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ABSTRACT

A number of enviropmental problems are associated with poor irrigation management. These
include the cconomic costs of land salinisation and waterl uggmgg as a result of rising watertables,
and the downstream impacts front irrigation drainage such as increasing river salinisation, turbidity |
and nutrient levels. Traditionally, engincering approaches have been used to address same of these
problems, for instance the construction of regional surface drainage infrastrocture to minimise the
impact on agriculture from excessive irrigation ronoff. The external costs associated with these
aptions have gencrally been neglected. Morcaver, they represent an attempt to address the
{symptom rather than the cause of the environmental problem.

|Muodification of on-farm irrigation behaviour, particularly with regard to the management of
{watertable leaching and irrigation runof, represents an opportunity for minimising negative impacts
{upon the environment from irdgated agriculture, One such managerent option is the installation of |
{an on-farm storage and drainage resirculation system so as to minimise, if net climinate, irrigation
{runoff leaving the property. The success in achieving regional awv:pmncc of such an option may
frequire modification of existing policics, such as water pricing, the provision of district drainage
{infrastructure, the level of water supply security and pollution taxes.

‘The objective of this paper is to assess the benefits from the adoption of an on-farmy irigation
drainage recireulation andfor storage system. From the faem perspective, the impact on net
incomes, waler management and agricultural enterprises are measured.

The system being evaluated is stochastic given that one of the benefits of a water Storage system is
{the risk management involved with uncertain water supplies, either from rainfali or traditional
allocation and off-allocation sources. The study has developed a stochastic framework whereby a
multi-period linear programming mode) is solved terativally with a mumber of stochastic right-hand
side constrainis. The analysis is then able to rank the aliemative options on the bass of their
stochastic dominance,

i,
Ci




1. Introduction
11 Background

- Environmental problems such s rising wmcmblcs, decliumg tiver guamy and C(mﬁlms in the use
of resourees between agriculture and the eavironment wnhm the Murray-Darling Basin have been
widely docurnented (Grieve et al, 1986; Gutter skins and Davey 1985; Jones and Marshall
1992; Quiggin 1988; Thomas and Jakeman 1985). Problems associated with rising watertables
include redueed agricultural productivity due to soil and water salinisation and exacerbation of
waterlogging, Declining water quality in niver systems due (o increasing salt, nutrieni and chemical
residue loads, turbidity and microbial activity bas received i mmeasmg public attention. The
regulation of flow in river systems and consequent impacts on riparian habitais is also receiving
increasing attention, raising questions regarding the cfficiency of water allocation between

“agricultural and environmental uses. A range of policies have heen developed to addess these
problems, including the Salinity and Drainage, Natural Resource Management and Irrigation
Management Strategics of the Murray-Darling Basin Commission (Murray-Darling Basin
Commission Ministerial Council 1988, 1989), revision of water allocation and pricing policies as
well as the application of the principles of integrated catchnient management to problems of
resource degradition.

A major contributor to rising watertables and declining river quality is the on-farm management of
irrigation and drainage water, The NSW [ntegrated Drainage Policy for Irrigated Areas recognises
that “the proper handling of physical and management factors on-farm is vital if the prohlems of
reduced productivity and degradation of the environment caused by past practices and inadequate
drainage are to he addressed” (Depariment of Water Resources, NSW Agriculture and Total
Catchment Management 1992, p. 12).

Land and Water Management Plans (L&WMPs) for a number of irrigated regions in southem
NSW are currently being developed under the NSW Integrated Drainage Policy for Irvigated
Areas. Communities in irrigated arcas assume responsibility for the formulation of L&WMPs,
which aim to address problems of resource degradation through the development and
implementation of medium term strategies that provide for the continued economic and
environmental sustainability of these regions.

12 The Berriquin Irrigation District

The Berriquin Lirigation District (BID) is located in the Murray Valley of NSW hetween the towns

of Benigan and Deniliquin and covers an area of 321,000 hectares. Irrigation and drainage

practices i the BID have contributed to the development of high watertables across a large

proportion of the district. In 1990, 28.5 per cent of the BID had watertables within two metres of

the surface’ (P.H, Jacobs and Associates 1993). If current irrigation and drainage practices are
continued, it is predicted that 62.5 per cent of the area will be affected by 2020

Problems associated with high watertables include reduced agricultural productivity due to soit and
water salinisation and exacerbation of waterlogging. The estimated current agricultural gross

Onge a wmﬂnablc fses o a uim:ﬁ depth from the soi! surface, which is considerod 1o bi tw metres 1w the
Mutray-Darhiog Basny, upward movement of salt tnto the roor zane can oceur due 1o capiiary vise of saline montuse
frown the watertable. Capiary ise involves the upward movement of water and dissolved salts through the soil profile
due o evaporation at the soif syrface



© margin foregone duc to soil salinity of $1.2 million per year is predieted to increase to $3.1 million

by 2020(PH. Jacobs and Associates 1993), [ is likely that further Tosses would oeeur from
exaeerbation of waterfopging. Bl ‘

A L&WMP is cunently being developed for the BID, which addresses a range of areas of concem -
including off-farti surface drainage works, sub-surface drainage works, infrastructure
relurhishment, institutional change and on-famu irdgation management.

The study reparted here is ane component of a wider cconomic analysis of on-farm options to assist
the development of 2 cost effective LEWMP. The aims of the on-farm component of the Berriguin
L&WMP are: fisst, to improve irdgation management and farm produetivity: second to reduce the

- amount of water entering the watertable on-farns; and third, to manage saline arcas and dreas of
‘high watertables {Berriguin Land and Water Management Plan 1993),

Drainage recirculation and on-tanm storage systems are among the on-farm measures with potential
toamprove drainage management, thereby increasing farm preductivity and reducing watertable
aeeessions.

L3 Drainage recirculation, water harvesting and on=farm storage

Drainage recirculation involves the drainage of sueplus irrigation water to o storage for Jater reuse
while water harvesting entails the collection and storage of storm runoff. The henefits from a
recirculation system involves the reduction in groundwater accessions and waterlogging, inereased
water supply, and having irrigation water on demand rather than being constrained hy the capacity
ol the frrigation supply syster.

The benefits of reducing the trequency and duration of waterlogging cvents are fron removing
ponded surface dranage from low-lying points of a farm. This is particularly beneficial where there
is no aceess from these Tow-lying points into an off-farm drainage line. Due o the reduction in
surface ponding water entering the watertable is reduced, as are erop, pasture and livestoek
anagement problems associated with waterlogging.

Where drainage into of(-farm lines is possible, reduced disposal of water inte these lines as a result
of recirculation can have downstream consequences by affecting total volumes of water discharged
downstrears and overall coneentrations of salt, nutrients and biocides in that water.

