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Synopsis 

Worldwide, flooding is a common environmental hazard, and is also one of the 

major natural hazards that can cause death and economic losses in Australia. Flooding 

is the overflow of water onto normally dry land and is often caused by a prolonged 

period of rainfall, high-intensity/short-duration storms, or storm surges associated 

with tropical cyclones or other intense low pressure systems. Climate and weather, 

land-use, and social processes all have an influence on the occurrence of floods and 

their impacts. In particular, urbanisation, with a noticeable increase in impervious area, 

is a significant cause of increased flood volume and peak discharge.  

The magnitude and frequency of occurrence of floods as impacted by global 

warming and land-use change have been previously investigated. General Circulation 

Models (GCMs) have been used to derive climate projections. The uncertainty with 

climate projections based on GCM outputs is usually a concern, whereas examination 

and analysis of historical long-term rainfall data can provide an improved 

understanding of past climate change and help develop likely future climate change 

scenarios. The majority of research so far has examined changes in annual, seasonal, 

monthly, and daily rainfall. However, to date only limited work has considered the 

changes in sub-daily rainfall intensities in south-eastern Australia. It is important to 

assess changes in short duration rainfall intensities, as they are commonly used for 

flood peak estimation for small catchments. The relationships between short duration 

rainfall intensities (i.e., <1hr in duration) and both annual rainfall and mean 

maximum/minimum temperatures, have not been developed in Australia. In addition, 

trends in short duration rainfall intensities have not been tested to detect significant 

changes in eastern Australia. Therefore, the first part of this research project aims to 

determine whether, in eastern Australia: (1) a warmer climate would lead to higher 

rainfall intensities; (2) rainfall Intensity-Frequency-Duration (IFD) relationships have 

changed over time; (3) GCM-based rainfall projections would become more intense. 

Data, methodologies and results in relation to rainfall analysis are presented in 

Chapter 3. 
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Future flood risk can be assessed with a combination of future climate scenarios, 

using outputs from GCMs and hydrological models that translate the climate scenarios 

into hydrological and hydraulic variables such as peak flow rate, flood level and 

duration and extent of inundation. Hydrological models and GCM outputs are, 

however, commonly used in the literature to evaluate future flood risk without 

considering land-use change. For this research, a combination of future land-use and 

climate scenarios has been used to assess the impacts on flood runoff in Southeast 

Queensland (SEQ).  Neither the Conformal-Cubic Atmospheric Model (CCAM) nor 

the rainfall-runoff model (RORB) has been utilised to assess the impacts of climate 

and land-use changes on flood risk. Therefore, the second part of this research aims to 

investigate whether future flood flow in SEQ would be higher, based on GCM outputs 

and land-use change scenarios. Data, methodologies, and major findings in relation to 

projected flood hydrographs in urban catchments are described in Chapter 4. 

In Chapter 3, the t-test and the Mann-Kendall trend test were used to search for 

significant trends in rainfall intensities and temperatures, and then to determine 

whether a warmer climate would have higher rainfall intensities. Historical data at 6 

minute intervals over the last 100 years (1905-2005) were used from 9 locations in 

eastern Australia, that is, Cairns, Rockhampton, Brisbane, Sydney, Canberra, 

Melbourne, Adelaide, Hobart and Launceston. Large scale warming is confirmed for 

eastern Australia by the Mann-Kendall trend analysis indicating statistically 

significant upward trends in annual mean maximum temperatures for 7 locations, and 

also for annual mean minimum temperatures at 8 locations. Trends in rainfall and 

temperature were found to be more likely to be significant in the temperate climate 

zone than in the tropical and sub-tropical climate zones. Results also show that the 

annual mean maximum temperatures have a positive correlation (r2 =0.7) with short 

duration rainfall intensities (i.e., <1hr). This addressed the first research question: 

with a warmer climate, short duration rainfall intensities are likely to be higher for 

eastern Australia.  

Chapter 3 also considers IFD curves, based on historical rainfall data for the 

aforementioned 9 locations. To evaluate whether IFD relationships have changed 

overtime, Log-Pearson Type III (LPT3) was used to determine the IFD curves for 2 

and 20 year Average Recurrence Intervals (ARIs). Outcomes from this analysis 

indicate that changes in rainfall intensities for 2 and 20 year ARIs are greater at higher 
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latitudes (e.g., Adelaide, Launceston and Hobart) than at lower latitudes (e.g., Cairns 

and Rockhampton).  

The final section of Chapter 3 aims to determine whether GCM projected future 

rainfall will be more intense, by examining changes in projected future rainfall based 

on outputs from the Geophysical Fluid Dynamics Laboratory Climate Model 2.1 

(GFDL CM2.1) and the Conformal-Cubic Atmospheric Model (CCAM). In addition, 

the projected annual maximum 1 and 3 day rainfalls were validated by comparing the 

GCM outputs with observations in SEQ for the baseline period of 1961-1990. The 

validation results show that GFDL CM2.1 slightly underestimates extreme rainfall in 

the south (27.3˚S), but overestimates extreme rainfall further north (25.3˚S). In 

addition, the difference between GFDL CM2.1 predictions and observations is 

insignificant. CCAM significantly underestimates annual maximum 1 and 3 day 

rainfalls when compared to observations. At higher latitudes, GFDL CM2.1 and 

CCAM predict that future extreme rainfall will increase by 8% to 18% and 7% to 10% 

respectively. However, the increase in the predicted extreme 1 and 3 day rainfalls 

from the periods 1961-1990 to 2016-2045 is not statistically significant. Therefore, it 

is concluded that future rainfall is unlikely to become more intense, as projected by 

the GCMs. 

The first part of Chapter 4 describes rainfall-runoff simulations of the Bulimba 

Creek catchment in SEQ using GCM projected extreme rainfall to assess whether 

future flood discharge would increase. The rainfall-runoff model, RORB, has been 

extensively used in Australia, and it was therefore used to produce flood hydrographs 

in this research. The GCM outputs are only available on a daily time scale which is 

unsuitable for RORB simulations. Therefore, two methods of rainfall adjustments 

were developed to convert daily into sub-daily rainfall. The two methods were based 

on the assumption that historical observations may be adjusted to simulate future 

flood-producing storms as projected by climate models for the same frequency of 

occurrence. One method considered all the daily precipitation amounts while the other 

method considered the annual maximum daily rainfall amount only. The RORB 

model was calibrated and then validated using observed rainfall and runoff data. 

Findings from the rainfall-runoff modelling show that on average, GFDL suggests a 

7-10% increase in peak discharge between the periods 1961-1990 and 2016-2045, 

while CCAM suggests a 7-11% decrease for the same two contrasting periods.  
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The second part of Chapter 4 develops two land-use change scenarios for the 

Bulimba Creek catchment and tests the impacts of these scenarios on future floods. 

The first scenario is a moderate and realistic urban development which is a conversion 

of all farms to residential land, giving an average imperviousness fraction increase 

from 0.36 to 0.39. For the second scenario, a worst case development scenario is 

considered with a conversion of all the remaining farm and forested lands to urban 

areas with an average imperviousness fraction of 0.48. Results show that the flood 

frequency curves increase slightly based on the projected land-use change scenarios. 

Changes in the peak flow are greater for smaller ARIs. In other words, the increase in 

peak discharge is reduced for larger but rarer flood events. On average, the land-use 

change scenarios 1 and 2 suggest a 1-2% increase in peak discharge between the 

periods 1961-1990 and 2016-2045. The worst case scenario from this study, which is 

a combination of extreme land-use change and GFDL CM2.1 Method 2, shows a 13% 

increase on average for the urbanized catchment investigated. 

This research has advanced the impact assessment of flood risk as a result of 

climate and land-use changes. Analyses of historical data have shown that there is a 

significant correlation between mean maximum temperature and short-duration 

rainfall intensities (<1hr). This implies that short duration rainfall intensities would 

increase in a warmer climate, resulting in higher peak flood discharge in small 

catchments. Based on the GCM outputs, flood magnitudes are likely to increase for 

small flood events; hence the variability of flood projections is large between climate 

models. Investigation of moderate and extreme land-use change scenarios shows that 

land-use change has greater impact on flood flow for small events. Overall, the 

impacts of further intensification of urbanisation on flooding are minor, when 

compared with climate change. 
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Chapter 1 Introduction 

1.1 Background 

Worldwide, flooding is a common environmental hazard, and in Australia it is one 

of the major natural hazards. Flooding can result in loss of life and damage to physical 

infrastructures. With roads and transport infrastructure damaged, emergency services 

could also be compromised. Power transmission is commonly affected, which then 

impacts treatment of drinking water and sewage disposal facilities. Furthermore, 

inundation of farm land could lead to food shortages.  

From 1967 to 1999, the direct average annual cost of floods in Australia is 

estimated to be in the order of $315AUD million (Bureau of Transport Economics, 

2001). During this period, 99 deaths and 1019 serious injuries occurred as a result of 

floods (Bureau of Transport Economics, 2001). Southeast Queensland (SEQ) is one of 

the most flood prone areas in Australia and it is also the fastest growing population 

and urban development regions (Department of Infrastructure and Planning, 2009). 

One of the most severe examples of urban flooding in Australia occurred in SEQ in 

1974, with flood damage in Brisbane alone costing approximately $200AUD million 

(Australian Bureau of Meteorology, 1974). In the December 2010 - January 2011 

summer, the state of Queensland experienced one of the nation’s most severe floods. 

Thirty-five people died in the floods, more than 78% of the state was declared a 

disaster zone, with over 2.5 million people affected, and around 29,000 homes and 

businesses suffering some form of inundation (Queensland Floods Commission of 

Inquiry, 2012).  

Flooding is when a great amount of water overflows into an area that is normally 

dry. Flooding usually occurs in low-lying areas, and can be caused by prolonged 

precipitation, short duration heavy rainfall, snowmelt with spring rainfall, a storm 

surge with a high tide, a burst dam, or a broken dike. Except for burst dams and 

broken dikes, the causes of flooding are related to climatic conditions. Climate change 

has become a serious concern in recent years because it greatly impacts society, the 
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environment and the economy. In Australia, the current hydrological regime is 

affected mainly by atmospheric precipitation and evaporation. As a consequence of 

climate change (Trenberth, 1998), future rainfall is expected to increase in intensity 

and/or frequency of occurrence, and storm duration may be shortened due to an 

increase in atmospheric moisture content, which is linked to a measured upward trend 

in global average surface temperature (IPCC, 2007; Trenberth, 1998; Trenberth, 1999; 

Trenberth et al., 2003). Needless to say, catchment hydrology is affected since it is 

closely linked to climate. 

Climate change may induce major changes in hydrological conditions, and these 

changes can be predicted with the use of climate scenarios and hydrological models. 

Research into climate change impacts on flood risk provides the knowledge needed by 

stakeholders, such as planners, managers and policy makers, when developing 

adaptation and mitigation strategies in Australia. Impact assessment of climate change 

on rainfall and flood flow is also an important part of flood control planning.  

Rainfall Intensity-Frequency-Duration (IFD) relationships are widely used in 

engineering design to estimate storm runoff volume and peak runoff rate (Endreny 

and Imbeah, 2009; Pilgrim, 2001). Changes in rainfall are critical, especially since 

rainfall is expected to become more intense (Trenberth, 1998; Trenberth, 1999; 

Trenberth et al., 2003). Therefore, current infrastructure, such as stormwater drainage 

systems, bridges and dams, based on the existing IFD relationships may be inadequate 

during extreme events under future climate conditions. 

Population growth, together with urban development creating a change in land-use, 

can also change flood volume and peak discharge. For example, a change in land-use 

of forest land into cropland will cause an increase in surface runoff and flooding 

(Chow et al., 1988). In the study by Chow et al. (1988), it was found that flood peaks 

were increased mainly due to: (1) structures, such as parking lots, streets and roofs, 

which reduce infiltration and increase the volume of surface runoff; and (2) artificial 

channels, storm drainages and gutters which increase the velocity of flow and 

decrease the time to peak. Figure 1-1 illustrates the effect of urbanisation on flood 

flow.   
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Figure 1-1 Effect of urbanisation on flood hydrograph (adapted from Chow et al., 
1988, p. 152) 

 

1.2 Research justification 

It is critical to advance the understanding of changes of climate because they may 

result in variable rainfall and affect flood risk. Land-use is also an important factor in 

assessing flood risk as it affects surface runoff. Many studies have investigated the 

impact of climate change on flood risk; however, most of them only use General 

Circulation Models (GCMs) and hydrological models to evaluate future flood risk, 

without considering land-use change (Kay et al., 2009). Some researchers have 

assessed the influence of land-use change on catchment hydrology by using historical 

data (Siriwardena et al., 2006). Other researchers used future land-use scenarios and 

the observed climate to evaluate the impact of land-use change on flood risk in the 

future (Guo et al., 2008).  

This research will assess flood risk by considering spatial features, climatic 

conditions and land-use change. Sub-daily rainfall will be used herein because short 

duration rainfalls are important for estimating flood peaks. To date most research has 

only considered annual, seasonal, monthly and daily rainfall (Fujibe et al., 2005; 

Hardwick Jones et al., 2010; Jakob et al., 2011a; Jakob et al., 2011b; Lenderink and 

van Meijgaard, 2008). The flood risk in this thesis does not take into account any 
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potential loss due to flooding, because evaluation of the damage that is caused is a 

complex financial problem and beyond the scope of this research.  

1.3 Research objectives 

This study aims to investigate future flood risks for the period 2016-2045 by using 

the same methodology used for determining historical flood risk for the period 1961-

1990. In addition, historical long term heavy rainfall data will be first examined as 

this can provide an improved understanding of past climate change and help develop 

likely future climate change scenarios. Historical rainfall and land-use data, as well as 

projected future land-use and climate scenarios, will be used to determine the future 

impact of land-use and climate changes on flood frequency and severity.  

Assessment of flood risk in relation to Australia is addressed by answering the 

following research questions:  

(1) Would a warmer climate lead to higher rainfall intensities? 

(2) Have rainfall IFD relationships changed overtime? 

(3) Do GCMs predict future rainfall to be more intense? 

(4) Will future flood flows be higher based on GCM outputs? 

(5) Will future flood flows be higher based on land-use change scenarios?  

1.4 Layout of thesis 

Following the introduction in this thesis, Chapter 2 provides a detailed review of 

relevant literature. Chapter 3 addresses the aforementioned research questions (1), (2) 

and (3), and Chapter 4 addresses questions (4) and (5). Both Chapters 3 and 4 have 

sections for data, methodologies, results, discussion and conclusion. Finally, Chapter 

5 draws concluding remarks and makes future recommendations. Chapter content is 

outlined below. 

The relevant literature is described in Chapter 2. The first part of this chapter 

provides an overview of general flood risk assessment methodologies, followed by a 

review of one method that is used for this thesis. Literature for past and future climate 

changes is reviewed and included in this chapter. Studies on the impacts of climate 

change and land-use change on flood risks are also reviewed and relevant conclusions 

drawn.  
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Chapter 3 presents examinations of historical temperatures, and rainfall 

intensities. The first part of this chapter details data and methodologies to be used. 

This is then followed by the investigation of relationships between temperature and 

rainfall intensities. Chapter 3 also features IFD curves to evaluate whether rainfall 

IFD relationships have changed overtime. An investigation of GCM predicted future 

rainfall is addressed in the last section of this chapter. 

Chapter 4 describes possible impacts of climate and land-use changes on flood 

risks. Data and methodologies used are detailed and the development of future climate 

and land-use scenarios, model calibration, and validation and results are also 

discussed in this chapter.  

Finally, Chapter 5 summarises the outcomes of this research, draws associated 

conclusions and makes recommendations for further studies. 
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Chapter 2 Literature Review 

2.1 Introduction 

Savenije (1995) stated that flooding is a meteorological and hydrological 

occurrence which is a part of cyclic patterns and is influenced by climate and land-use 

change. The occurrence of floods is likely to relate to climatic conditions and/or 

human activities. A warmer climate may lead to an increase in moisture content in the 

atmosphere, which could increase the rate of precipitation (Trenberth, 1998). Human 

activities change river drainage and storage capacity through the building of dams, 

levees and bridges. In addition, urbanisation may result in a decrease in infiltration, 

and increase in surface runoff. 

Flood risk is defined as the possibility of a body of water overflowing into an area 

which is normally dry, leading to potential damage. In this study, flood risk is 

considered to be the possibility of a flood event occurring, without considering 

possible economic and social losses. Therefore, studies of flood risk which evaluated 

potential losses will not be reviewed herein. Reviewed in this chapter are flood risk 

assessment methodologies (Section 2.2), the RORB rainfall runoff model (Section 

2.3), and research considering the influence of climatic (Section 2.4) and land-use 

change (Section 2.5) on flood risk.  

2.2 Methods for flood risk assessment 

There are a number of methods to assess flood risk, such as using multicriteria 

decision analysis, statistical methods, and deterministic approaches (Black and Burns, 

2002; Carpenter et al., 1999; Chen et al., 2011b; Rosbjerg and Madsen, 1995; Singh, 

1987). The multicriteria decision analysis uses questionnaires, the results of which are 

analysed to determine the likelihood of floods. Statistical methods are mathematical 

rules, and utilized recorded data. A deterministic approach uses a hydrological or a 

hydraulic model to forecast flood hydrographs (Chow et al., 1988). The 

aforementioned methods are reviewed and described in the subsections below. 
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2.2.1 Multicriteria decision analysis  

A comprehensive flood risk assessment usually contains a range of analyses, such 

as risk, technical, cost, problem, policy, loss, and prevention performance analyses. 

The information from the assessment can be used for flood risk management. A 

number of approaches have been used to provide information for flood risk 

management. Most studies applied hydrologic and hydraulic models to simulate flood 

runoff, and runoff in low-lying and flood prone areas (Anselmo et al., 1996). 

Brimicombe and Bartlett (1996) assessed flood risks using hydraulic models coupled 

with the Geographic Information System (GIS) and the Digital Elevation Model 

(DEM) to map the area and depth of inundation. This type of flood risk assessment 

provides information on the probability of flood occurrence, magnitude of the event, 

location, and depth of the inundation for flood management. 

Flood risk can also be assessed with multicriteria analysis of the depth of 

inundation generated by hydraulic and hydrologic models. An example of this 

approach is to combine the use of hydrologic or hydraulic models with the Multi 

Attribute Utility Theory (MAUT) (Meyer et al., 2009) or the Analytic Hierarchy 

Process (AHP) to estimate flood risk (Zhang et al., 2002). Decision makers can study 

and understand the problems through multicriteria analysis methods, such as AHP 

which solves complex problems by structuring the factors into a hierarchical 

framework (Saaty, 1990). AHP has been widely used for solving various problems. 

For example, Willett and Sharda (1991) used AHP to select the optimal flood control 

projects for the Grand River and Tar Creek in Miami, USA. Cheng and Wang (2004) 

employed a two-dimensional diffusive overland flow model to simulate inundation 

status in northern Taiwan, and used GIS to illustrate the area and depth of inundation. 

Based on the inundation map, they developed a model to evaluate the possible 

damage from floods by using the grey AHP.  

Chen et al. (2011b) demonstrated the conceptual framework for a probability-

based assessment of the consequences of flood hazards (refer to Figure 2-1). The risk 

factors, risk exposures, regional geographical characteristics and existing mitigation 

measures collectively determine the probability of occurrence of natural disasters. The 

consequences of natural disasters are related to a combination of probabilities and 

existing mitigation measures. Due to the recurring nature and adverse impacts of 

floods, many urban authorities have flood control plans and infrastructure to reduce 
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flood risks. For example, increasing the height of dams or levees could reduce flood 

risks, and installing mobile pumps could reduce flood damage. By establishing 

appropriate facilities and changing levee heights after floods, the flood risk is then 

lower than formerly. 

 

Figure 2-1 Conceptual framework for a probability-based assessment of the 
consequences of flood hazards (Chen et al., 2011b, p. 1265) 

 

An AHP questionnaire was designed by Chen et al. (2011b), which included the 

factors that might cause and prevent floods and reduce flood damage. The 

questionnaire was answered by hydraulic and flood control experts from the related 

fields in Taiwan. The results of the questionnaire were shown as numerical values and 

mapped by GIS to present the potential of inundation. Further, the higher values 

highlighted the importance of factors, which gave flood control planners a better 

understanding of where flood mitigation measures are needed. This insight allows 

flood managers to use the information interactively for continuing improvements to 

flood prone areas. 

Flood risk assessment using multicriteria decision analysis is suitable for flood 

managers as a reference for flood control planning and flood defence. However, it 

does not provide information such as inundation depths for given recurrence intervals. 

Consequently, this type of flood risk assessment is not appropriate for engineering 

designs such as stormwater drainage systems and dams, as they require storm runoff 

volumes and peak runoff rates (Pilgrim, 2001). The following subsection is a review 

of statistical analyses based on observed streamflow. This type of approach can 

provide peak runoff rates for given recurrence intervals. 
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2.2.2 Statistical methods 

Statistical methods, which are based on mathematical rules, analyse recorded 

streamflow data and predict flood risk. Flood frequency analysis is a statistical 

method for analysing the frequency or probability of floods occurring. This method 

utilises the recorded flows from gauging stations in a hydrologic region to obtain a 

period of flood frequency. In general, the steps of frequency analysis are: collating 

data, selecting extreme events, determining return periods, and plotting distributions. 

A flood frequency curve is a plot of discharges or peak flows against average 

recurrence intervals (ARI). Figure 2-2 illustrates an example of a flood frequency 

curve from the Australian Rainfall and Runoff book, which was published by 

Engineers, Australia (Pilgrim, 2001). 

 

Figure 2-2 An example of a flood frequency curve (Pilgrim, 2001, p. 230) 

 

ARI is ‘a statistical estimate of the average period in years between the 

occurrence of a flood of a given size or larger’ (Ladson, 2008, p. 157). The Weibull 

formula is most commonly used for the annual maximum series (AMS) method to 

indicate the average recurrence interval(Chow et al., 1988) which is calculated as: 

 

  𝑇 = 1
𝑃

= 𝑁+1
𝑚

                                                                 (2.1) 
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where T is the ARI in years, P is the annual exceedance probability (AEP), N is 

the total number of events used, and m is the rank of a value in a list of descending 

magnitudes. 

The AMS method and the peaks over threshold (POT) method, which is also 

known as the partial duration series (PDS), are commonly used for selecting 

hydrological extremes from long term records (Takeuchi, 1984). The selections for 

extremes are different for these two methods: AMS selects the highest peak flow in 

each calendar year; and POT chooses flood peaks from independent flood events that 

exceed a threshold over the entire period. 

Lang et al. (1999) stated that AMS is the most popular method for flood frequency 

analysis. AMS is straightforward but POT is very complex because of issues with 

independence and threshold of floods. In order to improve the use of POT, Lang et al. 

(1999) detailed a step by step procedure of POT in their research. Because of its 

complexity, POT has been studied and operations of POT have been provided in 

many studies (Buishand, 1989; Cunnane, 1973; Madsen et al., 1997a; Madsen et al., 

1997b; Madsen and Rosbjerg, 1997).  

The POT method was used by Black and Werritty (1997) to select floods that 

occurred in each season for North Britain. They found that floods often occurred 

between August and November in the southwest of Scotland, and in the east coast of 

North Britain, floods often occurred in February and March. The independence of 

floods and the threshold were clearly defined in their study. Further, their study 

provided a good guide for analysing seasonality of floods.  

Black and Burns (2002) reviewed flood risk studies that used the POT method in 

Scotland. They compared the differences between the earlier and later studies and 

found that the recent studies showed an increase in flood frequency in Scotland. It has 

not been proved whether the increase in flood frequency was a result of climate 

change (Black and Burns, 2002). Methods of detecting trends in flood frequency 

including AMS, POT and others were reviewed by Petrow and Merz (2009). Overall, 

some countries had upward trends in floods and some had decreased trends (Petrow 

and Merz, 2009). The methods used in these studies are not consistent, and it is 

therefore difficult to compare information from countries and draw a conclusion about 

the trends. 
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Petrow and Merz (2009) used both AMS and POT to select floods and the Mann-

Kendall trend test to detect trends in floods in Germany. They found upward trends in 

floods in western, southern and central Germany, and they argued that the increase in 

floods was influenced by climate change. The Mann-Kendall trend test is a statistical 

method and it is often used to detect trends in flood events. For example, Douglas et 

al. (2000) used the Mann-Kendall trend test to detect trends in floods; however, no 

significant trends were found.  

Svensson et al. (2005) stated that based on outputs from general circulation 

models (GCMs), river flows would increase in the future for a warmer climate. 

Accordingly historical river flows were examined to detect whether river flows had in 

fact been increasing. The authors used both AMS and POT to select flood events and 

then used the Mann-Kendall trend test to detect significant trends in 14 countries. 

They found that trends are more significant using AMS rather than using POT. Based 

on their findings, they found that some countries had significant downward trends in 

flood magnitudes and frequencies and they could not argue that these trends are 

effects of climate change (Svensson et al., 2005). 

In recent studies, more researchers have expressed their concerns about the 

possibility of climate change having an influence on flood risk. General Circulation 

Models (GCMs) have been built to project future climate. Since future climates are 

modelled predictions, hydrological models are needed to translate the climate 

scenarios (e.g., rainfall) into hydrologic variables such as peak flow, flood level and 

inundation duration. The use of hydrological models is known as a deterministic 

approach. Details of the deterministic approach are described in the next section. 

