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Abstract: Knowledge of the likely rainfall and river flow for a coming season can improve 

management of an overall water resources system without unduly compromising either the 

environmental or productive behaviour of the system. The objective of this study has been to assess 

the probability of irrigation demand shortfalls, i.e. soil moisture deficits, for a typical ―run of the 

river‖ irrigation scheme so as to identify the duration and severity of potential shortfalls. In this study 

a multi-objective linear programming tool WATHNET has been used to build and run a model of the 

irrigation scheme. The focus of this study has been on how to use predictions of 3-monthly rainfall 

and temperature to estimate potential daily water available for irrigation. The method uses Monte-Carlo 

simulations, to produce multiple replicates of equally likely sequences of river flows, rainfall and 

potential evaporation values. A sub-set of the equally likely sequences is then selected using 

prediction information of the likely seasonal climate outlook from NIWA’s Climate Update. The 

selected sequences, which are biased towards the seasonal climate prediction, are then used as inputs 

to multiple model runs. By using the output from all the ―biased‖ model runs a probability 

distribution can be made of water availability for irrigation. The methodology has been demonstrated 

using the Shag River Irrigation Scheme located in the Otago region of New Zealand. The results 

compare the predicted soil moisture variation over two three-month periods with retrospective 

simulations based on the observed rainfalls, river flows and potential evaporation values. Results 

suggest that WATHNET can simulate 3-month soil moisture dynamics. In order to develop 

WATHNET as a tool to assess probabilities of irrigation shortfall it needs to be validated using 

measurements of soil moisture variations over an irrigation season at sites with different soil types. 
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1. Introduction 

Efficient irrigation is crucial to raise agricultural productivity in any country, and to improve 

environmental outcomes resulting from farming activities. New Zealand’s agricultural productivity is 

boosted by irrigation. The amount of increased productivity depends on the crops that are grown and 

the weather over each growing season. Over many growing seasons, productivity will be affected by 

the adequacy of the region’s water supplies to meet irrigation demand, with available water supplies 

likely to be affected by changes to the climate. Thus when designing a potential irrigation scheme, 

tools are needed to assess the ability to meet inherently uncertain future irrigation demands over 

monthly, seasonal, annual, and decadal time periods [1]. 

When soil moisture drops below a certain percentage of the plant available water, irrigation 

needs to be applied if crop yield is not to deteriorate [2]. Water supply for irrigation usually comes 

with restrictions when there is not enough natural soil water recharge [3]. Typically, legislative 

restrictions limit abstraction from river(s) to maintain ecological values. Other significant factors can 

also control the availability of water for irrigation and these must all be taken into account. They 

include such things as the requirements of other users, natural inputs, i.e. rainfall and potential 

evaporation, differences in soil types because of their different moisture holding capacities, and the 

water demands of different types of land use. 

Knowledge of available water in the coming season can help better management of water 

resources without unduly compromising crop production or the environment. Hence, there is a need 

for tools to estimate availability of water for a coming season’s irrigation. 

This need can be addressed by developing estimates of future water availability for various 

possible scenarios where the scenarios are based on historical climate conditions [4]. Each scenario 

represents a unique combination of probable future behavioural and climate conditions. 

The objective of this study is to assess the probability of irrigation shortfalls for a specific 

irrigation scheme, and uses the WATHNET system to provide a flexible approach to achieve this 

objective. It has two main advantages over other available systems: It is a purpose-built planning tool 

for modelling the interaction of demand, supply and constraints, and has a long history of successful 

use [5–12]; it can handle complex conditions on water abstractions unlike other systems most of which 

can only impose minimum flow conditions, e.g. the water balance model WATYIELD [13]. 

2. Methodology 

2.1. The Shag River irrigation scheme 

The concepts of this paper have been demonstrated using ―The Shag River Irrigation Scheme 

(SRIS)‖. This irrigation scheme was selected because of data availability from previous work [14]. 

The Shag River irrigation scheme is located in East Otago in the South Island of New Zealand 

(Figure 1). Irrigation water is drawn from multiple points along the river and used directly by 

properties with the requisite consents. While there are plans for surface storage of water these have 

not yet been implemented. There are no known groundwater withdrawals and there is no diversion of 

water into the catchment. The Shag River is the only source of irrigation water within the catchment. 

