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Abstract

Irrigation, over extraction and land clearing hasl Imajor impacts on river environment particularly
in the Murrumbidgee river catchment. Increased waégnands for agriculture and other uses have
led to low flows and changes in the seasonal flattgons. However, as further growth in water
diversions is not possible due to the impositiothef Murray Darling Basin Cap, the need to achieve
improved environmental and economic outcomes wcation policies requires greater efficiency in
the use the limited water resources.

This paper presents a system dynamics approachotielhimg aimed at assisting stakeholders in
understanding, predicting and resolving potentiater sharing conflicts which have becomes more
acute after the imposition of Cap on diversions ae®t environmental flow rules. A dynamic
agricultural network simulation model based on ennemic concept was developed to analyse the
historical water allocation in the Coleambally gation area within the constraints of existing
environmental flow rules. This is the first attenbp@apply a system dynamics approach for irrigation
demand management at the irrigation area levek mbatwork model uses a node-link approach to
represent the Coleambally irrigation system. Thedehas tested using various hypothetical
scenarios, such as change the crop areas, envint@miow targets, and water pumping.
Furthermore, the model is shown to be a usefutpand planning tool for water supply authorities,
policy and decisions makers and irrigators.
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1. Introduction

Over the last 100 years the natural state of Mubidgee River has been changed significantly by
using water for agriculture, recreation, industnglalomestic needs. These diversions have created
significant economic benefits with clear evidenténareasing environmental stress within the river
[3]. The three main limitations of increasing wagarpply are hydrological, environmental and
financial. As a result, increasing emphasis is ¢pgtaced on demand management in managing
water resources in the Murrumbidgee. According tmp&nny [8] in short, there are four major
demand management options: reduce waste and phisssas in distribution systems, increase
recycling of water in all industries, reallocatasting water supply more evenly and equitably, and
treat water as an economic good and increase waters. Only in the last decade, as the scarcity of
water, degraded water environment and over extradtas become apparent, sufficient attention has
been placed to managing water based on sustaimattér management using environmental and
economic sustainability principles. In water reg@umanagement, sustainability implies a notion of
balance or equilibrium between water demands amgtéservation of the water ecosystem.

The Murrumbidgee catchment is facing severe andigg challenges in maintaining and meeting
the irrigation demand for water. In addition, wateed for irrigation will likely have to be dived
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increasingly to meet the needs of other usershétsame time, environmental and other in-stream
water demands become more important as economvetoge A large share of water to meet new
demands could come from water saved from existggsg hrough a comprehensive reform of water
policy. To address the need for a better balantedss river health and use, the New South Wales
Government introduced a major package under therellalbof the COAG reforms and the CAP
including water-sharing plans and environmentagtiflow rules. The major goals of the policy
were the achievement of more explicit and carefidrieg of water between the environment and
water users to mitigate the impacts of high sumihogrs for irrigation by release of environmental
flows.

Not surprisingly, since the introduction of CAP, ¥#&faSharing Plans and Environmental flow rules,
the allocations announced at the start of the selagee usually been reduced and never reached 100
% of the entitlements. There is a major drive tadgtand understand the water sharing conflict
within the context of farmer’s economic needs ia @oleambally irrigation area. Thus, the main
objectives of this research are to describe a systgnamics approach to modelling a complex
irrigation system and to analyse the historicalenvatocation for the Coleambally irrigation area
within the constraints of environmental flow rulessed on an economic rationale.

2. The Study Area

The Murrumbidgee catchment is located in NSW, Aalstrand has an area of about 84,000 km2.
The Coleambally sub-catchment is located on théheon side of the Murrumbidgee River (Figure
1). Irrigation also occurs along the length of Mumbidgee River through private diverters. The
Coleambally irrigation area, CIA is the second émtgarea of irrigation production, accounting for
75,000 hectares of irrigated area. The major iteigaagricultural enterprises include rice, wheat,
oilseeds, citrus, wine grapes, stone fruit, vedeakand annual and perennial pastures supporting
livestock enterprises including prime lamb, wootl deef productionGogeldrie Weir, some 50 km
downstream of Berembed, was completed in 1959 #&blenthe diversion of extra water to the
Murrumbidgee Irrigation area MIA and associatedtiiits and later to the CIA