2.2.3 Deterministic approach 

A hydrological model can represent a hydrologic system which contains 

precipitation, infiltration, interception, evaporation, transpiration, depression and 

detention storage (Singh, 1988). Singh (1988) states that the system is ‘a collection of 

interacting components subject to various inputs and producing various outputs’ 

(Singh, 1988, p. 37), and can be divided into a few types of models such as lumped or 

distributed, physical or conceptual, and continuous or discrete. A lumped model 

calculates flow as a function of time alone at a particular location, and a distributed 

model calculates flow as a function of space and time throughout the system (Chow et 
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al., 1988). Different types of models have different abilities for modelling purposes; 

for example, a distributed model is better than a lumped model because it takes into 

account spatial variability, which can be used for estimating effects of land-use on 

flood risk. 

Since many hydrologic/ hydraulic models exist in the world, an overview is 

important. Different models have been used specifically for different countries: for 

example, different needs for different regions, such as snow melt in cold areas, and 

transmission loss in hot areas (Boughton and Droop, 2003). The ARNO rainfall-

runoff model and the distributed model for runoff, evapotranspiration and antecedent 

soil moisture simulation (DREAM) are applied for flood risk in Italy (Anselmo et al., 

1996; Fiorentino et al., 2007). The MORDOR hydrological model has been 

commonly used for flood estimations in France (Paquet et al., 2013). The models 

from the Hydrologic Engineering Centre (HEC), named HEC-1 and HEC-HMS, and 

the two-dimensional runoff erosion and export model (TREX), are commonly used in 

the U.S. (England Jr et al., 2007). The two-dimensional unsteady flow software 

(TUFLOW), the TOPMODEL, the probability distributed model (PDM) and the time-

area topographic extension model (TATE) are commonly used in the U.K. (Beven et 

al., 1984; Calver and Lamb, 1995; Cameron et al., 1999; Jones and Kay, 2007).  

Calver and Lamb (1995) used the PDM and TATE to estimate flood frequency in 

two catchments in the U.K. They stated that determining the time series for the water 

route was more difficult than modelling the routing: with longer periods of rainfall 

data, the models could produce a flood frequency curve for a longer period. TUFLOW 

is a two-dimensional (2D) model which is also widely used in the U.K. for flood 

inundation modelling. Pender and Néelz (2007) compared a few models and stated 

that 2D models, such as TUFLOW, can be applied to small scale catchments, whereas 

one-dimensional (1D) models, such as HEC-RAS, are suitable for the large scale.  

MIKE software is a commercial product of the Danish Hydraulic Institute (DHI). 

Different versions of MIKE have different features for modelling a hydrologic cycle; 

for example, MIKE FLOOD is an integrated package for urban and fluvial flooding, 

and MIKE SHE is an advanced integrated model which includes all components of 

land for simulating a hydrologic cycle. MIKE FLOOD couples two 1D models, MIKE 

URBAN and MIKE 11, for sewer and river networks with one 2D model, MIKE 21, 

for overland flow modelling. MIKE FLOOD is a very powerful model, as it can 



Chapter 2 

13 
 

simulate inundation height and map floods for urban and coastal areas. However, it 

requires a lot of input data and the licence can be very costly. Consequently, MIKE 11 

is more popular than MIKE FLOOD for use in flood studies. For example, MIKE 11 

was used by Hammersmark et al. (2005) to simulate flood impacts for a tidal area in 

California, U.S.A. 

In Australia, most of the hydrological models are used for water yield 

investigation, such as the Australian water balance model (AWBM), the topographic 

analysis model (TOPOG) and the Monash model (Boughton, 2005). Boughton 

considered that these hydrological models were rarely used for flood estimation in 

Australia. Rainfall-runoff routing models, WBNM, URBS, XPRAFTS and RORB are 

the most common models for flood estimation in Australia.  

Examples of the applications of the WBNM, URBS, XPRAFTS and RORB 

models are given as follows. The WBNM rainfall-runoff model was designed to 

calculate flood hydrographs for both natural catchments and catchments which are 

becoming urbanised (Boyd et al., 1996). The WBNM divides a catchment into two 

types of sub-catchments, comprising ordered-basins and inter-basins (Boyd and 

Bodhinayake, 2006). The URBS rainfall-runoff model was developed based on 

WT42/WS87 and RORB models (Carroll, 1994). The basic routing method of URBS 

is the same as the RORB model which uses storage-discharge (S-Q) relationships. The 

URBS model is widely used in the state of Queensland. Malone (1999) published a 

paper to explain how the URBS model was used for flood warning in Brisbane. The 

concept of the XPRAFTS rainfall-runoff routing model is also based on S-Q 

relationships. The XPRAFTS has been used to analyse effects of urbanization on 

infiltration and drainage in the Upper Parramatta River catchment (Goyen et al., 2002). 

A flood frequency curve for three catchments in Victoria was drawn by Rahman et al. 

(2002) by using the rainfall - runoff model, RORB, and Monte Carlo simulation. The 

RORB rainfall-runoff model is a semi-distributed model that can produce flood 

hydrographs using input rainfall and catchment data. The RORB model requires data 

such as impervious fractions, rainfall, and losses. This model was used by the 

Brisbane City Council (Brisbane City Council, 1992) to simulate flood peaks in the 

Bulimba Creek catchment.  

The WBNM, URBS, XPRAFTS and RORB models are similar to each other. The 

advantages of using RORB are that the licence is free of charge, it does not require a 
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lot of input data, and the model is easy to set up. Thus it is chosen for this study. 

Details of RORB are described in the following section. 

2.3 RORB rainfall-runoff model 

RORB is a commonly used distributed non-linear rainfall-runoff model in 

Australia. The RORB model has been extensively studied and used for flood studies 

(Avery and Inst Engineers, 1989; Dyer et al., 1992; Dyer et al., 1994; Dyer et al., 

1993; Mein et al., 1974; Weeks, 1986; Yu, 1989). Although the RORB model has 

been extensively used for flood studies in Australia, it has not been used for future 

flood studies as in this thesis. The following sections detail model parameters, 

required input data, and outputs from RORB, as this model is used for this thesis. 

2.3.1 Model parameters 

In the RORB routing program, the catchment is divided into sub-catchments and 

each sub-catchment is represented as a lump system. Rainfall excess is estimated with 

a simple infiltration model for each sub-catchment and the rainfall excess is then 

routed through the catchment using a catchment storage model to produce a surface 

runoff hydrograph at selected locations in the catchment (Laurenson et al., 2010). The 

storage for each sub-catchment is represented as follows (Laurenson et al., 2010): 

 

  𝑆 = 𝑘𝑄𝑚                                                                        (2.2) 

 

where S is the storage (m3), k is the empirical coefficient, Q is the outflow 

discharge (m3/s) and m is a dimensionless exponent. The storage can be calculated 

based on reach area (Mein et al., 1974): 

 

𝑆 = 𝐴𝐿 = 𝑊𝐷𝐿                                                                     (2.3) 

 

where A is the area (m2), L is the length (m), and W and D are the width and the 

depth (m) of a cross-section. 

The outflow discharge can be shown in Manning’s equation as: 
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 𝑄 = 1.49
𝑛
𝑊𝐷

5
3𝑠𝑏

1
2                                                                     (2.4) 

 

where n is the Manning’s roughness coefficient, and 𝑠𝑏is the slope. 

The coefficient k is calculated as (Laurenson et al., 2010, p. 13): 

 

𝑘 = 𝑘𝑐 × 𝑘𝑟                                                                     (2.5) 

 

in which kc is the coefficient related to the size of the catchment area and kr is a 

dimensionless ratio related to the delay time for each sub-catchment. 

The value for the parameter m of 0.8 is recommended by the RORB user manual 

and other studies (Laurenson et al., 2010; Mazion and Yen, 1994; Yu, 1989). Since 

many studies have recommended the value for parameter m, the parameter kc is thus 

the most important parameter for calibration. Weeks (1986) used the RORB model to 

simulate flood flows for 94 catchments in Queensland, Australia. He found a strong 

linear correlation between kc values and catchment sizes and a linear equation was 

established in his study. 

In the RORB model, there are two more parameters apart from m and kc, which are 

initial loss amount and loss rate. There are two operation options, the DESIGN run 

and the FIT run. For the DESIGN runs, losses are determined by users, and for the 

FIT runs, losses of rainfall are calculated by the RORB model. The losses of rainfall 

herein are defined as infiltrations. In the RORB model, there are two alternatives to 

calculate the losses of rainfall, which are described below (Laurenson et al., 2010, p. 

34): 

(1) Initial loss followed by constant proportional rates of loss and of runoff 

(2) Initial loss followed by a continuing loss rate. 

For the second loss model, the continuing loss rate is a function of impervious 

fractions. For the purpose of this study, the influence of land-use change on floods is 

considered, and change of land-use is treated the same as change of impervious 
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fraction. Therefore the second loss model is more suitable for this study. The 

continuing loss rate is calculated as follows (Laurenson et al., 2010, p. 35): 

 

𝐶𝐿𝑖 = (1 − 𝐹𝑖) × 𝐶𝐿𝑝𝑒𝑟𝑣.                                                          (2.6) 

 

where CL is the continuing loss rate (mm/h) for the ith sub-area, CLperv. is the rate 

of continuing loss for pervious areas, and F is the fraction of the impervious for the 

sub-area, i. 

For FIT runs, observed hydrographs are required in order to provide total runoff 

height. After the initial loss has been taken, the continuing loss rate is calculated 

iteratively so that total rainfall excess is the same as the total runoff. In order to 

determine the runoff height, hydrographs and catchment size are required. The next 

section details the required input data for RORB and the outputs from RORB 

simulation. 

2.3.2 Model inputs and outputs 

Preparation for model inputs is the most important part of the operation since this 

determines the accuracy of the output. Input data need to be carefully collected and 

quality of the data needs to be ensured. The required input files for RORB flood 

routing are catchment file and storm file. Because reservoir routing is not part of this 

thesis; therefore required data for reservoir storage is not detailed here. For the 

catchment and storm files, the required inputs are detailed in Table 2-1. 

There are three main outputs for FIT runs from RORB simulations. They are 

parameter values, rainfall excess and simulated hydrograph for each time increment. 

Other information, such as a running hydrograph at the downstream of a reach, can 

also be printed in the output file, but this depends on users. 

Modelling uses mathematical rules to simulate reality, but results from modelling 

can never be the same as the reality. All modelling has an uncertainty; this can be 

from the input data or the model itself. Some researchers have used other approaches 

to estimate the uncertainty (Clarke, 1999; Rosbjerg and Madsen, 1995). For example, 

Rosbjerg and Madsen (1995) used five methods and compared results from these 

methods. In this study, projected future climates are used as inputs for modelling. The 
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predicted future climates have a great deal of uncertainty. Details of climate change 

and climate models are described in the next section. 

Table 2-1 RORB data requirements 

Input file  Information required Unit 

Catchment 

file 

Name of sub-catchment  

Area of sub-catchment km2 

Impervious fraction  

Name of reach  

Types of reach  

Length of reach km 

Slope of reach % 

Storm file 

FIT or DESIGN runs  

Time increment hr 

Number of increments  

Number of storm bursts  

Number of rainfall stations  

Uniform or non-uniform rainfall  

Start and finish time increments of storm bursts  

Name of rainfall station  

Rainfall height for the storm burst mm 

Total rainfall height for the storm burst for each sub-catchment mm 

Start and finish time increments of hydrographs  

Name of gauging station  

Flow rates for each time increment  m3/s 

 

2.4 Climate change 

Climate is defined as the average weather conditions of locations which can be 

generally observed in the past, and predicted in the future (Cech, 2005). Climate 

includes weather elements such as temperature, humidity, rainfall, air pressure and 

wind; climate is also an interactive system of the Earth, which includes the 

atmosphere, land-use, water, ice, and living things (Bates et al., 2008). As rainfall is 
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usually the main cause of floods, change in climate herein is reviewed only for change 

in rainfall and floods.  

Climate change is very important for flood risk assessment, because the once in 

100 year flood event in recent years may become a once in 20 year or 50 year 

flooding event in the future (Bell et al., 2007); also, the once in 20 year flooding could 

become a once in 100 year flooding event in the future (Leander et al., 2008). 

Therefore, the current infrastructure may not be adequate during extreme events under 

future climate conditions. 

The likely change in the occurrence of heavy rainfall can be estimated using 

outputs from General Circulation Models (GCMs) or statistical analysis of historical 

weather observations (Allan and Soden, 2008; Blenkinsop et al., 2009; Lenderink and 

van Meijgaard, 2008). The outcome from GCMs depends upon the types of modelling 

used and the extent of the scenarios. The uncertainty of GCM projections is usually a 

concern whereas the examination of historical long term heavy rainfall can provide a 

better understanding of past climate change and help predict likely future climate 

change scenarios (Fujibe et al., 2005; Groisman and Legates, 1995; Iwashima and 

Yamamoto, 1993). 

In this part of the literature review, studies for past climate change and future 

climate change are reviewed. The following section reviews relevant studies that 

investigate changes in past climate. Studies for projected future climate are reviewed 

and detailed in 2.3.2. 

2.4.1 Climate in the past 

According to the reports of the Intergovernmental Panel on Climate Change (Treut 

et al., 2007), the observed global average surface temperature and sea level have been 

increasing since 1850. This increase in temperature was noticed especially in the 

European Alps, where average temperature has doubled since 1980 (Blöschl and 

Montanari, 2010). Trends in global temperatures for the periods 1951-2003 have been 

examined by Alexander et al. (2006), and an increase in annual minimum daily 

temperature was found to be more significant than the increase in daily maximum 

temperature. In other words, winters had been less cold during this period.  

Blöshl and Montanari (2010) stated that results from trend analyses of climatic 

variables may look like trends for a 20-100 year time-frame, but they might only be 
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part of a long cycle which is hundreds of years. This statement was confirmed by 

Ljungqvist et al. (2012) who found that the increase in global temperature in the 20th 

century is actually within the variability of climate over the last 1,200 years. However, 

the increased rate of global temperature was exceptional over the last 12 centuries 

(Ljungqvist et al., 2012). Since this increased rate of global temperature in the 20th 

century is unprecedented, it is important to investigate whether other climatic 

variables (e.g., rainfall) have also changed abnormally. 

The occurrence of rainstorms has been studied by Domroes and Schaefer (2008) 

for the period of 1976-2000 in East China, where an increase was found in the number 

of storms as well as in temperatures. Other hydrological observations indicated that 

runoff and streamflow increased by 5% in the Arctic Drainage basin from 1935 to 

1999, and daily streamflow decreased by 29% in southern Canada in the record period 

1849 to 1996 (Rosenzwelg et al., 2007).  

Changes in heavy rainfall and annual rainfall have been investigated in several 

regions of the world (Alexander et al., 2006; Cannarozzo et al., 2006; Groisman et al., 

2005; Krishnakumar et al., 2009). The results show that changes in heavy rainfall are 

more significant than those in annual rainfall (Groisman et al., 2005; Trenberth et al., 

2003). Groisman et al. (2005) examined the trends in heavy rainfall around the world 

and found that some regions have experienced an increase in heavy rainfall; however, 

for these regions there is either no change in annual rainfall, or even a decrease in 

annual rainfall.  

Australia has a very high rainfall variability (Linacre and Hobbs, 1977); for 

example, the mean, lowest and highest annual rainfall during the period, 1859-2012, 

in Sydney are 1215mm, 583mm and 2194mm respectively (Bureau of Meteorology, 

2013). Due to the high variability of rainfall, many studies have examined rainfall 

variations throughout Australia (Hardwick Jones et al., 2010; Haylock and Nicholls, 

2000; Li et al., 2011; Lough, 1991; Lough, 1993; Lough, 1997; Nicholls, 2003; 

Nicholls and Kariko, 1993; Nicholls et al., 1996; Suppiah, 1993; Suppiah and 

Hennessy, 1998; Yu and Neil, 1993). Suppiah and Hennessy (1998) found that both 

summer and winter rainfall had increased from 1910 to 1990 throughout most of 

Australia.  
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Haylock and Nicholls (2000) examined the trends in Australian extreme rainfall 

and found that the intensity of heavy rainfall had increased in eastern and southern 

Australia. Nicholls and Kariko (1993) found that the variation in annual rainfall was 

highly related to the variation in rainfall intensity (mm/day) in eastern Australia. 

Nicholls et al. (1996) examined the relationship between the spatial average annual 

rainfall and temperature for Australia from 1910 to 1992. They applied the Theissen 

polygon coefficients to the whole of Australia and found a significant negative 

correlation between maximum temperature and annual rainfall. Moreover, annual 

rainfall decreases when temperature increases in Australia. This correlation was based 

on spatial averages, which excluded changes between regions.  

The majority of research examined changes in annual, seasonal, monthly and daily 

rainfall; however to date, only limited work has considered evaluation of changes in 

sub-daily rainfall (Fujibe et al., 2005; Hardwick Jones et al., 2010; Jakob et al., 2011a; 

Jakob et al., 2011b; Lenderink and van Meijgaard, 2008) since the availability of daily 

data is higher than sub-daily data.  Hardwick Jones et al. (2010) adopted Lenderink 

and van Meijgaard’s (2008) methodology to analyze the relationship between extreme 

sub-daily precipitation and surface temperature in Australia.  Hardwick Jones et al. 

(2010) used daily precipitation, hourly precipitation, and mean daily temperature to 

analyze the relationship between precipitation intensity and temperature, and found 

that when temperature increased, hourly precipitation decreased in northern Australia 

but increased in eastern Australia. Jakob et al. (2011a; Jakob et al., 2011b) used POT 

to select storm events and derived rainfall intensity at durations between six minutes 

and 72 hours, and investigated changes in rainfall intensities for south-eastern 

Australia. A downward trend in Sydney rainfall intensities at six and 72 hours 

duration was detected by the Modified Mann-Kendall trend test at a significance level 

of 10% (Jakob et al., 2011a). 

Rainfall Intensity-Frequency-Duration (IFD) relationships are widely used in 

engineering designs, such as stormwater drainage systems, bridges and dams, to 

estimate storm runoff volumes and peak runoff rates (Pilgrim, 2001). Methods for 

deriving IFD curves have been developed in different countries (AlHassoun, 2011; 

Elsebaie; Koutsoyiannis et al., 1998). The Australian Bureau of Meteorology (BOM) 

is currently undertaking an IFD design rainfall revision project, which will include 

almost 30 years of additional rainfall data (Johnson et al., 2012). Once the revised 
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IFDs are released, the differences between the revised IFDs and the existing IFDs can 

be used to inform how recent climate change and variations might have affected the 

design of flood estimations. 

It is important to assess changes in short duration rainfall intensities, as they are 

commonly used for flood peak estimation for small catchments. Sub-daily rainfall has 

been examined in south-eastern Australia; however, trends in short duration rainfall 

intensities have not been tested for north-eastern Australia. Also, relationships 

between short duration rainfall intensities (i.e., less than 1hr in duration) and both 

annual rainfall and temperature have not been identified in the literature. Therefore 

changes in sub-daily rainfall will be examined in this thesis. Table 2.2 shows an 

overview of studies about past climate. 
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Table 2-2 Overview of studies of past climate 

Reference Study area Period Climatic variables Time scale Methods Main findings 

Lough, 1997 Queensland 
1890-1995 

1910-1995 

Precipitation 

Temperature 
Seasonal Linear 

correlations 

No significant trend in summer 
rainfall 

Increase in minimum daily 
temperature 

Groisman et 
al., 2005 

European part of 
former Soviet 
Union 

1936-1997  

Precipitation Annual and 
daily 

Linear 
correlations 

Increase in both annual precipitation 
and heavy rainfall total (upper 1% 
of events) 

Pacific coast of 
north-western 
North America 

Mid 1910s-
2003 

Increase in frequency of heavy 
rainfall 

Southeast 
Australia 

Southwest 
Australia 

1907-1998 

1913-1998 

Increase in both annual rainfall and 
heavy rainfall amount in south-
eastern Australia 

Decrease in both annual rainfall and 
heavy rainfall amount in south-
western Australia 

Eastern part of 
South Africa 1906-1997 

No change in annual rainfall 

Increase in frequency of heavy 
rainfall 

Central United 
States 1893-2002 Increase in frequency of heavy 

rainfall 
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Table 2-2 Overview of studies of past climate (continued) 

Reference Study area Period Climatic variables Time scale Methods Main findings 

Alexander et 
al., 2006 Globe 1951-2003 

Annual max/ min 
daily temperatures 
Precipitation 

Annually, 
seasonally 
and daily 

Probability 
distribution functions 

Increase in annual max/min daily 
temperatures 
Increase in seasonal max daily precipitation 

Domroes & 
Schaefer, 
2008 

East China 1976-2000 Precipitation Daily 
The least-square 
method and non-
parametric approach 

Increase in number of rainstorms per year 

Fujibe et al., 
2005 Japan 1898-2003 Precipitation 4-hourly Linear correlations 

Increase in high rainfall intensities (10-
50mm/4h) 
Decrease in low rainfall intensities (1-
3mm/4h) 

Jakob et al., 
2011a Sydney 1921-2005 Precipitation 6min – 72h 

Peak over threshold 
Modified Mann-
Kendall trend test 

No significant trends in rainfall intensities 

Jakob et al., 
2011b 

South-
eastern 
Australia 

1976-2005 Precipitation 6min – 72h 
Peak over threshold 
Modified Mann-
Kendall trend test 

No significant trends in rainfall intensities 
for durations less than 30min 
Increase in rainfall intensities for durations 
between 1h and 72h in some sites 

Ljungqvist et 
al., 2012 

Northern 
Hemisphere 

9th-12th 
centuries Temperature Annual 

Weighted, proxy-
centred and 
centennial means 

Temperatures in the 9th-12th centuries are 
above the long-term average 
Increase in temperature in the 19th-20th 
centuries is within the long-term variability, 
but the increase rate is unprecedented 
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2.4.2 Climate in the future 

In order to more meaningfully project a future climate, a scenario for the future 

must be created. Four emission scenarios (A1, A2, B1 and B2) were established and 

reported in the synthesis report from the Inter-governmental Panel on Climate Change 

(IPCC) (IPCC, 2007). General circulation models (GCMs) were developed to project 

future climate based on these emission scenarios. 

GCMs are broadly used in estimating future climate and future flood risk (Jarsjö et 

al., 2012; Loukas et al., 2002; Muzik, 2002; Prudhomme et al., 2003; Prudhomme et 

al., 2002; Roy et al., 2001; Simonovic et al., 2003; Smith et al., 1997; Willems et al., 

2012). The resolution of global climate models (GCMs) is generally a few degrees of 

longitude and latitude, which is approximately 150km to 400km, and can only be used 

in a large area. The resolution is too coarse to assess future precipitation for regional 

flooding. Regional climate models (RCMs) have been used for flood risk assessments 

in the past decade because they have higher resolution. 

Kay et al. (2009) argued that sources of uncertainty in estimating future flood 

frequency could emanate from the emission scenarios, GCMs and RCMs or 

hydrological models used to produce flood hydrographs. They used five GCMs, 

which were based on four emission scenarios, and two hydrological models to test 

changes in flood frequency in two catchments in the UK. GCMs were found to have 

the greatest range of changes in flood frequency. In other words, the GCMs are the 

main source of uncertainty in estimating future flood frequency (Kay et al., 2009). 

Kay et al. (2006b) used data from the Hadley Centre RCM (HadRM3) input for 

the PDM rainfall-runoff model to estimate flood frequency over 15 catchments in the 

UK. The resolution of HadRM3 is approximately 25km. In their study, the input data 

from ERA-driven HadRM3 simulated the flow between 1985 and 1993. The data 

were used directly from the Hadley Centre RCM without adjustment. The results were 

shown in the ten-year return period of flood frequency. In the study, the hydrologic 

model and parameters for the uncertainty of flood frequency were not assessed, but 

the percentage error in flood frequency was analysed. Kay et al. (2006b) believed that 

the errors might be from the annual average rainfall amounts from the RCM.  

In their later research, Kay et al. (2006a) used the same hydrologic model (PDM) 

and RCM (HadRM3) to simulate current and future flood frequency with input data 
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from 1961-1990 and 2071-2100 on the same 15 catchments in the UK. The results are 

shown in once in one-, ten- and hundred-year return periods of flood frequency. 

Interestingly, the model-projected results show a decreased flood frequency in the 

future across the UK, especially in south-eastern catchments. However, the observed 

data in the last decade show there is a large increase of floods in south-eastern 

catchments which is different from their analytical results. One possible explanation 

may be that the high temperature and low rainfall in summer and autumn would lead 

to low soil moisture. In addition, winter is the main flooding season in the UK; when 

winter rainfall comes, it would firstly reduce soil moisture deficits and then result in 

floods. From these two studies of Kay et al., it is evident that validation of climatic 

models is necessary for assessing flood risk. 

