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Abstract 

The clearing of native vegetation for agriculture in the Wheatbelt region of south-

western Australia has significantly impacted on runoff and recharge and contributed to 

the creation of serious environmental problems such as salinity, soil degradation and 

water logging as a result of rising water tables. Salinity and waterlogging are causing 

substantial damage to rural town infrastructure as many townsites are located in lower 

valleys where the problems are most pronounced. With the view to addressing these 

environmental problems and developing new locally-based water resources for such 

water-limited environments, a holistic approach has been adopted to manage water in 

the rural townsites. This water balance management approach includes the conjunctive 

use of surface water, groundwater and urban sourced water.  

 

In line with this holistic approach, the objective of this study is to gain a better 

understanding of the hydrological and water management processes in a rural townsite 

by capturing and evaluating hydrological processes and water management options from 

a total water balance perspective using a conceptual water balance model developed as 

part of this research. This methodology is built upon the use of available datasets and 

information collated for rural towns located in the dryland agricultural areas of south-

west Western Australia. The Rural Town Water Balance Model (RTWBM) is a non-

distributed multiple bucket model representing the various water stores of an 'idealized' 

rural townsite, which is organized in the model in terms of both landuse and surface 

types. Rainfall, imported "scheme" water and fringe area inflows are the main inputs to 

the model, all of which are then partitioned and routed through various components of 

the model; this leaves the surface water system components as evaporation, surface 

runoff and recharge to groundwater. 

The calibrated RTWBM was used to investigate the impact of climate variability and 

landscape property on a typical rural townsite water balance. The results show that 

climate and urban landscape controls have a synergistic impact on a rural town water 

balance, and should not be evaluated in isolation. The sensitivity analysis has 

highlighted that the response to landscape use are significantly different under the 

different climate regimes. Modifying urban landscape properties such as the ratio of 

landuse and surface types and the percentage of area connected to drainage system on 

the townsite, have a significant impact on groundwater recharge and scheme water 

usage. Water reuse options are useful in saving scheme water to varying extents, and 
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there is a marked advantage of the constant flow options compared to the rainfall 

dependent options. However, this advantage is over-shadowed by the scale of the water 

use, which makes the township-scale water reuse options more attractive due its ability 

to meet the demand for open space irrigation. While direct rainfall infiltration is a major 

contributor to the townsite groundwater recharge, it was found that good surface 

drainage system helps to reduce the groundwater recharge by reducing the resident time 

of surface water on the townsite.  

Results from this study in terms of its implications on townsite water balance provide a 

useful guide to the formulation of water management strategies aiming at reducing 

scheme water usage and groundwater recharge at the rural townsites. 
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Chapter 1: Introduction  

1.1 Background 

The clearing of native vegetation for agriculture in the semi-arid Wheatbelt region of 

south-western Australia has significantly impacted on hydrologic processes and the 

overall water balance of the region. The gradual displacement of perennial native 

vegetation by annual cropping landuse systems has caused increased runoff, excessive 

recharge and reduced evapo-transpiration. The consequences of these changes are 

increased water logging and rising water tables, which have gradually and 

systematically brought the saline groundwater table to the land surface, causing water-

logging and both land and stream salinisation (Coles et al., 2004). Ultimately, the 

combination of rising groundwater tables and increasing land and stream salinity is 

beginning to cause serious damage to rural town infrastructure. In the 38 rural towns 

participating in the Rural Towns Program 1
, salinity and water logging is having 

significant economic impacts on the town community, with damage to the town 

infrastructure predicted to total more than $55 million over the next 30 years (Pridham, 

2001). Other related problems are declining quality of water resources, adverse 

ecological impact on biodiversity and soil structure, and poor drainage through 

increased erosion and sedimentation, all of which together contribute to poor flow 

continuity, water-logging and flooding in Wheatbelt catchments (Farmer et al., 2004) 

To combat these increasing threats to the rural towns, the Rural Town Liquid-Asset 

(RTLA) Project has been initiated by the Department of Agriculture and Food of 

Western Australia (DAFWA), in partnership with local government authorities, regional 

catchment councils and research organizations (e.g., CSIRO). From the 38 rural towns 

that are part of the RTP in the Wheatbelt region, 16 priority towns have been selected to 

participate in the RTLA project. Amongst these 16 priority towns, datasets from five 

towns (i.e. Wagin, Merredin, Moora, Dowerin and Wongan Hills) have been used in this 

study. 

The multidisciplinary RTLA project team has adopted a holistic approach to the 

investigation and management of the water resources in these participating rural towns, 

encompassing the study of surface water, groundwater, urban sourced water (scheme 

                                                 
1
 Rural Towns Program is a state initiative aimed at improving water use and salinity management in 

rural towns in the agricultural areas of south western WA. 
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water and wastewater), water quality, and socio-economic aspects. The project aims to 

devise and evaluate solutions for potential and existing townsite salinity and water-

logging problems as well as developing new locally-based water resources for the towns. 

New research findings and existing knowledge are being used to identify water 

management options and construct townsite Water Management Plans (Pridham, 2010) 

that focus on improved and integrated water management strategies. The objectives of 

the Water Management Plan are to: 

• identify opportunities for groundwater and surface water resource development, 

primarily for townsite irrigation; 

• manage salinity and water-logging; and 

• identify socio-economic opportunities associated with water resources (Pridham, 

2010). 

1.2 Location – study area 

The Wheatbelt region of south west Western Australia is located in a semi-arid climatic 

zone with high annual potential evaporation (1200 mm to 2500 mm) and low annual 

rainfall (300 mm to 600 mm). The hydrological behaviour of the region can generally 

be characterized by highly variable rainfall, long dry summers, flat topography with low 

hydraulic gradients, intermittent surface flows and high regolith salt loads (Hatton et al., 

2003). In spite of arid & semi-conditions, the region nevertheless experiences 

significant spatial differences in climate, i.e., precipitation and potential evaporation 

(Hipsey et al., 2003). The main soil profiles in the region are uniform coarse, 

gradational and duplex soils. Sandy loam topsoils over sandy clay subsoils are the most 

common soil types (Schoknecht, 2002 and 2004). The catchment runoff characteristics 

are most affected by the interaction between rainfall intensity/duration and the land 

management practices, antecedent soil moisture, storage capacity and the hydraulic 

conductivity of the soil surface and subsurface (Coles, 1993). 

1.3 The problem 

There are two major schools of thought regarding the main causes of the rising 

groundwater tables in townsites within the Wheatbelt region. The first one suggests that 

it is a regional groundwater problem associated with the catchment within which the 

town is located; the second school suggests that it is caused by the groundwater 

recharge generated within the townsite itself. There are suggestions in some 
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groundwater study reports (Crossley, 2001; Deshon, 2001; Hopgood, 2001) that a 

substantial proportion of the groundwater recharge that impacted groundwater below the 

rural towns of the Wheatbelt region of Western Australia occurred within the townsite 

itself. However, some other studies reported that water logging within a rural town 

appears to be related to rising groundwater flow or groundwater discharge from a local 

groundwater system (Barron et al., 2003). From a regional perspective, Coles (1993) 

suggested that it is likely to be a combination of both, with one process dominating over 

the other variably across the region depending on landscape properties, landuse, 

location, and rainfall characteristics. Understanding the climate and landscape (and 

landuse) controls and the spatial variations of their relative dominance is critical to 

management of the problem. 

There are also uncertainties about the main contributors of the townsite groundwater 

recharge. Is it mostly related to the imported scheme water such as over-irrigation of 

gardens and pipe leakage, or is it due to direct infiltration of rainfall and runoff within 

the townsite? It has been inferred in groundwater studies (Crossley, 2001; Deshon, 2001; 

Hopgood, 2001) that  recharge generated within the townsite can come from rainfall 

directly infiltrating into pervious surfaces, imported water supplies and surface runoff 

ponded on the townsite (either generated within the townsite itself or run-on from the 

fringe areas). However, these inferences are generally deduced from other indirect 

measurements and have not been quantified. This study aims to directly address this 

issue.  

In other international urban hydrology studies of large urban cities, hydrologists have 

indicated that the increase in the impervious surface area associated with urbanization 

will reduce recharge within townsites. However this has been widely questioned by 

more recent research which showed that such reductions in recharge are offset by other 

factors such as leakage from water supply and stormwater/wastewater pipes and the 

concentration of overland flow, which leads to indirect recharge (Lerner, 2002). Is this 

phenomenon valid in the local context of a rural town? This is another pertinent 

question that is addressed by this study.  

In search of answers to the questions posed above, this rural town water balance study is 

aimed at assessing the problem from a holistic prospective, or more specifically, from a 

total water balance perspective.  
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The main objective of this study, therefore, is to achieve a better understanding of the 

hydrological and water management systems operating within a rural townsite by 

capturing and evaluating hydrological processes and intervention methods (or water 

management options) from a total water balance perspective. This will be accomplished 

by conducting a water-audit of the town’s liquid assets to quantify the various 

components in the total water balance, using a conceptual water balance model that is 

specifically developed for this purpose. 

1.4 Overview of study 

A townsite’s water balance is quite complex, and is compounded further by the paucity 

of data and process understanding. Conceptually, the water balance can be idealised as 

consisting of an array of water stores, which are interconnected. The water fluxes 

between the various water stores are influenced by several hydrological factors. To 

assess these fluxes and their process controls within a water balance model  two main 

groups of influences need to be evaluated - i.e. climate and landscape – which will be 

designated as ‘controlling factors’ (hereafter referred to as ‘process controls’) as shown 

in Figure 1.1 below.  

 

Figure1.1 Process controls on rural townsite water balance 

To gain a better understanding of a townsite water balance, we therefore require: 

(a) a total water balance model capable of simulating the various water stores and the 

water fluxes between the stores, and  

Process 

Controls

Climate Landscape

Spatial Urban Natural

Temporal Land use Fringe Area

Surface 
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Water Usage 
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(b) a systematic approach to investigating the influence of various process controls on 

these water stores and fluxes.    

The first part of Chapter 2 describes the development and the main features of the Rural 

Town Water Balance Model (RTWBM). The analysis methodology is built upon 

available datasets and information collated from rural towns located within the dryland 

agricultural areas of south-west Western Australia. A detailed description of the 

RTWBM is provided which outlines the underlying hydrological processes, 

assumptions made and the modular framework of the model. 

The model was calibrated and tested to investigate the fate of rainfall on a rural townsite. 

It was then applied to systematically investigate the impact of process controls on the 

townsite water balance. The effects of spatial and temporal variability of climate at a 

regional scale on townsite water balance across the Wheatbelt region is also investigated 

in the second part of Chapter 2. This study assumes uniform landscape properties 

throughout the region and explores regional trends of hydrological responses such as 

irrigation2 water usage, groundwater recharge, in response to regional variations of the 

identified climate controls. 

Having evaluated the impact of climate controls, Chapter 3 continues to investigate the 

impacts of landscape controls on townsite water balance. Sensitivity analyses were used 

to test the impact of urban landscape properties and water management strategies on 

water balance response functions, specifically groundwater recharge and scheme water 

usage. In this exercise, the climate controls were fixed to two pre-determined values to 

help evaluate the impact of landscape/management controls in isolation. 

Chapter 4 looks at the implications of the findings from Chapter 2 and 3 for rural town 

water management. The benefits of the study from the hydrological and industrial 

application points of view are also discussed. 

As summarized in Chapter 5, this study is aimed at gaining regional perspectives on the 

relative impacts of dominant climate and landscape (landuse and human impacts) on 

groundwater recharge and water balance across the Wheatbelt region. The effects of 

natural landscape properties, e.g., differences in soil depth and soil type, vegetation and 

topography, are not studied due to the lack of appropriate datasets.  

                                                 
2
 “Irrigation” in this study refers to watering of domestic garden and parks, not for irrigated farming 

purposes. 
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Chapter 2: Model Development and its Application  

2.1 Introduction 

This chapter describes the development and the main features of the Rural Town Water 

Balance Model (RTWBM). The model was calibrated and applied to investigate the fate 

of rainfall on a rural townsite and the effects of regional spatial and temporal climate 

variability on townsite water balance across the Wheatbelt region.  

2.1.1 Background 

The clearing of native vegetation for agriculture in the semi-arid Wheatbelt region of 

south-western Australia has significantly impacted on the hydrological processes in 

general and the water balance in particular. The displacement of perennial native 

vegetation by annual cropping landuse systems has caused increased runoff, excessive 

recharge and reduced evapo-transpiration (Coles et al., 2004). Runoff onto and through 

the valley floors has increased by a factor of five; combined with local rainfall on these 

valley floors, this has resulted in increased groundwater recharge and the filling of the 

deep sedimentary materials thus helping to bring highly saline water to the surface 

(Hatton et al., 2003). By 1996, 90% of the agricultural landscape in Western Australia 

had been cleared and shallow water tables and dryland salinity had affected 18,000 km2 

of previously productive agricultural land (Ferdowsian et al., 1996).  

The combination of rising groundwater and salinity is also damaging to rural town 

infrastructure, including buildings, roads, pipelines, buried cables and rail network. 

Thirty shires in the region have investigated salinity risk to rural towns (Figure 2.1) and 

each is developing urban water management options to alleviate these problems 

(Pridham, 2001, Pridham, 2010). Other related problems are: 

• declining quality of water resources; 

• adverse ecological impacts on biodiversity and soil structure; and 

• poor drainage due to increased erosion and sedimentation which lead to poor 

flow continuity.  

The Rural Town Liquid-Asset (RTLA) Project has been set up to tackle the above-

mentioned problems (Barron et al., 2006). The multidisciplinary project team that has 
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been formed under the RTLA has adopted a holistic approach to investigating and 

managing the water resources in these rural towns, encompassing the study of surface 

water, groundwater, urban sourced water (scheme water and wastewater), water quality, 

and related socio-economic impacts. From the 38 rural towns located within the 

Wheatbelt region, 16 priority towns have been selected to participate in this project. 

Amongst these 16 priority towns, data from five towns have been used in this study. 

(See Figure 2.1 for a location map of these rural towns). 

2.1.2 Hydrological characteristics of the Wheatbelt region 

The Wheatbelt region of south-west Western Australia is located in a semi-arid climate 

with high potential evaporation and low rainfall. The hydrological characteristics of the 

region can  generally be characterized by highly variable rainfall, long dry summers, flat 

topography and low hydraulic gradients, intermittent surface flows, and high regolith 

salt loads (Hatton et al., 2003).  

