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NS\V AgdculLurc 

AUST&A,CT 

Anunibel'of envirQumentalproblems nreassociated with pooritligatiol) management. 1~hese 
include the economic costs. or land salinisaUon andwatcrlogging i as a result of dsingwuteftablest 

and the downsltcam irnpacts from irrigation drainage .stIch .$ iucre:lSlng rh'l'er salinistltinn, turbidity 
and nutrient levels. TradilionaUy~ engineering approAches b~wch(!cn used to addt\1:ss S(lmC ·of these 
problems, for instance thcconstrUctionofrcgiorHdsurfacr. eft'ai.nuge lhfra,<)tructure 1J} mininl.ise the 
1I11patton agriculture fro1t1 excessive irrigation runoff. rhe cxtennd costs assochuedwith these 
opd.l1ns have gCllctally been neglected. Moreover. they reprcscnta.n i\tterrl.tlt to nddross the: 
symptonll'uther lhan the cause of tbccnviroumental problem. 

Modification of On. .. ramlil1igatiOo behaviour. pmticularly wiUlrcgard to the managemcnt of 
wntertaoic leaching and hr.igationruuorr. represents. nn opport,\Ulity for minitn.isingt1cgtllivO impac\,S 
upcm the envi.worncnt from irrigaled .agriculture,One such management option ,is thcinstallnt.iot\. of . 
an oll .. farnl srorage ,and drainage recirculation system so ~u; to millinljsc~ if tlOtelillllmllc- h:rigution 
ronofileaving the prtwclty. The success inllchieving regional acceptance or such an OJ)fion may 
require modification of exjsting policies. such as Water pticing~ tho pmv.isicm of district drnillagc 
infrastructure. Ul(;~ level of waler sUllply securityandpollUt.iotl taxes. 

Thctlbjcctive of this paper is to assess the hctl\.~fits from lhcadoptiot\ of un nn"nUlU itrlgmion 
drainage rcci.rculati.on and/ur storage system.Fmm the fnrm perspective. the impact. un net 
tncomeSt water management and agricultural enlerpriscsare mensured. 

The system being evuluated is stochttstic gh!¢l1 that one of t.he benefits ora wut.cr f\tor~tge system is 
the risk management involved with uncertain water supplies. either t)nm rainfa1l1u" tr4ditional 
allocation nnd<>1I .. a11ocntmn sources. The study basdevclopcd a stochastic fmmcwork whereby a. 
ll1ulti Mpcr1mi linear pl'ogl'ammillg model is solved itcrntivally wnh a. number of stochastic right. .. hand 
side constraints. Tbe analysis is then ahle to rtmklhc alternative op110ns on the basts of their 
stochastic d ominnllce. 



1 ~,[n tro.ti.u cti on. 

BO\'irollI11Clm~lpr()bl¢n1S s\)ch osdsillgw~teltablcst declining,river qualIty andcohtlicts lathe usc 
\,frcsourccs between ngdcuHu.rcand the cnvironnlc.tltw.ithin thcM:nttay,:,1.)~tlitlg ::aasln have been 
w,idcly dOCUltltHllcd (Grlevect at 1986: Oulter.idgc~ Haskins and Davey 1985; Jon.es und·Mnrshnll 
1'992; Qulggin 1988:thomasan:d Jake,man 1985). problems ass()clntcd with ds,blgwatcrtnblcs 
include reduced agriculturnlproductjyit}~dueIOsoU andwatcrsal.inJsaUQu Rtldexa.cc(b~'lOft of 
waterloggi.ng.Declining watetquality ;innve.f;syslemsductoincl'ensing san~ nutncntandchcmicnl 
residue loads, turbidity ulldmicmhial nctivityhas received increasing publlcaHcntion,. nle 
rcgulatltm of How jJl tiver SyslcUlsand. tOItScqucllt impacts on 'l'ipadau habitats is also teceiving 
incronsillgattc.nti()n~ ruisingquc.stions regnroillg the cmcietlcy of water allocation between 
agdculturttlar1d envitOnmcnlaluscs. A tiUlge of policIes h~lvebeen; developed toaddrcssthcsc 
pr()hlems~ :i.uclucHtlg the Salinity andDrtdnnge~ Nutur:xl Resource ,MtlUJlgemCtltand frrlgution 
Management SfnHcgics oftbcMurtay ... D~lrling !BnsillCammlssiol1. (Murray-Darling .Busin 
Co.nlt11issh1ti~1'injst.erialCoundl1988; 19891. revision of water allocation audpdcing poHCiesas 
,velIfl.s the ,ttpplicatiotl ofthcllOl1ciplcs of.integmtcdcatchtllCllt l1ltm.ngcmcnt to pmhlcrnsof 
resource degradation. 

A majorcol1ttibut.or to rising watcrtnhlesand.declining river quality is. theon·faun managcructlt of 
irrigation. ,and drainage water. the NSW I1ltl!gNlt(!(/ 1)ra i!lage Pali.cy jor 1J'ri~~m ad Arell.S rec.ognisC's 
that Uthepropor handling of physical and mnn~gem.cnt factors nn*fi\t111 is vUalif the problems of 
rcducedpmducLivily and degradation of tbe cnv:ironrncntCiU,lSed. by past practices and inadequate 
drainage axe to be addresscd tl (Oepantllcnt. of \Vater RCsolu'ces. NS\V Agriculture and Ttltal 
Catchunmt IvtaJ1a~emct1t 1992i 1', 12). 

Lanclalld \Vntcl' ,Management Plans fL&.W;v1Ps) for a number ol'irtigated regions insouthctn 
NSW aJ'ccU,tt'I;!ntly being developed u.ndcr the NSW 1Iltegratedl')r:aitUJ~~.e Pohey/or lrrigmed 
Areas. Communities in irrigatcdn.rcas assume responsibility for the fomlulution of 1,.&\\,MPs\ 
whicb aim tlluddressproblems ·of resource degtndaUon through the developmont: and 
hnplementation of medium tcntl strategies that prov.ide for the cOlltinued economic ~Uld 
environtnelltal sustainabiHty of these regions. 

1.2 The llerriquin. Irrigation DIstrict 

The BClnquin I!tigaHon District (BIO)is located in tbe l\1UflllY Valley of NS\V betwccl1 the towns 
of Berrigan and Deniliquiu and covers all area .of 321.000 hectares.lnigution ntl.d dtruuagc 
pt~cUccs h~ BID havccmurlhuted to the development of high w~Hertables ncrossa large 
proponiollof the tnstdcL In 1990, 28.5pcr cent of thetUD had watcltablcs within two metfes of 
the surface] (P.B. Jac.obswld Associates 1993). If cumml irdgatiolllUld dminage pr'acHces urc 
continued. it ispre<iJcled that 62.5 per eeuLofthe area will be affected by 2020. 

Problems associated wilh high watcmlblcsmdudc reduced agtiC'ulturalpmdu.ctivity duc(n soil aud 
water salinisntionaud c:xnccrbntio" of wutcrlugging. The estimated cu.rrent ngliculturul gross 

once a wall!tt.able nscs li,l acrHtcat dCpUl from the SOl! $urfacc. W111c:h I!> LtlJlSldcrcd t(l he Awn mettc\ m the 
M.umw~DMbngaal\ln. upwl1rd moYCtlll!nt oj salt tnto the root llmc can occu.r dUI! to eapHlar)' rise ()fsalmt~ Ul\n,ture 
frU·ll) th\!' '.'latenahle C~lpIllar}' tlse ifivol\res the ur1wartl Uli.WCl11Cllt \)1 '''~ilcr \'.md d)s\I"hcd~~lts thnmgh the SllJl prtlfile 
du.c t\.l:\1va~l\)ttUlon at dlCsoil SUl'ra~e 



ttlml}jtt ttlregoll.O: due to soU sruinityo($:l.2,miUilUl:pcr ycnr iSptcdictcd to ima:ct\se to $3.1mUllo11 
hy~020{l:f,ft .facobsand Assoebl1cs 1993). It is Hkcly lhatftather lossos would oecu&: l'ronl 
cxnci!timUo.fi'of wut~rl()ggHlg. 

A L&\YMP iS~Ul1'Cll.t1y·be,ing t1(t\~elol)ed fm:thcllU)$ wh.ich nddrcsS(!sat1~llgC{)f ,nt:¢t\Sof.C()llCCtU 
iflclt~djngorf.-nutn sudhc¢ drttintlgc W()tk$I.S~h;oisurfncl;t drainage wotks,. inrraslrucl~ll-e 
rC(lJd1isbnl(mt,iliSl1tUU,111n1cOatlge .ilUdt1n.;fanll :inigntiotl munagculCllL 

Tbe study rtp(lJ1cd,hcn~is OllCCOnlpt)nenl Ofll 'wulcrccoumtueanaJysis of on",!'annoptiolls to assist 
the devcloplllCUl l)f llcost¢iTecUve ,L&,Wl\1P. ·111e ,uhns ,of .tbe on .. rarmcompo.ncnt oflhc J3etdquill 
L~\VMP ure; first.Io inlp1'(JVe irrl,gati,ou nmnagcl1lcnt ami farm P[otluctivlty~ scct1nd 10 reduce tbe 
UnlOUlltO:f wnlet enlcrin~ lhp wate:rtabl~on .. rarm;.mld thIrd. tomunuge srui1lcnrcas Bl1dareas.of 
hj!1-h wnt'-1rtnblps(,Derrlqu.m L.1tlldano \Vamr Mauag:omcnt Plan 19931 

DrJJnagc recircuJutionand oll",fann ston~l$e SYStClllS nrc amollg dIe tln .. farm measures wi(h[)otcutitll 
to lfnf1ro~C dr:,al.t1t1ge management, thereby .inctensing I~u:mpmductivity and reducing walcl1~lblc 
accossJons . 

.DNtinage recirculation involvc.s the drainage ofsuq,lus irrigation ,\luter to a storage for lat~treuse 
while w:.uet harvestillgcntatls thccoHectiortundstoragc uf stormruuoff. The benefits from a. 
tecfrculaU<)U systettl iOYQlves the reduction ingroundwRlertlCCeSS10nsand waterlogging, InCl:O:tlScd 
water supply"nnd having i.rtigaUol1 witt.er l)ll demrutdruth¢t titan beiJlg ,~otlsu'U.incd hy the-capacity 
()[the irrigatinn supply syStertt 

The benefits or mducingilic frequency alld dumHoll t1f Wl\t\~rlugglnge, 'tents arc from .remo.ving 
ponded surface draulage ftom low-lying pnintsof a. [ann. This is l)~ttti(.~lurty beneficial 'where there 
is no acoeSS lhnn these [O\v'",lying poInts hun atl on:",ratmdl1tin~lge line. I)uc to the: teduclIon itl 
sutfac:e ponding\\taterenlering the watcrtable is r(!duced~asare cmp, pasture andUvestock 
management problc.rns associalcd with watedugging. 

\Vl1ere drainage into QtT-faan lines ispossihle. I'educed dISPOSal of water into these lines as. a result 
of recirculation can have dOwflstretUll cOllsequcnces hya:tTecting total volUtlles of water discharged 
d()wnsu~eam and overaUconcentrations of s~llt.nut.rienls mtd bit)cides in lh~lt water. 