Water obtained from drainage recirculation may be used to substitute for, or supplement, water
available through the district supply network. This can be beneficial because supply through the
district network is limited in volume by irrdgation allocation and availability of off-allocation Hows
and in delivery rate by the capacities of distriet supply channels. Evaluation of drainage
recireulation as a means of water supply supplementation, however, requires comparison with
alternative opportunities for supplementation. These include pumping of good quality groundwater
or purchase of additional water entitlerment.

The benefits vbtained from dramnage recirculation and water harvesting will, however, be
constiained by, (aythe extent to which the eogineering capacity of the drainage recirculation system
is adequate 1o manage actual drainage volumes, and th) the scope to use, or dispose of, runoff at
any time is limited by irrigation requireents at that time and by airspace withtn on-farm chanuels,
drains and storages. ‘
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Installation of an on-farnt water storage offers benefits in s of incteasing the capacity of a
drainage recirculation system to-cope with waterlogging events, resulting in reduced watertable
accessions and surface drainage volumies, A storage also provides increased seope for harvesting

- waer from sources other than ingation ranoff such as rainfall ranoff; spearpoints, off-allocation
flows and transferring unused allocation volumes to the next season by putting it into storage, By
inerensing the capacity of a farmier to utilise drainage, off-alloeation supplies and groundwater, a
storage can also reduce the need to purchase water, increase water availability, or both. Investment
- inon-fanm storage can-also provide sighificant benefits through increased irrigation management
fexibility, by allowing irrigation to commence before water is available inthe supply system.

14 Uncertainty of water supply

Recireulation and on-farm storage systems have the potential to increase farm invomes by reducing
production losses dug to waterlogging, as well as allowing more intensive irgation by augmenting
the farm water supply. In addition, the vadability of farm incomes may be reduced by affording
Tarmers opportunities for tactical response founforeseen water supply outcomes (e.g., with respect
o allocation percentage, off-allocation Dow volume and rainfall).

A drainage recirculation and storage system may allow additional water for irrigation to be obtained
during periods of low irrigation allocation by reuse of irrigation drainage and barvesting of off.
allocation fows and rainfall runoff, Altematively, during periods of high rainfall, ponding of runaff
on low-lying areas of the fartn can be minimised through recirculation and storage, thereby
reducing production Josses due to waterlogging.

The financial benefits obtained from investment in a drainage recireutation and storage system will
be influenced by the volumes of imigation drainage reused and volumes of off-alfocation flow and
rainfall ranoff harvested, as well as the availability of irrigation water through the district supply
systen. As these water supply variables are stochastic in nature. it is important to account for the
range of possible water supply outcomes when undertaking a financial anatysis of investment in
drainage reeirculation and on-farm storage systems,

1.5 Objectives of the study

The primary upjective of this study was o undertake a financial analysis of the benefits of arange
of altemative drainage recirculation and on-fatm storage systems for a representative farn in
Berriquin Iirigation Distriet. A further objective was to detennine whether the extemalities
associated with the manageuent of irrigation and drainage water are reduced by the adoption of
drainage recirculation and storage system,

The benefits are determined by comparing the retums for each alternative with a base “do nothing™
seenario. The impact of uncertainty in allocation supplies, off-allocation flows and rainfall is taken
into account by the use of a stochastic programming approach with stochastic dominance
procedures used 1o assess and rank the risk efficiency of the alternatives.

L6 Outline of the paper

The nature of risk, aliernative stochastic methodolegies and the principles of stochastic dominance
are discussed in Section 2. Information concerning the specification of the simulation, linear
programming and benefit-cost models developed is presented in Section 3. In Section 4 results are
presented, and a summary and diseussion of resulis presented in Seetion 5.
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For many problems involving uncertainty a stochastic analysis is able to acconnt for the outliers
from probability distributions of randons variables which cannot be reficeted in the expected values
of # deterministic study. The stochastic approach is, therefore, more able to accurately measure the
benefits and costs associated with a decision problen,

A wide variety of approaches have been developed to deal with risk in farm deeision making. These
range from optimising proeedures, hased on linear, non-linear and dynansic programming, o non-

‘ ap!umsmg {such as stochastic budgeting and 1isk efficient monte-carlo programming). 1t is
imporiant {o undesstand the exact nature of risk that is involved in the problem under review soas
1o identify the must appropriste methodology for undentaking the analysis.

Hardaker, Pandey and Patien (1991 ¥ distinguish between 1w types of risk; non-embedded and
cmbedded, In the non-cmbedded case the assumption is that 1t s realistic to model the syster s if
all decisions are made initially and then the uncertainty unfolds subsequently in terms of risky
consequences of the choice taken. In the case of embedded risk, the decisions are segregated into
- those taken initially and those taken at a Jaer stage when some uncertainty has unfolded. The
second stage decisions will be conditivned by toth the initial choices and the revealed uncertain
outeames. Most farodecision problems involve enibedded risk, however, many mathematical
programming approaches which incorporate uneerainty do not account for embedded risk.
Generally, non-embedded risk is confined to objective function coefficients while for embedded
sk both the t:xx:«gmwe function-and constraint coefficients can be stochastc. Hardaker et al classify
models which account for risk inthe objective function as risk programming models while madnl&
which incarporate risk in the input-output coeflicients or level of constraint variables can he termed
as stochastic programming muodels,

Embedded risk was considered critical to the evaluaton of the problem under review with the main
sourees of uncertainty identified as being allocation supplies, off-allocation flows and rainfll. The
study was, therefore, more concerned with the range of possible stochastic programming
approaches, which treat situations of embedded risk, rather than with tisk programmuing
approgches.

When embedded risk s a feature of the decision problem under review the researcher must be
aware of the type of responses to nisk an individual decision maker can take. These possible
responses are categorised as either strategie or tactical {Trebeck and Hardaker 1972; Kingwell,
Pannell and Robinsen 19933 A farmer's decision making is generally sequential in nature; 45 4
season (or other decision period) unfolds a farmer will make tactical decisions in response 1o the
intervening states of nature and the dnitfal strategic decisions made (Figure 1). Trebeek and
Hardaker demonstrated the use of this sequential approach to identify optimal heef cattle earrying
capacity sumcgm decisions and tactical decisions related to cattle manggement throughout a
number of seasons subject to uncentain rainfall over the pasture growing seasor.

The purpose of solving the sequential deeision problem is to evaluate the performance of the initial
strategic decisionts). Neglecting the role of tactical adjustinents in the process can lead to an
underestination of the profitability of some strategies (Kingwell et ali.