The Wheatbelt region receives between 300 mm and 600 mm average annual rainfall. 

The long term rainfall record shows that there is a strong climatic gradient across the 

Wheatbelt region from the wet and cool south-west to the hot and dry north-east. The 

coastal south-west receives most of its rainfall from frontal activity during May to 

September while the north-east inland region often experiences summer rainfall 

generated by thunderstorms associated with continental heating and tropical lows (i.e., 

ex-cyclones). 

The main soil profiles in the region are uniform coarse, gradational and duplex soils that 

vary from shallow (0.15 m) to deep (2.0 m). Sandy loam top-soils lying over sandy clay 

sub-soils are the most common soil types (Schoknecht, 2002 and 2004).. The catchment 

runoff characteristics are most affected by the interaction between rainfall 

intensity/duration and land management practices, antecedent soil moisture, storage 

capacity and the hydraulic conductivity of both the soil surface and the sub-surface 

(Coles, 1993). Runoff varies from between 0-1% of annual rainfall for uncleared 

catchments and 4-8% for cleared areas. 

Three dominant types of groundwater aquifer can be recognized within the Wheatbelt: a 

sandplain perched aquifer, a saprolite ‘grit’ aquifer (saprock) and a valley sedimentary 

aquifer (~20 m). Groundwater velocities are typically very low. Given typical hydraulic 
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conductivities (0.5-5 m/day) and low gradients (0.1%) for Wheatbelt valleys, flow 

velocities range from 0.1 to 1.0 m per year at their maximum (George, 1992a). 

2.1.3 Study objective 

Different hypotheses have been proposed about the cause of the rising groundwater 

table in townsites within the Wheatbelt region. Firstly, that it is a regional groundwater 

problem (Barron et al., 2003); or secondly, that it is caused by the groundwater recharge 

generated within the townsite itself (Crossley, 2001). In other words, these lead to the 

question, is the townsite the ‘culprit’ or the ‘victim’ of rising groundwater? There are 

also uncertainties about the main contributors to groundwater recharge within the town. 

Is the recharge related to the imported “scheme” water contributing to over-irrigation 

(watering) of gardens and lawns and pipe leakages (both input and output); or, is it due 

to direct infiltration of rainwater falling within the townsite itself? In search for answers 

to the above questions, this rural town water balance study was initiated to assess the 

problem.  

The overall objective of this study is to achieve a better understanding of the 

hydrological and water management systems operating within a rural townsite. This will 

be achieved by capturing and evaluating hydrological processes and intervention 

methods (or water management options) from a total water balance perspective. A 

water-audit of the townsite will be conducted as part of this study using a conceptual 

water balance model to quantify and clarify the various components in the total water 

balance.   

The next section describes the development of the rural town water balance model, and 

evaluates its capability as a water resources assessment and management tool. The 

modelling methodology is built upon available datasets and information collated for five 

rural towns located in the dryland agricultural areas of south-western Australia. The 

model’s capability is developed and modified to evaluate the fate of rainwater within a 

particular townsite, and through the assessment of variations in a townsite’s water 

balance arising from the regional variations of climate characteristics.  

 



 
Figure 2.1 Location map of rural towns in the Wheatbelt region of Western Australia (source: DAFWA) 

16 priority towns: 
5 study towns  (Population) (Size): 
Wagin               (1450)           (Medium) 
Merredin           (3630)           (Large) 
Moora               (1800)           (Medium) 
Dowerin            (400)             (Small) 
Wogan Hills      (800)              (Small) 
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2.2 Rural Town Water Balance Model (RTWBM) 

Conventional catchment models and GIS data are largely inappropriate for modelling 

rural townsite hydrology. Most urban stormwater runoff models emphasize flood 

routing and lack the landscape setting of rural towns. The majority of urban water 

balance models are designed for highly-urbanized cities with a high ratio of impervious 

surfaces and the infiltration and groundwater recharge components are inadequately 

dealt with. On the other hand, in the case of a rural town where vegetation is cleared and 

yet the surface is not sealed, the infiltration rate can still be as high as in an uncleared 

catchment (George, 1992b). This is reflected in the rising water tables experienced in 

most rural towns in Australia (Pridham, 2001). Hence, in this study, a composite rural 

town water balance model is developed which accounts for both the rural and urban 

hydrological characteristics of a typical rural town in Western Australia. Conceptual 

infiltration and groundwater recharge processes are included in the model.  

A non-distributed conceptual model is chosen for its simplicity and its capacity to 

capture and reflect physical processes. This feature makes it suitable for this application 

where data availability is a significant problem. As a rural town environment is not as 

‘disturbed’ as those of urban cities, a non-distributed model is deemed to be sufficient. 

However, if the spatial variability is beyond the capability of the non-distributed model, 

the townsite can be sub-divided into smaller elements and modelled separately. The 

model focuses on hydrology only and does not consider water quality and socio-

economic aspects of water management in rural towns. 

The model presented is adapted from the Aquacycle (Mitchell et al.,1999, Mitchell, 

2000) urban city model, with modifications made to more accurately account for rural 

town conditions such as rural landuse types, groundwater recharge conditions, and 

water reuse options suitable for a rural town setting. This modified version of the 

Aquacycle model is developed using a modular framework, thus providing it flexibility 

to accommodate varying town water balance configurations such as supply sources 

(types and priority), water reuse options, landuse/surface types and input data types 

(historic data for calibration and synthesized time series for simulation). As such, it can 

be used as a water resources management tool for the water managers to: 

• diagnose the impact of current water management practices. 
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• simulate and evaluate various future water management scenarios such as the 

influence of landuse change, drainage system, water reuse options etc (Eow et al., 

2006). 

2.2.1 Model description 

The RTWBM is a hybrid water balance model integrating the ‘naturally occurring’ 

rainfall-runoff processes, and ‘introduced’ urban water supply, wastewater drainage, 

stormwater drainage and the introduction of impervious surfaces. The model consists of 

a network of multiple “buckets” that represent the impervious surface store, pervious 

soil store, groundwater store and an urban water store. Rainfall and imported scheme 

water are the main representative water inputs to the model. The inputs are then 

partitioned and routed through the model (i.e., through the various stores) and leave the 

townsite as evaporation, surface runoff and groundwater discharge (or baseflow). The 

townsite area is partitioned by landuse (residential, industrial, commercial and public) 

and surface types (impervious, pervious, irrigated, vegetation, water body etc). In this 

respect, the model focuses exclusively on the surface water balance, and does not 

include an explicit and detailed treatment of the local or regional groundwater aquifer.  

Hydrological processes 

The major hydrological processes (both natural and artificial) included in the rural town 

water balance model are presented in Figure 2.2. These processes are: 

• Precipitation – this component is the main input to the catchment. Part of this 

precipitation will be intercepted by the vegetation canopy before falling on the 

ground surface. Precipitation reaching the ground surface is termed effective 

rainfall. 

• Infiltration – The effective rainfall will either infiltrate through the pervious 

surface, or become surface runoff when saturation excess is exceeded.  
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Figure 2.2 Hydrological processes in a rural town captured by RTWBM 

• Evapo-transpiration – consists of the evaporation from impervious areas (at the 

potential rate Ep) and evapo-transpiration (Et) from grassed/vegetated pervious 

area (native and non-native). The impervious surface store is emptied at the rate 

of potential evaporation. As for the pervious stores, it is assumed that the supply 

of water to a plant is a linear function of available water in the root zone 

(Federer, 1979). Actual evapo-transpiration rate is then deemed as a function of 

the potential evaporation rate, the pervious store moisture content and the 

capacity of the vegetative cover to transpire.  

• Piped-in water supply – this is “scheme” water piped into the town and supplied 

to the domestic households (homes and gardens), industrial and commercial 

buildings and for irrigation of public open spaces. Although the quantum of 

scheme water in this urban water module is very small compared to rainfall 

falling directly on to the ground, it still constitutes a significant water use 

component in the summer months when rainfall is low. This water source may 

be supplemented by local dam supply and treated wastewater in certain towns.  

• Indoor water usage profile – the distribution of indoor water demand by 

bathroom, kitchen, toilet and laundry are prescribed. All demands are met by 

scheme water except toilet flushing in which case there is the option of using 

raintank water and greywater (recycled wastewater). 
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• Irrigation practice. Irrigation is applied to supplement precipitation in order to 

maintain the desired garden condition of plant growth. Irrigation of home 

gardens is assumed to be dependent on soil store water availability. The soil 

water available for plant consumption is within the range of soil moisture 

between field capacity and wilting point. As the amount of available moisture 

falls the plant must expend more effort to remove water and nutrients from the 

soil. For this reason, gardeners should replace soil moisture before 40% of the 

available moisture is lost to evaporation and plant growth, thus saving the plant’s 

potential for growth and production (Lawson, 2004). The criterion to irrigate is 

termed as ‘trigger-to-irrigate’ in the model and is set as 60% of the field capacity 

value. It is assumed that the replenishment of soil moisture by irrigation is 

always fulfilled by rainfall, reused water or scheme water (in this order of 

priority). Human factors are ignored in this decision making algorithm. 

• Wastewater flow – All water supplied to domestic households are assumed to 

end up in the wastewater system. The wastewater is divided into greywater 

(bathroom, laundry and kitchen) and black water (toilet) to facilitate greywater 

reuse if needed. 

• Pipe leakage – is water leakage from the scheme water pipeline and wastewater 

pipe. Leakage from water supply main and wastewater pipelines has been found 

to be significant in many urban water balance studies. In the case of a rural town, 

the quantum of water from pipe leakage is small due to the low density of 

dwellings and the pipe network. Nevertheless, leakage from both water supply 

and wastewater pipelines can be a contributor to groundwater recharge. 

Therefore, they must be accounted for in a town water balance model. Stokes et 

al. (1995) reported that about 15% of scheme water in Perth city is un-metered 

with about half being lost through leakage. In this study water supply pipe 

leakage is assumed to be 10% of the net scheme water supply. Wastewater 

drainage systems faced similar pipe leakage problems. However, the wastewater 

pipe leakage can sometimes be reversed during very wet conditions or during 

some unauthorized discharge into the system. 

• Surface runoff consists of internal surface runoff within the townsite itself and 

any external run-on from the contributing fringe area. There is little or no data 

on surface runoff in most towns. The model therefore cannot be calibrated in 
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terms of its surface runoff components and surface runoff will remain as an 

uncalibrated component in the water balance model.  

• Groundwater recharge is water drained from the pervious soil store into the 

groundwater store. This component cannot be directly measured and is derived 

from other measured data such as groundwater levels obtained from monitoring 

bores described in the later section on preliminary data analysis.  

• Baseflow is water flowing out of the groundwater store, governed by a baseflow 

recession constant, and constitutes part of the town drainage outfall. 

• Town discharge is the total amount of water discharged from the town, inclusive 

of the stormwater runoff from the townsite, wastewater and baseflow from the 

groundwater store.   

• Water treatment and reuse options – these may include processes such as 

harvesting of roof runoff using rainwater tanks, use of greywater, use of treated 

wastewater, harvesting of surface runoff or groundwater abstraction. If there is 

more than one source of water reuse, there is usually a set order of preference in 

which these sources will be used (Mitchell, 2000). These include the quality of 

water (lowest first), the needs of reticulation infrastructure (lowest spatial scale), 

energy cost, and issues of seasonal source versus constant source, and local 

source over imported source. 

Basic Water Balance Equation 

The basic townsite total water balance can be expressed by the following equation 

(Grimmond, 1986): 

∆S = ( P + I ) – ( Ea + Rs + Rw + Rg ) 

where  

∆S is the change in catchment storage which includes temporary surface 
storage, storage in the unsaturated soil profile,  

P is precipitation, 

I is imported water which includes piped-in scheme water and external 
run-on from contributing fringe areas,  

Ea is actual evapo-transpiration,  
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Rs is stormwater runoff,   

Rw is wastewater discharge and  

Rg is baseflow. 

The major inputs to the system are precipitation, piped-in water, and surface inflow 

from the contributing fringe area. The outputs are evapo-transpiration, and stormwater, 

wastewater, baseflow, which is collectively called town discharge. There are also some 

internal processes within the system, such as internal surface runoff generated within 

the townsite, leakage from pipes and groundwater recharge from the pervious store to 

the groundwater store. These internal processes are responsible for the redistribution of 

water within the townsite. 

Spatial attributes 

Landuse and land surface characteristics are crucial for the partitioning of rainfall into 

infiltration and surface runoff. In this water balance model, townsites are partitioned 

into different landuse, and then surface types (see Figure 2.3). Each partition is 

modelled as a separate bucket. Each of these buckets is an elementary unit of the water 

balance. At this fundamental spatial scale, processes such as water use, wastewater 

generation, surface runoff, groundwater recharge and household water reuse options 

(rainwater tank and greywater tank) are modelled where appropriate.  

A continuous water balance of each of these buckets is maintained. Although each 

bucket is modelled independently, there are fluxes or exchanges of water between 

different surface types such as spillage from an impervious surface onto adjacent 

pervious surfaces. The quantum of spillage depends on the percentage of impervious 

area connected to a drain3. The water fluxes from the surface types under the same 

landuse are then aggregated to obtain the sub-totals for each landuse. Similarly, the 

water fluxes are further aggregated to determine the total flow for the entire townsite. 

There are some processes which are modelled at the townsite scale only, such as 

irrigation of public spaces, runoff from public road surfaces, transpiration of remnant 

vegetation, water bodies and township scale water reuse options (surface runoff 

harvesting and groundwater abstraction). 

                                                 
3
 Drain connection in the model enables surface runoff to be removed from the model domain before it 

infiltrates the soil surface. 



 

 

 

Figure 2.3 Schematic diagram of RTWBM showing partitioning of townsite landuse and surface types 
Source: Areas derived from proposed Landuse Classification GIS database from State Cadastral Database (SCDB), Town Planning Scheme (TPS) and sales information from Valuer General, updated 

with attributes identified from aerial photography. 
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2.2.2 Model development 

In order to construct the model, modules describing the above hydrological processes, 

including the effects of catchment characteristics, are combined and organized into a 

modular framework. They are grouped into the surface/soil store module, surface runoff 

module, groundwater module, water usage/wastewater module and water reuse module. 

This RTWBM modular framework (as described below) has the advantage of being able 

to add/omit or modify any module to accommodate towns of different hydrological 

characteristics, water management practices and data availability.  

