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Abstract 

Hundreds of millions of people rely on forested water catchments for potable drinking 

water. However, rainfall subsequent to widespread wildfire can result in high 

concentrations of suspended sediment entering waterways, and eventually, water supply 

reservoirs. Calculation of the risk wildfire poses to water quality of supply reservoirs 

involves consideration of both probabilistic and deterministic processes which intersect 

at a wide range of scales and resolutions, in time and space. Two of the key 

requirements necessary to develop a suitable risk model are i) the generation of spatially 

distributed burn intensity data of future fires to inform subsequent erosion models, and 

ii) an improved understanding of the relationship between spatial scale and post fire 

hydro-geomorphic processes. This thesis addresses these two areas, to support the future 

development of a post fire hydro-geomorphic risk model. 

A probabilistic wildfire burn area simulation model is developed and presented which 

delivers the required spatially distributed burn intensity data, while also replicating the 

fire frequency and magnitude of the local fire regime. The model relies on historical fire 

records and the adaption of an existing fire behaviour simulator to produce the desired 

output data. These data can then parameterise deterministic hydrological and erosion 

process sub-models to determine local post fire water quality risk. Further development 

of the wildfire model will allow more accurate simulation of the local fire regime. 

The relationship between spatial scale and post fire hydro-geomorphic processes is 

poorly understood, which prevents further development of a post fire hydro-geomorphic 

risk model. This thesis includes an analysis conducted to improve understanding of 

wildfire effects on peak discharge at the large catchment scale. Pre and post wildfire 

rainfall and runoff data from six large catchments in Australia’s southeast upland forests 

were analysed to determine whether wildfire causes significant increases in peak 

discharge. No significant change in peak discharge following wildfire at the large 

catchment scale was detected, however, substantial data quality issues clouded clear 

conclusions. This analysis concurs with the few local studies available, implying that at 

large catchment scales, post fire suspended sediment loads measured in stream networks 

after large volume rainfall events may come from near-channel, channel bank, or in-

channel sources. This may also suggest that large volume rainfall events may not need 
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to be considered when modelling hillslope erosion processes, possibly reducing the 

necessary complexity of an overall risk model. 

This thesis provides additional tools and knowledge to support future modelling of post 

fire hydro-geomorphic risks. A variety of other processes still require investigation and 

sub-model representation before the range of post fire suspended sediment loads 

delivered to water supply reservoirs by the hydro-geomorphic system can be reliably 

calculated. 
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1  Designing a post fire water quality risk model 

1.1 The nature of the modelling problem 

1.1.1 Context of the problem 

Undisturbed forested catchments are a source of high quality water for hundreds of 

millions of people worldwide (Dudley & Stolton, 2003). Every year, millions of 

hectares of forest are burnt by wildfire, particularly in southeast Australia, western 

North America and the Mediterranean (FAO, 2001). Wildfires in southeast Australia 

have recently burnt water supply catchments in Sydney (2001), Canberra (2003), 

Adelaide (2007), Melbourne (2009) and in various other regional towns (Smith et al., 

2011). Large increases in erosion have been documented after fire in Australia and 

globally (Smith & Dragovich, 2008; Sheridan et al., 2007a; Lane et al., 2006; Reneau et 

al., 2007; Malmon et al., 2007; Cerda & Lasanta, 2005; Wondzell & King, 2003; Scott 

et al., 1998). These post fire erosion events can deliver high levels of suspended 

sediment and other pollutants into water supply reservoirs, potentially disrupting a 

city’s water supply (Smith et al., 2011). Climate change projections for southeast 

Australia indicate an increased risk of fire due to warmer and drier conditions during an 

increasing proportion of the year (Hennessy et al., 2005; Pitman et al., 2007), which, in 

turn, may increase the risk of water supply contamination (Jones et al., 2014). 

1.1.2 Determination of risk 

Risk is a measurement of the probability of consequence (Aven, 2011). Low levels of 

suspended sediment entering water supply reservoirs in undisturbed forest catchments 

are generally of little consequence to water potability. In contrast, when rainfall events 

interact with recently burnt landscapes, highly increased levels of suspended sediment 

may be generated, which can have severe consequences (Smith et al., 2011). Modelling 

of the magnitude and frequency of suspended sediment that can be expected to enter 

water supply reservoirs may be used to estimate the risk of contamination of water 

supply resrvoirs. This is a complicated task and requires information on local fire and 

rainfall regimes, expected hydro-geomorphic processes underlying contaminant 

transfer, sediment dynamics within the reservoir, and water supply treatment capacity 

(Nyman et al., 2013). Calculation of this risk has not been previously achievable due to 
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a range of limitations in data, technology, and understanding of which processes and 

variables are the most important. In order to make progress modelling this problem, the 

overall system may be broken into smaller sub-models of processes, with each of these 

sub-models developed and tested independently.  

1.1.3 Model scale and resolution 

Scale describes the extent of a model in time and space. Resolution is the degree of 

detail used to represent the processes in question. The scale and resolution of a model 

depends on the focus question, and will also determine which type of model is 

appropriate. Different model structures are designed for, or aligned with, specific 

objectives so that the scale and resolution are appropriate to answer the focus question 

(Nyman et al., 2013). The combined effect of fire and rainfall is dependent on the 

stochastic intersection of burned areas and rainfall storm cells (Miller et al., 2003; 

Nyman et al., 2013). Therefore, the size, frequency, and location of fire and rainfall 

events are all important considerations. Resolution depends on data availability which 

limits physical model parameterisation. As scale increases, extra complexity is 

introduced which increases data demands and uncertainty about which internal 

processes lead to the larger scale response (Luce, 2005; Michaud & Sorooshian, 1994). 

Since data and process understanding is limited, and the scale of fire and rainfall 

regimes is large, it is prudent to consider lumped models which reflect the priority to 

predict system response at the catchment scale (Dawdy, 2007). Correct parameterisation 

of lumped models should ensure that internal processes predict the overall response and 

historical inputs can be modelled to verify outcomes are realistic. 

1.1.4 Overall risk focus question 

Liu et al. (2008) suggest four requirements for research outputs to be used effectively by 

land managers. These are: 1) clear definition of the focus question; 2) explicit 

conceptual modelling; 3) a suitable modelling strategy; and 4) a formal scenario 

analysis approach. The first three requirements will be addressed in this chapter, while 

the fourth requirement will be left to management discretion, depending on which 

scenarios are considered to be of most importance. To determine the overall system 

focus question, it is necessary to consider the required system outputs. For managers to 

make decisions on how best to manage threats, they need to know the exceedence 

probabilities for event suspended sediment loads. The range of runoff event suspended 
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sediment loads generated by an overall system model may be rated and given a 

likelihood of occurrence, such as that given in Figure 1, below. 

 

Figure 1. Example of desired overall system model output. 

The focus question required to give the system output described in Figure 1 is: "What is 

the magnitude and frequency of future runoff event suspended sediment loads that are 

likely to be delivered to the water supply reservoirs?" To answer this question it is 

necessary to determine which processes generate and deliver suspended sediment loads 

and at what scale they operate. It is also necessary to understand which processes are the 

most important, so that we can minimise model complexity and focus on the input 

variables that are of the most relevance to answer the focus question (Haimes, 2009).  

It is important to note that the purpose of this thesis is not to provide an answer to this 

overall focus question, but rather to present an overall model framework, and tackle 

some of the critical unknowns involved. A conceptual framework of linked process sub-

models is developed which should theoretically be able to produce the desired overall 

model outputs, if the processes involved are sufficiently well understood, and sub-

models describing these processes exist. 
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1.2 Post fire water quality concepts and impacts 

1.2.1 Wildfire as a geomorphological process 

Wildfire is an important geomorphological process (Shakesby & Doerr, 2006; 

Istanbulluoglu et al., 2004; Miller et al., 2003). The impact of wildfires on vegetation, 

soil, and catchment hydrology have been widely reported worldwide (Miller et al., 

2003; Ferreira et al., 2005a; Mayor et al., 2007; Scott et al., 1993). In the first few years 

after a severe fire, there is commonly an increase in runoff and erosion in response to 

initial rainfall events on the burnt landscape (Moody et al., 2008a; Cerdà & Lasanta, 

2005; Prosser & Williams, 1998). Fire, therefore, creates a ‘window of risk’ within 

which subsequent rainfall can initiate increased erosion before burnt vegetation recovers 

(Miller et al., 2003; Shakesby & Doerr, 2006). Enhanced discharge from individual 

rainfall events is also often observed (Tomkins et al., 2008; Reneau et al., 2007), 

however, the magnitude of change appears to vary according to the scale of the rainfall 

event and catchment under consideration. Fire severity, soil conditions, topography, and 

the magnitude and timing of post-fire rainfall events all contribute to the erosional 

response (Miller et al., 2003; Robichaud et al., 2007; Wondzell & King, 2003; Smith & 

Dragovich, 2008). When looking at long timescales, wildfire may be considered a 

control on the timing of large sediment transport events (Istanbulluoglu et al., 2004).  

1.2.2 Effect of post fire erosion on water supply 

Smith et al. (2011) reviewed the effects of wildfire on water quality in forested 

catchments, showing that post-fire erosion often results in a substantial increase in fine 

suspended sediment carried in suspension. At higher levels of suspended sediment 

concentration, detection of viruses and bacteria may be more difficult, higher adsorbed 

nutrient levels may increase bacterial growth, and water supply disinfection may be 

hampered (NHMRC, 2004). The strong tendency for many water quality constituents, 

particularly trace elements and phosphorus, to be bound to fine particles with low 

settling velocities necessitates a management focus on fine sediment (Horowitz, 1991; 

Ongley et al., 1992). These fine sediments may also carry relatively high concentrations 

of heavy metals, which may also be a further health risk. There are a range of physical, 

biological and chemical methods available for water treatment. To support informed, 

economic water supply treatment decisions, managers require a reliable analysis of 
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contamination risk. Design of a custom post fire water quality risk model is, therefore, a 

valuable undertaking. 

1.3 Development of a conceptual risk model 

1.3.1 Modelling approaches 

A model is an approximation of reality, whose accuracy is limited by current knowledge 

and available data. To model highly complex systems (in this case, natural 

geomorphologic systems over large areas) it is preferable, and more numerically 

reliable, to take a top down approach (Argent et al., 2005; Murray, 2007). This prevents 

small scale processes from unrealistically affecting large scale outputs, and ensures that 

the level of detail does not overwhelm the desired model usefulness. More detail may 

then be added to the model as required.  

A review of currently available models in this field (Jones et al., 2014; Istanbulluoglu et 

al., 2004; Robichaud et al., 2007) is included in Appendix 6.1.1, however, none of these 

models are completely appropriate. Since the overall system focus question is concerned 

with possible future processes, we need to determine the frequency and magnitude of 

fire and rainfall regimes stochastically. The outputs from the modelled fire and rainfall 

regimes must be useable as input for the erosion process sub-models which generate the 

suspended sediment loads. The framework for this modular process approach, which 

incorporates stochastic inputs, is developed further and described below. 

1.3.2 Monte Carlo combined process model framework 

Because the overall system includes the stochastic processes of wildfire and rainfall, a 

Monte Carlo simulation model may be designed to calculate the range of possibilities 

produced by the overall system, and provide inputs to deterministic erosion sub-models. 

These sub-models may then be used to calculate the sediment loads delivered to the 

water supply reservoir. Monte Carlo simulation methods are very useful when studying 

complex systems like these by using repeated random sampling of the probabilistic 

inputs to generate a distribution of outputs (Hubbard, 2009). In this case, the 

probabilistic inputs are wildfire and rainfall, and the system output should be a 

distribution of suspended sediment loads. The conceptual framework for a modular 

process model which describes post wildfire erosion was presented by Smith et al. 

(2009). This framework requires that a probabilistic fire model be developed which can 
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replicate aspects of the local fire regime likely to be important when modelling post fire 

erosion. A probabilistic fire model such as this does not currently exist for this region. 

1.3.2.1 Bringing together probabilistic and deterministic processes 

While wildfire ignition and rainfall events may be represented stochastically, other 

processes, such as wildfire behaviour, vegetation regrowth, and rainfall driven erosion, 

can be represented by individual deterministic models. A flow chart describing how the 

conceptual framework of the overall Monte Carlo model combines the various process 

models, is shown in Figure 2, below.  

 

Figure 2. Annual Monte Carlo fire-rainfall-erosion system model flow chart 

 

The overall risk model is complex because the model components interact with each 

other. For example, the random location point of fire ignition and the fire weather on the 

day of ignition both influence the resultant fire behaviour. The location of the burn and 

any subsequent rainfall must intersect if increased post fire erosion is to be generated. 

The spatially distributed intensity of the simulated wildfire can have implications for 

subsequent erosion modelling, by changing vegetation or soil properties. The intensity, 

duration, and size of rainfall events will determine which erosional processes may 

occur, and the quantity of suspended sediment generated. Therefore, the range of 

suspended sediment produced by the system (which is of primary interest to catchment 
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water supply managers), is affected by many variables, parameters, and processes, both 

stochastic and deterministic. The framework of the overall risk model appears to be 

conceptually strong, since it can be considered to apply a top down modelling approach, 

such as that suggested by Argent et al. (2005) and Murray (2007), where each of the 

model systems (fire, rainfall, and erosion) can initially be described relatively simply, 

with complexity added as necessary.  

1.3.2.2 Research focus of this thesis 

The overall risk model outlined above is 'aspirational', involving many unknowns which 

need exploration before such a model can be realised. Development of a probabilistic 

wildfire model is a primary requirement, since all of the process models in the described 

hierarchical framework rely on this model's output. Generally speaking, greater 

understanding of how wildfire affects rainfall runoff at the large catchment scale is 

necessary. Further work is also required to determine which erosion processes are the 

most important to model, and exactly how these models will be incorporated into the 

system framework. 

This thesis will focus entirely on two areas of the overall system framework described 

in Figure 2, specifically, i) development of a probabilistic wildfire burn area simulation 

model that produces spatially distributed burn intensity data, and ii) improved 

understanding of peak discharge responses after fire at the large catchment scale. 

General literature relating to these two areas is presented in the remainder of this 

chapter before the two issues are explored in detail in their own chapters. 

1.4 Designing a probabilistic wildfire burn area model 

The first area of focus of this thesis will be the development of a probabilistic wildfire 

model which interacts with a deterministic fire behaviour simulator. Reliable modelling 

of the overall wildfire-rainfall-erosion system will depend on whether these two fire 

models can realistically describe a local fire regime in time and space, and provide 

spatially distributed burn intensity data to subsequent erosion models. Provision of these 

burn intensity data within the context of the local fire regime is not possible by simple 

analysis of historical records, and is the unique contribution of this model. 
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1.4.1 Stochastic nature of wildfire 

Wildfire is a product of random ignition, climate, weather, topography and the moisture 

content and availability of fuel (Gralewicz et al., 2012; Parisien et al., 2009). Most post 

fire studies (Mallinis et al., 2009; Malmon et al., 2007; Reneau et al., 2007; Rulli & 

Rosso, 2005, 2007; Gartner et al., 2008; Cannon et al., 2010; Istanbulluoglu et al., 2004) 

focus on historical or stand replacing fires and do not consider the range of effects that 

stochastic processes, such as wildfire, can produce. For example, it is possible (and has 

been observed in southeast Australia) that fires which burn with very high intensity in 

arid areas susceptible to debris flows can generate much higher in-stream suspended 

sediment loads than lower intensity fires burning over much larger catchment areas. A 

Monte Carlo model with randomly selected inputs can be used to represent the 

probabilistic elements of wildfire. 

