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Abstract 
 

The principal focus this research work is to model the response of shallow groundwater to 

changing and varying climatic conditions, using the Ranger uranium mine site as the case 

study.  

 

There has long been recognised a relationship between shallow groundwater resources 

and local climatic conditions. The extent of this behaviour and relationship is dependent 

on seasonal trends, such as summer/winter, wet/dry periods, as well as on the geology, 

vegetation or other local aspects such as groundwater pumping, possible surface water 

interactions, etc. 
 

The effect of climate change on water budgets is critical since shallow groundwater is 

often a vital component in supporting ecosystems and providing water for communities. 

Furthermore, governments and communities alike are demanding ever higher standards 

for the isolation of hazardous wastes. Thorough methods are therefore required to assess 

the effectiveness of different containment options, especially with respect to shallow 

groundwater behaviour – which in turn depends on climatic conditions. 
 

In order to progress research on this topic, the Ranger uranium mine was adopted as the 

field site. This was due to two principal reasons – first, it has abundant data available; and 

second, but perhaps most crucially, the Ranger site is legally required to rehabilitate its 

tailings so that there are no environmental impacts from solutes for 10,000 years. The 

primary driver of solute transport in groundwater will be the hydraulic head – which in turn, 

of course, is strongly influenced by prevailing climatic conditions. Therefore, any 

assessment of rehabilitation requires a sound approach to modelling the long-term 

response of groundwater heads to changing and varying climatic conditions. 
 

Therefore, this project has dual primary objectives and significance – firstly in developing 

more a advanced modelling framework for predicting the response of shallow groundwater 

to changing and varying climatic conditions, and secondly, in developing a sound 

technical basis to predict the long-term performance of the rehabilitation of the Ranger 

uranium mine. 

 

After performing a wide-ranging review on the field of groundwater-climate relationships, 

with a main focus on modelling approaches to date, a review of the Ranger uranium mine 

and associated information was done. A detailed analysis of the climate and hydrology of 
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the Ranger area using various methods or models to quantify the principal components of 

the hydrologic cycle was performed. It was established that climate influencing 

groundwater recharge would be best represented by rainfall (R) minus actual 

evapotranspiration (AAET) – herein called ‘net flux’. Time series statistics, a non-physics 

based approach, was used to model past climate-groundwater behaviour and make 

predictions about future groundwater response. This method is rarely used in groundwater 

research, and is a useful contrast to physical/numerical models. 

 

A complex approach was developed and applied to generate future climate data sets, 

combining the issues as climate change trends from the Intergovernmental Panel on 

Climate Change (i.e. 5 global climate models and 7 emissions scenarios), climate 

variability phenomena (eg. El Nino/La Nina, Pacific Decadal Oscillation, Indian Ocean 

Dipole) and random variability. This leads to hundreds of replicates of 100 year net flux 

data sets for use in later modelling. 

 

Using 26 years of historical data, an unsaturated flow model using net flux as the 

boundary condition was developed and calibrated. Models were developed for several 

groundwater bores, with all results analysed with respect to the primary research 

objectives. A total of 1,050 models were run, including 30 replicates of each 

GCM/emissions scenario combination (i.e. 5 GCMs, 7 scenarios and 30 random 

replicates). All results and the overall modelling are analysed in detail, demonstrating 

outcomes with respect to the primary research objectives. A major conclusion is that 

climate variability will clearly be the more dominant factor in governing the response of 

shallow groundwater heads to climatic conditions. 

 

Overall, this project has developed a more advanced, hydrologically rigorous approach to 

predicting the response of shallow groundwater heads to climatic conditions. In addition, it 

has demonstrated a more thorough methodology for predicting the potential performance 

of the rehabilitation of the tailings from the Ranger uranium project – or any other site 

where such predictions are crucial in hazardous waste or groundwater management. On 

both counts, this makes a significant contribution to new knowledge in the field, and 

should also prove a valuable methodology at other sites with similar issues and needs. 
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1. Introduction 

1.1. Background 

The largest reservoir of fresh water resources on Earth is groundwater and the recharge of 

groundwater plays a major role in the water cycle. Groundwater resources around the 

world are widely recognised to be under significant stress with respect to quantity and 

quality (Alley et al. 1999; Morris et al. 2003; Taylor and Tindimugaya 2008). The 

recharge of groundwater takes place through the vadose (or unsaturated) zone, where 

complex interactions between thermal, hydrological, geochemical and biological processes 

affect water quantity and quality (Glassley 2003). Groundwater recharge, in turn, is 

influenced by the long-term changes in mean temperature, mean precipitation, precipitation 

variability, land use, and sea levels: all of which are expected to be impacted by climate 

change (Faye et al. 2008; Miguel et al. 2008). 

 

The relationship between climatic conditions and groundwater resources, especially the 

vadose zone and unconfined shallow groundwater, is critical in understanding numerous 

environmental processes. For example, shallow groundwater can provide base flow to 

streams and wetlands, water to deep-rooted vegetation and water supply for people. The 

ability to understand and model this relationship has many important outcomes. In recent 

years, there has been increasing research into the relationship between shallow 

groundwater and climatic conditions (Chen et al. 2002; Eckhardt and Ulbrich 2003; Chen 

et al. 2004; Cheng et al. 2006; Hiscock et al. 2008; Kundzewick and Doll 2008; 

Kundzewicz et al. 2008; Taniguchi et al. 2008; Goderniaux et al. 2009; Ludwig et al. 

2009; Wang et al. 2009b). The influence of a changing climate on shallow groundwater 

resources significantly influences the sustainability of existing ecosystems and 

communities. 

 

The seasonal variation of climate, such as precipitation and temperature, cause temporal 

and spatial changes in the water flow components in a hydrological catchment at a regional 

scale. The annual groundwater level fluctuation is one of the indications of this variation. 

The other scales of variation could be interannual, decadal or multi-decadal. The process of 

climate change, which leads to changes at the multi-decadal and centurial time scales, will 

certainly lead to changes in groundwater resources and behaviour. 
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However, the response of groundwater to climate change will not be identical for all 

regions on Earth. For instance, the annual precipitation will increase in some locations and 

decrease in others. Average ground surface temperatures and timing of precipitation are 

also important in local or regional water cycles and resources. Other factors could be 

related to geographical, geological or topographical characteristics or based on human 

interventions for various land use patterns. There is a clear need to develop techniques and 

models to link shallow groundwater with climatic conditions, especially to predict the 

expected impacts of climate change on groundwater resources. 

 

The primary focus of this thesis is the development of techniques and models to predict the 

potential impact of climate change on shallow unconfined groundwater resources. 

1.1.1. Practical Importance 

Some of the major impacts of projected climate change consist of changes in precipitation 

patterns, average and maximum temperatures, mean sea level, and altered frequencies and 

intensities of extreme weather. More specifically, the impacted areas are wide ranging and 

include fresh water resources, ecosystems, food, fibre and forest products, (biodiversity 

and agriculture), energy supply, coastal systems and low-lying areas, industry, health, 

settlement and society (Rosenzweig et al. 2007). The impact of climate change is an 

important issue in the planning of the future development activities for the sustainability of 

the environment and society. 

 

The concept of sustainable development was defined by the World Commission on 

Environment and Development in 1987 as ‘development that meets the needs of the 

present without compromising the ability of future generations to meet their needs’ 

(Brundtland et al. 1987). The essence of sustainable development is meeting fundamental 

human needs in ways that preserve the life support systems of the planet (Kates et al. 

2000). Water is one of the key focus areas for the United Nation’s (UN) Millennium 

Development Goals to help guide countries and humanity towards sustainable development. 

 

Given that water resources are a fundamental component of sustainable development, the 

practical importance of developing improved techniques and models for assessing the 

potential impacts of shallow unconfined groundwater resources is clear. 
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1.2. Kakadu National Park and the Ranger Uranium Mine 

The Kakadu National Park is a world heritage-listed property on the northern tip of the 

Northern Territory (NT) of Australia, colloquially known as the ‘Top End’. The region 

contains major uranium deposits excised from the park, namely Ranger, Jabiluka and 

Koongarra. The Ranger mine started production in 1981 and was authorised in 2000 for a 

further 26 years (Senate 2003). The mining of uranium in such an environmentally and 

culturally sensitive region has always been controversial. In reality, the mining leases are 

linked with the important ecological and cultural values of Kakadu.  

 

Kakadu is of significant cultural and environmental significance, protecting various 

habitats of northern Australia and one-third of the country’s bird species, and preserving an 

important record of nature and Aboriginal history in extensive galleries of rock art (Press et 

al. 1995). The region has a typical wet-dry monsoonal climate, whereby most of the rain 

occurs between November and April (the wet season) with virtually no rain between May 

and October (the dry season). 

 

The safe containment of radionuclides and other contaminants will depend almost entirely 

on the levels (or height) of the groundwater as the driving force for flow, which in turn 

relies on and is linked to recharge from the climate (i.e. rainfall). The hazards of declining 

groundwater levels (GWLs) are that unsaturated conditions will leave uranium mine waste 

exposed to higher rates of radioactive radon gas emanation. Conversely, the implications of 

rising GWLs are the potential transport of contaminants by seepage and/or runoff. 

 

The study site adopted for this thesis is the Ranger uranium mine: due to the need to 

contain uranium mill tailings within a region surrounded by the world-heritage Kakadu 

National Park. The Ranger Project Area (RPA) is located approximately 250 km east of 

Darwin at position 132 
0 
55 ` E latitude and 12 

0 
43 ` S – 12 

0 
40 ` S longitude, occupying 

79 km
2
 in the upper reaches of the Magela Creek catchment (Press et al. 1995). Creeks 

surround the Ranger mine, with Magela, Djalkmarra and Georgetown Creeks to the east, 

Corridor and Gulungul Creek to the south, Gulungul Creek to the west and Coonjimba and 

Magela Creeks to the north. The four small tributaries, namely Georgetown, Djalkmarra, 

Coonjimba and Gulungul Creeks, collect runoff from the mine area and drain out to 

Magela Creek. 
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Following mine rehabilitation, groundwater levels inside the mined landforms of the site 

will be the principal driver of seepage and contaminant transport to the shallow unconfined 

aquifer (i.e. water table). The legal requirements for the Ranger project include a clause 

that requires that solutes derived from the radioactive mill tailings ‘will not result in any 

detrimental environmental impacts for at least 10,000 years’ (clause 11.3 ii; Senate 2003). 

The groundwater in the immediate vicinity is therefore vulnerable to contamination by the 

radioactive mine waste and could influence the ecological sustainability of the flora and 

fauna of the environment significantly. The prediction of the long-term rebound and 

behaviour of groundwater following the mine site rehabilitation is a fundamental issue to 

address for a sustainable environment. 

 

A number of past and present studies at Ranger have shown that there are strong links 

between surface waters and shallow groundwater, dependent on topography and localised 

geology (Salama and Foley 1997; Salama et al. 1998). Whitehead (1980) and Vardavas 

(1993) have shown that the tropical wet-dry climate leads to an annual cycle of saturated-

unsaturated flow condition in the shallow soils and rocks. The regolith consists of variable 

thickness of weathered soils overlying complex geologic formations, which mainly consist 

of fractured rock aquifers. The extent of hydraulic connection between these shallow and 

deep units is considered minimal. Therefore, in this thesis, it is assumed that the primary 

groundwater-climate relationship relevant for mine rehabilitation design will be that 

between the shallow unconfined aquifer and surface climatic conditions. 

1.3. Groundwater-climate Relationship for the Site 

In the water cycle of the hydrologic processes, the net infiltration of water after a rainfall 

event passes through the shallow unconfined soil layer and reaches the saturation zone or 

water table. With subsequent rainfall, the GWL or the level of saturation rises and with the 

absence of rainfall, the GWL declines because of the evaporation and transpiration from 

the soil surface and vegetation. Figure 1.1 shows the typical water balance components in 

the shallow unconfined layer of the soil stratum to which the present research is targeted. 
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Figure 1.1 The water balance components in the shallow unconfined soil layer 

 

The groundwater hydrograph, or GWLs over time, has a clear interaction with the climate, 

more specifically, with the annual rainfall hyetograph and evapotranspiration pattern. 

These variables influence the rate of groundwater recharge and thus the GWLs. The extent 

of interconnectivity depends on the physical characteristics of the catchments and 

distribution of rainfall in time and space. A year of lower rainfall can lead to a decline in 

the water table, while an above average rainfall year can lead to an increase in the water 

table. A key issue in assessing the long-term performance of uranium mine rehabilitation is 

the understanding and prediction of the rise and fall of the groundwater with respect to the 

climate system. 

 

The changes in hydrologic processes such as precipitation, evaporation, transpiration, 

infiltration, runoff, interception and surface storage are response to hydro-climatic 

processes. The configuration of the future climate at any specific location in the Earth’s 

surface includes both climate variability and climate change. The two different concepts 

represented by climate change and climate variability need to be addressed explicitly to 

study the impact of climate change on the system. 
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1.3.1. Climate Change and Climate Variability 

The process of climate change is the continual evolution of the average climate in a given 

region. Climate change can be either natural in origin, or, more recently, it is now strongly 

driven by anthropogenic interference in the climate system due to growing emissions of 

greenhouse gases such as carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4). 

As atmospheric concentrations of these major greenhouse gases continue to rise due to 

human emissions sourced from coal and oil combustion, agriculture and land use change, 

the pace of climate change is predicted to increase (Meehl et al. 2007). The results are 

projected to include higher surface temperatures, changing rainfall patterns and intensities, 

and rising sea levels. 

 

Climate change is caused by increasing greenhouse gas emissions and concentrations, 

whereas climatic variability is considered natural in its origin. The influence of climate 

change on this natural climate variability remains an unresolved area of scientific 

understanding. 

 

The climate change caused by rising temperature would be responsible for the increased 

number of occurrence of extreme events in terms of magnitude and intensity (Solomon et 

al. 2007). There is evidence that the trends of the most extreme events of both temperature 

and precipitation are changing more rapidly in relation to corresponding mean trends than 

are the trends for more moderate extreme events (Alexander et al. 2007). There is an 

increasing recognition that rising temperature is exacerbating (increasing severity) the 

impact of any rainfall reduction (Cai 2007).  

 

The existing climate variability in the Top End is understood to be related to the El Nino 

Southern Oscillation (ENSO) index, which has a range of possibilities from high intensity 

rainfall to during the wet season in one side and longer spell of extreme temperature during 

summer on the other. In regards to the Ranger site, Hennessey et al. (2004) indicate that 

there will be an increased number of dry days with increased suction in soil during the dry 

season and a higher number of wet days with increased seepage head in the wet season. 

The predicted effects of climate change in relation to the site are characterised by 

exaggerated results of climate variability. The question of sustainability of a rehabilitated 
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uranium mine site concerning the exaggerated climatic variability imposes an additional 

necessity for this kind of investigation.  

1.4. Research Question 

The research aims to resolve one fundamental question. The question is ‘how can a 

modelling framework be developed to study the long-term impact of future climate on 

shallow groundwater?’ To address this question in relation to a specific site, some site-

specific questions need to be addressed. For example, in relation to radioactive mine site 

rehabilitation facilities, the slow decay of many transuranic waste products, modelling 

efforts must be concerned with potential changes in boundary conditions in the long-term. 

The changed boundary conditions can be represented by future replicates of climatic fluxes 

as an input to a groundwater or unsaturated-saturated flow model. 

 

For the present thesis, the framework of the investigation consists of several consecutive 

steps, each building on the previous work. The traditional approach of conceptual 

modelling and exploratory methods of data analyses are performed first. This gives rise to 

application of subsequent methods such as time series techniques and physically based 

modelling, leading to a gradual increase in the complexity of the understanding and ability 

to model the processes of groundwater-climate interactions. This robust framework is 

especially important for challenging sites such as a radioactive waste containment facility 

in the wet-dry tropics surrounded by a world heritage-listed national park in the face of 

climate change and climate variability. The specific research questions could be listed as 

follows (each generally being a thesis chapter, and justified further following the literature 

and site review): 

 How can the significant net flux of water be represented (recharge/discharge) into 

a shallow unconfined groundwater system as a response to the hydrologic 

processes (such as rainfall and runoff) in a specific site? (Chapter 5) 

 Can statistical methods provide a useful approach to assess the response of GWLs 

to the net flux of water to the system, especially considering factors such as the 

unsaturated zone thickness or the annual wet and dry seasons? (Chapter 6) 

 How can the trends of climate change predictions be combined with natural 

climatic variability to obtain future replicates of net flux of water to the system 

of a specific site? (Chapter 7) 
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 Which groundwater model should be selected and validated to perform the 

physically based computation for the purpose of long-term prediction? (Chapter 

8) 

 What are the possible scenarios of long-term GWLs in response to the future 

replicates of net flux of water to the system? What is the relative importance of 

trends of changing climate and naturally varying climate? What is the 

uncertainty of the predictions? (Chapter 9) 

 

One of the challenges for the sound development of the methodology for this research is 

the required time scale of investigation. While the centurial time scale predictions are 

highly uncertain, making predictions for 10,000 to 100,000 years will be extremely 

uncertain (Jyrkama and Sykes 2007). Specifically, there is a lack of fundamental 

understanding about how climate change-induced changes in hydro-morphology will 

interact with ecology (Wilby et al. 2006a). Therefore, in this thesis, the focus is on the 

centurial time scale only, as this is also more practically applied to rehabilitation designs of 

sites such as the Ranger uranium project.  
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2. Literature Review 

This chapter will present a review of the basic scientific concepts that must be addressed to 

understand and predict the groundwater-climate relationship. The water cycle is described 

very briefly to identify the typical physical processes that are the basic elements of the 

modelling for understanding and predicting the groundwater-climate relationship. Starting 

from hydrology, the process of groundwater recharge is introduced as an integral part of 

the water cycle. The estimation procedures of all the hydro-climatic parameters are 

described. For predicting groundwater recharge as a future hydrologic process, both 

statistical and physical process-based approaches are investigated. In a physical process-

based approach, a brief section introduces the fundamental concepts of human-induced 

climate change and natural climatic variability that influence the water cycle. Recent 

researches on groundwater modelling for climate change, natural climatic variability and 

land use changes are broadly reviewed. The key issues that impede the novel scientific 

investigation for the long-term prediction of the groundwater-climate relationship are 

identified. While reviewing the previous work, the necessity for developing a new and up-

to-date modelling framework has been established for the long-term modelling of 

groundwater recharge in shallow unconfined vadose zone with changing and variable 

climate utilising the available timeframe and other necessary resources.  

2.1. Water Cycle 

The movement of water in solid, liquid or gas form throughout the Earth is called the water 

cycle or the hydrologic cycle. Ideally, the water cycle consists of precipitation, interception, 

surface/depression storage, surface runoff, evaporation, evapotranspiration, infiltration, 

percolation, subsurface runoff, deep percolation, base flow, and stream flow, as shown in 

Figure 2.1. The immense water engine that is fuelled by solar energy, driven by gravity and 

Earth’s movement proceeds endlessly in the presence and absence of human activity 

(Maidment 1993). To solve some practical and complex problems, it is reasonable to 

assume simplifications of the processes that should not contribute to significant deviation 

from the ideal situation. Before performing the simplification for a specific problem, it is 

logical to provide a very brief description about the representation and estimation of all the 

processes. The following section is provided in here to build the scientific basis of the 

basic physical processes for development of the conceptual model of the groundwater 
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system though the subject matter is quite standard and could be found in any textbook on 

hydrology.  
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Figure 2.1 Water cycle (Ladson 2008) 

2.1.1. Representation and Estimation of Hydro-climatic Parameters 

The inflow components in a catchment consist of precipitation P, surface inflow Is, 

subsurface inflow Ig. The outflow components consist of evaporation E, transpiration T, 

which are commonly combined into one single term called evapotranspiration, subsurface 

outflow Qg, stream flow Q, and diversion D. The difference between the total inflow and 

total outflow contributes to the change of storage in the catchment. The storage type can be 

represented as surface storage Ss, soil moisture storage Ssm, groundwater storage Sg, 

vegetation Sv, rivers and channels Sr, snow and ice Si (Ladson 2008). Combining the 

inflows, outflows and storages in the water balance equation the following general 

representation can be obtained, as shown in Equation 2.1:  

 

    irvgsmsggs SSSSSSQDETQIIP                            Equation 2.1 

 

where ∆ are indicating variations of the storages during the time step interval of the 

computation. The more elaborate representation of the evaporation could be detailed as 

sublimation and condensation, and the same for precipitation could be interception, 

depression storage, infiltration and runoff. 
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In the absence of perfect knowledge about all the processes, the dominant processes 

concept (DPC) as suggested by Grayson and Bloschl (2000a; 2000b) and Woods (2002) is 

incorporated in the formulation of the conceptual model of the problem under 

consideration. A similar technique is applied to the present research while characterising 

the research site. The long-term average values of the flow components are considered and 

the insignificant flow components are assumed to negligible for the scale of space and time 

of the modelling study. The identification of the dominant processes is also conducted by 

the judgment of the physical factors that influence the phenomena. For example, the point 

scale runoff can contribute to the catchment scale groundwater in relation to ephemeral 

rivers of humid climate. In that situation, runoff can be neglected for a time scale (for 

example, a month) that is significantly greater than the storm duration (for example, hours 

or days). Therefore, the issue of modelling scale is also important in the selection of 

significant hydro-climatic processes.  

 

The simplification of the various processes typically results into three to four dominant 

processes depending on the relative quantity of flow in the annual water balance. For 

example, Morton (1983) compares the various seasonal water balances for six river basins 

in six different environments in North America, as presented in Figure 2.2. The significant 

components considered consist of rainfall, evapotranspiration, runoff and storage. In fact, 

these four processes are typical to any catchment scale water balance study.  

 

As to the typical hydrologic processes in the catchment scale water balance studies for 

long-term modelling, the four significant hydro-climatic processes are reviewed in the 

context of the modelling purpose. The four processes are: 

 precipitation 

 evapotranspiration  

 groundwater recharge  

 runoff  

The other processes of the general water balance equation are assumed negligible as far as 

the modelling context is concerned. 
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Figure 2.2 Seasonal water balance for six basins in North America (Morton 1983) 

 

Precipitation: Precipitation is represented by any form of water such as rainfall, snowfall, 

hail or sleet originating from atmosphere and reaching the Earth’s surface. When the form 

of precipitation is rain, it is typically measured in a rain gauge, for example a tipping 

bucket type rain sensor. Although the measurement of rainfall is direct and straightforward, 

the wide range of variation of rainfall at temporal and spatial scale can contribute 

significant deviation from reality while generalising the hydrologic processes at catchment 

scale. For this research, since the study is about understanding groundwater-climate 

relationship at catchment scale, the long-term average rainfall should adequately represent 

the system. However, in the predictive analyses, thousands of replicates of future rainfall 

need to be generated to encompass the natural variability and changing climate scenarios.  

 

Evapotranspiration: Evapotranspiration is the combination of evaporation from the soil 

surface and free water surfaces and transpiration from vegetation. It consists of the transfer 

of water in vapour form from the ground surface to the air and it includes evaporation from 
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open water bodies and soil surfaces, sublimation of frost, ice and snow, and transpiration 

from vegetal cover (Ladson 2008). The annual average precipitation over the land surface 

of the Earth returns to the atmosphere in the form of evapotranspiration by two thirds of its 

total amount (Chiew et al. 2002). Over the continent of Australia, evapotranspiration is 

more than 90% of precipitation. 

 

However, the scale of temporal and spatial variation of the vegetation characteristics, 

hydro-climatic and hydro-geologic factors that are responsible for the variation of 

evapotranspiration process is very wide and highly complex due to the interaction among 

the factors. The direct measurement of evapotranspiration is difficult, and therefore, often a 

large number of methods are used for estimation of evapotranspiration. Consequently, the 

results derived from those methods are also varying.  

 

Unlike rainfall data that is a measured data, the evapotranspiration data is usually estimated, 

and a range of methods and variables is introduced to represent this. In terms of data 

availability for the historical value, there can be a number of sources. Therefore, selection 

of the appropriate evapotranspiration estimation method, appropriate variable and reliable 

data provider source are the imperative issues that need to be addressed with due 

consideration. Relevant discussions have been provided in Section 2.1.2 in this regard. The 

specific estimates of evapotranspiration performed by earlier investigators in the region of 

the site analysed in the present research will be discussed in much more detail in Chapter 5.  

 

Groundwater recharge: If the water balance equation for a catchment is considered, the 

status of groundwater level would indicate the amount of storage of water in the subsurface 

region. Although the soil moisture content in the unsaturated soil also constitutes some part 

of water storage, the existence of groundwater level (GWL) would indicate fully saturated 

condition underneath the GWL. For a one-dimensional vertical flow system, any additional 

input to the system would cause rising levels of groundwater. In the event of rainless 

condition, the evapotranspiration losses would cause falling levels of groundwater. 

Therefore, in annual scale of time, groundwater recharge is the amount of water that enters 

into the saturated zone from rainfall. However, in broader context, recharge could be 

defined as water that reaches an aquifer from any direction (down, up or laterally) (Lerner 

1997).  
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There are some other variations with the definition of recharge. For instance, uniform 

recharge from irrigation or precipitation is referred as diffuse recharge or direct recharge, 

whereas concentrated recharge from local depressions, such as streams, lakes, and playas, 

are referred to as focused or localised recharge or indirect recharge. Rushton (1997) 

distinguishes actual recharge, estimated from groundwater studies and that reaches the 

water table, from potential recharge, estimated from surface water and unsaturated zone 

studies, and that is water that has infiltrated that may or may not reach the water table 

because of unsaturated zone processes or the ability of the saturated zone to accept 

recharge. In the intended research, the vertical flow of water in the soil, which eventually 

reaches water table or groundwater level, is meant by the term ‘recharge’. In many 

instances, the representation of recharge as a percentage of rainfall is used by hydrologists 

in water balance study and is termed as ‘recharge coefficient’. The various techniques for 

the estimation of groundwater recharge have been listed briefly later. An example of a 

shallow groundwater response to rainfall and climatic conditions is given in Figure 2.3. 

 

 

Figure 2.3 Average groundwater levels and weekly rainfall at the Beaver dam Creek basin, Maryland, 

US (Healy and Cook 2002) 

 

Runoff: The incorporation of runoff as a significant water flow component in the water 

balance equation for a catchment depends on the areal extent of the catchment boundary, 
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surface imperviousness or vegetal cover, rainfall intensity, soil moisture status, soil 

hydraulic conductivity (HC), hydraulic gradient and overall the relative quantity of the 

other flow components (Ladson 2008). The representation of runoff in the water balance is 

governed by its relative value with the other hydrological flow. For instance, the water 

balance in the Murray-Darling Basin shows 5% runoff while that of Lake Eyre Basin 

shows 1% runoff of the annual rainfall in the regions (Ladson 2008). Runoff coefficient, 

which is the ratio between runoff and rainfall related to a particular catchment, is widely 

used to represent the component of flow in the hydrologic system. The catchment and 

storm characteristics influence the runoff coefficient and there is wide range of variability 

of its value in relation to time and space (Merz et al. 2006; Merz and Bloschl 2009). 

 

Summary water balance: The equation of continuity for the control volume can be 

written as inflow-outflow to be equal to change in storage. The groundwater recharge or 

discharge is represented by the net flux, which is the algebraic summation of rainfall, 

runoff and evapotranspiration, while rainfall is considered to be of positive value, and 

runoff and evapotranspiration to be as negative value.  

2.1.2. Estimating Evapotranspiration 

The factors that govern open water evaporation such as energy supplies and vapour 

transport also govern evapotranspiration. In addition, a third factor enters the picture, the 

supply of moisture at the evaporative surface. The various methods of estimation of 

evapotranspiration are based on the basic physical processes in conjunction with some 

modifications obtained from experiment-based empirical methods. Broadly categorising 

the methods of estimation can lead to the following approaches: 

 Pan evaporation method (Chow et al. 1988) 

 Penman-Monteith (FAO 56) method (Allen et al. 1998). This method supersedes 

Penman’s (FAO 24) method (Maidment 1993) 

 Morton’s method (Morton 1983) 

The pan evaporation method estimates crop evapotranspiration by combining pan 

evaporation and crop factor. The pan evaporation is directly measured in the weather 

stations. The calculation of evaporation from open water is also alternatively performed by 

a number of methods such as energy balance method, aerodynamic method (Thornthwaite 

and Holzman 1939), combination method (Penman 1948) and Priestly-Taylor method 

(Priestley and Taylor 1972), as reported in Chow et al. (1988).  
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The Penman-Monteith method estimates reference crop evapotranspiration and uses a crop 

coefficient to estimate real crop evapotranspiration. The reference crop evapotranspiration 

is estimated as a combination of potential evapotranspiration and some function of soil 

moisture deficiency (Nash 1989). The potential evapotranspiration is estimated by solving 

for the potential evapotranspiration equilibrium temperature, the temperature that satisfies 

both the energy balance equation and the vapour transfer equation for a moist surface 

meaning unlimited water supply (Morton 1983). 

 

The methods reviewed in detail for this thesis other than Morton’s method are the pan 

evaporation method as described in Doorenbos and Pruitt (1977), Tindall and Kunkel 

(1999), Penman method, i.e. FAO-24 method described in Doorenbos and Pruitt (1977), 

Penman-Monteith method, i.e. FAO-56 method described in Allen et al (1998) and also 

described in Van Bavel (1966), Monteith (Monteith 1980) and Chiew et al. (1995a). 

Collectively, it is certain that these estimation methods incorporate the term potential 

evapotranspiration (PET), which may be defined as evapotranspiration that would take 

place, under the condition of unlimited water supply. Then, crop factor or crop coefficients 

are used to transform the potential evapotranspiration to actual evapotranspiration for a 

specific crop. 

 

The brief description of Morton’s method is given in Appendix A and the critical 

comparison of the other estimation procedures has been performed here to select the 

appropriate method of estimation of evapotranspiration. 

 

Morton’s ET: Morton’s method of estimation is based on a large number of climate data 

such as temperature, solar radiation, location, vapour pressure and atmospheric pressure in 

which the measured pan evaporation data use is deliberately excluded. The method 

proposes three evapotranspiration variables such as Areal Actual Evapotranspiration 

(AAET), Areal Potential Evapotranspiration (APET) and Point Potential 

Evapotranspiration (PPET). Citing directly from Chiew et al. (2002) page 2, the definitions 

of the three-evapotranspiration variables as used in Morton’s method are as follows 

(Morton 1983; Chiew and Leahy 2003).  

 AAET is the evapotranspiration that actually takes place, under the condition of 

existing water supply, from an area so large that the effects of any upwind 
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boundary transitions are negligible and local variations are integrated to an areal 

average. 

 APET is the evapotranspiration that would take place, under the condition of 

unlimited water supply, from an area so large that the effects of any upwind 

boundary transitions are negligible and local variations are integrated to an areal 

average. 

 PPET is the evapotranspiration that would take place, under the condition of 

unlimited water supply, from an area so small that the local evapotranspiration 

effects do not alter local air mass properties. It is assumed that latent and sensible 

heat transfers within the height of measurement are through convection only.  

 

Morton’s method is widely known as the Complementary Relationship Areal 

Evapotranspiration (CRAE) model (Doyle 1990). From the analogy of potential 

evaporation as evaluated by Nash (1989), it can be said that potential evapotranspiration is 

represented by Morton in two ways: firstly, as the energy available for evapotranspiration 

under the condition of unlimited water supply; and secondly, as the negative index of 

actual evapotranspiration under the condition of limited water supply. Mathematically, this 

means the AAET and PPET are inversely proportional under the condition of limited water 

supply. This concept of negativity in the relationship between potential and actual values 

were firstly proposed by Bouchet (1963) and then applied by Morton explicitly in his 

CRAE model. Thus, according to the Morton’s method of estimation of evapotranspiration, 

in its complementary relationship, it is stated that the ‘sum of AAET and PPET is equal to 

twice the APET’ (Morton 1983).    

 

The physical significance of the three variables could be explained in the following way. 

Under dry conditions, there is no water to evaporate, AAET = 0 and PPET is at its 

maximum rate. As water becomes available, AAET increases. This increase in AAET 

causes the overpassing air to become cooler and more humid (reducing the vapour pressure 

deficit at a point), producing an equivalent decrease in the PPET. Finally, when the soil 

water has increased sufficiently, the values of AAET and PPET converges to that of the 

APET (Morton 1983; Chiew and Leahy 2003). The APET as shown in Figure 2.4 indicates 

the wet environment areal evapotranspiration. The dry environment potential 

evapotranspiration is indicated by twice the APET at zero water supplies.  
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It should be noted that the graphical plot of the historical monthly average rainfall along 

the X axis and PPET and AAET values along the Y axis have been found to generate 

similar scatter of Figure 2.4, as described in Chapter 5. Some additional analyses have 

been provided in Chapter 5 to show the adequacy of Morton’s AAET in relation to various 

estimates of evapotranspiration, soil porosities and lateral subsurface flows. Therefore, it 

can be agreed that Morton’s AAET should adequately represent the outgoing flux from the 

system under consideration. 
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Figure 2.4 Complementary relationship between AAET and PPET (Morton 1983; Chiew et al. 2002) 

 

Comparison between Penman-Monteith and Morton: Similar to the Penman-Monteith 

method of estimation, both the vapour transfer and energy balance equations are 

considered in Morton’s method. However, the application is more comprehensive in the 

sense that rather than solving for one single variable called ‘potential evapotranspiration 

equilibrium temperature’, two key evapotranspiration variables such as PPET and APET 

are simultaneously solved in the procedure of Morton and the complementary relationship 

is used to estimate the required evapotranspiration variable AAET. Nash (1989) explicitly 

elaborates the superiority of complementary relationship in relation to the traditional 

methods of estimation of actual evapotranspiration from potential values. Morton’s 

contribution in top of Penman’s method though these are not conflicting but Morton adds 

some value. For a clear understanding, in the computational steps followed in the two 
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methods such as Penman and Morton, it is observed that while Penman uses a single 

potential value to combine with factor/coefficients for estimating actual value, Morton 

calculates two sets of values (PPET and APET) to calculate AAET for each time step. 

Morton suggests the feedback mechanism that acts on the factors influencing potential 

values (Morton 1983; Nash 1989). Both the Penman methods and pan evaporation method 

are relevant for a specific type of crop and on shorter (for example, daily) time scale. 

Morton’s method does not consider any specific crop type and the time scale is longer (for 

example, monthly).  

 

Superiority of Morton’s evapotranspiration in the modelling context: The introduction 

of crop factor in the estimation of evapotranspiration makes it less universal for a range of 

vegetation. Both the Penman-Monteith method and Pan Evaporation method have this 

limitation. Morton’s method does not consider any specific crop type. Therefore, 

considering the context of the catchment scale model where a range of vegetation should 

exist rather than a specific type of crop, Morton’s method is more appropriate for the 

estimation of evapotranspiration. 

 

The other factor relates to the dependency of estimated evapotranspiration on pan 

evaporation. One measure of goodness of the estimation of evapotranspiration is the good 

correlation of the estimated potential evapotranspiration with pan evaporation data. For 

example, Chiew et al. (1995a) have used pan evaporation data to estimate potential 

evapotranspiration when the necessary climate data were unavailable in performing their 

investigation to find the relationship between various estimates of evapotranspiration in 

Australia. However, the correlation between daily estimates of Penman’s PET and pan 

evaporation data have been found to be poor for Australia (Chiew and McMahon 1992). 

Therefore, it is better to avoid the estimates of evapotranspiration that are based on pan 

evaporation data. 

 

Jeffrey et al. (2001) also have shown that out of a number of measured climatic variables, 

the pan evaporation data has the largest value of mean absolute error (MAE) in relation to 

that of the other variables. Therefore, the methods that are based on pan evaporation values 

are also susceptible to error.  
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Therefore, for Australia, Penman’s method and thereby Penman-Monteith methods are less 

desirable than Morton’s method, which does not compute pan evaporation as initial step 

for estimation of evapotranspiration. From the evidence of field investigation, it is 

suggested that Morton’s method of estimation of evapotranspiration is more appropriate 

for Australia than other estimates.  

 

Representation of wet dry tropic by Morton’s ET: The applicability of the Penman’s 

method in comparison with Morton’s method in rainfall-runoff modelling for Australia has 

been investigated by Chiew and McMahon (1991). In rainfall-runoff modelling, the 

condition of wet environment prevails. Morton’s wet environment evapotranspiration and 

Penman’s potential evapotranspiration have been found to provide similar magnitudes of 

only the upper limit of actual evapotranspiration at moderate climatic condition (Chiew 

and McMahon 1991). This indicates that during the wet season, both the methods are 

equally applicable and can be used interchangeably in rainfall-runoff modelling application 

and during the dry season, these two methods give different result because of the 

complementary relationship between evapotranspiration variables being considered in 

Morton’s method.  

 

In the context of present research, the distinct wet-dry tropic region is subjected to 

significant wet and dry conditions in the annual cycle. The recharge to a groundwater 

system during the wet season ultimately becomes discharge to the stream by base flow and 

evapotranspiration for the dry season. Thus, the dry season’s water balances are equally 

significant. To represent the whole annual cycle of wet and dry conditions, Morton’s 

estimates of actual evapotranspiration is more representative than Penman’s potential 

evapotranspiration. As Penman’s method has been found to be insufficient, as stated in 

Chiew and McMahon (1992). Morton’s method should be more reasonable, due to its more 

physically-based estimation methodology.  

 

The natural processes that correspond to a certain combination of PPET and AAET are 

considered unique. The summation of PPET and AAET is constant for any set of physical 

condition in terms of water availability and that summation is equal to the twice of APET. 

The use of complementary relationship in Morton’s method makes the transformation of 

potential evapotranspiration to actual evapotranspiration more realistic. 
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Scientific superiority of Morton’s method: Doyle (1990) has shown that the Bouchet-

Morton approach, the CRAE model, provides a valuable alternative to the empiricism of 

the Thornthwaite-style (Thornthwaite and Holzman 1939) reduction of actual evaporation 

from potential evaporation, but this is achieved at a high cost, which means the 

introduction of a strong degree of empiricism into the process of advection modelling. But 

Hobbins et al. (2001) suggest that there is clear indication about the superiority of CRAE 

model with respect to the Advection-Aridity (AA) model (Brutsaert and Stricker 1979), as 

the later one needs to be recalibrated before it could be used successfully on a regional 

basis, whereas the CRAE model accurately predicts monthly regional evapotranspiration. It 

should be indicated that the AA model is based on the concept that the degree of non-

availability of water for evapotranspiration is deduced from regional advection of drying 

power of the air in the atmospheric environment (Brutsaert and Stricker 1979). However, 

the CRAE model considers the atmospheric environment directly in the estimation of 

PPET, as found in Morton (1983).  

 

Granger and Gray (1990) show that Morton’s method for evaporation estimation has 

several deficiencies such as the assumption water transfer coefficient is not dependent on 

wind speed, and calculation of albedo may lead to significant errors. However, these 

deficiencies lead to poor performance of Morton’s method while used for smaller time 

scale but for a larger time scale, estimates are more reliable. In the present research, the 

time scale considered is monthly and the use of Morton’s estimates of evapotranspiration 

would be accepted.  

 

Summary: Concerning all the discussions above, the various methods of estimates of 

evapotranspiration, the selection of the Morton’s method is justified from the following 

considerations: 

 Theoretical basis of CRAE is stronger than empirical models  

 Not dependent on pan evaporation, which is not preferable for Australia 

 Adequately represent the dry season flow as well as wet season by CRAE model 

 The universal vegetation type can be represented 

 The monthly time step is better for Morton’s method while daily values are better 

with other methods. In the present context, monthly values are needed 
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2.2. Groundwater Recharge  

The interaction of climate, geology, morphology, soil condition, and vegetation determines 

the Groundwater (GW) recharge process. In general, the influence of the near-surface 

conditions in semi-arid or arid areas is relatively more prominent in governing the recharge 

process than that in humid areas. In humid areas, the deep percolation is subjected to the 

control of surplus precipitation in excess of potential evapotranspiration, infiltration 

capacity of the soil, and the storage and transport capacity of the subsurface soil. In semi- 

arid areas, it has been found that potential evapotranspiration on average exceeds rainfall. 

Therefore, the recharge in semi- arid areas particularly depends on rainfall events of high 

intensity, when there is possibility of accumulation of rainwater in local depressions and 

streams exists and the rainwater can escape the loss by evapotranspiration while flowing 

quickly by percolation through the cracks, fissures/faults or solution channels. Recharge is 

retarded by vegetation, thick alluvial soils, which allow high retention storage during the 

wet season and extraction by vegetation during the dry season. In contrast, a poor 

vegetation cover on a permeable soil near the surface accelerates the rate of recharge 

(Vries and Simmers 2002). Duah and Xu (2008) have shown the relative extent of recharge 

significance of various types of recharge for different climate regions as shown in Figure 

2.5. The variation of direct recharge with annual precipitation in this diagram is analogous 

to the Morton’s CRAE model as applied for representation of evapotranspiration process. 
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Figure 2.5 A diagram showing different types of recharges in different climate areas (Duah and Xu 

2008) 
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In the present context, the region is of tropical climate with distinct wet and dry spell in the 

annual cycle, as will be discussed in more detail in Chapter 3. The following sections are 

provided to review the methods of estimation of recharge and to select the most 

appropriate method of conceptualising and predicting the groundwater recharge process for 

the site. 

2.2.1. Estimation of Recharge 

The methods used for estimating recharge can be broadly classified into the following 

categories (Hatton 1998): 

 Chemical methods based on indicators of recharge processes (existence of Chloride, 

Tritium and Chlorine-36, Carbon-14 and Chlorofluorocarbons in groundwater); 

 Physical methods based on soil properties (Zero flux plane, Darcy’s law and 

Lysimetry); 

 Hydrologic methods based on catchment scale (water balance for surface water and 

subsurface water in the catchment along one, two or three dimensions); 

 Observed groundwater response related to hydraulic and geologic property of 

aquifer; 

 Soil water tracer based on movement of tracer (artificial, historical or 

environmental tracer); and 

 Electromagnetic method based on electrical conductivity of soil water. 

 

The methods of estimating recharge can be overviewed with another perspective. The 

techniques are subdivided into three categories based on the location or zone where the 

processes occur or interact: surface water zone, unsaturated zone and saturated zone or 

groundwater. Within each zone, the techniques are generally classified into physical, tracer 

or numerical modelling approaches (Scanlon et al. 2002). Looking in this way will help to 

select the appropriate technique for the proposed research or to justify the selection of an 

approach for the understanding of the site condition. 

 

A detailed study shows the important aspects of each approach when choosing appropriate 

techniques, such as the space/time scale, range of flow, climatic quality and reliability of 

estimate (Scanlon et al. 2002). Figures 2.6, 2.7, 2.8 and Table 2.1 describe broad 

guidelines for the selection of techniques. 

 



 24 

From the integrated review of the related characteristics of the site and the broad guidelines 

as stated, it is certain that the study of recharge for the site under consideration must 

encompass both saturated and unsaturated flow conditions together as far as the one-

dimensional analysis is concerned. Both saturated and unsaturated flows have distinct 

significance as related to the environmental safety of the mine site. However, the surface 

water flow has to be considered if it is concerned with two-dimensional analyses.  

 

 

Figure 2.6 Range of fluxes that can be estimated using various techniques (Scanlon et al. 2002) 

 

 

Figure 2.7 Spatial scales represented by various techniques for estimating recharge. Point-scale 

estimates are represented by the range of 0 to 1 m (Scanlon et al. 2002) 
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Figure 2.8 Time periods represented by recharge rates estimated using various techniques. Time 

periods for unsaturated and saturated zone tracers may extend beyond the range shown (Scanlon et al. 

2002) 
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Table 2.1 Appropriate techniques for estimating recharge in regions with arid, semi-arid, and humid 

climates (Scanlon et al. 2002) 

Hydrologic 

zone 

Technique 

Arid and semiarid climates Humid climate 

Surface water Channel water budget 

Seepage meters 

Heat tracers 

Isotopic tracers 

Watershed modelling 

Channel water budget 

Seepage meters 

Base flow discharge 

Isotopic tracers 

Watershed modelling 

Unsaturated 

zone 

Lysimeters 

Zero-flux plane  

Darcy’s law 

Tracers [historical 
36

Cl, 
3
H, environmental 

(Cl)] 

Numerical modelling 

Lysimeters 

Zero-flux plane  

Darcy’s law 

Tracers (applied) 

 

Numerical modelling 

Saturated 

zone 

Tracers [historical (CFCs, 
3
H/

3
He), 

environmental (Cl, 
14

C)] 

Numerical modelling 

Water table fluctuations 

Darcy’s law 

Tracers [historical (CFCs, 

3
H/

3
He)] 

Numerical modelling 

 

2.2.2. Selection of Technique for Recharge Estimation 

Three different methods of investigation for recharge estimation have been reviewed and 

the range of the past investigations have been classified in terms of the methods of 

investigation and the zone of groundwater recharge as shown in Table 2.2. From the three 

major categories of available techniques for recharge study, which may be physical 

process-based, tracer-based or numerical modelling-based, it can be conceived that 

numerical modelling is the most versatile. The only limitation of numerical modelling is 

that it requires some observed data for model validation. Therefore, the available record of 

climate data and groundwater level data builds the scope of physical process-based 

modelling for evolution of the best conceptual model.  
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There are instances when either the physical process-based technique or the tracer 

technique is combined with numerical modelling in the framework of result validation 

stage of the investigation. Jimenez-Martinez et al. (2009) use the physical process-based 

measurement technique with the numerical technique. Other researchers such as Smerdon 

et al. (2009) use either of the three techniques, such as numerical modelling when adequate 

time series data are available and physical process-based analyses when insufficient data 

are available, in which case only annual lumped estimates of the flow components are used.  

 

The review of the previous investigation for estimation of recharge in the site is conducted 

in detail in Chapters 3 and 5. The significant physical processes for the site include 

precipitation, evapotranspiration and groundwater storage as established earlier in this 

chapter. Detailed data-based analyses are also performed in Chapter 5. The method of 

investigation for prediction of future recharge in the future climate can be easily performed 

with numerical computation if the future climate data are available. In this regard, the other 

two methods of estimation are of very limited capacity.  
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Table 2.2 Classifications of techniques/models for recharge estimation 

Zone Techniques Names of methods with references 

Surface water 

studies 

 

Physical 

techniques 

Channel water budget: (Lerner et al. 1990; Lerner 1997; Rushton 1997)  

Seepage meters: (Kraatz 1977), (Lee and Cherry 1978)  

Base flow discharge: (Meyboom 1961; Rorabough 1964; Mau and Winter 1997; Rutledge 1997; Halford and Mayer 

2000; Herrmann et al. 2009)  

Tracer 

techniques 

Heat tracer:(Stallman 1964; Lapham 1989; Constantz et al. 1994; Healy and Ronan 1996; Ronan et al. 1998)  

Isotopic tracer:(Stuyfzand 1989; Taylor et al. 1989; Taylor et al. 1992) 

Numerical 

modelling 

Lumped: (Kite 1995; Tilahun and Merkel 2009) 

hydrologic-response units (HRUs) or hydrogen-geomorphologic Units (HGUs): (Salama et al. 1993), (Leavesley 

and Stannard 1995) 

SHE (Mudgway et al. 1997), MIKE-SHE (Smerdon et al. 2009) 

BRANCH (Schaffranek 1987)  

GSSHA (Ogden 2000; Nelson 2001; Ogden and Y 2002)  

AWBM, SIMHYD (Podger 2004) 

GROWA (Herrmann et al. 2009) 

Unsaturated - 

zone studies 

Physical 

techniques 

Lysimeters: (Brutsaert 1982; Allen et al. 1991; Young et al. 1996)  

Zero – flux plane: (Cooper et al. 1990; Sharma et al. 1991)  

Darcy’s law: (Sammis et al. 1982; Stephens and Knowlton 1986; Healy and Mills 1991; Nimmo et al. 1994) 
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Tracer 

techniques 

Applied tracers: (Athavale and Rangarajan 1988; Kung 1990; Flury et al. 1994; Cresswell et al. 1997; Aeby 1998; 

Forrer et al. 1999) Historical tracers: (Nativ et al. 1995; Sibanda et al. 2009) 

Numerical 

modelling 

Soil water storage routing: bucket model (Flint et al. 2002; Walker et al. 2002)  

Quasi-analytical: (Kim et al. 1996; Simmons and Meyer 2000) HELP (Schroeder et al. 1994; Stephens and Coons 

1994),  

Numerical solution to Richards equation: BREATH (Stothoff 1995), HYDRUS – 1D, HYDRUS -2D (Simunek et 

al. 1996), SWIM (Verburg et al. 1996), VS2DT (Lappala et al. 1987), (Hsieh et al. 2000), WAVES (Dawes and 

Short 1993), UNSAT – H (Fayer 2000), VAMOS (Bornhoft 1994), CLASS U3M (Tuteja et al. 2004). 

Pedotransfer Function (Wang et al. 2009a) 

 

 

 

Zone Techniques Names of methods with References 

Saturated - 

zone studies 

 

Physical 

techniques 

Watertable fluctuation: (Meinzer and Stearns 1929; Rasmussen and Andreasen 1959; Gerhart 1986; Hall and Risser 

1993; Healy and Cook 2002; Sibanda et al. 2009)  

Darcy’s law:  (Theis 1937; Belan and Matlock 1973; Nativ et al. 1995; Sibanda et al. 2009)  

Tracer 

techniques 

Groundwater dating by historical tracer: (Allison and Hughes 1977; Egboka et al. 1983; Robertson and Cherry 

1989) 

Environmental tracers: (Johnston and Needham 1999; Cook et al. 2001)  
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Numerical 

modelling 

Analytic element method: (Strack 1989) 

Inverse modelling: (Reilly et al. 1994; Szabo et al. 1996; Portniaguine and Solomon 1998)  

SMAR(Tan and O'Connor 1996) 

SWAGSIM (Prathapar et al. 1994)  

Surface water and groundwater: SWAT and MODFLOW (Sophocleus and Perkins 2000) 

Arc GIS and MODFLOW (Ajami et al. 2007) 

saturated and unsaturated zone: Seep/W (Krahn 2004b), Vadose/W (Krahn 2004a). 
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2.3. Physical Process-based Models for GW Recharge 

To predict the behaviour of seepage and GW recharge of any catchments using numerical 

models, it is essential that adequate consideration is given to the underlying theories based 

on which the model has been programmed. There has been a general understanding of 

numerical models that simplicity and accuracy do not go in a body. It is conventional to 

start with a simpler water balance model to conceptualise the significant processes in the 

system and then apply that understanding to represent the more complex processes such as 

unsaturated flow condition together with the saturated flow system. A range of approaches 

exists for modelling and a very brief description of the classification of the models is 

reviewed. Following this, only the relevant approaches are detailed. 

2.3.1. Classification of Models 

The three basic features useful for distinguishing approaches to modelling are: 

 The nature of the basic algorithms (empirical, conceptual or process-based); 

 Whether a statistical or deterministic approach is taken to input or parameter 

specification; and 

 Whether the spatial and temporal representation is lumped or distributed. 

There has been a range of work related to classifications of model. Some of the following 

classifications are reported from the toolkit resource of Cooperative Research Centre for 

Catchment Hydrology (CRC for CH) (CRCCH 2005). 

 

Empirical, regression or ‘black-box’ models: The first question of classification is 

whether any attempt is made to represent the basic processes. Models that simply calibrate 

a relationship between inputs and outputs are known as empirical, regression or ‘black-

box’ models. 

 

Conceptual-empirical models: The next step in complexity is conceptual-empirical 

models; in the case of catchments modelling, the basic processes such as interception, 

infiltration, evaporation, surface and subsurface runoff are separated to some extent. 

 

Physically-based or process-based models—complex conceptual models: As the quest 

for deeper understanding of hydrological processes has progressed, models based on the 
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fundamental physics and governing equations of water flow over and through soil and 

vegetation have been developed. 

 

Stochastic or deterministic representations: Another basic distinction between models is 

whether stochastic or deterministic representations and inputs are used. Most models are 

deterministic, meaning that a single set of input values and a single parameter set are used 

to generate a single set of outputs. In stochastic models, some or all of the inputs and 

parameters are represented by statistical distributions, rather than single values. 

 

Physical models or analog models: The laboratory representation of field conditions is a 

physical model and the conceptual models based on analogy of the physical processes are 

analog models. 

 

Lumped or distributed models: Spatially lumped models treat the modelled area (such as 

sub-catchments) as a single unit and average the effects of variability over that unit. 

Spatially distributed models separate the region to be modelled into discrete units, enabling 

different model inputs or parameters to be used to represent spatial variability. 

 

Temporally lumped and distributed models: Some models are designed to provide 

output that represents ‘average’ or ‘long-term’ values may be called ‘temporally lumped’, 

whereas others are ‘time stepping’ models in which output is produced at regular intervals 

such as hourly, daily or monthly may be called temporally distributed.  

 

Finite difference and finite element models: Depending on the temporal and spatial 

discretisation and solution technique, there may be finite difference models, finite element 

models or analytic element models.  

 

1-2-3 dimensional models: Depending on the spatial description of the location to be 

modelled, it may be one-dimensional, two-dimensional or three-dimensional. A three-

dimensional modelling approach is the most adequate way to capture the subsurface 

complexity of most geologic settings, which can lead to improved hydro-geologic 

appraisals in the context of an integrated approach. 
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In the following sections, only the theories of the process-based models (saturated and 

unsaturated flows) and then the representation and solution techniques (finite element and 

finite difference) are highlighted. By considering the current research objective and 

available resources of modelling software in terms of data requirement and physical basis, 

the most appropriate models are selected for detailed analyses.  

2.3.2. Water Balance in Saturated Flow 

The relationship between the ongoing processes for any control volume in a hydrologic 

system can be described by the water balance equation. The equation states that the 

difference between inflow and outflow to and from the system should be equal to the 

change in storage, as is demonstrated in Equation 2.1. Some of the variables are 

represented by measured or estimated values while others are represented by equations, 

most of which are empirically developed. The number of unknowns that could be solved is 

to be equal to the number of equations available. Therefore, the appropriate modelling 

approaches are developed so that the number of unknowns is reduced to match the purpose 

of modelling with availability of data and other issues related to practical conveniences. 

 

The catchment and climate characteristics determine the relative importance of all those 

components of water balance equations. For example, the intensity of rainfall and potential 

infiltration capacity of soil determines whether there will be surface storage or surface 

runoff. 

 

The two examples of saturated flow models commonly used by the hydrologist community 

in Australia for surface water modelling and groundwater modelling are the Australian 

Water Balance Model (AWBM) (Podger 2004) and the Modular Three-dimensional Finite 

Difference Groundwater Flow Model (MODFLOW) (McDonald and Harbaugh 1988).  

 

AWBM: AWBM is a catchment water balance model that can relate runoff to rainfall. It 

does not consider unsaturated flow. The flow to groundwater resources from rainfall is 

estimated grossly by introducing the Base Flow Index (BFI), which is an empirical value 

ratio between base flow and total stream flow (Podger 2004). The estimation of 

groundwater recharge by using this model is highly dependent on the reliability and 

representativeness of runoff data for a particular site. In Chapter 5, this issue will be 

discussed in relation to the site under consideration.  
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MODFLOW: The MODFLOW model considers the three-dimensional movement of 

groundwater of constant density through porous material by using Darcy’s equation and 

finite difference as the solution technique (McDonald and Harbaugh 1988). It is a saturated 

flow model. The MODFLOW model can be used to compute the water balances for 

extreme weather conditions like flood. However, the unsaturated flow condition is not 

adequately represented in MODFLOW. The ‘recharge coefficient’ is used to represent the 

inflow of water to the soil system. This value is a percentage value of rainfall for a site and 

is estimated from annual water balance components of the site under consideration. Recent 

investigators are using this model in combination with unsaturated flow models and 

packages for considering evapotranspiration flow in combination with rainfall (Twarakavi 

et al. 2008; Doble et al. 2009).  

 

The AWBM is used for developing a conceptual model of the site because unlike 

MODFLOW, it does not require soil property data. In addition, MODFLOW is a three-

dimensional model whereas AWBM is a data-based empirical model. Therefore, at the 

preliminary stage of saturated flow modelling, a less data-intensive model is used. For 

further detailed modelling for unsaturated conditions, other models are considered, which 

will be discussed shortly. However, before looking at the models, the formulation of 

unsaturated flow equation must be introduced. 

2.3.3. The Richard’s Equation in Unsaturated Flow 

One-dimensional vertical flow of water through isothermal, rigid, saturated soil is 

governed by Darcy’s law (Darcy 1856; Buckingham 1907) in Equation 2.2:  

 

dz
dHKq             Equation 2.2 

 

where 

q = water flux density = volumetric water flow per unit cross-sectional area per unit time 

[cm
3
 volume of water/cm

2
 area of soil/h time] 

K = hydraulic conductivity [cm
2 

water/cm soil/h] 

H = hydraulic head [cm water] 

z = distance into the soil [cm soil]  
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As long as soil can be treated as a continuum, Darcy’s law has been proven valid. The 

continuity of flow path is interrupted as moisture content falls below saturation, i.e. in 

unsaturated flow. In a flow situation where flow, conductivity and head vary in space and 

time, the equation of continuity or equation of conservation of mass is to be combined with 

Darcy’s law to describe the flow mechanism in a more representative way. For 

incompressible flow, the combination of these two basic equations, named Richards’ 

equation (RE) (Richards 1931), is written as Equation 2.3: 
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                        Equation 2.3 

 

where  

  = volumetric water content [cm
3
/cm

3
] 

t = time [h] 

S = source or sink strength [cm
3 
water/cm

3
 soil/h] 

 

In rigid, unsaturated or saturated soil, in which the gas pressure is always atmospheric (i.e. 

air can move freely) the hydraulic head (H) is the sum of gravitational potential (z) and the 

matric potential (Ψ). The RE then becomes Equation 2.4: 
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       Equation 2.4 

 

This equation is highly non-linear whereby K and Ψ change over several orders of 

magnitude with change in θ. The RE-based representation is a more accurate simulation of 

the water balance components of the system of the vadose zone groundwater and soil 

surface. 

2.3.4. Solution Techniques of RE 

There are numerous codes written for the purpose of solving the RE by the method of finite 

difference or finite element techniques. They are always being updated due to the 

development of the computing technologies and industries. Some of the currently available 

packages relevant to the proposed research are investigated in this work. For finite 

difference techniques, the models considered are Soil Water Infiltration and Movement 
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(SWIM) (Verburg et al. 1996), and Catchment Scale Multiple-Land use Atmosphere Soil 

Water and Solute Transport Model (CLASS) (Vaze et al. 2005). For finite element 

techniques, the models considered are Seep/W (Krahn 2004b) and Vadose/W (Wilson 

1990). 

 

SWIM: Soil Water Infiltration and Movement (SWIM) is a software package developed 

within the CSIRO Land and Water for simulating infiltration, evapotranspiration, and 

redistribution. It combines water movement with transient solute transport and 

accommodates a variety of soil property descriptions and flexible boundary conditions 

(Verburg et al. 1996) .  

 

This is based on a numerical solution of the RE and the advection-dispersion equation. Soil 

water and solute transport properties, initial conditions and time dependent boundary 

conditions (such as precipitation, evaporative demand, solute input) need to be supplied by 

the user in order to run the model. 

 

Using a hyperbolic sine transform of Ψ, as shown in Equation 2.5, for dry range 

unsaturated flow with Ψ0 < Ψ1 as: 

 

psinh
1

0 





         Equation 2.5 

 

and linear transform of Ψ, for wet range saturated flow with Ψ0 > Ψ1, as in Equation 2.6: 
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1

0





         Equation 2.6 

 

RE can be written as Equation 2.7: 
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where Ψ0 is the shifting parameter and Ψ1 is the scaling parameter for the transformation. 

Appropriate choice of Ψ0 allows the inverse hyperbolic sine transform to be applied for dry 

range and linear transform for wet range. 

 

Use of this transform allows SWIM to deal with unsaturated and saturated flow and dry 

soils with relatively large space steps in the solution. SWIM uses finite difference methods 

such as backward differencing in time and central differences in space for RE and for 

solving, uses the Newton-Raphson method (Verburg et al. 1996).  

 

CLASS: CLASS is a physically-based distributed eco-hydrological modelling framework 

that can be used to predict land-use effects at paddock, hill slope and catchment scales. 

Effects of climate scenarios predicted by stochastic climate models as well as the effects of 

spatio-temporal climate variations within a catchment can be analysed (Vaze et al. 2005). 

The RE is explicitly solved by the finite difference method. 

 

The model uses adaptable sub-daily simulation time steps by sensing the transient nature of 

the atmospheric conditions and attempts to overcome the divergence problems usually 

associated with solution of the RE. The vertical flux computations are implemented at a 

shorter time interval than that of the horizontal. Hydraulic diffusivity D (θ) = K / (dθ/dΨ) 

is considered another parameter, similar to vapour diffusivity  (Verburg et al. 1996) in the 

soil as used in SWIM to consider isothermal vapour flow, to address the unsaturated 

hydraulic property (Tuteja et al. 2004).  

 

Seep/W: In Seep/W, the solution of the partial differential equation is achieved by using 

the finite element method (Krahn 2004b). The RE is written in a two-dimensional form. 

Applying the Galerkin method of weighted residuals to the RE, the following finite 

element for two-dimensional seepage is derived, as in Equation 2.8:  

 

       QtHMHK  ,         Equation 2.8 

 

where 

[K] = the element characteristic matrix for hydraulic conductivity 

{H} = the vector of nodal heads (hydraulic head) 
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[M] = the element mass matrix (soil mass for moisture storage) 

t = time derivative of  

{Q} = the element applied flux vector (source or sink). 

 

Seep/W uses the backward difference method for temporal integration of the time variant 

section of the finite element equation. Gaussian numerical integration is used for the 

evaluation of [K] and [M]. The integrals are evaluated by sampling element properties at 

specifically defined points and then summed together for the entire element. The integrals 

for source or sink term are solved by closed-form solutions for two-dimensional analyses. 

 

Vadose/W: In Vadose/W, the basic equations for water flow are written in terms of 

pressure head (P) in place of total hydraulic head (H) to consider the findings of Wilson 

(1990) regarding the relationship of potential and actual evaporation with pore water 

pressure in a proper way. The hydraulic property of unsaturated soil drastically changes 

with the increase of soil suction, which depends on the amount of flow of water, which is 

again a function of hydraulic property and vice versa. Thus, to simulate the behaviour of 

unsaturated soil, flow of mass (liquid water and water vapour) and flow of energy (heat) 

are coupled together to conserve both mass and energy (Krahn 2004a). The finite element 

formulation of the coupled flow of mass and energy can be generalised in brief as follows. 

 

The finite element equation for mass (liquid water and water vapour) transfer is shown in 

Equation 2.9 and finite element equation for energy (heat) transfer is demonstrated in 

Equation 2.10: 

 

          QtPMTKPK wtw  ,        Equation 2.9 

 

          tttwt QtTMPKTK  ,      Equation 2.10 

 

Therefore, these two equations can be combined to form Equation 2.11: 
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where [Kw] and [Kwt] are the relevant element characteristics matrices (hydraulic 

conductivity and thermal conductivity) for mass flow and [Kt] and [Ktw] are the relevant 

element characteristics matrices for heat flow. 

2.3.5. Selection of Unsaturated Flow Model  

In the water balance equation, as mentioned previously, some of the parameters such as 

rainfall, infiltration, evaporation, transpiration, and surface runoff are assumed to be 

known while the seepage and deep drainage are the parameters to be determined. The 

solution of this water balance equation requires saturated hydraulic conductivity of soil as 

long as flow is saturated. However, as the flow may be unsaturated as well, the variable 

hydraulic conductivity should be defined as a function of suction. In such a case, 

quantification of flow of water through soil requires the hydraulic property function of soil. 

Therefore, to analyse a range of physical conditions, a number of numerical models are 

investigated. 

 

All of the unsaturated flow models require the basic hydraulic properties such as porosity, 

soil moisture characteristics, or volumetric water content function or parameters to define 

the relationship of hydraulic conductivity, soil moisture content and soil suction. However, 

specific factors that differ depending on the model are as follows: 

 The SWIM model requires coefficients related to soil property and solute transport, 

which in turn involves hysteresis function, adsorption isotherm and dispersion 

coefficients. Moreover, the boundary conditions require vegetation characteristics 

and water management practices in addition to soil and solute properties (Verburg 

et al. 1996). 

 CLASS requires data for land use pattern involving the vegetation characteristics 

such as physical and physiological properties of root and leaf (Vaze et al. 2005). 

 Vadose/W requires the thermal conductivity function of the soil in addition to the 

hydraulic conductivity function for the representation. The thermal conductivity 

function is not required for Seep/W.  

 

The ultimate purpose of the current research is to investigate the centurial scale response of 

GWLs with multiple numbers of scenarios. These include the Special Report on Emission 

Scenarios (SRES) of the Intergovernmental Panel on Climate Change (IPCC) and 

considering the thousands of replicates of natural climatic variability, such as ElNino 
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Southern Oscillation (ENSO) events. Therefore, the ease of application with regard to 

numerous ranges of input data is another selection criterion of the physically-based model. 

With the appropriate combination of theoretical basis, data requirement and ease of 

application, Seep/W model is selected for modelling the saturated-unsaturated flow 

condition. 

2.4. Statistical Techniques in Hydrology 

It was reported earlier that numerical models based on physical processes are an 

appropriate method for estimation of recharge. Numerical models can also be based on 

non-physical processes, statistical process-based models are one example. Statistical 

methods have been traditionally applied to hydrological processes by many investigators. 

Klemes (1978), and Salas and Smith (1981) provided a review of the research on the 

physical foundations of stochastic models used in hydrology (Hipel and McLeod 1994). In 

many instances, the complexity of the physical processes or inadequacy of the observed 

data for the preferred spatial and temporal scale hinders the applicability of the traditional 

upward or reductionist approach in hydrological prediction (Bloschl and Sivapalan 1995; 

Sivapalan et al. 2003). Through the synthesis of the traditional upward or reductionist 

approach (based on the laws of physics) with the downward approach (based on systematic 

learning from data), significant progress can be achieved in the representation and 

prediction of hydrologic systems. The application of time series analysis techniques is thus 

intended as a complementary approach to the physically-based computational modelling 

work. For example, Mayer and Congdon (2007) used time series analyses with seasonal 

decomposition to groundwater levels to identify the climate and anthropogenic effects. 

Some of the relevant theories for the application of the time series method to the present 

research are reviewed in Appendix B.  

2.4.1. Time Series Techniques 

A time series is a set of observations generated sequentially in time. If future values of a 

time series are estimated by some mathematical functions then the time series is 

deterministic. If the future values can be described only in terms of a probability 

distribution, the time series is non-deterministic, or simply a statistical time series (Box 

and Jenkins 1976). The statistical time series method is incorporated into the current 

research. It was stated by Gaspar (1984) that ‘time series analysis consists of all the 
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techniques that, when applied to time series data, yield, at least sometimes, either insight or 

knowledge, and everything that help us choose or understand these procedures’.  

 

The observed time series is an actual realisation of an underlying time series process. The 

term ‘realisation’ refers to a sequence of observed data points, not just a single observation 

(Vandaele 1983). With regard to the present research, the yearly variability and seasonality 

in each year’s climate and the various relevant activities in the site are to be considered 

simultaneously to represent the response of groundwater table. The past record of climate 

and GWLs should be considered to be the time series realisation of the underlying time 

series processes.  

 

The reasons for studying time series often consist of determination of the most appropriate 

method of investigation to be used, achieving an overview of some basic steps of 

exploratory analyses, and performing the forecasting and control of the time series 

processes (Vandaele 1983). The specific objectives of the time series analyses are as 

follows: 

1. To obtain a concise description of the features of a particular time series process; 

2. To construct a model to explain the time series behaviour in terms of other 

variables and to relate the observations to some structural rules of behaviour; 

3. Based on the results of 1 and 2, to use the analysis to forecast the behaviour of the 

series in the future, based upon knowledge of the past; and 

4. To control the process generating the series by examining what might happen when 

we alter some of the parameters of the model. 

 

Possibly, the most important objective in this study of time series modelling is to help 

uncover the dynamical law governing its generation. Obviously, a complete uncovering of 

the law governing its generation demands a complete understanding/representation of the 

underlying physics, chemistry and biology. When the underlying theory is far from 

complete (because of too many complex processes acting together) and the problem is 

presented with not much more than the data themselves, the previously mentioned 

approach is reasonably acceptable (Tong 1990). 

 

With regard to the present research, the aforementioned objectives could be explicitly 

described as follows. The primary objective of the time series modelling is to examine the 
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inherent components (deterministic and stochastic) of the climate and GWL time series, 

and to investigate the possibility of representing the process using different statistical 

models (see Appendix B for details). The possibility could be a representation of the 

univariate model, the multi-variate model, the transfer function model (Brockwell and 

Davis 2002) and the rational distributed lag transfer function model (Pankratz 1991), 

which is represented as a multiple regression model. The secondary objective is to 

represent the dependent variable as a function of the independent and intermediate 

variables, which restrengthens the necessity of including most of the variables in the 

physically-based model of the system (Seep/W). In a more philosophical way, the 

objective can be phrased as ‘understanding the physics with the help of statistics’. The 

tertiary objective is prediction of future response of dependant variables (such as GWLs) 

with the corresponding change in independent variables (such as rainfall and net flux). 

 

The relationship of the variables in time series models could be represented as independent 

and dependent types. Independent variables denote a predictor variable that is used to 

predict another variable and dependent variable refers to a predicted variable. These two 

roles are not mutually exclusive; an intervening variable plays both roles, being an 

independent variable in one component of the prediction and a dependent variable in 

another (Hildebrand et al. 1977). This incorporation of bilateral behaviour of the key 

variables is important in the representation of the system. 

2.4.2. Application of Time Series Analyses in the Research 

The most important application of statistical techniques in the present research is related to 

exploratory analyses. Slimani et al. (2009) can be cited as a typical example of using time 

series statistics to explain the spatio-temporal variability of groundwater levels as 

influenced by climatic and geological forcings, Chapter 6 provides a detailed description. 

The other application includes the long-term forecast of climate and GWL data. This 

forecast is based purely on historical data and thereby a completely non-physical approach 

is taken. This can be applied as a comparative assessment of the uncertainty limits of 

physical and non-physical methods.  

 

There are numerous instances in which time series models are used for hydrological 

forecast and uncertainty analyses. For instance, while estimating the uncertainty of these 

forecasts, Monatanari and Grossi (2008) use Auto Regressive Moving Average (ARMA) 
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models for synthetic data generation in their study. Therefore, the comparative analyses of 

the confidence intervals of statistical methods with physical methods would be a more 

comprehensive way of evaluating the uncertainties of this type of investigation. More 

detailed application-based reviews have been provided in the later sections. 

