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ABSTRACT

Source water protection an important step in the implementation of a mubkirier
approach that ensuredelivery of safe drinking water cost effectively. However,
implementing source water protection strategies can ¢leabenging task due to technical
and administrative issues. Currently many decision support tools are avdilabmainly
use complex mathematical formulations. These tools require large data sets to conduct the
analysis, whichmake their use very limited. A simple saftmputing models proposed in
this research that can estimate anedict a reduction in thgollutant loads based on selected
source water protection strategies that include storm watgragement ponds, vegetated
filter strips, and pollution control by agricultural practidée poposed model uses awport
coefficient approackand number of @malsto calculate the pollutant loads generated from
different land uses (e.g., agricultural lanfdsests, roads, livestock, and pasture). A surrogate
measure, water quality indes used for the water assessment after pollutant loads are
dischar@d into the source water. To demonstrate the proof of concept of the proposed model,
aPageCreekCase Study in Clayburn Watershed (British Columbia, Cansdsgonducted.

The results show thatpid urban development and improperly managed agricultueal a
have the most adverse effects on the source watdity. On the other handiprests were
found to be the best land use around the source water that emsteptable drinking water
quality with a minimal requirement for treatmeifithe proposed modetan helpdecision
makersat different levels ofjovernmen{Federal/ Provincial/ Municipalfo makeinformed

decisions related tand use, resource allocation and capital investment



PREFACE

A version of Chapters 2 and 3 in this thesis has beecepted(November 2010)n
Environmental Reviewa s a | o ur n a |IReviawing iSeutcee Water Proteztobn i
Strategies: A Conceptual Model for Water Quality Assessrfistam et al, 20100. The
paper was written bMilufar Islamunder the supervisioof Dr. Rehan Sadiq aridr. Manuel
Rodriguez. A journalarticle based on Page Creek Case Study (Chapter 4) is under
preparationOne conference paper (CSCE 2010) is published and one (BCWWA 2011) is

under progress from this research.
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1. INTRODUCTION

1.1 Background

The United Nations General Assembly asserted that safe and clean drinking water and
sanitation is a fundameaithuman right. The grand challenges of engineering for the&@itury
included: Oproviding access iesolhetprotection bfevatrn wat e
supplies is a priority and n i nt egr al part of Canadasdvsell Sci en
Advancement in technology and knowledge has impraceessibility tosafe drinking water,
however increasing urbanization, industrialization ameherging environmental issues are
making water protectiormore challenging in the futurénformation on the gality of source
waters andassociated rigskto the human health is imperative to make informed decisions
prioritizing available resources. Sources of water for large cities like Toronto, Ottawa and
Vancouver are comparatively well managed an@quate treatment is generally available to
ensure O6reduced risko6 t o smdlandu@rcanmomgiesfSRC)he al t
achieving the same level of reduced risk under limited information and budgeting constraints is
taxing

The gal of source water protection (SWP) is pootect against potential pollutionor
resuscitatecontaminated wateif economically viable A watershed may consist of diverse
systems such as terrestrial, freshwater exusystemand that makes SWP a challemgitask.

Though source wategenerallyrefers to both grond and surface water)e main focus of this
researchis on the laterStrategies folSWP refer to watershdaased protection ahe water at

the source. A watershed iscatchment arethat draingnto a common water source pqietg,

Lake Winnipeg is fed by a watershed that consists of four provinces in Canada and two U.S.
states (Postel and Thompson, 2005).

A modern water supply system ensuitge delivery of high quality waterto homes
industries, agricultural landgssential facilities (such dsospitals schools)and recreational
facilities. Strategies for SWBrganiz activities in the watershed to miniminadesirable effects
that result ina poor water quality. Generally, it is yedifficult to restore or substitutéhe
polluted source waterand f the source water quality isompromisedwater treatment often

becomes prohibitively expensive (Wilsenathal, 2003). Insome caseghe high variability in

1



the quality of source wadr (e.g., due to seasonal variability or land use change) increases the
challengedor watertreatmentat affordable costéCurrieroet al, 2001).Protecting water at the
sourceis always apreferredoption (reventiveaction) as compared tsubsequenexpensive
water treatment technologiémainly correctiveactions)

Small and rural communities (SRC) are generafigapableof providing sophisticated
treatment plantsgdue to lack of financiatesourcesand trained staff(Timmer et al, 2007).
Propely executedSWP strategiesoupled withconventionalwater treatment can be an effective
way of ensuring safe drinking watesupplies not only true forSRC but also forlarge
municipalities. For example, Catskill/ Delaware watersfi¢8A) that suppkes 90% of the New
York drinking water,enhancedource wateprotectionwas povided The city speh$1.5 billion
for implementing enhanced SWP strategies for Catskilll Delaware watershed which
approximately saved $3.5 billion to the clty avoiding the cost afidvanced water treatment
(Garcia, 2004).

According to WHO (1993)SWP is found to ba cost effective way to ensure safe drinking
water. This is due to the fact that effective SWP can result in not only less treatment cost but also
lower microbial e-growth and reduced formation of disinfectionpducts (DBPs are formed
when disinfectant reacts with the naturally occurring organic matter) in the distribution networks
(Ilvey et al., 2006; Krewskiet al, 2004). The Bonn Charter oBafe Drinking Wate (2004)
provides a generic framework fan effective management of water quality from source to tap
that can be linked to WHO guidelines for drinking water. It emphasizes the need for proactive
management of drinking water supplies. The Charter is geeaough to support approaches
and methodologies such asmulti-barrier approach, Hazard Analysis Critical Control Points
(HACCP) framework (Hulebak and Schloss2002) and total water quality management. Multi
barrier approach has been recommendedvall the worldfor the protecton of drinking water
supplies in various stagéisat includessource water protection, water treatmeagularwater
quality in the distribution network andnsuring desirable free residudibinfecant After the
Walkertonenquiry, a multi-barrier approactnas been recommendéd Canadato ensure safe
drinking water from source to tap (O6Connor,

Numerous studies have reported the benefits of SWP in terms of reduction of contaminants in
receiving watemodies(Arora et al., 2003; Blisset al., 2009; Borinet al., 2010; Dietz, 2007
Hsiehand Davis, 2005; Hathawagt al.,2009; Muthannaet al.,2007;Scholz and Grabowlecki,



2007; Pattyet al.,1997; USEPA, 2000)The mpacts and benefits of SWP canlin&edto three
dimensions of sustainability (a triple bottom lirsg)cial, eonomical and environmenteWPis

a complex and time consumingrocess In most casesvarious ministries at the Federal
Provincial Territorial andMunicipallevelsshould coordinate to rka SWP programs effective
and efficient.

Increasing population, rapidrbanizationand industrializationincrease the likelihood of
water contamination througlboth point pollution sources (PPS) (e.g., municipal and industrial
discharges) and nonpoipbllution sources (NPS) (e.g., agricultural runoff and storm water). In
United StatesPPS have been regulated since 1970 (Ernst, 20@¥everthe physical and
regulatory controls of NP much more challengg because of the pollution load distributio
(Meixler and Bain, 2010)in addition, surce water quality is under increasipgessuredue to
the impacts otlimate change andue torapidy changng land use (IPCC, 20078WP has been
practicedfor the past 125 yearsiNorth Americae.g.,the Cear River in Seattle (Washington)
was taken into protection in 1896 after a large fire outbreak which destroyed the whole eco
system (Ernst, 2004). Around the world, varicM/P strategies have beemplemented Two
major categories for SWP strategies in@duimplementing activities allowing low impact
development (LID) (henceforth we refer it as storm water management) and adopting best
management practices (BMPs) (management of industrial, municipal and agricultural areas).
Water quality is a vague concephich depends on numbers parameters and the intended use of
water. Many studies have reported diverse methods for quality assessment of surface waters
(e.g., Banerjee and Srivastava, 2009; Dojletoal., 1994; Jonnalagadda and Mhere, 2001;
Lermontovet d., 2009; Rajankaet al, 2009; Ramakrishnaiaét al., 2009; SedeneDiaz and
LopezLopez, 2007; Suratmaet al, 2009). These studies proposed certain water quality
parameters to derive a water quality index (WQlhe water quality index (WQI) for the
asessment of water quality at the source after reduction in pollutant lomdevea been linked
to any human effort (implementation of SWP strategies).

Decision support toslcan bevery usefulto make informed decisions related to the selection
of sourcewaterand implementingWPstrategieshat canimprove the quality of the water at the
source However,the development of decision support tool requires anderstandingboutthe
impacts ofSWP strategie®n water qualityand the related regulatry regimes.A number of

watershedmodelsprovide aprocessfor the calculation ofpollutantloads based on land uge



Bingneret al, 2001; Bjorneberg 1999; Borahet al, 2002; Bottcher, 1998; Chest al, 2003;
Chiew and McMahon, 199 Downer and Ogder2002; EMRL,1998;HSPF, 1985; Irvineet al,
1993; Neitschet al, 2001; Ovbiebo and She,199%itt, 1993; Roesneet al, 1988; Skaggs,
1980; Sydelkeet al, 2000; Walker, 1997; Williamst al, 1983; Woolhiseet al, 1990; Young
et al, 1987).These mdelsare based onomplexmass balance and empiricalationshipge.g.,
universal soil loss equation].hesemodelspredict the reduction in pollutant loadsased on
different land usehowever, the impact on water quality at the source is generalbstiotated
There is a pressing need for linking reduction in the pollution sldadthe quantitative
assessment aource water qualitior informeddecisionmaking

To calculate pollutants loadsxport coefficiens (land use based pollutant expoa the
source waterand number o& n i maalcutationsLahlouet al, 1998; Palmstrom and Walker,
1990 USACEHEC, 1977)provide amuchsimple approach that can be easihegraed with
water quality assessment calculatioifie developed decision sumpp tool based on this
researchaddresssthe limitations of existingtools and provide a frameworkfor water quality
assessment at the source. Soft comptieged formulationsave been used to develop decision
support todd (Changet al, 2001;Chenetal., 2010;Dahiyaet al, 2007 Francisqueet al, 2009;
Hajkowicz and Collins, 2001¢aga, 2007Kuoaet al.,2007;Lu and Lo, 2002Liou et al, 2003
Li et al, 2009 OcampeDuqueet al, 2006 Rankovicet al.,2010; Sadiget al, 2006 Sadiget
al., 2007 Spinellaet al, 2008; Singh et al, 2009 Yeon et al., 2008 which canhande
uncertainty and vaguenessthe data

1.2 ResearchObjectives

Overall objective of thishesisis to developa model(decision support toolivhich can predict
the raluction in pollutant loaddy implementing selected SWP strategasl subsequently
predicttheimprovement in surface water qualligsed on redecl pollutant loads
Specificobjectives of thigsesearch arto:

i)  reviewexistingregulatonsfor source wadr protection in various parts of the world with a
special focus on Canada atite USA, andstudy stateof-the-art source water protection
(SWP)strategiedo deal withnon-point pollution sources

ii)  investigatemathematical formulationto developa water qality index (WQI) for water

quality assessmeat the source



i) develop aconceptualframework that can relate reduction in pollutant Isadith the

improvement inVQI, and

=

apply thedevelopedmodel to a case studgnd demonstrate a proaff-concept for the
proposed approach

1.3 ThesisOrganization

This thesis isorganizedn five chaptersThe irst chapter providebackground and objectives
of this researchChapter2 presentsa detailed literature review fathe related topics that
includes: (& souce water quality (b) potentialimpacs of land useon water quality; (c) water
guality regulations for source water; (dpurcewater protection strategies; and (existing
watershed modelgsedfor estimatng pollutants loadsChapter 3providesthe steps for model
developmenbased orthe proposed-onceptuaframework Chapter 4iscusses case study of a
small creek in British Columbiasing thedevelopedmodel. Finally, Chapter 5 provideshe

conclusions and makes recommendations for future research.



2. LITERATURE REVIEW

2.1 Pollution Sources

Microorganisms, nutrients, heavy metals, organic and toxic substzatésfound innatural
waterbodies. Surface waterare generallyvulnerable to microbial contamination that may lead
to devastating ansequences if the water is used for drinking without proper treatment.
Undesirable levels of organic matter and nutrients provide a favorable environment for rapid
microbial growth in surface wate(€arreiraSilva et al, 2009. A comprehensive assessmei
these pollutantand mechanisms by which they readurce waterequires anmplementation
of SWPstrategieso ensurehigh quality water at the source

The pollutantsenteringinto receiving water bodieBom a number of point and neoint
palution sourcescan adversely affect human wellbeing as well as ecosystem health. For
example, theelease of nutrientse(g.,phosphorus, nitrogen) from agricultural sources can lead
to the growth of toxic algal bloosnBechmanret al, 2009; Hickey and bs, 2009) and can
cause eutrophic conditions whicimpact the biological and chemical quality of water
(Schoumans and Chardon, 2008inilarly, heavy metals such as lead, mercury and arsenic may
ingressinto the source waters through industrial dischgrgunoffand spills (Zakiret al, 2009).