Modular Framework 

(a) Impervious Surface Module 

The impervious surfaces (roof, paved and road) are each modelled as a single store 

runoff saturation excess process. The water retained in the store represents the initial 

losses due to interception and depression. It is assumed that runoff from the impervious 

‘effective areas’ which are directly connected to the stormwater drainage system 

(SROimp) are discharged out of the townsite rapidly before it can infiltrate into the sub-

soil. The runoff from the remaining ‘non-effective-areas’ (NEAR) which are not 

directly connected to the drainage system discharges onto adjacent pervious surfaces. 

These two components are calculated according to the following equations (see Table 

A.1 in Appendix A for a list of the abbreviations used in all equations): 

 SROimp = EAimp . (P – IL + IST) 

 NEAR = (1 - EAimp) (P – IL + IST) 

The impervious surface evaporation (Eimp) is calculated using the following equation: 

 Eimp = min (Ep, IST) 

where Ep is the potential evaporation rate, which is the maximum amount of 

evaporation that can occur in a given day, due to climatic conditions. 

The storage level of the impervious surface stores determines the antecedent condition 

of the surface at the beginning of a rain event and therefore the initial loss from these 

stores. The impervious store level (IST) is computed daily by the following equation 

where t denotes the current daily time step and t-1 is the previous day: 
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 ISTt = ISTt-1 + P - Eimp - SROimp - NEAR 

(b) Pervious Soil Store Module 

This is the most important module, and it simulates the interaction of surface water and 

groundwater in the unsaturated zone. The main inputs to this module are the rainfall on 

pervious ground surface and water that enters the unsaturated soil zone, including 

irrigation supplies, spillage from impervious surfaces, stormwater trapped on the 

townsite and leakage from pipelines. The output from the module will be surface runoff, 

evapo-transpiration, and leakage at the bottom of the store, measured as groundwater 

recharge.  

The actual evapo-transpiration is the amount which actually evapo-transpires in a day, 

given the potential rate (Ep), the pervious store soil moisture content and the capacity of 

the vegetative cover to transpire (Epc). This is represented by the equation: 

 Ea = Aperv . min{(PST / PSTc) . Epc , Ep} 

The excess soil moisture (EXC) is calculated according to the following equation: 

 EXC = max(P + PST - PSTc , 0) . Aperv 

A user-defined proportion of the excess soil moisture (BI) recharges the groundwater 

store (GWR): 

 GWR = BI . EXC 

A proportion of this excess soil moisture also infiltrates into the wastewater system. 

This water (RIS) enters a temporary infiltration store (INFS), again by a user-defined 

index (II), which then drains into the wastewater system (INF): 

 RIS = II . EXC 

 INF = IRC . √INFS 

The surface runoff from the pervious store is equal to the excess soil moisture less the 

groundwater recharge and water that goes into the temporary infiltration store: 

 SROperv = EXC – RIS - GWR  
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Remnant vegetation is modelled as a pervious ‘bucket’ with deeper soil depth. The 

vegetation is considered to be mature with a constant root depth which determines the 

effective soil depth and how much soil water is available for transpiration consumptive 

use. Other pervious surfaces are considered as a combination of grassed and bare soil 

surfaces. 

The pervious soil store level (PST) is tracked daily by the following equation: 

 PSTt = PSTt-1 + P + IRRI + NEAR + LK - Ea - EXC 

where IRRI is the irrigation and LK is the leakage from the pipelines, both of which are 

defined later. 

(c)  Groundwater Module 

This module accounts for the groundwater storage under the townsite. While the 

catchment boundaries for surface water can be more clearly defined by the watershed 

divide, boundaries for groundwater can be quite arbitrary. In this case, it is taken as the 

same boundary of the surface water. The groundwater store (GWS) is drained according 

to a recession function (BRC) to become baseflow (BF): 

 BF = BRC . GWS 

There is a provision to simulate groundwater abstraction. The capacity of the 

groundwater abstraction can be set based on the pump capacity or the specific yield of 

the aquifer which can be derived from test pumping results. A threshold value can be set 

to trigger the pump when the water level rise exceeds this value. Alternatively a 

prescribed pumping time series can be used for simulation purposes. There is a 

provision in the model for the inclusion of any significant external recharge source if it 

can be identified and rationally calibrated.  

The groundwater store level (GWS) is calculated as: 

 GWSt = GWSt-1 + GWR - BF 

 (d)       Storm water Module 

This module receives surface runoff from both impervious and pervious surfaces, within 

the townsite. There is no hydraulic modelling, such as channel routing and pipe flow. 
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The inflow of stormwater into the wastewater system is represented as a proportion of 

the total surface runoff generated: 

 ISI = %I . (SROperv + SROimp) 

External run-on from the contributing fringe area is modelled as a point input and 

assumed to be directly routed through the townsite. However if the capacity of the main 

drain is exceeded, the stormwater will be modelled as ‘trapped’ or contained on the 

townsite and will inundate the pervious store. 

A stormwater harvesting component is incorporated where stormwater can be diverted 

or pumped to a dam for storage and can be fed back into the water demand module as 

available water supply.  

 (e) Water Usage / Wastewater Module 

Total water usage can be separated into two main categories i.e. the indoor water usage 

(IWU) and irrigation (IRRI).  

The indoor use is further disaggregated into toilet, laundry, bathroom and kitchen usage 

according to the ratio in Table 2.1. Any water saving measures introduced such as water 

rationing and use of water-saving appliances can be expressed as percentage of water 

use efficiency. 

Table 2.1 Indoor water demand 

L/capital/day %

Toilet 48 21

Laundry 73 32

Bathroom 87 38

Kitchen 21 9

Total 229 100

Indoor usage

 

Irrigation is applied to maintain minimal soil moisture in the irrigated area. A trigger-to-

irrigate (TG) level is set at 60% of soil store capacity as explained in Section 2.2. When 

the soil moisture level in the irrigated pervious store drops below this user-defined TG 

level, irrigation is applied to make up the deficit according to the equation below:  

 IRRI = max(TG . PSTc - PST, 0) . Aperv . %GI 
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The percentage of irrigated pervious area (%GI), will determine the quantum of 

irrigation water requirement. A maximum irrigation rate of 10mm/day is assumed as the 

limitation of the irrigation system, and it is assumed that irrigation is always met by 

rainfall (for irrigation), reused water or scheme water (in this order of priority). 

Leakage (LK) of the water supply pipework is assumed to be proportional to the bulk 

water use (IRRI+IWU) and is expressed as: 

 LK = %L . (IRRI + IWU) / (100 - %L) 

The leaked water either recharges the groundwater, drains away via the wastewater and 

stormwater systems, or is intercepted and used by vegetation (Foster, 1994). 

The gross amount of scheme water imported into the townsite is the sum of indoor 

water use, irrigation and leakage: 

 WS = IWU + IRRI + LK 

It is assumed that all indoor water usage is discharged into the wastewater system and 

this is separated into the greywater (from laundry, bathroom and kitchen) and 

blackwater (toilet) to enable modelling of greywater reuse if required. The total amount 

of wastewater discharged from the townsite is the sum of indoor water use, infiltration 

from excess soil moisture and inflow of stormwater: 

 WW = IWU + INF + ISI 

 (f) Water Reuse Module 

A dual-objective approach to improve sustainability of the water balance at a townsite is 

to treat and reuse stormwater and wastewater. Firstly, this approach provides additional 

water resources, and secondly, it reduces undesirable groundwater recharge. Amongst 

the options to store, treat and reuse stormwater/wastewater are:  

• Rainwater tank (RT) 

• Greywater tank (GT) 

• Stormwater harvesting (SRH) 

• Wastewater treatment and reuse (WTR) 
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• Groundwater abstraction and desalination (GWA) 

Each of these water reuse options is modelled as a simple bucket (or store) with a set of 

operating rules and constraints. The ‘store’ receives water diverted from the reuse water 

source and the store water is available for use when needed. The store is subjected to 

precipitation input and evaporation output if it is an open store. Overflow (QRUov) 

occurs when the store level exceeds the storage capacity. The water withdrawn for 

consumption is dependent on the volume available in the store after evaporation and 

overflow have been subtracted. The operation of the water reuse store (RUST) can 

generally be represented by the following equation, with some optional components: 

 RUSTt = RUSTt-1 + QRUin - QRUout - QRUov – Ep + P 

Such modules can be embedded into the desirable subsystems of the water balance 

model. Some of these water reuse options are explored in Chapter 3 to evaluate their 

contributive capacity and reliability from the water resource point of view. 

Recycled water is assumed to be of sub-potable standard which is used for toilet 

flushing and irrigation purposes and would require a separate reticulation systems. 

Given the cost and health concerns associated with additional reticulation systems (or 

third pipe system), it is assumed that residential dwellings only have raintank water and 

greywater as a recycled water source. Other recycled water such as from waste water 

treatment, groundwater abstraction and surface water harvesting are for irrigation of 

public spaces only.  

(g) Total Town Discharge Module 

The total town discharge consists of the surface runoff, wastewater, baseflow and 

residue from water reuse options less the inflow into the wastewater system. It can be 

expressed by the following equation: 

 DIStown = SROimp + SROperv + WW + BF - ISI 

2.2.3 Modelling assumptions 

The following are some assumptions made about the operation of the model: 

• The transaction of water occurs in a set order each day. Precipitation is added to 

and evapo-transpiration is subtracted from the water balance system at the start 
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of each day. Any excess soil moisture is then converted into groundwater 

recharge, infiltration into the wastewater system and surface runoff. The 

irrigation (or watering) is applied at the end of the day. 

• Only one wetting and drying cycle occurs within a day. Multiple wetting and 

drying cycles due to multiple rainfall events within the day were not simulated. 

• Precipitation and irrigation are instantaneously distributed through the root zone 

when, in reality, wetting fronts form and the soil is slow to reach a uniform soil 

moisture content. 

• Surface ponding and overland flow do not occur until the soil moisture storage 

capacity is exceeded. This may over-estimate water infiltrating through pervious 

surfaces and underestimate surface runoff in intense rainfall events when 

infiltration capacity of the soil profile is exceeded. 

• The maximum initial loss on impervious surfaces (1mm) is assumed to be a 

constant. 

• The spillage from the non-effective impervious area is assumed to spread evenly 

across the entire adjacent pervious area, however in reality, there may be some 

localized variation.  

• The groundwater store is assumed to be an unconfined aquifer and groundwater 

recharge is assumed to spread uniformly over the entire groundwater store below 

the townsite. 

• Irrigation water demand is met at all times i.e. scheme/recycled water are used to 

maintain a minimum moisture content in the previous store. 

• Irrigation and toilet flushing are met by sources in the order of rainfall, recycled 

water and lastly scheme water. 

• A constant domestic water demand rate for bathroom, laundry, kitchen and toilet 

are met by scheme water. 

2.2.4 Programming language 
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The RTWBM is developed in MATLAB-Simulink Release 14SP1, which forms a 

strong hybrid modelling and simulation tool. The core computation program is coded in 

Simulink Version 6.1 Release 14SP1 (MathWorks, 2004a). Simulink uses a block 

language which consists of blocks representing the various processes in the model 

which are interconnected to simulate the flow of the processes (see Figure 2.4). Each of 

these blocks can be expanded into a sub-program if that level complexity is required. 

Any block in this second level of sub-programs can then be expanded into a third layer 

of sub-programs and so on.  

This process can go on indefinitely to form a hierarchy of sub-programs. In this way, 

the model can be developed progressively from a simple basic model into a detailed, 

comprehensive model as necessary. In a simulation run, input data are propagated 

through the model at a pre-defined time step to generate the required output. This 

Simulink core program can be called and executed within an overarching Main Program 

written in MATLAB Version 7.1 Release 14SP1 (The MathWorks, 2004b), which 

prescribes other conditions of the simulation run such as the choice of town, simulation 

period, choice of input data (e.g. stochastically generated or historical rainfall data) and 

output formats.  

2.2.5 Preliminary data analysis 

The RTWBM has to be calibrated against observed data from individual townsites 

before it can be put to practical use as a diagnostic or forecasting tool. In this study the 

model is calibrated with observed data from Wagin, a rural town south east of Perth 

with urban and light industry landuses (Figure 2.1). This section discusses the 

availability of data and the results of preliminary data analysis. 

Brief description of Wagin 

Wagin is located (225 km SSE of Perth (117o20’E, 33o18’S) within the Dordemunning 

catchment, which extends from Badgarning Rocks west of the town to Wagin Lake 

south of the town. The catchment area is itself approximately 3000 ha and drains via the 

lakes into the Coblinine River system. The topography is sloping in a west-south 

direction from 388 m at Badgarning Rocks to 250 m at Wagin Lake. Comprehensive 

geological information about Wagin is presented in Crossley (2001). Within the 

townsite boundaries the more densely-settled area comprises about 300 ha.  

  



 

Figure 2.4 Snap shot of RTWBM main program page 
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Climatic data  

Climatic data available for Wagin are 54 years of daily rainfall (1950 - 2004) and 34 

years of daily potential evaporation data (1970 - 2004) recorded at the Wagin Post 

Office (Station No:10647). The annual rainfall depth is 441 mm. Wagin exhibits strong 

climate seasonality: cool temperatures, high rainfall and low potential evaporation in 

winter, and high temperatures, low rainfall coinciding with high potential evaporation in 

summer (see Figure 2.5) and is reflective of the typical climate pattern in the Wheatbelt. 

 

 

Figure 2.5 Average monthly rainfall and potential evaporation (Ep) – Wagin 

Groundwater data 

There is little quantitative data on the rates of groundwater recharge and their regional 

variation within the Wheatbelt region (George, 2001). In this study, groundwater level 

data from Agbores database (DAFWA, 2004) are used to estimate the recharge rates. 

Groundwater level and salinity (EC) data are monitored quarterly at 24 locations within 

the townsite and the majority have paired deep and shallow bores at each site. However 

most of these pairs have very similar water levels and are thought to be connected. 

Therefore, only data from shallow bores are used in this study.  

The bore data has been screened to exclude low or poor quality data and the final 

dataset consists of 4 years (2000-2004) of quarterly monitored data at 16 locations. The 

monitoring period selected also coincides with a period of drought years which may 
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impact on the bores response. A short term (72 hour) pumping test had been carried out 

at 3 production bores in Wagin with hydrogeological parameters such as hydraulic 

conductivity and specific yield derived from these records. 