2.1 Allocation for Coleambally irrigation area

It has been reported [2] that under normal coond;j irrigators could expect to receive their full
allocations in all years except in the driest ohrge(see Table 1). An initial allocation made &t th
commencement of the season is updated continudusilyg the season due to increases in rainfall
in the area. Historical allocation announcementsisthat initial allocations were either set at thei
maximum level (100% or higher) at the start of itngation season or set at a lower level and then
considerably increased as the season progressed.
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Figure 1 Main off-take canalsand irrigation areas

Tablel: Allocation percentage announcement compatfison

Water year Aug Sep Oct Nov Dec Jan Feb

1980/1981 67 67 85 95 100 100 100
1981/1982 100 100 100 100 100 100 100
1982/1983 100 100 100 100 100 100
1983/1984 65 75 100 120 120 120 120
1984/1985 100 140 140 140 140 140 140
1985/1986 120 120 120 120 120 120 120
1986/1987 100 120 120 120 120 120 120
1987/1988 100 120 120 120 120 120 120
1988/1989 120 120 120 120 120 120 120
1989/1990 120 120 120 120 120 120 120
1990/1991 120 120 120 120 120 120 120
1991/1992 120 120 120 120 120 120 120
1992/1993 110 120 120 120 120 120 120
1993/1994 120 120 120 120 120 120
1994/1995 100 100 100 100 100 100 Cap |
1995/1996 100 105 105 105 105 105 105
1996/1997 100 100 100 100 100 100 100
1997/1998 80 88 90 90 90 90 90 WSP |
1998/1999 60 72 79 81 81 81 85
1999/2000 50 53 60 67 67 73 78 Env.Flow
2000/2001 59 60 80 90

2001/2002 47 53 65 72

2002/2003 34 38

! Data Source: Pers.Comm. S.Khan (2003)



Not surprisingly, since the introduction of Cap, t&faSharing Plans and Environmental flow rules,
the allocation announced at the start of the sehasrusually been reduced and never reached 100
% of the entitlements (Figure 2). This is a majovelto study and understand the impact of water
reforms on farmer’s economic situation. Moreovarce 1994 there has been increased emphasis in
water trading as a solution for solving water-shguproblems in the Murrumbidgee and across the
Murray Darling basin. But this policy threatens thaetential benefits of the CAP for both water
users and the environment. In particular, thethtron on diversion based on the 1994 level of
development has had some impacts on the water praceand activation for dozer licenses. As the
volume of water entering the area has decreased wdrapared to the previous years, the volume of
water leaving the area has increased as shown(8 #0 CIA. This can be attributed to the low
water allocation for the season and increased pfetemporary transfer causing many farmers to
decide on selling their water rather than planthgjr farm.
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Figure 2 Murrumbidgee Valley General Security Allocations? 1989-90 to 2002-03

3. System Dynamic Approach

In a complex water resource system such as thestmgged in this research, the problems usually
include many kinds of subjective variables. Difftees mainly arise from the integration of
economic and environmental perspectives with thertieal elements. The dynamic character of the
main variables and how they affect water use inftihere is not captured through the traditional
approach such as simulation and optimization ofewailocation. Although the application of
optimization techniques has been a major fieldeskearch in water resources planning for many
years, their stand alone adaptation to practicpliegtions has not been satisfactory, partly due to
the fact that most deal with oversimplified systgfis6]. Therefore, there is a need to explore new
tools for representing the complex relationshipstbin irrigation systems. One of those promising
options is the system dynamics (SD), a feedbackehasbject-oriented approach. Although not a
novel approach, system dynamics offer a new wagnoflelling the future dynamics of complex
systems. System dynamics is based on [6] a thebrgystem structure and a set of tools for
representing complex systems and analysing theiamyjc behaviour. The most important feature of
system dynamics is to elucidate the endogenouststeiof the system under study, to see how
different elements of the system actually relateom@ another and to experiment with changing
relations within the system when different decisi@ne included. In system dynamics, the relation
between structure and behaviour is based on theepof information feedback and control. What
makes using system dynamics different from othegr@gches such as optimization and linear

2 Data source: pers. comm. S.Khan (2003)



approaches to studying complex systems is the @ideedback loops. Stocks and flows help
describe how a system is connected by feedbacksledpch create the nonlinearity found so
frequently in modern day problems [i.e. in the d&ys, the problems are linear]. Computer software
is used to simulate a system dynamics model ofsth@tion being studied. Running "what if"
simulations to test certain policies on such a rhode greatly aid in understanding how the system
changes over time.

