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ABSTRACT 

The public water supply in the Gosford-Wyong area of New South Wales is reliant on 

streams that originate in elevated sandstone country. About half of the stream flow is 

believed to be baseflow from the sandstone aquifer system in the Kulnura - Mangrove 

Mountain area. At the same time as the population is growing steadily on the coast, 

there is increased demand for groundwater for horticultural, agricultural and industrial 

purposes along the sandstone ridges. Hence, good groundwater management is critical, 

to ensure that stream baseflow is not jeopardised. 

A management model that couples a simulation model with an optimisation model has 

been developed for the Kulnura-Mangrove Mountain aquifer system to evaluate the 

trade-offs between increased aquifer yields and baseflow reduction. The project has 

been successful in developing trade-off curves for sustainable yield versus reduction in 

baseflow. It is believed that this is the first time that rigorous trade-off curves for 

sustainable yield have been developed for a stream-aquifer system in Australia. 

The objectives of this research were to determine the sustainable yield(s) ofthe aquifer 

system in relation to extraction limits from both groundwater and surface water; to 

determine the magnitude, distribution and dynamics of baseflow to the streams which 

drain the Kulnura - Mangrove Mountain aquifer; to determine groundwater entitlement 

limits that would preserve baseflow to streams in order to facilitate groundwater 

allocation policy; and to explore how groundwater extraction limits would change for 

tolerable reductions in baseflow. 

The simulation model is necessarily coarse, with 500 m spatial resolution, as replication 

of a very large regional aquifer was required. Given the wide variation in vertical relief 

in the area, approximately 400 metres, it was necessary to divide the vertical proflle into 

30 layers. Otherwise, it would not have been possible to track the many baseflow

receiving creeks that descend from high elevations to the sea. 
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The calibration results of the simulation model show that the model performs very well 

in representing the values and the patterns of groundwater level for both steady state and 

transient conditions, is able to reproduce large vertical hydraulic gradients between 

aquifer layers, and also replicates baseflow reasonably well. 

The optimisation model was developed with the objective of preserving stream 

baseflow within tolerable limits while maximising the pumping rates from the aquifer 

system. Constraints were designed in terms of hydraulic gradient, with reduction 

tolerance ranges from 0.1 % to 10 %. Conversion from hydraulic gradient reduction to 

baseflow reduction was achieved by running reported optimal production patterns 

through the model in simulation mode. This work differs from that of previous 

researchers in not making a pre-emptive assumption of linearity between groundwater 

pumping and stream basefl.ow. 

A very large optimisation problem has been solved in this study, consisting of up to 

5700 decision variables and 8000 constraints. The study has been successful in 

generating trade-off curves that will provide a scientific basis for government I 

community decisions on responsible water allocation between computing users. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 BACKGROUND 

The public water supply in the Gosford-Wyong area of New South Wales, is reliant on 

streams that originate in elevated sandstone country. About half of the stream flow is 

believed to be baseflow from the sandstone aquifer system in the Kulnura - Mangrove 

Mountain area. At the same time as the population is growing steadily on the coast, 

there is increased demand for groundwater for horticultural, agricultural and industrial 

purposes along the sandstone ridges. Hence, good groundwater management is critical, 

to ensure that stream baseflow is not jeopardised. 

This thesis presents the results of a research project commissioned by the Gosford 

Wyong Councils' Water Authority (GWCWA) and the New South Wales Department 

of Natural Resources (DNR). The project has been undertaken through the National 

Centre for Groundwater Management at the University of Technology, Sydney. 

1.2 RESEARCH OBJECTIVES 

The objectives of this research are: 

t To determine the sustainable yield(s) of the aquifer system in relation to 

extraction limits from both groundwater and surface water; 

t To determine the magnitude, distribution and dynamics of baseflow to the 

streams which drain the Kulnura- Mangrove Mountain Aquifer (KMMA); 

t To determine groundwater entitlement limits that would preserve baseflow to 

streams in order to facilitate groundwater allocation policy; 

t To explore how groundwater extraction limits would change for tolerable 

reductions in baseflow; 
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• To provide DNR and GWCWA with a groundwater model that can be used to 

make decisions regarding water planning and allocation. 

This research is an essential element to an integrated approach to water management on 

the Central Coast and supports the objectives of the Central Coast Catchment 

Management Board. The outputs of the research will be incorporated into the five-year 

review of the groundwater sharing plan and water management plan developed within 

the catchment. 

1.3 THESIS STRUCTURE 

This thesis has been divided into nine chapters; each chapter will discuss some of the 

research tasks which aim to achieve the thesis objectives. The description of these 

chapters is as follows: 

Chapter Two introduces the literature review, originality and research methodology. 

The literature review has been divided into four parts in order to cover the various 

aspects of whole research program. The first part is the water sharing plan of the study 

area. The baseflow, its importance and the methods of computation compose the second 

part. The third part discusses the analytical and numerical solutions for stream-aquifer 

interaction problems. The fourth part illustrates the techniques that have been developed 

by previous studies to solve stream-aquifer problems by optimisation. Since this 

research concentrates on developing and applying simulation-optimisation models in 

large-scale aquifer systems, therefore the objectives and methodology of this research 

are compared with the previous studies; then the originalities of this research are 

highlighted. At the end of this chapter, the outline research methodology is presented. 

Chapter Three describes the location of the study area, topographical features, rainfall 

distribution and surface drainage characteristics. 

Chapter Four illustrates the data analysis for climatic and hydrogeological data in the 

study area. 
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Chapter Five describes the geology of the study area and the hydrogeology of the 

aquifer characteristics, and illustrates the schematic diagram of the conceptual model for 

the multi-layer Kulnura-Mangrove Mountain aquifer systems. 

Chapter Six shows the stages of developing a complex groundwater flow model for the 

multi-layer Kulnura-Mangrove Mountain aquifer systems. These stages are preparation, 

simulation and verification. The preparation stage includes the design of grid mesh, 

selection of the appropriate boundary conditions, and entering the hydraulic parameters 

of the aquifer systems, stresses, aquifer types and layers elevations into Groundwater 

Vistas software. The simulation stage shows the steady and transient calibrations using 

MOD FLOW SURF ACT model package for both hydraulic heads and baseflow fluxes. 

The verification stage adds new data to the system then checks the model response to 

the physical system without any change of the calibrated parameters. 

Chapter Seven illustrates the particle tracking simulation using MODPATH software. 

Two scenarios are investigated using forward and backward particle traces. 

Chapter Eight shows the formulation of the optimisation model design by defining the 

objective function and the appropriate constraints to achieve the research objectives. 

Also, this chapter illustrates how to couple between the simulation model by 

MODFLOW SURFACT, developed m Chapter Six, and the optimisation program 

GAMS (Generic Algorithm Modelling System) using OPTIMAQ software based on the 

response matrix approach. Steady state and transient optimisation scenarios are 

discussed in this chapter in detail to prepare rigorous trade-off curves between the 

sustainable yield and baseflow reduction for Kulnura-Mangrove Mountain aquifer 

systems. 

Chapter Nine presents the summary and conclusions of the research outcomes and gives 

suggestions for future research in groundwater management. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW AND METHODOLOGY 

2.1 INTRODUCTION 

Since the main objective of this research is to couple simulation and optimisation 

approaches to preserve the stream baseflow in Kulnura-Mangrove Mountain area and 

the surrounding catchments at the central coast of New South Wales, this chapter is 

divided into six main parts where the literature review covers the first four parts. The 

first part discusses the water sharing plan which was gazetted for most of the study area; 

its objectives, water allocations and planning for the present and future. The second part 

focuses on the baseflow concept and the methods to separate the baseflow from the 

stream hydrograph. The third part explains the methods to analyse stream-aquifer 

interaction; the developing of the analytical solution to quantify stream depletion as 

well as the numerical solution to simulate stream-aquifer systems and some recent 

applications of coupling surface and ground water to enhance the management solutions 

are discussed and introduced with some detail. However, the fourth part investigates 

simulation-optimisation approaches for stream-aquifer systems by tracking all previous 

studies, the definition of the objective functions and the applied constraints as well as 

the applications either to hypothetical models or large-scale problems. The fifth part 

documents the application of coupled simulation and optimisation models in Australia. 

The sixth part compares this research with the previous studies and introduces the 

originality of the current research. The seventh part illustrates the methodology to 

achieve the research objectives. 

2.2 WATER SHARING PLAN 

A Water Sharing Plan is a legal document written with community input, under the 

Water Management Act 2000. The aim of the plan is to establish rules to share water 

between the river and aquifers, environmental needs on one side and the water 
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requirements from all users on the other side which include: town supply, domestic and 

stock, irrigation, Aboriginal cultural and spiritual needs, and recreational activities. 

Water sharing plans were made for Kulnura Mangrove Mountain Groundwater Sources, 

Ourimbah Creek Water Source and Jilliby Jilliby Creek Water Source. These water 

sources cover 55% of the study area. The following sections summarise the rules for 

these water sharing plans. 

2.2.1 \Vater Sharing Plan for Kulnura .Mangrove Mountain Groundwater Sources 

The Water sharing plan for Kulnura Mangrove Mountain Groundwater Sources was 

gazetted on 7 February 2003 and it was expected to commence on 1st July 2003 for a 

period of ten years (Department of Sustainable Natural Resources, 2003b ). However, 

the plan was amended and commenced on 1st July 2004; it will cease after ten years 

from the date of commencement (Department of Infrastructure Planning and Natural 

Resources, 2004b ). 

The vision of the plan, as described by Department of Infrastructure Planning and 

Natural Resources (2004b ), "is the sustainable, equitable and efficient use through 

integrated management, of groundwater in the Kulnura Mangrove Mountain 

Groundwater Sources to preserve, enhance and rehabilitate the environmental, social, 

cultural and economic uses of groundwater for the present and the future''. 

The plan specifies strategies to achieve the objectives by establishing rules for: 

• access licences to groundwater, granting and dealing of access licences 

• protection of basic landholder rights (stock and domestic), 

• determining the· extraction limit for each groundwater source, taking into 

· account the requirements of the environment, 

• determining the groundwater available from time to time under access 

licences, 

• minimising the local impacts of groundwater extraction on the environment, 

the aquifer itself, and between users, 
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• conditions that will apply to all access licences and water supply work (bore) 

approvals. 

There are nine indicators stated in the Plan to determine the performance of Plan against 

its objectives. The first five indicators measure the change in groundwater extraction 

relative to the extraction limits, change in climate adjusted groundwater levels, change 

in water levels adjacent to identified groundwater dependent ecosystems (GDEs), 

change in groundwater quality, change in economic benefits derived from groundwater 

extraction and use. The other indicators determine the extent to which domestic and 

stock rights requirements, water utility requirements, native title rights requirements, 

and spiritual, social and customary values of groundwater to Aboriginal people have 

been met. 

2.2.1.1 Area of the Plan 

The area of plan application is located north of Sydney; within the Central Coast Water 

Management Area known as Kulnura Mangrove Mountain Groundwater Sources, 

Figure 2.1. The groundwater management area has been divided into eight groundwater 

sources or zones, Figure 2.2. These zones are: 

(a) Zone 1: National Park, State Forest and Drinking Water Catchment 

Groundwater Source, 

(b) Zone 2: Wollombi Brook Groundwater Source, 

(c) Zone 3: Brisbane Water Groundwater Source, 

(d) Zone 4: Ourimbah Creek Ground water Source, 

(e) Zone 5: Wyong River Groundwater Source, 

(f) Zone 6: Upper Mangrove Groundwater Source, 

(g) Zone 7: Lower Mangrove and Popran Creeks Groundwater Source, and 

(h) Zone 8: Mooney Mooney and Mullet Creeks Groundwater Source. 

Seven of these zones represent subcatchments based on the streams drainage of the 

Central Coast Plateau, which compose the inner boundary of these zones whereas the 

outer boundary of the groundwater management area is the geological contact between 
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the Hawkesbury Sandstone and the rocks of the Narrabeen Group. All of these zones 

will be called the water sharing plan area (WSP), the shaded area in Figure 2.1, which 

covers an area of about 506 krn2
. 

Figure 2.1 Location map ofKulnura Mangrove Mountain Groundwater Sources (shaded 

area) within the Central Coast Water Management Area (after DIPNR, 

2003b) 

Table (2.1) summanses the average annual recharge, environmental health water 

requirements, current total water requirements, water needs for stock and domestic and 

the long-term average extraction limit for each zone in the water sharing plan area. The 

total extraction limit of the water sharing plan area was estimated as 8000 ML/yr in the 

gazetted plan. The highest extraction limits are in zone 7 and zone 8 which are located 
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in the southern part of the water sharing plan area and represent Lower Mangrove

Popran Creeks and Mooney Mooney-Mullet Creeks respectively. The lowest extraction 

limit is in zone 2 (Wollombi Brook) which represents a small area located at the 

northern edge of water sharing plan area. The extraction limit was calculated by 

subtracting from the average annual recharge of each groundwater source (Total 30372 

MUyr) the proportion of recharge reserved as environmental health water (Total22372 

MUyr). The average annual recharge was estimated using the water level rises in the 

monitoring bores and the "hybase" baseflow separation method based on a recursive 

digital filter by Lyne, and Rollick (1979). The environmental health water was 

determined by preserving an amount of recharge to achieve one of the water sharing 

plan's objectives which aims to protect and enhance groundwater dependant species and 

sites of significance to the local Aboriginal communities in these groundwater sources. 

The fraction of the recharge reserved was approximately 72% for zones 2, 3, 5, 6, 7 and 

8. Zone 1 was completely reserved (1 00%) for the environment because it represents 

national park, state forest and drinking water sources. While zone 4, which represents 

the highest reach of the Ourirnbah Creek at the sandstone plateau of the Ourirnbah 

catchment, was reserved by 89% of the recharge to ensure the connectivity of the 

baseflow at the lower reaches of the Ourimbah Creek. The estimation figure of the 

current water requirements (total 2778 MUyr) was based on the water entitlement of 

current licensed bores in each groundwater source (zone). Stock and domestic water 

requirements were also estimated to be a total of 1500 MUyr where the volumes were 

based on a figure of 1 MUyr for domestic purposes and 2 MUyr for stock purposes. 

However, the long-term average extraction limit is subjected to change after 5 years of 

the commencement of this plan if: 

• a new estimate of the average annual recharge appeared, 

• any change to the environmental health water happened, or 

• a socio-economic impact analysis recommended any change to the extraction 

limit. 

In case any change occurs to the long-term average extraction limits, the extraction limit 

in any groundwater source will not increase by more than 300%, nor decrease by more 

than37%. 
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Figure 2.2 Kulnura Mangrove Mountain Groundwater Sources (8 zones) (after 

Department of Sustainable Natural Resources, 2003b) 
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Table 2.1 Estimation of annual recharge, water requirements and sustainable yield for 

each groundwater source (Department of Infrastructure Planning and Natural 

Resources, 2004b) 

Average Environmental Current total Estimation of Long-Term 

Annual Health Water water Stock- Average 

Ground water Recharge Requirements Requirements Domestic Extraction 

Sources (ML/yr) (ML/yr) (ML/yr) Water Limit 

(%) Requirements (ML/yr) 

(ML/yr) 

Zone 1 Unquantified 100% 0 0 0 

Zone2 1128 807 (72%) 39 56 306 

Zone3 2616 1873 (72%) 13 129 710 

Zone4 3602 3210 (89%) 736 178 736 

ZoneS 3023 2164 (72%) 14 149 820 

Zone6 2765 1979 (72%) 344 137 750 

Zone7 8231 5892 (72%) 938 406 2234 

Zone8 9007 6447 (72%) 694 445 2444 

Total 30372 22372 2778 1500 8000 

2.2.2 Water Sharing Plan for Ourimbah Creek Water Source 

Ourimbah Creek (outside the WSP area) is located on the central coast of NSW and 

covers an area of about 152.6 km2
, Figure 2.3. Ourimbah Creek consists of four major 

tributaries which are Elliot Creek, Bumbles Creek, Toobys Creek and Bangalow Creek. 

The main arm of Ourimbah Creek flows southeast for a distance 31 km to drain into 

Tuggerah Lake, Figure 2.4. Two gauging station were installed in 1965 to measure the 

daily flow in the creek. Gauge 211005 is located at the downstream end ofthe creek and 

it ceased in 1989. The other flow gauge 211013 is still operating and is located in the 

central reaches of Ourimbah Creek. The flow in the Ourimbah Creek varies daily and 

annually depending on the climatic effects as well as the impacts of water supply 

activity which aims to meet the demand in the catchment. Before the plan was gazetted 

in 2003, there were 96 access licences in Ourimbah Creek Water Source. Among them, 
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72 were for irrigation, 2 for farming purposes, 2 for industrial, 4 for recreational 

purposes, 17 for domestic and stock purposes and 1 for local water utility. The total 

water requirement for all of these licences was 6529 ML!yr where the irrigation was the 

major component in Ourimbah Water Source. The historical records of the flow gauge 

indicated that there are periods of very low flow or no flow. Therefore, the Department 

of Natural Resources designed the water sharing plan to manage the flow in Ourimbah 

Creek in different periods and to provide adequate protection of the creek flow for the 

environment, particularly during periods of low flow. 

Figure 2.3 Location map of Ourimbah Creek Water Source (shaded area) within the 

Cental Coast Water Management Area (after DIPNR, 2003c) 
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As for Kulnura Mangrove Mountain groundwater sources, Ourimbah Creek water 

source was gazetted on 7 February 2003 and it was expected to commence on 1st July 

2003 and for a period of ten years (Department of Sustainable Natural Resources, 

2003c ). However, the plan was amended and commenced on 1st July 2004; it will cease 

after ten years from that date (Department of Infrastructure Planning and Natural 

Resources, 2004c ). The Ourimbah Creek water sharing established rules to determine 

the limits or caps on both the annual extraction (long-term average extraction limit) and 

daily extractions (total daily extraction limits, TDEL). 

The long-term average extraction limit is determined based on the annual estimation of 

water availability for extraction from access licences. The access licences were 

classified into three categories according to the extraction purposes. These categories 

are: 

• local water utility licences which represent town water purposes, 

• licences for domestic and stock purposes, 

• unregulated river access licences which represent variable water needs such as 

irrigation, industry, mining, recreation and general farming. 

The water availability for extraction is determined each year for all access licences. The 

water is allocated as 100% for domestic and stock as well as for local water utility 

access licences each year, while the unregulated river access licences may receive less 

than 100% if the long-term average extraction limit is exceeded. If the three-year 

average extraction limit exceeds the long-term average extraction limit by 5% or more, 

then the water allocation for unregulated river access licences will be reduced in the 

following year by an amount determined by the State Government Minister to return the 

next total water extraction to the long-term average extraction limit. However, if the 

total average of water extracted is less than 95% of the long-term average extraction 

limit, then the water allocation for unregulated river access licenses will be increased in 

the following year to match the extraction limit. 

On the other hand, daily extractions have been designed for the Ourimbah Creek Water 

Source by specifying a series of flow classes covering the full range of daily flows in 

Ourimbah Creek. The flow in Ourimbah Creek has been divided into six classes and the 
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flow range for each class has been specified based on the historical daily flow data. 

These classes are very low flow class, low flows or A class, moderate flow class orB 

class, high flows or C class, very high flows or D class and extremely high flows orE 

class. To determine the class of the flow, the flow in the creek is measured on a daily 

basis at the flow reference point which is located at the downstream end of the water 

source (Figure 2.4). Table 2.2 illustrates the total daily extraction limit (TDEL) for 

different categories of access licences under six flow classes. It can be seen that, the 

extraction will cease if the flow in the Ourimbah Creek at the reference point is in the 

range of class very low flows ( ~4 ML!day on a falling river and or ~6 ML/day on a rising 

river). Cessation pumping is necessary to ensure the environmental health water requirements 

for Ourimbah Creek and its dependent ecosystem. The category local water utility access 

represents the highest amount of water in Ourimbah catchment, while the water requirements 

for stock and domestic represent the lowest amount and are estimated as 0.14 ML/d for each 

flow class. 
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Figure 2.4 Ourimbah Creek Water Source (after DIPNR, 2003c) 
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Table 2.2: Daily flow sharing arrangements with Total Daily Extraction Limits TDEL 

MUday (after Department of Sustainable Natural Resources, 2003c) 

Flow Class Local water Domestic and Unregulated All access 
utility access Stock access river access licences 

licences TDEL licences TDEL licences TDEL TDEL 
Very low flows 0 0 0 0 
~ ML/day (falling 

river) ~ ML/day (rising 
river) 

A Class 0 0.14 1.86 2 
> 4 and ~ ML/day 

(falling river) 
> 6 and ~ ML/day 

(rising river) 
B Class 8.5 0.14 3.86 12.5 

> 7 and ~5 ML!day 
C Class 22 0.14 4.86 27 

> 25 and ~0 ML/day 
D Class 41 0.14 4.86 46 

> 60 and ::5;160 ML/day 
E Class 41 0.14 4.86 46 

> 160 ML/day 

2.2.3 Water Sharing Plan for Jilliby Jilliby Creek \Vater Source 

The water sharing plan for Jilliby Jilliby Creek Water Source (outside the WSP area) 

was made on 7 February 2003 under the Water Management Act 2000. It was expected 

to start on 1st July 2003 and for a period of 10 years (Department of Sustainable Natural 

Resources, 2003a). However, the plan was amended and commenced on 1st July 2004; it 

will cease after ten years from the date of commencement (Department of Infrastructure 

Planning and Natural Resources, 2004a). The Jilliby Jilliby Creek Water Source 

occupies an area of about 101.2 km2 on the central coast ofNSW, Figure 2.5. 

Jilliby Jilliby Creek is the major tributary of the Wyong River; it flows for a distance of 

approximately 22 km from the south of the Watagan Mountains to Jilliby Park which 

meets the Wyong River. Little Jilliby Jilliby Creek and Lowers Gully are considered the 

major tributaries of the Jilliby Jilliby Creek. 
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The flow gauge station (211010) was installed in 1972 at the end of Jilliby Jilliby Creek 

before it meets Wyong River. The period of record of this gauge has been ceased since 

1994. The flow in the creek is affected by the climatic variation as well as from the 

impacts of groundwater withdrawals particularly from the pumping which is needed to 

meet the irrigation requirements in summer period. The irrigation is considered the 

major component of water use in Jilliby Jilliby Creek Water Source. Before the plan 

was gazetted in 2003, there were 27 access licences in Jilliby Jilliby Creek Water 

Source. Among them, 23 were for irrigation, 1 for farming purposes, 1 for industrial and 

2 for domestic and stock purposes. The total water requirement for these licences was 

1016 ML/yr. 

Figure 2.5: Location map of Jilliby Jilliby Creek Water Source (shaded area) within the 

Cental Coast Water Management Area (after DIPNR, 2003a) 
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As for the water sharing plan for Ourimbah Creek Water Source, the plan for Jilliby 

Jilliby Creek Water Source was designed on an annual and a daily basis. The annual 

basis represents the long-term average extraction limit based on the annual estimation of 

water availability for extraction from all purposes under access licences (domestic and 

stock, local water utility and unregulated river accesses). The water availability for 

extraction is determined each year for all access licences. The water allocated for 

domestic and stock as well as for local water utility access licences is 100% each year. 

The unregulated river access licences may receive less than 100% if the long-term 

average extraction limit is exceeded. In case if the three-year average extraction limit 

exceeds the long-term average extraction limit by 5% or more, then the water allocation 

for unregulated river access licences will be reduced in the following year by an amount 

determined by the State Government Minister to return the next total water extraction to 

the long-term average extraction limit. However, if the total average of water extracted 

is less than 95% of the long-term average extraction limit, then the water allocation for 

unregulated river access licenses will be increased in the following year to match the 

extraction limit. 

As for Ourimbah Creek Water Source, the daily extraction limit in Jilliby Jilliby Creek 

Water Source has been managed based on the rate of flow in the creek. The flow in 

Jilliby Jilliby Creek was divided into four classes depending on the historical records of 

the flow measurement. These classes are: very low flow class, moderate flows or B 

class, high flows or C class and very high flows or D class. Unlike Ourimbah Creek 

Water Source, there is no A class (low flows) in Jilliby Jilliby Creek Water Source. The 

flow in very low flow class was specified to be less than 0.5 MUd in year 1 of the plan, 

0.75 MUd in year 2 and 1.0 MUd in year 3 and onwards. Whereas the flow in 

moderate flows orB class range from 0.5 MUd to 3.3 MUd in year 1, from 0.75 MUd 

to 3.3 MUd in year 2 and from 1 MUd to 3.3 MUd in year 3 and onwards. The flow 

should be in between 3.3 MUd and 8 MUd to be in C class (high flows). For the fourth 

class (D class or very high flows), the flow in Jilliby Jilliby Creek was specified to be 

greater than 8 MUd. To determine the class of the flow, the flow should be measured at 

the flow reference point which is located at the downstream end of the Jilliby Jilliby 

Creek Water Source (Figure 2.6). The total daily extraction limit for each category of 

licences under each flow class was determined and is listed in Table 2.3. The extractions 
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cease if the flow in Jilliby Jilliby Ceek is in very low flow class. At this period, the flow 

in the creek will be totally allocated to river environmental health to protect the creek 

and its dependent ecosystem such as wetlands and flood plains. The total daily 

extraction limit from all categories under D class (very high flows) was determined to 

be 3 ML/d. 
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Figure 2.6 Jilliby Jilliby Creek Water Source (after DIPNR, 2003a) 
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Table 2.3: Daily flow sharing arrangements with Total Daily Extraction Limits TDEL 

ML/day (after Department of Sustainable Natural Resources, 2003a) 

Flow Class Domestic and Unregulated All access 
Stock access river access licences 

licences TDEL licences TDEL TDEL 
Very low flows 
~.50 ML/day (Year 1) 
~.75 ML/day (Year 2) 0 0 0 
:::;1.0 ML/day (Year 3) 
B Class 
> 0.5 ML!day and :::;3.3 ML!day (Year I) 0.04 0.96 1 
> 0.75 ML/day and :::;3.3 ML/day (Year 2) 
> 1 ML!day and :::;3.3 ML!day (Year 3) 
C Class 0.04 1.96 2 
> 3.3 and <8 ML/day 
D Class 0.04 2.96 3 
>8ML!day 

2.3 BASEFLOW 

2.3.1 Baseflow and Importance 

The climate conditions have a direct impact on streamflow. When a high rain storm 

occurs, the stream discharge will increase rapidly and cause the rising limb in the stream 

hydro graph (Figure 2. 7). A Stream hydro graph is a graph or table that shows the stream 

discharge as a function of time at a specific gauging station in the stream (Chow et al., 

1988). The process that causes the rising limb is called quidjl,ow. The components of 

quickflow that make a direct response of streamflow are runoff (which is the overland 

flow that moves from the ground surface or river banks into the stream), interflow 

(which is the amount of water that moves laterally in the unsaturated soil zone after the 

rain storm and seeps into a stream) and direct precipitation on the stream surface. With 

time, a rain storm starts to abate gradually causing a decrease of the quickflow which 

appears as a fall of the stream hydro graph from the crest into the falling limb (Figure 

2.7). On the other hand, the groundwater level increases slowly by the direct recharge 

infiltrating through the unsaturated zone to the groundwater storage (unconfined 

aquifer). During the falling limb of the stream hydro graph, ground water storage starts to 

feed the adjacent streams by a slow flow which is called a basejlow (Figure 2.7). At a 
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certain time in the falling limb stage, quickflow ceases completely and the baseflow is 

the only component of the streamflow. Therefore, the baseflow is that amount of water 

which originates from groundwater and seeps into the stream to compose the main part 

of the stream discharge for a long time. Over time, baseflow will decline due to a 

decrease of groundwater level below the streambed caused by, for example, pumping 

from the groundwater storage during the dry period or evapotranspiration in case of a 

shaltow water table. The decline of baseflow appears in the stream hydrograph as a 

recession curve which can be mathematically expressed as an exponential function. The 

baseflow recession curve continues in the stream hydrograph until the next significant 

storm comes. Consequently, baseflow represents the stream discharge component for a 

long time while the quickflow is a part of the streamflow for a short time. As a result, 

the baseflow is considered the important part of the streamflow to maintain the aquatic 

and riparian ecosystems in the stream or river. This requires preserving the baseflow in 

a stream from any direct adverse effect from groundwater pumping. Hence, good 

groundwater management is critical, to ensure that stream baseflow is not jeopardised. 

Crest 

Quickflow 

Time 

Figure 2.7 Components of a typical stream hydrograph (after 

Brodie and Hostetler, 2005) 
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2.3.2 Baseflow Computation 

There are many methods to quantify the baseflow from the total streamflow. These 

methods can be classified into three main approaches: baseflow separation, frequency 

analysis and recession analysis. These methods are recently revised and summarised by 

Brodie and Hostetler (2005). 

2.3.2.1 Baseflow Separation 

This method is based on the time-series record of streamflow to estimate the baseflow. 

There are two approaches that can be carried out to separate the baseflow from the 

streamflow. These are graphical and automated techniques separation methods. 

2.3.2.1.1 Graphical Separation .1\fethod 

Graphical separation method is a simple and common approach for baseflow separation. 

This method depends on determining intersection points of baseflow at the rising and 

falling limbs of quickflow. These points can be determined graphically or by using 

some empirical formulas from the literature. There are three alternative methods of 

separating baseflow graphically; straight line method~ fixed base method and variable 

slope method; Figure 2.8. Straight line method represents the horizontal line segment 

from point A at the beginning of the surface runoff to the intersection with point B in 

the recession curve. In the fixed base method the baseflow is separated by the line ACD 

in Figure 2.8 by assuming the surface runoff ends in a fixed time N after the hydro graph 

peak (point D). Line AC is drawn by extending the slope of the baseflow recession from 

point A to the intersection with the projection of hydrograph peak at point C, then a 

straight line is used to connect with point D in the recession limb. The variable slope 

method (line ACEB) is determined by drawing the segment AC first from extrapolating 

forward the baseflow recession before surface runoff began (point A) to the time of 

hydrograph peak (point C), then the segment BE is drawn by extrapolating backward 

the baseflow recession at point B to the time of the point of inflection on the recession 

limb. After that a straight line is drawn CE to connect the two extrapolated end points. 
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Figure 2.8 Baseflow separation techniques: straight line method (line AB), fixed 

base method (line ACD) and variable slope method (line ACEB) (after 

Chow et al., 1988) 

2.3.2.1.2 Automated Baseflow Separation Techniques 

There are some methods that have been developed to automate the separation of 

baseflow. Some of these methods are: recursive digital filter by Lyne and Rollick 

(1979), smoothed minima technique by Institute of Hydrology (1980), Chapman 

algorithm by Chapman (1991) and PART model by Rutledge (1993). Because this 

research used a recursive digital filter to estimate the baseflow for some of the creeks in 

the study area, the next sections will describe the above methods and compare recursive 

digital filters with other methods. 

2.3.2.1.2.1 Recursive Digital Filter 

By utilising the approach which was used in signal analysis and processing to filter out 

the high frequency signals from low frequency signals, Lyne, and Rollick (1979) from 
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University of Western Australia developed a recursive digital filter to separate the 

quickflow (runoff) of the streamflow components from the slow flow (baseflow). The 

proposed digital filter was: 

fk = afk-1 + ( 
1 ~a)& k - Y k-1) 

where: 

ft : filtered quickflow response at the kth sampling instant 

Yk: original streamflow at the kth sampling instant 

y k-1 : original streamflow at the previous sampling instant to k 

a : filter parameter representing the degree of attenuation 

The baseflow is calculated as: 

where: 

q k : filtered baseflow response at the kth sampling instant 

(2.1) 

(2.2) 

The filtered baseflow is constrained to be nonnegative and not exceeding the streamflow 

value. 

They suggested passing the recursive digital filter three times over the data to smooth 

for the output where the first result of the recursive digital filter is classified as a 

forward pass filter. The first pass is followed by applying the same procedure but from 

the end to the beginning of the output record; this process is called a reverse or 

backward pass filter. The objective of this step is to prevent any shift in the position of 

the peaks due to the forward pass filter. After that, the forward pass filter could be 

applied again. 

The demonstration of the recursive digital filter was applied to Harvery River, Dingo 

Road catchment of Western Australia. They found that two passes of the digital filter 

with a= 0.8 gave a good separation of the baseflow for this river, Figure (2.9). The 

recommended range of the filter parameter a for this river was 0.75 to 0.9. 
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Figure 2.9 Illustration of the slow flow separation filter performance. Two 

stage filter with a = 0.8 (after Lyne and Rollick, 1979) 

2.3.2.1.2.2 Smoothed Minima Technique 

This method was developed by Institute of Hydrology (1980); it can be summarised as 

follows: first, divide the hydrograph data into time base segments and nonoverlapping 

periods; for example 5-day segment. Second, determine the minimum daily of 

streamflow for each (5-day) segment. Compute the difference between the series of 

daily minimum streamflow; if the difference is greater than 0.1 log cycle of discharge 

then this minimum value will be assigned as a turning point. Then straight lines are used 

to connect all the turning points to develop the baseflow hydrograph. 

2.3.2.1.2.3 Chapman Algorithm 

Chapman (1991) stated that the recursive digital filter by Lyne and Rollick (1979) 

didn't take into consideration that the baseflow should be constant in case of absent 

runoff. Therefore, Chapman modified equation 2.1 to: 

(2.3) 
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2.3.2.1.2.4 PART Model 

The computer program PART estimates the daily baseflow from the streamflow record. 

The program was based on the concept of streamflow partitioning where streamflow 

data on a daily basis is defined as a one dimensional array and linear interpolation to 

estimate the baseflow is applied. The difference between the PART model and 

streamflow portioning is that the latter method requires daily precipitation and assigns a 

threshold daily precipitation where the assumption is that baseflow is equal to 

streamflow if the precipitation is less than the threshold value. Otherwise, baseflow is 

estimated by linear interpolation, whereas the PART model specifies antecedent 

streamflow recession instead of antecedent precipitation. Then the PART model 

searches for the days that meet the antecedent recession requirement where the baseflow 

in these days is defined equal to streamflow if the streamflow is not followed by a da_ily 

decline of more than 0.1 log cycle. If it exceeds this value, the log baseflow is estimated 

by a linear interpolation. 

2.3.2.1.2.5 Comparison between Smoothed 1\linima Technique and Recursive 

Digital Filter 

Nathan and McMahon (1990) compared the automated technique of baseflow 

separation, smoothed minima technique (Institute of Hydrology, 1980) with the 

recursive digital filter (Lyne and Rollick, 1979) for daily streamflow records of 186 

catchments in south eastern Australia. The areas of these catchments vary from 1 km2 to 

250 km2, with an average record length of about 17 years. 

First of all, they made a quick comparison between the two methods by generating the 

baseflow hydro graph for a large catchment (Figures 2.1 Oa and 2.11 a) and for a small 

catchment that has a flashy stream (Figures 2.1 Ob and 2.11 b). It can be noted that the 

peak flows in the small catchment were truncated to focus on the low-flow area of the 

plot. By comparing (Figures 2.1 Oa and 2.11 a), it can be noted that there is a little 

difference represented by the slight increase of baseflow under the hydrograph peak 

when generated by a recursive digital filter (Figure 2.11 a), whereas the smoothed 
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minima technique did not detect the peak of baseflow (Figure 2.1 Oa). This is due to the 

smoothed minima technique being based on connecting straight lines between the 

turning points. However, this difference has become very clear in case of baseflow 

separation response for a flashy stream in a small catchment. It can be clearly seen that 

the baseflow under the flashy peak was higher by recursive digital filter (Figure 2.11 b) 

than smoothed minima technique (Figure 2.10b). This may give an indication that 

recursive digital filter simulates the reality more closely than smoothed minima 

technique. 
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Figure 2.10 Examples of continuous 
baseflow separation using the 
smoothed minima technique (After 
Nathan, and McMahon, 1990) 

Figure 2.11 Examples of continuous 
baseflow separation using recursive 
digital filter (After Nathan, and 
McMahon, 1990) 

The baseflow index (BFI) was considered as the parameter of the comparison; it was 

defined as the ratio of the baseflow volumes to streamflow volume. They applied a 

recursive digital filter by three passes (forward, backward and then forward) and tested 

three values of the digital filter a= 0.9, a= 0.925 and a= 0.95 for 186 catchments. 

The results of the BFI by the two methods were encouraging and are illustrated in 

Figure (2.12). The statistical results were, as shown by Nathan and McMahon (1990), 
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the coefficient of determination R2 = 0.94, the standard error SE was 0.05 and the 

sample N = 186. The slope of the best fit line and the value of the intercept were 1.04 

and 0.02, respectively. However, there were some scatters at low values of the baseflow 

indices; they attributed this difference to the smoothed minima technique not reflecting 

negligible baseflow while the recursive digital filter did. To overcome this problem, 

they removed 64 catchments that had poor recession behaviour. The results improved; 

R2 = 0.97 and SE = 0.05 as well as the scatter allow values of BFI disappeared. 

However, they indicated the BFI of the recursive digital filter was more stable than 

smoothed minima technique. This was due to the standard deviation of the BFI based on 

smoothed minima technique (0.14) being two times greater than that for the digital filter 

(0.07). 
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Figure 2.12 Correlation between BFI indices derived using digital filter and smoothed 

minima techniques (After Nathan and McMahon, 1990) 

The results of the BFI of the two automated techniques, smoothed minima technique 

and recursive digital filter were compared with the manual graphical approach of 

baseflow separation for five selected catchments that reflect the variation in areas as 

well as the annual streamflow. The results revealed that the estimates of BFI by the 

digital filter were more consistent with those obtained from the manual graphical 

approach than the results by the smoothed minima technique. The filter parameter 

a = 0.925 was found the optimal value which can provide a good matching of the BFI 

in comparison with the other methods. In summary, they concluded that the recursive 

digital filter is a fast and objective method to generate continuous baseflow separation 

either for small or large catchments, although the filter is physically unrealistic. 
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2.3.2.1.2.6 Comparison between PART Model and Recursive Digital Filter 

After Nathan and McMahon (1990) published their work and the encouraging results 

that they got using the recursive digital filter, this method was transferred to apply 

outside Australia. Arnold et al. (1995) examined the accuracy of the recursive digital 

filter developed by Lyne and Rollick (1979) with the computer program PART 

developed by Rutledge (1993) and the manual graphical baseflow separation techniques 

for eleven streamflow gauging stations located in eastern United States. 

The results of the comparison revealed that the recursive digital filter replicates the 

graphical manual baseflow separation for all catchments in a good agreement and good 

accuracy as the computer program PART, Figures (2.13 and 2.14). Although the PART 

model was slightly better in replicating the graphical manual baseflow, the authors 

indicated that the recursive digital filter is easy to use and it is adjustable by the user to 

select the appropriate filter parameter and number of passes to separate the stream flow 

records into surface runoff and baseflow. 
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2.3.2.1.2. 7 Comparison between Chap man Algorithm and Recursive Digital Filter 

The attempt by Mau and Winter (1997) was to estimate the baseflow for the two major 

streams flowing into Mirror Lake of Hampshire, USA. They used the graphical 

27 



portioning method to estimate the baseflow as well as to compare the result of this 

method with the recursive digital filter and Chapman algorithm. The graphical 

portioning method was based on the code developed by Wahl and Wahl (1988) to 

automate the Institute of Hydrology approach. They found that 3-day segments as the 

time base for the graphical method as well as 0.85 the filter parameter and 2 passes are 

more appropriate values for this catchment. The result revealed that a good agreement 

was obtained between the graphical portioning method and the recursive digital filter, 

while the Chapman approach produced very low values of baseflow. The conclusion 

was drawn that the Chapman algorithm might be not applicable to estimate the baseflow 

for a small, mountain drainage basin. 

2.3.2.1.2.8 Investigating Filter Parameter and Number of Passes 

The fast speed and low data requirements, as well as the good results, have made the 

recursive digital filter by Lyne and Rollick (1979) easy to use and apply in many 

different catchments. However, the disadvantage is to select the optimal value of the 

filter parameter (a) and the number of the filter pass over the data records. Nathan and 

McMahon (1990) showed that the selection of these values is arbitrary but they 

recommended to use a = 0.925 and to apply the filter three times forward, backward 

then forward. 

The study by Arnold and Alien (1999) was to examine the recommended value of 

digital filter parameter a= 0.925 by Nathan and McMahon (1990) and the impact of 

one, two and three passes on baseflow estimations by the comparison with the manual 

graphical separation technique for six watersheds located in four major groundwater 

basins in midwestem and eastern United States. The results showed that good 

agreements between the two methods were obtained in between one pass and two passes 

of filtered baseflow. The determination of coefficients R2 of one pass filter with the 

graphical method ranged from 0.62 to 0.98 with slopes from 0.91 to 1.75. By combining 

all the watershed's results, R2 was 0.87 with slope of 1.07. They concluded that 

recursive digital filter by Lyne and Rollick (1979) is a good automated technique to 

estimate the baseflow although this technique doesn't have true physical basis. 
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However, Spongberg (2000) attempted to find the optimal digital filter parameter (a) as 

well as the number of passes by applying a different approach. His approach was to 

analyse the baseflow separation as a signal processing problem referring to the basic of 

derivative the recursive digital filter by Lyne and Rollick (1979). Therefore some 

techniques which are used in electrical engineering, to analyse the signal, its frequency 

and amplitude, like Fourier Spectral analysis and Frequency Transfer Function (FTF) 

were introduced to evaluate the baseflow separation from quickflow (runoff). The time 

series to be filtered has to be assumed to continue infinitely so it can be defined as a 

periodic function to make Fourier analysis applicable. The objective ofFourier Spectral 

analysis is to decompose the periodic function into a set of sinusoids of varied 

frequency, amplitude and phase, whereas the objective of FTF as illustrated by 

Spongberg (2000, P. 751) is to .. quantify the amount of amplitude attenuation and phase 

distortion that will effect each of constituent sinusoids of the input time series because 

of the application of a filter". The results revealed that by using a large value of a, the 

percent of attenuation in the hydrograph especially in low flow period where the 

baseflow is significant will increase, as well as by reducing a the attenuation will 

decrease. Spongberg found that because runoff and baseflow are overlapping 

components in the stream hydro graph, the complete separation is not possible using the 

digital filter. However, when small value of a is used, it is required to pass the filter 

many times (five or six passes) to get reasonable baseflow separation. But many passes 

will cause phase distortion and thus it will affect the baseflow separation result. 

Consequently, to fmd optimal baseflow separation by maximising runoff removal and 

minimising baseflow separation and phase distortion, the suggestion was to use in most 

cases a large a value with two passes only where the streamflow data should be filtered 

forward first in time then the result filtered backward in time. But in case when the 

baseflow is large value relative to runoff, the suggestion was to use a large value of a 

with one pass of the filter only to maintain baseflow from the attenuation. 

2.3.2.1.2.9 Summary of Automated Baseflow Separation Techniques 

Evans and Neal (2005) have recently revised the techniques of baseflow separation, 

either manual graphical or automated. They stated that "all baseflow separation 
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techniques, either graphical or automated, are suitable for comparative analysis to 

ascertain relative baseflow contributions between sites or at the same site over time. 

Accurate quantitative determination of the absolute magnitude of baseflow is not 

achievable through baseflow separation alone. Baseflow hydrographs for detailed at-site 

investigation should be conditioned by local knowledge of both aquifer and streamflow 

characteristics, regardless of the baseflow separation technique applied". However, they 

indicated that the recursive digital filter by Lyne and Rollick (1979) is fast, robust and 

provides an independent comparison of results across catchments. They suggested using 

this filter for regional and local studies although they mentioned that this method does 

not have any inherent advantage over the other approaches. 

2.3.2.2 Frequency Analysis Method 

This method is different from the baseflow separation method; it depends on the 

statistics and the frequency of an event. Therefore, the frequency analysis of a 

streamflow relates the magnitude of stream discharge to its frequency. This method can 

be expressed graphically by the flow duration curve. The flow duration curve is a plot of 

discharge versus percent of time that a given discharge is equalled or exceeded. For 

example, the median discharge Q5o represents the discharge which is equalled or 

exceeded 50% of the time. The steps to design a flow duration curve can be summarised 

as follows. First, sort streamflow data in descending order and determine the total 

number of readings (n). Streamflow input data should be in a fixed time like daily, 

monthly or yearly. The second step is to assign each discharge value a rank (m), starting 

with 1 for the largest daily discharge value. The last step is to calculate the probability P 

of a given flow being equalled or exceeded by: 

p = 1 00 * [_!!!__] 
n+1 

(2.4) 

Nathan, and McMahon (1990, P. 1468) mentioned that Q90, from the literature, .. is used 

as a measure of groundwater contribution to streamflow, and thus the Q9o1Qso ratio 

notionally represents the proportion of streamflow originating from ground water stores, 

excluding the effects of catchment area". They used this dimensionless ratio to evaluate 

the comparison between the recursive digital filter and smoothed minima technique. 
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Brodie and Hostetler (2005) mentioned that the slope of the flow duration curve can 

give some indication of the groundwater contribution to streamflow where low slope 

reflects continuous groundwater discharge to the stream while steep slope suggests 

minor contribution from groundwater. 