\Vater oblamcd from dminage recilXulation nmy he used to suhstilute({)f. llt supplcment~ wator 
available througbtll¢ district supply nClwntk. This can be bencfidalbccause supply through the 
districtnet\\,'otk is limited in volume hy U'l'igntion ullocatloll and availability 01 .{)lr~al1oculit)tl 110ws 
and in delivery nne by the eapacities of dlstrictsupplychnuncls. EvaltmljnJ} of dr"JiJmge 
recm:ulationas a means nf wator snpply suppkmcnlntiOtlf however. requ.,ires cmnparisnu with 
altcmutlve opponunilies for supplemcntation. These includepump1.ng ufgood quahty groundwater 
or purcluisc of nddiUooal \','lllcrenUtlemCJ1L 

'the bell.cfjt~ ubtalned fmm dtllluuge rcciJ;tlllatio.tl and W(ticr harvesUng \.VilJ~ howevet. be 
CtUlstfained by. la) the e~t.entto which thccngitlc.clingcapucHy uf'the drairmge rceitcuhuioH system 
is adequate 10 mamlgeaC1Utd dmimlgc volluncs. and ffH Ihe scupe tu usc. of'dispose of. nmnff at 
any time ls Ijmitt~d by brigatiotl t'cquitc.memsnt tl1nt time and by airspace wuhm <ln~l.~lnn (;hanllcis. 
drains and slnmgcs. 
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ltlstallution Ofatl0ti . ..:futnl w~tarStOr~ge offerS'benefitsi intO.tlllSof incl'l1a$iul~ the capattityo.fa 
dll{itlu,gc recitculntion systcrnwcope with watcdosgh1.!l '(Wents., resulting in tedtlCcd:wUt~ltubl,e: 
acc:essfunSatids\lrfttccddutmge volt~rucs. A storage also: llr(widpsincreused scope forbarvesting 
warer from 'SOUlXCS Of her ,than irtilttUiotl nUlOffs\.lc.hns TuiumlL nmofft sfWatp(lilits~,orr.,n:llt)cnti()ll 
nows tmdtntrts(c.rdnltuuu,sed it\lloo,atio,nv()lutnos to the next ,seaSCHl by :pmHllg it lhlost.o.mge.l3y 
lllul'eusing the c(lpncit)!of ~anlrltlcr to utilisc;drainagCt ()fr .. aflncationsuppllcsartdgmtlndwatc.r~a 
storaga~analsoredtlqe .tbe need tu ,purc!l1\so waJ.cr,,, increase wu(cravoilability. Orht)ih.:lnvcSUltellt 
ill on .. fnl'lll· stmllgecanalsopro'lide significalltbt~ncn.1.S through Jucreuscd.lrrigutinnll1arlUgclll~nt 
J1exibilily. byallowing:;,lx:rlgatioll.l.oCI1UlmenCc before wateds.avaUahlc hvl.he SUliply system. 

1~4lJnc~rtah)b~ llC water supply 

Recirculatiot1((udtltl .. nU:msloragc,systemsbave the pot.clltial to lJlc.rcase .farmincmllcs by rudue.iu1! 
'produf!li\J}j losses due to'\vnteilqggingJ us well as .allowingmote huensivc irtigntiml by nugnlcnting 
the: falm walet suppl)t. ,1.u'addilioJl. tbe variability of fnml inC01l1CSJlluybc reduced by U1TonJiug 
fUmICrS()pponuniliesIortacticaJ. rcspo.usc lo:·'uufm'c;sccll walctsupply nU1Ci.Unes te.:g •• with ,respect: 
tn allocmilll1 percenJngetl)11~a11ocation nnw v()lume alldra.illf::aU>. 

Admin.age rccitculatltmtmd sturage system ntayaUowndditi,unalwatet for lrr:igaHml to beobUlined 
dnrlngpcriods oJ'low :ilri&ationrolocatiou b~ftcuscnfbrlgaHnndl~n.tnage and barvestIng or off .. 
allocatjoJl flows and ra!nfwlrunoff, Altelllatively, during periods ofbigb r~i!lfaU~pondlng.(:>rrumltI 
on low .. lyingarcas .of:thc:.fa.tlllcan be minimIsed thmugh reeirculatiml and swrage.tnereby 
reducing pmdUCUOl'l' losses due to wtltcrlog8illg. 

The !1tul.nc'i~tlbencfitsobta:in.ed from iUycstrtlellt lila drai.nage recirctllatf~)l1 und sturagesystclll will 
be .it1fluenccd b}~ die volumcsofirrlga.tiot1 dtaitlage reused atld volumes of flf1~aH()cntinIl now aud 
rainfallll.ltmff harvestedl ttS. woll as tbeavaitability:oJirdgaUun water rhnmgb. the district. supply 
system. As .these w~atet' supply vad.ablcs .are stochastic innatu.te. it is itllp<utant to account ftlf the 
range of possibl~watersQ.pp.ly outcomes when undertaking a financial analysis 01' investment in 
drainage rtcirculatimlMuou .. fartn storage systems, 

1'heprimaryunjecuve oftbisstudy was to underttlke n financial analysis of the benellts of Ul'atlge 
ofa.1temnlive drainage recirculation and otl.;fath1stor~ge systems fora representative farm in 
11cni.quin brigatioll District A further objective was tu delcanillc whether the I:xtcmaJilies 
associated with fhe management .. o11trlgalion and drronny.e water arc reduced hy the adOpUtUl of n 
dratnagerecitc:ulalionand slon~ge system. 

The benefits arc det.erl11inodby comparing t.he retUl1lS for each altcmative with a hase '~do nothing'" 
scenario tbe impact o(unccltainty in allocation su.ppUes~ OffmalltlClltion nowsnnd rainfall i~ tuken 
.into account by the usc ofa stochastic programmIng ,uppmachwith stochasUc dominllnce 
pl'ocedures used to .asscssan.d rank the risk efficiency of llu~ allcl'llatiMes. 

1..6 Oudine.oftbe .paper 

Tlll~ naiU.rc of risk~ altemaUvc stochastic ,Ulelhl1tlnk}!w~s and the prin.ciplesof stn,~hastic dotniuance 
nre tUscusscd.in Section 2. Inlbnnatitm concenling the spccillcntiOllof the S1mulmiou~ Unear 
prograllUllingalld hencfit<ost models dcreJopeois prestltltcd in Sectiun ~. In Scctmn 4 resuIt~~tre 
pn~sr!ltc.d~anda summary and dtscussiml of msultslm1&Cmed in Sectiun 5. 



t~l)r many llroblcms iJlv()h~~ng Ull(:enJlJn~Y;l stochast.iC'utlalys1!sisnhle tOtlQ,C()\}.nt for tlll~()u"'licts 
rronJ:pI11bllbilit~t distt'ibuliollS l1f tatld()tJtva .• inblns\vhich(:lttltl~)lbc tellectcdin thecxl)cClCd: values 
ofadct.etmin:istlc 'study. tllcistoebasde ~J)J)tllachis! thererore". morenblo lu 3,CCllral:¢lynlcnsu.rc the 
benefits andcol\tsass{}cinted with adeciSlotl problem. 

A wide varic.tyoJ ftPllrOnebeshnvc beC!n develtl}lCdto dc~tl witb dskitl farm deCision j)taking. -rh!:se 
l~Jlge from';lpf.imlsittgproccduresJbased Oll Hn.\l.ar.non4il)car !lnd dynamic:prt)grn,}11rningt to nOll .. 

OllUntislng(suehasSLochaslic budgcHngwlo lisKcI.JleieHlt nloDle~cnl1opro.gt'nmming). ltis 
JmpOllnrll:!.O understand: tb~c:xacl mnutc,o.ti risk (h~ltJsinvJ)hfcd·ht1tte,problcm under lCV.fC w St)as 
toidenti{y Ihemostnppmr)l~atcmcthodtdogy for :und~l1~l.kitlg the~mnlysjs, 

rl~mJakcirf Pundeynnd, P~Hcn (1991 ldJsUnguish bCLwecn tW&lypes, of risk; no»~ertlbeddcd~tnd 
embedded. In tbe ;hon..cmhcdded~ase the' nssutlliltion is d11n it is rettlIsl:ic to model thfJlsystenl' as if 
aUdedsiutls.t1tc made initially ,rutdthcn tI1C: uncertttinty unf.bJdssubscqueutlyin lcrntsu1:ci.sk1 
consequences ofth.echnice taken. In thec:ase .of.ctttbeddcd ris~ the decisions, arc scgreglltediuIO 
those t~(!tl initiaUy and thosctnken~{t 'U.lutcrstagc wlia,Q· StUlleUtlCettainrybas unfolded. Tho 
second staga dcci.s.ious wtUbc f;onditiotlcdbyboth the lPitinlchoiccst\nd: the revealed uncertain 
OUtC01IlCS, ~Most Ulrmdecisiou ptobleIlls inv<dvuembedtJed risk. hnwcvcr. many matbclunUcal 
JlrogrumnHttg~pproncheswbich incorporate UhCC.111dntydo rtot ace·(lUnt fore,llbcddcdt1S,k, 
Ol!nero11y~ 'llou"f.ul1beddcd.r.isk ts eunflnedto oojccf;ive [unction ,coctricicmswhile fbtcmbcddcd 
tisk both the obJective t1locUtltland.constrahlteoofiicientscnn be stochastic Itatutlkcrctnl Ch~s5ify 
tllodels whicbnccourtt for.ri.sk ttl thcobjeclivc tbnction .a,'t risk pr:ogrlullfiling m()delswhilc' IllOdels 
whicb,incnrpnraterisl; in the input .. outp.utcocrncients m' te.vcl nfconSlmint vari.ables call be termed 
asstocnastic :pmgrammingmodcls. 

E1l1beddedrlsk wnsconsidcrtd'crilicalto the cvaluatiml of Ib~ problem unrlerrcvlcw witb the outin 
sources oftUlccrtainty ldentified $'belll.gaU~H!utioll sup111lfzs~ uff .. aUocnUon flO\\l8 1111d .('dtnfalL The 
stud}was~ tll~refore~lllore cOtlcexned with the range of possihle st()eh~tSUc p.tt)gntmmtng 
approaches. \1;lhlCh treat situations ofelllbedded riskimrhcr thUll with tisk programllung 
apprnucbcs, 

\\'hen emhedded tisk is a f:\!atute of the decision problem under rC\'leW the rcseatchetUlust be 
aware of the type of respotlses 10 nskwl individual decision maker catl [jike. These po:;siblc 
responsesar~ eategod!)cd aseilher 'strategic or tacUcnl(trch(.lck and Hruuaker 1972; !{ing.wcll. 
}>a:oneUand Rohinsnn 1993) A fanIlefs deci.sionmuking is gcnctally sequentinllu nnturc.; us a 
s~ason (or nthe.r decision peri()dlunfolds<a farmer will make tactical decIsions inteSpnnse tu ille 
interveniug stutes of nat1U'e~ndJhe initial strategic declsio.ns.mule n:fgure 1 J~ Trcbe:ck and 
l1ardaker demuu5tJlned the use of this sequential appmuch 10 ldcntUY optHw;d hcefcaute cm-rying 
capacity sttatcgicde.clS.mns unci uletic-al dCt'isiol1S rehlted{() cattle ma.nngentctlllhtml,ghnuta 
number of seasollssubject 'to unccnahl rainfall over Ute paslulc gtuwt.ng season. 

the purpose of solving the sC'qucntuu decis.rmlprohlcm is toevnlutUc the p(!rfbllmlrtCe ut thetniUaI 
strate:gk dcci:sjot1rs~. NcglccHnU the tole offactieal adjusttnctlts in the prm:esscan lead to tm 
underesUll1uUoU of lhepmmahillty or some s([ategJes( Ktn,gwellct all, 

4 



Stat~ Strategic 
\'an~tes deeistotls 

StatcSQ( 
l1atu.re 

Tactical 
de~isjljns 

ldcntlficatio.nofthe eOlllllutlents.Qf lhe s~qucntlal, decision :ulukl11g lltocessassociutlld,\vith this 
StUdy ute liuUinedbelow. 'rhis· .assists th.~ nsscssmcilt of dlC altoma,tiv.eslochasdc methodolo¥ies 
possihle Jt)t ltlis analysis. 