The hydrologic model, PDM, and the HadRM3 RCM were used in other studies 

for UK catchments. One study calibrated the outputs from the PDM and the HadRM3 

to be based on a grid, and used the grid-based outputs to assess current and future 

flood risk of 25 catchments in the UK (Bell et al., 2007). Historical flows for the 

current flood frequency were used for the period 1961-1990. Precipitation and future 

flows from 2071 to 2100 were simulated as future flood frequency. The grid-based 

model can be used for the whole of the UK or an individual catchment, where the 

parameters have to be adjusted to achieve optimum results for that single catchment 

only. The percentages of error ranged from -37% to +39.3 in the study (Bell et al., 

2007). Unlike the studies of Kay et al. (2006b), Bell et al. (2007) used outputs of 25 

grid points to represent 25 catchments and the results seem to be more reasonable, 

because the percentages of error ranged from -56% to +40% in the study of Kay et al. 

(2006b). 

Booij (2005) used three GCMs (CGCM1, HadCM3 and CSIRO9), two RCMs 

(HadRM2 and HIRHAM4), and one hydrologic model (HVB) with three different 

model spatial resolutions to assess the impact of climate change on river flooding in 

the Meuse basin. Booij (2005) also compared the results from three spatial resolutions 

in current climate conditions and future conditions. The results under current climate 

conditions show that simulated precipitation from the higher resolution model is more 

similar to observed precipitation. A very high RCM resolution and a lower resolution, 

approximately 12km and 50km, were applied to simulate flood hazards in the upper 
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Danube basin, Central Europe (Dankers et al., 2007). The higher resolution of RCMs 

is more appropriate to simulate regional climate for flood risk assessment.  

The Conformal-Cubic Atmospheric Model (CCAM) from the Australian 

Commonwealth Scientific and Industrial Research Organization (CSIRO) provides a 

high resolution of the climate system over Australia. Charles et al. (2007) applied the 

CCAM with three other GCMs, namely CSIRO MK3.0 GCM, Max Planck Institute 

ECHAM4 GCM, and Hadley Centre HadAM3P GCM, to western Australia and 

evaluated the bias from these climatic models over two 30 year periods, 1975-2004 

and 2035-2064. The available projected rainfall data from the Hadley Centre covers 

only the period from 1960 to 1989 and 2070 to 2099; therefore, the time slice of the 

HadAM3P model is different from the other three models. The resolutions of these 

four climatic models were 60km for CCAM, 1.875˚longitude×1.25˚latitude for 

HadAM3P, 1.875˚ of longitude and latitude for MK3.0, and 3.75˚ of longitude and 

latitude for ECHAM4 (Charles et al., 2007). The simulated precipitations for western 

Australia from these four GCMs were compared with observed data. The runoff 

driven by the land-use change incorporating the catchment model, that is LUCICAT, 

was also compared. Charles et al. (2007) found that CCAM and HadAM3P produce 

the best results over the four climatic models compared with the annual precipitation 

from the observation. However, the output from the HadAM3P covered the period of 

1960-1989 and so is different from the observed period of 1975-2004 (Charles et al., 

2007). The validation for the HadAM3P was not appropriate in the study of Charles et 

al.  

The CCAM has been extensively studied, and its outputs have been validated by 

comparing with observations (Kent et al., 2012; Nguyen and McGregor, 2009; 

Nguyen and McGregor, 2012). Kent et al. (2012) compared outputs from 12 

downscaled models with observations and found that CCAM downscaled from the 

MK3.0 produced the best predictions in annual and seasonal rainfalls out of the 12 

models. In addition, the resolution of the CCAM used in the study of Kent et al. (2012) 

was approximately 20 km. The quality of CCAM predicted rainfall was much higher 

when compared with other GCM predicted rainfall, in terms of spatial distribution 

(Nguyen and McGregor, 2012).  

Rainfall is a key input for hydrological modelling. In order to use outputs from 

climate models, and to produce a more reliable prediction, validation of these outputs 
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must be applied. Legates and Willmott (1992) compared predicted global precipitation 

(in January and July only) from four GCMs with observations. They found that 

predicted rainfalls from these four models were all underestimated in the tropical 

region. In Australia, a similar study was carried out by Perkins et al. (2007). They 

compared predicted daily precipitation, annual maximum temperature and minimum 

temperature from 14 GCMs with observations in 12 different climatic regions in 

Australia. They evaluated skills in predictions of these 14 GCMs by comparing the 

predicted variables with observations, and scores for each of the skills were then 

given according to the errors. They found that out of these 14 GCMs, the BCM2.0 

produced the most accurate precipitation predictions (Perkins et al., 2007). 

Johnson and Sharma (2009) also scored the GCM skills in predicting climatic 

variables, but they used different methodologies to the methods used by Perkins et al. 

(Perkins et al., 2007). Johnson and Sharma used outputs from nine GCMs, and scored 

the skills of GCMs which predicted 11 climatic variables. Overall, the precipitation 

rate had the lowest score. In other words, precipitation rates were the worst 

predictions from the GCMs (Johnson and Sharma, 2009). However, the scores that 

were given to these predicted variables were not based on comparison with 

observations. These scores were derived from mathematical equations based on mean 

values and standard deviations of the predicted variables. The skill scores from 

Johnson and Sharma (2009) were not validations for the GCM predictions. 

Nevertheless, each climate model has its own strength, and users should be careful 

when using outputs from climate models for hydrological studies. Studies of climate 

change and flood risk are summarised in Table 2-3 
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Table 2-3 Overview of climate change and flood risk studies 

Reference Study area Size of 
area Land-use Mean rainfall Mean 

evaporation 
Soil 

moisture 
GCM/RCM 
resolution 

Roy et al., 
2001 

Chateauguay River basin 
in Canada and USA 2,543 km2 Not mentioned 1332.25mm N Y 410 km 

Muzik, 2002 Rocky Mountains in 
Alberta, Canada 449 km2 Vegetation and snow 

cover Not mentioned Y Y Not mentioned 

Lukas et al., 
2002 

Two watersheds in 
Canada 

1194 & 
1150 km2 Lakes, reservoirs 2000 &1555 

mm Y Y 410km 

Prudhomme et 
al., 2003 

Wales & western England 
in UK (51°N-53.5°N, 
5.6°W-1.8°W) 

9895 km2 
6 types (grassland, 
woodland, coniferous 
woodland, upland, tilled 
land, urban surfaces) 

792mm N Y 55km 

Simonoivc et 
al., 2003 

Red River basin in 
Canada 

16,496 
km2 

Lakes, urban cities, 
dikes, pumping stations, 
dams  

Not mentioned N Y 280-420 km 
(3GCMs) 

Prudhomme et 
al., 2003 Five catchments in UK 10.6 – 

277.1 km2 
Reservoirs, highly 
urbanized cities, lakes, 
impervious catchments 

690-2453mm 
(standard 
average annual 
rainfall) 

Y Y 
Approximately 
100-500 km 
(7GCMs) 
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Table 2-3 Overview of climate change and flood risk studies (continued) 

Reference Study area Size of area Land-use Mean rainfall Mean 
evaporation 

Soil 
moisture 

GCM/RCM 
resolution 

Booij, 2005 

Meuse basin in 
western Europe 
(across France, 
Netherlands and 
Belgium) 

20,000 km2 Not mentioned 
985.5mm 
(Average 
rainfall) 

1.9mm (area 
average  
evaporation) 

Y 20km 

Kay et al., 2005 
15 catchments in 
UK (49°N-59°N, 
8°W-2°E) 

10.6 – 455 
km2 Not mentioned 

1832- 2458 mm 
(standard 
average annual 
rainfall) 

Potential 
evaporation Y 25km 

Cameron, 2006 Northeast of 
Scotland 216 km2 

Rural catchments, 
valley gravels, 
moorland overlying 
schists, old red 
sandstone 

830 mm Not 
mentioned N 50km 

Bell et al., 2007 

Represented 25 
catchments in 
England and Wales 
(49°N-56°N, 6°W-
2°E) 

8 - 9948 km2 Not mentioned 
Standard 
average annual 
rainfall 

Potential 
evaporation Y 25km 

Dankers et al., 
2007 

Upper Danube 
basin in Central 
Europe 

130,000 km2 Cities, forests and 
hydro- electricity 

741 (area 
average  
precipitation) 

Potential 
evaporation Y 12km 
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2.5 Land-use change 

The influence of land-use change on surface runoff has been investigated in many 

studies (Bathurst et al., 2004; Guo et al., 2008; Lahmer et al., 2001; Legesse et al., 

2003; Siriwardena et al., 2006). Urbanisation leads to an increase in the impervious 

area, and, as a result, an increase in magnitude and frequency of occurrence of floods 

(Tollan, 2002). The effect of land-use change on flood behaviour is likely to occur for 

moderate storms, and this effect is reduced during extreme rainfall events 

(Sriwongsitanon and Taesombat, 2011).   

A study about influence of land-use change on river runoff was carried out by Fox 

et al. (2012). They used historical land-use data in south-eastern France in 1950, 1982 

and 2003 to investigate change in land-use over time and how the change has 

influenced river runoff. In their study, the land-use data were classified into five 

categories which are forest, vineyards, prairies, urban areas and others; changes in 

forest land were small; however, many of the vineyards had been converted into urban 

land. Fox et al. (2012) found that even though urban areas have extended since 1950, 

change in river runoff was not significant. 

Poelmans et al. (2011) used three land-use scenarios and three climate scenarios to 

assess changes in flood peaks in a small catchment (48km2) in Belgium. In this small 

catchment, only 19% of land-use was urban area, the rest of the land was covered by 

farms, forests and grasslands. Three land-use scenarios developed in their study were: 

low, medium and high urban expansions, and for these three scenarios, the 

percentages of urban areas were 32%, 46% and 55% respectively (Poelmans et al., 

2011). Although the expansion of medium urban expansion was only 12% higher than 

the low urban expansion, results showed that average change in flood peaks for 

medium urban expansion was twice higher than that for the low urban expansion. 

Results also showed that changes in the peak flow were greater for small return 

periods which are relatively small events (Poelmans et al., 2011); their findings 

agreed with statements of Sriwongsitanon and Taesombat (2011) 

Lahmer et al. (2001) stated that the development of land-use scenarios is a 

complex task, and they demonstrated how to develop land-use scenarios in their study. 

The first step was to choose a hydrological model and determine the special scale. The 

second step was to evaluate current land-use status, and determine the main land-use 
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type that can be possibly changed based on the current status. To create land-use 

scenarios, Lahmer et al. (2001) stated that an extreme change and a realistic scenario 

should be included in the developed scenarios.  

Changing land cover can increase the flood risk but can also reduce flood risk by 

careful planning of land-use, such as building new reservoirs (Roo et al., 2003). Roo 

et al. used future planned land-use scenarios to evaluate the future flood risk in the 

Oder basin, Europe. The future plan for land-use in the Oder basin is to build new 

reservoirs and polders by 2030 and the plan has been divided into nine scenarios 

which represent nine stages of land-use change until 2030. With the input data based 

on the 1997 flood events and the future land-use change, the simulated results show a 

significant reduction of the future flood risk in the Oder basin. Since the future flood 

risk in the Oder basin is evaluated under future climatic conditions, it may not follow 

the results from Roo et al. (2003). 

The high volume of surface runoff can lead to a high possibility of flooding 

occurring. Research into the influence of climate change and urbanization on runoff in 

Oregon, USA was carried out by Franczyk and Chang (2009). Franczyk and Chang 

used the GCM known as ECHAMS, which has a 15km resolution, to simulate the 

future climate in the period 2030-2059, and used the hydraulic model, Arc View Soil 

Water Assessment Tool (AVSWAT), to produce the surface runoff which was driven 

by rainfall from two scenarios, 1973-2002 and 2030-2059. They chose the land cover 

in 2001 as a base line and three different planned land-uses with three levels of 

increasing urban area and decreasing forest, agricultural and other areas by 2040 as a 

future scenario. In the study of Franczyk and Chang (2009), the results showed an 

increase of mean annual rainfall and runoff in the future climate without changing the 

land cover; based on the 2001 climate with the three scenarios of land cover change, 

the annual surface runoff depth slightly increased around 2.3%-2.5% by 2040; with 

climate and land cover change, the result showed the largest change in relation to 

runoff which was that the mean annual runoff depth increased 5.5% from the baseline. 

The research of Franczyk and Chang was about the effect of future climate and land-

use change, and focused on the effect on hydrology which is surface runoff, but not 

flood flow. 

A study of potential effects of climate and land-use changes on flooding was 

carried out by Reynard et al. (2001) for two catchments in the UK. The authors used 



Chapter 2 

32 
 

POT to find large flood events in the past, for the period 1961-1990, and used an 

average of 3 flood events per year to set up the threshold for finding the flood events 

for all the climate change scenarios. The HadCM2 GCM was used to produce future 

climate for the period 2040-2069. The HadCM2 GCM produces daily rainfall data 

which cannot be directly used for flood modelling, as a sub-daily or an hourly time 

step is needed. Therefore, three scenarios were considered, which are (1) applying 

proportionally the percentage of change in aggregated monthly rainfall total to daily 

rainfall in that month; (2) dividing equally the change of monthly rainfall to every 

third dry day in that month; (3) adding proportionally the change in monthly rainfall 

to days in a storm event which is above the threshold (Reynard et al., 2001). The 

Climate and Land-use Scenario Simulation In Catchments model (CLASSIC), 

containing a soil water balance model, a drainage model and a basin wide routing 

model, was used to simulate rainfall and runoff in their study. The land-use data used 

in their study was provided by the institute of terrestrial ecology in the UK. Based on 

the land-use data, they created three land-use change scenarios which are to (1) 

slightly increase urban areas, (2) extremely expand the existing urban area, and (3) 

change urban area to forests and woodland. Flood flows were greatly affected by the 

second land-use change scenario.  

The aforementioned studies used various methods to develop land-use change 

scenarios, and examined the impacts of land-use change on flood flows. Some of them 

have investigated the impacts of combined land-use and climate changes on flood 

flows. Overall, results from these studies follow the theory: flood flows increase when 

impervious areas increase in a catchment. It is important to plan and develop 

scenarios carefully as results vary with scenarios. Land-use change scenarios should 

be drafted based on current land-use data, and a realistic scenario and an extreme 

scenario should be considered. Table 2-4 shows the details of the land-use change and 

hydrology or flood risk studies. 
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Table 2-4 Overview of land-use change on hydrology or flood risk 

Reference Study area 
Size of 
area 

Model Input data Land-use change scenarios 

Lahmer et 
al., 2000 

2sub-basins 
(Stepenitz and Upper 
Stör River basins) in 
Elbe River basin, 
Germany 

100,000 
km2 

ARC/ EGMO 
hydrologic 
model 

Land-use, vegetation cover, soil 
characteristics, topography, 
groundwater level, river net and 
sub-basins maps, rainfall, 
evaporation 

4 scenarios: 1) Slope>4% lands change to dry 
pasture; 2) Groundwater table depth (GWTD) 
≤0.75m lands change to meadow; 3) 0.75m 
<GWTD < 3.2m lands change to forest;4) 
GWTD ≥ 3.2m lands change to set-aside 

Reynard et 
al., 2001 

Thames and Severn 
catchments in UK 

9948 and 
9895 km2 

CLASSIC 
rainfall-runoff 
model 

Land-use, soil characteristics, 
daily rainfall and monthly 
evaporation,  

6 scenarios: 1) grassland; 2) deciduous 
woodland; 3) coniferous woodland; 4) upland; 
5) tilled land and 6) urban surfaces 

Legesse et 
al., 2003 

Ketar River 
catchment, South 
Central Ethiopia 

3,220 km2 

Precipitation 
Runoff 
Modelling 
System 
(PRMS) 

Mean daily stream flow, slope, 
aspect, elevation, vegetation, 
soil, precipitation, temperature, 
solar radiation 

 1 scenario: 1986-1995 all lands were woodland 

Roo et al., 
2003 

Oder catchment in 
parts of the Czech 
Republic, Poland and 
Germany 

4,403 km2 
LISFLOOD 
rainfall-runoff 
model 

Precipitation, DEM, flow 
network, land-use map, soil 
texture, soil depth, floodplain, 
reservoirs inflow and outflow, 
Manning roughness coefficients 

9 scenarios: from 2001 land-use starts building 
polder and reservoirs till 2030. 

 



Chapter 2 

34 
 

Table 2-4 Overview of land-use change on hydrology or flood risk (continued) 

Reference Study area 
Size of 
area 

model Input data Land-use change scenarios 

Siriwardena 
et al., 2005 

Comet River, Central 
Queensland, 
Australia 

16,440 
km2 

SIMHYD 
rainfall-
runoff 
model 

Rainfall, stream flow, evaporation  
2 periods: 1919/20- 1948/49 and 1970/71-
1999/2000 

Guo et al., 
2008 

Xinjiang River basin 
in Poyang Lake 
basin, China 

15,535 
km2 

SWAT 

DEM, soil data, vegetation, land 
cover, daily rainfall, max and min 
temperatures, net radiation, near 
surface wind, humidity, daily 
stream flow 

6 scenarios: 1) Slope>25° agricultural lands 
change to forest; 2) All agricultural lands 
change to forest; 3) All agricultural lands 
change to bare ground; 4) South, east, southeast 
forest lands change to grassland; 5) All forest 
lands change to bare ground; 6) All lands 
change to bare ground 

Franczyk and 
Chang, 2009 

Rock Creek basin in 
the Portland 
metropolitan area, 
Oregon, USA 

194.8 
km2 

AVSWAT 

DEM, soil layer, watershed 
boundary, national cover database 
(NLCD), projections, daily rainfall, 
snow cover, stream flow 

1 baseline & 3 future scenarios: 2001 land-use 
& future conservation, recent trends continue, 
market-driven development 

Fox et al., 
2012 

A Mediterranean 
catchment in 
southeast France 

234km2 GR4J 
Soil data, rainfall, potential 
evapotranspiration, stream flow 

3 land-use maps: 1950, 1982 and 2003 
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2.6 Summary 

This chapter provides a review of flood risk studies, detailing methods for flood 

risk assessment, RORB rainfall-runoff model, and the influence of climate and land-

use changes on flood risk.  

The methods to assess flood risk reviewed herein are multicriteria decision 

analysis, statistical and deterministic. It is found that multicriteria decision analysis is 

suitable for flood managers as a reference for flood control planning and flood 

defence. However, it does not provide information such as inundation depths for 

given recurrence intervals. Consequently, this type of flood risk assessment is not 

appropriate for engineering designs, such as stormwater drainage systems and dams, 

as they require storm runoff volumes and peak runoff rates.  

As future climate is a modelled prediction, the future runoff is estimated using a 

rainfall-runoff model. The RORB model has been extensively used for flood studies 

in Australia; however, only the present research uses it for future floods. Two 

alternative models used to calculate the losses of rainfall are “initial loss followed by 

constant proportional rates of loss and of runoff”, and “initial loss followed by a 

continuing loss rate”. The later model is more applicable for use in this research 

because it expresses the continuing loss rate as a function of impervious fractions, and 

herein land-use is considered to also be related to the impervious fraction. This model 

will be used to produce flood hydrographs in Chapter 4. 

The examination of historical long term heavy rainfall can provide a better 

understanding of past climate change and help predict likely future climate change 

scenarios. Many studies have examined changes in rainfall for Australia. However, 

most of the research used annual, seasonal and daily rainfall to investigate changes in 

rainfall. Since short duration rainfalls are important for estimating flood peaks, 

historical rainfalls for durations less than 24 hours will be examined in Chapter 3. 

Outputs from GCMs have been widely used for future flood risk studies, and 

extensive research has shown the validation of these GCMs. However, this work only 

validated the projected annual rainfall and seasonal rainfall. As most of the outputs 

from GCMs are daily rainfall, and no existing literature has validated extreme daily 

rainfall, GCM projected daily rainfall will be validated and then used for future 

extreme rainfall estimations in Chapter 3. The GCM projected extreme daily rainfall 
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will also be used for rainfall-runoff simulations in Chapter 4. In addition, daily rainfall 

cannot be used directly for RORB flood simulation; therefore, a temporal 

downscaling is required. Reynard et al (2001) demonstrated a good method to convert 

the poor representation of projected daily rainfall. Methods for converting projected 

daily rainfall to sub-daily rainfall will also be developed in Chapter 4.  

As discussed in Section 2.5, land-use change scenarios need to be carefully 

designed because of the possible impacts on surface runoff and flooding. Research 

generally concludes that flows increase when impervious areas increase in a 

catchment. Lahmer et al. (2001) provided a step by step guide for developing land-use 

scenarios. Therefore, in Chapter 4 land-use scenarios will be created based on the 

suggestions of Lahmer et al. (2001). 

In conclusion, historical sub-daily rainfall and future projected extreme rainfall 

will be examined in this research (Chapter 3). In addition, the GCM projected extreme 

rainfall will firstly be validated and then used for this research. Based on GCM 

outputs and land-use scenarios, future hydrographs will be produced using RORB 

(Chapter 4). 
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Chapter 3 Change in Historical and Projected Rainfall 

3.1 Introduction 

To advance the understanding of the impact of climate change on rainfall 

characteristics, this chapter evaluates trends/relationships in rainfall intensities, annual 

rainfall, and temperature at a range of locations across eastern Australia. Firstly, 

collection techniques of observed and simulated data are detailed (Section 3.2) and 

secondly, rainfall evaluation methodologies are discussed (Section 3.3). Finally, the 

following objectives are addressed:   

(a) investigate if short duration rainfall intensities have changed over the past 

century and identify trends in these changes (Section 3.3.1.3); 

(b) construct IFD curves for two periods (earlier and later) that have the greatest 

contrast in the mean annual rainfall and mean annual max/min temperatures 

over the past 100 years, and then advance the understanding the changes in 

rainfall intensity will have for different durations between these two periods 

(Section 3.3.1.5); 

(c) examine if short duration rainfall intensities change when annual temperature 

changes (Section 3.3.2.2);  

(d) explore if short duration rainfall intensities change when annual rainfall 

changes (Section 3.3.2.5); and,  

(e) look into changes in extreme rainfall in Southeast Queensland using observed 

rainfall and GCM-projected rainfall (Section 3.3.2.6). 

3.2 Data collection 

3.2.1 Observed historical data 

Historical weather data were collected from the Australian Bureau of Meteorology 

(BOM) which records weather data such as daily maximum and minimum 

temperatures, humidity, rainfall pressure, sunshine, wind, cloud and visibility. For the 
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purpose of this chapter, only daily rainfall and daily maximum and minimum air 

temperatures are required from weather stations.  

The BOM publishes the preceding 24 hours weather data at 9am (EST) daily for 

each weather station in Australia. For example, daily rainfall published on January 2 

is recorded from 9am on January 1 to 9am on January 2. Annual rainfall is the total 

rainfall amount for a calendar year, and the annual mean maximum/minimum 

temperatures are calculated from the average daily maximum/minimum temperatures. 

A self-registering rain gauge, the pluviograph data provided by the BOM gives 

rainfall data at six minute intervals. Even though Australia is spatially well covered by 

more than 1,400 pluviograph stations, most of the stations have only been opened 

recently. Out of these pluviograph stations, only two stations have data recorded for 

more than 100 years. Illustrated in Figure 3-1 is the number of years of data has been 

recorded against the number of pluviograph stations.  

 

Figure 3-1 Pluviograph data availability 

 

3.2.2 Simulated rainfall data 

The SILO data have been published by the Queensland Department of Natural 

Resources and Mining. These data are generated based on the observed rainfall data 

from the BOM (Jeffrey et al., 2001) and are spatially interpreted at 0.05˚ latitude by 
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0.05˚ longitude grids. The SILO rainfall data are spatially interpolated using the 

ordinary Kriging method with a zero nugget. The Queensland Department of Natural 

Resources and Mining provides SILO data that covers the area from 21˚ to 29˚S and 

from 146˚ to 154˚E for the period from 1889 to 2009. 

The simulated daily rainfall from the Geophysical Fluid Dynamics Laboratory 

climate model 2.1 (GFDL CM2.1) of the National Oceanic and Atmospheric 

Administration (NOAA) is one of several General Circulation Models (GCMs) widely 

used for climate change impact analyses (Delworth et al., 2006; Gnanadesikan et al., 

2006; Stouffer et al., 2006; Tuleya et al., 2007; Wittenberg et al., 2006). GFDL 

CM2.1 is a coupled model which includes the main components of ocean, atmosphere, 

sea ice, and land surface. The model has a horizontal grid resolution of 2.02° latitude 

by 2.5° longitude and 24 vertical levels. Output from GFDL CM2.1 is based on the 

A2 emission scenario from the Intergovernmental Panel on Climate Change (IPCC) 

Special Report on Emissions Scenarios (SRES) which states that the world has high 

population growth, slower economic development and technological change 

(Nakicenovic et al., 2000). The Australian Commonwealth Scientific and Industrial 

Research Organization (CSIRO) provided GFDL CM2.1 simulated daily rainfall data 

for four grid points in the southeast part of Queensland, viz. (1) 148.75˚E, 25.28˚S, (2) 

148.75˚E, 27.303˚S, (3) 151.25˚E, 25.28˚S and (4) 151.25˚E, 27.303˚S. These data are 

available for two 30 year-periods, 1961-1990 and 2016-2045, omitting leap years. The 

GFDL CM 2.1 simulated daily rainfall at each point represents the area average 

rainfall of the grid and each grid size is 2.02˚ latitude by 2.5˚ longitude.  