2.3.2.3 Recession Analysis Method 

Recession analysis method relates to that segment of the stream hydro graph that follows 

the peak where the rate of streamflow reduces significantly; this segment represents the 

base flow recession curve in Figure 2. 7. The slope of the recession curve becomes flat 

with time until a new significant rain event occurs. The discharge of the stream during 

this period is from groundwater contribution, namely baseflow. 

There are many methods to analyse the recession curve; these are, as mentioned by 

many researches, graphical methods and analytical solutions or mathematical 

modelling. Graphical approach includes correlation or matching strip method which is 

based on combining individual recession curves to form one recession curve called a 

master recession curve. The master recession curve represents a composite of baseflow 

under various conditions in the catchment. The simplest and most common analytical 

solution which expresses the baseflow recession curve is the exponential decay 

function: 

where 

Q1: is the streamflow at time t, 

Q0: is the initial streamflow at the start of the recession segment, 

a : is the baseflow recession constant 

(2.5) 

Due to these methods being time-consuming, especially when the need is to analyse 

recession curves for many watersheds at one time, automated solutions were developed. 

More details can be found in Nathan and McMahon (1990), Arnold et al. (1995) and 

Brodie and Hostetler (2005). 
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2.4 STREAM-AQUIFER INTERACTION 

2.4.1 Introduction 

The investigations of stream-aquifer interaction were the interest for many researchers a 

long time ago. The interest was due to the impacts which caused by pumping from a 

well near a stream. These impacts can be expressed as lowering groundwater levels and 

a reduction of streamflow which may lead to adverse effects on the environment and 

riparian ecosystems. 

2.4.2 Analytical Solution of Stream Depletion 

Hunt (1999) revised the previous analytical solutions of stream depletion caused by a 

pumping well. According to Hunt (1999), Theis (1941) introduced the first unsteady 

analytical solution in terms of integral form (Figure 2.15a). The assumptions that he 

made to derive this solution were: Dupuit approximation is valid, that is the ratio of 

vertical to horizontal velocity components is small; the stream fully penetrates a 

homogenous, isotopic and infinite aquifer; transmissivity is constant and drawdowns are 

small enough compared to saturated thickness thus the linearity of the governing 

equations can be applicable; the flow rate of the pumping well is constant; and the river 

edge is infinite with constant water stage. In 1954, Glover and Balmer (1954) reformed 

the analytical solution by Theis (1941) from the integral form to a complementary error 

function form: 

where 

dQ: is the stream depletion flow rate; 

Qw: is the constant flow rate abstracted at well from t = 0 to t = oq 

S: is the aquifer storage coefficient, specific yield or effective porosity; 

T: is the aquifer transmissivity; 

t: is the time; 

l : is the shortest distance between the well and stream edge. 
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Hantush (1965) improved the Theis equation by considering a vertical layer of 

semipervious material along the stream edge, Figure (2.15b ). Thus the equation is: 

!!.Q (~/2 J ( Tt 1) (Jfj;t ~/2 J -=erfc - -exp -+- erfc --+ -
Qw 4Tt SL2 L SL2 4Tt 

where: 

L: is the stream leakance that has a dimension of length and is defined as: 

L=~b' 
K' 

K: aquifer hydraulic conductivity; 

K' : streambed hydraulic conductivity; 

b' : thickness of semipervious layer 

(2.7) 

(2.8) 

When b'- 0 then L - 0; thus the Hantush equation becomes equivalent to the Theis 

equation. 

Based on Theis's equation, Jenkins (1968) demonstrated some examples usmg 

dimensionless curves and tables to quantify rate and volume of stream depletion at any 

time during or after constant or intermittent pumping periods. He indicated that the 

residual effects (effects after cessation of pumping) on streamflow may be more 

significant than those during pumping. Jenkins combined the three variables in Theis's 

equation that cause the depletion of streamflow into a single variable called Stream 

Depletion Factor (SDF): 

SDF = 12S 
T 

(2.9) 

SDF has a unit of time which specifies the depletion timeframe for a particular stream

aquifer-well system. SDF is renamed by Wallace et al. (1990) as ta which is the 

response time of the aquifer, that is, ta is a measure of the required time for the aquifer 

to reach a new equilibrium state after constant flow rate pumping Qw from a well 

located at distance 1 from the stream edge. Wallace et al. (1990) applied superposition 

theory on the analytical solution for steady continuous pumping to develop 

dimensionless curves and tables to estimate the rate and volume of stream depletion for 

nonuniform, cyclic pumping from a well located near a stream. 
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Hunt (1999) improved the Hantush equation by assuming partial stream penetration of a 

horizontal infinite aquifer (Figure 2.15c); the horizontal and vertical dimensions of 

streambed cross sections are small compared to the saturated aquifer thickness as well 

as the seepage flow rates between the river and the aquifer are linearly proportional to 

the change in hydraulic head across the semipervious streambed. The other assumptions 

remain the same as the previous methods. Therefore: 

ilQ (~!2 J ( }.}( }.,/ J (~21 ~~2 J -=erfc - -exp --+- erfc --+ -
Qw 4Tt 4ST 2T 4ST 4Tt 

(2.10) 

where: 

A: is Hunt's leakage coefficient (UT) 

The Hunt equation becomes similar to the Hantush equation if the stream leakance L 

becomes: 

L=2T 
A. 

(2.11) 

However, the Hantush equation is applied for a fully penetrating streambed and a semi

infinite aquifer whereas the Hunt equation is for a slightly penetrating streambed in an 

infinite aquifer. 

The Hunt equation reqmres the input of the three hydrogeological parameters 

(Transmissivity T, Storage coefficient S and Leakage coefficient :A) to estimate the 

stream depletion. However, the uncertainty of these parameters and especially for A, 

will affect the estimation of stream depletion accuracy (Christensen, 2000). 
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2.4.3 Groundwater and Surface Water Software 

The analytical solutions are simplified models based on some assumption to introduce 

quick approximate solutions for small-scale problems of stream-aquifer interaction. 

However, when a large-scale problem is defined where many pumping wells are located 

near a stream, the analytical solutions cannot be applicable; consequently, numerical 

software is highly needed to simulate a real world problem. There are many 

groundwater and surface water software products developed in the last two decades to 

introduce a management solution for water resources issues. Recently, some researchers 

have coupled surface and groundwater software to manage stream-aquifer interaction 

problems. The next sections will briefly describe some groundwater and surface water 

codes that are commonly used and the management applications of combining such 

software together. 

2.4.3.1 Groundwater Software 

2.4.3.1.1 MODFLO\V 

The U.S. Geological Survey (USGS) groundwater modelling software, MODFLOW 

(MODular three-dimensional finite-difference groundwater FLOW model) developed 

by McDonald and Harbaugh (1988) is widely used and the most popular groundwater 

software. It is a three-dimensional, block centred, finite difference code, with a 

physically-based formulation that simulates layered aquifer systems. MODFLOW was 

written originally in Fortran 77 and consists of a main program and a series of highly 

independent subroutines called modules. These modules are grouped into packages; 

each package represents a specific type of the hydrologic system or the specific method 

of solving the governing flow equation. For example, river, drain, well, 

evapotranspiration and others are separate packages representing the hydrologic system. 

The Strong Implicit Procedure (SIP), or Slice-Successive Over-Relaxation (SSOR) are 

packages dealing with the method to solve the governing flow equation numerically. 

The Streamflow Routing Package (STR) developed by Prudic (1989) enhances 

MODFLOW to simulate stream-aquifer system interaction. Prior to the introduction of 
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the SFR package (Ref, 2005), MODFLOW could not simulate the flow in the 

unsaturated zone beneath a disconnected river. Nor can handle overland flow of surface 

water. Therefore, MODFLOW cannot provide a water budget for the full hydrologic 

cycle. 

2.4.3.1.2 MODFLOW-SURFACT 

MOD FLOW -SURF ACT is an advanced version of MOD FLOW that is a physically 

based formulation developed by HydroGeologic, Inc. (1996). It is a three-dimensional 

finite-difference and contaminant transport code. MODFLOW-SURFACT has the 

capability to simulate saturated and unsaturated zones for flow and transport. 

MODFLOW -SURF ACT consists of two main packages; SURF package and ACT 

package. The SURF package handles the new flow packages which supplement the 

original version of MODFLOW packages whereas ACT deals with contaminant 

transport packages. The SURF acronym is related to new flow packages 

(HydroGeologic, Inc., 1996): 

• S - robust and efficient (matrix solution, nonlinear iterations with adaptive time-

stepping, output control and axi-symmetric) §.chemes 

• U- rigorous treatment ofUnconfined flow 

• R - non-ponding Recharge and seepage face boundary conditions 

• F- fracture well representation to provide rigorous treatment of well conditions 

ACT stands for the new Analysis of Contaminant Transport. 

The new SURF packages by MOD FLOW -SURF ACT are more efficient to handle 

complex field problems than normal MODFLOW. These packages are: 

1. BCF4 - Block-Centered Flow package provides an axi-symmetric analysis 

option as well as handling unconfined flow using a variability saturated 

formulation with either pseudo-soil functions or Van Geruchten I Brooks Coery 

soil functions. 

2. FWL4- Fracture-Well package 

3. RSF4- Recharge-Seepage Face package deals with non-ponding recharge and 

seepage face boundary conditions. 
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4. AT04 - Adaptive Time stepping and Output control package that supports the 

transient solution with automatic generation and control of time steps in addition 

to better output control. 

5. PCG4- Preconditioned Conjugate-Gradient package which is a robust and new 

PCG matrix solver. 

6. NRBl - Newton-Raphson linearisation package with backtracking to enhance 

the robustness for unconfined or unsaturated flow of air and water simulations. 

Although MODFLOW-SURFACT can simulate the unsaturated zone, it doesn't have 

the capability to simulate overland flow. 

2.4.3.1.3 l\IODHMS 

MODHMS (MODFLOW Hydrologic Modelling System) 1s a state-of-art, 

comprehensive, three-dimensional finite-difference code that simulates flow and 

transport in fully coupled surface water/groundwater systems. MODHMS was 

developed by HydroGeologic, Inc., after the success of MODFLOW-SURFACT. 

MODHMS is a physically-based formulation; it is built from the USGS modular 

MODFLOW code by extending HydroGeologic's MODFLOW-SURFACT subsurface 

modelling code to include overland flow and channel flow and transport. MODHMS 

has the capability to simulate the complete hydrologic cycle; therefore MODHMS can 

provide a full water budget. 

2.4.3.1.4 GSFLOW 

Ground-Water/Surface-Water Flow Model (GSFLOW) has been developed by U. S. 

Geological Survey and it will be released near the end of 2006. It simulates the 

interaction between groundwater and surface water by coupling the Modular Ground

Water Flow Model (MODFLOW; Harbaugh, 2005) with the Precipitation-Runoff 

Modelling System (PRMS; Leavesley et al., 1983). 
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2.4.3.2 Surface Water Software 

In this section, a brief description is provided for some of the surface water software 

that has been coupled with groundwater software. 

2.4.3.2.1 SWAT 

SWAT (Soil and Water Assessment Tool) is a physically based, agricultural model 

developed by Arnold et al. (1994) to predict the impact of land management practices 

on water, sediment and agricultural chemical yields in large complex watersheds with 

varying soils, land use and management conditions over long periods of time. SWAT is 

a lumped model; it divides the watershed into subbasins, then simulates each subbasin 

based on the water budget for soil profile and pond storage. The input data for a general 

SW AT model are soil characteristics, land use and weather data while the outputs are 

runoff, percolation, evaporation, irrigation, pond seepage and crop growth. 

2.4.3.2.2 POTYLDR 

POTYLDR (POTential YieLD Revised) is a lumped model developed by Koelliker 

(1994) and was known since 1982 as POTYLD (potential yield). It is used to assess the 

effects of land use and climatic conditions on the daily change of the water budget for a 

large watershed. POTYLDR is the revised and updated version of POTYLD which 

includes additional improvements and irrigation practices. Like the SW AT model, 

POTYLDR divides the watersheds into subbasins; each one has homogenous soil 

characteristics. The input files of each sub basin are on a daily basis and the output is a 

daily water budget as well as an estimation of the monthly or annual water yield for a 

sub basin. 
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2.4.3.2.3 HSPF 

HSPF (Hydrologic Simulation Program-Fortran) is a U.S. EPA program for simulation 

of a time series of watershed hydrology and water quality. It simulates non-point source 

runoff and pollutants for a watershed and then presents the output of flow and water 

quality in reaches. However, HSPF is not completely physically based; some parameters 

are based on empirical approaches and need some calibration to adjust the model 

response. 

2.4.3.2.4 PRM:S 

PRMS (Precipitation-Runoff Modelling System) was developed by Leavesley et al. 

(1983). PRMS divides the precipitation into surface infiltration, overland flow, 

evapotranspiration, interflow, and shallow percolation. 

2.4.4 Management Applications of Coupling Surface and Groundwater 

Perkins and Sophocleous (1999) attempted to introduce a management solution for the 

river flow reduction in the Lower Republican River of Kansas under drought conditions. 

Their approach was to run some simulation scenarios to evaluate the impact of reducing 

the irrigation water use on the baseflow and stream yield. To achieve this objective, 

MODSWB code (Soil Water Balance) was developed to link between the surface water 

SWAT model (Soil and Water Assessment Tool) and the common groundwater model 

MODFLOW (McDona1d and Harbaugh, 1988). The function ofMODSWB code was to 

transfer the daily time step output files to monthly appropriate format files which can be 

directly read by MODFLOW. Then MODFLOW was used to simulate groundwater 

level and streamflow for the unconfined single-layer alluvium aquifer connected 

hydraulically to the Lower Republican River. The simulation period was eighteen years 

divided into a calibration period from 1977 to 1990 and a verification period from 1991 

to 1994; the dry period was 1988 to 1991. The results indicated that although there 

would be a significant increase in the baseflow and stream yield due to the reduction of 
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the irrigation water use, the river flow in the drought period was still below the 

minimum desirable streamflow requirement. 

Sophocleous, et al. ( 1999) developed another integrated model SW ATMOD that 

coupled the surface water model SWAT with groundwater model MODFLOW. 

SW ATMOD was applied on an unconfined single-layer of the stream-aquifer 

interaction system in Rattlesnake Creek basin of south-central Kansas. The model 

simulation period was 40 years from 1955-1980 as a calibration period and from 1981 

to 1994 as a verification period. The hydraulic head and streamflow were calibrated and 

verified during these periods. The model was tested for hypothetical long-term 

management scenarios based on the withdrawal rates reductions and pattern variation 

for the next 40 years (1995-2034). The year 1994 was considered the baseline scenario 

where the land use, initial conditions and boundary conditions for this year were fixed 

through the prediction period. The climatological data of the last 40 years were repeated 

for the next 40 years in the prediction scenarios. The results showed a significant 

response of groundwater level and streamflow for some scenarios. 

Ramireddygari et al. (2000) developed an integrated model combining surface water 

model POTYLDR and groundwater flow model MODFLOW to evaluate the long-term 

management scenarios on the surface water and groundwater due to the increase of 

irrigation water use and building dams (watershed structures) to control floods in the 

Wet Walnut Creek Watershed of west-central Kansas. POTYLDR model was modified 

to be able to simulate the operation of watershed structures based on stage-storage

discharge relationships. On the other hand, WELL and STREAM packages were 

modified in MODFLOW. The WELL package was modified to include, in addition to 

the well pumping, surface water diversions. The STREAM package was modified to 

include the diversion of grid cell location in case surface water sources are used. Like 

the SWAT model, POTYLDR divides the watersheds into subbasins; each one has 

homogenous soil characteristics. Then POTYLDR simulates the land use and daily 

weather data for each subbasin to determine daily runoff, evaporation, deep percolation, 

lateral seepage to the stream, and irrigation needs for crop growth; the outputs of each 

subbasins are saved separately in different files. The MODFLOW simulation is on a 

monthly or yearly basis in most cases and it is based on grid cell discretisation which 
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makes more flexibility to represent the heterogeneity in the aquifer system. 

Consequently, they developed a code called COMBINE to incorporate all the 

simulation results from POTYLDR in a single file that takes into consideration the 

simulation time basis and units that are required by MODFLOW to simulate the 

streamflow and groundwater level in the Quaternary alluvium unconfmed aquifer 

system. The simulation period was 37 years from 1960-1996 representing calibration 

and verification periods. Eight management scenarios were applied to predict the impact 

of watershed structures and irrigation water use on streamflow and groundwater level 

for the next 37 years (1997-2033) where the weather data of the last 37 years were 

repeated; similarly, the land use was fixed in the simulation scenarios. The results of the 

management scenarios revealed that the irrigation water use has a major effect on 

streamflow and groundwater level more than the watershed structures. 

Zarriello et al. (2001) linked STRMDEPL (STReaMflow DEPletion) code to HSPF to 

assess the effect of surface water and groundwater withdrawals on streamflow in the 

Ipswich River in north eastern Massachusetts. STRMDEPL is a FORTRAN program 

developed to compute time-varying streamflow depletion caused by a pumping well 

near a stream. The STRMDEPL code computes the rate of stream depletion by applying 

two analytical solutions Theis (1941) and Hantush (1965). 

MODHMS was used by Werner et al. (2006) to develop a regional-scale fully coupled 

stream-aquifer interaction model for Sandy Creek in the Pioneer Valley of north eastern 

Australia. The stream-aquifer system was modelled as a single-layer variably saturated 

aquifer with a pseudo soil function. The model was discretised into a unifprm cell size 

of 250 m each side where the total catchment area was about 420 km2
• The streamflow 

was represented in MODHMS using the channel flow package (CHFl). Although the 

discrepancy was clear between the observed and simulated streamflow at the low flow 

period, the overall matching of streamflow was good as well as for the groundwater 

hydrographs at six different locations. The simulated baseflow by MODHMS was 

compared with three techniques of streamflow hydrograph separation; the results 

showed significant variabilities between them. However, the model was tested for the 

stream depletion simulated by MODHMS and the computed using the Hunt (1999) 

analytical solution. The test was done for two separate hypothetical bores, one located at 
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250 m away from the stream and the other 1000 m with pumping rate 1 ML/d each. The 

comparison results demonstrated a good agreement between the two approaches, Figure 

(2.16). 
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Figure 2.16 A comparison between predictions of stream depletion caused by 

groundwater pumping at 250 m and 1000 m using two different methods: 

the MODHMS model and the Hunt (1999) solution to a simplified system 

(after Werner et al., 2006) 

GSFLOW was tested by Niswonger et al. (2006) on a real world problem with an area 

of 6672 acres in Sagehan basin of California. The initial results showed that the model 

performed relatively well regarding the correlation between areas of groundwater 

discharge and the location of springs in the basin. However, the initial simulation runs 

showed that the thickness of the unsaturated zone in the upland area in the basin became 

large when the hydraulic conductivity was high, which was unrealistic for this basin. 

Therefore the hydraulic conductivity was constrained to a limited small range. 
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2.4.5 Impact of Aquifer Heterogeneity on River Seepage 

Fleckenstein et al. (2006) combined a geostatistical subsurface model and large-scale 

transient numerical groundwater flow model with river-aquifer interaction to investigate 

the impacts of subsurface heterogeneity on river-aquifer exchange in the alluvial lower 

basin of Cosumnes River in California. Six realisations of the four major hydrofacies in 

the aquifer texture were generated via a geostatistical simulation model. These 

hydrofacies were gravel and coarse sands, sands, muddy, and mud. These realisations in 

additions to the homogeneous baseline aquifer formations were introduced as models to 

develop nine-layer three-year transient MOD FLOW models of river-aquifer interaction. 

The scenarios were run for high flow of the river in winter and moderate flow in spring 

for each realisation model as well as for the homogeneous model. The results showed 

that uniform river seepage was observed for the homogeneous model whereas the 

seepage was variable for the heterogenous models. The variable river seepage became 

significant in the low flow period (fall season). The number of days of river seepage, 

above the minimum river flow requirement, varied from one model to another 

depending on the heterogeneity distribution of the hydrofacies through the aquifer 

layers. The recommendation was made to take into consideration the geologic 

heterogeneity in simulating the exchange of stream-aquifer interaction models. 

2.4.6 Streamflow versus Groundwater Pumping 

Ahlfeld and Minihane (2002) carried out sensitivity analysis to investigate the response 

between streamflow or stream stage, at different reaches of the stream, and the changing 

in the groundwater pumping rate. They used a simple stream-aquifer simulation model 

to test this relationship. The model was divided into 25 rows and 30 columns with 

uniform cell size 200 ft by 200 ft. The model has one groundwater pump located near 

the stream. The results showed that by increasing the groundwater pumping, the 

relationship becomes significantly nonlinear if the aquifer head falls below the 

streambed elevation. But the nonlinearity appears very mild if the aquifer head is higher 

than the streambed elevation. 
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Ahlfeld (2004) examined the relationship between the streamflow and ground water 

pumping by introducing the analytical solution for the first and second derivatives of the 

streamflow function with respect to groundwater withdrawals in a stream-aquifer 

system. He checked these derivatives by developing a hypothetical numerical model. 

The simulation model had a single-layer and it was discretised into 125 rows by 150 

columns. Two groundwater pumping sites were located near the stream. The results 

revealed that the streamflow function is nonlinear and the shape may be convex or 

concave; this depends on two main factors: location of the streamflow observation point 

relative to the pumping well and the ratio of hydraulic conductivity to streambed 

conductance. Also, he concluded that the shape of the streamflow function is mildly 

nonlinear in all practical conditions in the case of aquifer head being higher than 

streambed elevation. He suggested that these results allow us to assume linear 

algorithms to formulate streamflow management problems based on gradient 

optimisation method. 

2.5 GROUNDWATER MANAGEMENT MODELS OF A STREAM-AQUIFER SYSTEM 

2.5.1 Introduction 

The general process of optimisation modelling is illustrated in the flowchart Figure 

2.1 7. The first step in the optimisation model is to formulate a statement that describes 

the problem and lists the objectives that should be achieved by the optimisation model. 

In this step the modeller focuses on how to formulate a problem, rather than how to 

solve it. After that, the formulation statement should be written in a mathematical form. 

Generally, the mathematical formulation is characterised by two sets of unknowns: state 

variables and decision variables. The state variables describe the behaviour of a system 

under natural condition. The head (h), drawdown (s) and concentration (C) are the most 

common groundwater state variables. The decision variables can be expressed as the 

stresses on a system which are, or have the potential to be, under control of a decision 

maker. Pumping rates (Q) and artificial recharge rates are the most common examples 

for the groundwater decision variables. 
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The second step in the optimisation model is to select the objective function and 

constraints. The objective function defines the quantity to be optimised and may take 

the form of maximising the pumping yield from the aquifer, minimising total draw down 

or minimising the total cost. The constraints describe the function of hydraulic head or 

stress that imposes restrictions on the values of the objective function. Then the 

parameters of the groundwater flow management formulation should be identified: these 

parameters include the number of candidate stress locations, the number of head (or 

flux) observation locations, the number of constraints and all the constraint coefficients. 

After that, solve the problem by using the appropriate method, usually linear or non

linear programming. Finally, the results will be evaluated regarding to the design 

criteria. The optimisation approach and its terms were defmed in detail by Merrick 

(2000). 

Figure 2.17 General Process of an Optimisation Model (after Ahlfeld and Mulligan, 
2000) 

46 



2.5.2 Groundwater Management Models 

According to Gorelick (1983), groundwater management models can be divided into 

two main groups: groundwater hydraulic management models and groundwater policy 

evaluation and allocation models. 

Groundwater hydraulic management models deal with aquifer head, drawdown, 

hydraulic gradient and pumping capacity constraints to find the optimal rate and 

location of pumping wells. The optimisation approach for this type of management 

model is either by using the response matrix approach or the embedding approach. 

On the other hand, groundwater policy evaluation and allocation models handle large

scale, complex and multi-layer aquifer systems as well as transient problems. These 

models generally examine water allocation by taking into consideration the economic 

management objectives. This group of groundwater management models has three 

types: hydraulic-economic response models, linked simulation-optimisation models and 

hierarchical models. Hydraulic-economic response models deal with water allocation 

economy based directly on response matrix approach, therefore this type of model is 

limited to linear problems and separation between aquifer simulation and optimisation 

programs. This type of groundwater management can be considered under the response 

matrix approach. However, linked simulation-optimisation models deal with the 

simulation and optimisation programs in sequence, that is, the results of the 

groundwater simulation model is used as input to the optimisation program. This 

approach can solve the problem using linear or nonlinear programming. The third type 

of this group is hierarchical models which use the principle of response matrix approach 

by decomposing large and complex aquifer systems into a series of individual local 

subsystems. Then each local problem is optimised independently before the trial to 

optimise the overall regional system. 

However, the response matrix approach and to some extent the embedding approach are 

more widely used in groundwater management than the linked simulation-optimisation 

approach or hierarchical approach. The summary and advantages of response matrix 

47 



approach, embedding approach and linked simulation-optimisation approach were 

presented by Merrick and Kalaitzis (2001). The description for these metho~s and their 
I 

applications to manage stream-aquifer interaction or conjunctive use management 

models are presented in the next sections. The flowcharts that illustrate these 

approaches were prepared by Merrick (2000) and are shown in Figure 2.18. 

2.5.2.1 Response Matrix Approach 

The response matrix approach decouples the groundwater simulation program from the 

optimisation program. A groundwater simulation model is used in the first stage to 

generate the response coefficients which are introduced into the optimisation program in 

the second stage (Figure 2.18a). The response coefficients describe the response of 

aquifer hydraulic head at one critical site and time to a unit pulsing (pumping) at 

another location and time. The limitation of this approach is that it is only applicable to 

linear systems or mildly nonlinear systems. Also any change in the parameters of the 

simulation model requires generating a new response matrix. 

2.5.2.2 Embedding Approach 

The embedding approach combines the simulation program and optimisation program 

simultaneously where the ground water system ( discretised flow equation) is 

incorporated as a constraint into the optimisation program. Therefore, the response of an 

aquifer system for a given time horizon and the determination of optimal pumping rate 

are calculated in parallel, (Fig 2.18b). Consequently, the embedding approach doesn't 

require a preliminary call of the simulation model to compute the response matrix, and 

any change in the parameters of the simulation model merely requires a new run of the 

optimisation program only. Another advantage is that the head, by embedding approach, 

is not only calculated at the critical sites as with the response matrix, but also the head is 

computed everywhere within the model domain. This approach is valid for linear and 

nonlinear systems. However, the disadvantage of the embedding approach is that, due to 

the groundwater system being represented as a constraint in the optimisation program, 

every grid cell in the simulation model represents one individual constraint equation. 
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For example, in case the optimisation model has multiple planning periods as in the 

transient optimisation or the simulation model represents a large-scale aquifer system, 

too many constraint equations will be produced. Consequently, these constraint 

equations will make the optimisation problem too large. The response matrix approach 

requires one constraint equation either in steady or in transient optimisation, and can 

compute groundwater response very rapidly. Also, difficult to code a fully-featured 

groundwater flow equation cannot expect to include all the packages that MODFLOW 

can handle. 

2.5.2.2.1 Comparison between Response Matrix Approach and Embedding 

Approach 

The comparison was conducted by Peralta et al. (1991 ). They used the embedding 

approach and response matrix approach to maximise the groundwater pumping for a 

hypothetical single-layer steady state confined aquifer system simulated by a finite 

difference model. The simulation model was discretised into 9 rows and 11 columns 

with uniform grid size 3 miles each side. GAMS optimisation program with MINOS 

code was selected to carry out the linear optimisation scenarios for the two approaches. 

The results were compared by the computer time and memory requirements. They 

found that the embedding approach is preferred for steady state optimisation when the 

drawdown is significant, when the pumping cells represent more than 25% of the cells 

and when many critical head observation sites must be constrained. However, the 

response matrix approach is always preferred in transient optimisation. 
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Figure (2.18): Classification of ground water management models (after Merrick, 2000); 

(a) Response matrix approach; (b) Embedding approach; 

(c) Linked simulation-optimisation approach 
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2.5.2.3 Linked Simulation-Optimisation Approach 

The linked simulation-optimisation approach deals with the simulation and optimisation 

programs in sequence, that is, the results of the groundwater simulation model are used 

as input to the optimisation program (Figure 2.18c). This approach can solve linear and 

nonlinear problems. The advantage of this is that it can apply for large-scale multi-layer 

aquifer systems and transient problems. Also, the linked simulation-optimisation 

approach can overcome problems with the embedding approach by minimising 

substantially the number of required constraints. This approach is the only way to do 

solute transport optimisation based on concentration constraints. 

2.5.3 Comparison between the Results of Simulation Model and Simulation

Optimisation Management Model 

A study by Barlow et al. (1996) compares the scenarios results from a simulation model 

alone and from coupling simulation-optimisation together in a management model. 

They coupled the simulation-optimisation approach to a regional aquifer system in San 

Joaquin Valley (California). This area has been irrigated extensively for crop 

production. As a result, high return recharge from the aquifer has been observed in some 

areas, thus the water table was raised and caused high salinity due to evapotranspiration. 

The simulation model was a 6-layer transient MODFLOW model with 37 rows and 20 

columns and uniform cell size 1 mi in each side. The calibration period was from 1972 

to 1988 and the simulation period was from 1988 to 2040. The nonlinear optimisation 

code (NPSOL) was coupled to the MODFLOW model. The management model 

objective function was to maximise groundwater pumping in nine management zones in 

order to reduce the shallow water table. Constraints were defmed on the state variable 

aquifer head and the decision variable pumping capacity. The results indicated 20% 

improvement in the area that has shallow water table by using the combined simulation

optimisation management model compared with what was achieved by using the 

simulation model only. 
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2.5.4 Stream-Aquifer Management Model and Conjunctive Use Management 

Model 

This study concentrates on developing a stream-aquifer management model that couples 

between the simulation of a stream-aquifer system and an optimisation program to 

preserve the state variable baseflow in the river and the streams. However, most of the 

management studies that have dealt with stream-aquifer systems were developed to 

introduce optimal or satisfactory solutions for conjunctive use problems. A Conjunctive 

use management model can be defined as the coupling between a numerical simulation

groundwater flow model and an optimisation technique to optimise the total available 

water resources from the combined use of surface water and groundwater storages. 

The next sections will present the objective functions and the constraints that are used in 

the recent studies as well as most of the management applications of stream-aquifer 

systems from water quantity view point for either hypothetical models or real-world 

problems. 

2.5.4.1.1 Objective Functions 

Two objective functions were defmed by Male and Mueller (1992) and one by Mueller 

and Male (1993) to specify groundwater withdrawal permits for nine applicants in 

Charles River basin of Massachusetts. They coupled an analytical solution of 

streamflow depletion by pumping wells with a linear programming model. Their 

objectives were to minimise the amount of streamflow loss and at the same time to 

maximise the groundwater pumping. 

Peralta et al. (1995) developed a conjunctive management model on a large-scale for the 

Mississippi River Valley alluvial aquifer system in northeastern Arkansas, USA. The 

objective function was to maximise the sum of the sustained groundwater yield and the 

diverted surface water: 
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M a 

Maximise : Z = L (ga +Sa) 
a=l 

Where: 

Ma =number of active cells in the study area; 

a = cell index number; 

g. = ground water extraction by pumping in cell a; 

sa= surface water diversion in cell a for use in cell a. 

(2.12) 

Belaineh et al. (1999) developed a conjunctive management model for a hypothetical 

one-layer simulation model. The objective function was to maximise total surface and 

groundwater provided to users: 

k [Mp Md ] 
Maximize: Z = £; ~Ca.k ga,k+ ~Ce,k de,k (2.13) 

Where: 

g.,k = groundwater extraction from cell a in time period k (L3/T); 

da,k = streamflow diversion or reservoir release from reach e in time period k (L3/T); 

Mp = total candidate number of cells from which groundwater withdrawal is optimised; 

Md =total number of potential stream diversion reaches; 

Ca,k = coefficients to perform minimisation, maximisation or economic optimisation on 

groundwater extraction; 

Ce,k = coefficients to perform minimisation, maximisation or economic optimisation on 

streamflow diversion. 

Barlow et al. (2003) developed a conjunctive management model for a hypothetical 

model and the Hunt-Annaquatucket-Pettaqamscut alluvial valley stream-aquifer system 

of central Rhode Island, USA. 

The objective function for the hypothetical alluvial valley stream-aquifer system was to 

maximise total groundwater withdrawal from the alluvial aquifer: 

NW TP 

Maximize L L NDI..Qwi, k (2.14) 
i•l k=l 
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While the objective function for the real-world aquifer system was to maximise the total 

groundwater withdrawal from the aquifer system during the summer months July, 

August and September: 

NW 9 

Maximize L L NDK.Qwi. k (2.15) 
i=l lc=7 

Where 

NW= total number of wells; 

NDk = number of days in planning period k; 

TP =total number of planning period (1::;; k::;; 12 ); 

Qwi. k = withdrawal rate at well i during planning period k 

Barlow (2005) coupled a simulation-optimisation model by using the objective function 

in eq. (2.14) to assess the groundwater in the Mississippi River valley alluvial-aquifer 

system, southeastern Arkansas. 

Barlow et al. (2006) used the same objective functions as in eq. (2.14) and (2.15) to 

develop the conjunctive management model for the Big River Basin in Rhode Island, 

USA. Total number of wells were 13, with 2 wells representing actual pumping sites 

and 11 wells defined as candidate pumping locations. Total planning period was defined 

equal to 12 months. 

2.5.4.1.2 Constraints 

Male and Mueller (1992) and Mueller and Male (1993) used a streamflow depletion 

constraint when they linked a linear programming model with an analytical solution of 

streamflow depletion by pumping wells to help the Massachusetts Water Management 

Authority to specify permit of groundwater use in Charles River basin. 

Peralta et al. (1995) indicated that six types of constraints were defined m the 

optimisation model for Mississippi River aquifer system. These are:· 
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1. Constraints on the decision variable ''water need" where the sum of the available 

water use from groundwater and surface water is less than or equal the water 

need in that cell. 

2. Constraints on the state variable "aquifer head" such that the upper bound is 

less than or equal the ground surface and the lower bound is greater than or 

equal to 6 m of the saturated thickness in each cell. 

3. Constraints on the state variable "lateral flow"; this was produced by a constant 

head boundary at the northern side of the model domain. The lateral flow was 

constrained as flux; consequently this flux shouldn't exceed the current inflow. 

4. Constraints on the state variable "streamflow" where the lower streamflow limit 

should be greater than or equal to the minimum streamflow requirement for 

navigation while the upper limit shouldn't cause flooding. The selection criteria 

were based on values determined by US Army Corps of Engineers. 

5. Constraints imposed on the upper and lower limits of the decision variable 

"pumping rate". There were 1574 candidate sites defined over the active 

variable head cells in the model. 

6. Constraints imposed on the river cells in the model; such that the lower limit on 

surface water use was set equal to current surface water use, while the upper 

limit was unbounded. Therefore, more surface water can be used in these cells. 

However, in non river cells the constraints were defined to make surface water 

use equal to the current use. This allowed the current water use to keep on from 

the unmodelled streams or reservoir. 

Belaineh et al. (1999) defined constraints on both state and decision variables. The 

constraints on the state variable include: upper and lower limits on aquifer head, 

minimum streamflow requirement at two control points, maximum reservoir storage, 

maximum flow in the canal and maximum allowed concentration for Total Dissolved 

Solids {TDS). While the constraints on the decision variables were: maximum 

groundwater pumping, maximum reservoir release, maximum stream diversion, water 

demand, canal leakage coefficient and deep percolation coefficient. 

Ahlfeld and Minihane (2002) used a streamflow depletion constraint to formulate a 

stream-aquifer management model: 
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n, <Q·· ~.1- ],I (2.16) 

Where: 

(b,t = streamflow at reachj during time period t; 

Q·J,t =minimum allowed streamflow at reachj in timet. 

Barlow et al.(2003), Barlow (2005) and Barlow et al. (2006) imposed two constraints on 

the objective function in eq. (2.1 ). The first type of constraint is that imposed on the 

decision variable ''withdrawal rate", the upper and lower limits of the pumping 

capacities: 

(2.17) 

The second type of constraint is that imposed on the state variable, "streamflow", called 

a streamflow depletion constraint: 

Where: 

Qsdj,t = streamflow depletion at streamflow constraint site j in month t; 

(Qsdj,t)max =maximum rate of streamflow depletion allowed at site j in month t. 

(2.18) 

They assumed linear relationship between the rate of streamflow depletion at each 

streamflow constraint site, Qsdj,t. and the rate of groundwater withdrawal at each well i 

during each month t. By assuming linearity, they calculated the response coefficients for 

each well and streamflow constraint site pair (rj,i,U as following: 

(2.19) 

Where: 

Qsd;,, = streamflow depletion at site j in month t in response to a unit withdrawal Qw; at 

well i. The response coefficients are dimensionless and range from 0.0 to 1.0. 
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Because of the linearity assumption, total streamflow depletion at each constraint site j 

in each month can be calculated by summation of the individual streamflow depletions 

caused by each well i in each month t as: 

NW TP 

Qsd;.r = l:l:rj.i,rQwi,t (2.20) 
i=l l=l 

By substituting Qsdj,t in eq. (2.9) into eq. (2.7) then the streamflow depletion constraint 

will be: 

NW TP 

LLrj,i,rQwi,t:::; {Qsd;,r)max (2.21) 
i=l t=l 

In addition to the two above constraints, Barlow (2005) added a constraint on the state 

variable "aquifer head" to maintain the minimum hydraulic head at certain levels 

(greater than or equal to 50% of the saturated aquifer thickness without pumping). 

Barlow et al.(2006) defined a new constraint imposed on the decision variable ''water 

demand". It was required that the annual pattern of total monthly withdrawal in the 

basin must be consistent with the actual monthly water demand in the basin. This 

constraint was defined as: 

NW NW 

2: Qw;, tl = lltl,2 2: Qw;, 12 

i=l i=l 

Where: 

Qwi,tl and Qwi,t2 are the withdrawal rates at well i in month tl and t2, respectively; 

a11,2: is the ratio of total demand in month t1 to total demand in month t2. 

(2.22) 

2.5.4.1.3 Groundwater Management Applications on Stream-Aquifer Interactions 

using Response Matrix Approach 

Management models that couple simulation and optimisation models for stream-aquifer 

interaction started more than 30 years ago. 
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Maddock (1972) was the first one who used the response matrix approach to solve 

groundwater management problems. He developed an algebraic technological function 

based on a linear partial differential equation and a pulse pumping to relate the 

drawdown at the kth well at the end of the nth season due to the pumping ofM wells: 

M n 

S(k,n) = L Lfi(k,j,n- i + I)q(j,i) 
j=l i=l 

where 

S(k,n): drawdown at site kat the end on nth period 

ft(k,j,n -i + 1): response coefficients 

q(j,i): pulse pumping at site j and time i 

M: total number of wells 

n: total number of planning period 

k: observation site location 

(2.23) 

By using this approach, the explicit coupling between the simulation and optimisation 

programs can be allowed. The algebraic technological function is known as the response 

matrix approach or the discrete kernel approach. 

Maddock (1974) developed a stochastic conjunctive management model for a single 

aquifer hydraulically connected to a single stream. The objective function was to 

minimise the expected supply cost under stochastic demand. He linked between the 

technological function (response coefficient), which relates to the interaction between 

streamflow and groundwater withdrawal, with statistical equations of demand, 

streamflow, pumping and draw down. The constraints were defined on the expected 

water demand, streamflow requirement at the downstream gauge and the quantity of 

water withdrawn from the river as well as the quantity of water induced from the river 

into the aquifer. 

To couple the simulation-optimisation model for a stream-aquifer system, the 

suggestion from Morel-Seytoux and Daly (1975b) was to simulate the aquifer system 

without any stream using finite difference technique. Then the discrete impulse 

generator can compute the response coefficients that relate the drawdown to 
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groundwater pumping using the simulation model (without any stream interaction). 

After that, the aquifer system response to any physical component of the system such as 

river return flow can be explicitly expressed as a function of groundwater pumping and 

calculated using linear algebraic equations. The authors (Morel-Seytoux, and Daly) 

compared their work with that of Maddock (1974), and found that, although the same 

principle was used, their work was more flexible because any change of the physical 

system can be added as linear algebraic equations and there was no need to generate a 

new response matrix. On the other hand, the Maddock (1974) approach requires 

regeneration of the response matrix for any change in the physical system. However, 

from my point of view I consider Morel-Seytoux and Daly's work is simpler than 

Maddock's approach which is more accurate. The Morel-Seytoux and Daly approach is 

to linearise the response of any component of the system but in fact there are many 

factors that can interfere together and affect nonlinearly on the drawdown coefficient in 

the response matrix. 

Morel-Seytoux (1975a) derived an integral equation that describes the interaction 

between the streamflow and the aquifer system. He illustrated how to generate the 

influence (response) function coefficients using numerical methods; these coefficients 

are essential for developing a management model. 

Morel-Seytoux et al. ( 1981) explained the design procedures to develop a stream

aquifer management model for a specific area of South Platte river basin in eastern 

Colorado. The objective of the model was to find the best plan to manage the river 

aquifer system with optimal use of agricultural water under drought conditions. Some 

complexities were reported relating to the administrative system based on the water 

rights to compute water allocation at the river diversion as well as the computing cost 

and computer storage that resulted from the large size of the river aquifer system (145 

km reach, 3 reservoirs and 780 wells) and the need to simulate the system on a weekly 

basis for a 1 0-year planning horizon to determine the impaCt on water availability in the 

river and the farm in the short-term and the impact on groundwater in the long-term. 

Illangasekare and Morel-Seytoux (1982) divided the stream-aquifer system into two 

separate models: aquifer system model and stream system model. The discrete kernel 
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(influence coefficients or response coefficients) were generated for each model. Then 

the two discrete kernels were linked together by using a linear relationship for stream

aquifer interaction. This relationship relates the state variables to the decision variables 

and it could be used to formulate a mathematical optimisation model. 

Illangasekare and Morel-Seytoux (1984a) developed a conjunctive use management 

model for Wadi Jizan which located at the south coast of the Red Sea in Saudi Arabia. 

The objective was to investigate some conceptual scenarios in order to get effective 

development in using surface water and groundwater conjunctively. The management 

model consisted of two main parts; physical simulator and operational simulator. The 

physical simulator consisted of three components: the first one was the surface water 

conveyance which was simulated by using a storage routing technique. The second one 

was the aquifer unsaturated flow model which was solved by a numerical technique 

based on Green and Ampt type of solutions. The third component was the aquifer 

saturated flow model which was modelled using discrete kernel approach. The 

combination of all of these components and parts was done and applied by lllangasekare 

et al. (1984b). Five alternatives, three for surface water and two for groundwater 

development plans, were examined to improve the agricultural production in this area 

by introducing the optimal scheme of conjunctive use of surface water and groundwater. 

Danskin and Gorelick (1985) developed and applied a management model to Livermore 

Valley, California. The management model coupled the simulation and optimisation 

programs using the response matrix approach. The authors mentioned that this was the 

first study which coupled simulation-optimisation models· for two layers actual aquifer 

system. Surface water and groundwater systems comprised the simulation model. 

Surface water system consisted of three streams, aqueduct and reservoir. The 

groundwater system had two-layer aquifer system, the upper unconfined aquifer and the 

lower confmed aquifer. To link explicitly between the surface water and groundwater 

interaction in the management model, the relationship between streamflow and its 

recharge to the aquifer was developed for each stream reach using mass balance 

equation. The groundwater system was simulated using the transient, quasi three

dimensional fmite difference model. The objective function was defined to minimise the 

operating cost in the basin subjected to 255 constraints across four groups. The first 
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group of constraints related to pumpmg capacity, hydraulic head and municipal 

pumping cost. The second group was the water quality constraints for both surface 

water and groundwater. The constraints in the third group were imposed on surface 

water which included constraints on mass balances of streamflow and reservoir as well 

as constraints on streamflow and aqueduct. The last group of constraints was defined to 

deal with stream-aquifer interaction. They attempted to linearise the optimisation 

system and solve it linearly because they used the response matrix approach based on 

linear assumption. The nonlinearity in their optimisation model came from three 

aspects: the quadratic function of the pumping cost, the . relationship between the 

streamflow and aquifer recharge, and the hydraulic system of the unconfined aquifer. 