Simevariab.ies 
'l}'alm size~soilt~11e~ liccrisedall()eati()n~ i.nigalio:n laymlt., labour,(t\tailability. muchincryavailabili.ty. 
COllullodityprlces, farmer skills ' 
Strategic (lrd$i()lJ~ 
Size ,ofrecircl,llalit)J\syste.lXHif any),sizeot' on.fattllstoragesysteri1(if any). initiallives.tock 
Catt]~i~gcapacitYJtotatioIlt~!Jlt.\ disUlctsurtAcedt'aitUlge. 
States: of tUlmre 
Allocation suppljes~ ot)" .. nlIocation nows~ rainfall 
1l1cticO} decistims 
A(ijnst:CfopMdpasture ltreas1 ntake fodder. huy f()dder. sell f()ddert buy ]jvesto,~k. sell livestock. 
buy u:aosfa11ble watercntitleUlcnts rrWE}t se1l1.~WEt tecirculate irrigation PJl1off. disp()~ 
irri~adonnmtlff to district drainage •. capture· and reeireulate ;rainfall runoff for itdgulioll. dispose 
taiflfilll ruboff to district drainage. allow irrigalh:m andminfa11 nmnff H>pond and recharge: 
wntertahlC't sto.rere.eitcul:ine(t wnterforuse in latetperiods (nmnths.)~ use nff .. a1toenU(ln in current 
petioo1 stm~ off .. a11{)catioll. 
Payoffs 
\Vhole farm ,gross margin lt netpresem value. 

2.2 Altetnatiyest(~hasti(!t1letb(jd()f()gjes 

As identified in the previuussection the trtlat.melllof risk in programming llmde:rs titHers acco.rding 
ll,)w!hethernon~embedded ()r embedded risk 1s present. Risk programming approaches. which have 
gait)cd wideacceptat1ce .nrc quadratle lisk pt()g.ramming (Freund 19S(j)~t11inhtlisaUon (If lOtnl 
absolute deviations.orMQTAD U{azclI 1911), Target~10TAD <Hauet 19&3)\> mean;.:Ghli 
pxogran1ming;(Yitzhaki 19S:U, uli1ilyma.1imisation (Lambctt and McCarl 1985) and utility .. 
efficient programming {Patien,.Hatdaker and Pannell 198B}. The major stochasticprogrnml1l11lS 
approaches usually considered ·are ebance"constrainedpr()gl1Ullming~ dsk. erneietlt 1Uol\t(H;arlo 
programmingal1d discrete stochastic progttmmung {OSP), Stochastic dynamicprogranmlingctUl 
also be used fol' pmb1ems.whieharc sequential in nature. As embedded rlskis the maill featul'e of 
the dl:ainagetecirculaUonilfohlenlt fUlthcr discussion iscuntlnedto the nlternruive stm:hastic 
progrrurulling mctlmdnltlgies. 



nat-tye(rort.s·to~~tfP<.tuce.t'4ngOrnV~iabI¢S)iototh~:ioput .. ()Ptput5OC.f~¢~CJ1t~·atldtight..Jmnd·sid~ 
VCt1t()tSwu~epmscl1t¢d bYTin(nQr{19S5·).tlnd!\)~J)$Plh·t~er~nlll~r:l,ln.dMooro;U9ul)1..Tht 
npptO~chU$edbyrintll~rwns'l()lll~OrJ)o.rnl~p,qJn~~la~iv¢.l>rQ~~bmty,runc1i~)n~~prth~',r1\bdQni 
Y~lfiablesln.UlePbjeeti:v~fu.~cti,?nf ;it)put~outpulaud~~bt~bandSidc Y~riahlc$illall~car 
Pto~r~m.l1lhlgm~dCcti~U~ (1971b) !teill)C~:.thisap[lr()l~Cha:pn.<i$ivestochtl$U!.'l·pf()gnulltning 
n.mllurUtjon~ithemodel'rc'qlddl18J)~rrcctkfiQWlcdgc~flhCi;tr:uldom 'events. 

j()hp.~onet,tll:lls,eda.sindlar~,pprop~hlotip(n~r"A~locb~~lla linear llrogranlming:n.lodcl o.ftbe 
;f()ltowing fotlllWaSUcycl()pc.d: 

nl'·IX .~ .... f ex " ,w .. ,~ -'~;1"'; 
,i#.l 

:If 

.$t ~~(l9~~1 .. ~ br 
JI#11 

1tt tbe' lineptprograntulin~'filOdelat :lcasl {me of the clemc,lltsCjttllln.nd 1ft ;is a randotn variable • .u 
thetan4mtt vannbleisobservedb(!n1r¢ lbe selection oftho: deetsiort vect<m then, the resulting 
probletn {obe solved .is a, oClcttnitlisdc Uncal' prograttlUlingp}"(lblem. themodcl becomes: 

ij; 

f(ci·' 4iP·bl } ;.2:c J~~~ 
});::l 

,If 

sf LtliiXJ~' b, 
l=a 

$lfic~at le.a.~t.one '()fth~ elcnlcnts oftj, (r~Jot b~i$a.ratld.ont variable whha specified distnbullt>ll 
function.ftcJt4iJ~ b.,) will alsohaverul,associatcd dlsttibution. functIon. Aset ofvarialt,1sdrawn from 
probability distributions for the randalll elemctlts In cJl.(1ij.und blls substituted tor stocbastic 
'p~U'ametersintheptoblc.m.LettjnR.lbe nOllst()chastiec{mlponcnt.~ P¢Q. tllJaudftJ then the value of 
theCOlerion futl.ctiou in the sol~ltion to thoa$sl1Clatco dct~muJ11stjc l.ln!2atprogratllrning problem 
ftfJl (iJj,fi,) :is 'a variat~rr()m th~ .probabilityfuncti.onjtcj . .fl'j* /)1)' :l3y repeating thepmccdure {he 
distribution IUJl~Hon: f()tjtc;I! aUt btl canbenppro:dmatcd .. Johnsollct ~l dcflne· tbis procedure of 
llnding the distribution functjon .. the 'distrjbutinnproblcm~~:A :4uulbcfof solutinnsoXlhfllinc.nr 
ptogtMnnllng problem are required 10 approxilUnte the distrlblltion fu.nctioJl f the :n.umbct dcpt,mdil1g 
Upob Ihepr¢clsionwilhwhichJltjif (!f,j* hI) 'is to he. ~pptox.imated.lnthcirstudy Johnsotlct nl 
tlndertookonly20sctso]:taodom :spmplesand solutmns. Amot¢compt'cbcnsh'c stttIlplinS ptocess 
using fat grcu.l.ct than the 2().sarnplcs wast possibly~ too expensive dUe to thecOllsttaiuls upon 
~omputin.g resources at tbat tiltJ.c. 

Rae (1970) noted a possible prohlern wHit the JobnSOtlctnlapproach whcnappU<!d (() neapital 
budgeting'problen:t. As theacUvUylevelsmay vary from one solution toanothCft thcrewillbctt 
probability distribution, with, forexatttple. investment nctiviUcsal) well ~~s l1~tiocome.GiYCll the 
existence of :tbcse distdbuUonsitmllytre difficult to detcmtinc (he optimalpmgrUItl for a decision 
maker to ado.pt. 

ChanCe'-COl)SUaincd pmgratnming,where risk-is deultwith indirectly by sctting a probability whh 
wh.ich lhcconstrailltSrtiUSt: be sntisl'ictJ! has been Slt.t)llg{y edticJsed·(Andc(sOJ\1 [)Ulon and 
Hardaker 1911:Hnrdak~r~Patldel'alld PUllen 1991 lon the 'basis that it. bccoltlcsimpmctiC'nl if 
~,,\;_' __ ~"'""",,,-~~}!o;~~ 

~ 
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sev~rn,1 stoehnsUc :¢()l1stndnlSl\l'~t() beaec:nO,lJllQdqt¢Q, it'Su,ITcrs rtmllun ~J:bitt~n-y~bolceot 
;pf'ObnbiUtyJ{welsuno tht!cti(iC~l.lilv,(:lo.t7rrObt\biUtyi$"jlSclfa'pm't'of!tltedccistou ,prx}blcm. 
C(msequcflLlychan<S¢41(lustrQ.\Pc~:Pt·Qgl'antn\in~JsC()ilsjd¢rcd;Jto r\lrtheci.nthls~\nn)y$is. 

JU$ketTicipntmohtc .. eadoprogr,~nnlllnghashccnad~:lnc¢~b~t\l1del'sO,n(1915)nS,a,~~istie 
alterl1aHvQ tC):tuntllcmaticnlpJl")gt4tuming,.lnuCCQunUngr()rrisK.ln·'tbls.ul'proncll·dlt>;plntltling 
pt.()hlcluissetnut in :a shllitAr rusht0l1ttllh1uorprogr~lnnnit,1~ meUt<lds but:portftlHosnfa¢liyjty 
l¢vcl$at¢sel~Clcdal: ,t'and()nl~ Thcscp()nfollQsatc Jlts\. rcsfed, f(UilcI\SibUity amlt\loij.ovnluuic,d jn 
tertnsof som~ S~ClnCJ,lbje.ctj'lpruncdt)n, ''I~heproc~dlJm is ()o~nf sonrchwith ,uJu~g(! .j}\Jmb~t {lr 

pOrtlb1i"sbc1t'~S;tmplcd. 

l'l'JlisappwtlcncnllcnsUy lu,¢orporatcslocbnstle el~n)~ntsfn thc\obJCtlivc runt~don~ld;e(mstr~illt 
~equnti(m.s. ~rhe tcsultsnr ibis type ,of .Annlysls llteg,ener:Hlytestcd (Ol*stochasUc dnuliJ)anco' :whlch 
servcs, tOs.ml fcasiblcphu),s,illto ernt~jqntJilaos.und inerficl~lll:llhtns. 

nl~ ,ad\~antage nfos,K efficient nlOntC.,etltlopr(Jgr~n:uningfs th'ltit:ise~lrcmcly un1ennhle to the 
;incmporutiotl of corttinuOU51lmbahiuty funclions 'Cot' mndmu vuti~djt¢s~ rmber tom): being limited to 
annJl~nun,tbet ofdiserete vatinbles. N1'ol'¢uver~a.fiY objeetiv¢' fUnct!oucanbenpplicd .{lilleatot 
l1onHlinearl,itrtdutUltyJunctionsct1f.j b¢.dofitted·. This approach isvm.ticuladyus.eful forpfOblt;Itl.s 
when: risk :lsonn .. nonnaland:wneit the extent offautl(!I'S' risk aversion is tU1'known. 

nspwas first fomntlated by Cocks, (195S,nnd·advaneudb.y Rae (1911 QtbJ nSaftlCRUS of lincur 
progranltninglo analy:S(!multist~gC' swchnstieprohlenls, in which thcopumat activity ill one pedud 
depe,udson ~vcnt:s itlJlMtperiodS.Thls,ttlClhod, htlS tln1¢rgedas a prJpu{ar approach for nCCot1hting 
fotcmbeddeddsk ioat}. ovtinusing (taulcwQtk, 

nSF ~orrers .~~. fr;1nleWQrk wlletCanyoranorthetJ,(l~Jnndlhelclnems ora mathematical 
prog.rMl1lning nlodQican be random. Discrete parnlllcter values or statcs.of lmt.ure ate used to 
.represent tbcmJlgc ofp<lssiblccoeft'icient values. ,[)Sl?alsoc.nptufcs the now .of infm'mtHion to the 
decisionmake! about the valucsofobJeetive ftJuclionand consumlnt set par~l111etcrsal1dm;lt.ches 
that now of .i.nfonnatlon to tbe sequences or decisions to be mad.c(Aplantland Hauer 1993). Tbis is 
done through tbe spccificaUon of decision Slage~ tn which dccisi.ons are made. 