2.5. Climate Change and Groundwater Recharge 

The use of numerical methods for the representation and prediction of groundwater 

recharge as a response to long-term future climate has been partly reviewed in the earlier 

section while considering the non-physical techniques. However, the physically-based 

techniques used for the same purpose are much more scientifically significant and possess 

stronger acceptance from the scientific community. The prediction of groundwater 

recharge as impacted by changing climate has been attempted by many recent investigators 

such as (Dibike and Coulibaly 2005; Scibek and Allen 2006a; Wilby et al. 2006a; Scibek 

and Allen 2006b; Wilby et al. 2006b; Wilby and Harris 2006c; Jyrkama and Sykes 2007; 

Scibek et al. 2007; Herrera-Pantoja and Hiscock 2008; Hiscock et al. 2008; Steele-Dunne 

et al. 2008). These all utilise physical process-based numerical modelling. A more critical 

appreciation of these investigations is performed in Chapter 7 while generating the future 

climate data.  

 

The use of the numerical model for the prediction of recharge in the future climate is 

primarily dependent on the selection of the right conceptual model of the present 

groundwater flow system. The manifestation of the conceptual model is always relevant to 

a specific set of climate data. With regard to the present research, the numerical model 

based on physical process is used for the validation of historical groundwater level data. 

The prediction of future response is performed by using the data of changed variable future 

climate. Thus, the prediction of future recharge, which is the function of future climate, 

should embrace the challenge of prediction of future climate. Therefore, the future climate 

prediction is another issue that must be addressed.  

 

The task of future climate prediction does not only rely on the climate prediction scenarios 

but also the consideration of natural climatic variability. To encompass a range of natural 

climatic variability, the future climate data are to be generated considering all the possible 

interactions of the ocean-atmospheric circulations surrounding the research site. The 

ocean-atmospheric circulations are believed to be responsible for natural climatic 
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variability of annual, multi-annual, decadal and multi-decadal time scales. A detailed 

description of this issue is conducted in Chapter 7. 

 

The literature for understanding the scientific basis of prediction of future climate is 

reviewed here to investigate the strengths and weaknesses of the relevant issues. 

2.5.1. Climate 

The term ‘climate’ is commonly used by a wide range of disciplines. The meaning of the 

term varies among users and in various contexts. The classification of climate is also 

performed according to a range of criteria. Therefore, it is imperative that a reasonably 

accepted definition of the term and related concepts should be considered and used. In 

Sections 2.5.1, 2.5.2, 2.5.3 and 2.5.4, unless otherwise specified, most of the contents 

elaborate on the definitions and concepts that have been obtained from IPCC reports 

(Houghton et al. 2001; Solomon et al. 2007).  

 

Climate is usually defined as the ‘average weather’, or as the statistical description in terms 

of the mean and variability of relevant quantities over a certain period. The average period 

is 30 years, as defined by the World Meteorological Organisation (WMO). However, in 

times of insufficient data, it is acceptable to use 20 years of data as indicated in Solomon et 

al. (2007). These quantities mainly consist of surface variables such as temperature, 

precipitation and wind.  

 

In a more comprehensive sense, climate could be manifested as the state comprising of a 

statistical description of the various physical processes of climate system. Thus, climate 

system should consist of the significant components such as atmosphere, hydrosphere, 

cryosphere, land surface and biosphere. With the influence of its own internal dynamics of 

the various processes and the external forcing, which could include volcanic eruptions, 

solar variations, and human-induced forcing in the atmosphere, land and water, the system 

is in the continuous process of evolution with respect to time. 

 

It should be mentioned here that in the context of the present research, the climate data as 

used to indicate the hydro-climatic variables responsible for causing flow of water to and 

from the surface and subsurface soil water system consist of rainfall, runoff and 

evapotranspiration processes only. The influence of other hydro-climatic variables such as 
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temperature, humidity, atmospheric pressure, radiation and wind speed are assumed to be 

represented indirectly by the rainfall and evapotranspiration process.  

2.5.2. Climatic Variability and Climate Change 

As defined in the IPCC report (Solomon et al. 2007):  

Climate change refers to a change in the state of the climate that can be identified (e.g., by using 

statistical tests) by changes in the mean and/or the variability of its properties, and that persists for 

an extended period, typically decades or longer. Climate change may be due to natural internal 

processes or external forcing or to persistent anthropogenic changes in the composition of the 

atmosphere or in land use. 

Climate change in IPCC usage refers to any change in climate over time, whether due to 

natural variability or human activity. This usage differs from that of the United Nations 

Framework Convention on Climate Change (UNFCCC). The UNFCCC defines climate 

change as ‘a change of climate which is attributed directly or indirectly to human activity 

that alters the composition of the global atmosphere and which is in addition to natural 

climate variability observed over comparable time periods.’ A distinction as made by 

UNFCCC is that ‘climate change’ is attributable to human activities altering the 

atmospheric composition, and ‘climate variability’ is attributable to natural causes. 

 

There have been numerous documentations regarding the evidence of changing climate in 

concurrent scientific publications. The increase in global temperature as the cause of 

reduction of snow cover has been addressed by investigators from the last decade (Serreze 

et al. 2000). Hinzman et al. (2005) give a wide range of descriptions of the impact of 

climate change in the hydrologic cycle and biogeochemical cycle for northern Alaska and 

other Arctic regions. Very recently, a number of studies have examined the extent of 

change in stream flow and snow cover in relation to climate change (Adam et al. 2009; 

Jong et al. 2009; Schmidt et al. 2009; Schoner et al. 2009). 

 

Both climate change and climatic variability of a particular region are influenced by its 

geographical characteristics such as the sea or water body, ground surface and atmospheric 

interactions, solar activities and human interventions. The ongoing processes, such as 

physical, chemical, biological, biochemical or any other, are specific for each location. The 

evidence of climate change and variability in various locations and time is being 

increasingly investigated by the researchers to understand, predict and control the 

processes.  
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The sufficient spatial and temporal resolution of these prediction processes needs extensive 

computational work. The resolution of the scale (temporal and spatial) of computation and 

the complexity of the ongoing scientific processes that are to be represented in the 

computation are two opposite areas of endeavour. In all modelling studies, one is 

compromised for the sake of the other. Therefore, the complexities of the processes, scale 

of area and time period need to be optimised. With regard to the long-term impact analyses 

of future climate in groundwater for a specific site, exploration and use of the relevant 

understanding of climate change and climatic variability has to be combined optimally to 

generate the future replicates of climate by formulating an appropriate statistical process. 

The incorporation of statistics into this type of future predictive study is a well-established 

method. A detailed discussion of this topic can be found in Chapter 7.  

2.5.3. Climate Prediction 

A climate prediction or climate forecast is the outcome of an attempt to estimate the 

evolution of the climate in the future at various time scales, such as seasonal, interannual, 

decadal or long-term. It is different to climate projection in some ways. For example, 

climate projection is the projected response of the climate system to emission or 

concentration scenarios of greenhouse gases and aerosols, or radiative forcing scenarios, 

which are based upon simulations by climate models. Therefore, the climate scenario is a 

plausible and often simplified representation of the future climate, based on an internally 

consistent set of climatological relationships that are constructed for investigating possible 

consequences of human-induced climate change. The scenarios are represented in terms of 

mean values of the variables with specific and clear trends that are devoid of the natural 

variability.  

 

The prediction of weather is reliable as it is predicted for a few days from the present but 

prediction of climate is questionable because of its scale of time, space and underlying 

internal dynamics and external forcing. A poor understanding of the carbon cycle and 

feedback from clouds (trapping or reflecting heat) are still reported as the two biggest 

unknowns by the top 150 top climate modellers of the world. Another limitation is the 

relative inadequacy of the computing power to deliver detailed information at a local level 

by the General Circulation Models (GCMs).  
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With all of these shortcomings in the field of climate prediction, significant progress in the 

understanding of the scientific basis has been achieved with increased confidence on the 

climate change phenomena as reported by the IPCC 2001 and 2007 reports (Solomon et al. 

2007). The incorporation of multiple numbers of climate models with all the available 

prediction scenarios should result in better confidence of the predicted results. This 

technique is followed in the present research. The description about the climate models and 

the possible emission scenarios considered in the present study are described in Chapter 7. 

In the following section, some basic concepts of the climate models are introduced.  

2.5.4. Global Climate Model/General Circulation Model 

GCMs are numerical representations of the climate system based on the physical, chemical, 

and biological properties of its components, their interactions and feedback processes, and 

accounting for all or some of its known properties. Some of the important features of 

GCMs can be listed as follows. They incorporate equations of motion for atmosphere and 

ocean, take account for fluid flow and heat transports and account for partitions of energy 

between internal reservoirs. The equations to be solved are highly non-linear and cannot be 

solved analytically hence are solved numerically (Risbey et al. 2000; Hennessy et al. 2004). 

The various processes represented in a GCM are illustrated schematically in Figure 2.9.  
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Figure 2.9 Process representation by GCM (Risbey et al. 2000) 

 

Models of varying complexity and coupled Atmosphere/Ocean/Sea-ice General Circulation 

Models (AOGCMs) provide a comprehensive representation of the climate system. These 

models are applied as a research tool to study and simulate the climate and also for 

operational purposes, including monthly, seasonal and interannual climate predictions 

(Risbey et al. 2000; Houghton et al. 2001). GCMs are not calibrated to reproduce the 

current climate but may be tuned to fit observed data as closely as possible. Future climate 

is estimated simply by changing the composition of the model atmosphere (Arnell 2002). 

In the present research, a number of GCMs output of 100-year monthly climate data are 

used as a deterministic (non-stochastic) indication for the predicted climate change impact 

to the hydro-geologic system of the site. This is discussed in detail in Chapter 7. 

2.5.5. Climate Influencing GW 

During the last 100 years, global climate has warmed by an average of 0.6
o
C, which has 

been caused primarily by greenhouse gas emissions from human activities (Houghton et al. 

2001; Solomon et al. 2007). If global greenhouse gas emissions are not reduced 
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significantly, the climate models project an increase in temperature of another 1.4
o
 to 5.8

o
C 

in the next century. This change in temperature is much higher than the past change of 2
o
C, 

which occurred during the one millennium since the last ice age (Houghton et al. 2001; 

Solomon et al. 2007). Though there are areas of inadequate understanding, such as the role 

of the carbon cycle and cloud feedback, as indicated in Solomon et al (2007), climate 

change will significantly impact the hydrologic cycle. The impact of climate change on the 

water cycle is expected to be different in various locations, depending on their latitude 

(Herrera-Pantoja and Hiscock 2008; Kundzewicz et al. 2008). A hotter climate will lead to 

increased evapotranspiration, increased humidity, increased precipitation and increased 

frequency of extreme events such as flood and drought.  

 

The relationship between groundwater and climate is explicitly documented in any 

standard textbook on hydrology (Chow et al. 1988; Maidment 1993). Climate change, in 

terms of the variation of temperature and quantity and intensity of precipitation, could 

change groundwater recharge in any particular location, either increasing or decreasing 

with time (Eckhardt and Ulbrich 2003; Scibek and Allen 2006b). The groundwater 

recharge patterns, including the quantity and quality, will be affected by the changes in the 

hydrologic processes (Sophocleous 2004). During positive net flux in the wet season, when 

rainfall is greater than evapotranspiration loss, the groundwater storage increases and 

during negative net flux, the opposite condition applies. Therefore, with the predicted 

changes of climate, which relates to the change in precipitation and evapotranspiration, as 

suggested by the IPCC (Solomon et al. 2007), climate scenarios, the groundwater storage 

and thus the groundwater levels of a particular location may change in the future. Increased 

net flux will lead to raised groundwater level and vice versa.  

2.6. Previous Studies on Recharge Prediction for Future Climate 

From earlier sections, it has been demonstrated that the prediction of groundwater recharge 

given future climate scenarios should encounter two basic challenges. The first challenge is 

the representation of the existing physical processes in an optimally constructed 

hydrologic/groundwater model based on past data. The second challenge is the 

representation of future physical conditions, encompassing climate change, climate 

variability and other possible changes of the environment, such as land use change. In the 

present context of the research, only the climatic factors are considered for the prediction 

though the other environmental factors should be also investigated (if appropriate). For 
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instance, Holman (2006) has analysed the potential effects of changed soil and landscape 

caused by different socio-economic scenarios under future climate change on groundwater 

recharge.  

 

In this section, the studies related to the representation of the physical processes are 

reviewed. This allows the selection of the most suitable hydrologic/groundwater model to 

represent the significant processes of a given system, thereby facilitating assessments of 

the potential impacts of climate change and variability on that system. Next, the studies 

related to prediction methods of the future climate processes, such as downscaling of 

global climate data, are reviewed to identify their utility and possible limitations. The 

necessity of a comprehensive and novel modelling approach is thereby established for 

predicting the groundwater recharge with future climate scenarios. 

 

A wide range of studies has been published recently about the impact of climate change, 

specifically on groundwater. In the next section, the studies relating to climate change and 

the various hydrologic processes forming the water balance at catchments scale are 

evaluated in terms of the: 

1. Physical process representation;  

2. Evidences cited for past data-based studies; and  

3. Future prediction-based findings. 

2.6.1. Process Representation 

To represent the impact of climate change on groundwater recharge, the influence of 

increased temperature on the hydrologic processes are to be analysed. Typically, those 

hydrologic processes consist of precipitation, evapotranspiration, runoff and groundwater 

recharge at a catchment scale. At a global scale, the increase of snowmelt, glacier retreat, 

rise of sea level are the processes that operate significantly. In the present context of the 

research, only the processes significant at a catchment scale are considered. The storm 

characteristics, such as intensity, duration, frequency, together with temporal and spatial 

variability are also important at a relatively shorter time scale of investigation. The other 

non-climatic factors that influence the groundwater recharge are catchment characteristics 

such as topography, hydrogeology and connectivity of the subsurface flow, source and 

process of recharge, and land use patterns. However, these non-climatic factors are not 

absolutely free from influence of climate change since the physical processes are always 
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connected each another. In the present context, only the following processes and factors 

are considered to obtain a workable understanding for the process representation and 

predictive analyses of the groundwater-climate relationship: 

 Hydrologic processes such as precipitation, evapotranspiration, runoff and 

groundwater recharge for modelling 

 Influence of temperature change in relation to snowmelt, glacier retreat, and sea 

level rise for evidence-based discussion 

 Topography, hydrogeology, land use and various mechanisms and sources of 

groundwater recharge 

 

Relative to surface water resources, the potential consequences of climate change on 

groundwater have not received as much attention (IPCC 2001b). This is because the direct 

impact of climate change is more easily recognised in the surface water system than that of 

groundwater. In contrast to surface water resources, a groundwater-based study is required 

to be fully dependent on the scientific understanding of the ongoing processes since the 

flow is difficult to estimate, as it is not physically seen without investigation. Therefore, 

more in-depth scientific investigations are required for groundwater study, as far as the 

understanding of the process is concerned.  

 

In 2004, the United Nations Educational, Scientific and Cultural Organization – 

International Hydrological Programme (UNESCO–IHP) initiated the project Groundwater 

Resources Assessment under the Pressures of Humanity and Climate Change (GRAPHIC), 

which was launched to promote and advance sustainable groundwater management in the 

face of climate change and linked human effects (Taniguchi et al. 2008). This is a platform 

for exchanging information through case studies, thematic working groups, scientific 

research and communication.  

 

Some studies are enlisted in this section according to the processes they considered to 

represent the groundwater-climate relationship. This demonstrates the challenges of 

representing climatic and non-climatic issues in climate change studies. The climatic 

factors are rainfall, evapotranspiration and groundwater recharge, as influenced by 

temperature. Although runoff is a significant hydrologic process, it is excluded in the 

review process because a linear relation is assumed between rainfall and runoff. The non-
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climatic factors such as geology, topography, source and process of recharge are also 

discussed.  

 

Rainfall: The relationship between groundwater and rainfall can never be overemphasised. 

Numerous studies have demonstrated the response of groundwater level with the events of 

rainfall or precipitation at various temporal and spatial scales. Some are cited here to show 

the diversity of the representation method by the investigators. 

 

Chen et al. (2002) have demonstrated the simple, strong and positive correlation between 

rainfall and groundwater level while analysing observed data of 82 wells for the past 63 

years (1938–1999) in Manitoba, Canada. 60% of the wells had correlation coefficients 

better than 0.95. They have estimated recharge as the algebraic summation of positive 

rainfall, negative outflow (similar to runoff) and evapotranspiration. Serrat-Capdevila et al. 

(2007) have used the following equation to estimate recharge from the predicted 

precipitation for San Pedro Basin of Arizona, US in order to predict the future recharge as 

impacted by climate change.  

 

Log(Qrech) = -1.40 + 0.98 * Log(P-8) 

 

where P is annual precipitation and Qrech is annual recharge (both in inches). This equation 

simply indicates that with the increase of precipitation there will be an increase in recharge. 

The validity of this type of equation for the specific catchment was verified by the previous 

investigators as claimed by Serrat-Capdevila et al. (2007). Kirshen (2002) has discovered 

that drought reduces the annual recharge and lowers GWLs while predicting potential 

impacts of global warming on groundwater in eastern Massachusetts. Cheng et al. (2006) 

have also showed the evidence of influence of precipitation on the GWLs at a range of 

locations in the catchment of south-west Goulburn, Victoria. These investigations 

collectively demonstrate the relationship between groundwater and rainfall, which is the 

most significant hydro-climatic process for a particular site. 

 

Evapotranspiration: The second significant hydro-climatic process is evapotranspiration. 

Traditionally, this was represented as a function of temperature and/or rainfall, with the 

assumption that a simple linear relationship exists between evapotranspiration and 

temperature. However, the availability of water and energy are other factors that were 
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considered with the advancement of the scientific knowledge of the processes. A number 

of studies have been conducted in which the evapotranspiration has been represented in a 

wide range of complexities, starting from simple empirical equations based on temperature 

to experimentally measured estimates of the processes. For the impact analyses, these 

simple representations of the process were adopted to explain the influence of changing 

temperature on the evapotranspiration process. In this section, the simple equation-based 

studies are cited to show their limitation in comparison to the current state of the art 

estimation process of evapotranspiration as suggested by Morton (1983).  

 

Kruger et al. (2001) estimate recharge by using temperature and precipitation data and the 

Turc formula (Turc 1954) for determination of evaporation. This is an empirical and 

dimensionless formula used to estimate annual evaporation from mean annual temperature 

and annual precipitation. This is also a very simplified representation of the evaporation 

and it has very limited application for a temperature range of 0 to 25
o
C. Chen et al. (2002) 

also consider the evapotranspiration to be linearly dependent on temperature only. In the 

estimation of recharge, Aguilera and Murillo (2008) use the difference between 

precipitation and actual evapotranspiration. However, the estimation of evapotranspiration 

is simply an exponential function of temperature. Collectively, they do not consider all 

other climatic and dynamic factors, such as equations of energy balance or mass balance, 

for estimation of evapotranspiration and thus an overly simple model is used.  

 

Other studies relate temperature and rainfall to estimate evapotranspiration. Collison et al. 

(2000) studied the influence of temperature and rainfall on evapotranspiration by using a 

one-dimensional hydrologic model. They discovered that increased temperature and 

rainfall would lead to increased evapotranspiration in south-east England. Ranjan et al. 

(2006a) introduced the aridity index to represent the variations in precipitation and 

temperature. They observed that deforestation leads to increased groundwater recharge in 

arid areas because deforestation leads to reduced evapotranspiration, even though it 

favours runoff. Kirshen (2002) has estimated annual actual evapotranspiration by 

correlation with annual potential evapotranspiration and precipitation while studying the 

groundwater impact for global warming in Massachusetts, USA. Bouraoui et al. (1999) 

found that rainfall reduction is less sensitive and evaporative demand is more sensitive to 

increased CO2, and thereby GW recharge reduced with the impact of climate change.  
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In the estimation of actual evapotranspiration in the water balance model, Xu (1999) has 

used the equation in his conceptual model, which considers the minimum value between 

‘water available’ and potential evapotranspiration. Scientifically, the ‘water available’ 

represents only the concept of water balance; but for the actual evapotranspiration to occur 

many other environmental factors are to be satisfied, which are dependent on energy 

balance as well. The equation considers some model parameters to estimate the ‘water 

available’. They are empirically estimated parameters based on the validation for specific 

catchments. Therefore, the applicability of this model requires calibration of those model 

parameters.  

 

In relation to the above mentioned work of Aguilera and Murillo (2008), a more scientific 

study was conducted by Chiew et al. (1995b) at an earlier time. They calculated the actual 

evapotranspiration from potential evapotranspiration by using soil moisture store, which is 

estimated from soil wetness multiplied by a model parameter representing the maximum 

plant controlled rate of evapotranspiration. The estimation of actual evapotranspiration is 

based on the assumption that a climatic factor such as temperature is not the only factor to 

influence evapotranspiration. The soil moisture content of the crop type should also be 

considered. This method of estimation is more accurate than those in which only 

temperature is used for estimation of evapotranspiration. It has been established earlier that 

Morton’s method is the best as far as the physical processes are concerned.  

 

Sea level rise: Sherif and Singh (1999) considered three ranges of sea level rise taken from 

previous references. They did not consider any rainfall process since the aquifer is in an 

arid region. A hydro-chemical investigation was used for salinity intrusion. They found 

that increased temperature would increase sea level and seawater intrusion in coastal 

aquifers. 

 

Geology: The influence of geology is another factor that should be carefully considered. 

Van Roosmalen et al. (2007) have demonstrated the variable impact of climate change on 

the groundwater recharge due to variable geology of two sites in Denmark. They have 

found that precipitation, temperature and potential evapotranspiration were predicted by 

GCMs to be increased. However, the resulting recharge was predicted to increase in sandy 

soils in the Jylland area, while only minor changes were predicted to the GWLs in 

Sjaelland areas with low permeability topsoil and a thick clay layered aquifer. Van der 
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Kamp et al. (2004) have shown that the different responses of groundwater levels of 

different aquifer types in response to climatic variability during the past 40 years in the 

northern Prairies of North America. They discovered unconfined aquifers and shallow 

fractured glacial till are relatively more sensitive and deep, confined aquifers are less 

sensitive to climate variation. 

 

Topography: The influence of topography is the other factor that influences the response 

of hydrologic processes differently for the same storm event at different locations of a 

particular catchment. The investigations in relation to surface runoff are much more 

numerous and comprehensive than those of groundwater recharge. The studies of Slimani 

et al. (2009) indicate the differential impact of the multi-annual and multi-decadal climate 

on the different locations of the catchment in France. The responses of GWLs in the upper 

regional locations were quick and varied sharply while those in the lower regions were 

slow and attenuated. Similar results are reported by Cohen et al. (2006) for different 

locations of water divide, valley and hills of a catchment in Minnesota, USA. Bores in the 

lower positions in the catchment have smaller amplitude and higher frequency of GWLs 

and vice versa. Both studies analysed past data from previous decades. Fendekova and 

Fendek (2006) have demonstrated the complexity of the physical system consisting of 

climatic and hydrological factors together with geology, altitude, duration of freezing 

period and topography that determine the response of groundwater regime at a catchment 

scale for the High Tatra Mountains in Slovakia and Poland. Brouyere et al. (2004) have 

demonstrated that catchments with prominence of fast runoff over base flow due to 

groundwater are more sensitive to climate change than other catchments. This result is 

related to the influence of geology and topography of a particular catchment. 

 

Cheng et al. (2006) identify the variations in the responses of groundwater levels of bores 

located at various locations, such as the upper, middle and lower slopes of the Mount 

Camel Range area of the south-west Goulburn region of northern Victoria (see Figure 

2.10). Variable trends of falling groundwater levels in different bores, one in the mid-slope 

with some weak trends and another in the lower slope with almost flat long-term trends 

have been reported. The system is impacted differently by the same climate changes and 

the same extraction program of GW.  
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Figure 2.10 The groundwater level hydrograph and 20 day rolling total of the rainfall – evaporation in 

Bore 50 in the mid-slope of Mt Camel Range (Cheng et al. 2006) 

 

Source/process of recharge: The process of groundwater recharge, whether it is direct or 

indirect, is susceptible to varied impact by changing temperature and/or precipitation. 

Gavigan et al. (2008) argue that the behaviour of indirect localised recharge is influenced 

more severely by increased temperature than increased precipitation, as found in Uganda. 

The other complexity relates to the relative extent of precipitation and evapotranspiration 

in a specific catchment (Wolaver 2007), snowmelt-induced recharge (Earman 2007) . Over 

many areas, groundwater recharge is projected to increase in the warming world, but many 

semi-arid areas that suffer from water stress may already face decreased groundwater 

recharge (Yohe et al. 2007; Kundzewick and Doll 2008). Issar (2008) has shown how 

different the climate change responses of the groundwater system can be at the two ancient 

cities of Arad and Jerico, located in central Israel. These cities are located less than 100 km 

apart in an arid zone. However, as the sources and processes of recharge were different, the 

responses were different with regard to the climate change of the warm period that 

occurred during 4000 BP in the Mediterranean region. 
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Conclusion:  

 The representation of evapotranspiration, which is a very important and sensitive 

hydrologic variable in relation to temperature, is not adequate in any of the 

investigations.  

 The currently available SILO AAET data would be a very appropriate source for 

representation of outflow component from the system. 

 The representation of non-climatic factors such as geology, topography and the 

overall process and source of recharge should be carefully studied in order to be 

represented in the physically-based model.  

2.6.2. Evidences from the Past  

The studies identified in this section primarily provide the evidence of climate change on 

GWLs, as reported by various investigators in various regions of the world by considering 

rainfall and temperature as the major variables. The influence of climate change on other 

factors such as runoff, GW extraction and land use change is also discussed , as the 

processes are inter-related while influencing the groundwater-climate relationship for any 

specific site. 

 

Edmunds and Tyler (2002) demonstrate a correlation between rainfall and groundwater 

recharge rate in Senegal while considering 108 years of records, as illustrated in Figure 

2.11. They have used Cl profiles together with 
3
H profiles and records of rainfall and river 

gauging to show the relationship between groundwater recharge and rainfall. However, 

they have also explored the inadequacy of the Cl profile method to study the preferential 

flow occurring in unsaturated zone for a long-term study. 
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Figure 2.11 Groundwater recharge and climatic variability at the centurial time scale, Senegal 

(Edmunds and Tyler 2002) 

 

Chen et al. (2003) demonstrate the evidence for change of groundwater levels caused by 

climate change in the North China Plain. They have demonstrated the drop of shallow 

GWLs from decreasing rainfall during a drought from 1971 to 1999 and thus extraction of 

groundwater by over-pumping. Chen et al. (2004) used the past 105 years to show the 

relationship between GWLs and temperature and precipitation. They discovered that 

GWLs are highly correlated with temperature and precipitation. Shallower GWLs were 

more sensitive to temperature than were deeper GWLs. They also concluded from their 

study that increased temperature would reduce GW recharge.  

 

Michaud et al. (2004) developed a model by analysing the past fifteen to 30 years’ data of 

GWLs in the wells and 100 years data of precipitation, temperature and stream flow in 

Quebec and the Atlantic Provinces of Canada. The developed model demonstrated a strong 

correlation between the separated base flow (which is supposed to be contributed by 

groundwater to the river), component of the stream flow and GWLs at the nearest well. 

From the GWLs, the recharge at a regional scale was estimated. In their analyses, both 
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temperature and precipitation seem to have increased during the past 100 years (twentieth 

century), while annual recharge was either stable or gently decreasing over time. The 

decrease of recharge was attributed to the increase of evapotranspiration and runoff as 

influenced by the increase of temperature and changed land use (increase of impervious 

surfaces) and precipitation patters. An increase of precipitation intensity allows less water 

to infiltrate for recharge and more runoff. 

 

In south-east Spain, Aguilera and Murillo (2008) have analysed the past 100 years of data 

of precipitation, temperature, groundwater extraction, GWLs and storage coefficient and 

have predicted the future 100 years response of mean annual recharge without 

incorporating any GCMs or Regional Climate Models (RCMs) into the prediction. They 

use the 100-year time series of monthly temperature and precipitation to generate the 

groundwater recharge and the corresponding estimated GWLs. The GWLs were calibrated 

and validated against the observed values. The simple water balance equation was used for 

the estimation of GWLs. The series was processed and tested to identify the trend. They 

claim the effect pertains to climate change effects on natural water recharge at the four 

aquifers in south-east Spain. The logarithmically decreasing trend was found for every case. 

 

Ludwig et al. (2009) have studied the impact of changing climate in Western Australia on 

the hydrologic processes over recent decades (before and after 1975) and non-proportional 

impacts on hydrological aspects were found where proportionality is often presumed. They 

have shown that since 1970, there has been an 11% decrease in rainfall during the period 

of May to October, and a 20% decrease in rainfall in June and July. This reduction in 

rainfall has caused a 95% reduction of deep drainage, i.e. groundwater recharge. The 

reason of the non-proportional reduction of recharge is attributable to the fact that during 

June and July, the rainfall is greater than the crop demand and significant deep drainage 

occurs during that time. Since this rainfall is reduced, deep drainage is also reduced. 

 

Separation of climatic and non-climatic processes: The observations of groundwater 

levels are mostly performed as an imperative part of monitoring the groundwater extraction 

programme. Therefore, climate change impact studies on groundwater systems that are free 

from any direct influence of human intervention, such as groundwater extraction, are rare. 

As groundwater extraction reaches close to its sustainable limit, it is possible that a small 

incremental change in inflow, outflow or storage can cause environmental consequences. 
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Mayer and Congdon  (2007) have argued that human-induced changes in hydro-geologic 

systems may be on the scale of natural variability. As most of the groundwater systems that 

are examined for climate change impact studies have already been altered by human 

activities, the changes in groundwater levels are not necessarily related to climate change 

alone (Green et al. 2007b). 

 

Therefore, there are some cases in which the various components of the driving forces are 

split. For example, Yesertener (2005) studied the declining groundwater levels on the 

Gnangara Groundwater Mound in Perth, Australia due to changes in climate, land and 

water use (see Figure 2.12). With regard to the groundwater level variation curve, the 

clearing of land indicates an increased portion of rainfall to get into recharge. Thus, the 

groundwater level rises with the decrease of rainfall. However, after a certain amount of 

time with a persistent decrease of rainfall value, the groundwater level starts to fall. Ideally, 

the long record of climate data and monitoring bore data, which correspond to locations 

away from any human intervention, should build the basis of this kind of investigation. 

Therefore, the physical process-based model should adequately represent all of these 

processes and be capable of simulating the past observation of data.  
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Figure 2.12 Cumulative Deviation from Mean Rainfall (CDMR ) graph and separation of various 

impacts such as climate, land clearing and bush fire on groundwater level at bore GA10 (Yesertener 

2005) 

 

Conclusion:  

 The relationship between groundwater recharge and precipitation is universally 

recognised and temperature heavily influences the recharge process as well. 

Since temperature plays an important role influencing the various forms of 

precipitation and the process of evapotranspiration, the relation between rainfall 

and recharge is not always linear.  

 The other non-climatic factors such as land use change, geology and topography 

could also be susceptible to climate change. The representation of the physical 

processes and catchment features are crucial for modelling the impact of climate 

change.  

2.6.3. Future prediction-based findings 

The impact studies for climate change typically consist of developing the physically 

process-based model of the system in which climate is an independent variable and impact 

in a specific process is the dependent variable. After adequate calibration and validation 

with past data, that model is run with future replicates of climate data. The results are then 

evaluated from various perspectives. In this section, some of the studies that were 
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performed in various location of the world, such as Australia, Europe, USA, and Canada, 

are reviewed to explore the range of variations of the predicted impacts. 

 

Chiew et al. (1995b) have analysed the sensitivity of runoff and soil moisture in relation to 

some arbitrary changes of temperature and precipitation for 28 catchments throughout 

Australia. When a change in rainfall occurs, amplified changes occur with runoff. The 

amplification factor is higher for drier catchments compared to wetter ones. In addition, 

wet catchments experience less change in soil moisture. Temperature change is the only 

factor that has negligible affects on runoff and soil moisture. However, the percentage 

change in soil moisture levels can be higher than that of rainfall in drier catchments. 

 

Chiew et al. (1995b) also studied the predictions for GCMs scenarios for 2030. The wide 

range of predictions indicates the level of uncertainty. The predicted changes in runoff 

varied from a 50% increase to a 50% decrease for the western coast of Australia, a 10% 

increase for Tasmanian catchments and a 35% decrease in the South Australian Gulf.  

 

Wang et al. (2009b) have studied the sensitivity of water balance of a catchment in south-

east Australia in relation to climate change. They discovered the interrelationship of the 

influencing factors and responses. They have shown that a 1
o
C increase in temperature 

would cause a 10% decrease in rainfall. They have also demonstrated that a CO2 increase 

would cause reduced evapotranspiration and increase deep drainage, i.e. groundwater 

recharge.  

 

Herrera-Pantoja and Hiscock (2008) presumed that climate change is expected to have 

negative effects on water resources, such as shorter precipitation seasons and an increase in 

hydrological extremes, such as floods and droughts. They studied three locations of 

Britain. A decrease of 20%, 40% and 7% were predicted for potential groundwater 

recharge in Coltishall, Gatwick and Paisley by the end of this century. The variability of 

the impact was also different for the three locations.  

 

Kruger et al. (2001) have established that with the predicted rise in mean temperature, the 

statistical model simulates decreasing precipitation in Germany. Both effects contribute to 

a reduction of groundwater recharge. While in the mountainous areas of the catchment the 

groundwater recharge change is small, in the planes a reduction of up to 30% of the current 
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groundwater recharge is predicted. Krysanova et al. (2005) predicted that climate change 

caused by increasing temperature in the Elbe basin of Germany would most likely result in 

the mean groundwater recharge decreasing. 

 

Panagoulia and Dimou (1996) showed that a temperature increase in Greece would cause 

reduced precipitation, a large reduction of runoff and an increase of evapotranspiration 

during the spring and summer months. Panagoulia and Dimou (1996) have discovered 

increased interaction between surface water and groundwater during spring and summer 

and reduced interaction during winter. 

 

Serrat-Capdevila et al. (2007) have used seventeen GCMs data for modelling climate 

change impact and uncertainty on the hydrology of the San Pedro Basin of Arizona. They 

have found the range of predicted precipitation will vary from 100 to 500 mm/year at the 

end of the year 2100, starting from a baseline value of 400 to 425 mm/year during the year 

2000. From the seventeen GCMs initially considered, they have used four models that 

were selected based on their capacity to best simulate the historical record of annual 

precipitation. This large range of predicted precipitation is provided in terms of annual 

average values with a clear linear trend of increase or decrease. However, the natural 

variability of the actual hydrologic processes were not considered.  

 

Sensitivity of impact study: There have been reports of variable impacts of climate 

change on recharge for a specific site during winter and summer because of the 

combination of rainfall, snowfall or snowmelt as the source of recharge in the system. 

Amplification of the seasonal cycle of groundwater recharge, such as an increase in winter 

recharge or decrease in summer recharge, can be caused by increased temperature in the 

winter as reported by Eckhardt and Ulbrich (2003) with regard to Germany. A similar 

result has been reported by Steele-Dunne et al. (2008) for Ireland. In the United Kingdom 

(UK), the existing gradient of effective rainfall at a regional scale, i.e. greater precipitation 

in the north-west and smaller precipitation in south-east, are reported to have been 

exaggerated during last 20 years due to climate change, as reported by Price (1998).  

 

The predictions from climate change scenarios indicate annual winter and summer flow 

will decrease in southern Britain, leading to reduced recharge of groundwater as reported 

by Arnell (1998). Climate change will affect both the amount of water available for 
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recharge and the duration of the recharge season for the UK (Arnell 2002). Scibek and 

Allen (2006b) have also shown a predicted recharge increase in spring, rather than summer 

in the unconfined aquifer of Grand Forks in south-central British Columbia, Canada. In a 

concurrent study, Scibek and Allen (2006a)  have predicted a very small but observable 

decrease of GWLs due to climate change during the 2010–2039 period. Two aquifers were 

studied, one aquifer (in south-west British Columbia) was predicted to experience a 

decreased recharge while the other (in south-central British Columbia) was predicted to 

increase in the future. The variation is due to factors such as timing (winter versus spring) 

and the source of recharge (rainfall versus snowmelt). They have also shown the influence 

of river-aquifer interaction in the impact of climate change on groundwater recharge at a 

regional scale of Abbotsford-Sumas aquifer of south-west British Columbia, Canada and 

northern Washington, USA. The responses are obviously the combination of many factors 

such as geology, hydrogeology, meteorology, vegetation, and topography (Person et al. 

2004). The incorporation of future variability of natural climatic process in conjunction 

with climate change predictions could not be found in any of these impact studies. 

However, the question of the future response to this natural climate variability due to 

global warming needs to be addressed. The necessity of incorporating climate variability 

with climate change projections has been reviewed in detail in Chapters 4 and 7. 

 

Conclusion: All these studies lead to a general understanding that the spatial and temporal 

variability of the hydrologic processes, physical characteristics of land surface, and soil 

profile of a catchment are the significant influencing factors to be considered in order to 

obtain a reasonable compromise between model complexity and computational practicality 

for the representation and prediction of the system. The proper representation of 

evapotranspiration, which primarily occurs in unsaturated zones, and the large-scale 

uncertainty of the future predictions related to different physical conditions as well as 

various GCMs, their climate change scenarios and downscaling methods, also need to be 

further addressed.  

Therefore, the key areas of research requiring further investigation are as follows:  

 The representation of unsaturated flow 

 Net flux to consider evapotranspiration  

 Selection of GCMs and climate scenarios for encompassing the range of 

uncertainty and consideration of climate variability 

 Integration of statistical methods for addressing the uncertainty of predictions 
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2.6.4. Representation of Unsaturated Flow  

The significance of geology and topography has been addressed in an earlier section. 

Therefore, the representation of the unsaturated flow zone is important and has to be 

represented adequately in the physical process-based groundwater model. The unsaturated 

flow modelling for long-term climate change impact studies has specific implications on 

the rehabilitation facilities design (Jyrkama and Sykes 2007). The previous works related 

to unsaturated flow modelling are described in the following section as this discussion 

raises the most important research question of the present research. The unsaturated flow is 

the area of least investigation as far as the present state of existing knowledge is concerned. 

The most relevant study in this area is considered here to identify the specific weakness of 

the work and to formulate a better modelling framework with regard to the available data 

problem. 

 

The impact study review has found that most of the studies that use MODFLOW for 

representing the groundwater flow system only consider the saturated flow condition, such 

as Scibek (2004; 2006a; 2006b; 2007; 2008). Van Roosmalen et al. (2007) use a distributed 

hydrologic simulation based on MIKE-SHE (Abbott et al. 1986) code to study the regional 

climate change effects on groundwater recharge in Denmark. In MIKE-SHE, groundwater 

flow is based only on the saturated condition described by the Darcy type relationship. The 

recent study by Twarakavi et al. (2008) includes unsaturated flow in the vadose zone by 

using a HYDRUS-based flow package (Simunek et al. 2005; Simunek et al. 2008) with 

MODFLOW.  

 

From the aforementioned review, it is found that most of the studies have been undertaken 

where the climate change issue affects the water availability in aquifers or flood risk in 

rivers. Thus, the investigations are mostly concerned with the saturated condition of flow 

(Woldeamlak et al. 2007). However, flow in the unsaturated zone and atmospheric 

interactions play very important roles in most of the geo-environmental problems such as 

land fill covers, drainage and desiccation of tailings deposited by aqueous methods in mine 

waste impoundments, and overall groundwater recharge in response to infiltration (Benson 

2007). The following studies are considered here to establish the influence of unsaturated 

thickness in the climate groundwater relationship for any catchment. 
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While predicting the groundwater recharge in mountainous watersheds in the Okanagan 

Basin in British Columbia, Canada, Smerdon et al. (2009) report that groundwater recharge 

varies from 0 to 20 mm/yr at lower elevations and 20 to 50 mm/yr at higher elevations. 

These variations in recharge correspond to the variation of the unsaturated thickness of the 

locations under consideration. Similarly, Hunt et al. (2008) have demonstrated that areas 

with a thin unsaturated zone (less than 1 m) have a smaller time lag between the time of 

infiltration and recharge, while areas with thicker unsaturated zone (15 to 26 m) have lags 

of several months between occurrence of infiltration and recharge to groundwater levels in 

humid climates. More specifically, Viswanathan (1984) demonstrated that the assumption 

of variable rates of time dependency of recharge parameters produced better estimates of 

groundwater levels compared to that of constant recharge parameters. Variable rates of 

time dependency corresponded to the variable thickness of unsaturation while performing 

the field tests at Tomago Sandbeds, Newcastle, Australia. 

 

While comparing the annual variability and multi-year variability of piezometric levels in 

the chalk aquifer, Slimani et al. (2009) have shown how the thickness of surficial 

formations and underlying aquifers strongly influence the relative range of the two 

variabilities at two time scales. Therefore, long-term prediction of the system should 

encompass the variability of annual, multi-year and multi-decadal time scales. 

 

Seiler et al. (2008) has shown that groundwater flow is significantly controlled by the 

hydraulic properties of the aquifer system and it does often contain a transient flow 

component affected by natural hydrologic processes. He has demonstrated that at low 

recharge rates, a transient condition of flow exists and at high recharge rates, a steady-state 

flow prevails. The negligence of transient response of groundwater resources in sensitive 

recharge/discharge areas can lead to a significant deviation of the assessment from the 

actual condition (Seiler et al. 2008). The transient flow condition is related to the 

unsaturated thickness above the groundwater level. Moreover, Cartwright et al. (2009) 

have shown the transient relationship of dynamic hydraulic connectivity (effective 

porosity) with unsaturated thickness. Their findings were consistent with previous research 

under a steadily rising or falling shallow water table and under periodic flow conditions. 

Therefore, the representation of the unsaturated, unconfined layer in the groundwater 

system is very important. 
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A specific study recently performed by Cohen et al. (2006) explores some very important 

and relevant understandings about the long-term response of GWLs located in the areas of 

watershed divide. Their study has established that responses of lake water levels located at 

topographically different locations of large catchment areas are different. On a millennial 

time scale during 4400 and 7000 years BP, they have found evidence of differential 

responses of water levels of two lakes: Moody Lake, located at river confluence and Lake 

Mina, located at watershed divide. The water level fell by 4 m and 15 m respectively with 

regard to climate change during that period. Cohen et al. (2006) argue that these findings 

are consistent with analytical calculations that indicate the magnitude of water table and 

lake level fluctuations will be greatest near water table divide. The study indicates two 

important understandings; the first is related to the different ranges of annual fluctuation of 

groundwater levels at different topographical locations in the same catchment, the second 

regards the differential impact of climate change on those locations.  

 

Green et al. (2007a) have developed and demonstrated a method for simulating climate 

change effects on vegetation and soil-water regimes affecting groundwater recharge at two 

sites in Australia with Mediterranean and subtropical climates where the WAVES (Zhang 

et al. 1996) model is used for incorporation of unsaturated flow. Variably saturated flow 

condition based physical models WAVES, as also used by Green et al. (2008), is analysed 

in light of its capability in relation to the long-term climate change scenarios and 

generation of climatic variability in their study. 

 

WAVES is a one-dimensional daily-time step model that simulates the fluxes of mass and 

energy between the atmosphere, vegetation and soil (Zhang et al. 1996). This model 

provides an equivalent physically-based simulation of water and energy, including plant 

dynamics. It emphasises the importance of transpiration in water budget and addresses the 

necessity of considering plant response to the changing climate. The water balance 

equation is RE’s, which is common in WAVES and Seep/W. However, the carbon 

assimilation and respiration from roots, stems and leaves are represented by empirical 

equations, which should be dependent on the specific plant type and relative availability of 

light, water and nutrients. The Penman-Monteith equation, as used for energy balance, is 

also a combination of physically-based thermodynamics and experimental-based empirical 

parameters. Therefore, they had to design a model that needed seventeen numbers of 
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vegetation parameters for each of the four types of vegetation in addition to different soil 

hydraulic parameters. 

 

The adaptation of the plant communities to the changing climate would also change the 

values of those vegetation parameters, thus increasing the level of uncertainty as indicated 

by Green et al. (2007a). Therefore, the WAVES model is a data-intensive model while 

Seep/W is relatively simpler in terms of input data. The solution technique of Seep/W is 

also better, being a finite element model, while the WAVES is a finite difference model. 

The numerical accuracy of a finite element model is better than that of a finite difference 

model. Therefore, the use of the Seep/W model for predicting long-term response is 

preferable to the WAVES model.  

 

In comparison to Green et al. (2008), the present scope of research is based on very small 

areal extent so far as the availability of monitoring data of groundwater level is concerned. 

However, a much broader range of GCMs outputs with all the seven emission scenarios 

has been considered to obtain a comprehensive picture of the future response of the system. 

In addition, the weather generator (WGEN) is programmed for fully stochastically 

generated data and the GCMs used do not explicitly simulate the ENSO, tropical cyclones, 

rain depressions, extratropical lows and cold fronts, which are sources of widespread, 

heavy rains at their site of consideration. Therefore, this investigation, which is the most 

relevant study to the intended research, has a number of limitations. The required method 

for performing the current study needs to be designed with due consideration to these 

limitations.  

 

In another study of unsaturated flow representation, the SUFT3D (Carabin and Dassargues 

1999 ) model is used by Brouyere et al. (2004). However, the limitation of SUFT3D is that 

it can handle only unidirectional flow of water from top to bottom. Goderniaux et al. 

(2009) is one of the most recent and best investigations of the interdependent processes 

such as recharge, evapotranspiration and other climatic variables. They use the 3D variably 

saturated finite element model HydroGeoSphere (Therrien et al. 2009) specifically to 

assess the climate change impact on groundwater reserves of the Geer Basin of Belgium. 

 

The difficulty in representing the unsaturated flow equation lies in the uncertainty and 

unpredictability of highly variable hydraulic characteristics of various soils, as shown in 



  

 69 

Figure 2.13 and Figure 2.14 (O'Kane et al. 2002). The volumetric water content (ψ) and 

hydraulic conductivity (K), as used in Equation 2.4, vary in the order of magnitude with 

the variation of pore water pressure. The measurement of these properties of various soils 

is also difficult because of the uncertainty of the hydraulic connectivity along the soil mass 

during the process of drying. Since the unsaturated flow is difficult to represent by basic 

equations of flow of mass, the empirical equations are generally used to quantify the 

incoming or outgoing fluxes. This approach is mostly used in physical process-based 

models.  

 

Figure 2.13 Qualitative curves of soil moisture 

characteristics (volumetric water content as a 

function of pore-water pressure) for clay, silt, 

sand and gravel (O'Kane et al. 2002) 

 

 

Figure 2.14 Qualitative curves of soil moisture 

characteristics (hydraulic conductivity as a 

function of pore-water pressure) for clay, silt, 

sand and gravel (O'Kane et al. 2002) 

 

By incorporating the scientific advancement in computational capabilities and 

programming software, more accurate representations and predictions of the unsaturated 

flows could be performed. The Seep/W is considered state of the art for modelling 

unsaturated flow for the following reasons: 

 The accepted physically based model (Seep/W) incorporates the soil water 

characteristics curve and hydraulic conductivity characteristics curve as input 

functions for material property of the system.  

 The time variant inflow or outflow of water to or from the system can also be 

represented by the boundary condition function for the elements of the system.  

 Calibration of the parameters for the characteristics curves to validate the 

modelled groundwater level with the monitored data can be achieved with this 

software.  
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Conclusion:  

 In comparison to other models, Seep/W is an optimum model for long-term 

impact studies. 

2.6.5. Representation of Climate by Net Flux 

The studies using MODFLOW when representing groundwater flow systems consider the 

flow into the system mostly by recharge coefficient, as in Scibek (2004; 2006a; 2006b; 

2007; 2008). Very recently, some effort has been initiated by Twarakavi et al. (2008) and 

Doble et al. (2009). They include unsaturated flow in the vadose zone by using HYDRUS-

based flow packages (Simunek et al. 2005; Simunek et al. 2008) or continuous discharge 

recharge (CDR) function (Doble et al. 2009) to model evapotranspiration and recharge 

with MODFLOW. The CDR function is similar to the ‘net flux’ as would be used in the 

present research. The incorporation of the CDR function (Doble et al. 2009) to model 

evapotranspiration and recharge with MODFLOW is another significant improvement in 

modelling . 

 

Cohen et al. (2006) studied the effect of geology, land surface topography and watershed 

size, which influence GWL fluctuation, wetland formation, evapotranspiration and runoff 

by developing a transient saturated-unsaturated hydrologic model (HYDRAT2D) 

(Yakirevich et al. 1998) that couples surface-subsurface hydrologic cycles. The 

evapotranspiration is computed from the potential evapotranspiration, based on the Priestly 

and Taylor (1972) method, and the sink-term method of Feddes et al. (Feddes et al. 1978) 

in which a crop factor is used. 

 

As mentioned previously, the unsaturated flow representation by the SUFT3D (Carabin 

and Dassargues 1999 ) model can handle only a unidirectional flow of water from top to 

bottom, not the reverse (Brouyere et al. 2004). The study was conducted on the Geer Basin 

in Belgium. An improved study was subsequently conducted on the same basin by 

Goderniaux et al. (2009).  

 

Although the variably saturated flow is considered in the groundwater flow model of 

HydroGeoSphere by Goderniaux et al. (2009), they use a correlation between potential 

evapotranspiration and temperature to estimate evapotranspiration values for future 
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scenarios. The use of a single correlation with temperature in representing the complex 

process of evapotranspiration, which is influenced by many other climatic and 

environmental variables such as humidity, wind, solar radiation, vegetation, soil type and 

geology. Again, it is vulnerable to being overly simplified with regard to the complex 

physical system. Therefore, a physically based model must be selected critically.  

 

None of the models reviewed thus far have used AAET, which is used by following 

Morton’s method. When the AAET is estimated by Morton’s method, whose superiority 

has already been established in an earlier section of this chapter, the net flux of water for 

the system is a more accurate representation of the actual physical processes. ‘Net flux’ in 

the present study, as represented by the algebraic summation of rainfall and AAET, is 

scientifically more acceptable and better representation of the physical system. This input 

is significantly better for any GW model than the input by ‘recharge coefficient’, which is 

simply a percentage of rainfall (determined empirically). The use of similar variables as net 

flux has been reported in a number of separate studies but none are related to climate 

change impact on the GWL. A more detailed description is provided in Chapter 5. 

 

There is also one limitation of using net flux as well. That is related to the data source of 

future climate as used in the present study. In the present study, during the time of data 

extraction from GCMs (CSIRO 2006), AAET data were not available and the PPET values 

were available. Those PPET values need to be converted to AAET values for estimation of 

future net flux. However, this limitation has been recovered in the latest version of the data 

source of GCMs (CSIRO 2010). 

 

Conclusion: 

 There will be a higher level of uncertainty in the case of long-term predictions 

while too many model parameters are incorporated, as stated in the earlier studies 

(such as WAVES).  

 The ‘recharge coefficient’ in the other studies is too simple (such as 

MODFLOW).  

 Optimum compromise between the two extreme cases of model complexity and 

computational efficiency is the ‘net flux’, the best representation of the climate 

system for the GW model.  
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2.6.6. Uncertainty of Predictive Studies  

The future climate is a combination of climate change and climate variability. The other 

significant physical factor that would influence the hydrologic processes leading to change 

of groundwater recharge is land use change. In fact, land use change can be a result of 

climate change itself. For the predictive analyses, all of these factors are to be considered 

for the downscaling of climate data from the GCMs scale to the catchment scale. 

Numerous studies analyse the impact of climate change, climate variability and land use 

change combined or individually on the various hydrologic processes of various vulnerable 

regions of the world at varied time scale as well as spatial scale, as has been stated in 

previous sections. The consideration of the physical process-based conceptual model for a 

specific location is one way to handle the range of complexities for the system under 

consideration.  

 

Xu (1999) has studied the appropriateness of the conceptual model, which should be 

developed for a climate change impact study. He has expressed the need for the model to 

be able to demonstrate ‘fitness for the said purpose’, which would indicate the possible 

deviation of the climate condition from the past observed period and future predictions. 

Since the predictions from scenarios and GCMs vary widely, it is important to encompass 

all possible ranges of change to the system. For prediction of runoff, Xu (1999) calibrates 

and validates the observed runoff data for past years for the conceptual model, which was 

developed for predicting runoff for future climate change. By drawing the analogy, it is 

logical for groundwater level predictions; the groundwater model should be calibrated and 

validated for observed GWLs. In relation to all other hydrological processes (such as 

stream flow or runoff process), the response of groundwater is the most difficult.  

 

As reported by Green et al. (2008), the impacts of climate change and modified climate 

variability on groundwater resources, soil water, agriculture, and human life are relatively 

unknown in most areas. Key sensitivities could be explored by a low-cost approach of 

identifying geographical analogues between hydrologic/climatic regions around the world. 

Gravity Recovery and Climate Experiment (GRACE) satellite gravity data and GCMs are 

used for climate change projection scenarios. The stochastic weather generator WGEN 

(Richardson and Wright 1984) is used for downscaling and the hydrologic model WAVES 

(soil-vegetation-atmosphere numerical model) (Zhang et al. 1996) is used for simulating 
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soil moisture and vegetation cover as impacted by climate change in a number of 

hydrological analogous regions of the world. Other works are enlisted briefly to indicate 

the respective models used in their predictive studies: 

 

 GCM and MODFLOW used by Kirshen (2002), Croley II and Luukkonen (2003), 

and Hiscock et al. (2008) 

 GCM and spatially distributed hydrologic model MOHISE (Brouyere et al. 2004) 

used by Brouyere et al. (2004)  

 GCM and Hydrologic Evaluation of Landfill Performance model HELP3 

(Schroeder et al. 1994)  used by Jyrkama and Sykes (2004) 

 GCM, stochastic weather generator WGEN (Kilsby et al. 2007) such as SDSM 

(Wilby et al. 2002) or LARS-WG (Semenov et al. 1998; Semenov and Barrow 

2002) or principal component analysis (PCA) method for downscaling, HELP for 

recharge estimation, surface water model BRANCH (Schaffranek 1981) for river 

water levels and MODFLOW for groundwater flow used by Scibek et al. (2004; 

2007; 2008) and Scibek and Allen (2006a; 2006b) 

 Stable isotope to link rainfall to recharge used by McGuffie et al (2004) 

 GCM, Hydrologic Unit Model for the United States (HUMUS) (Srinivasan et al. 

1993) and Soil and Water Assessment Tool (SWAT) (Arnold et al. 1998) 

hydrologic model used by Rosenberg et al (1999) 

 GCM, SDSM, LARS-WG, HELP and soil unsaturated hydraulic property model 

ROSETTA (Schaap et al. 2001) used by Allen and Toews (2007) 

 GCMs and soil moisture balance model (Allen et al. 1998) of Food and 

Agriculture Organization (FAO) in the estimation of potential groundwater 

recharge used by Hiscock et al. (2008) who compare the responses in five 

locations in southern and northern Europe. The sensitivity of groundwater 

recharge was performed for three periods, the 2020s, 2050s and 2080s, with one 

SRES named A1F1. An additional number of GCM-based works have been cited 

in Chapter 4, 7 and 9.  

 

These attempts are highly resource-oriented in terms of data availability and 

instrumentation. From a broad review of this kind of investigation, as indicated by Fowler 

and Kilsby (2007), it is understood that investigations involving the extraction of GCMs 

data and applying them to catchment scale models are typically based on numerical 
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modelling in terms of future climate data generation by incorporating GCMs, and RCMs. 

For an impact study of climate change in the context of the present research, the steps 

involved typically consist of the following: 

 Selection of emission scenarios and GCM for obtaining climate data as output 

from GCM 

 Downscaling that climate data of GCM to RCM or catchment scale hydrologic 

model incorporating synthetic weather generators 

 Developing, calibrating, validating the hydrologic model with historical climate 

data 

 Forecasting with the synthetically generated climate data for sufficient number of 

replicates  

 

By evaluating the possible sources of uncertainty in each of the steps of the impact 

analyses, the issues of concern could be listed as climate change (incorporating ‘change 

factors’ (Mitchell 2003)) for various GCMs and scenarios), climate variability 

(incorporating natural variability of multi-decadal spells of wet or dry years) and the 

downscaling technique (incorporating statistical methods for converting GCM scale 

climate data to catchment scale). Some studies undertaken in the past are categorised in 

Table 2.3 with regard to the downscaling techniques to show their inadequacy of 

incorporating future climate variability. Fully stochastic generation of climate data can 

preserve some statistical property of historical data but the future response of the natural 

variability as influenced by climate change will be certainly missing in that generated data. 

The number of GCMs used and scenarios considered are also listed in Table 2.3 in relation 

to the study methodology and findings.  

 

From the studies as mentioned below, it is found that all of the studies downscale the GCM 

data by statistical methods based on past climate data at the local scale but the response of 

future climate variability is not considered. In fact, no study could be cited to have 

performed this kind of investigation since the variability due to the ENSO type of events 

are still an open problem and vary widely at different climatic regions of the world.  
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Table 2.3 List of some studies incorporating the various ranges of methods for impact analyses 

Investigations Downscaling 

technique 

Number 

of GCM 

Number of 

scenario 

Finding/processes considered 

Vaccaro 

(1992) 

Synthetic 

weather 

generator 

3 2 Groundwater recharge 

sensitive to irrigation (land 

use) 

Bouraoui 

(1999) 

Local weather 

generator  

1 2 (doubling 

CO2) 

Rainfall and potential 

evapotranspiration generated, 

GW recharge reduced with 

increased CO2  

Kirshen 

(2002) 

Statistical 

generation 

from 

historical data  

1 2 sensitivity 

levels and 4 

climate 

change 

scenarios 

20 year drought assessed as 

one extreme dry year for 

generation of scenarios 

 

(Ranjan et al. 

2006b) 

Use aridity 

index as a 

predictor  

1 

(HadCM

3) 

2 (A2 and 

B2) 

Loss of fresh groundwater 

due to climate change in the 

coastal regions 

(Scibek and 

Allen 2006b) 

LARS-WG 1 4  ‘Change factors’ used for 

climate change 

(Scibek and 

Allen 2006a) 

SDSM and 

LARS-WG 

1 1 Predictions of small 

reduction in recharge 

(Brouyere et 

al. 2004) 

3 GCMs, scenarios detail not reported in 

the reference. Uses historical climate 

data combined with monthly ‘change 

rates’ from the GCMs as downscaling 

technique. 

Predictions show decrease of 

GWLs at various climatic 

conditions in Belgium.  

 

More importantly, the relative impacts of the various factors such as climate change, 

climate variability, land use and environmental change have been found to be different in 

different investigations, as reported by Zheng et al. (2009), Li et al. (2009) and Ma et al. 

(2008) in their study of stream flow and other hydrologic processes as impacted in China. 

These impacts have also been highlighted by van Roosmalen et al. (2009) in their study of 

hydrologic processes in Denmark. The uncertainty arising from impact studies as reported 



 76 

by the investigators are categorised here according to the three major issues such as climate 

change, climate variability and downscaling techniques. 

 

Climate change (GCMs and scenarios): Wilby et al. (2006b) have confirmed the large 

uncertainty in climate change scenarios and impacts in hydrologic systems due to choice of 

GCMs in the impact study of climate change for River Kennet, UK. Kirshen (2002) has 

demonstrated that higher, similar and significantly lower recharge rates result from 

different climate scenarios used for an impact study. Croley II and Luukkonen (2003) have 

shown the increase or decrease of GWLs depending on the GCM used.  

 

The incorporation of ‘change factor’ in impact studies is a representation of predictions for 

climate change by long-term linear trend, as discussed in Mitchell (2003). As a result of 

using the predicted linearity in future climate changes, since the GCMs predictions are 

varying in magnitude and directions, the impacts are also found to be widely varying. 

Therefore, it is important to consider as many GCMs and scenarios as possible in any 

impact study. 

 

Climate variability (multi-decadal time scale): Timilsena et al. (2009) have 

demonstrated how the interdecadal and interannual climate variability are associated with 

the hydrologic processes of the Colorado river basin during the past 500 years. More 

recently, White et al. (2007) relate groundwater hydrology to droughts associated with 

ENSO climate variability. Hanson and Dettinger (2005) have simulated the past GWLs 

from 1950 to 1993 by developing a physically-based regional groundwater model for 

California to estimate the GWLs from precipitation. They used the GCMs output of rainfall 

for that period and imparted the ENSO and Pacific Decadal Oscillation (PDO) related 

events at the top of the GCMs output of rainfall for that period. They obtained agreement 

between modelled GWLs and recorded GWLs. However, the future prediction of this 

natural variability could not be found in any impact study of this kind.  

 

It should be mentioned that the non-stationarity in hydrological processes, especially 

precipitation, occurs due to the multi-annual and multi-decadal spells of wet or dry climate, 

such as ENSO events. However, the prediction of this ENSO event is still an open problem 

for a given catchment of a climatic region. Though a number of studies do correlate the 

climate variability with ocean atmospheric circulation (see Chapter 7) for a given climatic 
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region, the association of climate variability with the climate change prediction is least 

investigated, especially in impact studies. 

 

Downscaling: While examining the implications of climate uncertainties in hydrological 

systems in the Thames catchment in the UK, Manning et al. (2009) have reported in their 

study that different downscaling methods produce significantly different predictions of 

hydrologic processes. Wilby and Wigley (1997) have identified the difficulty of 

representing regional or local variability of the hydrological processes at any time scale 

and non-stationarity of the key relationship in the future while reviewing the various 

downscaling methods. Dibike and Coulibaly (2005) have used two different downscaling 

techniques, stochastic and regression-based. The increasing trend was obtained with 

regression-based analyses but no trend was obtained in stochastic generation-based 

analyses. They obtained the increasing trend of rainfall prediction with the increasing trend 

of temperature as downscaled from GCMs prediction. 

 

The uncertainty associated with downscaling techniques is related to the incorporation of 

climate variability in the prediction process. The exclusion of the natural variability, which 

is susceptible to be influenced by any future climate change due to global warming, is a 

serious but unavoidable limitation of the existing downscaling techniques. An attempt is 

initiated in this respect to address this shortcoming in the present research.  

 

Conclusion: There are significant issues with the generation of future climate data, which 

are to be extracted from GCMs or RCMs and downscaled to catchment scale studies. The 

predictability of climate variability with climate change is an area of least investigation. 

The difficulty in performing the impact study of groundwater response to climate change 

and climatic variability should be handled by considering the following issues:  

 The typical framework for impact study should be based on the development of 

an appropriate hydrologic groundwater model.  

 That model should be calibrated and validated with observed GWLs.  

 The natural variability of regional climate as influenced by ocean atmospheric 

oscillation should be combined with climate change prediction scenarios for a 

more comprehensive impact study. 

 Future climate replicates should be generated considering the maximum possible 

combination of GCMs and scenarios. 
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2.6.7. Integration of Physical and Statistical Techniques 

The complex interaction of the physical, chemical and biological processes involved in the 

reality and the simplification of them for modelling work have given rise to uncertainties in 

the predictions. To handle the uncertainty in the prediction by physical process-based 

models, statistical methods have also been investigated. The areas of uncertainty in 

modelling impact of climate change can never be overemphasised. 

 

The interaction between climate forcing and response of the environment consists of 

positive and negative feedback. These include water-vapour feedback, cloud feedback, 

surface albedo, soil moisture, vegetation feedbacks and aerosol feedback (Loaiciga 2003). 

An increase in temperature leads to an increase in both evaporation and transpiration, 

which in turn may decrease aquifer recharge (Michaud et al. 2004). However, increased 

evaporation can result in increased precipitation. Thus, feedback from cloud remains the 

biggest ‘known unknown’. For example, Weng and Yu (2010) have addressed the 

influence of ocean-atmosphere circulations by considering two sets of feedback such as 

wind-evaporation-SST and cloud-radiation–SST with three sets of air-sea couplings to 

explain the intraseasonal variability in the Indo-Pacific region.  

 

For the numerical representation of any physical process, there are two different 

approaches used by the modeller: statistical method-based models and physical process-

based models. The physical process-based modelling approaches are reviewed in this 

chapter for representation and forecast of groundwater levels in relation to climate. The 

detailed reviews for the statistical methods have been provided in Chapter 6 in which 

hydrologic processes are represented by time series statistics. It should be mentioned that 

very few examples could be cited in which statistical methods are used in the long-term 

impact analyses for climate change on groundwater (Kruger et al. 2001; Aguilera and 

Murillo 2008).  

 

Kruger et al (2001) use the statistical model to study the impact of increased temperature 

caused by climate change on groundwater recharge in Germany. Temperature is considered 

as the single climate variable to represent the past variability of the hydro-climatic 

processes during 30 to 50 years of observations. Based on the past temperature statistics, 
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and observed precipitation and temperature data, future predictions of the variability for 

precipitation and temperature are conducted.  

 

Aguilera and Murillo (2008) use the combination of hydrologic modelling and statistical 

modelling to represent the past 100 years GWLs and also predict the future 100 years 

recharge. They represent the system with hydrology and calibrate, validate and predict by 

statistics.  

 

One of the practical advantages of using the statistical method in predictive analyses is that 

the level of uncertainty of the analyses is explicitly described in terms of variance or 

standard deviation. To provide a similar level of explicitness from physically-based 

modelling, a large volume of computations is required for the model runs with sufficient 

number of replicates of future climate. It is clearly understood that uncertainty in both 

methods exists and needs to be addressed. Therefore, integration of the two methods of 

modelling is a novel approach. 

 

Conclusion: 

 The integration of statistical modelling with physical process-based study in the 

climate change impact investigation eases the demonstration of the uncertainty of 

analyses.  

 Though these two approaches are fundamentally different, the final output of both 

studies should be consistent.  

2.6.8. Summary 

The limitation of existing methods of investigation to quantify long-term impact of climate 

change and natural climatic variability on groundwater is identified and the methodology 

for more appropriate technique is introduced. Four areas of scientific inadequacy could be 

listed from the review of the studies in this section, which are as follows. 

 

1. Among the studies that use the output of GCMs in the impact analyses, most only 

consider one or two GCMs and one or two emission scenarios. The maximum 

number of GCMs considered is four and maximum number of scenarios is four as by 

Hiscock et al (2008) for generation of climate data. This is inadequate in regards to 

the possible changes in the long-term future. 
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2. The limitation of stochastic weather generators used by most of the investigators is 

that they do not consider the natural climatic variability in light of the ocean 

atmospheric circulation and the possible interaction of climate change predictions 

with the historical climate variability. The generation of future climate data should be 

based on the existing understanding of these two phenomena and should encompass 

all possible interactions in the future.  

 

3. For the representation of groundwater flows, most of the models use MODFLOW, 

which is a saturated flow model that does not incorporate unsaturated hydraulic 

properties of soil. However, for performing the impact study of climate on 

groundwater, the importance of unsaturated soil in the system representation should 

be recognised. The inadequacy in the representation of the physically-based model 

should be handled properly.  

 

4. In the hydrologic model HELP or groundwater model MODFLOW, the input for 

climate flux is represented by a ‘recharge coefficient’, which is simply a percentage 

of rainfall estimated on the basis of annual water balance components for any 

particular site. Therefore, the influence of variable intensity and duration of rainfall, 

temperature, humidity, wind speed, solar radiation and atmospheric pressure (i.e. all 

other climatic factors that influence inflow or outflow of water from the soil) is 

grossly represented by the water balance equation.  

 

The first two limitations are related to the adequacy of the generated future climate data as 

should be used as input to the physically-based model. A more comprehensive review of 

the scientific investigations related to downscaling techniques has been provided in 

Chapter 7. However, the third and fourth limitations are more fundamental in the sense that 

they address the representativeness of the physically-based model itself. The integration of 

the statistical method with the physical method would add extra value to the prediction in 

terms of uncertainty of the predictions. 

2.7. Conclusion 

Detailed reviews have been conducted of the ongoing work performed with various time 

scales, at different locations and with consideration to a range of hydrologic processes. The 
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review process leads to the understanding that the impacts in the groundwater system by 

the changes in climate are complex and different. Globally, the rising temperature 

influences the hydrologic processes in different ways in different local contexts. Therefore, 

the understanding for one region should not necessarily contribute to the understanding of 

another, which is different in climate, topography and geology. Therefore, there are various 

views from different communities of researchers in this regard. The structuring of the 

scientific reports addressing the different regions of the world by IPCC indicates the 

importance of this diversity.  

 

From a scientific perspective, the study of the impact of the changing climate on 

groundwater requires some fundamental issues to be addressed. These include the 

identification of the significant flow components by considering a number of conceptual 

models, representation of the shallow vadose zone hydrogeology by the unsaturated flow 

model, consideration of various climate change prediction scenarios and interaction with 

the natural climate variability based on the understanding of the climatic system of the 

region. The integration of physically-based modelling with time series models is a new 

modelling framework, which is the best of its kind with regard to the current problem and 

resources. 

2.7.1. Intellectual Significance of the Research 

While performing the literature reviews on the long-term impact study of climate change 

and climate variability on groundwater levels, the following issues were identified to be 

significant challenges and provided scope for performing the intended research work:  

1. Scarcity of data on groundwater levels, which are solely impacted by climate only 

and free from any human intervention such as abstraction, artificial recharge or 

modified hydrologic system 

2. Complexity of the groundwater-climate relationship, which is subject to a range of 

factors such as topography, climatic region, land use pattern, source and process of 

recharge, hydrogeology and hydro-climatic configuration 

3. Difficulty of representation of the complex unsaturated flow system in the 

predictive studies for the varying and highly uncertain soil water properties 

4. Inadequate consideration of various GCMs and emission scenarios to encompass 

the whole range of possible changes to the long-term average climate  
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5. Incorporation of a fully stochastic method to generate future climate data with little 

consideration to the natural climatic variability as influenced by ocean atmospheric 

circulation in the surrounding climatic regions; the method should not be fully 

stochastic and would be better represented by a quasi-stochastic process 

6. Inadequate representation of climate by ‘recharge coefficient’ in most of the 

significant studies as used in the HELP and MODFLOW models 

7. Missing integration of the two modelling approaches as used by hydrologists and 

statisticians to represent and forecast the natural hydrological processes 

 

Of these limitations, the available monitoring data and established conceptual model for 

the research site eases the first two limitations, as is described in Chapters 3 and 5 

respectively. The incorporation of an appropriate physically based model sufficiently 

represents the unsaturated flow system as is described in Chapter 8. The future climate 

change and climatic variability are incorporated with appropriate scientific judgement as is 

described in Chapter 7. The modelling approaches followed by statisticians for 

representing hydrologic systems are incorporated in Chapter 6. The final integration of the 

two approaches is described very briefly in the Chapter 9. These are the key issues, which 

make the work a significant contribution to the development of an integrated approach for 

the modelling of a long-term impact study for groundwater by the changing and variable 

climate.  
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3. Site Review: Ranger and Kakadu 

This chapter presents a brief review of the location of the Ranger uranium project and its 

development history, climatic characteristics, geology and hydrogeology, sources of data 

and long-term monitoring results. As such, the chapter presents the basic information about 

the Ranger project with respect to understanding subsequent hydrologic, time series and 

groundwater modelling, especially the link between climate conditions and groundwater 

behaviour. It is demonstrated that with a reasonable record of groundwater levels of 

unimpacted bores, the Ranger site is ideal for a study of the climate-groundwater 

relationship as well as being required for sound rehabilitation of radioactive uranium mill 

tailings. 

3.1. Regional Geography and Historical Background 

The Alligator Rivers Region (ARR) study area is located in northern Australia, in the 

central northern region of the Northern Territory, commonly known as the ‘Top End’. The 

region contains Kakadu National Park and extends into western Arnhem Land, an area 

reserved for indigenous people since 1931, as shown in Figure 3.1. 

