€ doing 2o/o frd 60/o lffier. respectively.

We have varied climatic paraureters to sce how the systcfii erncrges for logging

salinity valges. Figrge 6.14 presents loggrng and salinity. Paft A and B slrow logging

and salinity rcspctively. Distinctive behavior of salinity is found in the case of

wryoration rarc if it riscs to 0.4. The peak of salinity in the casc of BAU is found to be

at a higher level of salinity followed by IMP and SGR h the case of waporation rate

0.6. lVhile with a rain moisnre ratc of 0.6 along with an waporation rate of 0.4, pcaks

of salinity fall comparing with all. Comparing with other variation in rain moisfire rate.

With ernaporate ruts O.Z,the pcak of all water manageinent perspectives is found to be

at a higher lwel of salinity but SGR peak comes at lesser salinity as compared with

other scenarios in case of all raim moisture lwel. Howwer, disrib,utions are found to

be left-ske{rcd in case of min moisftr€ 0.2.
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Iogging is fotrnd to be right-skewed with ur waporation rate of 0.2. Similarly'

logging is responding to the higher wqoration rate it falls to the half with wery

increase in,as[.2Yoof waporation rate. Howwer, loggng was found to be minimum

in the case of SGR followed by IMP ad BAU scmarios. Prcvenance of logging and

salinity overtime along with profits is presented in Figue 6.15.

We hane assessod that famrers'profits were higher in SGR in extreme hig[r

wryoration rate while in the majority of the time period profits in BAU were higher

under lower waporation conditions. This maybe due to the fact that farmers were not

required to engage in alternative anangements to fulfill water needs rurder low

waporation scenarios. While in case of higher rain moisture rate profits are found

high€r with more fluctuations in thenr in SGR Howwer, fluctuation in profis are

reduced over time, while rise rerrind low in the case of SGR as it is found 60/o ad30o/o

low for IMP and SGR comparing it with BAU scenario.

I"ogging is found higher with low waporation and high rain moisture rate in all

watermanagernent sccnarioswhileitis lowestinhighest wryorationrate comparing it

with all other variations in rain moisture and waporation rate. Furtrermore, logging is

found 4% arfl l6o/oless in IMP and SGR respectively as cornpared with BAU sce,narios.
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As frr as sdinity is concerne( it is found to be higher in IMP in lowest

anaporation rate and it remainod higher and converged at the end of the simulation

p€riod in atl other scenarios. Howwer, for waporatio,n rate, BAU scenado is foutd to

have a maximum salinity over time followed by IMP and SGR Salinity is found to be

diverging in all sccnarios till the end of the period. hevalence of salinity is found

lowest in SGR cornparing with other two scenarios. With the increase in rain moisfiup

rate salinity is found to have incr€asing values than the averages.

Comparing the water managorent perspectives, SGR apeared as a bettq

manager of water r€sourpe usagcs and its impact on water quality paraureters and

rcsultant prcfib. However, tlrc inrcrvention scenarios can not completely improve the

water qualtty parametcrs and profits as generalln farmers face the challenge of

maintaining and possibly inoeasing agriorltural production undcr climatic vagaries.

Due to the clirnatic conditions, human rcsponse to the climate, and short+erm impose(

temporary and ineflicient solutions arc matring the risk of failing this challenge so high

that can bacldrc in the long run (KabnemarU 20ll; Schill et al.).

6.7.4 Spatial-temporal, Phpicel Chengeg end Dlmemics in the

Syrtem for Logging Salinity and Profits

In ordq to scc how the qrstcm rvill behave differeirtly we havc run an cxpoiment by

changillg the physical properties of the system over time. In physical prcperties, we

have taken watertable depth and distancc ftrom a water soure as the parameters to be

changed and see how they are affecting the system. This experiment helps us to test the

hlpothesis that whether water quality and profit related parameters have improved

overtime ornot.
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Hlaothesis: *Loging rdlnity end profit rltuetion improve due to chengc in

rprtid-phyclcrl peremeterr lcroc time'

In ords to asscss how spatial distances mattetr, exhsne cases for watcr manage,urent

are comparod below. Figure 6.17 exhibis the above-said experiment.

If we consider low value ofthe parameters; waEr table depth and spatial distance ftrom

the water source as 5, the BAU scenario is ortperforming than the intervention

scenarios for managiag the output in desirable limib.

If thcre is no watcr scarcity and farmers are neaf€r to canal heads then conve,lrtional

methods of irrigation give positive prcfits and a below I standard dwiation from the

mean ofwater quality parameters. BAU management perspective ofwatcruse becomes

ineffective while intervcntion soenorios give better results if we consider a higher water

table dgpth of 20 m along with constant distance from the waEr souce.

To see the dl,namics that how modcl parameters behave if we increase the

distance firom water souue keeping satrre water table depth of 5 fis can be obserrred

that o,nly SGR water managenrent scqrario appea$ rclevant and providing desirable

r€sulE,in the syatenr. In case of increasing distance frrom water sorupc along with water

table depth of l()ln, SGR provides smehow positive I standard deviation profits from

mean but water quality parameters stayd arcund less than I SD above the means.

Furthermorg for the highest water table depth of 20, IMP was found to be effetively

managing prcfits and water qudity parameters for all distances ftour water sources.

Howwer, the SGR pcrspective was found to be less effective comparing with other

wst€r managqnent perspectives in the higlrest water table dcpth sccnarios.
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We have taken averages to comparE logging for different water table depths

alorry with the spatial distance to complement the explanation in the graph above.

Average logging is found to b€ highest with a spatial distance equal to 5 and IMP and

SGR are found to havc 5o/o and2SYolas loggrng respectively co,rrparing it with the

BAU sceirario.

Minimgm logging is found to be wittr the crcss tabs of 20 spatial distance and

water table depth. Similarly, IMP aod SGR are found to manage logging effectively

than the BAU corrparing the minimum average of logging. Comparing within water

rnanagc,meirt scenarios for tenrporal calculation shows that the highest reduction in

logging is found when spatial distance is raisd from 5 to 20 in thc case of SGR while

loqging also strowed some urusual pattern with water table depth raisd to 20 along

with an increase in spatial distance to l0 in SGR One interesting hsight from the data

is compariso,n yithin and betureen watcr managenrent pcrtpectives. It has bcen

obaervod that for water table depth greater thsr 5 and spatial distance grcater than 5;

logging for between watcr usc perspective rerrain significantly differcirt ftom BAU and

improvod in the case of SGR Howwer, logghg for water table depth and spatial

distancc rerrained thc samc with a wateruse managcmcnt persp*tive. For water table

depth and spatial distmce cqual b 5, they rcmained l3o/o and lTo/oleris for IMP and

SGR Mo,reover, for within sccnario comparison, SGR is found to bring a maximun

rednction of l2ftoin logging with a water table depttr of 5 along with a spatial distance

of20.