- State Strategic States of Tactical Payoffs
- varigbles  decisions  nawre decisions ‘

1 Source: Trebeck and Hardaker 1972,

Identification of the t,ampuuents of the sequential deumor; makmg process associated wﬁh uns
~ swdy are outlined below. This assists the assessment of the aliemative stochastic methodologies
pqssibla {or this analysis. ,

State variables

Tarm size, soil type, licensed allocation, imigation layout, labour avmlabxhty. machinery availability,
commuodity prices, farmer skills.

Strategic decisions

Size of recirculation system (if any), size of on-farm storage system (if any), initial livestock
carrying capacity, rotation type, district surface drainage.

States of nature

Allocation supplies, off-allocation flows, rainfall,

Tacrical decisions

Adjust crop.and pasture areas, make fodder, buy fodder, sell fodder, buy livestock, sell livestock,
huy transferable water entitlements (TWE), sell TWE, recirculate irrigation ronoff, dispose
irrigation runoff 1o district drainage, eapture and recirenlate rainfall runeff for irrigation, dispose
rainfall runoff to district drainage, allow irigation and rainfall ranoff to pond and recharge
watertable, stare recirculated water for use in later periods {months), use off-altocation in current
period, store off-allocation.

Pay offs

Whole farm gross margin, net present value.

22 Alternative stochastic methodologies

As identified in the previous section the treatmient of risk in pmgranmﬁng models ditfers according
1o whether non-embedded or enibedded risk is present. Risk programming approaches which have
gained wide acceptance are quadratic risk programming (Freund 1956). minimisation of ttal
absolute deviations, or MOTAD (Hazell 1971), Target MOTAD (Hauer 1983), mean-Gini
programming ( Yitzhaki 1982), wility maximisation (Lambert and MeCarl 1985} and wiility-
efficient programming (Patien, Hardaker and Pannell 1988). The major stochastic programming
approaches usually considered are chance-constrained programming, risk efficient monte-carlo
programming and discrete stochastic programming (DSP). Stochastic dynamic programming can
also be used for problems which are sequential in nature, As embedded risk 15 the main feature of
the drainage recirculation problem, further discussion is conlined to the alternative stochastic
programming methodulogies,

e
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Since at least one of the elerents of ¢, a, 0t b, is a tandony variable with a specified distribution
function, flc;, ay, by will also have an associated distribution function. A set of variates drawn from
probability distributions for the random elements in ¢, ay and b, s substituted for stochastic

‘parameters in the problem. Letting the nonstochastic components be ¢, @, and 8, then the valye of

the erterion function in the solution to the associated deterministic linear programming problem
R Ay, 3) is a variate from the probability function R, ay. by). By repeating the procedure the

 distribution function for flc, ay, by can be approsimated, Johnson et al define this procedure of
finding the distribusion function the *distribution problem®, A sumber of solutions of the lincar
gmgmmmmg problem are required to approximate the distribution function, the number depending
upon the preeision with which fle, gy b} is to be approximated. In their study Johnson et al

‘undertook only 20 sets of random samples and solutions. A more comprehensive sampling process
using far greater than the 20 szxmgles was, possibly, too expensive due to the constraints upon
eomputing resources at that time,

“Rae (1970) noted a possible pmblem with the Johnson et al approach when applied to a capital
budgeting problem. As the activity levels may vary from one solution to another, there will be a
probability distribution with, for example, investment sctivitics as well as net income. Given the
existence of these distributions it may be difficult to determine the optimal prograsm for a decision
maker to adopt.

thncvcomtrmncd programming, where risk is dealt with indirectly by seiting a probability with
which the constraints must be satisficd, has been strongly eriticised (Anderson, Dillon and
Hm}akcr 1977, Harﬁaktm Pandey and Patien 1991) on the basis that it becomes impractical if

3

Q(hﬁf presentations ean be found 1o Raduer (1959), Mesrilt (1967) and Byors (1967).
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;gah‘amg:zsiiy;inmrgmmSmﬂm,sﬁaelamnm‘s in the objective function and constrainl
quations. The results of this typ is are generally tested for stochastic domtinance which
- serves to sort feasible plans into efficient plans and inefficient plans, |

~ The advantage of risk ¢fficient monte-carlo programming is that it is extemely amenable to the

 incorparation of continuous probability functions for random variables, rather than being fimited to
& finite number of discrete variables. Moteover, any objective function can be applicd (linear o
), and utility functions can be defined, This approach is partivulady useful for problems

when risk is non-normal and when the extent of fanmers' risk aversion is unknown.

DSP was first formulated by Cocks (1968 and advanced by Rae (1971a.b) as & mieans of lincar
programming to analyse multistage stoehastic problems in which the optimal activity in one period
depends on events it past periods. This method has emerged as a popular approach for accounting
for embedded risk in an optimising franework.

DSP offers a framework where any or all of the ¢, 4, and b, elements of a mathematical
 programming model can be random. Discrete parameter values or states of nature are used to
represent the tange of possible coefficient values. DSP also captures the flow of information to the
decision maker about the values of objective function and constraint sef parameters and matclics
that flow of information to the sequences of decisions to be made (Apland and Hauer 1993), This is
done through the specification of decision stages in which decisions are made.

Problems of dimensionality and large matrix size were noted in garly applications of DSP (Cocks
1968; Rae 1971b; Trebeck and Hardaker 1972). According to Apland and Hauer (1993, p.28)
these technical prablems appear to have been overcome as "the range of model sives suggests that
Tor many applications of DSP, analysts have found the desired level of model performance weld
within the capabilities of current mathematical software”. Despite these developnients, the
problerms associated with verifying and validating large models, which invariably accompany DSP,
remain a deterrent to irs use (Hardaker, Pandey and Patten 1991),

Dynamic programming is a technique which is well suited to intertemporal optimisation problems
and can take account of stochastic elements. Dynamic programming is often a useful technique for
evaluating the optimal management of natural resources with a fmber of applications being
applied to irigated agriculture (Yaron and Bresler 1970; Yaron and Olian 1973; Bras and Cordova
1981; Yakowitz 1982; Dinar and Knapp 1986). The principles of dynamic programming are well
described elsewhere (for example Burt and Allison 1963; Throshy 1964; Burt 1969, 1982;
Dorfman 1969; Kennedy 1981, 19861 and so are not dealt with in this paper.
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- The use of stochastic dynamic programiming was nol considered nwcssmy forthe smdy ol drmnagu
tecirculation for two reasons. First, dimensionality prob,lcms associated with 4 stochastic dynamie
: ramming formulation of the problem under review would become substantial if all the complex
~ interactions between eénvironmental, physical and economic systems were to be represcnted. This,
R ~hmvwen could have been overcome by developing a linear programming model to acconnt for all
these relationships and to provide the stage returns for each stage of the dynantic progrumming
problem (for example total farm gross margin for each level of water allocation). Such an approach
wmud add to the research cost involved with this study.