Their solution, to overcome the nonlinearity for the first two aspects, was to define the 

decision variables as continuous and integer variables. The continuous variables 

represented pumping rates, streamflow, aquifer recharge, aqueducts and reservOir 

releases. The integer variables were required to represent nonlinear functions as 

piecewise linear functions. They found that this approach was critical for the nonlinear 

pumping cost but it was required for accurate simulation of stream recharge. For the 

unconfined aquifer, the nonlinearity in the hydraulic system arises form the change in 

the saturated thickness. Therefore, they used the iterative process to generate a new 

transmissivity matrix for the unconfined aquifer repeatedly until satisfactory 

convergence was achieved between the current and previous hydraulic heads. This 

procedure requires generation of the response matrix and runs of the management model 

each time. The mathematical programming system extended and mixed-integer 

programming package were selected to solve the management model for a single one

year planning horizon with different scenarios to evaluate the operating system cost. 

Illangasekare and Morel-Seytoux (1986) designed an algorithm to allocate river flow to 

the surface diverters based on the water right conditions. The application for this 

algorithm was carried out on South Platte River in Colorado to examine . the 

effectiveness of the current augmentation plan. The algorithm was linked to the 

simulation program based on discrete kernel approach to compose the management 

model. Three scenarios were applied: without pumping, with pumping and with 

pumping and augmentation policy. The results evaluated the diversion amounts and the 

damage of the river due to groundwater pumping. 
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Reichard (1987) investigated the impacts of dynamic streamflow recharge on 

agricultural revenues by developing basinwide groundwater management and private 

optimisation. He defined basinwide groundwater management as "the spatial and 

temporal allocation of water use which maximises the discounted sum of net revenues 

for the entire study area", while the private optimisation "simulates the short-term 

profit-maximising behaviour of groups of farmers in the absence of institutional 

controls". The two management models based on response matrix approach were 

applied to a real stream-aquifer system in coastal basins of Salinas valley, California. 

The objective function was defined to maximise the difference between the total 

agricultural benefits and the total operating cost. Two response coefficients were 

generated for each management model by recursive calls to the groundwater simulator. 

The first coefficient related the response of groundwater level in the observation cell i to 

a unit discharge in the pumping cell j. The second coefficient represented the response 

of groundwater level in the observation cell i due to a unit recharge in the river reach k. 

The nonlinear optimisation code MINUS was used to calculate the decision variable 

(groundwater withdrawal) and the state variable (river recharge) for 15 years. The 

results indicated that the basinwide groundwater management is more efficient due to 

high revenues and less water use than the private optimisation. 

Peralta et al. (1988) developed an implicit stochastic optimisation management model 

that couples the statistical stream stage in a stream-aquifer simulation model with the 

optimisation program to maximise or minimise the objective function. The management 

model was applied to a hypothetical area consisting of one-layer unconfined aquifer 

system hydraulically connected to a stream as well as some lined canals diverted from 

the stream for irrigation use. The simulation model was discretised into 8 rows and 10 

columns with uniform grid size 5 km each side. The objective function was to minimise 

the reduction in crop yield caused by insufficient water supply. To solve the model by 

linear optimisation and to generate response matrix coefficients for the unconfined 

aquifer system, they assumed that the change in transmissivity due to saturated 

thickness variation in the unconfined aquifer will be less than 10% of the initial value. 

To change the influent stream stage statistically, the idea was to assume that the stream 

stage is normally distributed then the influent stream stage was estimated at 50% (mean) 

as well as at 5% and 95% probabilities. Constraints were imposed on the diverted 
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streamflow, groundwater and stream waters uses, demand, aquifer hydraulic head and 

the stream depth at the downstream end to achieve the minimum requirement of 

streamflow. The optimisation model was run for each influent stream stage and the 

results showed the areas that should be planted for each case to maximise the 

agricultural benefits. 

Basagaoglu and Marino (1999) developed a conjunctive use management model for a 

hypothetical single aquifer layer hydraulically connected to a stream. The model 

consisted of a single multipurpose reservoir, five observations and three pumping wells, 

agricultural areas and artificial recharge zone. The model considered surface water 

diversion from a reservoir and a stream as well as groundwater pumping to meet the 

demand. The hypothetical model was divided into 15 rows and 15 columns with non

uniform grid spacing in y-direction. The MODFLOW simulation model, (McDonald, 

and Harbaugh, 1992), and the linear programming code ofGAMS (Brooke, et al., 1992) 

were linked together using response matrix approach to minimise the deviation from the 

target storage level in the reservoir and stream. Twelve sets of system constraints were 

defined over a 6-month planning horizon. The results were optimal operating strategies 

of surface water resources and ground water withdrawals. 

Belaineh et al. (1999) coupled a hypothetical simulation model by MODFLOW with a 

linear programming optimisation model to find the optimal allocation of surface and 

groundwater for irrigation use. The hypothetical model was a single-aquifer connected 

hydraulically to stream and reservoir. The simulation model was discretised into five 

rows and six columns. The response matrix approach was used to fmd the response 

coefficients from the impacts of groundwater pumping on the hydraulic aquifer head, 

stream-aquifer interactions and surface water-aquifer interactions. The embedding 

approach was used to manage the reservoir storage and surface flow network. A series 

of scenarios were tested; the results showed that the total water allocation can be 

increased by using more detail to represent the physical system. 

Barlow et al. (2003) coupled the simulation-optimisation model firstly to S-layer 

hypothetical alluvial-valley stream-aquifer system model to test the equation (2.10) of 

streamflow depletion constraints. The model was divided into a non-uniform grid mesh 
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with 120 rows and 63 columns. The objective function as described in equation 2.14 

was to maximise the total annual groundwater withdrawal in four different sets of 

planning periods: a single 12-month planning period, two 6-month planning periods, 

four 3-month planning periods and twelve 1-month planning periods. Four candidate 

pumping site were defined at the centre of the model domain and at a specific distances 

from the western edge of the stream that cross the model at the middle from north to 

south. Streamflow depletion constraint was defmed at the downstream end of the 

stream. The minimum requirement for the streamflow depletion constraint was specified 

to be less than or equal to 1% of the streamflow rate at the summer months (July, 

August and September). The optimisation model was run by using linear programming. 

The first run was allowed to use a single well only to evaluate the pumping rate with 

different multiple planning period scenarios. The results revealed that the withdrawal 

rate decreases gradually as the distance of the well increases from the stream. Also, the 

results showed that the total annual aquifer yield can be increased by using multiple 

wells with multiple planning periods each year. After that they applied the same concept 

to the large-scale alluvial-valley stream-aquifer system of central Rhode Island. The 

optimisation model based on linear programming and response matrix approach was 

linked to a 4-layers MODFLOW simulation model of 205 rows and 197 columns with 

uniform grid mesh 61 m cell size. The model had 18 actual pumping wells with 14 wells 

used for water-supply. The streamflow depletion constraints were set at three locations 

downstream of the three major rivers in the model. The maximum rates of streamflow 

depletion constraints were specified for each month of the year. The optimisation model 

with 12-month planning periods tested two scenarios to see if the current yields of the 

public water supply wells in the summer can be increased without any increase in the 

streamflow depletion during the summer season. The first scenario assumed that all 14 

public water supply wells are operating while the second scenario added two new 

hypothetical pumping sites to the 14 public supply wells network. The optimisation 

results revealed that the current withdrawal can be increased in the summer by 8% and 

18% for scenario 1 and 2, respectively without increasing the summer streamflow 

depletion. 

Barlow (2005) estimated the sustainable yield for Mississippi River valley alluvial

aquifer system by coupling simulation and optimisation models. This aquifer has been 
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subjected to high groundwater pumping that decreased the groundwater level and 

reduced the well yield. The objective function was defined to maximise the yield of 

1841 pumping sites in the basin by maintaining the aquifer head at a certain level of the 

aquifer thickness and determining minimum streamflow requirement constraints at the 

two main rivers in the basin. Three scenarios were carried out by increasing the 

maximum pumping capacity constraints from 100% of the total actual withdrawal rate 

in 1997 to 150% and 200%. The results illustrated that by increasing the total pumping 

capacity to 200% from the total actual withdrawal in 1997, the sustainable yield will 

increase by 50%. Also, the results showed that simulated water level from the total 

actual pumping in 1997 by using the simulation model had some dewatering areas but 

with simulation-optimisation model, no dry cells were produced for that year. 

Bar low et al. (2006) prepared a trade-off curve between the optimal annual groundwater 

withdrawals and minimum streamflow criteria. The conjunctive management model 

was developed by coupling a 5-layer transient MOD FLOW numerical simulation model 

for the Big River basin in Rhode Island with linear programming optimisation model 

based on the response matrix approach for streamflow response to groundwater 

pumping. The objective function and the constraints were the same as the conjunctive 

model that had been developed by Barlow et al. (2003). This management model had 

two actual public water supply wells and eleven candidate pumping sites distributed 

over the model domain. Streamflow depletion constraints were set at four outlets 

locations of the three main rivers and one lake in the basin. The simulation-optimisation 

model was run for the 13 pumping sites and one 12-month planning period. Although 

they assumed a linear relationship between the rate of groundwater withdrawals and the 

rate of streamflow depletion (equation 2.19), the results showed nonlinear response for 

the trade-off curve between the groundwater withdrawal and minimum stream flow 

criteria, Figure 2.19. They attributed the nonlinearity in the shape for the trade-off curve 

to the variation in hydrologic and hydrogeologic characteristics in the basin as well as 

the location of the pumping sites and streamflow constraints. 
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Figure 2.19 Tradeoffs between groundwater withdrawals and 

mmunum streamflow criteria (after Barlow et al., 

2006) 

2.5.4.1.4 Groundwater Management Application on Stream-Aquifer Interactions 

using Embedding Approach 

Matsukawa et al. (1992) presented a conjunctive use management model to develop 

planning and operational schemes . for Mad River basin, California. The simulation 

model consisted of a single-layer unconfined aquifer system hydraulically connected to 

the river. The model had a single reservoir and three pumping wells. The model was 

discretised into 22 rows and 12 columns having uniform grid spacing 1000 ft each side 

and the aquifer system was simulated using finite difference methods (McDonald, and 

Harbaugh, 1988). The decision variables for each period in the optimisation model were 

reservoir release and spill rates, surface water diversions rates and groundwater 

pumping rates. The overall multi objective function was defined, over 1-year planning 

horizon with 12 monthly planning periods, to maximise the sum of all benefits from the 

decision variables subtracted from the total operating cost. The optimisation model 

based on the embedding approach used the nonlinear optimisation code MINOS 5.0 

(Murtagh and Saunders, 1983) to solve the problem. The minimum downstream flow 
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requirement constraint was specified to maintain the allowable limit for the stream 

aquatic life as well as other constraints were imposed either on the state variables or 

decision variables to achieve the objective function. 

Peralta et al. (1995) applied a simulation-optimisation model on a large scale for 

Mississippi River Valley alluvial aquifer system. The simulation model MODFLOW 

was coupled with the optimisation model based on the embedding approach and linear 

programming to compose the conjunctive management model for this aquifer system. 

The optimisation model was run, by using MINOS 5.1 solver (Murtagh and Saunders, 

1983) five times separately as steady-state model for each decade from 1990-2039 to 

find the optimal yield of groundwater and the available use of surface water that would 

meet the water demand and satisfy the constraints for each decade. Four alternative 

management scenarios were tested for each decade. These scenarios considered 

changing the lower bound on groundwater pumping from zero to be equal to the 

demand for municipal and industrial needs or to increase it from one decade to another. 

Also two alternatives were assumed for future irrigation need equal to the current 

amount, while another two alternatives assumed that the farmers will apply water 

conservation measures that make the future irrigation need less than the current demand. 

The results revealed that none of these alternatives satisfied the total water needs but the 

most suitable scenario was that which met total demand for municipal and industrial. 

2.5.4.1.5 Groundwater Management Applications on Stream-Aquifer Interactions 

using Linked Simulation-Optimisation Approach 

The study by Young and Bredehoeft (1972) was the first study that used the linked 

simulation-optimisation approach for the conjunctive use management problem. The 

management model consisted of two main components: hydrologic component and 

economic component. The hydrologic component represented the simulation model of a 

stream-aquifer system. The economic component consisted of a linear programming 

model that defined the crop yield as a function of water available linked with a series of 

linear programming models to describe the irrigation system operation during the 

planning periods. The coupled hydrologic-economic model was applied on a 50 mile 
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reach of South Platte River in Colorado for a 10-year planning period. The objective 

function was to maximise the average annual net economic yield. The streamflow 

constraint at the downstream end was set at 50% of the upstream inflow and other 

constraints were defmed such as groundwater pumped and streamflow diverted. The 

model area was divided into three subareas based upon the water rights and delivery 

system. The hydrologic-economic simulation model was run to find the optimal 

pumping rate which can maximise the objective function for each area. Another 

scenario was run by increasing the hydraulic conductivity by 10% to examine the 

sensitivity of the hydraulic aquifer parameter on the optimisation results. 

Bredehoeft and Young (1983) used the conjunctive management model of stream

aquifer system that they developed in their previous study (Young, and Bredehoeft, 

1972) to find the optimal groundwater pumping rate that maximised net income for the 

farmers. The stream reach along the South Platte in Colorado was taken as case study. 

The streamflow requirement at the downstream was set at 50% of the upstream inflow. 

The conjunctive simulation-optimisation model was solved by using linear 

mathematical programming. The results were presented as curves which represent the 

relationship between the net income or the planted areas and the pumping capacity with 

different rates. Also, they showed that to preserve the streamflow from depletion caused 

by groundwater pumping, Colorado water right requires that the well owners augment 

the streamflow by an amount of water equal to 5% of the extracted amount from 

groundwater. The model results indicated that this percentage is not sufficient in the dry 

years and it should be increased to 1 0% during the drought period. 

However, some authors pointed out the limitations of the simulation-optirnisation 

approach applied by Young and Bredehoeft (1972). Reichard (1987, p. 78) indicated 

that ''the limitation of the simulation approach is that it only allows comparison of 

specific strategies; it doesn't allow the direct maximisation or minimisation of a 

particular objective". Matsukawa et al. (1992, p. 116) mentioned that ''the management 

model developed by Young and Bredehoft incorporated the aquifer behaviour through 

the simulation and not directly in the optimisation model". Also Basagaoglu and Marino 

(1999, p. 214) said "this model, however, does not guarantee an optimal solution 

because all feasible management strategies cannot be identified using only simulation". 
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2.6 SIMULATION-0PTIMISATION MODEL APPLICA TIO~S IN AUSTRALIA 

The application of simulation-optimisation models on a large-scale in Australia are very 

limited. Recently, few studies have coupled simulation-optimisation models and applied 

them on a large-scale for different purposes in Australia. 

For the Wakool (NSW) site, Punthakey et al. (1992; 1994) applied GAMS to optimise a 

minimisation problem of determining the lowest steady pumping rate (and so cost) of a 

well field consisting of 48 dewatering wells. Punthakey et al. (1992; 1994) report an 

optimal solution which reduces the pumping rate by 25 % across all wells and results in 

operational cost saving of A$75,000 per annum. 

Prathapar et al. (1994; 1998) applied GAMS code to optimise proposed land use 

changes (from grazing to a rotation of grazing and wheat) in the Mallee area of NSW 

and optimised two objective functions; a maximisation function for economic benefits 

derived from the proposed land use changes and a minimisation function incorporating 

economic losses resulting from river and farm land sa1ination. The optimisation model 

time horizon was 200 years in eight equal time periods of 25 years. Prathapar et al. 

(1994; 1998) concluded that the 200 year timeline was insufficient to model all system 

responses resulting from converting 80 % of the study area to a rotating grazing and 

wheat production management regime. 

Merrick (2000) developed a coupled simulation-optimisation model to determine the 

optimal pumping rate for the most highly exploited aquifer in Australia (lower Naomi 

Valley). The MODFLOW simulation model consisted of three layers and was 

discretised into 30 rows and 50 columns with uniform grid cell 2500 m each side. The 

OPTIMAQ optimisation software based on response matrix approach was coupled with 

the MODFLOW simulation model to determine the optimal pumping rates for each of 

193 production bores for each of five years across the planning horizon. Four objective 

functions were examined as optimisation alternatives: maximised production; 

minimised average drawdown; minimised squared drawdown and minimised energy. 

The constraints were imposed on the water level at more than 200 locations. The results 

revealed that minimising squared drawdown is the best option for production from the 
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permeable part of the aquifer system. Moreover, by changing the planning period from 

single five-year to 10 6-month planning periods, the results showed that optimal average 

drawdown was the same in both cases but with multiple planning periods the optimal 

production will benefit by about 20 percent more than with continuous rates over the 

management period. Also the results proved that the multiple time periods can allow the 

opportunity to implement carry over and borrowing management tools, and these give 

irrigators the flexibility to manage their water needs with sustainable yield over the time 

horizon rather than a fixed sustainable yield during each year. 

Merrick (2004) applied a hydraulic control formulation to design pump-and-treat 

remediation for the Orica site located at Botany Bay south of Sydney. A plume of high 

concentration chlorinated hydrocarbons had migrated from the site and was threatening 

to discharge into Botany Bay in the near future. The pump-and-treat remediation was 

designed by coupling a 5-layer MODFLOW simulation model with an OPTIMAQ 

optimisation model based on the response matrix approach. The objective function was 

to minimise the total yield and the cost from the candidate bores placed along several 

interception lines and across the model layers to capture the plume. To achieve the 

remediation the candidate bores are subjected to reverse hydraulic gradient constraints 

at locations adjacent and downgradient of the contaminant lines. The pumping capacity 

of the candidate bores was constrained to be 1 0 m3 /d in layer 1 and to be within the 

range 30 to 500m3/din the other layers. The optimisation model was run using GAMS 

optimiser with nonlinear programming algorithm. The results revealed that the 

remediation can be achieved by pumping from layers 1 to 4 only where layer 5 was 

found not necessary to pump. The optimal number of bores was 50 in layer 1 and 90 

bores in layers 2 and 4 respectively with overall weighted average pumping rate was 

107 m3/d, per well. 

2. 7 COMPARISON WITH THE PREVIOUS STUDIES AND RESEARCH ORIGINALITY 

The applications of using the simulation-optimisation approach on stream-aquifer 

interaction either for a hypothetical model or field sites are limited. Table 2.4 lists the 

previous research applications on a stream-aquifer system using the simulation

optimisation approach. The defined objective functions, constraints, algorithms and 
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method of solution are also illustrated in the Table 2.4. The objective functions had 

three main forms: minimise the operating cost, maximise the profit or maximise the 

total yield. 

The constraints differed in the number and type from one research to another depending 

on the specific problem which was under investigation. However, the state variable 

streamflow was used as a constraint by all researchers to maintain streamflow at a 

specific rate called the minimum streamflow requirement which aims to protect aquatic 

and riparian ecosystems. Some researchers like Barlow et al. (2003), Barlow (2005) 

and Barlow et al. (2006) used streamflow depletion constraints by assuming a linear 

relationship between the rate of streamflow depletion and groundwater withdrawal; the 

equation was illustrated earlier in this chapter (Section 2.5.4.1.2, equation 2.19). By 

using this constraint, they determined the optimal pumping yield and plotted the trade

off curve between the total ground water withdrawals and minimum streamflow criteria. 

The shape of the trade-off curve (Fig 2.19) was nonlinear although the assumption was 

based on a linear relationship. The nonlinearity was attributed to three reasons (Barlow 

et al., 2006): hydrogeologic characteristics of the basin, pumping wells distribution and 

constraints sites location. 

However, the approach in this research is quite different although the objective function 

of the optimisation model in the present study is to maximise the total yield and this is 

similar to the most of the previous studies (Table 2.4). But this objective function is 

constrained to preserve the state variable baseflow. The baseflow represents the amount 

of groundwater contribution into the stream. It is important because the discharge to a 

stream in a dry period is totally baseflow where during this period the supply of 

ground water pumping is high to meet the demand requirement. As a result of pumping 

the groundwater level will reduce and this will lead to a reduction in the amount of 

groundwater discharging from the aquifer into the stream as baseflow. Consequently, 

this reduction of baseflow will adversely reflect on aquatic and riparian ecosystems in 

the stream. 
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Table 2.4: Previous applications of simulation-optimisation models on stream-aquifer 
t sys em 

Objective Direction Constraints Stream- Publication Algorithm 
Function Aquifer 

Model 
(a) Response Matrix Approach 

Cost Minimise demand. streamflow, Hypothetical Maddock Quadratic 
stream-aquifer exchange one-layer (1974) Programming 

Cost Minimise Demand. Pumping cost, Real World Danskinand Linear 
streamflow, surface water 2-Layer Gorelick Programming 

mass balances, (1985) 
concentration 

Profit Maximise River Recharge, River Real World Rei chard Non-Linear 
Flux (1987) Programming 

Reduction in Minimise Pumping Rate, Head, Hypothetical Peralta et al. Linear 
Crop Yield stream stage, Demand. one-layer (1988) Programming 

Diversion 
Total Deviation Minimise Twelve sets of system Hypothetical Basagaoglu Linear 
from the storage constraints including single and Marino Programming 

Curves of Reservoir, Stream and aquifer layer (1999) 
reservoir and Ground water 

stream 
Total Yield Maximise Streamflow, head. Hypothetical Belaineh et Linear 

(Surface water reservoir storage, Surface model al. (1999) Programming 
and Water Quality single-

Ground water) Concentration, Pumping aquifer 
Rate, reservoir release, 

stream diversion, 
demand. Conveyance 

System 
Total Yield Maximise Streamflow Depletion, Hypothetical Bar low et al. Linear 

Pumping Rate, 5-Layer, (2003) Programming 
Real World 

4-Layer 
Total Yield Maximise Saturated Thickness Real World Barlow Linear 

Fraction, Streamflow (2005) Programming 
Depletion, Pumping 

Rate, 
Total Yield Maximise Streamflow Depletion, Real World Bar low et al. Linear 

Pumping Rate, Demand S-layer (2006) Pro!!ra1tli11ing 
(b) Embeddin2 Ap1proach 

Profit Maximise Streamflow, Demand. Real World Matsukawa Non-Linear 
Pumping Rate Reservoir single -layer et al. (1992) Programming 

Release and Storage 
Total Yield Maximise Demand. head, lateral Real World Peralta et al. linear 

(Surface water flow, streamflow, 2-layer (1995) programming 
and Pumping Rate, Diversion 

Ground water) 
(c Linked Simulation-Optimisation Approach 

Annual Profit Maximise Pumping Rate, Real World Young and linear 
streamflow diverted. single -layer Bredehoeft programming 

Crop Area (1972) 
Annual Profit Maximise streamflow Real World Bredehoeft linear 

single -layer and Young programming 
(1983) 
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The originality of the approach documented here is the use of hydraulic gradient as the 

constraint rather than minimum streamflow requirement or minimum streamflow 

depletion. It is well known that water level responses to pumping are linear for confined 

aquifers, and only mildly nonlinear for unconfined aquifers with sufficient saturated 

thickness. Hence, this approach does not make the pre-emptive assumption that 

streamflow, or its depletion is linear with respect to ground water pumping. All previous 

approaches to baseflow preservation make this assumption. The hydraulic gradient is 

the difference between the aquifer hydraulic head and the stage of the stream, over the 

separation distance between the neighbouring cells. Referring to the previous studies 

and according to our best knowledge, there is no research that defines an hydraulic 

gradient constraint to preserve baseflow in a stream-aquifer system. 

Another originality is the application of a coupled simulation-optimisation model to a 

very large real-world problem. Table (2.4) assured that the largest stream-aquifer 

system application had five layers Barlow et al. (2006). The current study applies 

optimisation across 30 layers. Therefore, it is believed that this is the first study to 

couple more than a 1 0-layer simulation model with an optimisation program to preserve 

the baseflow using the hydraulic gradient constraint. 

Moreover, it is believed that this is the first time that rigorous trade-off curves between 

sustainable yield and baseflow reduction have been developed for a stream-aquifer 

system in Australia. 

2.8 RESEARCH METHODOLOGY 

To achieve the research objectives that are mentioned in Chapter One, a management 

model has been developed. This couples a conventional simulation model for 

groundwater flow with an optimisation model for optimal allocation of limited 

resources between competing uses. The simulation model was developed using 

MODFLOW-SURFACT, an advanced version of the industry-standard MODFLOW 

developed by the United States Geological Survey. The optimisation model was 

developed using OPTIMAQ software (Merrick, 2000) and GAMS optimiser. 
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The first step was to develop a 3-dimensional model of the entire aquifer system, 

bordered by the streams. Groundwater Vistas version 4 developed by Environmental 

Simulations, Inc, (2004) was used as the graphic user interface to MODFLOW 

SURFACT (HydroGeologic, Inc., 1996) so as to simulate the aquifer systems in the 

study area. The model aims to replicate observed variations in groundwater levels, and 

stream flows (baseflow) during dry periods, for a recent period of time (1998- 2001), 

using rainfall and irrigation records. The amount of rainfall and irrigation water that 

drains through to the water table is often the most uncertain component of a model. 

There was to be a parallel government recharge measurement project to target this 

component, but this project did not eventuate. 

An important outcome of a groundwater model is the quantification of sustainable yield, 

and the current operational estimate (8000 MUyear) will be refined during this 

research. The sustainable yield can be defined, in the light of this research, as the 

amount of groundwater that can be withdrawn from the aquifer systems over one year 

that preserves the minimum amount ofbaseflow acceptable to stakeholders. 

After a simulation model is calibrated, it can be used for groundwater management. 

This is usually done by running the model in prediction mode for a number of scenarios; 

for example, for various levels of potential groundwater extraction. However, there is a 

more efficient way to use a groundwater model as a management tool, and that is by 

coupling it with an optimisation model. The allocation of ground water (a limited 

resource) between consumers, irrigators, and the environment (competing uses) is a 

classical optimisation problem. Deterrents to this approach becoming common practice · 

are lack of awareness of decision-makers, people with appropriate skills, computational 

demands, modelling budget constraints, and the poor availability of problem-specific 

software tools. 

An optimisation approach looks at a management problem from the manager's 

viewpoint by specifying the desired state of the system at some time in the future, then 

working backwards to infer an optimal management strategy that is compatible with the 

target (Merrick, 2000). In this case, the target is to preserve baseflow in the streams, or 

at least to guarantee that the reduction in baseflow is tolerable to stakeholders. The 
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optimisation approach can also ensure that groundwater-dependent ecosystems (GDE) 

are preserved. 

OPTIMAQ software, developed by Merrick (2000), is designed to solve efficiently 

large-scale problems of groundwater resource allocation. For this research, the strategy 

is to force ground water levels close to the streams to be maintained, so that groundwater 

discharge to streams is affected only to a tolerable degree. With these constraints, the 

software can determine the optimal limits on groundwater extraction from existing or 

planned bores. In effect, this approach determines a sustainable yield for the aquifer that 

is compliant with surface water constraints. As there is a degree of subjectivity as to 

what is "tolerable", the study produces trade-off curves for stakeholder evaluation, 

rather than settling on a single value for sustainable yield. 

Data required for the modelling exercise includes rainfall, stream flow, bore water 

levels and water usage. A stream gauge along Ourimbah Creek (Gauge No. 211013 

from 1976) collects continuous flow data and investigations on stream flow to date 

using the DNR hybase program, based on recursive digital filter (Lyne, and Rollick, 

1979), indicate that a significant proportion (up to 50%) of total average annual 

streamflow in the Ourimbah sub-catchment is groundwater derived. A percentile plot of 

this information suggests the bulk of water being extracted from surface water in the 

unregulated catchments would be groundwater derived. 
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CHAPTER THREE 

3.0 STUDY AREA 

3.1 LOCATION 

The study area is located north of Sydney, and inland from Gosford, between 319000 to 

359000 east and from 6283500 to 6342500 north according to the AMG coordinate 

system, Figure 3.1. It consists of nine catchments: lower Mangrove, upper Mangrove, 

lower Popran, upper Popran, lower Mooney, upper Mooney, Brisbane Water, Ourimbah 

and Wyong catchments. These catchments cover an area of about 1,378.5 km2
. Table 

3.1 lists these catchments, their lengths and areas as well as the tidal effects. 

Figure 3.1 Location map ofthe study area 
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Table 3.1 Catchments description in the study area 

Catchment Len~th (km) Area (km2
) TIDAL 

OURIMBAH 69.5 152.7 NON TIDAL 
WYONG 85.3 351.1 NON TIDAL 

UPPERPOPRAN(MANGROVE) 33.8 43.9 NON TIDAL 
UPPER MANGROVE 77.7 242.5 NON TIDAL 

UPPER MOONEY 35.9 55.2 NON TIDAL 
LOWER MANGROVE 60.9 119.7 TIDAL 

LOWER POPRAN (MANGROVE) 21.8 21.2 TIDAL 
LOWER MOONEY 75.7 147.9 TIDAL 

BRISBANE-WATER 87.4 244.3 BOTH 
1378.5 

3.2 TOPOGRAPHY 

The topography in the study area has an elevation difference of about 450 m between its 

highest and lowest points, Figure 3.2. The highest altitude of 463 m AHD can be found 

at the northern edge of the Wyong catchment and drops to a few meters adjacent to the 

creeks that cross the catchments. The topography around the creeks is quite steep and 

rises sharply. 

3.3 RAINFALL 

The mean annual rainfall ranges from less than 900 mm in the southwestern parts at the 

lower Mangrove catchment to 1300 mm at the northern highest elevation in the Wyong 

catchment. The rainfall over the study area is controlled to a large extent by orographic 

effects associated with the height of the sandstone plateau and associated scarps 

(Williams, 1984). Generally, the mean annual rainfall decreases from East to West, as 

shown in Figure 3.3. 

3.4 SURFACE DRAINAGE 

According to the drainage and topographic characteristics of the main creeks, the study 

area can be divided into six zones, three of them on the eastern side of the Hunter Range 
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comprising the catchments of the Wyong River, Ourimbah Creek and Brisbane Water. 

The catchments of Mangrove Creek, Mooney Mooney Creek and Popran Creek on the 

western side of the Hunter Range drain much of the central and southern areas towards 

the Hawkesbury River. Wyong River and Ourimbah Creek drain toward Tuggerah 

Lake, Figure 3.4. 
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Figure 3.2 Topographical map ofthe study area 

78 

E 



6340000 

6330000 

6320000 

63 10000 

6300000 

6290000 

6280000 
.119000 327000 3~5000 .1-IJOOO 

r----.. R .. IIIIIJII ( PllhHif 

I ~00 1(31111~11 (1111111 

t\.uln ~l.ltll'l1 · afll~.: 

Wyong t a1dnnc111 '<am, 

0 10 

351000 

Figure 3.3 Rainfall Distribution over the Study Area (after GIS : DIPNR, 2003) 

79 

15 km 



6340000 

b Gaugong Stalilln 
63}0000 

• Monnonng Borc 

W~on~ Catchment "'•me 

r--. Cat~hmcnt Boundary 

6320000 

6310000 

6300000 

~ 
6290000 

0 10 15 '"' 

b2XOOOO 
31 'JOOO .117000 )35000 34.101)() 351000 359000 

Figure 3.4 Drainage Map of the Study Area 

80 



CHAPTER FOUR 

4.0 DATA ANALYSIS 

4.1 RAINFALL DATA 

There are nine rainfall stations in the study area (Figure 4.1). Some of them have ceased 

and others are still operational. Table 4.1 represents these stations, their locations, 

elevations and the mean annual rainfall. Gosford, Peats Ridge, Laguna and Kulnura 

North rainfall stations are analysed in this study because they have a long record period. 

The missing data of the daily rainfall at stations with an incomplete record are estimated 

by linear regression with rainfall stations that have complete records. 

The rainfall gauges represent only point sampling of the distribution of a storm. The 

hydrological analysis requires knowledge of the average depth of rainfall over the study 

area. The isohyetal method was applied by DNR to convert the point rainfall values into 

the average value at the existing rainfall stations in the study area. The locations of the 

rainfall stations and their amounts are plotted on a basic map, and contours of equal 

rainfall (isohyets) are then drawn for the normal condition. This map was prepared by 

the GIS section in DNR and exhibited in Figure 3.3. 

4.1.1 Gosford Rainfall Station 

Gosford rainfall station is located in Gosford at the south eastern portion of the study 

area and at altitude 20 m AHD. It has a very long record period that extends from July 

1916 up to May 2003. The total mean annual rainfall is about 1316 mm and the median 

is about 1245 mm. The highest rainfall was 664 mm recorded in June 1950, while zero 

rainfall was recorded in August 1927, February 1939 and July 1970. Table 4.2 

summarises the statistical parameters minimum, maximum, median, mean monthly and 

mean annual rainfall at Gosford rainfall station over the total record period. Figure 4.2 

illustrates the total annual rainfall variation over the record period from 1917 to 2002 
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and this gives a good indication of the dry, average and wet years for this period. It can 

be seen clearly that the total annual rainfall in the wet year 1963 reached 2232 mm 

where this value was higher than the total average rainfall (1316 mm) by 916 mm. The 

year 1945 was considered as an extreme drought year where the annual rainfall was 

recorded as 630 mm and it was about 52% less than the average annual rainfall. Figure 

4.3 represents minimum, average and maximum monthly rainfall. It can be noted that 

the highest rainfall is generally in summer months then decreases gradually in autumn, 

winter and spring. 
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Figure 4.1 Rainfall Stations, Flow Gauges and Monitoring Bore Location Map 
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Table 4.1 Rainfall Stations in the study area 

Mean 
Station Name of Coordinates Elevation Record Annual 
Code Rainfall (mAHD) period Rainfall 
No. Station Latitude Longitude (mm) 

(AMG) (AMG) 
061087 Gosford 33°23'42"S 151 °19'44"E 20 July 1916 1316 

(Narara (6303661.400N) (344581.760£) -May 
Research 2003 
Station) 
AWS 

061351 Peats 33°18'37"S 151°14'39"£ 280 October 1235 
Ridge ( 6312926.285) (336543.054£) 1981-

(Waratah August 
Road) 2005 

061164 Laguna 33°06'29"S 151°10'30"£ 130 April 1959 928 
(Murrays (6335239.529) (329711.896£) -April 

Run) 2003 
061216 Lower 33°25'08"S 151 °09'29"E 10.0 November 1056 

Mangrove (6300744.136N) (328738.589£) 1998-
(Popran May2003 

Rd) 
061029 Kulnura 33°14'48"S 151°12' O"E April 1138 

(William (6319909.856N) (332309 .250E) 1951-
Road) August 

1981 
061165 Kulnura 33°10'12"S 151°13'12"£ October 1085 

North (6328443.027N) (334028.028£) 1959-
(Jeavons) November 

2001 
061218 Somersby 33°21' O"S 151°15'0"£ November 911 

(Silvesters ( 6308530. 734) (337160.112£) 1962-
Road) February 

1968 
061221 Mangrove 33°18' os 151° 8'48"E December 915 

Upper (6313908.909N) (327444.939£) 1962-
January 

1974 
061036 Mangrove 33°18'0"S 151°12'0"E January 1250 

Mountain (6313995.867N) (332411.216£) 1942-
Post Office November 

1979 
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Table 4.2 Statistical parameters for Gosford rainfall station from (July 1916 - May 2003) 

Parameters 

No. of 

Observations 

Mean(mm) 

Median 

(mm) 

Minimum 

(mm) 

Maximum 

(mm) 

Months 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

87 87 87 87 87 86 87 87 87 87 87 

134.3 150.7 153.3 138.2 121.9 123.9 79.8 74.8 66.9 82.5 91.2 

107 110.5 132.8 96 81 79.25 54.1 50.2 55 .5 61.2 81.8 

4.3 0.0 6.0 4.6 6.1 1.9 0.0 0.0 2.0 1.0 4.1 

517.5 597.7 500.3 661.9 634.0 664.0 455.6 426.2 232.1 344.1 361.5 

Gosford Rainfall Station (061087) 
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Figure 4.2 Total annual rainfall variation at Gosford rainfall station during 

the period 1917- 2002 
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Figure 4.3 Minimum, average and maximum monthly rainfall recorded at 

Gosford rainfall station for the period July 1916- May 2003 

4.1.2 Peats Ridge Rainfall Station 

This station is located at the centre of the study area, in the upper Mooney catchment. It 

has an elevation of about 280 m AHD and its record period extends from October 1981 

to August 2005. Table 4.3 summarises the statistical parameters minimum, maximum, 

median, mean monthly and mean annual rainfall over the total record period. The total 

mean annual rainfall is about 1235 mm and the median is about 1214 mm. The highest 

rainfall was 620 mm recorded in Feb 1990, while the lowest rainfall 0.8 mm was 

recorded in August 1995. Figure 4.4 illustrates the total annual rainfall variation for the 

record period from 1982 to 2004. It can be seen clearly that the wettest year in this 

period was 1990 when the total annual rainfall reached about 2186 mm and this amount 

was higher than the average by 77%. In 1991, the rainfall dropped sharply to 846 mm 

thus this year was considered the extreme drought year in the period 1982 - 2004. The 

reduction in rain in 1991 was about 61% of rain in 1990 and less than the average by 

32%. From 1991 up to 2004, the rainfall was less than the average in 1992, 1993, 1994, 

1997, 2000, 2002, 2003 and 2004 or near the average in the years 1995, 1996, 1998, 

1999 and 2001. The minimum, average and maximum monthly rainfall are presented in 
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Figure 4.5. It can be noted that the highest rainfall is generally in summer months then 

decreases gradually in autumn, winter and spring. As at Gosford rainfall station, the 

highest rainfall was recorded in summer where the average summer rainfall was about 

140 mm while autumn, winter and spring were about 125 mm, 75 mm and 100 mm 

respectively. 

Table 4.3 Statistical parameters for Peats Ridge rainfall station from (Oct 1981 -

August 2005) 

Parameters 

No. of 

Observations 

Mean (mm) 

Median 

(mm) 

Minimum 

(mm) 

Maximum 

(mm) 

Months 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

24 24 24 24 24 24 24 24 23 24 24 

120.3 143.6 145.8 127.5 106.3 76.2 67.7 81.6 67.8 97.4 108.7 

104.4 109.2 126.5 98.1 88.3 61.6 47.1 41.0 57.6 58. 1 95.7 

6.2 36.6 22.4 4.8 4.8 3.6 1.2 0.8 2.6 1.2 18.4 

260.6 620.0 337.9 526.0 350.8 302.4 226.8 339.0 185.2 385.2 283.8 

Peats Ridge Rainfall Station (061351) 
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Figure 4.4 Total annual rainfall variation at Peats Ridge rainfall station 

during the period 1982 - 2004 
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Figure 4.5 Minimum, average and maximum monthly rainfall recorded at Peats 

Ridge rainfall station for the period October 1981 -August 2005 

4.1.3 Kulnura North Rainfall Station 

This station is located near the western edge of the Wyong catchment. The record 

period extended from October 1959 to November 2001. The total mean annual rainfall 

is about 1085 mm and the median 1084 mm. The highest rainfall was 528 mm recorded 

in February 1990, while the lowest rainfall was 0.0 mm recorded in July 1970, 

September 1980 and August 1995, Table 4.4. The total annual rainfall variation during 

the record period 1960 to 2000 is shown in Figure 4.6. It can be seen clearly that the 

year 1963 was the wet year in the record period, then 1990 and 1988. The total annual 

rainfalls in 1963, 1990 and 1988 were about 1902 mm, 1762 mm and 1662 mm 

respectively. These values are higher than the average by 75%, 62% and 53% 

respectively. The driest year was in 1994 where the total annual rainfall was about 589 

mm and this amount was less than the average by 46%. Figure 4.7 represents minimum, 

average and maximum monthly rainfall. It can be noted that the highest rainfall was in 

summer and recorded in February 1990 as 528 mm while the highest rainfall in winter 

was recorded in July 1988 as 173 mm; therefore rainfall generally decreases from 

summer to winter. 
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Table 4.4 Statistical parameters for Kulnura North rainfall station from (Oct 1959 - November 2001) 

I 
Parameters 

No. of 

Observations 

Mean (mm) 

Median 

(mm) 

Minimum 

(mm) 

Maximum 

(mm) 
~ 

Months 

Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov 

42 42 42 42 42 42 42 42 42 43 43 

125.2 125.7 138.0 91.6 89.3 87.9 46.6 63.9 54.3 77.2 91.0 

111 .3 92.9 113.3 77.6 69.4 58.5 32.6 33 .4 47.0 55.3 77.6 

3.4 14.7 6.5 4.7 8.5 0.6 0.0 0.0 0.0 1.6 13.9 

322.1 528.1 422.0 432.6 286.5 404.5 173.1 253 .8 177.4 349.6 284.9 

Kulnura North Rainfall Station (061165) 

Year 

I Cl Above Average o Below Average I 

Figure 4.6 Total annual rainfall variation at Kulnura North rainfall station 

during the period 1960 - 2000 
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Figure 4. 7 Minimum, average and maximum monthly rainfall recorded at Kulnura 

North rainfall station for the period October 1959 - November 2001 

4.1.4 Laguna Rainfall Station 

This station is located outside the catchments boundaries but inside the model domain. 

It lies north of the upper Mangrove catchment boundary. It has a long record period that 

extends from April 1959 to April 2003. Table 4.5 summarises the statistical parameters 

mirumum, maximum, median, mean monthly and mean annual rainfall in Laguna 

rainfall station during the total record period. The total mean annual rainfall is about 

928 mm and the median 931 mm. Figure 4.8 shows the total annual rainfall variation 

during the record period 1960 to 2002. It can be seen clearly that the years 1963 and 

1990 were the wettest years in the record period where the total annual rainfall was 

about 1581 mm, while the lowest annual rainfall was recorded in the dry year in 1994 as 

476 mm and this amount was less than the average by 49%. The rainfall generally 

decreases from summer to winter; the maximum monthly rainfall occurred in summer 

and was recorded in February 1990 as 572 mm while the highest rainfall in winter was 

recorded in July 1999 as 140 mm, Figure 4.9. 
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Table 4.5 Statistical parameters for Laguna rainfall station from (April1959 - April2003) 

Parameters 

No. of 

Observations 

Mean (mm) 

Median 

(mm) 

Minimum 

(mm) 

Maximum 

(mm) 

-

Months 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

44 44 44 45 44 44 44 44 44 44 44 

105.5 109.0 114.5 80.1 77.0 71.3 43.1 54.7 51.3 65.8 71.0 

81.5 74.5 87.5 55.8 56.05 46.2 31.9 27 42.35 49.95 58.2 

5.0 3.0 1.4 0.0 3.4 2.5 0.0 0.0 0.0 0.0 0.0 

317.5 572.2 440.8 387.8 253.0 359.1 140.0 215.2 204.4 296.6 240.6 

Laguna Rainfall Station (061164) 
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Figure 4.8 Total annual rainfall variation at Laguna rainfall station during 
the period 1960 - 2002 
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Figure 4.9 Minimum, average and maximum monthly rainfall recorded at 

Laguna rainfall station for the period April 1959 - April 2003 

4.1.5 Residual Rainfall Mass Curve 

A residual mass curve indicates the long term trends in rainfall and is calculated by the 

following equation: 

N 

RM = L(RAINmonth-RAJNmonth) (4.1) 
Month=! 

=> RM = (RAINJan1952- RAINJan) + (RAINFeb1952- RAINFeb) + .................. ...... . 

+ (RAINDec2002- RAINDec) 

Where: 

RM = Residual rainfall mass (mm) 

RAINmonth = Total monthly rainfall in month A (mm) 

RAIN month = Mean monthly rainfall for month A in all years (mm) 

The monthly residual rainfall mass curves calculated for these stations over the period 

of record, are shown in Figures (4.10- 4.13). 
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Figure 4.10 Residual Rainfall Mass Curve for Gosford rainfall station 
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Figure 4.11 Residual Rainfall Mass Curve for Peats Ridge rainfall station 
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Kulnura North Rainfall Station (061165) 
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Figure 4.12 Residual Rainfall Mass Curve for Kulnura North rainfall station 
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Figure 4.13 Residual Rainfall Mass Curve for Laguna rainfall station 

The curves shows a departure from the long term mean with time where a negative 

slope indicates below average rainfall and a positive slope indicates above average 

rainfall. It can be seen that the four curves show the same cyclic pattern of rainfall over 

the study area, with lower than average rainfall from January 1917 to mid 1928, late 

1931 to mid 1947, April 1964 to mid 1973, the end of 1978 to mid 1987 and from late 

1990 to the present. Other periods had average or above average rainfall. 
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The monthly residual mass curves calculated on rainfall data for all stations from 

January 1982 to December 2002 are displayed in Figure 4.14. 