 

The ARR includes the catchments of the East, South and West Alligator rivers and 

comprises an area of 25,000 km
2
. Its geomorphologic sub-regions are mainly classified 

into three types, which are the Arnhem Land Plateau or Escarpment, the lowlands and the 

floodplains (Press et al. 1995). All the major streams in the ARR have their head waters in 

the Arnhem Land Plateau and traverse the gently undulating lowlands before spreading out 

over floodplains, which are inundated during the wet season and merge with tidal flats 

along the northern coastline (see Figure 3.1) (Press et al. 1995). 

 

Kakadu is listed as world heritage for significant cultural and environmental values, 

protecting various habitats of northern Australia and one-third of the country’s bird species, 

as well as preserving an important record of living Aboriginal history in extensive galleries 

of rock art (Press et al. 1995). Before European settlement, this was one of the most 

intensely populated areas in the continent, with Arnhem Land being home to a large 

number of language groups (Mulvaney and Kamminga 1999). The Arnhem Land 

escarpment meanders 200 kilometres to the east, separating Kakadu National Park in the 

west from the Aboriginal-owned land in the east (Press et al. 1995). 
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Figure 3.1 Location of Kakadu National Park and the outline of Ranger Project Area(RPA) in the 

Alligator River Region, Northern Territory, Australia (Courtesy: Scott Ludlam) 

 

Until the 1950s, the ARR had seen very little European development, with the area 

predominantly being used for traditional indigenous living. However, from this time, the 
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region has undergone rapid change, with the introduction of uranium mining in the Upper 

South Alligator Valley (USAV) in the 1950s (now southern Kakadu) and new pastoral 

stations at Mudginberri and Munmarlary in the 1960s on the northern ARR plains, east of 

the South Alligator River. A proposal to make the escarpment country a national park of 

equal status to the USA’s Yellowstone or Yosemite was first raised in 1964 by former 

USAV uranium miner Joe Fisher, though no progress was forthcoming. In 1969, a new 

phase of large-scale base metals and uranium mineral exploration began with remarkable 

success, finding some of the world’s largest uranium deposits at Ranger, Jabiluka, 

Nabarlek and Koongarra from 1969 to 1973. 

 

Throughout the 1970s, there was major national controversy over the recognition of 

indigenous land rights in the area, conservation via national parks and especially nuclear 

issues and uranium mining. In 1975, the Whitlam Labour Government instituted the 

Ranger Uranium Environmental Inquiry (RUEI), a major public inquiry to assess nuclear 

power issues broadly and uranium mining in the ARR, especially the Ranger project. After 

passage of the land rights legislation in 1976 (the Aboriginal Land Rights [Northern 

Territory] Act 1976), the RUEI was also made the Lands Commissioner for the purposes 

of hearing the indigenous land claims for the ARR. 

 

After two major reports by the RUEI (Fox et al. 1976 ; Fox et al. 1977), the Fraser Liberal 

Government approved the development of Ranger, the establishment of Kakadu National 

Park and granted freehold title to a significant portion of the region to indigenous land 

trusts. The Fraser Government also established a major research and advisory group to 

oversee uranium mining in the region, based on the recommendations by RUEI, called the 

Office of the Supervising Scientist (OSS). A critical issue identified by the second RUEI 

report was long-term containment of uranium mill tailings, of which groundwater was 

recognised as the most important pathway, assuming tailings were placed in former pits. 

 

The Ranger project began commercial production in August 1981, with Nabarlek operating 

from 1980 to 1988. To date, the Jabiluka and Koongarra uranium deposits have yet to be 

commercially developed. A detailed history of the region is given by (Lawrence 2000). 
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3.2. Ranger Uranium Project: A Brief Overview 

3.2.1. Topography  

The RPA, as shown in Figures 3.1 and 3.2, is located approximately 250 km east of 

Darwin at about 132
0 

55` E latitude and 12
0 

43` S – 12
0 

40` S longitude and occupies 78.6 

km
2
 in the upper reaches of the Magela Creek catchment, some 70 km south of Van 

Diemen Gulf (Press et al. 1995).  

 

Several creeks or billabongs surround the RPA, including Magela Creek and Georgetown 

Billabong to the east, Corridor, Georgetown and Gulungul Creeks to the south, Gulungul 

Creek to the west and Coonjimba and Magela Creeks to the north (Djalkmarra Billabong 

and Creek were recently excavated by Pit #3 over the last five years) (see Figure 3.2). 

 

The Magela Creek is a major tributary of the East Alligator River, contributing about 10% 

of the flow (Fox et al. 1977). Its southern catchments cover an area of approximately 1,000 

to 1,500 km
2
 and include the major uranium deposits at Ranger and Jabiluka. Downstream 

of the RPA, the Magela consists of a series of stream channels, billabongs and floodplains. 

The paperbark-lined channels and floodplains are in close proximity to the sandstone 

escarpments of the Jabiluka outlier (Wasson 1992) . 

 

The RPA site is located on the recognised traditional lands of the Mirarr-Gundjeihmi clan, 

who are members of the Gagadju Land Trust, established to manage the freehold 

indigenous title to the region, including the central core of Kakadu National Park 

((Lawrence 2000). 
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Figure 3.2 Site layout of the Ranger Uranium Mine 

3.2.2. Time Line of Development and Mining 

Uranium mineralisation was first proven at the Ranger site in late 1969, with subsequent 

exploration work proving it to contain several uranium deposits. Each deposit or prospect 

was given a number, with Rangers 1 and 3 being the largest deposits. After extensive 
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investigation, public debate and assessment, especially by the RUEI (1975-1977), the 

Ranger project received government approvals in August 1977. Mining agreements, 

required under the land rights act, were then negotiated between the indigenous owners, 

Ranger and the government, and signed in November 1978. The Ranger project was 

formally approved under the Atomic Energy Act 1953 in January 1979 for a period of 21 

years, with construction starting immediately. Based on the land rights agreements and 

formal approvals, a series of ‘Environmental Requirements’ (ER’s) were mandated for 

Ranger, covering areas such as water and tailings management, rehabilitation, radiation 

exposure, cultural heritage and mining royalties. 

 

The first deposit mined by open cut was Ranger 1 (‘Pit #1’), operating from 1980 to 1994 

(when the deposit was exhausted). Following approvals in 1995, Pit #1 became the major 

facility to receive tailings from mid-1996. Open-cut mining began at Ranger 3 in 1996 

(‘Pit #3’), and on present plans are expected to continue until 2012 (underground mining 

may begin past this date but is not yet approved). The major features of the site over this 

period (1980 to late 2000’s) include the mill, tailings dam, retention ponds, ore, low-grade 

ore and waste rock stockpiles, as shown in Figure 3.2. A montage of aerial photographs 

showing the evolution of the Ranger site is provided in Figure 3.3. 

 

In January 2000, the Ranger project was re-authorised for a further operating period of 21 

years, followed by a five-year period of rehabilitation and expected lease relinquishment in 

January 2026. A new set of ERs were also incorporated at this time. One of the major 

clauses in the revised ERs related to tailings management and stated that all tailings were 

to be transferred to former pits before rehabilitation to ensure that long-term management 

was below natural ground surface. This was considered by the RUEI as the most 

appropriate solution for tailings due to the release of radioactive radon gas from the tailings 

and the intensity of the tropical climate leading to major risks of erosion and seepage if the 

tailings were rehabilitated in the tailings dam above natural ground surface. Additionally, a 

major criteria included in this clause was that after rehabilitation, solutes derived from 

tailings were not to lead to unacceptable environmental impacts for at least 10,000 years
1
 

(clause 11.3 ii). 
 

                                                 

 
1
 Environmental Requirements of the Commonwealth of Australia for the Operation of Ranger Uranium 

Mine. Appendix A, Section 41 Authority Under the Atomic Energy Act 1953 (Commonwealth of Australia). 
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~1988 

 
~1991 ~ 1995 

 
~1999 

 
~2008 

Figure 3.3 Aerial view of the development of the Ranger uranium mine (OSS var.); 2008 Edition, (ERA 

var.-a); 2008 Edition , (ERA var.-b) 
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The Ranger mine is owned and operated by Energy Resources of Australia Ltd (ERA), of 

which 68.4% is owned by Rio Tinto Ltd. At present, there is the possibility of underground 

mining beneath Pit #3 being actively investigated by ERA. A proposal for a major heap 

leach facility at the Ranger project is also being investigated and undergoing 

environmental assessment.  

3.2.3. Practical Importance of Long-term Impact of Climate Change 

Ideally, the design criteria for a rehabilitated mine should ensure a sustainable environment 

surrounding the waste containment site. The design of rehabilitation should prevent the 

transport of contaminants through surface runoff or seepage. Therefore, the level of 

saturation, or groundwater level, should be contained to a certain range on a long-term 

basis to achieve this outcome. 

 

The rehabilitation of the radioactive waste from the mining and milling at Ranger clearly 

requires such long-term containment. Ideally, the rehabilitated landform is intended to 

isolate and contain these wastes, physically, chemically and biologically, for many 

thousands of years, if not millions. The long-term containment is necessary due to the long 

half-life of radionuclides such as radium-226 (
226

Ra) at 1,600 years, thorium-230 (
230

Th) at 

75,000 years and uranium-238 (
238

U), the parent of the radioactive decay sequence, at 4.5 

billion years (IAEA 1981; IAEA 1992). According to current regulatory requirements, the 

rehabilitation of the Ranger mine site must ensure that tailings and associated contaminants 

are effectively contained for a period of at least 10,000 years. 

 

The primary objective of this study is to develop a physically based modelling technique 

that can be used to assess the long-term groundwater recharge (infiltration) at the Ranger 

site. The varying climatic conditions and predicted changed climate scenarios over the 

long-term (i.e. 10,000 years) should be sufficiently represented in the modelling 

framework. It should be able to provide a more realistic basis for assessing the 

environmental performance of the rehabilitation of the Ranger site considering the ranges 

of uncertainties of future climatic conditions and possible scenarios. 

3.3. Geology and Hydrogeology 

The Ranger uranium deposits occupy Early Proterozoic metasediments (about 1,800 

million years in age) consisting of quartz and mica schists, amphibolite, calc-silicate and 
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carbonate (Kendall 1990). The underlying basement rocks are Archaean in age and 

comprise granite, gneiss and schist, ranging in age from 1,800 to 2,470 million years 

(Kendall 1990). The overlying Kombolgie sandstone, dated at 1,830 million years, acts as 

a cover to the Proterozoic rocks containing the uranium mineralisation (Kendall 1990). The 

sandstone provides the spectacular escarpments and land forms of the Kakadu and Arnhem 

Land regions. A geological map and cross-section are shown in Figure 3.4. 

  

Figure 3.4 Left: Geology of the RPA (Kendall 1990), right: Conceptual Regional Geological Cross-

Section (RUM 1974) 

 

The extent of weathering of the near-surface rocks is variable across the mine area, ranging 

from a few metres up to 35 metres (Eupene et al. 1975; Morton 1976; Ahmad and Green 

1986). Regionally, weathering has been noted to depths of tens of metres (Needham 1988). 
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The hydrogeology of the Ranger mine area is complex and is generally described as 

consisting of three basic formations (as illustrated schematically in Figure 3.5) (Ahmad 

and Green 1986): alluvial sands and gravels (‘Type A’), weathered soils (‘Type B’) and 

fractured rocks (‘Type C’). The nature and extent of each aquifer in a particular area will 

depend on local geology and weathering history.  

 

The interconnection of the different aquifers will largely be controlled by the presence of 

semi-confining clay layers; although it is probable that all three types are hydraulically 

connected due to similar pressure levels (Ahmad and Green 1986). The fractured nature of 

the sandstones and escarpments and the occurrence of springs at their base suggest 

abundant recharge, flow and good quality groundwater (Christian and Aldrick 1975). 

 

TYPE A REGIMES

TYPE C
 REGIMES

TYPE B REGIMES
Wet

Dry

Season

Typical  :
A = 0.1-20 m/d

K

B = 0.01-1 m/d
C = 0.001-1 m/d 

Figure 3.5 Conceptual hydrogeology of the RPA, adapted from (adapted from (Ahmad and Green 

1986) 

 

The groundwater levels (i.e. height) in all types of aquifers are usually related to gullies 

and hills (surface topography). They undergo a seasonal fluctuation of up to 5 m or more, 

related to recharge during the wet season and evaporation and transpiration during the dry 

season (Ahmad and Green 1986). The wet and dry seasons in the region are typically 

indicated on a half-yearly basis as described in the following section.  

3.4. Kakadu/ARR Climate and Annual Water Balance 

The Kakadu/ARR region has a typical monsoonal wet season (November–April) and dry 

season (May–October). The distribution of rainfall, pan evaporation and annual fluctuation 

of groundwater level are illustrated in Figure 3.6. 
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Figure 3.6 Top: Average monthly rainfall and pan evaporation for Jabiru East, including minimum 

and maximum (years 1972 to 2008) (Data Courtesy: ERA, OSS, BoM); Bottom: Typical seasonal 

groundwater level fluctuations around the RPA, (2001 Edition, (ERA var.-b) 

 

The average annual rainfall at Jabiru East (1971–2008) is 1552 mm, but it has varied from 

approximately 1032 to 2623 mm with a standard deviation of 367 mm (data courtesy: 

ERA, OSS, BoM). The variability of rainfall is relatively high, as demonstrated in Figure 

3.6 Figure 3.6. One example is late February 2007, when some 750 mm of rain fell in less 

than 72 hours, leading to extensive flooding in the region (including the Ranger site). 

 

The average annual pan evaporation at Jabiru East is 2588 mm; it has varied from 2237 to 

2900 mm with a standard deviation of 161 mm. Pan evaporation is relatively uniform 

throughout the year (see Figure 3.5). Table 3.1 shows the monthly pan factors for 

estimating evapotranspiration in the region. 

 



 94 

Table 3.1 Pan coefficients to estimate evapotranspiration from pan evaporation data (Chiew and Wang 

1999) 

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

0.66 0.66 0.75 0.84 0.92 0.92 0.95 0.77 0.70 0.70 0.66 0.64 

 

Pan evaporation indicates the rate of water loss from the free water surface of a region. 

However, evapotranspiration is a better representation of the outflow of water from the 

regional hydrologic system, which is a combination of free water surface and land surface. 

Evapotranspiration includes evaporation from soil and water surfaces and transpiration 

from vegetation, and is considered the net influx to and from the soil surface. Further 

analyses of evapotranspiration are presented and discussed in Chapter 5. 

3.5. Data Sources 

The information about the site consists of some time series data and some time 

independent data. The time series data considered are rainfall, evapotranspiration, stream 

flow or surface runoff, and groundwater level. The time independent data consists of 

lithology and hydraulic properties of weathered soils and rocks. The topography in the 

direct mining area is also changing over time, as the open cut expands, tailings dam is 

increased in height and new waste rock and low-grade ore stockpiles are created. 

 

The sources and types of data used in this work are shown in Table 3.2. The specific 

descriptions about the data sources are also mentioned. Some of the data are measured and 

other data are estimated as described in the various subsections. The temporal intervals of 

measured values vary from 6-minutes to few months. The analyses are performed on a 

daily, monthly or annual basis. 
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Table 3.2 Description of data analysed 

Data type Time period  Frequency Source 

Climate (Rainfall and 

Evapotranspiration) 

1900-2008 Daily PPD of SILO of BoM weather 

station 14198 Jabiru East
* 

Surface Runoff 1971-2005 Daily
**

 OSS, gauge station GS821009 

Groundwater level, 

Groundwater Chloride 

1980-2008 Daily and 

Monthly 

ERA, OSS 

Lithology  Time 

invariant 

ERA, OSS 

*SILO is an electronic resource of information available from BoM (SILO 2006)  

** Data is available on a 6-minute basis, but daily average is used in the thesis 

PPD: Patched Point Data; BoM: Bureau of Meteorology 

3.5.1. Climate  

The measured climatic data considered in this research consists of rainfall and the 

estimated climate data is evapotranspiration. The Jabiru East weather station is used as the 

source of these data, since it is located within a short distance (<5 km) from the site. It was 

first established in 1971. The nearest weather stations are located at a considerable distance 

(such as Oenpelli/Gunbalanya, Darwin) such that the Jabiru East station alone is assumed 

to represent the areal average value of the climatic variables (Chiew and Wang 1999). The 

rainfall data are measured (or interpolated when measured data is missing) in the weather 

station, while the evapotranspiration data are estimated using the measured climate data 

(such as temperature, vapour pressure, solar radiation and atmospheric pressure) by 

following the methods described by (Morton 1983).  

 

Two additional rainfall stations are located in the RPA and operated by ERA. They are the 

tailings dam and the Pit #3 sites. In those stations, only rainfalls are recorded and not pan 

evaporation or other climate data. Evapotranspiration data is available from Jabiru East 

only. The Jabiru East meteorological station started operating in 1971. From 1971 to 1989, 

it was operated by ERA. From 1990 to present, it is operated by the BoM. The historical 

data for the period before 1971 was estimated by SILO PPD data (SILO 2006). The detail 

climate data as collected from SILO are provided in Appendix C. 
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3.5.2. Rainfall 

For the purpose of representing historical rainfall in any catchment in Australia, Patched 

Point Data (PPD) (SILO 2006) data are developed by the Queensland Department of 

Natural Resources and Water, which is available via the Internet (Ladson 2008). This 

dataset provides daily values for 4650 meteorological stations in Australia, starting from 

January 1889. The missing data in terms of period or location have been interpolated with 

sufficient accuracy (Jeffrey et al. 2001). Given that monitoring has been direct at Jabiru 

East since 1971, apart from some minor gaps, PPD has been adopted as the primary source 

for rainfall statistics. 

3.5.3. Actual Areal Evapotranspiration (AAET) 

The estimation of Morton’s actual areal evapotranspiration over land (AAET) is conducted 

by SILO (SILO 2006). The basis of selection of the appropriate evapotranspiration variable 

has been discussed in Sections 2.1.2 and 2.1.3. The climate data are available in daily basis 

and the monthly subtotals are estimated from daily values. 

 

The Evapotranspiration Map of Australia (Chiew et al. 2002) is another source of long-

term average evapotranspiration variables (AAET, PPET and APET) with water balance 

corrections for the hydrologic catchments of all of Australia. Of the three 

evapotranspiration variables (AAET, PPET, and APET), AAET is selected as the best 

representation of evapotranspiration processes for the current project (this issue is 

discussed in detail in Section 5.3.3). 

3.5.4. Groundwater Levels 

The available data of groundwater level in a number of monitoring bores surrounding the 

Ranger mine site have been supplied by ERA. The record of the data is a combination of 

daily, weekly or monthly values with regular or irregular intervals for 21 monitoring bores. 

Two bores were located inside Pit #3, with missing data since this pit began but provide 

useful data until this time. Other bores are impacted by seepage from the retention ponds or 

tailings facilities. However, there are numerous bores whose GWL fluctuation is solely 

related to natural processes. These are selected for subsequent analyses. Also excluded are 

the open bores that do not have any screen and extend to the deep aquifer of 100 to 150 m 

below ground surface. Other factors for the selection of bores included encompassing a 

large areal extent, varied elevation of ground surface and varied depths of unsaturated soil 
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above the GWL. The irregular interval GWL data were converted to monthly GWL data by 

the outlook function in Microsoft Excel in the case of having too much dense data, and 

linear interpolation was used when data was too sparse. 

 

Details about the location, period of record, annual groundwater fluctuation, screen 

location and unsaturated thickness are presented in Table 3.3. Complete information for all 

bores, including lithology, monitoring graphs and other details, are given in Appendices 

D1 and D2. From these 21 bores, a selected number were chosen for this thesis, which is 

discussed in Section 3.6. 
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Table 3.3 Relevant information of all the 21 bores 

Bore 

Mine 

Features 

Nearby 

Length of 

record 

(years) 

Highest GWL 

(m AHD) 

 

Annual GWL 

Fluctuation 

(m) 

Unsaturated Zone 

Thickness (m) 

 

Bore Depth (m)
#
 RL ToC and also 

datum AHD (m) 

OB19A TD 83-03 33.516 6.26 
## 

51.2 33.096 

OB1A TD 81-03 30.08 6.58 0 31 30.08 

OB20 South of TD 82-03 20.402 5.61 1.28 36.18 21.682 

OB21A South of TD 82-03 27.003 6.98 2.96 43.13 29.963 

OB23 North of TD 82-03 27.94 11.37 0 51.3 27.94 

OB24 North of TD 82-03 24.15 10.38 1.34 36.5 25.49 

OB27 Georgetown 81-88, 03-05 10.37 3.46 3.8 40 14.17 

OB29 Orebody #3 81-03 15.13 29.71 
## 

50.47 15.09 

OB2A TD 81-03 30.327 6.41 0 31.51 30.327 

OB30 Pit #1 82-05 18.82 27 0 47.5 18.82 

OB31 TD 83-88 31.896 5.56 1.31 50.2 33.206 

OB34 TD 84-88, 93-98 29.958 4.37 0.15 22 30.108 

OB35 TD & Pit #1 86-88 28.9 4.56 5.17 15 34.07 

OB36 TD & Pit #1 86-88 25.63 2.68 1.23 12 26.86 

OB37 TD & Pit #1 86-88 25.63 2.7 1.03 5 26.66 

OB38 Orebody #3 86-88, 90-96 18.591 13.07 0.99 168 19.581 

OB41 RP1 88-05 16.198 3.63 0.09 25 16.288 

OB42A RP1 92-05 16.405 2.98 0.14 12 16.545 

OB43 RP1 88-03 16.602 3.6 0.18 22 16.782 

OB44 North of TD 88-02 19.69 4.814 0.01 16.1 19.7 

79/6 Orebody #3 80-88, 90-02 11.75 6.04 1.23 116 12.98 
#
 assuming the bore depth is measured from Top of Collar (ToC) of the bore, 

## 
Data discrepancy as found from the source. 

TD = Tailings Dam, Orebody #3 = Pit #3, RP1 = Retention Pond 1. 
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3.5.5. Runoff 

All stream flow data is collected from gauging station GS821009 in Magela Creek, located 

about 3 km downstream of the Ranger mine site, as shown in Figure 3.7. The discharge at 

GS821009 arises from a catchment of about 600 km
2
. The depth of runoff at the RPA, 

which is located as near as 4 km upstream of the station, is assumed to be same as that of 

the whole 600 km
2 

catchment of the station GS821009 (ARRI 1991). Runoff depth is 

estimated as flow discharge per unit catchment area of the station. The historical record of 

daily rainfall and runoff are shown in Figure 3.8 and Figure 3.9. There are also a number of 

other gauging stations along the Magela Creek (see Figure 3.7), which are used later in 

Chapter 5. 

 

To convert the discharge data in to depth of flow, uniform spatial distribution of rainfall in 

the catchment has been assumed. For a catchment of 600 km
2
, the assumption is reasonable, 

since a significant similarity in the distribution and magnitude of average annual rainfall 

has been reported by Vardavas (1992) while analysing the rainfall data of stations located 

at 50 to 300 km from Jabiru East (namely Darwin, Oenpelli, Pine Creek and Katherine). 
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Figure 3.7 Location, topography and catchment area of Magela Creek in the Northern Territory, 

adapted from (Hart et al. 1987a) 
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Figure 3.8 Historical record of measured daily rainfall 
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Figure 3.9 Historical record of measured runoff 
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3.6. Selection of Bore for Investigation 

The locations of the significant operational features around the site and monitoring bore 

locations for GWL data for Ranger are illustrated in Figure 3.10.  

 

 

Figure 3.10 Locations of the monitoring bores in the site 

 

The bores surrounding Pit #1 (OB30), or inside or near Pit #3 (OB29, OB38 and 79/6) are 

directly impacted by mining activity, as shown in Figure 3.11. OB38 and OB79/6 are 

excluded from consideration because these were deep open bores with no casing (at 150 m 

to 200 m in depth) rather than screens in the shallow unconfined aquifer (up to 50 m deep). 

Other bores, such as OB35, OB36 and OB37, do not have a record of GWLs of more than 

two years, while OB23 and OB24 are impacted by tailings dam seepage, as shown in 

Figure 12. Therefore, the bores located at the southern sides of the pits are investigated in 

more detail. Certain bores located around the perimeter of the tailings dam, such as OB1A, 

OB2A, OB20, OB21A, OB41 and OB43, are considered for detail investigation. The bore 

OB27, located in the east of the region, is also considered for further investigation. 
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Figure 3.11 The bore OB1A is relatively unaffected by mining activity while bore OB30 is influenced 

by mining and filling in Pit #1 from 1981 to 1994 and 1995 to 2001. Similarly, OB29 started to become 

influenced by mining in Pit #3 from 1996 
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Figure 3.12 Bore OB23 impacted by seepage 
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The natural surface generally consists of flat slopes (see Figure E-1, Page 107, 2000 

Edition, (ERA var.-b). Considering the measured GWLs at various surface elevations, 

annual GWLs are found to fluctuate in the zone of the upper unconfined layer of the site. 

The unsaturated layer thickness varies from approximately 0 to 5 m throughout the year. 

Based on GWLs around the Ranger site, GWL contours generally follow the land surface 

profile (Mc Quade 1991; Willett et al. 1991; ERA var.-b). Further detailed analyses of 

various bores are presented in later chapters, particularly Chapters 5, 6 and 8. 

3.7. Conclusion  

It is established in this chapter that the Ranger mine site is required to monitor 

groundwater levels within their mining area to demonstrate their adherence to the existing 

guidelines (i.e. various legislation and statutory conditions). This is to ensure that no 

detrimental environmental impact occurs on the surrounding world heritage-listed Kakadu 

National Park. The rehabilitation of the Ranger project is required to demonstrate physical 

and chemical containment of the radioactive tailings for at least 10,000 years. This will 

ensure that the environment is protected from contaminant transfer either by surface flow 

or by groundwater seepage. An important practical need for (and use of) the research 

conducted at this site is thus the assessment of the rehabilitation structures’ performance. 

 

Given the available historical data of hydro-climatic processes (rainfall, evapotranspiration, 

runoff and groundwater level) available for Ranger, this will allow the development of a 

suitable groundwater-climate response model. This site has the privilege of being equipped 

with the relevant data and has a crucial need to understand and model climate-GWL 

relationships. Thus, it is thereby selected for the research. 
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4. Research Question and Proposed Methodology 

Having reviewed the literature and introduced the proposed site for this research, this 

chapter introduces the research question and proposes the sequence of steps to be followed 

to obtain the answer. All the deficiencies relevant to the objective of long-term prediction 

of groundwater levels, as identified in the concluding section of Chapter 2, can be 

summarised into two fundamental components. The first is the spatial and temporal scale 

of data acquisition, while the modelling framework is the second. An overall approach and 

systematic methodology is proposed to answer the research question. 

4.1. Research Question 

The fundamental aim of this research is to understand and model the relationship between 

shallow groundwater and climate. This gives rise to the following primary research 

question: 

- What is an appropriate framework to model the response of groundwater 

to varying and changing climate at the Ranger site? 

 

To address the aforementioned primary research question, a number of secondary technical 

questions emerge, which are consequently answered in the following chapters of the thesis: 

 How to develop the best conceptual model for the site in order to model the 

groundwater recharge in the shallow unconfined aquifer? What is the best 

approach to represent the evapotranspiration process for the site under 

consideration? What is the relative significance of runoff in relation to the 

selected evapotranspiration data to explain the water balance for the region? 

What is the significance of unsaturated zone in the process of wetting and 

drying in the tropical climatic region? (Chapter 5) 

 How can the statistical methods explain the physical processes? What are the 

possible methods to represent and forecast the groundwater-climate 

relationship in the long-term? (Chapter 6) 

 With the GCM predictions incorporating the future trend of average climate, 

how to combine the natural climatic variability with the climate change 

predictions of GCMs? What is a possible method to predict the ENSO events 

at the site of investigation? (Chapter 7)  



 106 

 What should be the best criteria for validation of groundwater models? What 

is the influence of geology in the long-term response of the process of 

groundwater recharge? (Chapter 8)  

 Are decadal scale events of wet or dry spells (influence of climatic variability) 

more important than the predicted trends of climate change? What are the 

ranges of uncertainty for the predictions by time series methods and 

physically-based groundwater modelling? (Chapter 9) 

 

This framework will include a sequence of independent models in which the output of one 

model will be used as the basis for the following model. The physical process-based 

modelling and statistical modelling are two fundamentally different ways to solve this 

problem. Examples of physical process-based models include conceptual hydrologic 

models (i.e. water balance models), groundwater response models, and models of climatic 

conditions, trends and variability. In contrast, statistical models could include time series 

techniques. 

 

As discussed previously in Chapter 3, the Ranger uranium project is required by law to 

prevent impacts from solutes derived from its radioactive tailings for 10,000 years. The 

long-term driver of solute transport in groundwater will be the hydraulic head, which in 

turn is governed by the recharge rates driven by climatic conditions. Therefore, to 

demonstrate no environmental impacts of solutes derived from tailings containment over 

10,000 years, a clear understanding of the relationship between groundwater heads and 

climatic conditions is required. Thus, this thesis proposes to address the fundamental 

research question by using the Ranger uranium mine as a case study, since there is a need 

to solve this problem at this site as well as the ready availability of all relevant data. 

4.2. Methodology 

The sequence of the proposed modelling framework, incorporating physical process-based 

and non-physical (statistical) models, is shown in Figure 4.1. The overall approach makes 

extensive use of historical groundwater and climate data for the Ranger site to validate the 

various proposed models. 
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Figure 4.1 The sequence of physical and non-physical models in the developed framework as described 

in the various chapters of the thesis 

Conceptual model of hydrologic 

processes  

Importance of unsaturated 

thickness for physical process 

based model  

Formulation of net flux as 

climatic flux to the system 

 

Replicates of future 

net flux for centurial 

scale (Chapter7) 

GCMs data (Ozclim) for 

climate change prediction 

scenarios (trend) 

(Chapter 7) 

Historical climate and 

GWL data 

Non-physical process based time 

series model forecast of GWLs 

(Chapter 6 and 9) 

GW response model for long-term prediction 

for thousands of replicates of future net flux 

data  

Physical process based modelled GWLs 

for various GCMs and emission 

scenarios (Chapter 9)  

Prediction of long-term GWLs with confidence 

limits (Chapter 9) 

 

Data based analyses and time series 

analyses (Chapter 5 and 6) SCL program for climatic variability 

based on historical data 

 

 

Groundwater response model with 

saturated and unsaturated flow.  

Calibration for hydrodynamic 

parameter.  

Validation with real time data 

(Chapter 8) 

 

ENSO model for climatic 

variability based on future 

interaction of ocean-

atmospheric circulation  

(Chapter7) 

Stationary process based 

time series model for 

long-term prediction 

Literature data 

and concepts 
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First, exploratory analyses of climate and groundwater level data have been performed to 

understand the most significant hydrologic and hydro-geologic processes, leading to a 

conceptual water balance approach to link groundwater response with climate. Appropriate 

time series analyses have also been performed to complement the understanding of 

physical processes, such as the variable thickness of unsaturated soil. The available data 

from GCMs have been combined with algorithms for climatic variability to generate 

replicates of future climate data. Based on the water balance model, a physical process-

based model using unsaturated flow has been developed by calibrating the soil hydraulic 

properties to reach a reasonable agreement between modelled and measured groundwater 

levels at several bores. The calibrated models for each bore are then run using the future 

climate replicates to predict the response of groundwater to changing and varying climatic 

conditions. Results are then presented and analysed, with a special focus on uncertainty, 

including a comparison to predictions under time series methods. 

 

The atmospheric, hydrologic, and terrestrial components of the Earth’s systems operate on 

different temporal and spatial scales. Therefore, resolving these scaling incongruities as 

well as understanding and modelling the complex interaction of land surface processes at 

the different scales represents a major challenge (Feddes 1995a). Data acquisition is a 

challenge when forecasting the future climate, while the downscaling technique is 

commonly used for transferring GCMs data to catchment scale application.  

 

There are instances of numerous investigations (Groves et al. 2008; Lopez et al. 2009; 

Raje and Mujumdar 2009; Rotstayn et al. 2010), which are significantly resourced in terms 

of computational capability, human resources and time. Those attempts are not comparable 

to the present research. For example, Rotstayn et al. (2010) have attempted to incorporate 

ENSO-related rainfall variability in GCM to simulate the Australian climate with an 

interactive aerosol treatment. It can be anticipated that the prediction of groundwater 

response at a particular site due to long-term climate change response involves gradual 

transformation of GCMs output to RCMs, which is then used as the input to a physical 

process-based groundwater flow model.  

 

The outputs from GCMs continue to evolve and retain a certain degree of uncertainty with 

respect to their applicability to catchment scale hydrological analyses. Manning et al. 
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(2009) have demonstrated that different downscaling methods produce significantly 

different flow predictions of the hydrological processes. Similarly, Qian et al. (2010) have 

compared the influence of downscaling methods on the climate simulations for the western 

United States (US) by using two different dynamic downscaling schemes. They have found 

that RCMs are better than GCMs at representing hydro-climate as far as downscaling is 

concerned. Holman et al. (2009) have identified that uncertainty with the selection of 

downscaling techniques is greater than that of selection of emission scenarios. While 

assessing the impact of climate change on water resources in Iran, Abbaspour et al (2009) 

have shown that variation for uncertainty in hydrological models is greater than that of 

variation of emission scenarios. Therefore, there exist all ranges of uncertainty related to 

downscaling techniques, hydrologic models and emission scenarios. Thus, it is imperative 

that all the possible emission scenarios are encompassed with the best possible hydrologic 

model. Nevertheless, the downscaling of GCM data for the site has been performed by 

Ozclim (CSIRO 2006). Selection of the GCM for the site has been based on the study 

conducted by Hennessy et al. (2004).  

 

Overall, this leads to a logical and substantive methodology, which allows the response of 

groundwater to be modelled with respect to a changing and varying climate, thereby 

answering the research question and addressing an important problem concerning the 

rehabilitation of the Ranger uranium project. 

4.3. Conclusion 

The key issues are identified as: representation of the annual water balance components for 

the site; consideration of unsaturated flow in controlling recharge to the shallow 

unconfined aquifer (or water table); consideration of the climate change predictions for the 

range of future socio-economic development scenarios; interaction of climate change with 

the natural climate variability and link to extreme weather events; and the variation of the 

responses of groundwater system for the full range of climate change scenarios. It is 

concluded that this study is unique in this mutli-disciplinary area of science and 

engineering. Therefore, it should make a distinctive contribution to the advancement of 

knowledge in addressing such challenges. It should also contribute to the understanding 

and modelling of groundwater-climate relationships, the potential impacts of climate 

change on groundwater resources, and the ability to inform rehabilitation design of 

uranium mill tailings sites such as Ranger. 
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5. Estimation of Hydrologic Processes 

The primary objective of this chapter is to develop a hydrologic process-based conceptual 

groundwater-climate model, which will represent the hydro-geological behaviour of the 

site in terms of the historical climatic record and groundwater monitoring data. The latest 

available data of climate and GWLs, which are obtained for the present research, are 

analysed to develop a sound understanding of the flow processes in a comprehensive 

manner.  

 

In the first sections of this chapter, the scale issue for data acquisition and system 

representation for the research site is critically considered for the implementation of the 

modelling work. The existing hydrologic models are briefly reviewed with regard to the 

representation of evapotranspiration processes. Three sets of available sources of 

evapotranspiration data are considered from which the most appropriate set of data is 

selected for use in the study. The insignificant flow components such as horizontal 

subsurface flow of the system are numerically established to be negligible and a one-

dimensional vertical flow model is derived. The representation of the GW climate 

relationship with the help of ‘net flux’ has been established by performing various methods 

of analyses. Four different conceptual models, the correlation model, the AWBM, the 

chloride balance model and the classical decomposition models, are developed and 

compared for estimated values of groundwater recharge. Monthly Data Based Mechanistic 

(DBM) models are used to verify the relationships between rainfall and the rest of the flow 

components such as evapotranspiration, runoff and soil moisture storage in relation to the 

previous investigations undertaken for this site. Consequently, the updated version of the 

conceptual model is also proposed.  

5.1. Scale Issue 

For development of the hydrologic model, estimation of the hydrologic processes is 

required in order to examine the relative significance of each of the possible components. 

All the flow components are estimated to select the relevant input variable to represent the 

climatic flux to the soil water system. The subsequent modellings are performed based on 

the findings of the significant flows of the system.  
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The scale of occurrence of a hydrologic process, scale of possible observation of that 

process and the scale of required information about that process may vary widely in 

context to space and time. Cushman (1984; 1987) has discussed the relationship between 

the process scale and observation scale and highlighted that sampling involves filtering. 

Figure 5.1 provides a more intuitive picture of the effect of sampling. 

 

Depending on the scale of representation, the meaning of an analysis can vary. The 

processes that are normally larger than the coverage appear as trends in the data, whereas 

processes that are smaller than the resolution appear as noise in the data. Therefore, while 

combining two unequal scales of data is necessary, awareness of the possible consequences 

for designing the modelling framework is required. From this general understanding, the 

relevant hydrologic processes are reviewed with regard to the current problem.  

 

 

Figure 5.1 Relationship between process scale and observation scale (Cushman 1984) 

 

‘To scale’ means to zoom, to reduce or to increase in size. In a hydrological context, 

upscaling and downscaling refer to transferring information to a larger or smaller scale 

(Gupta et al. 1986). Measuring hydraulic conductivity in a borehole and assuming it 

applies to the surrounding area involves upscaling. In addition, estimating a 100-year flood 

from a ten-year record involves upscaling. Conversely, using runoff coefficients derived 

from a large catchment for culvert design on a small catchment involves downscaling 

(Mein 1993). 

trend 

noise 

process 

scale  

observation 

scale  

commensurate  

coverage  

resolution 
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Regionalisation involves the transfer of information from one catchment (location) to 

another (Kleeberg 1992). In some cases, this may be satisfactory if the catchments are 

similar; however, it can be error-prone if they are not (Pilgrim 1983). Once the data about 

the dominant processes are gathered (Grayson and Bloschl 2000a; Grayson and Bloschl 

2000b; Woods 2002), it is imperative that the variability of hydrological processes are 

explored and represented in the relevant resolution as determined by the data availability 

and purpose of the analyses of the system. Factors that cause scaling to be difficult include 

the variability of hydrological processes and the heterogeneity of catchments (Bloschl and 

Sivapalan 1995).  

 

The time-based variability is considered by involving time series methods of analyses, as it 

is applicable for long-term prediction. The Chapter 7 discusses the prediction of climatic 

variability in combination with climate change predictions for generating the centurial 

scale replicates of climate flux. For the future projection of the system at the centurial time 

scale, the estimates are derived from the output of Ozclim (CSIRO 2006). Starting from the 

base year of 1990, projections are computed until the year 2100 with monthly values of 

rainfall and PPET in the grid spacing of about 25 km over Australia by the Ozclim. 

Relevant conversions are performed to estimate AAET from PPET, as will be discussed in 

Chapter 7. 

 

In addition to the areal extent of the site, the scale of observation and the scale of the 

required information need to be assessed in order to achieve the highest quality result. 

Therefore, the guidelines for varied observation scale and working scale are reviewed. 

After considering the key issues of the research and application of the scaling technique to 

the available data, an appropriate modelling framework has been developed. The scale 

issue is introduced here at a fundamental level. The concepts of catchment heterogeneity 

and representative elementary area (REA) are introduced here to provide an adequate 

scientific basis of the modelling approach. 

 

To model the catchment recharge in heterogeneous systems, the spatial pattern of the 

variation is obtained in two ways. First, the catchment is divided into land units in which 

recharge can be expected to respond similarly to climate (disaggregation recharge 

modelling). Second, the individual controls on recharge are independently distributed and 
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serve as input for spatially explicit water balance model yielding recharge (distributed 

parameter recharge modelling) (Hatton 1998). The schematic representation of a typical 

heterogeneous and anisotropic groundwater flow system is illustrated in Figure 5.2. 

 

 
Figure 5.2 The complex system of groundwater flow in a typical three-dimensional multilayered 

groundwater model (Middlemis et al. 2001) 

 

Both approaches are selected for the project site during the investigation. The land units 

are primarily partitioned based on the existence of groundwater divides, then subdivided 

based on the availability of groundwater level data and geology. In this case, the controls 

of recharge consist of rainfall and evapotranspiration. These two flow processes are 

combined as net flux to the system. The remaining lateral flow components such as surface 

runoff and lateral subsurface flow have been analysed with historical data and measured 

soil hydraulic properties. The surface runoff is included in estimated evapotranspiration 

and lateral flow is so small it is negligible.  

5.1.1. Variability in Hydrologic Processes 

Ideally, processes should be observed at the scale they occur. Often, the interest lies in 

large-scale processes while only small-scale point samples are available and vice versa. In 

addition, hydrological processes operate simultaneously at a range of scales (Bloschl and 

Sivapalan 1995). 
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From the guidelines of the spatial scale of hydrologic models, as provided by Refsgaard 

(2001) in Table 5.1, the site area under consideration falls in the boundary between 

catchment scale and field of hill slope scale. In the field of hill slope scale, the runoff is 

accumulated at different locations of its pathway in the proportion of the respective 

catchment areas, if the steady state situation exists along the pathway. For the point scale, 

hill slope scale and catchment scale, the water balance equations could be simplified as 

demonstrated in Equations 5.1, 5.2 and 5.3: 

 

Rain – Runoff – ET = Infiltration (Point scale)      Equation 5.1 

 

Rain – ∆ Runoff – ET = Infiltration (Hill slope scale)      Equation 5.2 

 

Rain – ET = Infiltration (Catchment scale)       Equation 5.3 

 

This simplification is also supported by Sivapalan and Kalma (1995). Therefore, the 

catchment scale equation is acceptable for the site and this simplification is supported by 

real time data of the site as is detailed in later sections of this chapter. 

 

Table 5.1 Definition of spatial hydrological modelling scales (Refsgaard 2001; Scanlon et al. 2002)  

Spatial scale Characteristics 

Length  Area 

Point scale <10 cm (Refsgaard 2001), 

<100 cm (Scanlon et al. 

2002) 

 

Field of hill slope scale 100 m  

Catchment scale 3–100 km 10–10
4
 km

2 

Regional scale  100–1000 km 10
4
–10

6
 km

2 

Continental or global 

scale  

>1000 km >10
6
 km

2
 

 

Other classifications of the areal scale have been suggested by Dooge (1995), Henderson-

Sellers et al. (1995) and Becker (1995), as shown in Table 5.2. The values correspond to 

the REA of the catchment as used by Wood et al. (1988) .  
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The modelling or working scale, which is agreed upon by the scientific community in 

context to the relevant processes and application, as suggested by Dooge (1982; 1986) 

might not necessarily be the same as the observation scale. For example, typical spatial 

modelling scales are the local (1 m), the hill slope (reach) (100 m), the catchment (10 km) 

and the regional (1000 km). Similarly, in terms of time, typical modelling scales are the 

event (1 day), the seasonal (1 year) and the long-term (100 years). 

 

Table 5.2 Classification of scales of models as used by hydrologists and meteorologists 

Investigator Scales with the related scientists and subjects of consideration  

J. C. I. 

Dooge  

Particle 

Scale 

(10
-6

–

10
-3

) m 

Pedon 

Scale 

(10
-2

–

10
0
) m 

Field Scale 

(10
3
- )m 

 

A. 

Henderson-

Sellers and 

others 

Particle 

scale 

10
-5

 km 

Pedon 

scale 

10
-2

 

km 

Microscale 

(1–5) km  

Micromet/hydro Pedologists 

Mesoscale 

(10–50) 

km 

Hydrologists 

Macroscale 

(100–500) 

km  

Meteorologists and Global 

Modellers 

A. Becker Microscale (≤10) m 

  

Patches, ecotopes, single plant, soil 

columns, pedons, single leave 

Mesoscale-γ (1-5) km  

Mesoscale-β (3-30) km 

 

Heterogeneous landscapes, 

biomes, complex river basins, 

planetary boundary layer  

Mesoscale-α (30-1000) km Regional climate, single GCM grid 

Macroscale (>100) km  Global atmospheric circulations 

models (GCMs) 

 

Sivapalan and Kalma (1995) indicate that for smaller basins, the response is mainly related 

to basin characteristics; for larger basins, the response is related to precipitation. It will be 
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demonstrated later that as the site area is large enough in relation to the REA of the 

catchment, it is reasonable to represent the climatic flux for long-term impact analyses of 

groundwater for the site by the records of the Jabiru East weather station. The catchment 

heterogeneity of both surface water (for catchment morphology) and groundwater (for 

hydro-geologic configuration) are important for the present research. The following 

sections explain the practical considerations based on which the downscaling of data has 

been performed with due consideration to catchment heterogeneity.  

5.1.2. Surface Water Context of Heterogeneity 

Surface water context relates to the data availability of flow components of water through 

and along the ground surface. The two factors that need to be considered for appropriate 

analyses of the flow components, are:  

 The spatial variability of hydrological processes such as rainfall, runoff and 

evapotranspiration; and 

 The availability of measuring stations in context with space and time.  

Deen (1983a) has demonstrated that rainfall patterns in the ARR are characterised by 

intense, highly localised rainfall events. Heavy rainfall only occurs over larger areas, such 

as tropical cyclonic storms that cause high flood flows. The study was conducted on a 

reasonably dense network of rain gauges and the time scale was a few years only. However, 

for long-term predictive analyses, a larger resolution of space and time is more appropriate.  

 

The spatial variability of the rainfall and evapotranspiration in the tropical region of 

Australia appears to be smaller with respect to monthly averages and total annual values. 

The entire coastal belt spanning hundreds of kilometres is in the same range. The 

variability of rainfall data in the region is described by Chiew and Wang (1999). For the 

purpose of the development of the hydrologic model in which the runoff data is also 

needed, the period is confined to start from 1980 because minimal records of runoff 

estimates are available before that time. 

 

Relatively sparsely located stations in the surrounding area (especially to the south-east) of 

the Magela catchment confine the study to the Jabiru East weather data. Therefore, rainfall 

and evapotranspiration are sourced from Jabiru East Airport weather station for a historical 

record, as stated in Chapter 3. It may be mentioned that the Jabiru East Airport weather 

station commenced operation in 1973 and SILO data for this region for the period before 
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1973 is estimated from the other existing stations such as Darwin, Oenpelli, Pine Creek 

and Katherine. 

 

The project site area under consideration is a sub-catchment of a bigger natural catchment. 

The area of the sub-catchment is 78.6 km
2
 surrounded by a natural catchment area of 600 

km
2
. The Ranger mine site area is bigger than the REA (Wood 1995) for a natural 

catchment. The REA of the catchment is in the range of 5–10 km
2
 according to Wood 

(1995) and 1 km
2
 according to Wood et al. (1988). Therefore, the hydrological processes 

can be adequately represented by the statistical values such as monthly averages. Hence, 

simple downscaling is the only option to bridge the gap between observation and working 

scale.  

5.1.3. Groundwater Context of Heterogeneity 

Groundwater context relates to the data availability of groundwater levels in the shallow, 

unconfined soil layer in the site. The historical time span of the record is the same as that 

of the surface water context (as far back as 1980). The heterogeneity of the groundwater 

system has been addressed by considering a number of bores located at different geologic 

configurations and nearby structural features of the Ranger mine project. 

 

The modelling scale is usually much larger or smaller than the observation scale. To bridge 

the gap, a combination of an upward and downward approach is required. For example, 

van Geer and Zuur (1997) use 24 wells in an area of 6 km by 10 km, in which they use 

spatial interpolation for regional analyses, and 21 bores are considered in an area of 3km 

by 3.5 km. The detailed information about the bores and their groundwater level data are 

analysed in the Chapter 3. 

 

The REA for fractured aquifer as found by the investigators appears to be in the range of 

200 to 300 m, as indicated by Wellman and Poeter (2005). However, for an unconfined, 

shallow aquifer, the groundwater system is essentially one-dimensional and the response of 

groundwater levels is mostly influenced by the unsaturated depth of the soil layer. The 

locations of the bores selected are about 1 to 3 km apart and the relatively unimpacted 

bores show a similar pattern of annual fluctuation. Hence, the result of each of the bores 

should be considered as a representation of the ongoing system.  
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A moderate upscaling is used while performing the physical process-based analysis by 

using the bore GWLs and hydraulic conductivity to represent the surrounding value. 

Moreover, with regard to the impact analysis in the regional scale, the adequate number of 

replicates should be critically considered, while the accuracy of each of the simulations 

could be a secondarily important issue. Thus, the careful upscaling and regionalisation in 

the interpretation of the results will be necessary. 

5.1.4. Selection of the Time Step 

The observation scale of the available climate data is daily for the time scale and 50 to 100 

km for spatial distances. The justification of representing climate by the data of one single 

weather station (Jabiru East Airport), which is relatively nearby to the site in relation to the 

spatial distances of the available stations is detailed in Sections 3.5.1. and 3.6.4.  

 

At a given location on the Earth’s surface, climatic processes vary from one season to 

another. These changes across seasons are largely dependent on the rotation of the Earth 

about the sun, along with the accompanying changes in the tilt of the Earth’s axis. In other 

words, the geographical location determines the hydrological process at annual time scales 

(Hipel and McLeod 1994). Therefore, for the purpose of the long-term prediction of the 

processes, the seasonal hydrological data with monthly intervals are used as the time series.  

 

Hipel et al. (1977), Vecchia (1985), Tankersley and Graham (1993; 1994), Xu (1999), 

Arnell and Reynard (2000), Von Asmuth et al. (2002), Grigor’ev and Trapenznikov (2002) 

are examples of the investigations based on a monthly time step of climate variables. The 

lumping of daily climate data into monthly totals is a well-established practice in long-term 

predictive studies. Robins et al. (2002), Rajasooriyar et al. (2002), Kirk and Herbert (2002), 

Lubczynski (2006), Mackay et al. (2006), Morabito et al. (2006), Tang et al. (2006), 

Somura et al. (2006) and Prasad et al. (2006) use a monthly time step in modelling the 

sustainability of the environment and ecosystem. To represent the periodicity in the yearly 

climate and stream flow, Mondal and Wasimi (2005; 2006) developed a specific type of 

time series model based on each of the twelve months. Bidwell and Morgan (2002) use the 

lumped monthly time series from daily data in a study area of 2000 km
2
. The lumping of 

daily data to monthly values is thus a reasonable modification for predicting the centurial 

time scale behaviour. 
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The primary purpose of the present research is to obtain the understanding of groundwater-

climate relationships. Climate is represented in terms of water flow to the GW system by 

rainfall and AAET. The variability of AAET is subject to the natural availability of water 

in the soil-water system. The availability of water in the soil-water system is dependent on 

rainfall. Therefore, the climatic variable as a net flux for developing a physically-based 

model is a reasonable representation of the system in terms of the natural variability.  

 

The representation of net flux of water entering or leaving the soil water system is thereby 

indicated by the algebraic summation of rainfall and AAET. The subsurface lateral flow is 

negligible as indicated in Section 5.2.2 and surface runoff components are taken care of by 

the soil moisture available for dry season AAET, which is detailed in Section 5.2.3, while 

analysing two sources of AAET variables. 

5.2. Hydrologic Processes 

The representation of the hydrologic processes by an appropriate model largely depends on 

the determination of the significant flow components in the soil-water system. To 

determine the flow, some variables are measured and others are estimated. The measured 

variables such as rainfall, pan evaporation, runoff, and groundwater are relatively easy to 

quantify while the estimated variables such as evapotranspiration are subject to more 

complexity.  

 

There have been some studies focusing on quantifying and modelling the seasonal 

groundwater recharge processes in the northern Kakadu region. A climatically-based water 

balance-depletion model for the Magela Creek catchment was developed by Vardavas 

(1993). The main process considered was the seasonal variation of the water table as a 

function of infiltration and evapotranspiration. A review of mine rehabilitation with 

regards to long-term infiltration to groundwater was performed by Woods (1994). This was 

largely conceptual and contained no modelling of the links between climate and 

groundwater recharge. At the Ranger mine, some field and modelling studies have been 

conducted to date on the hydrogeology, largely related to tailings management (Whitehead 

1980; Ahmad and Green 1986; Salama et al. 1993; Salama and Foley 1997; Salama et al. 

1998). There is evidence that the site does have a preferential component of groundwater 

flow (Brown et al. 1998). Collectively, these studies have demonstrated the importance of 
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local geological features as preferential flow paths, fault zones, high permeability 

weathered zones and fractured rocks (though not all fracture zones are permeable). 

 

In general, the studies have shown the complexity of the system, especially with regard to 

geologic faults and the depth of weathering. There are also strong links between surface 

water systems and groundwater, dependent on topography and localised geology as shown 

in Figure 5.3. 

 

The topsoil is the unconfined layer and GWL fluctuates annually within this layer. The 

lithology data of the bores were also analysed and the complex geology along the depths of 

all 21 bores are listed in Appendix D. However, the topsoil cover at the top of weathered 

rocks and/or fractured rocks was identified as being the same. Therefore, the topsoil cover 

is presented as an unconfined aquifer system with GWL fluctuating within that layer.  

 

Figure 5.3 A recently developed hydrogeological model of the site (Pillai 2005) 

 

Hatton et al. (1995) have demonstrated that a one-dimensional lumped model such as the 

vertical Soil-Vegetation-Atmosphere-Transfer schemes (SVATs) may not be adequately 

representative when lateral transport of water by overland or subsurface flow occurs. 

Becker (1995) has added that for catchments with complex sloping terrains and 

groundwater tables, a vertical domain like SVAT has to be coupled with either a process or 

a statistically-based scheme that incorporates lateral transfer (Feddes 1995b). However, 

Zhang et al. (1996) argue that the soil-water balance of many Australian land systems does 

not have to be treated with a fully three-dimensional model but may be approximated with 
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a one-dimensional treatment. Jimenez-Martinez et al. (2009) have used one-dimensional 

modelling for estimating recharge from irrigated areas in south-east Spain using 

HYDRUS-1D (Simunek et al. 2005) software, which simulates water, heat and solute 

movement in variably saturated porous media. It can be noticed that HYDRUS-2D 

(Simunek et al. 1996) software, which is a two-dimensional model, was not used as a one-

dimensional model seemed more appropriate.  

 

It should be considered that the best choice for a particular situation for recharge 

estimation depends upon the spatial and temporal scales being considered and the intended 

application of the recharge estimate (Scanlon et al. 2002). Sequential description of the 

measurement and estimates of the various hydrologic processes starting from rainfall, 

runoff to lateral subsurface flow and evapotranspiration are provided here. A one-

dimensional vertical flow system is proposed for consideration after the scientific 

judgement. 

5.2.1. Measurement of Rainfall and Runoff 

The rainfall values are measured in the Jabiru East weather station BoM 14198 and runoff 

is measured at gauge station GS821009. The measuring sites were described in Chapter 3. 

The annual average rainfall and runoff from 1980 to 2005 was 1498 mm and 514 mm 

respectively. A representation of the average monthly flow components is provided in 

Figure 5.4. The annual average of observed runoff at station GS821009 from 1980 to 2005 

was 514 mm, and from 1972 to 2002 was 595 mm. The result reported by Vardavas (1988) 

for long-term average runoff is 696 mm for the same catchment.  

 

Data analysis shows the average monthly runoff in the station is of significant value during 

December, January, February, March and April. This occurs one month later than the wet 

months, as the typical start to the wet season is November. This one-month delay may 

represent the time of travel for the runoff from the points of initiation to the measuring 

location. The catchment area considered is 600 km
2
,
 
situated in a south-east direction from 

the Magela Creek gauging station GS821009. Vardavas (1989) has also reported that 

Magela Creek begins to flow a month after the commencement of the wet season and flow 

ceases by the end of April. He analysed the data of twelve continuous years from 1974 to 

1986 for the water budget of Magela flood plain. This one-month lag is common to both 
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the previous study with a shorter record length and the present study with a longer record 

length. 

 

Estimation of runoff coefficient: A runoff coefficient is the fraction of rainfall that 

becomes runoff; the value of the coefficient is 0.34 (514/1498 = 0.34). This runoff 

coefficient is greater than 0.25 as suggested by Hart et al. (1987b). However, the study 

conducted by Vardavas (1988) shows a four-year average measured value of 0.34, 

modelled value of 0.39 and fifteen-year average measured value of 0.44. The AWBM 

computed value is also 0.39, which will be demonstrated later. Hence, the estimated runoff 

coefficient is comparable with these other investigations. The spatio-temporal variability of 

runoff coefficients is recognised by many investigators at various scales of time and 

catchment size (Merz et al. 2006; Merz and Bloschl 2009; Merz et al. 2009). However, 

Merz et al. (2009) have shown that data analyses for a 5-year duration is adequate to 

capture the hydrological variability of the processes in any specific catchment. Therefore, 

the data analysed in this study can be assumed adequate in sample size. 
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Figure 5.4 Average monthly rainfall, runoff and evapotranspiration (mm/month) 

5.2.2. Estimation of Lateral Subsurface Flow (1 D Model)  

In order to achieve a better understanding of the processes, an appreciation and 

understanding of scaling hydrologic parameters is essential. However, Beven (1995) 
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argued that it is unlikely any general scaling theory could be developed because of the 

dependence of hydrological systems on historic and geological perturbations (Hatton 1998). 

Therefore, site-specific insight is important for the best conceptualisation of the particular 

catchment’s behaviour. 

 

During September 1986, Water Treatment Land Application (WTLA) was occurring while 

a number of field investigations were conducted relating to the rate of flow or drainage 

capability of the site soil. In the present work, some of those field data has been used to 

compute the probable horizontal flow in the subsurface region. The rate of water entering 

from irrigation was 10 mm/day (Mc Quade 1991). Assuming an effective porosity of 10%, 

a seepage velocity of 0.1 m/day was obtained. 

 

The flow along the five directions has been considered, generating from a relatively upper-

elevated well to lower wells, as found in Willett et al. (1991) and Chartres et al. (1991). 

While considering the flow from well MC32 to the other five wells, MC21, MC23, MC28, 

MC15 and MC33 (see Figure 5.5), a variation of flow velocities from 0.001 to 0.014 m/day 

was discovered (see Table 5.3). Based on Dupuit’s assumption of flow through unconfined 

aquifers, the flow velocities are estimated and found to be overestimated for higher 

gradient paths as it is more likely deviate from horizontal paths (Todd 1980).  
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Figure 5.5 The location of the wells with the contour levels as used for horizontal flow computations 
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Table 5.3 Computation of horizontal flow in WTLA during September 1986 (Chartres et al. 1991). 

o = origin well for lateral flow 

d = destination well for lateral flow 

a = data source (Mc Quade 1991)  

b = data source (Chartres et al. 1991) 

* = for computation of Kd equal weighages were used (average) for the data, which have both sources, Mc Quade and Chartres et al.  

Mapping 

Unit 

 

Test 

well 

no. 

Ground 

surface 

elevation 

(m AHD) 

Well 

depth 

(m) 

Static water 

level (m 

below 

ground 

surface) 

Elevation 

of static 

water 

level (m) 

Horizontal 

Hydraulic 

Conductiv

ity 

(m/day) 

Distance 

between 

MC32 and 

the well 

considered 

(m) 

Average 

hydraulic 

conductivity 

(m/day) 

Hydraulic 

Gradient 

Velocity 

of flow 

(m/day) 

Col (I)  

Col 

(II)  Col (III) Col (IV)  Col (V)  

Col (III) – 
Col (V) = 
Hd Kd 

*
 L 

Kavg = (Ko + 
Kd)/2 

(Ho - 
Hd)/L 

V = Kavg x 
(Ho - Hd)/L  

I 
MC21

d
 

19 4 0.8 18.2 0.55
a
 - 

0.69
b 

600 0.46 0.00583
3 

0.00268 

II 
MC23

d
 

15 3.9 1 14 0.90
a
 - 

1.75
b 

675 0.8125 0.01140
7 

0.009268 

II 
MC32

o
 

24 3.6 2.3 Ho = 21.7  Ko = 0.3
b 

III 
MC28

d
 

17.5 4.1 1.7 15.8 1.02
b 

275 0.66 0.02145
5 

0.01416 

I 
MC15

d
 

21.4 3 1.2 20.2 0.72
a
 - 

0.38
b 

400 0.425 0.00375 0.001594 

III 
MC33

d
 

21 3.1 0.5 20.5 2.40
a
 – 4

b 
300 1.75 0.004 0.007 
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Along the paths of higher hydraulic gradient (such as along MC32 to MC28 or MC23), the 

flow velocity (0.014, 0.009 m/day) is approximately 10% of incoming flow in a vertical 

direction. The hydraulic gradient is higher because of two reasons. First, the topography, 

which is sharper slope along MC32 to MC28. Second, the existence of preferential flow 

(Brown et al. 1998) along other paths, such as MC32 to MC15 or MC33, causes the 

difference in hydraulic head to be comparatively less. Therefore, the land slope and soil 

property act in similar ways to cause a non-uniform horizontal flow of water in the 

unconfined aquifer. The minimum hydraulic gradient (MC32 to MC15) gives the minimum 

flow velocity of 0.00159 m/day, which is 1% of incoming flow in the vertical direction. 

 

The distribution of K values was found to range over two orders of magnitude in the 29 

bores tested during September 1986. If a sample of data is determined to come from a log-

normally distributed population, the geometric mean and the geometric standard deviation 

may be used to estimate confidence intervals akin to the way the arithmetic mean and 

standard deviation are used to estimate confidence intervals for a normally distributed 

sample of data (Hull 2005). The geometric mean value of hydraulic parameter yields the 

estimation of drawdown such that the estimated values are in the middle of the range 

indicated by arithmetic mean and harmonic mean value of the same hydraulic property 

(Morel-Seytoux 2001). Hence, the geometric mean value was found to be 0.38 m/day 

(Chartres et al. 1991). This value is nearest to that of the MC15 bore (0.425). Thus, it is 

assumed that bore MC15 represents the WTLA in terms of horizontal flow. 

 

On a catchment scale basis, this horizontal flow velocity can be computed for other 

locations such as between OB41 and OB43. From observing the topography and GWL 

charts, as illustrated in Figure 5.6, it can be found that there exists very little hydraulic 

gradient between these two points, as the difference in groundwater levels of the two bores 

at a particular time is as small as 0.1 to 0.2 m. This indicates a very small hydraulic 

gradient and thus very small horizontal flow. Therefore, the similar heights of groundwater 

levels in both bores indicate negligible lateral flow of subsurface water. Conversely, the 

annual change of groundwater levels in these bores varies between 2 to 3 m. This indicates 

the existence of significant vertical flow. Therefore, the lateral flows in the unconfined 

aquifer vary in the range of 1 to 10 % of vertical flow. Thus, the one-dimensional vertical 

flow model is a valid representation of the system. In the next section, the selection of 



 128 

AAET data source is elaborated since there are multiple sources of AAET data, such as 

SILO daily data and long-term average monthly AAET map data of BoM. 
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Figure 5.6 The variation of measured GWLs of OB41very similar to that of OB43 

5.2.3. Estimation of Evapotranspiration 

The estimation of evapotranspiration becomes especially important where the region is 

subjected to sharp variation of climatic conditions such as temperature, humidity, wind 

speed and solar radiation with respect to space and time. For given climatic conditions, the 

basic rate is the reference crop evapotranspiration (Doorenbos and Pruitt 1977; Chow et al. 

1988), which is multiplied by crop coefficient and soil coefficient to account for type of 

vegetation and soil (Chow et al. 1988). However, if pan evaporation data is available, 

estimates of evapotranspiration can be made using pan factor (Chiew and Wang 1999; 

Tindall and Kunkel 1999).  

 

It should be mentioned that the use of pan factors and crop factors for the estimation of 

evaporation and transpiration have been replaced by the estimated AAET of Morton 

(Morton 1983) as available in SILO (2006) and Chiew et al. (2002). The appropriate 

evapotranspiration variable (AAET) presented in Sections 2.1.2 and 2.1.3, and the 

selection of an appropriate source of AAET (SILO) presented in this section have been 

discussed in detail. 
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There are two sources of AAET data available for Australia: SILO AAET daily data and 

the evapotranspiration map of Australia . The applicability of the two sources are carefully 

judged as available for Jabiru Airport weather station of BoM, in order to select the best 

AAET estimate for the specific method of investigation. For these analyses, the numerical 

values of average annual AAET from the two sources are compared. Another source of 

evapotranspiration estimates conducted by Hutley et al. (2000) are reviewed in this study 

since the evapotranspiration coefficients are based on measured values in the tropical 

region of Australia, located at Howard Spring near Darwin. The evaporation from the 

storage in the Jabiluka site was investigated by Chiew and Wang (1999) and those values 

are included here for a relative comparison. 

 

After comparing the numerical values of these estimates, some additional analyses are 

performed considering monitored GWLs to examine the capability of these estimates to 

explain the water balance of the region at a daily time scale and a multi-decadal time scale. 

Based on these analyses, the best source of evapotranspiration estimates is selected for 

further analyses.  

 

Estimated historical AAET data by SILO: For the purpose of estimating historical 

AAET data in any catchment in Australia, PPD data (SILO 2006) are developed by the 

Queensland Department of Natural Resources and Water, which is available via the 

Internet (Ladson 2008; SILO 2009). This dataset provides daily values for 4650 

meteorological stations in Australia starting from January 1889. The estimation of AAET, 

as provided in 2006 by SILO, is based on Morton (1983).  

 

The detailed steps of estimation of AAET as followed by SILO are also described in 

Appendix A. The vegetation of the site consists mainly of open woodland. Therefore, the 

regional evapotranspiration could be represented adequately by AAET. The representation 

of the evapotranspiration process by AAET as an outgoing component of water from the 

system as a time series process is the best available estimate as far as the long-term 

analyses of the groundwater-climate relationship are concerned. This is because the 

estimation of AAET by SILO considered a number of data quality checks as described in 

Jeffrey et al. (2001).  
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The historical data starting from January 1889 demonstrated a discontinuity of records in 

terms of time and location. This missing data have been interpolated with sufficient 

accuracy (Jeffrey et al. 2001). From 1957, with the availability of an increased number of 

neighbouring stations, the interpolated values were of better quality. Jeffrey et al. (2001) 

describe the detailed interpolation technique that was followed during construction of the 

long historical climate data of Australia. They performed some very important and relevant 

checks with the interpolated data to ensure the quality of the synthetic data. For example, 

they used a thin plate smoothing spline to interpolate daily climate variables. Ordinary 

kriging was used to interpolate daily and monthly rainfall. Independent cross-validation for 

a number of climate variables was performed to analyse the temporal and spatial error of 

the interpolated data. Maximums and minimums, systematic overestimations and 

underestimations, operator error and observer errors were identified at the possible 

locations and checked. 

 

Estimated monthly average AAET map data by BoM: Using the duration of the World 

Meteorological Organisation (WMO) standard period 1961–1990, 713 stations’ climate 

data were used to estimate long-term monthly averages of evapotranspiration variables as 

represented in the evapotranspiration map (Chiew et al. 2002) . The computations were 

performed by following Morton’s method (Morton 1983). The locations of the stations of 

the BoM are illustrated in Figure 5.7. Thus, the evapotranspiration map data is a source of 

long-term average for the three evapotranspiration variables: AAET, PPET and APET. It is 

not representable as a time-series process. The map data is provided after annual water 

balance corrections for surface runoff have been applied to the different hydrologic 

catchments of Australia. Of the three evapotranspiration variables (AAET, PPET, and 

APET), AAET is selected for the representation of the evapotranspiration process in the 

system under consideration.  
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Figure 5.7 Locations of stations used in evapotranspiration analyses by Morton’s Method (Chiew et al. 

2002). The location of the site is indicated by ‘X’ in the map 

 

Although the evapotranspiration map of Australia presented by Chiew et al. (2002) allows 

rapid and approximate estimates of evapotranspiration (Ladson 2008), these values are 

subject to error from a number of sources. The basic input data used are subject to 

measurement error. The estimates of AAET means are subject to sampling error due to 

limited record lengths. The mapping of AAET estimates is affected by the spatial coverage 

of the climate stations available, and by the interpolation and mapping techniques used. In 

addition, there is model error in deriving the AAET estimates and some degree of 

professional judgement in adjustments made to the estimates (Wang et al. 2002).  

 

Site related limitation of map AAET: As to the SILO (SILO 2006) PPD of AAET for the 

station of Jabiru Airport (BoM station number 14198), the station did not exist during 1961. 

The selected 713 meteorological stations used in the basic climate data and 60 stations 
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used for comparing the evapotranspiration variables of the evapotranspiration map, do not 

include the Jabiru Airport. The surrounding region of the Top End in the NT is 

characterised by sparsely located stations. The stations in the northern part of the NT are 

sparsely located in comparison to those located in the south-east regions of Australia. Thus, 

the influences of local hydrological catchment characteristics contributing to the regional 

water balance were not taken into consideration directly. Those factors were indirectly 

subject to the measured basic climate data such as temperature, humidity or vapour 

pressure, wind speed and radiation values of the sparsely located stations. Therefore, it can 

be conceived as a way of covering hydrological heterogeneity under the shadow of 

climatic homogeneity.  

 

For better use of this data source, Chiew et al. (2002) suggest the seasonal adjustment and 

water balance adjustments to the evapotranspiration map data. The requirement of the 

adjustments is validated by checks on the limits of AAET. With regard to the present 

research, the map AAET is not investigated for any detail in relation to those corrections. 

This is because the map AAET data are not used for analyses since the values are only 

long-term averages and do not constitute time-series data sources as available in SILO.  

 

Estimated evapotranspiration by Hutley’s coefficients: Estimates of evapotranspiration 

based on Hutley’s coefficients are values calculated using the pan coefficient suggested by 

Hutley et al. (2000) for a site near Darwin (Howard Spring). This site is highly vegetated 

and near the coast along the Howard River (Cook et al. 1998). As detailed in Chapter 3, 

estimates of evapotranspiration are particularly difficult at Ranger because it is a mine site 

with a great deal of heterogeneity in the surface characteristics. One section of the area 

consists of free surface water, another is not vegetated and another is vegetated mainly 

with spear grass that grows up to 3 m during the wet season. Ranger is presumably a 

combination of these three estimates because it has a varied surface.  

 

Figure 5.8 illustrates averages of monthly rainfall and different estimates of 

evapotranspiration. Two sources of evaporation data such as pan evaporation and 

evaporation from Jabiluka storage by Chiew and Wang (1999) are also plotted.  
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Figure 5.8 Graphs visually represent the relationship between rainfall and evapotranspiration 

 

The three sources of evapotranspiration data are SILO AAET (SILO 2006), map AAET 

(Chiew et al. 2002), and pan evaporation combined with Hutley’s coefficient (Hutley et al. 

2000). In general, the SILO AAET values are consistently greater than map AAET and 

map AAET values are greater than Hutley’s evapotranspiration values during most of the 

year, except May, June and July when the difference among the evapotranspiration sources 

almost diminishes. 