-

Mom importantly, the rature of irrigation water supply systems in southern NSW js such that
uncertainty only involves water availability between years and not within years. The region is

typified by predominately winter rainfall, with very dry summers meaning {hat rainfall contributes
very htﬂvz to the summer water requirements of plants, and the total summer evapoir mspimuun
does not vary much {rom year to year. Water supply available for the imigation scason is generally
known with a degree of certainty prior to the commencement of the irrigation season, with
uncertainty essentially limited to indgation supply between irrigation seasons. Known supply and
demand for the intermediate frrigation scason permits the use of methods such as linear
programming with a high degree of accuracy (Dudley 1990). If uncertainty existed in the supply
and demand for water within the season then the sequential oplimising process of dynamic
programming may be preferred,

The manner in which embedded risk is accounted in a DSP framework, through the representation
of strategic and tactical risk responses, has considerable appeal. However, everal drawbacks were
xdcnuf ed with applying DSP in this study.

The representation of a continuous pmbabll\w distribution in DSP reguires the specification of 4
number of discrete variables, the exact number depending upon the desired accuracy of the
distribution. Depending upon the nature of the problem, dimensionality can become an issue, Rae
(1971b, p.635) notes “an increase in the number of random variables, the number of possible values
of each random variable, ot the number of decision dates within the planning period will result in a
more than proportionate increase in the size of the programming matrix. Thus a dimensionality
problﬁm exxsxs and, with limited research funds, it is impontant that the model be econpmically
Justified’ ,

The ideal approach when developing a DSP model would be to specify as many discrete variables
as possible to perfectly tepresent a continuous probability function for 4 random vaiable. For
cxample, 140 discrete variables could be used to represent the possible values annual water

! Our emphasis.



allocation could take, f.e: 0 to the miasinum of 140 per cent, A
levet of accuracy and having a manageable model is requ
keptto a minimam, Thus the number of discrete variables are usu

possible.

- With the dimensionality-constraint in mind the recirealation and storage problem could have been
- specified with 8 discreie variables for allocation supplics, 2 for-off-allocation supplies and 4 for
rainfall nmoft*, There are 12 time periods tobe represented, resulting in 768 sub-matrices,
Reducing the time periods from monthly to seasonal (spring, sumimer, autumn and winter) the
minimum number of sub-matrices required for an adequate representation of the drainage ‘
recireulation problems becomes 256. The construction, verification and validation of what is still an
- extremely large model was not considered "economically justified” to use Rac'stemy.

The stochastic programming approach that was adopted to evaluate the drainage recireulation
problent is an exiension 1o that presented by Johnson et al and Tintner. There are a number of
advantages ol this distribution problem approach over DSP. First, it was possible to speeify the
random variables as havibg continuous probability distributions rather than having to take a pre-
determined finite number of discrete variables 1o represent the distribution. Second, the model
developed was significantly smaller, with 12 sub-matrices representing the time periods as opposed
to-a minimum of 256, much larger, sub-matrices associated with a DSP approach. Thus, there was

- asignificant reduction in the costs involved with the development, verification and validation of the
muodel. Third, the approach can more casily accommodate correlation between the random variables
and autocorrelation within the randorn variables. Like DSP and risk efficient monte-carlo
‘programming, the distribution problem approach can accommodate any distribution form for the
random variables. ‘

The approach presented by Johnson et al has been moditied so as to meet the corcerns expressed
by Rae {1970 and to gecount more accurately for the embedded risk and possible tactical
responses available to farmers. The outcome of this modification was that the investment activities
remained fixed during the solution so no probability distributions were associated with these
variables. Therefore, it was possible to choose an optimal strategy.

A simujation model was developed which controlled the execution of the stochastic prograniming
process, The strategic actions available o individual farmers and the random states of nature were
specified in the simulation model, while all possible tactical responses were represented in the
lingar programming mode] (Figure 2). The simulation madel contained continuous probability
distributions for each of the random variables as well as information relating to-fixed variables
required by the linear programming model.

! The dixcrete vanaties were (o 140 per cent m 20 per cont tricrements for alfacation supplies, 0 or 450

menalitres for off-gogation supplies, and “low™, “mediun”™, “high®™ and “very gh” for rainfall runotf.
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The pmcess of anal y'«sxs involved é,m“:mfymg witltin um s:mulautm model a strategic decision as
being constant for & cqmplete simulation, Following the procedure of Johnson ct al ,for cach
ucmon of the mmu}atmn the probability distributions of the random variables were sampled using.

a sampling pmc.cdure with the resulting variates drawn from the disteibution being substituted info
the lincar programming tmodel. The lincar programming model was solved in the standard
deterministic fashion and provided the optimal tactical deeisions in response to the values of the
random variables drawn from the probability disinbutions for that iteration and the initial strategic
decision. The process was mpeamd for cach iteration. Results determined at the completion of this
process included means, variances and higher moments as well as the distribution functions of the
objective function and a number of selected output variables.

A feature of this approach wa. v 1 was possible to make the values of some random variables in
iteration 1 directly related to the values in iteration r-/ due to autocorrelation (where a serial
correlation coefficient is used to determine the values of, for example, water allocation) and due to
 recursive reasons (for example, sheep numbers at the beginning of iteration £ must equal sheep
numbers at the end of iteration £-1).

The ease of execution of this procedure has been greatly enhanced by the development of software
programs such as @RISK™ (Palisade 1992) and spreadsheet based linear programs, In this study
@RISK™ was used to specify the distributions of the random variables, conduct the random
sampling, execute the simulation and report the results. A spreadsheet based linear program,
What's Best!™ (Savage 1992), solved the model for each @RISK™ iteration. The entire procedure
was driven by a spreadsheet macro program with 8o input required of the researcher other than
specification of the initial strategic decision,

The “distribution problem’ as used in this study implies the random variables are observed prior to
the pedod in which the tactical decisions are made. Such an approach is consistent with the nature
of the climate and irrigation supply system in BID.