ProbletllS.of diulcnsionalityand large matrix size were notcdblcarly applicutions of DSP (ClICks 
1968; Rae 1911b; Trcbeckand I'Jardakcr 1972). AccordhlB, to Aphmd .~lndl;laucr (J993. p.28) 
In,ese tcthnicalproblenls appoat to have been overcome a.~ "(hc tangenf mudelsi((;es SU,gg;cSls (bm 
formally ~lppHcations ofO$P,nnalysls have found the desired level ofmodclpcrfollmmce wen 
witbin thc:capabUiti.esof current nmthematical softwa.rell.Dospltc these dcvetopmentsf the 
ptobl~Jt1saSS()diated with verifyIng and vruldaUrtglarge umdclsjwhiCh invariably accOlllpany DSPt 

tcmail1a deterrent to its usc (Hnrdaker~PAndey~lnd Patten 1991 ). 

DYllU1Jlic prograomliog isn te'!hniqu~ whIch is well suited to .int~rtptllpot'a,l optintisatlonproblems 
andean take account of stochnstic elemonts.Dynamic programmillg is ot1en. Huseful technique for 
evaluating the optimal tnanagemctlt of natural .resources with .anumbcr of applications being 
~~pHed w lnigatcd.agdcutmre (Yuroll and Brcsl!!!' 197fh Yamnand OHuIl 1973; Uras rutd Cordova 
1981; Yaknwitz 1982;Oitlar and K:napp1986l. The principles ofdy.uuruic progrmmning tm: weB 
described elsewhere (foreXHtlllllcUurt. and Allison 1953~ Throsby 1964; Burt t969~ 1982; 
Dotfman 1969; Kennedy 1981 ,1986) umi so are tun dealt Within this paper. 
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the tuajm: 1i.l\itntioflin:nppJyingriskerficientmll~tc.-cal·loprogran1tlling'istl1elnc\cofQptimishlg 
r~atUre$. Itlr.amlhl~shuatlons,\Vhcrc TCS01H'G~ .usagcdc~isioll.chOiccsuJ'c linlitcdi rOtlnst~ec 
1ll0l1()~culturcnrtd 'p¢ntHm¢ntplanting~. thctci$littI~pmblcm. with usingu sjn.lUlatioli~ppro~loh. :hl 
farmingS)lSlCh1swhece there 1s considerable scopcforaIternaUve .nctivities ttlathematical 
progl}llllnlingnDpmachc$ havc:1l~istinctadV~hlge, when.searchhlg: fOf()ptimn1rcsmircc 'USC 
mnti~getn¢lltalld;PQncics. "'h~ Inucristhc.cnsc rorllorriquin In'i~ndolt Pistrlct~ Thcoj1Umal 
manag~.il1c.nt ofwat¢trcsotrrces.both supplyund drainage. jne~lch of the decision stages thutcun 
be gj.venbyrutoptiulising apl'roachjslHmiculnrly valuable forlhi~ . .study. The usc ofrisketOCienJ 
mQnl¢.,cnd()prog~'(nmtdtlg WllS tej¢clcd ror thiSXQ{lSO.n, 

ThcuscofstochastJeuyoamiC" progr4nlhling was not considered nCl!CSsaty fot the study .ofdrninage 
tc.clrC1.l1ationfot two reusotls.l?jrst} ditncllsjomililyproblcmsassociMedwhh.a, stochastiC' dynamic 
programming !otmulntionoftho'pj'oblemundcr teyicw w()uld become substnnthll Jf ilUthc:pnmplcx. 
JtHcl1lCUonsbclwcCU'Cllvinlt'UllPtltnl, .. physical ttndCcmnoUlIc ,systcllJSWCre t.ube rcptescntcd. Tbisi 
howcv.¢rt·couldha\'cbcel1 ov~rc.(.mlcby dQvclnp.ing a lineatpmgrammlllgmodeltoncCOUtll for an 
U1C~ relationships nnd toptovide the stugerClUrtl.s fot ctu;!hsta.gcQflhe QynanHc prQgt~!1lIl1itlg 
prohlem, (foreIXMlt)la total farmgtoss nultgin. fnrcach level of wateraUocation). Sueh unupp.roach 
would ndd to th~' rescarchC{)Slinvulvt\d with th.is study. 

More inlport~ntlYf the llatute (If imgatiml water supply systettls insuuthern NSW Is suchthut 
unce.naintyortl}t involves water availabUity bct.wceu ycatSand not within years, Th~ region.is 
typit1eci.by :prcdomirtalely w.interrafnfall~ with very drysuffimcrs illca.nhlg tbat rainfall contributes 
vcryU(tle to tIle sumnlcf wnter rcquire111cllts \)f .I>lanls, and t.heWut! SlHml1e.revapotr~u.l$pitalion 
docs not Vru;sf much ftoUl yqru: t.o year. Water supply, a v~lilabte for the inigatio.(l season is gcncraIty 
known with a degree of" certaituypnor to thecommenccmcrtf of the irrigation seasol1,with 
uncertainty e.ssentially Htnited (oin:.fgntionsupplybctwecn irrigation seasolls.Known sl,lpplyand 
demand Jor .the huetitlcdintc :itrignUort scasonpofmits theuseofmcthods such as li.near 
programming withahigh degree ofaccuracy (Dudley 1990). If unccrtnitl1y c:xIsted 1n the sUpply 
and dema,nu fOl' water witnitllhesenson then. the sequential optimising process {)f dymlmic 
programfiling may beprcfarred. 

The manner ,in whichcrtlbedded risk is accounted hlU.OSP ftamcworkt througllthe representation 
ofstrl,1tegi.c and tact.icaldsk responses f hasc·()llslderable appeaL Howevcr. several drawbacks WCt'c 
identified with flPplyJng nsp in this study. 

The rc:proscntationof a continuous probability distribution in. DSll.requircs. the spccHicatioll of a 
number of discrete variablcs l tneexact number depcndingupoh the desired accuracy of the 
dIstribution. Depending upottthe natut'C of the: problem, diOlcnsionaliLycan become un issue, Rue 
(1971b, p.635l notes "an inCrCtlSe ill tho number of random vl.lriablcstlhe number ofpossjhle vulucs 
of each random variablc~or the numbe!' of dec. is ion dates within the planni.ng period wHlresult in n 
more tban pmpm:tionate illctcnscin the size o1'.tho progrnnlllling mall;x. Thus a. tlhllcnsiotlality 
problem exists andt With 1imitcdrescat'Chfunds~ it is impoltatll t!lat the model be ecmwmlcally 
jllstified~ ". 

The idcalapptoaclr when developing a DSP model would be to spec H)' as mnny discrctevadahles 
as possible to perfectly represent aC{)nUllUOUs probabfHty [unction fora random vuriable. For 
c/xamplcj 140 djscrete vudublesc()uldbe used .to represent the possible values nnnunl water 

OUt emphasis, 
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aUocati()nCOlddtnk~t J~C.?tQ thcmaxhllUtr\of 140pctccnt.A co r~lp(Qntiscbct W~¢tl tbe desired 
lc.vct.()f nccurm::y nno.nu\Tingnmanngcubtc model isrcquitcd if d.imcl1sionalityproblcnts·arc. H) bc 
k¢pnonrtlirtimUttl. Thus lhcllurtthc[{} fdisctctc vnrif\bl~snrcuSQnUYKcpt tQ3$ fcwusJ}tm,!ticnity 
possible. 

\\'Uh tbe dim¢llsionality :<;01\$(1"4iot in mhldlbcrccrro\:tlatiotr~ndstot1\ge,ntoblcnlcould hUYt}bccn 
specified. with 8 lfiscrctc varlnblc$ J QrnUocnUon sup J) lies, ZfQtoff .. allocation s\lppUes and. 4 'for 
nunrfl11rtlnon~ .Themaro 12 titn~perlods to be rCpI'CS(!llteo, rcs\lltingitt76Ssub .. nmtri~c.s. 
ReducIng the litllcpetloos from U1Qnthly to sensomd(spdug. S4·UllllC.rj· aUIUtlUlandwintet)thc 
minhllurtlllumberofsub;;hU\ldccsroquirod forM~dcquntc t\!prcsentaUoool thcdrallHlgc 
rcc.itCulalionproblcnlSbccQme$, 256. ThcconsttUction~vctincatioll and vnUdati()Uofwhat isstiUnn 
¢XUl1tn¢ly large modclwnsllotcofisldcrcd "Cc()'tOttlicnlly justificoll to us~ Rnc'SlOtrtt 

'the stochastic progI1~llmliJlg nppnu1ch that was. ndoptcdJoJ!valuat.c the drni.nage rccircuh\timl 
ptohlcnl is allcxtetlsioohlthat.prcscnted. by JOhUS.Ol1.·Ct alnndtiiilncr. Th(:t.earca number of 
;:tdvarttagesofthis distribution problem apptonch over DSP. Fitstt ilwns possible tospec1Jy the 
random variables a.~ haviugcootinuousptohability distributions rather 1hanhaving to take -aptc .. 
dctcmlincdfinitc numbptofdiscrele vrulahles wrcprcsont the distribuUon. Second, thenl()d~l 
developed wnssignU1cnnUy smnller. wilhlt sub--uHllriccS rcpl'cschting U1C time pedodsas opposed 
ton milllU1Utll of 2$6~ much l;1r.gerf suh"mmrlecs associated with a DSP approach. 'rhus, there was 
a signH1cnntrcducttotl in Ihecosts involved with the devclollmcul. ycritlcntion and vnlidatiortof the 
model. Thirt1; the apptonch eRn more easily accommodato cottelation bctweell the random variables 
andautocottclntl(m wlthinthc tnmJoI1l. variublcs. Like DS}> and risk efficient monte..carlo 
progr;:unming, the distdbuliohproblclll approach can accommodate any distribution fonn fanIle 
ranrlOlll variables. 

The approach prcSQtlt.ed by Johnson ctal has beertnlodified so us to meet the C0l1cc111sexprcsscd 
by Rae. {1970} and to .UCCOUllt more accuratclyfbt the embedded tisk~md possible IncUen! 
responSeS avaUable to fanners. the outcome oftbis<J11odificfltion was that the invest.ment activities 
remained rLl~ed during the solution so 1m probability dislrlbutiotlS welt! associated with these 
variableS. Therefore. it was possible to choose an optin::utlstf'cltegy. 

A simulation Inodel was developed wbich controlled the execution of the stochastic pmgrumulhlg 
process .. the strategic actions available to i.ndivid~lal famlcrs and the randonl states of nature were 
specU1ed inlho simulalioJl model! whHeaH possibl~ hlctical responses were rep resctllcdin the 
Uncut programming model (Figure 2).. 1~be sit.l1ulaUo.n mUllel cnl1taincd continuolls pmb~lbililY 
distributimls fot each oflhe random vaclablesas well as info111Uninn relating Hl11xcd vuriables 
required by the linear programming model. 