Moreover, the inherent flexibility and transparensyparticularly helpful for the development of
simulation models for complex water systems witlbjective variables and parameters. This
flexibility allows the application of hierarchicalecomposition in the model development and the
transparency raises the possibility of practitishenvolvement in the model development,
increasing their confidence in the model operatard its outputs [5]. Compared with the
conventional simulation such as hydrological madgllor optimisation models, the system
dynamics approach is better to represent how eéiftechanges in basic elements affect the dynamics
of the system in the future. It is therefore pattacly useful for representing complex systems with
strong influences from environmental or econom@&rents. Recent applications of the SD approach
in the field of water resources have been few ameé gamall scale. It includes river-basin planning
[4], assessment of water resources long-term watource planning and policy analysis [6] and
reservoir operation [1].

Using Vensini as a software development tool to configure théewhalance network model, a
system dynamicdNetwork Simulation Model NSM) was developed to attempt the analysis of
historical water allocation for the Coleamballygation area within the constraints of environménta
flow rules based on economic rationale. The purmddéensim is to help solve problems that would
be hard to address mathematically without the &glmulation. Moreover, the Vensim environment
will insulate the user from both the underlying hwahatics and the details of the language
specification. Moreover, the Vensim modelling laage is a rich and readable way of representing
dynamic systems. It has several capabilities ssdhaflight simulator approach, building a control
room, synthesis, reality check, sensitivity testimyltivariate sensitivity simulation , subscripbts
and optimization whictcan be used to validate and estimate parametdibréti@n) or to select
among alternative polices (policy optimizationjichieve the best.

4, Network Simulation Model (NSM)
The Murrumbidgee River was divided into five reaxiased on the available information and data
about inflow and outflow with diversion and demaasdfollow:

» Dams — Wagga Wagga

» Wagga Wagga — Narrandera

* Narrandera - Darlington Pt

» Darlington Pt — Hay

* Hay - Balranald
The network model will focus on the three reachdsch serve the Coleambally irrigation area
starting from Wagga Wagga to Hay. Thus the netwoddel consists of a link from a supply
node (e.g. weir, ground water and water tradingdreess boundary of the system, a demand node
(e.g. irrigation area or district, environmentavfi, water trading) as the second boundary of the
system, and a distribution node or the links cotingehe nodes including river reaches that may
carry environmental flows as well as irrigation anas shown in Figure 3.

3 Vensim is a Trade Mark of Ventana 1996
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Figure 3: Network supply, demand nodes and model components

Using this concept, the modetes a hierarchical decomposition principle by nimdgthe irrigation
water system network of the Coleambally irrigatieystem with all the model components at a
monthly time interval. The model components cowddibfined as follow:

* Coleambally Irrigation Area as demand node basetth@cropping pattern
« Environmental flow as demand node based on envieomahtarget flows.
* Water trading as demand and supply node betwedrridpgion areas

* Coleambally main canal as supply node

* Reaches and canals as distribution node

* Ground Water pumping within the irrigation areasapply node

Consequently, each model components is modellethtegrating basic components as shown in
Figure 4, which describes the internal structurerop water requirement. The model proposed will
be capable of exploring a wide variety of water@y@nd demand scenarios for the study area. The
interactive computer based tool allows the expionabf how various water supply objectives and
demand requirements can be met for future scenattbsenvironmental and economic constraints.
Conceptually, net returns, gross margin and vagiabkts represent the economist principles while
minimizing total pumping requirements and meetithigation demand represent the hydrological
aspect. Furthermore, satisfying environmental ruestarget flow represents the ecologists or
environmentalist goals.