The Shag River is gauged at two locations namely, the Shag at The Grange (site number 72603) and 

the Shag at Craig Road (site number 72690). The catchment drainage areas at The Grange and Craig 
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Road are 319 and 428 km
2
 respectively. Table 1 shows the statistics of flow for the measurement 

locations. The catchment precipitation is based on the rainfall measured at Stoneburn in the south of 

the catchment, site number 504502. 

Table 1. The Hydrological characteristics of the Shag River (7-day MALF is 7-day mean annual low 

flow) [22]. 

 
Drainage 

area (km
2
) 

Mean annual 

Precipitation(mm) 

Mean Flow 

(m
3
/s) 

Median flow 

(m
3
/s) 

7-day MALF (m
3
/s) 

The Grange 319 652 1.67 0.59 0.16 

Crag Road 428 652 2.12 0.71 0.16 

 

Figure 1. Location of Shag River irrigation scheme and major land use types (High 

producing exotic grassland is the irrigated area). 
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The SRIS has four main soil types, Table 2, and while these are scattered across the irrigable 

area, they have been aggregated for modelling purposes. Figure 2 shows the schematic of the SRIS 

as modelled using WATHNET with details given in following section. 

Table 2. Soil areas with different moisture holding capacities [14]. 

Soil Moisture capacity (mm) Area km
2
 % of total irrigable area 

40 8.32 10.8 

80 47.88 62.2 

100 7.19 9.3 

120 0 0 

140 0 0 

160 13.64 17.7 

Total area 77.03 100 

 

Figure 2. The Shag River Irrigation Scheme (SRIS) as modelled using WATHNET—see text for a 

description of individual features. 

2.2. WATHNET modelling 

WATHNET [5] is a multi-functional, objective-based, water resources system multi-objective 

linear programming model that can simulate, optimize and calibrate simple to very complex water 
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resources systems. The WAHNET model was developed at University of Newcastle, Australia. One 

of the components of WATHNET is a tool that allows the user to build models that are specific to 

their system and which conform to the requirements for solution as a multi-objective linear 

programming problem. Models built using WATHNET are quite general and can apply different 

types of constraints to allocate water within a system. In this respect it departs from a more 

traditional ―headroom‖ based approach for assessing system capacity such as outlined in the UK 

Water Industry Research (UKWIR) publication ―An Improved Methodology for Assessing 

Headroom—Final Report‖ [15]. Use of a scripting language enables the user to apply complex 

runtime functions to model components [11]. Models built using WATHNET can simulate the 

operation of a wide range of water supply network configurations, and can use as input, information 

about the current state of a system, as well as predicted flow and demand. 

WATHNET uses information about the current state of a system (initial conditions), and time 

series of predicted flows and demands for stepping simulations forward in time. 

In a normal WATHNET approach sequences of demand data are used to ―draw‖ water through 

a water supply system subject to different types of constraint, e.g. pipe sizes, allowable abstractions, 

etc. For an irrigation scheme, demand is determined by how much water is required to raise soil 

moisture to field capacity. Thus the SRIS model departs from the default hierarchy of model objectives 

given below, in the ways shown in brackets after each item, in order of decreasing priority [10]: 

 Satisfy demand at all demand centres (not used); 

 Satisfy all instream flow requirements and constraints (abstraction conditions set by the 

regulator; highest priority); 

 Ensure that reservoirs are at their target volumes (the target volumes correspond to field 

capacities, and these conditions act as the system demands; second highest priority); 

 Minimise delivery costs (used to prioritise the order in which flows use different paths in the 

model; lowest priority); 

 Avoid any unnecessary spill from the system (not used). 

For use in New Zealand where environmental considerations usually outweigh demand 

considerations, the default hierarchy of objectives is overridden by associating higher ―costs‖ with 

violation of environmental conditions. 

A WATHNET model is made up of a network of nodes and arcs and that provide a graphical 

representation of the system being simulated. For each model run WATHNET uses a multi-objective 

genetic algorithm to efficiently search through all possible solutions. For the past two decades this 

model has been successfully used for long term bulk water supply planning by Wellington Water in 

New Zealand [6,16,17]. This model has also been widely used in Australia [9,10,18,19]. 

