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Chapter(1/Water'Resources/Planningland/Management:an
overview

1.1HowWouldyouldefine‘Integrated (WaterResources Management”and what
distinguishesfitfrom[“Sustainable Water Resources Management”?

1.2 TCan youlidentify [Somecommon Waterthanagement(issues(that/are found(in tany [parts 0f
theworld?

1.3 omment(onthe[common practice[ofgovernments [giving [@id [fb thosein[drought(or flood
areas without/any ihcentivesto(alter Tand ise thanagement[practices(inanticipation (0fthe mext
flooddridrought.

1.4MWhatltools(arelavailable[for integrated Water resources planning [@and anagement?

1.5MWhatIstructuralland mon structural teasures [danbe faken (o better anage Water
resources?

1.6[Find[the [following/statistics:

o %lfreshwaterresourcesWworldwidelavailablefordrinking:

e Number(ofipeople WholdieldachyearfromIdiseasesa@ssociated withlinsafe
drinking Water:

o  %l[freshwaterresources/inpolarregions:

e U.S.[pericapitalannual withdrawal oficubicmeters(dflfreshwater:

e  World(per[capitalannual Wwithdrawal [0f'cubic meters(offreshwater:

e Tonslofpollutants/enteringU.S. Takeslandrivers(daily:

e Averagemumber(ofigallonsiofiwater(donsumed By (Humansin@(lifetime:

e Averagemumberlofikilometersiperidayl@woman(ih(@ldevelopingcountry
mustwalk o [fetch fresh Water:

1.7 Briefly[describethe6[greatestrivers(inthe World.

1.8 Mdentify Somelofithe ajorWater resource management(issues/in(the fegion Where you
live. TWhatmanagement(alternativesmightleffectively feducesome0fthe Problemsor
provideladditional[@conomic, €nvironmental, lOr(social Benefits.

1.9 Mescribelsome Water resource(systems [Consisting[0fvarious interdependent[Components.
Whatlarethelinputs [to the[systems(and whatlaretheiroutputs? (THow[did [you decide what [to
includelinthelsystem(and Whatmotfoihclude? MHow [did youldecideon the Tevel (0flspatial
and[femporal(detail To Belincluded?

1.10TSustainabilitylis[aldonceptlappliedto rfenewable rfesource hanagement. [In [your Wwords
definewhat(thatmeans [and How [it[Can befised [in[d[changing [andlincertain [énvironmentBoth
with Tespect(fo water Supplieslanddemands. D verWhat(spaceandfimescalesfisfitl@pplicable,
andHow[canone/decide Whether(ormot[Somelplan(orhanagementpolicy will Be[sustainable?
Howldoeslthisiconceptrelate tolthe [@daptive hanagementConcept?

1.11[Mdentifyand(discuss briefly [Someloflthe thajorlissues/andchallenges/facing
waterthanagers[today.
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Chapter(2(IWater/ResourceSystems/Modelling: its rolelin
planninglandimanagement

2.1TWhatfsasystem?

2.2 Whatlis[Systems @nalysis?
2.3MWhatfis[@amathematical odel?
2.4MWhy/developland isemodels?
2.5MWhatlis[aldecision/support[system?
2.6MWhatflisshared Visionmodeling/and Planning?

2.7MWhatcharacteristics[ofWwater [resources [planning dr thanagement [problems make them
suitable forlanalysisisingquantitative[systems(analysis[fechniques?

2.8 dentify Somelspecific Wwaterresourcelsystems(planning [problems(and for(@achproblem
specifylin words[possiblelobjectives,thelinknown decision Variables Whose Waluesmeed fo be
determined, [and [the [Gonstraints[orthat hust be et by [@ny[Solution 0fthe problem.

2.9 Fromareview [0ftherecentlissues0fVarious journals[pertaining [fo Water fesourcesland
thel@ppropriateareas 0fléngineering, dconomics, [planning and [Operations Tesearch, identify
thosejournalsthat[contain articles[onWater fesources/systems [planning [and [@nalysis, @nd the
topics(or(problems(currently (being(discussed.

2.10MMany water[resource(systems planningproblemsinvolve[Considerations thatlare Mery
difficultlifotiimpossible(foquantify,@nd Hence theycannot(€asily belincorporated [into [any
mathematical thodel fordefining [and [evaluating Marious [@lternativeSolutions. Briefly [discuss
whatWaluefheseladmittedlyincompletequantitative models ay havelinthe [planning process
when[non(quantifiablea@spects (@relalso important.[Canlyoulidentify [Someplanning[problems
thathavelsuchlintangibleobjectives?

2.11TDefinelintegrated Watermanagementland fWhatthatlentails [@s(distinctfrom just Water
management.

2.12MWater[resource[SystemsServe many purposesand(dan(satisfy thany [0bjectives. [What[is
theldifference betweenpurposes/anddbjectives?

2.13MHow Wouldyoulcharacterize(the steps(offaplanningprocess@imed(atisSolving/a
particular[problem?

2.148upposeyoullivelinlanlareawherefheonly [Source 0fWwater [(atla reasonable[dost)is from
anlaquiferfhatreceivesmo recharge. Briefly discussiow youtightideveloplaplan forlitsise
over(fime.
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Chapter(3/IModellingimethods for Evaluating/Alternatives

3.1Briefly [dutlinewhy multiple(disciplines(are ieeded o [efficiently [and [effectively Thanage
water(resources in thajor(river basins, Orleven(in local watersheds.

3.2MDescribelinlalpagelortwoWwhatsome [0flthe [issues [@relintheregion where youlive.
3.3 MDefineladaptive hanagement, shared Wision thodeling, [@nd [Sustainability.
3.4MDistinguish Whatl@anager(doesfromiwhatlan @nalyst((modeler) [does.

3.5Mdentify [Sometypical [0r[Common [Water resources [planning[drthanagementproblems [that
arelsuitablefor(analysis lising/quantitative systems/analysis fechniques.

3.6[[Consider(the following five @lternatives for the production 6flénergy (10° kwh/day)and
irrigation supplies(10°m*/month):

[MMAlternative EnergyProduction Irrigation[Supply
A 22 20
B 10 35
C 20 32
D 12 21
E 16 25

Whichlalternative would be [the Bestlin your Opinion@nd why? [MIWhy hight[aldecision maker
selectlalternative [E(éven(realizing other @lternativeslexist/that/can(giveore liydropower
energy [anditrigation/supply?

3.7MDefinelahodel [similar(to [Equations (3.1 1o 3.3 for[finding[the[dimensions(of’d[cylindrical
tank thatminimizes [thefotal [CostGfstoringa/specified Wvolume0fwater. TWhat(are [the
unknown(decision Variables? [TWhat/are themodel parameters? TDevelop dnfiterative
approach forSolvingthismodel.

3.8 MBriefly[distinguishBetween [Simulationand [Optimization.

3.9Consideraltank, [@[lake or(reservoir(orlanlaquifer having inflowsandoutflows @sshown
infthegraph(below.

Flows (m*/day)

Inflow

Outflow

»
»

O[T (RT3 (74115 (6 7 T8 90T 1 T2 713 T4 115 6117 T8 9120121122123 (124
TMTime{days)
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a)[[When was [theinflow [its haximum and inimum values?

b)[When Wastheloutflow/its minimum value?

¢)[When[was thestorage Molumelits aximum Value?

d) MWhen [was [the storage [volumelits minimum value?

e)Writeldthassbalanceléquation for thefimeSeries0f/storage Wolumesd@ssuming
constantinflows(@nddutflowsduring€achfimeperiod.

3.10[Mescribe, tising Words [and[dflow diagram, hiow youmightsimulate the [Operation(dfla
storage[reservoirlover(fime. TTolsimulate(areservoir, What/dataldo youmeed[fo hiave [dr know?

3.11dentifyand [discuss [@[Waterresources [planning [Situation [thatillustrates(the meed forla
combined[optimization Simulation(study fin[0rderfolidentify the Best(alternativesolutionsland
theirfimpacts.

3.12[MGivenlthelchanginglinflowsand donstant[outflow from(d@fank [dr Teservoir, @sshown in
thegraph(below, sketch@plotidfithelstorage volumesoverthesame [period[dffime. [Bhow
how(todetermine the waluelofltheSlopelofithe[storage volume plot/atiany time fromlthe inflow
and(outflow [graphBelow.

Flows[(im’/ day)
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3.13 MWritela@flow [chart/computer(simulation program for[computing the aximum/yield 6f
waterthatldan Belobtained givenlany Walueoflactive feservoirstorage
(I capacity, K, ising.

Yearly Flow(Q, Yearly Flow(Q,

1 (1115 ([T (I (T3
(12 (117 (IO [T (TII6
(1178 (1178 (0 1 (I (T8
(4 (4 ([T 2 [T (9
[I118 (111178 ([T 3 (I (T3
(11116 (T3 (T4 (D (T4
vy [ (I S (I (9

8 (T

Find(thevalues(oflthe(storage(capacity K[required forlyields(6f2,(3,(3.5,(4,[4.5@nd(3.

3.14MHow many [differentsimulationsofla Wwater fesource SystemWwould be required folénsure
that(therelis[@tIeast@a®5% chancethattheBestsolution Obtained i5 Within the better 5% 0fTall
possiblesolutions/thatcould Beldbtained? [TWhat@ssumptions thustbe thadelin[order for your
answerfoBevalid? Canlany [Statement be adeldomparingthe Walueofthe BestSolution
obtained [from[theall the[simulationstothe Walueofthe fruly [optimal [Solution?

3.15MAssumelinla@particular riverBasin20developmentprojects/are being [proposed. [Assume
eachproject/hasalfixed Capacity l@nd operating [Policy[andfit[is Only [@[question 0fWwhich[6flthe
20 [projects would thaximize [the metBenefits [fo theregion. [Assuming 5 thinutes0ficomputer
timefis required fosimulate ‘andeévaluate(€ach[combination [0fprojects,[show [that[itwould
require 36days[ofidomputer fimeéven(if99%0fthe alternative [ombinationsdould be
discardednising fgoodjuidgment.” 'What[does [this [suggest/aboutthe tise[oflsimulation for
regional linterdependentmultiprojectwater fesourcesplanning?

3.16TAssumelyou wishtodetermine(theallocation of water Xj/to three[differentusers j,[who
obtainbenefits R;(Xj).[Thetotal water(available(is Q. Write[dflow[chart'showingHow you
can(find[thelallocation b @ach iiserthat(results in thehighestfotal Benefits.

3.17IConsidertheallocationproblemlillustrated below.
User2

Gagelsite

Userld
User[3

Thelallocation priorityin[€ach(simulation [period tlis:

First[10minits 0flstreamflow @t thegage femaininthelstream.
Next20minits[go [fo Wser(3.

Next[60inits [@reléqually shared By Wsers 1 [and 2.
Next[I0Mnits[go o Wser2.

Remainder(goes/downstream.
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a)[[Assume Mo lincremental flow [dlong [the [stream [and mo [return[flow from[sers. MDefinelthe
allocationolicy atleachsite. [Thiswill Be@lgraph(cfiallocation(asafunction 0fthe flow/at
thefallocation/site.

b)[Simulatethisallocationpolicy lisingany riverbasin simulation hodel suchas[RIBASIM,
WEAP, Modsim,0r0ther(selected model T(see CD) forlany [Specifiedinflow [Series fanging
from[0fo (130 units.
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Chapter4(OptimizationMethods

Engineering/économics:

4.1[Consider fwo [alternative Water [resource [projects, (A [dnd B. [[Project [A Wwill [Cost
$2,533,000@ndwill return($1,000,000(at thelend [0f13 [yearsland ($4,000,000 [atithe [end[6f(10
years. ProjectBwilllcost/$4,000,000 @nd will Feturn[$2,000,000 atthe [énd [6f5 [and (15 [years,
andlanother($3,000,000at[the [end(0f (10 years. Project[A has(allife 0f 10 years, and Blhas(a
life[0f15 [years.[Assuming [an interestrate[0f(0.1[{10%)[perlyear:

(a) Whatlisthelpresentvaluelofidachproject?

(b) Whatfisldachproject’slannual MetBenefit?

(c) Wouldlthepreferred projectidifferfifithelinterestrates were.05?

(d) Assumingthatleachofltheseprojects would Belreplaced Wwith @lsimilar(project
having the[same[time[stream [0fIcostsand [returns, [show [that[by [€xtending[éach
series[ofprojects(fold[common(ferminal year((e.g.,30(years), the @nnual et
benefits(ofidach(series(ofprojects would bewill[belSame (@s foundlin(parti(b).

T r_
4.2(TShow [that Z(l +r)y" = (1+F—)T1
p r(l+r)

4.3a) T8how thatfifidompoundingdccurs(atthelénd of méqual TengthpPeriodsWithinldyear
inwhichthemominal ihnterest(ratelis »,[thenthe effectivelannuallinterest(rate, »’,lis [dqual fo

r'=(1+i) -1
m

b)[IShow [thatwhenldompoundinglis[Continuous|((i.e.,when the mumber 0fperiods m—> o), the
compound linterest factor required [fo Gonvert/@[present Value [fo a future Maluelin [year T7is ¢’
[Hint:Wse the fact thatTim,_, ..[(1 #1/k)"= e, the Base(of natural Togarithms.]

4.4Thelterm[icapitalized(cost” [refers [fo [the [present value PV [0flanlihfinite [Seriesoflénd [ofT]
yearlgqualpayments, 4.[Assuminganinterestrateof r,[showthatastheferminalperiod 7 —
oo, PV = A/r.

4.5[The internalBateldflreturnioflany projectlisorplan(is theinterestrate thatlequals(the
presentvalue(dflall Teceiptsorincome With [the [presentvalue0fTall [Costs. Show thatthe
internal rate 6freturn Gfprojects[A [and B ih [Exercised. 1 [are @pproximately 8 and 6%,
respectively.Thesearethe interest(rates r,[for(dach project,thatléssentiallySatisfythe
equation

T

SR -C)i+r ) =0

t=0

4.6[nExercise 4.1, themaximum @annual Benefits wereused [as@nleéconomic [criterion for
planiSelection. Themaximum benefit[costratio,[0rl@nnual benefits[divided By [@nnual[Gosts, s
another(criterion. Benefit(dostratiosshould e moless than [One ifthe [@annual benefits [are [to
exceed[thelannual [Costs. [Considertwo [projects, Tiand 1I:
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Project
I 17

Annual Benefits 20 2
Annual(Costs 18 1.5
Annual nietbenefits 2 0.5
Benefit[costratio 1.110 1.3

Whatladditional informationlisMeeded Beforeonelcan(determinewhich [project(is thetost
economicalproject?

4.70Bonds(dare0ftenSold foraise money Tor WaterTesources [projectinvestments. [Each bond[is
alpromise(to[payldspecified @amount(dflinterest, lisually [Semiannually,land[to [Pay theface
valueloflthe Bond(at'somelspecified [futuredate. Thelsellingpricelofldbond may [differ from
itsfaceWalue. Since[fhefihterest[payments(arespecifiedih@advance, the[currenttharketinterest
rates(dictate the[purchase price(oflthe Bond.

Considerlabond having(alface valuelof($10,000, paying[$500 @annually for 10 years. The bond
or[coupon”linterestrateBased on fits face Walueis[500/10,000, 0r53%. [fthe Bond is
purchasedfor($10,000, the [dctual linterest(rate [paid [fo [the[dwner Will [€qual (the Bond (or
“coupon”rate. Butsupposethationeldanihvestioney(insimilariquality [(equal risk)Bondsor
notes/andreceive [10%[interest.[[AsTong as(this(is possible,the$10,000,5% Bond will hotsell
inldldompetitive market. Inorder(fosellfit, [its [purchaseprice hasto besuch [that(the[@ctual
interestrate[paid [to[the Owner will be[10%. In(thiscase,[show [thatthe[purchase pricewill Be
$6927.

Thelinterestpaid By the Some bonds, [@specially thunicipal bonds, may Beléxempt[from state
and[federal ihcomefaxes. [iflanlinvestor(isfin the 30% income fax Bracket, forlexample,d3%
municipal Tax [éxemptBond s dquivalentfo@bout a7 % faxable Bond. This Tax €xemption
helpsreduce(local taxes meeded [fb [pay [the [interest(On hunicipal Bonds, [@s Well [@s Providing
attractivelihvestmentopportunities [fo individuals(inhighfax Brackets.

Lagrange Multipliers

4.8 MWhatlis[the eaning0fTthe Tlagrange multiplier[@ssociated With thedonstraintdfthe
following[model?
Maximize[ll  Benefit(X) 3 Cost(X)

Subject(to: X <23

4.9MAssume [watercan(be allocated [fo [three users. [Thelallocation, x;, to€achise jIprovides
the(following returns: R(x;)=(12x; 2 x,%), R(x2) =(8x, 2 x,%) land R(xs) =((18x;323x57).
Assumelthatthelobjectivelis fo haximize(the [fotal feturn, F(X),from@llthreelallocationsland
thatthe[sum/offallallocations cannotléxceed10.18) THow huch Wwould [@ach hise like[fo have?
b)IShow [that at(the maximum total return(solution/the marginal values, O(R(x;))/ Ox;,[areleach
equaltothelshadow[price orlLagrange multiplier((dual variable) [associated Withlthe
constraint(onthe’dmount(ofiwater @vailable.[[€) ([Finally, without[resolving/dlLagrange
multiplier [problem, WhatWouldtheSolution Be ifT15 Minits df Wwater Werelavailablefolallocate
tothethreesersland WhatWwould Bethe value0ftheTlLagrange thultiplier?

4.10MInExercise4.9, how Wwould [the TLagrange hultiplier procedure differifthe [dbjective
function, F(X), werefo beminimized?
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4.11 TAssume [that thelobjective was[to thinimize thesum(oflsquared(deviations(ofthe dctual
allocations x;from(some desired[or known farget allocations 7}.(Givenlasupply (ofwater(Q
less(than/the sum[offall [farget(allocations 7}, structurea/planning odeland fitscorresponding
Lagrangian. Will[a[global thinimum be[dbtained from solvingthe [partial[differential [€quations
derivedfromtheTlagrangian? Why?

4.12[Msing(llagrangemultipliers, provethattheleast costidesign0flalcylindrical [storagetank
oflanyvolume V>[0MHas(onelthird oflits(Costlinlits baselandltopand two [thirdsofTitsCost/in(its
side, Tegardless0fTthe(dostper Minitlarea 0flits basedr(side. (It these fypesofirulesthaténd
uplin Handbooksl(inéngineering(design.)

4.13 TAn[ihdustrial firmthakes Twolproducts, 4@nd B.These products(require Waterland Gther
resources. [Water[is [fheScarcefesource [theyhave plenty6fldther ieeded tesources. The
productsthey akelareuinique, [@nd hiencethey(can(setthe init[priceofléach [productatiany
valuethey Want(fo. However experiencefellsthem that(the higher(the linit[price forlaproduct,
the Tessl@mountoflthatproductthey willsell. MThe Telationship between Ainit Price [and
quantitythat(can belsold fis/given by thefollowing[fwo demandfunctions.

P, P,
8=+ A4
Unit MUnit 6=1.5B
(Mprice [[Price
Quantity [oflproduct/A (MMITTIQuantity [0ffproduct B

(a)[Whatlarethe amountsof Aland B,landtheirunit(prices,thatmaximizelthe total
[MTrevenueobtained?

(b)[Suppose the [total @mount(of 4and Bdould motlexceed Somel@amount 7,
Whatlarethel@amountsdf Aland B,landtheirlinitprices,thatmaximize(total

revenue, if
i) T =010
i) T"™ =3

Waterlis eeded [fo make(€ach unit/of 4 and B.[Thelproductionfunctions(relatingthe
amount(ofiwater X, meeded[tomake A4, and[the @amountofiwater Xzmeeded to thake B
are AE0.5 X}, and BF0.25 Xp, respectively.

(c)Findlthelamountsdf 4land Blandtheirinitpricesthatiaximize fotalrevenue
MMMTassuming thefbtal @mountofwater(availablelis[10 mnits.

(d) Whatlisthevalueldfithe(dual variable, or shadow [price, [@ssociated with the[10
units(offavailablewater?

Dynamic(programming
4.14 Solvelforltheldptimallinteger(allocations x;, x,,ldand x;[for(the problem(defined by

Exercise 4.9 @ssuming the totallavailableWwater(is(3 [and 4. TAlso[solve forthe [Optimal
allocation[policy(ifthe fotal Wwater(availablelis[7[and [€ach x;mustnotlexceed 4.



Water[ResourcesSystemsPlanning/and Management Exercises
Daniel(P. Tloucks /& EelcolvanBeek

4.15[MConsider(althree[season reservoiroperation(problem. [Thelihflows(are10,50@nd20in
seasons1,2[and 3 [respectively. [Findthe[dperating policy thatinimizes the sum(offotal
squared(deviations[from[alconstantstoragefarget(0f[20and ‘d/constantrelease farget 0f 25in
each(0flthe [threelseasons. [Develop [@[discrete[dynamic programming thodel [thatconsiders
only4(discrete storageWalues: [0,10,20and 30.MAssume[the releasesdannotBe Tessthan10
or(greater(than40.8how how [fthe model’s fecursiveéquationsdhangedepending(on Wwhether
theldecisions/arethelreleases(orthelfinal storage Wolumes. [V erifythelOptimal [Operating
policylisthe[same(regardless (0f whetherthedecision(variables(are [the releases [or [the [final
storage volumes [ih[€ach Period. MWhich todel [do [you(thinkis[€asier foSolve? THow Would
eachmodellchange ifimorelimportance were(given [fothedesiredreleases [thanfothedesired
storageMolumes?

4.1618how thatthe[donstraintTimiting[dTeservoir(release, r,fo bemolgreater than(thefhitial
storageWolume, s, [plusfinflow, i;,[is fedundant(to the Continuity [€équation
SZE' ltEI‘ rtﬁ St+].

4.17[MDevelopalgeneral recursive ldquation(for(dforwardfhoving/dynamic [programming
solutionprocedure [for(alsingle reservoiroperatingproblem. Mefineall variables[and functions
used. TWhy fis this motd Wery iseful l@pproach o finding @ Teservoiroperating [policy?