The Conformal-Cubic Atmospheric Model (CCAM) is a downscaled model from 

the CSIRO MK 3.0 GCM (Chiew et al., 2010). The CCAM has a high resolution of 

0.15° latitude by 0.15° longitude. Outputs from the CCAM are also based on the 

IPCC A2 emission scenario (Nakicenovic et al., 2000). The Australian CSIRO has 

provided CCAM simulated daily rainfall data on regular 0.15° grids extending 

latitudes from 21.086° to 32.921°S and longitudes from 144.023° to 155°E. These 

CCAM simulated daily rainfall data are available for two 40-year-periods, 1961-2000 

and 2015-2059, excluding leap years. The CCAM simulated daily rainfall at each 

point represents the area average rainfall of the grid, and each grid size is 0.15° 

latitude by 0.15° longitude. 
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Figure 3-2 illustrates the four GFDL CM2.1 grid points in the southeast part of 

Queensland and the CCAM grid coverage. Note that only the boundary of the area 

that is covered by CCAM grids is drawn, and the internal grids are not shown in 

Figure 3-2 because of the high resolution of CCAM. 

 

Figure 3-2 Four GFDL CM2.1 sites and CCAM grid coverage for Southeast 
Queensland 

 

3.3 Change in rainfall 

In this section, past (observed) changes in rainfall are assessed to determine if such 

changes can be correlated to temperature changes. Trends in sub-daily and daily 

rainfall, annual rainfall and also temperature are initially evaluated, followed by the 

examination of changes in IFD curves from an earlier to a later period, thus leading to 

the identification of a relationship between rainfall intensity and temperature. The 

GCM projected rainfall is used to assess possible changes in the future rainfall. Before 
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using the GCM projected rainfall, it is compared with the observed rainfall to 

determine its accuracy.  

3.3.1 Methodologies 

3.3.1.1 Study sites 

All available daily rainfall, temperature, and pluviograph data from BOM were 

used to assess changes in rainfall in the past. A long term and continuous period of 

data is required for examining trends and changes, and since there is no pluviograph 

station with more than 60 years of data in western or central parts of Australia, this 

research only examines changes in the past rainfall for the eastern region.  

As there are only four GFDL CM2.1 grid points available in this study, outputs 

from all the points are used to assess the possible change in future rainfall for 

Queensland. Four CCAM grid points are extracted and the outputs used to assess 

possible changes in future rainfall for the same region as GFDL CM2.1 grid points.  

Outputs from a GCM grid point represent the spatial average climate within the 

grid box and not the climate at the grid point. There are many CCAM grids in a 

GFDL CM2.1 grid point as the CCAM has higher resolution than the GFDL CM2.1. 

The purpose of finding a CCAM site that is close to a GFDL CM2.1 site is to 

determine one CCAM site instead of many sites in the region. There is no need to 

extract more than one CCAM site in a GFDL CM2.1 grid box as no comparison is 

made of GCM projected rainfall from one climate model to another. The projected 

rainfall is compared with observed rainfall to test its quality and also between two 

periods, past and future, to assess possible changes. There are many ways to 

determine which CCAM site should be chosen within a GFDL CM 2.1 grid box, the 

simplest being to find the shortest distance to the GFDL CM2.1 point. The Great 

Circle Distance Method is used to calculate the shortest distance, D, between the 

CCAM sites and GFDL sites: 

 

𝐷 = 1.852 × 60 × 𝑎𝑟 cos(sin(𝐷1)) × sin(𝐷2) + cos(𝐷1) × cos(𝐷2) × cos(𝐷𝐺)

 (3.1) 
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where D1 and D2 are the latitude at the first and second point in degrees; DG is 

the longitude of the second point minus the longitude of the first point in degrees. 

3.3.1.2 Rainfall data series 

The annual maximum series (AMS) and the partial duration series (PDS) are 

commonly used for selecting hydrological extremes. In this thesis, extreme rainfall is 

defined as the heaviest rainfall encountered on an annual basis. Details of these two 

methods can be found in Chapter 2 (2.1.2). The complexity of the extraction 

procedure for the PDS makes it less popular than the AMS for hydrological studies. 

(Xuereb and Green, 2012) The disadvantages of the PDS are that it could suffer from 

independent issues and threshold selections and also it may not capture some small 

events. The AMS is more objective and has a simple approach compared to the PDS. 

However, the disadvantage of the AMS is that sampling is limited by the calendar 

year and this may lead to small sample sizes which affect parameter estimation for 

extreme rainfall distributions. Srikanthan (2012) stated that the AMS is simple and 

easy to apply and it is as efficient as the PDS to some extent. Overall, AMS is the 

preferred method, and therefore adopted for this study. 

Analysis of the pluviograph records indicated that there are some missing data for 

several events occurring at either the beginning or end of the events. Consequently, 

the daily rainfall data are used in this study for analysing rainfall durations of 24 and 

48 hours. The total daily rainfall from a weather station may be lower than the 

maximum 24 hours rainfall from pluviograph data, but the former is much more 

complete. Rainfall intensities at durations of 0.1, 0.5, 1, 2, 3, 6, 12, 24 and 48 hours at 

each site are performed in this study as adopted from Canterford et al. (2001). 

3.3.1.3 The Mann-Kendall trend test 

The non-parametric Mann-Kendall trend test (Hamed, 2008; Hamed and Rao, 

1998; Serrano et al., 1999) is used herein to detect statistically significant trends in 

annual mean maximum and minimum temperatures, annual rainfall and rainfall 

intensities, all at durations of 0.1, 0.5, 1, 2, 3, 6, 12, 24 and 48 hours.  

The Mann-Kendall statistic (S) (Biggs and Atkinson, 2011; Mann, 1945) is 

calculated as: 
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S = ∑ ∑ sign�xj − xi�n
j=i+1

n−1
i=1                     (3.2) 

sign�xj − xi� = �
1   if  xj − xi > 0
0   if  xj − xi = 0
−1   if  xj − xi < 0

                  (3.3) 

VAR(S) = 1
18

[n(n − 1)(2n + 5) − ∑ tk(tk−=)(2tk + 5)m
k=1 ]       (3.4) 

 

where 𝑥𝑖 and  𝑥𝑗 are the data at time i and time j, VAR(S) is the variance of S, n is 

the number of data, and 𝑡𝑘 is the number of data in the mth tie. 

The normalized test statistic, Z, is calculated as follows: 

 

Z =

⎩
⎨

⎧
S−1

�VAR(S)
   if S > 0

0                   if S = 0
S+1

�VAR(S)
    if S < 0

                      (3.5) 

 

A positive Z value indicates an upward trend and a negative value indicates a 

downward trend.  

In this study, a trend is considered to be statistically significant when the p-value 

is less than 0.05. Further, data is tested in an ordered time series, and all available 

observed data for each site is used. A linear regression is applied for those trends that 

are statistically significant: 

 

y = αx + β                            (3.6) 

 

where y is any climatic variable, x is time in year, α is the slope of the fitting line 

as well as an estimate of the rate of change in the climatic variable, and β is a constant. 

In this study, the rate of change in temperature is expressed in degrees Celsius per 

decade. The rates of change in annual rainfall and rainfall intensities are all expressed 

as percentages of the mean value per decade. For example, if the rate of increase in 

annual rainfall is 10mm/year and the long term average annual rainfall is 
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1000mm/year, the rate of increase in annual rainfall would be 10% of the long term 

mean per decade. 

3.3.1.4 30 year climatology 

Non-overlapping periods are required to examine relationships between short 

duration rainfall intensities and temperatures as well as short duration rainfall 

intensities and annual rainfall. The World Meteorological Organization (WMO) 

suggests that a standard period for the estimation of climatic variables characterising 

is 30 years; therefore three pairs of 30 year climatology are identified for each study 

site. Each pair is selected to represent the highest and lowest 30 year mean values for 

each site. If the 30 year periods of the highest and the lowest mean values are 

overlapping, the second highest or lowest mean is then used, so these two 30 year 

periods are non-overlapping and assumed to be independent. 

3.3.1.5 Intensity-Frequency-Duration curves 

The Log-Pearson Type III (LPT3) distribution is the standard distribution for 

frequency analyses in the United States (Chow et al., 1988). It was also recommended 

by the Institution of Engineers, Australia (I.E.A.) for design rainfall in Australia 

(Canterford et al. 2001). However, the LPT3 is no longer recommended by the I.E.A. 

(Rahman et al. 2009) as they have found that the Generalised Extreme Value (GEV) 

distribution is more suitable for frequency analyses. Although there are alternatives 

for estimating IFD curves, for 2 and 20 year ARIs, IFD curves from these alternatives 

do not make a noteworthy difference since they are intended for small floods. With 

frequency factors being provided, the LPT3 is straightforward for computing and 

therefore it was used in this study. The Log-Pearson Type III rainfall intensity (Chow 

et al., 1988; Pilgrim and Doran, 2001) is obtained from: 

 

IDY = 10(M+KTS)                          (3.7) 

 

where IDY  is the rainfall intensity for ARI of the year (Y) and duration in hours (D), 

M and S are respectively the mean and standard deviation of the logarithms of the 

primary rainfall intensities, and KT is the frequency factors from Pilgrim and Doran 

(2001). “The basic annual maximum rainfall data for durations of 5 minutes to 72 
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hours are fitted using a log-Pearson Type III distribution with a small positive 

skewness of up to 0.8”(Canterford et al., 2001, p. 15). In this study, the IFD curves are 

derived based on the rainfall intensity for each pair of 30 year climatology, and ARIs 

at two and twenty year intervals are examined. 

3.3.1.6 Student t-test 

A student t-test is the most appropriate method to test the difference between small 

samples (Kimble, 1978). For the purpose of this study it is assumed that two given 

samples in the t-test are independent with unequal variances, and the level of 

significance is 0.05 as commonly used in a student t-test (Wright, 2002). 

The statistically significant difference between each pair of 30 year data is tested 

by using the standard t-test. In addition, significant changes (i.e., p-values less than 

0.05) in temperatures, annual rainfall, and rainfall intensities are then identified for 

correlation analyses. For example, if two pairs of 30 year annual mean maximum 

temperature distributions are significantly different (i.e., p-values less than 0.05), 

changes in mean 30 year rainfall intensities that have p-values less than 0.05 are 

plotted against changes in mean 30 year annual mean maximum temperature. Linear 

correlations between statistically significant changes from earlier to later periods in 

mean maximum temperature and rainfall intensities, as well as in mean minimum 

temperature and rainfall intensities are applied. 

In order to test the quality of GCM projected rainfall, the SILO daily rainfall data 

are separately extracted and calculated using GFDL CM2.1 and CCAM for the area 

averages and the same grid sizes, thus providing the baseline for 1961-1990 in 

Southeast Queensland. The annual maximum 1 and 3 day rainfall are assigned 

average recurrence intervals expressed in years. Note that, since the two datasets are 

from different sources, a standard statistical procedure is needed to test the quality of 

the datasets. For annual maximum 1 and 3 day rainfall from 1961-1990, the mean, 

standard deviation and t-test are calculated. P-values less than 0.05 are used in the 

study to show the statistical significance between the observed and GCM simulated 

rainfall. 

For the GCM-simulated annual maximum 1 and 3 day rainfall from 1961-1990, 

the mean, standard deviation and t-test are calculated. P-values less than 0.05 are used 
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in this study to show the statistical significance between the two contrasting periods of 

1961-1990 and 2016-2045. 

3.3.2 Results and discussion  

3.3.2.1 Study sites 

All nine pluviograph stations (see Figure 3-3 and Table 3-1) exhibiting more than 

60 years of data, are used in this study for the analysis of changes in past rainfall and 

temperature. The annual mean minimum and maximum temperatures with the highest 

and lowest 30 year mean temperatures for each of nine sites are provided in Table 3-2 

and Table 3-3. The annual rainfall with the recorded periods for all nine sites is 

detailed in Table 3-4. Harvey et al. (2000) categorised the zones of the sites as tropical 

for Cairns and Rockhampton, subtropical for Brisbane, and temperate for the 

remaining six sites. 

 

Figure 3-3 Location map of the selected nine pluviograph stations 

 

 

 



Chapter 3 

47 
 

Table 3-1 Site information for pluviograph used for this study 

Location 
Station 

number 

Lat. 

(deg.) 

Long. 

(deg.) 
Elevation (m) Period of record 

Cairns 31011 -16.9 145.7 2 1943-2005 

Rockhampton 39083 -23.4 150.5 10 1940-2005 

Brisbane 40214 -27.5 153.0 38 1911-1985 

Sydney 66062 -33.9 151.2 39 1921-2005 

Canberra 70014 -35.3 149.2 578 1943-2005 

Melbourne 86071 -37.8 145.0 31 1925-2005 

Adelaide 23000 -34.9 138.6 40 1905-1978 

Launceston 91104 -41.5 147.2 166 1940-2005 

Hobart 94029 -42.9 147.3 51 1911-2004 

 

Table 3-2 Two contrasting periods for annual mean maximum temperature 

Location 
Period 1 Mean in P1 Period 2 Mean in P2 

(P1) (˚C) (P2) (˚C) 

Cairns 1943-1972 -28.85 1976-2005 -29.08† 

Rockhampton 1940-1969 -28.15 1976-2005 -28.53† 

Brisbane 1925-1954 -25.24 1956-1985 -25.52† 

Sydney 1927-1956 -21.58 1976-2005 -22.43† 

Canberra 1943-1972 -19.24 1976-2005 -19.96† 

Melbourne 1929-1958 -19.72 1976-2005 -20.21† 

Adelaide 1910-1939 -22.11 1949-1978 -21.41† 

Launceston 1942-1971 -16.7 1976-2005 -17.17† 

Hobart 1929-1958 -16.6 1975-2004 -17.21† 

Note: † indicates significant at 0.05 
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Table 3-3 Two contrasting periods for annual mean minimum temperature 

Location 
Period 1 Mean in P1 Period 2 Mean in P2 

(P1) (˚C) (P2) (˚C) 

Cairns 1943-1972 -20.61 1976-2005 -20.85† 

Rockhampton 1943-1972 -16.6 1976-2005 -17.08† 

Brisbane 1911-1940 -15.42 1956-1985 -16.27† 

Sydney 1922-1951 -13.46 1976-2005 -14.44† 

Canberra 1943-1972 -6.07 1976-2005 -6.76† 

Melbourne 1929-1958 -9.73 1976-2005 -11.3† 

Adelaide 1905-1934 -11.88 1949-1978 -12.3† 

Launceston 1943-1972 -6.17 1973-2002 -6.21 

Hobart 1939-1968 -8 1974-2003 -8.83† 

Note: † indicates significant at 0.05 

 

Table 3-4 Two contrasting periods for mean annual rainfall 

Location 
Period 1 Mean in P1 Period 2 Mean in P2 

(P1) (mm/yr) (P2) (mm/yr) 

Cairns 1943-1972 1953 1973-2002 2067 

Rockhampton 1946-1975 871 1976-2005 732 

Brisbane 1912-1941 1016 1947-1976 1239† 

Sydney 1921-1950 1125 1951-1980 1281† 

Canberra 1946-1975 667 1976-2005 601 

Melbourne 1946-1975 696 1976-2005 622† 

Adelaide 1906-1935 554 1938-1967 496† 

Launceston 1946-1975 750 1976-2005 619† 

Hobart 1931-1960 670 1975-2004 572† 
 

Note: † indicates significant at 0.05 
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The distances between CCAM and GFDL CM2.1 sites are calculated using the 

Great Circle Distance Method (refer to Section 3.3.1.1). Four CCAM sites are 

extracted based on the shortest distance to the GFDL CM2.1 sites. Table 3-5 shows 

the distance between selected CCAM and GFDL CM2.1 sites. The eight GCM sites 

are used to assess the possible change in the future rainfall. 

Table 3-5 Selected CCAM sites and their distances to GFDL CM2.1 sites 

GFDL CM2.1 CCAM Distance (km) 

148.75˚E, 25.28˚S  148.6842˚E, 25.2809˚S 6.61 

148.75˚E, 27.303˚S 148.6842˚E, 27.2285˚S 10.53 

151.25˚E, 25.28˚S 151.2406˚E, 25.2809˚S 0.95 

151.25˚E, 27.303˚S 151.2406˚E, 27.2285˚S 8.33 

 

3.3.2.2 Rainfall and temperature trends 

The Mann-Kendall trend test is used to evaluate a series of annual mean maximum 

and minimum temperatures, annual rainfall, and rainfall intensity of different 

durations for all nine sites in eastern Australia. Illustrated in Figures 3-4, 3-5 and 3-6 

are statistically significant trends (i.e., p-values less than 0.05) indicated by arrows 

with rates of change in climatic variables presented in brackets. Note that for Figures 

3-4, 3-5 and 3-6, rates of change in temperature are shown in degrees Celsius per 

decade, and rates of change in annual rainfall and rainfall intensities in a percentage of 

the long term average per decade. Linear regression is used to further analyse sites 

that have significant trends (see Figures 3-7 to 3-13).  

As can be seen in Figure 3-4, Adelaide and Brisbane are the only sites not 

exhibiting statistically significant upward trends in the annual mean maximum 

temperature. For the annual mean minimum temperature, only Launceston in 

Tasmania does not have significant upward trends. Overall, all the trends presented in 

Figure 3-4 are in general agreement with global temperature trends and findings from 

previous investigations (Nicholls et al., 1996; Trenberth, 1998; Trenberth, 1999; Yu 

and Neil, 1991).  
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Rockhampton, Canberra and Melbourne had statistically significant upward trends 

in short duration (less than 1 hour) rainfall intensity (Figure 3-5). No significant trend 

was found for rainfall intensity at one and two hour durations. Brisbane had 

significant upward trends in rainfall intensity at durations between 3 and 48 hours 

(Figure 3-6). A significant downward trend was found in rainfall intensity at 48 hour 

duration in Rockhampton.  

Rates of change in annual mean maximum and minimum temperatures are 

calculated based on the linear equations shown in Figures 3-7 and 3-8 respectively. 

For example, the linear equations gradient in annual mean maximum temperature for 

Sydney is 0.013, thus the rate of change in annual mean maximum temperature per 

decade is 0.13˚C. Note that the diagrams in Figures 3-7 and 3-8 have the same unit for 

the horizontal axis, that is, time in years, and the same unit for the vertical axis, that is, 

temperature departure in degrees Celsius.  

From Figure 3-7 it can be seen that Canberra has the highest increasing rate in 

annual mean maximum temperature (0.21˚C/decade). Melbourne has the highest 

increasing rate in annual mean minimum temperature (0.28˚C/decade), as illustrated 

in Figure 3-8. The overall temperatures in Adelaide are becoming less extreme as the 

annual mean maximum temperature has decreased 0.13˚C/decade while the annual 

mean minimum temperature has increased 0.11˚C/decade during the same period. 
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Figure 3-4 Mann-Kendall trend test for annual mean min/max temperatures and annual rainfall (rates of change per decade are shown in brackets) 

Note: X indicates no significant trend; ↑ indicates a significant upward trend; ↓ indicates a significant downward trend 
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Figure 3-5 Mann-Kendall trend test for rainfall intensity at 0.1, 0.5, 1 and 2 hour durations (rates of change per decade are shown in brackets) 

Note: X indicates no significant trend; ↑ indicates a significant upward trend; ↓ indicates a significant downward trend 
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Figure 3-6 Mann-Kendall trend test for rainfall intensity at 3, 6, 12, 24 and 48 hour durations (rates of change per decade are shown in brackets) 

Note: X indicates no significant trend; ↑ indicates a significant upward trend; ↓ indicates a significant downward trend 
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(a) Cairns (b) Rockhampton (c) Brisbane 

   
(d) Sydney (e) Canberra (f) Melbourne 

   
(g) Adelaide (h) Launceston (i) Hobart 

Figure 3-7 Annual mean maximum temperature (numbers in brackets represent the rate of change ˚C ± one standard deviation per decade) 

-2

-1

0

1

2

1905 1955 2005
(0.09±0.02) 

-2

-1

0

1

2

1905 1955 2005

(0.12±0.03) 
-2

-1

0

1

2

1905 1955 2005
(0.01±0.03) 

-2

-1

0

1

2

1905 1955 2005
(0.13±0.02) 

-2

-1

0

1

2

1905 1955 2005

(0.21±0.05) 
-2

-1

0

1

2

1905 1955 2005
(0.09±0.02) 

-2

-1

0

1

2

1905 1955 2005

Te
m

pe
ra

tu
re

 
de

pa
rt

ur
e 

(˚
C)

 

Time (year) 

(-0.13±0.03) 
-2

-1

0

1

2

1905 1955 2005

(0.11±0.03) 

-2

-1

0

1

2

1905 1955 2005
(0.08±0.02) 



Chapter 3 

55 
 

   
(a) Cairns (b) Rockhampton (c) Brisbane 

   
(d) Sydney (e) Canberra (f) Melbourne 

   
(g) Adelaide (h) Launceston (i) Hobart 

Figure 3-8 Annual mean minimum temperature (numbers in brackets represent the rate of change ˚C ± one standard deviation per decade) 
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Illustrated in Figures 3-9 to 3-13 are rates of change in annual rainfall and rainfall 

intensities at different durations. Note that only data from the nine sites showing 

significant trends are given in these figures. Rates of change in annual rainfall, which 

are calculated based on the linear equations, are shown in Figure 3-9. The mean 

annual rainfall in Rockhampton during the record of period, 1943-2005, is 800.5 

millimetres and the rate of change is -3.33 mm/yr per year. Based on the 

aforementioned information, annual rainfall has decreased in Rockhampton by 4.2% 

(4.2% = -3.33×10/800.5×100%) of the long term average per decade. This downward 

trend in annual rainfall could pose significant implications for water supply and water 

resources management for the area.  

The average rainfall intensity at 0.1hr duration in Rockhampton during 1943-2005 

is 105.1mm/h and the rate of change is 0.38 mm/h per year (Figure 3-10); therefore, 

change in 0.1hr rainfall intensity in Rockhampton is 3.6% (3.6% = 

0.38×10/105.1×100%) per decade. With reference to Figure 3-5, it can be seen that 

rainfall intensity at 0.1hr duration has increased significantly in Rockhampton (3.6%), 

Canberra (11%) and Melbourne (5.6%) during the study periods. Canberra and 

Melbourne experienced a statistically significant upward trend in rainfall intensities at 

0.5hr duration of 8.5 and 3.4% respectively. With short duration rainfall intensities 

causing increased peak runoff rates in small urban catchments, the aforementioned 

increased rainfall intensities could result in failure of existing small hydraulic 

structures in these locations. Thus, the design of small hydraulic structures should 

consider this increase in rainfall intensity. 

As can be seen in Figure 3-5, all study sites did not have statistically significant 

trends in rainfall intensity at durations between 1hr and 2hr. Apart from Brisbane, no 

study sites showed statistically significant trends in rainfall intensities at durations 

between 3hr and 24hr. The rates of change in rainfall intensities at durations between 

3hr and 24hr in Brisbane are shown in Figure 3-12. At 48hr duration, Brisbane 

showed the most significant upward trend of 7.4% in rainfall intensity (Figure 3-6). 

Rockhampton, on the other hand, experienced a noteworthy downward trend of 5.6% 

also at 48hr duration.  

Analysis of the temperature and rainfall trends at all of the sites in eastern 

Australia has not shown any trend in annual rainfall, except at Rockhampton and 
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Brisbane. The results for Rockhampton and Brisbane show the same trend for annual 

rainfall and rainfall intensity for the 48 hour duration. This is similar to the results by 

Nicholls and Kariko  (1993), who showed that the variation in annual rainfall is highly 

related to the variation in daily rainfall. Nicholls et al. (1996) found a negative 

correlation between annual mean maximum temperature and annual rainfall for 

Australia, as a whole. However, this study found no similar trends across eastern 

Australia for the investigated sites apart from Rockhampton, where there is an upward 

trend in the annual mean maximum temperature and a downward trend in the annual 

rainfall. 