In similar to the loggin& salinity is found maximum with water table depth-10

and spatial distance 5 in BAU lt% and l28Yo more than the IMP and SGR with the

same water table depth and spatial distance. Details are giveir in Table 6.1. SGR is

found to have morc variations in salinity if comparing the range of the values

s'
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inespective of the physical parameters varied. Salinity is found to be dccreasing mue

whe,lr water table de,pth and spatial distance is changed from 5 to 20 as gven in tablel.

Comparing with BAU salinity is reduced froml2o/oto 660/o arld2W/oto 42Yo in SGR

and IMP respectively. Part B of figrre 6.17 strows temporal variatioms in salinity.

Considering all of the variations regarding SD ad WTD; BAU, IMP, and SGR start

with the same lerrel of salinity, in 500 ticts it colludes and aftervard, it rises for BAU,

falls for IMP and SGR both. Howwer, the fall in salinity is greater for SGR comparing

it with IMP till the end of the simulation pqiod.

It is also evidcnt ftom figure 6.18 part A that BAU logging remained highest

and collides with IMP with less difference in lower water table depth aod spatial

distance and rnore differeoce is relatively high water table depth and spatial distance.

Irgging and salinity in figure 6.18 can be firther explainod with the help of deirsity

plots given in figurr 6.19. From the figure we can see that with the same water trble

depth as the spatial distance is incrcasing the peak of salinity is found the relatively

early point in time for all water managenr€Nil scenarios. Howwer, for BAU peak is

found at a higher level of salinity followd by IMP and SGR.

Table 6.1: Comparison of average total logging and salinity in watermanagemcnt
scenarios

Busircss as Usual

Inrtlutinal

Lts2.4 ll(p.s
l2e.t 123.4

V

5

t0
20

5

l0
20

5

l0
m

Tt4

6)7

56j

747

7.1t

ffi

lv3 2u 2u
ryt tn 196

183 lE3 lg2

Lsz

lse
t(A

5

l0
N

5

l0
n

5

t0

8m
725

l6

t7

2t

156

lse

I43

Lt7

l5.l
Ls.2

L4.e

15.l
15.7

I
I

I l.l
ls.l

I16

lt8

1e9.4

Izi.3

Souce: Author's o*m wmlc
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Mirreover, comparing acn ss soenari(N, IMP has slrovm relatively higlr peaks at ttre

lowest spatial distance comrparing with other scenarios and SGR showed highcst peak

when WIT) is 20. This means that SGR rules can better manage water lEsoutEcs when

spatial distance is increasing. If we oomparc water table depth 20 and see it against

increasing spatial distances, we can see that sprcad of BAU disribution sttriDls. BAU

and IMP have a negatively skewed distribtrtion while SGR has a positively skewed

distibution. Considering logging for thc second part of figure 6.19. For BAU, IMP,

and SG& logging is formd to have apositively skewed distribution.

Table 6.2: Comparison of maximum and minimum Average pcr acr€ prcfits in water

managantent sceirarios under physical experiment

tvlaximum Proftb Minimum A

Brsiness as Usrul as Usral

20l0

3t2% 31825

32464 3249t

33855 y,36l

5

l0
20

fs
ts
,l.s

5

10

2t

ts
ts

5

l0

5

l0
20
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11

+
f

5

t0
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32t36

3374p.
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tt
5

Or
itt

t2

+7
,l.e

5 TT,03

l0 2%37

n 30896

2865E DtTz
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31016 3l4v

tt
it

Rules

ttt
trs

10

tzt
fs

7

tzs
'tzr
fre

tzz
lzz

fzr
frg

15 14

Soutre: Author's own work

SGR is fognd b have thc hig[est pealq the difference is more visible when

spatial distances increasing. The conccntration of loggfurg is morp at the low lwel of

logging for SGR. BAU and IMP share the same distibution. Howwer, loggrng for IMP

is relatively lower than BAU in all possible scenarios under consideration" Profits also
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show similar brut relatively differcnt fends for BAU, IMP, and SGR. Details are given

in Table 6.2 lr[aximum average profiS are falling acrcss thc lowest water table de,pth

and spatial distance of 5 in IMP comparing it with BAU. ltis does fall for SGR with

relatively fewer percentage points.

This may be related to the fact that radical churges in behaviors are required in

water managenrent perspoctives. The highcst positive change in profits is observed

within IMP for water table depttr is 20 along with the spatial distaoce of 10. SGR

provides the highest profis wheir water table depth inqpascs along with the same

spatiat distance. The timeline of profits shows that overall SGR performs better

compared withother scenarios except in the case oflowest watcrtable depth and spatial

distance scenarios. Howwer, minimum average profits are highest unds the

combination of water table depth and spatial distance of 5 each for both IMP and SGR

comparing it with BAU. In both intcrventions for rnanaging inigation wafier scenarios,

positive average profits fall as watcr table depth and spatial distance observe an

increase.

Parasretcrs

I.ow Rains

Source: Author's own work

From thedataitisconferedthatin lowrains ardlowwapo,ratioqwhenthere isless

nced of irrigated wat€r as all rnamgemc,nt pcrspective beo,rre usefirl. Howwer, in

6xrxreme cases as of higtr rains ad low waporation SGR becomes mor€ effective.

Table 6.3 Comparison of clirnate change and spatio-physical experimens
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Figr11e 6.19 exhibits that along with changing spatial distances, the difference in per

acre profits are dccreasing among water rnanagernent scenarios. IMP and SGR are

showing 160/o rrrd26%o more groudh rate in prcfits p€r acr€ corparing with BAU

sc€oarios when water table depth is 5 and differe, ce is mo,re visible when averaging

thc profits for the farmers at the farthest distance from the wata source. Howwer, when

water table dcpth rises difference in grorvth rate between BAU ad interrrention

scenarios falls but rerrained positivc. This can be related to the fact flrat in exheme

physlcd co,nditions effectiveness of water rnanagement sc€narios falls. Moreover'

figrre 6.18 also shows that with the combination of 20 and 5 water table depth and

spatial distance respectively, BAU performed better than the IMP perspective. This is

due to the rising water table depth and logging-related salinity due b fem,q spatial

distances.

Profis arc also prescnted for time-based densityplots. Ormodel is run multiple

times forthe eirtirepoiodof lfi)0 time steps. Average/acreprcfits areplotted. Wecan

see in figure 6.21hrtin the majority of tlre time steps for SGR profis rcnrained above

300/acre and prcfits rise as the time span moves from 0 to 1000-time steps. Howwer,

in thc case of BAU and SG& the majority of the profits are found to fall around 30,000

rupeedac,re.
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Figurc 6.21: Densityplots of thc timeline ofprrofits undcrphysical cxperiments.