 

With this preliminary comparison, the following analyses are performed to build 

confidence with regard to selecting the optimum source of evapotranspiration, which is 

SILO AAET. SILO AAET started to become available in early 2006. Recently, a number 

of scientific investigations (Ludwig et al. 2009; Wang et al. 2009b) based on hydro-

climatic data use this SILO historical and real time daily climate data. The capability of 

SILO AAET data to explain the water balance of the region under consideration is also 

elaborated in the following sections at daily time scale, multi-decadal time scale and 

annual average estimates. From these analyses, the selection of SILO AAET is also 

established scientifically. 
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5.2.4. Comparison of Evapotranspiration Estimates for Water Balance 

a) Daily Time Scale: A comparative analysis of evapotranspiration estimates was 

conducted to observe the rates of depletion of soil moisture during dry spells of the year 

when negligible rainfall and runoff occur. The rate of depletion of soil moisture is solely 

dependent on the rate of evapotranspiration from saturated and unsaturated soil. 

 

From the various bores’ GWLs, it is observed that OB1A has a record of very closely 

recorded data of GWLs during the dry months of 1985 (16 April 1985 to 31 October 

1985). Computations are performed using the daily GWLs data and various estimates of 

evapotranspiration to estimate the depletion of soil moisture content in the top unsaturated 

zone. The GWLs data are selected for checking the performance of various 

evapotranspiration estimates such as Map AAET, SILO AAET and Hutley’s 

evapotranspiration. In addition, the influence of soil storage characteristics as influenced 

by porosity is investigated. The influence of lateral subsurface flow is also studied in the 

analyses. The loss of water from unsaturated soil and saturated soil is estimated separately 

and added together to match with the data-based estimates of evapotranspiration losses 

from the various methods. 

 

Influence of evapotranspiration estimates: For a porosity of 20%, the following results 

were obtained for three different estimates of evapotranspiration. The initial degree of 

saturation (S1) was assumed to be at field capacity of the soil and was taken to be 65%. 

Rainfall is assumed to be zero for the days of 16 April 1985 to 31 December 1985 (the dry 

season). 

The degree of saturation at the end of each consecutive day (S2) of the dry season is 

computed according to Equation 5.4: 

S2 = (Zu1.S1.n - ET- n(Zw2-Zw1))/n.Zu2           Equation 5.4 

S1, S2 = degree of saturation at t1 and t2 time 

Zu1, Zu2 = unsaturated depths at t1 and t2 time 

Zw1, Zw2 = GWLs at t1 and t2 time 

n = porosity 
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ET = evapotranspiration estimates by various methods. 

The water losses from the unsaturated soil zone are ascertained from the difference in the 

degree of saturation. The water losses from the saturated soil zone are obtained from the 

difference in GWLs elevation during the period of 16 April 1985 to 31 October 1985. The 

data-based estimates are acquired through the summation of daily evapotranspiration from 

the three sources of data. Figure 5.9 illustrates the result of the estimates of water losses 

during a dry spell in 1985. 
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Figure 5.9 The estimations of water losses from saturated and unsaturated soil as compared with data-

based estimates of evapotranspiration following Hutley’s evapotranspiration, SILO and 

evapotranspiration map data sources for porosity 

 

Influence of porosity: The influence of porosity was investigated for a single source of 

evapotranspiration data (the estimates of evapotranspiration map data) on the rate of 

depletion and final soil moisture content. The rate of depletion of soil moisture content is 

observed to be sensitive to porosity. Soil with a higher porosity is less sensitive and vice 

versa. This result is consistent with the water balance concept for the water content in the 

storage.  
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The initial degree of saturation is assumed to be 65%, which is the standard value of field 

capacity of silty soil. The gradual depletion of the degree of saturation is computed using 

Equation 5.4 and estimated on a daily time step basis. Figure 5.10 illustrates the gradual 

depletion of soil moisture, which is the function of a degree of saturation with time for a 

range of soil porosity varying from 0.3 to .05 for the map AAET data. A similar result 

could be obtained using SILO AAET or Hutley’s evapotranspiration. However, the 

uncertainty with the soil property and the evapotranspiration estimates are determining 

factors that influence the loss of water by the evapotranspiration process and thus the 

GWLs.  
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Figure 5.10 The depletion of degree of saturation as computed from map AAET data source for 

various values of soil porosity 

 

Influence of lateral flow: The influence of lateral flow was investigated by varying the 

amount to be 5% of the vertical groundwater flow. The 5% reduction in vertical flow was 

considered in the water balance equation (see Equation 5.5): 

S2 = (Zu1.S1.n - ET- n(Zw2-Zw1) (.95))/n.Zu2      Equation 5.5  

The 5% was taken based on an average lateral flow of 1 to 10% of vertical flow, as was 

estimated in Section 5.2.2. The influence of this amount of lateral flow was found to be 

insignificant.  
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Conclusion: In relation to the selection of the best method to estimate evapotranspiration 

for the site situation, the SILO AAET are the largest estimates, followed by the map AAET 

and Hutley’s estimates are the smallest. The following section compares the capability of 

these estimates in relation to the multi-decadal trend of groundwater level fluctuation for 

the region by using the analogy of average GWLs as an indication of annual water balance. 

b) Multi-decadal Time Scale: This section attempts to examine the capacity of various 

estimates of net flux to explain the water balance of the site for multi-decadal time scale in 

combination with the observed groundwater levels in the relatively unimpacted bore. 

 

The GWLs of OB20 and OB21A demonstrate a similar trend. Detailed assessment will 

indicate that OB21A has a more enhanced trend (increasing) than that of OB20, while 

OB1A has the minimum trend and is mostly stationary. These are the ranges of 

dissimilarity with all other bores. However, the common patterns of all these bores are a 

convexity, a concavity and a convexity from 1980 to 2005. Overall, there is a mildly 

increasing trend for this period. In addition, this pattern is selected as a gross measure of 

the true representation of accumulated net flux as shown in Figure 5.11. The net flux (NF) 

is calculated as the algebraic summation of rainfall, inflow and runoff combined with 

evapotranspiration as outflow. ‘Accumulated’ refers to summation of positive and negative 

net flux values, as shown in the figures below. Ferdowsian et al. (2001) use the similar 

concept of accumulated net flux in their study of groundwater level hydrograph as a 

function of rainfall.  

 

Various estimates of runoff such as measured runoff or runoff coefficients from literature 

values are used in the computations. The estimates of evapotranspiration such as SILO 

AAET, map AAET and Hutley’s evapotranspiration are used in the computations. In the 

first set of computations, only the extent of variation of the multi-decadal water balance for 

SILO AAET and Hutley’s evapotranspiration are shown in Figure 5.12. The measured 

runoff is about 34% of rainfall. Thus, if runoff is reduced to 25% (as applicable for map 

data) or 5% (as comparable to SILO AAET data), Hutley’s curve will be heading upwards. 

Therefore, Hutley’s estimates are the worst to use for explaining annual water balance. 
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Figure 5.11 Accumulated net flux estimated based on (NF = rain – SILO AAET) compared with bore 

GWLs of OB21A 
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Figure 5.12 The net flux based on Hutley’s pan coeff (2000) and measured runoff data (34% of average 

annual rainfall ). NF = rain – Hutley pan coeff X pan evaporation – measured runoff 

 

Comparison of SILO AAET and map AAET: In Figure 5.12, four sets of net flux data 

are computed using SILO AAET and map AAET with measured runoff data. The graphs 

for Rain – SILO AAET and Rain – map AAET – Runoff are better performing than the 

remaining two, since these are similar to the overall trend of GWLs curve as shown earlier.  
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Figure 5.13 The two extreme deviations are caused by considering only map AAET (NF3) and SILO 

AAET with runoff (NF4). However, NF2 is comparable since it is using map AAET and runoff data 

 

The top graph has an increasing trend while the bottom graph has a decreasing trend. Even 

if the runoff coefficient is considered to be 0.05, the graph of accumulated net flux using 

SILO AAET data deviates qualitatively from the observed GWLs. If the net flux is 

computed neglecting runoff while using SILO AAET data, the graph of accumulated net 

flux matches significantly with the observed GWLs. Therefore, neglecting runoff in the 

estimation of net flux is reasonable while outflow is represented by SILO AAET data. 
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Figure 5.14 The 25% runoff coefficient represents the system reasonably while used with map AAET 

data and 0% to less than 5% runoff coefficient represent the system while used with SILO AAET data 

 

However, map AAET is further investigated for better fitting by trying various runoff 

coefficients, as shown in Figure 5.14. The net fluxes considering two options were found 

to represent the system best. Those were as follows: 

 

NFSILO = rainfall – SILO AAET 

 

NFmap = rainfall – map AAET - 0.25 X rainfall (as runoff).  

 

NFSILO was better than NFmap for the following reasons: 

1. NFSILO reasonably explains the annual water balance. The future data of AAET can 

be obtained from the future data of PPET. In contrast, map AAET is not a time-

series data source; it is an estimate of long-term average. NFSILO would be 

preferable than NFmap for the predictive study of the system at the centurial time 

scale.  

 

2. The limitation of using runoff coefficient in estimating net flux is that it can 

underestimate the net flux during the start of the rainfall event/season. This is 

because no runoff is generated when the intensity of rainfall is less than soil 
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infiltration capacity, or when runoff is stuck in the soil moisture on its way to 

remove the catchment due to lowered GWLs and existence of soil moisture storage. 

Conversely, it can overestimate the net flux when the GWLs are at the surface of 

the soil. In reality, more runoff is leaving the system than the percentage of runoff 

coefficient. However, on average these effects neutralise each other over the long-

term. Therefore, for the purpose of the long-term impact study of groundwater 

levels in the site, the NFSILO is preferred over NFmap. 

 

3. In the figure for the accumulated net flux estimations based on NFSILO and NFmap, 

the relative fluctuation is more for NFSILO than NFmap. The selection of net flux 

should be based on the criteria of capturing the wider ranges of flow of water from 

and to the system. From that perspective, NFSILO is preferable to NFmap. 

Therefore, NFSILO is selected for boundary conditions of GW-response modelling.  

 

If the GW model were validated with net flux data containing unreliable runoff values, it 

would lead to greater uncertainty. Historical runoff data should be avoided because it does 

not represent the local site condition. In addition, the generation of the future runoff 

component in the net flux estimation would be more cumbersome and add more 

uncertainty.  

 

c) Annual Time Scale: It has been shown that of the various estimates of 

evapotranspiration, only SILO AAET data and map AAET with runoff component perform 

comparably with better results, as indicated by NFSILO and NFmap. Therefore, the extended 

analyses are performed only for these two sources of AAET data.  

 

The average annual rainfall and AAET from SILO 2006, source of the Jabiru East Airport 

site, for the period 1980 to 2005 were 1498 mm and 1414 mm respectively. The average 

AAET for the same site from the evapotranspiration map of Australia (Chiew et al. 2002) 

is 1064 mm. The evapotranspiration map is based on the period 1961 to 1990. Therefore, 

the AAET from SILO 2006 source for the Jabiru East Airport site is also estimated for the 

same period (1961 to 1990) and is 1361 mm. Thus, it is found that the SILO data source 

consistently overestimates the AAET and the evapotranspiration map of Australia 

underestimates the AAET.  
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To understand this inconsistency, detailed information on the evapotranspiration map is 

reviewed. It has been found that the evapotranspiration map values are modified for 

catchments with stream flow hydrologic system and the values of the site are provided 

after water balance modifications for annual time scale have been performed. Therefore, 

the consideration of annual runoff (514 mm) in annual water balance (Runoff + AAET = 

Rain) fits better with map data in comparison to SILO data, as shown in Table 5.4.  

 

The water balance equation in a smaller scale of areal extent could be written as 

Rain = Runoff + AAET 

 

An imbalance of 430 mm per year for SILO data can be assumed approximately equal to 

the annual runoff of 514 mm as shown in Table 5.4. The map evapotranspiration variables 

are provided after taking care of the runoff phenomenon.  
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Table 5.4 Monthly average values of hydrologic data (mm) 

Month 

Runoff 

GS821009 

Rainfall 

Jabiru 

East  

Morton’s 

AAET 

Jabiru 

East 

SILO 

data 

Morton’s 

AAET 

Jabiru 

East  

Map data 

Imbalance with annual 

flow (rain-runoff -

AAET) 

SILO data  Map data  

Nov 0 135 146 121 

  

Dec 22 234 151 97 

Jan 118 368 149 134 

Feb 180 369 134 95 

Mar 152 257 154 68 

Apr 38 78 123 51 

May 4 10 90 46 

June 0 1 61 61 

July 0 2 63 79 

Aug 0 0 85 97 

Sep 0 7 117 98 

Oct 0 37 141 117 

Total 514 1498 1414 1064 -430 82 

 

Therefore, the map data can be interpreted as based on point scale annual water balance. If 

runoff is considered as a one-way point flow (as in rainfall-runoff modelling), map 

evapotranspiration should be used, as would be used in the AWBM (Podger 2004). When 

runoff is used as a reversible flow (as dry season soil moisture in groundwater flow 

modelling) SILO AAET should be used. SILO AAET data takes care of the runoff 

phenomenon as a component within the catchment. Therefore, the SILO data can be 

recognised as being based on the catchment scale seasonal water balance. 

 

The runoff acts as a sink for wet season rainfall and source for dry season AAET in the 

form of soil moisture. Thus, the runoff component should be considered as part of rainfall 

and AAET in the entire annual water budget of the catchment according to the following 

interpretations.  
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During the wet season: 

Rain – (Runoff and/or groundwater recharge) = AAET (wet season).  

 

During the dry season: 

Rain + (Runoff and/or groundwater discharge in the form of soil moisture) = AAET (dry 

season). 

 

Thus, the SILO AAET values satisfy the annual water balance as Rain = AAET with 

runoff being included in the SILO AAET estimates. The representation of net flux as 

Rainfall – AAET becomes positive and negative making the annual summation zero. 

Similar results are reported by Vardavas (1987; 1989) for this site, such that the average 

annual rainfall to be 1551 mm while the average annual pan evaporation rate is about 2000 

mm. Therefore, in the present research, SILO estimates of AAET are used for the outflow 

component from the system. Therefore, the net flux time series is estimated as the 

algebraic summation of positive rainfall and negative AAET.  

5.2.5. Representation of Significant Flow Components by Net Flux 

The relative significance of the hydrologic flow components such as rainfall, runoff, 

evapotranspiration and lateral subsurface flow for the site have been analysed in terms of 

numerical analyses in the earlier sections. In this section, some physical factors are 

considered to strengthen the outcome of the earlier analyses. 

 

The representativeness of measured runoff at GS821009 of Magela Creek is analysed in 

terms of the physical factors such as catchment characteristics and site condition of the 

research site. The catchment area of 600 km
2
 consists of a steep slope (i.e. hill slope 

region) in the upstream areas, whereas the area near Ranger is relatively flat at the 

downstream region. It is arguable that the runoff coefficient for a steeper slope should be 

greater than that of flatter slope. Hence, the runoff coefficient of 0.34 should be assumed to 

be the combination of hill slope values and flat slope values. Since the Ranger site is 

located at the flat slope region in relation to the hill slopes at the upstream parts of the 

catchment, the actual percentage of rainfall contributing to the runoff should be much less 

that the runoff coefficient of the whole catchment, i.e. less than 0.34. Conversely, the 

runoff coefficient for the hill slope region should be greater than 0.34. 

 



  

   145 

The runoff hydrograph clearly has a one-month lag from the rainfall hydrograph, based on 

the long-term average measured values, as discussed previously. The travel time of surface 

runoff from the remote locations of this 600 km
2
 area, from where significant runoff is 

being generated, may be causing this one-month lag. The lateral subsurface flow or base 

flow phenomenon may be the other ongoing significant process that is responsible for the 

lag. Therefore, the runoff in the flat topography at Ranger is infiltrated into the soil and 

contributes to dry season evapotranspiration. 

 

However, irrespective of the real value of the runoff for Ranger, since the annual water 

balance is sufficiently explained by the equation Rainfall = AAET, the net flux at monthly 

the time step is adequately represented as rainfall – AAET, when the data used is SILO 

(SILO 2006). Therefore, the monthly difference in rainfall and evapotranspiration becomes 

positive during the wet season and negative during the dry season. The river nearby the site 

is an ephemeral type and the catchment area of that river is much larger than the area of the 

site under consideration. It is presumed that the flow in the river is largely contributed from 

the upstream catchment while the runoff generated from the site is relatively insignificant. 

The dense vegetation, highly pervious soil surface and roughness, minimum 

imperviousness and flat topography constitute favourable factors, which conclude that the 

runoff at catchment scale analyses could be negligible. Therefore, it is assumed that runoff 

measured in GS821009 is contributed by hill slope regions of the catchment and the local 

runoff is represented as wet season soil moisture and dry season AAET for the site because 

of its flat topography. 

 

In relation to the present research, hydro-climatic parameters such as precipitation, 

evapotranspiration, and groundwater storage are only considered applicable for long-term 

groundwater flow modelling in the shallow unconfined aquifer of a region in tropical 

climate with flat topography. The runoff components of the water balance equation are 

assumed negligible in the long-term modelling framework at catchment scale study as far 

as the SILO AAET data is used to estimate evapotranspiration. The ultimate representation 

of the net climate flux to the system consists of rainfall and evapotranspiration only as the 

runoff being absorbed in the process of evapotranspiration. 

 

The use of net flux as the fundamental climatic factor in hydrologic modelling is common 

and can be found in the study by Knotters and Bierkens (2000). Cheng (2006) uses the 
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‘effective rainfall’ as a 20-day average rainfall minus pan evaporation in studying the 

influence of climatic variation on groundwater. Knotters and Bierkens (2000) use 

‘potential precipitation excess’ and represent input term to be precipitation minus potential 

evapotranspiration and another variable to represent the difference between potential and 

actual evapotranspiration. These two variables combine to represent precipitation minus 

actual evapotranspiration, which is used to forecast water table depths.  

 

Similarly, Bidwell and Morgan (2002), and Bidwell (2005) use ‘land surface recharge’ to 

represent monthly totals estimated from a daily water balance model, which implicitly 

includes rainfall and evapotranspiration. Parlange et al. (1992) represent the ‘change of 

amount of water stored’ as the difference between applied water events and evaporation for 

modelling soil water content by time series technique. Lubczynski (2006) uses ‘net 

recharge’ as the difference between recharge and groundwater evapotranspiration. Xu 

(1999) uses ‘active rainfall’ as the difference between rainfall and evapotranspiration in 

validating the conceptual hydrologic model for modelling climate change impacts. In 

addition, Misstear et al. (2009) use ‘effective rainfall’ as rainfall minus actual 

evapotranspiration in estimation of groundwater recharge using multiple approaches for an 

aquifer in Ireland. Therefore, in this thesis, net flux will be applied in a similar manner to 

numerous other researchers. 

5.3. Estimation of Groundwater Recharge 

Estimation of groundwater recharge is an iterative process that is highly dependent on 

climate, surface and subsurface conditions, as noted by many investigators (Middlemis et 

al. 2001) (Vries and Simmers 2002). Based on information about the research site that is 

more comprehensive, multiple types of models are developed, which are based on different 

assumptions. They are analysed to obtain a comprehensive understanding of the catchment 

scale recharge process. The practical reasons for selecting the methods could be attributed 

to the availability of rainfall, runoff, evapotranspiration, groundwater level, groundwater 

salinity and rainfall salinity data for the site.  

 

However, the real scientific basis of considering all these methods lies in the fact that each 

has its own strengths and weaknesses. A more comprehensive modelling is always better at 

the beginning stage of any investigation. The most appropriate model is then selected for 

long-term prediction. The use of various conceptual models for hydrologic processes to 
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explore the impact of climate change has increased recently (see Chapter 2) in comparison 

to earlier trends of research in the field of modelling of water resources systems (Xu 1999). 

The four types of conceptual models are investigated to understand the GW climate 

relationship from different perspectives. Based on the best representation, the physical 

process-based saturated-unsaturated model is developed for long-term prediction of the 

groundwater response with climate change. The four types of models are as follows: 

 Correlation model: correlating GW levels with single climatic variable  

 Water balance model: rainfall-runoff modelling with multiple climatic variable  

 Chloride balance model: mass balance for chloride in rainfall, runoff and GW  

 Extraction of seasonal component by classical decomposition: exploratory 

analyses for dynamic relationships in GW and climate 

5.3.1. Correlation Model for Understanding GW Climate Relationship 

The correlation model can be described as the simple application of the continuity equation 

to the control volume of soil in the shallow, unconfined aquifer of the site under 

consideration. For example, a unit area of soil surface with a specific depth of soil 

containing the GWL within the depth. The equation of continuity as applied to the control 

volume of soil has been stated in Equation 2.1. The left-hand side refers to difference 

between inflow and outflow, which is net flux. Change of GWL should represent the right-

hand side of the equation if the one-dimensional flow is considered. Therefore, the climate 

data and GWL data are analysed to identify the probable correlation between monthly net 

flux and changes in GWL. The monthly time step is investigated in combination with a 

half-yearly time step to explore the best correlation between net flux and change of GWL.  

 

Correlation performance for various time steps: The correlation analyses have been 

conducted to establish the cause-effect relationship between climate and groundwater. 

Kashyap and Rao (1976) have shown the comparison for various scales of time step 

discretisation in the model representation and have suggested that different models with 

various levels of discretisation have to be constructed so that the correct model for the 

given task can be selected. Therefore, a range of methods has been tested with variation of 

dependent and independent variables. Various definitions of wet and dry seasons were set 

for the analyses, as indicated in method 1, 2 or 3, as shown in Table 5.5. The respective 
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amount of the wet or dry season’s climate flux and the amount of rise or fall of the GWL 

of the bores were also estimated accordingly.  

Table 5.5 Key features of the methods used for correlation between net flux and GWL 

Net flux 

data 

Factor 

indicating 

the duration 

of wet 

season 

Computation 

of independent 

variable 

Computation 

of dependant 

variable 

Comments  

Method 

Daily 

flux 

summed 

up for a 

certain 

duration 

Wet season 

from trough 

of previous 

season to 

peak of 

following 

season of 

GWL of 

each bore  

Summation of 

daily flux for 

the relevant 

wet season.  

Difference in 

elevation of 

GWL from 

trough of 

previous 

season to 

peak of 

following 

season 

Each bore 

had different 

seasonal flux 

data. 

Individual 

bore 

analysed. 

 

1 

Monthly 

flux 

summed 

up for 

certain 

duration 

Wet season 

when the 

monthly 

flux values 

are positive 

as the wet 

and dry 

seasons are 

distinct 

Summation of 

previous dry 

season flux 

and following 

wet season 

flux as the 

cause for rise 

of GWL. 

Difference in 

elevation of 

GWL from 

trough of 

previous 

season to 

peak of 

following 

season 

All the bores 

had the same 

seasonal flux 

data. Grouped 

as well as 

individual 

analysis done. 

3 

Monthly 

flux 

summed 

up for 

certain 

duration 

Wet season 

from the 

month of 

maximum 

negative 

flux to the 

month of 

maximum 

positive flux  

Maximum 

monthly flux 

of a season.  

Peak GWL of 

that season 

All the bores 

had the same 

seasonal flux 

data. One 

single bore 

analysed 

2 

 

The time step of the analyses were too big and thus overly lumped (approximately half a 

year); hence, a relatively poorer correlation was found. In some years, there was a negative 

value of wet season flux, which contributed to a very poor result of all the correlation 

analyses based on the wet/dry season. One sample result of correlation (method 1) is given 

in Table 5.6. The length of data is different for different bores and the bore with less data 

obviously had a better correlation. However, bores with larger data sizes yielded 

insignificant correlation. The other two methods returned similar results with poor values 

of R
2
. Further analyses were conducted with a smaller time step such as monthly net flux 

versus monthly change of GWLs. 
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Table 5.6 Result of correlation method 1 (wet-dry season based) 

Bore Data size 

(No of 

years)  

R
2
 for 

rise 

Slope 'm' of 

(y = mx+c) 

R
2
 for 

fall 

Slope 'm' of 

(y=mx+c) 

Negative for 

ideal case   Positive for 

ideal case 

OB19A 19 0.03 Positive 0.05 Negative 

OB1A 22 0.19 Positive 0.09 Negative 

OB20 20 0.26 Positive 0.04 Negative 

OB21A 19 0.41 Positive 0.03 Positive 

OB23 19 0 Negative 0 Negative 

OB24 20 0.15 Positive 0.01 Positive 

OB27 7 0.04 Positive 0.51 Negative 

OB29 20 0.23 Positive 0.28 Positive 

OB2A 22 0.02 Positive 0.31 Negative 

OB30 23 0.02 Positive 0.05 Negative 

OB31 5 0.25 Positive 0.63 Negative 

OB32 3 0.97 Negative 0.54 Positive 

OB33 3 0.9 Negative 0.4 Positive 

OB34 9 0.28 Positive 0.06 Negative 

OB35 2   too   too 

OB36 2 1 few 1 few 

OB37 2   data   data 

OB38 8 0.4 Positive 0.15 Positive 

OB41 17 0.01 Positive 0.12 Negative 

OB42A 14 0.08 Positive 0.43 Negative 

OB43 14 0 Negative 0.07 Negative 

OB44 14 0.01 Positive 0.16 Negative 

79/6 20 0.02 Positive 0.09 Negative 

 

From the record of monthly GWL data, the monthly change of GWL indicated by ∆ GWL 

is computed by Equation 5.6:  

 

∆ GWL = GWL i – GWL i-1         Equation 5.6 
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where GWLi means groundwater level elevation in the i
th

 month. Figure 5.15 shows the 

definition of monthly change and annual fluctuation of GWLs as ∆ GWL and ∆ H 

respectively. 
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Figure 5.15 The definition sketch of monthly change of GWL indicated by ∆ GWL and annual 

fluctuation of GWL indicated by ∆ H 

 

With a monthly time step for net flux and change of GWLs, the correlation was improved 

as is demonstrated in Table 5.7. Of the 21 bores located in the Ranger site, four have been 

found relatively unimpacted by mining activities. The bores were selected based on 

location, trendline of GWL, correlation between GWLs and climate, and lag analysis, 

which are described in detail in Chapter 3. The use of a monthly time step to discretise a 

continuous hydrological process is considered acceptable (Hipel et al. 1977; Von Asmuth 

et al. 2002). An extension of a monthly time step-based correlation was performed by 

splitting the period of record into pre- and post-mining term to demonstrate the influence 

of mining activities on net flux-GWL relationship. Thus, the selections of monthly time 

step for data analyses were justified. 
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Table 5.7 Improved correlation with monthly time step data 

Bore  R
2
 

OB1A 0.33 

OB20 0.4 

OB27 0.5 

OB43 0.29 

 

The GWL varies significantly and shows a distinct seasonal cycle. Monthly net flux 

explains approximately 50% of the variance in monthly changes in GWL elevation as the 

equation of correlation and R
2
 value indicate in Figure 5.16. 
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Figure 5.16 Monthly time step-based correlation between net flux and changes in GWLs 

 

Estimation of recharge with monthly bore data: The monthly changes of GWL for 

bores OB1A, OB20, OB27 and OB43 were analysed, as shown in Table 5.8. The average 

annual fluctuation could be estimated from the mean value of normally distributed data. A 

range of duration is considered for monthly data to investigate the statistical property of the 

frequency distribution. For normally distributed data, more than 95% of the area under the 

probability distribution curve is contained within the range of mean plus/minus two 

standard deviations. Therefore, if the data were normally distributed, mean plus/minus 
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twice the standard deviation of the monthly data should be accepted as the range of 

variation of monthly change of GWL with 95% confidence (Devore 1999). However, as 

the data are not normally distributed, as shown in Figure 5.17, the aforementioned 

approach of using mean monthly change of GWL for estimating average annual fluctuation 

of GWL has been rejected. An alternative lumped approach verified by time series analysis 

is used for that purpose. 

Table 5.8 The statistical data analyses of monthly change of GWL (mm) of four selected bores as 

meant for normally distributed data 

Bore 

name  Number of 

months (Year) 

Min value of 

∆ GWL (mm) 

Max value 

of ∆ GWL 

(mm) 

Mean value 

of ∆ GWL 

(mm) 

Std. Deviation 

of ∆ GWL 

(mm) 

OB1A 263 (1980-2002) -1490 3190 -1.4 758.4 

OB20 251 (1981-2002) -3680 4390 6.5 487.9 

OB27 95 (1981-1988) -900 1600 -6.9 407.6 

OB43 174 (1988–2003) -1030 1460 9.7 391.3 
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Figure 5.17 Histogram of monthly change of GWL (mm) of ob27 during 1981-1988 

 

Estimation of recharge by annual fluctuation of bore data: The average annual 

recharge is considered to be represented by the average annual fluctuation of GWL (∆H). 

Average annual fluctuation is represented by the difference in elevation between the 

highest and lowest GWL during the wet and dry season respectively. This ∆H value varies 
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between years and bores due to climatic variability and complex geology. The average 

annual fluctuation of GWL has been estimated by directly considering the GWL 

fluctuation charts. The average annual fluctuation for these four bores is demonstrated in 

Table 5.9. 

 

Table 5.9 The estimated average annual fluctuation of GWL from GWL fluctuation charts 

Name of bore Year of data analysed  Average annual 

fluctuation (∆H) (mm) 

OB1A 1982-2002 3173.5 

OB20 1983-2002 1669.0 

OB27 1983-1988, 2004-2005 1859.6 

OB43 1989-2002 1665.3 

 

There is considerable variation of OB1A data with the rest bores as highlighted in Table 

5.9. A similar variation of monthly change of GWL (mm) is found within the bores (with 

OB1A being effected by seepage from tailing dam) by comparing the standard deviation 

values in Table 5.8. Assuming the regional fluctuation GWL to be the average, the value 

becomes 2.09 m.  

 

Considering the method of estimation of recharge from observed GWL, the equation used 

by Armstrong and Narayan (1998) is written in Equation 5.7: 

 

Average annual recharge (mm) = (∆H) (mm) * effective porosity     Equation 5.7 

 

From the aforementioned relationship, it is critical that the regional estimation of average 

annual recharge using groundwater level fluctuation is highly sensitive to the estimation of 

soil property, which is liable to vary along the three dimensions around the point of 

observation. 

 

For instance, porosity of 0.20 is considered normal for unsorted gravel size material at 

depths below the biomantle. Hence, average annual fluctuation of GWLs by 2.09 m would 

lead to a recharge value of between 418 mm and 836 mm for porosity of 0.2 to 0.4. 

However, if the porosity is 0.1, the recharge becomes 209 mm/year, which is 13% of the 
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annual rainfall. This indicates the very high sensitivity of estimated recharge with soil 

property. This kind of variation in estimation of recharge is practiced with reasonable 

acceptance in similar studies. For example, Lautz (2008) uses diurnal water table 

fluctuations in a semi-arid riparian zone for estimating groundwater evapotranspiration (i.e. 

losses of water from GWLs). The specific yield value is used for the estimation of losses 

and found to increase from 7 to 30%, causing groundwater evapotranspiration to increase 

by 4.3 times. 

 

To compensate for the weaknesses of estimation of this method, more techniques are 

considered to improve confidence levels regarding the accuracy of the result. The 

following sections discuss these other methods. 

5.3.2. Australian Water Balance Model 

There exist a wide range of water balance models and selection of a specific model 

depends largely on the input-output data and calibration facilities. The AWBM (Podger 

2004), a lumped conceptual model, which is widely used in rainfall-runoff analysis in 

Australia, has been selected for the study. The model selection is conducted based on the 

data requirement of the model and its inbuilt calibration facilities. In the water balance 

study of the catchment, the site is considered as a surface water hydrologic system. As the 

climate is tropical, in which distinct wet and dry seasons exist throughout the year, the 

recharge to an unconfined aquifer during the wet season is represented by the base flow 

recharge, (see Appendix E).  

 

According to Lerner (1997), recharge can be defined as water that reaches an aquifer from 

any direction (down, up, or laterally). This is what is considered for the present study. 

Therefore, groundwater recharge is defined as the amount of water that enters into the 

saturated zone. In the application of surface water balance method for recharge estimation, 

Zhang et al. (1998) have suggested the assumption that groundwater runoff or base flow is 

represented by that portion of infiltrated rainfall that reaches the water table and then 

discharges into the streams. Thus, recharge to a groundwater system can ultimately become 

discharge to the stream to form part of the total runoff. This analogy has been used in the 

construction of AWBM, in which the term ‘Base Flow Recharge’ will simulate the 

required groundwater recharge of the intended study.  
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Many investigators have worked on this technique in terms of evaluation and applicability. 

For instance, Scanlon et al. (2002) suggested that the base-flow discharge in a surface 

water system is a typical representation of groundwater recharge. According to their 

recommendation, the representation is valid for up to 1300 km
2 

of catchment area and for 

up to 50 years of data. Tilahun and Merkel (2009) used a GIS-based distributed water 

balance model to estimate groundwater recharge in Dire Dawa, Ethiopia. Szilagyi et al. 

(2003) also used BFI to quantify the recharge to groundwater with the convenience being 

that the method does not require complex hydrogeologic modelling or detailed knowledge 

of soil characteristics, vegetation cover or land-use practices. Herrmann et al. (2006) use a 

physically based runoff generation model to study surface-shallow groundwater 

relationships and environmental systems with regard to global warming and climate 

change. For a similar reason, AWBM is used for the estimation of groundwater recharge 

using only rainfall, evapotranspiration and runoff data in the catchment area. 

 

As estimated earlier, the lateral flow in the Ranger area with the highest hydraulic gradient 

(near WTLA) and a wide range of variability in hydraulic conductivity is less than 10% of 

vertical flow. As shown in the structure of AWBM, the ‘Base flow’ will simulate the 

lateral flow component of the region. The ‘Surface Runoff’ will simulate the observed 

runoff at the measuring station. The equations of water balance in AWBM are represented 

as follows. The detail conceptual framework of AWBM, the data requirement and 

calibration methods are described in Appendix E.  

 

Output result: The base flow (lateral flow), computed runoff and base flow recharge 

(groundwater recharge) computed in Model Run 3 are shown in Table 5.10. The graphical 

representation of the flow components are demonstrated in Figure 5.18 and Figure 5.19. 

The scatter plot of the observed and modelled runoff values are illustrated in Figure 5.20. 

The analysis of the result and performance of the model are discussed in the following 

sections. 
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Table 5.10 Flow components estimated by AWBM 

Variable 

Total (mm) for 

11119 days 

Mean 

(mm/day) 

Std Dev 

(mm) 

Skewness 

(mm) 

Observed Runoff 18134 1.63 5.08 8.43 

Base flow 9063 0.82 1.75 2.97 

Routed surface runoff 9054 0.81 2.54 5.18 

Computed runoff (Base flow 

+Routed surface runoff) 18117 1.63 4.09 4.08 

Base flow recharge 9054 0.81 3.70 7.73 

Input rainfall 46330 4.17 11.57 4.63 

Effective rainfall 35111 3.16 10.51 5.33 
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Figure 5.18 Rainfall and runoff with time 
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Figure 5.19 Measured and computed runoff with time  
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Figure 5.20 Calibration results scatter plot 

 

Statistics of the model performance: The result comparison is represented in Table 5.11 

in terms of different performance criteria. For monthly data of calibration run and 

verification run, the Nash-Sutcliffe coefficients are 0.860 and 0.841 respectively. 
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Table 5.11 Statistical performance of calibration and verification 

Variable  Length Relative 

Difference 

Absolute 

Difference 

Nash-

Sutcliffe 

Correlation 

Calibration 

Runoff 

11119 -0.094% -17.045 0.529 0.731 

Verification 

Runoff 

735 18.506% 212.739 0.521 0.774 

 

Comparison of water balance components: The water balance components computed 

from the model runs are analysed in this section with relevant references. Of the many 

components of the computed flows, the most important flow component for the study is 

base flow. The ratio of base flow to the total flow is termed as BFI. In the following 

analyses, the BFI values of various methods of computations are compared.  

 

a) Comparison of Separated Base Flow by Digital Filter: From the knowledge of 

conventional methods of hydrograph analyses, as described in Nathan and McMahon 

(1990), a number of available techniques are used to estimate base flow from surface flow, 

and hydrograph generated from rainfall runoff. Most are graphical and require various 

subjective decisions to be made such as the point at which surface runoff ceases and what 

would be the actual shape of the base flow hydrograph (Grayson et al. 1996).  

 

A program named AQUAPAK (Gordon et al. 2006), based on a digital filter is used to 

separate the base flow from total flow data (daily discharge) measured at Magela Creek 

station GS821009. The digital filter separates base flow in the same way that high 

frequency noise is filtered out from sound waves. This technique is introduced to compare 

the estimated BFI as obtained from AWBM. 

 

The method in the analysis has been widely used with daily data. The equations that relate 

the quick flow, original stream flow (i.e. runoff) and base flow are stated in Equations 5.8 

and 5.9: 

 

        
 

2

1
11





 iqiqiqiq ff  for 0 ≤ qf(i)     Equation 5.8 
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     iqiqiq fb            Equation 5.9 

 

where 

qf(i) = filtered quick flow response for the i
th

 sampling instant 

q(i) = original stream flow for the i
th

 sampling instant 

α = filter parameter for which a value of 0.925 is recommended for daily data (Nathan and 

McMahon 1990) 

qb(i) = base flow  

 

There are adequate analogies between stream flow and sound wave and selection of the 

appropriate value of the filter parameter α is particularly significant as there is no physical 

basis of the selection procedure. Based on the relationship k = e 
-α

, the value of the filter 

parameter α used in the computation is 0.925, which led recession constant k to be 0.3965. 

The filter was selected based on the work of Nathan and McMahon (1990). Three passes 

were used to smooth the data (Grayson et al. 1996). 

 

The results from a two-year period are shown in Figures 5.21 and 5.22. The ratio of 

accumulated base flow to that of total flow is provided in Table 5.12.  
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Figure 5.21 The separated quick flow computed from the measured runoff in station GS821009 from 

1971 to 1972 
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Figure 5.22 The separated base flow computed from the measured runoff as total flow in station 

GS821009 during 1971 to 1972 

 

Table 5.12 The result of computation using AQUAPAK (Nathan and McMahon 1990) for separation of 

base flow from total flow (daily discharge in mm) measured at Magela Creek Station GS821009 from 

1971 to 2005 

Accumulated 

base flow (mm) 

Accumulated 

quick flow (mm) 

Accumulated 

total flows (mm) BFI 

7235.78 12893.95 20129.73 0.359 

 

The BFI from the analysis lie within the range (0.091–0.670) and close to the average BFI 

(0.35) from the manual technique for five catchment areas having an areal extent of 4.2 

km
2 

to 210.0 km
2
 as conducted

 
by Nathan and McMahon (1990). The results of similar 

investigations are provided in Table 5.13. 
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Table 5.13 Comparison of digital filter and water balance estimates of daily recession coefficients and 

BFI with existing references 

Names of investigators and 

present study 

Recession 

Coeff for 

surface flow 

Recession 

Coeff for 

base flow BFI 

Coeff of 

Variance of 

annual flow  

(Klaasen and Pilgrim 1975) 0.2-0.8 0.93-0.995   

(Nathan and McMahon 

1990)   0.091-0.670 0.15-1.41 

Digital filter (Gordon et al. 

2006) 

0.3965 

(used)  

0.36 

(computed) 

0.48 

(computed) 

AWBM Model Run 3 0.61  0.92 0.49 0.48 

 

Therefore, the result of AWBM in terms of BFI can be considered acceptable. 

 

b) Comparison of Surface Runoff: The computed runoff is used to estimate the runoff 

coefficient in order to compare it with the previously investigated values of Hart et al. 

(1987b) of the Ranger site. As the runoff coefficient is the ratio of runoff to rainfall (Chow 

et al. 1988), there can be two different estimates, which is defined as the ratio of observed 

runoff and computed runoff to rainfall over a given time period. All computation steps and 

values are listed in Tables 5.14 and 5.15. These values are close to 0.25, as suggested by 

Hart et al. (1987b). 

 

Table 5.14 Computation of average annual runoff 

Sources of value Annual average runoff (mm) 

Observed  (18134/11119)*365 = 595 

Computed 

(Model Run 3) 

(18117/11119)*365 = 595 
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Table 5.15 The comparison of runoff coefficients with earlier investigator (Hart et al. 1987b) 

Average annual 

rainfall (mm) 

Average annual 

runoff from 

observed and 

computed value 

(mm) 

Runoff 

coefficient 

(observed 

runoff/rainfall) 

Runoff coefficient 

(Hart et al. 1987b) 

(46330/11119) X 

365 = 1521 

595 0.3910 0.25 

 

c) Comparison of Lateral Flow: The computed lateral flow from the field test data varied 

from 1 to 10% of vertical flow. For example, when irrigation occurs at a rate of 10 mm/day, 

the flow in lateral direction, considering an effective porosity of 0.1, is between 0.1 

mm/day and 1.0 mm/day. This value is comparable to the computed base flow value of 

0.82 mm/day (9063/11119 = 0.82) for the AWBM Model Run 3 as shown in Table 5.16.  

 

Table 5.16 Computation of average annual base flow 

Sources of value Annual average base flow 

(mm) 

% of average annual rainfall 

Model Run 3 (9063/11119)*365 = 298 (298/1521)*100 = 19.56 

 

d) Comparison of Recharge: The computation steps and values are given in Table 5.17. 

The base flow recharge computed by AWBM is assumed to represent recharge and is equal 

to 19.54% of average annual rainfall. 

 

Table 5.17 Computation of average annual recharge 

Sources of value Annual average recharge 

(mm) 

% of average annual rainfall 

Model Run 3 (9054/11119)*365 = 297 (297/1521)*100 = 19.54 

 

Conclusion of AWBM: By using AWBM, some data-based annual average estimates of 

base flow (19.56%), runoff (39.10%) and recharge (19.54%) components as percentage of 

annual average rainfall of the site have been achieved. This AWBM has its assumptions 

and limitations, which have been stated previously. To strengthen the understanding of the 
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site, an additional number of simple modelling techniques based on different perspectives 

are considered. In the following sections, chloride balance methods and data-based 

mechanistic methods are described with their results.  

5.3.3. Chloride Balance Model 

Many investigators such as Scanlon et al. (2002) and Refsgaard (2001) have reviewed the 

methods of estimating recharge with the perspective of range of fluxes, spatial scale of area 

and time period of representation. The chloride balance method is an appropriate recharge 

estimation technique for an area of 2 m
2 

to more than 10,000 m
2 

(Scanlon et al. 2002). 

Hence, the chloride balance method is selected to estimate recharge for the catchment scale 

of spatial extent. This method is widely used by investigators. Gates et al. (2008) use the 

chloride balance technique to estimate recharge in a desert environment in a study area of 

several hundred km
2
. Edmunds and Tyler (2002) use chloride concentration as a tool for 

the estimation of recharge at the centurial time scale. 

Theory: The general mass balance equation for chloride content in a control volume in the 

environment should be considered. Specifically, a unit area of soil, exposed to atmosphere 

in its top surface and groundwater table at the bottom. If the wind and air are considered as 

the primary medium of chloride flux in the soil, then the chloride balance in the soil can be 

represented as in Equation 5.10: 

 

SRSRETETSSGWGWRWRWWF ccCccc **)(**     Equation 5.10 

 

where WFc is the mass of chloride accumulated in the soil by wind flow, RWc is chloride 

concentration (mg/L) in rainwater, RW is the depth of annual rainfall (mm), GWc is 

chloride concentration (mg/L) in groundwater, GW is the depth of annual recharge (mm), 

SSc is the mass of chloride existing in the soil stratum and ∆ represents the annual change 

in the soil (if there is any). The ETc is the concentration (mg/L) of chloride in the 

evapotranspiration process. Evapotranspiration is the annual amount (mm) from the soil 

stratum. Similarly, SRc and SR represent the chloride concentration (mg/L) in surface 

runoff and depth of annual surface runoff (mm) respectively, from the soil surface under 

consideration.  
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Assumptions:  

1. The contribution of chloride per unit area of the catchment (chloride coming from 

the wind blow and evaporative residue) is uniform in the entire catchment area. In 

the present study, this is represented by the term ‘soil wash’.  

2. As the total area of the Magela Creek catchment has been divided with respect to a 

number of gauging stations, as reported by Deen (1983b), it is considered that the 

runoff from an area of approximately 20 km
2
 is flowing through the Ranger site. 

The imaginary delineation of the area is bordered by Mount Brockman in the south 

and an irregular rectangular shape of 5 km in a north-south direction and 4 km in an 

east-west direction.  

3. The measured runoff chloride content represents the average value of the respective 

catchment area. Hence, the seasonal and annual variations have been lumped into a 

steady state condition. 

4. For point scale (1 km
2
) of chloride balance, the following equation represents the 

horizontal profile: 

 

Runoff incoming + soil wash per 1 km
2
 area = Runoff out going  

 

5. For point scale (1km
2
) of chloride balance, the following equation represents the 

total of horizontal and vertical profile: 

 

Rainfall * 1 km
2
 area = Runoff * (chloride from rainwater + chloride from soil 

wash) * 1 km
2
 area + Recharge * 1 km

2
 area 

 

If it is assumed that runoff is 25% of rainfall, as suggested by Hart et al. (1987b), and if the 

concentration of chloride due to wind blow and evaporative residue is washed by runoff 

each year, such that no change of chloride occurs in the soil, then the chloride balance 

equation can be written as Equation 5.11:  

 

RWSRGWGWRWRW ccc *25.0***        Equation 5.11 

 

According to the assumptions stated above, SRc is the summation of RWc and soil wash 

chloride, which is estimated in the following sections. The runoff coefficient has been 
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alternatively estimated from the measured runoff at station GS 82 1009 during the period 

1978 to 1998 and compared with the rainfall during that period. The runoff coefficient is 

0.32; however, when the computed surface runoff from AWBM for the period 1972 to 

2002 is compared with rainfall, it is 0.39. 

 

Chloride content in soil depth: Soil samples were analysed for physical and chemical 

properties at seven sampling pits with 9 to 10 m intervals and a total depth of 

approximately 50 to 100 cm. The weight ratios of chloride contents with soil were less than 

20 mg/5 kg (4/1000000), i.e. consistently in all locations and depths (Chartres et al. 1991). 

Hence, the soil profiles and the land area may be assumed homogeneous with respect to 

chloride content with this limited range of information. 

 

Evapotranspiration consideration: The ongoing evaporation is supposed to cause 

increased concentration of chloride in surface coming from rainwater to the soil with time 

(Walker 1998). The top 100cm soil was found have a minimal amount of chloride with no 

sign of gradient. As there is no gradient of chloride content along depth, the transient 

method is not necessary as it considers the gradient of chloride content along depths of soil 

(Walker 1998). 

 

Groundwater data evaluation: The chloride data in groundwater was collected during the 

period of September 2000 to July 2001, covering almost one year. There were data from 

different locations of the site and different structures, such as pumping station, sump, weir 

and dam wall. From all those data, the groundwater bores, which are located at the 

relatively outer periphery of the site such as OB20, OB21A, OB28, OB29, OB30, OB41 

and OB42A are considered for the estimation of average annual recharge by the method of 

chloride balance (see Table 5.18).  

 

The concentrations of chloride were measured during November (start of the wet season, 

deepest GWL) and May (start of the dry season, shallowest GWL). It was observed that in 

the month of November, the concentration is higher, which results in an accumulation of 

chloride. During May, the concentration is lower meaning dilution by incoming recharge. 

With this typical cycle of variation in all of the bores, the average concentration can be 

considered for the estimation of recharge.  
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However, the complex geology of the site is always a barrier to the assumption that the 

mean value will be the representative value. The chloride contents vary significantly even 

within the closely located bores, such as between OB20 and OB21 or between OB28 and 

OB29. The other two bores OB41 and OB43 only show similarity in the value of 

concentration and can be assumed representative of the site. Gates et al. (2008) report Cl 

concentrations in groundwater ranging from 63 mg/L to 383 mg/L, which is of a much 

greater variation with respect to the present site situation.  

 

Table 5.18 The groundwater chloride data of selected bores 

Site Date Chloride (mg/L) Depth of GW from Datum 

(m) 

OB20 27/11/2000 5.3 1.14 

29/05/2001 4.8 0.62 

OB21A 27/11/2000 8.9 5.4 

23/05/2001 7.8 3.25 

OB28 16/11/2000 8.6 No  

Data 21/05/2001 9.1 

OB29 24/11/2000 5.5 14.17 

25/05/2001 2.5 13.54 

OB30 04/09/2000 3.3 13.88 

16/11/2001 7.4 12.8 

15/02/2000 2.7 9.54 

25/05/2001 2.4 8.58 

OB41 27/11/2000 4.84 1.02 

25/05/2001 4.8 0.53 

OB43 27/11/2000 4.4 1.14 

25/05/2001 2.9 0.62 

Average  Annual 5.32  

Average Annual 4.23 (considering 

OB41 and OB43) 

 

 

Runoff consideration: The consideration of runoff is regarded as significant when runoff 

is received from surrounding areas. The issue becomes insignificant when the length of 
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runoff path, i.e. scale of the recharge area under consideration, is relatively small (Walker 

1998). The groundwater chloride data are collected from bores that are located within an 

areal extent of approximately 10 km
2 

(see Figure 3.10) whereas the surrounding runoff 

catchment area of Magela Creek at the nearest location (GS 821009) is approximately 600 

km
2
 (see Figure 3.7). The site is surrounded by Gulungul Creek (west and north), Corridor 

Creek (south), Georgetown Creek (east), Djakmara Creek (north) and Coonjimba Creek 

(north). All of the creeks drain into Magela Creek. The period of rainwater data collection 

by Hart et al. was during the 1982–1983 wet season (November–May), when the tailing 

dam at the Ranger site was being constructed, as described in Table 5.19. 

  

Table 5.19 Construction stages of the tailing dam (Salama and Foley 1997) 

Stage of construction Year RL (m) 

 

I 1979–1980 26.17 

II 1983 39.0 

III 1985 41.0 

IV 1990 44.5 

 

Hence, the natural runoff generated in the Magela catchment adjacent to the Ranger site 

can be assumed to be travelling through Gulungul Creek to the west and Georgetown 

Creek to the east towards Magela. 

 

The point of initiation of the particular runoff water that is travelling though the Ranger 

site is 5 km (approximately) south from Ranger, where the Mount Brockman escarpment 

ends. The length of travel (distance from point of initiation) of this runoff water is 

estimated from the Magela Creek catchment map of Hart et al. (1987a). The data of Hart et 

al. (1987a), who had measured rainwater quality and runoff water quality, i.e. chloride 

concentration at points such as GS 821009, GS 821023 (Island Billabong), GS 821017 

(Jabiluka) and GS 821019, is used in the analyses. The catchment areas of the gauging 

stations are available from Deen (1983b). The catchment area of the Ranger site is located 

at the south of the site and bounded by Mount Brockman, an area of 15 to 20 km
2 

(3 to 4 

km wide and 5 km long). These data are now used to estimate the runoff water chloride 

concentration (see Table 5.20).  
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Method used to estimate runoff chloride at Ranger: From the guidelines regarding the 

spatial scale of the hydrologic model, as provided by Refsgaard (2001) (see Table 5.1, the 

site area under consideration falls in the boundary between catchment scale and field of hill 

slope scale. In the field of hill slope scale, the runoff is accumulated at different locations 

of its pathway in the proportion of the respective catchment areas if the steady state 

situation exists along the pathway.  

Table 5.20 Chloride concentration and catchment areas of gauging stations of Magela Creek 

Location/Station  

Distance from 

the point of 

initiation or 

length of 

travel of 

runoff (km)  

Catchment 

Area (km
2
)  

Main wet-season 

waters chloride 

concentration 

(mg/L) 

(measured) 

Rainwater 

chloride 

concentration 

(mg/L)  

Ranger  5  15–20  

0.5 (0.2–1.1) 

GS 821009  10 600 1.7 

GS 821023 (Island 

Billabong) 
20 986 3.1 

GS 821017 

(Jabiluka) 
30 1134 3.2 

GS 821019  52 1565 6 

 

Estimation of soil washes chloride: Table 5.20 demonstrates that the concentration of 

chloride increases with the increase in size of the catchment area. The assumption that the 

surface area of the runoff catchment is uniformly contributing to the chloride content is 

thus valid. Therefore, from correlation analysis between length of travel, catchment area 

and chloride concentration of the different locations, the concentration at the Ranger site 

will be estimated.  

 

The rainwater with an existing amount of chloride content is assumed to accumulate the 

chloride from the surface soil, from the point of generation to the points of measurement 

such as GS 821009 (Jabiru), GS 821023 (Island Billabong), GS 821017 (Jabiluka) and GS 

821019 (see Figures 5.23 and 5.24). It should be mentioned that Walker and Wong (1999) 



  

   169 

used a similar approach to develop a relationship between wet mass of gross pollutant with 

runoff flow. 

 

From the fitted equation for the catchment area, the chloride content in the Ranger runoff is 

0.821 mg/L based on the area of the generating catchment (see Figure 5.23). The other 

estimation is 1.681 mg/L, based on length of travel (see Figure 5.24). This is much greater 

than 0.821. However, the travel length is estimated based on the approximation from the 

map, which contains errors, whereas the catchment areas are measured values. Hence, the 

equation relating catchment area with chloride concentration should be accepted.  
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Figure 5.23 Extrapolating the runoff chloride content at Ranger from four measured values at 

downstream gauging stations of Ranger 
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Figure 5.24 Extrapolating the runoff chloride content at Ranger from four measured values at 

downstream gauging stations of Ranger (less accurate than Figure 5.23, as the distances are 

approximate) 

 

If it is assumed that the runoff in Ranger contains 0.821 mg/L chloride, the rainwater 

contribution is 0.5 mg/L and the remaining 0.321 mg/L is a result of runoff from the 20 

km
2
 area. If the remaining 0.321 mg/L chloride is being washed from 20 km

2
 areas, then 

the 0.016 mg/L of chloride is assumed to be coming per 1 km
2
 area. Hence, the soil wash 

chloride is 0.016 mg/l per km
2
 area at Ranger. Thus, the concentration of runoff from the 

soil surface of Ranger should be considered a summation of rainwater concentration and 

soil wash per unit area. 

 

Method used to estimate rainwater chloride: To estimate the concentration of chloride 

in rainwater, samples were collected at six sites located within a radius of 30 km in the 

catchment of Magela Creek. There were sixteen to 20 samples at each site and the total 

number of samples was 107. The volume-weighted means was 0.5 mg/L with a range of 

0.2 to 1.1. The wet season of 1982–1983 was selected for sampling by Hart et al. (1987a), 

as shown in Figure 5.25. The average rainfall for the area under consideration is assumed 

to be 1527 mm (Chiew and Wang 1999). The actual rainfall during 1982–1983, which was 

a strong El Nino year is 1198 mm only. The actual rainfall during 2000–2001, the year of 
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groundwater chloride data collection, is 2052 mm. Hence, the long-term annual average of 

1527 mm is used in the estimation process. 

 

The other source of rainfall chloride data are from Noller and Currey (1990). The data was 

collected for ARR during the wet season of 1982–1083 (i.e. November 1982 to May 1983). 

The average of all daily rainwater chloride was found to be 7.3 micro equivalents per litre 

with a standard error of 0.9. This is equivalent to (7.3/1000) x 35.45 = 0.26 mg/L. 

 

Both of these data were collected during 1982–1983. The groundwater data relates to 

2000–2001. Hence, another method for a reasonable estimation of rainwater chloride 

content is used. For the sites where no data exist about the rainwater chloride content 

record, Equation 5.12 was developed by Hutton (1976) and can be used to estimate 

chloride fallout: 

 

  )23.0/99.0(45.35 25.0  dCl        Equation 5.12 

 

where [Cl
-
] is the chloride concentration (mg/L) and d is the distance from the ocean (km). 

From Figure 5.25, it can be observed that the spatial distribution of rainfall in the Top End 

is uniform up to a distance of 200 to 300 km from the ocean. Hence, if the Indian Ocean is 

considered as source of chloride in the rainfall, then the concentration becomes 0.28 mg/L 

for a distance of 300 km and 0.67 for a distance of 250 km. These values are demonstrated 

in Table 5.21. Therefore, the rainfall chloride content is estimated to be 0.5 mg/L. There 

are instances of wide ranges of variation in the rainfall solute concentrations also. For 

instance, Gates et al. (2008) report rainwater Cl concentrations in the range of 0.5 mg/L to 

36.5 mg/L in the Badain Jaran Desert of northern China.  
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Figure 5.25 The scale of variability of average annual rainfall in the Top End is relatively small 

surrounding Ranger than other locations in Australia 

 

Table 5.21 Chloride concentration estimates in rainwater from different sources 

Method or 

Investigators 

Relevant Features Chloride Concentration in 

Rainwater (mg/L) 

Estimated from Hutton 

1976 equation 

For d = 300km 0.28 

For d = 250 km 0.67 

Measured value by 

Hart et al. 1987 

1982-1983 wet season in Magela 

Creek Catchment 

0.50 (average) 

 

Measured value by 

Noller and Currey 

1990 

1982-1983 wet season in 

Alligator River Region 

0.26 (average) 

 

Application of chloride balance method: The value of the parameters as considered for 

Equation 5.11 are as follows: 

RWc = 0.5 mg/L (Hart et al. 1987a) 

RW = 1527 mm/year (Chiew and Wang 1999) 

GWc = 4.23 mg/L (ERA 2005) 

GW = groundwater recharge to be estimated  
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SRc = (0.5 + 0.016) mg/L  

The groundwater recharge to be estimated becomes 134 mm/year that is 9% of the annual 

rainfall. 

5.3.4. Recharge Estimation by Extraction of Seasonality from GWLs 

To obtain an estimate of groundwater recharge by performing an appropriate exploratory 

analysis of hydrologic time series data of net flux and groundwater level, the classical 

decomposition (Brockwell and Davis 2002) technique is selected to estimate the seasonal 

components of the two time series. The scientific basis behind selecting this method of 

obtaining the seasonal component of any hydrologic time series data is discussed in 

Chapter 6.  

 

The time series analysis result for a cycle of twelve months is presented in Figure 5.26. 

The GWL values are the decomposed seasonal components estimated from the 

transformation of the monthly GWL elevation data by classical decomposition procedure. 

The result is similar to that of Table 5.9. Hence, these values are considered for recharge 

estimation.  
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Figure 5.26 After classical decomposition of time series of GWL elevation of different bores, the 

seasonal components are plotted for a cycle of twelve months 
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The seasonal components’ values of the groundwater level data of bore OB1A and 

monthly net flux data after performing classical decomposition are demonstrated in Table 

5.22.  

 

Table 5.22 The accumulated values of the seasonal components of monthly (accumulated) flux and 

seasonal components of groundwater levels of ob1A (GWL ob1A) for the respective months 

Month  Net flux (mm) Accumulated net flux 

(mm) 

GWL ob1A 

(mm) 

Jan 198 198 4 

Feb 183 381 1192 

Mar 100 481 1560 

Apr -37 444 1312 

May -83 361 797 

Jun -62 299 289 

Jul -63 236 -182 

Aug -84 151 -577 

Sep -111 40 -947 

Oct -107 -67 -1170 

Nov -15 -82 -1324 

Dec 82 0 -954 

 

The accumulated flux values are the summation of net flux values. The scatter plot of 

GWL with respect to accumulated flux is illustrated in Figure 5.27. 
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Figure 5.27 The seasonal components of monthly flux added consecutively from January to obtain the 

accumulated flux along the X axis and groundwater level along the Y axis. The rise in the graph starts 

in November and ends at March, the fall in the graph starts in April and ends in October 

 

The line demonstrates the annual fluctuation of groundwater level to be 1560 mm to -1324 

mm and the accumulated net flux range to be 481 mm to -82 mm. (1560-[-1324]) = 2884 

mm of annual fluctuation of groundwater level is found in the analysis. Assuming 10% 

effective porosity, the annual recharge is estimated to be 288.4 mm. If other bores such as 

OB20 with annual GWLs fluctuation of 1280 mm, OB27 with 1820 mm and OB43 with 

1380 mm are selected, the average value is 1840 mm, as indicated in an earlier section on 

the correlation model. 

 

The annual fluctuation of groundwater level is comparable with Vardavas (1988; 1993), 

who estimates an average seasonal variation of in the water table of approximately 4 m and 

also refers to the regional estimate of 3 to 5 m provided by Ahmad and Green (1986). The 

lower value of negative accumulated flux results from the limited evapotranspiration 

during the dry season and higher value of positive accumulated flux results from relatively 

unbounded rainfall value. Thus, it is clear that a more variable climate would cause a 

higher fluctuation of the groundwater level. 
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5.3.5. Summary of Recharge Estimates 

The estimates of recharge by the correlation method, water balance method, chloride 

balance method and extraction of seasonal fluctuation of GWLs are compared in this 

section. The average annual recharge as a per cent of annual rainfall is demonstrated in 

Table 5.23. These values are much less than 25% of the annual rainfall as conceived in the 

initial conceptual model, as represented in earlier sections of this chapter. Thus, the 

groundwater recharge is estimated to be ten to 15% of annual rainfall. The result of 

AWBM gives the recharge values in the range of 13 to 15% for the other sets of data such 

as pan evaporation with pan factor or potential evapotranspiration with evapotranspiration 

ratio 

.  

Table 5.23 Summary of the average annual recharge estimates 

Methods of estimation of recharge Average annual 

recharge (mm) 

% of average 

annual rainfall 

Correlation model (Observed annual 

GWLs fluctuation)  

209 13 

AWBM 297 19.54 

Chloride balance model 134 9 

Extracted seasonal fluctuation of 

GWLs (time series) 

184 12 

 

The estimation by correlation method and DBM is based on 10% porosity. It should be 

mentioned that the use of 5% porosity at the regional scale may be found in Vardavas 

(1993). Secondary porosity exists in the region and thus a consideration of 10% porosity is 

reasonable. 

 

Vardavas (1993) finds the 3 m variations of observed head between dry and wet season. He 

uses the groundwater level in the bore RN20383 located 1 km downstream of Coonjimba 

billabong. He analysed the data of 1980–1981, 1981–1992, 1982–1983, and 1983–1984. 

He suggests that with an effective porosity of 5%, 3 m annual variation in the observation 

bore head is consistent with the soil store capacity of 200 mm predicted by the daily 

rainfall-runoff model of Magela Creek (Vardavas 1988). Thus, the amount of rainfall that 
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is required to recharge the groundwater store over the wet-dry seasonal cycle is 

approximately 150 mm/year. 

 

The use of various recharge estimation methods results in various ranges of values. For 

example, in the investigation by Risser et al. (2009), the investigators found the annual 

groundwater recharge to vary between 229 and 357 mm. This was 45% of the mean of all 

their estimates while they were using 1994 to 2001 data for two locations in east central 

Pennsylvania, US and used four methods of estimation. Sibanda et al. (2009) use the 

chloride mass balance method, water table fluctuation method, Darcian flownet method, 

14
C age dating method and groundwater modelling where the recharge values were 19–62 

mm/year, 2–50 mm/year, 16–28 mm/year, 22–25 mm/year and 11–26 mm/year 

respectively for a semi-arid area of Nyamandhlovu in Zimbabwe. Therefore, the ranges of 

fluctuation with regard to estimated recharge values as found in the present investigation 

are reasonably accurate. This acceptance also establishes the representativeness of net flux 

to be worth a single significant flow component caused by climate to the groundwater 

system. 

5.4. Verification with Previous Investigations by DBM 

Some previous investigations in relation to the water balance components are considered in 

this section to build a stronger basis for the use of net flux as the single significant flow 

component to the groundwater response model. It should be mentioned that the water 

balance components estimated by AWBM have been verified with those of previous 

studies in Section 5.3.2. The key hydrologic components analysed in AWBM were daily 

data-based analysis. In this section, rainfall, evapotranspiration, runoff, soil moisture 

storage (unsaturated conditions) and groundwater recharge are considered in long-term 

monthly-based estimated values. Therefore, it may be considered a more lumped 

representation than that of AWBM. The AWBM does not use any GWLs data and the 

record is from 1971 to 2005. However, in this monthly data-based mechanistic (DBM) 

model, the monitored groundwater level data is also considered, its monitoring period 

commences in 1980. Therefore, the period of analyses is 1980 to 2005. 

5.4.1. Comparison of Key Flow Components 

Monthly rainfall and evapotranspiration: The monthly rainfall, evapotranspiration and 

net flux are plotted in Figure 5.28. It can be observed that there is a positive correlation 
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between rainfall and evapotranspiration. The historical estimates of monthly AAET and 

measured rainfall data are analysed in Figure 5.29. Similar results are reported by the 

previous investigation (Chiew and Wang 1999) and have been reported in Section 3.2 and 

Figure 3.6. The variability of annual rainfall among the existing weather stations in the Top 

End of Australia is consistent (Chiew and Wang 1999). However, the variability of 

monthly rainfall is very high and that of AAET is relatively small. The AAET values are 

estimated and rainfall values are measured. Therefore, in the present context of analyses, 

the event of rainfall is relatively independent whereas the process of AAET is relatively 

dependent on many other factors.  
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Figure 5.28 Average (1980–2005) monthly rainfall, AAET and net flux in the site 
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Figure 5.29 Mean monthly rainfall, evapotranspiration and net flux with standard deviations of 

rainfall and evapotranspiration 

 

The monthly average rainfall values are close to the previously reported values of Chiew 

and Wang (1999), and Vardavas (1989). Figure 5.29 illustrates the typical climate for the 

region in terms of AAET of SILO 2006 data as summarised in Table 5.24. Using the latest 

available AAET estimates of Morton from SILO in contrast to map evapotranspiration or 

other estimates of evapotranspiration, a better consistency has been attained between the 

other components of hydrologic cycle such as runoff, soil moisture and lateral subsurface 

flow, which are discussed later. 

 

Table 5.24 Typical climate at the Ranger site from 2006 SILO data 

Months or 

seasons 

Annual rainfall (mm)  AAET(mm) from SILO 2006 

November–April 1498 96% of annual rainfall  857 (57% of annual rainfall) 

May–October 4% of annual rainfall  557 (37% of annual rainfall) 

 

Verification of runoff generation: The monthly average rainfall and evapotranspiration 

are represented in Figure 5.30 as a scatter plot with the name of the months indicating the 

wetting and drying processes. It is assumed that the rainfall comes in as soil moisture and 

goes out as evapotranspiration. The amount of rainfall is less than evapotranspiration at the 
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starting months of the wet season. Rainfall then increases and becomes equal to 

evapotranspiration. When the rainfall exceeds evapotranspiration, runoff is generated. It is 

assumed that when rainfall is equal to evapotranspiration, the soil moisture storage 

capacity of the region has been filled.  
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Figure 5.30 The monthly average evapotranspiration as a function of monthly average rainfall and the 

distinct processes of wetting and drying showing the non-unique relationship between rainfall and 

evapotranspiration 

 

Therefore, the equation y = x is combined with the best-fit trend line and solved for the 

value of x. Here, ‘x’ represents the monthly rainfall; ‘y’ represents the monthly 

evapotranspiration. The rainfall required to achieve the condition of equilibrium, meaning 

‘rain = evapotranspiration’, is approximately 140 mm. This value can also be obtained by 

geometrically drawing a line Y = X or algebraically solving the equation of trend line as X 

= 1271 ln (X) + 75.78 for the value of X.  

 

Hence, the months that receive this amount of rainfall or higher are November, December, 

January, February and March, the wet season months of the year. During these months, 

runoff is expected to be generated. This timing of runoff generation can be compared with 
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the observed runoff data in a stream flow measuring station downstream of the site (see 

Figure 5.4). 

 

The accumulated rainfall up to this point in the year includes the rainfall of September, 

October and November, which makes a value of (7+37+135) 179 mm. This value is 

comparable to the requirement of containment of first runoff of the wet season to prevent 

the waste from travelling beyond the site. That particular value is 200 mm of rainfall, as 

reported by Vardavas (1991; 1993), which needs to be contained so runoff with the waste 

does not spread across the boundary.  

 

Vardavas and Cannon (1991) demonstrated that for all wet seasons during 1978–1979 and 

1985–86, there was little catchment runoff until the cumulative rainfall exceeded 200 mm. 

The same amount of soil storage was found at the end of dry season. Vardavas (1993) also 

refers to the prediction of soil store capacity by the daily rainfall-runoff model for Magela 

Creek to be same. Thus, from this analysis, the generation of runoff for saturated soil 

moisture leads to the accumulated rainfall of 180 to 200 mm, starting in the wet season 

(September, October and November). 

 

Verification of Morton’s AAET, APET, and PPET relationship: The shape of the lines 

in Figure 5.30 is similar to the representation of AAET and APET during dry and wet 

conditions as described by Morton (1983). During the driest part of the year, the soil 

moisture supports average monthly evapotranspiration of at least 75 mm per month. 

During the wet season, the average monthly evapotranspiration become constant at 140 to 

150 mm per month, which is twice the dry season value. From the theoretical consideration, 

this is the condition when AAET, PPET and APET are all equal and the complementary 

equation of AAET + PPET = 2 APET is fully satisfied. Figure 5.31 represents the 

theoretical lines and computed points of the relationship between AAET, PPET and APET 

of Morton. This is a verification of authenticity of SILO, incorporating the complementary 

equation while estimating the three variables of evapotranspiration. 
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Figure 5.31 Average monthly AAET and PPET values in relation to Morton’s APET line 

5.4.2. Dynamics of the Hydro-climatic Relationship 

Rainfall and evapotranspiration relationship: The non-unique relationship between 

rainfall and AAET during drying and wetting processes is discussed in this section. The 

underlying physical processes are considered a function of soil moisture content and 

corresponding hydraulic property. 

 

October/November: After a dry spell, underlying soil is unsaturated, the deep percolation 

rate is small and the available soil moisture supports higher evapotranspiration. During the 

initial stage of the wet season, the evapotranspiration is near the potential value. The 

evapotranspiration is greater than rainfall because the surface store is evaporated 

instantaneously; water cannot easily infiltrate into unsaturated soil.  

 

April/May: After a wet spell, underlying soil is saturated, the deep percolation rate is 

bigger and less soil moisture exists for evapotranspiration. In the final stage of the wet 

season, the evapotranspiration is also greater than rainfall due to the available soil moisture 

and elevated groundwater table.  
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As shown in Figure 5.30, evapotranspiration during the wet season reduces in the month of 

February. Three probable reasons have been established for the reduced AAET in 

February:  

 The duration of February is shorter than that of January or March. Thus, the 

monthly value is reduced by a factor of 28.25/31 on average.  

 The condition of saturation exists throughout the depth. The wet season causes 

the underlying soil to be saturated. Saturation causes higher hydraulic 

conductivity of the soil. Hence, a higher rate of deep percolation occurs and less 

water is available for evapotranspiration. 

 Increased humidity and cloudiness and reduced solar radiation causes less 

evapotranspiration. The maximum relative humidity occurs in the month of 

February in the region (Press et al. 1995). Moreover, the inverse relationship 

between rainfall and evaporation has been addressed previously by many 

investigators for this particular site. 

After the saturation level reaches a higher elevation, moisture is again available and 

evapotranspiration rises during March. 

 

As shown in Figure 5.4, from July to October, the monthly rainfall increase is (37 – 2) = 35 

mm but the monthly evapotranspiration increase is (141 – 63) = 78 mm. Hence, during this 

period of the dry season, approximately 40 mm of water has been supplied for 

evapotranspiration and sourced from soil moisture through internal flow. By this process, 

the groundwater table decreases in November. This soil moisture contributes to 

evapotranspiration from July to October, which makes the slope of evapotranspiration line 

sharper than that of the rainfall line.  