1.4.2 Factors influencing fire frequency and magnitude 

Wildfire ignition and resultant burn area is determined by a range of variables 

(Bradstock et al., 2010). Particularly, weather components are consistently reported as 

strongly influencing the incidence of large fires (Flannigan & Harrington, 1988; 

Carrega, 1991; Davis & Michaelsen, 1995; Gill and Moore, 1998; Mensing et al., 1999; 

Moritz, 2003; Keeley, 2004; Peters et al., 2004). Different conclusions as to the relative 

importance of weather components have been drawn in different locations, however. In 

Canada, for example, Flannigan & Harrington (1998) found that fire size was positively 

related to low rainfall, high temperatures and low relative humidity. In contrast, Keeley 

(2004) reported that in coastal California large fires were predominantly determined by 

seasonal winds rather than antecedent rainfall. In Portugal, Viegas et al. (1992) and 

Viegas & Viegas (1994) found fire size was related to fuel moisture and seasonal 

rainfall. Finally, in temperate Australia, research suggests that drought conditions 

preceding the fire season, combined with particular meteorological conditions, can often 

result in large fires (Gill, 1984; Foley, 1947; Robin & Wilson, 1958; Cheney, 1976). 

Historical data can be used to create datasets which describe the range of weather 

parameters of importance to model wildfires. These datasets can be randomly selected 

from by the Monte Carlo model and used to generate a simulated fire regime with the 

appropriate fire frequency and magnitude. 
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1.4.3 Fire history in southeast Australia 

While large fires represent only a small proportion of the total number of fires, they 

typically account for the majority of area burned in many regions (Reed & McKelvey, 

2002; Gill & Allan, 2009). For example, the fire record in Victoria, between 1971 and 

2009, contains almost 23,000 individual fires, with a combined burn area of over six 

million hectares. The ten largest wildfires, however, account for over half of this burn 

area, while the top 100 largest fire make up 85% of the total burn area. Similarly in 

Canada, only 3% of fires reach a final size greater than 200 ha, but these represent 97% 

of the area burned (Stocks et al., 2002). 

 

Figure 3. Victorian wildfires between 2000-2009. Adapted from Nick Carson, 2009. 

Studies of 400,000 years of stratigraphic records, using charcoal particles as evidence of 

past fires, suggest historical fire frequency in Australia has varied widely in association 

with climate conditions (Singh, 1981; Singh & Geissler, 1985; Kershaw et al., 2002). 

Substantial increases in fire occurrence are observed 38,000 years ago, and again after 

European settlement in the late 18th century. Both of these increases are likely to be 

related to human activity, since there is little evidence of a change in climate at these 

times (Kershaw et al., 2002). Currently, around 5% of the Australian land surface is 
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burned annually (Pittock, 2003). Between 2002 and 2009, a number of large wildfires 

burnt in Victoria and the nearby states (see Figure 3). These fires included two of the 

largest in Australia by area (the 2003 Victorian Alpine fires and the 2006-07 Great 

Divide fires), and the wildfires which caused the greatest loss of life in Australia (the 

2009 Black Saturday fires). 

1.4.4 Specific wildfire modelling requirements 

The wildfire model must meet two requirements. Firstly, the wildfire model must output 

spatially distributed burn intensity data, to enable subsequent deterministic post fire 

erosion modelling. Secondly, the model must realistically capture the most important 

features of the local fire regime. While a simple spatial analysis of the long term fire 

record can meet this second requirement, the historical record cannot provide this burn 

intensity information, which leads to the development of this wildfire model. The 

integrity of the overall wildfire-rainfall-erosion system (Figure 2) depends on both of 

the requirements listed above since many of the system processes depend on the fire 

regime, outlined in the previous sections, above. 

A Monte Carlo wildfire burn area simulation model (for brevity, this model may also be 

referred to in this thesis as the Monte Carlo wildfire model) will attempt to replicate 

elements of the local fire regime. The frequency of historically observed fires will be 

generated by analysis of historical fire records and fire weather data. The Monte Carlo 

model will have an annual time step, with daily fire weather selected randomly from 

historically derived fire weather distributions. When the model determines that an 

ignition has occurred, the ignition location and the historical fire weather on the day of 

ignition are used to simulate fire behaviour and generate spatial burn extent and 

intensity data. Fire frequency, described by a large number of unique annual iterations 

of the Monte Carlo wildfire model, can be calibrated to match the historically observed 

fire frequency as closely as possible. The spatial area within which a wildfire may be 

considered to pose a credible risk to water quality needs to be determined, and this is 

discussed in Section 2.2.4. Describing the likelihood of wildfire within this area, the fire 

weather on the day of ignition, and the location of the ignition point makes up the bulk 

of the work described in Chapter 2. 

The size and spatially distributed burn intensity of modelled fires can be simulated by a 

fire behaviour simulator. A variety of fire behaviour simulators are commercially 
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available, however, a deterministic wildfire simulator called PHOENIX has been 

developed at the University of Melbourne (Tolhurst et al., 2008; Chong & Tolhurst, 

2013), and will be used to simulate fire behaviour in this research. Within the context of 

the overall wildfire-rainfall-erosion system previously, PHOENIX will generate realistic 

fire burn areas and spatially distributed maps of maximum fire intensity (kW/m) using 

input data from the Monte Carlo wildfire model described above. The spatially 

distributed fire intensity maps generated by PHOENIX will be used to parameterise 

subsequent erosion process models. PHOENIX is described in greater detail in section 

2.2.3 of the following chapter.  

1.4.5 Monte Carlo wildfire model focus question 

The new Monte Carlo wildfire model must be able to describe the frequency, size, 

location, and spatial arrangement of intensity of future fires likely to occur within the 

area of interest. Therefore, the focus question that the Monte Carlo wildfire model must 

answer is:  

"What are the frequency, magnitude, location, and spatially distributed burn intensities 

of future fires that pose a credible risk to a specific forested water supply catchment?" 

This focus question will be answered by linking fire weather to ignition probability, 

analysing the historical fire record to determine frequency and location of ignition, and 

using a fire behaviour simulator with historical fire weather inputs to determine fire size 

and spatial arrangement of burn intensity. This work will be the focus of Chapter 2: 

Monte Carlo wildfire burn area simulation model for Eastern Victoria. 

1.5 Rainfall effects on wildfire affected landscapes 

The second area this thesis will focus on is an investigation of the effect of wildfire on 

peak discharges during widespread high volume rainfall events at large catchment 

scales. This may provide evidence to suggest which post fire runoff processes are 

dominant at this scale during these rainfall events. A summary of concepts related to 

rainfall interaction with burnt landscapes is presented here to give context to the 

research conducted in this area. 
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1.5.1 Stochastic nature of rainfall 

While the intensity and duration of a real rainfall event varies in time and space, a 

hypothetical storm event (based on rainfall data collected at a specific location) may be 

described by an Intensity-Duration-Frequency (IDF) chart. These location specific 

curves assign a probability to a storm with a particular average intensity and duration. 

These point rainfall IDFs may be transformed to apply to an area using an empirically-

derived areal reduction factor (Rodriguez-Iturbe & Mejia, 1974), or by statistical 

analysis of distributed rainfall intensity (Sivapalan & Bloschl, 1998). An example of a 

typical IDF chart is shown in Figure 4, below. 

 

Figure 4. Typical IDF chart (Source: US Dept of Transportation) 

Using the statistical properties of a rainfall record, a statistically typical rainfall series 

can be generated (Srikanthan & McMahon, 2001; Heneker et al., 1999). If a temporally 

detailed rainfall series of one year is generated, the events with maximum intensity and 

volume can be isolated and used to inform deterministic erosion models. Of most 

interest are the annual maxima, as these rainfall events are most likely to produce the 

largest annual suspended sediment loads if they intersect with an recently burnt area. 

1.5.2 Importance of high magnitude rainfall events 

Prosser & Williams (1998) found that one of the main drivers of erosion is the 

magnitude of the runoff event. In this study it is noted that rainfall with a return interval 

of at least one year is required to generate runoff. In a review of post-fire processes 
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specific to south-eastern Australia, Tomkin et al. (2008) found that significant runoff 

and sediment transport resulted from one or two very large magnitude rainfall events. 

Lane et al. (2006) describe a short duration high intensity storm which, after a severe 

fire in Victoria’s Northeast, produced almost 50% of the years sediment load. 

Robichaud et al. (2007) report that 80% of total rainfall for these convective storms falls 

in the first 30 minutes. Wondzell & King (2003) and Reneau et al. (2007) both found 

that summer thunderstorms, which deliver high intensity rainfall events, are typical 

drivers of infiltration-excess overland flow, and are the most effective at mobilising and 

transporting fine grained sediment.  

1.5.2.1 Two rainfall event types 

In a study in Victoria, Australia, conducted from 1975 to 1987, and 1997 to 2006, Bren 

& Hopmans (2007) reported that the bulk of rainfall (by volume) occurs in the winter to 

spring period. They also report that summer storms tend to be short and convective with 

high intensity (20-60 mm/h) while winter storms tend to be long with low intensity (5-

20 mm/h). These long, low intensity storms are associated with saturation-excess 

overland flow (Sheridan et al., 2007a; Lane et al., 2006), although the prevalence of 

saturation-excess flow is largely unknown. Variability in seasonal rainfall 

characteristics in southeast Australia suggest that infiltration-excess runoff is more 

likely in summer, while saturation-excess runoff is more likely in winter. 

1.5.2.2 Increased post fire peak discharge 

Increases in peak discharge after fire occurs when increased event rainfall travels 

overland due to some post fire change to the catchment hydrology. Observable peak 

discharge increases depend on the spatial scale and character of rainfall events. This 

suggests that the scale of a rainfall event may determine which post fire erosion 

processes dominate in the catchment. Since there is uncertainty about the effect of fire 

on peak discharges at increasing spatial scales, this topic is investigated in detail in 

Chapter 3 of this thesis. 

1.5.3 Widespread, high volume rainfall effects on post fire water 

quality 

A number of large catchments burnt by wildfire in northeast Victoria in early 2003 were 

studied in the years following the fire (Lane et al., 2006; Sheridan et al., 2007a; 

Feikema et al., 2007). Post fire rainfall, flow and sediment data were measured in these 
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catchments by the Department of Sustainability and Environment and clear changes to 

sediment delivery rates could be seen when the post fire data were compared to the pre 

fire data. Two examples of post fire changes to Victorian catchments are described 

below. 

The Ovens River catchment upstream of Bright was approximately 55% burnt in these 

2003 fires (Sheridan et al., 2007b). The difference in pre and post fire sediment loads 

measured during large winter and spring rainfall events (April to October, inclusive) can 

be seen in Figure 5, below.  

 

Figure 5. Peak discharge and sediment loads from winter storm events (April - October, 

inclusive), measured at the Oven River at Bright before and after a large fire in 

early 2003. (Data source: Department of Sustainability and Environment, 

Sheridan et al., 2007b) 

Regression equations of pre and post fire data highlight the large increase in sediment 

loads measured during events in the first winter after fire (2003), while measurements 

taken in the second winter after fire (2004) suggest that event sediment loads have 

returned to pre fire levels. The processes which generate this increased post fire 

suspended sediment, however, are not clear. 
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Another study of post fire storm rainfall and associated suspended sediment 

concentrations, this time in Victoria's West Kiewa catchment, further demonstrates the 

high post fire sediment loads that can be generated by large volume, long duration 

rainfall events (Lane et al., 2006). At the beginning of 2003, a wildfire burnt 

approximately 70% of the West Kiewa catchment upstream from Mongans Bridge. In 

the year following this fire, measurements of event flow volumes and suspended 

sediment concentrations show that the largest sediment loads were produced by rainfall 

events characterised by relatively long durations (Table 1, column 4) and high event 

flow volumes (Table 1, column 2).  

Table 1. Ten largest suspended sediment load producing storm events in 2003, measured 

at Mongans Bridge in the West Kiewa catchment. 

Estimated 
suspended 
sediment 
load (Mg) 

Event flow 
volume (ML) 

Suspended 
sediment 

concentration 
(mg/L) 

Rainfall 
event 

duration 
(days) 

Rainfall event 
start date 

Season at time 
of rainfall 

eventa 

796.1 8319 95.7 9.9 23/07/2003 winter 
215.0 7850 27.4 8.0 13/08/2003 winter 
187.1 5801 32.3 9.1 21/12/2003 summer 
166.0 6439 25.8 5.6 16/09/2003 winter 
137.1 464 295.3 2.1 15/12/2003 summer 
107.1 422 254.0 1.7 13/04/2003 winter 
73.8 2066 35.7 2.2 19/10/2003 winter 
72.5 945 76.7 1.2 19/05/2003 winter 
64.7 2811 23.0 9.7 20/05/2003 winter 
60.8 910 66.8 2.0 13/06/2004 winter 

a winter is defined here as April to October, inclusive; summer is November to March, inclusive. 
 

The two examples described above both show evidence of increased sediment loads 

after widespread high volume rainfall events in the year after fire. The source of the 

increased sediment is unknown, however, because it is unclear whether there a change 

in the post fire hydrologic response of large catchments to these types of rainfall events. 

An increase in post fire peak discharge would suggest which flow processes may be 

occurring, however, there are only a few studies which compare pre and post fire peak 

discharge at this scale.  

1.5.4 Rainfall, runoff and related post fire erosion processes 

1.5.4.1 Infiltration-excess overland flow 

Overland flow is the fastest path that rainfall falling on hillslopes may travel to reach 

the stream channel and may be responsible for high hillslope erosion rates (Goudie, 

2004). Rainfall driven overland flow can be divided into infiltration-excess runoff and 
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saturation-excess runoff (Horton, 1933). Infiltration-excess runoff occurs when rainfall 

intensity is higher than the infiltration capacity of the soil. When this runoff is 

concentrated into rills (narrow and shallow incisions in the soil surface), relatively large 

quantities of soil may be removed and carried with the flow as suspended sediment. 

When certain landscape conditions and rainfall intensity are at extremes, overland flow 

can trigger debris flows.  

1.5.4.2 Debris flows 

Debris flows are a type of extreme post fire catchment response and can have adverse 

effects on people and infrastructure (Cannon & Gartner, 2005). A debris flow is a fast 

moving liquefied landslide of unconsolidated saturated material, often occurring on 

steep first order slopes after severe wildfire and subsequent intense rainfall. These have 

been studied by a variety of researchers (Cannon et al., 2010; Gartner et al., 2008; Santi 

et al., 2008; Benda & Dunne, 1997); however, the physical processes involved are not 

well understood. A number of post-fire debris flows have been discovered and studied 

in forested catchments in northeast Victoria, Australia (Nyman et al., 2011). Erosion 

rates of more than 2 orders of magnitude above non-debris flow erosion events have 

been measured (Nyman et al., 2011; Sheridan et al., 2015), which suggests that in this 

region, debris flows appear to be a most important geomorphologic process, however, 

debris flows are not known to occur during widespread high volume, low intensity 

rainfall events. 