Residual Rainfall Mass Curves 
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Figure 4.14 Residual Rainfall Mass Curves for all rainfall stations 

The four residual rainfall mass curves have the same cyclic pattern of rainfall over the 

study area, where negative slope indicates below average rainfall and positive slope 

indicate above average rainfall. 

4.2 TEMPERATURE 

The temperature in Kulnura-Mangrove Mountain area vanes between summer and 

winter; the average mean monthly temperature ranges between 11 °C in winter to 21 °C 

in summer. The average highest monthly temperature in summer was recorded in 

December 1990 as 30.4 °C; while the average lowest monthly temperature in winter was 

4.2 °C in July 1995. The average monthly maximum temperature ranges between 15.7 

°C in July and 26.8 °C in January, whereas the average monthly minimum temperature 

varies between 6 °C in July to 16.2 °C in February. Figure 4.15 clearly illustrates that 

July is the coldest month and January is the warmest. 
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Figure 4.15 Monthly averages of the mean, maximum and minimum temperatures at 

Peats Ridge meteorological station (October1981- May 2003). 

4.3 EVAPORATION 

The evaporation rate has been measured daily at Peats Ridge meteorological station 

since October 1981. The evaporation increases gradually from summer to winter as the 

temperature rises. The average monthly evaporation rate ranges between 1.6 mm/d in 

June to 4.9 mm/d in December, Figure 4.16. The lowest monthly evaporation was 

recorded in July 1993 as 1.16 mm/d whereas the highest monthly evaporation was 6.02 

mm/d in October 1988. 

4.4 RELATIVE HUMIDITY 

The relative humidity in Kulnura-Mangrove Mountain is measured two times a day: at 

9:00am (morning) and at 3:00pm (afternoon). The record data ofrelative humidity in 

Peats Ridge meteorological station show the variation in relative humidity not only 

between summer and winter which is expected but also between the morning and 

afternoon within one day. The historical data of relative humidity at Peats Ridge 

meteorological station indicates that the relative humidity is generally higher in the 

morning and summer than the afternoon and winter, Figure 4.17. The highest average 

monthly humidity at 9:00 am was recorded in March 2000 as 92.7% while the highest 

average monthly humidity at 3:00 pm was 85.5% in April 2002. The lowest monthly 
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hwnidity at 9:00 am was 43 .5% and recorded in September 1994 whereas the lowest 

monthly humidity at 3:00 pm was also recorded in September 1994 as 30.1 %. The 

average mean monthly humidity ranges between 55.2% in September to 74.5% in 

February, Figure 4.17. 
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Figure 4.16 Minimum, maximum and averages monthly evaporation rate at Peats Ridge 

meteorological station (October1981- May 2003) 
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Figure 4.17 Average mean monthly relative humidity with minimum and maximum at 

9:00am and 3:00pm at Peats Ridge meteorological station (October1981-

May 2003) 
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4.5 WIND SPEED 

As relative humidity, wind speed is measured two times a day in the morning at 9:00am 

and afternoon at 3:00 pm. The historical record of Peats Ridge meteorological station 

(Figure 4.18) showed that the lowest monthly wind speed at 9:00 am was recorded in 

March 1994 as 1.95 km/hr while 3.54 km/hr in July 1994 was the lowest at 3:00pm 

measurement. The highest monthly wind speed at 9:00 am was 12.1 km/hr in August 

1982 whereas the highest at 3:00 pm was 12.9 km/hr in February 1982. The average 

mean monthly wind speed ranges between 6 km/hr in March to 7. 7 km/hr in August. 
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Figure 4.18 Average mean monthly wind speed with minimum and maximum at 

9:00 am and 3:00 pm at Peats Ridge meteorological station 

(October1981- May 2003) 

4.6 STREAM FLOW DATA 

The Mangrove Mountain area is divided by a number of streams and creeks. Historical 

stream flow rates are collected at eight locations within the study area. Table 4.6 

represents the locations of these gauges and the period of record. These stations have 

various lengths of missing data. The simulated data obtained from Gosford Wyong 
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Councils' Water Authority (SMEC, 2001) are used to substitute the missing record of 

the measured data. 

Table 4.6: Location of the stream flow gauges 

Gauge Coordinates Period 
(AMG) 

Name Easting Northing of Record 
Ourimbah@211 013 345800 6308700 14/1 1/1976 - 28/1/2003 
Ourimbah@211 005 351100 6311400 17110/1965 - 25/5/1989 

Jilliby@211010 350000 6320000 20/12/1972 - 29/6/1994 
Wyong@211014 339100 6323000 11/11/1976 - 9/10/2000 
Wyong@211 009 347200 6317300 25/12/1972 - 2711 1/2000 
Wyong@211 007 350900 6316700 1/7/1966 - 3111211971 
Mang@2212039 324700 6322000 16/1111976 - 4/3/1992 
Mang@2212019 325800 6311000 23/10/1970 - 30/5/1991 

The monthly residual flow mass curves for each creek, calculated on average monthly 

data for these gauges over the period of record, are plotted on the same graph of 

monthly residual rainfall mass curves and presented in Figures ( 4.19 - 4.26). 

Residual Mass Curves (0 urimbah CK Flow Gauge# 211013 & Kulnura 
North Rainfall Station) 
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Figure 4.19 Residual Mass Curves (Ourimbah CK Flow Gauge # 211013 & 

Kulnura North Rainfall Station) 
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Figure 4.20 Residual Mass Curves (Ourimbah CK Flow Gauge # 211005 & 

Kulnura North Rainfall Station) 
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Residual Mass Curves (Jilliby CK Flow Gauge # 211010 & Gosford 
Rainfall Station) 
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Figure 4.21 Residual Mass Curves (Jilliby CK Flow Gauge # 211010 & 

Gosford Rainfall Station) 
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Residual Mass Curves (Wyong@211014 & Laguna Rainfall Station) 
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Figure 4.22 Residual Mass Curves (Wyong River Flow Gauge# 211014 

& Laguna Rainfall Station) 

Residual Mass Curves (Wyong@211009 & Laguna Rainfall Station) 
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Figure 4.23 Residual Mass Curves (Wyong River Flow Gauge # 211009 

& Laguna Rainfall Station) 
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Residual Mass Curves (Mangrove CK Flow Gauge# 212039 & Gosford 
Rainfall Station) 
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Figure 4.25 Residual Mass Curves (Mangrove CK Flow Gauge # 212039 

& Gosford Rainfall Station) 

101 



Residual Mass Curves (Mangrove CK Flow Gauge# 212019 & Gosford 
Rainfall Station) 
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Figure 4.26 Residual Mass Curves (Mangrove CK Flow Gauge # 212019 

& Gosford Rainfall Station) 

It can be noted that the Ourimbah, Wyong and Jilliby flow rates have the same trend as 

rainfall. The large flows occurred during the high rainfall period (mid 1987 to late 1990) 

and low flows during the low rainfall period (late 1990 to the present). Mangrove Creek 

flow gauges No. 212019 and 212039 have the same trend as rainfall until September 

1987 for Mangrove flow gauge# 212039 and to September 1988 for Gauge # 212019. 

The opposite trend from the rainfall is clearly seen from this date till June 1989 for both 

gauges, after which Mangrove Creek flow returned again to parallel the trend of rainfall. 

This period might be affected by the Mangrove Dam. 

4.7 MONITORING BORES NETWORK 

Monitoring groundwater level in Kulnura-Mangrove Mountain area was commenced in 

November 1993 by bore GW064051 at central Mangrove, and then followed by two 

additional monitoring bores; GW075010 at Peats Ridge in October 1994 and 

GW075009 at Calga in March 1995. These bores were drilled as open hole and their 

distribution could not monitor the whole aquifer system. Therefore, Department of Land 
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and Water Conservation (DL WC) drilled 11 new monitoring bores in 1998, these were: 

GW075012-1, GW075012-2, GW075013-1, GW075013-2, GW075013-3, GW075014, 

GW075015-1, GW075015-2, GW075016, GW075038-1 and GW075038-2. These bores 

were distributed in a good manner to cover a large area in Kulnura-Mangrove Mountain. 

Also, some of these bores were drilled at the same locations (approximately same 

coordinates) but at different depths to provide a comprehensive monitoring of the upper 

and lower aquifers. Automatic recorders were installed for these bores for frequent 

monitoring of the groundwater level. In May 2002, DL WC (2002b) drilled another six 

monitoring bores: GW080163, GW080164, GW080165, GW080166, GW080167, 

GW080168. The location map of these 20 monitoring bores over Kulnura-Mangrove 

Mountain area is shown in Figure 4.27. The detailed information for these bores is 

summarised in Table 4.7. 

Bish et al. (1994) investigated the water level behaviour in the Mangrove Mountain area 

using the monitoring bore GW064051. They pointed out that "the impact on rainfall 

recharge to the groundwater system is significant such that during dry periods the 

groundwater level naturally declines and springs which feed creek flow dry up". 

Although the pumping stresses have an impact on groundwater level, it is believed that 

this impact is minimal (Jiwan and Williams, 1998). To investigate the relationship 

between the groundwater level and rainfall, groundwater hydrographs and the residual 

rainfall mass curve for Peats Ridge rainfall station are plotted for the bores that have a 

long record period (64051, 75009, 75010, 75013-1, 75013-2, 75013-3, 75014, 

75015-1, 75015-2, 75016, 75038-1, 75038-2) and are presented in Figures (4.28-

4.39). 
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Figure 4.27: Monitoring Bores Location Map 
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Table 4.7: Groundwater monitoring bores in Kulnura-Mangrove Mountain area (after 

DL WC, 2002a) 

Bore Total Slots SWL 
No. Depth Depth (m) Location 

GWO- (m) (m) 

64051 70 Open 9.0 MangroveMt 
hole Zone4 

75009 Open Peats Ridge Rd, 
hole Calga Zone 7 

75010 Open Peats Ridge 
hole Zone7 

75012-1 45 41-44 14.3 ®Ag Station, 
Somersby Zone 3 

75012-2 85 81-84 39.6 As above 

75013-1 25 21-24 9.2 ®Nicklins Rd, 
MangroveMt 

Zone? 
75013-2 55.5 51.5- 24.1 As above 

54.5 
75013-3 110 106- 60 As above 

109 
75014 65 61-64 46.2 ®WaratahRd 

Zone6 
75015-1 56 52-55 17.1 ®Amber Park 

Kulnura Zone 4 
75015-2 100 96-99 31.7 As above 

75016 60 56-59 35 ®PublicReserve 
Mangrove Mt, 

Zone6 
75038-1 12 6-10 3.46 ®Ag Station, 

Somersby 
75038-2 37 32-36 17.5 As above 

80163 60 51-54 10.6 ® Williams Rd-
Kulnura Zone 6 

80164 30.5 21.5- 5.11 As above 
24.5 

80165 60 53.8- 27.75 ®Somersby Falls 
56.8 ZoneS 

80166 40 34-37 19.15 As above 

80168 20 15.5- 5.95 As above 
18.5 

80167 60 51-54 25.6 ® Peats Ridge 
Rd, Calga Zone 7 

® Automatic Water Level Recorder 

AMG: Australian Map Grid 

Grid 
Reference 

(AMG) 

E:336810 
N:6313970 
E:334541 

N:6304576 
E:335374 

N:6310742 
E:342100 

N:6306200 
As above 

E:332688 
N:6313094 

As above 

As above 

E:329500 
N:6314150 
E:334100 

N:6320150 
As above 

E:331635 
N:6313825 

E:342025 
N:6306100 
As above 

E:332584 
N:6321815 
As above 

E:338020 
N:6302917 
As above 

As above 

E:334426 
N:6303507 

AHD: Australian Height Datum ::::Mean Sea Level 
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Elevation Height Starting 
(top of of of 

the bore) Casing Record 
(mAHD) (cm) Period 

308.31 30 5/11193 

181.96 30 18/3/95 

291.22 0 28/10/94 

255.66 89 8/12/02 

255.66 85 10/12/02 

286.98 90 14/8/98 

286.8 90 14/8/98 

286.98 90 14/8/98 
14/3/03 

274.62 90 5/3/99 

314.27 90 12/8/98 

314.57 90 12/8/98 

301.4 90 12/8/98 

261.14 0 30/9/99 

261.13 0 30/9/99 

299.06 75 10/12/02 

299.11 90 10/12/02 

196.05 90 8/12/02 

195.98 80 8/12/02 

195.69 80 8/12/02 

208.1 95 11112/02 
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Figure 4.28 Groundwater Hydrograph for Bore 64051 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.29 Groundwater Hydrograph for Bore 75009 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.30 Groundwater Hydrograph for Bore 75010 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Rainfall Mass Curve for Peats Ridge Rainfall Station 

107 



>.:[ 
:C:s:. ea 
0 Gl 
::!:c 
Gl a:; 
Cl > 
~ Gl 
GI...J 
> .... <(.2! 
~ 

16 

16.5 

17 

17.5 

18 

18.5 

19 

19.5 

Bore# 75013-2 

.----------------------------------------. 300 

200 

100 ~ ~ 
-o E 

0 ·u; E 
Gl -

-100 0:: = 
>.C'I:I 

-200 £ :§ 
c: C'(l 

-300 ° 0:: ::!: 
-400 

+-------.-------~-------r-------.-------+ -500 

l'vlar-97 Jul-98 Dec-99 Apr-01 Sep-02 Jan-04 

Date 

1- wates: Level Dep th - Residual Ramfat l I 

Figure 4.32 Groundwater Hydrograph for Bore 75013~2 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.33 Groundwater Hydrograph for Bore 75013~3 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.34 Groundwater Hydrograph for Bore 75014 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.35 Groundwater Hydrograph for Bore 75015~ 1 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.36 Groundwater Hydrograph for Bore 75015- 2 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.37 Groundwater Hydrograph for Bore 75016 and Residual 

Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.38 Groundwater Hydro graph for Bore 75038~ 1 and Residual 
Rainfall Mass Curve for Peats Ridge Rainfall Station 
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Figure 4.39 Groundwater Hydrograph for Bore 75038~2 and Residual 
Rainfall Mass Curve for Peats Ridge Rainfall Station 
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The converse behavior in Bore 75038-1 (Figure 4.38) is believed to be a faulty data

logger. The other Figures demonstrate that groundwater hydrographs appear similar to 

residual rainfall mass curves and groundwater levels reflect normal variation with 

seasonal condition. As the residual rainfall curve goes down (dry times), the 

groundwater level falls due to less rain and possibly higher use of pumping bores, while 

rainfall recharge and recovery take place in wetter times when there is conversely less 

use of pumping water. It is clear that the dynamics of this aquifer system are controlled 

by rainfall. 
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CHAPTER FIVE 

5.0 GEOLOGY AND HYDROGEOLOGY 

5.1 G EOLOGY 

The geology of the study area is divided into two main parts: Narrabeen Group and 

Hawkesbury Sandstone, both of the Triassic age. Quaternary Alluvium and Basalt rocks 

also outcrop in the study area. The distribution of these rocks is shown in Figure 5.1 , 

with stratigraphy given in Table 5 .1. 

Legend S 
Qa (Quaternary Alluvium) 
Rh (Hawkesbury Sandstone) 
Rn (Narrabeen Group) 
Rnc (Narrabeen Group; Clifton Sub-group) 
Rng (Narrabeen Group; Gosford Formation) 
Tv (Tertiary Volcanic) 
water 

Figure 5.1 Geological Map ofthe Study Area 
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Table 5.1 Stratigraphy of the study area (after Williarns, 1984) 

Age Unit Rock Type 
Quaternary Unconsolidated Sediments Alluvium 

Jurassic Diatreme Basalt 

Triassic Hawkesbury Sandstone Sandstone 
Narrabeen Group Sandstone, Shale 

5.1.1 Quaternary Alluvium 

Quaternary Alluvium represents the recent deposits and consists mainly of 

unconsolidated sand, gravel and clay. These deposits crop out at the lower creek areas 

such as Mangrove Creek, Ourimbah Creek and Wyong River. Also, it appears around 

the Brisbane Water. This unit can form a locally shallow aquifer zone such as in the 

Woy Woy area which is located south west of Brisbane Water. 

5.1.2 Volcanics 

Volcanic pipes of Jurassic age cut through the earlier sedimentary units in the study area 

as shown in Figure 5 .1. In this area, they tend to be pipes called diatremes. These are 

pipe-like volcanic conduits filled with pyroclastic drain, tuff or lapilli-tuff and blocks of 

wall rocks. Diatremes outcrop in small areas in Mangrove, Popran and Mooney Mooney 

Catchments. 

5.1.3 Hawkesbury Sandstone 

Hawkesbury Sandstone covers the western part and a minor area at the northeastern part 

of the study area. Hawkesbury Sandstone overlies the Narrabeen Group in these parts. It 

is classified as a flat-lying medium-to-coarse grained, quartz sandstone, which has 

maximum thickness 250 m. It has been subdivided by Conaghan and Jones (1975) into 

two contrasting Sandstone Facies, the Sheet Sandstone Facies and the Massive 

Sandstone Facies. A third unit the Mudstone Facies makes up less than 5% of the total 

rock thickness. 
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5.1.3.1 Sheet Facies Sandstone 

Quartz is the primary mineral of the sandstone unit. It occurs as medium to very coarse 

sand, granules and small rounded pebbles. The distinguishing feature of this unit is in 

vertical section a sheet-like fabric consisting of cosets of cross-strata bounded by planar 

horizontal surfaces ranging in thickness from a few centimeters to 5 meters or more. 

5.1.3.2 Massive Facies Sandstone 

Golding (1959) and Loughnan and Golding (1957) suggested that this facies contains a 

much higher amount of clay and much less primary macro-porosity. Consequently there 

is much less chemical cement, such as quartz-over growth cement, than in the rocks of 

the sheet facies. 

5.1.3.3 Mudstone Facies 

This unit is thin and generally ranges between 0.5 to 3 metres thickness; it comprises 

less than 5% of the sandstone thickness. It can be distinguished as grey to block 

laminated mudstone with minor fine to medium grained sandstone. 

5.1.3.4 Relationship of the Units 

The typical order of the three units in Hawkesbury Sandstone as described by Williams 

(1984) is from the top: 

• Mudstone Unit 

• Sheet Facies Sandstone 

• Massive Facies Sandstone 

However, Williams (1984) stated that "complete cycles are rarely found. Incomplete 

cycles occur as both top-absent and bottom-absent varieties. Top-absent cycles 

involving erosional loss of the mudstone unit and upper parts of the sheet sandstone unit 

are probably the most common variety. A bottom-absent cycle which begins with sheet 

sandstone emplaced concordantly over mudstone also occurs". 
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5.1.4 Narrabeen Group 

The Narrabeen Group represents the basal group of rocks in the study area. It outcrops 

in the eastern catchments of the study area (Brisbane Water, Ourimbah and Wyong 

catchments). Also, this group crops out at the lower reaches of the incised drainage lines 

at Mooney Mooney, Popran and Mangrove Creeks. 

The Narrabeen Group in the study area comprises the Gosford Formation and the 

underlying Clifton Sub-group made up of Collaroy Clay Stone, Tuggerah and 

Munmorah Formations. A general section through the Narrabeen Group in the Wyong

Gosford area is illustrated in Figure 5.2. 

5.1.4.1 Gosford Formation 

The Gosford Formation, which is typically developed near the town of Gosford, 

comprises mainly shales, shaly sandstones and sandstones. It consists of the Wyong 

Sandstone Member, Ourimbah Sandstone Member and Mangrove Sandstone Member. 

A typical section of the Gosford Formation, Narrabeen Group, in the Gosford district is 

represented in Table 5.2. 

5.1.4.1.1 Wyong Sandstone Member 

This member makes prominent outcrops at Wyong, and to the southwest, west and 

north. 

5.1.4.1.2 Ourimbah Sandstone .J\'Iember 

This outcrops as a small cliff at Ourimbah and in the catchment of Ourimbah Creek. 

5.1.4.1.3 .1\fangrove Sandstone .1\·:lember 

This crops out in Mangrove Creek, Wyong Creek and Murry Rum Creek (outside the 

study area). 
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5.1.4.2 Clifton Sub-group 

The rock types and thickness for each formation of the Clifton Sub-group are shown in 

Figure 5.2. For further details about the outcropping areas, see the Triassic System 

Narrabeen Group (McElroy et al., 1969). 

GROUP FORMATION 
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440' Sandstone, shaly sandstone 
and shale 

400' to 550' Red and green shales 
with sandstone beds 

500' Red, green and grey shales 
and sandstone with fine 
conglomerate 

Figure 5.2 General Section through the Narrabeen Group in the Wyong-Gosford 

area (after Nashar, 1967) 

5.1.5 Structure 

The study area is part of the Homsby Plateau structural subdivision of the Sydney 

Basin. The rocks are folded by the south plunging Kulnura Anticline with the axis 

running through Mangrove Mountain and to the west ofKulnura. 
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Table 5.2 Section of Gosford Formation, Narrabeen Group, in Gosford district (after 

McElroy et al., 1969) 

Unit Thickness 
ft m 

Shale and shaly sandstone 120-150 37-46 
Mangrove Sandstone Member; commonly well bedded 20-30 6-9 

and with pebbly base; yellow cavernous weathering 
Shaly sandstone and shale 65-70 20-21 

Ourimbah Sandstone Member; fine to medium sandstone; 30 9 
In places mainly shale with abundant plant impressions; 70-80 21-24 

chiefly in lower half; also shaly sandstone 
Wyong Sandstone Member; medium to coarse sandstone, 60-100 18-30 

passing into grit. Usually makes bold outcrop 
Shale and shaly sandstone 75-100 23-30 

Total 500-600 150-180 

5.2 HYDROGEOLOGY 

5.2.1 Aquifer Systems 

The Aquifer Systems in the study area are controlled by the Hawkesbury Sandstone 

Formation. Consequently, the Aquifer Zones are flat-lying contrasting between Sheet 

Sandstone and Massive Sandstone Facies. The silica cemented Sheet Facies Sandstone 

forms the major Aquifer Zones. The combination of clay and silica cemented together 

with little sedimentary structure makes the massive sandstones not conductive to 

yielding groundwater at a rate sufficient for a successful bore. 

The Sheet Facies Sandstone strata have notional 5 m thicknesses and act as Semi

Confined Aquifers apart from an initial Unconfmed Aquifer hosting the water table. The 

Massive Facies Sandstone strata have thicknesses ranging between 10-30 m and act as 

Aquitards. 

The Narrabeen Group, Tertiary Volcanics and Alluvium Deposits are included in the 

study area as additional aquifers/aquitards. 
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5.2.2 Groundwater Movement 

The data for the shallowest standing water level depth for about 850 bores were used to 

prepare a groundwater contour map. Unfortunately, these bores do not have known 

surface elevations at the tops of the bores except for only 20 monitoring bores 

distributed over the study area. To overcome this shortage of data, the surface elevations 

for these bores have been estimated directly from the point shape files that have 25 m 

resolution via Arc View GIS software. By the same method the bottom creek elevations 

were estimated. Then the standing water level depth was converted to Australian Height 

Datum (AHD). 

The elevation at the water bodies (Tuggerah Lake, Tasman Sea, Brisbane \Vater and 

Hawkesbury River) is defined as zero head. All these values are introduced into Surfer 8 

software to prepare the composite groundwater contour map. The resultant groundwater 

contour map is plotted in Figure 5.3. 

The groundwater moves from high pressure (head) to low pressure (head). As shown in 

Figure 5.3, the direction of the groundwater hydraulic gradient is toward the creeks 

where the hydraulic gradient becomes steeper, clearly at Mangrove Creek. Referring to 

Figure 3.2, it can be noted that the groundwater movement in the study area follows the 

topography. Therefore, the topography controls the groundwater level. 

5.3 CONCEPTUALIZA TION 

The geology of the study area is dominated by the Hawkesbury Sandstone Formation 

which has a maximum thickness of 250 m. Consequently, the Aquifer Zones are flat

lying contrasting between Sheet Sandstone and Massive Sandstone Facies. 

Figure 5.4 represents the conceptual model. A conceptual model diagram is a simplified 

2D or 3D summary picture (without stratigraphic detail) that conveys the essential 

features of the hydrological system, denoting all recharge/discharge processes that are 

likely to be significant. The diagram can serve a dual purpose for displaying the 
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magnitudes of the water budget components derived from data sources or from 

simulation. 

The conceptual model for this aquifer system consists of multiple flat hydrogeological 

layers. The first model layer represents the Upper Aquifer which consists of 

Unsaturated Sandstone and Sheet Sandstone. It is modelled as an Unconfined Aquifer. 

The Massive Sandstone Aquitard represents the second layer in the conceptual model. 

The third model layer represents the Middle Aquifer (Sheet Sandstone) and is modelled 

as a Semi-Confined Aquifer. Thereafter, layers of Massive and Sheet sandstone 

alternate. The lowermost model layers represent the Basal Narrabeen Group and they 

are modelled as Semi-Confined. 

The dominant recharge processes, as shown in Figure 5.4, are the infiltration from 

rainfall and irrigation while the abstraction, evapotranspiration, seepage face, springs 

outflow and baseflow are the dominant discharge processes in the aquifer system. 
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(Note: the term "Transpiration" also includes the "Evapotranspiration" process) 
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CHAPTER SIX 

6.0 GROUNDW ATER FLOW MODELLING 

6.1 GENERAL 

This chapter illustrates the steps of developing a complex groundwater flow model for 

the multi-layer Kulnura-Mangrove aquifer systems. Generally, there are three stages to 

develop a numerical model (Anderson and Woessner, 1992; Spitz and Moreno, 1996) 

(Figure 6.1 ): 

Preparation stage: this stage includes collection and processing of data, development of 

a conceptual model, selection of a capable code to simulate the aquifer system, design 

of the model grid mesh, selection of the appropriate boundary conditions, specifying the 

hydraulic parameters of the aquifer systems, stresses, aquifer types and layers 

elevations. 

Calibration stage: This stage needs effort and time to calibrate the numerical model in 

the cases of steady and transient conditions for the available measurements of both 

hydraulic heads and baseflow fluxes. This stage may include a verification stage based 

on the availability of another set of data which are not used during the calibration 

process to evaluate the model response to the physical system without any change of the 

calibrated parameters. 

Application stage: this stage quantifies the parameter sensitivity and runs the model for 

some prediction scenarios to achieve the model's objectives. 

6.2 SELECTION OF A MODEL CODE 

Groundwater Vistas version 4.19 developed by Environmental Simulations, Inc (2004) 

was used as the graphic user interface to MOD FLOW SURF ACT version 2.2 developed 

by Hydrogeologic Inc (1996) so as to simulate the behaviour of groundwater flow 
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systems m the Kulnura - Mangrove Mountain area. This model simulates three 

dimensional groundwater flows by using finite difference techniques. 

MODFLOW-SURFACT was chosen over standard MODFLOW (McDonald, and 

Harbaugh, 1988) to obviate problems with dewatered (dry) model cells, and to handle 

unconfined sections of model layers in each layer that result in seepage faces. 

PREPARATION 

CALIBRATION 

APPLICATION 

* Include Sensitivity Analysis 

Figure 6.1 General groundwater modelling process (after Anderson and Woessner, 

1992) 
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6.3 GOVERNING EQUATIONS 

MOD FLOW -SURF ACT is based on the governing equation which describes the three 

dimensional movement of groundwater flow in a variably saturated system Huyakorn et 

al. (1986): 

where: 

- Kx.Krw- +- KyyKrw- +- KzzKrw- -W=Sy--+SwS-o ( oh) o ( oh) o ( oh) oSw oh ox ox oy oy oz oz ot s ot (6.1) 

Kx. Ky. Kz are values of hydraulic conductivity along the x. y and z coordinate 

axes (Lit); 

Krw is the relative permeability, which is a function of water saturation; 

h: is the hydraulic head (L); 

W: is the volumetric flux per unit volume and represents sources and/or sinks of 

water per unit of time (f1
); 

Sw: is the degree of saturation of water. which is a function of the pressure head; 

Ss: is the specific storage of the porous material (D1
); 

Sy: is the specific yield; and 

t is time (t). 

For a fully saturated medium (i.e., Sw = 1.0), the relative permeability is unity and 

equation (1) reduces to: 

~(K oh)+~(K oh)+~(Kzt3h)-W=~t3h ox .. ox oy Y ay oz oz ot 
(6.2) 

The first part of this problem was run to get a steady state solution, which takes the 

form: 

a ( oh) a ( ~ oh) a ( ohJ - K - +- K - +- Kz- -W=O ox .. ax oy y ay oz oz (6.3) 
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6.4 MODEL DESIGN 

6.4.1 Model Domain and Grid Size 

The model domain of the Kulnura - Mangrove Mountain area is located between 

319000, 6283500 (Left lower corner) and 359000, 6342500 (Upper right corner) 

according to the AMG (Australian Map Grid) coordinate system (40 km* 59 km). The 

model grid of the study area has been designed having a uniform cell size of 500 m by 

500 m; consequently the grid mesh is divided into 118 rows and 80 columns, which 

makes the total of 9,440 cells per layer and covers 2360 km2 of the model area, Figure 

6.2. As there are 30 layers in the model, the total number of cells is 283,200 cells. The 

inactive area of the model (outside the boundary of the study area) is about 42 %. 

6.4.2 Input Parameters 

6.4.2.1 Topography 

The Digital Elevation Model (DEM), provided as point shape files by GIS section in 

Department of Natural Resources (DNR), has a resolution of 25 m. Figure 3.2, which 

was illustrated in chapter three, depicts the grade elevation in the study area as m AHD. 

The topographical contour map with 5 m interval between each contour was prepared 

by using Arc View GIS software with cell size 25m. This file was entered into 

Groundwater Vistas software (via props menu) to defme the top elevation ofthe model 

cells. 

6.4.2.2 lVlodel Layers 

Due to the high grade in topography and the thin aquifer zones (5 m thickness), having 

only a few model layers cannot cover the whole elevation range. Therefore, more layers 

had to be added into the model to cover the whole thickness and to extend the 

stratigraphy to sea level. 
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Two geological cross-sections have been provided by DNR, Figures (6.3-6.4). The 

lithological description for about 800 bores, drilled in the study area, was taken into 

consideration. The lithology for these bores differs from bore to bore; some of them 

have good lithological description where the aquifers can be classified directly while 

others haven't been described well. Model layers are defined from the two geological 

cross-sections and the lithological bores description. The layer thickness in the 

Hawkesbury Sandstone Formation varies from 6.5 m in layer 2, 4 m in layer 5 to 2.5 m 

in layer 7 and to 10 m in layer 12. The layers are horizontal as stated by Conaghan and 

Jones (1975). Table 6.1 represents the top and bottom elevation for each layer. 
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Figure 6.2 Model Grid Mesh 
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T bl 6 1 T a e . op an dB ottom El evat10n or each Layer 
Layer No. Top Elevation Bottom Elevation 

(mAHD) (mAHD) 
1 Topography 319 
2 319 312.5 
3 312.5 308 
4 308 303 
5 303 299 
6 299 294.5 
7 294.5 292 
8 292 282 
9 282 274 
10 274 268 
11 268 262 
12 262 252 
13 252 242 
14 242 232 
15 232 220 
16 220 210 
17 210 196.5 
18 196.5 182 
19 182 171 
20 171 160 
21 160 154 
22 154 143.5 
23 143.5 132 
24 132 119 
25 119 105 
26 105 80 
27 80 44 
28 44 20 
29 20 0 
30 0 -60 

FORTRAN code was developed to read the top elevation matrix (118*80) of layer 

number 1 and compute the bottom elevation for each layer according to the values in 

Table (6.1). The objective of this program is to maintain the natural terrain and generate 

the bottom elevation matrix files (118*80) for each layer. Groundwater Vistas software 

requires only the bottom elevation for each layer; the top elevation sets automatically 

equal to the bottom of the previous layer. The output files of the FORTRAN code were 

imported into Ground water Vistas (via props menu). The layers are defined as semi

confined aquifers with variable transmissivity (Type 3) and entered into Groundwater 
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Vistas (via Model menu) to the MODFLOW BCF package. Also the layers are defined 

as variably saturated flow with the pseudo soil option in the MODFLOW SURF ACT 

BCF4 package. Figure 6.5 depicts a plan view and a cross-section through the model 

layers generated by Groundwater Vistas. 

6.4.2.3 Hydraulic Conductivity 

Hydraulic conductivities of the multi-aquifer system are defined initially from the 

literature values that are based on the pumping test analysis for some of the bores that 

are drilled in the study area. The geological features that outcrop over the study area are 

also taken into consideration in defining the hydraulic conductivity. The geology of the 

study area is divided into two main parts: Narrabeen Group and Hawkesbury Sandstone, 

both of the Triassic age. Quaternary Alluvium and Basalt rocks also outcrop in the study 

area. The distribution of these rocks is illustrated in Chapter 5 in Figure 5.1. 

Transmissivity ranges from 5 to 50 m2/d (Williams, 1984) for the Hawkesbury 

Sandstone were taken as the initial estimates for the upper model layers. However, the 

yield of most of the bores was available and ranges between 0.5 Us to 5 Us; larger 

yields are generally obtained at a depth less than 30 m (Williams, 1984). The model 

cells that have higher yields were initially populated with higher hydraulic conductivity 

and low yields with lower conductivity. The hydraulic conductivity of the Quaternary 

Alluvium, such as in Woy Woy area at the south of the model near the Brisbane Water, 

ranges from 5 to 25 m/d (Cook, 1998). These values were introduced into Vistas via the 

props Hydraulic Conductivity menu. The vertical hydraulic conductivity was defmed as 

one-tenth of the horizontal. These initial hydraulic conductivity values were adjusted 

during steady state calibration. 
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Figure 6.5 Plan view and cross-section through the model layers 
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6.4.2.4 Recharge Estimation 

The mean annual rainfall ranges from less than 900 mm in the southwestern parts in the 

lower Mangrove catchment to 1300 mm at the northern highest elevation in the Wyong 

catchment, Figure 3.3. Generally, the mean annual rainfall decreases from East to West. 

The estimates of groundwater recharge within the Kulnura-Mangrove Mountain area 

were investigated by Williams (2003). He extended his study in 2004 to include several 

different methods; these are: monitoring bore water level fluctuation, Hybase algorithm 

recession analysis, quickflow I baseflow separation analysis, streamflow recession 

logarithmic plot assessment, deep drainage recharge, catchment scale recharge 

modelling, mass chloride balance. The time scale for these methods differs from daily, 

weekly, monthly to yearly. The geometric mean was used to compute the recharge from 

all of these methods in order to avoid more weight being given to the less rigorous 

scientific methods. The mean recharge for the area covered by zones 2 to 8 (Figure 2.2 

of Chapter 2) in the water sharing plan area was about 30372 MUyr which is close to 

the value (30414 MUyr) that was used to estimate the total extraction limit 8000 MUyr. 

Two maps were provided by DNR to show the spatial variation in soil landscape and 

vegetation. The first map (Figure 6.6) depicts four categories of the soil landscape in the 

study area. These categories are: 

1. Hawkesbury Sandstone - Unit l 

2. Narrabeen Group - Unit 2 

3. Alluvial and estuarine areas - Unit 3 

4. Coastal dunes- Unit 4 

The second map (Figure 6.7) illustrates the vegetation cover as woody and non-woody 

areas. 

Consequently, the study area has been divided into 13 zones (Figure 6.8). This division 

has taken into consideration the rainfall distribution over the study area, forest locations, 

the outcrops of the geological features such as Hawkesbury Sandstone and the 
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Narrabeen group and the vegetation cover m terms of woody or non-woody 

classifications. It was assumed that the infiltration rate in the Hawkesbury Sandstone is 

greater than the infiltration rate in the Narrabeen group. The initial percentage of the 

infiltration rates for these zones ranges from 10% at the forest zones (national parks or 

state forests) to 30% at the woody area in Mangrove Mountain. 

These values were entered into the model cells via the recharge package in Groundwater 

Vistas software, and were revised during model calibration. 
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Figure 6.6 Soil landscape map 
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6.4.2.5 Baseflow Estimation 

DNR derived estimates of the baseflow for the number of flow gauges located in the 

study area. The estimate of baseflow was based on applying a digital filtering algorithm 

(Lyne, and Rollick, 1979) to separate the baseflow from the total stream flow. The 

baseflow estimates were provided for the following gauges: 

• Ourimbah Creek at upstream weir # 211 013 

• Ourimbah Creek at Tuggerah # 211 005 

• Wyong River at Yarramalong # 211014 

• Wyong River at Gracemere # 211009 

• Jilliby Creek at upstream Wyong River (Durren Lane)# 211010 

• Mangrove Ck at downstream ofDam # 212039 

• Mangrove Ck at Mangrove Mountain# 212019 
135 



Some of these gauges have a long record period starting from January 1977 to March 

2004 while others have ceased. 

For the modelling process, the drainage lines are divided into reaches (segments). The 

software provides a water budget summary for each reach. Table 6.2 illustrates the flow 

gauges that are represented by each reach. Figure 6.9 depicts the location map for the 

flow gauges and their reach numbers. 

Table 6.2 Flow Reach Description 

Reach No. Flow 

100 represents the flow in the drainage lines at Mangrove Creek between the 

gauges# 212019 and 212039 

201 represents the flow gauge# 211010 at Jilliby Creek 

300 represents the flow in the drainage lines at Ourimbah Creek between the 

gauges# 211005 and 211013. 

301 represents the flow gauge# 211013 at Ourimbah Creek 

400 represents the flow in the drainage lines at Wyong River between the 

gauges# 211009 and 211014. 

401 represents the flow gauge# 211014 at Wyong River 
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The provided baseflow data at first were considered the baseline to calibrate the 

baseflow generated by the groundwater model. Subsequently, it was realised that 

baseflow estimates from measured stream hydrographs could vary substantially by 

varying parameters in the Lyne and Rollick algorithm. DNR revised the estimation of 

the baseflow by applying different filters (0.925, 0.95, 0.975) and passes (3, 6, 9) to see 

the plausible range of the baseflow by using this method. The results are plotted 

together in Figure 6.10 as a cumulative distribution function and compared with the 

simulated baseflow that is computed by groundwater software MODFLOW SURF ACT. 

It can be noted that the simulated baseflow after 50% probability closes gradually to the 

137 



curves that have high filter coefficients and passes. The model can capture mean 

baseflow, but tends to overestimate very low flows and underestimates high flows. 

Subsequently, DNR has filled the data gaps in the stream gauge record to get a more 

realistic estimate of baseflow. The hybase program was run again by using the standard 
passes (3), filter (0.925) and 6 passes and 0.975 filter at all the stream gauges in the 

study area. The baseflow results are summarised in Table 6.3 as maximum, minimum 

and average. The results reveal that the baseflow from the standard hybase is more 

realistic than the baseflow of 6 passes and 0.975 filter. The estimated baseflow is very 

sensitive to the choice of algorithm, as the standard hybase gives baseflows that are 3 -

6 times those given by the alternative filter. The new baseflow estimates are much lower 
than the original estimates. This suggests that the data gaps were due to missing reading 

at times oflow flow. 

Accordingly, these latest results of the standard hybase are considered an indicative 

baseline to calibrate the baseflow from the Kulnura model. 
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T bl 6 3 C a e om panson o fb fl fr ase ow om two 1 erent y ase runs d"ffi hb (ML/d) 
Gau2e Hybase Max M in Ave 
211010 3P 0.925 Filter 48.27 0 4.23 

6P 0.975 Filter 8.96 0 0.65 
211013 3P 0.925 Filter 79.16 0.12 12.62 

6P 0.975 Filter 15.33 0 3.64 
211014 3P 0.925 Filter 126.55 0.01 14.72 

6P 0.975 Filter 21.72 0 4.13 
211005 3P 0.925 Filter 67.42 0.12 16.77 

6P 0.975 Filter 15.23 0 5.18 
212019 3P 0.925 Filter 74.21 0 15.73 

6P 0.975 Filter 12.63 0 2.65 
212039 3P 0.925 Filter 22.69 0 6.22 

6P 0.975 Filter 5.13 0 1.36 
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6.4.3 Boundary Conditions 

Mathematical models consist of governing equations, boundary conditions and initial 

conditions. Boundary conditions are mathematical statements specifying the dependent 

variable (head) or the derivative of the dependent variable (flux) at the boundaries of the 

model domain. Correct selection of boundary conditions is a critical step in model 

design. However, there are three major types of boundary conditions, all of which may 

vary with time (Anderson, and Woessner, 1992). These are: 

• Type 1: Specified head boundaries (Dirichlet conditions) for which head is 

held constant. Good examples for constant head boundaries are major 

surface water bodies such as lakes or the ocean. 

• Type 2: Specified flow boundaries (Neumann conditions) for which the 

derivative of head (flux) across the boundary is given. A no-flow boundary 

condition is a special type of constant flux boundary that is set by specifying 

flux to be zero. 

• Type 3: Head-dependent flow boundaries (Cauchy or mixed boundary 

conditions) used to represent leakage from surface water bodies where the 

exchange of water between aquifer and surface water depends on the head 

differences between surface water and groundwater. Leakage to or from a 

river, lake or reservoir is a good example for this type. 

Boundary conditions should be designed according to physical or hydraulic boundaries. 

Physical boundaries usually relate to the physical presence of an impermeable body of 

rock or a large body of surface water. Hydraulic boundaries form as a result of 

hydrologic conditions like a groundwater divide or streamlines. The hydraulic 

boundaries are not permanent; care must be taken in specifying the hydraulic 

boundaries, whereas physical boundaries are more easily handled. 

140 



For this model, the boundary conditions differ substantially from layer to layer. For the 

lowest layer in the model (Layer 30), the physical boundary conditions are depicted in 

Figure 6.11. At the Tasman Sea at the south and southeastern part of the model area, the 

boundaries are defined as constant head cells. The eastern part of the model domain at 

Tuggerah Lake is defined as constant head. Also, constant head cells are defined at the 

south western part of the model at the Hawkesbury River where Head is considered 

fixed and set to a zero value (0 mAHD). Inactive cells (no-flow boundaries) are defined 

at the southern, northern and western parts of the model area. The internal cells are 

considered variable head cells. The drain boundaries were defined along Mangrove 

Creek, Popran Creek, Mooney Mooney Creek, Brisbane Water, Ourimbah Creek and 

Wyong River. Groundwater Vistas has the capability to define the drain boundary by 

selecting automatically the appropriate layers that cross the creeks based on head 

assigned to the boundary. 

The boundary conditions for layers 1 to layer 29 differed in not having constant head 

cells defined at major water bodies. In addition, the number of inactive cells increases 

with altitude. The layer top elevation increases gradually from Om AHD at layer 30 to 

360m AHD at Mangrove Mountain in layer 1. As the elevation increases the internal 

cells that are defined as variable heads are converted gradually into no flow cells (air 

cells). Boundary condition maps for layers 1 and 15 are presented in Figures (6.12 and 

6.13), respectively. 

The boundary conditions are defined m the model cells via the BCs menu m 

Groundwater Vistas. 
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Figure 6.11 Boundary Condition for Layer 30 

Figure 6.12 Boundary Condition for Layer 1 Figure 6.13 Boundary Condition for Layer 15 

142 



6.4.4 Initial Conditions 

The initial conditions describe the distribution of water levels or piezometric head 

throughout the model domain at the start of the simulation. The initial condition for 

steady state simulation is the head distribution within the model area at initial time of 

the bores being drilled and before carrying out pumping tests or active abstraction. 

Theoretically, a steady state solution does not require an initial condition. However, 

MOD FLOW GUis (Graphic User Interfaces) insist on sensible starting heads. 

The drilling of bores in the study area started in 1947. The standing water level was 

plotted during four periods (1947-1969, 1970-1979, 1980-1989 and 1990-2003). Very 

few bores have more than one measurement of water level. However, for the period 

between 1984 and 1987, the residual rainfall mass curves were steady; therefore the 

baseflow will be steady in this period. Consequently, the groundwater level contour 

map for the period 1980 to 1990 was considered as steady state for the purpose of 

model calibration. 

The standing water level was selected for the bores drilled during this period to prepare 

an initial groundwater contour map. The water levels in the creeks were set equal to the 

ground surface elevation and were taken as initial water levels in preparing groundwater 

contour maps. These initial heads were considered as the initial condition for the steady 

state simulation and introduced into Vistas via the Initial Heads in the Model menu. The 

composite ground water contour map is illustrated in Chapter 5 in Figure 5.3. 

6.4.5 Drainage Network 

Three drainage maps have been provided by DNR (Figures 6.14 to 6.16) to represent 

ephemeral creeks. The first map has many drainage lines and covers all the area; the 

second map has less and the last one even less. The drainage lines in these maps are 

derived from the DEM data. The second drainage map was considered for modelling 
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purposes. The model went through several iterations with different levels of detail for 

the drainage network. 