'lllc (jl~crcte varlal:Hcs were 0 t(l 140 pcrcctn tnZO percent incrClt}I.mts r\~r o.lhJ~~atu'n SIJppHj!\, 0 dt' 4~fj 
mCJl,dltrcs ttl( ()ff·aHt)~j;)Uml ~upVhcs, and Hh>w'" umt.'tllum .... "high" and "vcry high" (or rainfall rtUltlU 



variates from 
the random 

variable 
distribuUous 

5 H)¢IUl$tlc l)t(lgr;itmnfng 
(300 iter(ltionsl 

ShuU1Ud()o l\1.t,q¢! 
rStt~t.cgh;::acUv.itiCSt random 

Wui~\b]c di$U~ibuUt1nst 
fixed vathlblcsj 

.t;!xpccled.gross 
mnrgintaclivUy lovels. 
cnvit'olllncntal values 

LincnrPrograQln.lingM.odti 
[tactical responses) 

Gross margin 
dfstributi ort 

nenetil Cost ~l()del 
[capital costs" fixed costSt 

discount rate} 

1 
Net present value 

diStrlbution 

" 

Activity level distributions 
Environmental value distributions 
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The process of~lmlysis lnvolvcdSpccifYingwithIn tha sil1lulation nlOd~la. strat.egic dcc.ision t1S 
bclngrOll$tntlt: for n~ cornplelesimulaUOI:l',F{)llowing the proccdure ()fJ()hns~m ct,al ,[oreneh 
ilcrati.ou otthc simulntiml~ the probnbHity disttibuHons.oflhc ratldomvadnblcswct'c srunplcd using 
a sampling procedtu:e:6 with t.hC" resUlting variates drawn from tho. tHstrlbttdon being $ubstJtufcd.into 
the liucar pragrnmtningtllodct lit'he lirtCarprogran:lmingmodcl W£\S solved itl t116 sttUirlard 
deterministic fashlon.l1ndprovided the opUnmHaclical decisions in response to the ValllCS of the 
random variables drawn from thcprob1lbiliw distnbuti0l15 fot (hal iteratioll and the 'inithll strategic 
decision. The process was ropeatcdf(w·cac.h iteratioh. Rcsul.lS·qctermJnednt the cOll1plctionofthis 
process included nlcans; varlauCcstU1(t highcttllOlllents as welLas the distribution fUhCliohS of the 
obj~ctive function and a llumber of selected output vnriubJes, 

A fc'uttttcof this approach wu. w 1 was possible to tn.akc the values or some random v1\riables in 
itcratitln f directly related to the values in iteration '(·'!duc to autocorrelatioh (Where a serial 
correhuivncoctficientisuscd to dctenllinc the values of, for example; water allocution) and due to 
recursive reasonS (fot exampt¢, shcepnurnbers at the beginning ofitcratiotl t lnust equal sheep 
numbers at the endo! iterati(lnr .. /). 

The ease of' execution of this procedure has been greatly enhanced by the development of software 
progrM1s su.ch as @RISKfM (palisade 1992) nnd spreadsheet based lincuJ ptogtams.ln this study 
® ruSKTM was used to specify tbedistdbutions of the random variableSt conduct the random 
Samplillg;cxeculc the simulauoJland report the results. A spreadsheet based linear program, 
What's Bcst!TM (Savagr.1992), solved the model for each @RJSKTM itcratlmt Tbe entite procedure 
was driven by a spreadsheet macro. program with flO input required of the researcher other than 
specification of the initial st.rategic decision. 

The ~distdbutiol1 problem~ as used in this study.implies the randorovariables ate observed prior to 
the period in which the tactJcal decisions are made. Such an approacb is consistent with the nature 
of the eli nlate and irrigalJon supply system in BID. 

The use of Unearprogramming for detennining the tactical responses for each iteration implies risk .. 
neutrality on the part. of fanners. As there is conSiderable information atthe commencement of the 
season .regarding water availability for the fonhcmning irrigation. risk-neutrality with regard to 
within season planning decisions based on water availability is defensible. The assumption oftisk 
neutrality regardingrton.,emhedded dskitl lhe objective function values is tess defenSible. Methods 
such as MOTAD. or preferably the linearsegtncntcd utiJily"cfficicnt programming approach 
~resented by Patten. Hnrdaker and Pannell (l9881t could be inclUded in the model specification. 
Given that these methorlsare solved parametrically. this P()SCS execution problems fnr tbe iterative 
.n.ature of this stochastic programming approach. One option may be to initially solve a. ulility* 
efficient programming model of the problem and then usc the choice of activities as strategic 
variables. A less rjgorousapproach may be to specify rcturn~ for the commodities as rundom 
variables. However. this approach also docs not captu.re the tactical responses regarding non~ 
embedded risk that may be made by a risk-averse decision maker. Clearly this is nn aren which 
requires greaterattentlon ill future research. 

[n thiS study 300 Iterations wcrcus\!d to calculate the prObability distributions. This is a marked 
improvemenlon the 20 iterations used by Johnson etal 
6 Monte Carlo sampling is the tradi.ttonalwchlllquc for using random or pscudo~random numher'l tI.1 sample 
ir·om a probability distribution, [ .. attn Hypercube is an altcrtlative sampling procedure WhiCh requires fewer iteratIOns 
when cotllparcd to the MonleCarlo samphng approach. This is actlicvad through straUficaUun of the tnptH proollbHHy 
distrlbullOtlS. Tho lauersampUng procedure was·used In this study, 
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It isprob~lblcdlntlh¢ assuJIll)tioQ.of: dsk'\,llcutt'~ntyJn te~p¢c(.toUl~,stq\tc~i¢()PtiollS Jsnlol'c 
GOntqhllousthallthemc~iCalqCCiSioJlSconslqcdng.thc'c~pilar:CO$tsiJ1YOIV~dal)(fJhC1Qnglj~c 
hoozonswhichthese inVC$mlcntsCalllakc. In th~ cas? Qfactnunnge l'ccjrculat.ionandon~fann 
stol'agc,syslClll; thIs is a, rclcvantissuQ: as one~rUlc[losslblc .b<!nc.filsj$thcroinjmisatjonoJ:varinm:~c 
inai\nmllnctTeturtjsbet\\lCct~ ycats. !bisstudyw~s(;OndUClcdonthcbnsisfhat rt~IlUcrs wcrc:dsk!" 
neutral for delermiJtin~all.nual mcUcalrespollsCSWloconsidcrs both:risk~ncuu~aland liSkeo:avcrsc 
.assumptionsln regatdto tIle cholccofnltem.ntivc :sttfitcgics. 

~.4 $tQcll~ticdQntinnJlce 

!nnlanYCtlsesofn~rl'-iUnutal 'rescru:ch the preferences of 'ind.ividutd famlcrs to ;risk mayb~ 
:ull'known due lothcdifncuWesand cQstsinvol.ved IncliC:iling such pmferqnccs~ A procedure known 
as stochasticdontinnnce (Anderson. 1974; Anderson, tHUOllaftd.Hardakcr 1977) .canbe used to 
JuentItyand rank risk ¢Indent stratcgicswhcnp~fcl'Cncas arc UJilcll()Wn. 

Fitst..degrce ·stochastiqdomiI1a.nce {FSD}prcsumc$ that decision rnak<;rs profe.r more to less ora· 
ntea.sureofcons~qtlctlce such asproJit, x,hnplying that the (Ul1ctiOU.lJ(ll;)is monotonica.lly 
jncrea.~ing te~ (he first· detivndv¢ lspositivc,(J i{~t):> O. The distdbuli()nltx) d()mlnaH~s g(.t) by l~SD 
if,F'J(R) $: GI(R) fornUpossible Rwith l\strictincqu~llhy foraHen.,~l one valueofR. 

Sec;ond..degree stochastic do OliIHtncc (SSP) adds the assumption thal thc dccis.i.on maker is risk 
averse. Thus, the' !utlction(Jt(.\') is not onlyropnotonicnlly lncreasing, but is concave i.e. the &\cond 
derivative 02('\:) <0. 'the di$lributioJlft.~) dominates g(.r) by SSD jJ Ft(R) ~. G1)(/() forallpossible R 
With :a strict inequality for at ,)etlSt one value of R, 

The concept of third .. degfce stochastic dominance (rSO ) rests on an adtiJtional assumption that the 
third derivative ispositivc:, UJ(x) :> O. This restriction is implied by the mquircn)cm that deCision 
makerS become decreasingly averse to risk as they become in ore wealthy. TllC distribul:ionJlx) is 
thus said to dominate g(.t) by TSn jf F:;(R) SGJ(R} [oJ;' allpossihlc R with a striat inequality for at 
least .one value of Rand IfF'2(b)S Gl(b). where b is the upper range. 

An extension to the concept ofSS.D is stochastic dominance with respect lOa function (SDRF) 
developed by Meyer (l977a,b) whIch allows the ranking of dsky strategies consistcOlwith the 
maximisation ofoxpectcQ utility. SDRF requiresthccxpUcitdeftuition of n plass oftldnllssibtc 
utility functions, theadrtlissihle c1ass.usuaUy being caned the .preference interval nnd is specincd in 
terms of boutlds on Pratt's (l964J coefficient of absolute risk avcrsi()ll. fix). defined as the negative 
ratio of the second and lirst derivatives oftheutility of the wealtl1 function. u(x) 

This npproachcsLimates the necessary and sufficient cond.itions for the dislributitltl of outcomes 
defined by tbecumulativc distribution functionftx) to be preferred to that denned by the cumulative 
disttibution function g(x) by allindividtluls whose absolute risk aversion lie everywhere between 
lower :and upper bounds rJ(~\:) and 1'2(.'\:). The power of the tcchlliqtlc to discrimilHltc bet wecn 
alternatives is related to the tightness of the boundh thatcan be pJn.ccd on t(x). A maXimUlll nmge 
erOS (risk~neutra1) to 4 (extreme risk .. avct:sion)fxlf the cocff1cient of relative fisk a\'crsjoll,.l)l\')~ 
has been suggested by AntiCJSOll andOilloll (1991 )twith the recol1JI11cnded range In develuped 
countries beIng between 1 and 2. The coefficient of tclnthre' lisk aversion is related to t(X) b)r tIle 
function: 
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where w rcprcscluswctdHl.lf a.fnnilct"S ,assets nre nround$lmlllion ,this impli(!$ ai11uxhmtnl 
rnngenf t{~t)c()efnqlcnts?r 5* 101 t(14 x lO'6 tllldartcom1ncndi1d taHgc of 1 :\. JlO:,6 m2xl 0'6. 
J'3atdslcy nnd Hards (1987}e,Slimmed valu.es ofansolvtetis,k ,aversion of lx 10's, () x lO·$nnd 1 x 
10.6 for th~ .High.Rtdnfall~\Vbe~n.,;Shcep .;(\nd,PastOl'al ZonesorAllstr~tUa tCs~ctlvCly. The Batdslcy 
and HattisvruqcS reprcsctlthighef levels of dskavcrsion. A range of,absQlute .risk nversloh 
coefficictUS, based t)u .those or Anderson nmlDillon 0 99.Q)al1d Bardsley tUldBards !l987)wCl'e 
used itt this study. The program GcncraUsed StochasticOonllnMcc dcvcltl]1Cd by RaskiJl and 
Cocbranc(l9S6) is used to nppI)nhe SDRPrultllysls. 

1"hcsinltl,latiQll model illcludcd both random nnd l1xed vatinblcs·ofthe farming system studied. 
Fix.cd varlables include the [.arm S1lC, soil types. irtignth.m layouts. institut.ional limits on production 
{If some activities. ,labour availabHilyand Objective function values. For each drainngcrecirculation 
and, on .. farmstorage scenario the mod.cl dClcmllncd the storage SilCl capital~ rnaint.ctlance and 
pUlllpingcoSts1 and tbe monthly cv~~potati.on valu¢sassodatcd with lhat panicuhtr storage. 

the tilrae l"andom variublesin thcnlodel nrea.ll~\tion supplies~ off .. a1IoeaUousupplicsijnd rainfall 
(from which rainfall nlhoff is calculated). Historica1 allooatit)tl data was obtained from a Murray
Darling Basin Coruntissl{)n bydrolugy simulation Ilmdel of the MUl'rayRiver. Th.is mouel :simulates 
behavioll( of the Murray system assumIng the cun'entlcvel of irrigatiuJ] development and storage 
capacity using histotictll Slreamflow data and other ph)ISictti illfonuatiOlt The period modelled 
covers 96 yeans from 189,2 to 1981> The ma.'dmumJevel of allocation to Bcniqtlit10vcr this period 
WflS 140 per centt With a .moan allooation of 119 rnegalitres Rnda standard deviation of 39 
mcgalittes. the hydrologyshnulati.oll data indicated that the probability distribtltlon was ncgaHvely 
skcwedfskewncss-l.16 and kurtosis 4,78) implying UJat the fUllction may not be normally 
distributed. A "~rlcty ofd.istributions{18 .in all) were tested forgooducssof llt using the chj~square 
test The best were logistic (Xl of 49.81 and normal (Xl of 58.71. ThccriticaI value of 1...