1.5.4.3 Aridity 

The combined effects of forest fire and subsequent rainfall on the landscape are 

extremely spatially variable (Moody et al., 2013). Debris flows appear to be more 

commonly associated with soils developed on the more arid (aridity index >1.8) 

locations in the eastern Victoria uplands, and it is therefore argued that aridity is a high 

order control on the magnitude of post fire hydro geomorphic processes in this region 

(Sheridan et al., 2015). Aridity is a function of long-term mean rainfall and net 

radiation, and is associated with soils with low post-fire soil infiltration capacities 

(Nyman et al., 2011; Sheridan et al., 2015). Areas of low infiltration capacity are more 

likely to experience erosive overland flow during intense rainfall events. Hillslope 

infiltration-excess surface runoff is an important precursor to extreme post fire erosion 

events such as debris flows. Aridity is therefore proposed as a useful predictor of the 
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spatial variability of the magnitude of the post fire rainfall induced erosional response. 

Aridity can be mapped at high-resolution as a function of distributed climate 

information and digital elevation models (eg: Nyman et al., 2014).   

1.5.4.4 Saturation-excess overland flow 

It is possible for low intensity, long duration rainfall events to completely saturate soil, 

which prevents subsequent event rainfall from infiltrating. Additional rainfall must, 

therefore, move across the soil surface, and is called saturation-excess overland flow. 

This type of overland flow typically occurs near channel boundaries as infiltrated 

rainfall travels through the soil from the surrounding catchment toward the channel, 

causing the water table to rise to the surface. Saturation-excess overland flow can cause 

increased local surface erosion, however, the volume of material eroded is usually 

relatively low, since significant parts of the landscape have little or no influence on the 

erosion response (Sheridan et al., 2007a; Neumann et al., 2010; Dietrich et al., 1992; 

Tilahun et al., 2013). While large increases in post fire erosion during these widespread 

rainfall events have been recorded (section 1.5.3, above), the source of the eroded 

material is currently unclear. 

1.5.4.5 Channel bank erosion 

During prolonged rainfall, bank instability is common (Simon et al., 2000). 

Saturated hill-slopes provide excess bank pore water pressures, increased soil bulk 

weight, and loss of apparent cohesion due to loss or removal of the negative pore 

water pressures in the soil above the normal water table. As storm flow recedes, this 

increased lateral bank pressure is not bound by the flow in the channel and bank failures 

may occur. Additionally, in channels with higher banks, the bank toe below and around 

vegetation may be removed by the storm flow, leading to further gravitational instability 

of saturated in-situ bank material (Thorne, 1990). Vegetation normally protects the soil 

surface directly by intercepting rainfall and reducing overland flow velocities. 

Additionally, plant roots and rhizomes bind soil, adding additional apparent soil 

cohesion. This soil reinforcement may be lost when high severity fire destroys riparian 

bank vegetation (Pettit & Naiman, 2007). Storm channel flow may uproot and scour 

dead plant stems and root relics, possibly leading to large increases in bank erosion. 

Relic roots and root holes may also promote localised infiltration erosion, which may 

further reduce soil cohesion and bulk strength. Channel bank and bed erosion could be a 
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source of increased erosion after fire, however, this is not investigated further in this 

thesis. 

1.5.5 Spatial scale effects on post fire rainfall runoff relationships 

summary 

To identify which erosional processes need to be modelled at the catchment scale, a 

greater understanding of how post fire rainfall runoff changes with increasing scale is 

required. Peak discharges are known to increase in the year following fire on hillslopes 

and in small catchments, however, few studies of post fire peak discharge exist at the 

large catchment scale. To clarify this issue, the focus question to consider is:  

"Does wildfire cause increases in peak discharges generated by widespread, high 

volume, low intensity rainfall in large catchments?"  

A regression analysis of rainfall runoff relationships before and after fire for a number 

of catchments in the area of interest attempts to answer this question and indicate the 

scale at which peak discharges are affected by fire. This analysis is the focus of Chapter 

3: Spatial scale effects on post fire rainfall runoff relationships.  

1.6 Connection of thesis topics 

A number of knowledge gaps have been identified in this chapter while describing how  

a model that can replicate the overall wildfire-rainfall-erosion system could be designed. 

While the two topics investigated in this thesis are fairly distinct and cover a wide range 

of knowledge across disciplines, they are both necessary subjects for investigation if an 

attempt to create a system model that can successfully predict the risk wildfire poses to 

water quality is to be made. 
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2 Monte Carlo wildfire burn area simulation model for 

Eastern Victoria 

2.1 Introduction 

Governing bodies require tools to describe and predict the occurrence and effects of 

wildfire so that they are able to develop reasonable policies and logically allocate 

resources (DOTARS, 2004). The level of overall risk posed by wildfire to sensitive 

assets, such as infrastructure or residential areas, is valuable information to fire 

managers, land managers, and other policy makers. Tools are required to explicitly 

determine the level of benefit afforded by a range of management strategies. As such, a 

model that predicts overall wildfire risk to a specific area is highly desirable. This 

includes determination of the frequency, size, and spatially distributed intensity of fires 

likely to occur in the area of interest. 

2.1.1 Characteristics of fire as a long term process 

A fire regime is essentially a description of long term patterns of disturbance by fire in 

time and space for a given area (Gill & Allan, 2009; Bradstock, 2010). Gill (1975) 

identified the main components of a fire regime as fire intensity, fire frequency, 

seasonality of fire occurrence, and whether the fire was above or below ground. Since 

large wildfires in south-eastern Australia commonly occur in summer and are above 

ground, the remaining elements of the fire regime to be captured in a fire occurrence 

model, therefore, are fire intensity and fire frequency. 

Wildfire ignition sources may be classified as natural, deliberate, or accidental (Luke & 

MacArthur, 1978). In Australia, the majority of fires appear to be caused by human 

activity, whether accidentally or deliberately lit (Willis, 2005; Russel-Smith et al., 

2007), although lightning ignitions account for large areas being burnt (McLeod, 2003; 

Esplin et al., 2003). Anthropological ignition sources are likely to have altered 

Australia’s pre-human fire regime, from the traditional burning practiced by aboriginal 

Australians for an estimated 50,000 years (Flannery, 2002; Bowman, 1998), to wildfire 

ignitions caused by the increasing post-colonial population over the last few hundred 

years (Bowman, 2003; Bowman et al., 2012 (Flammable Australia, Chapter 2)). 

Humans are likely to have increased ignitions, altered the timing and location of 
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ignitions, and changed the quantity and structure of fuel (Bowman et al., 2011; 

Flannery, 2002).  

Changes in fire regimes are usually related to changes in available moisture and plant 

cover (Bradstock, 2010; Meyn et al., 2007; Archibald et al., 2009). In dry climates, fire 

is limited by fuel availability, while in wet climates, fire is limited by fuel moisture and 

fire weather. Fire regimes in Australia vary widely, however, in the southeast where 

cool temperate forests are common, low frequency fires (>100 year recurrence interval) 

with very high intensities (> 10,000 kW/m) have been recorded (Gill & Catling, 2002). 

These major fires are known to be associated with periods of drought (Ellis et al., 2004; 

Verdon et al., 2004).  

Murphy (et al., 2013) analysed fire regimes at large geographical scales and suggest that 

the foremost driver of fire regimes at continental scales is the latitudinal gradient in 

summer monsoon rainfall activity. High frequency, low intensity fires occur in 

Australia’s monsoonal north, where the majority of rainfall occurs in summer, while 

low frequency fires of extreme intensity (>50,000 kW/m) may be experienced in the 

eucalypt forests of south-eastern Australia, where rainfall predominantly occurs in 

winter and spring, and summers can be hot and dry. It is therefore suggested in 

Murphy’s analysis that the variations in fire frequency and intensity, which describe 

Australia’s broad fire regime, are governed by moisture rather than productivity. 

Russel-Smith et al. (2007) also implicate rainfall seasonality as the largest determinant 

of fire patterns in Australia.  

Williams (et al., 2009) studied historical fire regimes in alpine areas of southeast 

Australia and found that landscape scale fires occur approximately once or twice per 

century. The available biophysical and historical evidence strongly suggests that large 

extensive fires are the norm when fire occurs in alpine areas above the treeline. These 

areas are often connected to highly flammable forested foothills and are an ideal 

connecting vector for fire spreading in severe fire weather.  

Large fires can be considered to be different to small fires since they only tend to occur 

under specific relatively uncommon meteorological conditions (de Zea Bermudez et al., 

2009; Alvarado et al., 1998). They also display behaviour patterns and spread 

mechanisms not observed in smaller fires, such as crowning and spotting (Pyne et al., 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3263421/#b32
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1996). Bradstock (2009) classified large fires in the Sydney region to be those with a 

burn area greater than 1000 ha.  

Li et al. (1999) test a hypothesis that fire frequency and fire size distribution are 

correlated under natural conditions (without human intervention) and determine that this 

hypothesis cannot be rejected. A fire regime is commonly described by both of these 

parameters, however, the work of Li et al. suggests that fire frequency alone may be 

used to describe an areas fire regime. Moritz et al. (2005) hypothesize that natural 

feedbacks associated with ecological processes over time have created vegetation 

patterns which are synchronous with the local fire regime. They note that at broad 

spatiotemporal scales, fire size distributions often exhibit power-law statistics, where 

fire size and fire frequency are inversely related. A number of other authors have also 

described the non-linear relationship between fire size and frequency (Malamud et al., 

1998; Ricotta et al., 1999; Cumming, 2001; Reed & McKelvey, 2002; Peters et al., 

2004).  

2.1.2 Fire behaviour simulations 

Fire behaviour simulators are valuable tools which enable advanced exploration and 

comparison of fuel and fire management options (Schmidt et al., 2008; Dicus, 2009; 

Stratton, 2004). They can estimate the size and severity of a wildfire if data such as 

wind speed and direction, humidity, temperature, topography, ignition time and 

location, and information about fuel are known (Perry, 1998; Scott & Burgan, 2005; 

Pastor et al., 2003; Johnston et al., 2005). Johnston et al. (2005) assert that, in Australia, 

the importance of these parameters from most to least is: wind speed, temperature, 

slope, fuel flammability and fuel density. To improve modelling of post fire hydro-

geomorphic risks, which is the aim of this thesis, fire behaviour simulation is necessary 

to produce the spatially distributed fire intensity data required by subsequent 

deterministic erosion modelling. 

Currently, the most popular fire behaviour simulators are semi-empirical and simulated 

output is evaluated against historical fire data to access precision. They typically 

combine a number of fire behaviour models, each representing a separate wildfire 

process, such as surface fire spread, crown fire spread, or wildfire spotting. These 

models often contain many assumptions due to data limitations (for example, 

interpolation of extreme value fire weather parameters between available point weather 
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station data which may be relatively distant from the area of interest), and are calibrated 

using field and laboratory experimental data. A comparison of common fire behaviour 

simulators (CAFE, FIRESCAPE, LAMOS(HS), LANDSUM and SEMLAND) was 

conducted by Cary et al. (2009) and these showed a high degree of agreeability. Cary et 

al. also note that weather and ignition management are more important than fuel 

management in determining total burn area in all five of these commonly used 

simulators. The research described in this thesis relies on wildfire simulations produced 

by a deterministic fire behaviour simulator called PHOENIX, designed at the University 

of Melbourne (Tolhurst et al., 2006; Tolhurst et al., 2008). PHOENIX is described in 

detail in section 2.2.3. 

2.1.3 Fire occurrence modelling  

Fire occurrence modelling attempts to predict the presence and frequency of fires for a 

specific location and time period (Plucinski, 2011). It is based upon analysis of 

historical fire records which, most importantly, must record the time and location of fire 

ignition (Finney, 2005). Occurrence models exist to map ignition risk, determine causal 

factors and develop predictive techniques, and are typically either spatially or 

temporally focused.  

2.1.3.1 Spatial variability of ignition probability 

Spatially focused fire occurrence research uses historical fire records and geographic 

information to identify areas of high ignition risk. Wildfire ignition is most commonly 

caused by lightning, arson and accidental human sources which, from a prediction 

perspective, are essentially random occurrences. Identification of ignition patterns 

requires large amounts of data which is only usually available for large areas. When 

considering only large fires, which occur relatively infrequently, historical data become 

scarce. 

Parisien et al. (2010) simulated fire on simple artificial landscapes to isolate controls on 

spatially distributed burn probability. They split these controls into so called ‘top down’ 

and ‘bottom up’ influences. They found that the ‘top down’ controls, which were 

weather conditions, were the primary controls on burn probability, while the ‘bottom 

up’ controls, which were ignition and fuels, determined the resulting spatial burn 

patterns. They concluded that the complex interaction between these two controls made 
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full separation likely to be impossible. They also note that fire weather appears to be the 

strongest driver determining resultant fire area. 

Spatially variable ignition probabilities have been estimated in Canada (Gralewicz et al., 

2012; Wotton & Martell, 2005), Portugal (de Vasconcelos et al., 2001; Catry et al., 

2009; Fernandes et al., 2012; Moreira et al., 2010; de Zea Bermudez et al., 2009; 

Mendes et al., 2010), Spain (Padilla & Vega-Garcia, 2011; Amatulli et al., 2007; de la 

Riva et al., 2004), USA (Rorig & Ferguson, 1999; Preisler et al., 2004; Hering et al., 

2009; Dickson et al., 2006) and Australia (Penman et al., 2013). 

In North America, Gralewicz et al. (2012) created a preliminary spatially explicit model 

of wildfire occurrence expectation for Canada. They found that ignition densities 

decreased exponentially with distance to roads and populated areas. Wotton & Martell 

(2005) created a lightning fire occurrence model for Ontario, Canada and determined 

that the ignition probability was different for different eco-regions, most likely due to 

the variation in the dryness of the forest floor. Preisler et al. (2004) predicted fire 

probabilities for the US state of Oregon, while Dickson et al. (2006) mapped large fire 

occurrence probability in northern Arizona. These authors found non-random patterns 

of occurrence which correlate to human and topographical features. Penman et al. 

(2013) found these same patterns in their study of ignitions in the Sydney region of 

Australia. 

De Vasconcelos et al. (2001) developed and validated models to predict spatially 

distributed probabilities of wildfire ignition in central Portugal. This work was 

expanded upon by Catry et al. (2009) who produced an ignition risk map for the 

Portuguese mainland. They found that it should be possible to fairly accurately predict 

spatial patterns of ignitions at a national level using a small number of variables which 

are easily obtainable. In Portugal, the key drivers of ignition were found to be human 

presence and activity (Fernandes et al., 2012; Moreira et al., 2010). Similarly, for 

Victoria’s fire record from 1971-2009 (used as the major data source in this chapter), 

40.3% of fire ignitions are recorded as being caused by human activity, 27.1% are 

reportedly caused by lightning, while 30.7% are listed as ‘unknown’ or have ‘other’ 

causes. 
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2.1.3.2 Temporal variability of ignition probability 

Temporal fire occurrence research attempts to predict the number of fires or the ignition 

probability of fires on a given day. When trying to predict ignitions within relatively 

small spatial units, meteorological variables such as temperature, humidity, wind speed, 

weather indices, and fuel moisture are typically considered. These variables often 

change relatively quickly, are commonly measured on hourly to daily scales, and can 

allow daily fire occurrence predictions. 

Forest fuel moisture content was considered to determine the temporal distribution of 

ignition probability by Larjavaara et al. (2004) in Finland, and in Canada by 

Cunningham & Martell (1973), and Martell et al. (1987). While moisture content varies 

in time scale from hourly in fine fuels, to weekly in other fuels, the effect of other short 

term fire weather variables on ignition probability, such as wind speed and temperature, 

were not considered in these studies. 