The flux of water into a drain cell is computed as follows: 

Q = C*(Hm-Hb) (6.4) 

Where: Q =flux into boundary cell (L3!f), 
Hb =boundary head (L), 
Hm =head computed by model (L), and 
C =boundary conductance (L 2 /T). 

The conductance term is a coefficient that is usually computed using an equation similar 

to the following: 

Where: 

C=Kb *(A/B) (6.5) 

N, 
A 
B 

=hydraulic conductivity of the boundary material (L!f), 
=area of the boundary (L2

), and 
=thickness or width of boundary (L). 

To define the drain boundary for any cell, Hb, Kb, A and B are required; these values 

were introduced into Vistas via the Drain option in the BCs menu. 
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Figure 6.14 Drainage map with high order of stream lines 
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Figure 6.15 Drainage map with intermediate 
number of stream lines 

6.5 STEADY-STATE CALIBRATION 

Figure 6.16 Drainage map with low order of 
stream lines 

Both heads and fluxes were used as calibration targets. Model calibration was carried 

out by matching between the observed composite heads of the groundwater level 

contour map and the calculated heads by the MOD FLOW simulation. 

Sequential model runs were carried out manually to adjust the horizontal and vertical 

hydraulic conductivities and recharge values until the best fit between the observed and 

simulated water levels was obtained. 

A good match between the observed and simulated heads was obtained as well as good 

agreement between predicted discharges to water bodies and baseflow estimates. A 
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comparison between the measured and simulated water level contour maps of the model 

area is shown in Figure 6.17. The patterns match very well in all areas. The average 

error in water level is about 3 m, in a background range of water levels from 0 to 330 m 

AHD. Figure 6.18 shows good agreement between the observed and computed target 

values across all the model layers with a coefficient of determination of 0.994. The 

targets are the maximum measured heads at 20 DNR monitoring bores and all available 

private bores. 

Table 6.4 illustrates the comparison between simulated and measured baseflow. The 

simulated values are generally within 0 - 35 % of baseflow estimates, which are 

recognised as having considerable uncertainty. Table 6.5 compares the baseflow results 

between the current and a previous model with higher field estimates for baseflow. The 

revised hybase estimates are 2-6 times lower than the original estimates before data 

gaps were filled. The model had to reduce drain conductance (by factor of 1 0) to match 

the reduced baseflows. 

The ground water balance for the steady state condition of the whole model domain is 

summarized in Table 6.6. The recharge from rainfall is about 106 GUyear (290 MUd). 

The groundwater discharge is apportioned as 38% to cliff seepage faces (which will 

eventually become evapotranspiration or delayed baseflow), 20% as evapotranspiration, 

28 % as baseflow to creeks, 13% outflow to Hawkesbury River, Tuggerah Lake and 

Tasman Sea and 1.6% as groundwater extraction from the bores. By assuming part of 

the cliff seepage face amount becomes delayed baseflow, the total percentage of the 

baseflow estimates will be in the range 40-50%. This baseflow percentage coincides 

very well with DNR estimates for the baseflow in Ourimbah Creek. 

The calibrated recharge zones are presented in Figure 6.19. The recharge in the 

sandstone ranges from 5% at the forest area to 15% in the woody area at the top of 

Mangrove Mountain. The maximum recharge rate was 25% in the Alluvium cells in the 

Woy-Woy area. 
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Observed Simulated 

Figure 6.17 Comparison Map between Observed and Simulated Water Level 

Observed vs. Computed Target Values 
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Figure 6.18 Observed vs computed target values through the model layers 
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Table 6.4 Comparison between estimated and simulated baseflow m steady-state 
calibration 

Reach No. Estimated Baseflow by Simulated Baseflow by 
the Hybase* (ML/d) Surfact** JML/d) 

100 (Man~rove Creek) 10.5 9.3 
201 (Jilliby Creek) 4.3 4.0 

300 (Ourimbah Creek) 5.4 4.1 
301 (Ourimbah Cree~ 12.6 8.5 

400 (Wyon~ River} 8.9 5.1 
401 (Wyong River) 14.7 12.6 
*Note the observed baseflow is calculated from the long-term average of transient 
stream flow 

** Assuming non-transient equilibrium conditions 

Table 6.5 Comparison between estimated and simulated baseflow in the previous and 
current model 

Previous Model Current Model 
Reach Estimated Simulated Estimated Simulated 

No. Baseflow by the Baseflow Baseflow by Baseflow 
Hybase (ML/d) (1\IL/d) the Hybase ~IL/d) 

.(ML/dl 
100 (Mangrove Creek) 50 32.1 10.5 9.3 

201 (Jilliby Creek) 24.5 21 4.3 4.0 
300 (Ourimbah Creek) 25 18.6 5.4 4.1 
301 (Ourimbah Creek) 30 24.1 12.6 8.5 

400 (Wyong River) 19 15.9 8.9 5.1 
401 (Wyong River) 41 41.4 14.7 12.6 

b d Table 6.6 Groundwater u tget o fth erne e unng did. th e stea 1y state c 1 ra 1on d afb f 
Bounda_!Y Inflow (ML/d) Outflow ~1L/d) 

Constant Head 0.1 37.0 
Creek (baseflow) 81.0 

Recharge 290.3 
Seepage Face (Creek+ Cliff faces) 109.5 

Evapotran~iration 58.3 
Well 4.6 
Total 290.4 290.4 
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Figure 6.19 The calibrated Recharge Zones Map 

6.6 TRANSIENT SIMULATION 

6.6.1 Time Scale Selection 

The year of 1985 was considered as the year for the steady state condition in which 

rainfall was steady based on the residual rainfall mass curve. The model time interval 

for transient modelling is on a monthly basis to simulate the water level fluctuation 

resulting from the recharge variation over the year. The model start date is January 

1985 and simulation continues through to October 2003 based on the data availability of 

rainfall. The model has 18 years and 1 0 months of simulation; it has been defined in 

Vistas as 227 stress periods to cover all of the months during this period. The period 

length for each stress period varies from 28 to 31 days depending on the number of days 
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for the specified month. The first stress period represents the steady state condition, 

which produces initial heads for the following transient simulation. 

6.6.2 Groundwater Usage 

There are 662 licensed production bores located inside the model domain as well as 50 

bores that were drilled for test and monitoring purposes. The production bores have 

licenses for domestic, stock, farming, irrigation, industrial, commercial, horticulture and 

poultry purposes. About 80% of these bores are exploited for domestic; stock and 

farming, while 20% are used for the other purposes. The water allocation for domestic, 

stock and farming are 1, 2 and 5 MUyr respectively. The total water allocation for all 

licensed bores within the model area is about 2500 MUyr where around 1100 MUyr is 

used for domestic, stock and farming. 

Figure 6.20 represents the cumulative distribution function of water allocation for all 

licensed bores in the study area. It can be seen clearly that about 90% of the bores have 

water allocation 5 MUyr or less. 

A cumulative distribution function was also plotted to illustrate the layer of 

ground water extraction, Figure 6.21. It can be clearly noted that most of the bores are 

located in layers 29 and 30. Figures 6.22 and 6.23 represent bore location maps in layers 

29 and 30. These maps show that most bores are located in the coastal sand areas near 

Woy Woy, in the Brisbane Water catchment and adjacent to the lower reaches of 

Ourimbah Creek and Wyong River. 

As there is very poor knowledge of actual usage, the model has had to base simulated 

groundwater extraction on entitlements. 
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Figure 6.22 Bore location map in layer 30 

6.6.3 Transient Model Calibration 

t.tgud 

+ Taf!jot 

Q5) weu 

• 11\!ell 

Dl'illl 

• NoflcW 

Figure 6.23 Bore location map in layer 29 

Transient simulation describes the present situation (in terms of drawdown levels) and 

predicts the long-term dynamic behaviour of the hydraulic system (as change of storage 

and drawdown levels) in response to seasonal variations in recharge and ground water 

withdrawal (Anderson and Woessner, 1992). 

The available head data of 20 monitoring bores (Figure 4.27) are used in the calibration 

process. The dynamic stresses on the system are varying rainfall recharge and 

groundwater extraction. The calibration was done by changing manually the specific 

yield and storage coefficient values for unconfined and confined aquifers, respectively, 

until reasonable matches were obtained between the observed and simulated water level. 

Hydraulic conductivity estimates from the steady state calibration were also adjusted. 

Automatic calibration software (PEST ASP) was used as an aid in the early stages to 

fine-tune the manual calibration. 
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Table 6. 7 lists the range of hydraulic parameters resulting from the steady and transient 

model calibration. The simulated versus observed hydrographs were plotted for all the 

bores in Figures (6.24-6.43). The results show very good agreement in seasonal pattern, 

and good replication of absolute water levels were obtained. For the huge vertical head 

difference (- 38m) between the bore GW075038-1 and GW075012-2, the model 

simulates this difference correctly. The model considered the first stress period as 

steady-state and best matches were achieved by lagging rainfall recharge by 1 month. 

Therefore, the totallag in monthly rainfall inputs in the model is two months. 

Table 6.7 Ranges of the calibrated hydraulic parameters 

Unit Kx (m/d) Kz (m/d) Sy s 

Hawkesbury 0.01 -0.5 0.0004-0.05 0.02-0.05 2.0* 1 O-"~- 5.0* 10-4 
Sandstone 
Narrabeen 0.001-0.07 0.0003 - 0.007 0.009-0.01 9.0* 1 o-:l- t.O* 1 o-4 

Group 
Quaternary 1-10 0.1- 1.0 0.2 
Alluvium 

The performance of the calibration was evaluated by calculating the Sum of Squares 

Residual (SQR) for the twenty monitoring DNR bores. SQR is calculated as following: 

where: 

, 
SQR = L[Wi(hi-Hi)r (6.6) 

i=i 

Wi: dimensionless weighting fraction (ranges from 0 to 1) for each 1 

measurement in n samplings of data; 

hi: modelled head (L); and 

Hi: measured head (L). 

The weight of all data was specified equal to 1. The SQR for each monitoring bore was 

plotted as a histogram and illustrated in Figure (6.44). The total SQR for all monitoring 

bore was 463.4 m2 with ranging from 0.4 m2 at monitoring bore GW075012-2 to 104.9 

m2 at bore GW075014 which is unusual in that it is drilled into a diatreme. It can be 

noted that the SQR was higher in the bores without an automatic recorder (GW064051, 
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GW075010) than the automatic recorder bores. However, these three monitoring bores 

have a longer record period of record than the other bores as illustrated in table 4.7 

where the overall matching between the observed and simulated hydrographs was very 

good (Figures 6.24, 6.26 and 6.31 ). SQR is a non-normalised statistic that increases 

with the number of samples. Hence, the longer record, the higher SQR value. 

6.6.4 Transient Model Verification 

After the calibration mode in both steady and transient conditions, new data sets of 

rainfall and groundwater hydro graphs were provided by DNR. The rainfall data was up 

to August 2005 while some hydrograph data were to November 2005. Therefore, the 

model was updated to August 2005 and the setup of the stress periods was extended 

from 227 (October 2003) to 250 (August 2005). These new data sets were used to verify 

the model calibration and to illustrate the model response to the physical system without 

any change to the calibrated parameters. 

This process gives some confidence to the model predictions. The comparison between 

the observed and simulated hydrographs for the verification periods are plotted on the 

same figures with the calibration period Figures (6.24-6.43). The results show a very 

good agreement and replication of the absolute water levels in most of the bores. 

Discrepancies can often be attributed to the lack of knowledge of actual groundwater 

usage. It can also be noted that the difference between simulated and observed 

hydro graphs for some of the bores in the verification period clearly increased after new 

data loggers were installed in the monitoring bores in September 2004. 
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Figure 6.24 Simulated vs. observed hydrograph for bore # GW064051 
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Figure 6.25 Simulated vs. observed hydro graph for bore# GW075009 
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Figure 6.26 Simulated vs. observed hydrograph for bore# GW075010 
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Figure 6.28 Simulated vs. observed hydrograph for bore # GW075013~ 1 
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Figure 6.30 Simulated vs. observed hydrograph for bore # GW075013~3 
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Figure 6.33 Simulated vs. observed hydrograph for bore# GW075015~2 
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Figure 6.36 Simulated vs. observed hydro graph for bore# GW075038~ 1 

GW075038-2 

247 

246 ,.,.,,.. 
0 • 
J: 245 • < • • .,..,... li.liii.A 
E . .. ~. 

244 •••• •• ...... ...J • • 3: • • .... 
~/ !/) ._... 

243 

242 

May-99 Mar-00 Jan-01 Nov-01 Sep-02 Jun-03 Apr-04 Feb-05 Dec-05 

Time (Month) 

• Observed (Calibration) • Simulated (Calibration) A Observed (Verification) x Simulated (Verification) 

Figure 6.37 Simulated vs. observed hydrograph for bore# GW075038~2 
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Figure 6.39 Simulated vs. observed hydrograph for bore# GW075012- 1 
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Figure 6.41 Simulated vs. observed hydrograph for bore# GW080168 
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Figure 6.42 Simulated vs. observed hydrograph for bore# GW080166 
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Figure 6.43 Simulated vs observed hydrograph for bore# GW080165 
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Figure 6.44 Sum of Square Residual for 20 DNR monitoring bores through the 

calibration period (Jan 1985 - Oct 2003) 

6.6.5 Model Calibration Performance Measures 

As illustrated in the prevwus sections, the transient calibration process was from 

January 1985 to October 2003 and the verification process extended this period up to 

August 2005. That is, 23 new stress periods were added to the 227 calibration stress 

periods to comprise of 250 months representing the total stress periods in the model. 

The verification stage required the addition of new series of hydrographs data to 

evaluate the model response to the calibrated aquifer parameters. Therefore, the total 

number of hydraulic head measurements for all hydrographs increased from 807 to 

1196, that is, an increase of 48%. This raised the sum of squares residuals (SQR) from 

463m2 to 803m2
. Table 6.8 represents the number of measurements and SQR for each 

monitoring bore in both calibration and verification periods. The comparison between 

these periods is illustrated in Figure 6.45 where it can be clearly seen that the increasing 

of the total SQR was mainly produced from the three non-automatic bores recorders 

(GW064051, GW075009 and GW075010). 
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Table 6.8 Number of measurements and SQR for each DNR monitoring bore through 

the calibration and verification processes 

Calibration Period Calibration + Verif ication 
Monitoring No. of Sum of Squares No. of Sum of Squares 

Bore Measurements Residual (m2
) Measurements Residual (m2

) 

GW064051 85 72.1 106 129.5 
GW075009 87 35.0 107 97.2 
GW075010 94 69.0 108 181 .0 
GW080167 13 1.1 36 4.2 
GW075013~ 1 50 34.0 72 41.1 
GW075013~2 51 12.6 73 18.2 
GW075013~3 52 17.6 63 19.4 
GW07501 4 33 104.9 56 113.9 
GW075015~ 1 51 9.5 73 20.2 
GW07501 5~2 54 5.4 72 27.0 
GW075016 46 5.4 69 11.0 
GW075038~ 1 25 21.4 46 27.5 
GW075038~2 29 36.9 50 45.1 
GW075012~ 1 48 20.9 63 22.7 
GW075012~2 11 0.4 25 5.3 
GW080164 11 1.4 22 3.1 

GW080163 16 4.6 38 8.3 
GW080168 17 2.8 40 8.0 
GW080166 17 5.2 40 8.3 
GW080165 17 3.2 37 11 .8 

Total 807 463.4 1196 803.0 
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Figure 6.45 Monitoring bores SQR comparison between calibration and 

verification period 
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However, it is important to quantify the overall model performance of calibration and 

verification periods (January 1985- August 2005) for this regional complex model by 

using different quantitative measures suggested by the Australian guidelines for 

groundwater flow modelling (Middlemis et al., 2000). These quantitative measures are 

detailed in Table 6.9. A spreadsheet was prepared to evaluate the calibration targets (all 

hydrograph measurements) using these quantitative measures; the results are 

summarised in Table 6.1 0. The results show that the head difference for 1196 measured 

values is about 132 m with average head 252 m. The sum of the residuals is 33 m with 

root mean square error (RMS) equal to 0.82 m. All the scaled values (SMS~ RMFS, 

SRMFS, SRMS) are very low, which indicates that the error is a very small percentage 

of the overall regional model. The coefficient of determination R2 is almost equal to 

unity (0.998). However, these measures provide a lumped quantity of the model error 

and do not indicate the spatial or temporal distribution of the error (Middlemis et al., 

2000). To illustrate this point, a scatter diagram of measured versus modelled heads was 

plotted to illustrate the spatial error distribution in the model, Figure 6.46. It can be 

clearly seen that the calibration heads target points (1196) are located along the line of 

45°. This proves that the spatial errors in the model are also very small. The conclusion 

can be drawn from these results that the behaviour of the overall regional complex 

model response of the multi-layer Kulnura Mangrove aquifer systems is very good. 
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Table 6.9 Calibration performance measures (after Middlemis et al., 2000) 

No Description Equation Comment 
1 Residual R,- h, • H, [m] Use the maximum as a criterion, or 

Ri = residual; Hi = measured head display a histogram of residuals; this 
at point i; hi = modelled head at should be normally distributed around 
approximate location where H, zero. 
was measured. 

2 Sum of Residuals (SR) " Weighting can be (subjectively) applied at 
Iwtihi-Ht 1 [m] selected points to help account for 
t=l confidence in the data quality. SR is not 

Wi = weighting (range 0 to 1) intuitive. as it varies with sample size. 
3 Mean Sum of Residuals 

.!_ :t Wilhi- Hi I Independent of sample size, but depends 
SR [m] on the range in the measured values. 

MSR=- n ;~1 
n 

4 Scaled Mean Sum of lOOMSR lOO.SR SMSR is an intuitive relative measure 
Residuals (SMSR) = [%] which is independent of sample size and 

M/ n.Ml independent of the measuremel']t range. 
!lH =range of measured heads 
across model domain. 

5 Sum of Squares (SSQ) n The units [m~) indicate that this is not an I [Wi(hi- Hi)]2 [m2] intuitive measure of performance. 
1•1 Depends on the sample size 

6 Mean Sum of Squares 
.!_ f [wt(hi- Ht)]" 

Not an intuitive measure of performance, 
SSQ [mi but it is independent of the sample size 

MSSQ=-- n •·I n 
7 Root Mean Square 

.!_ ~::fwi(hi-Hi)r 
An absolute measure that is problem-

.JMSSQ ~sso [m] dependent (ie. its value is affected by the 
range in the measured values). lt is RMS= = n- n •=I 
usually thought to be the best error 
measure if errors are normally distributed. 

8 Root Mean Fraction Square 

I n [ (hi -Hi J r This measure is affected by magnitude of 
(RMFS) Hi, which is determined by the datum. 

1ooxv-I wt . Model boundary conditions may constrain n •=l H1 hi. An improved performance can be 
[%] contrived by changing the datum to 

Weight Wi applies to fraction, not increase Hi. 

the residual. 
9 Scaled RMFS (SRMFS) H H = mean of measured head values, SRMFS = RMFS- [%] 

which have a range of !lH . Mf 
10 Scaled RMS (SRMS) lOO.RMS SRMS and SRMFS should both be both 

SRMS= [%] low (say less than 5% or some other 
M/ agreed value), indicating that the ratio of 

error to total head differential is small, 
and hence errors are only a small part of 
the overall model response. 

11 Coefficient of Determination i [wt(Hi- H )f CD tends to one for perfect calibrations. 
(CD) 

t:l 
[-] 

f ~Vi{lzi- H )j .. , 
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Table 6.10 Quantitative measures summary for the calibration performance m the 

regional complex Kulnura-Mangrove model 

Description Measured Modelled Residual Absolute Residual 
Average 252.03 252.01 0.03 0.57 
Median 265.21 265.42 0.03 0.40 

Minimum 166.20 165.17 -4.31 
Maximum 299.06 299.21 3.50 

Range 132.86 134.04 7.81 
Count n = 1196 
Sum of Residuals (m) R = 33.426 m 
Sum of Absolute Residuals (m) SR = 686.600 m 
Mean Sum of Absolute Residuals (m) MSR = 0.574 m 
Scaled Mean Sum of Residuals (%) SMSR = 0.432 % 
Sum of Squares (m 2

) SSQ = 803.04 m2 

Mean Sum of Squares (m) MSSQ = 0.671 m 
Root Mean Square (m) RMS = 0.819 m 
Root Mean Fraction Square (%) RMFS = 0.332 % 
Scaled Root Mean Fraction Square(%) SRMFS = 0.630 % 
Scale Root Mean Square(%) SRMS = 0.617 % 
Coefficient of Determination (tend to unity) CD= 0.998 

Observed vs. Computed Target Values 
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0 bserved Value 

Figure 6.46 Scatter diagram of observed versus modelled head targets 

through the model layers 
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6.6.6 Transient Water Budget 

The global water budget for all model layers at the end of stress period 250 is 

summarized in Table 6.11. The total simulation time for 250 stress periods is 7939 days, 

which equal to 21.736 years. 

Table 6.11 Global Water Budget at the end of stress period 250 

Boundary Condition Inflow J~L/yr) Outflow ~1L/yr) 
Constant Head 78 13890 

Drain (baseflow) 32570 
Rainfall Recharge 112100 

Seepage Face (Creek+ Cliff faces) 44300 
Wells 1854 

ET 21330 
Net Storage Loss 1030 

Total 113208 113944 
o/o Discrepancy -0.65 

The recharge over 21.736 years (transient state) is about 112,000 MUyr, while the 

average recharge during the steady state was about 106,000 MUYr. 

The groundwater discharge is apportioned as 39 % to cliff seepage faces (38% in Steady 

State), 19 % as evapotranspiration (19% in Steady State), 29 % as baseflow to creeks 

(28% in Steady State), 12 % outflow to Hawkesbury River, Tuggerah Lake and Tasman 

Sea (13% in Steady State) and 1.6% as groundwater extraction from the bores (1.6% in 

Steady State). The discrepancy between the total inflow and outflow for the whole 

simulation period is -0.65%. 

6.6. 7 Baseflow Simulation 

Figures (6.47-6.51) illustrate a comparison between the cumulative distribution function 

of the estimated baseflow by Hybase based on recursive digital filter algorithm (Lyne, 

and Rollick, 1979) and simulated baseflow by MODFLOW-SURFACT for the two 
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reaches in Ourimbah Creek, two reaches in Wyong lliver and one reach in Jilliby Creek. 

These figures depict good agreement between the estimated and simulated baseflow 

especially at the median values (normal conditions). Generally, simulated baseflow by 

Surfact was less than that estimated during wet conditions and higher in the dry 

conditions. For the wet conditions, the difference could be due to a significant amount 

of water at some drain cells being classified by MODFLOW SURF ACT as seepage 

faces, which will eventually become evapotranspiration or delayed baseflow. Whereas 

for the dry conditions, some researchers such as Spongberg (2000) and Evans and Neal 

(2005) pointed out that complete separation of baseflow at low flow period is not 

possible by using hydrograph separation methods such as the Lyne and Rollick (1979) 

algorithm. Also Wemer et al. (2006) found that the baseflow calculated using 

MODRMS during low flow period is higher than the baseflow estimated using three 

techniques of hydrograph separation methods; one of them was the Lyne and Rollick 

digital filter algorithm. 
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Figure 6.47 Simulated vs. observed baseflow in reach 400 
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Figure 6.48 Simulated vs. observed baseflow in reach 401 
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Figure 6.49 Simulated vs. observed baseflow in reach 201 
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Ourim bah Creek (R300) 
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Figure 6.50 Simulated vs. observed baseflow in reach 30 
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Figure 6.51 Simulated vs. observed baseflow in reach 301 
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6.7 SENSITIVITY ANALYSIS 

Sensitivity analysis is an important step in the groundwater m~delling process which 

aims to quantify the impact of the model responses to the fractional changes of the 

uncertain input parameters (Spitz and Moreno, 1996). During this process, one of the 

input parameters or boundary conditions is changed by a small amount to evaluate the 

change in the calibration statistics. The parameter which changes these statistics by a 

large amount is considered the most sensitive parameter in the model. 

In this study, a systematic sensitivity analysis has been conducted on the following 

parameters and zones: 

• Horizontal hydraulic conductivity 0.15 rn/d which represents the average values 

of the top layers. 

• Horizontal hydraulic conductivity 0.045 m/d which appears at some zones in 

Kulnura-Mangrove layers from 5 to 15. 

• Horizontal hydraulic conductivity 0.03 rn/d which appears at some zones in 

Kulnura-Mangrove layers from 15 to 30. 

• Horizontal hydraulic conductivity 0.001 m/d which represents the value of the 

Narrabeen group at the bottom ofKulnura-Mangrove Mountain. 

• Vertical hydraulic conductivity 0.00012 rn/d which appears at some zones in 

Peats Ridge area from layer 11 to 20. 

• Vertical hydraulic conductivity 0.00004 rn/d which appears at some zones in 

Mangrove layers 20 to 30. 

• Vertical hydraulic conductivity 0.00005 rn/d which appears at some zones at the 

bottom layers ofKulnura area (Layer 26 to 30). 

• Specific yield 0.0175 the average of the upper layers. 

• Specific yield 0.01 the average of the middle layers. 

• Specific yield 0.0045 the average of the lower layers. 

• Storage coefficient 0.000175 the average of the upper layers. 

• Storage coefficient 0.0001 the average ofthe middle layers. 

• Storage coefficient 0.000045 the average of the lower layers. 

• Recharge zone 1 (13% of rainfall) represents the woody area. 
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• 

• 
• 

Recharge zones 2-9 (5% of rainfall) represents the national parks and state forest 

areas. 

Recharge zone 10 (10.5% of rainfall) represents the non-woody area . 

Recharge zone 11 (14% of rainfall) represents the non-woody area at the top of 

the Mangrove Mountain. 

• Drain conductance for all creek reaches in the model. 

The horizontal hydraulic conductivity, specific yield and recharge were changed by 0.5, 

1 and 2 multipliers whereas vertical hydraulic conductivity, storage coefficient and 

drain conductance were multiplied by 0.1, 1 and 10 to evaluate the sensitivity of these 

parameters. The results are illustrated in Figures 6.52 to Figures 6.69. The following 

points are the findings from this analysis: 

• 

• 

The current values of the horizontal hydraulic conductivity are optimal. The 

model error would increase if the optimal values changed. 

Vertical hydraulic conductivity 0.00012 rnld at Peats Ridge in the middle layers 

is the optimal value. The model would benefit marginally by 2% in residuals if 

the vertical hydraulic conductivity (base value 0.00004 rnld at lower layers on 

the Mangrove Mountain were reduced by a factor of 10. The model also showed 

a possibility for improvement if the vertical hydraulic conductivity 0.00005 rnld 

at the bottom of the model layers is increased. 

• The specific yields at the upper and middle layers are optimal. The model would 

marginally benefit by 0.6% in residual if the specific yield (0.0045) increased by 

two times the current value. 

• The model would benefit 5% in residual if the specific storage (0.000045) at the 

lower layers increased by factor of 10. Also the model would marginally benefit 

1% and 1.5% by increasing the values of the middle and upper layers 10 times 

respectively. 

• The model showed that it is not sensitive to all rainfall recharge zones except 

zone 10 (non-woody area as 10.5%) by which the model would marginally 

benefit 1% in residual if the rainfall recharge increasing toward 21%. 

• There is no sensitivity of the model to all drain conductances either by reducing 

the current values by 10 times or increasing the current values by factor of 10. 

176 



"' .§. 
Ill 
iii 
:I 
"C 
"iii 
QJ 
et: 
"C 
I!! 
"' :I 
C" 

11) -0 

E 
:I 

11) 

The insensitivity of the model to the drain conductance is attributed to 

calibration statistics being based on the head response and not the baseflow. It 

seems that the monitoring head targets are far from the drain cells influence. 
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Figure 6.52 Sensitivity to horizontal hydraulic conductivity (0.15 m/d) 
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Figure 6.53 Sensitivity to horizontal hydraulic conductivity (0.045 m/d) 
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Horizontal Hydraulic Conductivity (0.03 m/d) 
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Figure 6.54 Sensitivity to horizontal hydraulic conductivity (0.03 m/d) 
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Figure 6.55 Sensitivity to horizontal hydraulic conductivity (O.OOl m/d) 
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Vertical Hydraulic Conductivity (0.00012 m/d) 
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Figure 6.56 Sensitivity to vertical hydraulic conductivity (0.00012 m/d) 
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Figure 6.57 Sensitivity to vertical hydraulic conductivity (0.00004 m/d) 
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Vertical Hydraulic Conductivity (0.00005 m/d) 
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Figure 6.58 Sensitivity to vertical hydraulic conductivity (0.00005 m/d) 
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Figure 6.59 Sensitivity to specific yield (0.0175 m/d) 
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Specific Yield (0.01) 
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Figure 6.60 Sensitivity to specific yield (0.01 m/d) 
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Figure 6.61 Sensitivity to specific yield (0.0045 m/d) 
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Storage Coefficient (0.000175) 
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Figure 6.62 Sensitivity to storage coefficient (0.000175 m/d) 
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Figure 6.63 Sensitivity to storage coefficient (0.0001 m/d) 
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Storage Coefficient (0.000045) 
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Figure 6.64 Sensitivity to storage coefficient (0.000045 m/d) 
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Figure 6.65 Sensitivity to rainfall recharge zone 1 (13% rainfall) 
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Recharge Zones 2-9 (5% Rainfall) 
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Figure 6.66 Sensitivity to rainfall recharge zone 2-9 (5% rainfall) 
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Figure 6.67 Sensitivity to rainfall recharge zone 10 (1 0.5% rainfall) 
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Recharge Zone 11 (14% Rainfall) 
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Figure 6.68 Sensitivity to rainfall recharge zone 11 (14% rainfall) 
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Figure 6.69 Sensitivity to drain conductance 

6.8 TRANSIENT MODEL SIMULATION 

The model was calibrated with the water allocation for the licensed bores due to the lack 

of information for the actual pumping. The total water allocation used in the model was 

2585 ML/yr distributed over 600 licensed bores inside the model domain. 
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One scenario was carried out with zero groundwater withdrawals from the model to 

evaluate the change in groundwater levels that can be attributed to pumping. The 

scenano results are plotted in Figure 6. 70 as sum of squares residual (SQR) and 

compared with the calibrated baseline model. Detailed SQR values are summarised in 

Table 6.12. The results indicate that only two bores of the twenty monitoring DNR 

bores were affected by the pumping where the water level in these bores (GW064051 

and GW075010) increased significantly during the pumping off scenario. In fact, the 

monitoring bores GW064051 and GW075010 are located at central Mangrove and Peats 

Ridge area respectively where these areas are subjected to high groundwater pumping to 

supply the irrigation and industrial purposes. Figures 6.71 and 6.72 compare the 

measured hydrographs for these bores with the calibrated (with pumping) and the 

simulated runs without pumping. These figures show that with zero pumping scenario, 

the hydrographs at some time raise by 4 m in monitoring bore GW064051 and 6 m in 

GW075010. It can be concluded that, the high SQR shown in section 6.6.5 for these non 

automatic recorder bores is due to the lack of information about the actual pumping 

rates in these areas. 
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Figure 6.70 Monitoring bores SQR comparison between the baseline calibration with 

pumping and with no pumping scenario 
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Table 6.12 SQR comparison with and without pumping for each monitoring bore 

Monitoring Sum of Squares Residual (m2
) Sum of Squares Residual (m2

) 

Bore Calibrated Baseline with Pumping Scenario with No Pumping 
GW064051 129.5 1019.6 
GW075009 97.2 85.8 
GW075010 181 .0 1982.7 
GW080167 4.2 2.5 

GW075013-l 41.1 39 .1 
GW075013-2 18.2 12.5 
GW075013-3 19.4 16.4 

GW075014 113.9 112.1 
GW075015-1 20.2 20.0 
GW075015-2 27.0 27.7 

GW075016 11 .0 80.7 
GW075038-1 27.5 26.5 
GW075038-2 45.1 49.7 
GW075012-1 22.7 29.6 
GW075012-2 5.3 5.8 

GW080164 3.1 8.8 
GW080163 8.3 29.8 
GW080168 8.0 8.0 
GW080166 8.3 11.4 
GW080165 11.8 9.5 

Total 803.0 3578.4 
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Figure 6. 71 The impact of scenario with no pumping on the hydro graphs in 

bore GW064051 
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Figure 6. 72 The impact of scenario with no pumping on the hydro graphs in 

bore GW075010 

Also, it can be noted that the hydrograph of the monitoring bore GW075010 (Figure 

6. 72) is steady with time during the no pumping scenario and it is not affect by the 

rainfall recharge stress on the model. This is due to the monitoring bore's proximity to 

the two drain cells and one pumping cell in the same layer. This means that the 

baseflow for these two drain cells has been completely intercepted by pumping. 
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CHAPTER SEVEN 

7.0 PARTICLE TRACKING 

7.1 INTRODUCTION 

Particle tracking is a type of solute transport modelling; it examines the groundwater 

movement only and ignores all the effects of chemical reactions, dispersion, and 

diffusion on the groundwater path lines. 

Particle tracking is run by MODP ATH software, which is an independent model 

package in the model menu in Groundwater Vistas software. To run MODPATH, the 

particle starting locations should be defined. Particles can be considered as tagged drops 

of water. 

The objective in this model is to fmd the travel time and the path lines when the 

ground water moves from high elevation (top of Mangrove Mountain) to low elevation 

(near sea level) and to see if it will be captured by the drain cells in the form of 

baseflow. There are two options to defme the particle traces in time: either 

downgradient (forward tracking) or upgradient (reverse tracking) from these starting 

locations. In this section, the particle traces are investigated in both ways. 

7.2 SIMULATION SCENARIOS 

7.2.1 Scenario 1: Fonvard Tracking 

The particle starting locations are defined at the top of Mangrove Mountain at layer 1. 

This scenario was run by forward tracking only. The objective was to find the travel 

time and path lines of ground water from the top of layer 1, which has recharge directly 
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from rainfall, to the bottom layers. Layer 1 has very limited active area, as most cells 

are inactive air cells. 

Figure 7.1 shows the plan view of the groundwater path lines. It can be seen clearly that 

groundwater moves from high pressure (Mangrove Mountain) to low pressure toward 

Wyong, Mangrove and Ourimbah creeks. The green arrows mean that water is captured 

by drain cells while the red is by well cells (red squares). The tracer path lines and their 

travel times are shown in the cross-sectional view in Figure 7.2. It can be inferred that 

the groundwater needs more than 4000 years to move from layer 1 to the bottom model 

layer (Layer 30). Isotope studies by ANSTO (Australian Nuclear Science and 

Technology Organisation) suggest a groundwater age in this area ranges between 2000 

and 5000 years (J. Williams, 2005). 

Legend 

+ Target 

@ Well 

. Well 

• Drain 

• Noflow 

Figure 7.1 Ground water path lines resulting from particle tracking at top of Mangrove 
Mountain 
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Figure 7.2 Path lines and travel times through cross sectional view in Mangrove 

Mountain (Row 40, Column 30) 

7.2.2 Scenario 2: Backward Tracking 

In this scenario, the drain cells were selected as particle starting locations. The objective 

was to find the tracer's travel time and its pathlines from and into the drain cells. There 

are 1350 drain cells across the 30 layers in the model. These cells were defined as 

particle starting locations and imported to Vistas software via the Add menu. This 

scenario was run by taking into consideration backward tracking only. 

The results of this scenario (backward tracking) are presented in a plan view in Figure 

7.3 and a detailed local plan view in Figure 7.4. It can be clearly seen that the 

groundwater is mainly captured by the drain cells and in all directions (green arrows), as 

the groundwater moves from high plateau at the top of the Mangrove Mountain toward 
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the creeks level (drain cells), Figure 7.3. It can also be noted that the travel time ranges 

from a short time in the shallow aquifers to about 6000 years to reach the drain cells in 

the deep aquifers, Figure 7.4. Also Figure 7.4 shows a good correlation with the surface 

drainage map in Figure 3.4 of Chapter 3. 

In conclusion, the travel time and pathlines depend on the starting particle locations. It 

can be inferred that ground water needs from 1 000 to 6000 years to move from the 

shallow aquifers to the deep aquifers. 

Legend 

• Constant Head 

. Well 

• Noflow 

Figure 7.3 Groundwater path lines resulted from backward particle tracking at the drain 
cells 

192 



Figure 7.4 Path lines and travel times through cross sectional of the plan view for 

backward tracking into the drain cells 
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CHAPTER EIGHT 

8.0 OPTIMISATION MODEL 

8.1 INTRODUCTION 

The general process of developing an optimisation model was illustrated in the 

flowchart Figure 2.17 of chapter 2. The optimisation model process generally consists 

of the following steps: 

• 
• 

• 
• 

• 

• 

define a formulation statement; 

define the objective function(s); 

select the appropriate constraints; 

identify the number of candidate stress locations, the number of head 

observation locations, the total number of constraints; 

solve the problem by using the appropriate method, usually linear or non-linear 

programming; and 

fmally, evaluate the results with regard to the design criteria . 

In this chapter, the steps in developing the optimisation model for Kulnura-Mangrove 

aquifer systems and coupling with the groundwater flow model will be discussed in 

detail. 

8.2 0PTIMISATION MODEL FORMULATION, OBJECTIVE FuNCTION AND CONSTRAINTS 

Naturally, the stream and the aquifer are hydraulically connected by a saturated zone 

and the aquifer discharge into the stream as baseflow, Figure 8.1a. In this case the 

aquifer hydraulic head is greater than the stream stage elevation and the stream gains 

water (baseflow). During the pumping from the aquifer, the groundwater level decreases 

gradually to be less than the stream stage elevation so that the stream loses water as 

194 



recharge into the aquifer, Figure 8.1 b. However, if the groundwater pumping continues 

with time, the aquifer hydraulic head will eventually drop below the bottom of the 

stream, producing an unsaturated zone between the stream and the aquifer, Figure 8.1 c. 

In this case, the hydraulic connection between the stream and the aquifer will be lost 

and the stream will seep into the unsaturated zone at a steady rate. 

Figure 8.1 Schematic diagram for stream-aquifer interaction stages 

In this research, the main target is to preserve the state variable baseflow in the creeks 

(stream gains water, Figure 8.1a) by determining the optimal limits on the decision 

variable groundwater extraction from the existing or planned bores. This objective can 

be achieved by forcing the groundwater levels close to the creeks to be maintained. At 

the same time we wish to acknowledge the agricultural and commercial benefits of the 

ground water. 
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Therefore the objective function of the management model is to maximize the pumping 

rate of bores from the complex multi-layer Kulnura - Mangrove Mountain aquifer 

systems: 

w p 

Maximize L L Qc,, (8.1) 
k=l 1=1 

subject to: 

Drawdown constraint adjacent to the both sides of the creeks: 

DD(i,j) :s;; [H N (i,j)- HDs(i,j)]* T (8.2) 

where: 

w: total number of bores 

p: total number of planning periods p ~ 1 (e.g. p =1 for equilibrium, or p = 4 

quarters for seasons) 

Q1c,t: total amount of groundwater withdrawal at bore k and planning period t (MUd) 

DD (ij): Maximum allowed drawdown during pumping (m) 

HN(ij): Natural pre-pumping head at the observation site ij (m AHD) 

Hoa(ij): Head at the drain (stream) boundary ij (m AHD) 

T: hydraulic gradient reduction tolerance fraction (dimensionless) 

The derivation of the hydraulic gradient constraint is presented in Appendix A. The 

hydraulic gradient reduction tolerance fraction is defined as a percentage range from 

0.1% to 10 %. Optimisation scenarios using a range of T values will allow the 

determination of a trade-off curve. 

8.3 OPTIMAQ SOFTWARE 

OPTIMAQ software developed by Merrick (2000) is used to formulate the groundwater 

management model in the multi-layers aquifer systems in the Kulnura - Mangrove 

Mountain area. 

OPTIMAQ software couples MODFLOW simulation software (McDonald and 

Harbaugh, 1988) with generic optimisation software GAMS (Brooke et al. 1988) to 

solve problems with linear or nonlinear objectives by using the response matrix 

approach. The system flowchart for the full procedure is presented in Figure 8.2. 
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response matrix approach (after Merrick, 2000) 
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In summary, this software can be divided into four main steps: 

I. Pre-processing procedures for generating the required MODFLOW input files 

for the output control (QC), well (WEL) and hydrograph (HYD) packages; 

2. A recursive batch procedure for repeated MODFLOW simulations for each 

pulsed cell; 

3. Post-processing procedures to convert MODFLOW-computed drawdown into a 

form acceptable to GAMS; and 

4. Running a problem-tailored optimisation program written in GAMS. 

Step 2 is the slowest part of the operation, as there has to be one MODFLOW run for 

each candidate bore/layer combination. This is often in the order of 1,000 runs and 

usually requires running a computer overnight. The resulting response matrix can be 

huge, especially for transient optimisation (approaching 1 GB in size). 

It was necessary to do some enhancements to OPTIMAQ to be compatible with 

MODFLOW-SURFACT. A new computer code TRANS.FOR was written to convert 

the output of SURFACT'S OBS package (ALLOBW.HY) to the same format as 

MODFLOW's HYD package (ALL.HY) as used by OPTIMAQ. TRANS.FOR reads the 

normal input and the output of the OBS package from MODFLOW-SURFACT and the 

output of the observation file (ALLOBW.HY) from the PULSE.BAT routine and then 

calculates the drawdown for each observation site at each pulse. Then all the outputs for 

each observation site (layer, row, column, time, head and drawdown) are saved in one 

file called ALL.HY. This file is used by RMATRIX.FOR to generate the response 

matrix in GAMS format. 

8.4 GAMS CODE 

GAMS (General Algebraic Modelling System) programs consist of a number of 

statements which are allocated to different functional sections. A typical program 

structure is shown in Table 8.1. The code has major sections for Declaration, Data, 

Model and Solutions. However, there is no fixed order for statements, but identifiers 

have to be declared before they are referenced. 
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The indices of vectors or arrays are called Sets; data are called Parameters in general, or 

Scalars and Tables in particular; decision variables are called Variables; and the 

constraints and the objective functions are called Equations. 

Table 8.1 A typical GAMS program structure (after Merrick, 2000) 

Section Statement Description 

Header title, comments 

DECLARATION OPTIONS control output detail and display layout 

SETS indices, subscripts 

PARAMETERS vector data (general data type) 

TABLES array data 
DATA 

SCALARS constant data 

Assignment explicit data definition 

VARIABLES decision variables 

MODEL EQUATIONS constraints, objective, system definition 

MODEL a group of equations 

SOLVE call LP, NLP, MIP (or other) solver 

SOLUTION DISPLAY tailored output to default file 

PUT output to specified file 

The GAMS code was written (Appendix B) to preserve the stream baseflow in the study 

area by maximizing the groundwater withdrawal from the complex multi-layer 

Kulnura-Mangrove Mountain aquifer systems. Linear Programming with MINOS5 was 

selected to solve the optimisation model. 

8.5 STEADY STATE 0PTIMISATION 

The steady-state optimisation model has been built by defining one 12-month planning 

period and 2838 constraints close to 1350 drain cells. The decision variables represent 
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the withdrawal rate from 148 model cells that contain the existing pumping bores 

located inside the model domain, excluding stock, domestic and farming bores which 

were assumed to pump water continuously at entitlement levels. 

The model area was divided mainly into two zones. Zone 1 represents the area that is 

located generally east of the Water Sharing Plan (WSP) boundary and covers most of 

Wyong, Ourimbah and Brisbane-Water catchments. Zone 2 represents the entire water 

sharing plan area, Figure 2.1 in chapter 2. 

From the data available, the current entitlement figure in the whole model area is about 

2500 MUyr. This figure includes the entitlement for both categories: Stock-Domestic

Farming (SDF) bores and Irrigation-Industrial and bores for other purposes. SDF bores 

represent 593 grid cells in the model; the total entitlement for these bores is about 1150 

MUyr. The entitlement for SDF bores according to their location is illustrated in Table 

8.2. Also, the model has 148 grid cells that represent the bores for irrigation, industrial 

and others. 81 of these bores are located inside the WSP area while the other bores are 

distributed in Wyong, Ourimbah and Brisbane Water catchments. Figure 8.3 shows the 

location map for these bores. 