If the water is not properly treatdmbfore consumptigrthe exposure to lead and mercury may
have severeconsequence$or the consumers(Howard, 2002). Arsenic is a proven human
carcinogen anéxposure tdiigh levels mayead toskin cancer QtlesandCagindi, 201). Most
pesticides contain a number of toxic substances which can adversely affect lattiafzhang

et al, 2010). Harmful pesticides (e.gatrazine,diazinon) can enter into source water not only
from agricultual landsbut also fronrunoffs fromgarders and parkgWittmer et al, 2010.

After a heavy rainfall or snowfalevent the runoff from agriculturaland urbanlands can
contaminag source waters. Untreated municipal discharges or improper diversion of wastewater
from the municipal sources can cause contamination of surface wadteraddition, f a
wastewater treatment plant et working effectivdy the toxic substances caoontaminag
source watersCombined sewer systems (CSS) designed to carry wasgefrom industrial,
domestic and commercial sources with storm water (snowmelt/ rain water) can also be a source

of pollution. In case of excess water (during heavy rains), the wastewater beyond the capacity of
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the treatment plantnay bereleasedas combined sewer overflow (CSOMApproximately43
million people in 1,100 communities itme USA are served by a CS@QSEPA, 1995).The
pollutant load depends on the land User. example, forests, agricultural land, farms (livestock),
pasture/forage, residential, industrial, commercial areas and roads geineregetypes andhe
amounts of pollutant load

The eport coefficiat (EC) conceptis widely used forderiving the potentialpollutant loads
based orsoil erosion and runoff (Amatyet al, 2004; Beaulac and Reckhow, 1982; Bouete
al., 2002; Dinget al, 2010; Doddet al, 1992; Eastoret al, 2009; Kayet al, 2008; Lneet al,
2002; Loehret al, 1989; McFarland and Hauck, 2001; Prepasl, 2001; Rast and Lee, 1983;
Reckhowet al, 1980; Shresthat al, 2008; Veiga and Dziedzi€010).It describeghe amount
of pollutantor a specific parameter that can be relaie water quality (e.g., total suspended
solids, total nitrogen, and total phosphorodsible2.1 providesexport coefficierd for different
land usesexpressed in kg/halyr (i.e., flux unit®xcept for coliforms which ardescribed by
colony forming uit/ha/yr (CFU/hayr). A large variability in the EC value®r water quality
parametecan benoticed For example, Prepas al (2001)andReckhowet al. (1980)provided
EC values for TSShat varied significantly in case atunoffs fromforess. The diference in
topographyand precipitation is the main readoehind ths varigion. However,the EC approach
is found to be verffectivein calculatng pollutant transport amountdm different land uses
Table 2.2 providesaverage pollutant concentratio(mg/l) for different land usesThis table
describegollutant concentratioeitheran averageor averaget standard deviatiomyariability
for the same land use. It should be noted th@toncentration depends not only on the runoff
guantity but alsoon the type of pollutant. Therefore,the reportedland use concentration or
sometime®xpertjudgment can & used te@stimate the pollutant loads.

To protect source water from pollutant loadsiousSWP strategiesan be usedSelecting a
suitableSWP strategy is a key for reducing the amount of pollutants and improving water quality
at the sourceNext section provides an overview of guidelines and regulatory regimes that
directly or indirectly impactsourcewater quality and heljin decisionmaking related to the
selection of SWP strategs



Table 2.1: Export coefficient (kg/ha/yrfor different land uses

Reference Place TSS TN TP FC TC
Forests
Bourneet al. (2002 Manitoba, Canada - 0.23.9 0.0%:-0.4 - -
Doddet al.(1992 Albemarle Pamlico, USA - 0.703.8 0.090.2 - -
Loehret al. (1989 NS - 1-6 0.0070.9 - -
Prepast al.(200) Boreal plain, Western 20.86 0.6 0.04 - -
Canada
Reckhowet al.(1980 NS 253 1.46.3 0.020.8 - -
Kay et al.(2008) UK - - - % myx o8 mny
Agricultural
Bourneet al. (2002 Manitoba, Canada - 0.36.7 0.031 - -
Doddet al.(1992 Albemarle Pamlico, USA - 5-14 0.62 - -
Loehret al. (1989 NS - 2-80 0.063 - -
Rast and Leel©83) North America - 5 0.5 - -
Reckhowet al. (1980 NS - 2-80 0.319 - -
Reckhowet al. (1980 NS - 1-7.8 0.1-3 - -
Livestock
Reckhowet al. (1980 NS - 680~7980 21~790 - -
Loehret al. (1989 NS - 100~1600 10~620 - -
Pasture/Forage
Bourneet al. (2002 Manitoba, Canada - 0.17-4.3 0.020.5 - -
Loehret al. (1989 NS - 3-14 0.050.6 - -
Urban (residential)
Loehret al. (1989 NS - 5-7 0.82 - -
Urban (industrial and commercial)
Loehret al.(1989 NS - 2-14 0.44 - -
Reckhowet al.(1980 NS 870 2.3 8 - -
Kay et al.(2008) NS - - - oPpNTW PP Y% pT

aUnit in CFU/ha/hr ; NS not specific; TSSTotal suspended solid; TN otal nitrogen; TPTotal phosphorous; F&aecal

coliform; TC-Total coliform; CFUColony forming unit



Table 2.2: Typical concentrationéng/l) in runoffsfrom different land uses

Reference Land use TSS BODs TN TP FC TC Pb
Boller et al (2007 Roads 100+60 - 2+1 0.3+0.1 - - 0.02+0.01
Gotvajn and
ZagorecKoncan Roads - 1.2 4 0.04 - - -
(2009
Resouce
Management Agricultural 75 40 26 - ¢CmTm - -
Factsheef19949

. 1800+ 0.40 =
Poudelet al. (2010  Agricultural 550 70680 5+070 0.04 - - -
Poudeland Jeong ) iciural 6804200  7+2 204 054010 - - ;
(2009
Udeigweet al .
(2010 Agricultural 1600 6.2 4.8 0.7
Poudelet al (2010 Residential 80+20 5+ 03 3+02 0.6%£0.03 - - -
Poudeland Jeong  pogigential 3010 4:06 2403  05:0.10 - - :
(2009
Lopezet al (2006 Municipal 5 29 13 2.4 40 149 -

a Unitin CFU/l, mean Standard devi@n, TSS Total suspended solid; B@QP5 day biochemical oxygen demand;-TN

total nitrogen, TRotal phosphorous; F&aecal coliform; TCtotal coliform; Pb lead

2.2 SWPRegulations

Regulatory regimes related to source water protection are very @onmCanada e.g.,
Ontario (e.g.,Clean Water Act, 2006&2006b), Alberta (e.g., Environmental Protection and
Enhancement Act, 1993d993) and British Columbia (Ecological Reserve Act, 1975;
Environmenal Management Act, 20042004). In other parts othe world such ashe USA
(e.g., State Source Water Assessment and Protection Progri®83, USEPA, 2001#),
Australia and the European Union Orinking Water Directive 1980) also have promulgated

regulatory framework for source water protectiorGeneally, SWP regulationsdirectly or

indirectly affectwater quality at thesource These regulations help to controt eliminate

potential hazardthrough effectivamplemenéation of selecte@WP strategies. These strategies

arerelated tothe land use stam watermanagementagricultue, farming (livestock), vehicle

spills, roads,and municipal and industrialvastewatermanagementFigure 2.1 provides a

schematic relating potentiabzarddo differentmanagemenstrategiesLandfill management is



relatedmore togroundwatethowever,a landfill in close proximity to the surface source water

can also be hazard thamaylead tomicrobial and chemical pollutiof¥'u et al, 2010).
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Figure 2.1: Common source aterhazards an&WP management

2.2.1 Canadian regulations

Canada has roughly 9% of the world's fresh surface w@sar. Gov 200}l More than 85%
of Canadians are supplied withirtking water from surface watgDavies and Mazumder,
2003). Surface warscan beaffectedby PPS and NPS and ckead tosignificant healtkrelated
risks if the water is not or poorly treated befemsumption Environment Canada (2001) has
reported roughly 90,000 illnesses and 90 deaths due to unsafe drinking watereaach y
Especially,the E. coli outbreak in Walkerton (Ontariofryptosporidiumoutbreaks in North
Battleford (Saskatchewan) and British ColumbBC)] have made drinking wateme of the
major health concerns in Canada in recent years (Kreatsti, 2004).Appendix A listsvarious
regulations that may directly or indirectly influence source water protection in Ontario (ON),
Alberta (AB), and British Columbia (BC).
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Ontario (ON): In the recent pash few serious incidenceelated to wateoutbreakshave ben
reportedin Ontario. For instancen 2000 more than 2,300 people suffered gastroenteritis, 65
were hospitalized and 27 were affected by haemolytic uraemic syndrome dleigalkerton

E. coli outbreak (Hrudeyet al, 2003). More tragically, seven anmprthose affected died
(OMAG, 2002).After a long judicial investigation,the courtconcluded and recommended to
reduce these types of incidenceghia future throughenhanced protection of source watand

training of technical staff.

In Ontarig saurce water protection is part of the watershed management program and has
been clearly mentioned ithe regulatory framework. Ontario regulations 288/07 and 287/07
under the Clean Water Act Z006a,20060) describethe role ofa source water protection
comnittee (298 members) and alist numerous protected source waters. Public involvement
and participation are highlgncouraged under the Ontario regulation 385/08 (Clean Water Act,
2006Db) for effective SWPAppendix Ashows various recommended SWP straggind many

setback rules to comply with specific regidas.

Alberta (AB): Alberta promulgated many regulations tha¢indirectly related to source water
protection.A few cases of high faecal coliforms (Héyelshave been reported in Oldman River

ard its tributaries inSoutherrAlberta duringthe period of 199&000 (Hyland et al.2003).

Since 2007, water management programs have been implemented for province wide source
water protection through land use planning. The main target of these progreomssiablisia

water policy and implement integrated emtmanagement. Proper educati@mvarenessand
advanced storm water management have been promoted (Linking Source Water Protection to
Land Use Planning in Alberta, 2008\ppendix A highlights SWP tsategiessuch as the
conservation of forests and wetlamalsd effectivedrainage design. In additipsane setback

regulations fronpollutant sourceare also discussed

British Columbia (BC): Since 1980, more than 28 waterbomiseaseoutbreaks have lea
reported in BC. In most of the casgspperimplementation of multbarrier approach was
lacking Christensen and Par{itt003). Numerous regulations have been promulgatedtime
that indirectly affect source watdrowever there is a growing netx more stringent and direct
regulations for sawe water protection in BC.HEe Water Act (2007) encompasses groundwater

regulations such as flood proofing. However, no allusion of surface source waters is available in

11



these acts. Theahd management teduce impervious layer of soil for improved infiltration was
also not properly addressed in the Environment and Land Use Act (1996¢. Environmental
Management Act (2004a, 2007, 2008a), source water protection was not clearly defined.
However in the Ecological Reserve Act (1975) under B.C. Reg. 335 number of rivers, streams,
and creeks have been mentioned to protect certaisystems Many agricultural management

acts have beenpromulgatedin BC with SWP strategies such as forests, vegetative buffer
(Appendix A) The control of vehicular spillage ialso mentioned in the Environmental
Management Act (2004b) with restrictiam recreational dumping. Howevehe regulations in

BC (Appendix A discuss problems of surface source waters in a generaxtohtt do not

explicitly discuss the detailed strategies to protect or control them.

2.2.2USA

The United States Environmental Protection Agency (USEPA) is responsible for source water
protection and suggests a number of strategies to protectsouater qualityln many major
cities of USA, such as Seattle, San Eraco, Boston and New Yorkpurce water protection sa
been encouraged sindbe early 1800s- well before the availability of sophisticated water
treatment technologies (Ernst, 200Qurrently, source water protection programs have been
integrated with the Safe Drinking Water Act (SDWAJt¢te Source Water Assessment and
Protection Programs Final Guidance, 1p@onservation vegetation, e.g., buffer strips, riparian
vegetation and atlands have been recommendedreghodsto protect source water (USEPA
2001a,2001d, 2001e). The USEPA has also proposed a number of other strategies, such as crop
rotation, cover crop, spot treatment, storm water detention spofehcing, geeextile or
impervious cover use. The basidormation related tdhese strategiebasbeen providedn
Appendix B
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2.23 European Union

Krameret al (2001) reported more th&®0,000 cases of gastrointestidedeaseperyear in
Europe. In most cases, thieidences of bacterial dysentery can easily be attributed to countries
with lower standards of sanitation systerigorldwide more than 32%arasitic protozoan
outbreaks have been reported ardvhich around 28 percent were from European countries
(Kourenti et al, 2007). Thewater qualityregulations in European Umocountries mainly
emphasizdreatment technologiesnd there isnuchless emphasis on source water protection
(New Drinking Water Directive 1998). Sirface water regulationsere initiated with the 1975
Surface Water Directiveand later were updated by the 1980 Drinking Water Directive
80/778/EEC Drinking Water Directive 1980). Regulationselated todrinking water New
Drinking Water Directive 1998), sources of harmful substancd3arfgeous Substance
Directive, 2006), nitrate Nlitrates Directive 1991) and pesticide€6uncil Directive 199) also
emphasizestrict maintenance ot threshold value(guideline value)of the water quality
parameters rather thémcusing orprotecting source ater.