 

In the early dry season, the reverse occurs. From April, the slope of the evapotranspiration 

line is flatter (123 – 61) = 62 mm for two months and the slope of the rainfall line is 

sharper (78 – 1) = 77 mm in the same period of two months. The soil moisture with higher 

groundwater level is the source of water for evapotranspiration during that time. It is clear 

that the soil moisture keeps the evapotranspiration rate steadier during the drying phase 

and makes the evapotranspiration rate higher than available rainfall during the start of 

wetting phase. 
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The variation of the rate of evapotranspiration during the drying phase has also been 

specifically addressed and represented by Vardavas (1988). In the initial part of the dry 

season (April–May), the rate of evapotranspiration is defined by equation (a) but in the 

middle of the dry season (June–July), the rate of evapotranspiration is defined by equation 

(b) as shown below. During the final period of the dry season, when the soil is unsaturated, 

all of the pre-monsoon rainwater is available to be evaporated.  

 

From the relative comparison between the two equations, it can be easily perceived that the 

rate of evapotranspiration is higher during the initial period of the dry season, is relatively 

smaller during the middle of the dry season and is higher again at the end of the dry 

season: 

 

Equation (a) = > ET = ES/Sm 

 

Equation (b) = > ET = EG/(Gm+Sm) 

 

where ET is the rate of evapotranspiration, E is the rate of potential evaporation, S is the 

soil store, Sm is the saturation soil store capacity (range of variation 100-300 mm), G is the 

groundwater store and Gm is the groundwater store capacity (range of variation 500–2000 

mm). In this model, the soil store and groundwater store are considered the two-layered 

subsurface system. Therefore, the variation of the rainfall AAET relation exists during the 

wet and dry seasons, which can be explained with the underlying configuration of the 

transient soil hydraulic property. 

 

Rainfall and runoff relationship: The hydrographs of monthly average rainfall, AAET 

and runoff are shown in Figure 5.4. The average monthly net flux, computed as an 

algebraic summation of rainfall and AAET, is plotted along the vertical axis and the runoff 

is plotted along the horizontal axis in Figure 5.32. The sequence of wetting and drying 

processes are illustrated by joining the monthly points in the graph.  
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Figure 5.32 The typical wetting and drying phases in the scatter plot of the inflow and outflow data 

points analogous to the water budget model result (Vardavas 1989) 

 

The loop of wetting and drying processes was demonstrated by plotting the stage discharge 

relationship that resulted for the same catchment, as illustrated by Vardavas (1989). The 

analogy can be drawn between the loop of the rating curve and that in the net flux-runoff 

scatter plot. In the study conducted by Vardavas over four wet seasons: 1974–1975, 1977–

1978, 1980–1981 and 1983–1984, the inflow point was the GS821009 and the outflow 

point was GS21019. The concepts of the distinct processes of wetting and drying in the soil 

of the wet and dry tropic near the Ranger uranium mine were demonstrated. A similar loop 

of wetting and drying is demonstrated by plotting the rainfall component contributing to 

runoff and measured runoff at the station (see Figure 5.32). 

 

The positive net flux starts in December when runoff also commences. The negative net 

flux starts in April but the runoff continues for another two months. It can be assumed that 

the summation of the runoff (514 mm) is represented by the summation of positive net 

fluxes (640 mm) or summation of negative net fluxes (-556 mm).  

 

During the wetting time, a significant amount of water from rainfall is lost into unsaturated 

soil of the catchment from U/S point to D/S point. Therefore, the X values are less than Y 

values, i.e. the rainfall does not generate runoff. During drying time, water is not lost into 



 186 

soil, as a saturated condition prevails. Runoff is generated from soil storage even if there is 

no rainfall.  

 

The small catchment of present research at the Ranger Uranium Mine (RUM) site is much 

smaller than the catchment considered by Vardavas. It is also located downstream of the 

sub-catchment of the RUM site under consideration. However, the typical phenomenon of 

wetting and drying are clearly represented in the present work in spite of the smaller scale. 

5.5. Proposed Hydrologic Model 

The difference in physical processes that occur during the wetting months and drying 

months in light of the DPC (Grayson and Bloschl 2000a; Grayson and Bloschl 2000b; 

Woods 2002) have been elaborated by considering the work of Vardavas (1987; 1988; 

1989; 1993) in parallel to the current data-based approach. The annual water balance has 

been revised (see Figures 5.33 and 5.34) to improve the conceptual model, which will be 

used in physically-based unsaturated flow modelling for predicting the long-term response 

of groundwater. The runoff coefficient is revised as being 30 to 35% instead of 25% as in 

the preconceived model. The positive net flux (640 mm) or negative net flux (-556 mm) or 

runoff (514 mm) (considering the rainfall AAET runoff relationship) is therefore 

approximately 35% of annual rainfall. This 35% of rainfall is the source for runoff during 

the wet season; it is stored in soil storage and is the source of evapotranspiration during the 

dry season. The 100% rainfall occurs in the wet season and wet season AAET is 55%. The 

water infiltrated from rainfall during the wet season is 65%. Thus, 10% is deep percolated 

to GW. This 10 to 15% GW recharge and 30 to 35% soil storage makes 40% AAET during 

the dry season. In general, it can be concluded that the annual recharge in the region is in 

the range of 10 to 15% of annual rainfall based on 10% effective porosity. If porosity is 

larger, the recharge is larger also.  

 

Incorporating longer periods of historical data in the DBM means the underlying 

hydrologic processes are better understood. Most of the results are consistent with the prior 

investigators in the region.  
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Figure 5.33 Revised conceptual model of the hydrologic processes of the region (seasonal) 

 

 

 

 

 

 

 

 

 

Figure 5.34 Revised conceptual model of the hydrologic processes of the region (annual) 

5.6. Conclusion 

In this chapter, the selection of net flux for representing the influence of climate on the 

groundwater system has been justified by addressing the physical processes from multiple 

perspectives. The selected net flux is used as the key variable both in physical and non-

physical process-based modelling. Recharge estimation has been conducted using various 

techniques and a modified conceptual model is proposed based on the recharge estimates 

and verification with previous investigations in the relevant field for the site. 

 

With this achievement, the physically-based unsaturated flow model Seep/W for the site 

will be developed. The input into the Seep/W model is given as monthly net flux and the 

Runoff 30 - 35% 

Rainfall 

100% 

Recharge = 10-15%  

AAET(Wet) = 55% 

(57 computed) 
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monthly groundwater level elevations are obtained as output. The time series technique, 

which is a special type of data-based modelling approach, conventionally used for the 

forecast of hydrologic processes, is applied to the historical time-series data of monthly net 

flux and GWLs. The time series analysis techniques described in the following chapter are 

used in multiple approaches, such as understanding the mechanism of groundwater 

responses with climate, representing the system with historical data of net flux and GWLs 

at a multi-decadal time scale, and predicting the responses at the centurial time scale.  
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6. Time Series Modelling 

This chapter builds upon previous work in the region by applying time series statistical 

methods to groundwater-climate relationships. The outcome is an ability to understand the 

degree of dependency between these two sets of variables and future prediction of 

groundwater by using climatic data.   

 

The statistical techniques are used to explain some of the significant physical processes. 

The significance of unsaturated thickness in the relationship of net flux and GWLs is 

analysed with the help of classical decomposition transformation, which separates the trend 

and seasonal component of the processes. Identification of the predictor is also selected by 

building a number of models with varied climatic variables such as rainfall series and net 

flux series. A number of time series models are also investigated to represent and predict 

the long-term response of the groundwater-climate relationship. The estimated parameters 

(such as Phi values of MAR models) are examined to explain the physical significance of 

the representation of the processes.  

 

Some important concepts relevant to the time-series statistics incorporated in hydrological 

studies are reviewed Chapter 2. In this chapter, the various approaches to the application of 

time series statistics to the exploration, representation and prediction of the physical 

processes are analysed. By analysing the various issues such as model fitness, physical 

representativeness, and computational efficiency, the best model with the best variable as a 

predictor for further modelling are suggested in this chapter.  

6.1. Motivation 

In the 1980s, time series analysis was introduced in groundwater modelling. Adamowski 

and Hamory (1983) analysed groundwater level fluctuations predominantly affected by 

stream flow. There are many instances of this kind involving specific time series modelling 

techniques such as the ARMA mode and Transfer Function Noise (TFN) models (Parlange 

et al. 1992).  

 

The real time data of the climate and groundwater levels in the research site show strong 

seasonality, which is typical for a tropical climate. Given the available monthly record of 

these hydro-geologic variables at a multi-decadal time scale, time series modelling is 
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chosen as an additional method of investigation and prediction for the groundwater-climate 

relationship. The exploration of the physical processes builds the sound basis of 

performing groundwater modelling. Prediction by the time series supports and 

complements the predictions from the groundwater models in terms of the range of 

uncertainty of the long-term predictions. The approach of physical process-based 

modelling involves downscaling. To combine this approach with upscaling (Gupta et al. 

1986), a time series prediction technique that is based on non-physical or statistical process 

is employed.  

6.2. Application of Time Series Technique 

Numerous methods exist in the realm of time series process representation. When selecting 

the appropriate time series technique in representation of the process, the first step is to 

perform exploratory analyses. In exploratory data analysis, simple graphical methods are 

used to uncover the basic statistical characteristics of the data. In the confirmatory analysis, 

an appropriate time series model or group of models are constructed for process 

representation and prediction. Exploratory data analyses have been performed by Tukey 

(1977). According to the author, to learn about data analysis, it is right that everyone 

should try many things that do not work—that to tackle more problems than making expert 

analyses at the first instance of investigation. In the process of exploratory analyses, new 

understandings have arisen, which contribute to subsequent decisions regarding the 

technique selection. Thus, the selection of the time series technique for forecasting has to 

be justified by the sequence of the exploratory analyses and subsequent understanding. It is 

imperative that a reasonable basis exists to justify the application of the particular 

technique in place. 

6.2.1. Selection of Technique 

The identification of the technique of analysis is primarily because the present research 

work considers hydrogeologic parameters, which are obviously varying in the space and 

time domains. Hence, the exploratory and confirmatory data analyses are necessary for 

understanding the processes and answering the future responses with regard to the 

changing environment. The task is not straightforward at its initial stage, as the technique 

seems increasingly different with the knowledge learnt from the application of different 

techniques. In the following section, the identification of appropriate variables for the 

various models are performed by conducting some physically-based computations. Various 
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exploratory analyses are then elaborated for a deeper understanding of the physical 

processes and the application of time series modelling for representation and forecast. 

6.2.2. Identification of Variable 

To select a suitable set of variables representing the groundwater-climate relationship, a 

number of methods are reviewed in the previous chapters and a number of analyses are 

conducted in this chapter. The selection of an exogenous variable as climate and an 

endogenous variable as GWLs must be specified in terms of numeric data of the 

hydrologic processes. The rainfall and evapotranspiration are the two significant 

hydrologic processes as has been established previously. Measured rainfall data is 

available; however, because of a lack of information about soil moisture and the plant 

groundwater usage, it becomes very difficult to use evapotranspiration data as an outflow 

of water from the system for the analysis. However, the selection of SILO AAET has been 

well documented in Chapter 5, in which other possible sources of the evapotranspiration 

data are compared in relation to their capacity to explain water balance in the region at a 

varied time scale. Given the information, the reliable data that are decided to be useful are 

rainfall and groundwater levels and SILO AAET. Therefore, it is assumed an exogenous 

variable is related to climate, such as monthly rainfall and monthly net flux, which is the 

algebraic summation of rainfall, AAET and accumulated net flux.  

 

The physical significance of net flux is much better than that of rainfall, as net flux 

represents both positive and negative flow of water while rainfall represents only positive 

flow. Therefore, net flux is selected to be a better predictor than rainfall. To obtain more 

confidence in selecting the net flux, the prediction performance of both predictors (rainfall 

and net flux) have been investigated in Section 6.6.2.  

 

The endogenous variable is related to GWLs and monthly changes of GWL. An 

endogenous variable is selected based on the statistical performance of the two time series, 

such as monthly GWLs time series and time series of monthly changes of GWLs. From the 

water balance equation, the climatic net flux, which is a flow of water per unit time, should 

be correlated to the change of storage in the soil. Therefore, if the monthly net flux time 

series is an exogenous variable in a model, the time series of monthly change of GWLs 

should be an endogenous variable. However, models built on net flux versus GWLs 

perform better that the models built on net flux versus change of GWLs. A stronger 
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association is found between net flux and GWLs time series and less association with 

change of GWLs time series. Therefore, the time series of GWLs is selected as the 

endogenous variable for the study. 

 

In multiple regression models, a third category variable representing the antecedent soil 

storage is used, which is called an intermediate variable. Ideally, the soil storage capacity 

influences the wetting-drying process both ways. Hence, soil storage influences net flux 

and GWLs. However, for simplicity, it is considered to be in the cause component of the 

process and effect component is neglected. The antecedent available soil storage and 

quantification of this parameter is ideally subjected to two variables: unsaturated thickness 

and available storage capacity of soil. However, for simplicity of the representation, the 

antecedent soil storage is represented by only the numerical value of the depth of 

unsaturated soil of the antecedent time step.  

6.3. Exploratory Analyses 

Based on the understanding of the physical processes, the possibility of identifying a long-

term trend in GWL data is investigated. The trend in GWL data might be caused by mining 

activities including a rising trend caused by seepage from ponding of process water in the 

retention ponds, falling trend caused by excavation in the mining pits, or naturally, by 

climatic variations.  

 

The trend line analyses using Microsoft Excel is performed to isolate impacted bores from 

unimpacted bores by the mining activities. The trend in the past climate is also plotted to 

compare the similarity of GWL graphs of the bores with climate. By using a simple visual 

assessment of the graphical plots of the GWL data, the bores with maximum range of 

missing data and mining impacts are excluded for further analyses. The responses of all the 

bores’ GWLs are plotted in Appendix F. The bores selected for time series analyses are 

OB1A, OB20, OB27 and OB43. The location of OB27 is farthest from the structural 

features of the site; this bore is selected even though it has missing data for a few years. 

However, for obtaining a preliminary idea of the underlying factors influencing the 

groundwater-climate relationship, some additional exploratory analyses, such as 

correlation analyses, were performed on all the bores.  
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The correlation analyses have been performed to establish the cause-effect relationship 

between climate and groundwater as described in Chapter 5. To assess the complexity of 

the influence of geology, nearby features and topography on the timing of the response of 

different bores with the same net flux data, lag analyses are performed. Lag here refers to 

the time gap between peak net flux and peak GWL. For example, the five bores located 

within a distance of 1 km show significant variation in the magnitude of annual fluctuation 

of GWLs and lag (see Figure 6.1). Yesertener (2005) also showed similar amounts of lag 

between climate (Cumulative Deviation from Mean Rainfall, (CDMR)) and groundwater 

levels with the bore PM3 (see Figure 6.2). 

 

OB1A and OB2A responses are similar, such as having approximately 4 m fluctuation and 

quicker response with net flux. Those of OB19A and OB34 are also similar (2 m 

fluctuation and quicker response); however, OB34 is different (1 m fluctuation and slower 

response). The annual fluctuation and the lag are different for OB34 compared with the 

other four bores. These complexities of responses of the bores indicate the influence of 

unsaturated thickness. To explore the complexity with the help of time series analyses, 

some specific techniques appropriate for hydrological processes are employed herein. 
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Figure 6.1 Variations in timing and magnitude of GWL responses of a number of bores for the cause of 

net flux to the system 
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Figure 6.2 Cumulative Deviation from Mean Rainfall (CDMR) graph and declining groundwater levels 

in bore PM3 (Yesertener 2005) 

 

6.3.1. Identification of Seasonality 

As discussed in the description of the site, because of the tropical climate, the historical 

monthly totals of rainfall, evapotranspiration, AAET, net flux and monthly GWLs are 

found to be fluctuating in the annual cycle. The clear seasonality in the climate and thus 

GWLs are prominent. This typical characteristic is exploited in the following section to 

understand some very important physical relationships between the climate and various 

bore’s GWLs. Four bores have been selected (OB1A, OB20, OB27 and OB43), which are 

relatively unimpacted by mining activity, have a maximum period of data records and are 

sparsely located to encompass the whole region of the mining site.  

 

Autocorrelation analyses are performed to identify periodic seasonality in each of the time 

series data such as net flux and GWL. The various sample size of GWLs of the bores yield 

various limits of 95% confidence. The Autocorrelation Function (ACF) of net flux and 

GWLs of all the four bores show significant seasonality with a cycle of twelve months, 

which is indicated by the number of lags in Figures 6.3 and 6.4.  
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Figure 6.3 ACF of net flux 
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Figure 6.4 ACF of GWLs of bore OB1A 

 

As both net flux and GWLs time series are auto-correlated, this indicates that both series 

have significant periodic seasonality. The univariate ARMA representation is very much 

appropriate for these time series. At the same time, the possibility of multivariate AR 
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representation should be investigated because the underlying physical processes indicate 

that variation in net flux causes the variation in GWLs. Therefore, cross-correlation 

analyses are also performed for estimating the statistically significant lag between the net 

flux and GWL. The significant lag is four to six months for various bores. When similar 

analyses are conducted for net flux and change of GWLs, the lag is one to two months.  

6.3.2. Influence of Unsaturated Thickness 

With the assumption that unsaturated thickness of different bores influences the variations 

of significant lag, some additional analyses were performed. The variable ‘unsaturated 

thickness’ is employed to represent the depths of GWLs from ground surface at bore 

locations. In addition to cross-correlation function (CCF) analyses, a rational distributed 

lag model was developed by representing the change of GWLs as a function of the 

previous month’s unsaturated thickness and net flux of earlier months. Thus, in the 

construction of a rational distributed lag model or multiple regression model, the number 

of lagged net flux time series found to be statistically significant to influence change of 

GWLs are as shown in Figure 6.5.  
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Figure 6.5 CCF for Net flux and GWLs of OB1A. The CCF of GWLs at (t+h) time with net flux at t 

time. The lag ‘h’ varies from approximately 1 to 20 

 

The results of multiple regression analyses and CCF analyses are the same with regard to 

number of months of net flux that influence the change of GWLs of the different bores as 

shown in Table 6.1.  
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Table 6.1 Lag between net flux and GWLs, changes in GWLs estimated from CCF analyses and 

distributed lag models 

 

Significant lag 

(months) between 

net flux and GWLs 

from CCF analyses 

Significant lag 

(months) between net 

flux and change in 

GWLs from CCF 

analyses 

Significant lag (months) between 

net flux and change in GWLs 

from rational distributed lag 

(multiple regression) model 

OB1A 4 1 1 

OB20 6 2 2 

OB27 5 2 2 

OB43 5 2 2 

 

The ‘Beta’ values of multiple regressions for each of these bores are analysed to compare 

the relative importance of unsaturated thickness on the response of GWLs of different 

bores. A higher value of ‘Beta’ of a specific independent variable indicates a stronger 

relationship of the that independent variable with respect to the other remaining 

independent variables in a particular set up of multiple regression analysis (Kerr et al. 

2002). Figure 6.6 illustrates that the value of ‘Beta’ is highest for the bore OB1A with the 

smallest unsaturated thickness and lowest for the bore OB27 with largest unsaturated 

thickness. This indicates that the shallower GWLs are more strongly influenced by net flux 

than are deeper GWLs.  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 500 1000 1500 2000 2500 3000 3500 4000

Unsaturated Thickness (mm)

B
e

ta
 V

a
lu

e
 o

f 
U

S
T

 i
n

 m
u

lt
ip

le
 

re
g

re
s
s
io

n

OB1A OB43

OB20 OB27

 

Figure 6.6 The Bete values of unsaturated thickness in multiple regression of various bores 
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By comparing the signs of regression coefficients of multiple regressions for describing 

GWLs of OB1A as function of antecedent unsaturated thickness and current months net 

flux, it has been established that it is negative (-0.83) for antecedent unsaturated thickness 

and positive (0.372) for net flux, with the R
2
 value of 0.765. This is consistent with the 

relationship shown in Figure 6.6. The Beta value of unsaturated thickness in the multiple 

regression is given in Table 6.2. This finding contributes to a better understanding of the 

physical processes that relate the rate of response of GWL to net flux.  

 

Table 6.2 The relationship between unsaturated thickness and Beta value 

Bore Unsaturated thickness (m) Beta value of UST in multiple regression 

OB1A 0 0.471 

OB43 0.18 0.362 

OB20 1.28 0.246 

OB27 3.8 0.148 

 

Due to the presence of a periodic seasonal component being found statistically significant, 

and to analyse the seasonal components of net flux and GWL time series of a number of 

bores, transformation is performed using classical decomposition techniques (Brockwell 

and Davis 2002).  

 

The results of autocorrelation and cross-correlation analyses also formed the basis of 

selecting a univariate ARMA model for each of the time series and multivariate AR 

models for net flux-GWL time series for the purpose of representation and forecast of the 

ongoing processes with specified prediction bounds. In general, the ultimate purpose of the 

time series analyses is to forecast and control; therefore, the best possible model for this 

purpose is considered. 

 

Being equipped with the understanding of the underlying physical processes, a special type 

of multivariate time series model is decided upon, which is similarly efficient both 

scientifically and computationally to the multivariate AR model. It is the Transfer Function 

Noise (TFN) model (Brockwell and Davis 2002). The details of most of the techniques and 

computational performances are described below. 
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6.3.3. Classical Decomposition for Separation of Seasonality and Trend 

Time series analysis performed for computing the seasonal components of hydrologic data 

can serve as a powerful technique for exploring the physical processes. For hydrologic 

time series data, which has both the trend and seasonal component embedded within, a 

specific type of transformation, known as classical decomposition, makes the data zero-

mean stationary process (Brockwell and Davis 2002). From the inspection of the graphs of 

the data, the existence of the trend component, seasonal component and random noise 

components were realised. The classical decomposition model is a univariate time series 

model, which is used for the data that contains both long-term trend and seasonality with 

the random noise. This model is applied to monthly net flux and monthly groundwater 

level data for the extraction of their seasonal components. Those seasonal components are 

then analysed to obtain an overall understanding of the probable relationship between the 

two sets of variables.  

Classical decomposition of any time series {Xt } is based on the model: 

 

tttt AsmX                                                           Equation 6.1  

where 


 
d

j

jtdtt sandssEA
1

0,,0  

In Equation 6.1: 

X t= the numerical value of the variable (i.e. monthly net flux and monthly GWL) at time t, 

where t varies from 1 to n, 

mt= the long-term trend component 

st = the seasonal component 

At = the random noise component, which is a zero-mean stationary process 

EAt = the expected value of At 

d = period of seasonal components 

 

The seasonal component is computed in such a way that with the period length of d 

number of time steps, the values become the same (st+d = st). For example, with monthly 

data, at a 12-time step interval, the seasonal components of the time series are the same. In 

addition, the algebraic summation of the twelve months seasonal components becomes 

zero (summation of sj, where j varies from 1 to d becomes zero). This requirement 
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indicates that the seasonal components of net flux and groundwater level comply with the 

annual water balance. 

 

Observations of monthly net flux values and GWL are available in the record of data 

source of the research. Either of these two time series is assumed {x1, x2…xn}. From each 

of the series, the trend is estimated by applying a moving average filter chosen to eliminate 

the seasonal component and to reduce the noise. If the period d is even (twelve months) 

and d = 2r, r being the half of the period, then the trend component is estimated tm̂  in the 

following equation: 

 

,/)5.0...5.0(ˆ
11 dxxxxm rtrtrtrtt    where rntr      Equation 6.2 

 

The seasonal component is estimated in the next step. For each k = 1,…,d, the average of 

the deviations wk as {(xk+cd - cdkm 
ˆ ), r < k+cd ≤ n-r } is computed. Since these average 

deviations do not necessarily sum to zero, the seasonal component kŝ  is estimated as:  

 

 


d

i ikk wdws
1

1ˆ  , where k = 1,…, d,        Equation 6.3 

and dkk ss  ˆˆ , k>d 

 

These steps of computations are well documented (Brockwell and Davis 2002). 

 

The seasonal components kŝ of the net flux and groundwater level data are analysed in the 

following section to explore the significance of unsaturated zone thickness in the 

relationship of net flux and GWLs.  

6.3.4. Result of Classical Decomposition 

The seasonal components of monthly net flux and groundwater level data are plotted in 

sequential order in Figure 6.7. For the groundwater level hydrograph, the peak corresponds 

to the highest level due to positive flux; the trough corresponds to the lowest level due to 

negative flux. The lag varies along the year from two to four months. The lag is greater 

when the groundwater level drops and is smaller when the groundwater level rises. This 

means that a longer time is required to propagate a longer way for the soil moisture. It is 
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shown that during the wet season (November to April) the lag is two months (for AA
/
 

January to March) but during the dry season (for BB
/
 June/July to October) the lag is four 

months. It has been established that June to July is the driest time by critically examining 

the result described below. For identification of the driest month, it is seen that the monthly 

net flux hydrograph has two peaks (January and June/July) and two troughs (May and 

September) in the cycle of twelve months. The dry season net flux shows the typical 

fluctuation of a two-trough system.  

 

For the net flux hydrograph, starting from January, the first positive peak corresponds to 

maximum positive net flux and the first trough corresponds to maximum negative flux 

after the end of the wet season. The first trough occurs during May when the rainfall is 

reduced; due to available soil moisture, evapotranspiration attains one maximum, which 

may be represented as wet environment APET.  
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Figure 6.7 Seasonal components of GWLs of OB1A and monthly flux extracted from classical 

decomposition (Brockwell and Davis 2002) 

 

The second trough occurs during September-October, when the rainfall has started and the 

evapotranspiration attains its second maximum, with soil moisture being available from the 

early wet months. This is also the stage of APET. In between these two troughs, there is a 

very flat peak during June-July, when evapotranspiration is limited due to the minimum 

soil moisture available, as indicated by AAET in Morton’s estimation method of 
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evapotranspiration as described in Morton (1983). In brief, it can be concluded that, even if 

the net flux hydrograph is a two-trough system, the time in the middle of the two-trough 

period represents the driest condition of soil, even evapotranspiration is not at its maximum 

in its numerical value. 

 

The seasonal components of groundwater levels of multiple bores data have been estimated 

by classical decomposition. As shown in Figure 6.8, a wide range of variation of annual 

groundwater levels are found for the different bores with the same net flux. The deepest 

water levels in bore OB27 respond with a larger lag and shallower water levels in bore 

OB1A respond quicker. Slimani et al. (2009) have shown the influence of variable 

thickness of surficial formations on the relationship between the climatic influx and 

piezometer responses at a multi-decadal time scale in the chalk aquifer of Upper 

Normandy in France (see Figure 6.9).  
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Figure 6.8 Variations of seasonal components of the GWLs of three different bores with different 

thicknesses of unsaturation compared to show the different lags of the responses 
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Figure 6.9 Piezometric level for four different compartments in Upper Normandy, France: a. 

Roquemont, b. Hattenville, c. Vaupaliere, d. Auberville. The regions of a. and b. are in the region of a 

thinner layer of surficial formation and those of c. and d. are in the region of thicker formation 

 

The use of classical decomposition for various bores’ GWLs give exactly the same 

understanding of the physical processes in the unsaturated zone, which are traditionally 

observed and investigated by earlier investigators involving in situ measurement 

techniques, such as those performed by Wu et al. (1996). By measuring soil-moisture 

contents at various depths with various events of rainfall, they have found that when 

groundwater is relatively deep, the correspondence between individual rainfall and 

recharge events is usually more obscured by the increases of time lag between rainfall and 

groundwater response. 

 

Similar studies have been performed by Mutiibwa (2008), in which the investigation of 

human and climate influences on groundwater levels are related to periodic components 

and long-term trends of groundwater level data. They also relate the time lag between 

rainfall event and recharge to the geology of the site. Therefore, these complexities in the 

physical process form the basis of undertaking physically based computational modelling, 

which is the ultimate goal of the ongoing research.  
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The statistically significant lag was found to be several months between monthly net flux 

and change of groundwater level, while multiple regressions with distributed lag concept 

and cross-correlation analyses were performed. The cross-correlation analyses are 

described in detail in a previous section of this chapter. 

 

Dynamics of GW climate relationship: The result demonstrates that the climate does 

have a predictor rule over the response of groundwater level; however, it takes time for the 

response to occur. During the wet months (AA
/
), the time lag is approximately two months 

but during the dry months (BB
/
), the lag is more than four months. Hence, the 

incorporation of the TFN model for representing the relationship between these two sets of 

data becomes complex at the point of assigning the lag between two variables. It should be 

mentioned that models for hydrological time series are characterised by parameters that 

may stay constant or may change over time (El-Shaarawi and Esterby 1981). A modified 

approach is investigated herein to overcome this complexity by using seasonal the TFN 

model in parallel to monthly TFN models. However, because of the lack of data for the 

seasonal model, the result is not significant in comparison with the monthly model.  

 

It can be concluded that there is a difference in lag between GWLs and net flux during the 

wet (AA
/
 two months) and dry (BB

/
 four to six months) seasons (see Figure 6.7). The rate 

of rise is relatively quicker (four months, December to March) while the rate of fall is 

slower (eight months, April to November). This indicates the saturated and unsaturated 

flow conditions with variable hydraulic conductivities. The unsaturated thickness of the 

bores acts as a barrier to the climate GWLs relationship. The three bores, OB1A, OB20 

and OB27, have the unsaturated thicknesses of 0 m, 1.28 m and 3.8 m respectively. The 

unsaturated thickness is defined here as the differences in elevation between the NS and 

maximum measured GWLs in the bores. The greater the thickness, the more lagged the 

response (see Figure 6.8), though the response also depends on soil hydraulic properties. It 

is observed that OB27 has the largest value of unsaturated thickness, while OB1A has the 

smallest value. These values are consistent with their responses. The process of 

development of a physically based model as described in the next chapter is thereby 

justified in light of these exploratory analyses. 

 

The wetting process starts from the surface; when the wetting front reaches groundwater 

level, the rise of groundwater level is accelerated. The drying process starts from the 
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surface and the process slows as the unsaturated thickness increases. Thus, the upward 

movement of the saturation level takes four months whereas the downward movement 

takes eight months. The rate of rise is twice the rate of fall. The rising period is governed 

by the saturated flow condition and the falling period is governed by the unsaturated 

condition. 

 

The process of groundwater recharge involves water falling as rainfall, moistening soils 

and infiltrating down to the water table. As the depth of the unsaturated zone increases, the 

water table reacts with an increasing delay to fluctuations in climate and influences of 

human activities (Gehrels et al. 1994). As the local geology indicates differential 

weathering across the east-west profile and the response of the water table should be 

different with regard to timing and range. 

 

As illustrated in Figure 6.10, it can be seen that for a particular value of accumulated flux, 

the groundwater level (saturation level) in the rising section is higher than that of the 

falling section. In other words, for a particular value of groundwater level, the accumulated 

flux required in the wetting process is smaller than that during the drying process. This 

indicates the physical configurations of saturation and unsaturation processes. The drying 

process requires the soil moisture to be progressively dried for the downward movement of 

the saturation level. The wetting process requires progressively less additional water for 

the upward movement of the saturation level. Therefore, for a particular level of saturation, 

accumulated flux is less for the wetting process and more for the drying process.  
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Figure 6.10 The seasonal components of monthly flux added consecutively from January to obtain the 

accumulated flux along the X axis and groundwater level along the Y axis. The rise starts from 

November and ends in March, the fall starts in April and ends in October 

6.4. Univariate Autoregressive Moving Average (ARMA) Representation 

The suitability of various types of seasonal models for describing seasonal data has been 

investigated and monthly autoregressive (AR) models have been suggested as a viable 

class of models for fitting monthly time series (Hipel and McLeod 1994). It is 

recommended that ARMA models fit to annual geophysical time series because these 

models readily account for the Hurst phenomenon (Bloschl and Sivapalan 1995). The 

Hurst phenomenon is used to indicate long-term persistence of a process, unlike a Markov 

process, in which an event is dependent only on the preceding event. Vecchia (1985) used 

the ARMA model for representing river flow with strong periodic seasonality of monthly 

data. Woodward and Gray (1993), Fendekova (1999), and Von Asmuth and Knotters 

(2004) use ARMA models for representing GWL.  

 

The ACF and Partial Autocorrelation Function (PACF) are generally used to select the 

appropriate order of the ARMA model for data representation (Brockwell and Davis 2002). 

This means that the ACF (of the data), which is smaller in absolute value than 1.96/√n for 

lags greater than ‘q’, suggests a multivariate autoregressive (AR) model of order less than 

or equal to ‘q’. This means that the previous ‘q’ number of residuals have dependence on 
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the current residual of the stationary process. The suggestion about the PACF is that the 

process whose PACF is smaller in absolute value than 1.96/√n for lags greater than ‘p’ 

should be dealt with an AR model of order less than or equal to ‘p’. This means that the 

previous ‘p’ number of data have dependence on the current data of the process.  

 

The ACF and PACF are estimated to demonstrate the seasonality in the time series data of 

historical net flex and GWL of bores. Next, the scope of representing the historical data of 

monthly net flux and GWLs of bores OB1A, OB20, Ob43 and OB27 by the ARMA model 

are investigated. Using classical decomposition for determination and elimination of trend 

and seasonality from the data, an appropriate univariate ARMA model is used for 

representation. The following models shown in Table 6.3 are found to fit for the time series 

of monthly net flux and GWLs of the four bores. 

 

Table 6.3 The orders of ARMA models for the net flux and GWLs after classical decomposition for a 

twelve-month seasonality and long-term linear trend 

Name of time series 

data analysed 

ARMA model order  

Monthly net flux (3,1)  

OB1A (3,2)  

OB20 (1,0) 

OB27 (1,0) 

OB43 (2,1) 

 

6.4.1. Test of Goodness of Fit 

To test the goodness of fit of the selected ARMA model, the randomness of the residual 

has been tested with the incorporation of a number of plots and tests such a: ACF plot of 

residuals; QQ plot of residual with normal distribution; histogram plot; Kolmogorov-

Smirnov cumulative periodogram test; Ljung-Box statistic p-value test; and Order of Min 

AICC, Information criterion of Akaike (1973) and Hurvich and Tsai (1989), YW Model 

for Residuals test. ACF plots for the residuals of ARMA models of monthly net flux and 

GWLs of OB1A are shown in Figures 6.11 and 6.12.  
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Figure 6.11 ACF of residuals of univariate ARMA model of monthly net flux 
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Figure 6.12 ACF of residuals of univariate ARMA model of GWLs of OB1A 

 

The univariate ARMA model forecast for 20 years are shown in Figures 6.13 and 6.14 for 

monthly net flux and GWLs of OB1A. The result of the same forecast performed by the 

multivariate AR model is given in the next section. For all the numerical computations the 

Interactive Time Series Model (ITSM) software of Brockwell and Davis (2002) is used. 
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Figure 6.13 Univariate ARMA forecast of monthly net flux 
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Figure 6.14 Univariate ARMA forecast of GWL of OB1A 

6.5. Multivariate Autoregressive (AR) Representation 

The appropriateness of applying the multivariate ARMA model for groundwater-climate 

relationship was investigated by estimating CCFs between the time series of net flux and 

GWLs in the bores. While examining the CCF values, statistically significant lag was 

found between GWLs and net flux. Therefore, the physical approach of Tong (1990) was 

considered while multivariate ARMA modelling was performed to represent the 

relationship of GWL and net flux. Two-way relationships between net flex and GWL is 
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assumed in the modelling. Hence, net flux causes GWL and GWL causes net flux. From 

the physical perspective, this is true because the position of GWL determines the soil 

moisture and thus the rate of evapotranspiration and net flux.  

 

The logical justification is to represent the GWL and net flux relationship by two-way 

relation. The MAR model could be established by referring the dynamic feedback between 

vegetation type and water balance at a regional scale, as suggested by numerous 

investigators (Naumburg et al. 2005; Scanlon et al. 2005; Miguez-Macho et al. 2008; Jiang 

et al. 2009; Schymanski et al. 2009; Yeh and Famiglietti 2009). 

 

The theory of AR process is available in any standard time series textbook such as 

Brockwell and Davis (2002). Though there are serious obligations imposed to identify co-

integration before doing the multivariate time series analyses (Brockwell and Davis 2002), 

the concept of co-integration is not relevant here because the data series selected for the 

time range in the present work has been pre-whitened by suitable transformation before the 

model development. Co-integration is an econometric technique for testing the correlation 

between non-stationary time series variables. If two or more series are themselves non-

stationary, but a linear combination of them is stationary, then the series are said to be co-

integrated (Engle and Granger 1987). 

6.5.1. Comparison between Univariate and Multivariate Models 

The AR model has been estimated using the AICC criteria. The method of estimation is the 

Yule-Walker method as described in Brockwell and Davis (2002). The multivariate AR 

model forecast for 20 years are shown in Figures 6.15 and 6.16 for monthly net flux and 

GWLs of OB1A respectively. From a visual assessment, the multivariate AR model 

forecast seems better than that of the univariate AR model, as shown in Figures 6.13 and 

6.14. The longer forecast should have a broader limit for a certain confidence interval. This 

is reflected in multivariate forecast but not present in the univariate forecast. The physical 

basis of multivariate representation is also better than univariate because the two time 

series (net flux and GWL) are not independent of each another.  

 

Therefore, the difference in the representation can be attributed to the difference in the 

result of predictions, which is obvious. However, the comparison is performed to assess the 

range of variation that can result between general (multivariate AR) and specific (TFN) 



  

   211 

forms of statistical methods. To perform this comparison, the TFN model is applied to the 

same set of time series data in the following section. 
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Figure 6.15 Multivariate AR forecast of monthly net flux 

20

22

24

26

28

30

32

34

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

M
o

n
th

ly
 G

W
L

s
 (

m
 A

H
D

)

Real time data Upper bound

Lower bound Predicted 

 

 

Figure 6.16 Multivariate AR forecast of GWLs of OB1A 

6.6. Transfer Function Noise (TFN) Representation 

The theory of multivariate AR model considers mutual dependence of all the series of the 

process. For instance, the net flux at time t+1 is represented as function of net flux at t, t-1, 

t-2, … together with groundwater level at t, t-1, t-2…as well and a noise component. 
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However, in the TFN representation, the previous values of the groundwater level series 

are not considered explicitly. From the scientific perspective, there exists a strong causal 

relationship between net flux and groundwater level, but the relationship is not two-way. 

Therefore, net flux influences groundwater level but groundwater level does not influence 

net flux to that extent. The evaporative flux depends on soil moisture content, which is 

influenced by the proximity of the groundwater level to the soil surface. However, this 

variable is much less important than other variables that influence the evaporation and 

transpiration process such as intensity and duration of radiative energy, relative humidity, 

temperature gradient, thermal conductivity of the soil surface, wind speed and vegetation 

type. 

 

Hydrological applications of TFN models include rainfall-runoff modelling, stream flow 

modelling and forecasting, urban water-use modelling, and reservoir modelling 

(Berendrecht 2004). The work of Maidment et al. (1985) in urban water use, the work on 

rainfall-runoff modelling by Cooper and Wood (1982), Thompstone et al. (1985) and 

Jakeman et al. (1990), and water quality modelling by Hirsch (1983), Whitehead et al. 

(1986) and Jakeman et al (1989) are some examples. Welsh and Stewart (1991) use the 

TFN approach to represent the turbidity of a lake as a function of river flow and rainfall in 

the catchment. Mondal and Wasimi (2006) developed methods that can be applied to 

monthly rainfall and river flow data to capture the seasonal variability and forecast.  

 

Van Geer and Defize (1987), and Gehrels et al. (1994) included precipitation excess and an 

artificial trend in a TFN model for detection of natural and artificial causes of groundwater 

fluctuations. Bidwell and Morgan (2002) used a TFN model relating recharge to 

groundwater level. Tankersley and Graham (1993) compared forecast accuracies for 

groundwater fluctuations of univariate and TFN models. Tankersley and Graham (1994) 

applied a TFN model to generate a control strategy for the purpose of managing 

groundwater fluctuations at ecologically vulnerable locations. Welsh and Stewart (1991) 

used a TFN approach to represent the turbidity of a lake as a function of river flow and 

rainfall in the catchment. Grigor’ev and Trapenznikov (2002) used a TFN model for 

relating lake water level with climate changes. 

 

Some investigators have compared the performances of multiple regression models, 

ARMA models and TFN models (Thompstone et al. 1985; Welsh and Stewart 1991; 
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Tankersley and Graham 1993; Tankersley and Graham 1994). The concept of comparing 

the models with a different physical basis and statistical efficiencies is followed in the 

present study. From the physical perspective, there exists a strong causal relationship 

between net flux and groundwater level. A transfer function model would be more 

appropriate in those situations in which a causal relationship exists between or among 

variables in particular directions. The theory of TFN models is discussed here with specific 

consideration to the important issues relating to the estimation steps of the model 

parameters. 

6.6.1. Theory of Transfer Function Model 

The two sets of time series observations such as monthly net flux {U(t)} and monthly 

groundwater level {V(t)} are transformed to generate zero-mean stationary processes as 

input and output. The transformation required for the generation of the stationary series has 

to be determined by inspection of the data. For annual time series data, differencing by one 

time step lag might be appropriate whereas the monthly time series data might need to be 

differenced by twelve time steps. In addition, classical decomposition transformation is 

applicable for the monthly data with periodic cycle of twelve time steps.  

 

The input or independent variable {X(t)} and output or dependent variables {Y(t)} are thus 

represented by a relationship, as shown in Equation 6.4:  

 

)()()()( tNtXBTtY                        Equation 6.4 

 

where the transfer function, T (B), is a causal time-invariant linear filter and N(t) is a zero-

mean stationary process, uncorrelated with input process X(t). The transfer function, T (B) 

is assumed to have the form of Equation 6.5:  

 

p

p

q

qo
l

J

J

BvBv

BuBuuB
BJBT




 

1

1

0 1

)(
)()(


  Equation 6.5 

 

where the exponent l of back shift operator B corresponds to the lag between the input 

series and output series and known as ‘delay parameter’. The other exponents q and p are 

respectively the orders of the moving average (MA) part and autoregressive (AR) part of 
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the transfer function representation of the relationship between input and output series. The 

parameters u0, u1…uq are the coefficients of the MA part and the parameters v1, v2…vp are 

the coefficients of the AR part of the transfer function representation. 

 

The algebraic expansion of the numerator and denominator of the right-hand side of 

Equation 6.5 results an infinite polynomial of B and the respective coefficients are 

indicated by τ. 

 

{N (t)} is an ARMA process uncorrelated with {X (t)}, such that: 

 

),0()}({),()()()( 2

WNN WNtWtWBtNB          Equation 6.6 

 

and the input process {X (t)} is assumed to be another ARMA process:  

 

),0()}({),()()()( 2

ZXX WNtZtZBtXB          Equation 6.7 

 

The parameters of  and  with subscripts X and N are the coefficients of the ARMA 

processes used to represent the input model {X (t)} and noise model {N (t)} respectively. 

{W (t)} and {Z (t)} are white noise processes corresponding to the ARMA representations 

of the noise model {N (t)} and input model {X (t)} respectively. The white noise processes 

are represented as zero-mean and variance w
2 

and z
2

 respectively. 

 

The parameters in the last three equations are all to be estimated from the given 

observations of (X (t), Y (t)).  

 

The back shift operators B, as used in the equations, are used to indicate the following 

relationship between the variable under consideration: 

 

)()( JtXtXB J             Equation 6.8 

 

Therefore, when the back shift operator B
J
 is applied to X(t), it corresponds to the value of 

X at t-J instant of time. 
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Computational steps: The successful and correct implementation of the transfer function 

model involves three distinct steps of computation such as model identification, parameter 

estimation and diagnostic checking (Hipel and McLeod 1994; Brockwell and Davis 2002).  

 

Model identification: When designing a TFN model, the number of parameters required 

in each of the operators contained in the dynamic and noise transfer functions must be 

identified. Three different procedures for model identification have been reviewed. The 

first being empirical approaches, which has been used when modelling hydrological time 

series by Hipel et al. (1977; 1982; 1985). The other two techniques are that of Haugh and 

Box (1977), which use the residual CCF and Box and Jenkins (1976), which is based on 

the suggestions by Bartlett (1935). The latter two methodologies rely heavily upon the 

results of cross-correlation studies and often the first procedure is used in conjunction with 

either the second and third approaches (Hipel and McLeod 1994). However, with regard to 

the scope of the study, an interactive technique is followed to identify the model and that 

technique directly or indirectly incorporates all of these approaches. The steps of 

identification process followed in the work are discussed in detail (Brockwell and Davis 

2002). 

 

Parameter estimation: Following the identification of one or more plausible transfer 

function models, maximum likelihood criteria are used for parameter estimation. Often, 

more than one TFN model is identified. As recommended by Hipel (1994), a combination 

of the first and second approaches for preliminary estimation of TFN parameters has been 

used. Subsequent to estimating the model parameters separately for each model, automatic 

selection criteria such as the Akaike Information criterion (AIC) (Akaike 1969) and Bayes 

Information Criterion (BIC) (Schwarz 1978) are utilised to assist in selecting the most 

appropriate model. The doctrines of both ‘good statistical fit’ and ‘model parsimony’ are 

simultaneously considered in the formulation of AIC and BIC (Hipel and McLeod 1994).  

 

Diagnostic checking: The white noise components are assumed identical and 

independently distributed. A recommended procedure for checking the whiteness 

assumption is to examine a plot of the residual ACF along with confidence limits (Hipel 

and McLeod 1994; Brockwell and Davis 2002). Residual correlations and cross-

correlations are then computed for model checking. Although a plot of residual ACF is the 

best whiteness test to use, other tests that can be employed include the cumulative 
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periodogram test and the modified Portmanteau test, as described in Brockwell and Davis 

(2002).  

 

In general, a number of different methods exist for the class selection of statistical models. 

The most commonly used methods are the likelihood approach, hypothesis testing, 

recursive (or Real Time) prediction and best fitting. Among all the methods, the likelihood 

approach is versatile, theoretically sound, and appears to give reasonable results in practice. 

Often, the best fitting models from the classes chosen by this rule pass all validation tests 

and give reasonable forecasts (Kashyap and Rao 1976). 

 

Hence, the AIC value of the fitted model is computed for model comparisons. Forecasts of 

Y (t) and of the original output series V (t) are computed from the fitted model. In addition, 

validation of the predicted data by the TFN Model and AR Model are plotted in chart for 

more generalised recognition of the quality of the result.  

6.7. Selection of Predictor and Model Type 

The predictor is selected by comparing the prediction performances of two sets of models. 

One is based on rainfall as the predictor and the other is based on net flux as the predictor. 

The model type is selected by comparing the two types of models such as TFN models and 

MAR models. These comparisons are performed to select the best predictor and best model 

for the long-term prediction of the groundwater-climate relationship. 

6.7.1. Selection of Predictor 

The incorporation of the net flux-based TFN model in parallel to the rainfall-based TFN 

model is justified by the fact that this involves physical process-based modelling of the 

system in which the boundary condition should be represented by positive flux during the 

wet season and negative flux during the dry season of the year. Since rainfall time series is 

representing only positive flux to the system, a negative flux representation would be 

necessary to represent the negative flux from the system. That negative flux is incorporated 

by considering the net flux as an independent variable to the system. The procedure 

followed in the modelling consists of classical decomposition for separation of trend and 

seasonality followed by the development of the models. Within the scope of available data, 

the records of March 1981 to June 2001 were used for model development and those of 
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July 2001 to February 2003 were used for performance evaluation of the predictions. The 

number of predicted times step was 20. 

To assess the performance of TFN models developed for rainfall-based representation and 

net flux-based representation, the average difference between observed and model results 

are determined. It is found that the average difference is 286 mm for the net flux-based 

model and 360 mm for rainfall-based model. Figure 6.17 shows the closeness of agreement 

between the predictions of the rainfall-based TFN model and net flux-based TFN model. 

Since the predictions by the two models are similar, the net flux is selected for long-term 

prediction since this predictor has some physical process-based advantage over rainfall. 

The model performance is indicated by the AICC value, less AICC corresponds to a better 

model. It was found that all the AICC values are comparable for both the TFN and 

Multivariate AR (MAR) models, based on rainfall and net flux data (see Table 6.4). 

  

Table 6.4 AICC values for the net flux and rain based TFN and MAR models 

.636881E+04 for NF-based TFN model 

.635250E+04 for NF-based MAR model  

.634081E+04 for rain-based TFN model 

.631971E+04 for rain-based MAR model  
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Figure 6.17 Comparison of rain-based TFN and net flux-based TFN 

 

Figure 6.18 illustrates the predictions made by the TFN model and MAR models based on 

rainfall data. From the comparison of the coefficients as estimated from the MAR models, 

it has been found that the correlation coefficient indicating GWL as a function of rainfall 

(or net flux) is significantly higher. Conversely, the correlation coefficient indicating 

rainfall (or net fluxes) as a function of GWL is significantly lower. This result can be 

attributed to the physical processes involving the flow of water in the vadose zone in terms 

of the cause and effect relationship. 
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Figure 6.18 Result of rain-based TFN model (top) and MAR model (bottom) 

6.7.2. Selection of Model Type 

A decadal time scale is used for comparing the performance of the two models: the MAR 

model and the TFN model. The procedure consists of the differencing by lag of twelve 

time steps followed by the development of the MAR and TFN models for the monthly time 

step-based time series.  

 

The commonly used performance criteria AICC statistic is the representation of both 

accuracy (goodness of fit) and parsimony (simplicity or computational efficiency) of the 
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models. In the computation of AICC, there are contribution from p, q and n of the model 

and data, as shown in Equation 6.9: 

 

)2/()1(2)(2  qpnnqpLikelihoodLogAICC      Equation 6.9 

 

Maximisation of likelihood is equivalent to minimisation of -2Log (likelihood). The 

estimation of likelihood function is performed by considering the variance in such a way 

that the greater the value of variance, the less is the likelihood function. However, variance 

is a function of the estimated parameters coefficients ( and) of auto regressive and 

moving average parts of the ARMA process. Based upon the information theory (Akaike 

1972; Akaike 1973; Akaike 1974), the desirable attributes of the AICC are good statistical 

fit and model parsimony. The two terms on the right-hand side of the equation for 

estimation of AICC reflect these considerations respectively. The model that possesses the 

minimum value of the AIC should be selected. However, the question of interpretation of 

the relative differences in the values of the AICC for the various models that are fit to a 

specified data set need to be settled.  

 

As shown by Akaike (1978), exp (-0.5AICC) is asymptotically a reasonable definition of 

the plausibility of a model specified by the parameters that are determined by the method 

of maximum likelihood. Consequently, the plausibility of model m1 versus model m2 can 

be calculated using Equation 6.10: 

 

)](5.0exp[ 21 mm AICCAICCtyPlausibili                               Equation 6.10 

 

where AICCm1 is the value for AICC for the m1 model and AICCm2 is the AICC value for 

the m2 model. As these difference increase, the plausibility decreases exponentially. 

However, all these criteria are used for deciding between the competing models of same 

class, not between different classes. Hence, some alternative criteria that are relatively 

common and simple have been identified to compare the models of different classes.  

 

Alternative criteria for comparison between models of different type: To compare the 

statistical performance of the monthly-based models, the other criteria considered are root 

mean square error (RMSE), and square of correlation coefficient (R
2
) for the models and 
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average range of confidence intervals of the predictions. Some validation tests of the data 

have been performed for the period November 2001 to October 2002 to examine the 

performances of the MAR model and the TFN model, as shown in Figures 6.19 and 6.20. 
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Figure 6.19 MAR validation 
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Figure 6.20 TFN validation 
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In Table 6.5, to compare the statistical performance of the monthly-based models, a 

number of criteria have been considered. Those are the AICC statistic, RMSE, square of 

correlation coefficient (R
2
) and average range of 95% confidence interval for the models. It 

is found that the TFN Model performs better than the MAR Model with respect to RMSE 

and R
2
; the reverse is true while AICC statistic and confidence limits are considered. AICC 

statistic is a standard criterion for model selection when the competing models are of the 

same type; however, it does not make sense when compared between two different types of 

models. Therefore, the TFN Model is better than the MAR Model. The detail analyses 

have been described in Kabir et al. (2008a). 

 

Table 6.5 AICC, RMSE and R
2
 of the models 

Model Used AICC RMSE R
2 

Average range of 

confidence interval (m)
 

TFN Model  6698 0.166 0.761 2.94 

AR Model  6585 0.173 0.760 2.56 

 

The computational efficiency of the MAR model is much better that that of the TFN. The 

model fitness performance should not necessarily govern the model selection process, as 

indicated by many investigators. Franssen and Kinzelbach (2009) show that the group of 

models that perform comparably similarly with regard to model fitness but require widely 

varied CPU times should be treated reasonably. The model with less CPU time required is 

preferable for application. 

 

It is found that the TFN model performs better than the AR model with respect to RMSE 

and R
2
, while the reverse is true for the AICC statistic and average range of confidence 

interval; the differences are very small indeed. The AICC statistic is a standard selection 

criterion used when the competing models are of the same type, in which a minimum value 

indicates the best model. However, it does not make sense when comparing two different 

types of models. In this case, the TFN model is structurally different from the MAR model. 

From this basis, the TFN model is better than the MAR model with a better physical basis. 

 

However, the other important practical consideration is the computational time in the 

environment of ITSM software. The time required for the MAR model is very small with 
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respect to TFN. Thus, for the forecasting of the centurial time scale of data, the MAR 

model is preferred. 

6.8. Conclusion 

The significance of unsaturated thickness in the relationship of groundwater-climate is a 

significant outcome of the exploratory analyses. This builds the scientific basis for 

considering the unsaturated flow model to be a better representation of the system. The 

scientific superiority and computational efficiency of the monthly TFN and multivariate 

AR model is well documented in this chapter. In addition, the competitive performance of 

the rain-based model and net flux-based model has been shown. Net flux has a physical 

process-based advantage over rainfall. Therefore, net flux is selected for long-term 

prediction. For the sake of computational efficiency, the multivariate AR model is 

considered preferable compared to the TFN for long-term simulation/prediction.  

 

In the next chapter, the methodology for generating the future 100 years’ replicates of 

climate data is described, considering climate change scenarios projected by General 

Climate Models (GCMs) and natural climatic variability. In the following chapter, the 

physically based model Seep/W (Krahn 2004b) for the site is developed, validated and the 

replicated climate data of 100 years is used to compute the GWLs for the site. The result of 

these representation and forecast are described in the ‘Result’ chapter.  
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7. Generation of Future Climate Replicates 

This chapter presents the formulation of a method for predicting climatic variability, which 

is then combined with the climate change predictions for generating thousands of replicates 

of net flux. The generated net flux data are consequently used as boundary conditions to 

the unsaturated model. The climatic variability in the tropical region with intense 

monsoonal rains and extended dry seasons is thoroughly investigated. In order to predict 

future climatic variability, the current understandings of the influences of ENSO, La Nina, 

PDO or Interdecadal Pacific Oscillation (IPO) and Indian Ocean Dipole (IOD) (Chang et al. 

2006) for the site are combined. Thus, the ‘ENSO generation’ program is developed to 

address the climatic variability of the region. This is a ‘conditional/quasi’ random process 

developed based on the latest understanding of the influences of the various ocean 

atmospheric circulations in the region. The past climatic variability is addressed by using 

Stochastic Climate Library (SCL) software (Srikanthan et al. 2005). The past climatic 

variability (SCL) replicates and future climatic variability (ENSO program) replicates are 

combined to generate thousands of future net flux data sets at the centurial scale. Finally, 

the trends of climate change projections for various emission scenarios of various GCMs 

are applied to those net flux data by multiplicative modification.  

 

These net flux data are used as boundary conditions for the groundwater model. Using the 

unsaturated groundwater flow model, long-term impacts of climate on groundwater levels 

are predicted with a specific (68%) confidence interval by using the means and standard 

deviations in the next chapter. 

7.1. Future Climate Models 

The predictions performed by various GCMs for each of the SRES consist of a range of 

variations to the changes of the hydro-climatic variables such as precipitation, temperature 

and evapotranspiration. When plotted in time-based graphs, the predictions are regular, 

smooth curves of linear or parabolic shape. However, the real time historical time series 

data of rainfall, temperature are not smooth; they are rather irregular. Therefore, the 

combination of climate change prediction with natural climatic variability is another issue 

that needs to be addressed.  
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As a result of reduced precipitation and increased evaporation, water security problems are 

projected to intensify in southern and eastern Australia (Hennessy and Fitzharris 2007; 

Hennessy et al. 2007). However, there has been an increasing trend in rainfall over much 

of north and north-west Australia over recent decades, which has contrasted with decreases 

over the rest of the continent. It is argued that the trends in rainfall totals and average 

intensities are largely unrelated to trends in ENSO and most likely reflect the influence of 

other factors (Smith and Suppiah 2007). The possible factors could be associated with the 

observations and understandings related to ocean dynamics. 

 

Climate variability in the Top End is related to the ENSO index, PDO and IOD (Chang et 

al. 2006; Cai 2007; Power et al. 2007). The ultimate effect of these three factors will give 

rise to the exaggerated climatic condition in two extreme directions. This will lead to a 

range of possibilities of high intensity rainfall during the wet season and longer spells of 

extreme temperature during summer (Watson et al. 1999). This conclusion (observation) is 

represented in the generated climatic variability such as using 99.99 percentile values in 

place of 99 percentile or so in the present research work. The percentile values are 

extracted by reviewing the indices of the Expert Team on Climate Change Detection and 

Indices (ETCCDI) (Alexander et al. 2006; Alexander et al. 2007). The details are provided 

in later sections. 

7.2. Extraction of Climate Change Prediction Data from GCMs 

While formulating the future climate data, the concept of climate change and climate 

variability as distinctly defined by the UNFCC (Houghton et al. 2001) is required to be 

reemphasised here. It can be recalled that climate change refers to a long-term 

phenomenon (multi-decadal to century time scale) that is especially perceived to be 

human-induced. Climatic variability is interannual to interdecadal and more closely related 

to naturally-induced phenomena. However, in the IPCC usage, ‘climate change’ refers to 

any change in climate over time, whether due to natural variability or as a result of human 

activity. This usage differs from that in the UNFCC. In the present research, the climate 

change predictions are the predictions induced by human activity and the climatic 

variability predictions are the predictions induced by natural phenomena such as ocean 

atmospheric circulations.  
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The influence of climate variability on the range of hydro-geologic processes is 

significantly important to address. The evidence of influence of climatic variability at a 

multi-annual and decadal time scale on the groundwater is established by many 

investigators. For example, Slimani et al. (2009) have shown the differential responses of 

piezometric levels in a chalk aquifer in France at various locations of the catchment during 

different spells of wet and dry years by using the historical data of groundwater monitoring 

bores. 

 

The necessity of interpretation of future climate as a result of human-induced global 

warming and natural climatic variability is required to be argued with the current state of 

understanding. The latest report on Climate change in Australia (CSIRO 2007) states 

clearly that while there has been an increase in the frequency of El Nino events in recent 

years, there is no consensus amongst current climate models that global warming should 

cause an increase. Therefore, the increase might reflect naturally occurring variability 

(CSIRO 2007). The report is based upon international climate change research including 

conclusions from the IPCC's fourth assessment report. It also builds on a large body of 

climate research that has been undertaken for the Australian region in recent years.  

 

The latest available understanding for the simulation of Australian climate and ENSO-

related rainfall variability in GCMs, as reported by Rotstayn et al. (2010), is still in the 

process of development and requires sensitivity studies for increased confidence in their 

hypothesis. The work of Rotstayn et al. (2010) is an outcome of a combined program of the 

CSIRO and BoM and is not comparable to the scale of work of the present investigation. 

The GCM considered in their study is CSIRO Mk3.6, which is the latest versions of 

CSIRO Mk2, and includes an interactive aerosol scheme. The present study is being 

undertaken during the year of 2007; thus, the results from CSIRO Mk2 were used in 

combination with four other GCMs as will be detailed in a later section. The GCMs for this 

study have been selected from the recommendation of the latest available investigation by 

Hennessy et al. (2004)  , specifically performed for the tropical region of NT, Australia. 

 

The climate change predictions for the research site is addressed by using Ozclim data 

(CSIRO 2006). Ozclim uses scenarios for greenhouse gases and sulphate aerosols from the 

IPCC SRES (IPCC 2001a). Global warming projections derived from these scenarios in 

five-yearly intervals were sourced from the IPCC Third Assessment Report (Houghton et 
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al. 2001). These differ slightly to the global warming projections in the IPCC Fourth 

Assessment Report (Solomon et al. 2007), but the latest projections were not available 

during the time of data extraction from the Ozclim source (in September 2008), and the 

data needed to be generated by interactive procedure as could be found in CSIRO(2010). 

The output from Ozclim version 2.0.1 (CSIRO 2006), which uses the 25 km x 25 km grid 

for Australia with five-yearly intervals of climate variables, was available to be used in the 

study. 

 

The hydro-climate data, namely rainfall and PPET, were extracted from GCMs and seven 

emission scenarios using the CSIRO’s ‘Ozclim’ data tool. All PPET values were converted 

to AAET in order to calculate the hydrologic net flux used as the primary input for 

unsaturated flow modelling. 

7.2.1. Review of GCM Performance for the Site 

In 2004, a study was conducted by Hennessy et al. (2004) whereby a detailed performance 

evaluation of GCMs was undertaken for the NT, Australia. The latest IPCC report 

available during that time was Third Assessment Report 2001 and this 2004 report was 

based on the findings of IPCC 2001 report. 

 

Since the third assessment report (TAR), there has been an improved understanding of 

projected patterns of precipitation. In the fourth report of the IPCC (2007), it has been 

found that increases in the amount of precipitation are very likely (>90% probability of 

occurrence) in high-latitudes, while decreases are likely (>66% probability of occurrence) 

in most subtropical land regions. The present research is concerned with a very localised 

area in relation to such a generalised summary statement. In addition, the IPCC WG1 

Fourth Assessment Report did not reassess the emission scenarios of the IPCC SRES any 

further after 2001. Therefore, the more detailed and specific predictions of climatic data as 

available in the Ozclim, which incorporates a total of seven emission scenario groups (A2, 

A1B, B1, B2, A1F, A1T and IS92cc) were used. The descriptions of the SRES used are 

available in Appendix G. 

 

In the summary of the policymakers’ fourth assessment report of the IPCC (2007), values 

of relative changes in the per cent of precipitation for the period 2090–2099, relative to 

1980–1999, are presented. The values are multi-model averages based on the SRES A1B 
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scenario. The project site is found to be in the area where less than 66% of the models 

agree in the sign (increase/decrease) of the change (change of precipitation in December-

January-February). The models consist of a hierarchy of different models that encompass a 

simple climate model, several Earth Models of Intermediate Complexity (EMICs) and a 

large number of AOGCMs.  

 

Some adjoining areas to the site lie in the range of -5 to +5% change of precipitation by the 

year 2099 relative to 1999. As the level of confidence is lower (such as 66% < 90%) for 

the site under consideration, all the scenarios with as many as five GCMs are considered in 

the study, as discussed in detail in the following section.  

7.2.2. Selection of GCMs and Sensitivity Level 

In order to select the reliable GCMs for the site from a range of as many as twelve GCMs 

as available in Ozclim source and climate sensitivity for the predicted data, a range of 

investigations from similar studies have been reviewed. After reviewing the contemporary 

works and considering the context of the present investigation with all its limitation of 

scope and available resources, the site-based previous investigation by Hennessy et al. 

(2004) has been selected as a reasonable reference for carrying on the work.  

 

Some of the works broadly reviewed could be listed as follows: 

 Hiscock et al. (2008) use four GCMs with four scenarios while studying the 

climate change impact on five locations of investigation under UNESCO’s 

initiative GRAPHIC.  

 Serrat-Capdevila et al. (2007) use four GCMs from an ensemble of seventeen 

GCMs and consider four scenarios in their modelling for climate change impact 

and uncertainty on the hydrologic system.  

 Eckhardt and Ulbrich (2003) use five GCMs with two scenarios for their study of 

climate change impact.  

 Herrera-Pantoja and Hiscock (2008) use a ‘high’ gas emission scenario 

(equivalent to A1F1 SRES) provided by HadCM3 GCM for three locations while 

studying the potential groundwater recharge as impacted by climate change. 

They use the Climate Research Unit (CRU) daily WGEN for generating other 

variables from precipitation. The precipitation is estimated by the Markov chain 

stochastic model and measured past data.  
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 Wilby et al. (2006b) use three GCMs, while Wilby and Harris (2006c) use four, 

CSIRO Mk2, ECHAM4, HadCM3 and CGCM2, with two scenarios, such as A2 

and B2, while assessing the uncertainties in climate change impacts.  

 Steele-Dunne et al. (2008) use ECHAM5 GCM and another RCM with A1B 

emission scenario for producing dynamically downscaled climate data.  

 The other works in which one GCM with one scenario is considered are 

Basalirwa et al. (2008), Nyenje and Batelaan (2008), and Mileham et al. (2008). 

Providing Regional Climates for Impact Studies (PRECIS) of the UK 

Meteorological Office is used by some of these investigators for downscaling 

GCM data. Groves et al. (2008) use the decile concept to consider the probability 

density of predicted changes of climate by specific GCMs and scenario for a 

specific location in California. 

 

There are a range of studies performed by recent investigators that are scientifically much 

more accurate in representing the physical processes. However, the scope of uncertainty 

also builds up in that proportion. In addition, the computational capability used for the 

studies are in the range of supercomputer (Groves et al. 2008; Lopez et al. 2009; Raje and 

Mujumdar 2009; Weng and Yu 2010). The present study is not of that scale but the 

incorporation of ocean atmospheric circulation when generating future climate variability, 

as is described in later sections, is a new contribution to the existing procedures of impact 

studies. 

 

The traditional view of the scientific community involved in assessing climate change 

impacts is relatively narrow, while contribution from individual sources (such as choice of 

emission scenario) are considered and other components such as choice of climate model, 

downscaling methods and impact models are ignored (Wilby et al. 2006a). However, 

Manning et al. (2009) have demonstrated that different downscaling methods produce 

different flow predictions and those variations are partly attributable to potential 

evapotranspiration predictions. Qian et al. (2010) have shown the preference of regional 

models over GCMs in relation to the performance of the downscaling method. Holman et 

al. (2009) have shown that uncertainty related to the choice of downscaling method is 

greater than that of scenario selection, while Abbaspour et al. (2009) have shown that 

variation of flow for different hydrological models is greater than the variation of flow for 

different scenarios. 
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Although the issues and approaches for downscaling GCMs results to hydrological impact 

analyses are well known, and also reviewed by Prudhomme et al. (2002), there is no single 

appropriate downscaling approach (Holman 2006). Therefore, site-specific findings of the 

recent investigations in this regard are applied to address this issue. Hennessy et al.  (2004) 

considered twelve GCMs’ performance when simulating the current regional climate, such 

as average patterns of pressure, temperature and precipitation. However, future predictions 

were available for nine GCMs in the Ozclim data source, which was used in the research.  

 

From the nine GCMs of Ozclim, the following five models, as described by Hennessy et al.,  

(2004) were performing better for the region of NT: 

 CSIRO Mk2: Australia, years 1881–2100, horizontal resolution 400 km, temporal 

resolution daily 

 CSIRO DARLAM: Australia, years 1961–2100, horizontal resolution 125 km, 

temporal resolution daily 

 ECHAM4/OPY: Germany, years 1860–2099, horizontal resolution 300 km, 

temporal resolution monthly 

 HadCM2: UK, years 1861–2100, horizontal resolution 400 km, temporal 

resolution monthly 

 HadCM3: UK, years 1861–2099, horizontal resolution 400 km, temporal 

resolution monthly 

 

From the nine GCMs of Ozclim, the other four discarded models as described by Hennessy 

et al.  (2004) are as follows: 

 CCM1: Canada, years 1900–2100, horizontal resolution 400 km, temporal 

resolution monthly 

 GFDL: US, years 1958–2057, horizontal resolution 500 km, temporal resolution 

monthly 

 ECHAM3: Germany, years 1880–2085, horizontal resolution 600 km, temporal 

resolution monthly 

 NCAR: US, years 1960–2099, horizontal resolution 500 km, temporal resolution 

monthly 
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After analysing that report and reviewing the Ozclim data source (CSIRO 2006) version 

2.0.1 (which contains results of nine GCMs), five GCMs were selected for extracting 

future climate change data for the Ranger mine site. The available horizontal resolution of 

the Ozclim data source was 25 km and temporal resolution was monthly as used in the 

research. 

 

Thus, to encompass the maximum possible range of long-term and best quality predictions 

as suggested by Hennessy et al. (2004)  for the site, as many as five models are selected for 

the study. Of the three climatic sensitivity levels suggested by the CSIRO (2006), the 

medium sensitivity level is selected for the extraction of the projected data. The climate 

change projections are combined with climatic variability by representing the climate 

change projection by a set of multiplying factors (for twelve months of 100 years time) for 

each scenario of each GCM. These factors will increase for high sensitivity and reduced 

for low sensitivity. The multiplying factors used in the study are conceptually equivalent to 

the change factors as used by Kilsby et al. (2007). Chiew et al (2009) use a similar concept 

of ‘seasonal scaling’ or ‘pattern scaling’ factors for the downscaling of GCM data for the 

climate change impact study for south-east Australia. They state that this technique is 

followed from Mitchell (2003).  

 

The climate data available from GCMs consists of rainfall and PPET. However, the 

required hydrologic variable for the groundwater model consists of rainfall and AAET. 

Therefore, it was necessary to convert PPET data to AAET data using some statistical 

methods as described in the following section.  

 

The evidence of the influence of climatic variability at a multi-annual and decadal time 

scale on the groundwater has been established by many investigators. For example, 

Slimani et al. (2009) have demonstrated the differential responses of piezometric levels in 

a chalk aquifer of France at various locations of the catchment 

7.2.3. Conversion of PPET of GCM to AAET for Net Flux Calculation 

The climate data used in Seep/W modelling is net flux, which is the algebraic summation 

of rainfall and evapotranspiration. Therefore, the relevant data to be extracted from Ozclim 

were rainfall and evapotranspiration. However, the evapotranspiration data available in 

Ozclim were PPET (personal communication by email to Cher Page, CSIRO) and the 
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needed data was AAET, as used in the calculation of net flux. Therefore, by analysing the 

past 100 years of monthly AAET and PPET values for the site, the PPET of Ozclim were 

converted to AAET for use in the groundwater model. Goderniaux et al. (2009) use a 

similar concept of correlation for predicting potential evapotranspiration from the 

predictions of temperature as supplied by GCMs. They develop the correlation between 

potential evapotranspiration and temperature by using the calculated potential 

evapotranspiration, using Thornthwaite formula (Thornthwaite 1948), and measured 

potential evapotranspiration at a weather station. Moreover, they use a new model 

HydroGeoSphere (Therrien et al. 2009) in which actual evapotranspiration are calculated 

internally as a function of soil moisture. Their work is more accurate in terms of the 

scientific representation of the physical system. To perform this scale of work for the 

present study is far beyond the available resources. However, the present work considers 

the similar GCMs as used by Goderniaux et al. (2009) such as HadCM3, ECHAM4 and 

three other GCMs. In addition, they consider one emission scenario while the present study 

considers seven scenarios.  