The use of linear programming for determining the tactical responses for each iteration implies risk-
neutrality on the pant of farmers, As there is considerable information at the commencement of the
season regarding water availability for the forthcoming irrigation, risk-neutrality with regard to
within season planning decisions based on water availability is defensible. The assumption of risk
neutrality regarding non-cmbedded risk in the objective function values is Iess defensible. Methods
such as MOTAD, ot preferably the linear segmented utility-efficient programming approach
nresented by Patten, Hardaker and Pannell (1988), could be included in the model specification.
Given that these methods are solved parametrically, this poses execution problems for the iterative
nature of this stochastic programming approach. One option may be to initially solve a ulility-
efficient programming mode! of the problem and then use the choice of activities as strategic
variables, A less rigorous approach may be to speeify returns for the commodities as random
variables, However, this approach also does not capture the tactical responses regarding non-
embedded risk that may be made by a risk-averse decision maker, Clearly this is an area which
requires greater attention in future research.

i In this study 300 irerations were used to calculate the probability distributions. This is a marked
improvement on the 20 iterations used by Johnson et al

Monie Carle sampling is the traditfonal teehnigue for wsing random or pseudo-random numbers to sample
from 4 probability distribution. Latin-Hypercube is an alternative sampling procedure which requires fewer iterations
whien compared to the Monte Carlo saraphing approach. This is achieved through stratification of the input probability
distributions. The latter sampling procedure was usod in this study.
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| and risk-averse

2.4 Stochastic dominance

In many cases of agricultural research the preferences of individual farmers to risk may be .
unknown due to the difficulties and costs involved in eliciting such preferences. A procedure known
as stochastic dominance (Anderson 1974; Anderson, Dilton and Hardaker 1977) can be used to

- identify and rank risk efficient strategics when preferences are unknown, ,

First-degree stochastic dominance (FSD) presumes that decision makers prefer nore to less of a
- migasure of consequence such as profi, x, implying that the function Utx) is monotonically
increasing i.e. the first derivative is positive, U;(x) > 0. The distribution fix) dominates g(x) by ESD
i Fi(R) < Gy(R) forall possible R with a strict inequality for at least one valuc of R, '

Second-degree stochastic dominance (SSD) adds the assumption that the decision maker s risk
averse. Thus, the function U;(x) is not only monotonically increasing but is concave i.¢. the second
derivative U(x) < 0. The distribution flx) dominates g(x) by SSD if F3(R) £ G(R) for all possible R
with a strict inequality for at least one value of R. ‘

The concept of third-degree stochastic dominance (TSD) rests on an additional assumption that the
third derivative is positive, Us(x) > 0. This restriction is implied by the requirement that decision
makers become decreasingly averse to risk as they become more wealthy, The distribution fix) is
thus said to dominate g(x) by TSD if Fi(R) £ G3(R) for all possible R with a strict inequality for at
least one value of R and if Fa(b) < Gth), where b is the upper range.

Anextension to the concept of SSD is stochastic dontinance with respeet to a function (SDRF)
developed by Meyer (1977a,b) which allows the ranking of risky strategies consisteut with the
maximisation of expected utility. SDRF requires the explicit definition of a class of admissible
utility functions, the admissible class usually being called the preference interval and is specified in
terms of bounds on Pratt's (1964) cocfficient of absolute risk aversion, r{x), defined as the negative
ratio of the second and first derivatives of the utility of the wealth function u(x)

X} = -t ()it)

This approach estimaes the necessary and sufficient conditions for the distribution of outcomes
defined by the cumulative distribution function fix) to be preferred to that defined by the cumulative
distribution function g(x) by all individuals whose absolute risk aversion lic everywhere between
lower and upper bounds r;(x) and rx(x). The power of the technique to discriminate between
alternatives is related to the tightness of the bounds that can be placed on r(x). A maximum range
0f 0.5 (risk-neutral) to 4 (extreme risk-aversion) for the coefficient of relative sisk aversion, r(x),
has been suggested by Anderson and Dillon (1991), with the recommended range in developed
countrics being between 1 and 2. The coefficient of relative risk aversion is related to {x) by the
function;



) = gl

where w represents wealth, Ifa farmier’s assets are around $1 million this implies 2 maximum
range of r{x) coefficients of Sx 10" to 4 x 10% and a recommended range of 1 x 10%10 2 x 10,
Bardsley and Harrls (1987) estimated values of absolute risk aversion of 1 x 10°, 6 x 107 and 1 x
10 for the High Rainfall, Wheat-Sheep and Pastoral Zones of Australia respectively. The Bardsley
and Harris values represent higher levels of risk aversion. A range of absolute risk aversion
coefficients, based on those of Anderson and Dillon (1990) and Bardsley and Hartis {1987) were
used in this study, The program Generalised Stochastic Dominance developed by Raskin and
Cochrane (1986) is used to apply the SDRT analysis. ‘

3, Model Specification
31 Simulation model

The simulation model included both random and fixed varigbles of the farming systen: studied.
Fixed variables include the farm size, soil types, irigation Jayouts, institutional limits on production
of sume activities, labour availability and objective function values. For cach drainage recireulation
and on-farm storage scenario the model determined the storage size, capital, maintenance and
_pumping costs, and the monthly evaporation values associated with that panicular storage.

The three randoni variables in the model are allocation supplies, off-atlocation supplics and rainfall
(from which rainfall runoff is calculated). Historical allocation data was obtained from a Murray-
Darling Basin Commission hydrology simulation model of the Murtay River, This model simulates
behaviour of the Murray system assuming the current level of imigation development and storage
capacity using historical streamflow data and other physical information. The period modelled
covers 96 years from 1892 to 1987. The maximum level of allocation to Berriguin over this period
was 140-per cent, with a mean allocation of 119 megalitres and a standard deviation of 39
megalitres, The hydrology simulation data indicated that the probability distribntion was negatively
skewed (skewness -1.76 and kuriosis 4.78) implying that the function may not be normally
distributed. A varicty of distributions (18 in all) were tested for goodness of fit using the chi-square
test. The best were logistic (x” of 49.8) and normal (x® of 58.7). The critical value of x* at § per
cent for 19 degrees of freedom was 30.14. As both the logistic and normal distribution chi -square
values lie putside this eritical value they were rejected on the basis of geodness of fit. Consequently,
a cumulative distribution was used in this analysis for allocation supply.

The hydrology simulation model of the Murray River also predicted the availability of monthly off-
allocation flows for the 96 year period. For cach month a 071 value indicated the existence or not of
off-allocation availability, the volumes when available being limited by the capacity of the water
delivery system. For cach month off-allocation was either 450 megalitres (the supply channel

~ capacity) or ( megalitres. The probabilities of the occurrence of monthly off-atlocation flows were
caleulated from the hydrology simulation data and are presented in Table 1. A discrete distribution
was used to specify this variable in the simulation model.

Table 1: Probability of monthiy of-allocation supply availability

TTal Aug  Sep Oct  Nov  Dec  Jan  Feb Mar  Apr  May Jun

067 056 060 045 028 000 000 000 000 004 016 043



: : - in agiwm momh was absumcd m'bc vzqmi Daﬂy
' mmfan mncfl‘ wis thcu Lalc:ulatw rmm u‘u: formula;

daily rainfall ranoff;

preeipitation; and

initial abstraction (a function of antecedent soil moisture eonditions, stope,
vegetative cover and soil type).