Diez et al. (1996; 2000) predict the daily number of forest fires in areas of Portugal by 

looking at atmospheric conditions in the several days preceding the days of interest. The 

accuracy of this method relies on the density of existing radiosonde stations, which 

measure stability and humidity of atmospheric columns. 

Anderson (2002) presented a Canadian model which predicts the probability that a 

lightning flash will lead to a detectable fire. This model relies on daily noon fire weather 

information (including temperature, wind speed, humidity, and fuel moisture content), 

and estimates the probability of three distinct stages of lightning caused fire ignitions. 

As such, this model cannot be applied to ignitions originating from other sources.  

Preisler (et al. 2004) estimated the total number of expected fires, or large fires in a 

given region and time period using a probability based model based on fire weather 

variables and found a reasonable fit. The model had large standard errors, however, and 

they conclude that it is more useful for assessing the utility of explanatory variables for 

predicting fire risk. Their model was limited by fire weather data availability.  
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2.1.3.3 Australian studies linking fire weather and ignition probability 

Plucinski’s (2011) review of wildfire occurrence research concludes that very little has 

been undertaken in Australia and that such work would have many practical 

applications. The variables Plucinski considers essential for future fire occurrence 

studies are standard weather variables (such as temperature, humidity, and wind speed) 

and combined weather variables (such as fire danger indices), both of which are used to 

estimate the fire ignition probability described in this chapter. While temporal variables 

such as fuel moisture, which may change slowly over many days, are incorporated in 

fire weather indices, variables such as temperature, humidity and wind speed can be 

highly variable on hourly time scales. These short scale temporal variables are critical 

when simulating fire behaviour, which can also vary greatly over short time scales. 

Krusel (et al., 1993) analysed 9 years of historical fire reports, fire danger indices and 

weather data to develop a model to predict high fire activity days in northwest Victoria. 

This model had slightly improved prediction accuracy when compared to the traditional 

use of McArthur’s Forest Fire Danger Index (FFDI, commonly used to predict fire 

danger in temperate, forested regions of Australia; McArthur, 1967; Noble et al., 1980) 

by using standard meteorological variables in a different way. 

Penman et al. (2013) found that lightning strikes were more common in older fuels (>25 

years unburnt), whereas arson was more likely in younger fuel areas (<10 years 

unburnt). Common between these two main types of ignition was the increase in 

ignition probability under more severe fire weather.  

Blanchi et al. (2010) determined that the large majority of house losses and 

infrastructure damage caused by wildfire in Australia occurred on a small number of 

extreme fire weather days where the FFDI exceeded 100. They suggest that 

infrastructure built in areas where FFDI rarely exceeds 50 should be relatively safe. 

Again, however, they suggest that ignition frequency is closely linked to severe fire 

weather. 

Bradstock et al. (2009) also examined historical records in the Sydney region to 

determine the probability of large fire ignition days (>1000 Ha fires). They found 

variations in ignition probability to be dependent on fuel types and terrain, but also note 

that weather positively affects large fire ignition probability. Earlier, Bradstock and Gill 
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(2001) report an underlying positive relationship between fire occurrence and FFDI in 

southeast Australia, specifically in the Sydney region. 

Gill et al. (1987) note that prolonged drought increases the occurrence of other weather 

factors which enhance fire spread, resulting in an increased probability of large fire 

occurrence. This suggests that weather factors are linked to large fire occurrence. In an 

earlier study, Gill (1984) also found the average number of fires in Victoria correlated 

with the number of severe fire weather days in Melbourne.  

These Australian studies all suggest a link between fire weather and ignition probability. 

2.1.4 Importance of spatially distributed fire severity 

The spatial arrangement and connectivity of fire severity has been identified as an 

important feature in the production of sediment from burnt hillslopes (Moody et al., 

2008; Robichaud et al., 2007). Connectivity of areas affected by high burn severities in 

the lower sections of a hillslope can result in high sediment loads being delivered to the 

stream network. Conversely, sediment generated in areas affected by high burn 

severities in the upper sections of a hillslope may not reach the stream network due to 

limited overland flow velocities and sediment trapping by vegetation in unburnt lower 

sections (Cawson et al., 2013).  

Information on the spatial variability of fire severity is important for mapping erosion 

risk and identifying locations prone to possible post-fire debris flow initiation (Nyman 

et al., 2011). Fire severity may be estimated based on localised studies which consider 

the effect that fires of different intensities have on the soil (Certini, 2005; DeBano, 

2000). It is possible to create maps of spatially distributed fire intensity by using 

deterministic fire behaviour models. When the range of fire intensities is converted to a 

range of fire severities, these maps can then be used to estimate the effect of wildfire on 

downstream water quality. Spatially variable burn severity maps can be used to create 

post fire hydrological and erosion risk assessments, or to determine how the spatial 

arrangement of a burn affects the quantity of sediment delivered to the stream network.  
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2.1.5 Monte Carlo wildfire model justification 

While international fire occurrence literature suggests a range of influences on ignition 

probability, literature for south-eastern Australia unanimously suggests that increased 

severity of fire weather is a most important contributor to increased ignition probability 

(Penman et al., 2013; Plucinski, 2011; Blanchi et al., 2010; Bradstock et al., 2009; 

Krusel et al., 1993; Gill, 1984). The severity of fire weather in Australia is commonly 

measured using the FFDI, which is calculated by combining a number of temporal fire 

weather variables. This index will be used to determine ignition probabilities in this 

model. 

This chapter focuses on the creation of a Monte Carlo wildfire model that achieves 

reasonable fire ignition probabilities based on a dataset of historic fire ignitions and 

historic weather parameters. The fire burn areas and spatially distributed burn intensity 

data resulting from these model ignitions are then estimated using a deterministic fire 

behaviour simulator (PHOENIX, described in section 2.2.3). The output from these 

simulations may then be used as inputs to other deterministic models to investigate 

subsequent effects of fire, such as post-wildfire water quality problems.  

While spatially non-random patterns of ignitions have been observed in southeast 

Australia (Penman et al., 2013), a large dataset is required to distinguish between 

human and non-human of ignition sources. Variability in spatial ignition probability is 

not considered in this model due to the limited historical data available for large fires, 

which are of most interest to this research. The model, therefore, assumes an even 

spatial distribution of fire ignitions across the region which is determined to pose a large 

fire risk to the assets of interest and, as such, our model ignites across this area with the 

same probability of occurrence as that of the large fire historical record for Eastern 

Victoria (this process is described in section 2.2.6.3). 

Overall wildfire risk to water quality is complex due to the probabilistic nature of 

wildfire ignition, fire weather on the day of ignition, the condition and quantity of 

available fuel, and the location, timing and intensity of subsequent storm rainfall. To 

estimate this overall risk, a more in-depth Monte Carlo modelling approach may be 

used to represent the probabilistic inputs of both wildfire and storm rainfall. This could 

then be coupled with deterministic erosion models to estimate the range of sediment 

loads that are expected to be delivered downstream. 
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2.1.6 Wildfire ignition model objective 

The objective of this fire modelling component is to generate realistic spatially and 

temporally distributed annual ‘burned areas’ that can be used as inputs to hydrology and 

erosion models. We attempt to replicate features of these burned areas most relevant to 

post-fire erosion processes and ‘significant’ water quality impacts at the catchment 

scale. This involves capturing the recurrence interval and size of large fires recorded 

historically, and the likely spatial arrangement of fire severity relative to the reservoir 

and the stream network. This research will also determine the return period of a fire 

which is likely to burn an asset, in this case MW's water supply catchments. While 

further modelling of hydrological and erosional response would give valuable 

quantification of risk, calculation of the likely frequency and extent of future fires 

affecting water supply catchments is also of value.  

2.2 Method 

2.2.1 Model purpose and operation 

The purpose of this Monte Carlo wildfire model is to create a realistic annual time series 

of spatially distributed burn intensity maps for the area of interest. These maps can then 

be used as inputs to a larger Monte Carlo post-fire water quality model.  

The model progresses chronologically with a one year time step, determining the 

number of 'severe fire weather'
1
 days each year, and the FFDI and fire weather on each 

of these days based on historical data. Ignitions are randomly generated based on a 

relationship between the FFDI on a 'severe fire weather' day, and the average number of 

ignitions expected, also based on the historical record. Once an ignition occurs, the 

ignition point is randomly chosen from a 6 km grid across the area of interest. A 

deterministic fire behaviour simulator then uses the chosen ignition point and the 

selected days historical fire weather to calculate the extent and spatially distributed 

intensity of the fire. 

 

                                                 

1
 'severe fire weather' appears in quotation marks (and throughout this thesis, where appropriate) to 

indicate that this term is used primarily to reference this particular subset of fire weather days. The 
majority of days included in this subset do not have a high enough FFDI to be considered 'severe'. 



Monte Carlo wildfire burn area simulation model for Eastern Victoria 

 

43 

 

2.2.2 Study area, data, and key assumptions 

2.2.2.1 Study area 

The area of interest for this research is the forested area to the east and northeast of the 

city of Melbourne in the state of Victoria, Australia, which is the location of 

Melbourne’s two main water supply catchments, the Upper Yarra and the Thompson 

(Figure 6). This area experiences a temperate climate with hot, dry summers and cool, 

wet winters. The topography comprises the western extent of the Great Dividing Range, 

rising from approximately 200 m ASL in the west near Healesville (approx 145°28’E) 

to over 1400 m ASL in the east near Mt Selma (approx 146°29’E). The area is bounded 

by Alexandra, Lake Eildon and Mansfield in the north (approx 37°11’S), and the 

Bunyip State Park and Baw Baw National Park in the south (approx 38°S). The 

vegetation is a mix of wet ash type forest at higher elevations, dense rainforest along 

water courses, and mixed eucalypt species forest elsewhere (Nolan et al. 2014). 

Previous to 2010, the state of Victoria had been divided into five fire areas by the 

Country Fire Authority (CFA) Victoria (Figure 7) and fire occurrence recorded in each 

area. As of 2010, the boundaries of the five fire areas have been redrawn to coincide 

with the Bureau of Meteorology’s (BOM) weather districts. Since, however, the 

historical fire record used in this research is from 1971-2009, the original CFA fire 

areas are used. The CFA fire areas of interest, are the Central, Northeast, and East 

Gippsland fire areas, which cover an area of approximately 100,000 km
2
. Melbourne’s 

two main water supply catchments are located near the central intersection of these 

three fire areas (Figure 7). 
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Figure 6. Location of the two main water supply catchments which supply potable water 

to Melbourne, Australia. 

2.2.2.2 Historical data sources 

A catalogue of historical fires in Victoria from 1971 to 2009, inclusive, was used to 

determine ignition probabilities and to calibrate the model. These data were collected by 

local fire managers from the state of Victoria’s Department of Sustainability and 

Environment (DSE) and Department of Environment, Land, Water and Planning 

(DELWP). There are approximately 23,000 individual fires in this record, described by 

40 fields per entry. A list of these data fields can be found in Appendix 6.1.3.  

Two frequency distributions of 'severe fire weather' days are of particular interest to this 

model; both determined using BOM weather data from the years 1971 to 2009. This 

period was used since this is the extent of the existing historical fire record. The first is 

a distribution of the number of 'severe fire weather' days in each year of the historical 

record. The second is the distribution of the magnitude of all the 'severe fire weather' 

days in the historical record. 

 



Monte Carlo wildfire burn area simulation model for Eastern Victoria 

 

45 

 

2.2.2.3 Key Assumptions 

Deterministic fire behaviour simulators offer the greatest prospect of reproducing the 

type of spatial and temporal detail required for erosion models, as topography and fuel 

characteristics are taken into account. To use a fire behaviour simulator in an annual 

Monte Carlo simulation, however, the bounded area within which an ignition can 

threaten the assets under consideration must be determined, and the frequency and 

location of any ignitions within this area must be estimated. Once an ignition occurs, a 

set of weather observations must be available to produce a reasonable fire behaviour 

simulation. 

To simplify this modelling problem, a number of assumptions are introduced. These 

assumptions are necessary to limit the spatial scope of the problem, to limit the number 

of fires that must be modelled, and to focus on the type of fires which are of primary 

concern; large fires which burn with high intensity.  

Firstly, we assume that water quality impacts will only result from ‘large’ fires. A fire is 

considered to be 'large' when it affects a (relatively or absolutely) large area, or has the 

potential to become very large (Gill & Allan, 2009; Viegas, 1998). Due to the non-

linearity of fire size distributions, large fires, while uncommon, typically account for the 

bulk of area burnt in many regions (Reed & McKelvey. 2002; Peters et al., 2004). Large 

fires become so due to failure of initial suppression operations, usually due to rapid 

spread rates, high intensities, inaccessibility, merging of separate fires, and long time 

periods of spreading in continuous fuel. Bradstock et al. (2009) used a nominal fire size 

of 1000 ha to describe ‘large' fires. 

Our second assumption is that ‘large’ fires only occur on ‘severe’ fire weather days in 

any given year. Severe fire weather typically leads to increased fire intensities, faster 

rates of spread, and large resultant burn areas (Blanchi et al., 2010; Bradstock & Gill, 

2001). The severity of a fire weather day can be described by an index of fire risk; 

commonly FFDI in Australia. FFDI was not designed to describe extremely severe fire 

weather, however, therefore derivation of a more suitable fire risk index is necessary. 

Rationale for the development of an alternate index and its calculation are both covered 

in section 2.2.5. The method used to decide which days will be considered 'severe' is 

described in section 2.2.5.1. 
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Figure 7: Fire areas defined by the Country Fire Authority (CFA) Victoria, Australia, previous to 2010. 
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Thirdly, an area is delineated within which ignitions can cause fires with the capacity to 

burn the catchments on a 'severe fire weather' day; outside this area it is assumed that 

fires will not impact on the catchments during the simulation period. This area is 

referred to as the Fire Danger Area (FDA) and is determined in Section 2.2.4. As a 

result of these assumptions, we only simulate ‘large’ fires that occur on ‘severe fire 

weather' days, which ignite within the FDA.  

Finally, the triggering mechanism of fire occurrence (anthropomorphic or lightning) is 

not considered. The ignition probability based on triggering mechanism generally varies 

spatially rather than temporally (Plucinski, 2011; Finney, 2005), and since this models 

purpose is to consider temporal ignition probability within the FDA, the spatial 

variability of the triggering mechanism is not considered. Further, it is likely to be very 

difficult to include triggering mechanism into the model since this would further reduce 

the historical data available to determine ignition probabilities. The effect of triggering 

mechanism on ignition probability could be investigated further in the future, however, 

it appears from comparison of previous studies that the temporal variation in ignition 

probability of large fires is much more significant than spatial distribution (Larjavaara et 

al., 2004; Cunningham & Martell et al., 1973; Martell et al., 1987; Diez et al., 1996; 

Diez et al., 1998; Anderson, 2002; Preisler et al., 2004; Plucinski, 2011). While there 

may be variations in temporal ignition probability depending on the triggering 

mechanism, it is assumed that the major variations in ignition probabilities based on 

triggering mechanism will be spatial in nature (Gralewicz et al., 2012; Wotton & 

Martell, 2005; De Vasconcelos et al., 2001; Catry et al., 2009; Fernandes et al., 2012; 

Moreira et al., 2010; de Zea Bermudez et al., 2009; Mendes et al., 2010; Padilla & 

Vega-Garcia, 2011; Amatulli et al., 2007; Riva et al, 2004; Rorig & Ferguson, 1999; 

Preisler et al., 2004; Hering et al., 2009; Dickson et al., 2006; Penman et al., 2013) and 

these are not considered in this model. 
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2.2.3 PHOENIX fire behaviour simulator 

PHOENIX is a dynamic fire behaviour and characterisation simulator developed at The 

University of Melbourne (Tolhurst et al., 2006; Tolhurst et al., 2008). A simplified 

schematic diagram showing the inputs, outputs and data storages of PHOENIX is shown 

below in Figure 8. 