2.3. Description of the SRIS using the WATHNET system 

The model schematic is given in Figure 2. It is a topological representation of the system 

elements, not a geographical one, i.e. it shows the correct relationships between elements, but gives 

no graphical idea of their relative sizes and locations. The outcome on the model has no impact if the 

representation of the system elements shows the correct relationship. Size is a property attached to 

each element in the network when a model is built. Through their properties some elements 

effectively function as sub-models of the overall model. For example, the properties of the soil 

moisture storage units act like simple soil moisture column models in that water enters the column, 
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any surplus runs off if the column is filled, and evaporation reduces the contents. 

Blue lines are ―stream channels‖ whereas green lines are ―conduits‖. The difference between 

―stream channels‖ and ―conduits‖ is that they allow different properties to be assigned to how water 

flows along them. For instance, stream channels have an ―infinite‖ capacity while ―conduits‖ have 

finite maximum capacities that can be defined by conditions elsewhere in the network. The square 

symbols are referred to as nodes and serve to define demand centres, reservoirs, and various types of 

connection points between flow arcs such as stream channel segments and pipe segments 

(collectively called conduits). 

Nodes 1, 2, 3, 4 represent the Shag River, where node 2 is The Grange, a flow monitoring point, 

node 4 is Craig Road (another flow monitoring point), and node 1 is the sea. Node 3 is to enable the 

reach between The Grange and Craig Road to be split so that tributary inflow between the two sites 

can be entered into the model. The branch 4 to 5 to 6 represents the demand taken by the users. It is 

largely irrelevant to the functioning of the SRIS model since ―demand‖ is introduced through the soil 

moisture modelling. However, every model must have a demand node (yellow symbol) and this 

branch fulfils that requirement. It has also been useful in checking other parts of the model and may 

have a future role if the model is expanded. 

The remainder of the model comprises four similar sets of nodes and arcs. A typical set consists 

of nodes 1, 15, 7, 11, 16. The four sets represent soil moisture storages (corresponding to the four 

different soil types in the SRIS) of 160 mm, 100 mm, 80 mm, and 40 mm respectively. They all 

function similarly so that only one set will be described in detail. 

The modelling uses a daily time step, litres to express volume units and l/s to express flow 

rates. This has required a number of conversions factors for quantities such as rainfall that are 

usually recorded in terms of depth. To convert depths to l/s the areas have to be defined over which 

the rain falls. The areas used represent the spatial extend of each of the major soil groups and are 

given in Table 2. 

Nodes 7 8, 9, and 10, the red symbols, are the soil moisture storage representing soils with 

decreasing capacities respectively (Table 2). An infinite supply of water is provided at nodes 16, 18, 

20, and 22. The arrangement of arcs 16–11–7 limits the water drawn from the infinite supply using 

the consent rules relevant to the SRIS. Two rules apply: 

1. No water may be taken if the flow in the arc 2–3 is less than 100 l/s. This is the ―Grange‖ control. 

2. No water may be taken if the flow in the arc 3–4 is less than 150 l/s. This is the ―Craig Road‖ control. 

Above the minimum flow, the rule that applies is that takes may be up to half the available 

water. This rule can be easily varied if required. 

Arc 16–11 applies the ―Grange‖ control. It does this by limiting the capacity of the arc so that 

no more than the arc’s maximum capacity can be taken from the ―infinite‖ supply provided at node 

16. Arc 11–7 applies the Craig Rd control in the same way. By arranging these arcs in series, the one 

with the lowest capacity determines the supply to the soil moisture storage. 

In addition to the irrigation inflow, the storage has an input of rainfall and an evaporative loss. 

Rainfall data are input to node 23, and the ―flows‖ in arc 23–1, which are actually rainfalls, are 

used to define a variable capacity for the arc 15–7, the inflow to the soil moisture reservoir (i.e. soil 

moisture holding capacity). By assigning an ―infinite‖ supply to node 15, and by giving the arc 15–7 

priority over arc 15–1, i.e., by giving it a cost advantage, water is drawn from the infinite supply in 

the correct simulation units, i.e. l/s, to the limit of the arc as defined by the actual rainfall. The arc 15–1 

must be present to take the remainder of the infinite supply that cannot go down arc 15–7. A similar 
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mechanism is used for each of the other 3 soil types, but with different conduit capacities to reflect 

the different capacities and spatial extent of each soil type. 