Source: Author's om work

This can be observed that the BAU perspective of vnafer managerrent shows positive

profits of arouud 50 thousand/acre in major instances at the initial years of cropping in

wtry simulation Pedod. Howwcr, in later time period, major instances show highest

prufits in SGR fullowod by IMP and BAU. Somc cxcoptions arc also thcrc whcrc at thc

timc ffiod of 30 around SGR is carning minirnrm profits this cao be trlatcd with thc

exheme weather conditions as ofmorc or fenerrains and in respmse farmers behavior

rcgarding
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6.E Conclusion

ffus wd€r mrursEement perrpectives arc presartod in a caricaflre matrn€r for water use

decision-making by farmers in conjunctive inigated agriorlture. BAU allows farmers

to look after their individual prcfits and draw their allocated surfacc water along with

unregulabd groundwater abstactions. While in IMP, water use behaviors of farmers

are governed and penalized or rcwardcd accordfurgly. Howwer, in SGR farmers

consider water qualrty parametems, wat€tr use, and watcr availability and water use

behaviorn of surroundi4g farmers.

This chaper shows that how different water manageme,nt pcrsftives help to

achiwe zustsimble outcomes for irrigated agrianlture. We have assessed this by

varying spatio-physical and climatic conditions to see that how the water managernent

perspective can rnaintiain prcfitr, watcr quality and availability-relatod issues. Frcm a

water manageme'nt perspetive BAU takes the existing condition of the system and is

simulated for a period of 25 years. IMP, considers the active role of govcrnment in the

form of penalties and rewards for watcr use and saving behaviotrs. SGR reflects that

farrrert arc abiding by the social norms and bourd to be sclf-accounable if farmers in

the neighbourhood arc deliboating the social nonns ofmanagiag the water.

In thc baseline aperiment, SGR sccnario showed more p,rofits pcr acrc as compared

with the BAU aod SGR rules found 1.5 SD more than the mean of BAU and SGR

Howwer, salinity ad logging remained I SD below the mean, while for IMP they were

0.1 SD above the mean values. Howwer, loggiag salinity lbctor remained relatively

higherinBAU.

Density plots have been drawn to find out the distrib,utions of logging, salinity,

groundwater, and surfrce water usc. Salinity is found negatively skewed for BAU and
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positively skewed for IMP and SGR. It is found that in BAU ard IMP, famrcrs arp using

16% urd I l% more average surfacc watcr than in the SGR sccnario of water

managernent perspectives. Howwer, farnrss are formd rsing more groundwater in

SGR followed by IMP and BAU socnarios, and spread on tails is morc in the case of

SGR And BAU found to use 4% ornd 10% more total waer ued for inigation

comparing with other managcrnent sccnarios in case of baseline

In the climate change experimeirt Z-scores show that und€r usual weather cqrditions

all rnanagement sce,narios are performing well in tenns of profits and water quality

parameters. When there are fewer rains and more waporation rates IMP becomes more

effective. However, in extnenre high tempcratu€ and fewer rains BAU sccnario proved

to perform better in managhg the agriarlture better. Morover, as waporation rate

increases along with the increase in rains sGR bcomes effoctive il managrng inigated

agriorlture. lVater manage,rnent perspectives become impotent wheir there arE rrolE

rains and lesser cwporation rates. This can be relatod with the higtr loggfuE and flood-

like conditions in a real-world contcxt.

Howwer, the aggregate effet in climate change experiments slrows that

logging salinity has become worst in the case of BAU aod IMP. But SGR proves to

mauage rcsouroes better than other scenarios for-profitg logging, and salinity.

Motoover, interventionperspoctives as IMP and SGR have reduced salinity to a lesser

qrtsnf rhan in the case of baseline experimenE. Similarly, little positive average profits

are found in the case of IMP and SGR This can be li*cd with thc fact that traditional

practices of inigating crops may become defrimeirtal for syctem parageters in case of

climate change.

The highest lwel of salinity is found to be with the lowest eraporation ratc and

highest rain moisture rate and it is lowest in the case wherc waponation rate is the
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highest with the lowest rain moisture rate. Majorly salinity is increasing with increased

rain moisture nte.

The timeline of the rrariables shows some intercsting insigtrtsr great variations

are fognd in profit with lower waporation rates comparing it with medium aod high

wryoration rates. In low waporation rate BAU is found to produce more profits over

timc while in medium and high evapollation raEs profits are found in SGR. While

salinityand logging are found lowest in majorinstances in SGRcornparing itwith IMP

md SGR Howwer, salinityishighainhighevaporationrates and logging ishigherin

dlrainmoisareratcs inBAU. Variationinrainmoisture ratesexhibitsthatprofitability

and water qnality parameters have bccomc b€ttcr offunder low evaporation md rain

moisture rate around half of the timc steps and become worse offfor the rest of the time

urdcr BAU. Howwer, SGR was found to be bettcr at handling high rain moisture and

waporation rate. Under climatic risk with extme salinity associated with logging,

BAU pcrforms bctter but SGR pcrforms bctter othenvise. Human cqndimtiotr cm

prlDve useful if it is bascd on certain nrles for governing tlreir water use behavior wm

undcr exfre,mc climate change.

The physical expoiment concludes that uderno water scarcityconditions or if

farmers arc located neaf,cr to canal hcads, conventional methods of irrigation give

positive profits and improved water qullty parametcrs, while interrrention scenarios

provide better resuls if farmers are locatod at a greater distance from the water source.

In extneure water table depth sc.enarios SGR can not effetivelymanage rEsources rather

IMP prcves to bemorc useful in rnanaging waterrcsoruces.

The timeline of profits shows that overall SGR performs bett€r corrpared with

oths sceirarios except in the case of lowest water table depth and spatial distancc

sceirarios. Howwer, minimum avcrage profits are highest under the corrbination of
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water table depth and spatial distancc of 5 each for both IMP and SGR comparing it

with BAU perspective. In bottr interventions for managing irrigotion water soeoarios,

positive average prcfiE fall as wat€r table depth and spatial distaocr observe an

increase.