 

Figure 8. PHOENIX schematic diagram (adapted from Tolhurst et al., 2008). 

To simulate the severity and extent of a fire, given an ignition point, PHOENIX uses 

historical weather data as inputs to its many behaviour models. PHOENIX considers 

changes in fuel, weather and topographic conditions of the fire as the fire grows and 

moves across the landscape. Fire behaviour models estimate the rate of spread, flame 

height and fire intensity. A fire spread algorithm determines the fire behaviour at each 

point around the fire perimeter. At each data point time step (weather station data is 

typically half hourly) the new fire perimeter is modelled. PHOENIX is grid-based; the 

cell resolution used in the fire simulations described in this chapter was 200 m. Other 

parameters used in these simulations are described in Section 2.2.3.2. 
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A number of other sub-models are incorporated into PHOENIX (Chong et al., 2012a; 

Chong et al., 2012b; Chong et al., 2012c) which describe ember transport and 

distribution, spot-fire ignitions, wind-slope interactions, vertical wind and convective 

plume corrections, linear disruption to fire behaviour, fuel accumulation rates, solar 

radiation, and fuel moisture models.  

PHOENIX runs from 6am on the day being simulated, until 6am the following morning. 

It is, therefore, not designed to model fires that burn for successive days as it does not 

capture the suppression and back-burning efforts that typically occur with these types of 

fires. Only simulating extreme fires for one day appears to be a restrictive model 

assumption, however, the final extent of wildfires in southeast Australia is largely 

determined by just a few hours of spread.  This assumption is supported by a number of 

reports and inquiries into recent wildfires in southeast Australia (McLeod, 2003; 

Tolhurst, 2009; Teague, 2010; Esplin et al., 2003), and by a specific email from 

Associate Professor Kevin Tolhurst (personal communication, December 12, 2013), 

who is a leading expert on fire behaviour at the University of Melbourne, and was one 

of the primary designers of PHOENIX. In 2003, for example, approximately 1.1 million 

hectares of forest was burnt by wildfires in Victoria over 60 days of largely 

uncontrolled burning. The largest contributors to this total, however, were three 

individual days (17 December 2002, 21 December 2002, and 8 January 2003), each of 

which experienced 'severe fire weather' (McLeod, 2003). In another example, during the 

‘Black Saturday’ bushfires of 2009, approximately two-thirds of the total area burnt 

occurred on the first extreme fire weather day of 7
th

 of February (Tolhurst, 2009; 

Teague, 2010), even though the fire continued to burn for another 5 weeks. 

2.2.3.1 Examples of PHOENIX output 

Catastrophic wildfire events in southeast Australia, such as those that occurred on 

‘Black Saturday’ (7 February, 2009) and ‘Ash Wednesday’ (16 February, 1983), are 

particularly devastating due to strong northwest winds associated with the severe fire 

weather which creates a long thin fire, followed by a southwest wind change. An 

example of PHOENIX outputs varying over time can be seen in Figure 9(a) (fire after 5 

hours), and Figure 9(b) (fire after 10 hours), below. The ignition begins at the top of the 

fire in Figure 3 and spreads the fire to the south-south-east. The wind change after 5 

hours converts the eastern flank of the fire in Figure 9(a) into an extremely long fire 

front, resulting in a fire with a very large burn area, as in Figure 9(b).   
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Figure 9(a). Ash Wednesday fire simulation, 5 hours after ignition, wind from northwest, 

and (b). Ash Wednesday fire simulation, 10 hours after ignition, wind has 

changed to the southwest. 

As an example of the outputs produced by PHOENIX, Figure 10(a) displays a medium 

size fire of approximately 20,000 ha, simulated under fire weather with an FFDImax of 

50. Figure 10(b) displays a fire simulated using ‘Black Saturday’ weather conditions. 

The FFDImax on this day was 149. In these examples, the colour of the fire cells 

represents relative intensity, increasing from yellow to red. 

             

Figure 10(a). Medium size fire, FFDImax = 50, and (b). 'Black Saturday' fire weather, 

FFDImax = 149. 

There are a number of output variables available which are of interest to modellers, such 

as flame height and fire intensity. These spatially distributed output data can be used to 

(a) (b) 

(a) (b) 
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determine the effect of the fire on the soil and vegetation, of particular interest when 

modelling post-fire erosion.  

2.2.3.2 PHOENIX parameters and scenarios 

A number of parameters and assumptions must be made for PHOENIX to simulate 

wildfires. These make up a specific ‘scenario’ and will affect the output fire maps. 

These scenarios can be changed and compared to compare different management or 

forecasting effects on forest fire behaviour (for example climate change predictions or 

fuel reduction strategies). A number of screenshots detailing the settings and parameters 

used to run the simulations used in this research can be found in Appendix 6.1.4. 

PHOENIX accepts both point and gridded weather inputs. Currently only grids 

compatible with the Australian Bureau of Meteorology’s Gridded Forecast Editor 

(GFE) tool are supported. PHOENIX allows for weather inputs at irregular time periods 

down to 1 minute resolution. The time resolution used should reflect the weather’s 

variability for a particular fire. Table 2 lists the weather attributes used by PHOENIX.  

Table 2. Standard weather attributes used by PHOENIX (Chong & Tolhurst, 2013). 

Attribute Comments 

Date/Time Date and time of weather condition 

Temperature 10 minute average in °C measured at 1.5 metres in a screen 

Relative Humidity 10 minute average as a %, measured at 1.5 metres in a screen 

Wind Direction 10 minute average in degrees, measured at 10 metres in the open 

Wind Speed 10 minute average in km/h, measured at 10 metres in the open 

Drought Factor Fine fuel availability 0-10 

Curing Grass curing level as a % 

Cloud Cloud cover as a % 

 

The spatially distributed output burn data created by PHOENIX are referred to as "fire 

grids". The resolution of the fire grid used to determine the FDA (Section 2.4) was 

300m. The size of the fire grid in all other simulations was 200m. This is recommended 

as the optimum simulation resolution which balances speed and accuracy (Chong & 

Tolhurst, 2013). Details of the source and resolution of the spatial datasets used in the 

Phoenix simulations are given in Table 3. 
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Table 3. PHOENIX input parameters, resolutions and sources. 

Parameter Resolution Data Comment 

Fuel 30m Date of last 
burn 

Fuel accumulation is based on time since date in 
this cell. Our simulations assume no fire history 
and maximum fuel loads. 

DEM 30m Elevation (m) Used to calculate elevation, slope and aspect. 
Supplied by DSE. 

Road proximity 30m Distance (m) From grid point to closest road to maximum of 
1000m. Used by suppression model to calculate 
construction rates. 

Disruption 30m Width (m) Used to model spatially linear zero fuel 
elements such as roads and streams. 

Asset 30m Boolean Contains binary information about asset 
presence. In our simulations MW's catchments 
were the assets in question. 

Wind 30m Modifier 
(km/h) 

Adjusts input directional wind speed based on 
local topography 

Fuel Types 30m Load (t/ha) Grass, surface, bark or elevated 
Projection 30m VicGrid94 Projection used for all PHOENIX geospatial 

calculations 

 

The use of current fuel loads makes no sense in future simulations since we are trying to 

predict long term future fire ignitions and behaviour. Therefore, the initial scenario 

created here assumes no fire history, in part due to the complexity of creating spatially 

and temporally distributed fuel load data that consider reduction of loads caused by 

previous wildfires, and the increase of fuel loads as a product of vegetation growth and 

recovery after fire. This assumption will mean that fuel load inputs to the fire behaviour 

simulator are likely to be higher than expected in areas that have recently experienced 

fire. It follows, therefore, that fires simulated when higher fuel load are available may 

result in higher than expected fire areas. This "long unburnt mature forest" fuel load 

scenario can be considered to be a conservative upper-limit scenario, and can be 

compared with different fuel management scenarios (such as simulating the effect of 

prescribed fire by reducing fuel load inputs).  

 

 

 

 

 



Monte Carlo wildfire burn area simulation model for Eastern Victoria 

 

53 

 

2.2.3.3 Suppression model 

A basic suppression model is included in PHOENIX. This model requires the user to 

enter specific resources availability for the duration of the fire. Resource availability is 

characterized by the resource type and the time available at the fire front. The 

suppression model does not automate scheduling or resource allocation. Suppression 

methods currently supported by PHOENIX are:  

 Hand Trail / Slip-ons (400 litre) 

 D4 Dozer 

 D6+ Dozer 

 Tanker (4000 litre) 

 Fixed Wing Bombers (2500 litres) 

 Medium Helicopter (1400 litres) 

 Erickson (5600 litres) 

 Road Grader 

 Mallee Roller/Clearing Chain 

The suppression resource settings used in the simulations conducted in this thesis are 

the same as those currently available in Victoria. These settings are described in Figure 

30, in Appendix 6.1.4. 
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2.2.4 Determination of the ‘Fire Danger Area’ 

The ‘Fire Danger Area’ (FDA) is the area within which a fire ignition may potentially 

burn the assets under consideration within 24 hours. For the purposes of this study, the 

assets considered are the Upper Yarra and Thompson catchments, which provide 

approximately 80% of Melbourne’s water supply (Dudley & Stolton, 2003). The largest 

of the February 7, 2009, ‘Black Saturday’ fires occurred close to these water supply 

catchments, and a small portion of the Upper Yarra catchment was burnt. 

The size of the FDA for these two catchments was determined by simulating fires with 

PHOENIX using the historical ‘Black Saturday’ fire weather data. This fire weather was 

used because it was some of the most extreme fire weather ever recorded, with 

extremely dry fuel. The spatially distributed fuel loads used in these simulations 

assumed no fire history, and no suppression was applied (the resources in PHOENIX's 

suppression model were all set to zero). This scenario combines the worst likely 

weather, fuel, and suppression conditions, which can be considered as a useful 'upper 

boundary' for wildfire risk to the assets.  

Fires were individually simulated from a grid of ignition points spaced at 6km intervals 

across Eastern Victoria. The 6km interval is nominally used since, as of January 2012, 

gridded hourly weather forecast data from the Bureau of Meteorology are available at 

this resolution in both New South Wales and Victoria for up to 7 days into the future. In 

circumstances where a fire ignites in reality, the behaviour of that fire can be estimated 

based on these forecasts. The size of the fire grid (described in Section 2.2.3.2) used in 

these initial simulations was 300m. This is a coarser resolution than the 200m fire grid 

used for the remainder of the simulations in this research, since we are only interested in 

whether the initial simulations converged on the catchments or not. Because the output 

burn data from these initial simulations are not used, the more accurate resolution used 

in subsequent simulations was not necessary. 

Two hundred and thirty nine (239) ignition points were found to result in simulated fires 

that reached the water supply catchments within 24 hours of ignition, shown in Figure 

11, below. These ignition points define the extent of the FDA for the two water supply 

catchments. It is assumed that all ignitions outside of this FDA cannot generate a fire 

which will affect the catchments. 
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Figure 11. The pictured grid points define the Upper Yarra and Thompson water supply 

catchment 'Fire Danger Area' (FDA). Each point represents an ignition location 

from which an extreme fire (simulated using Black Saturday fire weather inputs) 

burnt some area of the two water supply catchments within 24 hours of ignition. 

The two water supply catchments are near the intersection of Victoria’s 

Northeast, Central, and East Gippsland ‘fire areas'. 
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2.2.5 Fire weather and fire danger indices 

The term ‘fire weather’ is used to describe weather variables which are known to affect 

wildfire potential and behaviour. These variables include wind speed, humidity, 

temperature and recent rainfall and are widely recorded by national weather agencies. A 

variety of fire danger indices are used around the world (Padilla & Vega-Garcia, 2011; 

Eastaugh et al., 2012; Dowdy, 2009) to combine fire weather and fuel information into a 

single measure, or index. In Australia, the McArthur FFDI (McArthur, 1967; Noble et 

al., 1980) is commonly used to estimate how fire weather will affect fire behaviour, and 

is classified into Fire Danger Ratings (Table 4). 

Table 4. FFDI ranges for rating fire danger (adapted from Luke & McArthur, 1986). 

Fire danger rating FFDI range 

Low 0-5 

Moderate 5-12 

High 12-24 

Very High 24-50 

Extreme 50+ 

 

The FFDI was originally designed by McArthur as the ‘Forest Fire Danger Meter’ and 

is based on small scale (< 0.5 ha) fire experiments conducted over 10-15 years, in 

various types of Australian native forests. The experiments were conducted in low to 

moderate fire weather, with short durations of less than one hour. Despite widespread 

use, the FFDI reportedly under predicts fire spread rates during extreme weather 

conditions due to the way fuel moisture is determined (Matthews et al., 2012).  

Due to the limitations of McArthur's FFDI in characterising severe fire weather, an 

alternative FFDI was developed for use in PHOENIX and this research. This new FFDI 

describes the daily peak fire weather severity and will subsequently be referred to as 

FFDImax. The derivation of the equation used to calculate FFDImax can be found in 

Appendix 6.1.2. This appendix also describes the historical weather data used to 

calculate a value for FFDImax for each day in the historical fire record. 

2.2.5.1 'Severe fire weather' distributions 

Partial Duration Series (PDS) have been used extensively in hydrology to analyse 

extreme events (Langbein, 1949; Kirby & Moss, 1987). A PDS is composed of all 
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events during the period of record which exceed a set threshold. This approach was used 

to create a series of days which experienced unusually high fire weather, subsequently 

called 'severe fire weather days' in this research. Days on which this 'severe fire weather' 

occurs can be considered to be extreme events since a large majority of days each year 

do not experience severe fire weather, few ignitions typically occur, and any fires are 

relatively small. 

The annual maximum of daily FFDImax for each of the 39 years in the historical fire 

record was determined, and the lowest annual maximum was set as the PDS threshold. 

The lowest annual maximum FFDImax was 23, which occurred in both 1971 and 1974. 

Therefore, a day with an FFDImax of 23 or higher was considered to be a 'severe fire 

weather' day in this model, and was included in the PDS. It was assumed, therefore, that 

days with an FFDImax below 23 would not experience fires capable of causing post fire 

water quality problems. While days above the set FFDImax threshold do coincide with 

Luke & MacArthur’s (1986) ‘very high’ and ‘extreme’ fire danger ratings (Table 4), it 

should be noted that a person familiar with FFDI values would not typically consider a 

day with an FFDImax of 23 to be an actual 'severe fire weather' day. It should be 

understood that this is simply a reference to these PDS events. The PDS of historical 

'severe fire weather' days created from the historical record contains 344 days, and is 

displayed in Figure 12, below. 

 

Figure 12. Number of 'severe fire weather' days in each year of the historical record. 
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When separated by year, this PDS describes the historical distribution of the number of 

'severe fire weather' days which occurred in each year. This distribution ranges from 

one 'severe fire weather' day per year, which occurred in both 1971 and 1974, up to 22 

'severe fire weather' days, all of which occurred in 2006. The Monte Carlo wildfire 

model can now determine how many 'severe fire weather' days to model in each year it 

simulates by randomly selecting a historical year from this distribution.  