 

To identify the relationship between PPET and AAET, the monthly totals for the period of 

1900 to 1999 have been estimated. Similarly, for the years 1970 to 2006, similar 

computations have been performed in parallel because the Jabiru East weather station 

commenced operation in 1970 and the data before 1970 had been interpolated from those 

of Darwin and Oenpelli by the BoM source. Linear correlation analyses between PPET and 

AAET have been performed for all twelve months. 

 

From both results, it has been found that there is no significant difference between the 

pattern of variation of monthly PPET and AAET. Thus, the correlation is good for the four 

wet months (December to March) with positive correlation and moderate for the four dry 

months (June to September) with negative correlation. The remaining four months, 

consisting of two pre-monsoon transitional months and two post-monsoon transitional 

months (October to November and April to May) have little or no correlation. Cesanelli 

and Guarracino (2009) have shown a similar relationship between potential and actual 

evapotranspiration by numerical modelling in unsaturated flow conditions at a location in 

Buenos Aires, Argentina.  
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The annual pattern of variation of monthly PPET and AAET linear interpolation (for wet 

and dry months) and linear interpolation with a modification for the transitional months 

were used to convert the PPET of Ozclim to AAET for use in Seep/W. The details of the 

procedure can be found in Appendix G.  

 

Analogy between downscaling and evapotranspiration variable conversion: The 

necessity of estimating AAET from PPET data was imperative in the context of the 

research. The analogy of downscaling hydrologic variables from GCMs to catchment scale 

analyses is used in this point of the problem. The concept of a synthetic WGEN is used in 

this regard. Synthetic WGENs are widely used in the context of climate change impact 

modelling, which can be found in a number of studies as stated below. 

 

Dibike and Coulibaly (2005) have shown in their analyses that both ‘downscaling 

techniques’, which are statistical in nature, yield comparable results while used for GCMs 

output to be converted from a global to a local context. One of the techniques was 

stochastic, Long Ashton Research Station Weather Generator, LARS-WG (Semenov et al. 

1998; Semenov and Barrow 2002). The other was a statistical downscaling model, SDSM 

(Wilby et al. 2002). In many instances, climate change scenarios are generated via SDSM, 

which is a hybrid of regression-based and stochastic WGEN downscaling methods (Wilby 

et al. 2006b). The use of SDSM and LARS-WG for the purpose of downscaling GCMs 

output to RCMs or catchment scale hydrologic models can be found in Scibek et al.                                                 

(2006a; 2006b; 2008), and Appiah-Adjei and Allen (2008). Scibek et al. (2007) use PCA 

for the same purpose of downscaling, while Gurdak et al. (2007) use a singular spectrum 

analysis (SSA) method. Green et al. (2007a) use a modified WGEN model (Richardson 

and Wright 1984; Bates et al. 1994) and Fowler and Kilsby (2007) use monthly-based ‘bias 

correction’ on observed mean statistics of the hydrologic variables. Jyrkama and Sykes 

(2007) use a built-in WGEN in HELP3 to generate daily synthetic weather data in the 

study of spatially varying recharge in a large catchment.  

 

All weather generators have certain limitations, such as their inability to reflect 

interdecadal climate variability sufficiently. They are also based on the assumption that the 

relationship between large-scale circulation and local weather remains the same in the 

future as for the period of historical measurements (Dibike and Coulibaly 2005; Herrera-

Pantoja and Hiscock 2008). 



  

   235 

 

All of the methods of generation are statistical in nature and their applicability has been 

decided based on the purpose of the modelling, fitness of the data and overall 

computational efficiency. The application of the correlation method for converting PPET 

to AAET is supported in a number of investigations such as Cesanelli and Guarracino 

(2009), and Goderniaux et al. (2009). The correlation method is a widely accepted method 

for converting potential evapotranspiration or pan evaporation to actual evapotranspiration 

or evaporation. Therefore, this analogy can be applied to the presently used method of 

conversion of PPET to AAET.  

7.2.4. Sample Output of Ozclim 

GCMs are used for future climate estimation incorporating the changes in the model 

atmosphere pertaining to the specific emission scenarios only and are not calibrated to 

reproduce the current climate. Therefore, the outputs of GCMs are always like linear long-

term trends. Thus, the short-term climatic variability needs to be considered separately and 

combined thereafter. The PPET of GCMs is converted to AAET according to the 

procedure as stated above. The net flux is calculated as rainfall minus AAET. The annual 

net flux is the summation of the monthly net flux values. The annual net flux data for all 

seven IPCC scenarios from the HadCM3 model is illustrated in Figure 7.1 to indicate the 

pattern of average long-term trends of the predicted changes of climatic processes for the 

various emission scenarios. 
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Figure 7.1 The annual net flux (Rainfall-AAET) estimated from rainfall and PPET of one GCM named 

HadCM3 
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7.3. Review of the Climatic Variability for the Site 

Australia’s climate is strongly influenced by the surrounding oceans. Key climatic features 

include tropical cyclones and monsoon in northern Australia, migratory mid-latitude storm 

systems in the south and the ENSO phenomenon, which causes floods and prolonged 

droughts, especially in eastern Australia (Watson et al. 1999). The wet season of the NT is 

strongly influenced by the summer monsoon, especially in the north where there are 

thunderstorms and occasional cyclones. The behaviour of the monsoon and the frequency 

of cyclones are affected by the ENSO. The El Nino phase tends to suppress monsoon and 

cyclone activity over the territory, while the La Nina phase tends to enhance the activity 

(Hennessy et al. 2004). 

 

Average rainfall over the whole of the NT shows extremely dry years during 1901, 1904–

1905, 1951, 1960, 1969, 1989, and 1991. There were extremely wet years during 1903, 

1920, 1973–1975 and 1999–2000. The dry years tend to be El Nino years while the wet 

periods tend to be La Nina years (Chiew et al. 1995b; BoM 2004). 

 

Limited confidence: The confidence limit of the predictions is relatively less in the 

tropical region compared to extra-tropical regions (IPCC 2007). The project site is found to 

be in the area where less than 66% of the models agree in the sign (increase/decrease) of 

the change (change of precipitation in December, January and February). There is an 

increasing recognition that rising temperature is exacerbating (increasing in severity) the 

impact of any rainfall reduction (Cai 2007). With regard to the global scale, Meehl et al. 

(1993; 1996) indicate that future seasonal precipitation extremes associated with a given 

ENSO event are likely to be more intense due to the warmer, more El Nino-like mean base 

state in a future climate. This means that for the tropical Pacific and Indian Ocean regions, 

anomalously wet areas could become wetter and anomalously dry areas could become drier 

during future ENSO events (Cubasch et al. 2001). Kundzewicz et al. (2008) have also 

indicated similar possibilities of variable responses of regions in wet tropics and dry 

tropics by the middle and end of this century. As a result of reduced precipitation and 

increased evaporation, water security problems are projected to intensify in southern and 

eastern Australia (Hennessy and Fitzharris 2007; Hennessy et al. 2007). 
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However, there has been an increasing trend in rainfall over much of north and north-west 

Australia over recent decades, which has contrasted with decreases over the rest of the 

continent. It is argued that the trends in rainfall totals and average intensities are largely 

unrelated to trends in ENSO and most likely reflect the influence of other factors (Smith 

and Suppiah 2007). The possible factors could be associated with the following 

observations and understandings. 

7.3.1. Identification of the Relevant Natural Variability Factors for the Site 

Regional climate patterns are largely driven by ocean states and associated atmospheric 

circulations, the modified through feedback from land surface conditions (Switanek and 

Troch 2007). The modelling of impact for climatic variability is a relatively newer 

challenge in comparison to that of climate change. The latest work to simulate and thus 

predict the ENSO-related rainfall variability of Australia in GCM is being performed by 

Rotstayn et al. (2010). Rotstayn et al. capture the variability of rainfall due to ENSO by 

incorporating empirical orthogonal teleconnections to consider interactive aerosol feedback 

in the GCM. The scientific basis of their work is far beyond comparison to the scope of 

present investigation in which an attempt is being undertaken to relate the ocean 

atmospheric circulations with climatic variability. Therefore, other similar studies 

undertaken at different regions of the world are also considered and the understanding of 

the possible association of surrounding ocean behaviour on the climatic variability of a 

particular region is obtained. The specific case of the region is then considered. Some of 

the examples in which SST indices are used for prediction of climatic variability at various 

time scales are cited below.  

 

The pioneer investigators Madden and Julian (1971; 1972) have firstly investigated the 

tropical intraseasonal oscillation (ISO), which was recognised increasingly as the 

phenomena influencing the climate and weather in tropical regions (Weng and Yu 2010). 

Weng and Yu (2010) have demonstrated in their study the influence of central Pacific 

Ocean and Indian Ocean coupling on tropical ISO. They have considered both feedback 

processes, which consider the relationship of the various climatological variables such as 

wind, atmospheric pressure, temperature and sea surface temperature (SST). The feedback 

processes mainly considered were wind-evaporation-SST and cloud-radiation-SST.  
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Timilsena et al. (2009) have obtained the evidence of association of ENSO, Pacific 

Decadal Oscillation (PDO) (Mantua et al. 1997; Zhang et al. 1997; Mantua and Hare 2002) 

and Atlantic Multi-decadal Oscillation (AMO) events with the individual as well as 

coupled influences on hydrologic flows in the Colorado river basin. Gurdak et al. (2007; 

2007) report the importance of interdecadal-climate cycles as controls on rates and 

mechanisms of climate-varying recharge and support the conclusion that understanding 

natural climate variability is a necessary step towards predicting groundwater response as a 

result of climate change. The relationship of climatic variability ranging from interannual 

to multi-decadal time scales with specific groundwater levels could be found in their work 

in which most of the variance in groundwater levels was correlated with PDO in climate 

for the site of the Southern High Plains aquifer in the US.  

 

The methodology of relating the indices of circulation in the surrounding ocean with the 

natural climatic variability can be found in Fowler et al. (2003). They use a similar 

technique while formulating the climatic variability for northern England by using the 

relationship of North Atlantic Oscillation (NAO) with the regional climatic variability of 

the site. Similarly, Duah and Xu (2008) report evidence of the relationship between the 

interannual variability of winter rainfall in the southern Cape region of South Africa with 

SST of Southern Atlantic Ocean (SAO) and the large-scale ocean-atmosphere interaction 

in that region. Martinez et al. (2007) identify coupled modes of variability between Pacific 

and Atlantic SST with the monthly precipitation in south-west Florida while performing a 

hydrologic forecast to be used by the water supply managers. Switanek and Troch (2007) 

used time-lagged SST and Sea Level Pressure (SLP) of the Pacific Ocean to correlate with 

basin average precipitation and surface temperature in order to identify which regions of 

the Pacific Ocean have the most influence on the climatic variability of lower Colorado.  

 

The climatic variability for the present research site is influenced by coupled ocean-

atmosphere phenomena in the Pacific Ocean and Indian Ocean. The current understanding 

of the Pacific Ocean phenomena is based on ENSO, PDO and/or IPO (Power et al. 1999) 

while that of the Indian Ocean is based on the IOD as indicated by Chang et al. (2006). 

Kripalani et al. (2010) study the relationship of the IOD mode for east Asia-west Pacific 

monsoon rainfall and the possible mechanism is investigated. These understandings are in 

the process of development. Therefore, the factors influencing the multi-annual and 
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decadal variability of climate for the site are to be represented with due consideration for 

all possibilities.  

 

ENSO is a global coupled ocean-atmosphere phenomenon relating to the temperature 

fluctuations in surface waters of the tropical eastern Pacific Ocean. The atmospheric 

signature, the Southern Oscillation (SO) reflects the monthly or seasonal fluctuations in the 

air pressure difference between Tahiti and Darwin. ENSO is associated with floods, 

droughts, and other disturbances in a range of locations around the world. These effects, 

and the irregularity of the ENSO phenomenon, make predicting it of high interest. ENSO is 

the most prominent known source of interannual variability in weather and climate around 

the world (approximately three to eight years), though not all areas are affected. ENSO has 

signatures in the Pacific, Atlantic and Indian Oceans. 

 

The PDO is a pattern of Pacific climate variability that shifts phases on at least an 

interdecadal time scale, usually in the range of 20 to 30 years. The IOD is an 

oceanographic phenomenon affecting climate in the Indian Ocean region. The IPO or ID 

display similar SST and SLP patterns, with a cycle of 15–30 years, but affects both the 

north and south Pacific. The behaviour of all these phenomena are reviewed in light of 

existing literature and considered in the context of the project site of Ranger, NT in 

Australia. 

 

The El Nino-rainfall and El Nino-stream flow teleconnections in Australia are amongst the 

strongest in the world (Chiew and Leahy 2003). A number of shifts in flood and drought 

risk in eastern Australia during 1945 and 1975 have been identified by many investigators 

(Erskine and Warner 1988; Franks 2002a; Verdon and Frank 2006b). The mid-1940s and 

mid-1970s correspond to the time periods of major changes in both SST anomalies and 

circulation patterns over the Pacific Ocean and Indian Ocean (Allan et al. 1995). These 

climate shifts are associated with variations in the large-scale climate modes known as the 

Pacific Decadal Oscillation (PDO) (Mantua et al. 1997; Zhang et al. 1997; Mantua and 

Hare 2002) and the Interdecadal Pacific Oscillation (IPO) (Power et al. 1999). Importantly, 

IPO and PDO time series are highly correlated and represent variable epochs of warming 

(positive phase) and cooling (negative phase) in both hemispheres of the Pacific Ocean 

(Mantua et al. 1997; Folland et al. 2002; Franks 2002b).  
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By reviewing the existing understanding of the ENSO, IPO, PDO, and IOD for global and 

local contexts, some conditional aspects of the random natural processes have been 

identified. Those understanding, observations and possibilities are translated in the 

algorithm for generating the spells of ENSO events for the site.  

7.3.2. Interaction among ENSO, PDO and IOD 

When assessing changes in ENSO, it must be recognised that an ‘El Nino-like’ pattern can 

apparently occur at a variety of time scales ranging from interannual to interdecadal 

(Zhang et al. 1997). These may occur either without any change in forcing or as a response 

to external forcing such as increased CO2 (Meehl and Washington 1996; Knutson and 

Manabe 1998; Noda et al. 1999a; Noda et al. 1999b; Boer et al. 2000; Meehl et al. 2000). 

Making conclusions about ‘changes’ in future ENSO events will be complicated by these 

factors (Cubasch et al. 2001). The question of increased or decreased amplitude and/or 

frequency of El Nino variability has been addressed by a number of investigators through 

the use of climate models. The results were conflicting; a slight decrease in amplitude (Tett 

1995; Knutson et al. 1997; Washington et al. 2000; Collins 2000b), and a small increase in 

amplitude (Timmermann et al. 1999; Collins 2000a) were reported. In addition, the 

increase in intensity (Collins 2000a), the skewness of variability in relation to cold versus 

dry events, shift of seasonal cycle of the events and changes in amplitude-frequency 

relationships were also reported by others. Therefore, in the present research, a conditional 

random data generation procedure is used for the incorporation of climatic variability into 

climate change predictions, assuming that the amplitude and frequency of future ENSO 

events will be occurring within the same limit of past extreme events.  

 

Phase changes in the PDO have a propensity to coincide with changes in the relative 

frequency of ENSO events, in which the positive phase of the PDO is associated with an 

enhanced frequency of El Nino events. The negative phase is shown to be more favourable 

for the development of La Nina events (Verdon and Frank 2006a; Verdon and Frank 

2006b). 

 

As one goes from equator towards pole, the decadal time scale ENSO pattern, its activity 

and variability increase with respect to that of the interannual time scale ENSO (Power and 

Colman 2006b). Alternatively, decadal ENSO-like patterns have a broader meridional 

structure than interannual ENSO. One of the assumptions of this statement is that the 
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interannual ENSO activity is compared with decadal ENSO activity for a particular region 

(low latitude or extra-tropical). In addition, extents of interannual ENSO activity in the low 

latitude and extra-tropical region are not homogeneous. Therefore, the option of no PDO is 

available for the site, which is in a low-latitude region. 

 

After the PDO value is selected, the frequency, amplitude and timing (months of a year) of 

the net flux (rainfall and AAET) are to be selected. In the context of the Australian climate, 

specifically the site, the existing observations of the past ENSO events are analysed and 

further decision rules are formulated in light of accepted understandings in this issue. Few 

fundamental issues are considered here in. The issues can be listed as the non-linearity in 

the strength of ENSO for Australia, occurrence of IOD in relation to ENSO for Australia, 

relationship between IOD and ENSO in Australia and uncertainty of future influence of 

IOD on ENSO of Australia. The interaction of ENSO events with the local climate of the 

site is represented into multiple numbers of replicates.  

 

Non-linearity in the strength of ENSO for Australia: Non-linearity exists in the strength 

of the relationship of the climatic variability (ENSO events) in Australia also. The 

differences in the strength of relationship between El Nino (La Nina) and wet (dry) 

conditions can be described as follows.  

 

The ENSO’s impact on Australia is generally greatest during June–November (Power et al. 

2006a). The timing of occurrence of impact of El Nino (La Nina) is recognised to be one of 

the key factors, which combines the influences of the Indian Ocean and the Pacific Ocean 

on the Australian climate. The IPO is computed from the average NINO3 indices from 

October to March of each year and +-0.5 is taken as a threshold value to distinguish from 

positive or negative (Power et al. 1999; Verdon and Wyatt 2004). Power et al. (1999) use a 

thirteen-year running block in the correlation analysis between rainfall and IPO indices.  

 

The weak and strong relationship of ENSO events with the Australian climate can be 

explained with the consideration of the influence of the Indian Ocean in combination with 

the Pacific.  

 

Occurrence of IOD in relation to ENSO for Australia: Being a typical tropical 

phenomenon, the evolution of IOD is strongly locked to the annual cycle; the phenomenon 
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develops during May/June, peaks in September/October, and diminishes in 

December/January (Chang et al. 2006) Table 7.1. Therefore, the IOD influences the SOI in 

the Pacific (Behera and Yamagata 2003) and the Australian winter climate (Ashok et al. 

2003). 

 

Table 7.1 The combination of the influences of global (IOD) and local (EL Nino/La Nina) phenomena 

related to natural climatic variability 

J F M A M J J A S O N D J F M A M 

    IOD start   IOD peak  IOD end     

  El Nino months       

        La Nina months 

Wet season Dry season Wet season Dry 

 

The El Nino events in Australia usually emerge in the March to June period and strongest 

influence occurs in the six months of June to November (BoM 2007a). The cooling of La 

Nina is relatively strongest during the October to March period (BoM 2007a). Not to 

mention El Nino and La Nina are mutually exclusive while they occur. Therefore, the 

overlapping of IOD with ENSO is more prevalent with El Nino than La Nina. 

 

Relationship between IOD and ENSO in Australia: Saji and Yamagata (2003b) 

demonstrated that the IOD and El Nino have opposite influences in the eastern sector of 

IOD. Abram et al. (2007) also demonstrated the same dynamics in the eastern sector of 

IOD by coral records and model simulation. For the southern hemisphere in particular, 

Ashok et al. (2003), and Saji and Yamagata (2003a; 2003b) also report the impact of IOD 

to be remarkable in a band from the north-west shelf to south-eastern Australia. The IOD 

teleconnections in the winter is due to a Rossby wave train and its impact on the weather 

phenomenon (Chang et al. 2006).  

 

Thus, the overlapping of IOD being greater (smaller) with El Nino (La Nina), the opposing 

influences of ENSO and IOD result in a weaker (stronger) relationship with the dry (wet) 

condition. Thus, the relationship between La Nina and wet conditions is also reported to be 

stronger than the strength of the relationship between El Nino and dry conditions (Power et 

al. 2006a). Similar findings are reported by Chiew et al. (1998), stating that the 
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teleconnections of ENSO with Australian rainfall, stream flow and drought is stronger in 

the latter part of the year, meaning stronger La Nina than El Nino.  

 

Uncertainty of future influence of IOD on ENSO of Australia: However, this inverse 

relationship between IOD and ENSO has been reported to be broken/weakened in recent 

decades by Kumar et al. (1999), giving rise to the uncertain drought in the winter rainfall 

regions of Australia (Abram et al. 2007). The reason for the breaking of the link has been 

reported by Kumar et al. (1999) to be global warming. There is a possibility of rebuilding 

the relationship in the long-term if the reason was global warming and human response 

could stop it. Therefore, the range of possibilities needs to be addressed. 

7.4. Algorithm of ‘ENSO Generation’ for Predicting Future Climatic 

Variability 

With regard to the Ranger site, the El Nino events usually emerge in the March to June 

period and the strongest influence occurs in the six months of June to November (BoM 

2007a). The dry season in our site occurs during May to October. Therefore, with regard to 

the site, the increased dry condition (caused by El Nino) occurs during the dry season of 

the year. The cooling is relatively strongest during the October to March period (BoM 

2007a). The wet season at the site occurs during November to April. Therefore, with 

regard to the site, the increased wet condition (caused by La Nina) occurs during the wet 

season of the year.  

 

Thus, if the influence of IOD with ENSO is not considered, the impact will be greater for 

both El Nino and La Nina. If the influence of IOD with ENSO is considered, the rainfall in 

the site being summer rainfall is not counteracted by IOD. Therefore, the wet season will 

still be unimpacted by IOD. Similar results have been reported by Bayliss et al (2007). 

 

The predictability of the interdecadal changes is still an unexplored area. As shown by a 

series of decade-long perturbation experiments by Power et al. (2006a), the level of 

predictability of the relationship between ENSO and the Australian climate is low if the 

interdecadal changes are predictable. They have also shown that even IPO gives 

unpredictable, random changes in the relative frequency and magnitude of El Nino/La 

Nina events in a given interdecadal period; IPO can appear to modulate ENSO 

teleconnections, i.e. the response of rainfall and temperature to ENSO events.  
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Decision 1 for PDO: Random selection of PDO positive (El Nino enhanced), and PDO 

negative (La Nina enhanced) and PDO zero or transitional (both non-enhanced) 

 

Decision 2 for IOD-ENSO relationship for Australia: La Nina is stronger than El Nino 

for Australia while IOD ENSO inverse relationship exists. 

 

Decision 3 for IOD-ENSO relationship for site:  

 Irrespective of the existence of the link between IOD and ENSO, the site wet 

season is supposed to be consistently and strongly influenced by La Nina.  

 During the dry season, if the link (inverse relation between ENSO and IOD) 

remains broken, the El Nino will be stronger for the site.  

 If the relation is again built then El Nino might become weakly related to dry 

condition for the site.  

 

Therefore, there should be concern about the IOD-El Nino relationship for a future 

prediction algorithm but nothing for the IOD-La Nina relationship. 

 

Ambiguity 1: The PDO duration to be from 20 to 40 years, randomly selected. The broad 

guideline comes from the studies based on the IPO during the past 100 years as performed 

by Verdon (2004). 

 

Ambiguity 2: The randomly selected PDO duration is covered by selecting a random 

ENSO duration of zero to eight years. The guidelines for the selection of the frequency 

limit of ENSO events have been obtained by analysing the past 100-year’s events in 

Australia (BoM 2005; BoM 2007a; BoM 2007b).  

 

Ambiguity 3: The IOD El Nino inverse relationship can either exist or not exist. 

  

Frequency of ENSO events: For positive or negative PDO, the cycle is selected to be zero 

to five years and for transitional PDO, the cycle is selected to be six to eight years.  

 

Figure 7.2 shows the algorithm of the ‘ENSO generation’ program as developed on the 

basis of the aforementioned understanding, knowledge and ambiguities. 
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Figure 7.2 The flow chart for the ‘ENSO generation’ program for rainfall and AAET data for the 

Ranger site 
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7.4.1. Guidelines of ETCCDI for Amplitude of ENSO Events 

The amplitude of ENSO events in the context of the present research relate to the rainfall 

and AAET values in the months of occurrence. During El Nino years, when rainfall is 

lower, it is assumed that AAET is also lower. During La Nina years, when rainfall is 

higher, AAET is also higher. However, practically this relationship is not linearly 

correlated for extrapolation meaning rainfall is unbounded while AAET is bounded, as 

suggested by Morton’s equation. The historical percentile records of AAET are used to cut 

off the point of wet conditions AAET.  

 

For the ENSO events, the ranking from ENSO1 to ENSO5 goes with 99.99, 90, 10, 5, 1 

percentile value of rainfall and AAET. If PDO is for La Nina, it will always be enhanced 

(because it is independent of IOD), if PDO is for El Nino, it may be enhanced or may not 

be (it depends on IOD). For enhanced La Nina, the 99.99 percentile value of rainfall and 

AAET are used. For non-enhanced La Nina, 90 percentile values are used. For El Nino, 10, 

5 and 1 percentile value of rainfall and AAET are used. The ranges of percentile values are 

extracted from reviewing the indices suggested by the ETCCDI (Alexander et al. 2006; 

Alexander et al. 2007). Goderniaux et al. (2009) also uses the concept of the quantile-based 

mapping approach to bias correction as referred by Wood et al. (2004b) and also used by 

Salathe’ et al. (2007) for downscaling of RCM output. They use an empirical transfer 

function to force probability distribution of control simulation to match with observed 

distribution.  

7.5. Combination of Past and Future Climatic Variability 

In Figure 7.2, the algorithm for generation of rainfall and AAET data for future ENSO 

events are shown; this corresponds to future climatic variability. The net fluxes of the 

ENSO events are computed from rainfall and AAET. The ENSO years are those years with 

ENSO events, while non-ENSO years are the years with no ENSO events. The net flux for 

ENSO and non-ENSO years and months are combined to generate stochastically generated 

data at the centurial scale. The non-ENSO years net flux data are the output of SCL, which 

is generated from a fully stochastic process. In the time series of stochastically generated 

SCL replicates of net flux, the ENSO events’ net fluxes are superimposed. Thus, the net 

flux of non-ENSO periods will have SCL values and those of ESNO periods will have the 

net flux from the ‘ENSO generation’ program.  
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7.5.1. Stochastic Generation of Net Flux by CRC-SCL 

The available historical climate data was analysed by the SCL software (Srikanthan et al. 

2005) to obtain a statistical description of climate variability, in order to facilitate a Monte 

Carlo approach to model a large number of replicates. To produce replicates of a future 

100 years’ (2001–2100) climate data, the past 100 years (1901–2000) climate data is 

analysed by using SCL. In SCL, the statistical summary for assessing the quality of the 

stochastically-generated monthly climate data consists of mean, standard deviation, 

coefficient of skewness, lag one autocorrelation coefficient, maximum, minimum and 

cross-correlation between climate variables such as rainfall, evapotranspiration and 

temperature (Srikanthan et al. 2005).  

7.5.2. Quasi-stochastic Generation of Net Flux by ‘ENSO Generation’ 

Given the 100-year timeframe under assessment, potential interdecadal factors such as 

PDO and IOD in climate variability are considered for the formulation of the algorithm 

named ‘ENSO generation’, which will be described in detail in this chapter. The generated 

net flux data (rainfall – AAET) for ENSO events as an output of this algorithm are then 

imposed on the stochastic replicates of SCL by overwriting the net flux values of selective 

periods of time in the range of 100 years.  

7.5.3. Sample Output of ‘ENSO Generation’ Net Flux 

The process of future climate replicate generation consists of the following steps such as 

the historical 100 years’ monthly net flux time series being analysed using SCL. The graph 

of the time series of historical net flux is shown in Figure 7.3 and one sample of SCL 

replicates is given in Figure 7.4. The graph for the ‘ENSO generation’ program’s output is 

shown in Figure 7.5. Finally, the graph for the combined SCL and ENSO is shown in 

Figure 7.6. 
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Figure 7.3 Historical monthly net flux from January 1900 
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Figure 7.4 One sample of SCL replicate of monthly net flux from January 2001 
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Figure 7.5 One sample of output of the program ‘ENSO generation’ for net flux of ENSO events 
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Figure 7.6 Net flux time series after combining the SCL and output of ‘ENSO generation’ program 

7.5.4. Evaluation of Climatic Extremes and GWL Relationship for the Site 

In context with the Ranger site, the extreme event relevant to surface water and 

groundwater is the tropical cyclone. Nott and Hayne (2001) determined a mean return 
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interval of 250 years for the most extreme tropical cyclones (super-cyclones) striking the 

east coast of Queensland, Australia based upon a 3000 to 5000 year record from seven 

separate sites. Assuming the same pattern of occurrence of extreme tropical cyclones for 

the Ranger site would not be unreasonable because the seven sites are located within a 

1500 km distance and the Ranger area is located at about 1000 km north-west from the 

western site, Wallaby Islands of the same climatic zone of Australia. 

 

Using the historical rainfall data from the site for the period of 1889 to 2006, analysed by 

the SCL (Srikanthan et al. 2005) monthly rainfall model, the rainfall for rank 1 of 250 year 

replicate, rank 2 of 500 year replicate, rank 3 of 750 year replicate and rank 4 of 1000 year 

replicate are estimated. The monthly rainfall values are in the range of 800 mm per month.  

 

To consider the impact of tropical cyclone or any high intensity rainfall on the groundwater 

level, the rainfall and groundwater level data for the same time of record Table 7.2 are 

analysed. From 1982 to 2006, there is a record of three instances when the monthly rainfall 

is greater than 600 mm. However, in the record of subsequent groundwater levels, there is 

no significant change (rise). This reflects the fact that the flow of water in the soil is 

limited by the conductivity and soil storage capacity. The larger amount of rainfall in 

December produces fewer rises than the smaller amount of rainfall in the consecutive 

months. In fact, the response of December rainfall is transferred in January, taking 

approximately two months.  
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Table 7.2 The indifferent influence of high intensity rainfall in groundwater level 

Month, Year Rainfall (mm) Change in Groundwater level (m) Bore 

February, 1984 645.4 1.7 OB21 

January, 1995 704.0 1.7 OB21 

December, 1995 379.4 0.3 OB21 

January, 1996  367.4 1.1 OB21 

February, 1996 304.7 1.7 OB21 

January, 2001 619.3 1.7 OB21 

 

The saturated hydraulic conductivity of clay (6 mm/month) and silt (2400 mm/month) are 

of a wide range of variation. Therefore, the conductivity is an uncertain issue to address. A 

more certain conclusion can be reached with regard to the occurrence of groundwater level 

at the ground surface. The flow of water above or below the soil surface is restricted by 

available soil storage capacity. Thus, the extreme climate would cause extreme flood, 

rather than groundwater response. It is obvious that when the GWL reaches the ground 

surface, it yields more runoff causing exaggerated flood downstream of the catchment. 

Therefore, the extreme climate event is not considered an influencing factor while 

predicting the inflow (net flux) in the groundwater modelling of the site.  

7.6. Combining Deterministic Prediction (GCM) with Quasi-stochastic 

Predictions (SCL/ENSO/PDO/IOD) 

To make scientifically justified use of the Ozclim data, the basic principle of generation of 

Ozclim data is investigated. The change factor used by previous investigators (Mitchell 

2003; Chiew et al. 2009) is used in Ozclim in a similar fashion. The Ozclim data are 

estimated from the following relation (CSIRO 2006): 

 

Baseline climatology + regional pattern from GCMs*global warming = result of Ozclim 

 

Therefore, combining the natural climatic variability with the climate change predictions of 

Ozclim requires the multiplicative modification.  

 

Mileham et al. (2007) have demonstrated that the calibration of hydrologic models driven 

by climate data derived from statistical downscaling of RCMs or GCMs remains largely 
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empirical due to the discrepancy between grided and locally-observed values of those data. 

Therefore, instead of calibrating the hydrologic model with the GCM data, it is calibrated 

with historical data. The multiplying factor from the GCMs is then applied to the quasi-

stochastically generated climate data to represent the future replicates of climate. 

 

Thus, to combine climate change predictions with natural climatic variability, 

multiplicative modification predicted by various emission scenarios of GCMs is applied to 

the quasi-stochastically generated replicates of climatic fluxes. The combined data of the 

stochastically generated net flux is indicated by NFi,j 
STO

, meaning the net flux for i
th

 month 

of j
th

 year of any randomly generated century. A critical analysis has been performed for a 

sample set of predictions, as discussed in Table 7.3. The specific model and scenario in 

Table 7.3 predicts an increase in net flux for April and November and decrease in net flux 

for the remaining months. The monthly net flux changes -119% in March to +64% in April. 

A very wide range in the trends of the predictions in terms of magnitude and directions has 

been observed with all of the month’s net flux for the selected five GCMs and seven 

scenarios.  

Table 7.3 Example set of multiplying factors (climate change prediction trend) for HadCM3 GCM’s 

A2 scenario 

Months of 

the year 

Years from 2000 to 2100 % change 

by 2100 2000 2020 2050 2070 2100 

January 1 0.98 0.93 0.89 0.82 -18 

February 1 0.99 0.98 0.96 0.94 -06 

March 1 0.88 0.56 0.29 -0.19 -119 

April 1 1.07 1.23 1.38 1.64 +64 

May 1 0.98 0.93 0.89 0.81 -18 

June 1 0.95 0.82 0.70 0.51 -49 

July 1 0.96 0.86 0.76 0.60 -40 

August 1 0.97 0.88 0.81 0.69 -31 

September 1 0.98 0.94 0.90 0.83 -17 

October 1 0.99 0.95 0.92 0.86 -14 

November 1 1.03 1.10 1.16 1.25 +25 

December 1 0.98 0.94 0.89 0.82 -18 
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Rainfall and PPET (converting to AAET) from five GCMs for seven scenarios are 

extracted and processed to determine the net flux as an algebraic summation of rainfall and 

AAET. Thus, 35 sets of net flux data are obtained for 100 years from 2000 to 2100. Using 

these 35 sets of 100 years net flux value, 35 sets of multiplying factor are computed as 

NFi,2000+j
OZ(k)

 / NFi,2000
OZ(k) 

 

NFi,2000+j
OZ(k)

 is used to indicate the net flux for i
th

 month (i = 1 to 12) of j
th

 year (j = 0 to 

100) predicted by Ozclim for the k
th

 set (k = 1 to 35). The representation of ‘k’ is described 

in Table 7.4. This multiplying factor is multiplied with the stochastically generated NFi,j 

STO 
to obtain the NFi,j 

PRED(k)
 

NFi,j 
PRED(k)

 = NFi,j 
STO

 x NFi,2000+j
OZ(k)

 / NFi,2000
OZ(k) 

Table 7.4 The meaning of OZ(k) as k varies from 1 to 35, consisting of seven scenarios of five GCMs 

predictions provided by Ozclim data source 

OZ(1) =  

CSIRO Mk2 A2 

OZ(8) = 

DARLAM A2 

OZ(15) = 

ECHAM4 A2 

OZ(22) = 

HadCM2 A2 

OZ(29) =  

HadCM3 A2 

OZ(2) =  

CSIRO Mk2 

A1B 

OZ(9) =  

DARLAM A1B 

OZ(16) =  

ECHAM4 A1B 

OZ(23) = 

HADCM2 A1B 

OZ(30) =  

HADCM3 A1B 

OZ(3) =  

CSIRO Mk2 B1 

OZ(10) = 

DARLAM B1 

OZ(17) =  

ECHAM4 B1 

OZ(24) = 

HadCM2 B1 

OZ(31) = 

HadCM3 B1 

OZ(4) =  

CSIRO Mk2 B2 

OZ(11) = 

DARLAM B2 

OZ(18) = 

ECHAM4 B2 

OZ(25) = 

HadCM2 B2 

OZ(32) = 

HadCM3 B2 

OZ(5) =  

CSIRO Mk2 

A1F 

OZ(12) = 

DARLAM A1F 

OZ(19) =  

ECHAM4 A1F 

OZ(26) =  

HadCM2 A1F 

OZ(33) =  

HadCM3 A1F 

OZ(6) =  

CSIRO Mk2 

A1T 

OZ(13) = 

DARLAM A1T 

OZ(20) =  

ECHAM4 A1T 

OZ(27) = 

HadCM2 A1T 

OZ(34) = 

HadCM3 A1T 

OZ(7) =  

CSIRO Mk2 

IS92cc 

OZ(14) =  

DARLAM IS92cc 

OZ(21) =  

ECHAM4 IS92cc 

OZ(28) =  

HadCM2 IS92cc 

OZ(35) =  

HadCM3 IS92cc 

7.7. Appropriateness of Monte Carlo Method  

Monte Carlo methods are a widely used class of computational algorithms used for 

simulating the behaviour of various physical and mathematical systems. Stochastic 

generation of random process is generally called the Monte Carlo method. Because of the 

repetition of algorithms and the large number of calculations involved, Monte Carlo is a 
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method suited to calculation using a computer, utilising many techniques of computer 

simulation. Monte Carlo simulations are distinguished from other simulation methods 

(such as molecular dynamics) by being stochastic, which are non-deterministic in some 

manner, usually by using random numbers (or, more often, pseudo-random numbers), as 

opposed to deterministic algorithms.  

 

It may be recalled that the conditional random processes have been developed in this 

chapter to generate the future ENSO events at the centurial scale as described in the 

‘ENSO generation’ program. The conditions of the random process have been developed 

from the knowledge and understanding from the literature data and possibilities of the 

behaviour of the climatic variability caused by ocean atmospheric circulations for the 

specific site. The use of Monte Carlo simulation in the predictive investigations is not new. 

For example, Aguilera and Murillo (2008) use probability distribution function for 

generating 100-year climate data while studying climate change and recharge relationship. 

Wilby and Harris (2006c) demonstrate the use of Monte Carlo simulations in generating 

the river flow data as an impact of climate change. However, the incorporation of certain 

ambiguities regarding future interactions of ocean atmospheric circulations in a specific 

location when generating various combinations of climatic variability are rarely found. 

 

The computational effort on large models with many input parameters (or variables such as 

rainfall, evapotranspiration and net flux) can become extremely large in terms of time and 

data management. In the present context, stochastically generated data is employed to feed 

the physically based model Seep/W, which involves extensive computation. The output of 

the physically based model is monthly GWLs data at the centurial time scale, which is the 

target variable of the research.  

 

Therefore, it is necessary to follow some guidelines for the number of replicates to be 

considered for each set of simulations. The guidelines of peer scientists such as Anderson 

and Bates (2001) in the realm of hydrological modelling are considered here.  

7.7.1. Number of Replicates of Each Set of SRES of Each GCM 

Monte Carlo-based techniques rely on the fact that variations in model inputs can generally 

be described as probability density functions. After specifying these distributions, sampling 

from these distributions is performed, resulting in a set of model inputs. All these inputs 
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are used to simulate the model output. Further analysis of the distributed modelling results, 

in terms of means, variances of the simulated outputs and correlation between model input 

and output, provides information on sensitivity and uncertainty of the model and its inputs 

(Booltink 2001).  

 

In case of random sampling from the distributions, the number of samples to be taken 

should be larger than ten times the number of parameters included in the Monte Carlo 

analysis (Janssen et al. 1993). The conditional random generation of replicates of ENSO 

events is used in this research since there are three numbers of ambiguities and it is 

assumed that the three ambiguities can be analogous to three independent parameters.  

 

Therefore, considering ten samples for each ambiguity should result in the total sample 

size to be 30 for each of the climate change scenarios of each of the GCMs. Holman et al. 

(2009) use 100 simulations for each hydrological year while they use the statistical 

properties from real time data of a limited number of hydrological years. They have shown 

that both 100 runs and 1000 runs produce similar variability while they preserve the 

relevant statistics of the real time data. Since the present method is not fully stochastic, it is 

reasonable to reduce the number of simulations to 30 as justified by Janssen et al. (1993). 

Since there are five GCMs with seven scenarios each, the total number of predicted data is 

therefore 1050 sets (35 sets X 30 samples). For each of the 35 sets of net flux data, the 

GWLs are computed using the Seep/W model. Uncertainty/reliability of the computed 

GWLs are analysed by performing some statistical analyses.  

7.7.2. Confidence Limit 

There could be a range of ways to examine the result of computed GWLs after 100 years 

time but at this stage of the work, it is preferable to select the most simple and commonly 

accepted computation for a randomly generated system. Normal probability distribution 

function is assumed valid for the computed GWLs by Seep/W as fed by the 30 

replicates/samples of input, which are generated randomly as stated earlier. Therefore, the 

range (μ±σ) of the time series of 100 years computed GWLs are computed. The estimate of 

a 68% confidence limit is ascertained.  

 

It can be recalled that non-physical process-based models, i.e. the multivariate AR models 

are also used for the prediction of GWLs for 100-year periods, as decided in Chapter 6. 
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Therefore, the confidence limits for physical and non-physical models could be compared 

with Seep/W modelling as will be reported in Chapter 9.  

7.8. Conclusion 

The site-based understanding of the surrounding ocean circulations such as IOD, PDO or 

IDO, which influence the ENSO events, are analysed and reviewed. The Monte Carlo 

simulation is selected as a suitable method for the generation of the ENSO events, which 

are assumed to be a conditional, random process. The modelling of ENSO events for 

climatic variability is thus performed by developing the ‘ENSO generation’ program. 

 

The SCL is used for the simulation of non-ENSO years. By combining ENSO years with 

non-ENSO years, the net flux data for baseline climate is formulated. Finally, 

multiplicative modification to the net flux data of baseline climate data is performed to 

consider the influence of climate change predictions by each of the seven emission 

scenarios of the five selected GCMs. Thirty replicates were generated for each scenario of 

each GCM. 

 

Thus, 1050 sets of future net flux data replicates have been generated. The generated net 

flux data is used as input to the physically based unsaturated groundwater model Seep/W, 

as will be reported in Chapter 9. As a prerequisite of any predictive study, the physically 

based models need to be validated with historical monitored data. Therefore, the next 

chapter describes the parameter selection and validation of the Seep/W model with respect 

to historical monitored GWLs data. 
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8. Unsaturated Flow Modelling 

Reviews of existing reports of previous investigations and laboratory-based investigations 

of soil samples of the site are performed to assess the range of soil property parameters that 

are required to represent the soil hydraulic property curves. The saturated hydraulic 

conductivity and porosity are the two key properties that are investigated. Based on the 

range of findings and calibration runs with a number of soil property functions, the 

modified functions of the Fredlund-Xing model are selected as the best for incorporating 

the range of historical net flux data and simulating observed GWLs with sufficient 

computational stability. For validation of the model with monitored GWLs, a wide range 

of statistical criteria is investigated, based on short-term and long-term performances and 

are applied to a number of bores. The most important criteria are selected from a number 

of considerations such as purpose of modelling, practical site conditions and limitations. 

The best performing bore is thus selected for the long-term prediction of GWLs for climate 

change. 

8.1. Hydraulic Properties of Soil 

For the representation of the behaviour of GWLs in the bores of the site, Seep/W 

modelling software (Krahn 2004b), the historical rainfall, AAET and GWLs are used by 

selecting appropriate boundary conditions and initial conditions. For simulation purposes, 

the soil hydraulic properties need to be defined for the bore soil. The past technical 

investigation reports are reviewed for the site to obtain some gross information in this 

regard. A number of soil samples from the site are also investigated in the laboratory to 

estimate the saturated hydraulic conductivity. Based on the collected soil property 

information, the past observed GWLs are validated with a range of values of saturated 

hydraulic conductivity and porosity for the long-term prediction of the GWLs response.  

8.1.1. Hydrogeology of the Ranger Site 

Although there have been numerous studies on the hydrogeology and water balance at 

Ranger, only a few have directly examined the relationship between groundwater and 

climate, especially rainfall-evaporation and recharge as in Vardavas (1993) and Woods 

(1994). A brief review of the hydrogeology is presented, followed by a justification of the 

modelling approach used for this work. 
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It has been reported in Chapter 3 that in the past, hydrogeology studies at Ranger have 

commonly focussed on water or tailings management issues. The hydrogeology is 

considered to comprise three principal aquifer types: alluvial sands and gravels (Type A); 

lateritic layers, clayey sands to weathered rocks (Type B); and fractured rocks (schists and 

dolomite) (Type C). These are demonstrated in Figure 3.5 (Ahmad and Green 1986; 

Woods 1994; Brown et al. 1998). The most important shallow aquifers are found as 

weathered and lateritic soils (by area), with annual variations in the water table being 

between 1 and 5 m. One example of the seasonal groundwater movement compared to 

cumulative net flux (rainfall – evapotranspiration) is given in Figure 5.11, showing annual 

variation along with long-term climatic variability (i.e. wetter versus dryer periods). 

8.1.2. Soil Property 

Saturated hydraulic conductivity was measured by Willett et al. (1993) over two depth 

intervals at each of the 10 locations within the central plot area of Magela Land 

Application Area (MLAA). Measurements were taken using the borehole permeameter 

technique of Talsma and Hallam (1980). The two depth intervals chosen to correspond to 

the natural soil A and B horizons were 3 to 33 cm and 33 to 63 cm. The decrease in mean 

hydraulic conductivity occurred from 33.6 metres per month (mpm) to 5.1 mpm with the 

increase in clay content in the B horizon. The unit of hydraulic conductivity used as mpm 

was chosen to facilitate modelling efficiency, which is discussed in a later section. ‘Month’ 

as used here refers to 30 days duration rather than the sequence of calendar months. 

 

SHPA (Western and McKenzie 2004): Soil Hydrological Properties of Australia (SHPA) 

data source has been investigated for the region and the region has been found to be 

consisting of three soil landscape units with various solum depths and thicknesses of 

horizons A and B. The thickness of the horizons vary from 0.1 m to 1.1 m and their 

saturated hydraulic conductivity varies from 0.216 mpm to 216 mpm (Western and 

McKenzie 2004).  

8.1.3. Measurement of Bore Soil Sample Properties in Laboratory 

Disturbed soil samples from five locations (OB28, OB20, OB44, GC2 and OB27) in the 

mining site were analysed in the laboratory to determine the saturated hydraulic 

conductivity (Ksat) and grain size distribution curve (see Figure 8.1). The Ksat values varied 

widely, in the range of 0.006 to 1350 metre per month (mpm). The values were highly 
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sensitive to the compaction of the soil in the mould. A reasonable compaction procedure 

based on trial and error was developed to match the textbook values with the laboratory 

values for the whole range of soils, which varied from silty clay to gravel.  

 

Table 8.1 Measured hydraulic conductivity of disturbed samples from different bores 

Bore name  

Generalised 

classification of bore soil 

based on sieve analysis 

Hydraulic 

Conductivity Ksat 

(mpm) 

OB28 coarse sand 1350 

OB20 medium sand 360 

OB44 medium to fine sand 75 

GC2 fine sand 2.4 

OB27 fine sand to silt 0.006 
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Figure 8.1 Grain size distribution curve of soil samples 

 

Though these values were highly varied from the field observations performed by Willett 

et al. (1993), the grain size distribution curves of the soil samples from all these bores 

show consistency with the conductivity values. 
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For most practical problems, it has been found that approximate soil properties are 

adequate for analysis (Papagiannakis and Fredlund 1984). Hence, empirical procedures to 

estimate unsaturated soil parameters would be valuable (Fredlund and Xing 1994). 

Therefore, with this limited information on the soil property, we had to perform a large 

number of calibration runs of the model to simulate the past 26 years’ real time 

groundwater level data of some of the monitoring bores that are relatively unimpacted by 

mining activities.  

8.1.4. Comparison and Evaluation of Laboratory Result 

The past field measurement values of saturated hydraulic conductivity (33.6 to 5.1 mpm) 

are within the range of measured values in the laboratory as performed for disturbed 

samples. The laboratory-measured values have limited acceptability because the samples 

were disturbed. As the site consists of very complex geology, we selected a range of values 

of saturated hydraulic conductivity and porosity for the selected bores OB1A, OB20, 

OB21A, OB27 and OB41. It should be mentioned here that the bores were selected for 

validation (OB1A, OB20, OB21A, OB27 and OB41) based on varied locations and longer 

periods of past data of GWLs. However, the samples were selected from the bore locations 

(OB28, OB20, OB44, GC2 and OB27) based on the present site situation and accessibility. 

8.2. Seep/W Model Structure and Development 

For modelling with Seep/W, the uncertainties with the highly variable hydraulic 

conductivity functions and soil water characteristics have been handled with the use of 

multiple numbers of standard equations, as suggested by Fredlund and Xing (1994), which 

are applicable for the whole range of soil in the model. The high degree of parameter 

uncertainty, as indicated by Scanlon et al. (2002), in the solution of RE is handled by 

fitting the modelled groundwater levels with measured groundwater levels of a number of 

monitoring bores by jointly calibrating the soil moisture characteristics curves. A wide 

range of statistical criteria has been considered in the selection of the most appropriate soil 

moisture characteristics curve for the long-term prediction of the system.  

8.2.1. Model Structure 

A one-dimensional conceptual model of groundwater-climate interaction was adopted 

(Type B). A homogenous vertical column was defined with no-flow boundaries on all sides 

except the surface, where net climate flux (rainfall – AAET) was applied at monthly time 
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steps (see Figure 8.2). The use of monthly time steps for any hydrological system is well 

accepted, such as Xu (1999), who uses monthly average flow as criteria for validation. The 

use of net flux as an indication of a climatic factor is also scientifically justified. For 

instance Knotters and Bierkens (2000) represent net flux as a climatic factor in their work. 

The detailed scientific basis for using monthly time steps in computation and using net 

fluxes for flow representation in the system has been provided in Chapters 2 and 4. 

 

 

Figure 8.2 Schematic representation of the one-dimensional vertical flow column. The mesh resolution 

is finer at the top and gradually coarser at the bottom of the soil column 
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8.2.2. Soil Properties 

Soil properties were based on previous work, such as porosity, saturated hydraulic 

conductivity and unsaturated moisture retention (characteristic) curve (Willett et al. 1993); 

(Willett et al. 1991); (Akber 1991). The unsaturated hydraulic conductivity function was 

defined from the Soil Water Characteristics Curves (SWCC) such as Van Genuchten or 

Fredlund-Xing models (Krahn 2004b). SWCC describe the variation of volumetric soil 

water content (VSWC) and hydraulic conductivity (HC) with respect to changing soil 

suction during the process of wetting and drying, meaning an unsaturated condition. The 

laboratory measurement of the properties at an unsaturated condition could not be 

conducted due to the high variability of the soil properties.  

 

Laboratory studies have demonstrated a relationship between the soil-water characteristic 

curve for a particular soil and the properties of the unsaturated soil (Fredlund and Rahardjo 

1993). A range of empirical equations (Fredlund and Xing 1994), computer programs 

using pedotransfer functions (Schaap et al. 2001), and data bases (Nemes et al. 2001) are 

developed to estimate the unsaturated soil property. Empirically predicting the 

permeability function for an unsaturated soil by using the saturated coefficient of 

permeability and soil water characteristic curve has become an acceptable procedure 

(Marshall 1958).  

 

Therefore, a wide range of combinations of the various VSWC functions and HC functions 

were investigated to calibrate the most suitable set of coefficients. The observed GWLs 

were simulated by running the model with historical net flux data. The main criterion of 

the suitability was the numerical stability of the model runs since most of the model runs 

became unstable during the periods of dry years from 1985 to 1994. From the plot of 

accumulated net flux and observed GWLs graph, it can be seen that during this period, the 

GWLs had a falling trend due to stronger negative fluxes. 

 

A systematic combination of model runs were tried to obtain a stable run for the whole 

range of historical net flux data and observed GWLs. Three types of HC functions and two 

types of VWC functions (Krahn 2004b) were investigated:  

 Van Genuchten method (for VWC and then HC from the VWC)  

 Fredlund and Xing method (for VWC and then HC from the VWC) 
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 Green and Corey method (for VWC only)  

The three coefficients used to define the VWC function were ‘a’, ‘n’ and ‘m’. The 

coefficient ‘a’ relates to the air entry value of the soil, and is used with the unit of pressure 

in kPa. The coefficient ‘n’ relates to the slope of the VWC curve and the coefficient ‘m’ 

relates to the retention moisture or radius of curvature at the extreme dry condition when 

the graphs are plotted with log scale for soil suction and linear scale for VWC. The ‘n’ and 

‘m’ are unit less coefficients. Detailed combinations are given in Table 8.2 for the Van 

Genuchten method. However, the Fredlund and Xing method performed better than the 

other two methods. 

 

Table 8.2 Sample values of the coefficients as used for obtaining stable run and convergence of 

iterations 

Van Genuchten ‘a’ = 500 ‘n’ = 0.96 ‘m’ = 0.29 

‘a’ = 50 

‘a’ = 5 

‘a’ = 0.5 ‘n’ = 2.0 ‘m’ = 0.5 

‘n’ = 1.5 

‘n’ = 1.0 

‘a’ = 2.5 ‘n’ = 0.96 ‘m’ = 0.8 

‘m’ = 0.4 

‘m’ = 0.2 

 

Van Genuchten  ‘a’ = 2.5 ‘n’ = 0.96 ‘m’ = 0.29 

Fredlund and Xing ‘a’ = 2.5 ‘n’ = 0.96 ‘m’ = 0.29 

 

After an extended set of combinations of the coefficients and careful judgement, the best 

result was obtained from the Fredlund-Xing method. The convergence of the solution is 

highly sensitive to the slope of the volumetric water content curve and hydraulic 

conductivity curve. The selection of hydraulic property coefficients (a, m, n) for defining 

the Fredlund-Xing model was accomplished by following a systematic calibration 

procedure for a range of combinations of the parameter values. Finally, the combination of 

the coefficients for generation of the volumetric water content curves was a = 2.0, n = 1.3 

and m = 0.23 (see Figure 8.3). However, the hydraulic conductivity curves were modified 

from the generated Fredlund-Xing model to obtain the numerical stability and validation 
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with the monitored GWLs, especially for consecutive dry years such as from 1985 to 1994 

(see Figures 8.4 and 8.5). In the earlier instances ‘n’ would mean the coefficient of SWCC 

as used by the investigators (Krahn 2004b) but the symbol n from here onwards refers to 

porosity.  

 

As noted previously, the hydrogeology of the Ranger area is highly heterogeneous, leading 

to differing average responses of the water table to the annual wet season (annual 

fluctuation, or Δh, of 1–5 m). Obtaining reliable spatial data of all of the above properties 

is difficult and still includes residual uncertainty. As such, a range of Seep/W models was 

developed with varying soil parameters to assess this uncertainty. This allowed a choice of 

optimum properties for each bore to be used for assessing climate change impacts as could 

be found in Kabir et al. (2008b). In this work, saturated hydraulic conductivity (K, 0.3 to 

30 mpm) and effective porosity (n, 2.5 to 20%) were varied. All model results were 

statistically evaluated using a range of statistical measures to ascertain the ‘goodness of fit’ 

for each model, as will be discussed in detail in a later section. 
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Figure 8.3 Volumetric water content curves generated by the Fredlund-Xing model used for the soil in 

Seep/W modelling 
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Figure 8.4 Modification of unsaturated hydraulic conductivity as obtained from the Fredlund–Xing 

equation. The objective was to provide a broader range of suction and corresponding hydraulic 

conductivity, similar to transformation from sand to clay 
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Figure 8.5 Unsaturated hydraulic conductivity curves used for the soil in Seep/W modelling 
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8.2.3. Boundary Condition 

The net flux is used as the upper boundary flow, based on rainfall and AAET, with a one-

dimensional model mesh to simulate the behaviour of a single groundwater monitoring 

bore. 

 

Given the high variability of the near-surface geology, mainly due to complex weathering 

of underlying fractured metamorphic rocks, an idealised uniform shallow geology is 

adopted with a no-flow boundary at the base (i.e. a ‘bathtub’ type model). Based on a 

review of available shallow, unconfined monitoring bore data, several bores that were 

clearly unimpacted by mining activities were selected for Seep/W modelling. For each 

bore, a range of models was run based on varying hydraulic properties. 

8.2.4. Initial Condition 

The observed GWLs in the selected bore during the start of the validation period were 

assigned as the initial condition. Thus, the type of initial condition was initial groundwater 

level.  

8.2.5. Selection of Time Step Duration 

Any continuous process needs to be discretised for the sake of numerical computation 

(Von Asmuth et al. 2002). The daily time step based model is a discretised model but from 

the application perspective, the centurial time scale computation would have lead to 

extensive computational time. Therefore, efforts were conducted for more discretisation 

from daily to monthly bases. A trial run was conducted to compare the results for modelled 

GWLs using a daily time step and monthly time step. The results indicate little deviation 

between the two (see Figure 8.6). The ultimate purpose of the modelling is to predict the 

centurial scale response of GWLs with respect to climate change scenarios of IPCC. The 

thousands of replicates of the centurial time scale could be better handled with a monthly 

time step rather than daily. Therefore, a monthly time step is used to reduce computational 

intensity in the modelling work. Bidwell and Morgan (2002), and Bidwell (2005) use 

similar discretisation of daily data to monthly totals for similar modelling purposes. 
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Figure 8.6 Comparison for the influence of time step duration on the computed GWLs 

8.3. Selection of Bores for Validation 

The total number of bores with available monitoring GW level data (1980 to 2006) was 21. 

As they were located in the surrounding of the mine site, most showed impact of seepage 

from retention ponds with a clear rising trend of GWLs, while others were influenced by 

open pits with a falling trend of GWLs (see Section 3.6).  

 

There was also a long-term variability of net flux data during that period. The trend was 

not necessarily linear and the non-linearity could be explored while accumulated net flux is 

plotted in a simple scatter plot (see Figure 5.11). The accumulated net flux is supposed to 

be directly proportional to the groundwater level (storage state of water in the soil). This 

guideline is followed in selecting the bores, which are relatively unimpacted by mining 

activity and solely fed by climatic net flux. There are instances when the differentiated 

time series does not exactly show any trend but the integrated time series does show the 

trend. From a physical perspective, GWLs are related to accumulated net flux while 

monthly changes in groundwater levels are related to monthly net flux. For example, 

Ferdowsian et al. (2001) and Reid et al. (2006) use the integrated time series of deviations 

from average rainfall to represent inflow to the system while explaining groundwater 

hydrographs. The reverse technique of differencing transformation as described in 
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Brockwell and Davis (2002) is applied to non-stationary time series of accumulated net 

flux and modelled GWLs, which is described in Section 6.4.2. 

 

From this perspective, initially seven bores were selected: OB1A, OB20, OB21A, OB27, 

OB38, OB41 and OB79_6. The bores were selected based on the varied topography and 

sparsely located conditions. Of these bores, OB38 and OB79_6 had to be excluded because 

they were open bores with no casing and extended up to a deep aquifer (at 150 m to 200 m 

depth) rather than being restricted to the shallow unconfined aquifer (at 30 m to 50 m 

depth). From these considerations, OB1A, OB20, OB21A, OB27 and OB41/OB43 bores 

were chosen for Seep/W validation.  

8.3.1. Review of Model Fitness Criteria 

The match between the model response and field observation may be examined 

qualitatively in the preliminary stages of the validation process, using such steps as visual 

comparison of contour maps of calculated and observed heads (Zheng and Bennett 1995). 

This approach refers to a larger scale of areal extent with a specific instant of time. The 

other practical condition may be a larger time scale and a specified location in space. 

Therefore, visual comparison is used to screen the best bores for simulation. However, to 

address the issue of missing data in some of the bores, more than one performance criteria 

are selected for assessing the model fitness.  

 

Statistical measures of goodness of fit: The fitness performance of models has been 

evaluated using a range of criteria, some for short-term performance and others for long-

term performance. The performance criteria selected for the purpose are listed in Table 8.3. 

When the time scale of the practical situation is important, this type of validation 

procedure is preferable over using single or similar criteria.  

 

Of the five bores’ responses to the range of porosity and conductivity values, the OB27 

bore gives the best result with regard to long-term prediction. Overall, the validation 

procedure demonstrates some useful results in applying complex flow models using a 

simplified conceptual model framework.  
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Table 8.3 Statistical objective functions
a
 used to assess model fit 

Measureb Expressionb Range Decision Rule 
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b
 Primary variables are h head; t time step number (T total time steps); d model – measured 

difference; Subscript ‘m’ / ‘o’ – model / observed values; ‾ (overscore) average ( mh  = 

average modelled head). 

 

Note on missing data: It should be mentioned that the long-term (1980–2006) trend of 

mean annual GWL is not linear. It is similar to the trend of accumulated net flux values as 

shown in Figure 5.11. It can be stated to be consisting of approximately two convex 

profiles (1980–1987, 1995–2006) with a concave profile in the middle (1988–1994). 

Therefore, the missing data in the convex or concave section influences the average value 

of observed head (
oh ) differently. It should be noted that this is the most important 

parameter in the equations for most of the performance criteria. Missing data in the 

observed value also influences the modelled average value (
mh ). 

 

Careful consideration should be given to the performance criteria such as the Nash-

Sutcliffe efficiency of Nash (1970), the linear correlation coefficient ‘r’ of Zheng and 
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Bennett (1995) and the ratio of average. These are all influenced differently by the 

different sets of missing data. Only RMSE does not depend on the existence of missing 

data, as shown in the equations.  

 

The Nash-Sutcliffe efficiency is one of the traditional criteria used by hydrologic modellers, 

while linear correlation coefficient ‘r’ of Zheng and Bennett (1995) is specifically 

suggested for GW modelling. However, the more commonly and widely used criteria for 

best fit is RMSE, as used by Mann (2004). Therefore, there are always strengths and 

weaknesses against selection of any particular criteria for decision-making. Thus, a more 

comprehensive framework of the various statistical criteria is developed and a consistent 

performance against multiple criteria is targeted rather than looking for best performance 

in a single criteria. 

8.3.2. Calibration Performance of Selected Bores with Respect to Various 

Fitness Criteria and Soil Parameters 

Nine models were developed with the combinations of K = 0.3, 3 and 30 mpm and n = 2.5, 

5 and 10% for each of the bores of OB1A, OB20, OB21A, OB27 and OB41. After 

evaluating the results, some extra model runs were performed with n = 20% for some 

selected bores.  

 

A graphical representation of an example of measured GWLs of bore OB1A with one of 

the selected models (K = 0.3 and n = 2.5) is shown in Figure 8.7. Other examples of 

measured versus modelled groundwater heads (bore OB21A) are graphed in Figure 8.8 

with a range of values of porosity and saturated hydraulic conductivity. From Figure 8.8, 

the range of variation regarding the performance in terms of model fitness is visible. The 

variation of the model performance of this scale is generally acceptable as the hydrologic 

modellers report their investigations.  
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Figure 8.7 Observed versus modelled groundwater levels in bore OB1A 
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Figure 8.8 Observed versus modelled groundwater levels in bore OB21A 

 

For example, in Aguilera and Murillo (2008) similar scatter with the observed and 

predicted groundwater levels has been reported, as shown in Figure 8.9, for natural water 

recharge to the four aquifers in south-east Spain. The soil hydraulic properties such as 
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hydraulic conductivity and porosity play a very significant role in estimated groundwater 

level, which is elaborated in the following sections. Misstear et al. (2009) conducted a 

similar groundwater level simulation by incorporating various methods of estimation of 

actual evapotranspiration, as shown in Figure 8.10. 

 

Figure 8.9 Observed and predicted piezometric levels for four aquifers named Jumilla-Villena (a), 

Solana (b), Serral-Salinas (c) and Penarrubia (d) at various time scale (Aguilera and Murillo 2008) 

 

From visual judgement alone, it is difficult to justify the best model. Therefore, a number 

of standard criteria based on the statistics and physical processes are selected. A 

comprehensive analysis is conducted with due consideration of their relative significance 

to the context of the modelling objective. 
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Figure 8.10 Simulated groundwater levels for different recharge estimates such as Penman-Grindley 

(PG), Penman-Monteith (PM) methods of estimation of actual evapotranspiration (Misstear et al. 

2009) 

 

Statistical evaluations of model runs with numerical values are given in Tables 8.4 and 8.5. 

Based on all of the results described above, the performance of the models for OB27 

achieve the best result since this bore successfully includes the best E and r values in one 

combination of hydraulic conductivity and porosity. Another important aspect of the 

results is that the best model may not necessarily be unique; rather it corresponds to a 

range of parameter values for most of the bores. For example, with respect to the statistical 

evaluation of parameter combinations, OB41 demonstrates a large amount of scatter while 

OB27 shows a consistent parameter combination. 

 

From Tables 8.4 and 8.5, optimum (desirable) values of criteria mh , E, Ratio, RMSE, β, d , 

and Se are found to be in one model combination, while criterion r is found to be in a 

different model run. However, the difference between r-values in these models is mostly 

marginal. To achieve better consistency between the criteria, runs are extended to 

additional set of combinations for n = 20%. The directions of changes of the criteria are 

again found to be mostly inconsistent. If the importance of all criteria in context to the 

primary objective of the modelling are analysed, the most important criterion is considered 

to be the r value as this deals with both the magnitude and direction of deviation whereas  
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Table 8.4 Statistical assessments
a
 of Seep/W model runs versus soil parameters (K, n) 

 
mh  E r Ratio RMSE β d  Se 

Desired value – 1 1 1 0 0 0 0 

 

OB1Ab, oh  = 25.83 m, Δh = 3.17 m (K mpm, n %) 

K 0.3, n 2.5 25.43 -0.56 0.23 0.98 0.09 4.37 0.4 0.09 

K 3, n 2.5 21.57 -30.2 0.42 0.84 0.42 12.94 4.26 0.33 

K 30, n 2.5 1.83 -3781 0.3 0.07 4.62 5.47 24 4.39 

K 0.3, n 5 25.69 -0.37 0.09 0.99 0.09 1.54 0.14 0.09 

K 3, n 5 23.3 -11.07 0.33 0.9 0.26 11.99 2.53 0.21 

K 30, n 5 22.01 -18.69 0.35 0.85 0.33 16.09 3.82 0.24 

K 0.3, n 10 25.82 -0.11 0.16 1 0.08 0.11 0.01 0.08 

K 3, n 10 23.94 -4.16 0.26 0.93 0.17 14.98 1.89 0.13 

K 30, n 10 23.81 -0.12 0.33 0.92 0.17 16.75 2.02 0.12 

K 0.3, n 20 25.83 0.03 0.21 1 0.07 0.06 <0.01 0.07 

K 30, n 20 24.71 -0.99 0.3 0.96 0.11 13.9 1.12 0.08 

 

OB20b, oh  = 18.09 m, Δh = 1.67 m (K mpm, n %) 

K 0.3, n 2.5 16.82 -1.5 0.59 0.93 0.1 21.86 1.27 0.06 

K 3, n 2.5 13.14 -42.81 0.72 0.73 0.41 18.18 4.94 0.27 

K 30, n 2.5 9.76 -123.84 0.63 0.54 0.7 18.12 8.33 0.46 

K 0.3, n 5 17.1 -0.67 0.59 0.95 0.08 19.12 0.99 0.05 

K 3, n 5 14.39 -19.95 0.63 0.8 0.29 22.36 3.7 0.17 

K 30, n 5 14.08 -23.53 0.61 0.78 0.31 22.49 4.01 0.18 

K 0.3, n 10 17.2 -0.42 0.62 0.95 0.07 17.79 0.88 0.05 

K 3, n 10 15.56 -7.28 0.54 0.86 0.18 30.49 2.53 0.08 

K 30, n 10 15.14 -9.78 0.56 0.84 0.2 33.93 2.95 0.09 

K 0.3, n 20 17.17 -0.59 0.6 0.95 0.08 17.23 0.92 0.05 

K 30, n 20 16.09 -3.86 0.53 0.89 0.14 35.98 2 0.06 

 

OB21Ab, oh  = 23.42 m, Δh = 2.14 m (K mpm, n %) 

K 0.3, n 2.5 24.98 -0.59 0.75 1.07 0.12 -22.7 -1.56 0.07 

K 3, n 2.5 20.75 -8.13 0.66 0.89 0.29 11.34 2.67 0.24 

K 30, n 2.5 17.14 -31.94 0.35 0.73 0.55 16.6 6.28 0.38 

K 0.3, n 5 24.62 -0.34 0.7 1.05 0.11 -14.97 -1.2 0.08 

K 3, n 5 20.24 -5.75 0.55 0.86 0.25 21.87 3.17 0.15 

K 30, n 5 18.96 -11.53 0.34 0.81 0.34 24.09 4.45 0.18 

K 0.3, n 10 23.33 0.37 0.72 1 0.08 1.18 0.09 0.08 

K 3, n 10 19.86 -5.83 0.37 0.85 0.25 33.79 3.55 0.11 

K 30, n 10 19.58 -7.05 0.24 0.84 0.27 32.97 3.84 0.12 

K 0.3, n 20 21.77 -0.71 0.71 0.93 0.13 24.27 1.65 0.07 

K 30, n 20 20.03 -5.05 0.34 0.86 0.24 36.91 3.39 0.09 
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Table 8.5 Statistical assessments

a
 of Seep/W model runs versus soil parameters (K, n) 

 
mh  E r Ratio RMSE β d  Se 

Desired value – 1 1 1 0 0 0 0 
 

OB27b, oh  = 8.87 m, Δh = 2.00 m (K mpm, n %) 

K 0.3, n 2.5 10.15 -1.54 0.62 1.14 0.13 -20.57 -1.28 0.06 

K 3, n 2.5 10.92 -5.37 0.77 1.23 0.2 -21.73 -2.05 0.09 

K 30, n 2.5 11.09 -6.16 0.77 1.25 0.21 -23.58 -2.21 0.09 

K 0.3, n 5 10.18 -2.1 0.42 1.15 0.14 -15.78 -1.31 0.08 

K 3, n 5 10.69 -3.55 0.78 1.2 0.17 -27.86 -1.81 0.07 

K 30, n 5 10.46 -2.82 0.79 1.18 0.15 -21.31 -1.58 0.07 

K 0.3, n 10 9.92 -1.84 0.42 1.12 0.13 -10.71 -1.05 0.1 

K 3, n 10 9.52 -0.04 0.72 1.07 0.08 -11.2 -0.65 0.06 

K 30, n 10 9.42 0.23 0.77 1.06 0.07 -10.54 -0.54 0.05 

K 3, n 20 8.61 0.28 0.62 0.97 0.07 4.26 0.27 0.06 

K 30, n 20 8.56 0.37 0.81 0.96 0.06 5.51 0.31 0.06 

 

OB41b, oh  = 14.89 m, Δh = 1.69 m (K mpm, n %) 

K 0.3, n 2.5 12.24 -18.29 0.55 0.82 0.19 25.11 2.84 0.11 

K 3, n 2.5 8.77 -168.18 0.53 0.59 0.57 15.74 9.43 0.6 

K 30, n 2.5 -20.62 -26838 0.35 -1.38 7.21 5.22 65.38 12.54 

K 0.3, n 5 12.59 -13.31 0.36 0.85 0.17 23.99 2.44 0.1 

K 3, n 5 10.57 -69.46 0.42 0.71 0.37 21.34 6.39 0.3 

K 30, n 5 9.97 -90.09 0.38 0.67 0.42 21.26 7.15 0.34 

K 0.3, n 10 12.92 -9.64 0.21 0.87 0.14 21.71 2.05 0.09 

K 3, n 10 12.08 -26.33 0.35 0.81 0.23 23.99 3.89 0.16 

K 30, n 10 12.4 -21.75 0.39 0.83 0.21 23.92 3.57 0.15 

K 0.3, n 20 12.93 -5.53 -0.24 0.89 0.18 19.29 1.67 0.09 

K 30, n 20 12 -13.5 -0.01 0.82 0.27 24.29 2.6 0.11 

 

other criteria deal with magnitude only (see (Middlemis et al. 2001). The best bore with 

consistent model parameter is OB27 with K 30 n 20. 