Figrre 6.19 exhibire that along with rising spatial distanceq the difference in per acre

profits arc decreasing among watermanage,rrent scenarios. IMP utd SGR are slrowittg

l6Yo ad26o/o more grorvth ratc in profits per acr€ corrparing with BAU scenarios

when water table depth of 5 and diffcrence is more vigible when farmers are locatod at

more distance firorm thewater soulte. Motmver, whe,lrwatertable depthrises difference

in gowth rate between BAU and intervention sccnarios falls but rcmain positive. This

can be related to the fact that in extrcnre physical conditioru effectivcness of water

management soenarios reduces in comparison with other cases. In the climarc change

experiment all water management sc€narios posit to raise groundwater irrigation cost

by 48Yo ta 6V/o mote than thc already averiage per acrE grcundwater use cost incrrrad

to the farmers in Pdcistan to managc water quality parameters. This can also roduce

excessive use of grouadwatcr as the need for supplemental inigation has already led to

groundwaEr over-exploitation in many region$ resultfurg in a decline of water tables

(El-Naqa et al., 2010).
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CHAPTER 7. CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion end Discussion

Eliciting the major objectives of the snrdythis work aims at finding out the conjunctive

watcr managem€,nt framework to dcal with issue of water sustainability for irrigation

using ABM. The ABM deals with thc complexlty of coupled human and natural

systcms. lVe have incorporated farmers' bchaviour into the natural systcrr managed by

regulators. This study has qrvisioned some important iruights regarding water

muragement behaviour and policies.

Inhoduction and background are given in chapter I. Chapter 2 builds upon the

liteilatrrr€ and highlights the gaps which help us to form the objectives of the sMy.

Chapter 3 presents data and methodological frameryork importantly overrriew, desrs!

and daails (ODD) of ABM developd in this sf,rdy. Rest of the chaptcrs assessod the

objwtives by implementing diffu,ent parts of the model through formulation of the

hypothcses. Ctapter 4 investigated sdinity and logging problems in inigsted

agriculttue. It is very imporant for farmcrs to understand the exteirt and nature of these

menaoes in water and soil. lVe have dcvelopod different scenarios for small, medium

and large famrers basd on their land holdings and spatial differcmces. The variations

in the profits and yield/acre among farrrers with different distaaces trom water sources

are not much visible. Howwer, water use inequality is substantially prcvalent. This

indicates thc diffcrcnces in water p,roductivity and thc poturtial of watcr-saving through

managing the watcr use bchaviour of fannqs. This alfrrns thc fact that wats

endowmeirt and watcruse in qops may not be shongly linkd with the crop yield and

hence profits if water is not in critical supply (Fistrer, Harding, & Keurp-Benedict,

2014).
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Chapter 5 presents ABM of farmers' decision-making for inigation with the varling

groundwater costs to study the importance of individuals. Model results show that

accorurting for individual heterogeneity has impacted the system aDd leads to the

fonnation of e,mcrgent patterns. Rcsults show that monitoring and rational regulations

makefarmersusegroundwaterrationally.Itisobservedthatthelargefarrrerswithless

distance from water sourue are ruing more surfrce water urd are also co'mple,rrenting

it with groundwater were it is reckoned nooessary.

A major share of water for irrigation; ground and surface is consumed by large

farmers. Differences are skewed morc towards the farmers located nearcst to th€ canal

heads. The results are similar to the survc,y of crop yield disparity along the reachcs of

the inigation systcm in the lower Ch€nab Canal where the greater availability of

abgndant surface and good quality groundwatcr has resulted in dispuity in cr6p yield

in the area (Culas & Baig, 2O2O). The ineqrulity in resource access and use appears

wo15t r1ader sever climatic conditioos. lhis ncessitates the implenreirtation ofdiffereirt

set ofpolicies for largc and small farmers based on their location around water sourcc

zubject to the change inclimatc otherwise faditional waterusepracticescan exacerbate

water qualityquantity balance in agriorlture. Model concludes that groundwater

extraction cost ernerged to bc higb€r with higher water table d€pth scmrrios over time.

This meansthst altcrnative costregimes canbe infoduced to limitthe groundwat€ruse.

But the rise in cost can itsclf emerged to the relatively lower lerrel if water able depth

is higho. Howwer, full re,flection of the groundwater abstraction cost caurot be

achiwed if watcr tablc dcpth is reached to the maximum limit. In other wolds,

regulations of ground watcr abshaction cost near canals can b,ring relatively.better

resglts without deliberate pohcy ctrange related to coorperation and reciprocity. Under

IMP and SGR farmers are ruing relatively less surfacc water and more of groundwarcr



if they arc near:erto the canals. This makes them bear morp water costs aod if they are

near canals, they can be compeirsated with lhe part of the cost of groundwater they pay

in addition for compliarrcc with the social norms of using less surface water. Use of

surface water near watcr sourpe can be restdcted if farrrers are charged progressively

equinalent to the groundwater cost for surface water use. The regulations in case of IMP

will rcquire extensive supervision. But in Pakistan, thei,e is no zuch confrol or

sgpcnision of watcr drawdown available. Furrert can rc,port water abnrse by other

farmers or defects in observing the policies implemented by regulators. But socid

nory6s hardly allow thern to r€port misuse of groundwater. Subsidies and penalties are

fogndlsefirl up to some exteirt. Penalties in the form of restricting waterwithdrawal or

subsidies sgch as getting water withdrawal rights for the time of water shortages can

p(rve uscful. Farmer's self-adaptabillty aod learning about the best fit of the model are

also important for groundwater use be,havio,r. Farrrers learn frrom their water use and

r€sultant crop yield; in the case of hig! grorurdwater-use induccd salinity reduced crcp

yield to make farmers use less watcr. otr study posiE tlrat other than norms,

grogndwatcr managemeNil must include enforcemeirt, and monitoring which can

signifrcantly improve groundwater managenrent performance.

Chapt€r 6 prescnts prcspcts from the analysis of conjunctive ground and

surface water rnanagenrent. In Pakistm, surface water is under-pricd and groundwater

is sgbsidized and limitlessly usod, maldng issues of logging ard salinity, which has

affecbd more h"n}ff/ocultivable area ofthe country. In this chaper, we have asseesed

the issue of Warabandi and 'functional' inequality in wat€r provision to frnrers at the

tail of thc wat€rcourscs. Groundwater is heavily dcpleted in some partr of the upper

hrdgs Basin The spatial diffetence in the surface water and groundwater abstraction

subsidy and limit put a differencr in the availability of zurface water at the tails of the



wat€rcourse. The effect of fall aad rise ofwater rcsourpe usage fee is diff€rent ftrom the

diffsence in the initial value of O & M cosE and subsidies or goundwatcr withdrawal

chargss.