A time series plot of the 4-year groundwater level data (Figure 2.6) exhibits a strong 

seasonal response of the shallow water table, fluctuating between 0.5 m to 4.0 m below 

ground level (bgl). The distinct seasonal fluctuations – rising during wet winters and 

falling during dry summers is relatively consistent across the 16 sites. Based on these 

results and the spatial distribution of the bores within the town, lumping data to create a 

uniform surface for the use as part of the non-distributed ‘bucket’ modelling approach 

was deemed appropriate.  

 

Figure 2.6 Groundwater level at Wagin - shallow bores 

The areal average of these groundwater level readings was used to compute the change 

in groundwater storage. A mesh of 23 Delaunay Triangles (MathWorks, 2004b) 

connecting the groundwater levels at the 16 bore holes within the townsite was 

constructed to represent the groundwater surface profile at the time the measurements 

were taken (Figure 2.7). Assuming this is in a static state, the volume in between two 

such groundwater surface profiles at two different points in time represent the change in 

groundwater storage over the corresponding period. Dividing this volume by the area 

and the number of days spanning this period and then multiplying by the soil effective 

porosity yields an estimate of the groundwater recharge rate in mm/day.  
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Figure 2.7 Delaunay Triangles mesh derived from the selected shallow bores locations 

for the Wagin townsite 

A time series plot of the change in groundwater storage versus the rainfall depth over 

the corresponding period (Figure 2.8 a) shows that the seasonal fluctuations in 

groundwater mimic rainfall patterns. A XY-plot of these two parameters also shows a 

strong correlation with an R2 of 0.86 (Figure 2.8 b) indicating that groundwater recharge 

is highly responsive to rainfall. The data used are quarterly dataset which might have 

“smoothen” rapid responses due to localized rainfall-event driven episodic groundwater 

recharge (Lewis and Walker 2002), rather than a regional groundwater trend.  

The time-lag which is expected to occur in the groundwater level response is not 

apparent in the trend lines, also due to the coarse resolution of the data.  
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Figure 2.8 Rainfall vs change in groundwater storage for Wagin: (a) quarterly depth of 

rainfall and change in storage (mm); (b) correlation plot (R
2
 = 0.86)  

Surface water data 

Most of the drainage channels (both natural and constructed) within Wagin are 

ephemeral, flowing during the winter season only or during significant summer 

thunderstorms; unfortunately there is no streamflow record available at the time of this 

study. However, as part of the Rural Town Liquid Assets Project, streamflow 

monitoring within the study towns has recently been initiated.  

Urban water data 

To assess urban water use, the following datasets were obtained: 
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• Water Supply - Information on water supply to the township was obtained from 

the Western Australian Water Corporation in the form of weekly scheme water 

supply to the town. The annual scheme water supply to Wagin is 322 ML. Divide 

this volume by the town area, it is equivalent to 35 mm of water which is equal to 

only 7% of the annual rainfall depth. 

• Wastewater – Information on wastewater generation in rural towns was also 

obtained from the Water Corporation. 

• Wastewater Reuse – Wastewater generation is separated into greywater and 

blackwater to enable simulation of greywater reuse although there is limited water 

reuse in rural towns at the time of this study and consisted mainly of raintank 

storages.  

Some parameters such as water usage per capita or per household were derived. These 

parameters form the basis of formulating the urban water usage pattern in the model. 

Other spatial data 

Detailed landuse and surface type information at the lot level is available in a Proposed 

Landuse Classification GIS database. This dataset is a combination of the State 

cadastral database (SCDB), the Wagin Town Planning scheme (TPS), Sales information 

from the Valuer General and updated with attributes identified from aerial photography. 

This information is used to compute the sub-total area of the various landuse and 

surface types for the modules within the model. 

2.2.6 Calibration of the model 

Model Parameters  

Since this is a lumped-parameter model, all model parameters are assumed to be 

representative of a particular landuse or surface type or the entire townsite catchment, 

where appropriate. 

Model parameters were either: 

• Variables which track the water storages and water fluxes in the water balance 

model; 
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• Constants which were observed data; 

• Constants which were recognized literature values; or 

• Calibrated constants. 

Where available, observed values were preferentially used in the model and in the 

absence of such data, literature values were adopted or the parameters are calibrated or 

derived by fitting the model output with observed data. A list of the model parameters 

indicating their types and typical values is given in Appendix A. 

Dataset used in calibration 

The model was calibrated using the available data types as follows: 

• Climatic Data – Precipitation and pan evaporation data are the two most important 

input data for the model. Daily data series for each was used in the calibration.  

• Groundwater level – As groundwater rise is the major issue confronting rural 

towns, the groundwater recharge rate was the key output of the model that was 

fitted to  the observed data. Simulated groundwater recharge was compared with 

groundwater recharge rate estimated from the groundwater level data, as described 

in the data analysis section above. Since the groundwater level data are collected 

quarterly, a similar time interval was adopted as the basis for data comparison, 

although the simulations were carried out using a daily time step.  

• Water supply and wastewater data were fitted to actual water supply data provided 

by the Water Corporation. The actual water supply data were in the form of 

weekly consumption and was used to reflect the seasonality of water use within a 

calendar year.   

There is no streamflow record available, and therefore model predictions of streamflow 

could not be part of the calibration. However, since the surface runoff process is much 

faster than the sub-surface infiltration process, it was assumed that surface runoff 

generated was exported from the townsite relatively quickly. In the case of extreme 

rainfall events, the model is able to simulate the case that some of this flood water is 

trapped within the townsite (by setting a main drainage outfall capacity) and returned to 

the pervious bucket. 
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Calibrated model 

The model was calibrated using two years of precipitation and potential evaporation 

data as input and compared the simulated groundwater recharge and scheme water 

usage with observed data (see schematic diagram in Figure 2.9). 

 

Figure 2.9 Model calibration process 

By adjusting a few model parameters which impacts on scheme water usage, a good fit 

was obtained between the simulated scheme water usage and the observed values. 

Figures 2.10 (a) and (b) show the seasonal fluctuations and cumulative totals of the 

observed versus simulated values, respectively. Note that the lower threshold of 

simulated scheme water usage is due to the assumption that there is a minimum indoor 

consumption of approximately 200 KL/day throughout the year.  

Both the simulated and actual scheme water usage data closely reflect the seasonal 

pattern of evaporation (Figure 2.10 (a)). This suggests that garden water usage 

constitutes a large fraction of scheme water usage and the residents are irrigating their 

gardens according to the consumptive needs of plants (or changes in temperature). This 

is simulated in the model by maintaining the moisture content in the soil store to satisfy 

the plants’ consumptive requirements.  

Observed Simulated Observed

Rainfall Rural Town GW Recharge GW Recharge

Water Balance Model best fit

Evaporation (RTWBM) Scheme Water Usage Scheme Water Usage
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Figure 2.10 Observed and simulated scheme water usage for Wagin:  

(a) daily total and (b) cumulative plot 

Similarly, the model was calibrated to match the simulated groundwater recharge with 

the observed values (Figure 2.11). The step feature in the groundwater recharge plots 

reflects the coarse dataset of quarterly groundwater levels relative to the daily rainfall 

totals. The highly variable daily plot suggests that a more regular interval for monitoring 

is necessary to capture the short term response behavior of the shallow groundwater 

table during storm events. Due to the short duration of record of the observed data used 

in the calibration, the calibrated model was unable to be verified.  

(a) 

(b) 
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Figure 2.11: Observed and simulated groundwater recharge for Wagin: 

 (a) daily total and (b) cumulative plot 

2.2.7 Redistribution of rainfall on townsite 

An important hydrological process in the rural town water balance is the redistribution 

of rainfall and recharge within the townsite. Therefore it is essential to understand how 

this redistribution process is modelled in RTWBM. The rainfall input to the model is 

tracked through the different modules in the model during the calibration process and 

the distribution is discussed below.  

Partitioning by landuse and surface types 

The pie charts in Figure 2.12 show the partitioning of Wagin townsite by landuse types 

and surface types. Public space is the largest percentage (55%) of landuse type in the 

(a) 

(b) 
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townsite. Residential area occupies 10% of the town area, whereas Commercial and 

Industrial make up the remaining 35%. In terms of surface types, pervious surfaces 

constitute about 70% of the town area, with about 15% of this area still covered by 

remnant vegetation. The remaining 30% are impervious surface (including roof) and 

water bodies. Since the rainfall is assumed uniformly distributed over the catchment, the 

partitioning of rainfall will be the same as the partitioning in landuse and surface types. 

 

Figure 2.12 Distribution of landuse type and surface type 

Tracking the rainfall pathways 

The RTWBM model was used to investigate the response of surface types to rainfall or 

how rainfall is redistributed based on surface types. The redistribution of rainfall, falling 

on the various surface types was tracked through the different pathways (i.e. through the 

different buckets in the matrix of landuse and surface types) to its final destination in 

the model where it is either stored as groundwater recharge or was discharged as surface 

runoff and evapo-transpiration. “Counters” were introduced into the model to keep track 

of the rainfall separately from water flux from other sources such as scheme water and 

fringe inflow. In soil stores which receive rainfall input from different surface types, the 

model kept count of the current (at a particular time step) ratio of rainfall-contributed 

water in the store from different water sources. It was assumed that it is well-mixed in 

the store and exits the store according to this ratio. 

Results and discussion 

The process by which rainfall is redistributed within the model for a typical summer 

(January) and winter (July) month and the annual totals is given in the flow charts in 

Appendix B, Figure 2.13 and Figure 2.14 below.  
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The redistribution of rainfall (through the surface types) is given in the form of pie 

charts (Figure 2.13) and defines the three main factors that influence the fate of rainfall, 

i.e. groundwater recharge, surface runoff and evapo-transpiration. Wastewater drainage 

is not included as it is generated from indoor scheme water usage and is not impacted by 

rainfall. 

Of the rainwater which is evaporated, about three quarters comes from evapo-

transpiration from the pervious and vegetative surface. The other quarter comes from 

direct water surface evaporation from the water bodies. The evaporation from the roof 

and impervious surfaces is negligible because rainwater is assumed to runoff from these 

surfaces quickly. 

Rainfall runoff from the impervious surfaces contributes to about 20% of the townsite 

surface runoff. The remaining 80% comes from the other pervious surfaces. Water 

bodies are assumed to have the buffer storage to contain all the rainfall onto it and will 

not spill to generate surface runoff. 

The composition of rainfall which percolates to become groundwater recharge is 75% 

from the pervious surfaces and the other 25% from the water bodies. 

Unlike the larger urban cities with high density of building and paved surfaces, the 

ground surface in rural towns is still largely unsealed. Pervious surfaces still constitute a 

large portion of rural townsites. Therefore, rainfall through these pervious surfaces 

naturally becomes the main pathway of rainfall redistribution on the townsite, which is 

quite obvious on the three pie charts. 

    



  

 

 

          

 

 

Figure 2.13 Redistribution of rainfall within the Wagin townsite as:  groundwater recharge, surface runoff and evaporation 
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Figure 2.14 gives the proportions of the different components of rainfall redistribution 

in a typical summer (January) and winter (July) month, compared to the annual average.  

  

 

Figure 2.14 Redistribution (or partitioning) of rainfall into surface runoff (SRO), 

GW recharge and evaporation for (a) January (summer), (b) July (winter) and (c) 

annual totals for the Wagin townsite 

 

From Figure 2.14 (a) it is obvious that a large portion of the rainwater is evaporated in 

the summer months; whereas in winter (Figure 2.14b) the evaporation is greatly reduced 

and the remaining components, i.e. groundwater recharge and surface runoff, increase 

correspondingly. It is interesting to note that these seasonal biases neutralize each other 

and the annual average (Figure 2.14c) shows that the three components are relatively 

similar. 

This exercise to investigate the redistribution of rainfall has revealed where, when and 

by how much rainfall is redistributed and routed through rural townsites. This is an 

important hydrological mechanism in rural town water balance and has significant 

implications on rural town water management practices, which will be discussed in 

more details in Chapter 4.  
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2.3 Spatial and temporal climate variability  

A townsite water balance is complex and influenced by numerous factors. In the course 

of developing the model, the major factors impacting on a townsite water balance have 

been identified and can be broadly categorised into climatic and landscape controls 

(Figure 2.15). As highlighted previously, there is a significant climate gradient across 

the Wheatbelt region and the rainfall-catchment runoff characteristics are most affected 

by the interaction between rainfall intensity/duration and landscape properties. This 

section evaluates the impact of variable climate characteristics on a townsite water 

balance and assesses regional variations across the Wheatbelt.  

 

Figure 2.15: Derived process controls on rural townsite water balance as defined in the 

RTWB Model 

2.3.1 Methodology  

The RTWB Model, coupled with a stochastic rainfall generator (Hipsey et al., 2003) 

was used to assess the impact of spatial and temporal climate variability across the 

Wheatbelt region; landscape properties were assumed to remain the same.  

In the Stochastic Rainfall Generator, temporal rainfall characteristics (intensity, duration 

and inter-storm period) were derived from historical records and regressed against 

regional parameters (longitude, latitude, distance from coast, Dryness Index etc.). With 

these derived statistics for the south-west agricultural region of Western Australia, a 

rainfall time series can practically be synthesized for any hypothetical townsite at any 
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location within the region, which incorporates seasonality, within-storm variability and 

inter-event statistics (Hipsey et al., 2003).  

The Ep time series was generated from annual potential evaporation values extracted 

form regional evaporation contour map. These annual totals were then fitted with a 

sinusoidal pattern to generate a daily time series to represent the seasonality. The 

resultant maximum and minimum in the summer and winter agree well with historical 

record.  

A 100-year time series of both precipitation and potential evaporation were synthesized 

using the above models and then used as data input for the RTWBM.  

To prescribe landscape characteristics over the Wheatbelt region, model properties 

calibrated for Wagin were used as representative values for the other rural towns. 

Clearly, this is a major simplifying assumption but it provides consistency on the model 

parameters in the absence of verifiable data available for the 38 rural towns evaluated in 

this exercise. 

The key to understanding the development of a water and salinity management strategy 

for rural towns is determining the main drivers of water table rise. These main drivers 

i.e. garden water usage and groundwater recharge hence becomes the variables of 

interest in the model output. These variables will presumably be directly impacted by 

the variability of rainfall and evaporation experienced as a South to North and West to 

East trend in the dryland agricultural areas of the south west of WA. The indoor 

household water usage is assumed to be independent of the climate variability as it does 

not directly influence rainfall redistribution (and use) and is not included in the model 

outputs. 