Table 8.2 The entitlement for SDF bores 

Catchment Entitlement (ML/yr) 
W_yon_g_ 120 

Ourimbah 155 
Brisbane-Water 480 

Mangrove and Hawkesbury River 65 
Tuggerah 20 

Lower Mooney Catchment 15 
WSP 295 
Total 1150 
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Figure 8.3 Bores location map 

8.5.1 Response Matrix 

• Stock. Domestic ;md Farming 8 ores 
• Irrigation. Industrial and others 8 ores Purposes 

- Const;un head hound<liY condition 
c::J llo flow boundary eondition 
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Kulmua Mang1ove WSP .ue.1 

N 

s 

There are 148 non stock-domestic-farming pumping cells distributed over the study area 

in the model domain. Among them, 81 are located inside the water sharing plan (WSP) 

area, 49 cells in Brisbane Water catchment, 4 cells in Ourimbah catchment and 14 cells 

in Wyong catchment. Because the pumping cells in Ourimbah and Wyong catchments 

are not sufficient to estimate the sustainable yield, a hypothetical bores network is 

defined that consists of each active cell for some of the proposed model layers in these 

catchments. The total number of hypothetical bores is 4414 where 1011 pumping cells 

are defined in Ourimbah catchment and 3403 in Wyong catchment. Table 8.3 

summarises the number of hypothetical bores in the proposed layers at Ourimbah and 

Wyong catchments. Figure 8.4 is the location map for the hypothetical bores at layer 28 

in Wyong and Ourimbah catchments. Thus, the total number of the actual and 

hypothetical pumping cells in the model is 4562. The OPTIMAQ software was run 

gradually to create one large response matrix. The response matrix relates the 
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drawdown at each of the 2838 observation sites at the end of one 12-month planning 

period to the pulsing rate 200 m3 /d for each of 4562 pumping cells. The generation of 

this response matrix required about 38 hours nmtime and 629 MB file size for the 

matrix for 4562 recursive calls to the groundwater simulator "MODFLOW SURF ACT'. 

T bl 8 3 N b a e urn ero fth h th f 1 b e 1ypo e 1Ca 
Layer Ourimbah 

20 40 
25 100 
28 183 
29 300 
30 388 

Total 1011 

. th ores m e propose dl ayer 
Wyong 

462 
0 

793 
952 
1196 
3403 

c=J DlainiHHIIHI<uy L28.shl> 
D No flow L28.shl> 
·, . C1eeks Drai11<1ge Line 
• Wyomg-OurimiMh HYI>Othetical Bo1es in L28 

D Kulnur ,, M<1ng1 ove WSP area 

N 

s 

Figure 8.4 Hypothetical bores network in Ourimbah-Wyong catchments at layer 28 
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8.5.2 Steady State Optimisation Scenarios 

GAMS has the flexibility to divide the model into different zones; each zone represents, 

for example, a specific catchment area. Also, GAMS has the flexibility to activate or 

deactivate any number of pumping cells or observation sites. Consequently, the 

optimisation model was divided into 7 zones based on the location of pumping cells and 

either actual or hypothetical bores type (Table 8.4). The steady state optimisation model 

has been designed into six scenarios to make each catchment represent a scenario; that 

is, Scenario 1 represents the water sharing plan area (Zone 1 ), Scenario 2 represents 

Brisbane-Water catchment (Zones 2 and 3), Scenario 3 represents Ourimbah catchment 

(Zones 4 and 5) and Scenario 4 represents Wyong catchment (Zones 6 and 7). All 

pumping cells defmed in the previous scenarios are then run together under Scenario 5 

to optimise the rate and the location of the pumping cells and determine the sustainable 

yield for each catchment in the case of all the pumping cells operating together. 

Scenario 6 investigates the optimal extraction layer in the water sharing plan area by 

defining a hypothetical bore network at some of the proposed upper, middle and lower 

layers. 

Table 8.4 Optimisation model zone number characteristics 

Zone Catchment Number of Pumping Cells Type 

1 Water Sharing Plan Area (WSP) 81 Actual 

2 Brisbane-Water 45 Actual 

3 Woy-Woy (Brisbane-Water) 4 Actual 

4 Ourimbah 4 Actual 

5 Ourimbah 1011 Hypothetical 

6 Wyong 14 Actual 

7 Wyong 3403 Hypothetical 
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8.5.2.1 Scenario 1: Water Sharing Plan Area 

In this scenario, the bores that are located outside the water sharing plan boundary were 

deactivated. The aim is to estimate the sustainable yield of the water sharing plan area 

by determining the optimal withdrawal rate from each of the 81 bores when the 

hydraulic gradient changes by 0.1 - I 0%. 

The optimizer code GAMS was run for the maxunum withdrawal rate for each 

individual cell set at 240 m3/d and the minimum withdrawal rate for each cell was ~et 

equal to zero as the hydraulic gradient reduction tolerance fraction varied from 0.1% -

10%. The 240 m3/d figure was based on the maximum recorded bore yield multiplied by 

at most four bores per cell. 

The results for the sustainable yield with the variation of the hydraulic gradient ·are 

tabulated in Table 8.5. The total sustainable yield in the water sharing plan area ranges 

from 325 MUyr to 2740 MUyr as the hydraulic gradient varies from 0.1%- 10%. Table 

8.6 provides a statistical summary for the optimal pumping bores in the WSP area. The 

average yield is about 82.6 m3/d with 20 bores from the total 81 bores having the 

maximum withdrawal limit 240 m3/d. The location map for these optimal pumping 

bores is presented in Figure 8.5. 

Table 8. 7 summarises the statistics of the optimal pumping cells per model layer in the 

water sharing plan area at 10% hydraulic gradient reduction tolerance fraction and 240 

m3/d as the maximum pumping capacity. The pumping cells rate can be divided into 

three groups: first group is located in the upper layers (Layer 1 to I 0), the second is in 

the middle layers (Layer 11 to 20) and the third is in the lower layers (Layer 21 to 30). 

The optimal aquifers in the upper layers are only layer 1 and 9 which have the highest 

average pumping rates 179 m3/d and 117 m3/d respectively. The number of optimal 

pumping cells is 3 of 3 in layer I and 2 of 4 in layer 9. However, the number of 

pumping cells increases gradually in the middle layers to reach 5 out of the maximum as 

8 cells in layer 18, with an average rate 141 m3/d. Layers 15 and 17 have three optimal 

pumping cells from the total six cells with an average rate 101 m3/d and 98 m3/d 

respectively. Layer 20 has two optimal from three cells with an average rate 113 m3/d. 
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Although the number of pumping cells decreases in the lower layers in comparison with 

the middle layers, some of the cells have reached the maximum pumping limit 240 m3/d 

such as layer 22 to layer 25. These layers have high average pumping rate such as the 

average in layer 22 is 240 m3/d from the total two pumping cells only. However the 

extraction of the optimal layer will be investigated in scenario 6 by defining a 

hypothetical bores network for some of the proposed layers in the water sharing plan 

aquifer systems. 

Table 8.5 Sustainable yield in WSP area 

Zone Sustainable Yield (ML!Yr) 

No. 0.1% 1% 5% 10% 

Zone 1 (WSP) 30 285 1395 2445 

SDFWSP 295 295 295 295 

Total WSP 325 580 1690 2740 

Table 8.6 Statistical summary for the optimal pumping bores in WSP at 10% hydraulic 

gradient reduction tolerance fraction 

Parameters Zone 1 (WSP) 

Minimum Yield m3 /d 0 

Average Yield m3/d 82.6 

Maximum Yield m3/d 240 

Total Bores 81 

No. of Bores Yield= 0 m.;/d 41 

No. ofBores Yield> 50 m~/d 35 

No. of Bores Yield> 100 m3/d 28 

No. of Bores Yield> 150 m3/d 25 

No. of Bores Yield> 200 m:r/d 23 

No. of Bores Yield- 240 m3/d 20 
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Figure 8.5 Optimal pumping cell location map in WSP area 
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Table 8.7 Statistical summary of the optimal pumping layer 

Total No. of Total No. of optimal Minimum Maximum Average No. of Cells 
Layer Pumping Cells Pumping Cells m3/d m3/d m3/d = 240 m3/d 

1 3 3 57.9 240.0 179.3 2 
3 3 3 3.8 64.8 29.9 0 
4 1 0 0.0 0.0 0.0 0 
6 1 0 0.0 0.0 0.0 0 
8 3 1 0.0 49.1 16.4 0 

9 4 2 0.0 240.0 117.4 1 

10 5 1 0.0 240.0 48.0 1 

11 4 2 0.0 84.1 23.9 0 

12 2 0 0.0 0.0 0.0 0 

13 6 0 0.0 0.0 0.0 0 

14 6 2 0.0 53.2 9.7 0 

15 6 3 0.0 240.0 101.3 2 

16 7 4 0.0 240.0 85.4 2 

17 6 3 0.0 240.0 98.3 2 

18 8 5 0.0 240.0 141.1 4 

20 3 2 0.0 240.0 113.4 1 

21 2 1 0.0 66.3 33.2 0 

22 2 2 240.0 240.0 240.0 2 

23 2 1 0.0 240.0 120.0 1 

24 3 3 185.1 240.0 215.5 1 

25 2 1 0.0 240.0 120.0 1 

26 1 1 218.4 218.4 218.4 0 

27 1 0 0.0 0.0 0.0 0 

The statistical summary for the drawdown at the observation sites is summarised in 

Table 8.8. The total observation sites in the model was 2838; the average drawdown in 

these sites was 0.3 m while the maximum drawdown was about 21.7 m. 1113 

observation sites had drawdown equal to zero and 2799 less than 5 m. The drawdown in 

11 observation sites was recorded greater than 10 m. 
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Table 8.8 Statistical summary for the drawdown at the observation sites at .1 0% 

hydraulic gradient reduction tolerance fraction 

Parameters Zone 1 (WSP) 

MinDD(m) 0 

AveDD(m) 0.30 

MaxDD(m) 21.70 

DD Om 1113 

DD<Sm 2799 

DD>Sm 38 

DD>lOm 11 

DD> ISm 5 

DD>20m 3 

DD>30m 0 

DD>50m 0 

Total Observation Sites 2838 

8.5.2.1.1 Verification and Trade-Off Curve 

Four files of optimal cell pumping rates, based on four runs of changing hydraulic 

gradient reduction tolerance (0.1%, 1%, 5% and 10%) fraction, were imported 

separately into Groundwater Vistas software via WELL package. Then MOD FLOW

SURF ACT was run to calculate the simulated drawdowns at each observation site and 

to determine the actual percent of the baseflow reduction in the water sharing plan area. 

The simulated drawdown by MODFLOW-SURFACT at each observation site was 

compared with the drawdown calculated by GAMS using the response matrix. The 

comparison statistics on the drawdown residuals are listed in Table 8.9. The results 

show that all the observation sites have very low residual drawdown where the average 

is 0.01 m and the median is zero. Only two observation sites have residual drawdown 

greater than 2 m (maximum = 2.4m) and also two observation sites have residual 

drawdown less than -1 m (minimum= -1.8m). The rare occurrence ofnonlinearities is 

related to the dewatering of overlying cells in MODFLOW-SURFACT whereas the 

response matrix cannot predict that a cell might become dry. 
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Table 8.9 Statistical summary for the residual drawdown between MODFLOW

SURF ACT and Response Matrix Optimisation at 10% hydraulic gradient 

reduction tolerance fraction 

Statistics Residual Drawdown (m) 
Minimum -1.8 

Maximum 2.4 

Mean 0.01 

Median 0 

DD-0 955 

DD<O 678 

DD< -lm 2 

DD<-2m 0 

DD>O 1205 

DD>lm 9 

DD>2m 2 

Total Observation Sites 2838 

The actual percent ofbaseflow reduction was calculated after each run ofMODFLOW

SURF ACT for each optimal pumping cell file, Table 8.1 0. The results revealed that the 

percent of the baseflow r~duction is almost linearly proportional to the change of the 

hydraulic gradient reduction tolerance fraction with high determination coefficient equal 

to 0.9952. Figure 8.6 illustrates the direct relationship between these two components. 

The trade-off curve for sustainable yield (total optimal pumping plus SDF base 

pumping) is plotted in Figure 8. 7. It can be noted that the sustainable yield at 10% 

baseflow reduction in the water sharing plan area will be about 3000 MUyr. 

Table 8.10 Baseflow reduction in WSP area 

Zone Baseflow (m3/d) 

No. SDF 0.1% 1% 5% 10% 

Zl (WSP) Baseflow 10033 100240 9939 9535 9153 

Nominal Zl (%) 0.09% 0.93% 4.96% 8.77% 
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Figure 8.7 Trade-off curve in WSP area 

8.5.2.2 Scenario 2: Brisbane-Water Catchment 

In this scenario, all pumping cells were deactivated except the bores that are located in 

the Brisbane Water catchment. The objective is to find the sustainable yield from this 

catchment only. There are 49 grid cells in the model that represent 44 actual pumping 
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bores located inside the Brisbane Water catchment boundary. There are 5 bores that 

cross two layers, mainly layers 29 and 30. 

The GAMS optimizer was run for the maximum withdrawal rate for each individual cell 

to be 240 m
3
/d and the minimum withdrawal rate for each cell was set equal to zero as 

the hydraulic gradient reduction tolerance fraction varied from 0 .I% - I 0%. In this 

scenario, the bores that are located in alluvium cells ( 4 pumping cells in Woy Woy area) 

were specified individually with a maximum withdrawal rate equal to I 000 m3 /d. 

Table 8.II illustrates the results of the sustainable yield with the variation of the 

hydraulic gradient. The total sustainable yield in the Brisbane Water catchment ranges 

from I 725 MUyr to 2860 MUyr as the hydraulic gradient varies from O.I% - I 0%. 

Table 8.12 gives the statistical summary for the optimal pumping bores in Brisbane 

Water Catchment. The average yield is about 133 m3/d with 2 bores from the total 49 

bores having reached the maximum withdrawal limit 1000 m3 /d. These two bores are 

located in the alluvium cells in the Woy-Woy area. The location map for these optimal 

pumping bores is presented in Figure 8.8. 

Table 8.11 Sustainable yield in Brisbane Water Catchment 

ZO~"E Sustainable Yield (l\lUyr) 

No. 0.1% 1% 5% 10% 

Zone2 330 685 1105 1375 

Zone 3 (Woy Woy) 915 950 1000 1000 

SDF Brisbane 480 480 480 480 

Total 1725 2115 2585 2855 
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Table 8.12 Statistical summary for the optimal pumping bores 
Statistics Brisbane-Water Catchment only 
Min Yldm'/d 0 
Ave Yldm'/d 133 

Max YldmJ/d 1000 

Total Bores 49 

No. of Bores Yld = 0 10 

No. of Bores Yld > 50 m3 /d 25 

No. of Bores Yld > 100 m~/d 22 

No. of Bores Yld > 150 m3/d 13 

No. of Bores Yid> 200 m3 /d 11 

No. of Bores Yld = 240 m3/d 7 

No. of Bores Yld = 500 m3/d 1 

No. of Bores Yld = 1000 m3/d 2 
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Figure 8.8 Optimal pumping cell location map in Brisbane-Water Catchment 

The statistical summary for the drawdown at the observation sites is summarised in 

Table 8.13. The total observation sites in the model was 2838; the maximum drawdown 

was about 1.0 m. 2501 observation sites had drawdown equal to zero and 337 less than 

5 m. The very low drawdown may be attributed to the impact of constant head boundary 

conditions, which were defined at Brisbane Water and Tasman Sea, on the groundwater 
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extraction, as well as no observation sites defined in layer 30 where most of the 
pumping bores penetrate this layer. 

Table 8.13 Statistical summary for the drawdown at the observation sites at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Brisbane-Water Catchment (Zone 2 and Zone 3) 
MinDD (m) 0 

Ave DD (m) 0.004 

MaxDD(m) 1.00 

DD-Om 2501 

DD<5m 2838 

DD>lm 1 

DD> lOm 0 

DD> 15m 0 

DD>20m 0 

DD>30m 0 

DD>50m 0 

Total Observation Sites 2838 

8.5.2.2.1 Verification and Trade-Off Curve 

MODFLOW-SURFACT was run four times after importing each time the file 

(WELL.DAT) of optimal cell pumping rates related to the change of hydraulic gradient 

reduction tolerance fraction (0.1 %, 1%, 5% and 1 0%) into Groundwater Vistas software 

via WELL package. The aim of the MODFLOW-SURFACT runs is to verify the 

simulated drawdowns at each observation site with those calculated by the response 

matrix and also to determine the actual percent of the baseflow reduction in Brisbane-

Water catchment. 

The simulated drawdown by MODFLOW-SURFACT at each observation site was 

compared with the drawdown calculated by GAMS using the response matrix. The 

comparison statistics on the drawdown residuals are listed in Table 8.14. The results 

show that all the observation sites have very low residual drawdown where the average 
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is -0.00015 m and the median is zero. The residual drawdowns for all observation sites 

are located within the range -0.14 m and 0.12 m. 

Table 8.14 Statistical summary for the residual drawdown between MODFLOW

SURF ACT and Response Matrix Optimisation at 10% hydraulic gradient 

reduction tolerance fraction 

Statistics Residual Drawdown (m) 

Minimum -0.14 

Maximum 0.12 

Mean -0.00015 

Median 0.0 

DD-0 2277 

DD<O 289 

DD<-1m 0 

DD<-2m 0 

DD>O 272 

DD>1m 0 

DD>2m 0 

Total Observation Sites 2838 

The results of the actual percent of the baseflow reduction are listed in Table 8.15. The 

results revealed that the percent of the baseflow reduction is almost linearly proportional 

to the change of the hydraulic gradient reduction tolerance fraction with high 

determination coefficient equal to 0.9972, Figure 8.9. From the trade-off curve plotted 

in Figure 8.1 0, it can be noted the sustainable yield at 10% baseflow reduction in 

Brisbane Water catchment is about 2900 MUyr. 

Table 8.15 Baseflow reduction in Brisbane-Water Catchment 

Baseflow (m3/d) 

Catchment SDF 0.1% 1% 5% 10% 

Brisbane Water Baseflow 2618 2616 2590 2481 2368 

Nominal Brisbane Water(%) . 0.10% 1.08% 5.27% 9.56% 
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Figure 8.10 Trade-off curve in Brisbane Water Catchment 

8.5.2.3 Scenario 3: Ourimbah Catchment 

This scenario was designed to estimate the sustainable yield in Ourimbah catchment. 

There are 4 actual bores located in Ourimbah catchment where these bores are not 

sufficient to estimate the sustainable yield in the catchment, therefore a hypothetical 

bores network was defined in this catchment. 
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The optimisation scenarios were run for every one of the proposed layers separately by 

assuming the maximum withdrawal rate for each individual cell to be 240m3/d. The 

minimum withdrawal rate for each cell was set equal to zero in all scenarios as well as 

the hydraulic gradient reduction tolerance fraction was varied up to 10%. Due to the fact 

that most actual bores are located in layer 28 and 29, layers 28 and Layer 29 were 

selected to run simultaneously. The results of this scenario are summarised in Table 

8.16. The results show that the total sustainable yield in Ourimbah catchment ranges 

from 175 MUyrto 1830 MUyr when the hydraulic gradient varies from 0.1%- 10%. 

Table 8.16 The sustainable yield in Ourimbah catchment 

Ourimbah Sustainable Yield (ML/yr) 

Catchment 0.1% 1% 5% 10% 

Actual Bores (Zone 4) 0.2 2 10 20 

Hypothetical Bores (Zone 5) 20 190 915 1655 

SDFBores 155 155 155 155 

Total 175.2 347 1080 1830 

Table 8.17 presents the statistical summary for the optimal pumping bores in Ourimbah 

catchment. The average yield is about 52 m3 /d with 5 bores from the total 88 pumping 

cells (4 actual and 84 candidate hypothetical bores) having reached the maximum 

withdrawal limit 240 m3/d. The percent of optimal actual and candidate hypothetical 

bores of the proposed layer are illustrated in Table 8.18. Figure 8.11 illustrates the 

location map for these optimal pumping cells. 
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Table 8.17 Statistical summary for the optimal pumping bores at 10% hydraulic 

gradient reduction tolerance fraction 

Statistics Ourimbah Catchment 
Min Yield m.j/d 0 

Ave Yield m3/d 52.2 

Max Yield m3 /d 240 

Total Bores 88 

No. of Bores Yield- 0 m.j/d 2 

No. of Bores Yield > 50 m3 /d 23 

No. of Bores Yield> 100 mj/d 18 

No. of Bores Yield> 150 m'/d 10 

No. of Bores Yield> 200 m3/d 8 

No. of Bores Yield= 240 m.j/d 5 

Table 8.18 Statistical summary of the candidate bores in Ourimbah Catchment at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Actual Hypothetical Layer 28 Hypothetical Layer 29 

Total Pumping Cells 4 183 300 

Optimal Pumping Cells 2 19 65 

% of Candidate Pumping Cells (%) 50 10.4 21.7 

Minimum (m.j/d) 0 2.2 1.0 

Maximum (mj/d) 42.1 240 240 

Average (m3/d) 14.5 62.3 51.6 

No. of Bores= 240 (mj/d) 0 1 4 
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Figure 8.11 Optimal pumping cell location map in Ourimbah catchment 

The statistical summary for the drawdown at the observation sites is given in Table 

8.19. The total observation sites in the model was 2838; the average drawdown in these 

sites was 0.12 m while the maximum drawdown was about 8.2 m. 1883 observation 
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sites had drawdown equal to zero and 947 less than 5 m and greater than zero. The 

drawdown in 8 observation sites was recorded greater than 5 m. 

Table 8.19 Statistical summary for the draw down at the observation sites at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Ourimbah Catchment 

MinDD(m) 0 

AveDD (m) 0.12 

MaxDD(m) 8.23 

DD-Om 1883 

DD<5m 2830 

DD>Sm 8 

DD> lOm 0 

DD> 15m 0 

DD>20m 0 

DD>30m 0 

DD>50m 0 

Total Observation Sites 2838 

8.5.2.3.1 Verification and Trade-Off Curve 

Four files of optimal cell pumping rates, based on four runs of changing hydraulic 

gradient reduction tolerance (0.1%, 1%, 5% and 10%) fraction, were imported 

separately into Groundwater Vistas software via WELL package. Then MODFLOW

SURF ACT was run to calculate the simulated draw downs at each observation site and 

to determine the actual percent of the baseflow reduction in the area. 

The simulated drawdown by MODFLOW-SURFACT at each observation site was 

compared with the drawdown calculated by GAMS using the response matrix. The 

comparison statistics on the drawdown residuals are listed in Table 8.20. The results 

show that all the observation sites have very low residual drawdown where the average 

is -0.01 m and the median is zero. Only two observation sites have residual drawdown 
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greater than 1 m (maximum = 1.55 m) and also two observation sites have residual 

drawdown less than -1 m (minimum= -1.48 m). 

Table 8.20 Statistical summary for the residual drawdown between MODFLOW

SURF ACT and Response Matrix Optimisation at 1 0% hydraulic gradient 

reduction tolerance fraction 

Statistics Residual Drawdown (m) 

Minimum -1.48 

Maximum 1.55 

Mean -0.01 

Median 0.0 

DD-0 1737 

DD<O 623 

DD<-1m 7 

DD<-2m 0 

DD>O 478 

DD>1m 1 

DD>2m 0 

Total Observation Sites 2838 

To determine the actual percent of the baseflow reduction, the optimal pumping bores 

file was imported and MODFLOW-SURFACT was run. The results from this run are 

presented in Table 8.21. Also, the base flow reductions for the individual reaches of the 

Ourimbah Creek were checked. The results revealed that the percent of the baseflow 

reduction is nearly linearly proportional to the hydraulic gradient reduction tolerance 

fraction for Ourimbah catchments with high determination coefficients (R2 = 0.9968), 

Figure 8.12. 
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Table 8.21 Actual baseflow reduction in Ourimbah catchment 

Ourimbah Baseflow (m3/d) 

Catchment SDF 0.1% 1% 5% 10% 

Ourirnbah Creek Reach 300 4058 4054 4008 3826 3634 

Ourirnbah Creek Reach 301 8632 8621 8531 8154 7775 

Total Ourirnbah Catchment Baseflow 11 824 11809 11675 11122 10559 

Nominal Ourimbah Creek R300 (%) 0.11 % 1.22% 5.73% 10.44% 

Nominal Ourirnbah Creek R301 (%) 0.13% 1.17% 5.53% 9.92% 

Nominal Total Ourimbah Catchment (%) 0.13% 1.26% 5.94% 10.70% 
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Figure 8.12 Baseflow reduction versus hydraulic gradient reduction 

The trade-off curve is plotted in Figure 8.13; it can be noted that the sustainable y1eld at 

10% baseflow reduction in Ourimbah catchment is about 1800 ML/yr. 
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Figure 8.13 Trade-off curves for Ourimbah catchment 

8.5.2.4 Scenario 4: Wyong Catchment 

There are 14 pumping cells located in Wyong catchment. As in Ourimbah catchment, 

these pumping cells are not sufficient to estimate the sustainable yield for the whole 

catchment; therefore a hypothetical bores network was defined. 

The optimisation scenarios were run by assuming the maximum withdrawal rate for 

each individual cell to be 240m3/d. The minimum withdrawal rate for each cell was set 

equal to zero in all scenarios as well as the hydraulic gradient reduction tolerance 

fraction was set at 0.1 %, 1%, 5% and 10%. Layers 28 and Layer 29 were selected to run 

simultaneously because most of the actual bores screen depths are located in these two 

layers. The results show that the total sustainable yield in Wyong catchment ranges 

from 460 ML/yr to 4190 ML/yr when the hydraulic gradient varies from 0.1% to 10%, 

Table 8.22. 

Table 8.22 The sustainable yield in Wyong catchments 

Wyong Sustainable Yield (ML/yr) 

Catchment 0.1% 1% 5% 10% 

Actual Bores (Zone 6) 10 30 65 75 

Hypothetical Bores (Zone 7) 330 900 2410 3995 

SDF Bores 120 120 120 120 

Total 460 1050 2595 4190 
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The statistical summary for the optimal pumping bores in Wyong catchment is listed in 

Table 8.23. The average yield is about 77.8 m3/d with 20 bores from the total 143 

pumping cells (14 actual and 129 candidate hypothetical bores) having reached the 

maximum withdrawal limit 240 m3 /d. The percent of optimal actual and candidate 

hypothetical bores of the proposed layer are presented in Table 8.24. Figure 8.14 

illustrates the location map for these optimal pumping cells. 

Table 8.23 Statistical summary for the optimal pumping bores at 10% hydraulic 

gradient reduction tolerance fraction 

Statistics Wyong Catchment 

Minimum Yield m~/d 0 

Average Yield m'/d 77.8 

Maximum Yield m'/d 240 

Total Bores 143 

No. of Bores Yield= 0 m~/d 6 

No. of Bores Yield> 50 m3/d 60 

No. of Bores Yield> 100 m"/d 41 

No. of Bores Yield> 150 m.s/d 32 

No. of Bores Yield> 200 m3/d 25 

No. of Bores Yield= 240 m3/d 20 

Table 8.24 Statistical summary of the candidate bores in Wyong Catchment at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Actual Hypothetical Layer 28 Hypothetical Layer 29 

Total Pumping Cells 14 793 952 

Optimal Pumping Cells 8 43 86 

%of Candidate Pumping Cells(%) 57.1 5.4 9.0 

Minimum (mj/d) 0.0 1.3 1.7 

Maximum (m~ /d) 30 240 240 

Average (m~/d) 14.1 67 93.6 

No. ofBores = 240 (m"/d) 0 5 15 
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Figure 8.14 Optimal pumping cell location map in Wyong catchment 

The statistical summary for the drawdown at the observation sites is given in Table 

8.25. The total observation sites in the model was 2838; the average drawdown in these 

sites was 0.12 m while the maximum drawdown was about 6.91 m. 1771 observation 
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sites had drawdown equal to zero, 1116 less than 5 m and greater than zero and only 

one observation site had drawdown greater than 5 m (maximum 6.91 m). 

Table 8.25 Statistical summary for the drawdown at the observation sites at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Wyong Catchment 

Minimum DD (m) 0.00 

Average DD (m) 0.12 

Maximum DD (m) 6.91 

DD-Om 1721 

DD<5m 2837 

DD>5m 1 

DD> 10m 0 

DD> 15m 0 

DD>20m 0 

DD>30m 0 

DD>50m 0 

Total Observation Sites 2838 

8.5.2.4.1 Verification and Trade-Off Curve 

Four files of optimal cell pumping rates, based on four runs of changing hydraulic 

gradient reduction tolerance (0.1 %, 1%, 5% and 10%) fraction, were imported 

separately into Groundwater Vistas software via WELL package. Then MODFLOW

SURFACT was run to calculate the simulated drawdowns at each observation site and 

to determine the actual percent of the baseflow reduction in the area. 

The simulated draw down by MODFLOW -SURF ACT at each observation site was 

compared with the drawdown calculated by GAMS using the response matrix. The 

comparison statistics on the drawdown residuals are listed in Table 8.26. The results 

show that all the observation sites have very low residual drawdown where the average 

is -0.003 m and the median is zero. Only seven observation sites· have residual 
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drawdown greater than 1 m (maximum= 1.71 m) and also four observation sites have 

residual drawdown less than -1 m (minimum= -1.62 m). 

Table 8.26 Statistical summary for the residual drawdown between MODFLOW

SURF ACT and Response Matrix Optimisation at 10% hydraulic gradient 

reduction tolerance fraction in Wyong Catchment 

Statistics Residual Drawdown (m) 

Minimum -1.62 

Maximum 1.71 

Mean -0.003 

Median 0.00 

DD-0 1485 

DD<O 612 

DD<-lm 4 

DD<-2m 0 

DD>O 741 

DD>1m 7 

DD>2rn 0 

Total Observation Sites 2838 

To determine the actual percent of the baseflow reduction, the optimal pumping bores 

file was imported and MODFLOW-SURFACT was run. The results from this run are 

presented in Table 8.27. Also, the baseflow reductions for the individual reaches of 

Wyong River and Jilliby Creek were checked. The results revealed that the percent of 

the baseflow reduction is almost linearly proportional to the hydraulic gradient 

reduction tolerance fraction for this catchments with high determination coefficient (R
2 

= 0.9968), Figure 8.15. The trade-off curve is plotted in Figure 8.16, where it can be 

noted that the sustainable yield at 10% baseflow reduction in Wyong catchment is about 

4600MUyr. 

The base flow reductions for some of the reaches were slightly less than the reduction of 

the hydraulic gradient tolerance fraction, for example Wyong River reach 400 and reach 
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401. This means that the sustainable yields near these reaches can be slightly increased 

above the estimated figure. 

Table 8.27 Actual baseflow reduction in Wyong catchment 

Wyong Baseflow (m3/d) 

Catchment SDF 0.1% 1% 5% 10% 

Wyong River Reach 400 5524 5506 5443 5219 4983 

Wyong River Reach 401 12636 12616 12522 12190 11684 

Jilliby Creek Reach 201 4033 4028 4003 3896 3663 

Total Wyong Catchment Baseflow 22320 22277 22095 21425 20443 

Nominal Wyong River R400 (%) 0.33% 1.46% 5.52% 9.80% 

Nominal Wyong River R40 I (%) 0.16% 0.90% 3.53% 7.53% 

Nominal Jilliby Creek R401 (%) 0.11 % 0.73% 3.39% 9.16% 

Nominal Total Wyong Catchment(%) 0.19% 1.01% 4.01 % 8.41 % 
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Figure 8.15 Baseflow reduction versus hydraulic gradient reduction 
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Figure 8.16 Trade-off curves for Wyong catchment 

8.5.2.5 Scenario 5: All Catchments 

This scenario has been designed to estimate the sustainable yield and to evaluate the 

baseflow reduction for all catchments when the pumping occurs at the same time. This 

will help to prepare two trade-off curves for the outside water sharing plan area 

(Wyong, Ourimbah and Brisbane Water catchments) and the Water Sharing Plan area at 

the same time. Consequently, this scenario was run by activating the pumping cells to 

be operating at the same time for all catchments. As in all the previous scenarios, the 

minimum and the maximum withdrawal rate for each individual cell was set equal to 

zero and 240 m3 Id, respectively. Also this scenario was run by changing the hydraulic 

gradient reduction tolerance fraction through 0.1 %, 1%, 5% and 10%. Table 8.28 

summarises the sustainable yield for each catchment when the hydraulic gradient varies 

from 0.1% to 10%. The maximum sustainable yield at 10% of hydraulic gradient 

change is 4000 ML/yr in Wyong catchment and the minimum is 1655 ML/yr in 

Ourimbah catchment. The sustainable yield in Water Sharing Plan area (WSP) at the 

same fraction ofhydraulic gradient change (10%) was 2565 ML/yr. 

The comparison between the sustainable yield for each catchment of this run with their 

individual sustainable yield from the previous scenarios are tabulated in Table 8.29. The 
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results from this table illustrate that there is a hydraulic connection between the aquifer 

systems for the Water Sharing Plan area, Wyong catchment and Ourimbah catchment. 

The percent of sustainable yield reduction in the catchments varies with the change of 

hydraulic gradient reduction tolerance fraction from 0.1% to 10%. The highest 

reductions were in WSP area and Ourimbah catchment as 7.1% and 10.2% respectively 

when the hydraulic gradient changes by 5%. In Contrast, the sustainable yield reduction 

in Wyong catchment was 3.28% at 5% of hydraulic gradient change. It can be 

concluded that the aquifer systems between WSP area and Ourimbah catchment are 

more hydraulically connected than with Wyong catchment. Also, it can be seen that the 

percent of sustainable yield reduction at 10% of hydraulic gradient change is less than 

the reduction by 5% of hydraulic gradient change in WSP area and Ourimbah 

catchment. This could be due to the hypothetical pumping cells which were defined in 

Ourimbah and Wyong catchments where the optimisation code find the optimal solution 

to preserve the baseflow in all catchments by specifying the optimal pumping rate and 

the location for these hypothetical bores. The results also revealed that there is no 

hydraulic connection of the aquifer systems between Brisbane-Water catchment and 

other catchments. 

Table 8.28 Sustainable yield variations with hydraulic gradient reduction tolerance 

fraction in all catchments 

Catchment Type of Bores Sustainable Yield (ML/yr) 
0.1% 1% 5% 10% 

Actual Bores 25 260 1275 2270 
WSP SDF Bores 295 295 295 295 

Total 320 555 1570 2565 
Actual Bores (Zone 2) 330 685 1105 1375 

Brisbane Actual Bores Wov W ov (Zone 3) 915 950 1000 1000 
SDFBores 480 480 480 480 

Total 1725 2115 2585 2855 
Actual Bores 0.2 2 10 20 

Ourimbah Hypothetical Bores 15 165 805 1480 

SDFBores 155 155 155 155 

Total 170.2 322 970 1655 

Actual Bores 10 30 60 75 

Wyong Hypothetical Bores 330 885 2330 3805 

SDFBores 120 120 120 120 

Total 460 1035 2510 4000 
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Table 8.29 Sustainable yields comparison with the previous scenarios for all catchments 
Catchment Scenario Sustainable Yield (ML/yr) 

0.1% 1% 5% 10% 
Scenario 1 325 580 1690 2740 

WSP Scenario 5 320 555 1570 2565 
%Reduction 1.54% 4.31% 7.10% 6.39% 

Scenario 2 1725 2115 2585 2855 
Brisbane Scenario 5 1725 2115 2585 2855 

%Reduction 0.00% 0.00% 0.00% 0.00% 
Scenario 3 175.2 347 1080 1830 

Ourimbah Scenario 5 170 322 970. 1655 
%Reduction 2.97% 7.20% 10.19% 9.56% 
Scenario 4 460 1050 2595 4190 

Wyong Scenario 5 460 1035 2510 4000 
%Reduction 0.00% 1.43% 3.28% 4.53% 

The statistical summary for the optimal pumping bores in all catchments is listed in 
Table 8.30. The average yield is about 78 m3/d with 51 bores from the total 350 
pumping cells having reached the maximum sandstone withdrawal limit 240 m3/d, and 2 
bores from the total 4 bores located in the alluvium cells at the Woy-Woy area having 
reached the maximum alluvial withdrawal limit 1000 m3 /d. The percent of optimal 
actual and candidate hypothetical bores of the proposed layer are presented in Table 
8.31. The highest percent of the actual optimal pumping cells was 79.6% in Brisbane
Water catchment. The maximum of the candidate pumping cells having reached the 
maximum withdrawal limit 240 m3/d is 18 of the actual pumping cells in the water 
sharing plan area. Also, it can be noted that the extraction from the deeper layer is 
preferred from the hypothetical pumping cells in Ourimbah and Wyong catchments 
where the percent of candidate cells at layer 28 were 10.4% and 5.4% in Ourimbah and 
Wyong catchment respectively. These percentages increased to 20% and 8.4% at layer 
29 in Ourimbah and Wyong catchment respectively. The location map for all optimal 

pumping cells is presented in Figure 8.17. 
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Table 8.30 Statistical summary for the optimal pumping bores in all catchments at 10% 

hydraulic gradient reduction tolerance fraction 

Statistics Value 
Minimum Yield m3/d 0.0 
Average Yield m3 /d 78.4 

Maximum Yield m3/d 1000.0 
Total Bores 350 

No. of Bores Yield- 0 m3/d 64 

No. of Bores Yield> 50 m.~/d 134 

No. of Bores Yield> 100 m3/d 103 

No. of Bores Yield> 150 m.~/d 76 

No. of Bores Yield> 200 m:s/d 63 

No. of Bores Yield- 240 m3/d 51 

No. of Bores Yield = 500 m.~ Id 1 

No. of Bores Yield- 1000 m3/d 2 

Table 8.31 Statistical summary of the candidate bores m all catchments at 10% 

hydraulic gradient reduction tolerance fraction 

Catchment Type of Total Optimal Optimal Minimum Maximum Average No.ofBores 
Pumping Pumping Pumping =240 m3/d or 

Bores Cells Cells Cells-(%) m3/d m3/d m3/d 1000 m3/d 

WSP Actual 81 34 42.00A. 0.0 240 76.7 18 

Brisbane Actual 49 39 79.6% 0.0 1000 132.8 7 

Actual 4 2 50.0% 0.0 42.1 14.5 0 
Hypothetical 

Ourimbah Layer28 183 19 10.4% 2.2 240 51.2 l 

Hypothetical 
Laver29 300 60 20.0% 0.7 240 51.3 5 

Actual 14 9 64.3% 0.0 30 14.8 0 
Hypothetical 

240 67.2 5 Wyong Layer28 793 43 5.4% 1.1 
Hypothetical 

Layer29 952 80 8.4% 0.4 240 94.1 15 

232 



6' 
:!: 

6340000 

6335000 

<{ 631 
.§. 
Cl 
c:: 
:E 
~ 631 
z 

6290000 

6285000 

Optimal Yield (m3/d) 

0 to 5 
5 to 50 

• 50 to 100 
100 to 150 
150 to 250 
250 to 550 
550 to 1100 

320000 325000 330000 335000 340000 345000 350000 355000 

Easting (m AMG) 

Figure 8.17 Optimal pumping cell location map in all catchments 

The statistical summary for the drawdown at the observation sites is shown in Table 

8.32. As in all the previous scenarios, the total observation sites in the model was 2838; 

the average drawdown in these sites is 0.47 m while the maximum drawdown was about 

21.7 m. 520 observation sites have drawdown equal to zero, 2803 less than 5 m and 

greater than zero and 8 observation sites have draw down greater than 10 m, 3 of these 
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sites had drawdown greater than 20 m (maximum 21.73 m). The maximum drawdown 

in this scenario is similar to the value and location of the maximum drawdown in 

Scenario 1 (Water Sharing Plan only). The location map of the drawdown range at the 

observation sites is presented in Figure 8.18. 

Table 8.32 Statistical summary for the drawdown at the observation sites m all 

catchments at 1 0% hydraulic gradient reduction tolerance fraction 

Statistics Value 

Minimum DD (m) 0 

Average DD (m) 0.47 

Maximum DD (m) 21.73 

DD=Om 520 

DD<5m 2803 

DD>5m 34 

DD> lOm 8 

DD> 15m 5 

DD>20m 3 

DD>30m 0 

DD>50m 0 

Total Observation Sites 2838 
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Figure 8.18 Optimal cell drawdown at the observation sites in all catchments under 

scenario 5 

8.5.2.5.1 Verification and Trade-Off Curve 

To verify the optimisation results for this scenano, four files of WELL.DAT were 

imported each time into Groundwater Vistas software via WELL package to compare 

the drawdowns at each observation site simulated by MOD FLOW -SURF ACT with 
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those calculated by the response matrix. The four WELL.DAT files relate to the optimal 

rate of pumping cells from the four optimisation runs by changing the hydraulic 

gradient reduction tolerance fraction through 0.1 %, 1%, 5% and 10% every time. 

The comparison statistics on the drawdown residuals are listed in Table 8.33. The 

results show that all the observation sites have very low residual drawdown where the 

average is -0.002 m and the median is zero. There are 15 observation sites that have 

residual drawdown greater than 1 m and the residual at one observation site exceeded 2 

m (maximum = 2.41 m) and also there are 12 observation sites that have residual 

draw down less than -1 m (minimum = -1.79 m). 

Table 8.33 Statistical summary for the residual drawdown between MOD FLOW

SURF ACT and Response Matrix Optimisation at 10% hydraulic gradient 

reduction tolerance fraction in all areas 

Statistics Residual Drawdown (m) 

Minimum -1.79 

Maximum 2.41 

Mean -0.002 

Median 0.00 

DD=O 464 

DD<O 965 

DD<-lm 12 

DD<-2m 0 

DD>O 1409 

DD>lm 15 

DD>2m 1 

Total Observation Sites 2838 

After the verification of the drawdowns, the actual percent of the baseflow reduction 

was calculated by a sequence ofMODFLOW-SURFACT runs to evaluate the baseflow 

reduction from all catchments and their individual creeks as well as for the total water 

sharing plan and the outside areas when the pumping occurred at the same time. The 
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results from these runs are presented in Table 8.34. The results reveal that a linear 

relationship holds between the actual baseflow reduction and the hydraulic gradient for 

each individual creek, catchment and zone. Additionally, the results show that the 

response for the actual baseflow reduction is almost linearly proportional to the 

reduction of the hydraulic gradient as total of the catchments located outside the water 

sharing plan area (Brisbane-Water, Ourimbah and Wyong) as well as for the summation 

of the water sharing plan area and the outside areas, Table 8.34. The coefficient of 

determination was 0.9998 for the area outside the water sharing plan area (Figure 8.19) 

and 0.9997 for the combination of the water sharing plan area and the outside areas, 

Figure 8.20. 

237 



Table 8.34 Actual baseflow reduction in all zones 

Area /Reach Baseflow (m3/d) 

SDFonly 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 
81400 81331 80887 79108 77003 

WSP Area Baseflow 
10033 10025 9948 9602 9235 

Outside WSP Area Baseflow 
36804 36747 36429 35196 33668 

Brisbane Water Baseflow 
2618 2616 2590 2480 2365 

Total Ourimbah Catchment Baseflow 
11824 11812 11689 11168 10664 

Ourimbah Creek Reach 300 
4058 4055 4010 3822 3626 

Ourimbah Creek Reach 301 
8632 8621 8528 8115 7787 

Total Wyong Catchment Baseflow 
22320 22278 22106 21497 20581 

Wyong River Reach 400 5524 5507 5446 5245 5030 

Wyong River Reach 401 12636 12617 12530 12235 11772 

Jilliby Creek Reach 201 4033 4028 4004 3896 3664 

Total Baseflow WSP + Outside WSP 
46837 46772 46377 44798 42903 

Nominal WSP 0.08% 0.84% 4.29% 7.95% 

Nominal Outside WSP 0.15% 1.02% 4.37% 8.52% 

Nominal Brisbane Water 0.10% 1.09% 5.30% 9.68% 

Nominal Ourirnbah Catchment 0.11% 1.14% 5.56% 9.82% 

Nominal Ourimbah Creek Reach 300 0.08% 1.17% 5.82% 10.65% 

Nominal Ourirnbah Creek Reach 301 0.12% 1.21% 5.99% 9.79% 

Nominal Wyong River 0.19% 0.96% 3.68% 7.79% 

Nominal Wyong River Reach 400 0.32% 1.42% 5.05% 8.94% 

Nominal Wyong River Reach 401 0.15% 0.84% 3.17% 6.84% 

Nominal Jilliby Creek Reach 201 0.11% 0.72% 3.39% 9.15% 

Nominal Total WSP +Outside WSP 0.14% 0.98% 4.35% 8.40% 
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Figure 8.20 Baseflow reduction versus hydraulic gradient reduction 

Table 8.35 summarises the sustainable yield of scenario 5 for the water sharing plan 

area and for each catchment as well as the summation for the total optimised area. The 

total sustainable yield at 10% hydraulic gradient change is about 12000 ML!yr. 
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Table 8.35 Sustainable yield summary for all areas under scenario 5 

Area I Catchment Sustainable Yield 
0.1% 1% 5% 10% 

320 555 1570 2565 
1725 2115 2585 2855 
170 322 970 1655 

W on Catchment Outside WSP 460 1035 2510 4000 
Total Outside WSP 2355 3472 6065 8510 

Total WSP +Outside WSP Areas 2675 4027 7635 11075 

The trade-off curve is prepared for the water sharing plan area and the outside areas 

separately in Figure 8.21 and as one curve in Figure 8.22. From the two curves, it can 

be concluded that at 10% baseflow reduction the sustainable yield is about 9000 ML/yr 

in the catchments outside water sharing plan area and 3000 ML!yr in the water sharing 

plan area, Figure 8.21. The total sustainable yield in all areas at 10% baseflow reduction 

is about 12000 ML/yr, Figure 8.22. 
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Figure 8.21 Trade-off curves for the water sharing plan and the outside 
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Figure 8.22 Trade-off curve for the combination water sharing plan and 
the outside areas 

8.5.2.6 Scenario 6: Hypothetical Bores Network in Water Sharing Plan Area 

The hypothetical bores network was designed in this model in the water sharing plan 

area to estimate the sustainable yield figure for the shallow and deep aquifer system and 

to prepare the trade-off curve between the aquifer yields and baseflow reduction. The 

hypothesis was that existing bores might be too shallow to access the full sustainable 

yield. 