Our results of the model show that moderate weather favorn to impleurent IMP

of water managflrcnt to achieve potmtial benefits while extpme wcather favours

traditional irrigationperspective as BAU. SGRbecomes more effoctive in case ofhigh

rains and waporation This can be linked with the fact that naditional practices of

irrigating crops may becorne detrimental for systcrr parameters in case of climatc

change. But all water rnanagemeirt perspectives become impotcnt whcn therre are morE

rains aod fewer waporation rates. This can be related with the high logging and flood-

like conditions in a real-world context. Overtime data and plots shows that low

wryoration rate BAU is found to have more profits, while in medium and high

erraporation rates profits and watcr quality parameters are well managod by SGR This

means that human coordination can pmvc useful if it is based on certafur rulcs for

governing the water use behavior erren under exheme climarc change. In the clirnatc

change experimeirt all water maoagenrent scenarios posit to raise grogndwatcr

irrigation collt 48o/o to Wo more than the odsting aveNage per acr€ goundwater use

cost incuEed to the farmers in Pakistan to manage waEr quality parameters. This can

also reduce qcessive use of groundwater as the need for supplernental irrigation has

already led to groundwater over-exploitation in many tegions, rcsultod in a decline of

watertables (EI-Naqa et al., 2010).

The physical experiment concludes that under no water scarcity conditions for

farrrss locatod nearer to canal heads; conve,lrtional inigation practices give positive

profit and improvod water quality parameters, while intervention scenariog prcvide

bctt€r rcsults if farmers are located at a greater distance ftom the water source.
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Howwer, in extrerne water table depth scenarios SGR can not effectively managp

resouces rather IMP proves to be more useful in -anagrng water rcsources.

In physical experime,nts, rising spatial distanc€s bring positive profits in irrtervention

perspectives IMP and SGR co,mparing with BAU while the difference is more visible

wheir farrrerc are located at more distance ftom the water souoe. Howevcr, when water

table depth riscs difference in gowlh rate between BAU ad interrrention sc€,narios

falls but rcmah positive. This can be related to the fact thst in exttrre physical

conditions effectiveiress of waEr managenrcnt sceirarios reduces in coryarisott with

other cases.

The core of the conclusion is that in major experimmts SGR is found more

effective in briqging up desirable results. That is collective action for water

managenrent which can be brought into pmactice by allowing farmers to formulate their

own rules for water managcmcnt can errolve as institution if corrylernented by

govemmelrt zupport in the forrr IMP. To implemrent SGR as a tool, an operational

model inclusive of all stakeholders' mapped behaviour which corresponds the real

world is roquired. Moreover, it is also likely that IMP is morc effective in building

general adrytive capacity when weather is moderately changing; This means that IMP

can emforce rules to bring desirable rcsults rurder spcific cirtunrstances. Otherwise,

the resource will be capttred and misdir€cted by large and powerfrrl farmers. An

epitome of managenrent will be that institutions act as passive observers, penalize or

re$,ad for better water managenrent and combining it with the decentralizing of the

sysEm and leaving it to the farmers to use and dcvelop rules as per their local

knowlodge. The effectivcness of the model in rcrms of local and practical knowledge

canbemappedbetterformanaging the shocls inthe sprcm withthe coordinated efforts

of institutions, individual farmers, aod farmer grcups.

168



Beforc presenting policy reornmendations problems associated with current water

use practices are highlighted. Groundwater withdrawal affcB canal water dinersion

and its availability for farrrss. Roduction on subsidy on electical tubewells can

zubstantially re&rce groundwater withdrawal. In connast, an incrcase in subsidies for

the farmer at the heads of water rEsource under surgd fuel prices, the rcsorure can

make farmcrs to divert less orno surface watermd malce it available for the farmers at

ails. Furthermore, the areas where surfac,e and grcundwaterboth are arnilable inplenty

a corrbination ofboth policies can bri4g ftiitful resule. Reducing zubsidics in the high

elevated arcas can roduce groundwater use to a lesser extent as surface water is not

available or costly b div€rt. The regions with critical groundwater table dynamics as

water table depth < I meter or water table depth > 50 meters will have a gr€ater impact

on groudwater manageinent policies. Along wittr the reallocation of surface water,

more time can be fixed for farmers at tails so that they can frrlfil wata requirme,nts

and don't wait to exchange tlreir tums. Cultivable arcas on the ails of LBDC as

Khanerval, Sahiwal, Jhanian and Vehari are using 7@/o or more groundwater. Watcr

allowance of 2 days compared with}4 hourc can be replacod in these arreas b solve

the problc,m of groundwater withdrawl. Crroundwater use subsidy should be enacted for

the farmers in Okam and Balloki so that water for Khanewal and Sahiwal division can

be tnan$nitted. Or social nonms and rules can be identified to transmit water with Ore

help of inforrnation about the watsresource sihratioms in the watercourse.
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7.2 Policy Recommendations

o The area with less surface water and falling dQth to the water table is

recommended to grow less wafer-intensive crops like pulses and oil crops. As

watcr-intensive crops are highly affected by surface water shortage.

o Informal groundwater martets can be zubsidized at the head of canal command

ar€as.

Conjunctive water management largely depends on the way groundrvater is usod

snd maneged. Crroundwatcr withdrawal ceiling can be enacted to penalizc

farmem if they arc using 6s1p ihan the ceiling in groundwater aneas, which are

critically depleed.

The critical situation of groundwater withdrawal in some areas of UIB and

Baluchistan where surface water is not available, communities must be

e,ncouraged to manage groundwater exhaction. An irfindiate reduction in

zubsidies or rationi4g the electricity can prove usefil for slowi4g down water

mining.

GroundwaEr marlrcts mwt bc supportcd by a legal framenork by recognizing

caps and tade righre of water use as small farmers farttrer ftom tuberyell or do

not have social neturorls are denied the tubetrrell watcr.

Best irrigation practices should be subsidized and promotod to increase water

productivity and reducing the burden on depletod gmrndwater.

Surfacc water disribution in line with the spatial de.stitution of the farmers

should be devis€d for equitablc water manageinent.