Just as the rainfall amounts on each soil type have to reflect the amount and extent of each soil 

type, so must the maximum storage capacity be assigned to the area of each ―soil‖ type. 

2.4. Data used 

In this study, flow, rainfall, potential evapotranspiration, and initial soil moisture status were 

used as input. Since measured flow data were available for only 15 years (prior to 2004), a 

hydrological model TopNet [20] was build and calibrated against the measured flow data. The 

calibrated model was used to extend the longer precipitation and temperature data into flows (44 

years, 1960–2004). The methodology adopted to extend the data is described in detail by [14,21]. 

Beyond year 2004 observed flow and rainfall were used. At present the evaporative losses are 

implicitly set at the potential rate used in the TopNet modelling. 

2.5. Derivation of a set of ―conditioned‖ irrigation predictions 

Ibbitt [8] and Ibbitt and Woolley [16] describe a procedure that was developed for the 

Wellington Water, New Zealand, formerly part of the Wellington Regional Council, to help them 

estimate what was likely to happen to available water supply for urban consumption over the 

summer months. The procedure uses a probabilistic climate prediction to estimate what might 

happen to the temperature, rainfall, potential evaporation, and river flows over an outlook period of 

three months. Its main purpose is to provide a way of assessing the probability of water supply 

shortfall for the coming months by using a Monte Carlo simulation approach to define different sets 

of equally likely input conditions and demands. The procedure begins by generating a large number 

of replicates using a uniform distribution of input data. The key feature of the procedure is that it 

incorporates initial reservoir storage volumes that match those at the start of the prediction period, 

and uses replicate datasets consistent with the predicted climate over the coming three months. The 

predicted climate data is provided by the National Institute of Water and Atmosphere Research 

(NIWA) National Climate Centre Seasonal Climate Outlook, and is used to put bias into the input 

climate and river flow data. 

For this study the final outputs need to be an indication of likely soil moisture values over the 

outlook period so that irrigators can assess when the soil moisture deficit is likely to affect crop 

growth and hence when to begin irrigation. To do this a large sample, typically 10000, of possible 

input data is generated based on the statistics of the historical data. For each sample the total amount 

of water available to the soil is then calculated. This quantity is called the Potentially Available 

Water, (PAW), and is the sum of the legally allowable takes from the river plus any rainfall during 

the outlook period. The rainfall can have a threshold applied to it to allow for when surface runoff 

occurs, i.e. only a certain amount may enter the soil profile in a day. The PAW is a single value that 

characterises each replicate. The replicates are then sorted by PAW value from ―driest‖ to ―wettest‖ 

before being divided into three equal groups. Three groups are used because the Climate Outlook 

data provides estimates of three conditions: ―Below normal‖, ―normal‖, and ―above normal‖. The 

terciles give the chances of conditions being in the driest third, the middle or average third, and the 

wettest third of those measured. So, when the Climate Update predictions were 50% average rainfall, 



173 

AIMS Geosciences Volume 4, Issue 3, 166-179. 

25% below average, and 25% above average, it would imply that the chance of conditions being 

average over the coming three months is twice that of it being either dry or wet. A subset of 

replicates that represents these probabilities is then constructed using all the ―average‖ replicates 

(one third of the total number of replicates generated), but only half of each of the ―below normal‖ 

and ―above normal‖ replicates. This selection process produces a set of replicates biased in favour of 

average conditions. 

The probability of occurrence of each group is then used to draw a sample of replicates 

indicative of the likely climate outlook. For example, if 300 replicates were made representing the 

full range of likely PAW conditions, and if the Climate Update predictions were 50% average 

rainfall, 25% below average, and 25% above average, then the biased set of replicates would contain 

all 100 with the mid-range PAW values, corresponding to the 50% likelihood of average rainfall, 

50 (=100/50 × 25) with lowest values, corresponding to a 25% likelihood of below normal 

conditions, and 50 from the ―above average‖ category. The number of replicates to be used for 

conditional simulations would be 200 and would be biased in favour of ―average‖ conditions. The 

selected sequences, which are biased towards the seasonal climate prediction, are then used as inputs 

to multiple model runs. 

Figure 3 shows how the methodology adapted for this study. 

 

Figure 3. Flow chart for the methodology used. 