The hypothetical bores network was designed in every active cell in Layers 1, 5, 10, 15, 

20, 25 and 30. The total number of the model cells is 283200. Among them, 228901 

cells were defined as no-flow boundary condition, 1168 cells as constant head boundary 

condition, 1350 as drain cells, 593 cells for stock, domestic and farming bores, and 

2838 cells as observation sites to monitor the groundwater level at both sides of the 

creeks. Consequently the remaining total active cells are 48350 distributed over the 30 

layers. These active cells comprise the whole model area that includes the water sharing 

plan area. The basal layer, layer 30, represents the total active cells in the whole model 

area because the active cells convert gradually into air cells (no-flow boundary) as the 

elevation increases from sea level in layer 30 to around 350m AHD at top of Mangrove 
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Mountain (Layer 1). As a result, the water sharing plan area covers 1730 cells in Layer 

30, 1495 cells in Layer 25, 1158 cells in Layer 20, 726 cells in Layer 15, 356 cells in 

Layer 10, 176 cells in Layer 5 and 81 cells in Layer 1. This produced a network of 5722 

hypothetical bores distributed in these proposed layers. Figures (8.23 - 8.25) show the 

location maps for the hypothetical bores in Layers 1, 15 and 30 only. 

Figure 8.23 Hypothetical Bores Network in Layer 1 
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Figure 8.24 Hypothetical Bores Network in Layer 15 
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Figure 8.25 Hypothetical Bores Network in Layer 30 
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The response matrix for 5722 hypothetical bores was created by OPTIMAQ software to 

relate the drawdown at each of the 2838 observation sites at the end of one 12-month 

planning period to the pulsing rate 200 m3/d for each of 5722 pumping cells. The 

generation of this response matrix required about 48 hours run time and 629 MB file 

size of the matrix for 5722 recursive calls to the groundwater simulator "MODFLOW 

SURF ACT'. The optimisation scenarios were run for every one of the proposed layers 

separately by assuming the maximum withdrawal rate for each individual pumping cell 
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to be 240m3/d. The minimum withdrawal rate for each cell was set equal to zero in all 

scenarios as well as the hydraulic gradient reduction tolerance fraction was set equal to 

10%. 

The results of these scenarios are summarised in Table 8.36 and Figure 8.26. The results 

show that the sustainable yield increases gradually from layer 1 to 5, 10, 15 up to 20 

then the sustainable yield decreases in the lower layers 25 and 30 although these layers 

have more candidate bores than the upper layers. The decrease in the sustainable yield 

in the lower layers refers to the low hydraulic conductivity values that have been 

defined in the Narrabeen group that underlies Hawkesbury sandstone. 

Table 8.36 Sustainable yield in WSP area 

Water Sharing Sustainable Yield (MLNr) 

Plan Area (WSP) Layer 1 Layer 5 Layer 10 Layer 15 Layer 20 Layer 25 

Hypothetical Bores 425 935 1465 2470 3350 2830 

SDF Bores 295 295 295 295 295 295 

Total 720 1230 1760 2765 3645 3125 
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Figure 8.26 Sustainable yield variation with the layers 
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Table 8.37 illustrates the summary statistics for the yields of the optimal pumping cells 

for each layer respectively. The average yield varies from layer to layer depending on 

the rate and the number of the candidate bores where the range was from 45 m31d at 

layer 1 to 75 m
3
1d at layer 5. The minimum yield pumping cell was 0.1 m31d at layer 20 

and the maximum was 240 m3 Id in all proposed layers. The maximum number of 

pumping cells having reached the maximum withdrawal limit 240 m3 Id was 12 cells in 

layers 20 and 30 whereas the minimum was 2 cells in layer 1. The cells that have 

reached the maximum withdrawal limit in layer 20 were located in the Hawkesbury 

sandstone while those cells in layer 30 were located at the alluvium cells near the lower 

reaches of the creeks. 

The statistical summary for the drawdowns at 2838 observation sites is shown in Table 

8.38. The average drawdown in these sites ranges from 0.07 m at Layer 1 to 0.39 m at 

layers 20, 25 and 30. The maximum drawdown was recorded in Layer 1 as 20.34 m 

while the lowest maximum drawdown was 6.05 m at Layer 5. 

Table 8.37 Statistical summary for the optimal pumping cells at 10% Hydraulic 

Gradient Reduction tolerance fraction and maximum pumping use = 240 

m31d 

Layer Layer Layer Layer Layer Layer Layer 

Statistics 1 5 10 15 20 25 30 

Total No. of Hypothetical 

Pumping Cells 81 176 356 726 1158 1495 1730 

No. of Optimal Cells 26 34 62 116 155 156 118 

%of Optimal Cells 32.1 19.3 17.4 16.0 13.4 10.4 6.8 

Minimum Yield m3/d 1.2 0.8 0.9 0.6 0.1 0.2 0.6 

Maximum Yield m3/d 240 240 240 240 240 240 240 

Average Yield mj/d 44.6 75.0 64.6 58.3 59.2 49.6 60.8 

Median Yield m3/d 20.6 46.6 29.6 35.1 29.7 22.1 27.9 

No. of Bores Yield> 50 mJ/d 5 16 24 47 55 46 38 

No. of Bores Yield> 100 m3/d 3 9 14 22 29 22 23 

No. ofBores Yield> 150 m3/d 2 6 9 12 18 15 16 

No. of Bores Yield> 200 m3/d 2 5 7 7 13 12 15 

No. of Bores Yield- 240 rilld 2 4 4 7 12 9 12 
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Table 8.38 Statistical summary for the drawdown at the observation sites at IO% 

Hydraulic Gradient Reduction tolerance fraction and maximum pumping 

use= 240 m3/d 

Statistics Layer 1 Layer 5 Layer 10 Layer 15 Layer 20 Layer 25 Layer30 
MinDD(m) 0 0 0 0 0 0 0 
AveDD (m) 0.07 0.09 0.15 0.31 0.39 0.39 0.39 
MaxDD(m) 20.34 6.05 13.30 9.36 12.42 10.23 8.59 
Total OBS 2838 2838 2838 2838 2838 2838 2838 

DD 0 1625 1414 1055 719 714 695 627 
DD<5m 2835 2836 2832 2817 2807 2810 2814 

DD>5m 3 2 6 21 30 27 23 

DD>10m 1 0 1 0 3 1 0 

DD>15m 1 0 0 0 0 0 0 

DD>20m 1 0 0 0 0 0 0 

DD>30m 0 0 0 0 0 0 0 

8.5.2.6.2 Trade-Off Curve 

MODFLOW-SURFACT was run, after importing the optimal pumping cells for each 

run, to evaluate the percent of the baseflow reduction for each scenario. Table 8.39 

shows that the reduction of baseflow was less than 4% in the first 10 layers. In the 

middle and the bottom layers, the baseflow reduction was about 10% with I 0% 

hydraulic gradient reduction. Also the results show that there is a minor impact of 
baseflow in the area adjacent to the water sharing plan (Zone 2: Brisbane-Water, 

Ourimbah and Wyong catchments) during the pumping from the water sharing plan area 

(Zone I) and it increases gradually as the water is extracted from the deep layers. 
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Table 8.39 Variation in actual baseflow reduction with layers at 10% hydraulic gradient 

reduction 

Baseflow (m3/d) 

Zone SDF Layer Layer Layer Layer Layer Layer Layer 
No. only 1 5 10 15 20 25 30 

Total Baseflow 
81400 81215 81088 80684 79816 79204 79211 78982 

Z1 (WSP) Baseflow 
10033 9931 9854 9634 9095 8912 8968 9303 

Z2 Baseflow 
36804 36754 36724 36639 36607 36532 36526 36424 

Nominal Z1 (%) 1.02% 1.78% 3.97% 9.35% 11.17% 10.61% 7.27% 

Nominal Z2 (%) 0.14% 0.22% 0.45% 0.53% 0.74% 0.76% 1.03% 

Due to the fact that most actual bores are located in the middle layers in the water 

sharing plan area, layer 15 was selected to estimate the sustainable yield by changing 

the hydraulic gradient reduction tolerance fraction from 0.1% to 10%. This scenario was 

run by assuming the maximum withdrawal rate for each individual cell in layer 15 to be 

240 m3 /d. The minimum withdrawal rate for each cell was set equal to zero. The results 

are tabulated in Table 8.40 where the sustainable yield increases from 325 MUyr to 

2765 MUyr as the hydraulic gradient reduction varies from 0.1% to 10%. The location 

map for the optimal pumping bores at I 0% is presented in Figure 8.27. 

Table 8.40 Sustainable yield in Layer 15 and at Maximum Pumping Use 240 m
3
/d 

Water Sharing Sustainable Yield (ML/Yr) 

Plan Area (WSP) 0.1% 1% 5% 10% 

Hypothetical Bores 30 270 1330 2470 

SDFBores 295 295 295 295 

Total 325 565 1625 2765 
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Figure 8.27 Location map for the optimal hypothetical pumping cells at Layer 15 and 

change ofthe hydraulic gradient by 10% 

MOD FLOW -SURF ACT was run, after importing the optimal pumping cells for this 

run, to determine the percent of the actual baseflow reduction, Table 8.41. The results 

reveal that the percent of the baseflow reduction is almost directly proportional to the 

change of the hydraulic gradient reduction tolerance fraction. Figure 8.28 illustrates the 
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nearly linear relationship between these two components with 0.9769 the determination 

coefficient. In the trade-off curve was plotted in Figure 8.29, it can be noted that the 

sustainable yield at 10% baseflow reduction in the water sharing plan area and in layer 

15 will be about 3000 ML/yr. This suggests no advantage over the disposition of the 

existing production bore network. 

Table 8.41 Actual baseflow reduction in layer 15 

Zone Baseflow (m3/d) 

No. SDF only 0.1% 1% 5% 10% 

Total Baseflow 
81400 81377 81173 80479 79816 

Zl (WSP) Baseflow 
10033 10015 9868 9424 9095 

Z2 Baseflow 36804 36803 36785 36709 36607 
Nominal Z1 (%) 0.18% 1.64% 6.06% 9.35% 

Nominal Z2 (%) 0.00% 0.05% 0.26% 0.53% 
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Figure 8.28 Baseflow reduction versus hydraulic gradient reduction in Layer 15 
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Figure 8.29 Trade-off curve for hypothetical pumping cells at Layer 15 in 

water sharing plan area 

8.5.3 Transient Optimisation Scenarios 

The objective of the transient optimisation scenarios is to estimate the sustainable yield 

and to evaluate the baseflow reduction for each catchment due to the seasonal variation 

of rainfall between summer, autumn, winter and spring. Moreover, another two 

scenarios have been designed to estimate the sustainable yield in case of extreme dry 

and wet conditions based on the historical data of Gosford and Peats Ridge rainfall 

stations. These scenarios will help to prepare climatic trade-off curves for the Water 

Sharing Plan area as well as for Wyong, Ourimbah and Brisbane Water catchments. The 

climatic trade-off curves for Kulnura-Mangrove catchments will help the decision 

makers to determine the sustainable yield and baseflow reduction based on the rainfall 

conditions. 

These scenarios were run by activating the pumping cells to be operating at the same 

time from all catchments. As in all the previous scenarios, the minimum and the 

maximum withdrawal rate for each individual cell was set equal to zero and 240 m3 /d, 

respectively. Also this scenario was run by changing the hydraulic gradient reduction 

tolerance fraction through 0.1 %, 1%, 5% and 10%. 
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8.5.3.1 Rainfall-Recharge Analysis 

Because Peats Ridge rainfall station is located at the centre of the model area, it was 

selected to analyse the seasonal rainfall for the optimisation purposes. As discussed in 

section 3 of this report, the average annual rainfall at Peats ridge rainfall station is about 

1235 mm. Rainfall is highest in summer and autumn months whereas winter and spring 

have less rainfall. The average rainfall ranges between about 230 mm in winter to 385 

mm in autumn, Figure 8.30. 
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Figure 8.30 Seasonal rainfall variations at Peats Ridge rainfall station 
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To determine the extreme dry and wet conditions, the cumulative rainfall distribution 

function for the Gosford and Peats Ridge rainfall stations were plotted as shown in 

Figures 8.31 and 8.32. Generally, both stations have the same trend of cumulative 

rainfall frequency curve. The frequency of rainfall at 25% and 75% were selected to 

represent the extreme dry and wet conditions for Kulnura-Mangrove area. 
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Gosford Rainfall Station (Julyl916-May2003) 
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Figure 8.31 Cumulative distribution function for Gosford rainfall station 

Peats Ridge Rainfall Station (Oct1981-Aug2005) 
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Figure 8.32 Cumulative distribution function for Gosford rainfall station 

From Figures 8.31 and 8.32, the rainfall at 25% and 75% frequency is about 40 

mm/month and 140 mm/month, respectively. Based on these values as well as the 

rainfall values in summer, autumn, winter and spring, the fractions of direct rainfall 

253 



recharge for the 13 recharge zones in the model area were calculated for each rainfall 

value then introduced into Groundwater Vistas software via the recharge package. 

8.5.3.2 Optimisation Models 

Six separate optimisation models were designed to cope with the six different climate 

conditions. For these scenarios, one planning period representing 12 months was 

assumed. This effectively means that a steady-state optimisation was run for each 

climate option, rather than a transient optimisation with time-varying recharge. The 

response matrix for each optimisation model was created for 361 pumping sites and 

2838 observation sites. The 361 pumping sites represent the actual pumping cells in all 

catchments and the candidate hypothetical pumping cells for Ourimbah and Wyong 

catchments that were deemed optimal in the steady state optimisation scenario 5 

(8.5.2.5). Table 8.42 illustrates the distribution of pumping sites within the catchment 

area. 

Table 8.42 Number of the pumping cells location within the catchment 

Zone Catchment Number of Pumping Type 
Cells 

1 Water Sharin__g_ Plan Area (WSP) 81 Actual 
2 Brisbane-Water 45 Actual 
3 Woy-Wo_y_@_risbane-Water) 4 Actual 
4 Ourimbah 4 Actual 

5 Ourimbah 84 Hypothetical 

6 Wyong 14 Actual 

7 Wyon__g_ 129 Hypothetical 

Total 361 

Table 8.43 summarises the sustainable yield for each catchment during the average, 

summer, autumn, winter and spring seasons when the hydraulic gradient varies from 

0.1% to 10%. The results for dzy and wet conditions are presented in Table 8.44. 

The following points can be noted from Tables 8.43 and 8.44: 

• The sustainable yield in the water sharing plan area (WSP) at 10% of 
hydraulic gradient change ranges from 1390 MUyr in winter season to 
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• 

• 

• 

• 

3600 ML/yr at autumn season. This range will be from 810 MUyr to 3830 
ML!yr during dry and wet conditions, respectively. 

The highest sustainable yield at 10% of hydraulic gradient change is 
recorded in autumn season at Wyong catchment as 4830 ML/yr. This 
figure can be increased to 5095 ML/yr during wet conditions. 

The lowest sustainable yield at 10% of hydraulic gradient change is 
recorded in winter season at Ourimbah catchment as 1170 MUyr and this 
figure can be decreased to 595 ML!yr during the dry conditions. 

The pumping cells in Woy Woy area of the Brisbane-Water catchment is 
almost steady with different climatic conditions as well as with the change 
of the hydraulic gradient reduction tolerance fraction. This is due to the 
locations of these pumping cells in Quaternary Alluvium and those cells 
are not bounded by the hydraulic gradient constraint. 

All catchments combined range in sustainable yield from 4,900 ML/year 
(dry) to about 14,400 MUyear (wet) with 10% change in hydraulic 
gradient. 
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Table 8.44 Sustainable yield variations with hydraulic gradient reduction tolerance 

fraction in all catchments for each season 

Sustainable Yield (M L/yr) 

Catchment Type of Bores Dry Condition 140 mm/month) Wet Coadltlon C140 mm,IIIUtlltbl 

0.1% 1% 5% 10% 0.1% 1% 5% 10% 

Actual Bores 5 50 255 515 60 610 2595 3535 

WSP SDF Bores 295 295 295 295 295 295 295 295 

Total 300 345 550 810 355 905 2890 3830 

Actual Bores (Zone 2) 170 491 765 935 375 810 1325 1630 

Brisbane Actual Bores Woy Woy (Zone 3) 755 915 920 925 915 930 1000 1000 

SDF Bores 480 480 480 480 480 480 480 480 

Total 1405 1886 2165 2340 1770 2220 2805 3110 

Actual Bores 0 2 10 15 I 5 15 45 

Ourimbah Hypothetical Bores 5 45 220 425 40 330 1255 2150 

SDF Bores 155 155 155 155 155 !55 155 155 

Total 160 202 385 595 196 490 1425 2350 

Actual Bores 0 I 5 10 10 35 75 95 

Wyong Hypothetical Bores 10 115 560 1025 465 1640 3725 4880 

SDF Bores 120 120 120 120 120 120 120 120 

Total 130 236 685 1155 595 1795 3920 5095 

The statistical summary for the optimal pumping cells in each climatic condition at 10% 

of hydraulic gradient change is listed in Table 8.45. The following conclusions can be 

drawn: 

• The minimum and maximum average yield (per cell) is 29.3 m3/d and 
101.1 m3 /d during the dry and wet conditions, respectively. 

• During the four seasons, the average yield can range from 52.6 m3/d in 
winter season to 95.6 m3/d at autumn season. 

• The number of the candidate pumping cells having reached the maximum 
withdrawal limit 240 m3/d is 12 and 98 of the total 361 pumping cells 
during the dry and wet conditions, respectively. 

• The range in the number of the candidate pumping cells having reached 
the maximum withdrawal limit 240 m3 /d is 45 at winter season to 94 at 
autumn season. 

The location maps for all optimal pumping cells for each season and condition are 

presented in Figure 8.33 to 8.38. 
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Table 8.45 Statistical summary for the optimal pumping bores at I 0% hydraulic 
d' d I fi gra tent re uct10n to erance ract10n 

Statistics Summer Autumn Winter Spring Dry Wet 
Minimum Yield m3/d 0.0 0.0 0.0 0.0 0.0 0.0 
Average Yield m3/d 87.4 95.6 52.6 61.4 29.3 101.1 

Maximum Yield m3/d 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 
Total Bores 361 361 361 361 361 361 

No. of Bores Yield= 0 m3/d ll8 93 148 138 223 100 
No. of Bores Yield> 50 m3/d 138 152 89 105 49 167 
No. of Bores Yield> 100 m3/d 121 129 69 78 31 144 
No. ofBores Yield> 150 m3/d lOO 109 49 59 22 121 
No. of Bores Yield> 200 m3/d 92 103 40 51 17 106 
No. of Bores Yield= 240 m3/d 83 94 31 45 12 98 
No. of Bores Yield= 500 m3/d 1 1 1 1 1 1 

No. of Bores Yield= 1000 m3/d 2 2 2 2 2 2 
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Figure 8.33 Optimal pumping cells location map in summer season 
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Figure 8.34 Optimal pumping cells location map in autumn season 
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Figure 8.35 Optimal pumping cells location map in winter season 
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Figure 8.36 Optimal pumping cells location map in spring season 
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Figure 8.37 Optimal pumping cells location map in dry condition 
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Figure 8.38 Optimal pumping cells location map in wet condition 
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The statistical summary for the drawdown at the observation sites is shown in Table 

8.46. As in all the previous scenarios, the total observation sites in the model was 2838; 

the average drawdown in these sites ranges between 0.4 m and 0.5 m while the 

maximum drawdown varies between 18.4 m in the winter season and 27.5 m in autumn 

season. Autumn season and the wet conditions scenarios have the largest number of the 

observation sites with drawdown equal to zero, while the dry condition has the lowest 

number. The location maps of the drawdown range at the observation sites for each 

climatic condition are presented in Figures 8.39 to 8.44. 

Table 8.46 Statistical summary for the drawdown at the observation sites at I 0% 
h d r ad' d · 1 rr t' ty< rau 1c gr: 1ent re uct10n to erance ac 1on 

Statistics Summer Autumn Winter Spring D_!Y_ Wet 
Minimum DD (m) 0.0 0.0 0.0 0.0 0.0 0.0 
Average DD (m) 0.5 0.5 0.4 0.5 0.4 0.5 

Maximum DD (m) 24.6 27.5 18.4 23.1 23.8 26.7 
DD-Om 557 610 435 495 276 652 
DD<Sm 2779 2785 2818 2792 2821 2776 
DD>Sm 59 53 20 46 17 62 
DD>lOm 14 13 5 11 6 20 
DD> 15 m 6 6 3 5 1 6 
DD>20m 4 3 0 1 1 3 

DD>30m 0 0 0 0 0 0 

Total Observation Sites 2838 2838 2838 2838 2838 2838 
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Figure 8.39 Optimal cell drawdown at the observation sites in all catchments during 

summer season 
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Figure 8.40 Optimal cell drawdown at the observation sites in all catchments during 

autumn season 
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Figure 8.41 Optimal cell drawdown at the observation sites in all catchments during 

winter season 
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Figure 8.42 Optimal cell drawdown at the observation sites in all catchments during 

spnng season 
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Figure 8.43 Optimal cell drawdown at the observation sites in all catchments during dry 

condition 
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Figure 8.44 Optimal cell drawdown at the observation sites in all catchments 

during wet condition 
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8.5.3.2.1 Trade-Off Curves 

The actual percent of the baseflow reduction was calculated by a sequence of 

MODFLOW-SURFACT runs to evaluate the baseflow reduction for each climatic 

condition from all catchments and their individual creeks as well as for the total water 

sharing plan and the outside areas when the pumping occurred at the same time. The 

results from these runs are presented in Table 8.4 7 to 8.52. The results reveal that an 

almost linear relationship holds between the actual baseflow reduction and the hydraulic 

gradient for each individual creek, catchment and zone for each climatic condition. 

However the actual change ofbaseflow due to the change of the hydraulic gradient was 

not linear in Brisbane-Water catchment and Jilliby creek during the dry season only, 

Table 68. By changing the hydraulic gradient by 10%, the actual baseflow reduced by 

1.2% and 2.8% in Brisbane-Water catchment and Jilliby creek, respectively. This is 

because the actual baseflow in Brisbane-Water catchment without changing the 

hydraulic gradient at the dry season is 478 m3/d and for Jilliby creek is 332 m3/d; these 

values are very low in comparison with their values in wet conditions (Baseflow in 

Brisbane-Water = 4571 m3/d and in Jilliby creek= 8089 m3/d). This means that the 

base flow in both Brisbane-Water catchment and Jilliby creek has been lost due to the 

climatic conditions, regardless of any pumping impact. 

It can be noted also from the Tables 8.47 to 8.52 that the baseflow reduction at 

Ourimbah Creek, particularly reach 301, exceeds 10% when the hydraulic gradient 

changes by 10%. This result becomes very clear during the dry season, Table 8.51, 

where the baseflow at Ourimbah Creek reach 301 reduced by about 14% when the 

hydraulic gradient changes by 10%. This is due to, as described in scenario 5 under 

steady state optimisation scenarios, the hydraulic connection between the aquifer 

systems in the high plateau of the Mangrove Mountain and the Ourimbah Creek 

catchment. Therefore, the pumping from the Mangrove Mountain has some impacts on 

the baseflow of Ourimbah Creek. 

272 



Table 8.47 Actual baseflow reduction in all zones during surnmer conditions 

Area/Reach Summer Baseflow (m3/d} 
SDF only 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 107481 107385 106603 104195 101800 
WSP Area Baseflow 13569 13559 13450 12953 12476 
Outside WSP Area Baseflow 50187 50107 49490 47848 46188 
Brisbane Water Baseflow 3688 3676 3622 3521 3402 
Total Ourimbah Catchment Baseflow 15669 15649 15474 14836 14141 

Ourimbah Creek Reach 300 6207 6203 6158 5945 5644 
Ourimbah Creek Reach 301 10722 10705 10554 10004 9543 

Total Wyong Catchment Baseflow 30415 30367 29977 29061 28205 
Wyong River Reach 400 7240 7221 7153 6921 6697 
Wyong River Reach 401 16552 16537 16336 15823 15354 
Jilliby Creek Reach 201 6259 6245 6125 5965 5804 

Total Baseflow WSP +Outside WSP 63756 63666 62941 60801 58664 
Nominal WSP 0.07% 0.88% 4.54% 8.05% 
Nominal Outside WSP 0.16% 1.39% 4.66% 7.97% 
Nominal Brisbane Water 0.32% 1.79% 4.53% 7.76% 

Nominal Ourimbah Catchment 0.13% 1.25% 5.32% 9.75% 

Nominal Ourimbah Creek Reach 300 0.07% 0.79% 4.23% 9.07% 

Nominal Ourimbah Creek Reach 301 0.15% 1.57% 6.69% 10.99% 

Nominal Wyong River 0.16% 1.44% 4.45% 7.27% 

Nominal Wyong River Reach 400 0.27% 1.20% 4.41% 7.50% 

Nominal Wyong River Reach 401 0.09% 1.31% 4.40% 7.24% 

Nominal Jilliby Creek Reach 201 0.22% 2.13% 4.70% 7.27% 

Nominal Total WSP +Outside WSP 0.14% 1.28% 4.63% 7.99% 
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Table 8.48 Actual baseflow reduction in all zones during autumn conditions 

Area /Reach Autumn Baseflow (m3/d) 
SDF only 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 113920 113806 112863 109964 107338 
WSP Area Baseflow 14478 14467 14354 13830 13408 

Outside WSP Area Baseflow 53511 53416 52649 50546 48563 
Brisbane Water Baseflow 3958 3946 3883 3745 3627 

Total Ourimbah Catchment Baseflow 16591 16565 16353 15613 14842 
Ourimbah Creek Reach 300 6717 6710 6640 6375 6033 
Ourimbah Creek Reach 301 11226 11207 11047 10465 9984 

Total Wyong Catchment Baseflow 32437 32380 31884 30648 29544 
Wvong River Reach 400 7639 7619 7550 7306 7088 
Wyong River Reach 401 17558 17535 17253 16449 15727 
Jilliby Creek Reach 201 6817 6802 6658 6480 6319 

Total Baseflow WSP +Outside WSP 67989 67883 67002 64376 61971 
Nominal WSP 0.08% 0.86% 4.48%. 7.39% 

Nominal Outside WSP 0.18% 1.61% 5.54% 9.25% 
Nominal Brisbane Water 0.30% 1.88% 5.38% 8.36% 

Nominal Ourimbah Catchment 0.15% 1.43% 5.89% 10.54% 
Nominal Ourimbah Creek Reach 300 0.11% 1.15% 5.09% 10.19% 
Nominal Ourimbah Creek Reach 301 0.17% 1.60% 6.78% 11.06% 

Nominal Wyong River 0.18% 1.71% 5.52% 8.92% 
Nominal Wvong River Reach 400 0.25% 1.16% 4.36% 7.21% 
Nominal Wyong River Reach 401 0.13% 1.74% 6.31% 10.43% 
Nominal Jilliby Creek Reach 201 0.21% 2.32% 4.94% 7.30% 

Nominal Total WSP +Outside WSP 0.16% 1.45% 5.31% 8.85% 
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Table 8.49 Actual baseflow reduction in all zones during winter conditions 

Area/Reach Winter Baseflow m3/d) 
SDF only 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 55265 55223 54893 53401 52030 
WSP Area Baseflow 6385 6379 6322 6070 5860 
Outside WSP Area Baseflow 24153 24119 23873 22744 21707 
Brisbane Water Baseflow 1730 1728 1709 1644 1567 
Total Ourirnbah Catchment Baseflow 8006 7998 7925 7585 7182 

Ourimbah Creek Reach 300 2209 2207 2194 2132 2053 
Ourimbah Creek Reach 301 6291 6285 6223 5938 5607 

Total Wyong Catchment Baseflow 14477 14453 14299 13571 13009 
Wyong River Reach 400 3794 3784 3744 3534 3355 
Wyong River Reach 401 8566 8555 8452 8001 7705 
Jilliby Creek Reach 201 2097 2096 2083 2016 1932 

Total Baseflow WSP +Outside WSP 30537 30498 30195 28815 27568 
NominaJWSP 0.10% 0.99% 4.93% 8.21% 
Nominal Outside WSP 0.14% 1.16% 5.83% 10.12% 

Nominal Brisbane Water 0.11% 1.23% 4.95% 9.45% 
Nominal Ourirnbah Catchment 0.10% 1.01% 5.26% 10.30% 

Nominal Ourirnbah Creek Reach 300 0.07% 0.67% 3.47% 7.06% 
Nominal Ourirnbah Creek Reach 301 0.11% 1.08% 5.61% 10.88% 

Nominal Wyong River 0.16% 1.23% 6.26% 10.14% 

Nominal Wyong River Reach 400 0.28% 1.33% 6.85% 11.58% 

Nominal Wyong River Reach 401 0.13% 1.33% 6.59% 10.05% 

Nominal Jilliby Creek Reach 201 0.06% 0.67% 3.87% 7.87% 

Nominal Total WSP +Outside WSP 0.13% 1.12% 5.64% 9.73% 

275 



Table 8.50 Actual baseflow reduction in all zones during spring conditions 

Area /Reach Sprin!! Baseflow m3/d) 
SDF only 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 68321 68272 67877 66254 64842 
WSP Area Baseflow 8179 8171 8093 7789 7539 
Outside WSP Area Baseflow 30491 30455 30189 29115 28153 
Brisbane Water Baseflow 2190 2189 2172 2101 2016 
Total Ourimbah Catchment Baseflow 9914 9910 9833 9511 9148 

Ourimbah Creek Reach 300 3115 3113 3090 2992 2864 
Ourimbah Creek Reach 30 I 7473 7469 7413 7178 6902 

Total Wyong Catchment Baseflow 18399 18369 18195 17508 16985 
Wyong River Reach 400 4678 4665 4601 4436 4303 
Wyong River Reach 401 10599 10591 10518 10114 9831 
Jilliby Creek Reach 201 3051 3043 3005 2889 2785 

Total Baseflow WSP +Outside WSP 38671 38626 38282 36904 35693 
Nominal WSP 0.11% 1.06% 4.77% 7.83% 
Nominal Outside WSP 0.12% 0.99% 4.51% 7.67% 
Nominal Brisbane Water 0.09% 0.84% 4.09% 7.97% 
Nominal Ourimbah Catchment 0.05% 0.82% 4.07% 7.73% 

Nominal Ourimbah Creek Reach 300 0.06% 0.79% 3.95% 8.04% 
Nominal Ourimbah Creek Reach 301 0.05% 0.80% 3.95% 7.64% 

Nominal Wyong River 0.16% 1.11% 4.84% 7.68% 
Nominal Wyong River Reach 400 0.28% 1.63% 5.17% 8.01% 
Nominal Wyong River Reach 401 0.08% 0.77% 4.58% 7.25% 
Nominal Jilliby Creek Reach 201 0.26% 1.51% 5.31% 8.73% 

Nominal Total WSP +Outside WSP 0.12% 1.00% 4.57% 7.70% 
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Table 8.51 Actual baseflow reduction in all zones during dry conditions 

Area /Reach Baseflow_(m3/d) at dry conditions (25%Rainfall) 
SDFonly 0.1% 1% 5% 10% 

Total Baseflow in the Model Area I9630 I9638 I9517 1897I I8478 
WSP Area Baseflow 1570 I569 1552 1483 1407 
Outside WSP Area Baseflow 8110 8103 8015 7622 7274 
Brisbane Water Baseflow 478 478 478 475 473 
Total Ourimbah Catchment Baseflow 2829 2827 2790 2623 2445 

Ourimbah Creek Reach 300 288 288 286 271 257 
Ourimbah Creek Reach 30 I 2573 2571 2535 2380 2213 

Total Wvong Catchment Baseflow 4863 4859 4808 458I 44I2 
Wyong River Reach 400 1126 1126 1113 1058 982 
Wvong River Reach 401 3405 3401 3363 3225 3I06 
Jillibv Creek Reach 20 I 332 332 33I 328. 323 

Total Baseflow WSP +Outside WSP 9680 9672 9567 9105 8681 
Nominal WSP 0.09% 1.14% 5.54% 10.40% 
Nominal Outside WSP 0.08% 1.17% 6.02% 10.3I% 
Nominal Brisbane Water 0.00% 0.12% 0.63% 1.22% 
Nominal Ourimbah Catchment 0.07% 1.37% 7.27% 13.57% 

Nominal Ourimbah Creek Reach 300 0.10% 0.68% 5.81% 10.86% 
Nominal Ourimbah Creek Reach 301 0.07% 1.46% 7.49% 13.99% 

Nominal Wyong River 0.09% 1.15% 5.80% 9.28% 
Nominal Wyong River Reach 400 0.06% 1.16% 6.03% 12.78% 
Nominal Wyong River Reach 401 0.11% 1.23% 5.26% 8.76% 
Nominal Jilliby Creek Reach 201 0.02% 0.28% 1.43% 2.78% 

Nominal Total WSP +Outside WSP 0.08% 1.16% 5.94% 10.32% 
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Table 8.52 Actual baseflow reduction in all zones during wet conditions 

Area /Reach Baseflow (m3/d) at dry conditions (75%Rainfall) 
SDF only 0.1% 1% 5% 10% 

Total Baseflow in the Model Area 128440 128318 127291 124088 121550 
WSP Area Baseflow 16456 16442 16300 15615 15320 

Outside WSP Area Baseflow 61131 61030 60204 57958 55855 
Brisbane Water Baseflow 4571 4567 4523 4330 4209 

Total Ourimbah Catchment Baseflow 18680 18653 18433 17694 16720 
Ourimbah Creek Reach 300 7880 7871 7789 7488 7002 
Ourimbah Creek Reach 301 12361 12339 12160 11560 11019 

Total Wvong Catchment Baseflow 37083 37013 36448 35119 34095 

Wvong River Reach 400 8518 8497 8420 8158 7913 

Wyong River Reach 401 19918 19890 19613 18780 18209 

Jilliby Creek Reach 201 8089 8067 7858 7633 7425 

Total Baseflow WSP +Outside WSP 77587 77472 76504 73573 71175 

Nominal WSP 0.08% 0.95% 5.11% 6.90% 

Nominal Outside WSP 0.17% 1.52% 5.19% 8.63% 

Nominal Brisbane Water 0.08% 1.03% 5.28% 7.90% 

Nominal Ourimbah Catchment 0.15% 1.33% 5.28% 10.50% 

Nominal Ourimbah Creek Reach 300 0.11% 1.16% 4.97% 11.15% 

Nominal Ourimbah Creek Reach 301 0.17% 1.62% 6.48% 10.86% 

Nominal Wvong River 0.19% 1.71% 5.30% 8.06% 

Nominal Wyong River Reach 400 0.24% 1.15% 4.22% 7.10% 

Nominal Wyong River Reach 401 0.14% 1.53% 5.71% 8.58% 

Nominal Jilliby Creek Reach 201 0.27% 2.85% 5.63% 8.20% 

Nominal Total WSP +Outside WSP 0.15% 1.40% 5.17% 8.26% 

The trade-off curves are prepared for each catchment under each season in Figures 8.45-

8.49. Table 8.53 summarises the sustainable yield for each catchment under seven 

climate conditions at 10% baseflow reduction. The sustainable yield in the water 

sharing plan area ranges from 800 MUyr in a dry season to 5,500 MUyr in a wet 

season. The total sustainable yield in all areas at 10% baseflow reduction varies between 

4,800 to 16,000 MUyr in dry and wet conditions, respectively. The sustainable yields 

for each catchment and as a combination are plotted against the rainfall in Figures 8.50 

and 8.51, respectively. These figures can be used to easily estimate the sustainable yield 

for each catchment under different rainfall values. 
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Figure 8.45 Trade-off curves for the water sharing plan under different 
climate conditions 
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Figure 8.46 Trade-off curves for the Wyong catchment under different climate 

conditions 
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Figure 8.47 Trade-off curves for the Ourimbah catchment under different 

climate conditions 
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Figure 8.48 Trade-off curves for the Brisbane-Water catchment under different 

climate conditions 
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Figure 8.49 Trade-off curves for the combination water sharing plan and 
the outside areas under different climate conditions 

Table 8.53 Sustainable yield for each catchment at 10% baseflow 
reduction under different climate conditions 

Area I Catchment Sustainable Yield (ML/yr) 

Average Summer Autumn Winter Spring 
WSP Area 3000 4000 4500 1500 2800 

Brisbane-Water Catchment (Outside WSP) 2850 3000 3150 2450 2500 
Ourimbah Catchment (Outside WSP) 1600 1800 2100 1100 1600 

Wyong Catchment (Outside WSP) 4500 4800 5000 3000 3600 

WSP + Outside WSP Areas 11950 13600 14750 8050 10500 
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CHAPTER NINE 

9.0 SUMMARY AND CONCLUSION 

9.1 INTRODUCTION 

This study demonstrates the applicability of rigorous coupled simulation and 

optimisation models to a real-world very large scale problem. 

The objectives of this research as discussed in Chapter 1 are: 

1. To determine the sustainable yield(s) of the aquifer system in relation to 

extraction limits from both groundwater and surface water; 

2. To determine the magnitude, distribution and dynamics of baseflow to the 

streams which drain the Kulnura- Mangrove Mountain Aquifer (KMMA); 

3. To determine groundwater entitlement limits that would preserve baseflow to 

streams in order to facilitate groundwater allocation policy; 

4. To explore how groundwater extraction limits would change for tolerable 

reductions in baseflow; 

5. To provide DNR and GWCWA with a groundwater model that can be used to 

make decisions regarding water planning and allocation. 

This research is an essential element to an integrated approach to water management on 

the Central Coast of New South Wales and supports the objectives of the Central Coast 

Catchment Management Board. The outputs of the research will be incorporated into 

the five-year review period of the groundwater sharing plan and water management plan 

developed within the catchment. 
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9.2 STUDY AREA 

The study area, as illustrated in Figure 3.1 of Chapter 3, is located north of Sydney, and 

inland from Gosford, between 319000 to 359000 east and from 6283500 to 6342500 

north according to the AMG coordinate system, Figure 3.1. It consists of nine 

catchments: lower Mangrove, upper Mangrove, lower Popran, upper Popran, lower 

Mooney, upper Mooney, Brisbane-Water, Ourimbah and Wyong catchments. 

9.3 :METHODOLOGY 

The research objectives were achieved by developing a management model that couples 

groundwater simulation model MODFLOW-SURFACT with an optimisation model 

using OPTIMAQ software and GAMS optimiser. The simulation model MODFLOW

SURF ACT is an advanced version of the industry-standard MOD FLOW developed by 

the United States Geological Survey. 

The first step was to develop a 3-dimensional flow model of the entire Kulnura

Mangrove aquifer systems, bordered by the streams. The model aimed to replicate 

observed variations in groundwater levels, and stream flows (baseflow) of the available 

data record for rainfall, baseflow and groundwater allocation. 

The second step was to develop an optimisation model that has the capability to 

preserve the stream baseflow in the study area and at the same time to maximise the 

ground water extractions from the aquifer systems. 

9.4 DATAANALYSIS 

The climatological data such as rainfall, temperature, evaporation, humidity and wind 

speed were analysed for the study area. The mean annual rainfall ranges from 900 mm 

in the southwestern parts in the lower Mangrove catchment to 1300 mm at the northern 
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highest elevation in Wyong catchment. Generally, the mean annual rainfall decreases 

from East to West over the study area. 

Residual rainfall mass curves were prepared for four rainfall stations. The residual mass 

curve indicates the long term trends in rainfall where the four curves show the same 

cyclic pattern of rainfall over the study area, with steady rainfall from the mid of 1980 

up to 1987 then more than the average up to late 1990 to the present and lower than the 

average from late 1990 up to the present. 

The residual rainfall mass curve for Peats Ridge Rainfall station was plotted against 

stream flow for 5 flow gauge stations and the monitoring bores hydro graphs. The results 

showed very high correlation between them. The large stream flows occurred during the 

high rainfall period (mid 1987 to late 1990) and low flows during the low rainfall period 

(late 1990 to the present). For the monitoring bores hydrographs the results illustrated 

that the groundwater hydrographs appear similar to residual rainfall mass curves and 

groundwater levels reflect normal variation with seasonal condition. As the residual 

rainfall curve goes down (dry times), the ground water level falls due to less rain and 

possibly higher use of pumping bores, while rainfall recharge and recovery take place in 

wetter times when there is conversely less use of pumping water. It is clear that the 

dynamics of this aquifer system are controlled by rainfall. 

9.5 GEOLOGY 

The geology of the study area is divided into two main parts: Narrabeen Group and 

Hawkesbury Sandstone, both of the Triassic age. Quaternary Alluvium and Basalt rocks 

also outcrop in the study area. The maximum thickness of the Hawkesbury Sandstone 

Formation is about 250 m and consists of flat-lying strata contrasting between Sheet 

Sandstone and Massive Sandstone Facies. Narrabeen Group underlies the Hawkesbury 

Sandstone and outcrops at the eastern part of the study area as well as at the lower 

reaches of the creeks. 
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9.6 IIYDROGEOLOGY Al\'D GROUNDWATER MOVEMENT 

The Aquifer Systems in the study area are controlled by the Hawkesbury Sandstone 

Formation where the Aquifer Zones are flat-lying contrasting between Sheet Sandstone 

and Massive Sandstone Facies. Sheet Sandstone Facies represent the main aquifer 

systems in the study area with notional 5 m thicknesses and act as Semi-Confined 

Aquifers apart from an initial Unconfined Aquifer hosting the water table. The Massive 

Facies Sandstone strata have thicknesses ranging between I 0-30 m and act as Aquitards. 

The Narrabeen Group, Tertiary Volcanics and Alluvium Deposits are included in the 

study area as additional aquifers/aquitards. 

The groundwater in the study area is controlled by the topography, as it moves from 

high pressure (head) to low pressure (head). The direction of the groundwater hydraulic 

gradient is toward the creeks at lower elevations and in places the hydraulic gradient 

becomes quite steep, especially at Mangrove Creek. 

9. 7 CON"CEPTUAL :MoDEL 

The conceptual model for this aquifer system was designed as multiple flat 

hydrogeological layers which reflect the contrast between the Sheet and Massive 

Sandstone Facies for the 250 m thickness of the Hawkesbury Sandstone Formation. The 

first model layer represents the Upper Aquifer which consists of Unsaturated Sandstone 

and Sheet Sandstone. It is modelled as an Unconfmed Aquifer. The Massive Sandstone 

Aquitard represents the second layer in the conceptual model. The third model layer 

represents the Middle Aquifer (Sheet Sandstone) and is modelled as a Semi-Confined 

Aquifer. Thereafter, layers of Massive and Sheet sandstone alternate. The lowermost 

model layers represent the Basal Narrabeen Group and they are modelled as Semi

Confined. 
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The dominant recharge processes, as shown in Figure 5.4, are the infiltration from 

rainfall and irrigation while abstraction, evapotranspiration, seepage face, springs 

outflow and baseflow are the dominant discharge processes in the aquifer system. 