Alocatiag property righs of surface water to the farmers at the tail and make

those at the head to pay for wateruse.
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7.3 Limitations of the Study

o Coupled ageirt-bascd/groundwater modelling includes t€chnical complexity' a

lack of flexibility in sce,nario desie& and the difficulty of performing coupled

sensitivity analysis.

o This strrdy lacks a practical fully mapped behavior of all stakeholders which can

rnake model fully implementable.

e Crrcrmdwatcr flow oquations cmbe calibrated with the ABMmodel to bring an

improved conditions of groundwata flow into the model

o Farmers' ctop choices in the strdy are limircd. We have assumed wheat-rice or

wheat-cotton crops for cultivation, and data for irrigation watcr roquirement is

calculatd.

o This shtdy lac*s a real tirns survey of the farmers which can helo incorporate

tnre social nomrs followed by farmers in inigationpractices.

o Thc Planation and growth module of the crop arc not considered. We have

directlyconsidered that crop is grou'rL andcrop yield is updateddependeirtupon

the quality and Erantity, and tlpe of water used.

o We havc not fully reflcted farmem'profit-making behaviour as umally, it is

arrailable in economics strdics as optimization and simulations. Inchuion of

complete optimization modcl.

o This stttdy lac*s a real-tirne survey of farmus reflectiag their behaviour ofusing

ground and surface water aod theirp€rccptions about watcr quality and its effct

on logging and salinity.

o We have not explicitly considcrod the improved flow of srface water in case

ofbuildhg up new dams and lining of watercourses.

o We have not includd the effect or rising prices of irrigation and other inputs.
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Appendices
Appendix-A

Teble A,3.1: Paremetcrizedon of the Model

Prnmcter Notel
Land Woarc small farmers and having

land less than 5 acres l0% farrrers

haveland>5asrs.

Dtvs watersowoe

detcrmine watcr losses

WTD Depth to water tablc will
daennine Sound water

availability and ground water

havel cost.

Below 150 is water logged area and dangerous for crop growth.
100-300 is not safe for

Chmges inwatcrlogged
areaor watertable depth

l. An increase in GW rue by 25Yo der,tasrdthe waEr ara,by 160/o,

while an increase in GW use by 50% dcreased the water logged area by
25%. (Chardrb d. al, 2012).

2. IF Groundwater use > 5Wo of total waEr water use then llrTD will
increase by 10-25 % of is WTD. If Groundwats use it is betrvm 25-
50026 then WTD will increase by 5-10 % of its WTD.

3. Single water unit will cost between 300-500

4. For dcpletd areas 1VTD > 1000, every groundwaterunit will cost theur
600-1500.

conftrctivity determine

EC of surfrce water

EC ofgroundwater Every timc if grcundwateruse is morc thm 5(P/6 of total waterusc will
insease EC bv 0.5. If it is less their EC will bctrveen 0.1-0.5.

Salinity surface water 53% farmss alrcady have salinity with EC > 3. Othcrs have between 0-3. If
surface water is uscd then salinitv will increase by .0005 by wery tick.

Salinity will changa by the zum of EC of groundwaterrue and surface water

Reductioninwheag ricc
aod cotton crop due to
salinity threshold

WTD( watertable It is function of farmer's differcncc fiom watcr source. More, Distancefarm-er
has more to water table.

salinity are the function of WTD
sot[te.

EC

How much

land is

cultivatod by
one farmed?

Distance from
watcr soulce

3m-l2ee (r5)
1300-1800 (65Y")

Initializatim

Logging Iogging
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Salinity

Ioggirrg=X/DlllSJtnrust be the firnction of WTD mnges betwcen (lffi''
2ooo)

DIVS; distance from water sourpe

water is uscd then there will be a problern of drainage in areas where DIVT is

low. Salt may not be leached out. fuid if only groundwater is used as

irrigation sourpe then grorurdwater related salinity will be created.

kritially salinity will be set as a fuirction of DIVS

Sdinitv= DWS/ )( RansF4.69-15.6

Maximum-Min crop
yield. Wheat Rice Cotton

Mar( 6Omaunddacne 60tmaunddacrc 40mrundJacre

Min Emarmddacre lknaunddacrc l0 maundJacre

Inigation turns

reouirod I\,Iax 5 tums

More than 7

turns with
mrmdwatcr IUar( 5 turns

Irrication cost 450/acre 5ffi/acre

Crrorurdwater

cost 5OOAmit 5fi)/unit 5(X)/ unit

Surface water

cost 95.7lase 95.llrcre 95.7larrt

Total pmduction

cost 1lO@/acre 600-12000/acre 5000-20000/acre

Price of croo 1350/maund 1863/maud 100fi)/maund

Change in crop growth

duc the use of irrigation
water

Croo crowttl

Sufrce Watcr
onlv Surfacc aod GW GW

Whcat 8G'1fi)Yo -9.8 -18.3

Cotton 80-100% 4.6 -8.8

Ricc 80-100% -2.5 -10

Oswh Standing

surface water
heieht

TEiO

swH New surface

watcr heisht
4 inches 4-6 cubic

fect

Total Annual Water

Discharge

Watcr
discharge
gvcruYrear

12.5 * 6
cubic feet

?

lVatcr Discharge in canal

command areas

3m-800
mm/year
in canal

command

arEas
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ava-wdischarge Water

discharge for
weryturtle

47*72
cubic feet

Smallhold

CtE

receives

50% or
less

40 to 60 % land is left stray

Mywaterlosses Sccpags/

leakaces

3Wh Wat€r losses of wery farmcr

Crcpdemand 260 cubic

meffie/ha

GroundwaterPrlmping

cost

150/hr 5m-1000

RupeeJhr

3 hourdl acre demand of 4-6

cubic feet water. It takss I hr/acre

from surface water as compared

with 3 hours of grv to fill the 4-6

cubic feet of water

Changp in surfacc water

level

lot of 5 year is a wet year. Inggilrs salinity and water availability and water

reouirerreirt will chmcc.

Secpagc rate/ wata loss

rate

3Wo It will be the function of distance

ftom water souroe as well.

Abeyana 300 to
50O/ac,rc

Depends

on the

nature of
cloo

SIV allocation time Surfrce water

allocation time
I hrfor I
aclE

It's may be the function of land

area cultivated by farmer

Risk coefficiat
Minrmum roquiremcnt

to stayinmarket
tums lr 2N 3rr 4u 5n 6

whea(1E0.420 mm)
(Nov- March)

15-20 days Aftcr 30-

35 dap
After30-
35 days

After 30-35

days

After
30-35

davs

Cotton crop(June'Oct) 20 days After20-
30 davr

After20-
30 darrc

After20-
30 days

After20-
30 darn

20-
30

Ihy or wet years.(

Shock)

Crop yield forwheat

Crop yield forcotton

EverJ, I out of 7 years arE wa. Wet year roduccs sdinity but increase

logging. Wet years arc not good for wheat but good for cotton crop. There

willlo/o rise in WTD atd,lo/o fall in salinity. Crop yield will be clungcd. And
this will be considered as shock. Majority of the rains as E0o/o are received in
cotton crop pcriod. But if it is a wet year than oops growth will be affected

up to 50%.

srafcewaterused. Grouttdwater used.
Y'e'a=dxffiaqd,enandtFxffi

- crop reduction as furution of logging and salinity
a=60and B=3O

strorcewocer useq. brcrufttwacer useL
jGoi = rr-^ 

roattwaterdentand= i xro"tt*oterdrrr*rrd

- crop reduction as fimction of logging and, salinity
a,=40ond B=15
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Teble A6.1: Cenelr ln Lower Berl Doeb Cenal