4.18Thefollowing [fable[provides(estimates [for(the recent Walues (0fithe [costs[ofladditional
wastewater[freatmentplant/capacity Meeded [attheénddfléach (5 yearperiod forthe mext20
years. [Hind TheGapacity[@xpansion(schedule fhatinimizes fhe Present Values[6flthe [fotal
futureCosts. Ifthere(is orethanoneeast[costiSolution, indicate Wwhich[one you [think is
better, andwhy?

DISCOUNTED COSTIOF
ADDITIONALICAPACITY: Additional Required
UNITS/OFADDITIONALCAPACITY Capacitylat
EndofPeriod"
Period Years me 4 [ ma Mo
1 115 12 15 18 23 26 2
2 610 8 11 13 15 6
3 11115 6 8 8
4 16120 4 10

“Thislis the fotal Tequired [Gapacity {that thust/exist @t the end (6f period.

Thelcostlin(€achperiod ztustbe paid(atthe bBeginning 0fthe (Period. TWhatwastheldiscount
factorised(folconvert(the(dosts [atthe beginning [dfieach Period ¢fo presentvValueldostsshown
above. [n[otherwords hiow would[@/cost[atithe beginning[of’period ¢beldiscounted [fothe
beginningoffperiod(1, [given @anlannuallinterestrate of »? [(Onlythedlgebraicéxpression0fithe
discountfactorlislasked,notthe mumerical value [0f r.)

4.19[Consider(awastewater [freatment[plant(in Whichit[is [possible o include [fivedifferent
treatment(processes/in series. These [freatment[processesmustfogether remove @t least 90% [0 f
the 100 finits Oflinfluent Waste.[Assuming [the R;listhe @amountofiwaste femoved by process i,
the following[donditions musthold:
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(a) Writelthedonstrained (Optimization[planning odelfor finding(the least ¢ost
combination[6flthe Temovals R;thatfogether Will remove©0% [0ftheinfluent
waste. [Thecostlofthe Warious[discreteSizes[dfldachtinitProcess i[dependiipon
the Wasteentering [the[process i(as well[@sthe @amountofWwasteremoved, [@s
indicated(inthefable Below.

PROCESS i: 1 2 3 4 5
Influent,[Removal, Annual (Cost= C(;, R;)
([T R;

100 (20 5

100 (30 10
80 [Imo 3 3 1
80 (20 9 2
80 (130 13
70 (o 4 5 2
70 (20 10 3
70 (130 15

60 (o 6 2 3
60 (20 4 6
60 130 9
50 (o 7 3 4
50 (20 5 8
50 (130 10
40 (o 8 5 5
40 (20 7 12
40 130 18
30 (o 8 8
30 (20 10 12
20 (o 8

(b) MDraw [the [dynamicprogramming metwork [@nd(solve(this Problem by dynamic
programming. [Indicate0n [the mMetwork [the[Calculations Fequired o [find the Teast [’
costpathfrom/state[100(at(stage(1 [folstate[10at(stage 6 ising both forward [Tand
backward oving[dynamicprogramming(solution procedures.

(c)[Couldthefollowingconditionsbelincludedfin theloriginal dynamicprogramming
modeland/still[Be Solved Avithoutrequiring R4[fo Belin(the firstidaseland R;fo
be(0lin(theSecond(dase?

(1) R4§[O[ﬂfR3E=EO,@r
(ii) R;Z004f R, <20.

4.200TheGity ofEutroFallsfisuinder(alcourtlorder fo feducelthe @mount(of phosphorus(that
whichft(dischargesfinfits[sewage(fo TLake[Algae. Thecity [presently has three Wastewater
treatment(plants. [Eachplant i[durrently [discharges P,lkg/day(oflphosphorusintothelake.
Someor/all plants mustreduceftheiridischarges(so thatthe totalfor(thethree Plantsidoesmot
exceed Plkg/day.

Let X, belthe percentlofithe[phosphorus by additional ltreatment atplant i,[dnd the C,(X;)[the
costloflsuch treatment(($/year)at/éachplant 7.

a)[[Structuredplanning todel[to [determine [the Teast(dost((i.e., @lcostléffective)
treatment [plant forthe dity.
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b)[Restructure themodel for thesolution by dynamiclprogramming. [Define(the
stages, [States, [decisionVariables, @nd[therecursive €quationforidach stage.

¢)[MNowl@ssume P;[=20; P,=15; P;=125;[@nd P=120.Makeipsomelcostidataland
check [the model [if it Works.

4.21[Find[(draw)(a rulelcurvefor(operatingalsinglereservoir thathaximizes the sum(oflthe
benefits forflood [Control, fecreation, Wwatersupply l[and hydropower. TAssume [the [dverage
inflows [ih foursSeasons 0fldyearlare 40,8060, 20,d@nd theactive reservoirlcapacity [is[100.
Forlanlaveragelstorage Slandforlareleaseof Rlinlalseason, theiydropowerbenefitslare2
times the square oot oflthe (product(of Siand R, 2(S R)™ andthe water supply Benefitsare
3R"7linleach season. [The [rfecreation benefits (are 40 (70LS)* in thethird season. [Theflood
control Benefits [@re 20 = (40 = S)*lin(the second [season. Specify the dynamic programming
recursion(équations(youlareiising[toSolvethe [problem.

4.22MHow Wwouldthethodel [defined[ih[Exercise4.2 1 [changelif there WereaWatertiser
upstream(dfthis reservoirlandyouwere to find the bestWater(dllocation[policy for thatser,
assumingknown Benefits [@ssociated With [thesedllocations thatlare [fo (beincluded inlthe
overall mhaximum benefitsobjective function?

4.23 [Suppose there @refour Wwater hisers(dlong @lriver whobBenefitifrom receiving water.[Each
haslawater(farget,lile.,l[€achléxpectsland [plans for(alspecified @mount. TThese knownWater
targetsfare W(1),[W(2),[W(3),andW(4)for the fourmisers Tespectively. [Show How [dynamic
programming[dan(be lised[to find fwolallocation [policies. MDnelisto Bebased (On thinimizing
the maximum [deficitldeviation[from(any [target(allocation. Theldtherlis [to (be based[on
minimizing fhe haximum(percentage deficitfrom/any farget/allocation.

424 MAnlindustrial [firm makes two [products, 4 and B.[Theseproductsrequirewaterland
other(resources. TWateris[fheScarceresourcelthey lave[plenty (0fldther ieeded resources. [The
productstheymakelareinique,andfiencetheyl(dan(setthe linitpriceofléach Product/atiany
value they want(to. However experience [tellsthem [that[the higher(the init[price for(alproduct,
theTessl@amountoffthatproducttheywill Sell. [The relationship between initPriceland
quantity thatlcanBelSoldfis[given By the following fwo demandfunctions.

PO PO
8=+ 4
Unit TWnit 6=1.58
[price [[Price
Quantity[dfproduct(A (MIITITIQuantity [0ffproduct B

(a)[What(are thelamounts(of 4land B, [andtheiriinit[prices, [thatthaximize[thefotal
revenue [that(dan Belobtained? [TI{IY ou[danise(calculus [fo Solvethis problem(iflyou
wish.)

(b)[Suppose the [total @mount(of 4and Bdouldmotlexceed Somel@amount 7,
Whatlarethe@amountsdf Aland B,landfheirlinitprices,thatmaximize(total

revenue, if
ii1) 7™ =10
iv) ™ =3
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Waterlis ieeded [fo ake(dach unit/of 4 land B.[Thelproductionfunctions(relatingthe
amount(oflwater X, meeded[tomake 4, and[the @amountofiwater Xzmeeded to thake B
are AE0.5 X}, and BE0.25 Xp, respectively.

(c)Findlthelamountsdf Aland Blandtheirinitipricesthatiaximize fotalrevenue
assuming thefotal @mount/dfwater [@vailablelis (10 Tnits. TUsediscrete[dynamic
programming, [Both forward[Tand Backward[toving[algorithms. [Y oucan [@ssume
integer (valuesof'dach water(dllocation X(for(thislexercise.[Show [yourworkon(a
network. [Horthe Backwardovingalgorithm, @lsoshow yourwork iisingtables
showing[thelstate, S;, thepossible/decision Wariables X, [and Xzland[theirvalues, the
bestldecision, [and thebestvalue, F(S;), dssociated With the best/decision.

Gradient “Hill[¢limbing” methods

4.2500 SolveExercised.24(b)usingMill[climbingfechniquesiand @ssuming/discretelinteger
valuesland 7" =(5.[Forléxample, whichproduct would youlproduceifyoucould hake only
1 initlofleither 4 or B? [flyou/dould make @notherinit/of A 0r B,which wouldyoulmake?
Continuethisprocess Lip[fo 5 initsdffProducts 4 and/or B.

Linear(andnonlinear [programming

4.26[[Considerthelindustrial firm thattakes fwo[products 4and B asldescribedlin[Exercise
4.24(b).MIsing Lingo(orlanyother[program youwish):

(a)[[Find[thelamounts(0f 4 [and Blandtheiriinit[pricesfhatmaximize(total fevenue
[MTassuming thefotal @mountofiwater(availablelis[10 inits.

(b)IWhatfsthevalueloftheldual Variable,[drshadow [price,associated With the 10
units(oflavailablewater?

(c)TBupposetheldemandfunctionslaremotreally [dertain. [How [Sensitiveare the
allocationsofwater[to [the [parameter Walues/(in those [functions? [THow [Sensitive
arelthelallocationstb [the [parameter Walues(0.5[and[0.25in[the [production
functions?

4.27MAssumelthat(thereare m(industries(ortunicipalities(adjacent(foariver, Whichdischarge
theirWastesinto [the[river.Denote thedischarge [Sites By the[Subscript ilanddet W;bethekglof
wasteldischarged(ihtothe(riverigach(day(dtithosesites i.[Tolimprove thelquality downstream,
wastewater(freatment(plantsmaybe required @t/@achlsite i.Ilet x;[belthe fraction0fwaste
removed by [freatment/atieach(site i. Meveloplaimodel forléstimating liow thuch Wastelis
removalfis fequiredat/@ach Site fothaintain(dcceptable Wateriquality[in the river(at/aminimum
totallGost.[Wselthe followingladditional Motation:

a;=Idecreaselin(quality at(site j[perunitofiwaste discharged at(site i

q; = qualityatlsite[jithat Wwouldresult(iflall .dontrolled upstream discharges were
eliminated((i.e., W= W,[=(0)

Q; =minimum [dcceptable(quality (atsite j

C; =ICostlperinit((fraction)dfWaste femoved @t site i

4.28[MAssume [that/therelare twolsites/dlong@lstream, i[=[1, 2, [dtwhichWwaste [(BOD)is

discharged. [Currently, Withoutlany Wastewater [freatment, Thequality (DO), ¢,and g¢;,d@tl€éach
ofTsites 2[and(3 is Tess [than thethinimum[desired, O,[and Qs,respectively. Forléachiinit(of
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wasteremoved|at(site[ilupstream[oflsitej] (the [quality improves by A;. How much/treatment(is
required at(sites(1[and 2 [thatmeets the[standards dtla minimum fotal [Cost?

W
Site3
l Site2 Stream
Site(l |
Park

W,
Followingarethe miecessary(data:

C;=0  costperhinitifractionofiwastefreatment/atisite i/[(both C,land C,areinknown
but(forthe [Same@mount[oflfreatment, Whatever[thatl@amount, C,= C,)
R;=[  decisionvariables, inknown waste femoval fractions (at[sites i[=(1,2

AE1/20 W, =100 0,=6
A;=1/40 W,=EM150;=4
A23HL1/30 qu:B q:;LIUJ

4.2900 Definel@Tinearprogramming odel for finding[the fradeoffBetween(dctive storage
capacityand/the maximum percentage deviation from@known [farget[storage volumeland(a
knownltarget(releasein(éach period. How[could theSolution[dfthe modelbeisetodefineld
reservoirfpolicy?

4.30[MConsider(the(possibility (0fbuilding(dreservoir lipstream 0fthree [demand [Sites[along(a
river.

1 3

~ e

2

The metbenefits [derived from(dachiisedepend(on the reliable @mounts ofiwater [@llocated [to
eachhise. MLetting x;;belthelallocationfoise ifin[period ¢, themet Benefits fordachPeriod ¢
equal

1. 6X1t—X1[2
2. Txyl 2.5 xp°
3. 8x3200.5 x3°

Assumelthe@verage inflows[fo [thereservoirfindach loffourSeasons(ofitheyearéqual 10,2,8,
12.

a)FindthefradeoffbBetween the(yield (the[reliable’ felease thaticanbelguaranteedlin
eachiseason)/andthelreservoiricapacity.

b)[MHind [the fradeoffibetween [the [yield [and the haximum [total et benefits that(dan
beldbtained fromallocating(thatyield[among fhethreeiisers.
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¢)[[Find [the[tradeofflbetween [the [reservoirdapacity [and [the [total riet benefitsonelcan
obtain [from/allocating the fotal releases, mot[justthereliablelyield, fothe[downstream
users.

d)MAssuming (@reservoirGapacity [0f(5,@nd dividing[the release finto integer
increments0f2((i.e., 2,4, 6and [8),tisinglinear programming, find the Gptimal
operating[policy. TAssumethe maximum(release[cannot(éxceed(8,[dnd the thinimum
releasecannot(be Tessthan(2.THow [doesthis[Solution differfrom/that/dbtained ising
DP?

e)[Mfyoulweremaximizing [the[total et benefit(obtained from(thelthreehisers/and if
theWwater(availablefo(allocatefo [the fhreetisers Were 15 fin [@[particular fime [period,
whatWouldBe the value 0ftheTLagrange multiplierforidual Wariableldssociated fvith
theConstraintthatyoulcannot(allocate horethan (15 [fothe threeRises?

f)Therelisthepossibility [dfldbtaining Tecreational benefits(ih[Seasons2and 3 from
reservoir(storage. [No[recreational benefitsCan0ccur(inlseasons(1 [@and 4. IToObtain
these [benefits facilities must be built, [@nd[the [question [is [@tWwhat(élevation [(storage
volume)shouldthey bebuilt. TThis(is[dalled [the Tecreational [Storage Wolume farget.
Recreational [benefitsin[€ach recreation seasonéqual (8 [per linit/ofstoragetargetiflthe
actualstorageléquals(the(storage farget. [Iflthe [@ctual(storagelislessthanthe target [the
losses(are(12 Perinitdeficit=thedifference between the [fargetlandlactual 'storage
volumes. MfTthedctual Storage Molumelis[greater than(the Target volumethe Tosses are
4perinitfexcess. IWhatfis the reservoir(capacity[and [recreationstoragetargetthat
maximizes [the @nnual [total et benefits Obtained from(downstream [allocations land
recreation [in [the Feservoir less the @nnual Gost0fthe Feservoir, 3K, where K is lthe
reservoir(capacity?

g)Mh((f)labove,suppose thelallocation Benefitsland met recreation Henefits Were
givenweightslindicatingtheir relative importance. TWhathappens [fo the Telationship
between [Capacity Kland[recreation(target Ts(as(the(total @llocation benefits(arelgivenla
greater Weight(in[Comparison [fo recreation et Benefits?

4.31[MUsingthe mMetwork representation (0flthe Wwastewater [freatmentplant/designproblem
definedin[Exercise(4.19, Wwritealinear[programming odel for(defining the(least/¢ost
sequenceloflunitfreatmentprocess/(i.e., theleast/costpaththroughlthe ietwork). [Hint: Mlet
eachldecision variable x;lindicate whether or mot[the link between modes (or [states) [iland [}/
connecting [fwolsuccessive/(stages(is[0n the least[cost[or[optimal [path. [The [Constraints[forgach
node ust(énsure thatWwhaténters the mode must(alsoleavethe Mode. ]

4.32[[Two fypes(oficrops/can Belgrown inlparticularlitrigation @realdach [year. Each finit
quantity[0ficrop 4 canbesoldfor/dprice P,and Tequires W, Minitsofwater, L4Minits(6fTand,
F minits[offfertilizer,@and H,Minits[dfTabor. Similarly,érop B/canBelsold @t@initipricelof Py
andTequires Wp, L, Fgland Hphinits[ofiwater, land, fertilizer,and labor, Tespectively, pertinit
oflcrop. [Assume(that(the(availablequantitiesdfWater, Tand, fertilizer, l@nd labor [dre known,
andldqual W, L,F,land H,respectively.

(a) Structure(allinearprogramming(thodel(forléstimatingthequantities(dfldachoflthe
two crops(thatshould beproduced(ihorderfo maximize fotalincome.

(b) Solvelthelproblem(graphically, isingthe followingIdata:
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REQUIREMENTSPERUNITIOF:

Maximum[Available
Resource CronlA MMM ron B Resources
Water 2 3 60
Land 5 2 80
Fertilizer 3 2 60
Labor 1 2 40
Unit[Price 30 25

(c) Definelthemeaning(ofitheldualvariables,(and theirwalues,dssociated Wwith
each(donstraint.

(d) Writeltheldualmodellofthisproblem/and interpret(itsObjectiveland
constraints.

(e) Solveltheprimalandidual modelsiisinglanléxisting[computerprogram,and
indicate(the theaning[ofiall[Gutput(data.

(f) Assumelthatloneldould Purchaseldadditional Water, land, Fertilizer,land Tabor
with[dapital thatouldBe borrowed from[dbank [@tlan@annuallinterestrate r.[How
would this[opportunity [alter thelinear [programming hodel? [TThe[dbjective
continues [fobelaaximization/ofmetincome. TAssume there s @aMmaximum Timit
onthe@amountdfihoneythatican beBorrowed fromthe Bank.

(g) Assumelthattheunit(price P;[oflcrop jiwerela/decreasinglinear function (P,"=
bx;)lof'thelquantity, x;, [produced. How [dould the(linear hodel be restructured [also
asltoidentifymotonly how much(dfléach cropto [Produce, Butlalso the finitprice
atlwhichleach(drop [should besoldlin(order(to haximize [fotal income?

4.33[MUsinglinearprogrammingmodel, [derive@nlannualstoragelyield function for(a
reservoir(at(alsite[Havingthefollowing record 0flannual flows:

Yeary FlowQ, Yeary FlowQ,

1 [III115 (TTTT (T (T3
(T2 g (IO [T (16
IIIR] (T8 (0 1 (T (T8
(T4 (T4 (0 2 [T (TT9
(I8 (I3 [T 3 (I (T3
[II1116 (I3 [T 4 (I (T4
v [ [T S (I (9
(T8 ([T

a)[Find thewvalues0flthelstorageCapacity fequired for[yields(0f12,3,3.5,14,14.5,land
5.

b)[Meveloplaflow(chart(definingalprocedure forfinding[the yields [forvarious
increasing Values[OfTK.

4.34MWater(resources [planning lisuallyihvolves@setloflSeparate fasks. TLet theindex i

denoteldach [task,@and H;thelsetofltasks(thatmustprecede(task i.Thelduration(ofidach task ifis
estimated[tobe d..
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a)[Develop@linearprogramming thodel o identify thestarting fimesof Tasks that
maximizesthefime, 7,Tequired folcompletelthe Total planning Project.

b) TApply thegeneral thodel o [the following planningproject:

Task A4: Determine planning(objectivesland [stakeholder interests. MDuration: (4
months

Task B: Determine/(structural @andMon [structural @lternatives(that Wwill
influencelobjectives. MDuration: [ honth.

Task C: Develop@nldptimization modelfor [preliminary [Screening (0f
alternatives/andforlestimating[fradeoffslamongobjectives. MDuration:
1 thonth.

Task D: Identify[datafequirements(and(dollect/data.Duration: 2 months.

Task E: Develop(aidatathanagement(system for(theproject. Duration: 3
months.

Task F: Developlan/interactive [shared Vision[simulationtodel fvith [the
stakeholders.
Duration: 2 Months.

Task G: Work with[stakeholders(in @nleffortfocomefoalconsensus((alshared
vision) 0flthe bestplan. Duration: @ onths.

Task H: Prepare, [presentland submit(areport. MDuration: T2 months.

O
O
G\

4.35MnExercise4.34 supposelthe projectlispenalizediffits[dompletion fimeléxceeds afarget
T.ThedifferenceBetween 14 thonthsland Tmmonthsfis A,landthepPenaltyisP(A).TY oulcould
reducethe timelit[takes(to [completetask FBy0netonthlatlaicostidf$200,land by two months
at(dcost[0fI$500. [Similarly, supposelthecost(ofltask A[could belreduced bylamhonth(atlaldost
of'$600(and/two honths/(at(alcostiof$1400. [Construct/amodel to find[the most/économical
projecticompletion fime. Mextmodify theTinearprogramming model fo find the thinimum
totalladded [Cost(iflthe fotallprojectfimelisto Bereduced By 1 [0r2 months. TWhatlis [fhatladded
costland[forwhich tasks?

4.36[Solvelthereservoirloperationproblem(describedlin [Exercise4.15 tising linear
programming. [Tflthe feservoir capacity [is inknown, show liow [@[costfunction [(that/includes
fixed[dostsland €conomies/dflscale) for(theTeservoirlcapacity [dould belincluded fin the linear
programmingmodel.

4.37[MAnRipstream TeservoircouldbeBuiltfo Servefiwo [downstreamisers. [Each hiser has(d
constantWater(demand farget. TThe firstuser’s fargetis 30; the[Second miser’s fargetis[50.
These fargetsapply [fo [€ach 0f[6 Wwithin[year[Seasons. [Findthe [fradeoffbetween the fequired
reservoirldapacity and haximum /(deficit(to @ny iser @tlany [fime, for(an(average(year.The
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average flowslinto [thereservoirlin(éach(ofthe(six [Successiveseasons(dre: [40,80,100,130,70,
50.