2.24 Australia

Australia is mainly a dry place biasvariations, e.g., most of the areas have low rainfall
while the coast of the eastern seaboard has high rainfall (ABS, 2000). The {darteng River
is the only major river which is undgreat pressure because of increasing agricultMoKéy
andMoeller, 2000) thatuseslarge quantitie®f pesticides and herbicides. Bigeeen algae have
been identified as a threti surface watersll over Australia (Aech Group, 2000). In 1991,
Austraia faced tremendouSyanobacteriablooms which affected more than 1,000 km of the
Murray-Darling River and many rural water suppliécKay andMoeller, 2000).
Australia has one of the most sophisticated water supply management systems which strictly
follow the principles of multbarrier approach with special emphasis on source water
protectiort. From source to tap, the Drinking Water Quality Guidelines in Australia are based on
risk assessment approach (Australian Government, 2004). Sedimentation paifids&l a
wetl ands, water i nyl tration (recharge), sour
encouraged in Australia for effective source water protection (Davis and Birch, 208%glia

has promulgated numerous regulations to protect surfacesweien industrial and commercial

! http://www.water.wa.gov.au/Waterways+health/Drinking+water/default.aspx
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sources of pollution for more than three decadesit hsitstill in the process afleveloping rules
for dealing with nonpoint pollution sources (Davis and Birch, 20090 make water
management process more cost effectiveAustralia, the planning decisions abased on
population density (Pigram, 1993).

2.3SourceWater Protection (SWP) Strategies

SWP strategies can directly or indirectly imprdlie water quality at the sourbg reducing
the pdlutant loads enténg into source waterssenerally, there are two types of SWP strategies
1) storm water management, and 2) physical bartierprotect source water contamination.
Most of the existing regulations have been foedssnstorm water managemerand control
excess runoff from heavy rainfall or snowfall. Howewather strategies including crop rotation,
cover crop, fencing, and buffer strip can also be effective for protecting source. Basnples
of indirectstrategiesare enforang regulationsincreasimg public education (and awareness) and
regular water quality monitoring hese indirect actiorisad toanimprovement osource water

guality as they promotdirect actions.

2.3.1Storm watemanagement

Storm water management (SWM) plays an impdrtate in proteding source water from
nonpoint pollution sourexNPS)which isalsocalled low impact development (LIDffective
storm water management limibe untreated runoffdue torainfall or snowmelt)or from the
CSO entering into the source t@a This can be achievetirough specific arrangementsy
collecting runoff or CSO during excessistorm events

Storm watercan cause problesras it cartes many pollutantsin large quantitiego source
water. The main purposef storm water managnentis to reduce the pollutant load either
through controlling runoff entering into the receiving water bodies or providdegiredwater
treatmentbefore itis discharged into surface wateFor exampleplacesused for storm water
management are detam pond that collect water and provide basic treatment naturally and
allow the treated water to go into the source waaerg regulated lower ratdhe treatment is
naturally performed through processes like sedimentation (Hsieh and Davis, 2005¢tHdieh
2007a,2007; Hathawayet al, 2009; Scholz and Yazdi, 2009), adsorptidtsieh and Davis,
2005; Hathawayet al, 2009; Muthannaet al, 2007), infiltration (Muthannaet al, 2007;
Passeporet al, 2009; Hsiehet al, 2007a, 2007b), filtration (Hesh and Davis, 2005; Muthanna
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et al, 2007; Scholz and Yazdi, 2009; Passemtral, 2009), decomposition (Muthanre al.,

2007; Scholz and Yazdi, 2009), iexchange (Muthannat al, 2007), oxidatiorreduction
(Hathawayet al, 2009) and biological upke (Hsiehet al, 2007a 2007b; Hathawaet al,

2009; Muthannaet al, 2007). These processes remove T&Siform bacteria, nutrients (e.g.,
phosphorus and nitrogen), heavy metatgl trace metals with varying degrees of success based
on the design ofthe facility. Proper management of storm water also helps in reducing the
guantity of storm water througkvapdranspiration. Common strategies undgorm water
management includewet detention basin, storm water wetlands, sand filter, bioretentiss gra
swales,and extended detention basins/ dry ponds/ dry detention ponds/ detention basin (Hsieh
and Davis, 2005; Hathawast al, 2009; Muthannaet al, 2007; NCDENP, 1999; Scholz and
Yazdi, 2009 Passeportet al, 2009). Figure 2 schematically comparesix strategies that
include: extended dry detention pond, wet detention pond, storm water wetland, bioretention

area, sand filter, and grass swales.

1. Extended detention pond/ dry pondgFigure 22a) are simple facilities angenerallyless
effective For example,the removal efficiencyin case of TSSis as low as~50%
(NCDENP, 1999).

2. Wet detention ponds(Figure 22b) can hold storm water in a temporary pdindt and
then itallows it togo into apermanent pond. It may also contaifoee bayto collectthe
water that can removeuspended sedimentd. rhay havemarsh which can increase the
biological uptake othe nutrients. Because dhis improved designwet detention porsd
aremore efficient in removing TSG-85%)

3. Storm water wetlandsarearrangemets that contain both soil and plamaind are effective
in removing phosphorous, trace metasd hydrocarbons through physiatemicalas
well asbiological pathways (NCDENP, 1999). Figure2@ shows the specifications of
storm water wetlands (the areangrally contains 50% high marsh, 40% low marsh and
10% water).

4. Bioretention area (Figure 22d) containsa grass buffer stripa sand bed, plants, ponding
area,and planting soil for pollutant removal. Three species of trees and three species of

shrubs a& essential on the area with certain gradient for the grass buffer strips.
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5. Sand filters (Figure 22e) have sedimentatioras well as aand chamber to remove the
particulate mattemainly in addition tomoderate bacteria removdowever, sand filters
areonly suitable for extremely urban and small areas (NCDENP, 1999).

6. Grass swale(Figure 22f) is the cheapest and the simplest stratdat consists of a
trapezoidal or parabolic porvdth low depthcontaining hard grass. It has limited pollutant

removal eficiency as compared to other options

There are basic differences in the structanel design paramete(media depth, retention
time, vegetation level and water depth) of these facilities that lead to various degrees of removal
efficienciesfor differentwater quality parameter$he percentageemovas of TSS forextended
dry detention pondwet detention pond, bioretention area, storm water wetland, grass swales,
andsand filter aré0%, 85%, 85%,35-85%,85%, $% and85%, respectivelyFeaturesf storm
water treatmentstrategies are compared Trable 2.3. Weisset al. (2007) provided a detailed
discussion on operation and maintenance cost of storm water management strategies. Storm
water wetlands, grass swales, and dry detention ponds are lyefeerad to be costly due to
high landrequisition costTherefore they may nobe very pragmatic in urban dwellings where
land is limited and expensivApart from land cos dry detention porgland grass swales are
comparatively cheaper strategfesm anoperation view pointGenerally, azombination of low
cost strategies resslin an effective system that ensut@gher pollutant removal (Middleton
and Barrett, 2008)

Scholz and Yadzi (2009)esigneda systeminvolving layer of gravel filter, dtention pond
and infiltration tank that fea removal efficiency of 77%, 83%, 32% and 47% for BOLSS,
NOs-N and orthephosphatghosphorus respectively However, grass swales aoensidered
aesthetically more pleasing becauséheir landscaping poteial (NCDENP, 1999).
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Table 2.3: Basic features of common storm water management stra{@i&3ENP, 1999)

Main purpose and mechanism

Disadvantages

Special
Requisition

O & M cost
requirement and
amount

Extended detention basins/ dry ponds/ dry detention pond/ detention basins

Removes less pollutant (50% TSS) which is Removes less pollutant (50% TSS) which is
done with filtration

done with filration

Removes less pollutant (50%
TSS) which is done with
filtration

Removes less
pollutant (50%
TSS) which is
done with
filtration

Removes less
pollutant (50%
TSS) which is
done with filtraton

Wet detention basin

Removes sediments, nutrients and heavy
metals with infiltration and sedimentation.

It can be used in areas with low infiltratio

Has an extra temporary pond (above the
main pond) to hold 1 inch storm water fo

Frequent inspection is

needed (e.g., 6 month) to

run the system properly.

Operation and
maintenance cost
is 5 % of the total
cost.

Storm water wetlands

Eliminates not only TSS but also phosphorus q
trace metals, and hydrocarbons that are
adsorbed to the sfaice of suspended particles q
with a number of physical, chemical and
biological processes.

The plants increases aesthetic look with
proper landscaping.

It has longer detention time which ensure
biological nutrient uptake by plants and

Large area isequired.
Proper plant selection is
required.

Immediate maintenance
after any storm event is
necessary.

Special plants are
required for
pollutant

removat.

Cost is similar to
wet detention basir
but large land
requirement makes
it more expensive.
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Bioretention areas

Removes TSS, nutrients, trace and heavy
metals by adsorption, filtration, volatilization,
ion-exchange, and decomposition. Grass bul
strip of bioretention captures particles, and

drainage fomicrobes. Mulch layer ensures
biological growth with organic matter, and
petroleum decomposition.

Low cost compared to curbs, gutters for traffi
limits velocity. Sand bed provides aeration at area.

Maintenance of all the material T

is necessary.

Specification Maintenance of all

fc:;ﬁg';gd the materials is
piant necessary.
required.

Sand filters

Removes mainly particulate matter with
moderate bacteria by sedimentation and
filtration.

9 Sedimentation chamber of sand filter
ensures sheet flow and limits sediments

1  Sand chamber traps sedimewtith
pollutants and provides media for
microbial removal.

Annual maintenance is required.

Cannot remove TSS and
NOs-N efficiently.

Once in ayearis
NR necessary which is
moderate.

Grass swales

= =4

contact time for filtration

Removes mainly sediments and trace chemic
Works as biéfilter to filter pollutants. Here,
vegetatioAlessen the velocity and increase the

Low construction and q
maintenance cost

Ensures replacement of gutter
and curb with a better q
aesthetical view.

Limited pollutant
removal (35% TSS)
Use of fertilizer
increases the nutrient
amounts

Can generate odor
and mosquito
problems.

Less costly than gutter
Permeable and nor and curbs.
compacted soil Extensive
with lower water  sedimentation and
table (>1ft). erosion repair cost is
required.

1- Table2.2, 4.3, 4.4NCDENP, 1999) 2- Table 4.3 and 4.4 based on tolerance and morphoNGRENP, 1999) 3- NR- Not required O & M cost

Operation and maintenance cost
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Table 2.4: Percent removal ofater qually parameterthroughstorm water management

Reference Type of SWM TSS TN TP BODsg Pb FC E. coli
Middleton and Barrett (2008) Extended detention basin 91 58 52 69

Weisset al (2007) Extended detention pond 53 25*

Hathawayet al. (2009) Wet deention basin >50

Weisset al.(2007) Wet detention basin 65* 52

Weisset al. (2007) Storm water wetland 68 42

Hathawayet al. (2009) Wetlands >50 >50

Rusciano and Obropta (2007) Bioretention 915 91.6

Davis (2007) Bioretention 41 68 86

Davis (2007) Bioretention (anaerobic sump) 22 74 79

Hsieh and Davis (2005) Bioretention >96° 78 og

Lucas and Greenway (2008) Bioretentionvegetative 81% 912

Lucas and Greenway (2008) Bioretention 41 73

Hunt et d. (2008) Bioretention 59.4 32.2 31.4 63 31.4 69 71
Passeportt al.(2009) Bioretention (grass) 56 63 77

Weisset al.(2007) Sand filter 82 46”

Scholz and Yazdi (2009) Combined detention and infiltration system 83 47 77

a Change in lod (mean) ; bPOs-P; TSS Total suspended sedimeiit\- total nitrogen; TPtotal phosphorus; BOfBiochemical Oxygen demand for 5 days;-Faecal

Coliform
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Vegetation allows storm water wetlands, bioretention and grass swales to remove nutrients
through adsorption on the plantdevertheless, the excessive vegetation and its decomposition
may also negatively affect the nutrient content in the source water (Li and Davis, Be€6&)se
of birds and bacteriahgeowts & possible andat l@ags to harmful microbial
contamination. The information related to their impacts on various water quality parameters is
provided in Table 2.4. The percent removals are generally reported by the reduction in event
mean concentration (EMC) or by pobunt load reduction. Large variations can be obsefwed
thesame strategy due to variability in experimental setups though the basic features were similar.
For example, for bioretention, Huet al (2008) reported negative results (i.e., concentration
increased) in the removal of N®l and NQ-N, whereas Davis (2007), Hsieh and Davis (2005)
and Li and Davis (2009) have reported significant reduction.