8.3.3. Sensitivity Analyses 

In Figure 8.11, it could be seen that the statistical performance of the model runs vary 

significantly with the variation of porosity and hydraulic conductivity. These variations are 

not only high in magnitude but also contrasting in direction. Hence, a change in the 

property improves a number of criteria and worsens other sets of criteria. Therefore, a very 
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careful assessment was performed to select the model values for future prediction of 

GWLs. 
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Figure 8.11 Example of the variation of selected statistical evaluations for bore OB1A 

 

Sensitivity with porosity: The relative influence of porosity (n) on the annual average 

groundwater fluctuation (Δh) can be explored by comparing OB20 and OB21A, since they 

are in close proximity to each other. The model results show the importance of n in the 

amplitude of Δh. OB20 performs well with n of 10 to 20% and a measured average annual 

groundwater variation (Δh) of 1.67 m, whereas OB21A performs well with n of 5 to 10% 

with Δh of 2.14 m. This demonstrates that annual fluctuations are higher for lower porosity 

(all other factors remaining the same). The close-up view for two sample models runs are 

shown in Figure 8.12. 
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Figure 8.12 Sensitivity of computed GWLs for OB21A with different porosities 

 

Sensitivity with hydraulic conductivity: The results also show that hydraulic 

conductivity is important in modelling the annual and longer-term response of groundwater 

(as should be expected). From the plot of time series of modelled GWLs and measured 

GWLs, it has been found that the time lag between modelled response and observed 

response changes with the change of hydraulic conductivity value and porosity. Figure 

8.13 demonstrates a sample result of two sets of model runs to show the difference in 

response time for different hydraulic conductivity. In general, soil with higher conductivity 

causes quicker flow of water through it and vice versa. 

 

Based on the fieldwork at Ranger (Willett et al. 1993); (Akber 1991), it is clear that the 

weathered near-surface geology and aquifers at the site are highly variable and 

heterogeneous. The approach adopted in this research is clearly a simplification, which 

allows for efficient modelling at the expense of more thorough discretisation of model 

parameters (K, n, others). As such, the approach adopted herein of using a simplified one-

dimensional homogenous model appears reasonable. 
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Figure 8.13 Sensitivity of computed GWLs for OB21A with hydraulic conductivities 

8.4. Conclusions 

This chapter presented the results of applying an unsaturated flow model (Seep/W) to 

observed historical groundwater-climate data at the Ranger uranium project. The approach 

adopted a one-dimensional groundwater-climate model to fit historical data for several 

bores, with varying values for hydraulic conductivity and porosity to assess uncertainty 

due to the heterogeneous geology of the area. All model runs were evaluated with a range 

of statistical measures for goodness of fit. In summary, the research approach utilised 

herein demonstrates that a simplified conceptual model implemented via an unsaturated 

flow model can achieve a robust model configuration with reasonable statistical confidence. 

The best bore with consistent model parameter turns out to be OB27 with saturated 

hydraulic conductivity K = 30 mpm and porosity n = 20 %.  
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9. Results: Groundwater-climate Change Predictive Modelling 

In the previous chapters, the models for predicting the groundwater levels with the 

influence of climate change projections and natural climatic variability have been selected. 

The best conceptual model for the site considering the criteria of significant physical 

processes was selected. The framework of the physical process-based model has also been 

developed. The non-physical process-based time series model for representation and 

forecast of the combination of climate data and GWLs data has also been investigated.   

 

The time series model prediction needed significant improvement and thereby detailed 

reporting is omitted in the thesis and recommended for further investigation with specific 

directives. The physical process based model result consists of climate replicates, and 

computed GWLs. The climate change predictions, as incorporated by multiplying factors, 

are described to demonstrate the relative influence of various GCMs and various scenarios 

with respect to base line climate of the year 2000. The influence of climatic variability is 

also shown by representing the ENSO events in a sample data set of net flux for the 

centurial scale. The predicted net fluxes at the centurial scale are calculated by combining 

SCL replicates, ENSO events and multiplying factors. The result of GWLs from the 

physical process-based model, fed with the predicted net flux data of the centurial scale is 

then presented. The result of 30 replicates is represented in terms of the mean ± standard 

deviation (μ ± σ) limits of the respective scenario of the respective GCM. The limitations 

with some GCMs net flux data are also described. The specific scopes of further 

investigations are also discussed. 

9.1. Conceptual Model 

The developed conceptual model considering the significant flow components has been 

described in detail in Chapter 5, consisting of a one-dimensional vertical flow model. The 

climatic variables have been accounted for by one single variable, named monthly ‘net 

flux’. This is represented as the algebraic summation of monthly rainfall and AAET. The 

monthly value of net flux becomes positive or negative depending on the magnitude of the 

rainfall and evapotranspiration (that is, wet or dry season). 
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9.2. Time Series Model 

In Chapter 6, the exploratory analyses of the monthly time series data of net flux, GWLs 

and changes of GWLs have been performed. Based on the result of ACF, CCF and 

classical decomposition, the applicability of the ARMA model has been established. 

Having tested a number of ARMA models, the TFN model and the multivariate AR model 

have been found to be equally good in terms of statistical performance. The physical basis 

of TFN is better while the computational time requirement is less for the multivariate AR 

model. As the best-fitting performances are almost the same, the multivariate AR model is 

recommended for the long-term representation and forecast of the GWLs of the system.  

 

However, some of the limitations which are stated below have severely affected the 

scientific acceptance of the time series predictions.  

 

The historical time series data range from 1980 to 2005, whereas future time series data 

range from 2001 to 2100. The time scale is decadal for historical time series and centurial 

for future time series.  

 

The concept of stationarity varies with the time scale. With regard to the time scale of 

natural processes which are inherently non-stationary implies the greater the time span of 

the historical series, the greater the probability that the series will exhibit statistical 

characteristics that change with time. However, for relatively short time spans it is feasible 

to model approximately the given data using a stationary stochastic model. Nevertheless, 

the reverse position may seem just as plausible to other schools of thought. Apparent non-

stationarity in a given time series may constitute only a local fluctuation of a process that is 

in fact stationary on a longer time scale (Hipel and McLeod 1994).  

 

The time scale is not the only factor that makes the decision of stationarity. The type of 

variable analysed also makes a big difference to the same process. For instance, the 

monthly net flux data may be stationary while the accumulated net flux data is not. 

Similarly, when GWLs are non-stationary, the changes in GWLs’ data might be stationary. 

The differencing is a very common transformation technique to convert a non-stationary 

time series into a stationary time series. Therefore, the entity of the variable under 

consideration is also an important factor that determines the stationarity of a process. Thus, 
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the selection of the variable and the model type of time series models, which rely on the 

stationarity, is always subject to the purpose (time scale of available data and required 

forecast) of the modelling work. 

 

The preliminary modelling showed that time series forecast using multivariate AR model 

of GWL is comparable to Seep/W result of computed GWLs at centurial scale. However 

the result is not reported in the thesis because the time series modelling should implement 

TFN model also where the physical basis are stronger than that of multivariate AR model, 

to bring a scientific reason of comparison between the predicted GWLs by Seep/W. The 

TFN model needs significant amount of computational time which was not possible to be 

incorporated within the limited span of the research. This is recommended for further 

investigation. 

 

9.3. Generated Future Climate Data 

In Chapter 7, the decisions (methods) and ambiguities (assumptions) associated with 

generating thousands of replicates of the centurial time scale climate data have been 

described. In general, the process of generating data can be titled as a quasi-random 

process or conditional random process.  

 

The net flux from the output of conditional random generated climatic variability, as 

resulted from the ‘ENSO program’, was combined with 35 sets of multiplying factors for 

each of the five GCMs and seven scenarios. The multiplying factors, as computed for each 

of the scenarios of each of the GCMs for monthly net flux are shown in the Figures 9.1, 9.2,  

and 9.3.  
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Figure 9.1 The monthly multiplying factors for 1200 months (100 years; 2001 – 2100) of seven 

scenarios (A2, A1B, B1, B2, A1F, A1T and IS92CC) of CSIRO Mk2 GCM (top) and for 2096 – 2100 

(bottom) 



  

 

 

283 

-1

0

1

2

3

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

M
u

lt
ip

ly
in

g
 f

a
c
to

rs
 f

o
r 

n
e
t 

fl
u

x
 f

o
r 

D
A

R
L

A
M

 

A2 A1B B1 B2 A1F A1T IS92CC

   

 

-1

0

1

2

3

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

M
u

lt
ip

ly
in

g
 f

a
c
to

rs
 f

o
r 

n
e
t 

fl
u

x
 f

o
r 

E
C

H
A

M
4

A2 A1B B1 B2 A1F A1T IS92CC

   

 

 

Figure 9.2 The monthly multiplying factors for 1200 months (100 years) of seven scenarios (A2, A1B, 

B1, B2, A1F, A1T and IS92CC) of DARLAM GCM (top) and ECHAM4 GCM (bottom) 
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Figure 9.3 The monthly multiplying factors for 1200 months (100 years) of seven scenarios (A2, A1B, 

B1, B2, A1F, A1T and IS92CC) of HadCM2 GCM (note different scale) (top) and HadCM3 GCM 

(bottom) 
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9.3.1. Climate Change Prediction Trends 

The multiplying factor is meant to indicate the ratio of predicted years value with respect 

to the year 2000 as indicated by NFi,2000+j
OZ(k)

 / NFi,2000
OZ(k)

. It is the prediction trend of 

monthly net flux values by various climate change prediction models (GCMs) and various 

emission scenarios. The value of k varies from 1 to 35 here as detailed in Table 7.3. The 

value of i varies from 1 to 12 for January to December and j varies from 1 to 100 for the 

years 2001 to 2100. The gradual change of each month’s net flux values over the span of a 

100-year period is demonstrated.  

 

It should be noted that the multiplying factor comes from the ratio of net flux as predicted 

by various GCMs for a particular year to that of the year 2000, as indicated by 

[NFi,2000+j
OZ(k)

 / NFi,2000
OZ(k) 

]. However, the net flux is not the direct output of GCMs. 

Rainfall and PPET values are extracted from GCMs and the PPET values are converted to 

AAET. The estimated net fluxes, as predicted by GCMs are then computed as algebraic 

summation of rainfall and AAET. The predicted rainfall and PPET are different for 

different GCMs and therefore the ratio of the final net flux (for the year 2100) to the base 

net flux (for the year 2000) (i.e. the multiplying factors) are different. The values of all the 

multiplying factors as calculated from the GCM output are provided in Appendix H.  

 

It can be understood that the magnitude of the multiplying factors are different and this 

indicates the range of variation of predicted trends of net flux by various GCMs and their 

respective scenarios. The range of variation for ECHAM4 GCM is approximately 0.5 to 

1.5, whereas for HadCM2 GCM, variations range from -2.0 to 6.0. Therefore, it is 

appropriate that a range of GCMs output has been considered in the present research. 

9.3.2. Input Data Set of Net Flux 

The five GCMs with seven scenarios consist of 35 sets of scenarios. For each of the 35 sets 

of scenarios the multiplying factors are computed. After that 30 replicates of generated net 

flux are considered for each of these 35 sets of multiplying factors. The generated net flux 

is the output of the conditional Monte Carlo process, which has been described in Chapter 

7. By combining the replicates with multiplying factors the input data set of net flux are 

obtained. The input data of net flux for five GCMs and seven scenarios are given in 
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Appendix H. Some sample graphs of those input net flux data in the following figures are 

represented. 

 

Figure 9.4 is from one GCM and Figure 9.5 is from one scenario. The graphical 

representations of maximum and minimum net flux of one GCM (named HadCM3) with 

all the seven scenarios are shown in Figure 9.4. Similarly, the graphical representations of 

maximum and minimum net flux of one scenario (named A2) with all the five GCMs are 

shown in Figure 9.5. From the visual assessment, there appears to be no significant 

difference between the maximums and minimums of the net flux values for various models 

and scenarios. However, if some cumulative time series graphs are plotted of the net flux 

data, then the existence of increasing or decreasing water balance in the system could be 

observed, which is elaborated in Section 9.6. The representation of the ENSO type of 

events can be found in some replicates, as shown in Figure 9.6. 

 

ENSO type of events in net flux data: The generation of the conditional Monte Carlo 

process involves the consideration of natural variability such as ENSO events in 

conjunction with random process. The ENSO events occur with the frequency of 

interannual to decadal time scale. These phenomena are taken into consideration by 

considering the ocean circulations such as IOD and PDO for the region under 

consideration. Therefore, in the replicated net flux, there are evidences of such events as 

can be seen in the two sample replicates plotted in Figure 9.6. Chapter 7 describes how the 

ENSO events are incorporated in the climate flux replicates. 
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Figure 9.4 The maximum (top) and minimum (bottom) net flux values for each time step from the 30 

replicates (HadCM3 GCM, seven scenarios) 
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Figure 9.5 The maximum (top) and minimum (bottom) net flux values for each time step from the 30 

replicates (A2 scenario, five GCMs) 
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Figure 9.6 Example of net flux as used in Seep/W model for computation of GWLs at the centurial 

scale 

 

Limitation of HadCM2 net flux data: The net flux of HadCM2, as shown in Figure 9.7, 

is very different from the other four GCMs. The reason behind this is the unavailability of 

the evapotranspiration variable in the output data of HadCM2. The evapotranspiration data 

(PPET) and thereby AAET of HadCM3 was used in the computation of net flux for 

HadCM2. It can be recalled that net flux is the algebraic summation of rainfall and AAET. 

Figure 9.8 illustrates the HadCM2 GCM’s A1F scenario for the multiplying factors of 

monthly net flux. The HadCM2 A1F scenario has a maximum negative factor (-2) and the 

positive factor does not grow with the trend, it flattens in the last decades (after 2070) of 

predictions. That is why the net flux is increasingly negative in Figure 9.8; thus, the 

computed GWL goes far below and causes instability in the solution procedure of the 

Seep/W model. This issue will be discussed later in this chapter.  
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Figure 9.7 The multiplying factors for net flux of A1F scenario of HadCM2 GCM. The positive factors 

do not grow after 2070 
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Figure 9.8 One sample net flux data for HadCM2 A1F scenario, negative flux increases significantly 

after 2070 

9.4. Unsaturated Flow Model Prediction 

As described in Chapter 8, a number of bores (OB1A, OB20, OB21A, OB27 and OB41) 

are selected for modelling by unsaturated flow model Seep/W to simulate the measured 
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GWLs. A combination of saturated hydraulic conductivity and porosity values were 

selected for assessing the best result in context with multiple numbers of statistical criteria 

for the period of the multi-decadal time scale. The bore OB27 was found to perform 

consistently better with respect to most of the statistical criteria. Therefore, this bore is 

selected for predicting the centurial time scale response of GWLs with respect to the 

thousands of replicates of climate data. One sample graph of 30 replicates for one scenario 

of one GCM is illustrated in Figure 9.9. The total of 35 graphs for all 1050 simulation of 

Seep/W model are given in Appendix I. The modelling shows that although the impact of 

climate change could be significant, it must be considered in the face of climate variability, 

as reported in the following section. An integrated description of the modelling for climate 

change and climate variability could be also found in Kabir et al. (2008c). 
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Figure 9.9 The 30 simulations of GWLs as computed by the Seep/W model. The input data to the 

Seep/W model was obtained from the output of HadCM3 GCM using A2 emission scenarios. The 

GWLs are controlled at an upper limit by the practical condition of runoff generation when GWLs 

reach ground surface at 14 m AHD (approximately) 

9.4.1. Impact of Climate Change and Climatic Variability 

It can be recollected that in the process of future climate data generation, the trend of 

climate change was represented by a change factor (multiplying factor). Climatic 

variability was represented by combining the data from the ‘ENSO generation’ program, 
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which is based on a conditional stochastic process, and SCL program, which is a random 

process based on historical data. The ENSO events are represented in the replicates by 

consecutive wet years or dry years, as could be easily differentiated from purely SCL 

replicates. The response of the groundwater system in relation to the range of climate data 

can be evaluated in terms of the gradual long-term trend of rising or falling, or stationary 

type and the sharp, short-term trend of rising or falling, indicated by a spell of a few years 

with ENSO events. There could be two possibilities, type ‘a’ and ‘b’:  

Type ‘a’: The responses of GWLs are exactly similar to the variations of multiplying 

factors, which are gradual and unidirectional in nature.  

Type ‘b’: The responses of GWLs are randomly influenced by sharp short-term rises 

and falls.  

 

If the climate change impact were stronger than the impact of climatic variability, the 

responses of type ‘a’ would be more prominent. If the climatic variability impact were 

stronger, type ‘b’ would be more prominent. From the result of all the 1050 replicates (5 

GCMs, 7 scenarios, 30 replicates) it can be easily seen that type ‘b’ responses are 

significantly more prominent than type ‘a’. The relative influence of climate change 

indicated by a long-term trend and that of random variability indicated by a sharp and short 

spell of fluctuation could be statistically analysed to establish the conclusion with more 

confidence. This type of evaluation could be conducted by following a range of methods; 

therefore, it is excluded from this study. This could be a topic for further study in this field. 

9.4.2. Long-term Response of GWL with Climate 

The Seep/W result of the computed GWL for 1050 sets (5 GCMs, 7 scenarios, 30 

replicates) of net flux are analysed for predicting the long-term response of groundwater to 

climate change. Of the five GCMs output, the HadCM2 has been identified with the 

weakness of inadequate climate variable. However, HadCM3 GCM has significant 

acceptance as it was found that Yohe et al. (2007) used this same GCM in the fourth 

assessment report of IPCC on the assessment of water resource availability in a global 

context. Therefore, in this analysis, all seven scenarios of HadCM3 GCM results are 

represented by plotting the time series of mean GWLs, mean plus standard deviation and 

mean minus standard deviation for each set of the 30 replicates, as shown in Figure 9.10. 

This demonstrates the result for HadCM3 GCM for all of the seven emission scenarios. 

HadCM3 is one of the five GCMs used for the analyses. It should be noted that the 
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probability distribution function (PDF) of stochastically-generated time series data can be 

adequately represented by the mean and standard deviation series as suggested by the 

Fokker-Plank equation (Risken and Frank 1989). In addition, the GWLs are not directly 

generated from the stochastic process; they are the output of the physically based model 

Seep/W. 

 

The unsaturated flow model outputs of GWLs are plotted for the centurial scale and the 

corresponding confidence limit for 68% reliability is also computed. The mean (μ) and 

standard deviation (σ) of any data set can be combined to form the range of (μ + σ) to (μ - 

σ) data, which has the probability of occurrence of 68% for normally distributed data. It 

can be recalled that the confidence interval increases to 95% when the limit is chosen to be 

(μ ± 2σ). In consideration of all these issues, the 68% probability values are used, i.e. the 

(μ + σ) and (μ – σ) limit for all the time series of GWLs related to the net flux of all five 

GCMs and all seven scenarios. 

 

-20

-15

-10

-5

0

5

10

15

20

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

M
e
a
n

+
s
td

 d
e
v
, 

m
e
a
n

, 
m

e
a
n

-s
td

 d
e
v
 o

f 
 G

W
L

 (
m

 A
H

D
) 

H
A

D
C

M
3

A2 A1B B2 B1 A1F A1T IS92cc

 

 

Figure 9.10 The HadCM3 GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean with 

plus/minus standard deviations of GWL result from the year 2000 to 2100 

 

The results of other GCMs are shown in the following figures such as Figures 9.11, 9.12, 

9.13, 9.14 and 9.15, in the framework of the two bounds of uncertainty as μ ± σ. It should 

be noted that in evaluating the statistical performance of all five GCMs, the HADCM2 
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model runs, which are unstable and fall below -20 m RL are eliminated from the 

calculation as in Figure 9.14. The cause of unstable model runs is the severely dry 

conditions, which are found from HadCM2 trends and is explained in Section 9.4.3. 

 

-20

-15

-10

-5

0

5

10

15

20

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

M
e
a
n

 +
/-

 s
td

 d
e
v
 G

W
 H

e
a
d

 (
m

 A
H

D
) 

C
S

IR
O

 M
K

2

A2 A1B B1 B2 A1F A1T IS92cc

  

 

Figure 9.11 The CSIRO Mk2 GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean 

plus/minus standard deviations, i.e. (μ + σ) and (μ – σ) limits of GWL result from the year 2000 to 2100 
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Figure 9.12 The DARLAM GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean 

plus/minus standard deviations, i.e. (μ + σ) and (μ – σ) limits of GWL result from the year 2000 to 2100 
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Figure 9.13 The ECHAM4 GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean 

plus/minus standard deviations, i.e. (μ + σ) and (μ – σ) limits of GWL result from the year 2000 to 2100 
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Figure 9.14 The HadCM2 GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean 

plus/minus standard deviations, i.e. (μ + σ) and (μ – σ) limits of GWL result from the year 2000 to 2100 
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Figure 9.15 The HadCM3 GCMs A2, A1B, B1, B2, A1F, A1T and IS92cc emission scenarios mean 

plus/minus standard deviations, i.e. (μ + σ) and (μ – σ) limits of GWL result from the year 2000 to 2100 
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9.4.3. Numerical Instability with Some of the GCMs Data 

The runs with unstable results were analysed to find the possible relationship between 

occurrences of instability and the underlying net flux data (boundary condition). When the 

accumulated net flux becomes negative, the GWL goes down. During the time steps of 

negative flux, the model uses the modifier function to handle the situation of extreme 

negative soil suction caused by negative flux. The modifier function converts the constant 

flux boundary (as used in the model runs) to constant head boundary and vice versa and 

checks with the water balance equation to achieve the convergence criteria in the cycle of 

each iteration (Krahn 2004b).  

 

In cases of extreme dry conditions, while modifier functions are used for the satisfaction of 

water balance, the large negative head is computed, which does not necessarily signify any 

physical process. From observing some of the graphs of stable runs, such as in Figures 9.16 

and 9.17, it can be easily seen that when the GWLs reach the ground surface 

(approximately +14 m AHD), with the increase of accumulated net flux, the excess water 

leaves the system by runoff. In defining the boundary condition of the model, it was 

selected that there would be no ponding of water at the top of the ground surface; excess 

water would be drained of by the surface runoff process. In the unstable run, as in Figure 

9.18, it can be seen that when the GWL reaches the bottom of the model (at approximately 

-26 m AHD), the instability occurs.  
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Figure 9.16 Stable run 1 with lowest GWL within -26 m AHD 
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Figure 9.17 Stable run 2 with lowest GWL within -26 m AHD 
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Figure 9.18 Instability of run 3 starts when the computed GWL goes below -26 m AHD 

 

The values of GWL at -1000 m are theoretical, which are computed as the result of very 

dry conditions. Some more cases of unstable runs were investigated and it was concluded 

that when GWLs fall below approximately -26 m, the model becomes unstable. It should 

also be noted that the unstable runs occur only with the net flux predicted by the scenarios 

of HadCM2 GCM. The limitations of HadCM2 net flux data have already been discussed. 

 

Thus, as a general conclusion for the statistical performance evaluation of the whole range 

of analyses, the unstable model runs results were excluded by considering them as outliers, 

which originate from deficiency of input data. The retention or deletion of any outlier can 

significantly affect the magnitude of statistical parameters especially when the sample size 

is small (Chow et al. 1988). Therefore, procedures for treating outliers require judgements 

in mathematics as well as the hydrological context. The occurrence of unstable runs is a 

distinct characteristic of the HadCM2 model net flux data. Although the number of data 

sets is only 30 for each scenario the runs with instability have been excluded from the 

analyses. Thus, the result of the HadCM2 model is analysed for the period of 2000 to 2100 

for only stable runs. 
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Outliers in statistical analyses are sometimes not negligible when they signify some 

important phenomena that are significantly relevant to the research question. However, in 

this context, the outlier (i.e. unstable runs of Seep/W) is caused by the computational 

framework of the Seep/W model. It should be acknowledged that the numerical modelling 

of physical systems is always based on this type of compromise of the model 

representativeness with its computational accuracy and efficiency. 

 

Instability as influenced by model depth: The depth of the model represented in the 

computation is 40 m from ground surface. The ground surface elevation is at +14 m RL 

and the bottom of the model is at -26 m RL. Therefore, with the range of net flux data, 

model runs that result in GWLs to fluctuate within a range of 40 m are considered only. 40 

m depth is a reasonable compromise to encompass the range of future climate data. For 

HadCM2 model only the instability occurs and its inadequacy has already been discussed. 

The physical depth of OB27 is also in the range of 40 m. 

 

The boundary condition used for the model is that no-flow boundaries exist along the 

bottom and the two lateral sides. Thus, when the computed GWL falls below the bottom of 

the bore, the instability occurs. Larger and smaller depths of model were experimented 

with and it was noted that the instability occurs when the computed GWL falls below the 

bottom of the model’s bottom line. For deeper models, instability occurs at a later time step 

and for shallower models, instability starts at an earlier time step for the same set of net 

flux data. Hence, the gradual fall of GWL continues until it reaches the bottom of the 

model. For shallow models, that condition occurs earlier and therefore the instability starts 

earlier. In the representation of the graphs for the result, although the bottom level of the 

model indicates -26 m RL, most of the computed GWLs are found to be in the range of 

approximately -20 m RL. For closer assessment of results, -20 m RL (instead of -26 m RL) 

has been chosen for the graphs.  

9.4.4. Uncertainty of the Work/Discussion 

In the climate change impact study as performed by various investigators, it can be 

conceived that the sources of uncertainty typically originate from a number of steps of the 

modelling framework. The facets of uncertainty can be listed as follows: 

1. The type of GCM  

2. The emission scenario and climate sensitivity 
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3. The downscaling technique 

4. The hydrogeologic model structure (with regard to groundwater impact) 

5. The hydrogeologic model parameters 

 

The aforementioned list of sources of uncertainty could be addressed in multiple ways 

while review of some relevant works are analysed. One of the most relevant investigations 

is the attempt to develop a probabilistic framework, as presented by Wilby and Harris 

(2006c) while combining information from GCMs, emission scenarios and downscaling 

techniques for modelling uncertainties regarding climate change impacts. They use four 

GCMs (HadCM3, ECHAM4, CSIROMk2 and CGCM2), two scenarios (A2 and B2), two 

statistical downscaling techniques, two hydrological model structures and two sets of 

hydrological model parameters. In the study by Wilby and Harris (2006c), it can be 

observed that they have used a limited number of all of the aforementioned sources of 

uncertainty in their analyses. With regard to the context of GCM and the emission scenario 

selection process, Giorgi and Mearns (2002) consider two ‘reliability criteria’: the 

performance of the model in reproducing the present day climate (‘model performance’ 

criterion) and the convergence of the simulated changes across models (‘model 

convergence’ criterion). These criteria are used to develop the ‘reliability ensemble 

averaging’ (REA) method for calculating average, uncertainty range and a measure of 

reliability of simulated climate changes at the sub-continental scale. Serrat-Capdevila et al. 

(2007) also use a similar approach to assess the performance of GCMs in their study. 

Whetton et al. (2005) suggest that the present day GCMs can simulate large-scale 

circulation features but they are unable to simulate local to small-scale circulation features 

that influence regional climate. Therefore, they suggest the necessity of joint probability 

consideration in quantifying the uncertainty. The study by Telbaldi et al. (2005) is an 

example of the probabilistic approach while predicting the regional climate.  

 

In the present perspective, the selection of GCMs has been performed based on some 

recent investigations by Hennessy et al. (2004), as described in the Chapter 7. They applied 

statistical methods to verify the performance of each model in simulating the current 

climate. In their analyses, they have compared the observed and simulated patterns for 

1961–1990 by calculating ‘pattern correlation coefficient’, which measures pattern 

similarity, and RMSE, which measures the magnitude of differences. Of the twelve GCMs, 

five selected to be considered in the study. The entire seven emission scenarios (A2, A1B, 



 

 

302 

B2, B1, A1F, A1T and IS92cc) are considered in this study. Medium climate sensitivity for 

all these scenarios is considered for the work. It should be mentioned that the SRES 

emissions scenarios are deliberately constructed in such a way that they are all equally 

plausible (Whetton et al. 2005). Therefore, it is reasonable to consider all the scenarios to 

capture the maximum range of possibility. 

 

A downscaling technique is not required to obtain the regional climate data from GCMs as 

the data source ‘Ozclim’ of CSIRO (2006) was available based on the IPCC Third 

Assessment Report series. The spatial resolution is a 25 km grid and the climate data 

available is at the monthly time step. It should be noted that the then available resource of 

climate data ‘Ozclim’ is no longer freely available in the website and needs to be 

calculated with prescribed procedures for a specific set of particulars of the GCMs and 

variable under consideration.  

 

The hydrogeologic model structure was selected by considering a number of conceptual 

model studies as discussed in Chapter 5. The best representation of the problem was 

determined in consideration to the significant flow processes and available data. The 

representation of climate by the variable ‘net flux’ as the algebraic summation of rainfall 

and evapotranspiration (AAET) has been used by many investigators. For example, Wilby 

and Harris (2006c) use ‘effective rainfall’ and Xu (1999) uses ‘active rainfall’ to represent 

the similar hydrologic input. A detailed discussion of this topic has been given in Chapter 5. 

 

The selection of hydrogeologic model parameters in the groundwater study mostly relates 

to the HC and soil moisture content or porosity of soil. The unsaturated flow model has 

additional complexity due to the variable flow and storage characteristics with soil suction. 

With the historical climate data, the Seep/W model runs were made numerically stable by 

calibrating the volumetric water content function and hydraulic conductivity function. Next, 

to validate the measured groundwater levels in some of the selected bores, a range of 

statistical criteria were considered. In validating the measured groundwater level data with 

the modelled data, the saturated hydraulic conductivity and porosity values were selected 

by considering the most important statistical criteria for the problem in the context. The 

detailed result is presented in Chapter 8. The selected soil properties were consistent with 

the field measurements, laboratory measurements and SHPA sources. With regard to the 
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present research, the frequency distribution function analyses are performed to assess the 

outcome of the result.  

 

The Seep/W model approach used herein, while representing the climate with net flux as a 

boundary condition of the system, is a simplification of the real processes of soil water 

interaction. A certain amount of water is forced to flow out of the system, namely AAET, 

which sometimes may not be practical. The AAET is computed from GCMs trends and 

local scale stochastic processes (as discussed in Chapter 7). In reality, the negative flux 

might not be large enough to pull the GWLs that low, as shown in some of the simulations. 

This is a big limitation of this work. However, since the purpose of the modelling is to 

develop the framework for the impact study, future research could be extended to build a 

more realistic groundwater model that would compute the climate flux based on climatic 

processes and observed climate data and thus represent the system in an improved way. 

9.4.5. Physical Significance of Frequency Distribution 

The cumulative frequency distribution function or probability density functions analyses 

give relatively better quantifications of the uncertainty in relation to the representation of 

mean and variance (Tartakovsky et al. 2009). Therefore, a sample analysis of this kind is 

provided here as a sample result. Detailed analyses could be conducted in a similar fashion 

but are avoided for brevity of the chapter. The frequency of occurrence of GWL at a 

certain depth and at a certain instant in time indicates the probability of the soil at that 

depth to be in a saturated condition, which is the prerequisite of safe containment of tailing 

waste. Therefore, the 210 simulations are considered, i.e. all seven scenarios and each of 

the 30 sets of data of the HADCM3 model-based net flux fed Seep/W model runs results. 

By integrating the frequency distribution curve, the cumulative frequency distribution 

function is estimated.  

  

The cumulative frequency distribution of various unsaturated soil thicknesses during a 

particular time of the 100-year span (i.e. in 2050) for all seven emission scenarios of a 

specific GCM (HadCM3) is shown in Figure 9.19. Clearly, the more frequent occurrence 

of GWL at ground surface is caused by the fact that excessive rainfall, in excess of the 

soil’s infiltration capacity, causes the fully saturated condition. The ponding is not allowed 

in the Seep/W model; therefore, the rise of GWL is limited to the ground surface. There is 

a sharp rise of frequency at that level of ground surface because of the no ponding situation. 
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The symmetry of the distribution of frequency is thereby distorted. Symmetry of frequency 

distribution is a prerequisite for the validity of the decision that a 68% confidence interval 

should be attained by μ±σ bound, 95% confidence by μ±2σ bound and 99.7 % confidence 

by μ±3σ bound (Kerr et al. 2002). There are methods that deal with skewed distribution, 

but those are not employed here as the skewness of the data is the outcome of the 

modelling framework that is accepted for some practical reason. The physically significant 

part of the result is the conclusion about the relative frequency of level of saturation at the 

various depths and the geometry of the cumulative frequency curve, which can be 

adequately described with a parabolic equation. The μ value of the distribution is 8.94 m 

and σ value of the distribution is 4.13 m. The range of 68% prediction bound at 2050 is 

therefore 8.26 m 
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Figure 9.19 Cumulative frequency distribution of GWLs at various depths for 210 simulations of 

HadCM3 GCM during January 2050. The ground surface is at 14 m AHD, the mean value is 8.84 m, 

standard deviation value is 4.125 m 

 

9.5. Integration of Physical and Non-physical Models 

The objective of the research is the prediction of groundwater level; the recharge process 

causes the variation of groundwater level. Therefore, the detailed modelling work targets 

the estimation of recharge at the catchment scale. The review of key climate feedbacks, 
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which are related to groundwater recharge or hydrologic processes, suggests that to 

manage the complex interaction between climate and groundwater recharge, the 

development of a balanced modelling framework is necessary. 

 

As stated by Carter et al. (2007), two common terms can be used to describe assessment 

types: ‘top-down’ and ‘bottom-up’. These address the issues of scale, subject matter (from 

physical to socio-economic) and policy (global or local) (Dessai et al. 2004). However, it 

is realised that assessment of impact has become increasingly complex, and combining 

elements of top-down and bottom-up approaches is preferable (Dessai et al. 2005).  

 

It is clear that the precise implications of a given climate change scenario for the volume, 

timing and quality of groundwater and stream flows in a catchment will depend very much 

on the physical, chemical and biological characteristics of the catchment. It is difficult to 

generalise in quantitative terms. All the assessments of the potential effect of climate 

change on hydrological systems have only considered the effects of a change in mean 

climate. Climate change is also likely to affect relative variability, at all time steps, and this 

variability is a key characteristic of hydrological behaviour in a catchment. Unfortunately, 

scenarios of possible changes in climatic variability are difficult to define, and the potential 

effects of climate change on the key modes of climatic variability, such as ENSO, are 

currently very uncertain (Arnell 2002). The CSIRO (2007) specifically addresses this issue 

for Australia. Some new work is still being conducted regarding the incorporation of the 

climatic variability of Australia in some selected GCMs, as indicated by Rotstayn et al. 

(2010). In physically based modelling, the incorporation of climate change and climatic 

variability has been considered in a relatively logical way. In time series modelling, the 

prediction has been made based purely on the stationarity assumption. However, the 

prediction of 100 years of data from the model developed with less than 30 years of real 

time data possesses significant uncertainty and that is comparable to the uncertainty of the 

physically based modelling.  

 

One of the important limitations of the study is that it does not consider the real time 

climate data to be embedded in the climate change prediction time series when examining 

the representativeness of the GCMs. However, this has already been performed for the NT 

by Hennessy et al. (2004) and the result of their work is used here. It has been established 

that the HadCM3 model is the best in many regards, as described in Section 8.4.1. 
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HadCM3 is one of the four GCMs used by Wilby and Harris (2006c). Yohe et al. (2007) 

also use the water availability assessment by using the result of this model after the Fourth 

Assessment Report. Therefore, the HadCM3 GCM prediction range result is compared 

with the time series prediction by the multivariate AR model.  

9.6. Integrated/Differenced Time Series for Long-Term Prediction 

One sample set of data of net flux has been plotted in Figure 9.20. The climatic variability 

shows that during the last two decades (2080 to 2100), there are spells of wet years in 

comparison to previous dry years. The accumulated net flux (integrated time series of net 

flux) is also computed to assess the influence of wet and dry spells of net flux. From the 

accumulated net flux plot, the sharp change in the long term trend is distinct. This is result 

of climate variability rather than climate change. 
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Figure 9.20 A sample graph of generated monthly flux and accumulated values (pareto) of that 

monthly flux 

 

When applying the visual assessment of the data by considering the Seep/W results at 

random, as described in Chapter 8, it is found that most of the computed GWLs have long-

term trends. The unsaturated flow model results of GWLs are consistent with the integrated 

time series of net flux. Figure 9.21 has been plotted to demonstrate the differences in the 
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resulting water balance of the system that is subjected to two different set of net flux 

(replicate 1 and 2).  
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Figure 9.21 Accumulated net flux of replicate 1 and 2 

 

However, after the application of the differencing technique to the GWLs data, the series 

could be made stationary. The physical significance of differenced GWLs data can be 

derived from the following discussion. The concept of mass balance for a control volume 

of soil mass can be considered.  

 

Inflow – Outflow = f (rate of change of storage). There may be two forms of this equation, 

one in terms of rate of flow and another in terms of total volume of flow. The volume-

based representation of the system in performing time series analyses can be found in Duah 

and Xu (2008). They use Cumulative Rainfall Departure (CRD) and Cumulative 

groundWater level Departure (CWD) in a similar study that analyses the impact of climate 

variability in an aquifer.  

 

The graphical representation of total volume is shown in Figure 9.22 and that of rate of 

flow is shown in Figure 9.23.  
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Net flux per month = f (change of GWLs) (see Figure 9.23) 

Summation of net fluxes = f (GWLs) (see Figure 9.22) 
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Figure 9.22 Generated replicates of net flux data summarised to estimate the accumulated net flux, 

which is plotted parallel to computed GWLs 
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Figure 9.23 Trends of accumulated net flux and GWLs are eliminated by differencing 
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Therefore, in Figure 9.23, generated replicates of net flux data are used to estimate the 

accumulated net flux for 100 years. The computed GWLs and accumulated net flux are 

found to be of a similar trend which is logical and expected.  

 

The incorporation of integration and differentiation for handling the problem of 

nonstationarity in the climate and GWLs time series should be used with utmost care and 

judgement for obtaining a scientifically acceptable prediction of the long-term response. 

Some attempts have been conducted in this area of investigation but the findings needed to 

be more in depth investigation and understanding. Therefore this has been recommended 

for the further extensive research.  

9.7. Conclusion 

The results of the analyses are evaluated in terms of the processes of calculation and their 

limitation with regard to the various assumptions. The future replicates of time series data 

of net flux are generated by incorporating climate variability and climate change projection 

scenarios. Significant achievements have been attained in the formulation of a modelling 

framework for the long-term impact study but a more realistic groundwater model needs to 

be incorporated for further advancement of the research. Natural climate variability is 

strong enough to influence the groundwater flow in the shallow unconfined aquifer and 

comparable to the influence of climate change trends. 
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10. Conclusion and Recommendations 

The groundwater hydrograph has a clear interaction with the climate and more specifically, 

with the annual rainfall hyetograph. The extent of this relationship depends on the 

characteristics of the catchments and distribution of rainfall in time and space. In order to 

study this problem, the field site of the Ranger uranium project in the Kakadu region of 

northern Australia was chosen, since it is required to demonstrate that solutes derived from 

its radioactive mill tailings ‘will not result in any detrimental environmental impacts for at 

least 10,000 years’. A key rehabilitation issue, therefore, is to understand and predict this 

rise and fall of the groundwater with respect to the climate system, including both climate 

variability and climate change, since it is relative groundwater levels which will control 

flow rates, direction and thus solute transport. 

 

To study this challenging groundwater-climate problem, this thesis has undertaken a 

stepwise approach, from theoretical reviews, site review, development of conceptual 

hydrological and hydrogeological models, and quantitative physical and statistical 

modelling to characterise the Ranger site. Given the critical importance of climate change 

and variability in making projections of 100 years, a complex methodology was developed 

to assess the potential impacts of this on groundwater levels at the Ranger mine. Based on 

the five GCMs, seven emission scenarios and the inclusion of climate variability using 

conditional stochastic replicates, more than 1000 model runs were completed to assess the 

long-term impacts of both climate change and climate variability. The results of the climate 

were then used to project groundwater levels in the site over this 100-year timeframe. 

 

Overall, this has allowed an assessment of the potential future groundwater levels to be 

generated based on climate change and variability. The development of such methodology 

for the rehabilitation of uranium mill tailings is believed to be the first such example 

worldwide, and should make planning for safe rehabilitation design more rigorous and 

thorough. This represents a significant contribution to new knowledge in this area, and 

should provide a model for similar problems around the world. 
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10.1. Summary of Scientific Achievements 

 The historical hydro-climatic data and groundwater level data have been analysed 

from a number of methods including four different types of conceptual models 

and various time series models.  

 The most appropriate conceptual model has been established for representing the 

groundwater flow system in the shallow unconfined aquifer of the site.  

 The groundwater-monitoring bore data have been used for validation of the 

established physically based model by calibrating the soil hydraulic characteristic 

curves for the site under saturated-unsaturated flow conditions.  

 Natural climatic variability has been replicated with the help of recently obtained 

scientific knowledge regarding the ocean-atmospheric circulation surrounding the 

investigation site. Starting with climate change predictions by a number of GCMs 

for multiple emission scenarios and combining them with the climatic variability 

for the site, thousands of replicates of climate data are generated. 

 The physically based groundwater model has been run with the thousands of 

predicted climate replicates and corresponding GWLs are analysed for the 

possible ranges of long-term fluctuations. 

 The methodology for the prediction of groundwater level as impacted by climate 

change and variability at the 100-year time scale has been developed.  

 

Climatic variability, as indicated by the conditional stochastic process, is predicted using 

the current understanding of the various relevant phenomena related to the site, such as 

ENSO (El Nino/La Nina), PDO and IOD. The climate change predictions are obtained 

from the results of various IPCC emission scenarios of GCMs. These two predictions are 

combined to generate thousands of replicates of climatic flux to feed the physically based 

unsaturated groundwater flow model. The results of the unsaturated flow model are then 

analysed by using the probability distribution function of stochastically generated time 

series data to demonstrate the ranges of variation of the GWL in a 100-year period. 
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10.1.1. Summary of Results 

Overall, the results show the critical importance of climate variability as well as climate 

change. During extended wet periods, groundwater levels are predicted to rise significantly, 

while major declines are expected under lengthy dry climatic periods. The modelling 

shows that although the impact of climate change could be significant, it must also be 

considered in the face of climate variability. Therefore, the research provides a sound 

methodology and scientific basis upon which it is possible to understand the potential 

impacts of climate change and variability on different uranium mine rehabilitation 

approaches in a wet-dry tropical climate surrounded by a region of very high conservation 

and cultural values. This is believed to be the first such rigorous methodology developed to 

address such a challenging problem anywhere in the world, and represents a significant 

scientific advance on current approaches and knowledge. 

10.2. Recommendations for Further Investigations 

Multiple ranges of known and unknown aspects relevant for predicting future ENSO 

events for the site have been considered in the generation of replicates of future climate. 

This method can be updated accordingly with new knowledge of influencing events such 

as ocean circulation phenomena, global greenhouse gas emissions, new GCM data, and so 

on. In addition, the methodology could be further enhanced in the following areas – (i) 

application to and optimisation of rehabilitation designs; (ii) expanded model scope and 

complexity, such as density-driven effects, regional scales or longer time periods (eg. 

1,000 to 10,000 years); solute transport in conjunction with flow modelling; (iii) improved 

comparison of statistical and physical modelling approaches; (iv) application of stochastic 

modelling methods to more explicitly account for uncertainty; and (v) updating model runs 

with the latest GCM data and other scientific studies for climate change and variability. 

10.2.1. Application to Rehabilitation Design 

The application of the knowledge regarding the predicted long-term GWLs in the research 

site is targeted for establishing guidelines for the design range of fluctuation of saturated-

unsaturated zone in the rehabilitation structure. After the closure of the mine site, the 

rehabilitation structure will be built in such a way that the groundwater divide will be built 

along the ridgeline of the elevated regions. The physical dimension and orientation of the 

unsaturated zone, as modelled in the present work, should be changed and the condition of 

no ponding of runoff at the top of the ground surface should be in existence. In this 
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situation, the probability of the propagation of contaminant from the tailing dam would be 

equivalent to the probability of the event of reaching GWL at the surface. 

 

From point to region: The influence of the spatial variability of the catchment’s physical 

characteristics should be combined with the temporal variability of the hydrologic 

processes for the long-term impact study of climate change on groundwater (Jyrkama and 

Sykes 2007). Kocher and Reichert (2008) identify a progressive approach to develop a 

groundwater model starting from a sub-catchment of approximately 30 km
2 

and then a 

second step that involves a regional scale with 14,500 km
2
 for the same catchment. The 

impact modelling starts from one single bore and then it should be extended for a wider 

area and more complex geological heterogeneity.  

 

Design of rehabilitation structure by varying models: The practical design of the 

rehabilitation structure could be conducted with the help of various programming software 

such as the HELP (Schroeder et al. 1994) model and the Vadose/W (Krahn 2004a) model. 

The HELP model is a quasi-two-dimensional, deterministic, water-routing model for 

determining water balances. This program is used for conducting water balance analyses of 

landfills, cover systems and other solid waste containment facilities. The interaction 

between different layers (liner systems consisting of vegetation, cover soils, waste cells, 

lateral drain layers, low permeability barrier soils and synthetic geomembrane liners) and 

different processes (surface storage, snowmelt, runoff, infiltration, evapotranspiration, 

vegetative growth, soil moisture storage, lateral subsurface drainage, leachate recirculation, 

unsaturated vertical drainage, leakage through soil, geomembrane and composite liners) 

are represented by a number of empirical and semi-empirical equations. Pre-defined 

criteria are used for ascertaining the logical interaction between those processes. The 

Vadose/W model is a much more data-intensive model in which the net flux is computed 

from the measured climate variables such as rainfall, humidity, wind speed, temperature, 

solar radiation and duration of sunlight hours. It is a finite element model and involves 

extensive computation. This model can also be used for designing the rehabilitation 

structures.  

 

Benson (2007) modelled the unsaturated flow and atmospheric interaction by using four 

codes: HYDRUS (Simunek et al. 1996), SVFLUX (Thode 2009), UNSAT-H (Fayer 2000) 

and VADOSE/W (Krahn 2004a). Wang and Murray (2005) used SoilCover (GeoAnalysis 
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2000) software and Seep/W software to design a soil cover system by simulation of the 

infiltration rate and estimation of groundwater level in a gold mine closure site in Canada. 

Kowalewski (1999) used both the HELP model and the SoilCover (GeoAnalysis 2000) 

model to compare the percolation rates for arid climate data. Similar analyses could be 

performed for this study to explain the outcome in a more comprehensive way. 

 

Integrated water management issue: In climate change studies, the integration of other 

changes such as demography, land cover and land use, economy, technology and overall 

human activity should also be considered in a pragmatic way for practical needs (Varis et 

al. 2004). Understanding the regional groundwater flow for safety of geological disposal, 

as indicated by Toth and Sheng (1996), may serve one way of designing the rehabilitation 

structures safely to achieve low long-term environmental impacts. 

10.2.2. Density Driven Flow Modelling and Solute Transport modelling  

Flow dynamics change when there is a high concentration of salts present in water – 

making the saline water more dense than fresh water (eg. seawater has a typical density of 

1.03 kg/L). The process water at the Ranger mine is typically saline (Ferguson and Mudd 

2010) and thus in modelling regional scales density-driven effects would be important to 

address. Furthermore, it would be necessary to include solute transport in such modelling, 

as this is crucial in predicting long-term behaviour of tailings-derived solutes with respect 

to the 10,000 year rehabilitation goal. 

10.2.3. Comparison of Statistical and Physical Modelling Approaches 

The time series forecast using multivariate AR model, TFN model could be more 

thoroughly developed and thereby compared with physical process based modelling. Some 

initial investigations on this issue showed that incorporation of TFN model requires larger 

computational time and therefore it could be investigated under new initiative. The 

physical basis of TFN is stronger while the simplicity of multivariate AR model is an 

advantage for long-term modelling. Therefore this area remains to be investigated 

 

Improved TFN representation: Significant improvement of the time series prediction 

could be achieved by investigating the optimum complicated model (in terms of the 

number of inputs) for optimum lead time (forecast time) (Tankersley and Graham 1994). 

The incorporation of unsaturated thickness as a second input function together with net 
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flux as the first input function can be used in double-input TFN. Goor et al. (2006) predict 

recharge as a function of dam water release and rainfall using the double-input TFN. In 

addition, there could be multiple-input TFN. Liu and Hanssens (1982), Edlund (1984), Liu 

(1986) and Edlund (1988) developed methods for the estimation of multiple-input TFN 

using the theory based on multiple regression, and considering the multi-colinearity of 

input data and auto-correlated residuals.  

10.2.4. Stochastic Modelling 

Extensive stochastic modelling would result in more explicit quantification of the 

uncertainty of this investigation. Very preliminary stage of analyses associated with the net 

flux data has been performed but the other factors could be addressed in conjunction with 

net flux.  

 

Sources of uncertainty: In this study, there are multiple areas of uncertainty related to a 

range of issues. The future long-term climate flux, the interaction among the physical, 

chemical, biological and environmental processes and the future mode of human activities 

in response to the scientific development are some examples. In terms of modelling 

perspective, these could be categorised in many ways. For instance, in a study that 

evaluated the uncertainties specifically related to regional groundwater flow around a 

nuclear waste disposal site, Ijiri et al. (2009) have demonstrated that uncertainty for porous 

media heterogeneity is more influential than uncertainty for modelling approaches or 

scenario development. The Ranger area certainly exhibits considerable heterogeneity, 

which has been addressed in this thesis through calibration of historical data for each 

groundwater bore. Similar investigations could be performed for the Ranger site to identify 

the most vulnerable area of uncertainty. 

 

Generation of climate variability: There are other possible methods to generate climate 

variability which could be further explored. For example, Singular Spectrum Analysis 

(SSA) has been applied extensively to the study of paleo-climatic time series, interdecadal 

climate variability, interannual and interseasonal oscillations in geophysical time series 

(Allen and Smith 1996; Gurdak et al. 2007). The work of Ghil et al. (2002) could be 

further investigated to explore the possibility of generating future climatic variability using 

other techniques such as the Blackman-Tukey method and the Multitaper Method of 

advanced spectral analyses for the site.  



  

 

 

317 

 

Larger time scale: Goodess et al. (1990) have employed a number of methodologies for 

assessing the probable ranges, successions and durations of major climate states that are 

likely to occur over a time scale of 10
6

 years for the design of a radioactive waste 

repository in the UK. One of the methods includes the empirical analysis of the long-term 

reconstructed climate record, as we have used with SCL in this work. However, the current 

status of GCM’s prediction is not reliable a time scale of thousands of years.  

 

The application of the Milankovitch Theory for analysing changes in global climate over a 

million-year time scale was another method used by Goodess et al. (1990). Similarly, 

Stothoff (2007) estimated a million-year average of deep percolation from estimates of two 

independent climate sequences based on the correlation between past climate during 

glacial cycles and orbital characteristics of the Earth to project orbital characteristics into 

the future. This can be applied to the Ranger mine site for the estimation of longer time 

scale impacts, such as the 10,000 year rehabilitation criteria. 

10.2.5. Updating Model Runs 

The Ozclim data used in the study are derived from the Third Assessment Report. The data 

based of Fourth Assessment Report is now available. There is slight variation with the 

climate data among Third and Fourth Assessment Reports. The incorporation of Fourth 

Assessment Report based data will improve the scientific basis of this modelling. 

10.3. Final Comments 

The thesis addresses all relevant scientific issues which are to be considered for impact 

study of climate change and natural climatic variability on the shallow unconfined 

groundwater system. Some of the issues are explicitly incorporated while others are 

mentioned to be scope for further investigated. This approach can be applied for any other 

hydro-climatic system in any location for the long-term impact study of climate. The 

incorporation of prediction of the future climate variability is one of the most significant 

contribution to the existing methods followed in these type of investigations. The other 

significant contributions consist of application of statistics for understanding the physical 

processes, thorough investigation on the performances of various statistical models, 

detailed comparison of the various fitness criteria for validation of the physical process 

based groundwater model. Therefore the piece of work should be regarded as a significant 

new contribution to the knowledge in the existing state of the art in this field of science and 

its application. 

(Ostrom 1990), (Dahe et al. 2006), (Rennolls et al. 1980), (Duan 1994), (Boughton 2002), 

(Kabir et al. 2007), (Leggett et al. 1992) 
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Appendix A: Steps for estimation of Morton’s Areal Actual 

Evapotranspiration 
 

The steps for estimation of Morton‟s Areal Actual Evapotranspiration have been sourced 

from the paper (Morton 1983). Monthly AAET as estimated for a specific location is 

described first. Then the daily values of AAET are estimated from monthly AAET 

retaining the monthly structure of AAET.  

 

It should be mentioned that in the present research the monthly values of AAET are 

computed from daily AAET as supplied by SILO (SILO 2009) and used in the estimation 

of climate flux which is the algebraic summation of monthly rainfall (measured) and 

monthly AAET (estimated).  

 

The operations performed for a particular station involves the following steps.  

1. Estimation of zenith value of dry-season snow-free clear-sky albedo for the station 

location. 
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17.011.0  zda  

azd  Zenith value of dry-season snow-free clear-sky albedo  

p  Atmospheric pressure at the station (m bar)  

ps  Atmospheric pressure at sea level (m bar)  

  Latitude   (degree), negative for southern hemisphere  

PA  Average annual precipitation (mm)  

H  Altitude above sea level (m)  

 

The operations performed for a particular month involves the following steps. 

2. Development of saturation vapour pressure-temperature curve and estimation of slope of 

the curve at the average air temperature (for the month).  
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TD  average dew-point temperature at instrument level (
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Slope of saturation vapour pressure curve at temperature T (m bar/

o
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3. Estimation of extra-atmospheric global radiation (for the month) 
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4. Estimation of clear sky albedo (for the month) 
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azz  Zenith value of snow-free clear-sky albedo  

az  Zenith value of clear-sky albedo  

ao Clear-sky albedo 

co Constrained variable (m bar) used in longer equations  

 

5. Estimation of precipitable water vapour and turbidity coefficient (for the month) 
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6. Estimation of the transmittancy of clear skies to direct beam solar radiation and the part 

of transmittancy that is result of absorption (for the month) 
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  transmittancy of clear skies to direct beam solar radiation  

 

7. Estimation of clear-sky global radiation, incident global radiation and average albedo 

(for the month) 
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8. Estimation of proportional increase in atmospheric radiation due to clouds (for the 

month) 
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9. Estimation of the net long-wave radiation loss for soil-plant surfaces at air temperature 

(for the month) 

   


















  1007.071.01273

4

s

D
p

p
vTB  

 4
27305.0  TB   

 

B Net long-wave radiation loss with the surface at air temperature (W/m
2
) 

  Surface emissivity 

  Stefan-Boltzmann constant (W/m
2
 K

4
)  

 

10. Estimation of the net radiation for soil-plant surfaces at air temperature, the stability 

factor, the vapour transfer coefficient and the heat transfer coefficient (for the month)   
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  Stability factor 

fZ Constant (W/(m
2
 .m bar)) used in estimating fT – changes at below-freezing 

temperatures 

fT Vapour transfer coefficient (W/(m
2
 .m bar)) between surface and 

instrument level 

  Psychrometric constant- changes at below freezing temperature (/
o
C) 

bo constant 

RTC RT with RTC   0 

RT Net radiation for soil-plant surfaces at air temperature (W/m
2
) 

  Heat transfer coefficient (m bar/
o
C) 

 

11. Iterative solution of vapour transfer and energy balance equation for estimation of 

equilibrium temperature (for the month) 
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Pv  Trial value of Pv in iteration process 

Pv  Saturation vapour pressure at TP 

P  Slope of saturation vapour pressure curve at PT   

P  Slope of saturation vapour pressure curve at PT  

PT   Trial value of PT  in iteration process 

PT  Potential evapotranspiration equilibrium temperature 

 PT  Correction to PT    in iteration process 

 

12. Estimation of potential evapotranspiration, the net radiation for soil-plant surfaces and 

wet environment areal evapotranspiration at equilibrium temperature (for the month) 
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b1 Constant (W/m
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ETP Potential evapotranspiration (W/m
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13. Estimation of areal evapotranspiration from complementary relationship (for the 

month) 

 

TPTWT EEE  2  

 

ET Areal evapotranspiration (W/m
2
) as indicated as areal actual 

evapotranspiration (AAET) 

 

The latent heat of vaporization or sublimation is used for converting the evapotranspiration 

from the power units to depth unit. 

 

As stated earlier, this monthly values are then converted to daily values by retaining the 

monthly structure of AAET. 
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Appendix B: Types of time series model and some relevant concepts  

Time series models can be classified according to the number of variables included in the 

model. A time series model consisting of just one variable is called a univariate time series 

model. A univariate time series model will use only current and past data on one variable. 

Implicit in the formulation of such a model is the assumption that factors which influence 

the variable have not changed or are not expected to change sufficiently to warrant 

introducing these explicitly into the model (Vandaele 1983). 

 

A time series model, which makes explicit use of other variables to describe the behaviour 

of the desired series, is called a multivariate time series model. The model expressing the 

dynamic relationship between these variables is called transfer function noise model. The 

terms transfer function noise model and multivariate time series model are sometimes used 

interchangeably but in this work we indicate transfer function model as the model, which 

have a dependent variable, and one or more explanatory variable. On the other hand in 

multivariate time series model, there may be a system of simultaneous regression models 

where the relationship between input and output consists of time–lagged input (exogenous 

variable) as well as time-lagged output (endogenous variable) (Ostrom 1990). 

 

A transfer function noise model is related to the standard regression model (Hildebrand et 

al. 1977) in that both have a dependent variable and one or more explanatory variable. But 

a transfer function model can allow for a richer dynamic structure in the relationship 

between the dependent variable, and each explanatory variable, and between the error term 

(Vandaele 1983).  

 

Regression models with time-lagged inputs are called distributed lag models. The word 

“rational” here refers to a mathematical ratio (Pankratz 1991). This model is named as 

multiple regression model. The representation of GWL as a dynamic regression of rainfall 

has been done by (Haugh and Box 1977; Adamowski and Hamory 1983; Viswanathan 

1984). Similar type of representation done for snow cover as a function of precipitation, 

temperature etc. by Dahe et al.  (2006) by using multiple regression models. Thus many 

investigators have used the technique of using multiple regression and Auto Regressive 

Moving Average (ARMA) model since the introduction of time series in hydrologic data 

analysis (Kerr et al. 2002; Dahe et al. 2006).  
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In multiple regression, Y= a+ b1X1+b2X2+b3X3 type of equation is developed, where the 

X‟s are independent variables  (IVs) and Y is the dependent variable (DV). The strength 

and weakness of various independent variables are indicated by the coefficients and Beta 

values whereas the quality of fit is indicated by R
2 

as well. 

 

The scale upon which the IVs were measured influences the slope, indicated by the values 

of (b1, b2 …). As different IVs may be measured on scales of very different units, it is very 

difficult to compare their relative importance. The use of standardised regression 

coefficient „Beta‟ allows meaningful comparisons regarding the degree of predicted change 

on the DV associated with changes in a number of IVs. The variable with the largest „Beta‟ 

will have the most relative influence on the DV (Kerr et al. 2002).  

Auto Regressive Moving Average (ARMA (p,q)) model 

In an ARMA model, the series to be forecast is expressed as a function of both previous 

values of the series (auto-regressive terms, p) and previous error values from forecasting 

(the moving average terms, q). Let us assume {Xt} is an ARMA (p,q) process if {Xt}is 

stationary  and if for every t,  

qtqttptptt ZZZXXX    ......... 1111  

where, {Zt} WN(0,
2
) and the polynomials (1 - 1z -…-pz

p
) and (1 + 1z + …qz

q
) have 

no common factors. 

 

A first-order autoregressive model was used to describe the response of the water table in a 

borehole to a series of rainfall events (Rennolls et al. 1980; Parlange et al. 1992). ARMA 

models are investigated in this work as univariate process and multivariate AR (MAR) 

process. The transfer function noise (TFN) models are also investigated, developed and 

compared for the prediction performances for the site. The comparative analyses of the 

performance of MAR and TFN is also detailed in chapter 6. 

Relation between multivariate MA prediction and multiple regressions 

The multivariate prediction analysis methods are analogues of conventional regression – 

correlation methods with important differences and Hildebrand (1977) explains the 

contrasts in detail. It refers to two basic components of multivariate prediction analysis 

such as prediction rule and a prediction success measure whereas the conventional model 
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represented by prediction equation determined by multiple regression and an evaluation of 

the prediction being given by the R
2
 value in multiple regression.  

 

The contemporaneous ARMA or CARMA, family of models is designed for modelling 

two or more time series that are statistically related to one another only because they 

represent the processes of same time i.e.; simultaneous processes (Hipel and McLeod 

1994). The groundwater fluctuation in a number of bores located at the unconfined shallow 

aquifer system or partially confined system surrounding the Ranger site should be 

represented as the CARMA model in the current research. For example the selected bores 

for the present research such as   OB1A, OB20, Ob43 and OB27 form CARMA model for 

the site as described in chapter 6.     

 

Some relevant concepts for time series  

 

Coefficient of correlation 

While linear relationship is considered between two variables such as net flux (X) and 

GWL (Y), the relationship can be represented with equation of linear regression, the 

equation structure being Y = bX + a. To assess the predictive value of the regression line a 

measure of the strength of the relationship between the two variables is necessary. The 

nature of the relationship is represented by correlation coefficient (r). One way of obtaining 

a measure of r is  

2/1)])()][var(/([var),(cov YianceXianceYXariancer   

The estimation of variance and covariance for the set of X and Y values can be found from 

any text book of statistics. The value of r varies between -1 to +1. The signs indicate the 

direction of relationship; positive sign indicates the two variables covary in the same 

direction. 0 values indicate there is no correlation between the two variables. r
2
 value 

multiplied by 100 is called coefficient of determination. It expresses the amount of the 

variance on one dimension that can be explained or accounted for by the variance on the 

other dimension. 

 

Autocorrelation and cross correlation 

Autocorrelation: This term is used to describe the association or mutual dependence 

between values of the time series at different time periods. It is similar to correlation, but 

relates the series for different time lags. Auto covariance function, and autocorrelation 



   365 

function (ACF) (Brockwell and Davis 2002) is always related to a specific time lag and the 

pattern of variation of ACFs are plotted graphically for different time lags to assess the 

important statistical characteristics of the time series process such as to identify whether or 

not seasonality is present in a given time series and the length of that seasonality, to 

identify appropriate time-series models for specific situations, and to determine the 

stationarity in the data (Makridakis and Wheelwright 1978).  

Partial autocorrelation: The partial autocorrelation function (PACF) is a measure of 

correlation which is used to identify the extent of relationship between current values of a 

variable with earlier values of that same variable (values for various time lags) while 

holding the effects of all other time lags constant (Brockwell and Davis 2002). 

Cross correlation: The cross correlation function (CCF) perform the same function in 

multivariate time-series analysis as auto-correlation performs for univariate time-series 

analysis. The estimations of ACF and PACF of univariate analyses and CCF in 

multivariate analyses are done for innovating appropriate class and type of model (Box and 

Jenkins 1976; Welsh and Stewart 1991).  

 

Stationarity 

Stationarity of a stochastic process can be qualitatively interpreted as a form of statistical 

equilibrium. Therefore, the statistical properties of the process are not a function of time. 

Stationarity is analogous to the concept of isotropy within the field of physics. In order to 

be able to derive physical laws that are deterministic, it is often assumed that the physical 

properties of a substance are the same regardless of the direction or location of 

measurement (Hipel and McLeod 1994). Similarly for our purpose a stationary process is 

one whose mean, variance and autocorrelation function are constant through time. Our 

notion of stationarity is a weak form. There is also a strong form, which requires that, the 

entire probability distribution function for the process is independent of time. For practical 

reasons it is common to work with the weak form. If the random shocks are normally 

distributed, then the two forms are identical (Pankratz 1991).  

 

Some researchers believe that natural processes are inherently nonstationary and therefore 

the greater the time span of the historical series, the greater is the probability that the series 

will exhibit statistical characteristics which change with time. However, for relatively short 

time spans it is feasible to approximately model the given data using a stationary stochastic 

model. Nevertheless, the reverse position may seem just as plausible to other scientists. 
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Apparent nonstationarity in a given time series may constitute only local fluctuation of a 

process that is in fact stationary on a longer time scale (Hipel and McLeod 1994). 

Therefore, to encompass both of the viewpoints, a combination of model (TFN Model 1, 

TFN Model 2 and AR Model 3) has been developed. When dealing with yearly 

hydrological and other kinds of natural time series of moderate time spans, it is often 

reasonable to assume that the process is approximately stationary (Yevjevich, 1972, page 

68 of (Hipel and McLeod 1994)). 

 

Whiteness of residual 

The comparison of the performance of a number of models is usually done by looking at 

the residual variances. Model with least residual variance represents best fit. To compare 

the models, it is convenient to work with whitened process for two reasons. The structure 

of the model (such as AR model, integrated autoregressive IAR model, model with log 

transformed values etc) influences the residual variances. Hence inferences based on a 

model with incorrect structure can be only of dubious value. Secondly the regression 

theory and the associated statistics are valid only if independent and identically distributed 

observations are used for both regressed and regressor variables (Kashyap and Rao 1976).   

 

The white noise components as assumed to be independently distributed, a recommended 

procedure for checking the whiteness assumption is to examine a plot of the residual ACF 

along with confidence limits (Hipel and McLeod 1994; Brockwell and Davis 2002). The 

plot of residual ACF is the best whiteness test to use as described in (Brockwell and Davis 

2002). Hence finally residual correlations and cross-correlations are computed for model 

checking by performing the ACF plot. 

 

Cointegration and others 

Cointegration is an econometric technique for testing the correlation between non-

stationary time series variables. If two or more series are themselves non-stationary, but a 

linear combination of them is stationary, then the series are said to be cointegrated. 

Spurious correlation occurs when the sample size is small, and the R
2
 metric is misleading 

i.e. there is a high likelihood that the fit occurred purely by chance. Hence to handle the 

concept of cointegration with caution, we apply appropriate transformation for converting 

any non stationarity for instance in the hundred years monthly time series, because there 
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are serious obligations imposed to identify cointegration before doing the multivariate time 

series analyses (Engle and Granger 1987). 

 

The other relevant and important concepts include causality (Cromwell et al. 1994) and 

invertibility of ARMA representation (Kashyap and Rao 1976), feedback check of 

univariate ARMA representation (Pankratz 1991), parsimony of model (Vandaele 1983), 

stability of system (Kaplan 1962), detecting chaos and nonlinearity of past data (Kaplan 

and Glass 1995), using  physical approach  to suggesting useful interesting statistical 

models (Tong 1990). Most of these concepts are taken care by applying the knowledge of 

the physical laws and practical information instead of performing traditional statistical tests 

or diagnostic checks as applicable for data with least information about the attributes to the 

system. 

 

 

 

Appendix C: SILO climate data  

See the attached CD 

 

 

Appendix D: Ranger bore data 

See the attached CD 
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Appendix E: Australian Water Balance Model (AWBM) 

The conceptual framework of AWBM consists of the following system of representation of 

the hydrologic system of a catchment.  

1. Rainfall – Evapotranspiration = Effective rainfall (deterministic) 

2. Effective rainfall = Surface Storage (function of A1, A2, A3 and C1, C2, C3) + 

Excess  

3. Excess = Surface Runoff + Base flow Recharge (function of BFI) 

4. Base flow Recharge = Base flow + Base flow Store (function of Kbase) 

5. Total runoff = Base flow + Surface Runoff (function of Ksurf ) 

The rainfall excess produced from surface stores is splitted and routed as either surface 

flow or base flow and then combined together to form total runoff Figure 1. The following 

equations describe the procedure. Moisture in surface storages are represented as a 

combination of three different storage capacities per unit area (C1, C2 and C3) and three 

proportions (A1, A2 and A3) of areal extents respectively. 
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Figure 1 Conceptual diagram of the Australian Water Balance Model (AWBM) (Podger 2004)  

Selection of calibration procedure: The AWBM framework provides both manual and 

automatic procedures for model calibration. In manual calibration, the number of 

parameters is eight (A1, A2, BFI, C1, C2, C3, Kbase, Ksurf ). The sensitivity of one particular 

parameter depends on the values of the remaining parameters making the calibration 

procedure quite complex (Podger 2004). Thus the non-linear relation between the 

substantial numbers of calibration parameter is the major disadvantage of manual 

calibration. This disadvantage is reduced in the automatic calibration procedure. Hence the 

automatic calibration procedure is preferred for the study. 
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In automatic calibration procedure, there are two options such as  

1. Custom calibration  

2. Generic calibration.  

Custom calibration: The AWBM Custom calibration is a specific facility written to 

automatically calibrate the AWBM model. The automatic calibration procedure follows 

predefined optimisation method and it consists of two step computations. In the first step 

preset values of BFI, Kbase and Ksurf  are used and the average surface store capacity Cave is 

verified by trial and error until the modelled runoff closely matches with observed runoff. 

In the second step, the parameters BFI, Kbase and Ksurf  are optimised using the specific 

objective function (Boughton 2002). The record of daily rainfall, evapotranspiration and 

runoff being available, the objective function adequately utilizes the available data for 

model fitting indeed.  

 

Based on the knowledge gained from many previous AWBM applications, the automatic 

calibration procedure incorporates fixed proportion of area as A1: A2: A3 as 0.134: 0.433: 

0.433 and fixed proportion of surface store capacities as C1: C2: C3 as 0.075: 0.762: 1.524 

(Podger 2004). 

 

Generic calibration: The Generic calibration procedure gives options for seven different 

optimisation algorithms. From the seven different optimisation algorithm, Shuffled 

Complex Evolution (SCE-UA) method of optimisation is selected as this is a combination 

of deterministic and probabilistic approaches (Duan 1994; Podger 2004). There are also 

options for two objective functions, one to be selected from 8 primary objective functions 

and another to be selected from 4 secondary objective functions in Generic calibration 

procedure.  

 

From the observation of the 8 primary objective functions, the Nash-Sutcliffe criterion is 

selected to be best to fulfil the purpose of modelling. The other objective functions do not 

consider the mean observed value of runoff in the expression of the function. The 

significance of considering mean observed flow in the expression of objective function is 

discussed later. The objective function such as Nash-Sutcliffe Criterion (E) for model 

calibration is expressed in the following equation.  
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a) Selection of primary objective function: Considering the flow distribution of the site, it 

can be seen that the runoff in Magela creek is very much uneven throughout the year. The 

typical wet season is from November to April and Magela creek starts to flow after 200mm 

of rainfall. The annual average rainfall is 1548mm (1971 to 2005). It can be also found 

from the Figure 2 that the flow in the Magela creek at the station GS821009 is highly 

fluctuating with no flow during the dry season, mean observed flow 1.65 mm/day and peak 

values up to more than 100 mm/day. The flow distribution of observed runoff has high 

kurtosis value 113 indicating sharp peak and flat tail. Kurtosis characterizes the relative 

peaked ness or flatness of a distribution compared with the normal distribution. Positive 

kurtosis indicates a relatively peaked distribution. Negative kurtosis indicates a relatively 

flat distribution.  
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Figure 2 Flow variation in the Magela creek.  
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Hence the consideration of mean observed flow value in the calibration function such as 

Nash-Sutcliffe to represent a flow which is very much different from even distribution in 

time domain, will eventually give more weighage to smaller flow than larger flow indeed. 