5. Model Application, Validation and result analysis

NSM can simulate the physical water demand fromgation areas using a hierarchical
decomposition approach to calculate water requintnised on the cropping pattern or the
cropping plan and the total irrigated area. In ttasmtext, the total water requirement from the
irrigation area per month is calculated (figuread)
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Figure 4: Calculation of crop water requirement for month

TWreg = ZC Ay XWreq

Where Wreg ) is the monthly crop water requirement, ang,i8 the cropped area.

Crop water requirement Wrgg) is calculated as a function of crop coefficientopc growth
duration, evapo-transpiration (ET mm) and rainfadim) in the Coleambally irrigation area.

The fraction of growth period in a given month éogiven crop (FG.Ratjg.)) will be calculated by:

G.duration
days,

FGRatio, =

Where G.duratiorgm is the growth duration of a crop C in momthandDays is the total days of
monthm. The crop water requirement per mega litre is calewl as follows:

Wreq . ., = Kam xFG.Ratio(Cym) XET ) = FG.Ratio(cym) xRai Ny

Where Kam is the crop coefficient of crop ¢ in month m and@f and Raig, are evapo-
transpiration (modified Penman method to calculafe )and rainfall in monthm, respectively..
Figure 5 shows the rice crop water requirementutaied.
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Figure5: Rice water requirement simulated for 10 years

The simulation model allows a non-expert user 8 &d use the model by running the simulation
for the data time series with capacity to changectiopping plan or pattern and total irrigated doea
determine how the system responds to supply ancgeérand how much water remains at the end
of the system after satisfying the irrigation sypplombulene storage and environmental flow
target. The NSM model has been validated and tastsée if it reflects reality or mimics the real
world system. Figure 6 shows the simulated flowhatend of the system compared to the observed
flow at the end of the system. High correlation véeen observed with?R0.9 which increase the
confidence in the NSM with using the historicalvito data. Moreover, Figure 7 shows a dramatic
decrease in the flow at the end of the system duhn last 3 years after applying the environmental
flow rules, which reflected in average allocatiesd than 60 %. As recorded during the last year the
allocation was 23% which it was the lowest record.

Correlation between Simulated and Observed Flows at the end of the system
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Figure 6: Theflowsat the end of the system
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Figure 7: End of the system flow after applying Environmental flow rules

The model also calculates the total gross margidMTin AU$) and variable cost can change with
different demand and supply options. Figure 8 shiovescases, the status quo and an increase in the
total irrigated area of 10,000 hectares last y@@RM3 under status quo scenario. It is very clear

the total gross margin has increased in case oéased total irrigated area. Moreover, it is reshlt

in, the demand has increased over the 10 yearl2Mronth water year starting from July) with 16
% during the summer season and that is reflectedgreater shortage in the supply system during
the dry year, which has a negative impact on tve@mmental flow target.
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Figure 8: Total gross marginal with changethetotal irrigated area (2002/03)

Figure 9 shows the difference between water suppty demand at the irrigation area in the three
cases:

» Case 1: the status quo,
» Case 2: an increase the total irrigated area, and,;
» Case 3: a decrease the total irrigated area.

It is very clear that the difference between casasuch higher which reflects the shortage in the
supply system in case of an increase the totajaiteid area. Conversely, by decreasing the total
irrigated area with the same cropping pattern, damand has decreased. Thus, case 3, with a
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reduced total irrigated area is superior and tH&erénce between supply and demand in most
months is zero or positive value.

From the above results and discussion, it is véegrcthat the Network Simulation Model using
system dynamics is appropriate tool to analysgdtibn management strategies by enhancing the
ability of managers to analyse the system behaviawaddition, it also proves that what is good for
a season or year is not necessarily good for csons.
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Figure 9: the difference between supply and demand with decreased total irrigated area

6. Sengitivity Analysis

Three cases of irrigated area development (presegated area, decreased total irrigated area and
increased total irrigated area) were tested witteehhypothetical scenarios (winter cropping,
summer cropping and water saving). These threeasosnare compared to the status quo scenario
in which current cropping pattern percentage isliagpTable 2 shows the percentage of cropped
area in different scenarios with 10 crops.