9.8 GROUNDWATER FLOW MODEL 

Groundwater Vistas version 4.19 was used as the graphic user interface to MODFLOW 

SURF ACT version 2.2 to simulate the behaviour of groundwater flow systems in the 

Kulnura - Mangrove Mountain area. This model simulates three dimensional 

groundwater flows by using finite difference techniques. MODFLOW-SURFACT was 

chosen over standard MODFLOW (McDonald, and Harbaugh, 1988) to obviate 

problems with dewatered (dry) model cells, and to handle unconfined sections of model 

layers in each layer that result in seepage faces. 

The model extent is 40 km (east-west) by 59 km (north-south) with a uniform cell size 

of 500 m resolution. It was necessarily coarse, with 500 m spatial resolution, as 

replication of a very large regional aquifer was required. There are 118 rows, 80 

columns, and 30 layers. Care has been taken to represent the streams and drainage lines 

to as much detail as possible within the limited resolution of 500 m, as the objective of 

the study is the determination of a sustainable yield for the aquifer system that preserves 

baseflow to the streams. This baseflow is a major component of the joint Councils' 

water supply. 

Due to the high grade in topography and the thin aquifer zones ( 5 m thickness), having 

only a few model layers cannot cover the whole elevation range. Therefore, more layers 

had to be added into the model to cover the whole thickness and to extend the 

stratigraphy to sea level. 

The input model parameters included aquifer thicknesses, composite initial groundwater 

level, baseflow estimation at 7 streamflow gauging stations and zones for: horizontal 
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and vertical hydraulic conductivity, rainfall recharge rate, evapotranspiration, streambed 

conductance, specific yield and storage coefficient. 

The boundary conditions varied substantially from layer to layer. For the lowest layer in 

the model (Layer 30), the physical boundary conditions were defined as constant heads 

at the Tasman Sea in the south and southeastern part of the model area, at Tuggerah 

Lake at the eastern part of the model domain and at the south western part of the model 

at the Hawkesbury River where head is considered fixed and set to a zero value (0 m 

AHD). Inactive cells (no-flow boundaries) are defined at the southern, northern and 

western parts of the model area. The internal cells are considered variable head cells. 

The drain boundaries were defined along Mangrove Creek, Popran Creek, Mooney 

Mooney Creek, Brisbane Water, Ourimbah Creek and Wyong River. 

The boundary conditions for layers 1 to layer 29 differed in not having constant head 

cells defined at major water bodies. In addition, the number of inactive cells increases 

with altitude. The layer top elevation increases gradually from 0 m AHD at layer 30 to 

360 m AHD at Mangrove Mountain in layer 1. As the elevation increases the internal 

cells that are defined as variable heads are converted gradually into no flow cells (air 

cells). 

The calibration results of the simulation model show that the model performs very well 

in representing the values and the patterns of groundwater level for both steady state and 

transient conditions, is able to reproduce large vertical hydraulic gradients between 

aquifer layers, and also replicates baseflow reasonably well. Under equilibrium 

conditions, the model estimates that the total rainfall recharge to the whole model area 

is in the order of 100,000 MUyear. Of this, somewhere between 28 % and 66 % 

(average 4 7 %) appears as base flow in streams. The figure is uncertain, as the model 

reports 38 % loss of groundwater through seepage faces, and much of this will appear 

eventually as delayed baseflow. About 20 % of the natural recharge to the aquifer is 

consumed by evapotranspiration from shallow water tables in support of native 

vegetation. Currently, less than 2% of the recharge is extracted by groundwater bores. 

The performance measures of the model calibration indicate that the model was 

calibrated very well where the root mean square error (RMS) is equal to 0.82 m. All the 
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scaled values (SMSR, RMFS, SRMFS, SRMS) are very low, which indicates that the 

error is a very small percentage of the overall regional model. The coefficient of 

determination R
2 

is almost equal to unity (0.998). Also, all the calibration heads targets 

( 1196 points) are located along the line of 45° in a scatter diagram of measured versus 

modelled heads. This proves that the spatial errors in the model are also very small. The 

conclusion can be drawn from these results that the behaviour of the overall regional 

complex model response of the multi-layer Kulnura Mangrove aquifer systems is very 

good using MODFLOW -SURF ACT simulation model. 

The total simulation time in the model was 7939 days (21.736 years), which represents 

250 stress periods. The global water budget for all model layers at the end of stress 

period 250 coincided very well with the steady state water budget which confirms very 

good model calibration. The successful use of MODFLOW-SURFACT gave good 

stability of numerical solution in replicating often large vertical head differences 

between the model layers. 

The base flow simulated by MODFLOW -SURF ACT was compared with that estimated 

using the Rybase recursive digital filter algorithm (Lyne and Rollick, 1979) for some of 

the creek reaches. The agreement between them was good especially at the median 

values (normal conditions). Generally, simulated baseflow by Surfact was less than that 

estimated during wet conditions and higher under dry conditions. For the wet 

conditions, the difference could be due to a significant amount of water at some drain 

cells being classified by MODFLOW SURF ACT as seepage faces, which will 

eventually become evapotranspiration or delayed baseflow. Whereas for the dry 

conditions, some researchers faced this problem with the comparison of simulated 

baseflow using MODRMS with techniques of hydrograph separation methods (Wemer 

et al., 2006). Other researchers such as Spongberg (2000) and Evans and Neal (2005) 

pointed out that complete separation of baseflow at low flow periods is not possible by 

using hydrograph separation methods such as the Lyne and Rollick (1979) algorithm. 

The sensitivity analysis examined the uncertainty in the model input parameters, namely 

the aquifer hydraulic parameters at the upper, middle and lower layers as well as the 

rainfall recharge. The results showed that current values of the horizontal hydraulic 
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conductivity are optimal. For the vertical hydraulic conductivity, the model would 

improve if the value at the lower model layers is increased by a factor of 10. The 

specific yield values are generally optimal but for the specific storage the model would 

benefit about 5% in residual if the value at the lower layers is increased by a factor of 10 

as well as some marginal benefits if the values of the middle and upper layers are 

increased by a factor of 10. Also the model showed that it is generally not sensitive to 

rainfall recharge zones, nor to the drain conductance. 

The current groundwater pumping from 600 licensed bores inside the model domain in 

the model is about 2585 MUyr which represents the total water allocation for these 

bores. The results of the no-pumping scenario over the total length of stress periods 

showed that only two monitoring bores (GW064051 and GW075010) were affected by 

the groundwater pumping. The hydrographs for these bores illustrated that with zero 

pumping, the water level at some periods of time will raise by 4 m in monitoring bore 

GW064051 and 6 m in GW075010. Also the results revealed that the baseflow nearby 

GW07501 0 has been completely intercepted during the pumping events. 

9.9 PARTICLE TRACKIN'G 

Particle tracking was carried out by two scenarios in this research to find the travel time 

and the path lines of the groundwater movement through the complex multi-layer 

aquifer systems in Kulnura-Mangrove area. 

The forward particle traces were defined in the first scenario to cover the layer 1 (top of 

the Mangrove Mountain) to find the travel time and path lines of ground water when it 

moves from the top of layer 1, which has recharge directly from rainfall, to the bottom 

layers. The results showed that most of the groundwater is captured by drain cells and a 

few by pumping cells. The groundwater needs more than 4000 years to move from layer 

1 to the bottom model layer (Layer 30). 
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In the second scenario, the particle starting locations were defmed at the 1350 drain 

cells across the 30 model layers and the scenario was run by backward tracking only to 

find the groundwater travel time and its pathline from and into the drain cells. The 

results revealed that the groundwater is mainly captured by the drain cells and in all 

directions, as the groundwater moves from the high plateau at the top of the Mangrove 

Mountain toward the creeks (drain cells) where the travel time ranges from a short time 

in the shallow aquifers to about 6000 years to reach the drain cells in the deep aquifers. 

The results also showed a good correlation between the groundwater pathlines and the 

surface drainage network. 

The particle tracking travel time results coincide with what was found in the isotope 

studies by ANSTO (Australian Nuclear Science and Technology Organisation) that 

suggest a groundwater age in this area between 2000 to 5000 years. 

9.10 OPTI~ISATION :MoDEL 

This thesis has made three original contributions using the optimisation technique in 

groundwater management: 

1. Using hydraulic gradient constraint to preserve the baseflow in a stream aquifer 

system where all the previous studies used minimum streamflow requirement or 

minimum streamflow depletion constraints to preserve the baseflow. 

2. Application of a coupled simulation-optimisation model to a very large real

world problem. The current study applies optimisation across 30 layers. 

Therefore, it is believed that this is the first study to couple more than a 1 0-layer 

simulation model with an optimisation program to preserve the baseflow using 

the hydraulic gradient constraint. 

3. It is believed that this is the first time that rigorous trade-off curves between 

sustainable yield and baseflow reduction have been developed for a stream

aquifer system in Australia. 
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The optimisation model was developed with the objective of preserving stream 

baseflow within tolerable limits while maximising the pumping rates from the aquifer 

system. This was achieved by using hydraulic gradient constraint to force the 

groundwater levels close to the streams to be maintained. The hydraulic gradient is the 

difference between the aquifer hydraulic head and the stage of the stream, over the 

separation distance between the neighbouring cells. 

Two large response matrices were generated using the OPTIMAQ software to relate the 

drawdown at each of the 2838 observation sites at the end of one 12-month planning 

period to the pulsing rate 200 m3 /d for each of 4562 pumping cells for scenario 1 to 5 

and for each of 5722 pumping cells for scenario 6. 

Six steady state optimisation scenarios were carried out with maximum pumping use at 

240 m
3/d per cell, with higher limits in alluvial cells. Constraints were designed in tenns 

of hydraulic gradient, with reduction tolerance ranges from 0.1 % to 10 %. Conversion 

from hydraulic gradient reduction to baseflow reduction was achieved by running 

reported optimal production patterns through the model in simulation mode. Most of the 

time, there is a reasonably linear relationship between the two. 

Scenarios 1 to 4 were designed to estimate the sustainable yield and the trade-off curve 

for each catchment separately. Scenario 5 was run by activating the pumping cells from 

all catchments at the same time to get the optimisation model to specify the rate and the 

location of the optimal pumping cells and the sustainable yield for each catchment in 

the case of all pumping cells operating together. Scenario 6 investigated the optimal 

extraction layer in the water sharing plan area by defining a hypothetical bore network 

at some of the proposed upper, middle and lower layers. 

The research has been successful in developing trade-off curves for sustainable yield 

versus reduction in baseflow separately and in combination for all catchments. It is a 

matter for stakeholders to agree on a point on the curve, as the ultimate decision is one 

of compromise - groundwater production versus surface water supply. 
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At 10% baseflow reduction (for example) during Scenarios 1 to 4, the sustainable yields 

are 3000 ML!yr, 2900 ML!yr, 1800 ML/yr and 4600 ML/yr in the Water Sharing Plan 

area, Brisbane-Water catchment, Ourimbah catchment and Wyong catchment 

respectively. 

The results of scenario 5 (all pumping cells from all catchments are active) showed that 

at 5% hydraulic change the sustainable yield for the water sharing plan area, Ourimbah 

and Wyong catchments reduced by 7.1 %, 10.2% and 3.3% respectively in the 

comparison with their sustainable yields from scenarios 1, 3 and 4. From this can be 

concluded that the aquifer systems between WSP area and Ourimbah catchment are 

more hydraulically connected than with Wyong catchment. The results also revealed 

that there is no hydraulic connection of the aquifer systems between Brisbane-Water 

catchment and other catchments. 

The results of the combined trade-off curve showed that the total sustainable yield at 

10% baseflow reduction from the water sharing plan area, Brisbane-Water, Ourimbah 

and Wyong catchments is about 12000 ML/yr, where the water sharing plan area 

contributing 3000 ML!yr. 

An important outcome of the groundwater management model is the quantification of 

sustainable yield, and the current operational estimate (8000 MUyear) was refined 

during this research. The sustainable yield can be defmed, in the light of this research, 

as the amount of groundwater that can be withdrawn from the aquifer systems over one 

year that preserves the minimum amount ofbaseflow acceptable to stakeholders. Using 

10 % reduction in base flow as an example, it appears that the sustainable yield in the 

Water Sharing Plan area is about 3000 ML/year. This compares with the current plan 

figure of 8000 MIJyear. For the other catchments outside the WSP area, the sustainable 

yield is around 9000 ML/year. 

The optimization model was verified after each scenario by comparing the simulated 

drawdown by MODFLOW-SURFACT at each observation site with the drawdown 

calculated by GAMS using the response matrix. The comparison statistics on the 

draw down residuals for all scenarios showed that all the observation sites have very low 

293 



residuals with only a few observation sites having residuals greater than 1 m. This 

means that the theoretical linear drawdown was proved in this real large-scale model. 

The discrepancy is due to the dewatering of overlying cells in MODFLOW-SURFACT, 

whereas the response matrix cannot predict that a cell might become dry. 

A numerical experiment was conducted on a set of hypothetical bores as in scenario 6 

by "changing" their depths of access to water. This showed a peak sustainable yield of 

3600 MUyear (with 10 %hydraulic gradient reduction) if all bores are pumped from 

Layer 20. Going deeper is disadvantageous as the underlying Narrabeen sandstone is of 

lower permeability. It appears that there is only a marginal advantage in deepening 

existing bores. 

While the simulation model has been designed for regional assessment, it has potential 

for application to specific problem areas, such as water bottling and sand mining sites. 

The model cell size (500 m) will be too coarse for most site-specific applications. 

However, the Groundwater Vistas software has a telescoping facility for automatic 

extraction of a sub-area with finer resolution. It will be necessary to import finer ground 

topographical data and stream alignments for each application, with fme-tuning of the 

model calibration with local data. This is not a trivial exercise, but it is much more 

efficient than starting a new model from scratch, and it will honour regional 

connections. 

9.11 CONCLUSION 

The public water supply in the Gosford-Wyong area of New South Wales is reliant on 

streams that originate in elevated sandstone country. About half of the stream flow is 

believed to be baseflow from the sandstone aquifer system in the Kulnura - Mangrove 

Mountain area. At the same time as the population is growing steadily on the coast, 

there is increased demand for groundwater for horticultural, agricultural and industrial 

purposes along the sandstone ridges. Hence, good groundwater management is critical, 

to ensure that stream baseflow is not jeopardised. 
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A management model that couples a simulation model with an optimisation model has 

been developed for the Kulnura-Mangrove Mountain aquifer system to evaluate the 

trade-offs between increased aquifer yields and baseflow reduction. The project has 

been successful in developing trade-off curves for sustainable yield versus reduction in 

baseflow. It is a matter for stakeholders to agree on a point on the curve, as the ultimate 

decision is one of compromise- groundwater production versus surface water supply. It 

is believed that this is the first time that rigorous trade-off curves for sustainable yield 

have been developed for a stream-aquifer system in Australia. In addition, a nomogram 

has been developed, for each catchment, that gives the sustainable yield as a function of 

rainfall. 

The objectives of this research were to determine the sustainable yield(s) of the aquifer 

system in relation to extraction limits from both groundwater and surface water; to 

determine the magnitude, distribution and dynamics of baseflow to the streams which 

drain the Kulnura - Mangrove Mountain Aquifer; to determine groundwater entitlement 

limits that would preserve baseflow to streams in order to facilitate groundwater 

allocation policy; to explore how groundwater extraction limits would change for 

tolerable reductions in baseflow; and provide the water authority and state government 

with a groundwater modelling tool that can be used to make decisions regarding water 

planning and allocation. 

Most of the effort went into construction of a robust simulation model. The model has 

high complexity, in the sense of the Australian modelling guidelines. That is, it is 

designed to act as an Aquifer Simulator suitable for predicting the response of the 

aquifer system to arbitrary changes in hydrological conditions. It is necessarily coarse, 

with 500 m spatial resolution, as replication of a very large regional aquifer was 

required. Given the wide variation in vertical relief in the area, approximately 400 

metres, it was necessary to divide the vertical profile into 30 layers, much more than is 

customary in a regional model. Otherwise, it would not have been possible to track the 

many baseflow-receiving creeks that descend from high elevations to the sea. The 

model extent is 40 km (east-west) by 59 km (north-south), subdivided into 118 rows and 

80 columns. Care has been taken to represent the streams and drainage lines to as much 

detail as possible within the limited resolution of 500 m, as the objective of the study is 
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the determination of a sustainable yield for the aquifer system that preserves baseflow to 

the streams. This baseflow is a major component of the joint Councils' water supply. 

The calibration results of the simulation model show that the model performs very well 

in representing the values and the patterns of groundwater level for both steady state and 

transient conditions, is able to reproduce large vertical hydraulic gradients between 

aquifer layers, and also replicates baseflow reasonably well. Under equilibrium 

conditions, the model estimates that the total rainfall recharge to the whole model area 

is in the order of 100,000 MUyear. Of this, somewhere between 28 % and 66 % 

(average 4 7 %) appears as baseflow in streams. The figure is uncertain, as the model 

reports 3 8 % loss of groundwater through seepage faces, and much of this will appear 

eventually as delayed baseflow. About 20 % of the natural recharge to the aquifer is 

consumed by evapotranspiration from shallow water tables in support of native 

vegetation. Currently, less than 2% of the recharge is extracted by groundwater bores. 

The optimisation model was developed with the objective of preserving stream 

baseflow within tolerable limits while maximising the pumping rates from the aquifer 

system. A number of optimisation scenarios was carried out with maximum pumping 

use at 240 m3 /d per cell, with higher limits in alluvial cells. Constraints were designed 

in terms of hydraulic gradient, with reduction tolerance ranges from 0.1 % to 10 %. 

Conversion from hydraulic gradient reduction to baseflow reduction was achieved by 

running reported optimal production patterns through the model in simulation mode. 

Most of the time, there is a reasonably linear relationship between the two. The finding 

of linear trade-off curves means that streamflow depletion is a linear function with 

pumping rate, which could not been assumed a priori. 

Using 10 % reduction in baseflow as an example, it appears that the sustainable yield in 

the Water Sharing Plan area is about 3,000 MUyear on average, but it can range from 

less than 1,000 MUyear in a dry year to more than 5,000 MUyear in a wet year. This 

compares with the current plan figure of8,000 MUyear. 
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For the other catchments outside the Water Sharing Plan area, the sustainable yield is 

around 9,000 ML/year on average. With seasonal variations, the sustainable yield can 

vary from about 2,600 ML/year in a dry year to about 11,000 ML/year in a wet year. 

A numerical experiment was conducted on a set of hypothetical bores by "changing" 

their depths of access to water. This showed a peak sustainable yield of 3600 ML/year 

(with 10 % hydraulic gradient reduction) if all bores pumped from Layer 20. Going 

deeper is disadvantageous as the underlying Narrabeen sandstone is of lower 

permeability. It appears that there is only a marginal advantage in deepening existing 

bores. 

While the simulation model has been designed for regional assessment, it has potential 

for application to specific problem areas, such as water bottling and sand mining sites. 

The model cell size will be too coarse for most site-specific applications. However, the 

modelling software has a telescoping facility for automatic extraction of a sub-area with 

finer resolution. It will be necessary to import finer ground topographical data and 

stream alignments for each application, with fme-tuning of the model calibration with 

local data. This is not a trivial exercise, but it is much more efficient than starting a new 

model from scratch, and it will honour regional connections. 

9.12 FuTURE WORK 

The approach illustrated in this thesis provides a foundation for practical application of 

optimisation techniques to very large real world problems. This study has solved an 

optimisation problem consisting of up to 5700 decision variables and about 8000 

constraints. 

Some areas in which this work can be extended are: 

1. Extraction of sub models for current local site specific problems such as water 

bottling and industrial impact on ecosystem; landfill contamination; sand mining 

below the water table. 
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2. Solute transport modelling to investigate the fate of agricultural fertilizers. 

For a proper management of connected stream-aquifer systems, practical optimisation 

techniques will play a vital role. The techniques developed in this thesis represent a 

significant contribution to the state of knowledge on how best to manage an integrated 

water resource, particularly in the generation of trade-off curves for stak:eholder 

consensus on socially acceptable sustainability levels. 
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APPENDIX A 

DERIVATION OF THE HYDRAULIC GRADIENT 
CONSTRAINT 
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Drain Cell 

Water 
Table 
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if I ~N . / Observation 
• , 1r Cell 
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I I 
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1\ T lG d ' ( . ) (H N(i,j) - H DB(i,j) ) 1vatura ra zent pre - pumpzng = --'-------'-..:.::....:... __ __:_:.::...:....:.. 
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M! S(i,j) = H S(i,j) - H DB(i,j) 

DDc··> T = l,j 

Mf N(i,j) 

DD(.') =M!N(' ') *T l , j l , j 

DD(i,j) = (H N(i,j) - H DB(i,j) )* T 
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where: 

HN(ij): Natural pre-pumping head at the observation site ij (m AHD) 

H S(ij): Stressed during-pumping head at the observation site ij (m AHD) 

Hos(ij): Head at the drain (stream) boundary ij (m AHD) 

x: Distance between the observation site and the drain boundary (e.g. x = 500 m) 

M! N(i.j) : Head difference between the observation site ij at pre-pumping condition and 

the drain boundary ij (m) 

M! S(i,j) : Head difference between the observation site ij during pumping and the drain 

boundary ij (m) 

T: hydraulic gradient reduction tolerance fraction (dimensionless) 

DD< . . >:Maximum allowed drawdown during pumping (m) 1,) 
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::~:~~--~~:~~ PUMPING RATE FOR BASEFLOW PRESERVATION [BASEFLOW.GMS] 

M~-~lkh~~lb~-~~=~=~=;~~;============================================= 

$0FFUPPER OFFSYMLIST OFFSYMXREF 

OPTION LIMROW=O, LIMCOL=O, SOLPRINT=OFF, ITERLIM=SOOOO RESLIM=SOOOO· 
OPTION LP=MINOSS i I I 

FILE optyield ASCII file of 
FILE zonyield ASCII file of 
FILE optdraw ASCII file of 
FILE margyld ASCII file of 
FILE margdd ASCII file of 

$on text 

optimal site yields 
optimal zone yields 
optimal drawdowns 
yield marginals 
drawdown marginals 

/site-yld.dat/; 
/zone-yld.dat/; 
/site-dd.dat/; 
/site-ymg.dat/; 
/site-dmg.dat/; 

This problem seeks the optimal pumping rate during one continuous 

12-~ont~ pla~ning p~riod for a large number of pumping and 

mon1tor1ng s1tes, g1ven required drawdown and pumping constraints. 

Objective: 

Maximise total yield to preserve the stream baseflow in Kulnura
Mangrove Mountain area (=Baseflow); 

Aquifer model: KULNURA 30-layer numerical model (118 rows, 80 
columns) . 
Production to be optimised in each layer. 

$off text 

SETS 
I Row index for observation site 

/OBS1*0BS2838/ 
J Column index for pump site 

/PMP1*PMP4562/ 
T Planning period index 
Z Groundwater management zone 

WATER(I) Surface water critical sites 
/OBS1*0BS2838/ 

KILLED(I) Unconstrained observation sites 

/T1/ 
/Z1*Z7/ 

/OBSl*OBS9, OBS11*0BS15, OBS17*0BS24, OBS26, OBS28*0BS30, 

OBS36, OBS38*0BS40, OBS46*0BS49, OBS56*0BS59, OBS65*0BS66, OBS68, 

0BS75*0BS78, OBS80, OBS85*0BS92, OBS95, OBS98*0BS101, OBS103, 

OBS105*0BS113, OBS116, 0BS119*0BS123, OBS130*0BS131, OBS133*0BS138, 

OBS140, OBS143*0BS145, OBS147, OBS156*0BS160, OBS162, OBS166*0BS168, 

OBS175, OBS179, OBS181, OBS183*0BS184, OBS187, 0BS190*0BS193, OBS196, 

OBS199, OBS203, OBS205*0BS206, OBS213*0BS214,0BS217, OBS220*0BS223, 

OBS232, OBS236, OBS244, OBS248*0BS249, OBS253*0BS254, OBS256, OBS270, 

OBS274*0BS275, OBS278*0BS279, OBS281, OBS284, OBS294, OBS296, OBS300, 

OBS307, OBS309, OBS314, OBS316, OBS329, OBS331, OBS335, OBS342, 

OBS346, OBS350, OBS367, OBS379*0BS381, OBS389, OBS397, OBS399, OBS405, 

OBS418, OBS420, OBS423, OBS429, OBS437, OBS446, OBS454, OBS466, 

OBS472, OBS474, OBS484*0BS485, OBS490, OBS494, OBSS03, OBS508*0BS509, 

OBS513, OBS515, OBSS17, OBS519, OBS521, OBS523, OBS538, OBS542*0BS544, 

OBS546, OBS552, OBS554, OBS556*0BS557, OBS563, OBS572, OBS579, 

OBS58l*OBS582, OBS589*0BS590, OBS593, OBS599, OBS606, OBS610, OBS613, 

OBS616, OBS627*0BS630, OBS646, OBS649, OBS651, OBS658, OBS661, 

OBS663*0BS665, OBS67l, OBS673, OBS678, OBS680*0BS681, OBS683, OBS687, 

OBS689, OBS691*0BS692, OBS697*0BS699, OBS701, OBS703, OBS708, OBS726, 

OBS730, OBS732*0BS733, OBS741, OBS752, OBS754, OBS760, OBS773, OBS780, 
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OBS782*0BS783, OBS786, OBS789, 0BS791, 0BS800*0BS801, OBS808, OBS821, 
OBS823, OBS827*0BS828, OBS848*0BS849, OBS856, OBS868, OBS879, OBS881, 
OBS907, OBS910, OBS919, OBS921, OBS937, OBS939, OBS956, OBS996, 
OBS1002*0BS1003, OBS1029, OBS1031, OBS1034*0BS1035, OBS1046, OBSlOSS, 
OBS1074, OBS1079, OBS1086, OBS1091, OBSllOl, OBS1103, OBS1107, 
OBS1109, OBSllll, 0BS1113, OBS1116, OBS1118, OBS1128, OBS1133, 
OBS1135, OBS1140*0BS1142, OBS1144, 0BS1146, OBS1164, OBS1166, 
OBS1171*0BS1172, OBS1174, OBS1185, OBS1189, OBS1201, OBS1204, OBS1206, 
OBS1219*0BS1221, OBS1226, OBS1231, OBS1234, OBS1255, OBS1259, OBS1265, 
OBS127S*OBS1276, OBS1279*0BS1280, OBS1284, OBS1288, OBS1296*0BS1297, 
OBS1301*0BS1302, OBS1316, OBS1321, OBS1330, OBS1333*0BS1334, OBS1342, 
OBS1355, OBS1359, OBS1361*0BS1362, 0BS1366, OBS1369, OBS1374, 
OBS1376*0BS1377, OBS1382, OBS1384, OBS1398, OBS1419*0BS1422, OBS1430, 
OBS1444*0BS1445, OBS1447, OBS1452, OBS1456*0BS1457, OBS1459*0BS1465, 
OBS1473, OBS1488, OBS1493, OBS1495*0BS1500, OBS1503*0BS1510, 
OBS152S,OBS1532*0BS1533, OBS1536*0BS1540, OBS1542*0BS1543, OBS1546, 
OBS1549, OBS1551*0BS1SSS, OBS1557, OBS1571, OBS1574, OBS1578, OBS1583, 
OBS1588*0BS1589, OBS1592, OBS1594, OBS1596*0BS1597, OBS1599*0BS1605, 
OBS1609, OBS1626, OBS1632*0BS1633, OBS1636*0BS1637, OBS1644*0BS1645, 
OBS1650*0BS1651, OBS1654, OBS1678*0BS1679, OBS1685*0BS1686, 
OBS1692*0BS1696, OBS1709, OBS1725, OBS1727, OBS1734*0BS1738, 
OBS1746*0BS1749, OBS1751, OBS1756, OBS1759, OBS1770, OBS1772, 
OBS1775*0BS1781, OBS1783, OBS1789, OBS1793*0BS1797, OBS1805, OBS1811, 
OBS1815, OBS1826, OBS1832*0BS1834, OBS1848, OBS18SO*OBS1851, OBS1853, 
OBS1862 OBS1865*0BS1866, OBS1870, OBS1878*0BS1881, 
OBS1885*0BS1886,0BS1893, OBS1897, OBS1899, OBS1901, OBS1903, OBS1914, 
OBS1919, OBS1922, OBS1924*0BS1925, OBS1930*0BS1931, OBS1933, OBS1943, 
OBS1947, OBS1952, OBS1956, OBS1959*0BS1960, OBS1962*0BS1963, OBS1965, 
OBS1982, OBS1993, OBS1996, OBS2000*0BS2003, OBS2006*0BS2007, OBS2022, 
OBS2028, OBS2033*0BS2037, OBS2041, OBS2050*0BS2051, OBS2053, OBS2055, 
OBS2057, OBS2061, OBS2074, OBS2088, OBS2091, OBS2094, OBS2099, 
OBS2108, OBS2113*0BS2115, OBS2118, OBS2120*0BS2121, OBS2125, OBS2140, 
OBS2142, OBS2147, OBS2158, OBS2163, OBS2165*0BS2166, OBS2169, OBS2188, 
OBS2191, OBS2194*0BS2197, OBS2204, OBS2215, OBS2221*0BS2226, OBS2232, 
OBS2235, OBS2256*0BS2259, OBS2264, OBS2283, OBS2289*0BS2293, OBS2304, 
OBS2311, OBS2314, OBS2321, OBS2326*0BS2327, OBS2331, OBS2333, 
OBS2339*0BS2340, OBS2342, OBS2352*0BS2356, OBS2359*0BS2361, OBS2369, 
OBS2374, OBS2385*0BS2387, OBS2389*0BS2394, OBS2407, OBS2419*0BS2423, 
OBS2425, OBS2427, OBS2429, OBS2435, OBS2437, OBS2445, OBS2453, 
OBS2456*0BS2459, OBS2462*0BS2464, OBS2471, OBS2475, OBS2479, OBS2481, 
OBS2483, OBS2485, OBS2491, OBS2495*0BS2496, OBS2507, OBS2510, OBS2515, 
OBS2519*0BS2522, OBS2525*0BS2527, OBS2530, OBS2532, OBS2543, OBS2547, 
OBS2551, OBS2556, OBS2561, OBS2565, OBS2577, OBS2579, OBS2582*0BS2583, 
OBS2586, OBS2590, OBS2598, OBS2600*0BS2602, OBS2607*0BS2608, OBS2610, 
OBS2620*0BS2621, OBS2623*0BS2624, OBS2626, OBS2631*0BS2632, OBS2635, 
OBS2639, OBS2642, OBS2645, OBS2647*0BS2648, OBS2651, OBS2655, OBS2658, 
OBS2660*0BS2661, OBS2664, OBS2666, OBS2671, OBS2678, OBS2683, 
OBS2689*0BS2690, OBS2697*0BS2698, OBS2704, OBS2708*0BS2713, 
OBS2717*0BS2724, OBS2726*0BS2734, OBS2736, OBS2741*0BS2743, 
OBS2746*0BS2747, OBS2749, OBS2752*0BS2754, OBS2760, OBS2767, 
OBS2769*0BS2770, OBS2778*0BS2781, OBS2784, OBS2787*0BS2788, OBS2800, 
OBS2805*0BS2806, OBS2810, OBS2813*0BS2814, OBS2819, OBS2821, OBS2823, 
OBS2830*0BS2831, OBS2834, OBS591, OBS1021, OBS1088, OBS1191, OBS1358, 
OBS1360, OBS1476, OBS1484, OBS1526, OBS1570, OBS1629, OBS1807, 
OBS1906, OBS2011, OBS2093, OBS2276, OBS2409, OBS2468, OBS2469, 
OBS2574, OBS2673, OBS2833, OBS2835, OBSS88, OBS933, OBS936, OBS955, 
OBS981, OBS1053, OBS1089, OBS1159, OBS1356, OBS1400, OBS1621, OBS1627, 
OBS1847, OBS1985, 0Bs2100, OBS2102, OBS2138, OBS2317, OBS2343, 
OBS2434, OBS2500, OBS2597, OBS2669, OBS2672, OBS982, OBS1054, OBS1192, 
OBS1322, OBS1397, OBS1441, OBS1579, OBS2838, OBS1705, OBS1858, 
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0BS1895, 0BS1946, OBS2101, OBS2274, OBS2376, OBS2499, OBS2501, 
0BS2640, OBS1357, OBS1250, OBS1126, OBS2537, OBS2686, OBS2478/ 

*---------------------------------------------------------------------
ONBORES(J) Active dewatering pump sites /PMPl*PMP81/ 

OFFBORES(J) Deactivated bores pump sites 

/PMP82*PMP95, PMP96*PMP99, PMP100*PMP139, 
PMP14l*PMP142, PMP144, PMP147*PMP148, 

PMP140, PMP143, PMP145*PMP146, 
PMP149*PMP3551, PMP3552*PMP4562/ 

* Zl: 
* Z2: 
* Z3: 
* Z4: 
* ZS: 
* Z6: 
* Z7: 

INZONE(Z,J) Zone designation for a pump site 
I Zl. (PMPl*PMP81) 
Z2. (PMP100*PMP139, PMP14l*PMP142, PMP144, PMP147*PMP148) 
Z3. (PMP140, PMP143, PMP145*PMP146) 
Z4. (PMP96*PMP99) 
ZS. (PMP3552*PMP4562) 

Z6. (PMP82*PMP95) 
Z7. (PMP149*PMP3551)/ 

Actual Bores 
Actual Bores 
Actual Bores 
Actual Bores 
Hypothetical 
Actual Bores 
Hypothetical 

OFFBORES(J) 
ONBORES (J) 

in WSP area 
in Brisbane Water Catchment 
in Woy Woy area 
in Ourimbah Catchment 
in Ourimbah Catchment 
in Wyong Catchment 
Bores in Wyong Catchment 

NOT ONBORES (J) ; 
NOT OFFBORES(J); 

DISPLAY ONBORES,OFFBORES; 
DISPLAY KILLED; 

ALIAS (T,Tl); 

*---------------------------------------------------------------------
*Sites at which hydraulic gradient is to be controlled ... 

ALIAS (I,Il); 

*---------------------------------------------------------------------

PARAMETERS 

REQUIRE(I) 
AVAIL(I) 
QZONE(Z,T) 
TOTQZONE(T) 

OBSROW(I) 
OBSCOL(I) 
OBSLYR(I) 
OBSEAST (I) 
OBSNORTH(I) 
INITWL(I) 

required drawdown (metres) 
available drawdown (metres) 
optimal zone production in a 
optimal global production in 

/OBS1*0BS2838 = 0/ 
/OBSl*OBS2838 = 1/ 

planning period 
a planning period 

grid row of observation site 
grid column of observation site 
grid layer of observation site 
AMG easting of observation site 
AMG northing of observation site 
initial groundwater level at observation site AHD) 
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DELTAHN (I) Natural(steady non pumping) head difference next 
to drain cell 

TARGET(!) target groundwater level at observation site (AHD) 

PMPROW(J) grid row of pumping site 
PMPCOL(J) grid column of pumping site 
PMPLYR(J) grid layer of pumping site 
PMPEAST(J) AMG easting of pumping site 
PMPNORTH(J) AMG northing of pumping site 
MAXUSE (J) "pump capacity (m3/day)" 

/PMPl*PMP81=240, PMP82*PMP95 =240, PMP96*PMP99 =240, 
PMP100*PMP139 =240, PMP141*PMP142 =240, 

PMP144=240, PMP147*PMP148=240,PMP140=240 I 

PMP143=500, PMP145*PMP146=1000, 
PMP149*PMP3551=240, PMP3552*PMP4562=240/ 

MINUSE (J) "pump m1m.mum (m3/day)" 

SCALARS 

/PMPl*PMP81=0, PMP82*PMP95=0, 
PMP96*PMP99=0, PMP100*PMP148=0, PMP149*PMP3551=0, 
PMP3552*PMP4562=0/ 

DELR 
DELC 
THETA 
HSHIFT 

V SHIFT 

PLANTIME 

ML 

YEAR 

SCALE 
TOL 
HORIZON 
NOBS 
NOBS PLAN 
NPUMP 
NPUMPPLAN 
NPLAN 
NYEARH 
NYEARP 

width of grid column (m) /500/ 
width of grid row (m) /500/ 
model grid rotation clockwise (radians) /0.0/ 
horizontal translation from COL to EASTING (m) 

/319000/ 
vertical translation from ROW to NORTHING (m) 

/6342500/ 
length of a planning period (days) 
/365.25/ 

number of m3 in a ML 
/1000/ 
number of days in a year 
/365.25/ 
"conversion factor m3/d to ML/year" 
baseflow reduction tolerance fraction /0.10/ 
length of the time horizon (days) 
number of observation sites 
number of observation events 
number of pumping sites 
number of pumping events 
number of planning periods 
number of years in time horizon 
number of years in planning period 

* Initialisation ... 
SCALE = YEAR/ML; 
NPLAN = CARD(T) ; 
HORIZON = PLANTIME*NPLAN 
NOBS = CARD(!) ; 
NPUMP = CARD(J) ; 
NOBSPLAN = NOBS*NPLAN 
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NPUMPPLAN = 
NYEARH 

NPUMP*NPLAN ; 
HORIZON/YEAR ; 

= PLANTIME/YEAR NYEARP 

* Site AMG coordinates ... 
TABLE SITEOBS(I,*) observation site locations 
$INCLUDE "OBS.GMS" 
OBSROW(I) = SITEOBS(I,"ROW"); 
OBSCOL(I) SITEOBS(I,"COL"); 
OBSLYR(I) = SITEOBS(I,"LAYER"); 
INITWL(I) = SITEOBS(I,"WL"); 
DELTAHN(I) = SITEOBS(I,"DHN"); 
OBSEAST(I) SITEOBS(I,"EASTING"); 
OBSNORTH(I)= SITEOBS(I,"NORTHING"); 

TABLE SITEPMP(J,*) pumping site locations 
$INCLUDE "PMP.GMS" 
PMPROW(J) = SITEPMP(J,"ROW"); 
PMPCOL(J) = SITEPMP(J,"COL"); 
PMPLYR(J) SITEPMP(J,"LAYER"); 
PMPEAST(J) SITEPMP(J,"EASTING"); 
PMPNORTH(J)= SITEPMP(J,"NORTHING"); 

* Response matrix ... 
TABLE A(I,T,J,Tl) specific drawdown response matrix (metres) 
$INCLUDE "RMAT-4D.GMS" 

VARIABLES 
Q(J,T) 
TOTALYLD 
AVERQ 
DD(I,T) 
AVERD 
SQDD 

pumping rate at production site (m3 per day) 

i 

total production from all bores over time horizon(ML) 
"average yield at each site over time horizon (m3/d)" 
drawdown at observation site (m) 
average drawdown at each site over time horizon (m) 
squared drawdown at observation site (square metres) 

POSITIVE VARIABLE Q ; 
Q.L(J,T)=MAXUSE(J)/2 ; 

* Deactivated pump sites: 
* All new bores ... 
Q.FX(J,T) $ OFFBORES(J) = 0 ; 

EQUATIONS 
YIELD 
AVERAGEQ 
DRAWDOWN(I,T) 
AVERAGED 

SQUARED 

REQUIRED(I,T) 

PUMPLIMIT(J,T) 
MINPUMP(J,T) 
WATERDD(I,T) 

production objective function 
average yield over all sites over time horizon 
drawdown definition at observation site 
average drawdown over all sites over time 

horizon 
squared drawdown over all sites over time 

horizon 
required drawdown constraint at observation 
site 
pumping rate limit in a planning period 
pumping rate minimum in a planning period 
surface water drawdown 
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* 

YIELD .. 
AVERAGEQ 
DRAWDOWN(I,T) 

TOTALYLD =E= SUM((J,T), Q(J,T))*SCALE*NYEARP 
AVERQ =E= SUM{(J,T),Q(J,T)) / NPUMPPLAN; 
DD(I,T) =E= SUM((J,T1) $ (ORD(T1) LE ORD(T)), 
A(I,T,J,T1) *Q(J,T1)) ; 

AVERAGED .. AVERD =E= SUM((I,T),DD(I,T)) I NOBSPLAN 
SQUARED.. SQDD =E= SUM( (I,T),SQR(DD(I,T)) ) ; 
PUMPLIMIT(J,T) $ ONBORES(J) .. Q(J,T) =L= MAXUSE(J); 
MINPUMP(J,T) $ ONBORES(J) .. Q(J,T) =G= MINUSE(J); 
REQUIRED(I,T) .. DD(I,T) =G= REQUIRE(I) ; 
WATERDD(I,T) $ (NOT KILLED(I)) DD(I,T) =L= deltahn(i)*tol 

MODEL MAXYIELD 
/YIELD, AVERAGEQ, DRAWDOWN, REQUIRED, AVERAGED, PUMPLIMIT, MINPUMP, 

WATERDD I ; 

SOLVE MAXYIELD USING LP MAXIMIZING TOTALYLD 

*===================================================================== 
*Report Section ... 
*===================================================================== 

PARAMETER YREPORT(J,T,*) 
YREPORT (J IT I "YIELD") 
YREPORT(J,T,"PUMP-MARG") 

DISPLAY YREPORT; 

Optimal and marginal yields (m3 per day); 
Q.L(J,T) ; 
PUMPLIMIT.M(J,T) ; 

Optimal and marginal drawdowns (m); 
DD.L(I,T) ; 

PARAMETER DREPORT(I,T,*) 
DREPORT (I IT I "DRAWDOWN") 
DREPORT(I,T,"DD-MARG") 

OPTION DREPORT:5; DISPLAY 
WATERDD.M(I,T) 
DREPORT; 

* For any objective function 
SCALAR YMARG1 Addition to objective for 1 m perturbation in 

required drawdown; 
SCALAR YMARG2 "Addition to objective for 1 m3ld perturbation in 

cell usage upper limit"; 
YMARG2 = SUM((J,T), PUMPLIMIT.M(J,T)) 
OPTION YMARG2:6; DISPLAY YMARG2; 
PARAMETER MAXDD(T) Maximum optimal drawdown; 

MAXDD(T)=SMAX(I,DD.L(I,T)); 

PARAMETER QQ(T,J) Optimal 
day); 

yields reordered for printing (m3 per 

QQ(T,J) = Q.L(J,T) 
PARAMETER DW(T,I) Optimal drawdowns reordered for printing 

(m); 

DW(T,I) = -DD.L(I,T) 
DISPLAY QQ, DW; 

SCALAR MLDAY Total yield (ML per day); 
MLDAY = TOTALYLD.L/365.25; 

DISPLAY 
NPLAN,HORIZON,NYEARH,PLANTIME,NYEARP,NOBS,NPUMP,NOBSPLAN,NPUMPPLAN; 

DISPLAY TOTALYLD.L, MLDAY, AVERD.L, MAXDD; 

*===================================================================== 
*File Output ... 
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*===================================================================== 
*Optimal yields (m3/d) for each cell ... 

PUT optyield; 
PUT "PLAN SITE YIELD(m3/d) YIELD(L/s) ROW COL LAYER EASTING 

NORTHING" /; 
LOOP (T, LOOP (J, 
PUT ORD(T) :3:0, ORD(J) :5:0, Q.L(J,T) :16:1, (Q.L(J,T)/86.4) :15:2, 

PMPROW(J) :5:0, PMPCOL(J) :5:0, 
PMPLYR(J) :5:0, PMPEAST(J) :10:0, PMPNORTH(J) :10:0; PUT /; ) 

*Optimal drawdowns (m) and water levels (mAHD) at each cell ... 
PUT optdraw; 
PUT "PLAN SITE DDOWN MARG WLEVEL ROW COL LAYER EASTING 

NORTHING" /; 
LOOP (T, LOOP (I, 
PUT ORD(T) :3:0, ORD(I) :5:0, DD.L(I,T) :10:5, WATERDD.M(I,T) :12:5, 

(INITWL(I) -DD.L(I,T)) :8:2, 
OBSROW(I) :5:0, OBSCOL(I) :5:0, 
OBSLYR(I) :5:0, OBSEAST(I) :10:0, OBSNORTH(I) :10:0; PUT /; ) ) 

*Aggregate zone allocations ... 
QZONE(Z,T) =SCALE* SUM(J $ INZONE(Z,J), Q.L(J,T)) 
TOTQZONE(T)= SUM(Z, QZONE(Z,T)) ; 
PUT zonyield; 
PUT "OPTIMAL ZONE PRODUCTION (ML/year Average)"/; 
PUT "-----------------------" //; 
PUT "ZONE PLAN1 PLAN2 PLAN3 PLAN4 PLANS" , 

" PLAN6 PLAN7 PLANS PLAN9 PLAN10 11 I I i 
LOOP (Z, PUT ORD(Z) :3:0; LOOP (T, PUT QZONE(Z,T) :10:1); PUT/; ); 
PUT/; PUT "ALL"; LOOP (T, PUT TOTQZONE(T) :10:1) ; 

* E N D 
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