Source: Water Research Foundation of Australia (1965)

Daily rainfall runoff values were aggregated 1o obtain monthly rainfall ranoff. Mean monthly
rainfall mnoff values from the stochastic simulations for the representative Farm are presented in
Tahle 2,

[Table 2: Mcan monthly rainfall runoff for representative farm (megalitres)

“Jal Aug Sep  Oat Nov  Dec  Jam  Feb  Mar Apr May  Jun
032 029 031 069 110 1.7 245 089 053 135 176 052

An drmportant point to consider when conducting stochastic simulations is the degree of dependence
between the stochastic variables. If there is reason o suspect that there may be a relationship
between the values of the uncertain variables then some account needs to be taken of the
relationship in sarpling for each variable within the same iteration.

A test for correlation was conducted between allocation and off-allocation supplics. A statistically
insignificant correlation coefficient of 0.07 was determined for allocation and off-allocation
suggesting that these two variables are independent of cach other.

Both allocation and off-atlocation supplies were expected to be independent of rainfall Tor both
spatial and temporal reasons. Berviquin is located well to the west of the starage headwaorks in the
upper catchiments (which determine allocation availability) and to a large extent experiences
different weather patierns, In addition, rainfall is experienced by farmers in the current perjod
whereas allocation is primarily determined by rainfall in the upper catchment in previous Seasons.

A test for autocorr¢lation in allocation supplies was conducted as the hydrology simulation data
indicated a possible Tack of randomness between years. A statistically significant serial correlation
ceetficient of 0.43 was caleulated indicating the presence of autocorrelation, This is accounted for
in the model by using the dependency features of @RISK™ to make allocation in iterabion + of the
simulation model correlated to the level of allocation in iteration £/,

32 Lineavprogramming model
The objective function of the nmultiperiod linear programming model invelved the masimisation of

whole farm gross margin. The madel was used to report on a range of physical effects upon the
farm systeny, as well as on financial performance. These include the areas of erops and rotations,
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tofal water use f‘mm vmous sources, levels of dr*unag@ mmmulauon and: dwnaga dasr,harga from
irrigation, and watertable mchargm

I)esc:ﬁmimr of the nmciet isx»ﬂ;isagﬁmgﬁ.teﬂ intotwoareas,

Water resources

‘The model specified 12 :m)nmly time pcmﬂs beginning with July and ending with June. The
multiperiod approach was required so as to aceount for the temporal dimensions of irdgation water

supply, plant cvapotranspiration demands, and limitations ou the. dm inage: remmulamm and water
harvesting capacity of the aystem simulated.

The dynamics of the water mamgamcm ﬂptmns are cmthxxcd n f«‘xgure 3. f:*tmp and pasture
evapatranspiration requirements in each month were et solely from xmgazmn The traditional
supply of irrigation waer is allocation and off-allocation twhen available) supplies. ‘The level of
annual alimﬁtmn can bevaried by purchasing or selling water entitfement via a temporary TWE
scheme®, With the adoption of a recirculanon system, quantitics of § irigation runoff and rainfall

run-off ¢anbe reeyeled on the farm and used for irrigation purposes.

Installation of an on<{arm storage system irmmascs the capacity of the recirculation system and
expands potential opportunities for water management. {n conjunction with a recireulation system,
irrigation nun-off can be stored and recycled in greater volumes {due to the greater capacity of the
storage) and can be stored for use in later periods. The on-farm storage allows the capture and
storage of off-allocation supplies and rainfall runoff. Water transferred from one period to the hext
s summ to losses from evaporation. The study assurmes that the storage is empticd by the end of

the jrrigation scason so that sufficient airspace is available to allow the capture of off-allocation
supphes and rainfalt runoff in the winter and early spring months. A multiyear upumx*smmn model
is therefore not required.

~ When imrigation water is applied to 4 field x:mg, in addition to meeting plant vapotranspiration
requirements, irrigation ranofl and watertable recharge can oceur to the extent that these
requirements are excecded. The Jevel of irrigation runoff depends upon soil type, slope and
irrigation layout and was expressed as a percentage of water application. Irrigation rup-off could
aliematively be disposed into a district surface drainage network, Each ivigated crop and pasture
activity contributes towards watenable recharge, the level of which depends upon soil type, slope
and itrigation layout. The recharge values were also expressed as percentages of applied irdgation
water.

Rainfall runofl was modelled in the same nianner as irrigation wnoff, either being recirculated and
used for irrigation if & tecirculation system is present, ur disposed of into district drasage.

When a {arm neither has a recirculation system or access to district dramage, ranoft will lie ponded
onthe farm. leading to waterlogging losses and recharge of the watertable. Altematively, ranaff
miay drsin into neighbouring fans or roadsides, which again results in contributions to the regional
walertable and waterfogging losses.

' Asdisvyssed i section 3 1 there 13 10te expectation 1 Uus weion of summer rainfall coniribuling to plant

EvapolranspIANan feguIements
Ierigators i Berriguin also have acuess (o a permanent TWE scheme. For the purposes of this analysis it s
assumedd thial both temporary and permanent TWEs bive the same anpudiised values.
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‘Figure 3: Dynamics of drainag
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Agrictdnral activities

A representative farm was d
nssmxxnd m m 399 hewt

kit i ‘ yﬁ‘wﬁlﬁndu 0l .
nncmctxom w{neh exist on bt s n thxs mgmm Acfmrdmgty, xmpmmnx factors such as soil wpes,
fmm labmlr a\*axhbxhty, mmnon npﬁam m)p t,ype w:um*nsu pasmm mm{gﬁmem, hvmmm '

‘ g%(ufh* annml pasium anci‘ {mm 'i lz:r migamm I'twut,s wm mtlwr iamiihmmﬁ or mm»!anﬂfommd
bmrﬁer check. :

On loam soils, wheat, oats, mybaans‘ }nmrmz, sumier pasture and annual pasture were the
primary enterprises on landformed and non-landformed border check Iayouts. The Jatier layout was
furthe camgmsm as being well or poor]y drained with the appropriate yield adjusiments made in
 the enterprises. On landformed contour bay layouts, tive in totation with wheat and annual pasture,
and summer pasture were the enterpeise choices.

e

On clay soils which were landformed border check the enterprises were lucerne and annual pastare,
Tt was expected that no non-landformied border cheek layouts would exist on this soil type. The
same enterprises existed on both landformed and non-landformed contour bay layouts, with the
appropriate yield differences. These were rice, wheat, oats and anpual pasture in rotation. On all

-~ layouts dryland anpual pasture could be produced, while on areas which were non commandable
for irrigation a rotation of dryland wheat and annual pasture was possible.