It is also stated by Boughton (2002) that the automatic calibration procedure places 

more weight on smaller flow values as the Nash- Sutcliffe criterion is the only available 

calibration function in there. 

 

b) Selection of secondary objective function: The prime objective of water balance 

modelling is the computation of base flow recharge which is generated from base flow as 

shown in the structure of AWBM. Hence the secondary objective function is selected to be  

the Base flow Method 2 which has been described in (Grayson et al. 1996).  

 

Conclusion of selection of calibration procedure: There had been a number of model runs 

with different set of input data, different calibration methods and different objective 

functions for optimisation. While using the generic  calibration considering the secondary 

objective function as Base flow Method 2 (Grayson et al. 1996) , the Nash Sutcliffe criteria 

improves very little (from 0.55 to 0.56, 0.57. 0.58) but the relative difference in flow 

between observed and calculated value increases from 0.61% to 28.1%. Some of the results 

are shown in Table 1.  

 Table 1 Selection criteria for automatic calibration method 

Method of 

calibration 

Objective 

function 

Nash-Sutcliffe 

Criteria  

Flow 

Difference 

Correlation 

Custom  

Calibration 

(AWBM auto 

calibration) 

Nash-Sutcliffe 

Criteria  

.55 0.61 % .74 

Generic 

Calibration 

Nash-Sutcliffe 

Criteria and 

Baseflow 

method 2 

.56-.58 28.1 % .75-.76 

 

From the modelling experience the best-suited method of calibration was selected as the 

AWBM auto calibration. The criteria of selection were, higher value of Nash-Sutcliffe 

criterion, minimum error with the observed and computed runoff, and eventually all other 
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water balance components. Moreover the auto calibration was faster than the other 

calibration methods. Hence auto calibration method was selected finally.  

Data requirement for AWBM: As shown in the structure of AWBM, the input data 

required in running the model are three set of flow data such as daily rainfall, daily 

evapotranspiration, and daily runoff. No monthly scaling factor is used to either rainfall or 

evapotranspiration estimates as daily Areal Actual Evapotranspiration (AAET) is used 

rather than using pan factor and pan evaporation data. It should be mentioned that if the 

evapotranspiration are potential values, then the scaling factors are used to convert them 

into actual values, but if the evapotranspiration are actual values then scaling factors are 

not required. When the flow values are in volume per unit time, then area of catchment is 

required to convert those into depth per unit time values. The time series flow data are 

available in terms of depth per unit time and therefore the catchment area is not required.   

 

Representation of Evapotranspiration across the catchment: The options for representing 

the catchment evapotranspiration by combining the concepts of scale factors of AWBM 

with the earlier available techniques such as to monthly values of pan factors (Chow et al. 

1988; Chiew and Wang 1999) and “ET ratio” used in this study is investigated. The “ET 

ratio” as used in this thesis is the ratio between the areal value of actual and potential 

evapotranspiration. In Table 2, the numerical values of pan factors i.e. “Pan Coefficient or 

Pan Factor” for Jabiluka site used by Chiew and Wang (1999) has been compared to the 

ET ratio for Ranger site. The data from “Evapotranspiration map of Australia” i.e., Wang 

et al (2002) has been used to obtain the values of ET ratio. Various ET variables are 

available for the whole Australia in the source of Wang et al (2002)  and those are long 

term monthly averages. 

 

From the table below, it is clear that these two methods are giving comparable but different 

estimation of open water evaporation (column 4) and areal actual evapotranspiration 

(column 5) and as a third choice considered is the latest available Morton‟s areal actual 

evapotranspiration data available in (SILO 2006) with no scaling factor. A comparison 

have been performed between this average monthly  ET data of  (Wang et al. 2002) and  

the average monthly ET data for the site obtained from (SILO 2006) which has already 

been discussed in earlier section of this chapter and also in (Kabir et al. 2007). Based on 

these three alternative set of data as evaporation (one set) and evapotranspiration (two sets)  
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the latest available Morton‟s areal actual ET (AAET) is selected which is daily time series 

data to compute the water balance components for the site by using AWBM.   
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Table 2 Numerical comparison of monthly ET ratio and Pan Coefficient for Ranger  

Month Observed Pan 

Evaporation 

(mm) (Chiew 

and Wang 

1999) 

Pan Coefficient  for 

converting Pan 

Evaporation to Open 

Water Evaporation  

(Chiew and Wang 

1999) 

Open Water 

Evaporation = 

Observed Pan 

Evaporation x Pan 

Coefficient (mm) 

Average Areal 

Actual Evapo-

transpiration 

(mm)(Wang et al. 

2002) 

Average Areal 

Potential Evapo-

transpiration 

(mm)(Wang et al. 

2002) 

ET ratio for 

converting Potential 

ET to Actual ET 

Col (1) Col (2) Col (3) Col (4) = Col (2) x 

Col (3) 

Col (5) Col (6) Col (7) = Col (5) / 

Col (6) 

January 184 0.92 169.28 120.6 210 0.57 

February 156 0.92 143.52 96.9 165 0.59 

March 175 0.95 166.25 133.8 225 0.59 

April 203 0.77 156.31 94.9 180 0.53 

May 216 0.7 151.2 68.4 150 0.46 

June 204 0.7 142.8 51.4 135 0.38 

July 216 0.66 142.56 46 130 0.35 

August 247 0.64 158.08 61.2 150 0.41 

September 268 0.66 176.88 79 180 0.44 

October 288 0.66 190.08 96.9 210 0.46 

November 244 0.75 183 97.5 195 0.50 

December 212 0.84 178.08 117 220 0.53 
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Input data: The analysis by the use of AWBM was performed using three different sets of 

data. With the three daily time series data such as rainfall, runoff and evapotranspiration, 

various sources of data have been considered. The daily rainfall and AAET data are 

available from Jabiru Airport Station 14198 of BoM. The daily runoff is available from the 

gauge station GS821009 in the catchment of Magela creek. 

A brief outline is given in the Table 3.  

Table 3 Input data description of the model runs by AWBM 

 Rainfall and 

runoff data 

Evapotranspiration data 

and scaling factor 

Comments on 

catchment and unit of 

data 

Model 

run 1 

Existing data of 

RRL (Podger 

2004) 

Daily potential 

evapotranspiration (Podger 

2004) and ET ratio (Wang 

et al. 2002) 

Catchment area 260 

Km
2 

with gauging 

station at GS821007, 

Rainfall, ET and 

Runoff in mm/d 

Model 

run 2 

Rainfall data from 

Jabiru Airport 

(SILO 2005) and  

runoff data from 

station  

GS821009  

Daily pan evaporation  

(SILO 2005) and monthly 

pan factor (Chiew and 

Wang 1999)  

Catchment area 600 

Km
2 

with gauging 

station at GS821009, 

Rainfall and ET in 

mm/d, Runoff in cumec  

Model 

run 3 

Same as above  Daily Morton actual 

evapotranspiration (SILO 

2006) and no scaling factor  

Same as above 

The data used for long-term average computation consist of daily rainfall (mm/day), daily 

AAET (mm/day), daily-observed runoff (mm/day). The period of data analysed is from 

25/09/1971 to 13/03/2005 in Model run 3. By comparing the model performances of these 

three runs in terms of calibration criteria, the numerical performance of the Model run 3 by 

the AWBM is reported finally. The calibration period is from 16/04/1972 to 24/09/2002 

and verification period is 10/03/2003 to 13/03/2005. The calibration result is used for 

developing the conceptual model of the site. 
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Appendix F: GWL Charts for the monitoring bores 
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Figure 1. Measured GWL (m AHD) for bores OB19A, OB1A, OB2A and OB31 
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Figure 2. Measured GWL (m AHD) for bores OB23, OB24, OB32 and OB33 
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Figure 3. Measured GWL (m AHD) for bores OB35, OB36, OB37 and OB30 
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Figure 4. Measured GWL (m AHD) for bores OB27, OB29, OB38 and OB79_6 
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Figure 5. Measured GWL (m AHD) for bores OB34, OB20 and OB21A 
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Figure 6. Measured GWL (m AHD) for bores OB41, OB42A, OB43 and OB44  
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Appendix G: Emission scenarios and evapotranspiration data for GCMs  

 

Emission scenarios (IPCC 2001a) 

The following descriptions about the emission scenarios are copied from (IPCC 2001a).In 

1992 the Intergovernmental Panel on Climate Change (IPCC) released six emissions 

scenarios (Leggett et al., 1992) providing alternative emissions trajectories spanning the 

years 1990 through 2100 for greenhouse-related gases, Carbon dioxide (CO2), carbon 

monoxide (CO), methane (CH4), nitrous oxide (N2O), nitrogen oxide (NOx), and sulfur 

dioxide (SO2). These scenarios were intended for use by atmospheric and climate scientists 

in the preparation of scenarios of atmospheric composition and climate change. The work 

updated and extended earlier work prepared for the IPCC first assessment report. These six 

scenarios are referred to as the IS92 scenarios. 

These scenarios have been widely used in the analysis of possible climate change, its 

impacts, and options to mitigate climate change. In 1995, the IPCC 1992 scenarios were 

evaluated. The evaluation recommended that significant changes (since 1992) in the 

understanding of driving forces of emissions and methodologies should be addressed. 

These changes in understanding relate to, e.g., the carbon intensity of energy supply, the 

income gap between developed and developing countries, and to sulphur emissions. This 

led to a decision by the IPCC Plenary in 1996 to develop a new set of scenarios named as 

Special Report on Emissions Scenarios (SRES). 

The SRES Marker Scenario A1 storyline and scenario family describes a future world 

of very rapid economic growth, global population that peaks in mid-century and declines 

thereafter, and the rapid introduction of new and more efficient technologies. Major 

underlying themes are convergence among regions, capacity building, and increased 

cultural and social interactions, with a substantial reduction in regional differences in per 

capita income. The A1 scenario family develops into three groups that describe alternative 

directions of technological change in the energy system. 

The A1B group is based on the A1 storyline and scenario family but describes a balance 

across all energy sources. 
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The A1FI group is based on the A1 storyline and scenario family but describes an 

alternative direction of technological change in the energy system by emphasizing fossil-

fuel intensity. 

The A1T group is also based on the A1 storyline and scenario family but emphasizes 

predominately non-fossil energy resources. 

The SRES Marker Scenario A2 storyline and scenario family describes a very 

heterogeneous world. The underlying theme is self-reliance and preservation of local 

identities. Fertility patterns across regions converge very slowly, which results in 

continuously increasing global population. Economic development is primarily regionally 

oriented and per capita economic growth and technological change is more fragmented and 

slower than in other storylines. 

The SRES Marker Scenario B1 storyline and scenario family describes a convergent 

world with rapid change in economic structures, "dematerialization" and introduction of 

clean technologies. The emphasis is on global solutions to environmental and social 

sustainability, including concerted efforts for rapid technology development, 

dematerialization of the economy, and improving equity.  

The SRES Marker Scenario B2 storyline and scenario family describes a world in 

which the emphasis is on local solutions to economic, social, and environmental 

sustainability. It is a world with continuously increasing global population at a rate lower 

than A2, intermediate levels of economic development, and less rapid and more diverse 

technological change than in the B1 and A1 storylines. While the scenario is also oriented 

toward environmental protection and social equity, it focuses on local and regional levels.  

Evapotranspiration data for GCMs: Estimating AAET from PPET 

The Ozclim source as used during the period of the intended research (2006-07) had the 

various hydrologic variables. The rainfall and evapotranspiration data were needed and 

those data are used to estimate the net flux. By email correspondence with CSIRO, it was 

learned that the evapotranspiration data as supplied by Ozclim was point potential 

evapotranspiration (PPET or Mpot) while the estimation of net flux requires areal actual 

evapotranspiration (AAET or Mact). Therefore it was necessary to estimate the AAET data 

for net flux calculation from the available PPET of Ozclim.   
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A number of exploratory data analyses procedures were investigated to identify the most 

appropriate relationship between these two variables (PPET and AAET) as found from the 

historical data set of SILO. It was found that the correlation between the past data of 

AAET and PPET as available in SILO PPD source could be used for the estimation of 

AAET. The description of the two sources such as SILO PPD and Ozclim, the two ET 

variables such as PPET and AAET and two periods of availability such as past and future 

are given in Table 1.  It can be seen that both the past AAET and PPET data are available 

in SILO PPD for the site. The data are tabulated with the variable name as Mact and Mpot 

respectively as used in the SILO database. But only PPET data is available in Ozclim for 

the future and future AAET data were needed for net flux calculation. 

 

Table 1 Description of ET variables of Morton as available in SILO PPD and OZCLIM 

ET variable  Source of data Period of analyses 

Mact = Morton areal actual 

evapotranspiration over land 

= AAET 

SILO PPD available (1900 – 1999) 

Required to be estimated 

for Ozclim 

(2000 - 2100) 

Mpot = Morton point 

potential evapotranspiration 

over land  = PPET                                                          

SILO PPD available (1900 – 1999) 

Available in Ozclim 

 

(2000 – 2100) 

 

Method of past data analysis: To investigate the relationship between PPET and AAET, 

the monthly totals for 1900 to 1999 year have been computed. The linear correlation 

analyses between PPET along X-axis and AAET along Y-axis have been performed for all 

the twelve months. The correlation is good only for four wet months (December-J-F-

March). The remaining eight months have little or no correlation Figure 0.  

 

Similarly for 1970 to 2006 year have been computed in parallel Figure 2 because the Jabiru 

airport weather station started to operate in 1970 and the data before 1970 had been 

interpolated from those of Darwin and Oenpelli by the BoM source. All the results of the 

slope, intercepts and R
2 

for the lines of correlation are presented in Table 2. From the result 

it has been found that there is no significant difference between the pattern of variation of 

monthly PPET and AAET. Thus the correlation is good for four wet months (Dec-Mar) 

with positive correlation and moderate for four dry months (Jun-Sep) with negative 



   383 

correlation. The remaining four months, consisting of two pre monsoon transitional months 

and two post monsoon transitional months (Oct-Nov, Apr-May) have little or no 

correlation.  

The equations of the lines of correlation for the twelve months have been analysed and the 

Figure 3 and Figure 4 show the typical variation in the coefficients (slopes and intercepts) 

of the equation Y=slope*X + Intercept. Figure 5 showing the variation of the coefficients 

for different months. The twelve months have been classified into wet, post monsoon, dry, 

and pre monsoon periods of the year.  

 

Table 2 Y is the actual ET and X is the PPET of Morton for 1970 to 2006. 

Months Y=slope*X + Intercept R
2 

Slope Intercept 

Jan 0.68 15.38 0.63 

Feb 0.68 20.78 0.82 

Mar 0.71 7.80 0.74 

Apr 0.18 82.43 0.05 

May -0.44 193.62 0.14 

Jun -0.69 213.45 0.34 

Jul -0.60 204.25 0.34 

Aug -0.87 315.24 0.67 

Sep -0.46 243.14 0.26 

Oct -0.10 170.82 0.02 

Nov 0.13 108.45 0.07 

Dec 0.40 59.07 0.54 
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Figure 0. wet months (DEC_MAR) have positive correlation, dry months (JUN_SEPT) have negative 

correlation, pre and post monsoon months have little correlation between PPET and AAET (1900 – 

1999).  
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Figure 2. wet months (DEC_MAR) have positive correlation, dry months (JUN_SEPT) have negative 

correlation, pre and post monsoon months have little correlation between PPET and AAET (1970 – 

2006). 
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Figure 3. the slope changes from positive to negative with wet to dry season 
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Figure 4. the intercept is minimum with highest positive slope and maximum with highest negative 

slope 
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Analysis of result: The R
2
 value indicates the relation between PPET and AAET is not 

uniform for all months. To analyse the variation of the relations, further considerations 

have been given to the other parameters such as slope and intercept of the line of 

correlation. These are some qualitative measures of the relationship. The slope indicates 

the strength of X to influence Y and the intercept indicates the degree of constancy of Y.   

 

Smaller slope (absolute value) indicates weaker influence of X values on Y and larger 

slope indicates stronger influence. Thus during wet and dry season the equation of 

correlation was used to estimate actual ET and during transitional months various ways 

were investigated.   

 

The concept of linear interpolation:  For the time of 1970 to 2006, the average monthly 

PPET and average monthly AAET values are given in Table 3 and plotted in Figure 6 with 

the months January to December along X axis. The figure shows that for April and May 

the AAET values can be easily interpolated from AAET of March and June. But the AAET 

values of October and November will be slightly underestimated if interpolation is done 
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for the AAET of September and December. Thus linear interpolation in this case will 

underestimate the AAET value indeed.  

Table 3 the monthly average rainfall, AAET and PPET for the climate data of Jabiru weather station 

for 1970 to 2006  

 

Monthly 

Rainfall(mm) 

Aerial Actual 

ET (mm) 

Point 

Potential 

ET(mm) 

Percentage for 

conversion of Oct/Nov ET 

Jan 368 149 193 0.762978 

Feb 369 134 165 0.80569 

Mar 257 154 205 0.748954 

Apr 78 123 224 0.553499 

May 10 90 239 0.380968 

Jun 1 61 225 0.276172 

Jul 2 63 239 0.267431 

Aug 0 85 266 0.343084 

Sep 7 117 278 0.429714 

Oct 37 140 298 0.47891 

Nov 135 146 263 0.556564 

Dec 234 150 224 0.67042 
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Figure 6 monthly average AAET and PPET values for 1970 to 2006     

If the option of y = c was considered to be the compromise between lower intercept with 

positive slope (for wet months, y = +mx + c) and higher intercept with negative slope (for 
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dry months, y = -mx +c). However that does not consider the changes in the prediction of 

PPET values as y = c is a line with constant value of y and it does not change with x. Thus 

the percentage of PPET as the AAET is more logical than the consideration of the wet dry 

transition. Assuming the AAET for the October and November as a certain percentage of 

PPET of those months may be a reliable option though it only indicates y = +mx type of 

equation. It has been found that the assumption of linear correlation between AAET and 

PPET is untrue for these transitional months. 

 

However, the percentage rule is nothing but simplest correlation as stated earlier. Therefore 

finally percentage rule is not used for October and November. Linear interpolation with a 

modification, which is described herein, is applied.  

 

The concept of fitting polynomial for interpolation: It is assumed that the AAET of the 

months with good correlation are already available. Using those values a polynomial can 

be fitted J, F, M, _, _, J, J, A, S, _, _, D. The missing points in the polynomial will be 

indicated for April, May, October and November. The equations of the polynomials will be 

varied for various GCMs and various scenarios. Therefore, for each GCM and each 

scenario, it would be required to use different equation.  

   

Conversion of PPET to AAET: Therefore it is established that the underlying rules are 

different for wet/dry months and transitional months.  

FOR WET /DRY MONTHS: The correlation between PPET and AAET of 1970 to 2007 

monthly values for wet (December to March) or dry (June to September) months are used 

for converting PPET of Ozclim to AAET for Ozclim. The equations for the wet months 

(Dec to Mar) are given in the respective columns of Table 4. Similarly those of dry months 

(Jun to Sep) are also given. For the rest of the months such as Apr, May, Oct and Nov 

which are termed as transitional months the following replacement of the correlation 

method are applied.  

 

FOR TRANSITIONAL MONTHS: The linear interpolation between AAET of the March 

and June is used for AAET of April and May. Similarly September and December month‟s 

values are used for estimating AAET of October and November. The AAET changes from 

March to June following a straight line but it is not straight line for September to 

December as shown with the arrows Figure 6. Therefore, additional terms are used for the 
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estimation of October and November. The additional terms are found out by using the 

straight-line equation between September and December as shown in Figure 7. and Table 

5. The equations for all months are given in Table 4. 
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Figure 7. The blue arrows indicate the additional terms (13.35 for October, 5.22 for November)   
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Table 4 Equations of correlation, and interpolation for the estimation of AAET from PPET for all months 

E
q

n
. 
o
f 

co
rr

n
 b

et
n
  
A

A
E

T
 a

n
d
 P

P
E

T
 Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

AAET = 

0.68* 

PPET + 

15.38 

AAET = 

0.68* 

PPET + 

20.78 

AAET= 

0.71* 

PPET + 

7.80 

Interpolated 

between Mar and 

Jun:  

Apr = Mar – (Jun – 

Mar)/3 

May = Mar – 2(Jun 

– Mar) /3 

AAET= 

-0.69* 

PPET + 

213.45 

AAET= 

-0.60* 

PPET + 

204.25 

AAET= 

-0.87* 

PPET + 

315.24 

AAET= 

-0.46* 

PPET + 

243.14 

Interpolated between 

Sep and Dec:  

Oct = Sep + (Dec – 

Sep)/3 + additional 

term for Oct
 

Nov = Sep + 2(Dec – 

Sep) /3 + additional 

term for Nov
 

AAET= 

0.40* 

PPET + 

59.07 

   

 

Table 5 Computation of the additional terms for Oct and Nov as used in Table 4 

 

Estimated average 

AAET (mm) (1970 

- 2006) Col II 

Equation of the line connecting 

September to December is  

{Y = 10.43X + 106.64} (Fig 7)  

The points on the 

straight line (mm) 

Col IV Col II – Col IV 

Additional terms 

for Oct and Nov 

Sep 117.07 X= 1, Y = 117.07 117.07 0  

Oct 140.85 X = 2, Y = 10.43 * 2 + 106.64  127.50 140.85-127.50 = 13.35 13.35 

Nov 143.15 X = 3, Y = 10.43 * 3 + 106.64 137.93 143.15 - 137.93 = 5.22 5.22 

Dec 148.36 X = 4, Y = 148.36 148.36 0  
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For the time of 1970 to 2006, the average monthly PPET and average monthly AAET have 

been plotted in Figure 8 with the monthly average rainfall along X-axis. The natures of the 

curves are very similar to Morton‟s basic equation of evapotranspiration variables. This 

data representation indicates that the wet season has got maximum positive correlation and 

dry season has got the maximum negative correlation. Therefore the transitional months 

fill the gap between these two extreme cases of correlation as well.  
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Figure 8. The result for 1970 to 2006 monthly average AAET and PPET data along y-axis and rainfall 

along x-axis. Dry months (rainfall 0 to 50mm) have negative correlation and wet months (rainfall 250 

to 400mm) have positive correlation.  

 

Reliability: During wet season the AAET is influenced by PPET in a stronger way. The 

physical factors governing evapotranspiration process also indicate that water availability 

is one important factor and energy gradient is one of the others. The dry season ET is 

influenced by energy gradient as well. 

 

Thus all these results indicate that to estimate the AAET from PPET, the wet season values 

are more reliable, and the reliability decreases in dry seasons and is least during the 

transitional months.  
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Use of AAET data of GCMs: Historical data of SILO PPET and AAET are thus used for 

developing the relationship between the PPET and AAET. Following this relationship, 

AAET data of GCMs were estimated by using the extracted PPET data for 1200 time steps 

(12 month and 100 year) for all the seven scenarios of each of the five GCMs. After 

estimating AAET, the projected net flux values were computed by subtracting AAET from 

rainfall. Using the projected values of net flux the multiplying factors (change factors) for 

climate change were found out with respect to the net flux of the base year 2000. From 

2001 to 2100 the multiplying factors were estimated for 1200 time steps for seven 

scenarios and five GCMs. These multiplying factors were used with the SCL and ENSO 

generated net flux to obtain the generated net flux to be used as input to the groundwater 

model Seep/W. The 1050 sets (30 replicates of 5 GCMs and 7 scenarios) net fluxes are 

given in Appendix H. The computed groundwater heads for the net fluxes are given in 

Appendix I.  

 

 

Appendix H: Replicates of net flux 

See attached CD 

 

 

Appendix I: Results for 1050 runs 

See the following pages 
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Appendix I: Result for 1050 runs (Sheet 1 of 5) 

-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model: CSIRO Mk2

Scenario: A2

 
-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model:CSIRO Mk2 

Scenario: A1B

 

-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model: CSIRO Mk2

Scenario: B1

 

-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n
d
w

a
te

r 
H

e
a
d
 (

m
 A

H
D

)

Model: CSIRO Mk2

Scenario: B2

 
-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model: CSIRO Mk2

Scenario: A1F

 
-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model:CSIRO Mk2

Scenario: A1T

 

-20

-15

-10

-5

0

5

10

15

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

G
ro

u
n

d
w

a
te

r 
H

e
a
d

 (
m

 A
H

D
)

Model: CSIRO Mk2

Scenario: IS92cc

 

CSIRO Mk2: The Seep/W result for computed groundwater head for 100 year (from 2001 to 2100) net flux data derived from CSIRO Mk2 

GCM. The seven figures are for the seven emission scenarios as indicated in the figures. The groundwater head fluctuation is forced to be 

bounded by the ground surface (14 m AHD) at the highest and base of the bore at the lowest levels. 
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Appendix I: Result for 1050 runs (Sheet 2 of 5) 
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DARLAM: The Seep/W result for computed groundwater head for 100 year (from 2001 to 2100) net flux data derived from DARLAM 

GCM. The seven figures are for the seven emission scenarios as indicated in the figures. The groundwater head fluctuation is forced to be 

bounded by the ground surface (14 m AHD) at the highest and base of the bore at the lowest levels. 
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Appendix I: Result for 1050 runs (Sheet 3 of 5) 
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ECHAM4: The Seep/W result for computed groundwater head for 100 year (from 2001 to 2100) net flux data derived from ECHAM4. The 

seven figures are for the seven emission scenarios as indicated in the figures. The groundwater head fluctuation is forced to be bounded by 

the ground surface (14 m AHD) at the highest and base of the bore at the lowest levels. 
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Appendix I: Result for 1050 runs (Sheet 4 of 5) 
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HadCM2: The Seep/W result for computed groundwater head for 100 year (from 2001 to 2100) net flux data derived from HadCM2 GCM. 

The seven figures are for the seven emission scenarios as indicated in the figures. The groundwater head fluctuation is forced to be bounded 

by the ground surface (14 m AHD) at the highest and base of the bore at the lowest levels. The curves have been truncated at -20 m AHD 

for better resolution. Those runs were numerically unstable.   
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Appendix I: Result for 1050 runs (Sheet 5 of 5) 
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HadCM3: The Seep/W result for computed groundwater head for 100 year (from 2001 to 2100) net flux data derived from HadCM3 GCM. 

The seven figures are for the seven emission scenarios as indicated in the figures. The groundwater head fluctuation is forced to be bounded 

by the ground surface (14 m AHD) at the highest and base of the bore at the lowest levels. 
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Appendix J: Publications 

See the following pages 

 

























 



 
 

 
 



Groundwater-climate relationships, Ranger 
uranium mine, Australia: 1. Time series statistical 
analyses 
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Abstract. This paper presents the results of applying specific time series statistical 

techniques to observed historical groundwater-climate data at the Ranger uranium 

project. By developing and applying existing statistical techniques, rarely used in 

mining studies, improved confidence about the understanding of the groundwater-

climate relationship at the Ranger uranium project is obtained. This forms a sound 

basis upon which future climate scenarios can be used to predict the response of 

the groundwater after rehabilitation and into the long-term, especially with respect 

to potential climate change impacts. 

Introduction 

The relationship between groundwater and climate is critical to understand in the 
design of uranium mine rehabilitation, especially in tropical regions with intense 
monsoonal rains and extended dry seasons. The Ranger uranium mine is located in 
the wet-dry tropics of northern Australia and is surrounded by the world heritage-
listed Kakadu National Park (Fig. 1) – making it imperative to understand the 
groundwater-climate relationship to ensure that appropriate rehabilitation designs 
are implemented upon mine closure. 

There are a variety of techniques which can be used to model the relationship 
between groundwater and climatic conditions. The complex geology, topography 
and climatic variability of the Ranger project area makes a deterministic process-
based model a challenging task. For a simpler approach, this paper presents the 
application of time series statistical techniques, an approach rarely used in mining 
projects (companion conference papers present physical modelling approach). 
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Ranger uranium project, Northern Territory, Australia 

The Ranger uranium deposits were first discovered and 1969, and after extended 
controversy and debate, was approved for development in 1977. Production began 
in August 1981, and is currently at 5,000 t U3O8/year via open cut mining and a 
conventional mill. At present, mining is scheduled to be completed in 2012, with 
milling of ore stockpiles to be completed by 2020. The site is located on freehold 
indigenous land, controlled by the Mirarr traditional owners. 

The Ranger project is located in the Alligator Rivers Region and is surrounded 
by the world-heritage listed Kakadu National Park (Fig. 1). The area has a wet-dry 
monsoonal climate, with average annual rainfall of ~1,450 mm and pan evapora-
tion of ~2,500 mm. Virtually all rainfall occurs during the monsoonal months of 
December to March, leading to a strongly positive water balance over this time. 

After completion of mining and milling, the Ranger site will be rehabilitated, 
and a key legal criterion for tailings is that they “will not result in any detrimental 
environmental impacts for at least 10,000 years” (Senate 2003). As groundwater is 
the key driver for long-term migration, it is therefore critical to understand 
groundwater-climate relationships (especially in light of potential climate change 
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Fig.1. Location and outline of the Ranger uranium project, Northern Territory, 
Australia. 
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impacts). Given Ranger’s location, there is a range of climate and groundwater 
monitoring data which can be analysed, with an example shown in Fig. 2. 

Methodology and approach 

Conceptual hydrologic model 

The groundwater behaviour at the Ranger site is treated as a one-dimensional and 
effectively vertical flow system, based on the large head changes each wet season 
relative to minor lateral flow. In this manner, the recharge of groundwater during 
the wet season causes a rise in the water table, while the negative flux during the 
dry season (due to both soil evaporation and vegetative transpiration) leads to a 
subsequent decline in the water table. The monthly climatic flux is shown in Fig. 
3. The extent of this annual cyclical movement of groundwater is dependent on 
soil types, underlying geology and relatively flat topography (see Kabir et al 
2008). The groundwater bores chosen for analysis were screened based on long-
term trends and no evidence of direct mining impacts on head levels (eg. seepage). 

All data is obtained from monitoring of groundwater and climate (rainfall, pan 
evaporation) at the Ranger site, courtesy of Energy Resources of Australia Ltd 
(ERA, mine owner) or the Office of the Supervising Scientist (OSS, Federal agen-
cy) (further details are given in Kabir, 2008). 

Time series statistical techniques – brief review 

Although times series statistical techniques (TSST) methods are widely used in 
other disciplines (e.g. economics, hydrology), they have seen little application in 
groundwater studies(e.g. Fig. 2). Only a brief review is possible herein; for a more 
thorough treatment see Brockwell and Davis (2002). 
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Fig.2. Monthly net flux (rainfall minus estimated evapotranspiration) versus groundwater 
response, Ranger site. Note both annual variation plus longer term decadal variation. 
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At its simplest conceptual basis, time series techniques involve developing a 
statistical relationship between an independent variable (e.g. climate data as cause) 
and a dependent variable (e.g. groundwater response as effect). 

In this study, exploratory data analysis was undertaken to examine seasonality, 
trends and random noise (e.g. Fig. 2). Classical decomposition techniques were 
used to address this, and represents a univariate time series model, given as 
(Brockwell and Davis 2002): 

Xt = mt + st + At (Eq.1) 

and EAt = 0, st+d + At  and∑ =
=

d
1j j 0  s   (Eq.2) 

where Xt is the dependent variable at time t (ie. groundwater), mt is the long-
term trend component, st is the seasonal component, At is the random noise com-
ponent (a zero-mean stationary process), EAt is the expected value of At, and d is 
the period of seasonal components. 

The seasonal component is calculated such that the period length (d) ensures 
the values are the same. For example, a period of 12 is used for monthly data. The 
algebraic sum of the 12 months seasonal components should equal zero (Eq. 2). 
The seasonal components of the net flux and groundwater level are given in Fig. 3. 

A univariate autoregressive moving average (ARMA) model could explain the 
time series of climate and groundwater data of four selected bores, however, the 
causal relationship between climate and groundwater levels requires multivariate 
analyses. Therefore two specific TSST methods, namely the transfer function 
noise (TFN) model and the multivariate autoregressive (MA) model, were used for 
modelling the groundwater-climate data. 

The first TSST model applied in this paper is the TFN model, and involves 
transforming data to generate zero-mean stationary data sets. The TFN model can 
then be represented as (Brockwell and Davis 2002): 

Y(t) = T(B).X(t) + N(t) (Eq.3) 
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Fig.3. Monthly rainfall, estimated evapotranspiration and net flux. 
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where Y(t) is the dependent variable (ie. groundwater), X(t) is the independent 
variable (climate), T(B) is a causal time-invariant linear filter, B is back shift oper-
ator and N(t) is a zero-mean stationary process (uncorrelated with X(t)). 

The second TSST model developed is a Yule-Walker multivariate autoregres-
sive (MA) model using monthly data. 

Further theoretical discussion, development and references for both TSST 
models can be found in Brockwell and Davis (2002). 
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Fig.5. Predictions of groundwater level by the transfer function noise (TFN) model. 
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Fig.4. Seasonal components of climatic net flux and groundwater level data. 
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Results 
Monthly groundwater levels have been predicted for twenty months by analysing 
twenty two years monthly data (Fig. 5) by TFN model. The monthly net flux and 
monthly groundwater levels have been predicted for twenty years by analysing 
twenty-two years monthly data, shown in (Fig. 6) by MA model. 
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Fig.6. Predictions of monthly net flux (left) and groundwater levels (right) 
by multivariate autoregressive (MA) model. 
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The TFN model is represented by: 

Input X(t) = -0.012 X(t-1) + 0.121 X(t-2) + 0.266 X(t-3) – 0.201 X(t-4) – 
0.551 X(t-5) + Z(t) + 0.190 Z(t-1) – 0.367 Z(t-2) – 0.438 Z(t-3) + 0.276 Z(t-

4) + 0.935 Z(t-5)       (Eq.4) 

Transfer  T(B) = 1.7 B / (1 – 0.283 B)    (Eq.5) 

Noise N(t) = W(t) + 0.5135W(t-1) + 0.336W(t-2) + 0.2365W(t-3) (Eq. 6) 

Model performance was evaluated in the light of existing statistical criteria, 
such as model simplicity, model fitness and the Akaike Information Criterion with 
Correction AICC (Akaike 1969), combined with the appropriateness of the physi-
cal basis of the two methods. In Table 2, to compare the statistical performance of 
the monthly-based models, a number of criteria have been considered. These are 
the AICC statistic, root mean square error (RMSE), and square of correlation coef-
ficient (R2) for the models. It is found that the TFN model performs better than the 
AR model with respect to RMSE and R2, while the reverse is true for the AICC 
statistic. The AICC statistic is a standard selection criterion when the competing 
models are of the same type, where a minimum value indicates the best model, but 
it does not make sense when comparing two different types of models. In this 
case, the TFN model is structurally different from the MA model. From this basis, 
the TFN model can be said to be better than the AR model. 

The groundwater levels are predicted by the monthly TFN and MA models for 
the period November 2001 to October 2002 and compared to measured values (ie. 
a model validation test). The results are shown in Fig. 7 and confidence intervals 
are compared in Table 2. In the validation test the two models are similar. 

Table 1. Statistical evaluation and comparison of TFN and MA models. 

Model AICC RMSE R2 
Transfer function noise (TFN) 6698 0.166 0.761 
Multivariate autoregressive (MA) 6585 0.173 0.760 
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Fig.7. Validation of TFN model (left) and MA model (right) for Nov. 2001 to Oct. 2002. 

Table 2. Average confidence interval range for TFN and MA models, Nov. 2001 to Oct. 
2002 validation. 

Model Average range of confidence interval (m) 
Transfer function noise (TFN) 2.94 
Multivariate autoregressive (MA) 2.56 

 
Technically, TFN models are superior to MA models in explaining the 

groundwater-climate relationship. The theory of MA model considers the mutual 
dependence of all the series of the process. For instance, the net flux at time t+1 is 
represented as function of net flux at t, t-1, t-2 … together with groundwater level 
at t, t-1, t-2 … as well and a noise component. However, in the TFN model, the 
previous values of the groundwater level series are not considered explicitly. From 
the scientific point of view, there does exist a strong causal relationship between 
net flux and groundwater level, but the relationship is not two way. That means 
net flux influences groundwater level but groundwater level does not influence net 
flux to any significant extent (ie. the influence is effectively one way). Although 
the evaporative flux depends on soil moisture content, which in turn is influenced 
by the nearness of groundwater level to the surface, the importance of this variable 
is much less than other factors such as intensity and duration of radiative energy, 
relative humidity, temperature gradient, soil thermal conductivity, vegetation type, 
wind speed, etc., which influence the evaporation and transpiration process. The 
statistical fits and confidence intervals of both models, however, are comparable. 
Therefore, the TFN model is more acceptable than the MA model in representing 
the system and predicting future groundwater levels. 
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Discussion 

To select the appropriate method of analysis of the groundwater-climate relation-
ship, reviews of the various classes of models were performed. The three basic 
features, useful for distinguishing approaches to modelling are (CRCCH 2005): 
• the nature of the basic algorithms (empirical, conceptual or process-based); 
• whether a statistical or deterministic approach is taken to input or parameter 

specification; 
• whether the spatial and temporal representation is lumped or distributed. 

The review of key climate feedbacks which are related to groundwater recharge 
and hydrologic processes suggests that to manage the complex interaction between 
climate and groundwater recharge, the development of a balanced modelling 
framework is necessary. Data-based statistical techniques are more preferable than 
deterministic models when the latter requires too much simplification of the com-
plex system. Comprehensive modelling of groundwater-climate relationships 
could go to the ultimate extent of including a variety of processes, such as heat 
flow, groundwater flow and pumping, vapour fluxes, cloud cover, vegetative 
transpiration, soil evaporation, variable geology and soils, and so on. However, 
such complexity is clearly unrealistic given the large spatial and temporal uncer-
tainties involved in all of these aspects and processes. 

Climatic conditions and variability undoubtedly govern or contribute to shallow 
groundwater levels (e.g. Fig. 2) (see also Alley 2001; Glassley 2003; Loáiciga 
2003; Michaud et al 2004), yet a complete process representation is computation-
ally and physically unrealistic given the complex variability of processes and in-
ter-dependence of many factors. This is not to ignore the value of sound physical 
or process-based models, but it highlights that different approaches such as time 
series statistics can be used to compliment such models and analyses, often pro-
viding efficient numerical techniques which effectively combine the complexity of 
natural processes into functional statistical relationships. 

Conclusions 

Groundwater levels will be the major driver for the potential transport of solutes 
from a rehabilitated Ranger uranium mine, especially levels relative to non-mine 
areas. To ensure that the rehabilitation achieves its legal obligations to protect the 
surrounding water resources and ecosystems for 10,000 years from tailings, it is 
vital to understand and be able to model the groundwater-climate relationship. 
This is a fundamental objective to ensure a sustainable post-mining land use and 
protection of the recognised world-heritage values of the region. 

To bridge the gap between the observation scale (~monthly data) and modelling 
scale (long-term prediction) (Bloschl and Sivapalan 1995), we have used common 
time series statistical techniques. These methods identify the underlying patterns 
and the qualitative description of the groundwater-climate relationship, such as 
seasonal variability or long-term trends. 
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The application of a classical decomposition model to the groundwater-climate 
data for Ranger was used first to gain an understanding of the relationship. The 
timing of the peak and trough between the two seasonal data sets indicates that the 
lag between them is less (2 months) during high groundwater levels (wet season) 
and much more (4 to 5 months) during low groundwater levels (dry season). 
Hence the process has a variable lag throughout the year. 

Thus, for improved understanding of the physics with the help of statistics, a 
classical decomposition model has been used with historical net flux and ground-
water level data for the Ranger uranium mine site. A transfer function noise (TFN) 
model and multivariate autoregressive (MA) model were then developed by using 
the net flux and groundwater level data to predict the future groundwater level. 
Some of them have been found to be numerically efficient and others have the 
quality of best fit. 

Finally the statistical performance is almost equal for both the TFN model and 
MA model but the physical representation is better in TFN than MA. Therefore a 
monthly-based TFN should be the recommended model for the prediction purpose 
in future research. 
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Abstract. This paper presents the results of applying an unsaturated flow model to 

observed historical groundwater-climate data at the Ranger uranium project, 

Northern Territory, Australia. Based on observed data, a one-dimensional model 

was developed to fit historical data for several bores. Statistical evaluation of va-

rying porosity and hydraulic conductivity was undertaken, thereby giving a rea-

sonable model configuration. The model is thus confirmed as suitable for predict-

ing the impacts of future climate change scenarios on water table fluctuations. 

Introduction 

The relationship between groundwater and climate is critical in the design of ura-
nium mine rehabilitation, especially in tropical regions with intense monsoonal 
rains and extended dry seasons. The Ranger uranium mine is located in the wet-
dry tropics of northern Australia and is surrounded by the world heritage-listed 
Kakadu National Park (Fig. 1). It is imperative to understand the groundwater-
climate relationship to ensure that appropriate rehabilitation designs are imple-
mented upon mine closure (see also companion paper Kabir et al 2008). 

A variety of techniques can be used to model groundwater fluctuations as a 
function of climatic conditions. The complex geology and climatic variability of 
the Ranger region makes a deterministic, detailed process-based model a difficult 
task. For an alternative viable approach, this paper uses the unsaturated flow mod-
el Seep/W (Krahn 2004) based on a one-dimensional conceptual model of the 
groundwater-climate system. Given the relatively flat topography and large annual 
fluctuations in the water table versus minor lateral flows, the flow system can be 
simplified as effectively vertical, thereby allowing direct implementation in 
Seep/W. The refined model can then be used for a variety of purposes. 
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Fig.1. Location and outline of the Ranger uranium project, Northern Territory, Australia. 

Hydrogeology of the Ranger site 

The Ranger uranium project was briefly described in the companion paper Kabir 
et al (2008). Although there have been numerous studies on the hydrogeology and 
water balance at Ranger, only a few have directly examined the relationship be-
tween groundwater and climate, especially rainfall-evaporation and recharge (e.g. 
Vardavas, 1993; Woods 1994). A brief review of the hydrogeology is presented, 
followed by a justification of the modelling approach used for this work. 

In the past, hydrogeology studies at Ranger have commonly focussed on water 
or tailings management issues. The hydrogeology is considered to comprise three 
principal aquifer types – alluvial sands and gravels (Type A), lateritic layers, 
clayey sands to weathered rocks (Type B), and fractured rocks (e.g. schists, dolo-
mite) (Type C), shown in Fig. 2 (Ahmad and Green 1986; Woods 1994; Brown et 
al 1998). The most important shallow aquifers are found as weathered and lateritic 
soils (by area), with annual variations in the water table being between 1 to 5 m. 
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One example of the seasonal groundwater movement compared to cumulative 
net flux (rainfall – evapotranspiration) is given in Fig. 3, showing annual variation 
along with long term climatic variability (ie. wetter versus dryer periods). 

Seep/W model structure and development 
A one-dimensional conceptual model of groundwater-climate interaction was 
adopted (e.g. Type B). A homogenous vertical column was defined with no-flow 
boundaries on all sides except the surface where net climate flux was applied 
(rainfall – evapotranspiration) at monthly time steps. Soil properties were based on 
previous work, such as porosity, saturated hydraulic conductivity and unsaturated 
moisture retention (characteristic) curve (e.g. Willett et al 1993; Akber 1991), 
while the unsaturated hydraulic conductivity function was defined from the cha-
racteristic curve (e.g. van Genuchten or Fredlund-Xing models, see Krahn 2004).  

As noted above, the hydrogeology of the Ranger area is highly heterogeneous, 
leading to differing average responses of the water table to the annual wet season 
(e.g. annual fluctuation, or Δh, of 1-5 m). Obtaining reliable spatial data on all of 
the above properties is difficult and still includes residual uncertainty. As such a 
range of Seep/W models were developed with varying soil parameters to assess 
this uncertainty. This allowed a choice of optimum properties for each bore to be 

TYPE A REGIMES

TYPE C
 REGIMES

TYPE B REGIMES
Wet

Dry

Season

Typical  :
A = 0.1-20 m/d

K
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Fig.2. Conceptual hydrogeology of Ranger, including approximate wet and dry season posi-
tion of the water table (adapted from Ahmad and Green 1986; Woods 1994). 
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Fig.3. Variation of groundwater (bore OB21A) and cumulative climatic net flux. 
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used for assessing climate change impacts (see Kabir et al 2008b). In this work, 
saturated hydraulic conductivity (K, 0.3 to 30 m/30 days) and effective porosity 
(n, 2.5% to 20%) were varied. All model results were statistically evaluated using 
the measures in Table 1, to ascertain the ‘goodness of fit’ for each model. 

Table 1. Statistical objective functionsa used to assess model fit. 
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a From Zheng and Bennett (1995), Middlemis et al  (2001), Nash and Sutcliffe (1970). 
b Primary variables are h head; t time step number (T total time steps); d model – measured 
difference; Subscript ‘m’ / ‘o’ – model / observed values; ‾ (overscore) average (e.g. mh  = 
average modelled head). 

Results 

Nine model were developed with the combinations of K=0.3, 3 and 30 m/30days 
and n=2.5, 5 and 10%. Statistical evaluations of model runs are given in Tables 2 
and 3, with an example in Fig. 4. An example of measured versus modelled 
groundwater heads (bore OB21A) is graphed in Fig. 5. 

From Tables 2 and 3, optimum (desirable) values of criteria mh , E, Ratio, 
RMSE, β, d , and Se are found to in one model combination, while criterion r is 
found to be in a different model run. The difference, however, between r values in 
these models is mostly marginal. To achieve better consistency between the crite-
ria, runs are extended to additional set of combinations for n=20%. The direction 
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of changes of the criteria are again found to be mostly inconsistent. The best bore 
with consistent model parameter comes out to be OB27 with K 30 n 20. 

Table 2. Statistical assessmentsa of Seep/W model runs versus soil parameters (K, n). 

 mh  E r Ratio RMSE β d  Se 
Desired value – 1 1 1 0 0 0 0 

 

OB1Ab, oh  = 25.83 m, Δh = 3.17 m (K m/30 days, n %) 
K 0.3, n 2.5 25.43 -0.56 0.23 0.98 0.09 4.37 0.4 0.09 
K 3, n 2.5 21.57 -30.2 0.42 0.84 0.42 12.94 4.26 0.33 
K 30, n 2.5 1.83 -3781 0.3 0.07 4.62 5.47 24 4.39 
K 0.3, n 5 25.69 -0.37 0.09 0.99 0.09 1.54 0.14 0.09 
K 3, n 5 23.3 -11.07 0.33 0.9 0.26 11.99 2.53 0.21 
K 30, n 5 22.01 -18.69 0.35 0.85 0.33 16.09 3.82 0.24 
K 0.3, n 10 25.82 -0.11 0.16 1 0.08 0.11 0.01 0.08 
K 3, n 10 23.94 -4.16 0.26 0.93 0.17 14.98 1.89 0.13 
K 30, n 10 23.81 -0.12 0.33 0.92 0.17 16.75 2.02 0.12 
K 0.3, n 20 25.83 0.03 0.21 1 0.07 0.06 <0.01 0.07 
K 30, n 20 24.71 -0.99 0.3 0.96 0.11 13.9 1.12 0.08 

 

OB20b, oh  = 18.09 m, Δh = 1.67 m (K m/30 days, n %) 
K 0.3, n 2.5 16.82 -1.5 0.59 0.93 0.1 21.86 1.27 0.06 
K 3, n 2.5 13.14 -42.81 0.72 0.73 0.41 18.18 4.94 0.27 
K 30, n 2.5 9.76 -123.84 0.63 0.54 0.7 18.12 8.33 0.46 
K 0.3, n 5 17.1 -0.67 0.59 0.95 0.08 19.12 0.99 0.05 
K 3, n 5 14.39 -19.95 0.63 0.8 0.29 22.36 3.7 0.17 
K 30, n 5 14.08 -23.53 0.61 0.78 0.31 22.49 4.01 0.18 
K 0.3, n 10 17.2 -0.42 0.62 0.95 0.07 17.79 0.88 0.05 
K 3, n 10 15.56 -7.28 0.54 0.86 0.18 30.49 2.53 0.08 
K 30, n 10 15.14 -9.78 0.56 0.84 0.2 33.93 2.95 0.09 
K 0.3, n 20 17.17 -0.59 0.6 0.95 0.08 17.23 0.92 0.05 
K 30, n 20 16.09 -3.86 0.53 0.89 0.14 35.98 2 0.06 

 

OB21Ab, oh  = 23.42 m, Δh = 2.14 m (K m/30 days, n %) 
K 0.3, n 2.5 24.98 -0.59 0.75 1.07 0.12 -22.7 -1.56 0.07 
K 3, n 2.5 20.75 -8.13 0.66 0.89 0.29 11.34 2.67 0.24 
K 30, n 2.5 17.14 -31.94 0.35 0.73 0.55 16.6 6.28 0.38 
K 0.3, n 5 24.62 -0.34 0.7 1.05 0.11 -14.97 -1.2 0.08 
K 3, n 5 20.24 -5.75 0.55 0.86 0.25 21.87 3.17 0.15 
K 30, n 5 18.96 -11.53 0.34 0.81 0.34 24.09 4.45 0.18 
K 0.3, n 10 23.33 0.37 0.72 1 0.08 1.18 0.09 0.08 
K 3, n 10 19.86 -5.83 0.37 0.85 0.25 33.79 3.55 0.11 
K 30, n 10 19.58 -7.05 0.24 0.84 0.27 32.97 3.84 0.12 
K 0.3, n 20 21.77 -0.71 0.71 0.93 0.13 24.27 1.65 0.07 
K 30, n 20 20.03 -5.05 0.34 0.86 0.24 36.91 3.39 0.09 

 

a Best fits are highlighted in grey shaded bold-italic text; next closest fits are bold only. 
b Model runs with K 3 not available. 
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Table 3. Statistical assessmentsa of Seep/W model runs versus soil parameters (K, n). 

 mh  E r Ratio RMSE β d  Se 
Desired value – 1 1 1 0 0 0 0 

 

OB27b, oh  = 8.87 m, Δh = 2.00 m (K m/30 days, n %) 
K 0.3, n 2.5 10.15 -1.54 0.62 1.14 0.13 -20.57 -1.28 0.06 
K 3, n 2.5 10.92 -5.37 0.77 1.23 0.2 -21.73 -2.05 0.09 
K 30, n 2.5 11.09 -6.16 0.77 1.25 0.21 -23.58 -2.21 0.09 
K 0.3, n 5 10.18 -2.1 0.42 1.15 0.14 -15.78 -1.31 0.08 
K 3, n 5 10.69 -3.55 0.78 1.2 0.17 -27.86 -1.81 0.07 
K 30, n 5 10.46 -2.82 0.79 1.18 0.15 -21.31 -1.58 0.07 
K 0.3, n 10 9.92 -1.84 0.42 1.12 0.13 -10.71 -1.05 0.1 
K 3, n 10 9.52 -0.04 0.72 1.07 0.08 -11.2 -0.65 0.06 
K 30, n 10 9.42 0.23 0.77 1.06 0.07 -10.54 -0.54 0.05 
K 3, n 20 8.61 0.28 0.62 0.97 0.07 4.26 0.27 0.06 
K 30, n 20 8.56 0.37 0.81 0.96 0.06 5.51 0.31 0.06 

 

OB41b, oh  = 14.89 m, Δh = 1.69 m (K m/30 days, n %) 
K 0.3, n 2.5 12.24 -18.29 0.55 0.82 0.19 25.11 2.84 0.11 
K 3, n 2.5 8.77 -168.18 0.53 0.59 0.57 15.74 9.43 0.6 
K 30, n 2.5 -20.62 -26838 0.35 -1.38 7.21 5.22 65.38 12.54 
K 0.3, n 5 12.59 -13.31 0.36 0.85 0.17 23.99 2.44 0.1 
K 3, n 5 10.57 -69.46 0.42 0.71 0.37 21.34 6.39 0.3 
K 30, n 5 9.97 -90.09 0.38 0.67 0.42 21.26 7.15 0.34 
K 0.3, n 10 12.92 -9.64 0.21 0.87 0.14 21.71 2.05 0.09 
K 3, n 10 12.08 -26.33 0.35 0.81 0.23 23.99 3.89 0.16 
K 30, n 10 12.4 -21.75 0.39 0.83 0.21 23.92 3.57 0.15 
K 0.3, n 20 12.93 -5.53 -0.24 0.89 0.18 19.29 1.67 0.09 
K 30, n 20 12 -13.5 -0.01 0.82 0.27 24.29 2.6 0.11 

 

a Best fits are highlighted in grey shaded bold-italic text; next closest fits are bold only. 
b Model runs with K 0.3-n 20 (OB27) and K 3-n 20 (OB41) not available. 
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Fig.4. Example of the variation of selected statistical evaluations for bore OB1A. 
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Fig.5. Observed versus modelled groundwater levels in bore OB21A. 

Discussion 

Based on all results above, the performance of the models for OB27 achieves the 
best result since this bore successfully includes the best E and r values in one 
combination of hydraulic conductivity and porosity. Another important aspect of 
the results is that the best model may not necessarily be unique, rather it corres-
ponds to a range of parameter values for most of the bores. For example, with re-
spect to the statistical evaluation of parameter combinations, OB41 shows a lot of 
scatter while OB27 shows a consistent parameter combination. 

If we analyse the importance of all criteria in context to the primary objective 
of the modelling, the most important criterion is considered to be the r value as 
this deals with both the magnitude and direction of deviation whereas other crite-
ria deal with magnitude only (see Middlemis et al. 2001). 

The relative influence of porosity (n) on the annual average groundwater fluc-
tuation (Δh) can be explored by comparing OB20 and OB21A, since they are close 
to each other. The model results show the importance of n in the amplitude of Δh. 
OB20 performs well with n of 10% to 20% and a measured average annual 
groundwater variation (Δh) of 1.67m, whereas OB21A performs well with n of 5% 
to 10% with Δh of 2.14m. This shows that annual fluctuations are higher for lower 
porosity (all other factors remaining the same). 

The results also show that hydraulic conductivity is important in modelling the 
annual and longer term response of groundwater (as should be expected). Based 
on field work at Ranger (e.g. Willett et al 1993; Akber 1991), it is clear that the 
weathered near surface geology and aquifers at Ranger are highly variable and he-
terogeneous. The approach adopted in this paper is clearly a simplification which 
allows for efficient modelling at the expense of more thorough discretisation of 
model parameters (K, n, others). As such, the approach adopted herein of using a 
simplified one-dimensional homogenous model appears reasonable. 
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Conclusions 

This paper presented the results of applying an unsaturated flow model (Seep/W) 
to observed historical groundwater-climate data at the Ranger uranium project. 
The approach adopted a one-dimensional groundwater-climate model to fit histor-
ical data for several bores, with varying values for hydraulic conductivity and po-
rosity to assess uncertainty due to the heterogeneous geology of the area. All mod-
el runs were evaluated with a range of statistical measures for goodness of fit. In 
summary, the research approach utilised herein demonstrates that a simplified 
conceptual model implemented via an unsaturated flow model can achieve a ro-
bust model configuration with reasonable statistical confidence. 
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Abstract. This paper presents the results from using a validated unsaturated flow 

model to predict groundwater response to climate variability and climate change at 

the Ranger uranium project, Northern Territory, Australia. A Monte Carlo-style 

approach was adopted, with 30 statistically generated replicates for each of the 5 

models and 7 scenarios from the IPCC climate change projections, giving 1050 

model runs in total. The results are presented in terms of predicted groundwater 

levels to 2100. The paper demonstrates the usefulness of this modelling approach 

in understanding the future impacts from climate change on groundwater levels. 

Introduction 

The relationship between groundwater and climate is critical in the design of ura-
nium mine rehabilitation, especially in tropical regions with intense monsoonal 
rains and extended dry seasons. The Ranger uranium mine is located in the wet-
dry tropics of northern Australia and is surrounded by the world heritage-listed 
Kakadu National Park (see companion paper, Kabir et al 2008, for location map). 

Given that climate change is predicted to lead to significant hydrologic changes 
across northern Australia (e.g. Hennessy et al. 2007), such as changing rainfall and 
evapotranspiration, it is critical to use the available data to best understand what 
this means for groundwater recharge, levels and therefore minesite rehabilitation. 

This paper develops an approach to model the potential impacts of climate 
change and climate variability on groundwater levels through a Monte Carlo tech-
nique. The unsaturated flow model used is taken from Kabir et al (2008), and 
compliments other methods to model groundwater-climate relationships such as 
time series statistical techniques. 
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Climate variability and climate change 

For this research work, the processes of climate variability and climate change 
need to be carefully defined, followed by a brief review of northern Australia. 

According to the UN Framework Convention on Climate Change (UNFCCC), 
climate change refers to long-term processes occurring over several decades or 
centuries which leads to changes in average climatic conditions, and includes both 
anthropogenic and natural causes (Houghton et al 2001). Climate variability is 
considered to range from inter-annual to inter-decadal and is related to natural 
phenomena. However, the Intergovernmental Panel of Climate Change (IPCC) de-
finition of climate change means any change in climate over time, whether due to 
natural variability or as a result of human activity – different to the UNFCCC. 

There is an abundance of literature on the processes and controls on climatic 
conditions across northern Australia. The most common indices used in this area 
include sea surface temperature (SST) differences between certain regions, such as 
the Southern Oscillation Index (SOI) to predict El Nino (dry, leading to ‘ENSO’) 
or La Nina (wet) climatic periods, Indian Ocean Dipole (IOD) (Ashok et al. 2003; 
Chang et al 2006), Pacific Decadal Oscillation (PDO) (Mantua et al 1997; Zhang 
et al 1997; Mantua and Hare 2002; Verdon and Frank 2006a,b) and Interdecadal 
Pacific Oscillation (IPO) (Power et al 1999). In general, they describe whether 
climatic conditions are more likely to be warm/ cool, or wet/dry, based on diffe-
rential SST’s between particular regions. They are commonly correlated to major 
continental regions, such as eastern Australia or western Americas, occur on dif-
ferent cycles (e.g. annual to decadal or longer) and widely used to predict likely 
climatic conditions. Northern Australia is influenced by the variable combination 
of all of these indices (with PDO perhaps being the least important). 

The models used by the IPCC to predict climate change are not consistent in 
tropical northern Australia (Alley et al 2007), meaning for the Ranger mine site 
there is uncertainty regarding the nature and magnitude of change. Less than 66% 
of models agree on the sign of the change (increase/decrease of precipitation in 
Dec-Jan-Feb), and is probably related to complex interaction of multiple factors. 

There is an increasing recognition that rising temperature is exacerbating the 
impact of any rainfall reduction (Cai 2007). As a result of reduced precipitation 
and increased evaporation, dryer periods are projected to intensify in southern and 
eastern Australia (Hennessy and Fitzharris 2007; Hennessy et al. 2007). But there 
has been an increasing trend in rainfall over much of north and northwest Austral-
ia over recent decades, which has contrasted with decreases over the rest of the 
continent. Also, Smith and Suppiah (2007) argue that the trends in rainfall totals 
and average intensities in northern Australia are largely unrelated to trends in 
ENSO and most likely reflect the influence of other factors. 

The degree to which climate change will impact on the frequency or magnitude 
of all of the above indices and processes remains uncertain and difficult to predict. 
For example, ENSO events will still occur without any climate change or they 
may alter due to climate change, with different climate models predicting variable 
changes such as intensity, duration, wet/dry, warm/cool and so on (see Knutson et 
al 1997; Timmermann et al 1999; Collins 2000a,b; among others). 
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Although periods of flood and drought risk in eastern Australia have been cor-
related to the PDO and IPO, they appear to have minimal influence in northern 
tropical Australia. However, due to their importance in overall climatic conditions 
across Australia, they are retained in algorithms to generate net flux data sets. 

A number of fundamental issues need to be considered. The non-linearity in the 
strength of ENSO for Australia, the occurrence of IOD in relation to ENSO for 
Australia, the relationship between IOD and ENSO in Australia, the uncertainty of 
future influence of IOD on ENSO of Australia, and the interaction of ENSO 
events with local climate of the Kakadu region. 

There exists non-linearity in the strength of ENSO events in Australia. The dif-
ferences in the strength of relationship between El Nino (La Nina) with wet (dry) 
condition can be described as follows. 

As a typical tropical phenomenon, the evolution of the IOD is strongly linked 
to the annual seasonal cycle – the phenomenon develops during May/June, peaks 
in September/October, and diminishes in December/January (Chang et al 2006). 
Therefore the IOD influences the Australian winter climate (Ashok et al. 2003). 
The El Nino events in Australia usually emerge in the March to June period and 
strongest influence occurs in the six months of June to November (BoM 2007a). 
The cooling of La Nina is relatively strongest during October to March period 
(BoM 2007a). Therefore the overlapping of IOD with ENSO is more prevalent 
with El Nino than La Nina. However, the link between IOD and ENSO has been 
reported to be have been broken or weakened by climate change (Kumar et al 
1999), giving rise to further uncertainty in winter climate conditions in Australia. 

The increased dry conditions caused by El Nino occur during the dry season, 
compared to the increased wet conditions caused by La Nina which occur during 
the wet season. Therefore if we do not consider the influence of IOD with ENSO, 
the impact will be greater for both El Nino and La Nina. If we do consider the 
IOD influence with ENSO, the rainfall in the site being summer rainfall, it is not 
counteracted by IOD, thus the wet season will still be unimpacted by IOD. Similar 
results have been recognised by others (Bayliss, pers. comm., 2007). A tabular re-
presentation of the links between IOD and ENSO is shown in Table 1. 

The predictability of interdecadal climate events remains an area of uncertainty. 
By reviewing the existing understanding of the ENSO, IPO, PDO, and IOD 
events, some conditional aspects of these natural processes have been identified. 
We translate this understanding, observations and possibilities into our algorithm 
for generating the spells of ENSO events for the Ranger site and combine this with 
IPCC predicted climate data to generate net flux data sets for modelling. 

Table 1. Annual links between ENSO and IOD events. 

J F M A M J J A S O N D J F M A M 
    IOD start   IOD peak  IOD end     
  El Nino months       
        La Nina months 

Wet season Dry season Wet season Dry 
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Modelling methodology 
A Monte Carlo-style approach is adopted to generate multiple replicates of input 
data for numerous model runs. A multi-step algorithm is developed to generate a 
series of net flux data, incorporating average climate data, predicted climate 
change trends from IPCC global climate models (GCMs), ENSO and IOD events. 

Climate change models and predicted data 

The IPCC make the output data from GCMs available, and in Australia this is 
from the CSIRO through the OzClim software (CSIRO 2006). The OzClim data 
used for this report is from the Third Assessment report series, as the 2007 reports 
and data were not yet available. 

The GCMs hydro-climate data available from OzClim were rainfall and point 
potential evapotranspiration (PPET). For application in flow models, however, 
PPET needs to be converted to areal actual evapotranspiration (AAET). All PPET 
data was converted to AAET based on standard methods (e.g. Morton 1983). 

In 2004, Hennesy et al (2004) undertook a detailed performance evaluation of 
12 GCMs for the Northern Territory, Australia, in simulating the current regional 
climate. Based on this study, other IPCC reports and related literature, five GCMs 
were selected for extracting future climate change data for the Ranger mine site, 
namely the CSIRO: Mk2, HadCM2, HadCM3, ECHAM4/OPY and CSIRO: 
DARLAM 125km GCMs. Further to the physical models, IPCC use six future 
emission scenarios as inputs to the various GCMs, called A1B, A1FI, A1T, A2, 
B1 and B2, and they have remain unchanged from the Third to Fourth Assessment 
reports. An additional scenario, IS92cc, was also available from OzClim, giving a 
total of seven scenarios for each of the five GCMs. Further details regarding all 
GCMs and emissions scenarios is available in the varous IPCC literature. Annual 
net flux data for all 7 IPCC scenarios from the HadCM3 model is shown in Fig. 1. 

Climate variability algorithm 

We summarise the findings of the literature review and translate these into deci-
sion rules and address ambiguity in generating the conditional random process. 

Decision for PDO: Random selection of PDO positive (El Nino enhanced), and 
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Fig.1. Estimated net flux for all scenarios (HadCM3 GCM) 
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PDO negative (La Nina enhanced) and PDO zero (both non enhanced) 
Decision for IOD-ENSO relationship for Australia: La Nina is stronger than El 
Nino for Australia while IOD ENSO inverse relationship exists. 
Decision for IOD-ENSO relationship for site: 

• Irrespective of the existence of the link between IOD and ENSO, the site wet 
season is supposed to be consistently and strongly influenced by La Nina.  

• With the dry season, if the link (inverse relation between ENSO and IOD) re-
mains broken then the El Nino will be stronger for the site.  

• And if the relationship is again established then the El Nino might become 
weakly related to dry condition for the site. 
There could be concern for the IOD-El Nino relationship in future predictions 

but nothing for the IOD-La Nina relationship. 
Ambiguity 1: PDO duration is to be randomly selected from 20 to 40 years. 

This broad guideline comes from the studies based on the IPO during past hundred 
years (e.g. Verdon and Wyatt 2004). 

Ambiguity 2: The randomly selected PDO duration is covered by selecting 
random ENSO duration of 0 to 8 years. The guidelines for selection of frequency 
limit of ENSO events have been obtained by analysing the past 100 year’s events 
in Australia (BoM 2005; BoM 2007a,b). For positive or negative PDO the cycle is 
selected to be 0 to 5 years and for transitional PDO the cycle is selected to be 6 to 
8 years. 

Ambiguity 3: The IOD-El Nino inverse relationship can exist or not. 
The amplitude of ENSO events in the context of present research relate to the 

rainfall and AAET in ENSO months. We assume during El Nino years that when 
rainfall is less, AAET is also less. During La Nina years, when rainfall is more, 
then AAET is also more. But practically, however, this relationship is not linearly 
correlated, meaning rainfall is unbounded while AAET is bounded as suggested 
by Morton’s equation (Morton 1983). We use the historical percentile records of 
AAET to cut off the point of wet conditions’ AAET. 

For the ENSO events, the ranking from ENSO1, ENSO2 … to ENSO5 goes 
with the 99.99, 90, 10, 5, 1 percentile values of rainfall and AAET. If PDO is for 
La Nina, it will be always enhanced (because it is independent of IOD), if PDO is 
for El Nino, it may be enhanced or not (because it depends on IOD). For enhanced 
La Nina we use the 99.99 percentile value, and for non-enhanced La Nina we use 
90 percentile values. For El Nino we use 10, 5 and 1 percentile values. The ranges 
of percentile values are extracted from reviewing the indices of Expert Team on 
Climate Change Detection and Indices (ETCCDI) (Alexander et al. 2006, 2007). 

Combining climate change and variability 

We combine the net flux for ENSO and non-ENSO years and months to generate 
stochastically generated data. The combined data of the stochastically generated 
net flux is indicated by NFi,jSTO, meaning the net flux for ith month of jth year of 
any randomly generated century. We obtain 35 sets of net flux data from OzClim 
for 100 years from 2000 to 2100 and 35 sets of multiplying factors are computed 
as NFi,2000+jOZ(k) / NFi,2000OZ(k), where NFi,2000+jOZ(k) is used to indicate 
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the net flux for ith month (i = 1 to 12) of jth year (j = 0 to 100) predicted by Oz-
Clim for the kth set (k = 1 to 35). Therefore, the predicted data NFi,jPRED(k) is as 
follows: 

NFi,j
PRED(k) = NFi,j

STO x  NFi,2000+j
OZ(k) / NFi,2000

OZ(k) (Eq.1) 

The number of replicates is selected as 30, based on the guideline of Janssen et 
al (1993), where it is stated that for random sampling the number of samples to be 
taken should be larger than ten times the number of parameters included in the 
Monte Carlo analysis. We use three numbers of ambiguities, leading to 30 repli-
cates. The overall algorithm for conditional random generation of ENSO events is 
shown in Fig. 2. The total number of sets of NFi,j

PRED(k) is therefore 1050 (35 
GCM-scenario combinations and 30 replicates). 

 
Fig.2. Algorithm flow chart for the generation of ENSO rain and AAET data (climate 
change and natural climatic variability) for the Ranger site 
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A major issue not addressed by the above approach and algorithm is extreme 
events such as tropical cyclones. In reality, such severe events would cause intense 
flooding rather than an extreme rise of the groundwater level (Kabir 2008). There-
fore, in the monthly-based time series data, we neglect tropical cyclone events 
whose duration is normally 3 to 5 days only. 

Results 
One sample set of net flux data is shown in Fig. 3. The cumulative net flux was al-
so computed to assess the influence of wet and dry periods on net flux, which can 
not be seen from the monthly net flux data. The SeepW model result of the com-
puted groundwater level for that net flux is also shown in Fig. 3. 

The aggregrate results from all 30 replicates and 7 scenarios of the HadCM3 
GCM are shown in Fig. 4, giving mean (μ) groundwater level for each scenario 
and the maximum/minimum mean plus/minus standard deviation (±σ). Yohe et al 
(2007) used HadCM3 in IPCC’s Fourth Assessment report in the assessment of 
global water resource availability. Complete results are given in Kabir (2008). 

The results of groundwater levels in Fig’s 3 and 4 establishes two key findings. 
Firstly, that longer term trends in climatic conditions are indeed critical in shaping 
overall groundwater levels (e.g. Fig. 3). Secondly, despite all 7 IPCC scenarios 
predicting a long-term decline in net flux and dryer overall hydrologic conditions, 
climate variability, giving rise to extended wetter or dryer periods, can achieve 
major rises or declines in groundwater levels which appear to outweigh the trends 
predicted under climate change scenarios. 
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Fig.3. Generated monthly net flux, cumulative net flux and modelled level response (bore 
OB27, CSIRO MK2, Scenario A2). 
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Conclusions 
This paper sought to build on previous modelling work by developing a metho-
dology to assess the impacts on groundwater levels from potential climate change 
scenarios and climate variability. 

Climate variability was predicted by combining the current understanding of 
important climate indices such as El Nino/La Nina, IPO, PDO and IOD into a sto-
chastic algorithm for generating climate data. Data for climate change predictions 
were obtained from IPCC global climate models and future emissions scenarios. 
These two components were then combined to produce an input data set of net 
flux for use in the previously validated unsaturated flow model for the Ranger site. 
Summary results were then presented in terms of mean groundwater level over 
time under each scenario for the HadCM3 GCM, including maximum/minimum ± 
standard deviation groundwater level at each time step from all model runs. The 
algorithms incorporate current climate knowledge, and can be updated as new 
knowledge or udnerstanding comes to light. 

Overall, the results show the critical importance of climate variability as well as 
climate change. Under extended wet periods, groundwater levels are predicted to 
rise significantly, while the major declines are expected under lengthy dry climatic 
periods. The modelling shows that although the impact of climate change could be 
significant, it must also be considered in the face of climate variability. The paper, 
combined with the two concurrent papers, therefore provides a sound basis and 
methodology upon which to understand the potential impacts of climate change 
and climate variability on groundwater levels. This, in turn, is critical with respect 
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Fig.4. Modelled mean groundwater levels (bore OB27), HadCM3 GCM and A2, A1B, 
B1, B2, A1F, A1T and IS92cc emission scenarios; max/min mean ± standard devia-
tion 
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to different uranium mine rehabilitation approaches in a wet-dry tropical climate 
surrounded by a region of very high conservation and cultural values. 
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