 

Historical data (flow, rainfall, temperature, soil information) 

Set up the irrigation scheme in WATHNET 

Create N replicates from historical data (flow, rainfall, potential evaporation 

information) 

Run the WATHNET model for all the replicates and obtain maximum available 

water values for each replicate, and sort the replicates by maximum available 

water value 

Obtain seasonal climate outlook 

Select the sorted replicates by using seasonal outlook percentages of the 

various expected climate outlooks as weights 

Run the WATHNET model for all the selected replicates 

 

Obtain the empirical probability distribution of shortfalls in the coming season 

to determine percentiles of likely soil moistures  
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3. Results and discussion 

WATHNET Monte-Carlo simulations were performed to produce 10000 replicates of the input 

data (rainfall, potential evaporation, and flow values) for the outlook period 1
st
 December 2004 to 

28
th

 February 2005, and then the Climate Update predictions (25% above average, 50% average and 

25% below average) were used to produce a ―conditioned‖ set of inputs to produce a probability 

distribution of likely storage shortages at the different soil moisture reservoirs. 

Typical results for December 2004 to February 2005 (summer season) for the 4 soil types, are 

given in Figure 4. Each plot in this figure shows the variation of the soil moisture capacity for the 

160 mm, 100 mm, 80 mm and the 40 mm soils based on predictions made on the 1st of December 2004. 

The x axis represents the time step in days and y axis represents the storage in the soil (mm). Four 

storage percentiles, 5, 50, 75 and 95 are presented. These indicate the chance of particular predicted 

soil moisture values being reached for different dates for each of the four soil types. Thus, the top 

left-hand plot shows that for the 160 mm capacity soil, there is a 5% chance (the broken red line) of 

the predicted soil moisture reaching a value of 60 mm by the 1st of March 2004. The solid turquoise 

lines, labelled ―Expected‖, indicate the soil moisture values the model would have generated using 

retrospectively measured input data. 

 

Figure 4. The 5, 50, 75 and 95 percentile and observed data based soil moisture simulation values 

over the outlook period 1
st
 December 2004–28

th
 Feb 2005 (Normal) for the four soils with different 

water holding capacities. Observed daily rainfall (blue) is plotted downwards in the top of each plot. 
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All four plots give an indication of how the soil moisture will fall over time and hence when 

irrigation may need to begin. While the rates at which soil moistures decline, and the dates when low 

values are reached, are based on the evaporation being at the potential rate, individual irrigators 

would need to factor in the type(s) of crop and their water needs. Comparison of the top left-hand 

plot (160 mm capacity soil) with the bottom right hand plot (40 mm capacity soil) also shows that 

there is greater volatility, as would be expected, for the shallower capacity soils. 

To check the results, a simulation was performed using observed input data (rainfall, potential 

evaporation, and flow values) for period 1
st
 December 2004 to 28

th
 February 2005. The simulated 

soil moisture values are shown in Figure 4 as solid light blue lines (labelled as ―Expected‖). As 

expected the simulated values show greater volatility than the percentile lines as they respond to 

individual events. Comparison with the storage percentile lines serves to put the simulated soil 

moisture values into their long-term perspective. 

The 2004–2005 irrigation was predicted to be ―average‖ with a 50% chance of being correct. 

Under this scenario, the combination of rainfall and irrigation would have been sufficient for the two 

higher capacity soils to have remained close to or above 50% of their water holding capacity, despite 

a dry period extending from mid-January to early February. However, for the shallower, 40 mm 

water holding capacity soil, conditions would have been more severe and crop yield on these shallow 

soils would have been likely impacted. Thus, any expansion of the currently available irrigation 

supplies would have considerable benefit to the 10.8% (Figure 4) of the scheme with these shallow 

soils. Alternatively, the planting of drought resistant crops could be a practical option for these soils. 

So, these results can be utilised to choose cropping option. 

 

Figure 5. The 5, 50, 75 and 95 percentiles and observed data based soil moisture simulation values 

over the outlook period 1
st
 December 2011–28

th
 Feb 2012 (Below Normal) for the four soils with different 

water holding capacities. Observed daily rainfall (blue) is plotted downwards in the top of each plot. 
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Figure 5 shows what the model would have predicted for a below average summer, that of year 

2011–2012. This irrigation season started with a month (December) of dry weather and the model 

shows that there would have been a 95% chance (5%–100%) of all soils being close to their 

historically driest conditions. However, the rapid recovery in early January serves to show how 

dependent the current scheme is on ―run of the river‖ based irrigation and summer rainfall. Clearly, 

off-river storage would even out some of the more extreme soil moistures that can be experienced in 

a ―below normal‖ year. 