 

 
(a) Rockhampton 

 
(b) Brisbane 

Figure 3-9 Annual rainfall for the two sites that have significant trends (number in 
brackets represents rate of change ± one standard deviation)  
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(a) Rockhampton 

 
(b) Canberra 

 
(c) Melbourne 

Figure 3-10 Rainfall intensity at 6 minute duration for the three sites that have 
significant trends (number in brackets represents rate of change ± one standard 

deviation) 
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(a) Canberra 

 
(b) Melbourne 

Figure 3-11 Rainfall intensity at 30 minute duration for the two sites that have 
significant trends (number in brackets represents rate of change ± one standard 

deviation) 
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(a) 3hr duration 

 
(b) 6hr duration 

 
(c) 12hr duarion 

 
(d) 24hr duartion 

Figure 3-12 Rainfall intensity for durations between 3 and 24 hours for Brisbane 
(number in brackets represents rate of change ± one standard deviation) 
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(a) Rockhampton 

 
(b) Brisbane 

Figure 3-13 Rainfall intensity at 48 hour duration for two sites with significant trends 
(number in brackets represents rate of change ± one standard deviation) 
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(a) Cairns (b) Rockhampton (c) Brisbane 

   
(d) Sydney (e) Canberra (f) Melbourne 

   
(g) Adelaide (h) Launceston (i) Hobart 

Figure 3-14 IFD for 2  and 20 year return periods (annual rainfall periods)  
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(j) Cairns (k) Rockhampton (l) Brisbane 

   
(m) Sydney (n) Canberra (o) Melbourne 

   
(p) Adelaide (q) Launceston (r) Hobart 

Figure 3-15. IFD for 2 and 20 year return periods (annual mean maximum temperature periods) 
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(a) Cairns (b) Rockhampton (c) Brisbane 

   
(d) Sydney (e) Canberra (f) Melbourne 

   
(g) Adelaide (h) Launceston (i) Hobart 

Figure 3-16 IFD for 2 and 20 year return periods (annual mean minimum temperature periods) 
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3.3.2.4 Rainfall intensity and annual temperature correlation 

Using the t-test, two pairs of annual mean maximum and minimum temperature 

distributions were analysed to determine whether they differed at a statistically 

significant level. Similarly, the t-test is also applied to annual rainfall and rainfall 

intensities at 0.1, 0.5, 1, 2, 3, 6, 12, 24 and 48 hour durations for each pair of 

contrasting periods. The changes in mean 30 year annual mean maximum temperature, 

and rainfall intensities, which have P-values less than 0.05, between the two 

contrasting periods, Period 1 and Period 2 (see Table 3-2), are shown in Figures 3-17 

and 3-18. The changes in mean 30 year annual mean minimum temperature and 

rainfall intensities that have P-values less than 0.05 are shown in Figures 3-19 and 

3-20. In addition, changes in 30 year mean maximum and minimum temperatures are 

shown in degrees Celsius.  

 

Figure 3-17 Relationships between significant changes in 30 year mean maximum 
temperature and rainfall intensity for durations less than 1 hour 
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Figure 3-18 Relationships between significant changes in 30 year mean maximum 
temperature and rainfall intensity for durations longer than 1 hour 

 

 

Figure 3-19 Relationships between significant changes in 30 year mean minimum 
temperature and rainfall intensity for durations less than 1 hour 

 

-40%

-20%

0%

20%

40%

0 0.2 0.4 0.6 0.8

C
ha

ng
e 

in
 m

ea
n 

ra
in

fa
ll 

in
te

ns
ity

 (%
) 

Change in 30yr mean maximum temperature (˚C) 

Brisbane(24h)

Canberra(1h)

Melbourne(48h)

Hobart(2h)

Hobart(3h)

Hobart(6h)

Hobart(12h)

-30%

-10%

10%

30%

50%

0 1 2

C
ha

ng
e 

in
 m

ea
n 

ra
in

fa
ll 

in
te

ns
ity

 (%
) 

Change in 30yr mean minimum temperature (˚C) 

Rockhampton(0.1h)

Canberra(0.1h)

Canberra(0.5h)

Adelaide(0.1h)

Hobart(0.1h)



Chapter 3 

67 
 

 

Figure 3-20 Relationships between significant changes in 30 year mean minimum 
temperature and rainfall intensity for durations longer than 1 hour 
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3.3.2.5 Rainfall intensity and annual rainfall correlation 

The changes in mean 30 year annual rainfall and rainfall intensities that have P-

values of less than 0.05 are shown in Figures 3-21 and 3-22. Changes in mean 30 year 

annual rainfall and mean 30 year rainfall intensities are presented as percentages of 

earlier periods. At 0.1 hour duration no significant correlation between annual rainfall 

and rainfall intensity is observed. The rainfall intensities for durations greater than one 

hour in Brisbane, Sydney and Hobart show significant changes which have a positive 

correlation (r2=0.97) with changes in the mean annual rainfall (see Figure 3-22). This 

could explain the results from the trend test that annual rainfall and rainfall intensity 

trends at 48 hours are the same in Rockhampton and Brisbane. 

The correlation analyses in this study are based on nine individual locations from 

different climate zones (tropics, sub-tropical and temperate). The mechanism of the 

correlations between rainfall and temperature is not analysed in this study. Future 

research could aim to analyse the correlations by collecting more rainfall and 

temperature data within each climate zone. 

 

Figure 3-21 Relationship between significant changes in mean annual rainfall and 
rainfall intensity for 0.1 hour duration 
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Figure 3-22 Relationship between significant changes in mean annual rainfall and 
rainfall intensity for durations longer than 1 hour 

 

3.3.2.6 Validation of GCM projected extreme rainfall 
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Table 3-6 Statistics of annual maximum 1 day rainfall for 1961-1990  

Grids Rainfall data Average (mm/day) Standard deviation Difference (p-value) 

148.75˚E, 

25.28˚S 

GFDL CM2.1 37.4 15.3 
-7% (0.19) 

SILO 40.4 10.5 

151.25˚E, 

25.28˚S 

GFDL CM2.1 43.5 17.7 
-10% (0.14) 

SILO 48.3 16.5 

148.75˚E, 

27.303˚S 

GFDL CM2.1 44.9 24.4 
19% (0.08) 

SILO 37.7 14.3 

151.25˚E, 

27.303˚S 

GFDL CM2.1 44.5 19.1 
7% (0.24) 

SILO 41.6 12.4 

148.684˚E CCAM 35.7 6.0 
-41% (<0.01†) 

25.281˚S SILO 60.7 7.8 

151.241˚E CCAM 36.0 6.0 
-30% (<0.01†) 

25.281˚S SILO 51.6 7.2 

148.684˚E CCAM 33.2 5.8 
-38% (<0.01†) 

27.229˚S SILO 53.5 7.3 

151.391˚E CCAM 35.2 5.9 
-33% (<0.01†) 

27.378˚S SILO 52.9 7.3 

Note: † Significant difference (p-value less than 0.05) 
 

Table 3-7 shows the GCM simulated and observed averages annual maximum 3 

day rainfall for 1961-990. The GFDL CM2.1 simulated annual maximum 3 day 

rainfall is below the observed rainfall in the north (25.3˚S), but greater than the 

observed annual maximum 3 day rainfall in the south (27.3˚S).The GFDL CM2.1 

simulated annual maximum 3 day rainfall is statistically significant and higher than 

the observed rainfall at 148.75˚E, 27.303˚S. Overall, GFDL CM2.1 simulated annual 

maximum 3 day rainfall is consistent with the observed rainfall. The CCAM 

simulated annual maximum 3 day rainfall is again significantly lower than the 

observed 3 day rainfall. For the extreme 3 day rainfall, the percentage differences 

between observations and CCAM projections vary from -26% to -35%. 
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Table 3-7 Statistics of annual maximum 3 day rainfall for 1961-1990 

Grids Rainfall data Average (mm/day) Standard deviation Difference (p-value) 

148.75˚E, 

25.28˚S 

GFDL CM2.1 67.8 26.5 
-10% (0.12) 

SILO 75.3 21.6 

151.25˚E, 

25.28˚S 

GFDL CM2.1 78.5 24.0 
-8% (0.16) 

SILO 85.8 32.0 

148.75˚E, 

27.303˚S 

GFDL CM2.1 82.3 35.1 
22% (0.02†) 

SILO 67.3 19.6 

151.25˚E, 

27.303˚S 

GFDL CM2.1 77.0 31.5 
5% (0.31) 

SILO 73.3 25.9 

148.684˚E CCAM 62.3 7.9 
-34% (<0.01†) 

25.281˚S SILO 95.1 9.8 

151.241˚E CCAM 61.9 7.9 
-26% (<0.01†) 

25.281˚S SILO 83.6 9.1 

148.684˚E CCAM 57.9 7.6 
-35% (<0.01†) 

27.229˚S SILO 88.4 9.4 

151.391˚E CCAM 57.9 7.6 
-27% (<0.01†) 

27.378˚S SILO 79.3 8.9 

Note: † Significant difference (p-value less than 0.05) 

 

 

3.3.2.7 Extreme rainfall changes 

Figures 3-23 and 3-24 show GFDL CM2.1 simulated annual maximum 1 and 3 

day rainfalls and their average recurrence interval for both contrasting periods 1961-

1990 and 2016-2045. Note that all the diagrams in Figures 3-23 and 3-24 have the 

same unit for the horizontal axis, that is, ARI in years, and the same unit for the 

vertical axis, that is, annual max 1 day rainfall in millimetres. GFDL CM2.1 predicts 

an increase in annual maximum 1 and 3 day rainfalls in the north of SEQ (25.28˚S) 

for higher ARIs. Tables 3-8 and 3-9 show the statistic results of simulated annual 

maximum 1 and 3 day rainfall for the two contrasting periods. Results indicate that 
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the extreme rainfall based on GFDL CM2.1 would increase by 9% to 18% for 1 day 

rainfall. GFDL CM2.1 projects extreme 3 day rainfall would increase by 2% to 18% 

at all locations in SEQ, apart from the location in 148.75˚E, 27.303˚S. Analyses of the 

annual maximum rainfall series from GFDL CM2.1 show that there is no statistically 

significant change to extreme precipitation in SEQ from 1961-1990 to 2016-2045. 

 

  

(a) 148.75˚E, 25.28˚S (b) 151.25˚E, 25.28˚S 

  

(c) 148.75˚E, 27.303˚S (d) 151.25˚E, 27.303˚S 

Figure 3-23 GFDL CM2.1 simulated extreme 1 day rainfall and average recurrence 
interval for 1961-1990 (dash line) and 2016-2045 (solid line) 
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(a) 148.75˚E, 25.28˚S (b) 151.25˚E, 25.28˚S 

  

(c) 148.75˚E, 27.303˚S (d) 151.25˚E, 27.303˚S 

Figure 3-24 GFDL CM2.1 simulated extreme 3 day rainfall and average recurrence 
interval for 1961-1990 (dash line) and 2016-2045 (solid line) 
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Table 3-8 GFDL CM2.1 simulated annual maximum 1 day rainfall statistics for the 2 

contrasting periods 

Grids 
 Average (mm/day) Standard deviation  

Change (p-value) 
 1961-1990 (2016-2045)  

148.75˚E, 

25.28˚S 

 37.4 15.3  
12% (0.21) 

 (41.8) (24.6)  

151.25˚E, 

25.28˚S 

 43.5 17.7  
18% (0.15) 

 (51.1) (35.5)  

148.75˚E, 

27.303˚S 

 44.9 24.4  
17% (0.10) 

 (52.6) (21.2)  

151.25˚E, 

27.303˚S 

 44.5 19.1  
9% (0.20) 

 (48.8) (18.9)  

 

Table 3-9 GFDL CM2.1 simulated annual maximum 3 day rainfall statistics for the 2 

contrasting periods 

Grids 
 Average (mm/day) Standard deviation  

Change (p-value) 
 1961-1990 (2016-2045)  

148.75˚E, 

25.28˚S 

 67.8 26.5  
8% (0.27) 

 (73.5) (42.0)  

151.25˚E, 

25.28˚S 

 78.5 24.0  
18% (0.11) 

 (92.8) (58.4)  

148.75˚E, 

27.303˚S 

 82.3 35.1  
-3% (0.41) 

 (80.1) (35.8)  

151.25˚E, 

27.303˚S 

 77.0 31.5  
2% (0.43) 

 (78.4) (32.8)  
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The relationships between CCAM simulated annual maximum 1 and 3 day 

rainfalls and average recurrence interval for 1961-1990 and 2016-2045 are shown in 

Figures 3-25 and 3-26. Similar to the GFDL CM2.1 prediction, CCAM projects an 

increase in extreme rainfall in the north of SEQ (25.28˚S) for higher ARIs. Tables 3-

10 and 3-11 show the statistical analyses for CCAM simulated annual maximum 1 

and 3 day rainfalls between the two contrasting periods.  Changes in CCAM projected 

extreme rainfall are not statistically significant. The difference between observed and 

simulated extreme rainfall is much greater than the difference between the two 

contrasting periods based on CCAM output.  

 

  

(a) 148.684˚E, 25.281˚S (b) 151.241˚E, 25.281˚S 

  

(c) 148.684˚E, 27.229˚S (d) 151.391˚E, 27.378˚S 

Figure 3-25 CCAM simulated annual maximum 1 day rainfall and average recurrence 
interval for 1961-1990 (dash line) and 2016-2045 (solid line) 
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(a) 148.684˚E, 25.281˚S (b) 151.241˚E, 25.281˚S 

  

(c) 148.684˚E, 27.229˚S (d) 151.391˚E, 27.378˚S 

Figure 3-26 CCAM simulated annual maximum 3 day rainfall and average recurrence 
interval for 1961-1990 (dash line) and 2016-2045 (solid line) 
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Table 3-10 CCAM simulated annual maximum 1 day rainfall statistics for the 2 

contrasting periods 

Grids 
 Average (mm/day) Standard deviation  

Change (p-value) 
 1961-1990 (2016-2045)  

148.684˚E 

25.281˚S 

 35.7 6.0  
7% (0.37) 

 (38.0) (6.2)  

151.241˚E 

25.281˚S 

 36.0 6.0  
8% (0.29) 

 (38.8) (6.2)  

148.684˚E 

27.229˚S 

 33.2 5.8  
14% (0.22) 

 (37.8) (6.1)  

151.391˚E 

27.378˚S 

 35.2 5.9  
-1% (0.47) 

 (34.9) (5.9)  

 

Table 3-11 Statistics of CCAM simulated annual maximum 3 day rainfall for the 2 

contrasting periods 

Grids 
 Average (mm/day) Standard deviation  

Change (p-value) 
 1961-1990 (2016-2045)  

148.684˚E 

25.281˚S 

 62.3 7.9  
7% (0.35) 

 (66.9) (8.2)  

151.241˚E 

25.281˚S 

 61.9 7.9  
10% (0.23) 

 (68.3) (8.3)  

148.684˚E 

27.229˚S 

 57.9 7.6  
11% (0.26) 

 (64.5) (8.0)  

151.391˚E 

27.378˚S 

 57.9 7.6  
5% (0.35) 

 (60.5) (7.8)  
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3.4 Summary 

In order to investigate whether rainfall has changed and how it has changed, and 

whether any changes are related to global warming, this chapter analysed changes in 

rainfall by using both historical rainfall and GCM predicted rainfall. The first part of 

this chapter is to determine whether rainfall has changed in the past, and the second 

part of the chapter is to estimate if rainfall will change in the future. 

Trends in annual mean maximum and minimum temperatures, annual rainfall and 

short duration rainfall intensities were detected over the past hundred years at nine 

sites around eastern Australia in the tropical, sub-tropical and temperate zones. All 

available weather and pluviograph data were used for the trend test. Three pairs of 

periods for each of nine sites with the greatest differences in mean annual rainfall, 

annual maximum temperature and annual minimum temperature were selected 

respectively. Changes in IFD relationships between these two contrasting periods in 

the twentieth century are also examined. Based on these contrasting periods, the 

correlations between mean annual maximum/minimum temperatures and rainfall 

intensities, as well as the correlation between mean annual rainfall and rainfall 

intensities were also investigated and included in this chapter.  

Seven out of nine sites have significant upward trends in annual mean maximum 

temperature, and eight out of nine sites have significant upward trends in annual mean 

minimum temperature. These upward trends in temperature agree with global 

warming theory. The trends in rainfall and temperature are more significant in the 

temperate climate zone than those in the tropical and sub-tropical climate zones. Only 

two sites in the tropical zone (i.e., Cairns and Rockhampton) were investigated in this 

study, and no significant change in rainfall was found in Cairns. The inconsistent 

changes within the tropical zone indicate the importance of region specific 

investigation relating to variations in rainfall. 

Changes in Intensity-Frequency-Duration (IFD) relationships are more significant 

at higher latitudes (e.g., Adelaide, Launceston and Hobart). Although there are three 

pairs of contrasting periods, changes in IFD relationships are similar among these 

three pairs of periods for each location.  

Rainfall intensities at longer durations were found to be positively correlated with 

annual rainfall, and rainfall intensities at durations less than one hour are positively 
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correlated with annual mean maximum temperature. These correlations are based on 

different locations and are not appropriate to be used for a specific location. Therefore 

more meaningful correlations are required for further research. 

In order to validate the GCM projected future rainfall, the GCMs simulated 

rainfall was firstly compared with the observed rainfall for 1961-1990 in Southeast 

Queensland. The statistical results showed a significant difference between CCAM 

projected and observed extreme rainfalls. The CCAM simulated extreme rainfall is 

significantly lower when compared with observations. Although CCAM has a higher 

spatial resolution than GFDL CM2.1, GFDL CM2.1 simulated extreme rainfall 

compares more favourably with observed extreme rainfall than the CCAM simulated 

extreme rainfall. 

Annual maximum 1 day and 3 day rainfalls were extracted from both GFDL 

CM2.1 and CCAM for 1961-1990 and 2016-2045. The statistical results showed that 

both GFDL CM2.1 and CCAM simulated extreme rainfalls would increase in the 

north of SEQ (25˚S) for higher ARIs. However this increase is not statistically 

significant.  
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Chapter 4 Effects of Climate and Land-use Changes on 

Flood Runoff 

4.1 Introduction 

Assessing future flood risk is a challenge because it is difficult to: predict future 

climate and to analyse the uncertainty; assess flood risk with the different resolutions 

of climatic models and hydrological models; and, identify the influence of climate and 

land-use change on flood risk.  

In this chapter, simulated rainfall data from two climate models, GFDL CM2.1 

and CCAM, will be used. As described in Chapter 3, these data were only available 

for 1961-1990 and 2016-2045. Therefore, these two contrasting periods were 

considered. The future flood risk for the Bulimba Creek catchment in Southeast 

Queensland (SEQ) for the period of 2016-2045 will be investigated, by using the 

same methodology that was used for historical flood risk assessment between 1961 

and 1990. This method employs a hydrological model with rainfall and land-use data 

to produce a flood hydrograph. Historical and projected rainfall and land-use data will 

be used to determine future impacts on flood frequency and severity. Flood risk 

assessment containing both the effects of climate and land-use change will also be 

performed. The level of adjustment of future rainfall based on historical rainfall and 

the use of suitable models for analysis will need to be determined to achieve the 

objectives of this study. Section 4.2 details the study catchment and data used; 

methodologies are described in Sections 4.3 and 4.4; and, results are provided in 

Section 4.5. 

4.2 Study area and data 

4.2.1 Bulimba Creek catchment 

The Brisbane River catchment is the largest catchment in SEQ (see Figure 4-1). 

The river has over thirty tributaries with Breakfast Creek, Moggill Creek, and Stanley 

River being the major tributaries flowing from north to south. The southern tributaries 
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that drain to the north are Lockyer Creek, Bulimba Creek, Norman Creek, Oxley 

Creek, and Bremer River (Queensland Government, 2001). The Bulimba Creek 

catchment has been chosen for the purpose of this study because it is a median size 

and semi-urbanised catchment. 

The Bulimba Creek catchment has an area of 125km2, with a length and width of 

approximately 21.5 and 8.7km respectively. Bulimba Creek flows steeply through 

undulating hills down into a wide, flat floodplain downstream, and drains into the 

Brisbane River (Brisbane City Council, 1992). The main tributary of Bulimba Creek 

is Mimosa Creek, which has a steep slope and flows from Upper Mt Gravatt to 

Macgregor in a southeast direction before joining Bulimba Creek. The Bulimba Creek 

catchment is located next to the central business district of Brisbane. The impervious 

area has increased in the catchment due to the construction of roads, footpaths and 

buildings. The land-use types in the catchment include residential, commercial, 

industrial, schools, parks, hospitals, golf courses, farms and mining. The urban area is 

mainly distributed to the west of the main branch, and some are found in the east of 

the floodplain. Most of the floodplains in the Bulimba Creek catchment are parks or 

grasslands.  
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Figure 4-1 The Bulimba Creek catchment 

4.2.2 Streamflow data 

The Bulimba Creek catchment has only two streamflow gauging stations (i.e., 

143004A and 143094A; see Figure 4-2) with flow data accessible through the 

Department of Natural Resources Mines and Water, Queensland. Table 4-1 shows 

details of these two streamflow gauging stations. The gauging station, 143004A 

recorded streamflow data from 1949 to 1971, along with the three flood events in the 

early 1950s. Two pluviograph stations (i.e., 40214 and 40223), located 10 to 13km 

from the Bulimba catchment, recorded rainfall data for these three flood events. For 

improved model calibration and validation, data from these pluviograph stations will 

not be used in this study.  

Table 4-1 Details of streamflow gauging stations in the Bulimba Creek catchment 

ID Longitude Latitude Name Catchment area Start Date End Date 

143094A 153.1° -27.53° Mansfied 57 km2 1971/7/31 1997/1/1 

143004A 153.12° -27.53° Belmont 51 km2 1949/12/9 1971/6/30 
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Figure 4-2 Location of gauging stations 

The 143094A gauging station covered 57km2 of the upper part of the catchment 

(i.e., upstream from the gauging station). The flow data were available from this 

gauging station from 1971 to 1996, with 12 major flood events being recorded during 

this period. Figures 4-3, 4-4 and 4-5 show the recorded stream flow at 143094A 

gauging station for the 12 flood events. Note that all the diagrams in Figures 4-3, 4-4 

and 4-5 have the same unit for the horizontal axis, that is, time in hours, and the same 

unit for the vertical axis, that is, flow rate in cubic metres per second (cms). As can be 

seen in Figure 4-4, there are only 26 data points for the recorded flood flow in 1984. 

Since, the flow data was recorded at irregular time intervals, data interpolation was 

performed for modelling purposes. The interpolation process for the flow data is 

described in Section 4.3.  
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(a) 1972 Feb (b) 1974 Jan 

  
(c) 1980 May (d) 1983 Jun 

Figure 4-3 Flood flow data for events that occurred in 1972, 1974, 1980 and 1983 
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(a) 1984 Apr (b) 1988 Jul 

  

(c) 1990 Feb (d) 1989 Apr 

Figure 4-4 Flood flow data for events that occurred in 1984, 1988, 1989 and 1990 
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(a) 1991 Dec (b) 1992 Mar 

 
 

(c) 1994 Jan (d) 1995 Dec 

Figure 4-5 Flood flow data for events that occurred in 1991, 1992, 1994 and 1995 
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4.2.3 Rainfall data  

As rainfall is the main cause of flooding, this study will use observed rainfall data 

from 1961 to 1990 to analyse the flood runoff, and use GCM predicted rainfall to 

analyse the flood runoff in the future from 2016 to 2045. The observed rainfall data 

are collated from pluviograph stations and GFDL CM2.1 and CCAM projected 

rainfalls are provided by the CSIRO. Details of these rainfall data can be found in 

Chapter 3. Figure 4-6 details pluviograph station locations around the study area. As 

can be seen, there are only three stations in the Bulimba Creek catchment, of which 

two stations (i.e., 40529 and 40244) recorded rainfall data from February to May 1972. 

Only one station (i.e., 40459) in the catchment had a longer record of rainfall data 

from November 1971 to January 1989. As such, all available rainfall data from the 

pluviograph stations surrounding the catchment will be used. The method of spatial 

interpolation employed to construct rainfall for the catchment is described in Section 

4.3.  

 

Figure 4-6 Pluviograph stations surrounding the Bulimba Creek catchment 
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4.2.4 Land-use data  

The digital land-use map for the state, produced by the Queensland Department of 

Natural Resources and Mines (1999), was used herein because of data availability, 

even though it is outside the study period of 1961-1990. Land-use types were 

classified into six primary classes: conservation and natural environments; production 

from relatively natural environments; production from dry land agriculture and 

plantations; production from irrigated agriculture and plantations; intensive uses; and, 

water. Table 4-2 characterises these six classes.  

The land-use map was scaled from 1:10,000 to 1:25,000 (Australian Bureau of 

Agricultural and Resource Economics and Sciences, 2011). Further, the resolution of 

the land-use map is considerably low for rainfall-runoff modelling for a middle size of 

catchment, with for example, residential areas only including a few roads, grass areas 

and trees. Figure 4-7 illustrates land-use types in the Bulimba Creek catchment. It can 

be seen that large areas in the western part of the catchment are included as residential 

land; however, some small roads, trees and grasslands are omitted in these residential 

areas. 

Based on the digital land-use map from the Queensland Department of Natural 

Resources and Mines (1999), environmental values for SEQ catchments were 

produced by the Queensland Environmental Protection Agency (2007). Further, 

catchment characteristics, including; a digital elevation model (DEM); flow 

accumulations; flow directions; and, slopes, at one hundred metre grid size were 

firstly produced based on topographic data. According to these grids, the 

environmental values are given as average fractions for each grid. Five land-use types 

are included in environmental values, that is, forest, grazing, urban, water, and 

wetland. 