Sr. Abbrwiatiotts Canals inLBDC

I
2

3

4

5

6

CLYfiTN
cLvlul4
ct-xly4

q)<\fiIn
NPIJUI5
NPIJUIT

Cruegra Dy

Qadirabad RS

Budhwala CRH

Mianchunnu

Ikchalftu CRH

NPI'UI7

Teble A6.22 Clesillcedon of depth to weter teble ln X'eet

Sr. Watcr table Depth (Feet) Categories

I

2

3

4

5

6

7

0-5

5-l0
l0-20

20-30

30- 43

43-s9

>59

Waterlogged

Likely to be water logged

Normal

Normal

Likelyto be depleted

Dcpletd

HiehlvDeplaed

Source: Khan et al., (2016)

Teble A63: Clemificrffon of Sdlnlty er per Electlcrl Conducdvlty

Elecrical
Sr conductiviMddm) Saline Categories

I

2

3

4

5

6

0-2

2.t4

4.1-8

8.1-16

16.1-32

20.145

Non-Saline

Slightly Salirc

ModcratclySalirc

Highly Saline

Swerely Saline

Exhemely Saline

Source:Khan et al., (2016)
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Appendix-B

Figure B 5.1: Groundweter Coct esom reln-moisture end weporete retc

W-thaMqd r BrilrtaH{ttul r
- 

sfiliilillllruaa

300

700

t00

5m

tm.

,m.

c00.

lm.

T

0 25o 30o ?to r* o#r_t ,r 1000 0 25o 50o 75o 10m

Sourpc: Author's own worh

Xlgurc 852: Yerirtion in Groundweter Colt ecrou wrten menegement

perrpecdver

Sourcc: Author's own work
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Appendlx C

Aplrcndir C 3. l[eter Menegement Pempecfrver

ltlater is allocated as per p,rwious land cultination ar€a at the time of constuction

of canals. Now area rmder cultivation is more and so there is need to allocate more

water so that water demand can be fulfilled. In order to urderstand that how

dpamics of the irrigation systcm wor*s; following arrange,ments are needed o be

considsed.

l. Business as usual,

2. Self-governing rules

3. Institutional management hitial Cteck of the Model

Farmers are located on the canal and they will receive water turns as per schedule

every l0 daya. [l 6sans that orrer a year a farrrer will receive 47 hrns apprroximatcly

out of 53 weeks or total of yer. As rcst of the days canals usually af,€ nor opoated

for Bhal Safaa( canal maintenancc). Famrers ruually cultivate two crrops wheat and

cotton. From November to March wheat is grom and from June to October cotton

crop is grcwr.

In selected areq water is deficient. It doesn't fulfill the demaul of farmers. The

frrmers near€r ftom water source will have less water deficiency as compared with

the disant farmers. Either farmcr will combine his tnrns by exchanging with other

farmers or use groundwater as a supplerrent. Now thc farmqs who srrccessfully

combine their turns will have to use less groundwater ard converce is also tnrc. In

the area som[ining turns of surface water help to meet60-7V/o of water dcmand.

All variable of famrers as benefits, logging and salinity will change accordingly.

As two ctops are gou,n. Yield will churge twice in a year period. At every inigation

turn all parameters of the farmer will changB and if farmer's de,rnnd is not met he
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willuse groundwaterwhichwill changphis coE, benefit and othervariable sce'oario

as well. Farrrer fartlrer from cmals will face water losses of seepages' MoIe distant

a farmer from water source more he will face watcr losses his fewer demand will

met throug[ surface water rcst d€mmd will be fulfilled througtr groundwater' Initial

view of the model is givc'n above'

1. Process 0verview Se'heduling

Water is received on the basis of rotation to ev€ry farm once in ev€ry 10 days we call

it a turn. Famrers,se wat€r they need or if it fulfills their crop dcmaod otherwise they

orchange watcr tufils. or ttrey divert water to other minor crops' The farmers at more

distance will be unable to meet d€mand. and if they ar,e rmable to mect water demaod

by their turos accordingly per acr€ yield is less' Due to se€page and wapotanspiration

wateravailabilitywillbelessattheturnofthefarmerattail.Farmerscantadetheir

watcr entitl€m€nts with other frrmers at some agreed prices or exchange hrltrs' A farmer

can combine z to 3hrns ad try to fill the demand and if combining trrrns can't fill the

d€maod their famrcr will use grouodwater to supplement inigation water' A total 12

irrigationtunrsarcr€quirEdbutthey 
rweiv#TturnssofarrrqstrycombininS2or3

turnsbyexclrmgingturnswiththefrnerswhowanttobuyofuseSsnn6ythan

futurc. In rest of the turns farmers use to inigate other crops which are not considened

inthe study.

InifirlModel:

4. Farmer will get r€souce as pcr allocation with every tick (ev€ry 10 days)' It

means ttrat if therc are l0 farnrers with 100'tick all farmers wo,ld have received

wat€r turns and the same will be repeated 47 times'

5. In total farmer maximum rcquir€d inigation ar,e 6 for each crop' In a month

Poiod theY will receive 4 firns'



6. otrt of the t[ns farmer will walute if he want to use tlre tt[n or not?' He

anchange his ttnn with any farmer who art in need to buy/exchange thc turn

And ncxt time buying farmer will return the turn'

T.Iffrmersarpnotexchangingturnsttrentheycanbuy/sclltrrrnaslowasRs2m.

3ffi Per acre of land'

8. tvlajorly the farrrers having land less than 7 acre will be unable to meet the water

demmd as they receive less horn of duty. similarly, wen largp farmers farthcr

fto,mcanalrnaybeuabletom€ctdemarrdduetotheissuesofseepageas

secpage remains arormd 3l0to4W/o

g.Farmerwillchangeirallparametersasloggirrg,salinity,watertabledepth

relatedparameters.Cropyieldwillbeupdatedafter4to6monthswhiclrwillbe

the fuirction of logging and salinityproblem'

10. Distant farmer firom water souree which is asscssed through 'who' number of

farmer will face morc wat€r sc€,page and waporatio,n problems.