Each erop and pasture type utilised and contributed to various pools in the modet. Water
requirements were satisfied from the varous water activities memmmd in the previous discussion.
Labour requirenients were met from farm labour available or, 1f more was required, casual Jabour
could be employed. The yield from each crop contributed to various selling pools which dis posed of
grain at a specified value per tonne. Pastute enterprises supplied vields to seasonal pasture pools
from which Tivestock feed requirements were met. In addition to water requirements, craps and
pastures contributed to both irmgation runoff and watertable recharge which were specified on
maonthly basis.

The model aﬂuwad for annual pasture to be utilised for hay as well as dircetly consumed by
livestock. Hay making occurred in spring and could be fed out in mzhar Sumer or aubumn.
Aiwmanvcm annual pasture hay could be sold,

Merino wethers was the sole livestock enterprise specified in the model, Only one livestock
enterprise was used so as to comply with the conditions assaciated with tactical risk, Wethers were
used as they were a dorinant livestock choice in deterministic runs of a broader ranging Hinear
programmung model of this region.

Strategic and tactical risk responses
The aliernative strategies tested in this analysis are presented in Table 3. Strategie decisions which

were also specified are the basic type of rotations and livestock enterprise, however, these were not
varied in the analysis. A basic strategy which the study assumed remained fixed for all the
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 simulations was that the representative farm had acCess (0. *xmgmnal sutface dminagc network o

d;spnst: of excess :rrigat'i(m and infall runoff.

* Strawua demmn,

, Ru:im lation sysmm glus S megalitre storage
1 Rammnmuon system plus 10 megalitre storage
4K ation system plus 26 megalitre storage
~~Rﬁc;mulaum; system plus 48 megalitre storage
| Regirpulation system plus 76 megalitre storage
‘1 Reeireulation systeny plus 99 ma,z,ahm storage
- Recirculation system plus 150 megalitre storage
N Rmmulatmn systent Ms litre lre storage

-':‘sxfzwsﬁxifn&wwwa

Tactical responses were necessaty o ensure i’caszmm:y in thr' farm plans due (o the mcr:urmnm of
the unceriain events, The linear programining model in each iteration had seope o increase or
deerease the number of livestock, with the appropriate capital costs and realisation. The number of
livestock on hand at the end of one iteration became the starting value for stock on hand in the
following iteration.

The mode] was also able to account for changes to crop and pasture arcas, making, buying, selling
and feeding hay, employing casual labour, buying TWESs {annual), selling unused entitlement as a
TWE, xcmrculanng wrigation and rainfall runoff in the current period or storing foruse in later
periods, using off-allocation in permds of availability or storing for later use. Care was taken when
specifying the tactical responses, in particular the crop and pasture rotations, so that feasihility
conditions that would exist from one year to the next were satisfied. For instance, violatiun of this
condition would oceur if on a paticular soil type the model had the ability to move from  rice
rotation in-one iteration to a double cropping rotation featuring soybeans in the next iteration.

33 Benefit-Cost Analysis

A benefit-cost analysis, using the gross margin probability distribution, caleulated net present
values (NPV) for cach of the aliernative strategies. The alternative strategic decisions ontlined in
‘Table 3 involve initial capital outlays with the benefits distributed over some future period. The
NPV eiteria is well suited for comparing projects with differing timings of benefits and costs and
was uscd in this study for ranking the alternative strategic decisions. The general form of the NPV
method is as follows:

NPV = Z{

1

(IM} jm :

where S; = the net cash receipt in year t;
I = the initial investment outlay:
k = the discount rate; and
=3

1 the projects duration in years.
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| Table 4: Capital and maintenance costs uf strategic decisions

fedecision  Capitalcost(®)__

pital cost(8) Annual maintenance {§) |
17,000 . ‘ 350 R
20,091 350

29,000 350
33,560 500
42,980 500
e slorage 53,720 500
alitre stofage 62,000 E 500

1150 mepalitre storage 93,680 1,250

e N " |

Comparing the resulis of the stochastic analysis with those obtained from a deterministic approach,
where expected values are used for the random variables, is auseful means of indicating if the
additional costs involved with a stochastic methodology are justified in terms of more accurate
 information obtained. Consequently, the results for the risk neuteal assumption are reported for both
stochastic and deterministic approaches.

41  Impactof strategic decisions on gross margin

The whole farm gross margin results of the stochastic and deterministic analyses arc presented in
Table 5, These tesults indicate that the mean gross margin values from the stochastic analysis and
the gross margin values from the deterministic analysis were similar, although the results from the
latter approach were slightly higher for each strategic deeision, This discrepancy was due 1o the fact
that the deterministic analysis, by using expected values for the random variables, was nol able to
account for outliers in a distribution. In the stochastic analysis a number of observations of low
water allocation were sampled due to the negative skewness of the allogation distribution and, by
assuming higher water availability than was the actual case, the deterministic analysis cousistently
overestimated the gross matgin values.

No ranking of the strategic decisions was pussible using this criteria as the capital and mantenance
costs of the stralegic decisions were not included in the gross margin analysis.




 [Table 5: Gross margin values for siraiegic decisions (8§

Swmcgic Decision | Dewerminisic znalysls | Stochastc analysis

[ Do nothing I 15328 | 74.557
| Recirculation system 76,245 75,829

| 5 megalitre storage ; 71,751 . 77,011
| 10 megalitre storage | 79,093 B 78,234

| 26 megalitre storage B 80,654 , 79,885
| 48 megalitre storage ] $1,373 = 80,891
| 76 megalitre storage ' $2,285 | 81,821
99 megalitre storage ‘ 83,035 R 81,994
150 megalitre storage 84,368 83,194
1203 megalive stomge | 85433 i 83259

42 Impactof strategic decisions on NPV

The ranking of the alternative strategic decisions may differ according to an individual's risk
preference. Consequently, the results for the assumptions of tisk-neufrality and risk-averseness with
regard 1o the strategic decisions are reported separately.

Risk-neutral

The majority of farm level analyses which assume risk-neutrality are conducted in the standard
deterministic fashion, whereby the expected values are used for the random variables, The
assumption of risk-neutrality ¢an also be made when using a stochastic analysis. In this case the
decision maker is solely interested in the magnitude of the expected values and has total disregard
for variance. With these decision makers utility maximisation is equivalent to profit maxinisation.

The results reported in Table 6 are caleulated on a with and without project basis, i.e. they represent
the difference in NPV between the strategic decision and the do nothing startegic decision, A NPV
greater than xero indicates that the stratepy is financially superior while a negative NPV means the
strategic decision is financially inferior to the base case.