4.38[MTwolgroundwaterwell fieldscan (be ised [to theetthe water demands [0fTa[singletiser.
The thaximum [Gapacity [0flthe[A Well field[is[15 uinits[0fWater Perperiod, @nd the maximum
capacityoflthe B wellfield[is 10 Mnits[dfWwater per Period. TThelannual[dostofBuildingland
operating[dach well field, [€achlperiod, [is [@function [0fthe @amount[dfWwater [pumped [and
transported from(thatwell(field. TThree Sets (0ficost functions are[shown below: MTonstruct(a
LPThodell@andse/itfoldefinelandthen plotithe fotal least/dostfunctionland thelassociated
individualwellfield [Gapacities fequired[fo eet[demands from 0 fo 25, @ssuming [Gost
functions 1 land 2 [apply [to well fields[A [and B respectfully. Next/definelanotherleast/¢ost
function/and @ssociated [Capacitiesl@ssuming cost functions(3and 4 apply To[Aand B
respectively. [Finally[definel@least/¢ost functionand @ssociated Capacities [@ssuming Well
field[cost[functionsS[and[6 @pply. Y ouldan (check your thodel results justising[dommon
sense Ftheleast¢ostfunctions/shouldBe dbvious,@venWithoutising [Optimization.

—_
(9]
U]\

20

5 6
/
14 | 20

4.39Referring fo[Exercise4.38 [@bove, [@ssumeldost functions 5 and 6 fepresentthedostof
adding[additionalGapacity [to Wwell fieldsAland B respectively inlanyofthe mext[5 fivelyear
construction[periods, lile.,[inthe mext25 years. [Identify [and [plot theleast¢ostiCapacity
expansion/schedule(onefhatminimizesthe fotal [present Walue[dflcurrent/and future
expansions, @ssumingdemands0f(3,10,[15,20and 25 [@relto be et atthelénd[ofTyears (5,10,
15,20(@and 25 respectfully. ([CTosts, including [fixed [Costs, [0fdapacity [@xpansion(in [€ach
constructionfperiod Have o be Paid(atthe beginning(oflthe Construction [period.

=

4.40[Consideralcropproductionproblemlihvolving threelfiypesoficrops. (Howthany Hectares
ofleach(cropishould Be(planted tb haximize [total ihcome?

Resources: Max Ilimits Resource [requirements

Crops: [[Corn (] Wheat[MDats
(ITW ater [IIIIIIIT1 000/week (3.000 (1.0 [.5[Mhinits/week/ha
MMLabor 300/week 0.80 [M0.20 0.3 Mpersonhrs/week/ha
[MLand 625 Hhectares
YieldT$/ha 4000 @000 250
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Show (@ltwo dimensional [graph [that[defines [theloptimal [Solution(s) l@mong [Corn, 'Wheatand
Oats.

4.41[Releases/fromareservoirlareised forwatersupply [or for hydropower. The benefit [per
unitlofWater(@llocated [foydropower [is [BH [and the [Benefit perunitiofWwater@llocated [fo
watersSupply is BW.IForlany [given[releasetheldifference Between helallocations o the Two
uses/dannot/éxceed[50%[ofthe(fotal @mountofWwaterldvailable. [ShowIgraphically hiow[to
determinethe tost[profitableallocation 0flthe Water for[Someldssumed values (0fBhand Bw.
From(thelgraph identify WhichConstraints[are Binding [and What fheir fdual prices” ean[(in
words).

4.42 TBupposeltherelarefour Water iisers @along [@Tiver Wwho benefit from Teceiving Water. Each
hasl@known Water farget, file., [€ach€xpectsiand plansforlalspecified@mount. TThese known
water [fargets/are (W, [W,, (W3, [and (W, for[the fourisers(respectively. [Hind [fwoallocation
policies. Onelis fo BeBased [dn thinimizing the haximum/(deficit/deviation from/any Target
allocation. [Theotherfis[fo be based[0ninimizing [fhe haximumpercentage [deficitfrom(any
target/allocation.

Deficitlallocationsareldllocations(thatlare less than [fthe farget(allocation. [Forléxample itla
target(allocation(is30@nd [thedctuall@llocation(is 20, thedeficit[is [10.[Waterin[excess[0f[the
targets/can(remain [in the river. Thepolicies(are(tolindicate Whatlthe[allocationsshould be for
any [particularriver[flow Q). The[policiescan Beléxpressed on(a/graph showing the @mountof
Qdnlthehorizontal axis,@nd[€achhiser’s[allocation(onthe Wertical(axis.

Createl(thefwo [Optimizationmodelsthat(can (be ised [fo [find [the fwo [policiesand indicate how
they Wouldbetised(fo [define thePolicies. TWhatlarethe inknownvariables [and What(are [the
knownvariables? [Specify the modellin Wwords(aswell[@sthathematically.

4.43 MnIndonesialthereexistsdwetlseasonfollowed By [@ldryseason€ach(year. Tnlonelarealof
Indonesiaall farmers Within an fiirigation district[plant(and [grow Tice during the WwetSeason.
This[crop bringsthe farmer [the largestlincome [per hectare; thus [they Wouldall[prefer(to
continuelgrowing ice(during thedry[season. THowever, [thereis insufficientWaterduring [the
dry(season[fo fitrigate(all[5000 hectares (0flavailableitrigable Tand for rice production. TAssume
anlavailablelirrigation water supply 0f32 x(10°m’ at(the Beginning 6fiéach dry(season, and a
minimum requirement(6f7000t’/ha for rice and 1800 (t*/ha(for the second crop.

(a) Whatproportion6fithe 5000 hiectares should(thelitrigation(districtmhanager
allocateforricelduring/thedrySeason(@ach year,providedthat(alll@vailable
hectares ust(belgiven sufficientwaterfor(rice [d0r theSecond [Crop?

(b) Supposefthat/crop [productionfunctionsarelavailablefor fhefwo [crops, indicating
thelincrease infyield [per hiectare per(m’ (of additional water, tip to 10,000 th’/ha
for(thesecond(crop. Mevelop dmodel inwhich the Water(@llocation per(Hectare,
aswell @sthe Hectares(allocated[foléach crop,is[fobeldetermined, [@assumingd
specifiedpricedr Teturn periinitlofyield(of@ach Grop. WnderWwhatGonditions
would thelsolution0flthismodel be the[same(ds(ih [part((a)?

4.44MAlongthe Nile[Riverin[Egypt, iirigation farmingfis Practiced For the productionof
cotton, Maize, [rice, Sorghum, full[@and shortbBerseem foranimal [production, Wheat, barley,
horsebeans, [and winter [@and [summer fomatoes. [(Cattle[and (buffalolare @lso [produced, @nd
together Withthe crops thatrequire Tabor, water. [Fertilizer, [and land@real(feddans).[Farm
typeslor thanagementpractices(arefairly tiniform,[and hencelin [@ny(analysis [0fTitrigation
policiesin [this[region(this(distinctionneed motbemade. (Giventhe laccompanying(data
develop [@model for(determining(the fons6f drops/and mumbers (Gflanimals o be ‘grown fthat
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will haximize[(a) netléconomic benefitsBasedon [Egyptian [prices,and(b) nietléconomic
benefitsBased[onlinternational Prices. Tdentify [@ll variables ised in [the model.

Known[parameters:
=Mmiscellaneous[dostdfland[preparationper feddan

=[Egyptian Pprice [per1000 fonsoflcrop i

=[international [priceper 1000 Tons0fcrop i

=Naluelofimeat/and(dairy production perfanimal
=[lannualTabor[dostper Wworker

=[costldf Plfertilizerperton

=[dost0f Nifertilizer(perton

=lyieldloficrop i, [fons/feddan
=[feddans(serviced[perfanimal

=[tons[straw [équivalentiper(tonofberseem(darryoverfrom Wwinter
[ffo [Summer

=[berseem Tequirements[peranimallin Winter

wh =[straw(yield fromWwheat, fons[per feddan

ba =[straw [yield from barley, fons[per feddan

' =[Straw [fequirements Per @nimal in[Summer

,ul.N [ = Nifertilizerrequiredperfeddanoficrop i
,ul.P [0 = Pfertilizerfequired perfeddan6ficrop i

£
A

™R~ THRTROS < ~ 5O

=
S

)

l; =[labor requirements perfeddan ih thonth h, than(days
win[)  =0Ivaterrequirements per feddan [inmonth [, 1000 m’
Rim =[land fequirements [per month, [fraction (1 = [fullthonth)

RequiredConstraints. (assumeknown resourcelimitations(for labor, Water, @and Tand):
(a) Summerlandwinterfodder((berseem)requirements forthelanimals.

(b) MonthlydaborTimitations.

(c) MonthlyWaterTimitations.

(d) Landlavailability(€achionth.

(¢) Minimum mumber(oflanimalsrequired for(cultivation.

(f) Upperboundsidn/summer/andwinter fomatoes(assume(theseare Tknown).

(g) Lowerboundson(cottonareas(assume!thislis known).

Otherfpossible[donstraints:
(a) Cropbalances.

(b) Fertilizerbalances.
(c) Labor/balance.

(d) LandBalance.

4.45[Mn[Algerialthere(dre twodistinct/croppinglintensities, [depending ipon(the@vailability l0f
water. [Consider(a@lsingle(c¢ropthat/dan [be ‘grown inder ihtensive [fotation [Or[éxtensive Totation
onatotal of 4 Hectares.Assumefhatfhe@nnual Waterrequirements for fthelintensiverotation
policylare 16000 m’ [per hectare, land forthe extensive rotation [policy they 4000 m’ [per
hectare. Thelannual metproduction Teturns [are4000@nd 2000 dinars, fespectively. Tfthe fotal
water@vailable(is 320,000 ih’, show thatas the @vailable Tand @rea A lincreases, [the Fotation
policythat haximizes[fotal metincome[changesfrom(onethat(is fotally intensive foldnelthatfis
increasingly [éxtensive.

Wouldthelsame[conclusion holdliflinstead[0ffixed metihcomes0f[4000@nd 2000 dinars[per
hectares 0flintensive @ndlextensive[rotation, thedetincome/depended(onthelquantity [oflcrop
produced? TAssuming(thatintensive fotation Pproduces fwiceds much Pproduced by [extensive
rotation, [@nd fhatfthemMetihcomeperminitdficrop YTsldefined bythesimpledinearfunction53=
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0.05Y,developlandisolvelallinear programming model(to [determine the [Optimal rotation
policies(if Alequals20,30,and80. Need thismetlihcome or Price functionBe linear o be
includedfinhf@inearprogrammingiodel?

4.46[[Current(stream (quality [is Below [desired hinimum Tevels Throughoutthe stream[in
spite[oflfreatment(at/éach(dfthefreatmentplantlanddischargesites [shown below.
Currently@ffluentistandards/aremotbeingmet, [@nd inimum [desired[streamflow
concentrations(can be et By eeting (€ffluent/standards. [All[Gurrent Wwastewater
dischargesmustiindergolddditional freatment. Theissueis Whereladditional freatment[is
toldccuriand how uch.

Developlamodeltoidentify(costleéffective[dptions forheeting €ffluentstandardswhere
everwastewater(isldischarged(ihtothe(stream. Theldecisions Wariableslinclude(the
amount(ofiwastewater [foltreat(at/@achlsite@nd fhenreleasefo theriver.[Any[wastewater
atldny [site that[isMotindergoing(ddditional freatmentGanBe Piped fo Other Sites.
Identify dtherfissues thatdouldaffectthe(@ventual decision.

\ O Wastewater Treatment Plant

Possible pipeline for wastewater effluent.

——e————

Assumelknown[current Wastewater flows(at[Site (I=(q;.

Additional ltreatment[to meet €ffluentstandards (Cost (= a; [+ b;(D;) i

whereD; is [the fotal Wastewater flow indergoing [additional freatment(at/site iland(c; <[1.
Pipelineand pumping for(each [pipeline [Ssegment costs @pproximately (a; [+ B(q;;)"
whereq;;i5 [pipeline flow between adjacentsites iland[jland [y<[1.

4.47 Consider thesystem/shown below Where@Teservoir is lipstream 6flthree demand
sitesldlongladriver.

3
/\<2\.
ThemetBenefits/derived fromeachisedependdn the [reliable[@amountsof Water @llocated

to/@achfise. Lletting x;;Belfheldllocationfoise i inperiod ¢,the metBenefitsforldach
period ¢ equal

I.DBXM_ xnz
2.y 2.5 x5
3.8x3210.5 x3.°
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Assumelthe@verage inflows[fo [thereservoirfin@ach offouriseasonsofitheyear@qual (10,
2,18,12 finits Per(seasonandthatthe reservoiricapacity is[5 Wolume mnits.

a)[Find the Optimal (Operating [policy [for this reservoirthat haximizes the otal [(four Season)
allocationBenefits fortheisers.

b)[Simulatelthe Operation0flthe [reservoirland(thelallocationpolicyand ising RIBASIM [or
WEAP ordthersimulation [program((see(CD).
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Chapter(5([Fuzzy Optimization

5.1MAnRipstream Teservoir Serves(dsaTecreation(site for [sSwimmers, wind[surfersand Boaters.
Itlalsolserves(asaflood storage reservoirinlthe Secondperiod. MThe feservoir’sreleasesCanbe
diverted [to [@nlitrigation[area. TA [Wwetland area further[downstreamreceivesthe tinallocated
portion[ofTthe Teservoirrelease Plusithereturnflow from(theirigationarea. TThefirigation
return flow[dontains(alsalinity [concentration [thatdandamagetheécosystem.

a)[MAssumetherelexistrecreation lakeTevel targets, litrigation@llocation(targets,land
wetland flow [and[salinity [fargets. TThelchallengefis[fbdetermine The reservoir releasesland
irrigation (allocations(so @sto‘best’ heetthese targets. (Thislis[the[drisp’ [problem.

b)TAssume fhatlthe Targetshisedin(@)@dboveldrereally fairly fuzzy. Merive fuzzy
membershipfunctionsforthese fargetsland solve forthe‘best’ reservoir(releaselandlallocation
policybased (on(these[fuzzy membership functions. TThisis [the “fuzzy’ [problem.

Data:

Reservoirlstorage(capacity: (30 mcm,;

During[period2the flood storagecapacityis[3 cm.

Irrigation Teturn flow Fraction: 10.3(i.e.,[30% [ofthat(diverted for Airigation);
Salinity[doncentration[dfreservoirwater: [ [ppt;

Salinity [doncentration[ofTitrigation return flow: 20 Ppt;
Reservoiriaverageihflows forfourlseasons, Tespectively:[5,[50,20,10 them;

Targets[for(part(d):

Targetmaximum/salinity [doncentration/inWetland: (3 [ppt;
Target(storagefargetfor(all Seasons: 120 mem;

Minimum [flow [fargetin wetland [in[€éachSeason, [respectively: (10,20, 15,15 thcm;
Maximum [flow [fargetin wetland [in [€achSeason, Tespectively: 20,30,25,25 hcem;
Targetfirigation(allocations:0,20,15, 5 them;

a)[[Find [thereservoirreleases(ih [€ach [Season(that bestmeetthe flow [and(salinity
targets(in the(system. [Thisfs thecrisp problem.

b) MNextldreate fuzzy membership[functions[toreplacethe targetslandsolvelthe
problem.
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Chapter6//Data/Based/Models

6.1MDevelop @flowchart[showinghow youWwould@pplygeneticalgorithms(fofinding[the
parameters, a;j, 0fldwater(quality [predictionmodel, such(astheone wehave ised [fo find the
concentration downstream [0flantipstream(discharge site. [This Will bebased (onObserved
values[ofimassinputs, ;,land concentrations, Cj,[and[flows, O, [at site ;.

Gi=Zi Wi a1 0;

Theldbjectivelto beRised for(fitness(is [fo thinimizethe[sum(ofthe differences between
thelobserved Cjlandthe computed C;.[[To convert!this/tolamaximization/objective
youlcouldiise[Something Tike fhe following:

Max [1/(1 & D)

Where D >[(Cjlobs= Cjlcalculated)
D =((Cjlcalculated = Cjlobs.)

6.2Mselthelgeneticlalgorithm program called (GANLC fo Predictlthe parametervalues
asked[forfinlproblem(6.1,[and[then theartificial Heural Metwork [ANN [fo [Obtain d[predictor
ofldownstream[Water(quality bBased (on(the Values[dfithese parameters. MBoth [(GANLCland
ANNarelcontained on'theattached CD. TY ou thay ise the odeland datapresentedin
Section(5.2 [0f[Chapter 4 iflyouwish.

6.3 Wsinglalgeneticlalgorithm program(forlexampletheonelcalled[GANLCIdontained
onlthe[CD)findthelallocations X thatmaximize the [fotal benefits [folthe three Wwater isers
ilalong(alstream, whoselindividual benefits are:

Use(1: 16X, X,

Use2: 17 X, 1X,”

Use[3:[8(X; DX32
Assumel(thelavailablelstream[flow[is[Ssome knownvalue(ranging[from 00 20).

Determine(theléffect afldifferent/genetic@lgorithm [parametervalues [ontheability [fo find
theBest[solution.

6.4[Consider the Wastewater freatment problem/illustrated in the [drawing below.

/—’32

Flow = 0.01157 m’/s
= 1000 m™/d

200 kg/day
% 2

100 kg/day

Thefnitial [Stream[doncentration justtipstream 0fsite 1 i532.Thetaximum
concentration ofthe pollutant(just tpstream (of site 2 [i5 20 mg/1 (g/m’), @nd @t site 3 it is
25mg/1.[MAssumelthemarginal [cost per [fraction [(or [percentage) (0flthe [waste load
removedat(site[1[is moless than(that'cost/at(site 2, Tegardless(dfthelamount femoved.

Using(thegenetic@lgorithm [programGANLC[(contained(onthe[CD), [or(cther(suitable

geneticlalgorithmprogram,solve Tor theleast/dost Wastewater Treatmentat(sites1 land 2
thatWill[satisfy Thelquality [Constraints at[Sites 2 @nd 3 respectively.
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Discuss/(the(sensitivity (0fthe (GA [parameter Values [in finding [the (best[solution. Y ouldan(get
theléxactisolution ising MLINGOasdiscussedih[Section(5.3 ih Chapter@4.

6.5 Develop [@nartificial meural metwork [(for léxampleiising[ANN [found in the [CD) [for
flow Touting(given/the following Two [Sets[of tipstreamland[downstream flows. [Uselone
setiofi3 periods For Ltraining. [(findingthe tinknown Weightsland [dther Wariables)and the
otherSetfor walidation oflthe[calculated [parametervalues(weightsland (bias[Constants).
Developlthesimplestartificial neural metwork you/can(that(does anl@dequatejobof
prediction.

Timeperiod Upstream [flow Downstream [flow
1 450 366
2 685 593
3 830 755
4 580 636
5 200 325
1 550 439
2 255 304
3 830 678
4 680 679
5 470 534

[TheseOutflowscome from [the[following model, [@ssuming @ninitial [storage[ih period 1 [0f
50,[the(detention(storagethatWill femain(in(the reachéven(ifitheinflows(go[to (0. [Forléach
period[t:

Outflow(t) =(1.5(I50 #(initial storage(t) =+ inflow(t) )’ (1]

where [theQutflowlis[the[downstream flow and inflow [is the pstream flow.
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Chapter(7IConceptslin[Probability, Statistics(and/Stochastic
Modelling

7.11Giveldnléxample0flaiwater fesources [planning study Wwith which[you haveSome
familiarity. Make[@(istoflthe (basicinformationiised[inthe[study(and the thethodsised
transform [thatlinformation into(decisions, fecommendations, [and [donclusions.

(a) Indicatelthemajor/sources/offtincertainty landpossibleérrorfinthe basic
information [and [ih [the fransformation [0fthatihformationinto decisions,
recommendations, [and(conclusions.

(b) Inlsystems/studies, sources6flérroriand incertainty [are[Sometimes [grouped/into
threelGategories:

1. Uncertainty(dueltothe matural Wariability (0flrainfall, temperature, [@nd
stream flows Which affectalSystem’s[operation.

2. Uncertainty[duelto€rrorsmade inlthelestimation[ofthe thodels’
parameterswith(a limited [@mount(ofidata.

3. Uncertainty[orerrors introduced finto the@nalysisbecausedonceptual
and/ormathematical hodels[domotTeflectthe frue maturedfthe
relationshipsbeing(described.

MMndicate, iffapplicable, into Whichcategory [@ach (0fthe[Sourcesofierror or
[MHincertainty [youhavelidentified falls.

7.2MMhefollowing matrix displays the[jointprobabilities 6f different Wweatherdonditions [and
ofldifferentrecreationbBenefitlevelsiobtained fromise [0falreservoirin[alstate [park:

POSSIBLERECREATIONBENEFITS

Weather RB, RB, RB,
Wet m0.10 0.20 0.10
Dry m0.10 0.30 0.20

(a) Computelthelprobabilitiesofrecreationllevels RB|, RB,, RBs,dndofldry [and wet
weather.
(b) Computeltheldonditional probabilities P(wet |RB 1), P(RB; | dry),land[P(RB, | wet).

7.3 Mn{floodprotectionplanning, the100yearflood, whichlis[anestimate[oflthe [quantile xg g9,
isloftenised(as the(design [flow. Assuming|that(the floodsindifferentyears arelindependently
distributed:
(a) Showthatltheprobabilityoffatleastione 100 yearfloodinal5[yearperiodlis
0.049.
(b) Whatfs[theprobability 6flatleastone100yearfloodinlal00yearperiod?
(c) Iffloodsat1000different/sitesdccurindependently, Whatfis theprobability [ofTat
leastlone[100 year flood [@t[Ssomesitelin[@ny [Singlelyear?

7.4TThelpricefobelcharged for Water By anfirigation[districtHasyetfo bedetermined.
Currently (itldppears(as/ifithere(is [ds[60% [probability [that the [price will[be [$ 10 Perinitof
water/and(al40% [probability [that/the [price will be[$5 [per unit. The/demand [forwater is
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uncertain. Theléstimatedprobabilities (0fldifferent[demands(given alternativeprices [arelas
follows:

Prob. 6f[Quantity Memanded/given Price

PricelllIQuantity: 130 55 80 100 120
$5 [[1110.00 [0, 15 [[IIIIIT0. 30 [IIIIIII0. 3 5 [TIIIITI0.20
$10 (1117020 [II110. 30 [IIIIIT0.40 [IIII10.10 [10.00

(a) Whatfsthemostikely walueloffuture fevenuefrom Water(sales?

(b) Whatlaretheltheanland ¥arianceoffuture Water(sales?

(c¢) Whatlisthemedianvaluelandlihterquartile range [offfutureWwater(sales?
(d) Whatlpricewill maximizeltherevenue from fhelsaledfwater?