2.3.2 Simulation results 

Simulations were performed on 38 rural towns located in dryland agricultural areas 

(<600 mm rainfall) of the south west of Western Australia (which includes the 

Wheatbelt region). Daily outputs were aggregated into monthly values for the variables 

of interest (i.e. precipitation, evaporation, garden water usage and groundwater recharge) 

that have been shown to influence the rate of groundwater rise within rural towns. Mean 

monthly contour maps for garden water usage, groundwater recharge, evaporation and 

precipitation for a typical summer month (January) and winter month (July) are given in 

Figure 2.16.  
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Figure 2.16 (a) Mean monthly contour plots of the south west of WA for garden water 

usage and groundwater recharge, evaporation (Ep) and precipitation for January 

(summer) 

 

January (summer): 
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Figure 2.16 (b) Mean monthly contour plots of the south west of WA for garden water 

usage, groundwater recharge, evaporation (Ep) and precipitation for July (winter) 

 

In the drier climate of the north-east, garden water usage pattern is influenced by the 

reduced rainfall and high evaporation rates. Garden water usage pattern in the moderate 

climate regime in the lower south-west is also influenced by both potential evaporation 

July (winter): 
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and precipitation. In July, the spatial pattern of garden usage responds to the patterns of 

both potential evaporation and precipitation, which have similar spatial trends (i.e. 

garden water usage increase from the wetter and cooler south-west coastline to the dryer 

and hotter north-east inland). 

Groundwater recharge patterns during both summer and winter months closely mimic 

rainfall patterns strongly suggesting a link between rainfall and recharge irrespective of 

level of garden irrigation. These strong correlations suggest that groundwater recharge 

is influenced largely by the direct localized rainfall infiltration at the townsite.  

In summary, we can conclude from this study on the impact of climate variability that, 

assuming spatially uniform landscape properties: 

• The spatial distribution of evaporation and precipitation jointly impacts on garden 

(scheme) water usage pattern of the rural towns. 

• There is a strong correlation between rainfall and groundwater recharge which 

suggest that direct rainfall infiltration is the main contributor to groundwater 

recharge. 

Combining the findings from the investigation of rainfall redistribution at townsite scale 

and the impact of climate variability at regional scale, we can draw the following 

conclusions about the water balance of rural towns:  

• The regional climate variability has strong influence on some crucial components 

of the rural town water balance, namely the rainfall amount and potential 

evaporation. This influence is propagated as some distinctive patterns of 

consequential components such as garden water usage and groundwater recharge, 

at the regional scale. 

• With this regional climatic influence on the rural town water balance, the rainfall 

undergoes an internal redistribution mechanism which fine-tunes where this major 

input of the rural town water balance will end up to as evaporation, surface runoff 

or groundwater recharge.       

2.4 Summary and conclusions 
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The first part of this chapter gives a thorough account of the development of the Rural 

Town Water Balance Model. This involves the following stages: 

• Hydrological characterisation of a rural townsite – establish the major 

hydrological processes which are crucial to the rural town water balance. 

• Formulation and construction of the townsite water balance – development of a 

set of equations to model the various water storages and fluxes in the rural town 

water balance, based on the knowledge gained in the hydrological characterisation 

stage. 

• Preliminary data analysis to estimate some input parameters such as historical 

climatic data (rainfall and evaporation), groundwater level records, urban water 

usage data, landuse and surface type data. 

• Calibration and testing of the model – The model was calibrated against two years 

of observed datasets namely the water supply to the town and groundwater 

recharge.. The calibrated model was then used to track the rainfall redistribution 

on a rural townsite, to test out its functionality. The testing demonstrated the 

capability of the model to route the water inputs through the townsite and yield 

some useful information on the fate of rainfall on the townsite. Despite the 

seasonal variation, the annual average statistics shows that the three components 

of water leaving the townsite as evaporation, surface runoff and groundwater 

recharge are about equal in proportion.    

The latter part of this chapter describes the application of the water balance model to 

investigate the impact of regional climate variability on the rural town water balance.  

Some of the findings from the data analysis and the application of RTWBM are 

reiterated here to emphasize their contribution towards a better understanding of 

townsite hydrology: 

• Preliminary data analysis shows that imported scheme water is small in quantity 

compared to rainfall on the townsite and therefore is unlikely to be the main 

contributor to groundwater recharge. 

• In the calibration process, it was found that the observed scheme water usage 

mimics the patterns of evaporation closely. It suggests that garden water usage 
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constitutes a significant portion of scheme water usage and the residents are 

irrigating their garden in accordance to the consumptive needs of vegetation. 

• At the townsite scale, rainfall on rural townsite is redistributed according to the 

landuse and surface types and ends up as evaporation, surface runoff and 

groundwater recharge. 

• However, this internal redistribution is blanketed by the following regional trends 

which is influenced by the regional climate variability:  

� The spatial distribution of evaporation and precipitation jointly impacts on 

garden (scheme) water usage pattern of the rural towns. 

� There is a strong correlation between rainfall and groundwater recharge 

which suggests that direct rainfall infiltration is the main contributor to 

groundwater recharge. 

The implications of the findings on townsite water management will be discussed in 

more detail in Chapter 4. 

Future work 

It is important to investigate if the conclusions drawn from this work remain valid for 

describing climate and landscape controls in different township types (i.e. towns with 

different land usage, such as mining or light-industry dominated towns). This was the 

motivation for the next chapter which is focused on exploring the urban landscape 

controls on townsite water balance.  



 47

Chapter 3: Impact of Urban Landscape Properties 

and Water Management Options  

3.1 Introduction 

There are indications in various groundwater studies conducted under the rural towns 

program (Crossley, 2001; Deshon, 2001; Hopgood, 2001) that suggest a substantial 

fraction of the groundwater recharge that contributed to groundwater table rise within 

rural towns of the Wheatbelt region of Western Australia had its origins within the 

townsite itself. These reports also infer that recharge generated within the town is 

sourced directly from rainfall infiltrating pervious surfaces, imported water supplies and 

surface runoff ponded within the townsite. However, these inferences are generally 

deduced from other indirect measurement and have not been quantified. 

Hydrologists have reported that an increase in the impervious surface area associated 

with urbanization will reduce recharge within townsites. However this hypothesis has 

been revised by more recent research that concludes that such reductions in recharge are 

offset by other factors such as leakage from water supply and stormwater/wastewater 

pipes and an increase and concentration of overland flow which lead to indirect 

recharge (Lerner, 2002).  

A townsite water balance is quite complex in nature and is influenced by numerous 

process controls, and consists of water stores which are inter-connected to one another. 

The water fluxes between the water stores are influenced by these controls. Therefore, 

to gain a better understanding of the townsite water balance, the following is required: 

(1) a total water balance model capable of simulating the various water stores and the 

water fluxes between them, and;  

(2) a systematic approach to the evaluation of the influence of various process controls 

on these water stores and fluxes.    

The process controls can be broadly categorised as per Figure 3.1 below. The effect of 

spatial and temporal climate variability has been investigated and evaluated in Chapter 2, 

with the spatial analysis assuming uniform landscape properties.  
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Figure 3.1 Process controls on rural townsite water balance 

The main objective of this Chapter is to evaluate the impact of urban landscape 

properties and water management strategies upon the townsite water balance, 

specifically groundwater recharge and scheme water usage. Sensitivity analyses were 

carried out to determine the impact of such properties/strategies on some pre-

determined objective functions. In this exercise, the climate controls were fixed and the 

model is used to evaluate the landscape/management control processes. 

3.2 Methodology 

The sensitivity analyses were applied to parameters affecting townsite water balance 

and used the RTWBM. The parameters evaluated were landuse types; surface types; 

intensity of drainage system and water management options.  

The RTWBM is a non-distributed multiple bucket model consisting of impervious 

surface stores, pervious soil store, groundwater store and urban water stores. Rainfall 

and imported scheme water are the main inputs to the model. This water is then routed 

through the model and leaves the townsite as evapo-transpiration, surface outflow or 

infiltration. The targeted area is partitioned in terms of landuse (residential, industrial, 

commercial and public) and surface types (impervious, pervious, irrigated, vegetation, 

water body etc) (Eow et al., 2006). 

Mean monthly regimes aggregated from daily output were used in the sensitivity 

analysis to capture climate seasonality. The results were analyzed temporally for the 

“typical” winter and summer months and annual totals. From the spatial perspective, the 

sensitivity analyses were performed on two towns with different climate regimes – one 
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“Wet” (south-west) and one “Dry” (north-east), to assess the influence of the defined 

process controls under these different climate scenarios. 

3.2.1 Definitions and assumptions 

The definitions and assumptions made are similar to those used in Chapter 2. They are:  

(1) Groundwater recharge is water ‘drained’ from the pervious soil store into the 

groundwater store; 

(2) Scheme water usage is inclusive of indoor and garden water usage defined as 

water applied to gardens and public spaces; 

(3) Water demand is always met by rainfall (for irrigation), reused water or scheme 

water (in this order of priority); and, 

(4) Town discharge is total water discharged from the town inclusive of the surface 

runoff generated from the townsite, wastewater, inflow from the contributing 

fringe area, and baseflow from the groundwater store (see diagram of model in 

Figure 2.2).   

3.2.2 Objective functions 

The major objective functions of this sensitivity analysis are:  

(1) groundwater recharge and; 

(2) scheme water usage. 

Some other related functions such as the recycled water usage and town discharge are 

also monitored and discussed. The above objective functions are monitored in terms of 

their annual total and seasonal variation. 

3.2.3 Climate forcing 

Two hypothetical towns with contrasting climates located in the Wheatbelt region of 

south-west WA were used in the simulation. One town represents a high evaporation 

and medium to low rainfall climate in the north-east inland parts of the Wheatbelt; while 

the other town represents the low evaporation and medium to high rainfall in the south-

west of WA (hereafter referred to as “Dry” and “Wet” Towns respectively) (See Figure 
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3.2). There is a 2-3 month shift between the peak and trough of rainfall delivered to the 

townsites.  A 100-year daily rainfall time series was synthesized from a stochastic 

rainfall generator (Hipsey et al., 2003). An evaporation time series of similar length was 

generated using a sinusoidal function to reflect seasonal variations. The synthetic 

generation of these climatic time series was described in more detail in Section 2.3.1.         

     

Figure 3.2 Climatic characteristics of “Dry” and “Wet” Town 

3.3 Baseline and Sensitivity Analysis Cases 

Four sensitivity analyses were investigated as defined below: 

• Case 1: Townsites with different landuse ratios (C1) 

• Case 2: Residential sites with variable surface type ratios (C2) 

• Case 3: Percentage of homes  connected to the drainage network (C3), and; 

• Case 4: Evaluation of the effectiveness of water reuse options (C4). 

For the sensitivity analyses, the landuse parameters were varied across a practical range 

and the deviations (of the model outputs) from the baseline were recorded. A 

description of the baseline and the four sensitivity analyses are discussed in more detail 

in the following sections.   

3.3.1 Baseline 

First and foremost, a baseline needs to be established. The landscape compositional data 

of five study towns (see Figure 2.1) were assessed.  The ratios of the four landuse types, 

namely residential, commercial, industrial and public were determined. Then each 
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landuse type was further partitioned into selected surface types (i.e. roof, impervious, 

non-irrigated pervious, irrigated, vegetated and water bodies). 

The average values (in terms of percentage of land area) are tabulated as a matrix of 

landuse types versus surface types as in Table 3.1. The “average” rural town is quite 

sparsely populated (only 15% is residential area). The high ratio of industrial area 

includes farming lands which are mostly grazing grounds within the town boundaries. 

These average values were used as the baseline and the subsequent sensitivity analyses 

tested some of the urban landscape parameters across the likely range of values based 

on the statistics from the five towns.  

Table 3.1 Baseline: Composition of town area by landuse types and surface types 

   

Results 

The annual baseline water balance  for the “Dry” and “Wet” Towns are summarized in 

Table 3.2. The “Dry” town has a much higher ‘garden (scheme) water usage to 

groundwater recharge’ ratio (78%) than the “Wet” Town (18%). As explained earlier in 

Chapter 2, maintaining the moisture content in the soil store for the plant consumptive 

requirement may create a wet antecedent condition prior to a rainfall event which will 

facilitate groundwater recharge as it removes the requirement for a wetting phase before 

the soil becomes saturated and transmissive (Coles & Sivapalan 1991). This may enable 

a substantial amount of groundwater recharge (2895 ML per annum) to occur in the 

“Dry” town despite the lower rainfall regime.  

The low ‘garden (scheme) water usage to groundwater recharge’ ratio in the “Wet” 

town suggested that groundwater recharge is driven by direct rainfall infiltration. The 

overall percentage of scheme water used for garden usage is slightly higher in the “Dry” 

town but is nominally a value of 80% for both towns. This ratio is considerably higher 

than expected values (50%-60%) described in the literature (Grant and Sharma, 2005) 

Residential Commercial Industrial Public

Roof 0.9 0.2 1.0 2.1

Impervious 3.0 0.6 2.6 12.7 18.8

Pervious : non-irrigated 11.3 0.2 38.1 7.7 57.3

Pervious : irrigated 0.6 0.0 0.1 3.4 4.1

Vegetation 14.4 14.4

Water body 3.2 3.2

15.8 1.0 41.8 41.4 100.0Total

Landuse types (%)

Surface 

Types

(%)

Total
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as it also includes irrigation of public space. The surface runoff volume of the “Wet” 

town is significantly higher (approximately 2.5 times that of the “Dry” town) and is 

attributed to the higher rainfall, residual antecedent soil moisture and larger number of 

total rain days in the “Wet” town.   

Table 3.2 Summary of Baseline Analysis 

  “Dry” Town “Wet” Town 

Direct Precipitation (ML) 7035 13795 

Groundwater Recharge (ML) 2895 7629 

Scheme Water Usage - total (ML) 2634 1733 

Scheme Water Usage – garden usage (ML) 2254 1353 

% garden usage in Scheme Water Usage (%) 86% 78% 

% garden usage vs Groundwater Recharge 78% 18% 

Surface Runoff (ML) 1121 2984 

 

The spatial variability in landuse and response for the Baseline is described in Table 3.3 

below. The significant difference in available moisture for recharge and runoff from all 

surfaces is evident from the comparison of the two sites.  For most surfaces the amount 

of recharge is at least double for the “Wet” town compared to the “Dry” town. 