Removal efficiency in case of vegettdd systemsargely depends oa number of factors
such as thesoil topography, available nutrients the soil, pH, vegetation type, and special
arrangements such am internal storage zone. The variability in these factors may cause
variability in the removal efficiency. For example, Hattal (2006) have suggesta saturation
zone or internal storage zone (inside the pand less permeable sambmposition) to create
anaerobic conditions for improved nitrate or nitrite removal as compared to normal aerobic
conditions.A saturation zone can also increase therrgon time and can enhance adsorption of
the pollutants (Passepatt al, 2009).

Appendix C listsbasicconsiderations for storm water management strategigsinimum
infiltration rate for soil is necessary to ensure a desired contact time bdtveesredia and the
polluted water. Generally, more than two hours of retention time with < 0.25 m/hr infiltration
rate is recommended (Hsiehal, 2007a). Sandy loam or loamy sands have been recommended
(NCDENP, 1999) as they providm infiltration rate of 0.0130.06 m/hr and ensure @oper
retention time. In most cases, the retention time of these soils should4&h&irs, which is
necessary to achieve effective pollutant removal. For vegetation, local plants that can absorb
nutrients from the polked water should be selectedindex (phosphorous index) can be helpful
to determine available nutrient amosim soil that can limit excess nutrient release from soil
(Hunt et al, 2008; Passepost al, 2009). Exposure to sunlight with long retentidimes
promotescoliform removal (Hathawagt al, 2009; Passpost al, 2009).A medium level of

vegetation can ensure nutrient uptake as well as modkeaimount of sunlight exposure.
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Generally, the media depth, water depth, vegetation levetedadtion time are found to be
the common design parameters that can effectively improve the pollutant removal if designed
properly Table 2.5orovides the values of these design parameters (i.e., media depth, water depth
and vegetation level, and retemtitime).

An additional strategpermeable pavemenanalsobe effective strategy to limit storm water
runoff in urban developmenPermeable pavementan bemade of a matrix of concrete blocks
or a plastic weltype structure with voids filled witeand, gravel, or soil (Fujita, 1994). But, they
may suffer some serious limitationslue torequirement forfrequent maintenangavhich is
generallyprovidedthroughvacuum suction (Dietz, 2007). They are suitablspecific situations
such as in low trait area (e.g., parking area, sidewalks) (USEPA, 2000) or in an area with high
clay soil to prevent groundhter contamination anddave beerfound to beunsuitable during
winter (Dietz, 2007). In some caseakey were found to bein effective after only six montts
(Barrett and Shaw, 2007). However, these strategas be effective if the objective is
groundwater recharg&¢holz and Grabowleckz007)

Green rodd can also beisedas an SWM strategyespeciallyfor old urban areas due to high
imperviausness (USEPA, 2000). Green mabnsistof a vegetative layer, synthetic drain,
geotextile and a media. The green roof reduces the flow rate of runoffh lsgdme cases
increases the chemical oxygen demand and phospbiak is not suitabldor all places Bliss
et al, 2009.

Table 2.5: Basicdesignparametesfor storm water managemesirategie§NCDENP, 1999)

SWM pond name Media depth, m  Water depth, m Vegetation level Retention
(type and intensity) time, hr
Extended dry detention basir 0 0.6 NIL 24-48
Wet detention basin 0 0.91.9 NIL or low 48
Storm water wetlands 0 >0.6 Medium: marshes 48
Bioretention areas 1518 0.15 High: Grass, shrubs, 16-96
trees
Sand filters >0.46 0.45 NIL 24
Grassswales 0 0.1-1.5 Grass 15
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2.3.2 Other SWP strategies

Apart from SWM strategiesiumeroudest management practiqg@VPs) have been adopted
to limit pollutantsentering ito source watear Natural vegetation such as vegetative cover (e.g.
forests), plant cover, mulching, vegetative hedges, grassl lmanagement, and vetiver (an
special type of plant) fencing have the natural ability to prevent soil erosion or runoff which can
contain fertilizers, pesticides, and many other pollutants. Forest managertte wetland and
riparian areas can maintain surface water quality by protecting against soil erosion (Anttniadis
al., 2007; Kennedy and Mayer, 2002). Deforestatiam lead to negative impacts suchaas
increase in sediment of transfeecause of @elerated erosion, increase in nutrients after their
release from decaying organic matter on the ground or in the;wate¥ase imutrientorganic
and inorganic concentrations because of harvesfiegilization and pesticide application
accumulationof slash and other organic debris in water bodies which candeplétion of
dissolved oxygen(DO); and anincrease in temperatures because of removal of riparian
vegetation and increase in stream flow due to reduced evepwspiration (Ernset al, 2004;
Nunezet al, 2006.

A vegetated filter stripcan perform the same function as forests arosodrce water.
Vegetated strip (buffer strips/ filter strips) are found to be very effective in protecting source
waters from eroded soil (Grace, 2008ytrients (Dillahaet al, 1989), pesticides (Dosskey,
2001), agricultural pollution (Leeet al, 2000; Schoonoveet al, 2005; Lowranceet al, 2002)
and from othenonpoint sources of pollutioas well as fronrunoff from road or construction
sites. &nerally buffer strips/ vegetated filter strips (VFS) consist of stiff and tall grass ranging
from 0.75 tol.2 m width (Kempeet al, 1992; Yuaret al, 2009) and surround the source water
in order tostabilizethe soil using vegetation roofBhe Naturd Resources Conservation Service
(NRCS) has recommendad 8-10 mbuffer stripwidth (Yuanet al, 2009). It has beeabserved
that if the width > 5 m, the overall removal efficienalypollutant loads magpproach~ 80%.
Dosskey et al. (2005) recommendedhe use ofGlobal Positioning System (GPS) and
Geographical Information System (GIS) for providing variable widths of buffer strips depending
on expected pollutant loads around source wéigure2.3 provides three constitutive zones of
buffer strips (U&EPA, 2001e):(a) four/five rows of treeg(b) one/two rows of shrubs ar{d)
6.1mto 7.3m feet of grassThe forests and grass area within 6.1 m parallel to the source water

can be used as a buffer to ensure good water quality (Hetralg 2006).

25



A

Trees Shrubs Grass

Figure 2.3: Example of a buffer strip (USEPA, 2001e)

Long rooted vegetation isrgferable with a gentle slofder better efficiency.The USDA-
NRCS recommended combining riparian forest and filteririg étrassland) for effective water
quality management (Herringt al, 2006). However, sometimes more than 100 m of buffer
strips are recommended arouladkes to avoid large pollution loads (Devibd., 2000). Franti
(1997 has discussed ti¢RCSslopewidth relationship which suggests that high sloppiand
area needs larger buffer strips to slow down the velocity of runoff water gradually to slowly
infiltrate the waterTable2.6 highlights the key factors(ch aswidth, slope, length and type of
vegetation) of buffer strip and their impaocb®m removal efficiency of regulawater quality
parametersas well as pesticides such as atrazmetolachlorand chlorpyrifor (Arora et al,

2003; Borinet al, 2010; Pattyet al, 1997).

Fencing is a sim@ arrangemento keep livestockaway from a source water boundary
(physical barrier}o avoid contamination from animal waste and prevent bank erosion caused by
trampling of the banks by animals (Bewsetlal, 2007; Kolodziej and Sedlak, 2007). It also
prevents, depending on the type of fence, the source water freaspension of sediments by
disturbance in water and algosuresriparian health with undisturbed wetlands (Lars¢ral,
1994). There have been only few studigéalie 2.6) reported on thempacts of fencing on
source water qualityHowever a limited reduction innutrients, TSS and coliform bacteria is
expectedcDowell, 200§.
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Table 2.6: Effect d other SWP strategies pollutant removal

Reference Brief description Turbidity  TSS TP NH4N/ NOx-N  E Coli Pesticides
Fencing
Miller etal (2010)  Barbed wire fencing (Both sides), lengB0 m, distance between fencin 35-5 69.3 0.07
and river40-80m 34.6 67.7 0.072
McDowell (20@B) Fenced off with riparian vegetation 98 86 91/ 78 92
Vegetated filter strip (VFS)
Sullivanet al.(2007)
Width-0, 1, 3, 8, 15, 25 pdope-3.8-7% 99*
Duchemin and Hogue Grass: Planted grain corn paired with a 5 m VFS of 45% red fescue 57/ 33
(2009) (Festuca rubra L), 45% redtopAgrostis alba L) and 10% perennial 87 86 48
ryegrassl(olium perenne 1)
Grass/poplar tree: Grain corn with a 5 m VFS with grass and eight hyl
i i 85 57 57
poplar trees arranged in three rows in the grassy area
Borin et al (2010) Length-35n1 width-6m, dope- 1.8% vegetationtwo rows of trees 50 75
Watts and Torbert ) . )
(2009) VFS with various amount of gypsum (CagQnidth- 0.3048m 36
Mankinet al.(2007)  Natural succession grasses, widm, slpe-4.1%, 99.9 98.6
A strip of 5 m planted with native grass with three rows of American pli 99.7 93.4
width-10.6m,slope3.9% ' ’
A 5-m strip of natural succession grasses followed by three rows of 99.5 921
American plum spaced 1 by 2 mwidth-8.3m slope-4.2% ‘ ’
Bhattaraiet al (2009)  Filter strip: width14 m, length113 m, slopel.5%, \egetatiorgrass 70
Clauseret al (2000) Width-35m, length250m 92 73

Aroraet al. (2003)
Pattyet al (1997)

Width- 1.52 m wide, length20.12 m, vegetatiograss
Grassed strip, widt#0, 6, 12 or 18 m, slop&-15%,

*

*%

1-Upstream concentration (mean ), Turbidity in NTU, TSS (Total suspended solids), DO (Dissolved Oxygen), TN (Total Nitto@arial Phosphorous) in mg/l, E coli in
#/100mt 2- Downstream concentration (mean ), Turbidity in NTU, TSS (Total suspended solids), DO (Dissolved Oxygen), TN (Total Nitfa@enql Phosphorous) in mg/I,
E coli in #/100m] 3- Faecaloliform; VFS Vegetated filter strip*- Atrazine46.8% Metolachlor48.1%, Chlropyrifot76.9% removal; **Atrazine 72% removal
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The aricultural practiceof mixed cropping instead of monoculture, strip cropping, cover
cropping, crop rotations, cultivation of shrubs and herbs, contour cultivation, atiser
tillage, land levelling, use of improved variety of seeds, and horticulture increase the productivity
of the soil and also itability to slowly infiltrate water and protect source waters (Kleinragn
al., 2005; USEPA, 2001a, 2001b). These strategan limit fertilzer use and as a result reduce
the probability of nutrient contamination in surface water (Kleinretal, 2005). Therefore,
some effective agricultural practede.g., cover crop and crop rotation) along with some
parameter represeng soil properties such as dry bulk density and soil water conten¢feairio
proper agricultural management.

For point sources of pollution, wastewater treatment is required to reduce pollutant loads
which in addition to conventional pollution logachay also containheavy metals and complex
organic¢ inorganiccompounds. Numerous physichemical and biological treatment processes
have commonly been used for the treatment of industrial, commercial and residential
wastewates before they are dischamjénto receiving water bodies. Point sources of pollution

are not explicitly considered in thissearch

2.4 Watershed Models

Watershed models are used to predict a change in water quality based on specific land use,
soil properties, precipitation fiarns, vegetation type and related environmental factors. Many
watershed models are available that use complex mathematical mass balance equations. One
example isthe universal soil loss equation (USLEBiGgner et al, 2001 Bjorneberg 1999
Chenet al, 2003 Irvine et al, 1993 Ovbiebo and She, 199Roesneeet al.,1988 Williams et
al., 1983 Younget al.,1987).

The USLE determines the pollutant load in terms of erosion in ton/ha/year and depends on
rainfall patterns, type of soil, crop typed land management practic¥gigchmeier and Smith,

1978. Based on these data, the rainfabsivity index, soil erodildity, topographical factor,

plant cover factor and erosion control factor can be determithecgalihogluet al, 2010. Each

of these factors and indices can be derived either from-lgokables orusing prescribed
mathematical equations that can be based on empirical relationships or simple mass. balance
The modified universal soil loss equation (MUSLE) includes additional faditaesrunoff

volume andpeak runoff rate that adasomplexity (Nooret al, 2010). These models are data
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demanding which makes their use very limited compared to the export coefficient (EC) approach
(discussed earlier in section 2.1).