2 at Spar 
cent for 19 degrees of freedom was 30.1 4. A') both the logistic and fi.otmal disttibutioncbi +squarc 
v~ues lie outside lbiscriUcal yalue they were rejected on the basis of gooduess of fit. Consequcutl y, 
a cu.Ululnti.ve dlstributlcln was used in this analysis for allocation supply. 

The hydrology simulation model of the Murray River nlsoprcdiclcd the availHbHityol' l~lotllhly off,.. 
aUocnt.ion llnws for the 96 year period. For each momh a 011 value rndicntod the e;dstcnce Qr not of 
off.·allocatiotl.availabilUy, the volumes when avt\Uablc beIng limited by the capucity of the wtlter 
delivcrysystcUl. For each month off,.allocatiotl was either 450 megnHtres (the supplychnnnel 
capacity) or 0 megalitres. The probabilitics of the {)ccurrence of monthly ()ff~aUocati{ln n(HVS wete 
eaJeulated from the hydrology stmutati(111 data and are prcsclltcd in Tl\hle t. A discrete distribution 
was used to specify thjs varinblein the sinmlmioll model. 

Tabfr.l:l>tobabUityofnlOnthlYQtr .. aUocatiotl supply availability 

Aug Scp Oct 
0.56 0.60 0.45 

Nov !)ec Jan 
(),28 0;00 OJ}O 

1.3 

Feb Mar Apt 
o.on 0.00 (t()4 

lvltty Jun 
n.lo 0.4.' 



DailYf:aiilf~\ltdnU\rotlhep~d()d 196510·.1991,wc,rcO?l~line(lforlhetQwn,of:l~itllCY~ll1¢ut~d.wUbin 
}UO. ~nlis data w~u~od 1Oidel'ivecumulnuvc:' dislriblU,Jon funct.ion.s foxdnily talnl.h11·eventsjll each 
.rno.luh. -fhe llrobahHilY artainfall for all days wilhlna .given.m(Jtlthwnsnssum~d to he(;qunl.,Daity 
rlllt\fallJ\HlOff wt1!,nhCtlcaIculatcQ from the fonllUla~ 

wllere ,R = '.d'nily :n\thfall J\lntlff; 
;}' :=: prccjp.it~~tl\lO;, and 
/(1= initialabsrractiotl (a function of tlntcc.e(fcntsoUltloisturceonditiotls f stapel 

\tegetaUveeov¢t andslli1 type.}. 
Sourcez\Vntcr .RcsenrchFonndation of Ausurtlia (19(5) 

Daily l1\hl(aIlrunofrvulucs were aggregated toobt:ain monthly ralnn~ll nUlofr. Nlean: lnmuhly 
tainf1ul mnoff values frotntbesloclulstic simulations f(Yrthercproso.IJ.tariv¢ farm arc pre.scntcd in 
Table .2. 

Jul Aug Scp Oct Nov Dec Jan I~eb ~1{U: Apr May Jun 
0.32 0.29 0.31 0.69 1.10 1.17 .2~45 0.89 0.53 1.35 1.76 0.52 

Animportunt po.int to consider wbe.n conductIng stochastic simulutiOtlS is the degree of dependence 
between the st(X;'bastlc variables. If there 'is reason to suspect thaI there may be a relationship 
between the valu~s of the uncenain variables then some account needs to betaken of the 
rc1atJonsitip in salllpUug for each vauablewithin the sa.me iteration. 

Atest forcottolnuoo wa1iCOndllcted between allocation and off-nIl oc ati OIl supplies. A stntlslical1y 
insignlficanicorrelaUoucoeffieietlt of 0.07 was detcnnined for aUoc,ltlonand off .. allocation 
suggesting Ulat these two variables ar.eindepcl1dent Qf'~ach other. 

Bnthallocation and off .. allocalion suppUes were expected to be lnucpendcnt of rainfaU rorboth 
spatial and temporatrcasons. BctHquin is located well to the west. of the. storage hendworks in the 
:uppcr~atchmcnts (whIch delerrnille allocntion nvailabilityJand loa large ext.ent expedences 
different weather pane.rns, InaddiUon, rainfallis experienced hyfarmcrs in the current pedod 
whereasaUQcation is pnmarHy determined by rainfall in the upper catchment in previous seasons. 

A lest fotautocorrelation in allocntitm supplies was conducted as the hydrology simulation data 
inolc:ated.n possible lack of randompess between years .. A SUllisticaUy sign:i11cant scrhll correIa-tim) 
coefficient nC 0.43 w.tlScalculatcd Judicaling the presence of autocorrelation. This is accounted .tbr 
in the lllodel by using the dependency features of ·@RlSl(TM to make allocation in ifct~\tl(Hl.t oflhc 
simulation model correlated to the level ofnUocntioh in iteration I .. }. 

3.2 r~inearpr()grammhtgrtmdel 

The objective funcuon of the rnulUpcriod lineal' prograuunitlg model involved the n:nt~imisutinn of 
whule farm gross tllargin. 'rIte model wus used to report 011 a range of pbys'ical cftccts upon dIe 
fantl syslc.tll. as 'well as on n tmncial performance. These include the arcas of crops and rotations. 
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total wtltcr USCrrmu<vaIious sout\1es; lcvelsofdrainnge recimull1ttott nod ,drainage: disc,hurgeffoxil 
it·d~ati()n. 1l11dwntel1fiPIerccharg,e. 

licsctipUon {,f the tnodclisdisilggregnlcd :into two Jlteas. 

rile ttlOdel spccille.d 12t1lonthly linlc'pudt>ds~gjn,nitlg wIth July ijrtdendlng '\'",1[11 Juue. rIle 
multipedod app.r<Hleh ,was . .requlitld so ns lonccount for the tCfnpomldlmcush.ms ni' ir:rlgatinn ~watcr 
suppl.y", plant ev~[mtl'anspinltiou, dc.tmuds",nod lirtlituUons ott :tbcdi'ttln;tgc teciraulatltln and water 
harvesUng,captlcit}*tlflhe system simult~ted, 

The dYIlnmiCS()f the ~~nterrtl~UHlgemctU opHuusm:-e outUtteqin Fjgure 3. Crop; al1dp,tlStUtc 
evapmrru:tspfi1lt.ion rcquiromt!uts inench JUontfIwere lllCl soll.'!ty frum inigudon1 ,,"fbetraditlotlat 
SUPpbf \li jmgati.on wai<!r is ,alk1C~itiOil1md o:n~a:Um~atiOll !w:hal1 avniblll!e15UPi)!iCS:. The levalor 
nnn.uat nllocutitlO p,ln bevati.edbypnreb,a.'ilng or scUi.n:g wal¢r enUU!!tllc.n1 via u tClllpntat'jt tWla 
sehcme'$i • \\~ith the ,ndoption.ofa fecireulnnon systertl~ \IUftnliUcs ofirdgutiofirul1ofr and rainfall 
fUn .. offcan'be: rcc~'cled OIl 'the fatnt 1Uld used for itrignlir)Upurposcs. 

lusla.ll:a.tion of nnon.;,(aonstnrnge syst.cmincmasos tbeet\ptlcilY ofthcfCcit"cnlntiou S)'sfc.tllnnd 
expands,potctltialnppnnun.ilies fOl'W3U!l'rmmagCUl.cnt lnconjull.ction with arecirculau,on syst~m~ 
im8.~\tiontUn .. offcan. be stored and l'ecycledingreatcr v!dunl.cs {due ttl the greater cap a.c iW of the 
stOt~ge)JUldcatl be stored for uselllluter periods. The un .. fnrm stur.tgeallowsthe c.apturuand 
Stotag,t!' nforr .. a.llocatiotl suppliesand.minfallrunoff" \Vater transferred fl'munue poriud to thcnexl 
issubjecUO tosses from.evnporaUol1. Thn study assumes thm the sto.rll.ge lscmpticd by theclld ·of 
theh:rigatJuu season so that 'sufficlcntairspaqc is ~wailahl¢ .toaUow thecaptu.re of on'..nl1ocutlon 
SUPPUC$ and tainfaUrtl.noff in the winte.r and eady spring, months. A multiyear: optimisatirm modol 
is therefore 110t required. 

\Vlten htigatiol1 water is 'applied to.8 fi.cld crop. 'innddi1i.on 10 meeting ,plant c\tapotmnspi.ration 
requitetllenlS~htigaUonrutlorrand watertablc rccilargecnn occut'to the extent tbat tilcse 
requirements are e~eecded. the level of itdgntion runoff' dependsopou soH l;>fPCi slope am! 
inigation layo:ut:andwas c£prcsscd as n .percenmgcoJ water 4),ppUC~11on .. Inigatmn ron"o[f cuuld 
alternatively be dis,J}oscd into a district sutl{U!C dra.i..nnge nelwnrk, B~tchmigatc,dctt)PMd pasture 
activitycontributeslowards wat.\lnabh~ recharge. the level ()fwhich depends upon soU typo; slope 
and irrlgnlinn la}fOul. Therechut'ge values werl.1tuso expressed a.~·porcQmages: of applied iniga.dml 
water, 

RainfaU nmotr was modelled in the s~um~ ttlanllcr .asirrig.alion n.moff.cither being .rct~trCUklb!dand 
u.sed J(}t irrigation if a tccirculatlOtl system 1s prescotT ut" disposed of iOl0 district dnunagc:. 

\Vhcn a fannneither has a recirculation system()race~ss tutbstdct dl"J111ngc~ funuff \\dl1 He ponded 
on the farIll •. leading to waterlogging losses and recilarge ()fthe watc11nblc. Alternatively. [tUtOr! 
may drain into neighbouring fat:rus (Jt ronds,ides. whicb againreslttts incutltribtuhms to the regumnl 
watertahleondwa.tcrlogging :losses 

As dJ5tijs'Se~ In S~UOI1 2 IlltC't'c tsbtUe CIpl~tnuf.m m Ullsr~gton {~r SI,uult)t!r rIDufallt:{~nl.n:huung, tti .p!mn 
ev~pnk:atl~l'lraUllll .. tgqUltemeU\s 
tI lrtlg.utofs\n Uc;t'tlquiu al$tl1:ta\t~ a.~J;,;C5'~ to apermanll'ln T\VEstbett1~, FHf tho l1ufi,1';)ses {ll Uus llna!yli.1!! H l\ 
a~suuil.!\l that both tenl!'l(Il'I.U'Y and permanent 'l\Vi!s bin:" tbC' samt1 at1rHl~liscd vlAiucs 
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Ag/ticultll1~al m:livities 

Areptus~nnuh'e{llull was oevelQPcdfOtwhltt iskll()"'ll aSti ;ltllxe(f: \ratm~.:b'lnl) •. Fan.ll$i1A was 
:U,ssUlued 1O~ 209hecUlre.swl!h·n.)jc.cns¢d,alloc~tio.tlnf50S ll)Qgld.itrcs~ T.hrnughndt>pUllg.n.\wht~l(! 
fan.tl systCll.lS fXrulJ¢\\totk thelllodeli.s abl¢ to m;~eountrnrtheC'lrtlplexphyslca1andec(Ut()tuic 
lntcn~cti(luswbJchexisl ()rt· nl.ltHS ~fi this leaion. Accordillgl),. inlpllItMt fUClOJ:8 such nssoillY¢S. 
fUlllJ ll\bn.ur ~lVaUnbmLy~ xotl1.ti()t)opiions.ctop ·tYP~s+·w~n~r~s~~pnstureU1Un~lgCnn~ln$' Uvcstoc~ 
:nlSlitut,Jollalnn.'nngem~~nJs~ntnorf1'tnd recharge ~u~tdJ; ·cxpn~iUy accounted:fkw :inl1JG model. 