Table 3.3 Breakdown of Baseline results for (a) “Dry” and (b) “Wet” towns 

(a) “Dry” Town: Landuse type 

 Residential Commercial Industrial Public Total 

Groundwater Recharge (ML) 401 16 1033 1445 2895 

Scheme Water Usage - total (ML) 455 41 547 1591 2634 

Scheme Water Usage – garden usage (ML) 313 19 331 1591 2254 

% garden usage in Scheme Water Usage 0.69 0.46 0.60 1.00 0.86 

Surface Runoff (ML) 144 26 213 738 1121 

      

(b) “Wet” Town: Landuse type 

 Residential Commercial Industrial Public Total 

Groundwater Recharge (ML) 1062 34 3041 3492 7629 

Scheme Water Usage - total (ML) 330 33 417 953 1733 

Scheme Water Usage – garden usage (ML) 188 11 201 953 1353 

% garden usage in Scheme Water Usage 0.57 0.33 0.48 1.00 0.78 

Surface Runoff (ML) 461 69 788 1666 2984 

Selective simulation results of the four sensitivity analysis cases are presented in the 

following sections with only those that demonstrated significant variability between 

cases discussed. 
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3.3.2 Case 1: Town with different landuse ratio 

The impacts of the individual landuse were evaluated one at a time by varying the 

percentage across a practical range (see Table 3.4). The percentages of the remaining 

landuse were adjusted to maintain the 100% total townsite area. 

Table 3.4 Variation of landuse proportions 

Scenario Landuse Distribution (%) 

 Residential Commercial Industrial Public 

Baseline 15.8 1.0 41.8 41.4 

1 10-35 varies Varies 41.4 

2 Varies 0.5-5 Varies 41.4 

3 Varies varies 20-50 41.4 

4 Varies varies Varies 20-60 
Note: ‘varies’ means to adjust the supplementary area according to the ratio in the baseline. 

Scenario 1 to 3 assessed the responses of different land uses within a townsite, whether 

the town has predominantly residential, service (commercial) or industrial land uses.  

Percentage of public space was fixed, while the other three landuse types were varied.  

Scenario 4 assessed the impact of the percentage of public space maintained within a 

rural town. The percentage of public space was varied and the remaining areas balanced 

accordingly while maintaining the developed landuse ratio described by the baseline. 

Units of dwelling and population are assumed proportionate to the landuse area being 

evaluated. 

Results 

The changes in groundwater recharge exhibit opposing trends in the “Dry” and “Wet” 

Towns with increasing residential area (Figure 3.3 (a)). In evaluating this phenomenon, 

it is important to note that an increase in the percentage of any one land type results in a 

decrease in the percentage of other land types included in the modelled scenario. In this 

case, a change in the percentage of residential landuse results in a similar and opposite 

change in the percentage of industrial landuse, noting that public landuse percentage is 

fixed and commercial landuse percentage is negligible. Comparing the surface type 

composition between these two landuse types, it can be inferred that an increase in 

residential area leads to an increase in impervious surface and irrigated pervious 

surfaces. In the hotter “Dry” Town where a majority of irrigation (watering) demand is 

met by scheme water, an increase in irrigated pervious surface increases the potential 

for groundwater recharge (Figure 3.3 (a)). Conversely for the “Wet” town where rainfall 
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satisfies most of the irrigation demand, an effective reduction in the total pervious area 

for direct rainfall infiltration results in a decrease in direct in-situ groundwater recharge.  

The other case studies suggest that redirected runoff from rainfall has the opportunity to 

increase recharge as it is routed from impervious to pervious surfaces.  

As the change in industrial landuse is complementary to residential area (Figure 3.3 (b)), 

the opposite applies when there is an increase in industrial landuse area.  

 

Figure 3.3 Groundwater recharge response to changes in (a) residential and (b) 

industrial landuse 

The different trends under different climate regimes show that the model has low 

sensitivity with respect to groundwater recharge, with less than 5% change in recharge  

resulting from more than 20% change in landuse.  

This highlights how different controls, in different climate regimes, drive different 

hydrological responses.  

As garden (irrigation) water usage constitutes a high portion of scheme water usage, 

scheme water usage is highly sensitive to the change in the area of public space and 

residential housing (Figure 3.4).  This trend is reflected in towns located in both the 

“Dry” and “Wet” climate regions. 
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Figure 3.4 Scheme water usage response to changes in (a) residential and (b) industrial 

landuse 

 

3.3.3 Case 2: Residential area with different surface type ratio 

The previous case evaluation tested the impact of variable landuse types in a rural 

townsite. However it is also of interest to assess how the surface composition within a 

particular landuse type affects the water balance. The residential landuse was evaluated 

in this case study in view of the potential to change the behavior of residents and their 

water use practices within the town. A similar approach can be applied to other landuse 

types to cover the full matrix of landuse and surface types. 

The parameters varied in this sensitivity analysis include: 

• percentage of each surface type, which is scaled from 15% to 75% and;  

• variation of the area of supplementary surface type according to the relative ratio 

established in the baseline. 

Results 

The response of groundwater recharge to the changes in surface types in the residential 

landuse is pronounced, with the increase in irrigated pervious areas driving subsequent 

increases in groundwater recharge (Figure 3.5 (a)). The most significant response to the 

changes in irrigated area occurring in the “Dry” town. This again suggests that scheme 

irrigation by householders is more significant in controlling groundwater recharge in the 

“Dry” town, compared to the “Wet” town scenario. An increase in irrigated pervious 

area results in a decrease in impervious area which diminishes the contribution of 

rainfall-runoff from impervious to pervious towards groundwater recharge. This further 
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enhances the significance of the irrigation water contribution to the groundwater 

recharge. 

The modelled responses of  scheme water usage  for residential landuse displayed in 

(Figure 3.5 (b)) demonstrates that the model is more sensitive to the changes in the 

irrigated area as this has the most direct impact on irrigation demand. The rate of change 

is higher in the “Dry” climate scenario.  

 

Figure 3.5 (a) Groundwater recharge and (b) scheme water usage response to changes 

in irrigated area 

 

3.3.4 Case 3: Percentage of area connected to drain 

It has been postulated that groundwater recharge can be lessened by surface water 

management (Coles et al. 2009; Coles et al 2004; Coles and Ali 2000), however, to date, 

the impact of this process on groundwater table levels is yet to be clearly demonstrated 

(George, 2001). The sensitivity analysis aims to study how the extent of urban drainage 

and redistribution systems influence the groundwater recharge and garden water usage. 

A concept of ‘effective area’ is introduced here to represent the proportion of 

impervious surfaces which are directly connected to stormwater drainage system and 

assumed to be discharged out of the townsite rapidly before it has the chance to 

infiltrate into the sub-soil. The remainder of the impervious surfaces which are not 

directly connected to the drainage system, are termed ‘non-effective area’, and assumed 

to have drained onto adjacent pervious surfaces. As these pervious surfaces include the 

irrigated pervious surfaces, an increase in non-effective area (hence more water drained 

onto pervious surface) may potentially reduce the irrigation water requirement, as a 

result of the functionality of the model setup. 
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The effective drainage area in Australian urban catchments varies greatly, ranging from 

31% to 100% (Boyd et al., 1993). Considering the lower degree of urbanization in a 

rural town, this sensitivity analysis varies the percentage of area connected to the 

drainage system from 10% to 50%, which is reasonably scaled down from Boyd’s 

numbers above. A more accurate estimate may be made by examining good quality 

aerial photographs or site inspection, which was not included as part of this study. 

Results 

Increasing the percentage of area connected to a drain significantly reduces groundwater 

recharge (Figure 3.6). An improved drainage system with increased connectivity 

increases the percentage of discharge out of the townsite, thereby significantly reducing 

the potential for water to infiltrate to the groundwater table. 

Variations in scheme water recharge are driven by the change in the percentage of area 

connected to the drainage, in accordance to the following functionalities of the water 

balance model setup: 

• reduces discharge onto pervious surfaces,  

• increases water loss from soil store, and  

• may consequently results in a potential increase in  irrigation requirement.  

The sensitivity analysis supports the hypothesis that management of surface runoff (and 

thereby rainfall driven recharge) significantly impacts on the water available for 

groundwater recharge within the townsite.  The volume of water available is much 

greater than that associated with irrigation of public space or garden use, even though 

this component (irrigation) drives recharge during the summer months, particularly the 

“Dry” town climate scenario.  
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Figure 3.6 Groundwater recharge and scheme water usage responses to 

changes in percentage of area connected to drainage system 

 

3.3.5 Case 4: Effectiveness of water reuse options 

Comparisons were made between two reuse options at the household and township 

scales, (see Table 3.5), which was evaluated using the following options: 

1. raintank (RT) versus greywater tank (GT) at the household scale, and;  

2. groundwater abstraction (GWA) versus surface runoff harvesting (SRH) at 

township scale (hereafter abbreviations are used).  

The common contrasting characteristic between the two options at these two different 

scales is that both GT and GWA have a constant source of supply while the RT and 

SRH options are rainfall dependent. This contrasting variation is important on 

modelling the reuse of greywater and groundwater abstraction as the inputs for the 

model for the reuse cycle are “continuous” as opposed to an event driven runoff 

component included in the water harvesting options.  Evaluation of the influence of the 

variability in these processes was not considered by the model but the functionality of 

the process is captured and described below. 
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Table 3.5 Water reuse options tested 

 Water reuse options 

Constant flow/ 
on demand 

Rainfall 
dependent 

Household scale  Greywater  
tank (GT) 

Raintank 
(RT) 

Township scale  Groundwater 
abstraction 

(GWA) 

Surface Runoff 
harvesting 

(SRH) 

 

The following definitions and assumptions are used for modelling the reuse options: 

• Greywater in this study was classified as all wastewater generated within the 

household, excluding toilet wastes. This is considered as either “light greywater”, 

wastewater only from bathroom sinks, baths and showers, or “dark greywater” 

which is defined as waste from laundry facilities, dishwashers and kitchen sinks 

(Birks et al., 2004). Effective roof area is the roof area where rainfall runoff can be 

collected and diverted into a storage tank via gutters and pipes.  For modelling 

purposes it is assumed that the roof has effective gutters and down-pipes that 

channel the majority of roof runoff to the tank as described by Coles and Morrison, 

2004. 

• The model assumes that all households are fitted with a GT or RT. The tank size 

assigned to households is derived for a feasible range using a sensitivity analysis. 

• Both RT and GT can be used for garden irrigation and toilet flushing; 

• Surface runoff from the townsite is diverted and stored in a dam for later use to 

irrigate public space.  

• GWA is assumed to be an on-demand basis with a buffer reservoir. The abstraction 

capacity accounts for the capacity of any treatment needed such as a desalination 

plant, and it assumed that there is no limitation on aquifer yield; and 

• The harvested surface runoff and abstracted groundwater can be used for irrigation 

of public spaces such as parks and ovals. 

Results 
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The model simulations are able to demonstrate significant savings in scheme water 

usage by employing all reuse options. The functions of the two reuse options for both 

operational scales (household and township) are compared below. Total annual quantum 

and the monthly distribution of the scheme water savings were compared for the reuse 

options.   

(a) Household scale – GT versus RT 

At the household scale, as the tank size increases, the scheme water saving from GT 

reuse comes to an asymptote much more quickly than the RT case in both “Dry” and 

“Wet” towns (Figure 3.7). A smaller GT tank size can provide much higher water 

saving than the RT, for instance 0.5KL greywater tank per household can save up to 5% 

of scheme water while the same raintank size can only save 1%. This is explainable as 

the greywater is a constant source while the raintank source is rainfall dependent and  

‘untimely’ as it usually fills during the time of lowest demand irrigation (i.e. winter). 

The water saving comes to an asymptote due to the limitation of the recycled water 

source. 

The impact of both reuse options on groundwater recharge and town discharge are 

insignificant since the quantum of water recycled is comparatively very small with 

respect to groundwater recharge and annual rainfall. 

   

Figure 3.7 Scheme water responses to changes in (a) RT and (b) GT tank capacity 

A closer look at the monthly distribution of RT and GT usage (Figure 3.8) reveals 

different RT and GT usage patterns due to the seasonality of rainfall and irrigation 

demand: 
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• There is a distinct peak in tank water usage in the post-winter periods in most 

scenarios, with the exception being the RT use in “Dry” town case. This is mainly 

due to rainwater tanks being recharged during winter in the low-demand cycle 

(and high rainfall in the case of RT) period in winter, and the stored water being 

available for use when the demand increases. There is a delay in the usage peak 

for “Wet” Town which correlated with the rainfall peak. 

• In the case of RT water usage, there is a significant difference between the “Dry” 

and “Wet” towns. In the “Dry” town, irrigation demand almost always exceeds 

rainfall. Rain water collected in the raintank will be used up almost straight away. 

Therefore RT usage closely mimics the rainfall pattern, whereas for the “Wet” 

town, the surplus RT storage was stored for use in the drier months (Oct-Nov), 

accounting for the post-winter peak usage.  

• Comparing the GT and RT options, the GT usage hovers around 8000KL and only 

peaks when there is a surplus supply over demand. Conversely, RT usage remains 

quite low during the high demand period due to small storage and reduced rainfall, 

but has a sharp peak immediately after winter. However, storage is quickly 

exhausted by demand sometime before peak demand in the summer months. 

Therefore it is not as effective as the GT option in satisfying irrigation demand 

(Figure 3.8).    

(b) Township scale – SRH versus GWA 

In the case of township-scale water reuse options, the saving in scheme water usage is 

high as the recycled water is used to irrigate public space which is the biggest water user 

(Figure 3.9) 

The water saving from GWA option reaches an asymptote at about 60% in both towns, 

with a capacity of 6000 KL. Unlike the household scale options, this is a demand-

limiting case whereby the limitation is the maximum demand (public irrigation demand 

fully met). The fringe benefit of the GWA is the lowering of groundwater table.  
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Figure 3.8 Monthly distributions of residential toilet/irrigation demand and RT/ GT 

Usage 

In the case of the SRH, the demand could not be fully met even after employing an 

unrealistic 1,000 ML dam capacity, and is constrained by seasonality factors similar to 

that of RT scenarios. 
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Figure 3.9 Scheme water responses to changes in (a) SRH and (b) GWA 

Comparing the monthly distribution plots of the on-demand GWA usage and the 

demand plot (Figure 3.10), it can be seen that the usage responds strictly to the demand, 

therefore making it highly efficient. Its reliability is totally independent of the climate 

seasonality. However, this is based on the hypothetical assumption that the system is 

perfectly efficient in matching supply continuously and that the water quality is suitable 

for irrigation. The GWA option also has the added benefit of lowering groundwater 

table, hence alleviating townsite water-logging problem. 