The comments above must be seen against a backdrop of assumptions that have been necessary 

to provide a tractable model and allow for data limitations. In particular, the study requires long 

records of historical input data such as precipitation, flow and evapotranspiration information. By 

using a combination of the latest hydrological and climatological modelling techniques an adequate 

length of record has been synthesised, but inevitably this record will be no better than the 

assumptions the different modelling techniques utilise. Nevertheless, since the data extension work 

uses a wide range of measured, albeit sometimes spatially dispersed data, it is considered that errors 

arising from input data, while recognised as inevitable, are considered within acceptable bounds. 

Given input data limitations, other factors that have a potential to impact upon the usefulness of the 

results are: 

a) All rainfall, irrespective of daily intensity, is assumed to infiltrate while the soil is below its 

water holding capacity. Once the soil is at capacity, surplus rainfall runs off to the river. 

b) All plant water needs are assumed to occur at the PE rate for each day. 

c) There are no structural constraints on taking water, only consent requirements. 

d) Simulations use measured flows at The Grange and tributary inflow between The Grange and 

the downstream site at Craig Road. While the measured flows at The Grange are understood 

to be largely unaffected by irrigation withdrawals as these mainly occur downstream of The 

Grange, downstream tributary inflows, based on differencing the Craig Road and The Grange 

flows are likely to be influenced by irrigation takes. In the absence of information on the 

actual irrigation withdrawals we have used the downstream flows at Craig Road as though 

they are unaffected by upstream withdrawals. This may, or may not, be realistic depending on 

how the consent rule for Craig Road is interpreted. However, as the purpose of this study is to 

illustrate the use of simulation for predicting available irrigation water, adjustment of this 

assumption could be made given measured irrigation takes. 

e) Different crop types and their potential to use water have not been considered. Thus, the 

model focuses on filling soil storage at every opportunity, even though for some crops there 

will be times when soil water should be restricted for plant health, harvesting conditions etc. 

4. Summary 

Knowledge of available water in the coming season can help better management of water 

resources without unduly compromising crop production or the environment. The objective of this 

study has been to assess the probability of irrigation shortfall for an operating irrigation scheme. In 

this study, a multi-objective linear programming model has been used to estimate the relationship 

between allocated water and the percentage of time that full irrigation demand is satisfied. The 

method has used a model built using the WATHNET system, along with Monte-Carlo simulations, to 

produce multiple replicates of the input data (river flows, rainfall and potential evaporation values). 
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Prediction information of the likely seasonal climate from NIWA’s Climate Update is then used to 

produce a ―conditioned‖ set of inputs which enable calculation of a probability distribution of water 

availability for irrigation. By using the probability distribution, irrigators can assess the probability 

of not being able to meet their water requirements. The methodology was demonstrated using the 

Shag River Irrigation Scheme located in the Otago region of New Zealand. The results show that the 

dynamics and magnitude of soil moisture variation over two three-month periods based on the 

observed input, fall within predicted soil moisture storage values for each of the four soil moisture 

storage types. By using averaged predictions based on the expected weather over a 3-month projection 

period provides information on when initiation of soil irrigation may be beneficial. 

While this study has focused on seasonal risk, the WATHNET simulation model is quite 

general and has other potential applications for modelling the SRIS. For example, the effects of 

off-river storage could be included so that potential benefits might be assessed. Alternatively, climate 

change affected input data could be used to examine the likely effects that such changes might have, 

and when they might become ―critical‖. These are, however, outside the scope of the present work 

and await another day. 

In order to develop the WATHNET model as a fully functional tool to assess probabilities of 

irrigation shortfall, future work could include: 

 Validating WATHNET based soil moisture simulation using measured soil moisture 

variations over an irrigation season at sites with different soil types. 

 Testing improvements in irrigation scheme efficiency predicted by the model by using actual 

demand data, rather than that based on assuming all plant water needs occur at the PE rate.  

 Using the model to optimise potential irrigation efficiency  

 Using the model for long-term planning. For example, by applying climate change scenarios 

the model can be used to test the potential long term effectiveness of irrigation infrastructure. 
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