The USEPATMDL (Total maximum daily load modetpolbox providesa platform for a
number of models such as Watershed Assessment Model (WAMView), Storm Water
Management Model (SWMM), Water Quality Model (QUAL2K) and Watershed
Characterization System (WC3he USEPA TMDIL:toolbox is complexanddealswith various
aspects of hydrolaog analysis water quality and fat& transport modellinUSEPA, 1992.

Table 2.7 provides a comparison @ommonly usednodels and tools. The modedsich as
BASINS, PBUCM, and STORM ardased a EC approach and found to be much simpler.
Some models such as DRAINMOD, GISPLM, GSSHA, KINEROS2 and WER/ limied

use indealing withwater quality issues. On thetherhandBASINS, HSPF, SWMM, TMDL
toolbox, WARMF, and WIinHSPF araseful for water quality assessmenflables?2.7 also
compaes selected modelmsed on their capability fredictimprovementn case ofour SWP
strategies includin@WM-pond (storm water management), VFS (vegetated filter strips), PCAP

(e.g., crop rotation, soil propersieand Fen (fencing).

2.5Water Quality Assessment

Quantitative assessment of water quality can be performed usini lassmeasure, called
water quality index (WQI) based on selected water quality parameters (WQE)WQI
formulation includeshe following three steps:

(1) selecting representativeater quality parameters
(2) converting norcommensurable WQP measurements antoonotonic quality scale to obtain
subindices (unitess measure), and

(3) aggregating suindices into aunit lessnumber index (VQI).

2.5.1 Selection of water quality parameters (WQP)

Generally various physiechemical and microbial parameters have been used for surface
water quality monitoring. Water quality can be compromised at the source due to point or non
point pollutionsources. To developWQI, the selection of water quality parameters depends on

the predefined use of water such as bathing, drinking, and agriculture.
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Table 2.7: Comparison of variougatershed models

Common models

Reference

Complexity level

Water quality issues

SWP strategies

Cfe’;ﬁgirém gg{l';‘:i'g;‘ P N M OM TS| SWMpond VFS/Veg. PCAP Fen
AGNPS Younget al. (1987 a a a a a a a
AnnAGNPS Bingneret al. (2007) a a a a a a a
BASINS Lahlouet al. (1998 a a a a a a a a a
DIAS/IDLMAS Sydelkoet al. (2000 a a
DRAINMOD Skaggq1980 a a g
DWSM Borahet al. (2002 a a a a a
EPIC Willi amset al. (1983 ] a a a a g a
GISPLM Walker (1997 a a a
GSSHA Downer and Ogde(2002 a a a g a
HSPF HSPF(1989 a a a a a a
KINEROS2 Woolhiseret al. (1990 a a a a a
LSPC USEPA(2002 a i 4 1 a a a
MUSIC Chiewand McMahor(1999 a a a
P8UCM PalmstromandWalker (1990 E a a a a a a
PCSWMM Irvine et al (1993 a a a a a a a a
SLAMM Pitt (1993 a a a a a a
STORM USACEHEC (1977 a a a a
SWAT Neitschet al. (2002 a a a a a a a
SWMM Roesneet al. (1988 a a a a a a a a
TMDL-Toolbox USEPA (992 a a a a a a a a a
WAMView Bottcher(1998 a a a a a a a a
WARMF Chenet al (2003 | a a a a &
WEPP Bjorneberg(1999 a a a
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Complexity level Water quality issues SWP strategies

Common models Reference

Export — Complex | o\ v oM TS | SwMpond VFS/Veg. PCAP  Fen
coefficient equatlon
WMS EMRL (1999 A & a a a a 3 e a

a Wetlands;P-Physical/ aesthetic issues:itrients; M Microbes; OMorganic matter; TStoxic substances; VF8egetated filter strip; Vegegetation; PCAPpollution
control by agricultural practice; Fdancing;

AGNPS Agricultural Nonpoint Source Pollution Model; AnnAGNP&nnualized Agricultural Nonpoint Source Pollution Model; BASHE®tter Assessment Science

Integrating Point and Nonpoint Sources; DIAS/IDLAM3ynamic Information Architecture System/Integrated Dynamic Landscape Analysis and Modeling System;

DRAINMOD- A hydrological model for poorly drained Soils; DWSRynamic Watershed Simation Model; EPICErosion Productivity Impact Calculator; GISPLIGIS-

Based Phosphorus Loading Model; GSSHKkidded Surface Subsurface Hydrologic Analysis; HS&rologic Simulation Program FORTRAN; KINEROSRinematic

Runoff and Erosion Model v2; LSRCoading Simulation Program in C++; MUSI®odel for Urban Storm water Improvement ConceptualizatiortE81- Program for

Predicting Polluting Pari cl e Passage through Pits, Puy&aswyst Storm Wdter Managdnsebt Modbl,sShAMEaurce lloadsgand Mo d e |
Management Model ; STORMstorage, Treatment, Overflow, Runoff Model; SWASoil and Water Assessment Tool; SWMBtorm Water Management Model; TMDL

toolbox Total Maximum Daily Loadtoolbox; WAMView- Watershed Assessment Model with an Arc View Interface; WARWEtershed Analysis Risk Management
Framework; WEPPWater Erosion Prediction Project; Win HSP&h Interactive Windows Interface to HSPF;
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For example for drinking, in addition to microbial indicators (ekgaecalcoliform, total
coliform, E coli and Cryptosporidiun), the aesthetic parameters color and turbidity, as well as
the nutrients and toxic substances anportant For recreational activities like swimming
special emphasis is given to the microbial indicators and less on other factors. In case of
agricultural use, generally the micrabindicators are not considered as important as heavy
metals and utrients. A flawed assessment of water quality for a specific usage can lead to
adverse consequendeserms of human health

Table 2.8 presents guidelines and standards for common water quality parameters
recommended by various agencies including®y USEPA, Heath Canada, European drinking
water standardNew Drinking Water Directive1998), Australian drinking water standard and
BC MOE (British Columbia Ministry of Environment) in terms of health and-health
(Primary and aesthetics) context. Tiemeommended threshold levels vary significantly for the
same parameter. It can also be noted that more than one water quality parameter is recommended
for a specific water quality characteristic, e.g., conductivity and total dissolved solids (TDS).
Howeve, the general rule is that water quality should be assessed using minimum number of
parameters by avoiding redundancy where possible without compromising on the assessment
accuracy It is generally recommended to use one or two WQP with respect to nai¢robi
aesthetics, organic substances, heavy metals, nutrients and toxic substances.

Kumar and Alappat (2009) provided a list of nine water quality parameters based on a
recanmendation by 142 water quality experts. This list includes: dissolved oxygen FR¢zgl
coliform (FC), five day biochemical oxygen demand (B@D nitrate nitrogen (N@N),
phosphates (P temperature (Temp), pH, total solids and turbidity. Howevesyyhenetals
and pesticides/ herbicides were not includgedhis list In this research, total suspended solids
(TSS) have been proposed instead of turbidity (commonly measured for drinking water after
treatment) as it has been more frequently used incukiater quality studies (Borda&i al,

2006; Jonnalagadda and Mhere, 2001; lebal, 2003; Ocampd®uqueet al, 2006). Based on
detailed literature revievihe proposed list may include TSS, Temp, TDS, total organic carbon
(TOC), BOD;, total coliform(TC), Faecalcoliform (FC), TN, TP, and lead (Pb). It is important

to note that other water quality parameters can be added (or removed) from this proposed list if
they arejustified based on data availability and water use. For example, if the soumreisvat

susceptible to a specific toxic substance, say a pesticide, tsdigld include that pollutant.
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Table 2.8: Water quality standards and guidelines recommended by various agencies

Parameters
(units)

WHO

USEPA

Health Canada Europe’

Australia

BC MOE®

HB

NHB

MCL 2

MCLG

MCL® MAC

AO

HB

AO

Guideline

Guide-Limit

Microorganism

Faecal coliform,
MPN/100 ml
Total coliform,
MPN/100 ml

0*

<1

O*

O*

O*

10**

20**

50**

Primary /physical
Dissolval Oxygen, %
pH

Turbidity, NTU
Temperature, °C

Total dissolved
solids, mg/l

Total suspended
solids, mg/l
Conducti vi

6.58.5

<5

1000

0.51

6.58.5

500

4758

6.585 6.59.5
<1 <1
015
050¢C

2,500

>85
6.58.5
5

< 400***

6.58.5

15
500

6.58.5

22

25

Nutrients

Total phosphorus,
mg/l
Nitrate- N, mg/l

Nitrite-N, mg/I
Ammonia, mg/l
Nitrate, mg/l
Nitrite, mg/I

10

15

10

10

10

10

50

0.01
10°

Organic matter
TOC, mgl/l
BODs , mg/l

0.05'

Heavy metals
Arsenic, mg/l
Lead, mg/l

Mercury, mg/l

0.01
0.01
0.001

0.05
0.015
0.002

0.01
0.01
0.001

0.03
0.05
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Chromium, mg/l 0.05 0.1 0.1 0.05 0 0.1

Cadmium, mg/l 0.003 0.005 0.01 0.005 0 0 0
Pesticides

Atrazine, mg/| 0.002 0.003 0 0.005 0

Simazine, mg/I 0.002 0.004 0 0.01 0

TCB, mg/l 0.02 0.07 0.07

Chlorpyrifos, mg/l 0.03 0.09

Each pesticides, mg/l 0

HB- Health based guideline

NHB- Non- health based guideline

MCL- Healthrelated standardsalled the Mximum Contaminant Levels (MC)avhich are the maximum permissible level of a contaminant in water delivered to users of a
public water system under the Safe Drinking Water Act

MCLG- Maximum Contaminant Level Goals (MCLGs) at levels whereman or anticipated adverse effects on health occur.

MAC- The maximum acceptable concentration

AO- Aesthetic objectives

TCB- Trichlorobenzene (1, 2, 4)

MPN/ 100m} Most probable number per 100 ml

*-Drinking water related

**_.CFU/100m} Colony forming unitper 100 ml

*** _ Electric conductivity unit

1- European drinking watestandard $8/83/EC)

2-  Primary MCL

3- Secondary MCL

4- USP 23Standad for purified water imposed by USEPA regulations for drinking water
5- Instead of nitrataitrogen the amount is for total nitrogen

6- Environmental standards
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2.52 Transformation into suindices

The units of water quality parameters are 4gommensurate. In addition, some parameters
positivelyimpacto wat er qual i tyd wher easwithwaterequaityFarr e ne g
exampleahigher value of DO is desirable and represents a good quality, wheleasy value
of TSS is desirable and represents a good quality. Therefore, before aggregation is performed, a
transformation (using appropriate functions) is requirecotovert the real values of each WQP
into a monotonic quality scale [0, 1], where 1 represents thestquality and Orepresentshe
worst quality. The transformed values of a water quality parameter are referred to-emieup
where each sulmdex | [0, 1] regardless of the original unitfwo types of functions are
required to convert the real WQP valnt subindex, e.g.quality (parameter representing good
water quality,e.g., DO) and pollaint (parameter representing bad water quadity., TSS)
parametersFigure2.4 shows WQP transformations basedtbese functionglenoted as sub

|ndeX|ncreas|ng and Su b ndexdecreasmgrespectlve|y

A
Y

Maximum
sub-index value

oOonHNKR - """ ====== - -

Sub-index Decreasing
Sub-index Increasing
(0, 0) >
(Threshold value, 0) X

Figure 2.4: Typical subindex transformations for wateuglity parameters

Numerousfunctionshave been proposed for transformation of real values intonsides
(Banerjee and Srivastava, 2009; Cude, 2@®A&amee and Tyagi, 20R0rigure 2.5 represents

the subindex functionsfor ten selectedwater qualiy parametersNormalization functions are

35



adaptedrom dfferent studiegdBanarjee and Srivastava, 20@pwn et al, 1970;Cude, 2001;

Liou et al, 2004; Ocampduqueet al, 2006)with little modification However a simple linear
subindexeceasingfunction can be used for any additional WQP representing pollutants in source
water which is stated below:

SUb-IndeX Decreasin& l‘ - (21)

where

30AET AA@ = Subindex valueof WQPI [0-1]
X =WQP concentratigrmg/I

TV = Threshold value, mg/l

It should be noted thahe subindex value can be different depending onittiended use of
water. For example, the sifdex value of FCshould be different for drinkingvater quality
from source water qualitf the issue iother than drinkingFigure2.5).