2.2.6 Relation of historical fire ignitions and fire weather magnitude 

To determine the average number of fire ignitions that occurred on 'severe fire weather' 

days in the historical record, 'severe fire weather' days were grouped into FFDImax 

categories to create a grouped distribution of FFDImax values (Figure 13). Grouping 

'severe fire weather' days together is necessary to ensure that a sufficient number of 

extreme fire weather days are in the highest categories to enable the average number of 

historical fires reported on days in the category to be calculated. For example, if there 

were 10 days in the historical record with an FFDImax>=120, and 150 fires were 

recorded on these 10 days combined, an average of 15 ignitions can be expected to 

occur on a day with an FFDImax>=120. 

 

Figure 13. Distribution of FFDImax for 'severe fire weather' days (n=344). 
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2.2.6.1 Physical area of historical record to include in calibration 

When attempting to determine the probability that ignition occurs within the FDA (fire 

danger area discussed in section 2.2.4), it would be ideal to use regions of the historical 

fire record with forest types and elevations similar to those of the FDA. Unfortunately, 

reducing the area of the historical fire dataset that is considered to represent the FDA 

can also reduce the number of historical fires in the dataset. The number of historical 

fires is used to calculate the average number of fires which occur on days in each 

FFDImax category. This problem is compounded by the small number of days which 

experience the extremely severe fire weather implied by the highest FFDImax category. 

Days in this category are of the greatest interest from a post fire water quality 

perspective, since many large fires typically occur during this extreme fire weather.  

Victoria has historically been divided into five ‘fire areas’ (Figure 7). The FDA defined 

in this research is approximately located at the intersection of three of these fire areas; 

the Central, Northeast and East Gippsland fire areas (Figure 11). The historical fire data 

for these 3 areas will therefore be used to determine the ignition probability within the 

FDA. For brevity, these 3 areas will henceforth be referred to collectively as ‘Eastern 

Victoria’. 

2.2.6.2 Calibration of the Monte Carlo wildfire model to the historical record 

The historical fire record includes many thousands of small fires which are assumed to 

be of negligible risk to water quality. For example, of the 22,908 fires in the record, 

there are 14,712 fires with an area of 1 ha or smaller; approximately 64%. De Zea 

Bermudez et al. (2009) and Ramesh (2005) both argue that the use of a size threshold, 

or Peaks Over Threshold (Adamowski et al., 1998; Katz et al., 2005), to analyse fire 

data is appropriate because large wildfire analysis is effectively a statistical extreme 

value analysis. 

The average number of historical daily ignitions for each FFDImax category varies 

depending on the size threshold below which small fires are not considered. This will 

henceforth be referred to as the ‘small fire threshold’. The average number of daily 

ignitions for each FFDImax category as this small fire threshold increases were 

calculated (Table 5). Using all the historical fires (a small fire threshold of zero) to 

determine the ignition probability in the FDA will unrealistically raise the chance of a 

large fire being produced by the model. This is because PHOENIX generally produces 
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large fires when given severe fire weather inputs, which will be the case in the model 

simulations since we are only modelling fires when a day has a high FFDImax. For 

example, when using a small fire threshold of 1 ha, the average number of fires that 

ignite each day is relatively large (Table 5, column 2). Since we are only interested in 

large uncontrolled fires that may affect water quality, the small fire threshold is used as 

a calibration parameter to approximately match the number of model ignitions (which 

are likely to generate large fires when simulated with PHOENIX) with the number of 

fires in the historical record. When the average number of model ignitions and the 

number of historical ignitions are in agreement in the long term (eg: several thousand 

years), the Monte Carlo wildfire model is randomly igniting fire at the correct 

frequency. Table 5 shows the variation in average ignitions per day for each FFDImax 

category as this calibration parameter is adjusted from 1 ha up to 1000 ha.  

Table 5. Variation in average number of daily fires when removing small fires from the 

historical record. 

FFDImax 

range 

Average number 

of fires per day; 

small fire 

threshold: 1 ha 

Average number 

of fires per day; 

small fire 

threshold: 10 ha 

Average number 

of fires per day; 

small fire 

threshold : 100ha 

Average number 

of fires per day; 

small fire 

threshold: 1000ha 

20-39 2.3 0.8 0.3 0.06 

40-59 1.5 0.6 0.3 0.16 

60-79 1.9 0.9 0.4 0.17 

80-99 2.1 0.8 0.4 0.19 

100-119 3.4 1.6 0.6 0.40 

>=120 10.7 6.3 3.4 2.14 

 

To complete this Monte Carlo fire modelling approach, the size of the ‘small fire 

threshold’ is chosen to calibrate the fire frequency of the model to be consistent with 

fire frequency observed in the historical record. The results of the calibration process 

are described in Section 2.3.1. 
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2.2.6.3 Ignition probability within the FDA 

The average number of historical ignitions for the 'severe fire weather' days in each 

FFDImax category will determine the probability that a fire will ignite within the FDA on 

the 'severe fire weather' day under consideration. To determine the probability of an 

ignition occurring within the FDA, the number of historical fires which ignited within 

the FDA on 'severe fire weather' days was divided by the total number of fires which 

occurred in Eastern Victoria on 'severe fire weather' days. For historical fires with areas 

greater than 1000 ha, 9 out of the 48 fires in the Eastern Victoria record ignited within 

the FDA. The average probability of a fire greater than 1000ha, which ignites 

somewhere in Eastern Victoria on a 'severe fire weather' day, occurring within the FDA 

is, therefore, 9/48 = 18.75%. Since the FDA makes up approximately 7% of Eastern 

Victoria by area, there appears to be a significantly higher risk of a large fire occurring 

within the FDA, compared to the rest of Eastern Victoria. If the average number of 

ignitions on a given day is less than 1, the FDA ignition probability of 18.75% is 

multiplied by this fraction to determine the probability of an ignition occurring within 

the FDA. 

For example, when a day's FFDImax is between 20 and 39, using a small fire threshold of 

1000 ha, the average number of fires which ignite in Eastern Victoria is 0.06 (see Table 

5, column 5). Therefore, ignition probability within the FDA on a day in this category 

would be = 0.06 x 18.75% = 1.125%.  

If the average number of Eastern Victoria ignitions for a given day is higher than 1, a 

separate test is made for each average ignition to determine if that ignition occurs within 

the FDA. The number of tests are designated ‘m’ in the Monte Carlo flow chart in 

Figure 14. 

For example, if a given day has an FFDImax of 130 and a small fire threshold of 1000 ha 

is used, then the average number of ignitions on this day will be 2.14 (column 5, Table 

5). In Figure 14, therefore, m = 3. To determine if an ignition occurs within the FDA on 

this day, the model will then make 3 ignition tests; 2 tests with a 18.75% probability of 

ignition occurring, and 1 test with a (0.14 x 18.75%) = 2.63% probability of ignition. 

If an ignition occurs in the FDA, the ignition location is randomly selected from the 239 

gridded ignition points (Figure 11). The output fire maps may then be generated by the 
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fire behaviour simulator, or sourced directly from a database of pre-simulated maps, 

generated for all ignition points and for all severe weather days. 

2.2.6.4 Monte Carlo wildfire model flow chart 

The following steps are repeated for each year of the Monte Carlo simulation (Figure 

14). The number of 'severe fire weather' days in the year under consideration, nmax, is 

determined by randomly selecting
2
 from the first distribution of annual number of 

'severe fire weather' days. On each of these 'severe fire weather' days, the fire weather is 

determined by randomly selecting a historical day’s weather data from the second 

distribution of the magnitude of 'severe fire weather'. The probability of an ignition on 

this day is a function of the day’s FFDImax (for calculation, refer to Appendix 6.1.2), and 

can be estimated by analysis of historic weather and fire ignition records (section 2.2.6). 

If a fire ignites, and since spatial variance of ignition probability is not considered due 

to data limitations and the relatively small area under consideration, the ignition point is 

randomly located within the FDA, where ignitions causing fires under 'severe fire 

weather' conditions can credibly reach the catchments of interest. The fire behaviour 

simulator then uses the randomly chosen ignition point within the FDA, the fire weather 

observations from the selected 'severe fire weather' day, and any other inputs or 

spatially distributed data, to generate the fires burn area and the spatially distributed 

burn severity of the fire. In the rare event that two large fires ignite and burn forests 

within the catchments in a single year, only the fire that burns the greatest area of the at-

risk catchments is considered, as this fire is assumed to have the greatest water quality 

impact. If, in the future, the resulting spatially distributed burn severity output data are 

used in conjunction with rainfall simulations and erosion sub-models, the overall post 

fire risk model discussed in chapter 1 may be realised. 

A Monte Carlo approach is used to repeat many iterations of a stochastic process. If the 

Monte Carlo wildfire model is calibrated with correct ignition probabilities, and the 

annual Monte Carlo simulation is repeated a sufficiently large number of times, the fire 

regime described by the historical records should be approximately replicated, with 

                                                 

2
 Random selections were made by using a random number function in the Python 2.5 programming 

language to generate an integer between 1 and the number records in the distribution of interest. This 
integer was used to randomly select the number of severe fire weather days, and FFDImax for each of 
those days, from a Python dictionary containing the discrete distributed data. The use of the random 
function to select data from the 2 distributions can be found in Appendix 6.1.3, line 104 of the Python 
code. 
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appropriate fire sizes and spatially distributed burn severity outputs produced at the 

correct frequency. The Monte Carlo wildfire model code (written using Python 2.5 and 

incorporating some ArcGIS tools) can be found in Appendix 6.1.5. A flow chart 

representing the iterative annual fire modelling process of the Monte Carlo wildfire 

model is shown in Figure 14, below. 

 

Figure 14. Flow Chart describing the fire modelling process for a single year. 
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2.3 Results 

2.3.1 Calibration process 

2.3.1.1 Historical Record 

All of the fires in the historical record from 1971-2010, with an area greater than or 

equal to 1 hectare, are presented graphically in Figure 15 in descending size from left to 

right. There are 9,344 fires included in this distribution.  

 

Figure 15. All fires with areas greater than or equal to 1 ha in Victoria, Australia, 1971-

2009 (9,344 fires). 
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Bradstock et al. (2009) considered fires greater than or equal to 1000 ha to be ‘large’. 

When only fires greater than 1000 ha in Eastern Victoria on ‘severe fire weather' days 

are considered, the descending size distribution is as follows in Figure 16. This 

distribution contains only 48 fires. 

 

Figure 16. Fire areas above 1000 ha for Eastern Victoria, Australia, on 'severe fire 

weather' days, 1971-2009 (48 fires). 

It should be noted that when a historical fire burns for multiple days, only one fire area 

is added to the historical record. The fire areas given in Figure 15 and Figure 16, 

therefore, do not consider the number of days that a fire has been burning.  
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2.3.1.2 Monte Carlo wildfire model 

The Monte Carlo wildfire model was run using a 1000 ha ‘small fire threshold’ for a 

period of 11,700 years (300 times the length of the available 39 year historical record). 

Figure 17, below, shows the output modelled fire sizes in descending order. There are 

2,978 fires in this distribution. 

 

Figure 17. Model output fire sizes using 1000 ha small fire threshold (2,978 fires). 

 

The model output (Figure 17) and the full historical record (Figure 15) have rather 

different fire size distributions, however, when the model is compared to only ‘large’ 

historical fires (Figure 16), a more comparable distribution is evident. 
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2.3.1.3 Comparison of historical and modelled fire size distributions 

Figure 18 displays graphically the fire size distributions of a range of different datasets. 

There are a very large number of small fires in the historical record which are not 

simulated by PHOENIX, which only simulates fires on 'severe fire weather' days. Over 

80% of the fires in Eastern Victoria, (a), have sizes of less than 10 ha. This is also the 

case within the FDA, (b). When only fires within the FDA larger than 100 ha are 

considered, (c), this distribution moves closer to that of our model, (e). The number of 

fires in the historical record, however, drops rapidly as this threshold increases (on 

'severe fire weather' days, only 20 historical fires greater than 100 ha occurred in the 

FDA, and only 48 historical fires greater than 1000 ha occurred in Eastern Victoria). If 

we consider only fires in Eastern Victoria larger than 1000 ha, (d), we get the closest fit 

to the modelled data. 

 

 

Figure 18. Cumulative frequency of fire sizes for a) all of Eastern Victoria fires, b) Eastern 

Victoria fires larger than 1000 ha, c) fires within the FDA, d) fires within the 

FDA > 100 ha, e) modelled fires. 
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When all fires in Eastern Victoria smaller than 1000 ha were removed from the record 

and a small fire threshold of 1000 ha was used for modelling, the following distribution 

of modelled and historical fire sizes was produced (Figure 19). It should be noted that 

while fires smaller than 1000 ha were removed from the historical record for calibration 

purposes, the model can still produce fires with burn areas that are smaller than 1000 ha. 

For example, if the model randomly produces an ignition on a selected day with a low 

FFDImax, and the ignition location occurs near a road, the simulated fire is likely to be 

much smaller than 1000 ha due to the random combination factors that all limit fire size.  

 

Figure 19. Cumulative frequency of historical fires larger than 1000 ha, and of modelled 

fires. 

A Kolmogorov-Smirnov test was conducted to compare the distributions of the two 

datasets and returned a P value of 0.0024, and a Kolmogorov-Smirnov D value of 

0.266. This test result confirms that the two distributions have very different shapes, 

which is clearly apparent from Figure 19, above. In contrast, a comparative Mann-

Whitney test returns an exact P value of 0.9735, suggesting that the two distributions do 

not significantly differ. 
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2.3.2 Fire return periods and average fire burn areas  

Table 6, below, compares the fire frequency and burn area data from the historical 

record and the Monte Carlo wildfire model. 

Table 6. Historical record and Monte Carlo wildfire model data. 

Data source 
Number of 

years 
considered 

Number 
of fires 

Average 
fire return 

period, 
years 

Total area 
burned, ha 

Average 
fire 

burn 
area, ha 

Median 
fire 

burn 
area, ha 

East Victoria historical 
record (fires>1000ha) 

39 48 0.81 1,613,580 33,616 4,750 

FDA historical record 
(fires>1000ha) 

39 9 4.33 1,001,470 111,274 12,800 

Monte Carlo wildfire 
Model 

11,700 2978 3.93 116,620,120 39,161 7,312 

 

In the historical fire record, the return period for fires greater than 1000 ha occurring 

within the FDA was 4.33 years. This compared to a return period of 3.93 years for the 

model, approximately 9.2% below the historical record return period. 

For large fires in Eastern Victoria, the average burn area was 33,616 ha. The average 

fire area of fires produced by the model was 39,161 ha, approximately 16.5% higher 

than the historical record.  

Within the FDA, the average historical fire size was 111,274 ha, which is much higher 

than the average fire size of the model. However, further investigation reveals that this 

very high figure is due to a single fire of 677,636 ha. Since there are only 9 large fires 

within the FDA in the historical record, the average fire size within the FDA is skewed 

by this single very large fire. If this fire is removed and the remaining 8 fire sizes are 

averaged, the new average historical large fire size in the FDA is 40,479 ha, which is 

almost the same as the average size of fires generated by the model (model average fire 

size is approximately 3.3% lower than this new FDA average fire size). In general, there 

seems to be reasonable agreement between historical and model fire frequency and 

average fire size when considering large fires (burn area greater than 1000 ha). 
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2.3.3 Modelled catchment burn areas 

The model recorded instances when simulated fires burned into Melbourne’s water 

supply catchments. The area of the two catchments which happened to burn was 

calculated for each fire and is summarised in Table 7. 