7.5Plotlthefollowingdatalon[possiblerecreationlossesandfirrigated @gricultural iyields.
Show [thathise[ofltheléxpected(storagelevel lorlexpected allocation inderestimates(the
expected Walue[oflthe Convex function describing feservoir losses Whilelit[Overestimates(the
expected valueloffthedoncave function(describing érop [yield. A [doncave function f{x)has(the
property(that f{x) < flx,)F f (x,)(x= x,) Torlany x,; provelthatiiseof AE[X])Wwill@lways
overestimate [the [€xpected valuelofldconcave function f{X)When Xlis/dlrandom[variable.

Irrigation
Water Crop Probability of
Allocation Yield/Hectare Allocation
10 6.5 0.20
20 10.0 0.30
30 12.0 0.30
40 11.0 0.20
Decreaselin Probability
Summer Storage Recreation of'Storage
Level Benefits level
200 5 0.10
250 2 0.20
300 0 0.40
350 1 0.20
400 4 0.10
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12 —
i //////\\\ 5
) Decrease
Yield — in ]
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| | | | | | | | |
10 20 30 40 200 250 300 350 400
Irrigation water Summer(Storage Level

7.6 [Complications/can/beladded[to the €conomiclevaluation(ofialprojectbytincertainty
concerning [the isefulness|life 0flthe project. [Forlexample, the fime@twhichthe iseful life of
ateservoirWilllénd(duefosilting[is Mever known With [Certainty When[the feservoirlisBeing
planned. Miftheldiscountratefis highland theTife is relatively Tong, The lincertainty tay Mot
very limportant. [However, if the [lifeloflafeservoir, [Or[oflaWwastewater [freatment facility, [0r
any [dthersuch project, relatively [short, [the [practice (0fltising the[expected lifelto [Calculate
present(dosts(orBenefits may Bemisleading.

Inlthisproblem,lassumelthat/d[projectiresultsin($1000(of et benefitsatthe [énd(ofleachlyear
isléxpected folastbetween10and 30 years. [The probability oflendingattheénd(ofléachlyear
within [the Tange 0111 fo[3075fhesame. [Givenld/discountrate 0f10%:

(a) Computelthepresentvaluelofmetbenefits™NB,,@assuming @20 yearprojectife.

(b) Comparefthiswithfhelexpected presentmetBenefits £[NB,]fakinglaccountof
uncertainty(intheprojectIifetime.

(¢c) Computelthelprobability(thatthedctual [presentmetbenefits is(atleast[$10001ess
thanINB,, theBenefit@stimate Based (on @20 year(ife.

(d) Whatlislthelchanceldfigetting($1000more(than(the(driginal éstimate NB,?

7.7MAlcontinuous tandom Variable that'doulddescribe theproportion 0f fishdrother animals

inldifferentTargesamples Whichave Somedistinctivefeaturesis thebetaldistribution Whose
density(is[(a>[0,B>[0):

ex*(1xy! 0<x <
Sx(x) :é ,
otherwise

(a) Directlylcalculatethevaluelof clandtheheanland Warianceof Xfor a= f=02.

(b) Inigeneral, c= I'(al¥ B)/T'(a)['(B), Where ['()lis [the[gammafunctionlequal fo («
—[)! forfinteger a..Wsinglthisinformation, derivethelgeneralexpressionforithe
meanlandvariancelof X. [Toldbtain(@formulawhich(gives(thevaluesofithe
integrals offinterest, mote Thatthelexpression [for ctustbelsuch(thatthelintegral
overl(0, 1) 0fthedensity function (is inity [forlany aland S.

7.8 ITheljoint[probability [density [0frainfall [dt[fwo [Places(on rainy [days(could Beldescribed By

2/(x+ y 1)y x,y =00
&mw{o

otherwise
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Calculateandgraph:

(a) Fxy(x,y),thefjointldistribution functionof XTand Y.

(b) Fyy),themarginallGumulative(distribution function(of ¥,(and fi(y), thedensity
function/of Y.

(¢) fyix(y| x),thelconditional [density function(of Yigiven(that X'= x,land Fy| x(y | x),
thedonditional[cumulative distribution functiondf Ygiventhat X= x[(the
cumulative distributionfunction/is[dbtained By [integrating [the[density function).

Show [that
Fy|x(y| xZ0)> Fy(y) for y>0

Findlavaluelof x,[and y,forwhich

FY\X(y0| xo)gFY(yo)

7.9MLetX[andlY [Befwolcontinuous independent fandom variables. [Prove[that

E[g(XOh(N)]= E[gX]EA(Y)]

forlany [tworeal [valued functions gland 4. Thenshow(that/Cov(X, ¥)=00f Xland Ylare
independent.

7.10TA [frequent[problem fis thatlobservations[()X, Y)[arefaken(on(such[quantities(asflowland
concentration [and(then(d(derived(quantity g(X, Y)lSuchlasmass(flux [isidalculated. (Giventhat
onehas(eéstimates oflthe[standarddeviationsoflthe[0bservations Xland Yland[their(dorrelation,
an[estimate [0fthe(standard(deviation(of g(X, Y)ismeeded. Usinglasecond orderTaylorIseries
expansion(forlthe thean(of g(X, Y)aslafunction(oflits partial [derivativesland(ofithe means,
variances,[covariance0flthe X [ad Y. [Usingafirst[order@pproximation(of g(X, ¥),dbtainedlan
estimates [0f the Wariances[0f g(X, Y)as[@function(offitspartialderivativesandthethoments
of Xland Y.Note, theldovarianceof Xland Ylequals

E[(X= u)(YZ py)] = 6%xy

7.11 A study0flthebehavior6f Wwater Waves impinging lipon [andreflecting [offlalbreakwater
located on'dlsloping[beachwasconducted (in(a[small tank. Theheight(cresttofrough)ofithe
waves Was[theasured(alshort/distancefrom the Wave[generator[andat/several [points(alongthe
beachdifferent(distancesfrom(the breakwater Wwere measured/and their heanlandstandard
errorrecorded.

MeanWave Standard
Height ErroridfiMean

lL.ocation (cm) (cm)

Nearwavelgenerator 332 0.06
1.9[émfrom breakwater 4.42 0.09
1.9[émfrom breakwater 2.59 0.09
1.9cm(frombreakwater 3.26 0.06

Atiwhichpoints were the Wwave lieights(significantly [different from the Height mear Wwave
generatordssuming thatlerrors Werelindependent?
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Oflinterest(to ‘the ‘@xperimenter(is theratio[0f'the wave Heights ear(the breakwater [to [the
initial waveHeightslinthedeep Water. Wsing the Tesults [in [Exercise[7.10, estimate the
standard error [0fthis Tatio atthethree Points[@ssuming fhatlerrors adelin easuring the
height(ofiwaves [at(the three[pointsandmeartheWave[generator [@reindependent. [Atwhich
pointldoes theratio[@ppearfo [be [Significantly [different from[1.00?

Using the(results0f[Exercise[7.10,show thatthe ratio 0fthe theanwave hieightsfis[probablyla
biased [estimate 0flthe [actual(ratio. Does(this Bias @ppear o (beimportant?

7.12MMeriveKirby’sbound, Equation(7.45,0nthelestimate 0fthe [doefficient(0f'skewness by
computing [the[sample @stimates [0f the skewness [0flthe most[skewed [Sample it would Be
possible folobserve. [MDerive also thetipper Bound (n [11) " for the éstimate 6flthe population
coefficientlofWariation

\%

X

x
whenlalllthe [dbservations[must BeMonnegative.

7.13 IThelerrorsfinlthe predictionsdfWater[quality odelsdre[Sometimesdescribed By [the
doubleexponential distributionWhoseldensity is

f(x) = %exp(—a\x -A)) R xZt 0

Whatlarethe maximum (ikelihood €stimates(of aland S? TMNote(that

ix—ﬁ| —mfm x>
dp J

1 xZ B

~

Isftherelalways(dinique solutionfor S3?

7.14[Meriveltheéquations(thatoneWwould fieed foSolve(to Gbtainmaximum [dikelihood
estimates [0flthefwo [parameters aland Plofithe(gammadistribution. Noteanlanalytical
expression [for dI'(¢)/dalismotlavailable(so [that(alclosed form [expression [formaximum
likelihood[estimate [0f afismotlavailable.Whatlis [the thaximum(likelihood [estimate0f Slas(a
function[ofthe haximum ikelihood [€stimates[0f o?

7.15ThelogPearson Type Il distribution fis[dften hised fo model flood flows. Tf XThasldTog[]
Pearson Type(ll distributionthen

YE In(X)2 m

hasafo parameter[gammaldistribution where e"is[the TowerBound of XTif S=>0land ¢"[is
the upperbound [of XTif S<[0. Theldensity [function(df Yican[bewritten

1y = B exp-prra() o= s
@

Calculatetheeanland Varianceof Xfinferms(of «, Sland m.Notethat

E[X']= E[(exp(YH m)) | =lexp(rm) E[exp(rY)]
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Tolevaluate(the(required lintegrals remember that(the [constant [ferms/inthe[definition [0f fi(y)
ensure [thatthelintegral [ofthis[density function [over therange (0f by hustBe tinity forlany
valuesof aland flsollonglas a>0land Py>10. ForwhatMaluesof rland S does(themean(of X
failtolexist? [How[do [thevalues(of m, aland Slaffectitheshapeland scaleloflthe(distribution(of
X?

7.16MWhen plottingGbservationsfolcompare the €mpiricalland fitted [distributions [6f
streamflows, [or[other Variables, [it[is miecessary [fo [@ssignld[cumulative probability [fo€ach
observation. These are(called plotting positions. As/tioted in the fext, forthe i" Targest
observation X,

E[F(X)]= i/(n#0)

Thus(the Weibull plotting [position #/(n = 1)lis[onelogical choice. Dther[commonlytised
plotting [positions @re the Hazen plotting position|(i = */5)/(n#'%). The [plotting [position (i =
3/9)/(n+(%) lis [a[reasonable choice becauselits tise provides a/good @pproximation fo the
expected valuelof X.Inparticular(for(standard mormal [wariables

E[X;] = ®"[(i2 /s)/(nF%4)]

where @( -)listhecumulative [distribution function(dfldstandard mormal Wariable.(While much
debatecenters(dn the@ppropriateplotting [position folise foEstimate p;= Fx(X;), dftenpeople
faillfo realize ow impreciseall such@stimatesthustbe. Noting [fhat

(n—i—1
Var(p;)) = —l(n zl ) ,
(n+1)"(n+2)

contrastthe difference between thelestimates p, of p;provided by these three plotting

positions(andthelstandard[deviation [of p,. Provide@mumerical lexample.[(Whatldo you
conclude?

7.170Thefollowing[datalrepresentalsequence0flannual flood flows, the thaximum [flow rate
observed(éach(year, Tor(the[SebouRiverld@ttheAzibSoltanegaging stationih Morocco.

Maximum Discharge Maximum[Discharge

Date (m’/s) Date (m’/s)
03/26/33 445 03/13/54 750
12/11/33 1410 02/27/55 603
11/17/34 475 04/08/56 880
03/13/36 978 01/03/57 485
12/18/36 461 12/15/58 812
12/15/37 362 12/23/59 1420
04/08/39 530 01/16/60 4090
02/04/40 350 01/26/61 376
02/21/41 1100 03/24/62 904
02/25/42 980 01/07/63 4120
12/20/42 575 12/21/63 1740
02/29/44 694 03/02/65 973
12/21/44 612 02/23/66 378
12/24/45 540 10/11/66 827
05/15/47 381 04/01/68 626
05/11/48 334 02/28/69 3170
05/11/49 670 01/13/70 2790
01/01/50 769 04/04/71 1130
12/30/50 1570 01/18/72 437
01/26/52 512 02/16/73 312
01/20/53 613

31



Water[ResourcesSystemsPlanning/and Management Exercises
Daniel(P. Tloucks /& EelcolvanBeek

(a) Constructi@histogramiofitheSeboufloodflow(datalfoSeeWhatthe flow
distribution Tooks Tike.

(b) Calculatelthetean, Wariance, @andsamplelskew. Based lon(Table[7.3,[does the
sampleskew @ppear fobelsignificantly [differentfrom Zero?

(c) Fitlamormall(distributionfolthedatalandiisethe KolmogoroviSmirnov [festto

determine(ifithe fitlis[adequate. Draw @[quantile quantile [plot of the [fitted
quantiles F'[(i2 */s)/(n#V4)] wersus(the lobserved [quantiles x;land include on the
graph(the KolmogorovSmirnovboundsidn(€ach x;,[@sshownlin[Figures(7.2aland
7.2b.

(d) Repeatlpart[(c)ising@fwo [parameter Tognormaldistribution.

(e) Repeatlpart((c)mising@threeparameterlbgnormal [distribution. The Kolmogorov
Smirnov(testlis Mow [@pproximatelif@pplied to Tog [X;Z 7], Where 7 isidalculated
using[Equation(7.81 [or[Someother thethod [6flyourichoice.

(f) Repeatlpart((c)forfwo Tandthree TparameterVersions0fithe [gammaldistribution.
Again,the Kolmogorov[Smirnovtestlis[@pproximate.

(g) Alpowerful test'ofnormality fis[provided By [theCorrelation test. [As[described By
Filliben[(11975),0nelshould @pproximate p;= Fx(x;) By

(11 =2((0.5) " =0
P, EIRIEZ10.3175)/(n+10.365)i=12,..., n(ll
1(0.5)"" iEn

Then[dneldbtains(altestformormality bylcalculation 0fthe [correlation rbetween [theordered
observations X;land m;(the median Walue(of the i" largestobservation lin a'sample of nstandard
normal fandom Variables(So [fhat

m;[= O ( ﬁ i )
where @(x)listhelcumulative(distribution function 0flthe(standard mormaldistribution. The
value(of rfifthen

> (-0 (m, )’
\/i(xi—xfi (m, -

Some significance Tevels for(the valueof rare(Filliben1975)

V=

SIGNIFICANCEILEVEL
n 1% 5% 10%
10 0.876 0.917 0.934
20 0.925 0.950 0.960
30 0.947 0.964 0.970
40 0.958 0.972 0.977
50 0.965 0.977 0.981
60 0.970 0.980 0.983

The probability [6flobserving(d vValue0f »Iessthan thelgivenvalue, Werethe[dbservations
actually [drawn from/dmormal distribution,[équalsthe(specified probability. Wsethis [festfo
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determinewhether @ mormal (Or[two [parameter lognormal(distribution [provides(an [@dequate
modelfor(theseflows.

7.18 [A [small [community [is[donsidering [the immediate[éxpansion [0flits wastewater [freatment
facilities(so thatfthe’expanded Facility [Gan mheetthe[durrent/deficit(0f10.25 MGDandlthe
anticipated/growthlin[demand Overthemext25 years. Futuregrowth i [@xpected foresultlin
themeedoflanladditional [0.75 MGD.[Theexpected(demand [for (Capacitylas(afunction 0ftime
is

Demand #0.25MGD '+ G(12 ¢ **)

where tisthelfimefinlyearsland G=[0.75MGD.Thelihitial [Capital [Gostsand thaintenanceland
operating(costs related [focapitallare[$1.2 x(10° C*"*where Clis/the plant/capacity (MGD).
CalculatetheToss[ofléconomicefficiency ILEEand fhemisrepresentation [0fminimal[Costs
(MMC) thativouldresultfitldidesignerincorrectly [assigned Glavalueof0.5630r0.938(*
25%)0wvhenldetermining the fequired [Gapacity [0fthe [freatmentplant. [Note: 'Whenevaluating
the fruelcostloflamon [optimal design Which [Provides(insufficient[dapacity [fo meet([demand
overd257yearperiod,includelthecostlofBuilding@Second freatmentplant; Useanlinterest
rate[0fT7% per(year [fo[Calculate [the presentValue[ofTany [Subsequent€xpansions.] In this
problem,How [importantfisanerrorlin GIdomparedtolanerrorlinthelelasticity (0ficostsiéqual fo
0.70?(I0neMGD, [ [million gallonsperday, lis équivalentto[0.0438 m’/s.

7.19[MA thunicipal Water fitility lis[planning [fhe @xpansionofitheir Water[acquisition[System
overlthe mext[50 years.Thedemand forwater(is[@xpected to [grow [dndis[given By

DE104(1210.0067)

where ¢[isthe fimelin(years. Itislexpected thattwo pPipelines will belihstalled[dlong @n
acquired rightlofTway [fo [BringWater(fo the dity from(adistant Teservoir. [Mne pipe Will be
installed immediatelylandthen(@(Second [pipe When [the[demand justiéquals(theGapacity Clin
year ¢[is

PVE(a® BChe™

where

a=29.5

P=(5.2

y=0.5

r=10.07/year

Usingal50yearplanningforizon, Whatfisthe[Gapacity [6flthe first[pipe Which minimizes(the
total [presentvalue(oflthe[Construction(oflthe fiwo [pipelines? When fisthe[second [pipe built? If
a £25%lerroris thadelin@stimating y[or , whatlarethelosses0fléconomicefficiency [(LEE)
and[the misrepresentation 0fminimal [costs (MMC)? [When [finding[the[0ptimal [decision With
eachsetlofiparameters, find fthe fime[6fltheSecond [@xpansion(to the iearest [Year;[d[domputer
program(thatfinds/the fotal presentalueoficosts @sdfunction 6flthe [fime6ftheSecond
expansion ¢[for ¢=1,0..,[50 Wouldbehelpful. ((Alsecond pipedeed motbe built.)

7.20TA mational [planning [agency [for(a[small[Gountry must/decide iow [fodevelop fthe Wwater
resources of@lregion. ThreedevelopmentplansHave Been Proposed, whicharedenoted d,, d,,
and d;.[Theirlrespectivelcostslare 2007, 100[f] and 100 [fiwhere flisamillion farths, the Mational
currency.Themational benefits Which(arederived from(thechosen(developmentplanidepend,
inpart, [on[thelinternational tharket[for[the[goodsandlagricultural[commodities thatwould be
produced. [Consider(three[possibleinternational harket(Qutcomes, m;, m,,land ms. The
national benefits(ifidevelopmentplanl Selected wouldbe, Teceptively,400,290,250.The
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national benefits from(selection (0ffplan 2 would Be 350,160,120, while the benefits from
selection[0f’plan(3 Wouldbe 250,200, T160.

(a) Isl@nyplanfinferiorioridominated?

(b) Ifionelfeltithatprobabilities(dould notbe dssigned to m;, my,land m;Butwished to
avoid[poorloutcomes, whatWwould[Be an @ppropriate(decision criterion, @and why?
Whichldecisions Wouldbelselected lising[thisicriterion?

(c) IfPr[m,]=10.50@ndPr[m;]=Pr[m;]=0.25, Howwould@ach(ofthelexpected met
benefitslandléxpectedregret(criterialrank theldecisions?

7.211Show [that[iflonehas(a'choice between [fwo Water thanagement(plans [yielding[benefits X
and Y, where XTisstochastically [smaller(than Y, then forlany rfeasonable iitility function, (plan ¥
ispreferredfo X.

7.22TA Ireservoirlsystem Was[simulated for[100 [yearsand [the[@average [@annual benefitsland
theirvarianceWwas foundfo be

B=493
Sé =323
Theldorrelation(dflannual Benefitswas [@lso (calculated [and is:
k Tk
0 1.000
1 0.389
2 0.250
3 0.062
4 0.079
5 0.041

(a) Assumelthat p(/)=[0For [= k,[Ccompute(using[Equation(7.137)thelstandardlerror
offtheldalculated(average benefits for £=10,1,2,3,4,@nd(3.[Alsolcalculatethe
standard error 0fTthe[Galculated [Benefits, @ssuming thatl@annual Benefits thay [Be
thoughtoflas(alstochastic process with @(correlation structure pg(k)=[ps(1)] .
WhatistheleffectofitheCorrelation(structure @mong/the0bserved Benefits(dn(the
standard(error [0ftheir/average?

(b) Atlthe®0%[and95%[evels, whichofTthe r,[arelSignificantly differentfrom(Zero,
assuming|(that pp(/) =0for /> k?

7.23Replicated reservoirsimulationsising [fwoloperatingpolicies[produced the following
results:

BENEFITS
Renlicate Policyll Policy2
1 6.27 4.20
2 395 2.58
3 4.49 3.87
4 5.10 5.70
5 5.31 4.02
6 7.15 6.75
7 6.90 4.21
8 6.03 4.13
9 6.35 3.68
10 6.95 7.45
11 7.96 6.86
Mean. X; 6.042 4.859
Standard(deviation dfvalues./s.; 1.217 1.570
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(a) Construct@90%I[confidence limitsfor(€ach(dflthe fwo means X ;-

(b) Withwhatldonfidencelintervallcan(youlstatethat[Policy(l[produceshigher
benefits thanPolicy(2 uising[the sign [festland ising [the ¢[test?

(c) IffthelcorrespondingreplicateWithgachpolicy Werelindependent,(dstimate With
whatldonfidencelonedouldhaveconcluded thatPolicy 1 producesfigherbenefits
with(the ¢[test.

7.24MAssume thatlannualstreamflow(at/a’gagingsite iave [been [grouped intothreedategories
orlStates. [State[1 i85 fo[15[m’/s, State 2 is[15 fo 25 m’/s, @nd[State 3 [is[25 to 35 m’/s,ldnd these
grouping(contain(all [the flows[on [records. Thefollowing [transition[probabilities have been
computedfromrecord:

IE;
Py 1 / 2 3
1 0.5 0.3 0.2
i=2 0.3 0.3 0.4
3 0.1 0.5 0.4

(a) Ifithe(flow [forthecurrentlyear(is between 15 and 25 m’/s, Wwhat is [the probability
that(the annual flow 2 years frommow will Be inthe range 25 fo[35 m’/s?

(b) Whatlisthelprobability 0flaldry, @nl@verage,land @ wetlyear any [yearsfrom

now?

7.25 A Markovchain thodel for [the [streamflows [in fwo [different Seasonshas [the following
transition probabilities

STREAMFLOW mext[Season2

STREAMFLOW
IN'SEASONTT 0[3m’/s 3[6[m’/s >(6h’/s
0010m’/s 0.25 0.50 0.25
>10h’/s 0.05 0.55 0.40
STREAMFLOW hmext[Season(1
STREAMFLOW ; ;
INISEASON12 0[10m*/s >10m’/s
03m’/s 0.70 0.30
3(6/mh’/s 0.50 0.50
>6h’/s 0.40 0.60

Calculate the(steady [State[probabilities (0f'the flows/in [€achlihterval [in[€éachSeason.