The information for land-use types and area fraction for each land-use type will be 

used to estimate impervious fractions for rainfall-runoff purposes. Details of the 

impervious fraction estimation can be found in Section 4.3.1.2. 
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Table 4-2 Queensland land-use types in 1999 (Queensland Department of Natural 

Resources and Mines, 1999) 

Classes Types of land-use Characterisation 

Conservation and 
natural 
environments  

Managed resource protection Biodiversity, surface water supply, 
groundwater protections 

Nature conservation Conservation of natural environments 

Other minimal use Remnant native cover 

Production from 
relatively natural 
environments 

Grazing natural vegetation Production from natural vegetation 

Production forestry Production from forest 

Production from 
dry land 
agriculture and 
plantations 

Cropping Cereals, oil seeds, sugar, cotton, beverage 
and spice crops 

Perennial horticulture Perennial fruits, nuts, flowers, vegetables 
and herbs 

Seasonal horticulture Seasonal fruits, nuts, flowers, vegetables 
and herbs 

Production from 
irrigated 
agriculture and 
plantations 

Irrigated cropping Irrigated cereals, oil seeds, sugar, cotton, 
beverage and spice crops 

Irrigated perennial horticulture Irrigated fruits, nuts, flowers, vegetables 
and herbs 

Irrigated plantation forestry Irrigated hardwood, softwood and other 
forest plantation 

Irrigated seasonal horticulture Irrigated seasonal fruits, nuts, flowers, 
vegetables and herbs 

Intensive uses 

Intensive horticulture Shade houses, glasshouses, abandoned 
intensive horticulture 

Intensive animal production Dairy sheds, poultry, house studs, cattle 
and sheep feedlots 

Manufacturing and industrial Factories, industrial complex, storage 
buildings 

Mining Production from valuable minerals 

Residential Residential buildings 

Services Commercial or public buildings, defence 
or research facilities 

Transport and communication Roads, railways, aerodromes 

Utilities Electricity generation 

Waste treatment and disposal Effluent pond, landfill, solid garbage, 
sewage 

Water 

Channel/aqueduct Supply channel, drainage channel, 
stormwater 

Lake Water 

Marsh/wetland Marsh, wetland, swamp 

Reservoir/dam Water storage 

River Water 
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Figure 4-7 Land-use types for the Bulimba Creek catchment 
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4.2.5 Impervious fraction data  

The impervious fraction data for the Bulimba Creek catchment is a required input 

for RORB; however, it was not available at the time of this study. Thus, for the below 

mentioned reasons, impervious fraction from a neighbouring catchment, that is, the 

Norman Creek catchment, will be used to assess the impervious fraction for the 

Bulimba Creek catchment. Trevithick and Yu (2010) used both satellite images and 

aerial photos to assess the impervious fraction for the Norman Creek catchment. This 

catchment is located next to the Bulimba Creek catchment and both catchments are in 

the Brisbane region (see Figure 4-8).  

 

 

Figure 4-8 Location of the Norman and Bulimba Creek catchments 

 

Figure 4-9 shows the land-use types (Queensland Department of Natural 

Resources and Mines, 1999) and impervious fraction for the Norman Creek catchment 

at a hundred metre resolution (Trevithick and Yu, 2010). Most of the land-use in the 
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Norman Creek catchment is residential with impervious fractions ranging from 0.2 to 

0.8 (see Figure 4-9). The different impervious fractions for the same type of land-use 

are omitted in this study, because the resolution of the digital land-use map is much 

lower than that of the impervious fraction.  

 

Figure 4-9 Land-use types (left) and impervious fraction (right) for the Norman Creek 
catchment 

 

4.3 RORB input preparation 

The setup design for the Bulimba Creek catchment is based on one kilometre 

DEM. Therefore, the sub-division of the catchment is presented as a grid. There is 

only one gauging station at the upper stream of Bulimba Creek; therefore, only the 

upper part (i.e., upper stream from the gauging station) of the catchment is used for 

the rainfall-runoff simulation.  

The storm and catchment files are the two main inputs for RORB. More detail 

about RORB can be found in Chapter 2. The preparation for the input data is 

described in this chapter. 
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4.3.1 Catchment file 

Information required by the catchment file in RORB are sub-catchment areas, 

impervious fraction, reach types, and length of reach for each sub-catchment. This 

section includes details of size, reach type, and reach length for each sub-catchment. 

The estimation of impervious fraction for the Bulimba Creek catchment is described 

in Section 4.3.4.2. 

4.3.1.1 Catchment setup  

Because the impervious fractions in the Bulimba Creek catchment are analysed 

based on one kilometre grids (see Section 4.3.1.2), the sub-division of the upper part 

of the Bulimba Creek catchment is designed based on kilometre grids. Further, these 

grids are created based on one kilometre DEM grids. For each sub-catchment a grid of 

the DEM and the total number of grids is 63 for the upper part of the Bulimba Creek 

catchment. The grid size is 1km2; therefore, the initial sub-catchment size is set as 

1km2. However, with the area of the gauged catchment being 57km2, the size of the 

sub-catchment needs to be adjusted. There are 31 grids around the border (or 

boundary), and the size of these grids is adjusted to 0.8km2. The total area for the 

upper part of the Bulimba Creek catchment is 56.8km2.  

The reach type is assumed to be the natural channel for all sections of the creek. 

The reach length is designed based on the flow direction (see Figure 4-10). The reach 

lengths are given respectively as 1 and 0.894km for the grid size of 1 and 0.8km2, 

when the flow directions are direct east, west, north or south. If the flow direction has 

an angle of 45 degrees, the reach lengths are set as 1.414 or 1.265km for a grid size of 

1 and 0.8km2 respectively. 
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Figure 4-10 Sub-divisions and flow directions of the Bulimba Creek catchment 

 

4.3.1.2 Impervious fraction analysis 

As aforementioned, the Bulimba Creek catchment is assumed to have the same 

impervious fraction as the neighbour catchment, that is, the Norman Creek catchment, 

because the catchments are next to each other, and they are both in Brisbane City. The 

resolution of the land-use map for the Norman Creek catchment is very low, so the 

100m resolution impervious fraction data was not required. The impervious fraction at 

100m resolution was aggregated to 1km (refer to Figure 4-11). The area fraction of 

each land-use type was calculated for each grid (1×1km). The impervious fraction for 

each land-use type is calculated as: 

 

𝑓 = ∑𝐴𝑛 × 𝐹𝑛                             (4.1) 



Chapter 4 

95 
 

where f is the observed impervious fraction from Trevithick and Yu (2010), A is 

the area fraction of land-use type, n is the land-use type, and F is the estimated 

impervious fraction for the land-use type for each grid in the Norman Creek 

catchment. 

 

 

Figure 4-11 Normal distributions of impervious fractions in Norman Creek catchment 

 

The estimated impervious fraction for each land-use type is shown in Table 4-3. 

There are only eight types of land-use in the Norman Creek catchment and 17 in the 

Bulimba Creek catchment. Therefore, estimation of impervious fraction for the 

remaining land-use types is needed.  
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Table 4-3 Land-use types and their impervious fractions in the Norman Creek 

catchment. 

Types of land-use Area fraction Impervious fraction 

Nature conservation 0.045 0.00 

Reservoir/dam 0.001 0.00 

River 0.007 0.00 

Other minimal use 0.022 0.00 

Residential 0.757 0.44 

Services 0.136 0.61 

Manufacturing and industrial 0.005 0.71 

Transport and communication 0.026 0.92 

 

For the Bulimba Creek catchment, the impervious fraction for all the agricultural 

land, cropping, grazing and horticulture is assumed to be zero. For mining land, the 

impervious fraction is estimated to be 0.1, since small shelters are often found at 

mining sites. The intensive animal production in the Bulimba Creek catchment is 

poultry, and sheds are built at poultry sites. Hence, the impervious fraction for the 

intensive animal production is assumed to be the same as that for residential land. The 

utilities land-use type is a power transmission sub-station in the central part of the 

Bulimba Creek catchment and the impervious fraction is estimated to be between that 

of industrial land and roads. An impervious fraction of 0.85 is given for the utilities. 

Table 4-4 shows the final estimated impervious fractions for different land-use types.  
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Table 4-4 Land-use types and their impervious fractions in the Bulimba Creek 

catchment 

Types of land-use Area fraction Impervious fraction 

Nature conservation 0.059 0.00 

Other minimal use 0.118 0.00 

Cropping 0.002 0.00 

Grazing natural vegetation 0.012 0.00 

Intensive horticulture 0.003 0.00 

Irrigated cropping 0.008 0.00 

Irrigated perennial horticulture 0.006 0.00 

Irrigated seasonal horticulture 0.045 0.00 

Reservoir/dam <0.001 0.00 

River <0.001 0.00 

Mining 0.009 0.10 

Intensive animal production 0.001 0.44 

Residential 0.596 0.44 

Services 0.112 0.61 

Manufacturing and industrial 0.016 0.71 

Transport and communication 0.012 0.92 

Utilities 0.001 0.85 

 

In order to validate the estimated impervious fractions for the Bulimba Creek 

catchment, the average urban fractions from the Queensland Environmental 

Protection Agency (2007) were calculated for both the Norman and Bulimba Creek 

catchments. The observed area average urban fractions are 0.9237 and 0.7576 

respectively for the Norman Creek and upper part of the Bulimba Creek catchments. 

The ratio of observed area average imperviousness fraction (0.447) for the Norman 

Creek catchment and the estimated area average imperviousness fraction (0.355) for 

the upper part of the Bulimba Creek catchment is similar to the fraction of the 

observed urban fractions (i.e., 0.9237/0.7576). 
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4.3.2 Storm file 

The storm file for RORB requires input for the rainfall temporal patterns, total 

rainfall, the reference number of the rainfall station for each sub-catchment, and 

hydrograph data from the gauging station. Since the flow data was recorded at 

irregular time steps, an interpolation is required when preparing the hydrographs. 

Details of the interpolation process are described in the following section. 

The setup of the upper part of the Bulimba Creek catchment is grid-based; 

therefore, the rainfall data is given for each grid. A spatial interpolation is required for 

preparing the rainfall temporal patterns. The Inverse Distance Weighting (IDW) 

method is used for the spatial interpolation. The method and results are detailed in 

Section 4.3.2.2.  

4.3.2.1 Linear interpolation for flow 

Flow data were available for the gauging station 143094A from 1971 to 1996. The 

designed study period is from 1961 to 1990, and there are only eight flood events 

during this period. Using more data for model calibration and validation is preferred. 

Therefore all 12 flood events which occurred from 1971 to 1996 are used for the 

calibration and validation.  

A linear interpolation was applied to the flood flow between data points. New data 

points were given at every minute and then these were extracted at six minute time 

intervals for the RORB hydrographs. Figure 4-12 illustrates an example of the flood 

flow data points and the interpolated hydrographs for the flood event in 1984. 

 

Figure 4-12 Flood hydrographs for the 1984 flood event 
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4.3.2.2 Inverse Distance Weighting for rainfall  

Based on data from nearby stations, the Inverse Distance Weighting (IDW) 

equation was utilised herein to determine the pluviograph data at locations where this 

data was unknown in the Bulimba Creek catchment. The pluviograph data at the 

unknown locations in the catchment for each grid point is calculated using the 

following IDW equation: 

𝑟𝑔 = ∑ 𝑅𝑘
𝑑𝑘
2×∑ 1

𝑑𝑘
2
                             (4.2)  

where: r is rainfall amount at location g, R is observed rainfall amount at station k, 

and d is the distance between locations g and k. Figure 4-13 details the grid based 

rainfall distribution of stations 40214, 40458, 40459 and 40222 for 9:06am on April 7, 

1984. This is an example of the output when the aforementioned equation is 

implemented on the stations listed in Table 4-5.  

 

Figure 4-13 Example of IDW rainfall calculated using the IDW equation 
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Table 4-5 Station attributes used for pluviograph data collection 

Station No. Station Name Latitude Longitude Start End No. of Years 

40101 IPSWICH -27.61 152.76 Jun 1975 Feb 1994 18.8 

40211 ARCHERFIELD AIRPORT -27.57 153.01 Jan 1948 May 1992 8.9 

40214 BRISBANE REGIONAL OFFICE -27.48 153.03 Jan 1908 Jul 1994 84.7 

40222 KALINGA BOWLS CLUB -27.41 153.05 Nov 1971 Apr 2009 37 

40223 BRISBANE AERO -27.42 153.11 May 1949 Feb 2000 50.8 

40244 SUNNYBANK BOWLS CLUB -27.58 153.06 Feb 1972 May 1972 0.3 

40245 TOOWONG BOWLS CLUB -27.49 152.99 May 1967 Mar 1970 2.9 

40276 CAPALABA POST OFFICE -27.52 153.18 Jan 1972 Jun 1972 0.5 

40312 NEW BEITH -27.74 152.94 Jun 1973 Dec 2011 38.5 

40406 BEENLEIGH BOWLS CLUB -27.71 153.20 May 1967 Jul 2003 35.8 

40418 MOGGILL VET RES FARM -27.53 152.92 Dec 1968 Oct 1973 2.8 

40454 GLENLOGAN FIELD STATION -27.83 153.00 Apr 1971 Jan 1983 11.8 

40457 WACOL DPI -27.58 152.90 Nov 1971 Apr 1980 8.5 

40458 CAPALABA WATER TREAT -27.53 153.18 Nov 1971 Jan 2012 39.7 
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Table 4-5 Station attributes used for pluviograph data collection (continued) 

Station No. Station Name Latitude Longitude Start End No. of Years 

40459 CARINA BCC DONALDSON RD -27.50 153.10 Nov 1971 Feb 1989 17.3 

40462 CLOVER DOWNS -27.75 152.92 Nov 1971 May 1973 1.6 

40529 MOUNT GRAVATT EAST BCC -27.54 153.10 Feb 1972 May 1972 0.3 

40530 INALA BCC -27.59 152.99 Feb 1972 May 1972 0.3 

40532 WYNNUM BCC -27.42 153.16 Feb 1972 May 1972 0.3 

40659 GREENBANK THOMPSON ROAD -27.70 152.94 Dec 1975 Jan 2011 34.2 

40715 SHAILER PARK OREGON DRVE -27.65 153.17 Jan 1989 Apr 2009 20.3 

40854 LOGAN CITY WATER TREATMENT PLANT -27.68 153.19 Oct 1992 Jan 2012 19.3 
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4.4 Model calibration and validation  

Using the RORB rainfall-runoff model to simulate future flood flows, requires 

calibration and validation of model parameters. Of the 12 events available from the 

Bulimba Creek streamflow gauging station, the first six events were used for 

calibration and the latter six for validation of the RORB model. Section 4.4.1 details 

the model calibration, and the model validation can be found in Section 4.4.2. Details 

of the RORB model are described in Chapter 2. 

4.4.1 Model calibration 

The four parameters in RORB used during the calibration are; Kc, m, IL and CL. 

The calibration was undertaken by giving a set of m values ranging from 0.7 to 0.9 

and a fixed initial infiltration amount set to 0mm. In addition, the continuing 

infiltration rate (CL) was automatically calculated by the model, so that the volume of 

effective rainfall matches the volume of runoff. The value of Kc was then altered until 

the simulated peak discharge matched the observed peak discharge. An example is 

shown in Figure 4-14. Based on the m value of 0.8 and Kc of 5.81, both calculated and 

actual peak flows for the flood event in 1972 are 339.6 cubic metres per second (cms). 

Figure 4-15 illustrates the relationship between Kc and m. The m value of 0.8 was 

used herein as a consequence of the Kc values converging at the m value of 0.8, as 

reported in the literature. 

 

 

Figure 4-14 Hydrographs for the flood event in 1972 
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Figure 4-15 Relationship between parameters m and Kc for six events 

 

The mean Kc value and its standard deviation were calculated at the m value of 0.8. 

Table 4-6 shows the observed and simulated peak flows in cubic metres per second 

(cms) of the six calibration events. The mean values of Kc and CL and their standard 

deviations were also calculated. The overall average values of CL and Kc are 

respectively 1.51mm/h and 5.65 for the six events used for calibration. For better 

estimation, flood events were separated into wet (Nov-Apr) and dry (May-Oct) 

seasons (Linacre and Hobbs, 1977). The seasonal average CL (1.89mm/h) was 

calculated based on 1980, 1983 and 1988 events and was applied to the events that 

occurred in the dry season. For flood events that occurred in the wet seasons of 1972, 

1974 and 1984, the average rate of continuing infiltration was 1.13mm/h. The overall 

average and the seasonal average values were then used for validation. 
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Table 4-6 Observed and simulated peak flows (Qp) and their kc and continuing 

infiltration rate (CL) values with m of 0.8 for the calibration events  

Event 
Observed Qp 

(cms) 

Simulated Qp 

(cms) 
kc 

CL 

(mm/h) 

1972 Feb 339.6 339.6 5.81 0.67 

1974 Jan 473.5 473.5 5.31 1.32 

1980 May 150.4 150.4 5.71 2.19 

1983 Jun 313.8 313.5 5.97 1.85 

1984 Apr 311.2 311.0 5.42 1.39 

1988 Jul 287.2 287.3 5.65 1.63 

Mean (±s.d.) 

Mean (Nov-Apr) 

Mean (May-Oct) 

 5.65 

(±0.24) 
1.51 (±0.52) 

1.13 

1.89 

 

4.4.2 Model validation 

The aforementioned mean kc and its standard deviation and CL values were then 

used for the validation. Table 4-7 shows the errors in simulated peak flows for the six 

validation events. The errors in the six simulated peak flows are within ±8% for the kc 

value of 5.65. This shows that the kc value of 5.65 is appropriate for the study 

catchment. All the validated events occurred in the wet season (i.e., Nov-Apr). It 

appeared that using the mean CL value for the wet season would lead to better 

validation results, especially in terms of the surface runoff volume. Therefore the 

mean CL value of 1.13mm/h was used for RORB simulation instead of the overall 

average CL (i.e., 1.51 mm/h). The calibrated parameters, kc value of 5.65, m value of 

0.8, CL values of 1.89 and 1.13 for dry and wet seasons respectively, and zero initial 

infiltration were used for all simulations herein.  
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Table 4-7 Errors in simulated volumes (Vol) and peak flows (Qp) based on the kc 

values (5.41/5.65/5.89), and continued loss (CL) values from the calibration, at m 

value of 0.8 and initial loss of 0mm for the validation events 

Event 
1989 

Apr 

1990 

Feb 

1991 

Dec 

1992 

Mar 

1994 

Jan 

1995 

Dec 

(CL=1.13 mm/h) 
 

    

Vol Error (%) -2 -8 -1 4 2 -3 

Qp Error (%) 5/4/3 2/1/-1 -4/-5/-5 0/-1/-3 7/3/-1 6/4/2 

(CL=1.51 mm/h) 
 

    

Vol Error (%) -11 -12 -7 0 -2 -8 

Qp Error (%) -2/-3/-4 0/-2/-4 -7/-8/-9 -2/-3/-4 5/1/-3 3/1/-1 

 

4.5 Future scenario development 

In order to assess impacts of climate and land-use changes on floods, predictions 

of future climate and land-use are required as the key elements of this chapter. 

Changes in the past rainfall have been examined in Chapter 3. These changes are not 

used for the future climate change in this chapter, as the scale of the rainfall analysis 

is very large and the study catchment (i.e., the Bulimba Creek catchment) is relatively 

small. Scales of GCM outputs are fairly acceptable for the Bulimba Creek catchment, 

and the scales of RCM outputs are acceptable appropriate for this catchment. 

Therefore one GCM and one RCM, based on the IPCC A2 scenario, were chosen to 

represent the projected future climate for this research. The advantage of using one 

GCM and RCM was to provide an acceptable range of future climate scenarios. The 

methods of developing future climate scenarios are described in Section 4.5.1. 

Development of future land-use scenarios for hydrological impact analyses is a 

complex task as it involves the actual urban planning for specific regions and various 

economic factors. Details of future land-use scenarios are found in Section 4.5.2. 

4.5.1 Future climate change scenarios 

Outputs from GFDL CM2.1 and CCAM have been validated in Chapter 3. 

Although CCAM simulated extreme rainfall is not as accurate when compared to 

observed extreme rainfall, the higher resolution of CCAM makes it favourable for use 
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in this research. These two models produced precipitation on a daily time scale, which 

cannot be used directly for flood simulation; thus, the projected precipitation was not 

directly used herein. As such, a temporal downscaling method was needed. 

Downscaling methods have previously been developed and used for hydrological 

modelling (Chen et al., 2011a). The normal distribution method from Chen et al. 

(2011a) was tested herein, and it was found that the peak intensities were under-

estimated for the Bulimba Creek catchment. Figure 4-16 illustrates an example of 

results from the downscaling for normal distribution for the 1972 event. The 

pluviograph station 40529 is located in the centre of the Bulimba Creek catchment, 

and the measured peak rainfall intensity was 50.8mm/h for the flood event in 1972 at 

this station. The peak rainfall intensity from the downscaling is 23.3mm/h, which is 

less than half of the observation. The downscaling technique is thus excluded from 

this chapter. 

 

 
Figure 4-16 Downscaling for normal distribution and observed rainfall 

 

A new method based on the observed and GCM predicted daily precipitation was 

developed for this chapter. This method is a combination of the distribution function 
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adjustment’ for the purpose of this chapter and the process of rainfall adjustment is 

described as follows: 

 

Step 1: Method 1: The projected daily rainfall for two 30 year periods (i.e., 1961-

1990 and 2016-2045) were sorted in a descending order. 

Method 2: The annual maximum daily rainfall for both 1961 to 1990 and 

2016 to 2045 were firstly extracted for each 30 year period, and then sorted 

in a descending order. 

Step2:  The highest daily rainfall was assigned the rank of 1 with an exceedance 

probability of 1/(n+1), and the second highest daily rainfall was assigned a 

rank of 2 with an exceedance probability of 2/(n+1), where n is the total 

number of days. In addition, the total number of days is 10,950 (i.e., 

30×365) for method 1, and 30 (1day/year) for method 2. 

Step 3: 

 

The change factors, also called adjustment factors, were calculated for 

2016 to 2045 rainfall relative to that for 1961 to 1990, at the same daily 

rainfall ranks/percentiles. For example, if R1 is the daily rainfall for 2016 

to 2045 and R2 the daily rainfall of 1961 to 1990, the change factors are 

given by R1/R2 for the rank or percentile. 

Step 4: 

 

For each flood event on record, the rainfall amount in terms of its 

exceedance probability was determined. 

Step 5: 

 

Observed historical rainfall data were adjusted by multiplying the 6-min 

rainfall intensities with these change factors (R1/R2) for given annual 

exceedance probability.  

The assumptions of this technique are: (1) the peak intensity changes 

proportionally with changes in total daily rainfall, or the storm intensity-duration 

curve changes proportionally at all time intervals; and (2) that changes in the total 

actual daily rainfall are the same as the changes in the projected total daily rainfall.  

There is only one GFDL CM2.1 grid for SEQ, thus outputs from this grid point 

were used for the rainfall adjustment (Figure 4-17). In order to select a suitable 

CCAM site, from many CCAM grids around the Bulimba Creek catchment, all site 

outputs from around the catchment were examined. From analyses of CCAM daily 

rainfall, it was found that some outputs from a number of CCAM sites are identical. 

For a more objective estimation, 16 CCAM sites were selected for the Bulimba Creek 
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catchment. The purpose of using 16 sites is that the rainfall adjustment can be used 

not only for the Bulimba Creek catchment, but also for the nearby catchments, such as 

the Norman Creek and Oxley Creek catchments. Average daily rainfalls were 

calculated based on these 16 CCAM sites for the periods of 1961 to 1990 and 2016 to 

2045.  

 
Figure 4-17 GCM sites in SEQ  

 

Figures 4-18 and 4-19 illustrate 30 year daily rainfall from the outputs of CCAM 

and GFDL CM2.1. Based on these two figures, the rainfall adjustment factors for 

Method 1 were produced. As the first method was based on daily rainfall amounts, no 

rainfall occurred at the higher exceedance probabilities (i.e., >0.8). Also, only extreme 

rainfall is important for flood studies; therefore, the rainfall adjustment factor for 

Method 1 is only shown up to 0.1 of exceedance probability (see Figure 4-20). Annual 

maximum daily rainfall for the two contrasting periods from the outputs of the two 

climate models are shown in Figure 4-21 and 4-22. The rainfall adjustment factors for 

Method 2 were produced based on the aforementioned procedures (see Figure 4-23).  
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Figure 4-18 GFDL CM2.1 daily rainfall and its exceedance probability 

 

 

Figure 4-19 CCAM daily rainfall and its exceedance probability 
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Figure 4-20 Adjustment factors for Method 1 

 

 

Figure 4-21 GFDL CM2.1 annual maximum daily rainfall and its exceedance 
probability 
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Figure 4-22 CCAM annual maximum daily rainfall and its exceedance probability 

 

 
Figure 4-23 Adjustment factors for Method 2 
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in the southern part of the Bulimba Creek catchment. The overall change in the area is 

less than 0.1% of the upper part of the catchment. This overall change of the existing 

plan is too small for the purpose of this study. Therefore a realistic land-use plan is 

omitted herein.  

For the purpose of this research, two scenarios were created based on the 

recommendations from Lahmer et al. (2001). The first scenario is a moderate urban 

development which was a conversion of all farms to residential land, which led to 

roughly 8% of land being urbanised in the upper part of the catchment. Figure 2-24 

illustrates the land-use map for the first land-use change scenario. 

 

Figure 4-24 Land-use change for Scenario 1 
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The second scenario is the worst case development scenario with a conversion of 

all the remaining farm and forested lands to urban areas in the catchment. Further, all 

the farms are converted to commercial area and forested lands are changed to 

residential areas (Figure 2-25). This extreme change gives an overall 25% increase in 

urbanisation in the upper part of the catchment. Although this is an extreme change, 

the average imperviousness fraction is 0.48, which is not significantly higher than the 

original average imperviousness fraction (i.e., 0.36).  