Table 2: Cropping pattern percentage for each hypothesicaharios

Scenario | Rice Wheat| Maize | Barley | Oats | Canola Vines| Win- | Soybean Lucerne| T.Area

Past
Status 42% | 20% 5% 5% 2% 1% 1% 16% 7% 1% 100%
quo
Winter 10%| 23.6% | 4% 8% 8% 11% 3% 24% 8% 0.4% 100%

Summer | 43% 8% 16% | 4% 1.6%1.6% | 3.2%| 4.8% 16% 0.8% 100%

Water 0% | 0% 48% | 24% | 24% 24% 48% 8% 4.8% 4.8% 100%
saving

In the water saving scenario, the high water rexpénts crops are forgone. While, the summer and
winter scenarios propose increased the croppedadrsammer and winter crops respectively. The
main constraint imposed on the system was to gdtisfenvironmental target flow first and then the
agricultural water demand. Table 3 shows gross matgtal income and variable cost which
resulted from the different scenarios. From an enun point of view (maximising the total
income) the summer scenario provides a positiveltres all three cases. Another economic
perspective could be looking to minimising the castl in that case the water saving scenarios
provides a positive result for all three cases anthe same time minimising the use of the resource
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Because the water saving scenario has avoidedviédér requirements crops for rice and wheat,
which are mainly responsible for high water demand high cost during summer and winter season
respectively.

Table 3: Total gross marginal, total income and total Magacost in the three cases with
hypothetical scenarios

Case 1 status quo Case 2 increased T. Area (aserBased T. Area

Scenarios TGM | T.Income| V. Cost| TGM | T.Income| V. Cost| TGM | T. Income| V. Cost
$AU $AU $AU $AU $AU $AU $ Au $AU $AU

Statues 56.01 105.17 49.16 66.93 125.67 58.74 49.08 92.16| 3.074
quo
Winter 23.57 57.7 34.12 28.82 69.6 40.77 21.14 51.04 29.0
scenario
Summer | 64.42 120.4 55.98 77.04 144.05 67.01 56.4 105.68 .1449
scenario
Water 10.7 42.4 31.7 12.8 50.9 38.05 9.43 37.3 27.9
scenario

Conversely, the environmental goals or perspedsiveoking at satisfying the environmental flow
target. Figure 10 shows the flow for the three samsethe end of the system with the summer
scenario compared to the environmental flow tares very clear that the average flow for 10
years shows that during the summer months thettfiaye was not satisfied. Despite this, Case 3
with a decreased total irrigated area is supedadZdse 1 and Case 2. On the other hand, the winter
and water saving scenarios have shown good reisuliatisfying the environmental flows target
over the 10-year period when compared to the sunscemario. Overall, Case 3 (decrease in total
irrigated area) has shown a greater positive impaanvironmental flow than Case 1 (status quo).
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Figure 10: Summer scenario with environmental flow

Figure 10 shows the flow for Case 3 at the endhef sgystem with summer and water saving
scenarios compared with the environmental flow dardyloreover, the water saving scenario has
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shown improvement in the end-of-system flows durtihg summer months. In general, Case 3
shows better performance than the other two casesghout the 10 years of simulation.
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Figure 11: Case 3 (decreased thetotal irrigated area) summer and water saving scenarios with
environmental flow

7. Conclusions Remarks and future directions

This paper reports the first attempt to apply atesysdynamics approach to irrigation demand
management, by linking the hydrological aspect$ witvironmental and economic considerations.
Several scenarios and cases were designed by olgatihgi cropping pattern and total cropped area.
The NSM model helped to prove the fact that whajasd for one year or season such as cropping
pattern or demand management it is not necessgoiby for the second season or water year
according to changes in water allocations and digas resulting from climatic change. Indeed, this
model can be extended and applied to simulate wsrpolicy scenarios. The system dynamics
simulation approach allows evaluation of altermatstrategies and can provide answers to many
guestions about the environmental flow targetsppirmy policy or plan and water allocation. This
case study demonstrates the potential of the sydy@@amics approach as a decision support tool for
improving stakeholder and decision maker involvenagrd confidence in modelling.
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