7.26ICanlyoumodifythe deterministicdiscrete IDP reservoir[operating odelfo linclude the
uncertainty, €xpressed(as P;/,[0f the/inflows, [aslin Exercise(7.25?
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(Hints:[Theldperating policy Wwould(define(the[release (or final storage)in[éachseason(as(a
function0fMotOnly [thefinitial [storagebutlalso theinflow. Tftheinflow [changes, [So thight[the
release(or(final(storage Wolume.Henceyounieed Toldiscretize thelinflows(ds Well @s(the
storagevolumes. Both(storage @ndlinflow [@restate variables. [Assume for [thisthodel [youcan
predictiwith[Certainty theihflowlinléachperiod @tthe Beginning0fthe Period.So,/dachrode
offthemetwork Tepresentsfa known fihitial [Storage [and ihflow Value.[Y oulcannotpredict Wwith
certainty [the following[period’sflows,[only [their[probabilities. [Whatldoes [the Metwork Took
like Mow?

7.27[Assumelthattherelexisttwo possibleldiscrete flows Oy lintolalsmall feservoirlinléachof
two(periods f[€ach(yearHavingprobabilities P;.[Hind thelsteady [state(operating[policy [(release
as(a@[function0ffinitial feservoir Wolumes [and [GurrentPeriod’sfinflow) for the reservoir that
minimizes[fheléxpected [Sum6fisquared deviations from storageland release fargets. [limitfhe
storage Wolumes [folinteger(values/that wary [from 3 o (5. TAssume/alstorage Wolumeltarget0f4
andlareleaselfarget(of2ih/dach Period z.[[Assumeldnlylinteger WValuesdflall[statesland
decisionvariablesandthati€achperiod’sinflowfis knownatthebBeginning[oftheperiod.)
Findthelannual i@xpected sum(oflsquareddeviations fromthelstoragelandreleasefargets.

FLOWS, Q; PROBABILITIES, P;
Period, [t =11 =2 il=r] i=2
1 1 2 0.17 0.83
2 3 4 0.29 0.71

Thislis[an@pplicationof[Exercise7.26 exceptlthe flow [Probabilitiesareihdependent
ofltheprevious(flow.

7.28 TAssumethatthelstreamflow Qfat/dparticular(sitelas/dumulativeldistribution function
Fo(q)= q/(1# g)for g >[0. Thewithdrawal xat/thatlocationmust(satisfy(dlchance constraint
offtheform(Pr[x > Q] <[1[Mn. Writeltheldeterministicléquivalentfor(each(ofthe following
chance/constraints:

Pr[x < 0] 210.90 Pr[x > 0] <0.80
Prfx < 0] <10.95 Pr[x < 0] <0.10
Pr[x > 0] 210.75

7.29MAssume that(apotential Water iser(dan Withdraw Water from [an inregulated(stream, and
thatlthe[probability distribution function Fq() 0flthe @vailable streamflow Qlisknown.
Calculatethevalueldfthe Wwithdrawal farget 7thatWwill thaximizetheléxpected metbenefits
fromthe Water’s ise[given thefwo shorttun Benefit functions(specified below.

(a) Thebenefitsfrom/streamflow QWhenlthefargetlis 7lare

BO| D= {BO@/}T} HO=ZT) 0>T
B+ pT+ KQ1= T) Q=T

where 8> B> y.[Mnthis case, the[optimal [farget 7" [can Beéxpressed @s @ function
of P'= Fo(T)EPr{Q < T},Theprobability thattherandom Streamflow QWill be
lessthanorieéqual fo 7.[MMProvelthat

P EI(B= D/ 5= ).
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(b) Thebenefits(from streamflow QWwhenltheltargetlis 7lare

B(Q| D= B, BTISQ= 1Y

A
Benefits
B
. 14
B, |
o :
4 T Flow ¢
Jfo(q)

PP

v

7.30MIflarandom Wariablefis discrete, What@ffect'does(this Have (onlthe(specified iconfidence
oflaldonfidencelinterval forthemedian(orlany(dtheriquantile? [(Givelanéxample.

7.310a)WseWilcoxonfestfortinpaired samples o fest the hypothesis that(the [distribution 0f
theTotal'shortage 7Sfh(Table7.14ls[Stochastically Iessthanthelfbtal [shortage 7'STeportediin
Tablel7.15.[Mselonlytheldata [from [theSecond 10 simulationsreported in thetable. Wsethe
factthat(observationsarepaired[(i.e., Simulation jfor[11 < j <20fin[Both fablesWwereobtained
with thesame [streamflow [Sequence) o [perform(the analysiswith thesign[test.

MT{b) Wse thelsign Testfb demonstrate Thatthe@veragedeficitwith Policy 1 (Table(7.14) 75
stochasticallysmaller(thanwith[Rolicy 2 [(Table[7.15);uselall[simulations.

7.32Thel@ccompanying [fableprovidesan@xample6fthe lise[dfMonparametric statistics for
examining[theladequacylofisyntheticstreamflow (generators. [Here the maximum [yield that
can(besuppliedwith@lgiven(sizereservoirlisconsidered. The following [fablelgives(the fank
offthemaximum/(yieldlobtainable With[theHistoric flowsamong thesetdonsisting[oflthe
historicyield [and [the haximum [yield[achievablewwith 1000 Synthetic[sequences[of25
differentrivers/in Worth[America.

(a) Plotlthehistogram [ofithe ranks [for reservoirl(sizes S/up =[0.85,[1.35,2.00. (Hint:
Uselthelintervals07100,1011200,201300, [etc.) Mo the rankslook tiniformly
distributed?

Rank6fltheMaximum Historic[Yield @among1000[Synthetic[Yields
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River NORMALIZEDACTIVEISTORAGE, S/un

Number

0.35 0.85 1.35 2.00
1 47 136 128 235
2 296 207 183 156
3 402 146 120 84
4 367 273 141 191
5 453 442 413 502
6 76 92 56 54
7 413 365 273 279
8 274 191 86 51
9 362 121 50 29
10 240 190 188 141
11 266 66 60 118
12 35 433 562 738
13 47 145 647 379
14 570 452 380 359
15 286 392 424 421
16 43 232 112 97
17 22 102 173 266
18 271 172 260 456
19 295 162 272 291
20 307 444 532 410
21 7 624 418 332
22 618 811 801 679
23 1 78 608 778
24 263 902 878 737
25 82 127 758 910

Source: [A. 1. McLeod and K.'W.Hipel, Critical DroughtRevisited,
Paper[presented (at/thelinternational [Symposium(on [Risk [and Reliability
inWaterResources, Waterloo, Ont., June26(28,1978

(b) Dolyoulthinkthis[streamflow[generationthodel produces(streamflows Whichlare
consistentwith [the Historic flowsWwhen[dnetises as d[criterion the haximum
possibleyield? MConstructalstatistical festfo[Supportyouridonclusionland show
thatfit[does supportyourldonclusion. (Idea: Y oumightant(to consider(ifTit[is
equally [likely [that[the rank [0fTthe historicalyield[is[S00@and below 501 [and
above.[You/couldthenfisethebinomial(distribution b determine the(significance
ofltheresults.)

(c) UseltheKolmogrovSmirnov [testtochecklifitheldistribution oflthelyields
obtainablewith[storage S/ =1.35 i5(significantly [different frominiform Fy(u)
= ufor[0 < u <71.Howlimportantidoyoufeel thisresultis?

7.33Section (7.3 [dismisses the Biaslin v,>for[correlated X’slas inimportant[fofitsVariance.
(a) Calculatelthe @approximate(biaslin v;”[forthe(cases(correspondingfo Table7.10
and(determine(ifTthis[assertion (i [justified.
(b) Bymumerically@valuating the bias/and varianceof v,% [Wwhen n=25, determinelif
the samelresultiolds if p,(k)=0.5(0.9)", swhich is the @utocorrelation function (of
an[ARMAI(1, 1) process/sometimesfised to[describelannual [Streamflow[series.

7.34Considerthecropfirigation problemfin Exercised.31.MFor(thelgivenprices 30land 25
forcrop[Aland B, [theldemand [for(€ach(crop varies[over fime.[Recordsofldemands [show [for
croplA [the[demand ranges(from[0 o (10 iniformly. [Therelis [an €qual [probability [0fthatthe
demandwill belany walue between0and10. [For(crop Bthedemand ranges from[5 tinitsfo
15 Minits, [@nd the mostlikely[demand(is (10. TAtIeastS Rinits [@nd Mo ore [than 15 kinits [0ficrop
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Blwillbeldemanded. Theldemand (for crop Bldan(be defined by [afriangular(density [function,
beginningWwith (5, Having@mean(6f(10and an ipper limit0f15. TDevelop land [Solve@mmodel
forfindingthe thaximum expected metfevenue fromboth crops, @ssumingtheGostsof
additional [fesourceslare 2/unit(ofiwater, 4/unit(ofland, 8/unit(offertilizer, [@nd [5/unit(6fTabor.
Thelcostoflborrowed toney, file., the borrowingihterest(rate, [is 8 [percentpergrowingSeason.
How [does the Solution change [if the [Fesource (Costs [are[1/10™ 6f those specified labove?

7.35Mn(Section(9.2 [generated[syntheticistreamflows[sequences wereised [fo [Simulate @
reservoir’s(operation. [In[thelexample, [d Thomas Fiering model 'was ised[togenerate InQ;,
and InQ,,,[the logarithmsof'the flows [ih [the[two [Seasons [ofléachlyear y,Sodstopreserve the
season [fo[Season[correlation (0flthe intransformed flows. Noting that the@annual flow is [the
sum [ofltheintransformed(seasonal flows Q;,land 0,,, calculate the correlationoflannual
flowsproduced By [fhisthodel. The Tequired(datalare(givenin(Table7.13.[(Hint:[Y ouneed [fb
firstdalculate(the(covariance 0fInQ;,[and InQ; ,+ [@ndthenlof O;,[and O, ,+1).

7.36MPartlofNew Y ork [City’s thunicipal Water supply [is [drawn from three [parallel feservoirs
intheipperDelawareRiverbasin. The covariancematrix [and Tag[1 [ovariance matrix,[as
definedlinEquations(7.166(and[7.168, Wereléstimated based [on(the[50 year flow Ttecord [fo be
(inm*/sec):
20.002 21.436 6.618
S, =|21.436 25.141 6.978 | =[Cov(Q,,0;)]
6.618 6.978 2.505
6.487 6.818 1.638
S, =|7.500 7.625 1.815 |=[Cov(Q;,,0))]
2.593 2.804 0.6753

Other/statistics[0fltheannual flow(dre:

Site Reservoirl] MeanFlowl] StandardDeviation

1 Pepacton 20.05 4.472 0.3243
2 Cannosville ~ 23.19 5.014 0.3033
3 Neversink 7.12 1.583 0.2696

(a) Usingltheseldata,[determineltheMaluesofithe Aland BmatricesofltheTaglmodel
defined by Equation(7.165. TAssume thattheflows(areladequately modeled By la
normal distribution. [A Tower [friangular B matrix fhatsatisfies M= BB' may be
found bylequating the elements 6f BB ifo thoseof Mas follows:

M, :b121 _>b11 :\/MU

M M
My =byby > by, =—F ==
bll M11
M M
M31 :b11b31 _>b31 =—2= =
bll Mll

Mzz :b221 +b222 _)bzzz :\/Mzz _b221 :\/MZZ_MZZI/MH

and (so(forth[for M»;(and M;;.Notethat b;=[0for i< jland MImustbelSymmetric
because BB fis Mecessarily [Symmetric.
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Exercises

(b) Determine A land BB’ forthe Markov hodel which would (preserve the variances
andIdross/covariances [0fthe flows [at(dachSite, [ButmotMecessarily [the Tag 1 [cross
covariances0flthe flows. Calculate theTag(lcrosscovariances 0fflowsgenerated
with yourlcalculated A [matrix.

(c) TAssumelthat[Someodelhasbeen(Builtfo generatethefotal l@nnual flow [into fhe
three(reservoirs.[Constructland(calculatethe [parametersoflaldisaggregation odel

that, given the(total lannual inflow [to dll three Teservoirs, Wwill [generate annual

inflowslinto [ach 0flthe Teservoirs [preserving the Wariances(and (cross[covariances
oflthe flows. [Hint: TheMecessary (statistics [0flthe [fotal flows[canbelcalculated

from(thoseloflthelindividual [flows.]

7.37[Merive the Varianceoflan ARMA [(1,[1)[process lin[terms[of ¢, 6,,and ov’.[Hint:
Multiply bBothsides 6fthe€quation(fo [Gbtain@lsecond. Beldareful fo fememberWhich V,’slare

independentlofwhich Z,’s.]

7.38MThelaccompanyingfablepresents[d60 [yearflow [fecord forthe mormalized flows[oflthe

GotalRivermear(Sjotop Vannersburgin[Sweeden.

(a) FitlanlautoregressiveMarkovmodel [fo [the [annual flow Tecord.

(b) Usinglyourmodel,[generateldS0yearSyntheticflow record. IDemonstrate the
mean, [Variance,and Correlation (0flyour(generated flows(deviate from[the
specifiedvalues moore thanWwould Belexpectedasdresult6f[Sampling @rror.

(c) Calculateltheldutocorrelations/and [partial@utocovariances 0fthe l@annual flows for
aTeasonable Mumber0fTags. [Calculate [the [standard [errors [0flthe[calculated
values. Determine feasonable Valuelof pland gforanARMA [(p, ¢)hodel 0fTthe
flows. Determinethe[parameter Values(for(theSelected thodel.

Annual Flows, (GotaRivermear [Sjotop[Vannersburg, Sweden

1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917

1.158
1.267
1.013
0.935
0.662
0.950
1.120
0.880
0.802
0.856
1.080
0.959
1.345
1.153
0.929
1.158
0.957
0.705
0.905
1.000

1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937

0.948
0.907
0.991
0.994
0.701
0.692
1.086
1.306
0.895
1.149
1.297
1.168
1.218
1.209
0.974
0.834
0.638
0.991
1.198
1.091

1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957

0.892
1.020
0.869
0.772
0.606
0.739
0.813
1.173
0.916
0.880
0.601
0.720
0.955
1.186
1.140
0.992
1.048
1.123
0.774
0.769

Source: V.M. [[¥evdjevich, [Fluctuations 0f(Wetland Dry Y ears, Part[I,
Hydrology PaperNo.[1,Colorado(State Wniversity, Fort[Collins, Colo., 1963
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(d) Usingltheléstimated odellin((c), generate(al30year[syntheticlstreamflow record
and[demonstrate [that[thethean, Wariance,and [Show [that first[dutocorrelations [0f
thesynthetic flows[deviate from[the thodeled Walues by mo morethan WwouldbBe
expected(asalresult/oflsampling error.

7.39MM(a)[AssumethatdneWwantedfo PreservefheCovariancematrices Soland S;0ftheflows
at[severallsite Z, by lusing[the hultivariate or Vector ARMAI(0, 1) model

Zy+] = AVy} BVy\]

where V,[contains nlindependent/standard normal random [variables. 'Whatlis therelationship
betweenthevalues(of Syland S, [@nd[the thatrices A land B?

(b) Derivelestimates(ofithematrices A, B,[and Cloflthemultivariate[AR(2)model
Zy+1 = AZyH' BZyu +mij
using(the[dovariance matrices Sy, S;and S,.

7.40Formulatelathodel forthelgeneration 0fmonthly flows. Thelgenerated onthly flows
should have(thelsame marginal [distributionsas were fitted [fo [the [0bserved flows [oflrecord [and
should reproduce (i) the onth [fo month [Correlation[0fthe flows, [(ii) [the honth[fo [Season
correlation between [€ach onthly flowand thefotal flow [the[previousSeason, [@nd[(iii) fhe
monthfolyear(correlation between [€achmonthly flow[@nd the(total (12 [tnonth flowinthe
previous(year. 'Show [how [fo[eéstimate [the model’s [parameters. [How hany [parametersdoes
yourmodelhave? How [@rethe Malues[dfithe(seasonal model? THow[do Foulthink [fhisthodel
couldBelimproved?
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Chapter(8(IModelling/Uncertainty

8.1Canyoumodifytheldeterministicdiscrete P reservoirloperatingtodel [fb includelthe
uncertainty,[éxpressed(as P,-j’, [0fthe inflows, [@slin [Exercise[7.25?

(Hints:[Theloperating[policy Wwould [definethe Telease [(orfinal [Storage)(in[dach Season(asa
functionl(ofmotlonly(thelihitial [Storage butlalsotheinflow. Iftheinflow changes, so might[the
release(or(final(storage Wolume.Henceyounieed toldiscretize thelinflows(ds Well [@s(the
storagevolumes. Both[storage andlinflow [@restate Wariables. [Assume for [thisthodel Youcan
predictwith Gertainty thelinflow [in[€ach Period (@tthe Beginning[6flthe period.[So,l@achmode
oflthe metwork represents(a known [ihitial [Storage [and [inflow value. [Y ouCannot (predict With
certainty ‘thefollowing period’s flows, [0nly [their [probabilities. Whatldoes [the metwork Took
likemow?

8.2[MAssumethattherelexistfwo [possibleldiscrete flows Q;lintolalsmallreservoirlin(dach of
twoperiodsfldach year havingprobabilities P;.Hindthelsteady [State[Operating policy (release
aslalfunction(offinitial feservoir Molumes [@nd [Gurrentperiod’sihflow) for thereservoir(that
minimizes[theléxpected [sumoflsquared deviations from (storageand release targets. [Limitlthe
storagevolumesfo linteger Waluesthat WVary from[3 [fo[5. TAssume @ storage olume farget 014
and[@lreleaseTfarget(0f2inldach period . [Assumeonlylintegervaluesoflall statesand
decision[variablesand thatldachperiod’slinflowlis[known @tthe beginning [0fltheperiod.)
Findfthe@nnual l@xpected[sum[6flsquared [deviations from[the storage[and release fargets.

FLOWS, 0, PROBABILITIES, P;
Period, i=1 =02 = i=2
1 1 2 0.17 0.83
2 3 4 0.29 0.71

Thisfislanapplication(of(Exercise[7.26[éxceptlthe flow [probabilitiesare ihdependent
offthelprevious flow.

8.3 [Meveloplallinearmodelfor(defining [the [Optimal joint[probabilitiesofipredefineddiscrete
initial(storage Wolumes, discrete [inflows, [and [discrete [final storage volumes/in[d[reservoirin
eachperiod ¢.MletValuesofitheihdex kepresenttheldifferent/discretelinitial storage
volumes, S [Similarly, dettheindex irepresenttheinflows,(;,@ndthefindex /representlthe
final(storage volumes, Si+;,lin[period ¢.[let/thelindex jrepresent/the(discreteinflows, O; 1,
and m representthediscrete finallstorage Wolumes, Sy, w12, lih[Period #+1.MLet PRy [belthe
unknown jointprobability [dflaldiscrete initial Storage, Sk, [@nfinflow, O;,and @final(storage
volume, S 1, inperiod .Mt [@lsotheprobability(dflarelease@associated withdparticular
combination(of , 7,[and /lin[period ¢.[Thelobjectivelisto Mhaximize theéxpected metbenefits,
howevermeasured. TThe Metbenefits @ssociated Wwith [@ny [dombination represented by £, 7,[and
[linperiod ¢tis Byy. [These metBenefitsandtheldonditional inflow [probabilities. Pijt =
Pr{Q;+1|Qi},dare known. [Show How [the Optimal[Operating [policy ([dan be determined (oncethe
valuesoflthejointprobabilities, PRy, [@re known.

Thelsame[policy can[be found by IDP.MDevelopldIDPmodelto find theoptimal loperating
policy.

8.4[Referringlto Exercise(8.3, instead[0f/defining@final Wolume subscript /[and m for

computing jointprobabilities PRy, [dssumelthat(subscripts dland ewere ised [foldenote
differentreservoirrelease volumes. How would the linear programming model developed be
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altered(tolinclude dland e'inhlplacelof /land m? [How Wouldthe dynamicprogramming
recursionl@équation belaltered?

8.5[Givenjointprobabilities PRy, found from Exercise (8.3, how wouldlone(derivelthe
probability [distribution ofreservoir [releases(and [storage Wolumes fin [€achperiod ¢?
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Chapter9(IModelSensitivity/andUncertainty Analysis

9.1TDistinguishbetween [Sensitivity [@nalysisland lincertainty [@nalysis.

9.2 MTonsiderthelallocation model youlhave beenlisinginpreviouschaptersinvolving(three
water[donsumers i.TAllocations x;[0fWater(danBemadefromalgiven(otal @mount Qfolthe
three donsumers. [The[respective benefits@are(6x; = x;%), (7x, 21.5x,%) @nd (8x3 2 10.5x3°).
Discuss(possiblesourcesofincertainty [inthodel[structurel@and hodel ([Gutput, [and identify [and
display parameter sensitivity.

9.3 MDiscusshow model loutput incertainty [is impacted by (both odel inputincertainty[as
welllaspParameter(sensitivity.

9.4nmanyWater[resources(studies[Considerable [@ttentionlis[given [fo the lincertainty [0f
water[supplies[(precipitation, [streamflows, [€vaporation, linfiltration, €tc.)[@nd huchdess
attention(is[given o the lincertainty [0fthe hanagement/objectives, the dostsand Benefits of
infrastructure, the [political [Supportlassociated withalternative[possibledecisions,[@and[the like.
Developlalsimple Wwater fesources [planning hodel involving the management [0f Water
quantity [and[quality land[show liow these hanagement[objective lincertainties tay [actually
dominate fheliydrologichincertainties.

9.5Performld(deterministic(sensitivity [@nalysisforthe consumer(ih [Exercise9.2. [Consider
thethree parameters, O,[6/and1;thedater fwoMumbers arethe Parameters (0fthe benefit
function. MLow Malues [0fthesethree [parameters(dre (3,3, [@nd 0.5 respectively. [Mostllikely
values(are(6,(6,[and 1. [Highvalues(are12,9,land1.5. [Display [the resultsising @Pareto
chart, [@[fornadodiagram,@nd@spider(plot.