 

 

Figure 4-25 Land-use change for Scenario 2 
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Since impervious fractions are changed according to each scenario, the infiltration 

rate should also be altered based on these predicted impervious fractions. For 

calibration runs, CL was automatically calculated to allow for impervious areas to 

simulate the effect of urbanisation (Laurenson et al., 2010): 

 

CLi = (1 − Fi) × CLperv                        (4.3) 

 

where CLperv is the baseline rate of infiltration for non-urbanised areas, and Fi is 

the fraction of the impervious area for the sub-area, i. Future infiltration parameters 

were estimated using the equations below: 

CLperv = CLcurrent
(1−Fcurrent,area average)

                    (4.4) 

 

CLfuture = (1 − Ffuture) × CLperv                   (4.5) 

 

where CL is the continuing loss rate (mm/h) for the i-th sub-area, F is the fraction 

imperviousness, and CLperv is the continuing loss rate (mm/h) in the previous area.  

For land-use scenarios, average CL values are calculated separately for those in 

the wet (i.e., Nov-Apr) and dry (i.e., May-Oct) seasons. Table 4-8 shows the results of 

the predicted area average imperviousness fraction for the two scenarios, and the 

continuing loss rates for flood events occurring in wet and dry seasons. 

Table 4-8 Predicted area average imperviousness fraction (F), continuing loss rates 

(CL) for wet and dry seasons 

Scenarios Average F 
CL (Nov-Apr) 

(mm/h) 

CL (May-Oct) 

(mm/h) 

1 0.39 1.07 1.79 

2 0.48 0.90 1.51 
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4.6 Application of RORB rainfall runoff model 

4.6.1 Future flood frequency based on climate change scenarios 

Figure 4-26 illustrates a sample hydrograph for the flood event in 1972. The 

exceedance probabilities for this event are 0.0003 and 0.23 for Method 1 and Method 

2, respectively. Method 1 considers a continuous time series; therefore the exceedance 

probability is higher than Method 2. Based on their exceedance probabilities and 

Figures 4-20 and 4-23, the rainfall adjustment factor for this event was calculated to 

be 1.06 and 1.2 for Methods 1 and 2, respectively. The increase in peak discharge was 

6 and 21% for Methods 1 and 2 respectively. Changes to peak discharge as a function 

of the return period using GFDL CM2.1 are shown in Figure 4-27. In general, peak 

discharge would increase in future years using outputs from GFDL CM2.1, and the 

increase is more pronounced for smaller return periods (Figure 4-27). 

 
Figure 4-26 Flood hydrographs for a sample event of Feb 1972 using observed and 

GFDL CM2.1 rainfalls 
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Figure 4-27 Changes to peak discharge as a function of the return period using GFDL 

CM2.1 rainfall 

Figure 4-28 again illustrates the sample hydrograph for the flood event in 1972. 

For this event, the rainfall adjustment factor was 0.81 and 0.79 respectively for 

Methods 1 and 2, and the decrease in peak discharge was 19 and 28% for Methods 1 

and 2 respectively. Figure 4-29 illustrates changes to peak discharge as a function of 

the return period using CCAM outputs. Peak discharge would in general decrease in 

future years using outputs from CCAM, although an increase in peak discharge is 

noted when the return period is less than 2 years (see Figure 4-29). The difference 

between Methods 1 and 2 is smaller than that found between GFDL CM2.1 and 

CCAM for the urban catchment tested. 

 

 
Figure 4-28 Flood hydrographs for a sample event of Feb 1972 using observed and 

CCAM rainfalls 
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Figure 4-29 Changes to peak discharge as a function of the return period using CCAM 

rainfall 

The difference between Methods 1 and 2 is smaller than that between GFDL 

CM2.1 and CCAM for the urban catchment tested. On average, GFDL suggests a 7–

10% increase in the peak discharge between 1961–1990 and 2016–2045, while 

CCAM suggests a 7-11% decrease for the same two contrasting periods (Table 4-9). 

 

Table 4-9 Mean peak discharge (Qp) and the standard deviation (std) for different 

climate scenarios 

Scenarios 
Mean Qp 

(m3/s) 
Std 

Change in Qp from 

baseline (%) 

Baseline 218 124 – 

GFDL CM2.1 Method 1 234 145 7 

GFDL CM2.1 Method 2 240 134 10 

CCAM Method 1 203 104 –7 

CCAM Method 2 194 102 –11 

 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1 10 100

Ch
an

ge
 in

 p
ea

k 
flo

w
 (r

at
io

) 

Return period (years) 

CCAM 
Method 1

Method 2



Chapter 4 

118 
 

4.6.2 Future flood frequency based on land-use change scenarios 

Figure 4-30 illustrates the flood hydrograph derived from observed rainfall in 

1972 and two land-use scenarios for the Bulimba Creek catchment. The peak flows 

based on land-use Scenarios 1 and 2 are respectively 0.5 and 1.4% higher than the 

observed peak flow in 1972. The effects of land-use change on flood frequency were 

presented in Figure 4-31. There is a slight increase in the flood frequency curves 

based on the projected land-use scenarios. The difference between the land-use 

change Scenario 1 and Scenario 2, however, is not statistically significant. Changes in 

the peak flow are greater for shorter return periods.  In other words, the increase in 

peak discharge is reduced for larger but rarer flood events. Table 4-10 shows the mean 

peak discharge and the standard deviation for different scenarios. On average, the 

land-use change Scenario 1 and Scenario 2 suggest a 1-2% increase in the peak 

discharge between 1961–1990 and 2016–2045. The worst case scenario from this 

study, a combination of extreme land-use change and GFDL CM2.1 Method 2, shows 

a 13% increase on average for the urbanized catchment investigated 

 

 

Figure 4-30 Current and future flood frequency curves derived from observed rainfall 
with moderate (Scenario 1) and extreme (Scenario 2) land-use changes  
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Figure 4-31 Current and future flood frequency curves derived from observed rainfall 
with moderate (Scenario 1) and extreme (Scenario 2) land-use changes  

 

 

Table 4-10 Mean peak discharge (Qp) and the standard deviation (std) for land-use 

scenarios 

Scenarios 
Mean Qp 

(m3/s) 
Std 

Change in Qp 

from baseline (%) 

Baseline 218 124 – 

Scenario 1 220 124 1 

Scenario 2 223 124 2 

GFDL CM2.1 Method 2  

+ Land-use change Scenario 2 
246 134 13 
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in calibrating and then validating a rainfall-runoff model, RORB. Note that when 

calibrating and validating events, parameter values that are fixed were adequate for 

runoff routing; however, different values were required for different seasons for the 

continuing loss rate.  

Output from the GFDL CM 2.1 and CCAM climate models were used to adjust 

historical rainfall intensity data to simulate likely changes in rainfall and peak 

discharge. Overall, it was found that an increase in peak discharge for the urban 

catchments is not significant, noting that this increase is likely to be associated with 

relatively small recurrence intervals. This increase was further supported from high 

resolution CCAM outputs. For the same frequency of occurrence, peak discharge 

derived from GFDL CM 2.1 rainfall for 2016-2045, is higher than peak discharge 

from CCAM rainfall output. Two land-use scenarios were considered and applied to 

simulate the effect of land-use change. Based on the land-use map in 1999, there was 

no real change in land-use for the Bulimba Creek catchment which was already an 

extensively urbanised catchment. Thus land-use change had an insignificant effect on 

flooding, when compared with future rainfall. 

In conclusion, climate change has greater impacts on the magnitude and frequency 

of floods in SEQ than to land-use change. Therefore, the engineering hydrology 

practice in SEQ should emphasize on future climate change and take into 

consideration climate change-related parameters in the design stage through to 

operations of hydrological systems. Emergency services, communities, urban planners, 

property investors and other stakeholders whose activities and operations are directly 

or indirectly affected by flooding in SEQ should be made aware of the change in flood 

risks, in addition to flood management procedures, evacuation routes, and early 

warning systems. 
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Chapter 5 Conclusions and Recommendations 

5.1 Conclusions 

Flooding is one of the major natural disasters in Australia. It may result in loss of 

lives, and often in millions of dollars of damage. It is therefore of considerable 

interest to the local and state governments and the community to develop robust 

methods for flood risk assessment and flood management plans. This research aims to 

examine whether heavy rainfall has changed in the recent past, and how rainfall 

intensity at different durations has changed, and how projected climate and land-use 

changes would impact on flood frequency. In order to address these research 

questions, all data and methodologies used in this study are separated into two 

disparate chapters: Change in Historical and Projected Rainfall (Chapter 3) and Effect 

of Climate and Land-use Changes on Flood Runoff (Chapter 4). 

To investigate whether rainfall has significantly changed and how rainfall has 

changed, and whether the change is related to trends in temperature, Chapter 3 used 

the t-test and the Mann-Kendall trend test to search for significant trends in short 

duration rainfall and temperatures. All available historical weather data comprising 

the last one hundred years were used from 9 locations in eastern Australia specifically 

Cairns, Rockhampton, Brisbane, Sydney, Canberra, Melbourne, Adelaide, Hobart, 

and Launceston. Two 30 year climatologies for each of the 9 locations with the 

greatest differences in the mean annual rainfall and temperatures were selected. Based 

on these contrasting periods, correlations between mean maximum/minimum 

temperatures and rainfall intensities, as well as correlations between annual rainfall 

and rainfall intensities, were investigated for the selected 9 sites. The recent increase 

in temperature is reconfirmed by statistical tests showing significant upward trends in 

the annual mean maximum temperatures for 7 of the 9 locations, and also for the 

annual minimum temperatures at 8 sites. The rates of change in rainfall and 

temperatures were found to be larger, and more significant, in the temperate climate 

zone than those in the tropical and sub-tropical climate zones. Findings also show that 
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the annual mean maximum temperatures positively correlated with short duration 

rainfalls (i.e., less than one hour). Furthermore, short duration rainfall intensities are 

likely to be higher with a warmer climate.  

In order to evaluate whether rainfall IFD relationships have changed over time, 

IFD curves, based on historical rainfall for the aforementioned 9 locations are also 

included in Chapter 3. The Log-Pearson Type III distribution was used to plot the IFD 

curves for 2 and 20 year ARIs. Outcomes of this analysis indicate that rainfall 

intensities for 2 and 20 year ARIs showed greater changes in higher latitudes (e.g., 

Adelaide, Launceston and Hobart) than in lower latitudes (e.g., Cairns and 

Rockhampton). 

The final section of Chapter 3 aims to determine whether GCM projected future 

rainfall will be more intense by examining changes in projected future rainfall based 

on outputs from GFDL CM2.1 and the CCAM. In addition, the projected annual 

maximum 1 day and 3 day rainfalls were validated by comparing the GCM outputs 

with observations in SEQ for the baseline period of 1961-1990. The validation results 

show that GFDL CM2.1 slightly underestimates extreme rainfall in the south (27.3˚S), 

but overestimates extreme rainfall further north (25.3˚S). In addition, the difference 

between GFDL CM2.1 predictions and observations is insignificant. CCAM 

significantly underestimates annual maximum 1 day and 3 day rainfalls when 

compared to observations. At higher latitudes, GFDL CM2.1 and CCAM predict that 

future extreme rainfall will increase by 8% to 18% and 7% to 10% respectively. 

However, the increase in the predicted extreme 1 day and 3 day rainfalls from the 

periods 1961-1990 to 2016-2045 is not statistically significant. Therefore, it is 

concluded that future rainfall is unlikely to become more intense, as projected by the 

GCMs. 

Chapter 4 describes rainfall-runoff simulations of the Bulimba Creek catchment 

in SEQ using GCM predicted extreme rainfall to assess whether future flood flows 

will increase. The GCM outputs are only available on a daily time scale, which is 

unsuitable for RORB simulations. Therefore, two methods of rainfall adjustments 

were developed to convert daily into sub-daily rainfall. The two methods were based 

on the assumption that historical observations may be adjusted to simulate future 

flood-producing storms as predicted by climate models for the same frequency of 

occurrence. Furthermore, one method considered all the daily precipitation amounts 
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while another method only considered the annual maximum daily rainfall amount. 

Findings from the rainfall-runoff modelling show that there is an insignificant 

increase in peak discharge for the urban catchment, associated with relatively small 

recurrence intervals. On average, GFDL CM2.1 suggests a 7% to 10% increase in the 

peak discharge between 1961–1990 and 2016–2045, while CCAM suggests a 7% to 

11% decrease for the same two contrasting periods.  

The final sections of Chapter 4 demonstrate the development of two land-use 

change scenarios for the Bulimba Creek catchment. These scenarios have been 

developed to test if future flood flows will change based on possible land-use changes 

in the catchment. The first scenario is a moderate urban development which is a 

conversion of all farms to residential land. Furthermore, the average imperviousness 

fraction increases from 0.36 to 0.39. For the second scenario, a worst case 

development scenario is considered with a conversion of all the remaining farm and 

forested lands to urban areas in the catchment, giving an average impervious fraction 

of 0.48. Results show that the flood frequency curves slightly increase based on the 

projected land-use scenarios. The difference between the first and second land-use 

change scenarios, however, is not statistically significant. Changes in the peak flow 

are greater for shorter return periods. In other words, the increase in peak discharge is 

reduced for larger but rarer flood events. Based on the existing land-use map, the 

Bulimba Creek catchment is already an extensively urbanized catchment. Therefore, 

the change in the pervious area is structurally limited.  

5.2 Recommendations 

This research advances the technical assessment of flood risk as impacted by 

climate and land-use changes. It is anticipated that outcomes from this study will 

assist in developing sound strategies to enhance flood risk management in Australia at 

local and state government levels. The methodologies adopted herein have not 

previously been applied in Australia. Further research should consider a longer period 

of recorded pluviograph data, when available, to improve confidence in the findings, 

as sites with pluviograph data recorded over a long period were limited at the time of 

this study. The correlations between temperatures and rainfall intensities were site-

specific, and as such may not be appropriate for a wider application.  Further research 

is required to identify the spatial variation in the relationship between temperature and 

rainfall intensity for the estimation of design storm. Influences of land-use change on 
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flood risks were mostly insignificant as the study catchment is already urbanised. 

Future work could also include less urbanised, semi-rural and rural catchments to 

assess the impact of land-use change on flood risks. 



References 

125 
 

References  

Alexander, L.V. et al., 2006. Global observed changes in daily climate extremes of 
temperature and precipitation. Journal of Geophysical Research: Atmospheres, 
111(D5): D05109. 

AlHassoun, S.A., 2011. Developing an empirical formulae to estimate rainfall 
intensity in Riyadh region. Journal of King Saud University - Engineering 
Sciences, 23(2): 81-88. 

Allan, R.P. and Soden, B.J., 2008. Atmospheric Warming and the Amplification of 
Precipitation Extremes. Science, 321(5895): 1481-1484. 

Anselmo, V., Galeati, G., Palmieri, S., Rossi, U. and Todini, E., 1996. Flood risk 
assessment using an integrated hydrological and hydraulic modelling approach: 
a case study. Journal of Hydrology, 175(1-4): 533-554. 

Australian Bureau of Agricultural and Resource Economics and Sciences, 2011. 
Guidelines for land use mapping in Australia: principles, procedures and 
definitions. Australian Bureau of Agricultural and Resource Economics and 
Sciences, Canberra. 

Australian Bureau of Meteorology, 1974. Brisbane floods January 1974. In: 
Department of Science Bureau of Meteorology (Editor). Australian 
Government Publishing Service, Canberra, pp. 61. 

Australian Bureau of Meteorology, 2011. The Rainfall IFD Data System. Bureau of 
Meteorology. 

Avery, D.R. and Inst Engineers, A., 1989. Application of RORB runoff routing model 
to flood warning system in the Tweed Valley, New South Wales. Hydrology 
and Water Resources Symposium 1989 : Comparisons in Austral Hydrology: 
Preprints of Papers, 89. INST ENGINEERS AUSTRALIA, BARTON. 

Bates, B., Kundzewicz, Z.W., Wu, S. and Palutikof, J., 2008. Climate Change and 
Water. VI, Intergovernmental Panel on Climate Change, Geneva. 

Bathurst, J.C., Ewen, J., Parkin, G., O'Connell, P.E. and Cooper, J.D., 2004. 
Validation of catchment models for predicting land-use and climate change 
impacts. 3. Blind validation for internal and outlet responses. Journal of 
Hydrology, 287(1-4): 74-94. 

Bell, V.A., Kay, A.L., Jones, R.G. and Moore, R.J., 2007. Use of a grid-based 
hydrological model and regional climate model outputs to assess changing 
flood risk. International Journal of Climatology, 27(12): 1657-1671. 

Beven, K.J., Kirkby, M.J., Schofield, N. and Tagg, A.F., 1984. Testing a physically-
based flood forecasting model (TOPMODEL) for three U.K. catchments. 
Journal of Hydrology, 69(1-4): 119-143. 



References 

126 
 

Biggs, E.M. and Atkinson, P.M., 2011. A characterisation of climate variability and 
trends in hydrological extremes in the Severn Uplands. International Journal 
of Climatology, 31(11): 1634-1652. 

Black, A.R. and Burns, J.C., 2002. Re-assessing the flood risk in Scotland. The 
Science of The Total Environment, 294(1-3): 169-184. 

Black, A.R. and Werritty, A., 1997. Seasonality of flooding: a case study of North 
Britain. Journal of Hydrology, 195(1-4): 1-25. 

Blenkinsop, S., Jones, P.D., Dorling, S.R. and Osborn, T.J., 2009. Observed and 
modelled influence of atmospheric circulation on central England temperature 
extremes. International Journal of Climatology, 29(11): 1642-1660. 

Blöschl, G. and Montanari, A., 2010. Climate change impacts—throwing the dice? 
Hydrological Processes, 24(3): 374-381. 

Booij, M.J., 2005. Impact of climate change on river flooding assessed with different 
spatial model resolutions. Journal of Hydrology, 303(1-4): 176-198. 

Boughton, W., 2005. Catchment water balance modelling in Australia 1960-2004. 
Agricultural Water Management, 71(2): 91-116. 

Boughton, W. and Droop, O., 2003. Continuous simulation for design flood 
estimation-a review. Environmental Modelling & Software, 18(4): 309-318. 

Boyd, M. and Bodhinayake, N., 2006. WBNM runoff routing parameters for south 
and eastern Australia Australian Journal of Water Resources, 10(1): 35-48. 

Boyd, M.J., Rigby, E.H. and VanDrie, R., 1996. WBNM -- a computer software 
package for flood hydrograph studies. Environmental Software, 11(1-3): 167-
172. 

Brimicombe, A.J. and Bartlett, J.M., 1996. Linking geographic information systems 
with hydraulic simulation modelling for flood risk assessment: the Hong Kong 
approach. In: M.F. Goodchild (Editor), GIS and Environmental Modelling. 
Oxford University Press, New York City, pp. 165-168. 

Brisbane City Council, 1992. Bulimba Creek flood study detailed report. Qasco 
Sureys Pty Ltd, Brisbane. 

Buishand, T.A., 1989. The partial duration series method with a fixed number of 
peaks. Journal of Hydrology, 109(1-2): 1-9. 

Bureau of Meteorology, 2013. Monthly rainfall. Bureau of Meteorology,. 

Bureau of Transport Economics, 2001. Economic Costs of Natural Disasters in 
Australia. Report 103, Canberra. 

Calver, A. and Lamb, R., 1995. Flood frequency estimation using continuous rainfall-
runoff modelling. Physics and Chemistry of The Earth, 20(5-6): 479-483. 

Cameron, D.S., Beven, K.J., Tawn, J., Blazkova, S. and Naden, P., 1999. Flood 
frequency estimation by continuous simulation for a gauged upland catchment 
(with uncertainty). Journal of Hydrology, 219(3-4): 169-187. 

Cannarozzo, M., Noto, L.V. and Viola, F., 2006. Spatial distribution of rainfall trends 
in Sicily (1921-2000). Physics and Chemistry of the Earth, Parts A/B/C, 
31(18): 1201-1211. 



References 

127 
 

Canterford, R.P., Pescod, N.R., Pearce, H.J. and Turner, L.H., 2001. Design Intensity-
Frequency-Duration Rainfall. In: D.H. Pilgrim (Editor), Australian Rainfall 
and Runoff. The Institution of Engineers, Australia, Barton. 

Carpenter, T.M., Sperfslage, J.A., Georgakakos, K.P., Sweeney, T. and Fread, D.L., 
1999. National threshold runoff estimation utilizing GIS in support of 
operational flash flood warning systems. Journal of Hydrology, 224(1-2): 21-
44. 

Carroll, D.G., 1994. Aspects of the URBS Runoff Routing Model, Water Down 
Under 94: Surface Hydrology and Water Resources Institution of Engineers, 
Australia, Adelaide, pp. 169-176. 

Cech, T.V., 2005. Principles of water resources: history, development, management, 
and policy. John Wiley & Sons, Hoboken, NJ, xx, 468 p. pp. 

Charles, S.P., Bari, M.A., Kitsios, A. and Bates, B.C., 2007. Effect of GCM bias on 
downscaled precipitation and runoff projections for the Serpentine catchment, 
Western Australia. International Journal of Climatology, 27(12): 1673-1690. 

Chen, G.F., Qin, D.Y., Ye, R., Guo, Y.X. and Wang, H., 2011a. A new method of 
rainfall temporal downscaling: a case study on sanmenxia station in the 
Yellow River Basin. Hydrology and Earth System Sciences, 8(2): 2323-2344. 

Chen, Y.-R., Yeh, C.-H. and Yu, B., 2011b. Integrated application of the analytic 
hierarchy process and the geographic information system for flood risk 
assessment and flood plain management in Taiwan. Natural Hazards, 59(3): 
1261-1276. 

Cheng, S.-P. and Wang, R.-Y., 2004. Analyzing Hazard Potential of Typhoon 
Damage by Applying Grey Analytic Hierarchy Process. Natural Hazards, 
33(1): 77-103. 

Chiew, F.H.S. et al., 2010. Comparison of runoff modelled using rainfall from 
different downscaling methods for historical and future climates. Journal of 
Hydrology, 387(1-2): 10-23. 

Chow, V.T., Maidment, D.R. and Mays, L.W., 1988. Applied Hydrology. McGraw-
Hill series in water resources and environmental engineering. McGraw-Hill, 
New York. 

Clarke, R.T., 1999. Uncertainty in the estimation of mean annual flood due to rating-
curve indefinition. Journal of Hydrology, 222(1-4): 185-190. 

Cunnane, C., 1973. A particular comparison of annual maxima and partial duration 
series methods of flood frequency prediction. Journal of Hydrology, 18(3-4): 
257-271. 

Dankers, R., Christensen, O.B., Feyen, L., Kalas, M. and de Roo, A., 2007. 
Evaluation of very high-resolution climate model data for simulating flood 
hazards in the Upper Danube Basin. Journal of Hydrology, 347(3-4): 319-331. 

Delworth, T.L. et al., 2006. GFDL's CM2 global coupled climate models. Part I: 
Formulation and simulation characteristics. Journal of Climate, 19(5): 643-
674. 

Department of Infrastructure and Planning, 2009. South East Queensland Regional 
Plan 2009-2031, The State of Queensland, Brisbane. 



References 

128 
 

Domroes, M. and Schaefer, D., 2008. Recent climate change affecting rainstorm 
occurrences: a case study in East China. Climate of the Past, 4(4): 303-309. 

Douglas, E.M., Vogel, R.M. and Kroll, C.N., 2000. Trends in floods and low flows in 
the United States: impact of spatial correlation. Journal of Hydrology, 240(1-
2): 90-105. 

Dyer, B., Nathan, R., McMahon, T. and O'Neill, I., 1992. Regional Relationships for 
the RORB Model: A Need for Understanding. In: A. Institution of Engineers 
(Editor), Engineering in Agriculture, 1992: Quality Soils, Quality Food, 
Quality Environment. Institution of Engineers, Australia, Albury, pp. 79-83. 

Dyer, B., Nathan, R., McMahon, T. and O'Neill, I., 1994. Development of regional 
prediction equations for the RORB runoff routing model, Cooperative 
Research Centre for Catchment Hydrology, Clayton. 

Dyer, B.G., Nathan, R.J., McMahon, T.A., Oneill, I.C. and Inst Engineers, A., 1993. 
Towards regionalization of the RORB parameters. Hydrology and Water 
Resources Symposium - Towards the 21st Century: Preprints of Papers. INST 
ENGINEERS AUSTRALIA, BARTON, 133-139 pp. 

Elsebaie, I.H., Developing rainfall intensityâ€“durationâ€“frequency relationship for 
two regions in Saudi Arabia. Journal of King Saud University - Engineering 
Sciences, 24(2): 131-140. 

Endreny, T.A. and Imbeah, N., 2009. Generating robust rainfall intensity-duration-
frequency estimates with short-record satellite data. Journal of Hydrology, 
371(1-4): 182-191. 

England Jr, J.F., Velleux, M.L. and Julien, P.Y., 2007. Two-dimensional simulations 
of extreme floods on a large watershed. Journal of Hydrology, 347(1-2): 229-
241. 

Environmental Protection Agency, 2007. South East Queensland Environmental 
Value Sub-catchment Dataset Version 1.1. Environmental Protection Agency, 
Queensland, Brisbane, pp. This is one of the datasets that comprise the South 
East Queensland Environmental Values Schedule 1 Database, March 2006. 
These datasets provide the spatial context for the Environmental Values (EVs) 
and Water Quality Objectives (WQOs) scheduled  under the Environmental 
Protection (Water) Policy (1997). 