The SRH reuse option is constrained by the climatic seasonality, similar to the RT 

option. In the case of “Wet” town, the high rainfall amount makes it possible to store 

surface runoff to fulfill the demand in later summer months (Jan-May) (see left lower 

graph). However, this requires very large dam capacity (1,000 ML) which is unrealistic. 

A similar water balance study was undertaken by Shukla in 2010 to assess the local 

water resources availability for Rural Towns in Western Australia (Shukla et al., 2011). 

The study shows that townsite stormwater runoff, greywater utilization and rainwater 

harvesting (in the order of volumetric reliability) can potentially cause significant 

saving in scheme water use. This is consistent with the results above. Shukla’s study 

also looked at the cost aspect and concluded that greywater is disadvantaged by its 

higher operation and maintenance cost, making the other two options (stormwater 

runoff and rainfall harvesting) the preferred management options for the rural towns.  
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Figure 3.10 Monthly distributions of public irrigation demand and SRH/GWA usage 

 

3.4 Relevance to Townsite Water Balance 

Having individually evaluated the four sensitivity analysis cases, it is important to know 

how significant and how relevant these analyses are in terms of the impact on the 

townsite water balance.   

 

The following table (Table 3.6) summarizes the relevance of each sensitivity analysis to 

the total townsite water balance, particularly the impacts on the two objective functions 
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defined earlier, i.e. groundwater recharge and scheme water usage. It takes into account 

the weight of each component in the total water balance.  

From the summary table, the following dominant process controls stand out amongst the 

others in terms of their impacts on the townsite water balance: 

• The public area which is the major scheme water user due to its large irrigated 

area such as town oval; 

• The irrigated pervious surface area in the residential landuse has significant 

impact on both groundwater recharge and scheme water usage; 

• Good drainage connectivity routes surface runoff through the town more quickly. 

The shorter resident time of the surface water reduces groundwater recharge at the 

townsite. 

• Both surface runoff harvesting and groundwater abstraction greatly reduce scheme 

water usage because they are utilized to irrigate large public irrigated area: and 

• Groundwater abstraction has an added advantage of lowering the groundwater 

table at the townsite.  

Based on such knowledge from the overall perspective, we are able to establish the 

implication of these results on rural town water management which will be discussed in 

more details in Chapter 4.    

 

 



Table 3.6 Summary of sensitivity analysis results 

 

 

Trend of response % 

Change

Relevance Trend of response % 

Change

Relevance

Residential As residential area ↑:

- Dry town gw recharge ↑;
- Wet town gw recharge ↓.

5% low As residential area ↑:

- scheme water usage↑.

15% moderate

Industrial As industrial area ↑:

- Dry town gw recharge↓;
- Wet town gw recharge↑.

5% low --- --- ---

Public --- --- --- As public area ↑:

- scheme water usage↑.

35% high

2 - Surface type 

ratio in residential 

area

Irrigated pervious area As irrigated pervious↑:

- gw recharge↑.

20% moderate As irrigated pervious↑:

- scheme water usage↑.

130% high

3 - Drainage 

connectivity

% area connected to 

drainage system

As drainage connectivity↑:

- gw recharge↓.

6% moderate As drainage connectivity↑:

- scheme water usage↑.

1% insignificant

Rain tank (RT) --- --- --- As RT↑:

- scheme water usage↓
3% low

Greywater tank (GT) --- --- --- As GT↑:

- scheme water usage↓
7% moderate

Surface runoff harvesting 

(SRH)

--- --- --- As SRH↑:

- scheme water usage↓
40% high

Groundwater abstraction 

(GWA)

As GWA↑:

- groundwater table↓.

--- moderate As GWA↑:

- scheme water usage↓
60% high

1 - Landuse ratio

4 - Water reuse 

options

parameter tested Relevancee to townsite water balance

groundwater recharge (gwr) scheme water usage

case
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3.5 Summary and conclusions 

This chapter examines the other aspects of hydrological process controls, i.e. the 

impacts of urban landscape properties/water management strategies on the townsite 

water balance. A baseline was established using the statistics from five study towns for 

the typical “Wet” and “Dry” climate conditions. Sensitivity analyses were used to test 

the properties/strategies including landuse, surface condition, drainage connection, and 

water reuse.  

Below are some key findings from the sensitivity analyses which impact on townsite 

water balance: 

• Dominant process controls for different climate regimes have been identified for 

the various hydrological responses. These dominant process controls include the 

landuse/surface ratios of public space and irrigated pervious area, and town-scale 

water reuse options i.e. surface runoff harvesting and groundwater abstraction.  

• As garden water usage constitutes a high portion of scheme water usage, changes 

in scheme water usage is most sensitive to area variations in public space and 

residential land use, which are primary garden water users.  

• An increase in irrigated area causes an increase in both scheme water usage and 

groundwater recharge, with a more profound impact in the “Dry” climate 

scenarios. 

• Increasing the extent of the surface water drainage system reduces groundwater 

recharge.  On the other hand the model is setup such that the consequential (due to 

the good drainage system) decrease in drainage from impervious surface onto 

irrigated pervious surface may potentially cause an increase in scheme water 

usage to irrigate the garden. However, this “artificial” phenomenon is due to the 

“rigid” model setup on the irrigation algorithm which is entirely based on 

consumptive needs of the plants. In reality, this may be circumvented by the 

flexibility of human judgment to optimize this drainage–irrigation balance.   

• For house-hold and township scale the water reuse options are more effective at 

reducing water use than the rainfall-dependent water harvesting options. 

• In the case of township-scale reuse, the saving in scheme water usage is high, 

because it can be used to irrigate public space which is the biggest water user for 

this scenario.  
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From the above findings, it can be concluded that climate and urban landscape controls 

have a synergistic impact on a rural town water balance, and should not be evaluated in 

isolation. The sensitivity analysis has highlighted that the response to landscape use are 

significantly different under the different climate regimes. Modifying urban landscape 

properties such as the ratio of landuse and surface types and the percentage of area 

connected to drainage system on the townsite, have a significant impact on groundwater 

recharge and scheme water usage. Water reuse options are useful in saving scheme 

water to varying extents, and there is a marked advantage of the constant flow options 

compared to the rainfall dependent options. This is particularly evident for the summer 

periods or for low rainfall years in the wetter climates.  

Town scale water reuse options indicate that significant savings can be made in scheme 

water usage by meeting scheme demand for open space irrigation by water recycling. 

By connecting impervious areas to drainage and capturing runoff and run-on, recharge 

can be significantly reduced within the townsite. Increased residential area promotes 

recharge driven by home irrigation demand and increases the potential to raise 

groundwater levels within the townsite. However volumes of water are minimal in 

comparison to rainfall recharge within the town during winter or during large storm 

events but does have the potential to maintain surface groundwater connection through a 

consistent water supply and near surface saturation. This was the same for the water 

reuse options that reduce scheme demand but can promote recharge in irrigated public 

space where this water is applied. 
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Chapter 4:  Implications for Rural Town Water 

Management  

Before discussing the implications of the findings in the previous two chapters on Rural 

Town Water Management, it is necessary to reiterate the two main objectives of rural 

town water management defined earlier: 

• Minimize groundwater table rise by reducing groundwater recharge. 

• Reduce scheme water usage by making available additional water resources (e.g. 

through recycling of water at the townsites). 

The implications are discussed under the following aspects extending from the area of 

investigations carried out in the previous two chapters.  

4.1 Redistribution of Rainfall 

As the main source of water input, rainfall on a townsite can either be a valuable 

resource or an undesirable burden to the system depending on its fate within the 

townsite. The analysis of where and how rainfall is redistributed (Section 2.2) within the 

townsite demonstrated how this can be incorporated into water management strategies 

that are aimed at intercepting the water at some strategic nodes in the water balance 

system with the option to either dispose or reuse it. Guidelines have been derived for 

choosing the appropriate water management strategies such as the town drainage system 

capacity, raintank size, and groundwater abstraction capacity required to optimize the 

utilization of rainfall in townsite.  

Lessons learned from the investigation of redistribution of rainfall on a representative 

townsite are: 

• Public space, being the largest percentage of area in the townsite, has the greatest 

influence on the fate of rainfall within the townsite. 

• In terms of surface types, pervious surfaces constitute about 70% of the town area, 

with about 20% of this area still covered by remnant vegetation. This indicates 

that groundwater recharge from direct rainfall on the previous surfaces is an 

important component of the townsite water balance.  
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4.2 Impacts of Climate Variability 

An evaluation of the impact of climate variability on townsite water balance (Section 

2.3) looks at the regional variations of water balance across the Wheatbelt under the 

influence of climate.  

The finding from this exercise inferred that, assuming spatially uniform landscape 

properties: 

• The spatial distributions of Ep and P have significant impacts on garden (scheme) 

water usage; 

• There is a strong correlation between rainfall and groundwater recharge. 

The benefit of these findings on regional water supply planning is it provides a 

guideline to predict regional water demand based on the evaporation and precipitation 

statistics. 

The strong correlation between rainfall and groundwater recharge suggests that direct 

rainfall infiltration is the main source of groundwater recharge. This provides a 

guideline to better utilize the resources in combating dryland salinity by allocating more 

resources to regions with higher rainfall.  

Despite the fact that climate influences the rural town water balance from the 

hydrological point of view, management strategies for reducing groundwater recharge 

and scheme water usage are not totally dependent on climate, as these management 

strategies can be implemented year round and can influence the storage and water reuse 

capacity within the town. 

4.3 Impacts of Urban Landscape Property 

In line with the water management objective functions defined above, the following are 

some conclusions which can be drawn from the outcome of the sensitivity analyses 

carried out in Section 3.3. These conclusions will provide guidelines to assist in 

formulating management strategies for rural towns: 

• The sensitivity analysis on the land-use types revealed that changes in land-use 

types can induce different trends in hydrological responses, due to the different 

dominant process controls. For instance, any attempt to reduce groundwater 
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recharge should be targeting at reducing pervious area or improving stormwater 

management in the high-rainfall climate regime since direct rainfall infiltration is 

the main source of groundwater recharge. 

• Given that garden water usage constitutes about 80% of the scheme water usage, 

it can be deduced that residential area and public spaces, which have the most 

irrigated areas, are the main scheme water users of the town. Therefore, any water 

saving effort should be targeted at these two landuse types especially irrigation of 

public spaces. Some shires have already been acting on this by harvesting surface 

runoff to irrigate public space and encouraging use of raintanks in the 

communities.   

• The percentage of impervious area connected to drains (practically this means the 

extent of drainage system) has a two-pronged effect on the management 

objectives. Reducing the extent of impervious surface connected to drain will 

increase the spillage onto the adjacent pervious soil which will result in an 

increase in groundwater recharge. On the other hand,  the increased spillage may 

potentially reduce the garden water usage if the receiving areas are irrigated 

pervious areas within the townsite reducing the need for reticulation. Therefore 

runoff from impervious surfaces should be wisely diverted to where it is needed or 

where the impact on groundwater recharge is negligible.  

• The design of the drainage collection system should take into account the possible 

fate of the stormwater. A well-designed drainage system should direct runoff from 

the impervious areas onto irrigated garden patches and to prevent it from spilling 

onto unvegetated pervious areas, where the water is effectively wasted and 

becomes available for groundwater recharge. This consideration is important for 

the wetter towns where the surface runoff is much higher than those of the drier 

townsites.  

4.4 Effectiveness of Water Reuse Options 

From the sensitivity analysis on the water management options, the following 

implication on the rural town water management can be drawn: 

• Using raintank storage is less ‘effective’ than using a recycling greywater tank in 

terms of reducing scheme water usage. This is due to the fact that greywater 
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provides a constant source of supply while the raintank source is dependent on 

rainfall seasonality and its availability usually coincides with the lowest irrigation 

demands in the garden. The potential of raintank storage is further restricted in the 

“Dry” Town due to low rainfall. 

• With the on-demand operation and provided there is no limitation on yield, 

groundwater abstraction (GWA) has the potential of fulfilling the irrigation 

demand of public spaces with a reasonable abstraction capacity and has the 

additional benefit of lowering the groundwater table. The common strategy is to 

lower the groundwater table in the low-rainfall season by abstracting groundwater 

for irrigation purposes (provided water quality is suitable), thus creating more 

capacity to receive groundwater recharge in the following high-rainfall season.  

• For the case of surface runoff harvesting (SRH), the irrigation demand of public 

space can never be fulfilled in the summer months in the “Dry” Town, limited by 

surface runoff generation from the low rainfall. The summer month demand can 

be fulfilled in the “Wet” Town, but it requires an unrealistically large dam 

capacity. 

• From the perspective of climate regimes, the “Dry” Town comparatively have 

more of the water-usage related issues due to its relatively large amount of scheme 

water usage, whereas the “Wet” Town has more rainfall-related problems due to 

its higher direct rainfall infiltration. However, “uncontrolled” groundwater 

recharge is problematic at both townsites, in relation to surface runoff, 

redistributed recharge and salinity development.   

As a summary, the implications of the results on townsite water balance and some 

recommended water management strategies are tabulated in Table 4.1 below. 



Table 4.1 Summary of implications on townsite water balance and water management strategies 

Trend of response % 

Change

Relevance Trend of response % 

Change

Relevance

Residential As residential area ↑:

- Dry town gw recharge ↑;
- Wet town gw recharge ↓.

5% low As residential area ↑:

- scheme water usage↑.

15% moderate

Industrial As industrial area ↑:

- Dry town gw recharge↓;
- Wet town gw recharge↑.

5% low --- --- ---

Public --- --- --- As public area ↑:

- scheme water usage↑.

35% high

2 - Surface type 

ratio in residential 

area

Irrigated pervious area As irrigated pervious↑:

- gw recharge↑.

20% moderate As irrigated pervious↑:

- scheme water usage↑.

130% high

3 - Drainage 

connectivity

% area connected to 

drainage system

As drainage connectivity↑:

- gw recharge↓.

6% moderate As drainage connectivity↑:

- scheme water usage↑.

1% insignificant

Rain tank (RT) --- --- --- As RT↑:

- scheme water usage↓
3% low

Greywater tank (GT) --- --- --- As GT↑:

- scheme water usage↓
7% moderate

Surface runoff harvesting 

(SRH)

--- --- --- As SRH↑:

- scheme water usage↓
40% high

Groundwater abstraction 

(GWA)

As GWA↑:

- groundwater table↓.