Table 7. Simulated catchment burn data. 

 

Number of 
years 

simulated 

Number 
of 

catchment 
fires 

Total 
catchment 

area burned, 
ha 

Average 
catchment fire 
return period, 

years 

Average 
catchment 

burn area per 
fire, ha 

Model 11,700 915 13,250,900 12.8 14,482 

 

There is 12.8 years between instances when simulated fires which ignite in the FDA 

burn into the water supply catchments, and the average area of burn is 14,482 ha. The 

largest area of the catchments to burn was 71,380 ha. The two water supply catchments 

have a combined area of approximately 82,370 ha. The catchment burn area distribution 

of the simulated fires is described in Figure 20. 

 

Figure 20. Model cumulative fraction less than catchment burn area. 

The catchments were modelled as burnt more than once in the same year 59 times. Out 

of the 11,700 years modelled, this is a very rare occurrence, with a return interval of 
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2.4 Discussion 

The Monte Carlo wildfire model developed in this chapter provides input data to 

PHOENIX, an existing fire behaviour simulator, which produces the spatially 

distributed burn intensity data required to parameterise deterministic erosion process 

models. The frequency and size of the modelled fires are reasonably comparable to the 

local fire regime described by the historical fire record. 

2.4.1 Severe fire weather ignition probability 

This Monte Carlo wildfire model linked severe fire weather with ignition probability as 

suggested by a number of Australian studies (Plucinski, 2011; Krusel et al., 1993; 

Penman et al., 2013; Blanchi et al., 2010; Bradstock et al., 2009; Bradstock & Gill, 

2001; Gill, 1985). The historical data show a very small increase in ignition 

probabilities with increasing FFDImax (Table 5) until FFDImax exceeds 120, when 

ignition probabilities increase dramatically. This suggests that there is an extreme 

combined fire weather threshold after which wildfire ignitions occur relatively often, 

and typically produce very large fires. These elements allow the model to describe the 

non-linear fire frequency to fire area relationship (Li et al., 1999; Reed & McKelvey, 

2002). 

A number of inaccuracies were necessarily introduced into the historical weather data 

used to determine FFDImax and by PHOENIX to simulate fires. The only historical 

weather data available with reasonable temporal resolution (30 minutes) were measured 

at Melbourne Airport. Using these weather data in central northeast Victoria is not 

likely to accurately represent differences in wind speed or other local weather 

variations, although elevation corrections were applied to Melbourne Airport 

temperature and relative humidity data. The FDA covers a large area, however, the 

weather data assume single temporal values. In reality, temperature, humidity and wind 

speed will obviously vary across the FDA so the weather data can be considered 

approximations at best, obviously limiting accurate fire simulations. PHOENIX can use 

gridded weather data and, as of January 2012, a grid of 2 km weather data is available 

from the BOM for the state of Victoria. These data were not available as inputs to the 

model fire simulations, however, (historical weather data period was from 1971-2009), 

they could be used in future analyses. 
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2.4.2 Frequency of large fires 

To calibrate the fire frequency of the Monte Carlo wildfire model to that of the 

historical record, a fire burn area threshold must be chosen for what is designated as a 

'large fire'. Bradstock et al. (2009) nominally suggest that a 'large fire' is one with an 

area of at least 1000 ha. When this threshold was used to determine model ignition 

probabilities for each of the FFDImax categories, the fires generated within the FDA by 

the Monte Carlo wildfire model had a return period of 3.93 years, which is 

approximately 9% lower than the return period observed in the historical fire record of 

4.33 years.  

Using historical data to determine model fire frequency can be problematic since data 

may not be constant over the study period (Krusel et al., 1993) and is relatively short 

when compared to the thousands of years over which fire frequency can vary in 

response to climatic and human influences (Finney, 2005). Temporal fire bans may 

reduce the number of fires which would otherwise occur and data quality is likely to 

vary over time due to human resource limitations and changing technology. These 

factors make calibration of model data to historical data an approximation at best. 

Calibration of the model was limited by the low number of large fires historically 

recorded within the FDA. As the spatial area of the historical record used for model 

calibration was expanded to include all of Eastern Victoria (to increase available large 

fire ignition calibration data), the frequency of modelled ignitions becomes less specific 

to the relatively small area of the FDA. However, as mentioned previously, since the 

FDA large fire return period generated by the model was within approximately 9% of 

the historically observed large fire return period within the FDA, it appears that fire 

frequency does not vary significantly across Eastern Victoria. Other indicators of fire 

frequency, such as biophysical evidence, could perhaps be analysed to determine fire 

frequency (Bradstock, 2010; Meyn et al., 2007; Archibald et al., 2009), however, these 

are outside the scope of this research. 

Further calibration of the models large fire return period to the return period observed in 

the historical record could be possible by incrementally increasing the small fire 

threshold, and re-running the Monte Carlo wildfire model. For example, a 1,100 ha 

small fire threshold could be used, then a 1,200 ha threshold, and so on, until the fire 

frequencies of the model and those within the FDA more closely match. Slightly 
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improvements to model fire frequency will not change the fire size distributions or fire 

intensity maps generated by PHOENIX, however, because the model fire size 

distribution is a direct product of the 344 days of historical 'severe fire weather', and the 

long-unburnt, mature forest fuel loads used as input parameters to PHOENIX. 

Therefore, while more accurate model calibration is possible, it is rather unnecessary 

since the model output data is not currently required. If the model were to be used 

within the proposed overall post fire geo-morphic risk model, or to compare alternate 

weather or fuel scenarios, further model calibration could be conducted. 

An alternate method to calibrate the model to the historical record would be to increase 

the FFDImax threshold used to define 'severe fire weather' days. Currently, the model 

uses the lowest annual maxima, however, this low value doesn't really reflect the severe 

fire weather of interest and allows many insignificant fires to be generated. By raising 

the FFDImax threshold, larger fires will more commonly be produced when ignition 

occurs. Ignition probability, however, would decrease as the number of severe weather 

days per year are reduced, while ignitions that do occur would necessarily be driven by 

more extreme fire weather. The number of unused small fires generated by the current 

model would be limited using this alternate calibration method. This calibration method 

will, therefore, be explored further in future model developments. 

2.4.3 Fire size distributions 

As described above, the distribution of model fire sizes does not change with 

calibration, but is a product of fire weather and other inputs to the PHOENIX 

simulations. Changes to the small fire threshold (during calibration) only affects the 

frequency of fire occurrence in the model. This is the primary difference between the 

historical fire record, which can include fires on any day, and the model fire series, 

which only includes fires which ignite on 'severe fire weather' days.  

It is important that these two series have similar large fire size distributions (compared 

in Figure 19), since substantial differences suggest problems with either model design 

or PHOENIX input data, resulting in the model being unable to replicate the local fire 

regime. Both series display the non-linear fire size distribution discussed in the 

literature (Moritz, 2005; Cumming, 2001; Reed & McKelvey, 2002; Peters et al., 2004), 

however, a Kolmogorov-Smirnov test returns a P value of 0.0024, indicating 

significantly different distribution shapes. This is expected since the distribution of both 
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datasets has been altered by either excluding data in the case of the historical data, or 

calibration in the case of the model, to achieve the desired model outputs. On the other 

hand, a Mann-Whitney test returns an exact P value of 0.9735, indicating that there is 

no compelling evidence that the two distributions differ.  

While the model tends to slightly overestimate fire sizes, this could be due to two of the 

initial assumptions, both of which err on the conservative side, with regards to 

generating larger fires. These assumptions were i) that no fire history would be 

considered, and ii) the use of extreme fire weather to determine the boundaries of the 

FDA. These two assumptions and their effect on model outputs are discussed below. 

A conservative assumption of no fire history was applied when simulating the model 

fires, which therefore tend to be slightly larger than fires from the historical record. 

Each simulated fire uses a "long unburnt mature forest" fuel load input while fuel loads 

for historical fires will depend on whether previous fires have reduced the available 

fuel. Since our historic large fire return period within the FDA is approximately 4.3 

years (Table 6), large fires may well have an impact on fuel loads available to 

subsequent fires in the same location. This assumption could therefore explain why the 

average and median modelled fires are larger than historical fires (compare columns 6 

and 7 in Table 6). Incorporation of fire history into future realisations of the Monte 

Carlo wildfire model is theoretically possible, and is discussed further in section 2.4.5. 

Another conservative assumption was made by using Black Saturday fire weather to 

determine the extent of the FDA. This may have overestimated the size of the area 

within which large fires may threaten the water catchments. The frequency of fires that 

ignite within the FDA may be higher than expected since the size of the FDA relative to 

the area of historical record is used to determine large fire ignition probability. This 

possible overestimation of large fire frequency would be reflected by a reduction in the 

modelled fire return period, and may be a contributor to the modelled fires return period 

(3.93 years) being approximately 9% lower that the return period of historical fires 

(4.33 years). This assumption could be revised in future model development. 

It is possible that the majority of Eastern Victoria (where the historical data were 

collected) may be generally more accessible for fire suppression efforts than the 

relatively steep, forested areas around Melbourne’s water supply catchments. It's 
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possible, therefore, that the relatively lower average simulated burn areas of historical 

fires (Table 6) could be due to suppression constraints on historical fires.  

As larger fire sizes are considered (greater than approximately 40,000 ha, Figure 19), 

the model and historical record fire sizes begin to converge. This could imply that the 

importance of fuel loads on fire size decreases as fire weather becomes more extreme, 

since this is one of the few clear differences between the two datasets. For the top 5% of 

fire sizes, the historical fire sizes are larger than the modelled fires. 

2.4.4 Monte Carlo wildfire model use for water supply managers 

The Monte Carlo wildfire model may be used independently of rainfall and erosion 

models to determine the return period and burn area of fires burning into sensitive 

catchment areas. While accurate estimation of the overall water quality risk posed by 

wildfire (described in Figure 2) is not possible, it is proposed that downstream water 

quality impacts after fire and subsequent low frequency rainfall events are highly likely 

to be of concern to water managers, regardless of the actual magnitude of material 

generated. Therefore, the return period of severe fires burning into the catchment of 

interest and the predicted burn area are both important pieces of information.  

For example, the model forecasts that a large fire will burn into MW's water supply 

catchments every 12.8 years, on average, with an average water supply catchment burn 

area of 14,482 ha. Since MW's two water supply catchments have areas of 48,700 ha 

and 33,670 ha (MW business review, 2002), an average 'large' fire burning into one of 

these catchments is likely to cause significant downstream water quality problems. 

Intense summer rainfall events occurring immediately after the fire, or in the first 

summer before vegetation has sufficiently recovered are likely to generate very high 

levels of suspended sediment levels, which will undoubtably enter the water supply 

reservoirs (Shakesby & Doerr, 2006; Smith et al., 2011).  

The spatially distributed burn intensity data produced by the Monte Carlo wildfire 

model could be collated into a spatially distributed risk map. The values in each cell of 

the risk map could be normalised by the number of years of model simulation and could 

include both count data to describe the spatially distributed frequency of risk, and 

intensity data (such as heat or flame height) to describe the spatially distributed 
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magnitude of risk. This information could indicate to asset managers which areas are 

most susceptible to repeated burns, and burns of particularly high intensity. 

This Monte Carlo wildfire model was specifically designed to be incorporated into a 

larger wildfire-rainfall-erosion system model to ultimately quantify wildfire risk to 

water quality. The spatially distributed burn intensity and flame height maps produced 

by the model can be converted into spatially distributed soil burn severity maps (Section 

2.1.4; Shakesby & Doerr, 2006). The soil burn severity data can relate to specific soil 

properties which are used to parameterise deterministic erosion models. Maximum 

annual rainfall or storms with known recurrence intervals can also provide input to these 

erosion models so that the range of post-wildfire sediment loads produced by the overall 

system may be estimated, and the overall wildfire risk to water quality calculated 

(Figure 1). Future determination of this overall risk depends on the Monte Carlo 

wildfire model developed in this chapter successfully meeting its design requirements. 

2.4.5 Future model development 

Because the Monte Carlo wildfire model described in this chapter was designed and 

coded independently of PHOENIX, fires on all 'severe fire weather' days were simulated 

at all FDA ignition points (Figure 11) by PHOENIX in a batch, so that every possible 

fire in the scenario was available. This way, once the Monte Carlo wildfire model 

determines the fire weather and location of a modelled fire ignition, the corresponding 

pre-simulated fire area and burn intensity data can be instantly retrieved. An advantage 

of this batch method is that different scenarios may all be modelled by PHOENIX at 

once and then easily replaced in the Monte Carlo wildfire model, enabling fast and easy 

comparisons of the effects that alternate scenarios have on simulated fire sizes. As 

previously discussed, this approach limits the model from considering the effect of fire 

history, possibly resulting in some modelled fires becoming larger than expected. The 

interaction between multiple fires which happen to ignite closely in time or space is also 

not considered. This approach was useful during development so that the interaction 

between PHOENIX and the Monte Carlo wildfire model could be correctly completed. 

This independent model and simulator approach is not ideal, however, due to the low 

number of large fires occurring within the relatively small area of the FDA, the model 

still managed to give reasonable results. 
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An obvious future development would be the integration of the Monte Carlo wildfire 

model with PHOENIX. In this arrangement, when a simulated fire occurs, the produced 

spatially distributed burn intensity map could be used to reduce the spatially distributed 

fuel loads available as input to subsequent fire simulations. A vegetation regrowth 

model would also be necessary to describe the accumulation of fuel loads as the burnt 

vegetation recovers. Each progressive iteration of the Monte Carlo wildfire model 

would then have access to the current fuel load map to use as input data for subsequent 

fires, thereby chronologically incorporating fire history. Ideally, integration would 

enable PHOENIX to simulate unique fires on demand when required. The interaction 

between two fires in close spatial or temporal proximity could also be explored. It is 

expected that integration of these two very different, yet complimentary models would 

produce fire size distributions closer to those observed in the historical record.  

A number of researchers have linked climate change with increasing temperatures and 

other local weather effects that appear to increase fire frequency and fire sizes 

(Hennessey et al., 2005; Pitman et al., 2007; Murphy & Timbal, 2008; Hughes, 2003; 

Williams et al., 2001). The Monte Carlo wildfire model may be used to assess climate 

change effects by altering the model's fire weather distributions, or the fire weather 

variables themselves. Outputs using these altered weather data can be compared to the 

historical scenario to determine the effect of climate change on the fire regime.  

2.5 Conclusion 

An existing fire behaviour simulator, PHOENIX, was adapted to produce a unique 

Monte Carlo wildfire burn area simulation model for the forested uplands of Australia's 

Eastern Victoria. This Monte Carlo wildfire model was designed to describe the 

frequency, magnitudes, and spatially distributed burn intensities of future fires that pose 

credible risks to a selected area, in this case, MW's two largest water supply catchments. 

When incorporated into an overall system risk model, the Monte Carlo wildfire model 

will be required to supply a realistic temporal series of spatially distributed burn 

intensity maps to other rainfall and erosion process models. These models will 

eventually be able to calculate the risk wildfire poses to water quality. Asset managers 

can use this tool to compare management strategies, develop more well informed 

policies, and ideally, use resources more effectively. 
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The Monte Carlo wildfire model was also used to calculate the return period of large 

fires expected to burn into MW's catchments (approximately 12.8 years), and the 

average catchment area burnt (14,482 ha). This information may be of interest to asset 

managers looking to mitigate potential post fire pollutants.  