Fiorentino, M., Manfreda, S. and Iacobellis, V., 2007. Peak runoff contributing area as 
hydrological signature of the probability distribution of floods. Advances in 
Water Resources, 30(10): 2123-2134. 

Fox, D.M. et al., 2012. A case study of land cover change (1950-2003) and runoff in a 
Mediterranean catchment. Applied Geography, 32(2): 810-821. 

Franczyk, J. and Chang, H., 2009. The effects of climate change and urbanization on 
the runoff of the Rock Creek basin in the Portland metropolitan area, Oregon, 
USA. Hydrological Processes, 23(6): 805-815. 

Fujibe, F., Yamazaki, N., Katsuyama, M. and Kobayashi, K., 2005. The increasing 
trend of intense precipitation in Japan based on four-hourly data for a hundred 
year. SOLA, 1: 41-44. 



References 

129 
 

Gnanadesikan, A. et al., 2006. GFDL's CM2 global coupled climate models. Part II: 
The baseline ocean simulation. Journal of Climate, 19(5): 675-697. 

Goyen, A.G., Lees, S.J. and Phillips, B.C., 2002. Analysis of allotment based storage, 
infiltration and reuse drainage strategies to minimize urbanization effects. In: 
E.W. Strecker and W.C. Huber (Editors), Global Solutions for Urban Drainage. 
American Society of Civil Engineers, Oregon, U.S., pp. 1-17. 

Groisman, P.Y. et al., 2005. Trends in Intense Precipitation in the Climate Record. 
Journal of Climate, 18(9): 1326-1350. 

Groisman, P.Y. and Legates, D.R., 1995. Documenting and detecting long-term 
precipitation trends: Where we are and what should be done. Climatic change, 
31(2): 601-622. 

Guo, H., Hu, Q. and Jiang, T., 2008. Annual and seasonal streamflow responses to 
climate and land-cover changes in the Poyang Lake basin, China. Journal of 
Hydrology, 355(1-4): 106-122. 

Hamed, K.H., 2008. Trend detection in hydrologic data: The Mann-Kendall trend test 
under the scaling hypothesis. Journal of Hydrology, 349(3-4): 350-363. 

Hamed, K.H. and Rao, A.R., 1998. A modified Mann-Kendall trend test for 
autocorrelated data. Journal of Hydrology, 204(1-4): 182-196. 

Hammersmark, C.T., Fleenor, W.E. and Schladow, S.G., 2005. Simulation of flood 
impact and habitat extent for a tidal freshwater marsh restoration. Ecological 
Engineering, 25(2): 137-152. 

Hardwick Jones, R., Westra, S. and Sharma, A., 2010. Observed relationships 
between extreme sub-daily precipitation, surface temperature, and relative 
humidity. Geophysical Research Letters, 37(22): L22805. 

Harvey, S., Hoedt, G.d. and Ernst, J., 2000. Objective classification of Australian 
climates. Australian Meteorological Magazine, 49(2): 87-96. 

Haylock, M. and Nicholls, N., 2000. Trends in extreme rainfall indices for an updated 
high quality data set for Australia, 1910-1998. International Journal of 
Climatology, 20(13): 1533-1541. 

IPCC, 2007. Climate change 2007: synthesis report, Intergovernmental Panel on 
Climate Change, Geneva. 

Iwashima, T. and Yamamoto, R., 1993. A statistical analysis of the extreme event: 
Long-term trend of heavy daily precipitation. Journal of Meteorological 
Society of Japan, 71(5): 637-640. 

Jakob, D., Karoly, D.J. and Seed, A., 2011a. Non-stationarity in daily and sub-daily 
intense rainfall - Part 1: Sydney, Australia. Nat. Hazards Earth Syst. Sci., 
11(8): 2263-2271. 

Jakob, D., Karoly, D.J. and Seed, A., 2011b. Non-stationarity in daily and sub-daily 
intense rainfall - Part 2: Regional assessment for sites in south-east Australia. 
Nat. Hazards Earth Syst. Sci., 11(8): 2273-2284. 

Jarsjö, J., Asokan, S.M., Prieto, C., Bring, A. and Destouni, G., 2012. Hydrological 
responses to climate change conditioned by historic alterations of land-use and 
water-use. Hydrology and Earth System Sciences, 16(5): 1335-1347. 



References 

130 
 

Jeffrey, S.J., Carter, J.O., Moodie, K.B. and Beswick, A.R., 2001. Using spatial 
interpolation to construct a comprehensive archive of Australian climate data. 
Environmental Modelling & Software, 16(4): 309-330. 

Johnson, F. and Sharma, A., 2009. Measurement of GCM Skill in Predicting 
Variables Relevant for Hydroclimatological Assessments. Journal of Climate, 
22(16): 4373-4382. 

Johnson, F., Xuereb, K., Jeremiah, E. and Green, J., 2012. Regionalisation of rainfall 
statistics for the IFD Revision Project. In: C.P.P. Ltd (Editor), 34th Hydrology 
& Water Resources Symposium. Engineers Australia, Sydney, Australia, pp. 
185-192. 

Jones, D.A. and Kay, A.L., 2007. Uncertainty analysis for estimating flood 
frequencies for ungauged catchments using rainfall-runoff models. Advances 
in Water Resources, 30(5): 1190-1204. 

Kay, A., Davies, H., Bell, V. and Jones, R., 2009. Comparison of uncertainty sources 
for climate change impacts: flood frequency in England. Climatic change, 
92(1): 41-63. 

Kay, A.L., Jones, R.G. and Reynard, N.S., 2006a. RCM rainfall for UK flood 
frequency estimation. II. Climate change results. Journal of Hydrology, 318(1-
4): 163-172. 

Kay, A.L., Reynard, N.S. and Jones, R.G., 2006b. RCM rainfall for UK flood 
frequency estimation. I. Method and validation. Journal of Hydrology, 318(1-
4): 151-162. 

Kent, D., Cai, W. and Nguyen, K., 2012. Projections of exceptional climatic events in 
South East Queensland produced by a dynamical regional circulation model. 

Kimble, G.A., 1978. How to use (and misuse) statistics. Spectrum book. Prentice-Hall, 
Englewood Cliffs, N.J, xi, 290 p. pp. 

Koutsoyiannis, D., Kozonis, D. and Manetas, A., 1998. A mathematical framework 
for studying rainfall intensity-duration-frequency relationships. Journal of 
Hydrology, 206(1-2): 118-135. 

Krishnakumar, K.N., Prasada Rao, G.S.L.H.V. and Gopakumar, C.S., 2009. Rainfall 
trends in twentieth century over Kerala, India. Atmospheric Environment, 
43(11): 1940-1944. 

Ladson, A., 2008. Hydrology: an Australian introduction. Oxford University Press, 
South Melbourne. 

Lahmer, W., Pfützner, B. and Becker, A., 2001. Assessment of land use and climate 
change impacts on the mesoscale. Physics and Chemistry of the Earth, Part B: 
Hydrology, Oceans and Atmosphere, 26(7-8): 565-575. 

Lang, M., Ouarda, T.B.M.J. and Bobee, B., 1999. Towards operational guidelines for 
over-threshold modeling. Journal of Hydrology, 225(3-4): 103-117. 

Laurenson, E.M., Mein, R.G. and Nathan, R.J., 2010. RORB version 6 runoff routing 
program user manual. Monash University and Sinclair Knight Merz Pty. Ltd., 
Melbourne. 



References 

131 
 

Leander, R., Buishand, T.A., van den Hurk, B.J.J.M. and de Wit, M.J.M., 2008. 
Estimated changes in flood quantiles of the river Meuse from resampling of 
regional climate model output. Journal of Hydrology, 351(3-4): 331-343. 

Legates, D.R. and Willmott, C.J., 1992. A comparison of GCM-simulated and 
observed mean January and July precipitation. Global and Planetary Change, 
5(4): 345-363. 

Legesse, D., Vallet-Coulomb, C. and Gasse, F., 2003. Hydrological response of a 
catchment to climate and land use changes in Tropical Africa: case study 
South Central Ethiopia. Journal of Hydrology, 275(1-2): 67-85. 

Lenderink, G. and van Meijgaard, E., 2008. Increase in hourly precipitation extremes 
beyond expectations from temperature changes. Nature Geoscience, 1(8): 511-
514. 

Li, J., Feng, J. and Li, Y., 2011. A possible cause of decreasing summer rainfall in 
northeast Australia. International Journal of Climatology, 32(7): 995-1005. 

Linacre, E. and Hobbs, J., 1977. The Australian Climatic Environment. John Wiley & 
Sons, Milton. 

Ljungqvist, F.C., P. J. Krusic, G.B. and Sundqvist, H.S., 2012. Northern Hemisphere 
temperature patterns in the last 12 centuries. Climate of the Past, 8(1): 227-
249. 

Lough, J.M., 1991. Rainfall variations in Queensland, Australia: 1891–1986. 
International Journal of Climatology, 11(7): 745-768. 

Lough, J.M., 1993. Variations of some seasonal rainfall characteristics in Queensland, 
Australia 1921-1987. International Journal of Climatology, 13(4): 391-409. 

Lough, J.M., 1997. Regional indices of climate variation: temperature and rainfall in 
Queensland, Australia. International Journal of Climatology, 17(1): 55-66. 

Loukas, A., Vasiliades, L. and Dalezios, N.R., 2002. Potential climate change impacts 
on flood producing mechanisms in southern British Columbia, Canada using 
the CGCMA1 simulation results. Journal of Hydrology, 259(1-4): 163-188. 

Madsen, H., Pearson, C.P. and Rosbjerg, D., 1997a. Comparison of annual maximum 
series and partial duration series methods for modeling extreme hydrologic 
events: 2. Regional modeling. Water Resources Research, 33(4): 759-769. 

Madsen, H., Rasmussen, P.F. and Rosbjerg, D., 1997b. Comparison of annual 
maximum series and partial duration series methods for modeling extreme 
hydrologic events: 1. At-site modeling. Water Resources Research, 33(4): 
747-757. 

Madsen, H. and Rosbjerg, D., 1997. The partial duration series method in regional 
index-flood modeling. Water Resources Research, 33(4): 737-746. 

Malone, T., 1999. Using RUBS for real time flood modeling, Water 99: Joint 
Congress. Institution of Engineers, Australia, Brisbane, Australia, pp. 603-608. 

Mann, H., 1945. Nonparametric Tests Against Trend. Econometrica, 13(3): 245-259. 

Mazion, E. and Yen, B.C., 1994. Computational Discretization Effect on Rainfall-
Runoff Simulation. Journal of Water Resources Planning and Management-
Asce, 120(5): 715-734. 



References 

132 
 

Mein, R.G., Laurenson, E.M. and Mcmahon, T.A., 1974. Simple Nonlinear Model for 
Flood Estimation. Journal of the Hydraulics Division, 100(11): 1507-1518. 

Meyer, V., Scheuer, S. and Haase, D., 2009. A multicriteria approach for flood risk 
mapping exemplified at the Mulde River, Germany. Natural Hazards, 48(1): 
17-39. 

Muzik, I., 2002. A first-order analysis of the climate change effect on flood 
frequencies in a subalpine watershed by means of a hydrological rainfall-
runoff model. Journal of Hydrology, 267( 1-2): 65-73. 

Nakicenovic, N. et al., 2000. Emissions Scenarios, Intergovenmental Panel on 
Climate Change, Cambridge. 

Nguyen, K. and McGregor, J., 2009. Modelling the Asian summer monsoon using 
CCAM. Climate Dynamics, 32(2-3): 219-236. 

Nguyen, K.C. and McGregor, J.L., 2012. Numerical simulation of current climate 
conditions for South East Queensland. 

Nicholls, N., 2003. Continued anomalous warming in Australia. Geophysical 
Research Letters, 30(7): 1370. 

Nicholls, N. and Kariko, A., 1993. East Australian Rainfall Events: Interannual 
Variations, Trends, and Relationships with the Southern Oscillation. Journal 
of Climate, 6(6): 1141-1152. 

Nicholls, N., Lavery, B., Frederiksen, C., Drosdowsky, W. and Torok, S., 1996. 
Recent apparent changes in relationships between the El Niño-Southern 
Oscillation and Australian rainfall and temperature. Geophysical Research 
Letters, 23(23): 3357-3360. 

Paquet, E., Garavaglia, F., Garçon, R. and Gailhard, J., 2013. The SCHADEX method: 
A semi-continuous rainfall-runoff simulation for extreme flood estimation. 
Journal of Hydrology, 495(1-4): 23-37. 

Pender, G. and Néelz, S., 2007. Use of computer models of flood inundation to 
facilitate communication in flood risk management. Environmental Hazards, 
7(2): 106-114. 

Perkins, S.E., Pitman, A.J., Holbrook, N.J. and McAneney, J., 2007. Evaluation of the 
AR4 Climate Models' Simulated Daily Maximum Temperature, Minimum 
Temperature, and Precipitation over Australia Using Probability Density 
Functions. Journal of Climate, 20(17): 4356-4376. 

Petrow, T. and Merz, B., 2009. Trends in flood magnitude, frequency and seasonality 
in Germany in the period 1951-2002. Journal of Hydrology, 371(1-4): 129-
141. 

Pilgrim, D.H. (Editor), 2001. Australian rainfall and runoff : a guide to flood 
estimation, 1. Institution of Engineers, Australia, Canberra. 

Pilgrim, D.H. and Doran, D.G., 2001. Flood frequency analysis. In: D.H. Pilgrim 
(Editor), Australian Rainfall and Runoff. The Institution of Engineers, 
Australia, Barton. 

Poelmans, L., Rompaey, A.V., Ntegeka, V. and Willems, P., 2011. The relative 
impact of climate change and urban expansion on peak flows: a case study in 
central Belgium. Hydrological Processes, 25(18): 2846-2858. 



References 

133 
 

Prudhomme, C., Jakob, D. and Svensson, C., 2003. Uncertainty and climate change 
impact on the flood regime of small UK catchments. Journal of Hydrology, 
277(1-2): 1-23. 

Prudhomme, C., Reynard, N. and Crooks, S., 2002. Downscaling of global climate 
models for flood frequency analysis: where are we now. Hydrological 
processes, 15(16): 1137-1150. 

Queensland Department of Natural Resources and Mines, 1999. Queensland Landuse 
1999. Commonwealth Bureau of Rural Sciences, Brisbane. 

Queensland Floods Commission of Inquiry, 2012. Queensland Floods Commission of 
Inquiry Final Report, The State of Queensland, Brisbane. 

Queensland Government, 2001. South East Queensland Healthy Waterways. 
Queensland Government. 

Rahman, A., Weinmann, P.E., Hoang, T.M.T. and Laurenson, E.M., 2002. Monte 
Carlo simulation of flood frequency curves from rainfall. Journal of 
Hydrology, 256(3-4): 196-210. 

Rahman, A., Haddad, K., Kuczera, G. and Weinmann, E. 2009. Australian Rainfall 
and Runoff Revision Projects: Project 5 Regional Flood Methods. Institution 
of Engineers, Australia, Sydney. 

Reynard, N.S., Prudhomme, C. and Crooks, S.M., 2001. The flood characteristics of 
large UK rivers: potential effects of change climate and land use. Climatic 
change, 48(2-3): 343-359. 

Roo, A.D., Schmuck, G., Perdigao, V. and Thielen, J., 2003. The influence of historic 
land use changes and future planned land use scenarios on floods in the Oder 
catchment. Physics and Chemistry of the Earth, Parts A/B/C, 28(33-36): 1291-
1300. 

Rosbjerg, D. and Madsen, H., 1995. Uncertainty measures of regional flood frequency 
estimators. Journal of Hydrology, 167(1-4): 209-224. 

Rosenzwelg, C. et al., 2007. Assessment of observed changes and responses in natural 
and managed systems. Intergovernmental Panel on Climate Change, 
Cambridge. 

Roy, L., Leconte, R., Brissette, F.P. and Marche, C., 2001. The impact of climate 
change on seasonal floods of a southern Quebec river basin. Hydrological 
processes, 15(16): 3167-3179. 

Saaty, T.L., 1990. The Analytic Hierarchy Process: Planning, Priority Setting, 
Resource Allocation. RWS publications, Pittsburgh. 

Savenije, H.H.G., 1995. Recent extreme floods in Europe and the USA; challenges for 
the future. Physics and Chemistry of The Earth, 20(5-6): 433-437. 

Serrano, A., Mateos, V.L. and Garcia, J.A., 1999. Trend analysis of monthly 
precipitation over the iberian peninsula for the period 1921-1995. Physics and 
Chemistry of the Earth, Part B: Hydrology, Oceans and Atmosphere, 24(1-2): 
85-90. 

Simonovic, S.P., ASCE, M. and Li, L., 2003. Methodology for assessment of climate 
change impacts on large scale flood protection system. Journal of Water 
Resources Planning and Management, 129(5): 361-371. 



References 

134 
 

Singh, V.P., 1987. Regional Flood Frequency Analysis. Springer. 

Singh, V.P., 1988. Hydrologic Systems: Rainfall-runoff modeling. Prentice Hall. 

Siriwardena, L., Finlayson, B.L. and McMahon, T.A., 2006. The impact of land use 
change on catchment hydrology in large catchments: The Comet River, 
Central Queensland, Australia. Journal of Hydrology, 326(1-4): 199-214. 

Smith, D.I., Schreider, S.Y. and Jakeman, A.J., 1997. Urban flooding- Greenhouse 
Climate Modelling, Flood Hydrology and Damages, International congress on 
modelling and simulation proceedings. Modelling and Simulation Society of 
Australia Inc., Hobart, pp. 724-729. 

Srikanthan, S., 2012. Annual Maximum or Partial Duration Series: A review. In: 
C.P.P. Ltd (Editor), 34th Hydrology & Water Resources Symposium. 
Engineers Australia, Sydney, Australia, pp. 407-414. 

Sriwongsitanon, N. and Taesombat, W., 2011. Effects of land cover on runoff 
coefficient. Journal of Hydrology, 410(3-4): 226-238. 

Stouffer, R.J. et al., 2006. GFDL's CM2 global coupled climate models. Part IV: 
Idealized climate response. Journal of Climate, 19(5): 723-740. 

Suppiah, R., 1993. ENSO phenomenon and 30–50 day variability in the Australian 
summer monsoon rainfall. International Journal of Climatology, 13(8): 837-
851. 

Suppiah, R. and Hennessy, K.J., 1998. Trends in total rainfall, heavy rain events and 
number of dry days in Australia, 1910-1990. International Journal of 
Climatology, 18(10): 1141-1164. 

Svensson, C., Kundzewicz, W.Z. and Maurer, T., 2005. Trend detection in river flow 
series: 2. Flood and low-flow index series. Hydrological Sciences Journal, 
50(5): 811-824. 

Takeuchi, K., 1984. Annual maximum series and partial-duration series -- Evaluation 
of Langbein's formula and Chow's discussion. Journal of Hydrology, 68(1-4): 
275-284. 

Tollan, A., 2002. Land-use change and floods: what do we need most, research or 
management? Water Science and Technology, 45(8): 183-190. 

Trenberth, K.E., 1998. Atmospheric Moisture Residence Times and Cycling: 
Implications for Rainfall Rates and Climate Change. Climatic change, 39(4): 
667-694. 

Trenberth, K.E., 1999. Conceptual Framework for Changes of Extremes of the 
Hydrological Cycle with Climate Change. Climatic change, 42(1): 327-339. 

Trenberth, K.E., Dai, A., Rasmussen, R.M. and Parsons, D.B., 2003. The Changing 
Character of Precipitation. Bulletin of the American Meteorological Society, 
84(9): 1205-1217. 

Treut, H.L. et al., 2007. Historical overview of climate change, Intergovernmental 
Panel on Climate Change, Cambridge. 

Trevithick, R. and Yu, B., 2010. Effects of resolution and scale on the accuracy of 
impervious fraction for urban catchments in Australia. In: C.M.U. Neale and 



References 

135 
 

M.H. Cosh (Editors), Remote Sensing and Hydrology. IAHS publication, 
Wyoming, USA, pp. 257-261. 

Tuleya, R.E., DeMaria, M. and Kuligowski, R.J., 2007. Evaluation of GFDL and 
simple statistical model rainfall forecasts for US landfalling tropical storms. 
Weather and Forecasting, 22(1): 56-70. 

Weeks, W.D., 1986. Flood estimation by runoff routing - model applications in 
Queensland. Transactions of Institution of Engineers, Australia Civil 
Engineering, CE28(2): 159-166. 

Willems, P., Arnbjerg-Nielsen, K., Olsson, J. and Nguyen, V.T.V., 2012. Climate 
change impact assessment on urban rainfall extremes and urban drainage: 
Methods and shortcomings. Atmospheric Research, 103(1): 106-118. 

Willett, K. and Sharda, R., 1991. Using the analytic hierarchy process in water 
resources planning: Selection of flood control projects. Socio-Economic 
Planning Sciences, 25(2): 103-112. 

Wittenberg, A.T., Rosati, A., Lau, N.C. and Ploshay, J.J., 2006. GFDL's CM2 global 
coupled climate models. Part III: Tropical pacific climate and ENSO. Journal 
of Climate, 19(5): 698-722. 

Wright, D.B., 2002. First steps in statistics. SAGE, London ; Thousand Oaks, Calif., x, 
147 p. pp. 

Xuereb, K. and Green, J., 2012. Defining Independence of Rainfall Events with a 
Partial Duration Series Approach. In: C.P.P. Ltd (Editor), 34th Hydrology & 
Water Resources Symposium. Engineers Australia, Sydney, Australia, pp. 
170-176. 

Yu, B., 1989. Regional relationships for the runoff routing model (RORB), revisited. 
Transactions of the Institution of Engineers, Australia. Civil engineering, 
CE31(4): 186-191. 

Yu, B. and Neil, D.T., 1991. Global warming and regional rainfall: The difference 
between average and high intensity rainfalls. International Journal of 
Climatology, 11(6): 653-661. 

Yu, B. and Neil, D.T., 1993. Long-term variations in regional rainfall in the South-
West of Western-Australia and the difference between average and high-
intensity rainfalls. International Journal of Climatology, 13(1): 77-88. 

Zhang, J., Okada, N., Tatano, H. and Hayakawa, S., 2002. Risk assessment and 
zoning of flood damage caused by heavy rainfall in yamaguchi prefecture, 
Japan. In: Wu et al. (Editor), Second International Symposium on Flood 
Defence. Science Press, Beijing, China, pp. 162-169. 

 
 


	List of Figures
	List of Tables
	Chapter 1 Introduction
	1.1 Background
	1.2 Research justification
	1.3 Research objectives
	1.4 Layout of thesis

	Chapter 2 Literature Review
	2.1 Introduction
	2.2 Methods for flood risk assessment
	2.2.1 Multicriteria decision analysis 
	2.2.2 Statistical methods
	2.2.3 Deterministic approach

	2.3 RORB rainfall-runoff model
	2.3.1 Model parameters
	2.3.2 Model inputs and outputs

	2.4 Climate change
	2.4.1 Climate in the past
	2.4.2 Climate in the future

	2.5 Land-use change
	2.6 Summary

	Chapter 3 Change in Historical and Projected Rainfall
	3.1 Introduction
	3.2 Data collection
	3.2.1 Observed historical data
	3.2.2 Simulated rainfall data

	3.3 Change in rainfall
	3.3.1 Methodologies
	3.3.1.1 Study sites
	3.3.1.2 Rainfall data series
	3.3.1.3 The Mann-Kendall trend test
	3.3.1.4 30 year climatology
	3.3.1.5 Intensity-Frequency-Duration curves
	3.3.1.6 Student t-test

	3.3.2 Results and discussion 
	3.3.2.1 Study sites
	3.3.2.2 Rainfall and temperature trends
	3.3.2.3 Changes in IFD curves
	3.3.2.4 Rainfall intensity and annual temperature correlation
	3.3.2.5 Rainfall intensity and annual rainfall correlation
	3.3.2.6 Validation of GCM projected extreme rainfall
	3.3.2.7 Extreme rainfall changes


	3.4 Summary

	Chapter 4 Effects of Climate and Land-use Changes on Flood Runoff
	4.1 Introduction
	4.2 Study area and data
	4.2.1 Bulimba Creek catchment
	4.2.2 Streamflow data
	4.2.3 Rainfall data 
	4.2.4 Land-use data 
	4.2.5 Impervious fraction data 

	4.3 RORB input preparation
	4.3.1 Catchment file
	4.3.1.1 Catchment setup 
	4.3.1.2 Impervious fraction analysis

	4.3.2 Storm file
	4.3.2.1 Linear interpolation for flow
	4.3.2.2 Inverse Distance Weighting for rainfall 


	4.4 Model calibration and validation 
	4.4.1 Model calibration
	4.4.2 Model validation

	4.5 Future scenario development
	4.5.1 Future climate change scenarios
	4.5.2 Future land-use scenarios

	4.6 Application of RORB rainfall runoff model
	4.6.1 Future flood frequency based on climate change scenarios
	4.6.2 Future flood frequency based on land-use change scenarios

	4.7 Summary

	Chapter 5 Conclusions and Recommendations
	5.1 Conclusions
	5.2 Recommendations

	References 