The tcpros~llHuive iatlU·inducicci'lbl'eC: sO.ilt;YlXiS: sandy loaUl: (54 ,het~l uresl.luaruC9S 'hccntt~s) ~nd' 
clay tS6:hccu\resl.0.n sandy lotmttbectt>puud .pasture Clll~,rpliscs indluo.cd Inccme~ summer 
'pasture:" al1oualp.astut'O atuj tl~JS, The' irrigation l(tyouts, W(!tt either l«ndfonucd·t1f non .. landfOrltlcd 
border'check, 

Ontoat1l;So.ils, wheat, mUSt s(l~lbonns. lucetn,(~:t sunmlct :pl~.tur~ tUldMnualp.ustu.re W.ere tlu~' 
ptin1aryent.crpris.es()tllandrm'rtl('~· tIDdn()n4~\:lldf()rtucdbordetch~ck b\youts. "fhu ltlUet la)'()ut w.a~ 
f\Ul11ercategods.cdas bebl,~ well orpoorlydl'a.lnedwith tbe nppttlpdalC: yioldndjusul1c.nts nmde in 
theenleilldscs. On :hUldlofllled C'oJuuurhaylayouts. rice i.rtlxltatj,()U 'wRh wheat afld unnualpastum .. 
nndSUtlltllCrpasture wern lheenlcrpdse choices, 

On clay soils whicbwcte Inndforrm~-d border: check tbe.cnt.etptiSos were tU(!~rnefUld annual pa.)fU.tu~ 
It was expected lhntno tlOll .. l~u,dtor.tl.ted bonier ehec.k layt1utswnuld e~jst em this soil type. the 
same elllctpdses existed on botblandfotnJcdandlloll.:bmdfomlcd contour ba~r laJ()UlS~ with the 
~ppropriate yield, differences., These: were rlcc~ wh~~lt ·oats lIDO ruulUalpaslure ill fotaHon. On: all 
layoutsdtylMd,~unu.lWpa$t:I.n:ec()uld :oopfodu.cedt 'whili!oU areas wJlich: were mmc·ottunandahfc 
foritnS.atiofi a"mtallQtt tlfd(J11and wheat a.nd:~nnua1paslUrewa.~ possible. 

:l!acih ,erop.and pasture type utilised ;ll1dcQntdbutcd to various p.ools jnUlClllodp:I. \Vntcr 
rcquircm.ent$ were sntisficd fmm tbe varl(}us'watcractiv.fties mendoued in the PIt;vtt}U(j dIscussion. 
Labour teq,ulrernenL~ were JllCl fhml nlnll1HboUf available (Jr. lfmore WtlS required~cnsual1abour 
'C0l.11dbc' employed. The yield Ironl .Mch crQP c()J:Hributed 10 "rmious scUingpools which dispnsedof 
,gram: at a s,p-ecHledvalucp¢;f tonne. P~(sture enterprises supplied )flclds t() seasonalpast.uro pouts 
from wbich livestock feed:roquitemcnts were filet.lltudditiI.'ll to wllter requirementS, crops and 
pttStureSCtlnldhuted tobuth irrigationronofr andwatertahle rechru:ge wbich were spt!cifiedtlrl a 
montbly basiS, 

The modal allowed forannualpaslure to be utilised Hw hay asweU as dlrecllycon.slnncrl by 
liv:estock.lJny making occurtcdin. sprlngnlld could he fed out in. either sum.mcl'Ol' uutUrtlU. 
Alternatively, atmual pasture hay could be sold. 

!Yictino wethers was the sole livestock cnl.el1~risc speeitJed illlhe monctOnly one }ivcsluck 
c.nt.crprise wasusedsn (i.,\ to CtUJlply witb the eondiHtUts aSSOcHlted '-\lith tacticttl risk. Wethers \V\!fC 
used as they w.erc a 00 Jt1inant liveslockchoice itl detct'tniuisUcmnsof abroudCfl'an.ginlJ.lith!Ut' 
ptogranlming nmdel orthis region. 

Strategic alftl tactical risk r~'sp(:ms:es 

The alte:tnativeSltnlcgjes tosted in lllis atlul},sis nreprosenlcd. til Table 3· SlnU.cgi.c dccishms \\'11.'lch 
'were ills{) spccHled. .ate: .the hasic wpe nfmw.tiortsandHveslock cnt.erprise, 110\~revor* these \VClt!U(ll 

vaded itllhe: analysis. A basic strategy which Ule studyassumedrelUllincd l1xed fOl'alllhe 
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si.ntulatlollS. wll$,(h~t the' t\!,pXesen14tivcfinnt hndacc(!ss;tna"re,glonaisutface. dmfnng.cuetW.Or~i to 
dispose· ofe;~cess'irrigad()t)!·~nd rah11{tllcufiOff. '. 

() "OO:{l,Qlhlcig 
t :Rceiltulatlon systCnl:Ottly 
l,Re.cb:el,lll1lion. sys.1cmplus. S me,galitrestoragc, 
3 l{e.ehtulntionsystum.plu~ lOm~galltt(; st()r~g¢ 
4ReclmulnU()nsYSt~.tllplus 1,61I1e.gal1tre Storage 
5 Recirculadollsyste.mplus 48 mc;galitre stor~ge 
6: Re~h~ulaU()rtsys.tem. (pIuS' 76 uJegalltrestoragc 
l' 'Recirculation syst~mplus99U1~gallttcS10:rage 
S 'R¢cbtulatiofi systciIlplus 1.50' tnegalltro storage 
9 .. \R~cire~lati.on.sYstern pItIS .2Gl tm~galilrt.!stotage 

T~ctfcal rcspo.nscs ~wc.tc ne:ttessary'to ensure Ibas,ibili1Y ttl fh~ fannplans due to the occurrence of 
tbe uncetlainevcnts. Tile linear progmttlluitlg, u:mdelfn·auch it~ratlonhad scope to increase. (If 
decrease' thl.1fiumbernf liv¢stt)ck~ with dlcnppmpoatecapit.alcosts andrcalisaHon. "Fhenumber of 
ljv(!s(Ock on hand at. theendotonc 'iteration became the statllng value fOtS1OCk on hand in the 
(oUowlngiteration. 

1'lte model was also able to account lorchwlges to ctQPand pasture Art"HlS1 making,~buyingt selling 
anoleeding; hfl,Y" .ernployingcasunllabout,buying TW13s(ailfiual)t selling unuscd entiHcmentas a 
TI\tE!:reeirculatinglrrigati.(ltl 'and r:aillfa:Uronorr lh the currentpcn.od orshJrlngfot tlse in later 
periods. using off .. a:llocation,inpedods ofa\lailabUity o.r st()ring for later use. CarewB-) tuken Wb~ll 
specifying the tacUcalresponses, in particular the cropandpastute rotation.s, so. that feasihility 
conditlotls that wOtlldexist from one year to the next were satisfied. For Instatl.ce, violatiunoftbls 
condition would: occur 1f ollapatticular soil t.ype the modellJad the ,abUit)' to move ftom .arlee 
rotation in :oneiternUon toa double croppIng roratJon Jcatudng soybeans in the next iteration. 

A bene.fiH!Ostanalysis.U.sing tbe gross margin probabilltydistrlbutioutcalculatednetpresent. 
\'.alues{'NPV) for 'eachoflhealtcrnntivc stt.atc!.'des. 'The alternative strateg.ic decisions outlined 1n 
1ab'lc 31nvolve Inltialcap,ital outlays with the benefIts distributcdovcr some future period. 'the 
NPVcritetia is well suited .for comparing projectS with differIng timings of bellefitsnndctlsts ~nd 
was used ln thIs study for tanking the alternative strategic decisiotls. The ge.neral farm of the NPV 
rtlcthodis .il$. follows: 

~.[ . s.l . 
NFl! ;:.£.; .(l·· 'k> l J- f r) 

t~ll +) 

where St 
1~J 
k 
n 

'the net cnsh receipt in year t; 
the'initinl investmentout13:Y; 
the discount ffite~atld 
.the projects duratiou in years. 
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ltlthis stJt(f)~aS1OCh~sUcNPVW«SCbl.culat~d:usjQg '@Rl$~fM.~hediSldb9UQU: fUilCUOlt r~t whole 
fm:J1l &m~s.nuu:sindetcrmine<ll1ytJlestQehnstletUltll~~S.iS was~u~eu: Jlllhec\(ilculatlono~ St. The net 
pas~l,.rec;ci~t wns,dettftujncdbY$pbtr~\t~tjntt(b~nun\1~ll Jllru~~pnnnee(.tl1stS?rlhesttlnegi~dcciSitUl 
rtn~le 4l fmnftbcwholefunll.gross margin.io 'wns::~ptescntcdbytheeapUWCoSL5Jm~Senlcd 1n 
"fqblc4. ;Crht djSeOUtll:t~lcW~ '1 Opct'cetlt ·~fldlbQPl'\)je.ces. duratiotl wus 30;yuuts. NoatUusttuCtils 
were Uludt: itrtheMltll~sis for.incomc tttxntiO.lltt1ncc:ssi.OIlS, 

t .......... --~ ........... -----·-···---~-----......,.,.---------..........,: 

, ',." , 

.. d~~isio.n ;-_,' ..... Cnn·i~alcq$tl$l Anrittal mabl1enanceC$) 

Comparingthl.' .msultsuttlle st()Chasticanalysts with those obtained from a detctminisbcapprua~h; 
whereexpeqU;d vaiucsru:cused fot the random variables, is .a useful t1l.eans of IndlclUing if the 
addltion.alcoslsinvolved with a stochastic meth()d()log,)~are JustIfied hl1(!UllS of mom accurate 
In[onnaUon oblained.ConscquctlUy~tbe results fot tbe risk-neutral assumptlonare reported fm' both 
stochastic and deterll1l.nisUc·apprllaencs. 

The whole tarm gtoss :margin results of the stnchaslic and detcrll1inisUc an.alyses are ptt!scl11cd in 
table S. ~rhese results indicate that: lhe tncangrussmargin values from the stochastic analysis ~nd 
tbe gross hlatgin values ftohHhe dctenninisticanalysis were simllurt although the results frODl the 
latter :approach were slightly higher for eacn stral.egkt decision" This discrepancy was due to the fact 
t.hat the deterministic analysis, by using expected values for Ute random variablCst was nol able to 
aCC()Unl for oU.mel's in a distribution. In the stochastic an,alysis u. number of observ8tinhs. of low 
water allocation were sampled due to the negative skewness oft-he allocation distribution and. by 
assuIl:lingh.igher water availability than was lficactual case, the detcrmin.isUcartalysis cousistently 
ovcrestimaledthc gross margin values. 

No ranking of the swuegic decisions was llussihle using this criteria as the: c,tpit.a1 and nHllntcnance 
costs of .the strategic decisions were nO! included in the gross margin analysis. 
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Pouotbing 
Rccit~ulath:m system 
5 m¢gaUrre st\lrage 
10 megalittestorase 
~6 mcgulitrestotagc 
4Rmegalitmsloragc 
76mcgnlilrc stonmc 
99 h1cgaWrc stot4ge 
lSOulc,galitI'estoragc 
2Q3tnegalitr~ sttWa,gl.l 

75,:324 
i6t24S 
11~7Sl: 
79,09a 
80,654 
SlJ73 
84).85 
S3~03S 
84;368 
85A33 

St()chasticanalys.is 

74.557 
7S t8l9 
77~Oll 
18t 234 
79~885 
80t891 
8LB2l 
81,,994 
83,194 
8:t2S9 

Theranlcingofthc alternative strdtegic dl!cisions maydiffcraccottUng lnan incti\ridual!sdsk 
preference. Consequently. the results n)r thl:1 assumptions of tlsk ... ncutrality and rlsk~tlversefiess wi~ h 
regard to the strategic decisions are roportcd sepal'atcly. 