2.5.3 Aggregation formulations

After transformation, the final step @ aggregation of suindices. There aréour common
types of aggregtion formulations that includedditive, multiplicative, logical or based on water
guality guidelinesA few common formulations used for developing water quality indices are
provided in Appendix D These includeNational Sanitation Foundah (NSFWQI), Oregon
(O-WQlI), P-W WQI (Pesce and Wunderlin, 2000), Central Pollution Control Board (EPCB
WQI) (Sarkar and Abbasi, 2006), River Pollution Index (RPI) (L&tual., 2004), Universal
water quality index (WWVQI) (Boyacioglu, 2007), SWQI (Sad et al.,2004), Simplified Water
Quality Index (ISQA), CCMEWQI (Canadian Council of Ministers of the Environment Water
Quality Indexy and ST WQI (Swameend Tyagi, 2000).

Aggregation formulations commonly encounter problems as a result of tinectibs of data.
This includes ambiguity, eclipsing, compensation and rigidity. For examplghted arithmetic
meanhas areclipsingproblem (i.e., one or more stfdices show poor quality but the overall
index does not reflect it), whereesot sum pwer additionsuffers from arambiguity problem
(i.e., all subindices show acceptable quality but the overall index shows unacceptable quality).
Minimum andmaximumoperators are free frommbiguityandeclipsing but they fail to reflect

the change in angubindex other than the lowest (or highest)-sutex value in the group.
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Subindex

Subindex

Subindex

Figure 2.5: Subindex functions for selected water quality paramefewatinued next page
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Rickwood and Carr, 2009Yhe values of index that may range from 0 to 100 aredstitied
into five water quality categories (excellent, good, fair, marginal, and poor). Recently,eKhan
al. (2004) suggested including vedy goodc at egory to match Wi th ex
compensatiomproperty helps to account for the contribution of all-subces, i.e., WQI should
not be biased toward extremes (i.e., highest or lowesinsi@x value)This property contradicts
the situation whereambiguityfree and eclipsingfree models @& desired. For example,
maximum (or minimum) operators areskewed to the extremesd show poor properties with
respect to compensation. As a result, there is a-tHdeetweenambiguity (and eclipsing and
compensationSwamee and Tyagi (200@yroposeda model which minimizes ambiguity and
eclipsing but suffers rigidity. Recently, Swamee and Tyagi (2007) have improved their
formulation which minimizes ambiguity, eclipsing as well as rigidity. Sadigl. (2010) have
developed penalty functions tteal with these issues iaggregation formulationslable 2.9
provides a qualitative comparison of various WQI formulations based on their capacity to deal
with various aggregation issues

Common watershed and water quality assessment models d@xpbeitly consider
i nterconnection or i nterdependencies among t
gualitative concept, which cannbe effectively handled througthe mathematical formulations
provided in Appendix D. Various advanced statistical/ mahtical methods, soft computing
and artificial intelligence techniques (e.g., fuzzy +oésed, neurahetwork) have been
effectively used for developing indice€Hanget al, 2001;Juahiret al, 2010; Icaga, 2007;
OcampeDuque et al, 2006). In this stdy, we focus on softomputing methods which are

briefly discussed in the following section.

2.6 Soft Computing Methods

Source water protection is a complex problem that requires an integration of watershed
modelling with water quality assessmentgite 2.6 was developed on the basis of the
conceptual framework highlighting the impacts on water quality in the surface source and
relating it to the selected SWP strategies. Numerous interconnections among water quality
parameters and SWP strategies lbardescribed through quantitative or qualitative relationships.
Softcomputing methodsare a good candidate to describe these interconnections and

dependencies.
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Table 2.9: Common issues in formulations faater quality indice¢Sadiget al, 2010)

Water Quality -+

Unsuitable for

Unable to handle

3

Lack of handling

Lack of handling

Index (WQI)* ATHE i T AT THE T i Hi T differeun;ewater missing data oty Interconnection Redundancy
NSFWQI H Nil H M H Nil H H
O-wWaQl Nil H M M H H H H
P-W WQI L Nil H H H M H H
CPCBWQI H Nil H H H M H H
RPI M Nil M M H M H H
U-WaQl H Nil M L H M H H
SWaQI Nil Nil H M H Nil H H
ISQA M Nil H H H L H H
CCME-WQI M Nil Nil Nil Nil M H H
STWQI Nil Nil Nil L H H H H

*definitions are described in the text

a Discussed in section 2.5.3

L-Low; M- Medium; H High level presence of that particular problem

3 Complexity in terms of using complex equations
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Figure 2.6: Source water ptection strategies and water quality assessment

Soft computing techniques consist of an array of heuristic approaches, such as fuzzy logic,
evidential reasoning, and artificial neural networks (ANN). Thesbniquesoffer innovative
solution for conplex and uncertain problems.

The ANN is a mathematical technique mainly used in data intensive conditions and has been
used in many applications related to water quality management (e.g.,eluahi2010; Kuoaet
al., 2007; Rankovieet al, 2010;Singhet al, 2009). The main concept behind ANN is to ase
number of input variables and determine their weights through hidden layers to pinedict
response of the system. For example, Géteal. (2010) used back propagation ANN to predict
downstreamnotal phosphorous, total nitrogen and dissolved oxygen based on monthly river flow,
temperature, flow travel time, rainfall, upstream total nitrogen and total phosphorous. Generally,
the ANN performs better than multiple regression analysis in handlingimear response
(Juahiret al.,2010).

Other softcomputing methods such as evidential reasoning (ER), rough set theory, ordered
weighted averaging (OWA) have also been used for watity management. Vildential
reasoning can handle both alegt@matural stochasticity) and epistemic (ignorance) uncertainty.
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Commonly, aleatory uncertainty is dealt witking traditional probability theory, whereas the
epistemic uncertainties using Bayesian approach. There is no reported study related to water
guality assessment using evidential reasoning approach. However, the evidential reasoning
approachwas used for predicting water quality failure in distribution networks (Setig.,

2006).

Fuzzybased methods are found to be very effective in limpadomplex environmental
problems $ubbaracet al., 2004; Jaramillcet al, 2009). These methods help to transform the
natural language into quantitative values and have been used in developing water quality indices
(Changet al, 2001;lcaga, 2007 QOcanpo-Duqueet al, 2006) andvater management.ipu et
al., 2003; Spinellaet al, 2008; Hajkowicz and Collins, 200Lj et al, 2009. Fuzzy synthetic
evaluation (FSE) (Francisquet al, 2009; Changet al, 2001; Dahiyaet al, 2007) and fuzzy
clustering aalysis (FCA) Kung et al, 1992) have been used extensively in water quality
management. In addition, the fuzzy inference system (FIS), e.g., Mamdani, and Takagi, Sugeno
and Kang (TSK) algorithms, is also becoming popular in describing water quality @taga,

2007; Lermontowet al, 2009; Ocamp®uqueet al, 2006) because of its capabilities such as
easy interpretability and improved capability to represent eefiget relationships and
dependencies.

Table 2.10was developed t@ompare commonao$t computing methods suchs ANN,
evidential reasoning,dyesian network, rough set, and fuzmgsed approach in the context of
water quality assessmenthis comparison is based dhe following criteria: simplicity,
interpretability, vagueness, randorsagcausality and redundan&implicity refers to less use
of complex equations or less number of data set requirements for quetitly assessment
Interpretabilitymeans expert can interpret certain output (e.g., WQI) based on different parameter
values. Redundancy means the ability to address certain parameter redundancy inside the
assessment formulation®K exampleFaecalcoliform is a subset of total coliformshmong the
soft computing expertshére is a general consensus that fdzaged techniges are the most
versatile and flexibleTable 2.11 summarizes advantages and disadvantages ofbiasay
modelsconsidering different studie€hanget al, 2001;Hajkowicz and Collins, 2007caga,

2007; Jaramilloet al, 2009 Li et al, 2009 Liou et al., 2003; OcampeDuque et al, 2006
Spinellaet al, 2008;Subbaracet al.,2004).

42



Table 2.10: A comparison of aft computing methodfor water quality assessment

As_se_ssment ANN Fuzzysets Evidentjal Bayesian Rough sets
criteria reasoning network

Simplicity L H M M M
Interpretability Nil H M H H
Vagueness Nil H M M H
Randomness Nil L H H M
Cause & effect H H H H M
Redundancy Nil H Nil Nil Nil

ANN- artificial neural network; LLow; M- medium; H High

The relative scale represents efficiency and effectiveness of soft computing methods to deal with different water
quality assessment issues.

Table 2.11: Advantages and disadvantages of fubaged methods

Advantages Disadvantages

Not free of eclipsing but can be handled
with trial and error process

1 Easy interpretable by natural language l

Cannot incorporate guideline values for

1 Can handle complex and vague situation l .
water quality parameters

1 Suffer rigidity to some extent (careful

1 Can incorporatexperts opinion with hard ) )
selection of parameter can reduce it)

data
1 Easy to manipulate or can be biased due

1 Can describe a large number of nonlinear L
human subjectivity

relationships through simple rules
1 Provides a transparent mathematical mod

9 Able to account interconnection (irnter
dependencies) among parameters

1 Capable to handle missing data without
influencing the final WQI value

1 Free of ambiguity and can represent
different water quality usage if aneters
are selected carefully

This research, focussed on two fuzmsed methods; fuzayle-based model (FRBM) and

fuzzy measures theorem (FMT). FRBM is an inferencing method, whereas measures

theorem (FMT) is a mukHcriteria decisiormaking technique that considers redundancy and
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interconnections among aggregating fact@ageno, 1974 The details of these methods are

given below.

2.6.1 Fuzzyule-basednodel (FRBM)

Zadeh (1965) first introduceduzzy sets in his pioneering paperheve he argued that
probability is an insufficient form to represent uncertainty because it lacked the ability to model
human conceptuaations of the real world. Uzzy-based techniques introduce robustness into
systems by allowing a certain amount of megision to exist that paved a way to represent
human linguistic terms as fuzzy sets, hedges, predicates and quantifiers. Fuzzy logic has played
an important role in the management of uncertainties, especially in the areas of expert systems
and rulebasedmodels (Ross, 2004). During the last four decades the practical results of fuzzy
systems have led to their general acceptance in various engineering disciplines.

Fuzzy Logic is applicable to a problem if an approximate solution is acceptable. Alttieug
input may be crisp, the approximation of the outcome is dependent upon the accuracy of the rule
set, the inference technique and the selection of membership functions. Contrary to classical set
t heory where el ements of rahip,sfuzdy setsallow to aefie 6 0 6
membership in an interval of [0, 1]. Fuzhgsed techniques are applicable where input based on
human expertise, judgment, and intuitions are required. Hoaggd techniques have been
successfully applied to a large numbéreal world problems, and have gained acceptance in the
design and control of a variety of systems (Kosko, 1994; Yager and Filev, 1994).

A typical fuzzy rulebased system has four components: fuzzifier;lpakse, inference engine,
and defuzzifie. The fuzzifier determines the degree of membership of a crisp input in a fuzzy set
through functions known as membership functions. The-bage represents the fuzzy
relationships between input and output fuzzy variables. The output of tHeasdasdetermined
based on the degree of membership specified by the fuzzifier. The inference engine uses
membership functions to determine conclusions of rules. Optionally, if needed, a defuzzifier
converts fuzzy outputs into crisp valuesitte case of multipé inputs, fuzzy ruldased models
face 6di mensionalityé issues, which can be o
reduce the number of ruléBhe most popular fuzzy ruleased systems include Mamdani (1977)
and TakagiSugeneKang (TSK) (Takag and Sugenal985). The main difference between these
two models is the consequent part of fuzzy rules. The Mamdani model describes the consequent
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part using linguistic variables, while the TSK model uses the linear combination of the input
variables. Bdt models use linguistic variables to describe the antecedent part of fuzzy rules.

In FRBM, relationships between variables are represented by means oifftieayrules of the

form If antecedent propositidchenconsequent propositioithe antecedent pposition is always

a fuzzy pr op o sXiigA dehereXid a linghigic varialjeeandois a linguistic
constant ter m. T-vakie (@r rmerpbership tvalue)nvihih id a rneal humber
between zero and 1, depends on the degree ofasityjibetweenX andA. This linguistic model
(Mamdani, 1977) has the capacity to capture qualitative and imprecise/uncertain knowledge in

the form ofif-thenrules such as

Ri: If Xis Ai thenYis B; i=1, 2L; é,j=1, 2N é (2.2)

where,R; is the rule numbeir, X is the input (antecedent) linguistic (fuzzy) variable Ang a
fuzzy subset, which corresponds to an antecedent linguistic constant (dnenoset A).
Similarly, Y is the output (corexjuent) linguistic (fuzzy) variable amgjis a fuzzy subset, which
corresponds to a consequent linguistic constant (ohkiroketB). A fuzzy rule can be regarded
as a fuzzy relation, i.e., simultaneous occurrence of vXlaes! Y.