9.6 Referring[to waterlallocation[problem(defined in[Exercise(9.2, [@ssumetheavailable
amountofiwater Qfisincertain. [Its [cumulativeprobability [distributionfisdefined by ¢/(6+g)
forvalues ¢= Oloffthe fandom variable Q.Theléxpected Waluelof Qfis[6. TPerformfan
uncertainty [@nalysisshowinghiow [fo[define, [atleast@pproximately:

e Estimatingfhemheanland(standard/deviation/dftheloutputs.

e Estimatingtheprobability [the performance theasure Will lexceed dIspecific
threshold.

e AssigninglafreliabilityTevel onfafunction(6flthe [Qutputs,(€.g., The fangeof
function(values thatlis likely [fo [0ccurWwith[Some[probability.

e Describinglthelikelihood 0fldifferentpotential loutputs 0fTtheSystem.

Show fthelapplication6f Monte[Carlosamplingland[analysis, TLatin liypercube [sampling,
generalizedTikelihood hincertainty [@stimation [andfactorial [design ethods.
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Chapter10//Performance(Criteria

10.1 IDistinguishbetween multiple Purposes@nd multipledbjectivesland [give[Somelexamples
ofldomplementaryland(conflictingpurposesiand Objectives/ofWwater Tfesources[projects.

10.2 MAssume thatfarmers’ [demand for Water(q i5 [@inearfunction a3 bp6fitheprice p,
where a, b>[0.[Calculate the farmers’ Wwillingness [to (pay [for[d[quantity lofwater g. Iflthe(Cost
ofldeliveringdlquantity lofwater ¢lis cq, ¢>0,liowmhuch water(should @publiclagency
supply [fo aximize Willingness[fo pay tinus [fotal [dost? Tfthe local Wwater district/is[owned
and[dperated By [aprivate firm Whosedbjective i5 o aximize Profit, How huch Wwater Wwould
they [Supply [and liow much would they [@arn? [The farmers’ [consumer surplus ik their
willingness [fo [pay minusWhatthey must pay [forthe Tesource. [Compare(the farmers’
consumer surplusfih(@vo [Cases. o the farmers Toose more(than fheprivate firm(gains By
moving[from [thesocial[Optimum [fo the [point that maximizethe firm’s[profit? Tllustrate these
relationshipswithla/graphshowing the demand curveland [the unit/cost c[ofWwater. Which
areason(thelgraphTepresent(the firm’s [profits/and [the farmers’ [Consumer(surplus?

10.3MConsidertheWwater(allocationproblemised(in(the(€arlier(chapters(0fithisBook. TThe
returns, B;(X;)fromallocating X;[@mount/ofwater(fo [dach0flthreeises ilarelasfollows,along
withthe optimaldllocations from The pointofviewofléach iise.

B,(X,)=6X, - X’ > X" =30 and B™ =B,(X,")=9
B,(X,)=7X,-15X,> > X,” =7/3rand B,™ = B,(X,”)=147/18
B,(X,)=8X,-05X,> > X,” =80 and B"™ =B,(X,")=32

Consider(this[@multilobjective problem. nstead (0ffinding [the best[overall[allocation[that
maximizes the [fotal return [assume [the[dbjectives [@re [fo maximize [the [returns [from [€ach [user.

Showhow[the Weighting, [Constraint,[goal [@ttainment, [and [goal [programming hethods can be
usedtoidentify thetradeoffs @among(eéachloflthethreedbjectives(forlany limiting total [Amount
offwater, forléxample(6.

10.41TUnder [what[¢ircumstances will [the (Wweighting[and[constraint [inethods [fail [fo [identify
efficient(solutions?

10.5TA [reservoirlis[planned for(irrigationand Tow flow [@ugmentation for water quality
control. (A [storagevolume 016 x[10°m’ will be available for those two Gonflicting iseseach
year. The maximum [irigation [demand (capacity)(is 4 x[10°m’. [Let X, bethe @llocation of
water [fo fitrigation/and X, thedllocation for[downstream[flow @augmentation./Assume [that
there lare[fwo 0bjectives,[éxpressed(as

Z,4X, =2 X,
2, FRXF6X;

(a) WritefhemultilobjectiveplanningmodeliisingldWeighingldpproachland(a
constraint[approach.

(b) Definelthelefficient[frontier. Thisrequires(aplotiofithe feasible combinations0f
X1 land Xz.

(c) Assumelthatvariousvalues(arelassigned(tolaweight W, [forZ, Wwhereasweight W,
for(Z,lis[donstant/andéqual to (1, verify [the followingSolutions tothe Wweighing
model.
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W X X5 Z Z,
>6 4 0 16 (8
6 4 Olto12 16to(14 [Blto4
<6[to[>1.6 4 2 14 4
1.6 4(tol0 2[tol6 14[to=6 4[to[36
<1.6 0 6 (6 36

10.6MShow (thatlthe following benefit, Toss, [@nd [Cost functionscan beincluded inalinear
optimizationproblem for findingthedctivestorage Wolume farget 7°,lannual release(target
T*and [the [actual [storage [releases R, lin@ach within yearperiod ¢, and the(reservoircapacity
K.[ITheldbjective(is[to thaximizelannual Met benefits fromthedonstructionand Gperation (0f
the reservoir. TAssume [that(theinflows(are(knownlin[dach[0f[12 Within[year[periods . MNote
thatlthe Toss[function(@ssociated with reservoir recreation/is independentof the value of 77,
unlike the lbss/function [associated with [reservoir releases. [Structure the (domplete linear
programming model. TDefine all variables used that(are Mot /defined below. et 57° belthe

known releaselfargetliniperiod ¢.

— ——\/
_\/

S;[=lihitial storage

volume
Recreation
Annual Losslin
recreation periods t= 10
benefits 6lthrough(9
(Olotherwise
' 6 78 2
3 10 I
Storage farget T° 5 7
Storage Volume S,
[LRBF
/Ai SRBF
— — __L"'Ij
Release
benefit
inlperiod ¢

/

/s
VA :
AIS [mo 5T
/

20 Reservoirlrelease R,
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Annual
Costlof
reservoir
(if K >10)120
(if K =0)0
1120 130
Reservoiricapacity K

10.7 [MForltheriver basin/shown,potential [feservoirs[exist(atsites i=(1,2,land 4[and @
diversioncanbeconstructed Between sites1and 2. MThecost Ci(K;)df'dachreservoir ilis[a
function(ofTits Active(storage [Capacity K;.[Thelcostldf’theldiversionicanallis C;(Q;)Where Q
islthe(flowcapacity (0flthe[danal. [Thecostlofdivertingaflow Oy, fromIsite i[tolsite jis
Ci(Qyjr).[Thetwo users at sites 3 [and[5 have known [target(allocations (demands) 7}/inleach
period ¢.MTheTeturn flow from ise3 i5[40% dfthatallocated fotse 3. MConstructiaimodel
for finding[theleast/dost0feeting Warious[percentages [0fthe farget[demands. TAssume
that(thematural(streamflows Q',/at/éach/site iliheach(period ¢, are known.

10.8MSupposelthattherelexisttwo [polluters, A land B, who(can[provideladditional freatment,
Xaand Xg,d@tl@ldostlof Ca(Xa)land Cp(Xp),Tespectively.dlet W, land Wy belthewaste
produced at(sitesA@ndB,and W(1=2 Xa)land We(1 = Xg)betheresultingwasteldischarges
at[site[A land B.Theseldischarges mustbe ro[greater(than/the effluent(standards £, [and
Eg™.[Thelresulting[pollutionconcentration ax(Wa(1= Xa))F ap(Ws(1= X))+ ¢;latvarious
sites jlmustmot/éxceed the stream standards S;"**.[Assume thatfotal (dost/and[cost/inequity
[i.e., Ca(Xa)F Cp(Xp)@nd | [CA(X0) 2 Cp(Xp)]l@remanagementidbjectivesfobeldetermined

(a) Discusshow [youiwvouldthodellthismultilobjective problemising The Wweighting
and [donstraint((or(target) l@pproaches.

(b) Discusshow [youivouldhisethemodel folidentifyefficient, onlinferior[(Pareto]
optimal)Solutions.

(c) Effluentistandards(atisites(A [andBland@mbientstream(standards/atisites jicould
belreplaced by [0therplanningobjectives((e.g., theminimizationofwaste
discharged(into thestream). TWhatWwould these 0bjectivesbe, and How [couldthey
belihcluded(inthemultilobjective model?

10.90(a) Whatlconditions tust@pplyif thegoal [@ttainment ethod[is o produce Only fon
inferior(alternativesfor(each@ssumedtarget 7;[andweight wy?

(b)[Convertlthelgoal programming[dbjectiveldeviation/components w; (] Zj —z;(X) Dito
alform/(suitable(forsolution By linear [programming.

47



Water[ResourcesSystemsPlanning/and Management Exercises
Daniel(P. Tloucks /& EelcolvanBeek

10.100J Water[quality [objectives(are[Sometimesdifficult(to [quantify. Variousattempts have
beenadefolincludethemanylaspectsofiwater[quality in/single Waterquality ihdices. One
suchlindex Wasproposed By Dinius (Social[Accounting [Systems for Evaluating[Water
Resources, Water[Resources [Research, [ Vol.[8,[1972. pp.[11591177).[Waterquality, O,
measured(inpercent(is[given by

_ w0 +w,0, +..+w,0,
W AW, Fot W

Q

where Q;lislthe /" [quality(constituent (dissolved Gxygen, [chlorides, etc.) land w;[is theWweight
orlrelative importance oflthe /" [quality Gonstituent. Write @[critique On (the tise6fSuch@n
index inmulti(objective Water resources [planning.

10.110 Letlobjective[Z(X) =5X; 22.X; @ndlobjective[Z,(X) =X, #4[X,. Bothdrefobe
minimized. [Assume (that(the [donstraintson variables X, [and X, are:

1. X\+X,<3
2. X <6

3. XiF X, <8
4. X,<4

5. X1, X200

(a) Graphlthe[Paretoloptimalldrmon inferiorisSolutions/inidecision(space.

(b) Graphlthelefficient/combination(of'Z, [@ndZ,in0bjectivelspace.

(¢) Reformulateltheproblemtolillustratelthe Wweighting method fordefininglall
efficient/solutions(offpart(a)and(illustratethismethod/in/decision/and objective
space.

(d) Reformulate(thelproblem tolillustrate theConstraintimethod(ofldefining all
efficient/solutions(offpart(a)@ndfillustrate thisethodlih/decisionand objective
space.

(e) Solveforlthelcompromiselsetdfisolutionsiising[compromiseprogramming!as
defined by

Minimize [w,(Z, [(Z,)*F wy(Z, [1Z,)*]"*

where Z* fepresents the bestValuelofidbjective iWithlall weights wiequalfoT
and alequalfo(1,2,land oo.

10.120 Tllustrate the[procedure for(selectinglamong(three [plans, €achMavingthreedbjectives,
usinglindifference analysis. [ILetZ; represent/the value oflobjective ilfor(plan j.[Thevaluesof
each(objective for €achlplan(are(givenBelow.[Assume [that/éachobjectivelis[to bemhaximized.
Assumelthat/anfidenticallindifferencefunction for(all frade [offsBetween pairsiofiobjectives,
namely(onelthatimpliesyoulare Willing To[give lip Twicelas hany Winits[dfyourhigher(larger)
objectivevalueltolgainOnefinit/oflyourlower(smaller)(dbjectivevalue. [Forléxample, you
would belindifferent to two [planshaving(as [their three(objective values (30,3, 10) @nd (20,5,
15).] Rank theselthree plansfinlorderlofpreference.
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Chapter(11/RiverBasin/Planning/Models

11.1MWUsingthefollowingihformation pertaining o theldrainagelareaanddischargelinlthe
Han[River(ih[SouthKorea,develop @nléquation(for(predicting the matural inregulated flow [at
any|sitelin/theriver, by [plotting[average flow [@s(afunction (0ficatchment [area. What(does [the
slopeofithe functionlequal?

Catchment Average(Flow
Gage/[Point Area (km®) (10°m’Ayr)
Firstbridgelofithe Han River 25,047 17,860
PalDang/dam 23,713 16,916
SolYang/dam 2,703 1,856
Chung(Ju/dam 6,648 4,428
YoJuldam 10,319 7,300
Hong[Chun/dam 1,473 1,094
DalChun/dam 1,348 1,058
KanYunidam 1,180 926
ImJaedam 461 316

11.2Mn[watersheds(characterized by(significant/dlevationchanges, 0necan(dftendevelop
reasonable predictivelequations for[@veragelannual Tunoffiper liectareasla function(of
elevation. MDescribeiow OneWould isesuchlafunction(fo ‘€stimate the Matural ‘@verageannual
flow(atlany(gagelih@Watershed Whichlistharked by large€levationchanges@nd ittleloss [0f
water[from stream (Channels(due(to [dvaporation(or(seepage.

11.3Momputethelstorageyield Tunction for/alsingle Teservoirisystem By the tass diagram
andhodifiedsequent(peak methods(diven(the followingsequences(dflannual flows: [(7,(3,(5,
1,2,13,16,3,4). [Nextdssume(thatldach [year(has fwo [distinct Hydrologic seasons, OneWwetland
thedtherdry,andthat80%[6ftheannual ihflow(occursin/Season =1 @andB80% of theyieldis
desiredlih(season #=2.[Wsing[the thodified[sequentpeak method, showtheincreaselinstorage
capacity required [for(the [Ssame [annual [yield resulting [fromWithin[year redistribution
requirements.

Assumelthat/€ach [yearhaswet/season/=(1[and[dry season =2 [@nd[80 % 0flinflow[dccursin
season (1, while80 % [0fTtheyield s desiredlin[season 2. Using [the modified Sequent peak
method folshowthelincreaselin(storage [Gapacity fequired forthe samelannual yield esulting
fromwithin(year redistribution fequirements.

11.40Write©wo [different linear[programming todels [for[eéstimating [fhe thaximum[donstant
reservoirlreleaselorlyield Yigivenlafixedreservoir(capacity K,@and for@stimating[the
minimum reservoir/dapacity Krequiredfor(alfixedlyield Y.[TAssumelthattherelare Tltime
periodsofThistorical flows(available. How[could These modelsBetised todefinelalstorage
capacitylyieldfunctionindicating(thelyield Ylavailablefroma/given[capacity K?

11.50(a) Construct/an(optimization hodel for@stimating the Teast[¢ost[Combination 0f
activelstorage [Gapacities, K and K>, 0fffwo reservoirsTocated on(disinglestream, lised [fd
producelalreliable/constantlannual flow [Or yield[(or[greater) downstream[ofthe fwo Teservoirs.
Assume [that(the[dostfunctions C,(K;)at/dach Teservoirlsite sfareknownland therefismoldead
storageland Mo levaporation. (Do motTinearize thecost functions; Teavefhem[in fheir functional
form.)MAssume [that[10[yearsofonthly Rinregulated flows are[available at/éach site s.
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(b)Describelthe [fwo teservoirloperating [policy that you Wwouldlincorporate linto[d[simulation
model focheck thelsolution(obtained fromtheGptimization thodel.

Capacities K K,

11.6[Given theinformation [intheldccompanying fables,[dompute the TeservoirGapacity [that
maximizes [themetlexpectedflood[damage reduction Benefits(less thelannual [costdfreservoir
capacity.

FLOODISTAGE FORFLOOD OF

R . RETURNPERIOD T Annual
eservoir Capaci
Capacity T 1 T2 T=5  T=0  T=100 g
0 30 105 150 165 180 107
5 30 80 110 120 130 25
10 30 55 70 75 80 30
15 30 40 45 48 50 40
20 30 35 38 39 40 70

“10ls fixed[Costlificapacity >0; [0therwise, [it[i5 0.

Costlof
Flood Stage Flood Damage
30 0
50 10
70 20
90 30
110 40
130 50
150 90
180 150

11.7Developlaldeterministic, [static, within[year odel for@valuating[the [development
alternatives(in(the riverbasinshown(inlthelaccompanying(figures.(Assumel(thatltherelare ¢=(1,
2,3,....n[Mvithin[year[periods [@and(that the objectivelis fo aximizethe fotal @annual met
benefits [ihthe basin. [Thelsolution[dflthe todel should definelthe reservoir(capacities[(active [+
flood storage(capacity), the @nnual [@llocation [fargets, the levee[capacity fequired to [protect
site[d[from(a TTyearflood,and the withinlyearperiod/allocations (0f Wwater fothe tises(atsites 3
and[7.[Clearlydefinelall Wariablesland functions used,and indicate liow the thodel Wwould Be
solvedtb [dbtain[the aximum [netbenefit/solution.

2 ®

@ @ @Gage
@ Eiie
@ /m@]@ \©

Levee potential flood /Irrigation\

damagelsite
area
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] Fractionof
Site GageFlow

1 0. Potential feservoir for water [supply,
0.3 Potentiallreservoir(forwater(supply,

floodcontrol

3 10.15 Diversion[todhise,[60% [0flallocation
returned [to [river

4 [0 Existingldevelopment,possibleflood
protectionfromevee

5 0.6 Potential feservoir for water [supply,
recreation

6 0 Hydropower;plantfactor=0.30

7 0.9 Potentialldiversiontblanfirrigation
district

8 1.0 Gagesite

Forlsimplicityldssume[folévaporationTossesoridead [storage fequirements. [Omitting [the
appropriatelsubscripts ¢fortime(periodsand(siforsite,let 7, K, D, E,land Pbelthelfarget,
reservoir/dapacity, [deficit, [@xcess, and [power [plant [Capacity Variables, Tespectively. ILet O,
and R,bethematural streamflows(and feservoir teleases,@nd S;Belthelihitial feservoir(storage
volumes/in/period ¢. K/willldenote the flood storage Capacity (atsite 2 [thatwill [Contain[a (peak
flowof OSland QRlisthe[downstream (channel flood flow (Capacity.[Thelrelationship Between
OSland K¢lis[defined by [the function k(QS).[Theinregulateddesignfloodpeak flow for
which(protectionfis fequiredlis ON. TKWH will Be the Kilowatt liours [dflénergy, HWill bemet
storagelhead, /,[theoursfihdpPeriod ¢. TheMariable g Will bethe WwaterSupply@llocation.
Benefitfunctionswill be B(D), L()will denoteossfunctions/and C([)will[denotetheldost
functions.

11.8MListthepotential [difficulties involved when [@ttempting[to [Structure todelsfor[defining:
(a) Waterlallocationpolicies for[irrigationduringthe [growing(season.
(b) Energyproductionland(capacity [0flhydroelectricplants.
(c) Deadstorage¥olumerequirements/inTeservoirs.
(d) ActivelstoragevVolume[requirements(ihreservoir.
(e) Flood[storageldapacitieslinreservoirs.
(f) Channelimprovementsfor{flood/damagereduction.
(g) Evaporationland(seepage(lossesfrom reservoirs.
(h) Water(flow (or(storage [fargets ising long 1un benefits and(short[frunloss
functions.

11.9TAssumelthat/demand forWwater(supply[dapacity(is €xpected [fogrow(ds #(60 = ¢),for ¢in
years.Determine [the minimum Present Value loficonstruction [Gost [6f[Some Subset[of Water
supply loptions(described below o ds folalways haveSufficient/capacity o eet/demand
overlthe mext30 years.[Assumethat(the Wwater[supply metwork [currently [has Mo [excess
capacity [Sothat’Some[projectmustBeBuiltiimmediately. Tn this problem,@ssume project
capacitiesareihdependent’and thusdanBeSummed. Wselaldiscountfactoréqual o éxp (I’
0.071t). Beforeyoulstart, what[is [your[best/guessat the[dptimal [solution?
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Construction
Project Number Cost Capacity
1 100 200
2 115 250
3 190 450
4 270 700

11.10(a)[Construct@flow diagram[for[adlsimulationthodel [designedto[define(a[storageyield
function for(asingle reservoir(given known inflows ih [€achhonth ¢for nyears. Indicate liow
youWwouldobtaina'steady State[Solution motfihfluenced By [an(arbitrary finitial [Storage Wolume
inthelreservoirlatithe beginningofithefirst(period. [Assume that/€vaporation[rates(imm(per
month)(and the(storage Wolume/surfacelareafunctions @reknown.

(b) Writeldflowdiagram for(d[Simulation model fo Be hised [fb [dstimate the probability [that
any [specificreservoirldapacity, K,will[satisfy(alseries0f known release demands, 7;,
downstream [given linknown [futureinflows, .Y oumeed mot[discuss liow[fb [generatePossible
futuresequences(ofistreamflows, Gnly liow [o ise them fo[solvelthis problem.

11.11(a) DevelopanOptimizationthodel for finding [thecostleffective [dombination 6fflood
storagecapacity [at(anipstream reservoirlandichannel improvementsatl@ldownstream
potential([damage site [thatWwill[protectthe downstream site from @lprespecified
design(flood [ofireturn(period 7. MDefinelall Wariablesland functions ised [in [the odel.

(b)How couldthis hodel be thodifiedfo consider’amumberofidesignfloods 7Tand
the Benefits from Protectingthe Potential damage site from Those [designfloods? Mlet
BF. [belthelannual expected flood [protection benefits atthe damage site ford flood
having|[return periods(of 7.

(c)[How couldthis thodel be furthermodified [foinclude Wwatersupply requirements [0f
4, tobewithdrawn[from[the reservoirlin/éachtonth ¢? TAssume known Hatural flows
Q; atleachlsite slinthe basin/ineachmonth .

(d)How Icould themodelbelenlarged(toinclude recreation benefits or Tosses(datlthe
reservoir(site? [Mllet 7°[belthe inknown [storage Volume targetland Dt belthe
difference between the(storage Wolume S; andtheltarget 7°[if S) = 7°>(0,land E; be
theldifferencelif 7°= S; =10. Assumethat(the@nnual(recreation benefits B(7*)d@reld
function of the ftarget storagevolume 7*and thelosses L”(D;)and L (E’) lare
associated withthe deficit D; andexcess E; storagevolumes.