--- moderate As GWA↑:

- scheme water usage↓
60% high

1 - Landuse ratio

4 - Water reuse 

options

Parameter tested Relevance to townsite water balance

Groundwater recharge (gwr) Scheme water usage

Case
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4.5 Benefits from the study 

Some specific outputs from this study contribute to both the science and industrial 

applications are: 

• Analysis of data such as groundwater level record, townsite landuse and surface 

type, scheme water supply data which yielded useful statistics which can be used 

in water management planning in small rural towns and other urban environments. 

• RTWBM – a rural town water balance model is a model which can be used as a 

research tool or a planning tool to manage water in rural towns. 

• Impact of climate and landscape influences can be assessed using RTWBM 

simulations of waters redistribution on rural towns to determine shifts in the water 

balance and their implications for the development of water management 

strategies.  

From the hydrological point of view, the outcome of the study provides a quantitative 

appreciation of the various hydrological components in townsite water balance. This has 

helped to enhance the knowledge of a townsite water balance, particularly by 

identifying the probable real causes of rising groundwater table and where the potential 

sources of water are available to be recycled. Subsequent financial investment can be 

focused on relevant management strategies and options to effectively manage water 

redistribution, groundwater and salinity within rural towns. 

As the model is a non-distributed model, it cannot be used to address spatial issues such 

as groundwater table under a particular high-valued building, proposed locations of 

water abstraction points, alignment of proposed surface drainage system etc. However, 

the quantitative parameters can be used to size the facility required for various water 

management options such as capacity of desalination plants, size of groundwater 

abstraction pump, or size of the trunk surface drain, which enables the execution of 

subsequent economic (cost-benefit) analyses. 

From the industrial application point of view, this water balance study will assist land 

managers in formulating improved water resources management and development 

strategies for the rural towns. The study will facilitate risk-based design of water supply 

and water reuse options such as groundwater abstraction pump capacity, optimization of 
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raintank capacity and drains. The sensitivity analysis provides some guideline for future 

data collection requirement.  

At the regional scale, the regional trends derived from the spatial analysis give regional 

catchment councils an overview of the water management scenarios across the region, 

and what elements of the water balance should be targeted within the townsite under 

changed climate regime and land uses. 
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Chapter 5:  Conclusions and Recommendations 

5.1 Summary 

In line with the main objectives defined in the Introduction, this study was aimed at 

developing a methodology to tackle the dryland salinity and water logging problem 

faced by the rural towns and to develop on-site water resources or reuse opportunities to 

increase the security of water supply in rural towns.  

The methodology developed in this study consists of the following steps: 

• Characterization of the rural town model by identifying the dominant hydrological 

processes on a rural townsite. 

• Development of a numerical water balance model. 

• Parameterization of the water balance model by analyzing field data, calibration 

of model against observed data or adaptation of literature values. 

• Model simulations to diagnose the current townsite water balance under the 

influences of regional or local process controls such as climate variability, and 

landscape properties. 

• Evaluation of the relevance and implication of diagnosis on rural town water 

management practices and formulation of water management interventions. 

• Model simulations to predict impact of water management intervention such as 

landuse changes, drainage improvement and water reuse options.  

The methodology was applied to the rural towns in the Wheatbelt of South-west 

Western Australia. 

To summarize the study in one paragraph, the study improved the understanding of 

townsite water balance with respect to the impact of urban landscape properties and 

water management options, and demonstrated the variation between different climate 

regimes. The additional knowledge facilitates formulation of future water management 

plans for the rural towns.  
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5.2 Conclusions 

Putting the pieces together, these are some general conclusions and recommendations 

which can be drawn from this study: 

• Scheme water usage data mimics the patterns of evaporation closely, so we can 

assume that garden usage constitutes a big portion of scheme water usage and the 

residents are irrigating their garden efficiently according to the consumptive needs 

of vegetation and lawns.  Although there is no evidence of ‘over-irrigation’, the 

desire to keep the soil wet at all times may create an antecedent soil moisture 

content prior to a rainfall event that may create a conducive environment for 

groundwater recharge or runoff redistribution to occur.  

• Imported scheme water is very small in quantity compared to rainfall on the 

townsite and therefore is unlikely to be the main contributor to groundwater 

recharge. This is confirmed by the simulation results that show townsite 

groundwater recharge is tracking the rainfall pattern. It is assumed that direct 

infiltration of rainwater in-situ, and from redistribution of fringe effect is the main 

contributor to townsite groundwater recharge.  

• Climate controls and urban landscape controls have a coupled impact on the water 

balance of rural towns, and should not be looked at in isolation. However 

management strategies for reducing groundwater recharge and scheme water 

usage does not depend on climate, but are influenced by scheme water, recycling 

and rainfall totals. 

• Proper management of urban landscape properties such as optimizing the ratio of 

landuse and surface types and improving the drainage reticulation system on the 

townsite will help to alleviate groundwater recharge problems and perhaps 

provide some water saving. 

• Water reuse options are useful in saving scheme water to varying extents, and 

there is a marked advantage of the constant flow options compared to the rainfall 

dependent options.  

While these findings are specific to the south-west of Western Australia, the 

methodology used, and model developed (with some re-calibration) can be applied to 

rural towns in other regions where catchment hydrology is significantly impacted by 
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rural/urban landuse. The data requirement will be the basic hydrological data such as 

climate, groundwater and streamflow records, landuse/surface types information, and 

townsite water usage profile. The accuracy of the results will commensurate the details 

and resolutions of the model input data.  

To translate these into practical terms, the above findings provide some guidelines to: 

• The town planner in regards to the impact of different landuse combination on 

townsite water management (Sensitivity Analysis Case 1). 

• The town residents on the preferred surface types on their properties that creates 

favorable conditions to alleviate the water and salinity problems of the town such 

as minimized unnecessary pervious surface, water-wise garden etc (Sensitivity 

Analysis Case 2). 

• The shire engineer to minimize groundwater recharge when planning/designing 

the drainage system within the townsite (Sensitivity Analysis Case 3). 

• The water managers on the choice of water reuse option in terms of types and 

optimal capacity (Sensitivity Analysis Case 4). 

5.3 Recommendations for Future work 

Having investigated the impact of climate characteristics and urban landscape properties 

on townsite water balance, the remaining group of process controls i.e. natural 

landscape requires further study. 

Targeted management options can be evaluated based on results from the sensitivity 

analysis. 

As this study focused on the problems from the hydrological points of view, the 

inferences/conclusion should be subjected to other practical considerations such as 

water quality, capital/operating cost, engineering feasibility and social acceptability. 

This study is constrained by resolution of the dataset available. Future studies should 

investigate event-based analysis because the within-event variability of some processes 

can affect the outcome. This could have implications for issues like groundwater 

recharge generation and water reuse practices. Some recommendations on future data 

collection are: 
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• Surface runoff data (both internal and external to townsite) to close the gap in the 

water balance. It should include impacts of flood events. 

• High resolution (continuous monitoring with automatic data loggers) groundwater 

level data commensurate with the resolution of climatic data. This will provide 

better understanding of short term hydrological response to rainfall events; for 

instance, to capture the peaks and time lag of groundwater level response to 

rainfall events.  

• However, there should be a balance between detailed measurement and general 

measurement. Other model parameters with less variability such as evaporation 

and water supply data do not need such high resolution datasets. 

It is also recommended that the RTWBM be applied to other towns in other regions to 

test out the robustness of the model and its generic applicability to model any townsite 

with basic hydrological and water usage dataset, which most townsites would have.   
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Appendix A: List of model parameters  

Table A.1 contains a list of parameters used in the model, some of which are variables 

while others are constants (highlighted in blue). The constant parameters are derived by 

one of the methods in the following set order: 

(a) direct from field measurement data where it is available. 

(b) adopt from literature values. 

(c) from calibration.   
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Table A.1 List of model parameters 

 

 

Abbreviation Description Value Types

DIStown total town discharge --- Variable

SROimp impervious surface runoff --- Variable

SROperv pervious surface runoff --- Variable

WW waste water --- Variable

BF baseflow --- Variable

ISI inflow of stormwater into wastewater system --- Variable

NEAR non-effective area runoff --- Variable

EAimp effective impervious area (connected to drain) 30% Literature 

ValueAimp impervious area --- Field data

Aroof roof area --- Field data

P precipitation --- Variable

IL maximum initial losses 1 mm Calibrated

IST impervious surface storage --- Variable

EXC excess soil moisture --- Variable

PST pervious soil storage --- Variable

PSTc pervious soil storage capacity 50 mm Calibrated

Aperv pervious area --- Field data

BRC baseflow recession constant 0.08 Calibrated

GWS groundwater storage --- Variable

GWR groundwater recharge --- Variable

BI Baseflow index (of EXC into GWS) 0.1 Calibrated

INFS temporary infiltration store level --- Variable

RIS infiltration store recharge --- Variable

II infiltration index (of EXC into INFS) 0.01 Calibrated

INF infiltration of INFS into wastewater system --- Variable

IRC infiltration recession constant (of INFS into w/w system) 0.6 Calibrated

TG trigger-to-irrigate level 60% Literature 

IRRI irrigation --- Variable

%GI % of garden/irrigated area. --- Field data

Eimp Evaporation from impervious surface --- Variable

Ea Evapo-transpiration from pervious store --- Variable

Ep Potential Evaporation --- Variable

Epc capacity of vegetative cover to transpire 25 mm Calibrated

IWU indoor water usage --- Variable

%LK % of leakage 10% Literature 

LK Leakage from water supply pipe --- Variable

WS gross imported scheme water --- Variable

RUST water reuse store --- Variable

QRUin harvested inflow to water reuse store --- Variable

QRUout consumption from water reuse store --- Variable

QRUov overflow from water reuse store --- Variable

t current time step --- Variable

%I % surface inflow into wastewater system 3% Calibrated
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Appendix B: Schematic Diagrams of the Rainfall 

Breakdown in Rural Town: 

(a) January 

(b) July 

(c) Annual 
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Schematic Diagram of the Rainfall Breakdown in a Rural Town - January
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Schematic Diagram of the Rainfall Breakdown in a Rural Town - July
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Schematic Diagram of the Rainfall Breakdown in a Rural Town - Annual
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Appendix C: RTWBM Brief User Manual 

Rural Town Water Balance Model (RTWBM): 
Brief User Manual  
 
Programming Language:  

 

MATLAB-Simulink Release 14 SP 1 

 

Framework: 

 

The townsite catchment is partitioned (based on GIS data) into different landuse types 

namely, residential, commercial, industrial and public spaces. Each of these landuse 

types is further partitioned by surface types into roof, other impervious surface, pervious 

irrigated, pervious non-irrigated and vegetation. So, they form a matrix of partitions of 

landuse vs surface type.  

 

A bucket is maintained for each of these partitions and there are some processes 

happening around these buckets which either add or remove water from them. These 

quantities of water are transacted between the different buckets and the transactions are 

governed by some hydrological parameters such as: (1) capacity of the bucket (2) 

overflow threshold and (3) recession rate. There are also some buckets at the townsite 

catchment level such as groundwater bucket, town outfall etc.   

 

Processes: 

 

The following processes are modelled: 

•        Rainfall – as the main input of water into the catchment. 

•        Evaporation – from all surface types. 

•        Surface runoff – is modelled as a saturation excess process. 

•        Groundwater – as inflow from the source bucket by a baseflow index and flow out 

of the groundwater store at a recession rate. 

•        Wastewater – assumed equal to indoor water supply + water infiltrates into the 

wastewater pipes. 

•        Water supply: 
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o       mainly to fulfill the demand of irrigation and indoor water use. 

o       Priority of water source to meet demand is: (1) surface water harvested (they are 

episodic and happens at period of low demand and need less treatment) (2) 

treated wastewater (3) desalinated groundwater (if pumping is needed to lower 

water table, and (4) imported water. 

•        Town outfall: to remove water from the stormwater drainage system including 

stream inflow from the fringe area, and spillage from any buckets in the model. If 

the capacity is exceeded, the excess water will be ponded on the townsite and 

infiltrate through the pervious buckets. 

 

Water management intervention: 

 

The following water reuse options can be simulated: 

•        Raintank – at landuse type level. 

•        Wastewater treatment – at townsite level. 

•        Surface water harvesting – at townsite level. 

•        Groundwater abstraction and desalination. 

 

The options can be turned on and off by setting the capacity of system (storage capacity, 

channel size, pumping rate, treatment plant capacity etc.). This allows the user to 

simulate the different scenario and investigate the impact on other processes in the 

water balance model or to determine the optimal capacity of the proposal system. 

 

Calibration of model: 

 

The model has been calibrated with 4 years of groundwater level data and two years of 

water supply data from WC. There is quite a good fit in the two major parameters i.e. 

water supply and groundwater recharge. Graphs of the computed (yellow) vs actual 

(magenta) data can be viewed by double-clicking the relevant scopes (blue blocks). The 

data are either daily values or cumulative curves which are quite obvious in the graphs. 

Other outputs such as wastewater, town outfall, actual evapo-transpiration etc could not 

be calibrated due to lack of actual data.  
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Running the simulation: 

 

•        Preparation:  

o       Parameters such as areas, capacities, recession constant etc can be set manually 

in the model itself (red blocks). 

o       Other time series input data such as rainfall, Ep, Actual water supply etc can be 

prepared in spreadsheet program such as Excel and copy into MATLAB 

workspace and saved as a MATLAB data file. They are read into the program 

via ‘source’ blocks (green blocks). 

•        Executing: 

o       First of all, copy the Simulink Model (RTWBMv4yrc) and the input data file 

(waall4yr) into the MATLAB working directory. 

o After launching the Simulink model from the MATLAB platform, the saved 

input data file has to be uploaded into the workspace. 

o       Then just click the “start simulation” button and input data will be fed through 

the model in fixed discrete time steps as a signal and at the downstream end of 

the model various desirable output signal will be produced. 

o       These output signals can be viewed by opening up scopes (blue blocks) 

connected to them. A copy of the output signal will also be sent to the 

workspace which can be exported to other program such as Excel for further 

manipulation. 

o       If you wish to look at any signal at any point in the model, just hookup a scope 

to that particular signal and run the simulation again.  

 

(Note: a digital copy of the working model is included in a CD accompanying this thesis) 
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