Model wlth weter trade:

Farnrer gse allocatcd water as per his turn' Thcre can be following possible scenarios:

35 If farm is at tail and land area is less than <7 acreg one watcr turn will mt be

sufficicnt to mect the water dcmood. Farmer will tradc his turn 0d thcn cornbine

his two to thr€c turns to irigste his land' wait time rnay raduce his crop

productivity.Hcwillexclrarrgphiswatcrturnwithupstnesmfarmers.Eventhis

fi€atm€nt mry not fulfill his wats d€rtand'

36 If farm is at head and farm area is < 7 ac'lts and is at hcad he may sell his hrn to

gct water exclranged with other neigtrboring downsheaur farmers'

37 If farm is at head and land area is > 7 acres and water d€mand is fulfilled' Then

fargrsp,rodrrctiviUwillbereasonablyhigherinshortrurrbutinlongnrrrhewill
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accumulate logging and salinity which will affect his cro'p gron'rfr in long-run' If

dcmadisnotmethemayradewaterorusegroundwatotofulfilltheneed.

3g If farm is at tait and land area is > 7 ha-He may not be able to mect crop dcmaDd'

He will exchange water riglt with the fi[mers at head' Or he will use groundwater

to meetthe cmP need.

39 Usually farmers prefer not to use groundwatef as it is far mor€ sxpansive than

surface water

Thrce cases ase needed to be assessed

1. Buriness as usual:

Aftcr defining the h[ns to be orchanged or not. Over time let 'say for the period of 25

years simulations arc nnr to see how systern eflr€rge'

2. Self4oveming rulcc

Ia self-governing rutes; as a sced some of the farmers with land > 7 acres initially

coop€rate to not to gse surface wafier in 50olo of the turns' They will scll their trgns or

excfuange it with the farmers down sheams. Initially cooperat€E will get less benefits

bnrt overall syst€f,i will improve. But doing so they can imprcve water logging and

salinity scenario which have them to have win win situation in long-run. A game-

theo,retic framewo* will be used to see if some slef gwerning rules arr emcged to

have lesser logging and salinity aod more crups pcr drop or water mamagement' In

contrast initially, fanmers with land < 7 acres will not cmperale md then may adapt if

others are cooperating in ncighbors'

3. Inrtihrdond errengementr

In institutiooal arrangemc,nts, fumers using more surface water nearEr to canal will be

punished (charged I pen3/|iz!fl surfrce water gse equal to the pnce of groudwater

abstraction) and rewarded otherwise equivalent of the pricc of groundwat€r th€y arc

using. It will be asscssed that how long it wilt take to have zustainable agricultuf€ to
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Appendix C5.1. Crop wahr requlrement

Crop water r"qir"^."t (henceforth referred to as CW& m3/ha) is calculatod by

accurmrlating crop evapotrmspiration (w4oration and nanspimtion) under optirnal

conditions (heoceforth referred to as Efqo,t ,mm/day) for the conptetc Efowitrg pcrid

of a crop. Optimal conditions are referred as the conditions with no shortage of waEr

for wapotrmspiration of the crop (Allen, et al' 1998)'

C\VR is calculatcd as

CWfrc, Pl = r,*f n .*lc, P,tl
t'l

Here 10 is used to convert the rmit of cwR from mm to mslha' ET" opt is the

wapotanspiration uder optinsl conditions for each provirce (p) aod each eop(c)

urder consideratio,n. Atrd it has been catculatcd during lp (full gowing period of a crop)'

ETc,qris calculatedas

ET".4lc,p7=k,xET.lPl Q)

This is a derived metbod from Allen et al., (1998) bv chryagairL et al', (2007)

and used by Kamprman (2007) and many others. Here ETo in above equation is referr'lrce

crop evapotanspiration [hence,forth referred to as ETo(mm/day)] and is calculated by

using penmen Montiettr Techni$rc devised by FAo (Allen, et al, l99E)' ETo is the

cvapohanspiration that slrows wryorative d€mand of a uop, inespective of c'l'op tlpe'

IG is the crop coefficient that shows the relationship between ET" and ETo. trG keeps on

chmging during differcnt time period of crop grounh'

(l)
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Appendtx C 6-ZzCelculeffng Evepotrenspiretion

Pcnrran.Montieth,o*,oahasbcenusedtocalculateReferencecrop

or4otranspiration (ETo).wide ruue of empirical matrods are available in literaure

for the calculation of ETo' But Penmm-Montieth mettrod is calibrated over other

techiqucs as ithas ashonglikelihoodtopredictactual ETouderawiderange of agro-

climatic conditions wen forthe shorttimepoioddata' Moreover' snrdics conductedin

krdus Basin rcorrmenaea the same method for the catculation of ETo GAO' 198;

I.ilabM.K.,etal,2001).l?enrrarr.Montiethmethodrrsesthefollowingeqrrationto

estimate ETo.

o.4o8A(& -G>*r#"k"-d
E4: 

11

Here inabove eqution

ETo refcrcnce e\Epohanspiratiom (ru/day)

R, is the net radiatim at the crorp surface M/mday)

G soil heat flrx dcnsitY (MJ/mdaY)

Tmean dailytemperanue at 2 Bhcight (C)

pzwind speed at 2 m height (dsec)

q saturation vaPor Prcssurc (KPa)

c. actual vaPor Prcssur€ (KPa)

Gr€rslturatiol \lapors pressurc deficit (Kpa)

A slope vaporprcssurc orve (Kpa/€)

7 psychrometric constant (KPd C)

( 63)

{r.

Data on climatic parameters for thc different agro- ecological stations has been

obtained ftom Paldstan maeorological deparfine'nt (PMD, 20ll) for the years 1970-

, Guidelines for Computing Crop rilater

nequireme,nts, FAO PaperNo' 56, Romc'



2008. List of weather stations accompanying the provinces is avaitable irr Appendix

IIIa. Mo,reover, list of selected stations with detdted information can be viewed in

Ap,pendix [Ib. Mcta data has bem ns€d as an input in CRoPWAT 8'0 (FAO' 2010) to

calculateEGoftheselectedstatiornsforwhichdataareavailable.Selectedstatiotts

provide reliable rather than rcal values of estimates for ETo for the e'ntire provinces'

crorpwat calanlaEs ETousing Penrran-Montieth method incorporating rnonthly data on

the following variables as minimum & maximurr t€mp€raturcr sunshine hourt, wind

speed and humidity. A rtpresentative ETo has bem calculated by averaging the

available stations' ETo for the p'rovinces'

Prrcipitation effective p.r, mm/daV) has becn calculated by CROPWAT E'0 frotrt

precipi6tion totat (Pou, mm/day) for the available stations and the'n averaged to gpt

provincialtwelrepreserrtationforeachmonthintlrestrrdyperiod.
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bringloggingandsalinitytotheminimumacceptablelwelzuitableforcropgrouilh.

Ideal sinration for water manag€mcnt will require farmers to use morp than 50% of

gro'ndwater. But this may not be ideal for individ.al farrrers as it will increase his

production cost and reduce c'l'op yield'
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