11.121Givenlthelydrologiclandléconomicdataisted below,develop [andsolvelalinear
programming todel forestimating[thereservoir dapacity K, [theflood storagedapacity Kjland
therecreation [storage Wolumefarget 7thatthaximizethelannual l@xpected flood dontrol
benefits, B(K)), plus/theannual recreation benefits, B(7), less alllosses L” (D, Yand L’ (E, )
associated with[deficits D,[0rl@xcesses E,linltheperiodsofithe recreation(season, thinus/the
annualcost C(K)oflstorage(reservoir(dapacity K.[Assumelthatthereservoirustlalsoprovide
alconstantlreleaselorfyield[of Y=30An(dachperiod ¢.Thefloodseasonbegins atlthebeginning
offperiod 3land Tasts through period 6. TherecreationseasonBeginsatthe Beginningdfperiod
4andaststhoughperiod[7.

Period(t | 1 ([T1R (13 (14 (1113 (1116 (117 (118 (119
Inflows(toreservoir ‘SOLBOLEBOL[BOESOEBOEHOLDMOLDZO
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(12 K; if K,<I5
B(K)= J 60 8(K,TTT5) ifl3 < K, <15
140+ 4(K,T115) if K, >15
(45+10 K ifl0 <K;<I5
C(K)= 95F6(K115) ifl5 < K;<120
< 1853 10(K T20) if20 < K, <140
385 (15(K 1140) if K, =140
-
B(T)=9T where(T fis[@particular tinknown Walue [0f T
reservoir(storage
L°(D,) 4D, where Dlis T= S,if T> S,
L*(E,) =2, where E[is S;= TIf S, >(T
Y=30
O.Fhinflow
R,/ =[release
(excess)
S;=1nitial
storage
Kd=[flood
. 4
3 |
. ! C
BA(KY) ! ; )
12 ] I :
! E 45 :
0 5 15 15 5 20 K 40
Ky

11.13 0Theloptimal [Gperationofihultiple Teservoir Systems for Hydropower Production
presents@verymonlinear(and often(difficultproblem.

Useldynamicprogramming [fo[determine the Gperatingpolicy [that thaximizes the fotal lannual
hydropowerproduction(dfiaifwo deservoirSystem,dnedownstreamlofthe(other. Thereleases
Ry from[thenipstreamreservoirplusithe inregulatedincremental flow (O, = O1,)[Constitute
theinflow [fothe [downstream [dam.[Theflows Q,/into(theupstream[damlih(€ach 0flthe four
seasons/alongwith fhefihcremental flows (0,2 O),)[@ndConstraints On[reservoirreleases(are
givenlinlthelaccompanying(two [fables:
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Upstream(Dam (flow(in10°m®/period)

Maximum/Release
Season{l Inflow(Q, Minimum Release [Through Turbines
1 60 20 90
2 40 30 90
3 80 20 90
4 120 20 90
Downstream Dam (flow(in(10°m®/period)
Incremental (Flow, MaximumRelease
Season |t (Q211Qyy) Minimum Release [Through(Turbines
1 50 30 140
2 30 40 140
3 60 30 140
4 90 30 140

Notelthattherelis(@llimit(on [the [quantity [0f water [that[Gan (Be released through [the [furbines [for
energy [generation/in/any[season/due(fo thellimited Capacity [0f the power plantand thedesire
toproduce hiydropower/duringperiods(ofipeak demand.

Additional information that(affects the [Gperation(ofthe fwo Teservoirs [@rethe Timitationson
the fluctuationslin thepool levels(head)land thelstoragehead relationships:

Data Upstream(Dam Downstream Dam
Maximum head, 70 90m
HITlaX
Minimum (head, 30m 60[rh
HI’H[H
Maximum storage 150 x[10°m? 400 x10°m’
Volume, ™
Storage Tetlhead H= mimax(S/ maX)0464 H= HmaX(S/SmaX)O.&
relationship

Inlsolving|(the problem, discretize the storage levelsin tinits 6f 10 x 10°m’. Do apreliminary
analysis(fodeterminehow arge/@variationlin/storage thight[dccur/at/éach Teservoir.[Assume
thattheldonversionofipotential €nergyéqual foltheproduct R;H;[foelectric/energylis[70%
efficientindependent(of R;[and H;.In[calculating[the(énergy [produced(inlany (season ¢[at
reservoir i,usethelaverageheadduring/theseason

54



Water[ResourcesSystemsPlanning/and Management Exercises
Daniel(P. Tloucks /& EelcolvanBeek

H, = TH,(0)+ H (1 +1)]

Reportlyourloperating[policy [andthe @mountofienergy (generated [Per year. [Find[@nother
feasiblepolicyand show fhatlit[generates(less@nergy than thedptimal (policy.

Showhow[youldould liselinear [programming [fo[solvefortheoptimal [Operatingpolicy By
approximatingthe productiterm R, H, by allinear(éxpression.

11.14Y oulareresponsible forplanning(@projectthatmayihvolve the Building [0flareservoir
toprovidewater [Supply Benefits [fb @ hunicipality, fecreation benefits@ssociated Withthe
water [level in[the lake[Behind [the[dam, [and flood [damage [feduction Benefits. [[Firstyou need
to/determine(some(design [variable Walues, @nd(afterdoing [thatyouneed to(determinelthe
reservoir(operatingpolicy.

Theldesign(variables [youmeedtodeterminelinclude:

e theltbtal reservoir(storageldapacity (K),

o thelflood storagecapacity[(Ky) ih[the first[season that[is(the flood [season,

e thelparticular/storagellevel whererecreation [facilitieswill (be built, dalled[the
storage [farget[(iS”) thatwill @pplyin seasons (3,4 [and 3 = [the recreation seasons,
and(finally

e theldependablewaterSupplydryield (Y) forthe municipality.

Y
— e
——
S T
K

Assume(youlcan(determine(theseldesignvariable Waluesbaseddnlaverage flowsdtthe
reservoirsite(in [Six [Seasons(oflalyear.[Theselaverageflowslare35,142,15,3,15,and
22linlthelseasons(1 o6 respectively.

Theldbjectivelisfoldesign(the(system [fbmhaximize[the fotal [@nnual net Benefits
derived from

e floodicontrollinisSeason(l,

e recreation/in(seasons(3(through(5,(and

e waterlsupplylin(all(seasons,

lessthelannual ost[0fTthe
e reservoirfand
e anyllossesresulting from motmeeting [the recreation(storage [targets inlthe
recreation(seasons.

The(flood Benefits are estimated folbe 2 K, *.

Therecreation [Benefits for [thelentire tecreation/season arel@stimated Tobe 8 S7.
TheWwaterSupply benefits[for(the éntireyearare estimated to (be 20 Y.

The lannual reservoir(cost iséstimated fo Be 3 K'2.

Thelrecreation loss/in[€ach recreation(season/depends(onwhether the@ctual [storage
volumelis Towerlorhigher(than(the [storage farget. [Iflit[islower thelosses(are12 [per
unitlaverage(deficitiintheSeason,landifthey [@reHigherthe Tosses are[4 [pertinit
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averageeéxcesslintheseason. [It(is [possiblelthataseason (ould begin Wwith(adeficit
and end with[anlgxcess, [Or[Vice Versa.

Developlandisolvelamon linear(optimization model for finding the values(ofléach of
theldesign[variables: K, Ky, ST,[and Yland the maximum [annual netbenefits. [(There
willBelother Wariableslas Wwell. MMust/defineWhatyou mieedand putftfall fogetherin’a
model.)

Doeslthelsolution/giveyoulsufficientihformation thatwould @llow You folsimulate
thelsystem fising @lsequence oflinflows[to [thereservoirthatlare(differentthanfhelones
used(togettheldesignvariablevalues? (Mfnothow Would[you(definelareservoir
operating policy? TA fter[determining the System’sdesign Wariable walues ising
optimization,@ndfhendetermining(the reservoirdperating [policy, ¥ouivouldthen
simulate this[systemover(thany [years[to [get(d[better idealoflhow it mightperform.

11.150Supposelyouhave19 yearsofmonthly flow[datalat(d[site Wherelareservoiricould Be
located. [How[could [youconstructamodel [fb[éstimateWhat[therequired lover[year(and within
year storagemeeded(to producelalspecified@annualyield Yithatlisldllocated[to [€ach month By
somelknown [fraction 6,.[WhatWouldbe [the haximum reliability [0fthoselyields? [fyou
wanted fbladd o thatlan(ddditional Secondary yield having [Only [80% reliability, How iwould
themodel [change? MMMMake tip19@nnual flowsland assume fhelaverage onthly flows [are
specified fractionsoflthose [@annual flows. [ustiising[theselannual flows[and theldverage
monthly [fractions,[solve [yourthodel.

Capacities K K,

11.1618)DMevelopanidptimisation model Tor(éstimating fthe Teastdosti[dombinationoflactive
storage K' [and K*[capacities @t [fwo reservoir sites on @[single stream [that @re used fo (produce
ateliableflow orlyield downstream(dfthe[downstream reservoir. TAssume (10[years 0f
monthlyflow(datalat(@achreservoirisite. Mdentify What(other(datalare ieeded.

b)Describethetwo teservoir(dperating [policy [thatcould[Be incorporated [into [d[simulation
model focheck thelsolution(obtained from the [Optimization thodel

Define C’'(K?) =Icostloflactivestorage Capacity (at/site's; where s/ = (1,2
K, =[dead|storagecapacity ofreservoiratisitels; K ;=0
A\ =[§torage volumelatbBeginning [0fperiod [{lat[sites.
r =lloss[0f water[due [fo €vaporation(at(site(s; L’ =0
R"” =Ireleasefrom reservoirlat(site (] [fosite 2 inh period [t
Y, =[yieldlto[downstream [in[period{
’ =[10yearsofmonthly matural flows@vailablelat'gachsite’s
a, =[lArealassociatedwith/deadstorage Wolumeat[site[s
a’ =[areaperinit/storage volume at[sitels
e’ =[l&vaporation(depthlin[period tlatsites
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11.160 Givenlihflows[tolan(effluentstoragelagoon [that(canbe(described by [asimplefirst[]
orderMarkov chainlin(dach(of TPeriods ¢,[andanoperating policy [that/definesthe Tagoon
dischargeldsafunction0fthelinitial volumelandihflow,indicate iow youWwould €stimatethe
probabilitydistribution 0fllagoon [storagevolumes.

11.17 (a)[Usingltheinflow(datalinthefable Below,[developlandlsolvealyield hodel for
estimating[theStorage[capacity [0f(alsingle feservoirrequiredfo producelalyield (0f(1.5
that(is[90% reliablelin both oflthe fwo Within[year[periods ¢,[and@nladditional [yield
of(1.0thati5[70% reliablelin [period ¢=12.

(b) Constructldreservoirloperating rfulethat/defines feservoir(release Zones forthese
yields.

(cDMWsingthedperatingrule, Simulate the18 Periodsdflinflow datalto [evaluatethe
adequacy(dfthereservoiricapacity [@and[storage Zones [for[delivering [the fequiredyields
and[theirreliabilities. (Note thatfih this[Simulation 0fTthe Historical tecord the 90%
reliable(yieldshouldbe Satisfied ih(@ll the (18 [periods, ‘@and the lincremental [70%
reliableyield should fail [dnly [Bwvo fimes(inthe9 years.)

(d) [Comparelthelgéstimated reservoir(capacity Wwith [thatWwhich [is Meeded tising [the

sequentpeak [procedure.
Year Period Inflow
1 1 1.0
2 3.0
2 1 0.5
2 2.5
3 1 1.0
2 2.0
4 1 0.5
2 1.5
5 1 0.5
2 0.5
6 1 0.5
2 2.5
7 1 1.0
2 5.0
8 1 2.5
2 5.5
9 1 1.5
2 4.5

11.1900nepossiblethodification(ofthe yield hodel 6f Wwould permit theSolution @lgorithmfo
determinethe @ppropriate [failure yearslassociated Withlany [desired [teliability instead l0f
havingtolchoose(theseyears [prior[fo model Solution. Thishodification[dan [providelan
estimate(dflthe[@xtent(0flyield failurelin(€ach(failure year/andlincludelthe@conomic
consequencesofffailuresintheldbjective function. dtlcanldlso serve as(aeans0flgstimating
theloptimal [reliability With respect(to [€conomic benefitsland losses. Lletting F,bethe
unknownlyieldreduction(inapossiblefailurelyear y,thenlinplace of a,,Y,lihtheloverlyear
continuity [donstraint, theterm((Y, = F))cdan[be ised. (What(additional [Constraints are needed [to
ensure((1)thatlthelaverage shortage[doesnotlexceed (1 [a,,)Y,0r(2) that(atmost/thereare f
failurelyears/andmone oflthe shortages/exceed((1 Loy, )Y,

11.20nIndonesialthere(existsawet/seasonfollowed By (d[dryseason/éachlyear.In[dnelare(of
Indonesialall farmers Withinan iirigation districtplant(andgrow rice during the Wet(season.
This(cropbrings(the farmerthelargestincome [perhiectare; thus(theywould @ll prefer to
continuelgrowing rice[during [the[dry[season. However, therelis insufficientwater(during[the
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dry(season [foritrigating [@ll'5000 hectares dflavailablelirrigableland for(rice production.
Assume an @vailablelitrigation water(supply 0f32 x 10’ [atthe Beginning6fidach dry
season, land(a minimum [fequirement(6f7000 m*/ha for rice and (1800 th*/ha for the second
crop.

(a) What/proportion(0fithe(5000Hectares(shouldthefirrigation[districtimanager
allocate forrice(lduring(thedrySeason(dach year,providedthat(all l@vailable
hectaresmustbelgiven(sufficient Waterfor rice drtheSecond(crop?

(b) Supposelthaticrop [productionfunctions(arelavailable for(the fwocrops,indicating
theincrease infyield [per liectare per(’ (0fladditional Wwater, tipto (10,000 th*/ha for
thesecondcrop. Develop@amodel in Wwhich [fhe Water(dllocationper Hectare, [ds
well@stheMhectares/allocated o '€ach crop,is [fo beldetermined, @ssuming(a
specified[price orreturnperinitiofyield 0fléach crop. Wnder Wwhatdonditions
would thelsolution0flthis model be the[same(ds(ih [part((a)?

11.21MAlongtheMNileRiverlih[Egypt, itrigation farming[is[practiced [forthe production[of
cotton, thaize, [rice, [Sorghum, [full [and [shortberseem for@animal (production, Wwheat, Barley,
horsebeans, [and winter@and [summer fomatoes. [Cattleland buffalolare also Produced,@and
together Withthe crops thatrequire Tabor, Water. [Fertilizer, land landarea{feddans).[Farm
types(oranagement(practices [are fairly iniform, @and hencelin [any [@nalysis[0flirrigation
policiesin thisregion(this(distinction Meed motBemade. [Giventhelaccompanying/data
develop[@odel fordeterminingthefonsoflcropsand mumbers 0flanimals o Begrownthat
will haximize(a) detl€conomic benefits BasedonEgyptian Prices,[@nd[(b) Metl€conomic
benefits based(on international [prices. Identify[all Wariablesused(in [the model.

Known[parameters:
C; =[miscellaneous(dostdflland[preparationper feddan

E.E [0 =[Egyptianpriceper1000 fonsof'drop i
Pl.l [ =linternationalpriceper1000fons0ficrop i

=[valuelofiheat(and(dairy production(perlanimal
=[annualTaborIdostper worker

=I[dost[of Pfertilizerperon

=[costlof Nifertilizerper(ton

=lyieldlofidrop i,tons/feddan

=[feddans(Servicedperfanimal
=[tons[strawequivalentperfon0fberseem(carryover from Winter

™ R~ TR <

[Ifo [Summer
r’ =Berseem Tequirements [per[@nimal ih Winter
s =[straw [yield from Wheat, fonsperfeddan
5™ =[straw [yield from barley, fons[per feddan

S

=[Straw fequirements [per@animal in [Summer
y7, l.N [0 = Nffertilizerfequired Perfeddanoficrop i

y7, Z.P [0 = Pfertilizer fequired perfeddan6ficrop i

l; =[labor requirements perfeddan ih thonth h, Than(days
w1 =Iwaterequirementsperfeddanlin onth(th, 1000 m’
Rim =[land requirements [per month, fraction[(1 =[full month)

Required [Constraints. (assumeknown resource limitations forTabor, Water,and
land):

(a) Summerlandwinterfodder (berseem)requirements [for(the @animals.

(b) MonthlydaborTimitations.

(c) MonthlyaterTimitations.

(d) Landlavailability(€achionth.

(¢) Minimum mumber(oflanimalsrequired for(cultivation.
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(f) Upperboundsion[summer/andwinter tomatoes(assume(these@re known).
(g) LowerbBounds(onicottonldreas(assumelthisfisknown).

Otherlpossible(donstraints:
(a) Cropbalances.

(b) Fertilizerbalances.
(c) Laborbalance.

(d) Land[Balance.

11.22MnlAlgeriatherelaretwo[distinct/cropping [intensities, [dependingipon thelavailability
offwater. [(Consider(alsingle crop(that(Can [be grown inder(ihtensiverotation Orlextensive
rotation[dn(dfbtal 0f 4 Rectares.[Assumethatithelannual Waterrequirements [fortheintensive
rotation [policy(are 16000 im’ perliectare, land (for [the [éxtensive Fotation [policy they 4000 i’
perlhiectare. Thelannual metproduction returns(are4000[and2000 [dinars, respectively. Iflthe
total water(@vailable is1320,000 >, show that(@asthe @vailable Tand [@rea A lincreases, the
rotationpolicythataximizes fotal Metihcomechanges fromOne [thatfis fotally intensivefo
onelthatlislihcreasinglylextensive.

Would(thelsamedonclusion Hold(iflinstead 0f fixed Metlihcomes df14000and 2000 dinars per
hectares0flintensivelandléxtensive [fotation, the Metlincomeldepended [0n [the [uantity (0flcrop
produced?[Assuming(thatlintensive rotation[produces twicelds huchproduced by [extensive
rotation,[and [thatthe Metlihncome [perinitloflcrop Yfis(defined by theSimplelinearfunction5=
0.057,developlandSolvelalinear programmingmodelfo [determine the Gptimal fotation
policiesif Aléquals20,50,@nd80.Need thismetihcomelor(price function Belinearfobe
includedfin(dllinearprogrammingmodel?
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Chapter12Water/Quality(ModellinglandPrediction

12.10Thelcommon WersionloftheStreeter Phelpsiéquationsfor[predicting Biochemical
oxygenldemand BODland[dissolved(oxygen(deficit D(concentrations areBasedonlthe
following[two (differential [équations:

(a) d(lz 0D) _ —K ,(BOD)
T

(b) fl_D _ K,(BOD)-K,D
T

where K,fis/the deoxygenatingrate Gonstant (7', K, is [fhe Feaeration tate[constant[(T""),land 7
isfthefime[dfflow@long@finiformTeach0fistreamlinWhichdispersionismotSignificant.
Show (theintegrated [forms[ofi(a) @nd(b).

12.2[Baseddn theintegrated differentialléquationsfinExercise(12.1:

(a) Deriveltheleéquationforitheldistance X.[downstreamfrom(alsinglepointsourceof
BOD fithatforlalgiven streamflow [will have the Towest[dissolved [0xygen
concentration.

(b) DeterminelthelrelativelSensitivity (0fithedeoxygenation WatelConstant K,andthe
reaeration[rate [donstant K,(On(the(dritical [distance X.land[on[thelcritical [deficit D..
Forlinitial [onditions, [@ssume [that(the [feach has [@velocity (012 m/s[(172.8
km/day),d K,;0f10.30[per(day, anda K,[0f10.4periday.lAssume thatthe DO
saturation(doncentrationis[8 hg/l, thelinitial [deficitis 1.0 mg/l,land the BOD
concentration @t(the beginning (0flthe reach(including [that(discharged into lthe
reach(atthatpoint)is 15 mg/l.

12.3Tolaccountfor(settling[of BOD,linproportion(tothe BODConcentration, @and for(a
constantrate'of BODIladdition R[dueforunofflandscour,@dndoxygenproduction((4 =[0)dr
reduction (4 <[0)[duelfo [plants and benthaldeposits, The following differential .@quationshave
been/proposed:

@z_wd +K)BOD + R (1

T

Z—DdeBOD—KaD—A )
T

where K, isthe[settling rate donstant (7"") land zlis the [time offlow. Integratingthese fwo
equations results(in the followingdeficitléquation:

K,
D, :—Ka “K,5K) {(B oD - K 1K )iexpHK, + K| )T]—GXPGKJ)}}
_Kd L _i _ _ _
+ X, {(Kd “K K, 1 —exp( Kaf)]}JrDo exp(-K,7) 3)

where BOD,land D, arethe BOD[and IDO[deficitidoncentrations/at z=[0
(a) Comparelthisléquationwiththatfound(inExercise12.1[if K, R,[@nd 4 lare0
Integrateléquation((]l)fopredicttheBOD [dtlany flow [fime .

12.4Mevelop finite/difference @quations forpredicting [the [Steady [state mitrogen [Gomponent

andDOdeficiticoncentrations Dlinlamultifsectiononeldimensional [@stuary. Defineldvery
parameter [Or Variableiised.
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12.5Msing MichaelisMenten kinetics(develop [€quations for

(a) Predictinglthe(fime ratelofichangeofldMutrient/oncentration NI(dN/df)[@sa
function[dfithe/doncentration 0fbacterial biomass B;
(b) Predictingtheltime rateofichangelinfthe Bacterial biomass B(dB/df)ldsafunction

oflits maximum growthrate g, ,[temperature 7, B, N,[andthe(specific(loss rate

ofbacteria pp;@nd
(c) Predictingthefime Tate/dfichangelin(dissolvedloxygen(deficit(dD/df)alsolas(a
function[of N, B, pp,andthereaerationrateldonstant K, (1T ]).

How ouldthese threeldquationsbelaltered by thelinclusiondflprotozoa Plthatfeedon
bacteria, @ndlin(turn requireloxygen? [Alsowritethe differential €quations(for the time [rate of
changelinlthe/oncentrationdfprotozoa P(dP/dt).