Risk .. nettfmI 

Thci:tlajodty of fanu.lev¢clanaiyses whioh aSSUl1ie dsk"uC\H.ntlity am conducted in the standard 
dctcnniniStic fashioI\,whereby the expected valu,es are used for the random, varl.abtes.the 
assumptioh ofrlsk-rucutralitytan also be made when using a stochastic analysis.In this case the 
decision Jnakeds solely interested in themagnltudeofthe expected values and bas t01al disregard 
for variance. 'With these decision makots utility maxi.m,isation is equivalent to profit maximisation. 

The results reported In Table6arecalcula.ted on a with and without project hasis" i.e . they represent 
fhe difference in NPV between the strategic dedslonalld the do nOthing startegic decision. A NPV 
greater thnnl.ero indicatest.hat t.he strategy is financially superior while a negative NPV means the 
Sltateglcdecisio,n is financially itli'crior to the base case. 

Table 6: niflerence hl NfV~tweeit th~ strategiC decisions and the dO nothi,ngcase ($) 

~--~--------~----~------------~----~--~~----~--------Strategic Decision Dctenninisticanalysis Stochac;(Jc 3lullysis 

RccjrculaUon syst.em 
5 mega1i1re stOt~ge 
10 i11egaUt.rc storage 
26 megalitrc: storage 
48 megalitrc storage 
76 mcgaHtre storage 
99tuegalitre storage 
150 rncgaHtre storage 
2Q3 rtlqgaHtre storage 

(7,5'61 ) 
t465) 
4,937 
10.884-
SAS:! 
6.534 
5A34 

(18,.369) 
(23·,370) 
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(3,288) 
4,028 
2,125 
i5~124 
17.266 
17.228 
13.163 

( f.3A32) 
(271656) 



the det.t!tmjJ~isticnnalysj$ tmli~ate"dl~at drmn;tg~xccitculation$ystetilsw.ilh Qu~f\lrm .stort\g~s 
between to ~lnd99 megalittcs 'WCL\}nnall¢i~UYSllPcri()rtolhc do, nothitlg$ltat~gic decision. A '26 
Illegnlitte sttwugo $YSHUll p.rovidcd thebighesl t'CtuOlsfrotnithts;l[lproach. 

OraitiilgetccirculnU()lt SystcJ11S'withul1"riUn).,stOI,ge.capaciliesb~twetmS.al1d99 I1lcgaHtrcs Were 
fitmncinU)! snpclim: '{OlltC. PO JmthiIl~'cnscwhell tt st.ochastJQ ~tU\lysis wasaQ()}?t,cd. MaxImum 
tctUl1lsweroprovidedby i,l4811lcg~djtrc storage, cOillparcd to a 26hlc.galiu:e /stotage fOl'thc 
rletc~nlinis1iC apiut1f}ch. 

l'heresllltSQr(heSl~hasti¢ mJulysis forrbesu-af:egic dc~lSi~f1satcptcsetltcd:;in (Sf V? spncc in 
Fjgu.~ 4.1'b051); rcsu}(stlnuot teptcscnt. nn. CrnCiCllt 01,\1) set hUt muslt~1{(1lhe risk effiiZicllCY of lhe 
st,r~tcgle dc~isinus.tot lHisk avcrlet,u ;:mcgaHtrc stnrag¢ syst.emwillheprofcJ.l'Cd toa 10 
mega!itresystem~l.$ it has a higher mean NrV andn lowel" staudatddev.iatIon.Likewise, it 48 
mcgaUt:f'l.1'system wUlbe prejetted loarecitculatiott sY!item with: 76 mcgaUlre and larger slurages. 
Thc'gl1lphical .aoalysis, :bowever, isunahle toindiealewhetftcra 5megruJtrq~26mcgalitro or 48 
megaUttCstorage recircula.tion system will.be: preferred llyn risk .. averse decision maker. 

SORF wasnppUcdUHhe strategic dccisjons withlhc testlits fOJ: ~.numher·or Jix) ranges reported ill 
Table 1. thl1 results indicate thatunqer the r(.d rang.e sugg;csted by Anderson,and OLU<lti (t 991 )a 
rccirculationsyslClU.wilh.(148 filcgalUro on..:faonstornge isoptimaI for risk .. avetse fannots. Under 
tl1ctnllgl.l of risk a\~ersio'nruported by Bal'Uslcy and Hanis (1987)~dsk",avers¢ fat111crs w()uldbc 
indiffeJcntnctwecn lheadtl,ptiOll of a 26megaHtrc and 48 mcg~ttitrc storage 'with It t'Ccirculation 
!wstcnt. 

Vi 'ur¢ 4: N~V~res&!!S: fotstrategicdc(!isi()Jl5 in. {E,l2seacc ($) 

~ 
~ 

20lX10 ./' 
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Ix lO'()toS xlO tt 

1 x, 1. O·s 10 Lx 1 O~6 

The st()cb~\stlct'll!1Iysis w~lSalsonblcto determine thclt1.cUIl values fOt.1;\ t~l)gcofphysical 
inJOttnati\lnas. wen Jh~ wbole frulllgtt)S$ lnntgin~ EnvlronmcIltal values ofintcreSLurcptoseiJtcdin 
~tablc S, 

ThercsuJts indicated thatthcrcquirttnC)}l for draining roflolro.rr .. farul dimiJl.!shed significllntlyas 
the Si7& of the storage in a rncitculatiofl SYSlC.1U itlcrcasca. ,Motcovet~ tecllarge of {he watcttnblc 
from orf~farmso\tr.ccsnssociat¢d wiUllhctunoftdecUucd as theSt(lragcsil.e increased. Recharge 
of the watenablc otl, .. fanninctcMod due to the extra itdgutionil1volvl!d with these sttfllCrd!1S. 
Overallt tlie levels ofwat(:r.tnble recb~l'gc and drainage ofirrignUrmLUllOff declined with U)C 
installntiot.l ofrecirculaUotland Ob .. fnrttl st.orage systems. there arc social benefits involved with the 
.rcductio.n in these ex\Crna11tlcs.whicb have not been captufCd ill this study. 

Sttateg~.decisiQn 
DO nothing 
Recirculation systcrn 
5 mcgalitrc storage 
to lllcgaUtte stotage 
26 JUcgalitre storage 
48 lnegalitte storage 
76 mcgaUtre storage 
99 mcgalitre storag.c 
150 megalitre storage 
203 mcga1Itrc storage 

Inlg~lion Runoff 
StQted Disposed 

o 125 
22 105 
S7 7.1 
92 39 
133 1 
137 0 
139 0 
140 () 
143 0 
144 0 

5. Summary~nd Discussion 

Rainfall Runoff 
Stored Disposed 

o 16 
2 16 
6 12 
1 10 
11 6 
1S 2 
16 J 
181 
171 
17 1 

Watcrtablc Recharge 
On .. farm Off ... Carol 

25 1.6 
26 13 
2& 9 
30 S 
34 ] 
35 0 
36 0 
37 0 
38 0 
38 0 

The objective of this study was to assess the financial benefits associated with various on-nmu 
dminng,e recirculation and storage options fot a representative .f)trm in BelTiquin lITigation District 
A stochastic programming approach was adopted so as to account fat uncertainly in a number of 
key varltthles; allocation supplies! r.mmthly off-allocation. flowsnnd rai11fallrotlotT. 

The stochastic analysis indicated that dsk neutral farmers would prefer n recirculation system with 
a 48 megaUtrc storage. whereas a detemlinistic run of this analysis determined amI maximum 
returns were to be obtained from a rccirc~l1ation system with a 26 tllcgalitl'c storage, The djrr'H'cncc 
in results between thcseapproHches was duc to the stochastic amdysis being able lOnccoulU fat 
PUllint values from the distributions which cannot be renected in the expected values for nmdnm 



vruiuhles llsed bya dCfettllinisucnppfOuch.Thc st<)ChtiSUCatmtrsispr()vid~d, t~crcfotc; UnlOfC 
accurate ~tssesstncnt of the benefit.$tltJd cosfsassociatcd with thC$trfitqgicqccisiohS studied. 

SORP procedures WQt¢ ~tpplicd to~c(ntmtne the prCferenG~s?fdskayct$e dccisi<m makcts,A 
recirculation system with tt48 mcgaHtrc stor~gewaS' the dQnlillallt;st.rnlcgy forl1n 1\bso1\1(C risk 
aversion range of 1 x 10,6 to 3 ~.lO·6(suggcstedbY AndcrsollandDUlon 1990), white a 
recirctllutionsysteulwith n 26 nlcg1~Utre storage Joined thi$;s(nl(cgy III thcdolllinant s7lfotnn 
tlbsol\ne risk nvcrsionrangc or Ix 10·$ to t X 10.6 (measured by ,l3ardsl~ynlld Harris 1981). '1'ho 
rcsultssugg~st that fQr thisproblc.Ullhcro is little difference;. between tbcprcferrcdst.rntegics fot 
dsk",avcrscunddsk .. neuU1ll: ramJeTS. 

the analysis indlcatcd that dlllUdop.tl0tl.ofdtairutgc recirculation a1ldon .. tnmlstontge systems l~ad 
to reductions in the lev.el ofextetnaUt,ics associated with the rn~mngcnlcnlorittigat1onand drainage 
W!1tcr. 'fhere arc social benefits involvcdwlth reductions In thcsccxtcmal cOStS. 

The stochastic prog11illltlling metllOdology used in thls study wasanatlaptnUon of the 'distribution 
lJr()blelll)approfichptesent~d by Johnson~ Tcfct:tiUer and Moore ( 1967). 11hemain nmdH1calion 
was the devclopnlent of a Sl()cha.~tlcsinlulntion nl00cl WhichconUlit)cd the strategic dccisiO))Sahd 
executed the; linear programming tnode1.For each nUl of the simulation model a sH'tltegic dccisioh 
was pre.;spccified fot' the e.ntire sjrnulationt the .resultS of the. simulatiQllS were Uwn computed to 
asses.s the alternative sttategic decisions. ;'fhe possIble illctiCn! responses to the initial sttntcgic 
decisIon and intervening states of nature were cnnl1ned to the linear pl'ogran1J11ing model. 

The stochastic modelling process was 'passive' il111fimr{!, implying that: decisIon makers bave 
perfect knowledgcnt the ralldomevcnl.$. Thisassurnption wns feasible given the, nature of the 
climate and the htignUoll sUpply system in the region, withuncertaiIltycSSCtllialIy beingconfil1ed to 
water availability between yeats as supp.ly and demand for Inigatioh wuter within the summer 
irrigation season is detemtinistic.lfthe problem Was one that supply of irrigation water throughout 
the summer irrigation season was uncertain then this 'passive; condition would be violated and an 
altemative approach requkc(l; such DSP or stochastic dynamic programming. Alternativc.ly, the 
nl(!thodology .presented in this study could be further adapted toaCCourit fbrsuch situations, For 
exarnple. the linear prognunmingmodelcQuld be used to detern\ine f~nnactivjtics and (actical 
rcsponscspdorto the commencement of the irrigation season, subject to the information known at 
that lime. The simulation model would not only specify the inilhd strategic decisions but also allow 
further tactical respOhses to the fann plan developed by t.he Uncal' prograIt1n1it)g Illodel as certain 
states of nature becoll1eknownas the irrig~,tion season progl't:sscd. Such an approach could theu 
accurately reneet the strategic and tactical responses that would be involved. 

The stochastic programming formulation presented in this study hn.~ subt;tantial t1cxJbility ill denling 
With the strategic und tactJcnl responses associated with problems involving embedded risk. The 
modol developed is generally smaller thun those llsing DSP for the same ptoblcm which represents 
a sIgnificant advantage when considering the costs ofmodcl development, vcrH1cation and 
validation. 
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