For example, Equain 2.2 can be applied as follows,
R: If slope level isnediumthen VFS efficiency idow

where X denotes levels of slopéy denotes a fuzzy linguistic constant (a fuzzy subset)
mediumover the universe of discourse of slope levels (&g, medium high), Y denotes VFS
efficiency, B denotes a fuzzy linguistic constant (or a fuzzy subket) in the universe of
discourse of VFS efficiency, and rulRglefines their fuzzy relationship:

Things become a little more involved whi¥ns not exactly equab mediumbut rather has a
membership of, sayz,(x) = 0.5 tolow and /772,(x) = 0.5 tomedium It is clear that since the
slope is less thamediumVFS efficiency will likely be less thatow. The full relationship
betweenX andY according to rule can k& computed in two basic ways, either by using fuzzy
implications or fuzzy conjunctions (Mamdani, 1977). In the proposed approach, the Mamdani
method is used, in which conjunctign@ B is computed by aninimum(and typet-norm or

conjunctive) operator. Thenterpretation of conjunctiolA @Bi s 61 t iAsandBr ue t h
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simultaneously holdé. The relationship is sym
a fuzzy relation denoted B (X3 Y) - [O, 1].

. (2.3)
R =Ai °Bji.e.,m (X, y) =m (X) Qn@j (y)
Theminimumoperator of Equatior?( 3) is applied to the Cartesian product spack ahdY,
i.e., for all possible pairs ok andY. The union of all fuzzy relation® comprises the enmg
model and is given by the disjunctiéJ B (union, maximum or type,s-norm) operator of the

individual relations (ruledR (i=1,€ ,L):

L
R=8R, ie, m(xy)= max |m, () @rm, () (2.4)
i=1 i=12,...
Remembering that eachlagonshipR; is symmetric and can be inverted, the entire-geleis

now encoded in the fuzzy relation (rule) RetEquation 2. 4) can be restated as
y=Xx0R (2.5)

where the output of the linguistmodel is computed by applying thexmin composition
(denoted by the operator 606) to MWseaninputput or
fuzzy number (or a singletonyvhich is mapped on s&%, andB Gs an output fuzzy number

which is maped on a sdB, such that:

m(y) = max{m.() B (x,y)] (26)

Substitutingm (x, y)from Equation 2. 6), the above expression can be rearranged as
_ A 0

m(y) = :rlszé}?_(Lé%f@X[ﬂk(X) @ m, (0 @m (8 (27)

Defining b, = mxax{nk(x) am, (x)] as the degree of fulfillment of the antecedent ofi itie

rule, the output fuzzy set of the linguistic model becomes
m(y)= max b @m . (y)2 (2 8)
i=1,2,...L€ BJ H
The above algorithm is calletheé Mamdani inference. It is developed in Equati@ns
through 2. 8 for a SISO (Singleinputsingleoutpu) model. It can be extended to MISO

(Multiple-inputssingleoutpu) model. For example, a twiaput model will be:

46



i=1,2 &,
Rj: If X1 is Aand %isG then y is B j=1,2, o, (2.9
k=1,2 &,
This model is a special cas€SISO, where the antecedent proposition is obtained as the

Cartesian product of fuzzy séasandC, hence the degree of fulfillment is given by:

., = fma{m, (x)@m(x ]QmaX[ﬂz ,)om.(x )]y (2.10)

The extension of MISO t& antecedents is straightforward. The algantltan also be
extended to multiple outputs (MIMO) model, which is a set of MISO models. Other conjunctive
operators such ggoductcan also be used (Yagand Filev, 199%to make inferences.

Consider an effect node B, which is connected by two taosaepts A and C. A graphical

representation of the causal relationships is show#igure 2.7

= °

Figure 2.7: Two causal concepts connecting to an effect concept

The AND action represents that b&tand C are simultaneously required for B to ocdie
details of this twanput MISO model are graphically shownkigure 2.8 The process is shown
in three distinct steps, namely, fuzzification, inference (a rule base and an inference engine) and
defwzzification. Assume that causal concepts A and C are activated at leyets 6f4 andC &
0.6, respectively. The rule set consists of 6 rulésZBand input activation signalé (pand C P
fire the first 4 rules to determine outitdvhich is defned over the universe of discoudserhe

defuzzification step provides a discrete (crisp) value of an output of BB ice.,
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Step 1: Fuzzification

Step 2: Inference

A Az As C C B; B, Bs B4
07 / / A /\ /
06| -\ S \ / \
>< by b
0.4 >
0.3 > / Ao --- /-0 y
\ \ by by
Y
If X1 and X2 Then:
Y
Rule-base R;,):
Antecedent1 #A;i= 1 L;&73
Antecedent2 €;; j= 1 MM =2
Consequent B;k= 1 N:&N=4 B o6
Total number of rules =82=6 Step 3: Defuzzification
Rulel Ry;:If Avand Gthen B
Rule2 Ry,:If Aand Gthen B / Defuzzified value
Rule3 Ryi:lIf Asand GthenB — @
Rule4 Rp.:If Aand Gy then B
Rule5 Rs;:If Asand Gthen B Yo Def \;IB °
Rule6 Rsz:If Asand Gthen B efuz.(Bp
1 X, has support (membership >0)AnandA,, andx, has support itt; andC,, consequently only

= =4 =4 =

the first 4 rules are 6firedd (or

Rule 11/711(X1) =0.3, :n@l(xl) =04 Y b1=03004=03Y ngl(y) =0.3
Rule 2:1,(x1) = 0.3 , 1/ (x:) = 0.6 Y b£,=03006=03Y m,(y)=0.3
Rule 3:m,(x) = 0.7, 1 (x1) = 0.4 Y 5.:=07004=04Y m,(y) = 0.4

Rule 4:m,(x1) = 0.7, 1 (%) = 0.6 Y b,,=0.700.6=0.6Y rm(y)=0.6

Use center or area method to calculate the defuzzified value,

3 _ &.nfy).ydyd
DefuzBij) =
efudB) = )y 8

Defuz.(B p= 0.54

Figure 2.8: Fuzzy rulebased modeinaking inference usingpwo 6

activated) .

causal factor so
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The crisp value approximates the deterministic characteristics of the fuzzy reasoning process

based on the output fuzzy sag (y), which helps convert the uncertainty into an applicable

action when solving reaborld problems. Ta defuzzification method described kigure 2.8
uses center of area meth@campeDuqueet al, 2009.

2.6.2 Fuzzy measures theorem (FMT)

A significant aspect of aggregation in mdtiteria decision analysis is the assignment of
weights to the dierent criteria. Until recently, the most often used weighted aggregation
operators were averaging operators, such as the-lquesi means. However, the weighted
arithmetic means and, more generally, the gliasar means have limitations. None of thes
operators are able to model interaction between factors (concepts) in some comprehensible
manner, which makes them unsuitable when it is important to consider interaction between
concepts.

Sugeno (1974) first introduced the tefozzy measureHowever, this term referred to a
notion that was first introduced by Choquet (1953) and narapdcity Over the years the same
notion has been used by many different names, such as confidence measure (Dubois and Prade,
1980), noradditive probability (Schmdler, 1986, 1989), and weighting function (Tversky and
Kahneman, 1992). Complex interactions between factors (i.e.asdbsuperadditive) are best
introduced by assigning a naaditive set function that permits the definition of weights to a
subset otriteria rather than to an individual criterion. It is now widely accepted that additivity is
not suitable as a required property of set functions in many real situations, due to lack of
additivity in many facets of human reasoning (Ross, 2004).

Sugeno (1974) proposed to replace thdditivity property by a weaker oriemonotonicityi
and called these neadditive monotonic measures fagzy measuredt is important to note
however, that fuzzy measures are not related to fuzzy sets (Sugeno, 1974).dcrete
universal seK = {x1, X, &}, a fuzzy measure is a set function, such ghd2" 7 2)- [0, 1]

satisfying the following conditions (wheras the cardinality of a set)

i () =0, u(X) = 1, (wheref is a null subset)
 SI TY (S ¢ u(T). (monotonicity)
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For anyS1 X, u(S can be viewed as the weight or strength of the combin&ifam the
particular decision problem under consideration. Thus, in addition to the usual weights on
criteria taken separately, weights on any combinatofncriteria can also be defined.
Monotonicity means that adding a new element to a combination cannot decrease its importance
(Marichal, 1999). For exampl&={x;} and T = {x4, X} are the(sub)sets ofX={x, X, X3}. The
corresponding fuzzy measuresg.,i ({x1}) = 0.5andpu({x1, x2}) = 0.7 fulfill the monotonicity
condition.The fuzzy measurg ({ X1, X2, X3}) of a universal discrete s&t (or sample space) will
always bel.

The assessment of fuzzy measures by human experts is a dauntingnizskhs non
additivity property of a fuzzy measure require8 $2) subsets. Sugeno (1974) proposed-a so
called a-fuzzy measure, which identifies the fuzzy measure of combined attributes from single

attributes, expressed as

mAK B) = mA) + m(B) + am(A) m(B); (&> #1) (2.11)
The parametesis used to desibe an interaction between factors that are combined.
According to the value & the above equation can be interpreted as
If & Orthenm(AK B)> m(A) + m(B) (superadditive),
if =0, thenm(AK B) = m(A) + m(B) (additive), and
if & Osthenm(AK B) < m(A) + m(B) (sub additive).

For & 6, the supendditive relationship arises, which implies a synergy effect or
strengthening dependency between factors, meaning that the combined contribution oAfactors
and B is greater than the suof their contributions. Foe- G the subadditive relationship
arises, which implies a redundancy condition or dependency between factors, meaning that the
combined contribution of facto’s andB is lower than the sum of their contributionsaif O,
Equation(2.1]) reduces to an additive measure, meaning that each factor acts independently.
S u g e afaz@ysmeasure can be generalizedXor {x;, %,  én} as folbows:

n({x1 X,,3 X })—— 1+/ n({x 1g /!, (2.12)

The value obdis obtained through the bouwemy condition/(X) = 1, which yields a

polynomial equation with respect#ogiven by
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1+/ =0 (+/ ml{x}) (2.13)

As Sugeno (1974) has shown, there existsauragwen i c h i s ¢lroe atnedr ntohta re g

to zero, satisfying Equatiq2. 13. The fuzzy measure over the givenS#t X is computed as

e)= 260 i+ rl{x})-

éxis

Es

(2.14)

AN
s

c

One possible meaning of a fuzzy measure can be defined &sv/éhef importancer the
degree of beliedf a single factor towards the overall evaluatiothef system..

Sugeno (197¢ also introduced the idea dtizzy integralsto develop tools capable of
integrating all values of a function in terms of the underlying fuzzy measpuréi integral for
fuzzy measures in a sense represents an aggregaeoatar, which contrary to the weighted
arithmetic means, describes interactions between factors ranging from redundancy (negative
interaction, i.e., suladditive) to synergy (positive interaction, i.e., supéditive). Several
classes of fuzzy integraksxist, among which the most representatives are those suggested by
Choquet and Sugeno (Marichal, 1999).

The Choquet integrdl, £X), first proposed by Schmeidler (1986) and later by Murofushi and
Sugeno (1989, 1991), is based on an idea introducedpacity theory by Choquet (1953).
C4X) is an aggregation operator, where the integrand is a setabfiesX = {x;, %, ,%}. The

Choquet integral of a functionwith respect tqu is defined by

Cm(X):él[X(i) = X |17 X 3 X)) (2.15)

wherexy2 Xz) 2 7 2 xp represent the order &f (also called utility values in utility theory) in
setXin descending order. The valugs» , X, in our case can be replaced by activation values of

causal nodes. Therefore, the Choquet integral canwatten to makanference as

A zél[pm - 'A’(iﬂ)]ﬂ”({'%"b\(z)?’ A(i)) (2.16)
where nﬁ{Am,A(z)S Am) are fuzzy measures similar to causal weightg.(Interested readers

should refer to Grabisch (1996) for details.
In theEquation @. 16), A is the activation level in cas€WQP subindex to determine water

quality groups and water quality parameter group WQI to determine overall WQI.
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We use an example for describing the inference procedure in FMT forc@fidering only
FC, and TC suiindex. Figure 2.%hows how theactivation values (sulmdex) from FC and TC
feed into an effect node for WQI. Therefore, the sample space for WQI = {FC, TC}. The power
set2”®requires defining 4 fuzzy measures as giveRigure 2.9 where¥BYis the cardinality
of sample space, whidk 2. The fuzzy measures here are derived arbitrarily based on semantics
(expert judgment). However, alternative objective methods based orediatay measurend
heuristics can be used to derive these measures (Grabisch, 1996).

Lattice representsn of the power set of B is also shownFigure 2.9 It can be noticed in
our example that the fuzzy measures areaiditive, becausen({FC}) + m({TC}) 2 m({FC,
TC}). It shows that redundancy exist in the causal nodes./B§EC}) and m({TC}) ¢ m({FC,
TC}), which represents the monotonicity of the fuzzy measures. Therefore, under these
conditions WQI is activated at a level of 0.46.