12.6MMostleéquations for[predicting stream temperature [are[éxpressed [in ([Eulerian (Coordinates.
Theldctual bBehavior(ofthelstream femperaturelistoredasily demonstrated ifLagrangian
coordinates((i.e., fime[6fflow ¢Tratherthan(distance X)@resed.[Assuminglinsignificant
dispersion, the[timelofTflow” [rate [0f temperature [change [0fld Water parcel [@slitthovesdown[]
streamlis

dr A
L1, -1
dtr  pcD

(a) Assuming(that A, D,land Tg[areldonstantdverfinterval oflfimeofiflow £, = 1,
integrate(theléquation@bovetolderivelthe femperature T [atlocations Xj.

(b) Developl@iodel forpredicting the femperature(dtialpointiin[dmMondispersive
streamdownstream from multiple[point[Sources((discharges) (0fheat.

12.7Considerthreewell Mixed bodies(dfWwaterthatlavethe following [Constant olumes
and[freshwater(inflows:

Displacement

WaterBody Volumelfm®) Flow (m?/s) Time
1 3 x[10" 3 x110° 3.17years
2 3 x10% 3 x[10? 11.6/days
3 3 x[10* 3 2.8MHours

Thefirst Body s representative0fthe [GreatILakes[in WNorth[America, thelsecondis
characteristiclih[size[to [the ipper Wew [Y ork Harbor Wwith the[summer [flow [0fTthe [Hudson
River,and [thethirdis fypical (0f'a [small Bay [or [cove. [Compute [the [time required foldchieve
99% ofTtheléquilibrium[concentration, [@nd[that/Goncentration, 0fasubstance having @n finitial
concentration,andfhatdoncentration, [6flalSubstancelaving(an initial .Goncentration 010 [(at
time =(0)(and @n inputof NI((MT") for each ofthe three water Bodies. Assume that the[decay [
rate(Gonstant K(i50,10.01,10.05,(0.25,(1.0,[and(3.0(days ' [and [dompare/the results.

12.8IConsiderthewater pollution[problem(dsshown [inthe[Figure below. Therelaretwo
sources [dfditrogen, 200 mg//(at(site[1 [@nd 100 mhg//(atlsite 2, goinglinto theriver, Whereas the
nitrogen(concentration(in theriverjustipstream 0fsite 1 is[32 thg//. The tinknown Variables
arelthefractionlofmitrogen removallati@achdfthoseSitesthatwould @chieveldoncentrations
no[greater(than 20 mg//land 25 mg//[just upstream [0fsite 2 [and [at(site 3 [respectively, at(atotal
minimum cost. ILetthose Mitrogen femoval fractionsBe X, land X,.

61



Water[ResourcesSystemsPlanning/and Management Exercises
Daniel(P. Tloucks /& EelcolvanBeek

<200thg/!
\\L \_@/____/@_
32 Eng/l 7\;1 -~ ¥
-~ 100!

Assuming unit/costs(ofremoval(ds$30and[$20 atlsite(1[and(site 2 [Fespectively, [the thodel [dan
belWwritten(as:
Minimize 30 X, #20 X;
Subjectto: 200(112X;)0.25+(8 <120
200(11X;)0.15#100(1 = X3)0.60+[5 <125
X <009, X, <0.9

AnotherWay [to Write [the fwo[quality [Constraints [0f[this hodel [is [fo [define variables S;
(i=1,2,3)@stheConcentration[ofMitrogen justpstream(dflsite i. MBeginning With(a
concentration0f[32 mg//justipstream[oflsite (1, thelConcentration [0f Mitrogen [just ipstream [0f
site[2 Wwill be

[32#200(111)X1)]0.25= S,[and S, <120.

Thelconcentrationof mitrogen [atsite 3 will Be
[S2[#+100(1(11X3)]0.60= S;[and S5 <125.

Thisakes[theproblem @asier(fo [Solve using[discrete[dynamicprogramming. [The miodesor
states0fthe metwork [can bediscrete Walues[df S;, fheldoncentration [Gfmitrogen inlthe(Tiver(at
sites il(justpstream[of'sites 1 [dnd[2 [and [at'site[3). Thelinks representthe(decision variable
values, JX;[thatwill(result(in the Mext(discrete(doncentration, S;. [given S;.[Thelstages ilare(the
different(sourcesites(orriverreaches. [Alsection [6flthe metworkih(stage (1 [(reach from/site (1 [fo

site[2)Will lbok Tike:
Q [32(#1200(111X7)]0.25= S, @
32 2

Solf S$,0520, X; willbel0.76;4f S, 0515, X, will bel0.86.For S, Maluesof10(orless X, thust
exceed[0.90and[these values(dre infeasible. The [dostlassociated [with [the link [dr(decision will
be30 X,.

Setup [the [dynamicprogramming Metwork. TtBegins With[@[single ioderepresenting fhe [state
(concentration)0f[32 thg//Justmpstream(oflsite[]. Ttwill €nd With@[SingleMode Tepresenting
the(state((concentration) 25 mg//. [The haximum possiblelstate(concentration Walue just
upstream(dflsite 2 ustbemo [greater than 20g//.[Y ou/can usediscrete[oncentrationValues
infincrements[0f(5 thg//. [This WillBe@Very[simple ietwork. [Hind fhe Teast[cost/solutionTising
both[forwardland backward moving[dynamicprogramming [procedures. Please[show [your
work.

12.9dentify@d[three alternativesets[(feasible[Solutions) [0fstorage lagoon Wolumeldapacities
Viand[corresponding land [@pplication(areas (A [and irrigation Wolumes O, inléachonth ¢with
inlalyear(that(satisty(a10 thg//Mmaximum NO; N dontentih the [drainage Water[0flaland
disposal System. Inadditionfb theldataisted below,assumelthatthe influent mitrogen n;,i550
mg/l[8achonth, with[10% [(«=[0.1)6ftheMitrogen [ih [0rganic form. [Alsolassume(thatlthe
soilfislaWell [drained silt foam [Containing 4500 kg/haoflorganic Mitrogen(in(theSoil‘dbove the
drains.[Thelsoil Hasfamonthly[drainagecapacity[d [6f[60cm(and Has(dfield [Gapacity toisture
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content M [6f(10[¢m. Maximum [plantnitrogen iptake values N,"**[are (35 kg/ha/during(April
through @ctober, [and [70kg/halduring May through [September. [Finally, [@assume thatbecause
ofldold femperatures, Mo Wastewater fitrigation [is permitted [duringNovember throughMarch.
December, January, and February’sprecipitation(is[in (the form [0flsnow [and will helt(and be
addedfothe soil hoistureihventoryinMarch.

12.10Consider(theproblemofléstimating [the hinimum [fbtal[Costdf Wwaste freatment(ih Order
to(satisfyquality[standards within[d[stream. [Let[the stream [Contain[Seven homogenous [reaches
r,reach rZ[beingatlthe lipstream(endand reach »=[7atthe[downstreamlend. Reaches =12
and 4 aretributaries(éntering [the thainstream/(atthe beginning 011, (3,(5,[6,[@and 7. Point
sources 0f BOD(énter the[stream(atthe beginning [0fireaches 1,2, (3,4, (6, @nd(7.[Assuming
that(atTeast60% BOD removal isrequired dtiach discharge site, [Solve for theleast[dost
solutionlgiven(thedatafin fheldccompanying fable. Canlyou identify torefhanonefypeof
modelltolsolvelthisproblem? How Wwould this thodel belexpanded folspecifically includeboth
carbonaceousBOD landmitrogenous BOD [@and monpointWasteldischarges?

Design Present ANNUALICOSTS
Reach BOD % Removal OF VARIOUSIDESIGNBODREMOVALS
No. Load Load 60% _ [1175% [I11185% 90%

1 248 67 0 22,100 77,500 120,600

2 408 30 630,000 780,000 987,000 1,170,000

3 240 30 210,000 277,500 323,000 378,000

4 1440 30 413,000 523,000 626,000 698,000

6 2180 30 500,000 638,000 790,000 900,000

7 279 30 840,000 1,072,000 1,232,500 1,350,000

DO DOIConc BODIConc  Av.Deoxgn
Waste Entering Total DO Maximum Deficit atlbegi at'begi rate Reaerationl]
Timelof Water Reach Reach saturation  allowable  of'wastel] mninglof [mninglof constantfor Rate
Reach  Flow  Discharge Flow Flow conc. DO Deficit water Reach Reach Reach constant
No.  (days) (10°m’/day) (10°m*/day) (10°m*/day)  (mg/l) (mg/l) (mg/l)  (mg/l) (mg/l) (days™) (days™)

I 0.235 19 5,129 5,148 10.20 3.20 1.0 9.50 1.66 0.31 1.02
2 1.330 140 4,883 5,023 9.95 2.45 1.0 8.00 0.68 0.41 0.60
3 1.087 30 10,171 10,201 9.00 2.00 1.0 ? ? 0.36 0.63
4  2.067 53 1,120 1,173 9.70 3.75 1.0 9.54 1.0 0.35 0.09
5 0306 0 11,374 11,374 9.00 2.50 (0 ? ? 0.34 0.72
6 1.050 98 11,374 11,472 8.35 2.35 1.0 (0 (0 0.35 0.14
7 6.130 155 11.472 11,627 8.17 4.17 1.0 il il 0.30 0.02

12.11[MDiscuss WhatwouldBe required [folanalyze flow [dugmentation(alternatives [in Exercise
12.8Mow Wwould(thecosts[offlow@ugmentation beldefined and how Wwould yyouthodify[the
model(s)developediin Exercise12.8[fo ihcludeflowaugmentation @lternatives?

12.12 MDeveloplaldynamicprogramming odel o [estimate [the least[cost iumber, [Capacity,
and(bcation0f7artificial @erators(fo [ensure meeting inimum @llowabledissolved 0xygen
standardsWherethey Would[dtherwise Beviolated [during[an €xtreme low [flow[design
condition ih@MonbranchingSection(ofla/stream. Show liow Wastewater [treatment alternatives,
and [their(dosts,dould(also Belincluded in the ldynamic programmingtodel.

12.13[[Wsing(theldataprovided, find thelsteady [state[doncentrations C,[oflaldonstituentlin(a
wellmixed lake[6fConstant volume30 x10°m>. The [production N,lofthelconstituent(dccurs
atlthree(sites 7,[andfis[donstant(in[€ach df four(seasonslih(theyear. The requiredfractionsof
constituentemoval P;[atigachsite iarelfo belsetsofhatthey [@relequallatiall(sites ilandthe
maximum concentration(in the lakelin(dach period ¢mustmotléxceed20rhg//.
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Days Constituent
in Flow,Q, Decay|Rate,
Period, 1 Period (10° m*/day) constant, K, (days™)
1 100 90 0.02
2 80 150 0.03
3 90 200 0.05
4 95 120 0.04
Constituent Constituent
Discharge!Site, (il Production (kg/day)
1 38000
2 25000
3 47000

12.140SupposelthatfheSolutionloflamodel SuchasfhatiisedinExercise12.13,0r
measured(data, indicated[thatfor@well (mixed[portionoflalsaltwater lake,the
concentrationsdfditrogen((i[=(1), phosphorus (7Z2),[and [silicon (i [=[3) ih @[particular
periodfwere(1.1,[0.1,land0.8thg//,Tespectively. [Assumethat(all Gther Mutrients fequired
forlalgal growthlareinlabundance.Theldlgal speciesofidoncern(are threelin mumber(and (are
denoted by j=(1,12,[3.Theldatarequired fo [estimate the [probable haximum algal Bloom
biomass[concentrationare(given(intheldaccompanying [fable. Compute this Bloom [potential
forall k;land kléqual 010,10.8,land 1.0.

Parameter PARAMETERIVALUE
(AlgaelSpecies|Index j) 7 2 3
a; = mgN/mg|dry wtioflalgae / 0.04 0.01 0.20
ayj=mg[P/mg drywtioflalgae j 0.06 0.02 0.10
ayj=mg(Si/mgldrywtof algae j 0.08 0.01 0.03
D;=moralityland[grazing(rate/constant 0.6 0.4 0.20
(MIT{(days ')
d/Zthorality[rate(donstant, (days ') 03 0.1 0.10
v[=léxtinction [reduction(rate constant 0.07 0.07 0.07
Ifor/dead algae, (days )
n™ =Ithax. léxtinction/coef. (m ") 0.07 0.07 0.10
n™" =[min. léxtinction coef. (m ") 0.01 0.03 0.03
1, =lncreaselin [€xtinction coef. [per 0.05 0.164 0.04
[IMTiinit increase linthg// (g/m’) (6f dry
Wt ofispecies ji(m?/g)
NutrientIndex i: 1 2 3
Nutrient: N P Si
i =[thineralization rate (Gonstant/,[(days ") 0.02 0.69 0.62
Extinction/Subinterval s: 1 2 3
Extinction[doefficientrange: 0.0110.03  0.03(0.07 0.07(0.10
Algaelspecies j E S;: 1 1,2,3 3

Extinction/coefficient withoutlalgae = 77)=0.01 '

Note:Sincelthereare threeéxtinction Subintervals, [there [dre [three hodels[fo[Solve
forleachvaluelof ;= k
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Chapter13/[Urban'Water Systems

13.1Definethe components/dfitheinfrastructure fieeded [fo Bring Water into Your liomeland
then(collectthe Wwastewater [@nd [freatit[prior(to [discharginglit[Backlintold[receiving Water
body. MDraw [@[schematicdfisuch(asystemand(showhow it/dan [Bemodeled [fo[determinelthe
bestidesignvariablealues. TDefine(the datanieeded [fo model[Suchalsystem@andthenmakefip
values(ofitheneeded [Pparameters@and Solvelthe thodel 0fthe system.

13.2MComparethe lcurve Mumberlapproach o theiise[dfManning’s €quation o [dstimate
urbanTunoffiquantities. TThen [define How [you Would Predictiquality landsediment funoftlas
well.

13.3MMDevelop[@lsimplemodel Forpredicting the funoffiofwater, Sedimentland Several

chemicalsfrom(al10hafirban Watershedlin [theMortheastern Wnited [States/during [August
1976.[Recorded(precipitation was(dsfollows:

Day 1 6 7 8 9 10 13 14 15 26 29

Ri(cm)l] 1.8 0.7 2.6 29 0.1 0.3 29 0.1 1.4 3.7 0.8

Solids((sediment)Buildup lon(the Watershed atthe rate0f[50 Kg/halday, @and chemical
concentrations(inthesolidsare100Thg/kg. TAssume that@ach funofflévent Wwashes(the
watershed surfacelclean. [Assumelalsothat(there(is Mo ihitial [SedimentBuilduponAugust.The
watershed (i5[30% [impervious. THor[dach(storm ise[yourmodel tolcompute:

(a) Runofflinémland m”.

(b) SedimentTossi(kg).

(c) Chemicalloss((ig),lin/dissolved(and solid (phaseform(forchemicalswith[three

different/adsorption(coefficients, £=[5,100,1000.

13.4Therelexists @modest(sized lirban[subdivision[of[100Hacontaining 2000 [people. Iland
uses [are(60% single family residential,[10% [commercial,@nd 30% tindeveloped.[An
evaluation[ofitheldffects 0fstreet[cleaning [Practices [on mutrientTosses [in funofflis required for
thisdatchment.

Thisleévaluationfis fo[be basedon the[7 month Precipitation tecordgiven below. Present fthe
results oflthesimulations(ds(7 [month[PO4[@nd N losses [as functions[dflstreet (¢cleaning interval
andlefficiency(i.e.,[show theseTosses forranges 0ffintervals [@ndefficiencies). [Assumela
runoffTthreshold forwashofflof O, =0.5cm.
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Exercises

PRECIPITATION (cm)

[MMDay A M J J A S (@)
1 0.6 1.4 0.7 1.9
2 1.1 0.4 0.5
3 0.1 0.1
4 0.1 1.5
5 0.1 0.9 1.9 0.3
6 0.1 14 14 1.0 0.5
7 0.1 1.1 0.7
8 0.1 0.1 0.7 0.4
9 0.6 16 0.1 1.5
10 0.1
11
12 0.2 0.2 0.2
13 0.1 0.2 1.5
14 0.2 0.5 35 0.8
15 1.0
16 43 2.8
17 07 08 0.5 0.8 1.9
18 05 04 01 0.8 0.1
19 0.4 0.4 0.9
20 07 03 23
21 0.3
22 0.1 0.1 04
23 2.0
24 392 0.1 0.2 4.7
25 0.1 0.6 2.8
26 3.0 1.6
27
28 0.3 0.1
29 0.2 1.1
30 0.1 0.6
31 0.2
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Chapter(14[/ASynopsis

14.1 MIdentify, fesearch, [describeand CritiqueldWater Tesources [planning [and thanagement
case[study. [Describe [thesystem beingstudied, How it Wwas[studied orhodeled, the
institutional(setting, [the Objectives [fo Beldccomplished, @nd yourlevaluation(dflhow [the[study
wasdarried[dut.'Was(alsystems[@pproach(@ppliedfotheparticularWater Tesources
management(problem.[Evaluate(theleffectiveness/oflany hodeling, the [@xtent(ofstakeholder
participation, and hiow, iflapplicable, (with hindsight(the study(could Have been improved.

14.2MThefollowing factors @re’@among(those(that/areimpactingGuriglobal [@swell [@sTbcal
water[systems. [Brieflyidentify(their(causesand(resulting [global impacts.

a)[IClimate change
b)[Basin(scalewaterbalance changes
¢)[River[flowregulation
d)Sediment[fluxes
e)IChemicalpollution

f) Microbial pollution
g)Biodiversitylchanges

14.3Presented below [dre somedonclusions oflarecent conference [On Water(and [Sustainability
(Schiffriesland Brewster, [@ditors, 2004, Water for(a[Sustainable [@and[Secure [Future, Wational
Council for[Scienceland the Environment, 'Washington, IDC). TWrite@brieficritical [discussion
ofldach(dflthese(statements.

a)Water s [an [€ssential [part[of iuman Welfare 34— maintaining[durhealthland
survival, protecting[Sensitivelécosystems, producingan/ample food Supply, promoting[overall
economic [prosperity, [@nhancing [recreation(and [aesthetics, and providingfor the Tong[term
security[dflihdividualsland mations.

b)[Providing[énoughwater for Humanmeedsisichallenging Wwater policymakers,
especiallyfinlthe Water[scarce regions, largely because water(has beenMiewed [as(alfree
commodity. [ForthisTeason,itfis[fypically [deliveredat Wastly belowCostland ised
inefficiently.

¢)TheWnited [States had the Wworst Wwater @fficiency (0147 [dountries ranked By [the
WorldWater[Council, @(status thatfis Tinked o Tow Water prices. The(2004)[price[0f Wwater(in
the Wnited[Stateslaverages($0.54 [pericubicmeter, dompared(to[$1.23 forthe Wnited Kingdom
and[$1.78for[Germany.

d)PerhapsthetostimportantthanagementlissueregardingWater[and[sanitation,the
onelthat/could have [themost Benefitforthepoor(is progressive pricing =—Icharging moreper
unit(thethore Wwaterfis lised” /—[fo [ensure[thatpeople [Can(afford .énoughwaterfo Tive
healthfullyandistill[provide lincentives for(efficient iise.

e)[MheworldfikfinaWwater(crisis” thatfis [getting Worse. [Ropulation s [growing most
rapidly WhereWateris least@vailable,@and water will bel@among(the first fesources(affected by
rising[global [femperatures(and(theresulting climatechange. [This Water [crisis[dan(be @lleviated
by pursuing/solutions thatfihvolve community [Scale Water(systems, l0Open and [decentralized
decisionmaking, @nd [greater@fficiency.

f)[[Profound misunderstanding 0fwater(science iasbeen [ihstitutionalized[ih hany
states, Where[groundwater(@nd [Surface Water/arelegally fwo inrelated [éntities. This[gap Has
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ledto(practices[ofinsustainablelgroundwater withdrawalin [Some [@reas(andineffective Wwater
management(policies(that/do motfakealholisticlapproach. (GroundWaterand[Surface Wwater [are
inextricablylinked [through theliydrologicdycle, and wemeed o feformthelgovernanceof
surfaceland [ground water [to [reflectldactual hydrologic linkages.

g)[Thechallenge(df21stCentury river hanagement(is b Better balance human Water
needs Withthe Watermeeds 0friversthemselves. Meeting this[challenge may require [@
fundamentally Mew [@pproach [to Waluingand managing|rivers. [€ach Component(of'a river’s
flow pattern 5—[theHighs, the Tows, [and the levels in Between 5[5 iimportantfo the Health6f
theriver(system(andthelife Wwithin(it.(Helis [Optimistic thatmew [policies Will be based[dn(a
growing/[scientific consensus/thatrestoring[Somedegree oflariver’s matural flow [pattern(is the
bestway [fo[protect/and Testoreriver health land functioning.

h)[Hydrologicallandlécological Tlinkages, rather than[political Boundaries, [should
form the Basis for Water thanagement. (Governance structures/should Bedesigned fo facilitate[a
watershed, Basin[orécosystem @pproach foWwaterthanagement. [Foréxample, fesearchers(are
increasinglylattributing[coastal [pollution [problems, [Such(asmutrient[dver[énrichment, [dead
zones, [@nd[foxic[dontamination, [fodiffuseSources farlinland [from(doastal [énvironments.
Therefore, [effectiveSolutions fo fheselissuesmustbeHolistic,@ntering [at the Wwatershed Tevel
and[connecting[doastal [pollution With[inland[Sources.

14.4[MHow Would youlprioritize and iimplement the following Water(sustainability
recommendationsdontained [ih thereport[citedin €xercise14.3?

1.Mevelop @[RobustSetofIndicatorsforSustainable(Water Management.
2.ImproveDataand Monitoring[Systemsfor[Sustainable'WaterManagement.
3.[AdvanceInterdisciplinaryScientific[Research(on[Sustainable[Water[Management.
4.Integrate[Social [and Natural [ScienceResearch(on[Sustainable[Water[Management.
5.[Close(theGap Between Water[SciencelandWater [Policy.
6.MevelopdSpectrum6fiTechnologiesfolAdvance [Sustainable[Water[Management.
7.MImprove [Education(and[Qutreach lon/Sustainable[(Water Management.

8.[Promote International [Capacity (Building[on Sustainable Water Management.
9.[EstablishNational Commissions[dnWaterSustainability.
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