[Table 6: Difference in NPY between the strategic decisions and the do nothing case (3)

Strategic Decision | Deterministic analysis Stochastic analysis

Recirculation systen ’ (7,561) 13.288)
5 megalitre storage {465y 4,028

10 megalitre storage ' ‘ 2937 2,125

26 megalitre storage 10,884 15,124
48 megalitre storage 8,482 17,266
| 76 megalitre storage | 6.534 17,228
99 megalitre storage 5434 13,163
150 megalivre storage { (18.369) (13430

203 megalite storage | (23,370) 1 (27,656}



: mcgdhm ;smrﬂge syswm pmwdcd tlu: hjgl xcst mlums from# usappmach.

Dmm’lgu tecirculation systems with on-farm: stomga t:apacmcs bcLWchL 5 and 99 mcgalmcs were

financially superior (o the d :

~ refums were provided by a 48 megalitre storage, ¢
deterministic approach.

' Riskdzxw&ﬁ

1
e smem wﬂ& be pmimcd toa remreu%atmn systcm thh 76 1 galm and Iargersmragcs
iphical analysis, however, is unable to-indicate whether a 5 megalitre, 26 megalitre or 48
mcgah‘m: storage recireutation system will be. prefecred by 4 risk-averse decision maker,

- SDRF was applied (o the strategic decigions with the results for a number of #(x) ranges reported in
Table 7. The results indicate that under the r{x) range suggested by Anderson and Dillon (1991} a
recirculation system with a 48 negalitre on-farm storage is optimal for risk-averse farmers. Under
the range of risk aversion repored by Bardsley and Harris (1987), risk-averse farmers would be
indifferent between the adoption of a 26 megalitre and 48 megalitee storage with a mircnlamn

systen,

* Figure 4: NPV resuls for strategie decisions in (£,V) space ®
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“Table 7: Dominant recirculation strategies with various anges of absolute risk aversion |

ot Rrskav ; ch
Hlx 100 3 ,(m(:
[ 1x10%01x10°

| 48 megalitre storage
43 ;‘nlpiliCt_if;if s‘trawgiﬁcxiecisim onihe enviFonieal

‘The stochastic analysis was also able to determine the mean values for a range of physical
information as well 15 whole farmy gross margin, Environmental values of interest are presented in
Table 8. '

The results indicated that the requirement for draining runotf off-farm diminished significantly as
the size of the storage in a recirculation system increased. Moreover, recharge of the watertable
from off-farm sources associated with the runoff declined as the storage size increased. Recharge
of the watertable on-farny increased due 1o the extra irvigation involved with these Strategies,
Overall, thie levels of watertable recharge and drainage of irrigation runoff declined with the
installation of recirculation and on-farm storage systems. Thete are social benefits involved with the
reductjon in these exiernalitics which have not been eapiured in this study.

| Table 8: Mean environmental values associated with the strategic decisions (megalitres)

, I:ﬁgélimﬁkﬁnoff “Rainfall Runolt “Watertable Recharge |
| Strategicdecision | Stored ~ Disposed | Stored  Disposed | On-farm _ Off-farm |

Da nothing 0 125 16 25 16

' Recirculation system 22 105 ' 26 13
5 megalitre storage 57 71 128

{ 10 megalitre storage 92 39 30
26 megalitre storage 133 kIi!

48 megalitre storape | 137 35

76 miegalitre storage 139 36

99 megalitre storage 140 37

150 megalitre storage 143 38

| 203 megaliire storage | 144 38

~N O D
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15
16
18
17
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5. Summary and Discussion

The objective of this study was to assess the financial benefits associated with various on-farm
drainage recireulation and stotage options for a representative farm in Berriquin Irrigation District.
A stochastic programming approach was adopled se as to account for uncertainty in a number of
key variables; allocation supplies, monthly off-altocation flows and rainfall runoff,

The stochastic analysis indicated that risk netral farmers would prefer a recireulation system with
248 megalitre storage, whereas a deterministic run of this analysis determined that masimum
returns were 10 be obtained from a recireulation system with a 26 megalitre storage, The diffeience
in results between these approaches was due to the stochastic analysis being able to account for
outlier values from the distributions which cannat be reflected in the expected values for random




vmmbk:s used by & ducummsuc appr oach, The swchastm ana ysis pmvxdéd, thcrcmre, Amore
accurate assessmient of [hc benelits and costs associated with the strategic dccxsmns studlcd

SDRf* proacciures were applied to determine the prcfﬁfenccs of nsk averse decision makers, A

recireulation system with 4 48 mcg'ﬁxtrc storage was the dominant strategy Tor an absolute risk

aversion range of  x 10°%to 3 x 10 (suggested by Anderson and Dillon 1990), while a

recirculation system with a 26 mcgamre storage _;oined this strategy In the dominant set foran

absolute risk aversion range of T x 10° o 1 x 10*® (measured by Bardsley and Hatris 1987). The
- results suggest that for this problem there i little differcnce between the preferred strategics for
 risk-averse and risk-neutral farmers,

The analysis indicated that the adoption of drainage rcurculauon and on-farm storage systems Jead
to reductions in the level of externalitics associated with the management of irigation and drainage
water. There are social benefits involved with reductions in these extemal costs. '

The stochastic programming methodology used in this study was an addpmuun of the *distribution
problem’ approach presented by Johnson, Teferiller and Moore (1967), The main modification
was the development of a stochastic simulation model which contained the strategic decisions and
executed the linear programming model. For each nun of the simulation model a strategic decision
was pre-specified for the entire simulation, the results of the simulations were then compared to
assess the aliernative strategic decisions. The possible tactical responses 1o the initial strategic
decision and intervening states of nature were confined to the linear programming mode!.

The stochastic modelling process was ‘passive’ in nature, implying that decision makers have
perfect knowledge of the random events. This assumption was feasible given the nature of the
climate and the irrigation supply system in the region, with uncenainty essentially being confined to
water ava:lab:my between years as supply and demand for irrigation water within the summer
irrigation season is deterministic. If the problern 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 required, such DSP or stochastic dynamic programming. Allernatively, the
methodology presented in this study could be further adapted to account for such situations. For
example, the linear programming model could be used to deterniine farm activities and (actical
responses prior to the commencement of the irrigation season, subject to the information known at
that time. The simulation model would not only specify the initial stralegic decisions but also allow
further tactical responses (o the farm plan developed by the linear programming model as certain
states of nature become known as the irrigation season progressed, Such an approach cauld then
accurately reflect the strategic and tactical responses that would be involved.

The stochastic programming formulation presented in this study has substantial flexibility in dealing
with the strategic and tactical responses associated with problems involving embedded risk. The
model developcd is generally smaller than those using DSP for the same problem which represents
a significant advantage when considering the costs of model development, verification and
validation.
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