Fuzzy measures m Lattice representation for the power set B
1) 0.0 WQI= {FC, TC}
m({FC}) 0.5 /\
m({TC}) 0.3 {FC} ye!
m(Microbial WQI)= m({FC, TC}) 1.0 v

f

The activation values for FC and TC are 0.4 and 0.6, respectively, i.e.,

Apy= F€RC, =04 Ay =T CHTC,=0.6

Re-ordering is required to use Choquet integral. The activation values in descendin@oeders
A=0.6 Ap=0.4 (where parenthesis shows the ordinal position)
Using EquationZ. 16), the activation value for WQI can be determined as follows

Away = WQ I =0Aqrey - Agrepl * mM{TCY) + [Agrey 1* m({FC, TC})

B & [0.61 0.4]% 0.3 +[0.4]* 1 =0.06 + 0.4 9.46

Figure 2.9: Fuzzy measurestheamma ki ng i nf erence using two 6c¢c
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3. MODEL DEVELOPMENT

3.1 Conceptual Framework

A conceptuaframeworkis proposedn Figure3.1thatcan link selecteWPstrategiedo the
improvement in drinking water qualigescribed byVQI. The conceptuaframeworkhasthree
components:

1) Reduced pollutant loacalculationdbased on selected SWP strategies
2) Estimation of pollutant concentration in the source
3) Estimation of water quality index

The first two components of the model are related to pollutant load assessraegiven

watershed. Third component of the conceptual model is related to watiy @ssessment in the

source water. The proposdmeworkinvolves six stepsas shown irFigure3.1

3.1.1Reduced pollutant load calculations

To determine the reduction in pollutant Iahé following two steps are performed

1 The first step inglves estimabn of potentialland useand pollutantsproducedusing
the export coefficient approach fa predefined land use. lihe case of pasture and
livestock land use, the numbers of animes used to estimate the pollutémad for
each water quiy parameter.

1 The second step involves estimating the percergagellutantreductionbased orthe
efficiency of selected SWP strategies. Storm water management (SWM), vegetated
filter strip (VFS), fencing, pollution control by agricultural practiceC&P), and
wastewater treatment (WWTQptions are used in the proposed model. For each
selectedSWP strategy, thparameters described in Chaptear2used to estimate the
removal efficiency of apgecific pollutant

3.1.2Estimation of pollutant concentran in the source

This component of the proposed model is describestep 3 whichestimateghe pollutant

(water quality parameter) concentration usagiass balance over a pdefined time period.
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To avoid complexity related to mixing, time period, reactions and other phgiserical
processesoccurring in the source water, a simple stesiyad mass balance approach is

recommended irhts study.

3.1.3Estimation of water quality index (WQI)

Component 3 of the proposed model is related to water quality assessment that involves three
steps (Figure 3.1). Step 4 transforms previously calculated concentrations of WQP (step 3) into
unitless sukindices. In step 5, the water quality parameters are classifiefive water quality
groups:

(1) Primary or aesthetitWQI
(2) NutrientWQI

(3) Microbial TWQI

(4) OrganiecWQI and

(5) Toxic substancegvQl.

Each water quality group may include one or moreewgtiality parameters. For example,
the PrimaryWQI includes total suspended solids, TDS, and temperature; Nudviemt
includes total phosphorous, total nitrogen; MicroM&DI includes faecal coliform and total
coliform; OrganieWQI includes BODR and toal organic carbon; and finally Toxic substance
WQI may include substances such as heavy metals (e.g., lead) and other user defined
substances. Finally, the overall WQI can be derived using these five water quality groups in step
6. The value of WQI is inie rangd [0 to 100], where O refers to theorstand 100 refers to
the bestquality water. Based on these values, we define six qualitative levels of water quality:
poor (340), marginal (4360), fair (6270), good (73180), very good (8B0) and excellent (91
100) water quality. Moreovethe WQI for five water quality grogran also belassified using

these levels.

3.1 Pollutant Loads based orLand Use

Proposed model can account famaximumof 14 water quality parameters (10 fixed and
four userdefined toxc subsances). The model recommengsing at least one water quality
parameter in each water quality group that includes TSS (Aestidiicand TP (nutrient)FC
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and TC f(nicrobial), BOD (organic) and Pb (toxic substance$he eport coefficient (EC)
concept isusedto estimate the concentration of selected water quality parameters for different
land use (except livestock and pastucejepresent the pollutant$ the information for EC of a
specific water quality parameter is not availalilee averag@ seasonal concentrat®rare
recommended.The fllowing phases describe the detailed procedure to estimate the

concentration of a selected water quality parameter tisetgC concept:

Phase 1:Define the area boundary (watershed or-walershed) thatontributes to source
water.

Phase 2: Divide the total land area into a number of segments based on land use

Phase 3:Calculate the area for different land uses such as agriculture, farming (livestock),
pasture/forage, ban, and forests. In case wfan (developed) land, define the ron
point (e.g. highway/roads) and point pollution sources (e.g., commercial, residential)

Phase 4:Collect information for monthly and/ or yearly precipitation for the selected region to
estimate the flow rates

Phase5: Collecta soil variability map for the watershed that help determining the percentage of
the precipitatiorthatbecomes the direct runoff (a portion of the rain will be infiltrated
and will not become the part of runoff). The portion of precipitatiat ttecomes
direct runoff can be calculated usiagunoff coefficient (k)i [0-1], a concept similar
to the Rational method where higher value means more impervious area and vice
versa For example, k 80% for concrete anki= 30% for forests MartinezMartinez
and Campo#\randa, 2011

Phase 6:Use the USEPA (2001i) formulation for EC approach to obtain EMC for a particular
pollutant Here, the formulation to estimate water quality parametercentration
(mg/l) was developed withhe ECformula (USEPA2001i) combinedwith runoff

formulationas follows

B

C=R—— (3.1

where
C = Pollutant concentration [mg/l] (for coliform CFU/ I)

i = Order of land use type
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%#= Export coefficient for'f number land usgKg/ha/yr] or [Kg/ha/month]

I = Area of the' land use [ha]

k = Runoff coefficient representing amount of precipitation after infiltration (unit less) depending
on the land use and land cover [%]

P = yearly/ monthly total precipitation [mm]

R= conver®n factor (100)

Equation 8.1) can be used for both monthly/ yearly data depending on the precipitation and
export coefficient.Table 2.1 shows a high variability in the EC values for same land use.
Therefore, a careful expert judgement is requi@delect an appropriate value of EC for a
specific land useThe USEPA (2001iproposed typical EC values for different landu§€able
2.2) and also corresponding pollutant concentratioria case of missingnformation, other
studieshave beertonsideed to assumeespectedEC values (Tabl&.1). It should be noted that
the land use EC values can be user defined anbdecaplacel if the sitespecific values become
available.

For microbial indicators (FC and TC), the average concentration fiarethit land use has
been used, e.g., for FC, the event mean concentration (EMC) can be used (USEPA, 2001i;
Mishraet al, 2008). To calculate theumbersof total coliforms from sources like agriculture,
urban type 1 and forest land use, a multiplier -&f @mes ofFaecalcoliform concentration are
recommendedAs the precipitation patterns can vary significantly in the reported studies, the
monthly precipitation rati@an beused to convert monthly concentration from the reported data
to the monthly conagration of a particular area.

In case of manure load, the ASAE (2003) approach can be usddulatamonthly or yearly
load in terms of kg/month or kg/year. Appendix E provides general statistics for total generated
manure in terms of differentapameters, e.g., total solids, TN, TP, BOBC, TC and Pbln
addition, the average weighof different livestock have also been reporidte pollutant loads
generated from manure are described in kg/(1000 kg body waaghtAppendix Epresents the
amount of pollutants in fresh manure which usually contain®3® water for nospoultry
based livestock and 7% for poultry based livestock (Ohio Livestock Manure Management
Guide, 2006).
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Table 3.1: Typicd EC (kg/ha/yr) fromUSEPA (2001i)

Land use type TSS TN TP BODs Pb
Agriculture 2242 17.6 1.1 18 ™ot
(crop land)

Forests ¢ v c®® ®e o °
Urban type 1 1100 7 2.8 98 Q
(Highway/
roads)
Urban type 2 660 11 2.3 60.50 *
Commercial
Urban type 2 390 8 2.2 47 *
Residential
Urban type 2 780 11 5.4 525 *
Industrial

a Elrashidi, 2007

b- USEPA 1976

c- Badar and Romsho@008

d- USEPA (2001i) assumed no Pb for forests

e Monthly concentration used from Bollet al. (2007); for yearly analysis average 0.03 mg/l has been assumed
*  Unavailable and can be replaced by expert judgment

Therefore, the agption for estimating concentration for pasture or forage land use generation

was developed with ASAE (2003) formulation combined with runoff equaisdoilows:

# =322 (3.2

where

# = Concentration of WQP [mg/l]

m= Order of livestock type fromh

" 7 = Average body weight of particular livestock [kg] (Appendix E)

" 71 0= Generated WQP in tesnof mass for specific livestock type [kg/(1000 kg
BW.day)]
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- - &= Moisture multiplying factor 12%~8% for nonpoultry based anéd7%~25% for poultry
based livestock)

Iy = pasture/ livestock land area [ha]

ND = number of days (for monthly or yearlyriation)

S = multiplication factor (100)

3.2 ReducedPollutant Loads

The SWP strategies shownstep2 (Figure3.1) depends omrea distribution ofand use. A
watershed or part of watershed can be divided into three zones (Bigumone 1 is genelig a
sourcethat generates point or nqoint pollution; zone 2 is the area wher&WHP strategy like
storm water management will receive pollutant lgaadsd zone 3s the designated placéor
vegetated filterstrip (VFS).Figure 3.3 describes componeitof the proposedrameworkthat
highlightsthesethree zonedn zone 1the pollutanioadsaregeneratedrom norpoint pollution
sources likeagricultural (Loadnps) (crop land) urban (e.g.uncontrolledrunoffs from roads)
(Loadunpy), forests (Loaghpg), pasture/forage (Loadeg, livestockfarms (Loadnes), andpoint
pollution sources likairban (e.g.controlledcommercial, industrial and residentdischargeps
(Loadyppg. Pollution control by agricultural practice (PCA&)d fencing (Fengan be sed to
control nonpoint pollution from agricultural and pasture land u@eadinps and Loa@npg
(Figure3.3).

Equation 8.1) is used to calculate pollutants from forests, agriculture, urban type 1 and urban
type 2 land usesMoreover Equation 8.2) is used to calculate the pasture and livestock
pollutants (total manure pollutants). Beaulac aRdckhow (1982) have suggested that
approximately 210% of the total load can potentially enter into the source water. As livestock
donodt gr az e ddy,capproxintately -Bv % @i tke total manure pollutants can be
considered as pasture/foragellutants These pollutants can be redudsdproviding physical
barriers like fencingFen)(Figure 3.3).

In case offencing threetypesof land boundariesaround a pasture areae possiblee.g.,
barbed fencing (B. Fen.), vegetated fencing (V. Fen.) and bare landT{it leveloped fencing
efficiency equation using those three conditions are stated as follows:

Fen= (3.3
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where

Fen= Total effective fencing efficiency [%0]

0 = Percentage perimeter of land area covered by B. Fen.
0 = Percentage perimeter of land area covered by V. Fen.
0 = Percentage perimeter of land area coveredlby

& A 1= B. Fen pollutant removal percentage, [2% assumed]

& A 1= V. Fen pollutant removal percentage, [4% assumed]

-Tf\p_#_y.y
'U”J(\'-V&Zone1&“"¢f-
‘,"wa-yy.*i(_y ¥

TV vy
/a'/.y.y#
/\Ifd/y\p
/J"-Jr.;,&/;,
/“’\#w¢,

Figure 3.2: Typical three zones in a watershed or awalershed

The main bcus in this research is on NPS, however for&peban land (Figure 3.3) where
wastewater is usually treated before dischargeseadefinedinput for treated wastewater load is
allowed in the model. The total nonpoint and point pollutant loads akedchbadps; and
Loadypps respectively. The Loa@sican go into the source water with or without going through
the storm water management ponds. The value X represents the percent pollutangssjLoad
discharged without SWM (Load swv) and Y representshe percent load discharged after
passing through SWM (Loag). Figure 3.4 highlights the second scenario.
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Figure 3.3: Predictingpollutantreductionusingdifferent land use(stepl-2 in Figure3.1)

The strategies of storm water management can be based on a series of ponds. In case of
interconnected ponds, the pollution loads will be reduced further because SWM ponds will
perform like a plug flow reactor. After passing through SWM ponds, theceedioad (load;)
will be either directly discharged into the source water as PPS dgt9agy) or as NPS
(Loadkps_sww in case of overland flow during heavy rainfall. The Leadswvand Loado swwm
will define the total NPS load (Loagsy) going into the gurce water.

Further reduction is possible through VFS, where the pollutant removal efficiency is defined

as the following developed equation:

Efyps=—— (34)
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