A wide range of scenarios may be compared by altering elements of the model. Changes 

to the historical fire weather data or the model's distributions of 'severe fire weather' 

days could simulate climate change scenarios. Reduction of input fuel loads could 

explore the effect of prescribed burning on future fire areas and burn intensities. These 

and many other scenarios may assist governing bodies to make more economical fire 

management decisions in the future. 
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3 Spatial scale effects on post fire rainfall runoff 

relationships 

3.1 Introduction 

Deterministic modelling of post fire erosion at the large catchment scale requires further 

insight into which processes dominate during different rainfall events. The following 

chapter attempts to clarify whether a severe fire changes a large catchment's runoff 

response to widespread, low intensity, high volume rainfall events.  

3.1.1 Hydrological scale effects 

The rainfall runoff event response of a catchment tends to vary with catchment size 

(Robinson et al., 1995; Wooding, 1965a, 1965b, 1966). At small scales, differences in 

spatial patterns of hydrologic surface characteristics such as infiltration rate, roughness 

and slope, may lead to a variety of runoff responses to the same rain event duration and 

intensity (Miyata et al., 2010; Western et al., 2001). As the scale of consideration 

expands, the heterogeneity of these characteristics increases the complexity of the 

rainfall runoff relationship. As larger scales are considered, however, the small scale 

hydrological effects of patterns of relatively high variability are attenuated by spatial 

averaging, and runoff responses become more consistent (Woolhiser & Goodrich, 1988; 

Freeze, 1980). Therefore, as spatial scale increases, catchments tend to dampen the 

effect of complex local parameter patterns which produce runoff variability at the small 

scale (Wood et al., 1988). 

Surface runoff, above the water table, is generally produced at the point scale by a 

combination of topographic, rainfall, vegetation and soil characteristics combining in 

time and space (Morin et al., 1981; Doerr et al., 2003). Individual raindrops may impact 

and infiltrate into the soil surface, or they may add to already present overland flow. 

Above the water table, this flow is known as infiltration-excess overland flow and 

occurs once the soil surface becomes wet, and continued rainfall intensity exceeds the 

soil’s infiltration capacity (Horton, 1933). At increasing scale, this overland flow can 

coalesce due to convergent local topography, and may lead to quickly increasing peak 

discharges in channels. As overland flow paths increase in length, however, infiltration 

becomes more likely due to the surface’s spatial heterogeneity. Hence, the relative 
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importance of hillslope overland flow contributing to rapid peak discharges reduces 

with increasing spatial scale. As catchment size increases, the stream network response 

increasingly dominates the catchment response, as the bulk of the rainfall travels to the 

stream network through subsurface flow (Kirkby, 1976; Wood et al., 1990). Because 

wildfire is known to alter the hydraulic properties of a catchment (Neary et al., 2005; 

Moody et al., 2008b), there is uncertainty about which processes contribute to increased 

erosion as larger scales are considered. 

3.1.2 Rainfall scale variability 

Rainfall events range in scale from convective events of around 1 km and several 

minutes to synoptic areas (frontal systems) of more than 1000 km and many days 

(Blöschl & Sivapalan, 1995). Rainfall of high intensity is more probable over smaller 

areas (Wood et al., 1988; Svensson & Jones, 2010; Sivapalan & Blöschl, 1998). As 

larger scales are considered, there is a decreased probability of large area rainfall 

intensities high enough to initiate infiltration-excess runoff. Since infiltration-excess 

overland flow probability is decreased, the probability of flashy peak discharges 

measured in streams and channels also decreases. 

At the larger watershed scale, widespread events can deliver very large rainfall volumes, 

and due to typically lower areal rainfall intensity, much of this rainfall moves through 

subsurface flow to ephemeral streams or established river network channels (Freeze, 

1972). As the water table rises, the areas of the catchment adjacent to river channels 

may become saturated. In these areas, subsurface flow and additional rainfall must 

travel as to the channel as saturation-excess overland flow (Dunne & Black, 1970). 

During rare rainfall events, infiltration-excess and saturated-excess overland flow may 

both occur (Loague & Abrams, 2001), however, infiltration-excess runoff typically 

reaches the channel quickly by moving across the surface, whereas saturation-excess 

runoff (typically occurring near channel boundaries) takes longer to develop, due to the 

time required for infiltrated rainfall to move from upper hillslopes through the soil to 

the channel. This hillslope subsurface runoff delay reduces the importance of spatial 

rainfall variability on peak discharges with regards to widespread rainfall events across 

large catchments (Naden, 1992). Because of this, widespread rainfall events do not 

typically lead to high levels of surface erosion (Dietrich et al., 1992; Tilahun et al., 

2013). As described in section 1.5.3, however, significant increases in suspended 
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sediment have been recorded during widespread rainfall events after fire. There are no 

studies of post fire erosion specifically generated by saturation excess, therefore the 

processes which produce the additional material are unknown. 

3.1.3 Scale effects after fire 

After fire, overland flow at the point, plot, hillslope or small catchment scale may 

increase relative to pre fire conditions and dominate catchment response. Due to the 

previously discussed variability of catchment hydrology response and rainfall intensities 

over increasing scales, it is unclear at what spatial scale this post fire increase in runoff 

response begins to attenuate. This thesis will attempt to investigate the catchment scale 

threshold above which fire induced overland flow becomes hydrologically unimportant. 

This will ideally provide insight into which post fire erosion processes are likely to be 

occurring during widespread rainfall events. 

3.1.3.1 Vegetation characteristic variability 

When vegetation is destroyed by fire, rainfall can directly impact the soil surface, 

beginning the process of rainfall induced erosion. There may only be a 1-2 year window 

of opportunity for intense rainfall to directly impact the soil surface before burnt 

vegetation recovers (Sheridan et al., 2011; Cerdà & Doerr, 2005; Purdie & Slatyer, 

1976). As vegetation recovers, overland flow velocities are reduced allowing more 

opportunity for infiltration. Plant roots create macropores in the soil, improving 

subsurface water movement and hence, soil infiltration capacity (Gyssels & Poesen, 

2003).  

3.1.3.2 Soil characteristic variability 

Wildfire can change soil properties leading to changes in rainfall runoff relationships. 

Infiltration-excess overland flow may increase after fire due to fire induced water 

repellency (DeBano, 2000; Doerr et al., 2000) and the sealing of soil pores by ash and 

other fine sediment after raindrop impact (Larsen et al., 2009; Ice et al., 2004; Neary et 

al., 1999). Increased surface runoff after severe fire often leads to increased erosion 

rates, and quickly rising and unusually high peak discharges in local channels (Scott & 

Van Wyk, 1990; Moody & Martin, 2001a; Moody & Kinner, 2006; Onda et al., 2008; 

Benavides-Solorio & MacDonald, 2001). When soil surface areas with low infiltration 

capacities, hydraulic conductivities (Ksat), or high water repellency are spatially 

connected, rainfall of sufficient intensity is more likely to travel overland. In contrast, 
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highly spatially varying soil characteristics can allow overland flow at point scale to 

infiltrate after relatively short overland pathways (Western et al., 2001; Miyata et al., 

2010). Additionally, increases in scale result in increased levels of surface ponding, 

which activates flow in spatially distributed macropores, allowing high soil infiltration 

rates even when high soil water repellence is present (Nyman et al., 2010). Infiltration-

excess overland flow at larger scales, therefore, becomes increasingly less common 

(Doerr & Moody, 2004; Lane et al., 2006; Sheridan et al., 2007a). While the spatial 

variability of soil and rainfall characteristics both contribute to reducing the probability 

of overland flow as scale increases, the relative importance of each is not well 

understood. A study of post fire changes to large catchment runoff response under 

widespread rainfall conditions could help to identify which flow processes dominate as 

scale increases, which in turn, may also clarify the scale at which soil characteristics 

influence any increase in post fire erosion. 

3.1.4 Post fire peak discharge studies 

Wildfire induced changes in a catchments hydrological response may produce increases 

in peak discharge, and have been reported in Australia (Sheridan et al. 2007a; Prosser & 

Williams, 1998; Brown, 1972), Europe (Coelho et al., 2004; Shakesby et al., 1993; Rulli 

& Rosso, 2005; Cerda & Lasanta, 2005; Campo et al., 2006; Gonzalez-Pelayo et al., 

2010; Lavabre et al., 1993; Conedera et al., 2003), North America (Benavides-Solorio 

& Macdonald, 2001; Robichaud & Waldrup, 1994; Robichaud et al., 2010; Moody & 

Martin, 2001b; Veenhuis, 2002; Anderson et al., 1976; Gottfried et al., 2003) and 

elsewhere (Scott, 1993; Inbar et al., 1998; Lavee et al., 1995). Table 8 lists the hillslopes 

or catchments of these studies by increasing area, however, they tend to be relatively 

small (less than 50 km
2
). At the large catchment scale there are much fewer post fire 

hydrological studies and those that exist suggest a high degree of variation in hydrologic 

response after wildfire.  

A study of the Trask and Wilson River catchments (370 km
2
 and 412 km

2
, respectively) 

in Oregon, USA, by Anderson et al. (1976), which were both about 75% burnt, found 

that peak discharge in the year after fire increased by approximately 45% when 

compared to an adjacent unburnt catchment of 518 km
2
.  
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In a study of soil and water processes on burnt landscapes of point to large catchment 

scale, Ferreira et al. (2008) acknowledge that there is a poor understanding of how 

properties and processes at one scale influence processes at larger scales. 

An interesting study by Bigio & Cannon (2001) in the western US, compared the flood 

specific discharges
3
 from a range of fire affected catchments of different sizes. They 

found that flood specific discharge rapidly decreases with increasing catchment size, 

suggesting that large post fire peak discharges in small catchments are likely to be 

generated by hillslope sourced overland flow (Figure 21).  

 

Figure 21. Post wildfire flood specific discharge and watershed area (adapted from Bigio 

& Cannon, 2001). 

Little research has looked at low intensity, long duration, high volume rainfall on large 

burnt catchments, which typically produces the highest river discharges of the year. 

These rainfall events are typical of winter and spring rainfall in southeast Australia 

(Bren & Hopmans, 2007; Tomkins et al., 2008) and may occur over a period ranging 

from days to weeks.  

Table 8, below, contains a list of studies in which pre and post fire peak discharges have 

been compared, and is ordered by increasing study catchment area. Collectively, these 

studies suggest that observed increases in post fire peak discharge become less as the 

size of the catchment area increases.  

                                                 

3
 Flood specific discharge is measured by dividing the peak discharge by the catchment area. 
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Table 8. Post fire peak discharge studies. 

Reference Location Catchment area % burnt Qp time after fire 

Rainfall 

Intensity 

(mm/hr) 

Factor 

increase in 

peak 

discharge 

Coelho et al., 2003 Central Coastal Mountains, Portugal 0.24 m2 100 - 50.5 ~10e 

  16 m2 100 < 1 year - ~100e 

Pierson et al., 2001 Pine Forest Range, Denio, Nevada, USA RFS (0.5 m2) 100 < 1 year I60 = 85 negligible 

Benavides-Solorio & Macdonald, 2001 Bobcat, Northern Colorado, USA RFS (1 m2) 100 1-2 months 79 1.2e 

Lavee et al., 1995 Mt Carmel, Northwest Israel RFS (1 m2) 100 < 1 year I120 = 30 increase 

Sheridan et al., 2007a East Kiewa Research catchment, Northeast Victoria, Australia RFS (3 m2) 100 6 months 100 ~1.64e 

Shakesby et al., 1993 Agueda Basin, North-central Portugal 16 m2 100 < 2 years - ~4e 

Prosser & Williams, 1998 Sydney, Australia 20 – 40 m2 100 <1 year - 1.5-3e 

Robichaud & Waldrup, 1994 Sumter National Forest, North Carolina, USA RFS (22.5 m2) 100 < 1 year 100 10e 

Robichaud et al., 2010 Oregon and Washington, Northwest USA RFS (~30 m2)g 100 < 10 months - ~7e 

Rulli et al, 2005 Branega catchment, Liguria region, Northwest Italy RFS (30 m2) 100 immediate 76 60c 

Cerda & Lasanta, 2005 Aisa Valley, Central Pyrenees, Spain 30 m2 100 < 2 years - ~2-4e 

Campo et al., 2006 La Concordia, Valencia, Spain 80 m2 100 5 months - 3e 

Gonzalez-Pelayo et al., 2010 La Concordia, Valencia Region, Spain 80 m2 100 > 6 months - 3.7e 

Lane et al., 2006 Kiewa River, Northeast Victoria, Australia 136; 244; 10,050 Ha ~100 < 2 years - negligiblef 

Scott, 1993 Bosboukloof, Jonkershoek Valley, South Africa 200.9 ha 57 1 year I60 = 10.3d 2.9 

 Ntabamhlope, Natal Drakensburg foothills, South Africa 132 ha 26.5 1 year - 11.1 

Conedera et al., 2003 Riale Buffaga, Ticino, Switzerland 0.355 km2 ~90 5 months I60 = 47 3 

Inbar et al., 1998 Galem stream, Mount Carmel, Israel 1.1 km2 90 < 2 years - increase 

Lavabre et al., 1993 Real Collobrier, Aix-en-Provence, France 1.46 km2 85 < 1 year - > 1.62 

Gottfried et al., 2003 Coon Creek, North-central Arizona, USA 4.4 km2 100 2 months I15 = 66 7 

 Little Colorado River, North-central Arizona, USA 0.24 km2 100 < 6 months - > 100 

a includes a variety of burn severities across catchment     b highest post fire peak discharge compared to highest pre fire peak discharge 
c compared to control catchment, both under ‘wet’ conditions    d from Scott & Van de Wyk 1990 
e increase in runoff ratio       f sub-daily rainfall-runoff not considered 
g Only rill erosion measured, rainfall simulation by adding overland flow at soil surface 
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Table 8 continued. Post fire peak discharge studies. 

Reference Location Catchment area % burnt Qp time after fire 

Rainfall 

Intensity 

(mm/hr) 

Factor 

increase in 

peak 

discharge 

Moody & Martin, 2001b South Dakota, USA 17 km2 65 - - increase 

 Colorado, USA 26.8 km2 79 - - increase 

 New Mexico, USA 24.8 km2 78 - - increase 

Veenhuis, 2002 Frijoles Canyon, New Mexico, USA 46.9 km2 ~90a <1 year - 160b 

 Capulin Canyon, New Mexico, USA 36.5 km2 ~24a <1 year - 160b 

Brown, 1972 Yarrangobilly River, NSW, Australia 226.6 km2 - < 1 year - Change in 

hydrograph 

 Wallaces Creek, NSW, Australia 43.5 km2 - < 1 year - increase 

Tomkins et al., 2008 Nattai River, NSW, Australia 446 km2 ~50 < 1 year - negligible 

 Little River, NSW, Australia 104 km2 100 < 1 year - negligible 

Anderson et al., 1976 Trask River, Oregon, USA 370 km2 ~75 - - 1.45 

 Wilson, Oregon, USA 412 km2 ~75 - - 1.45 

 South Fork, Arizona, USA 1.29 km2 100 < 1 year - 5 – 15 

Liu et al, 2000 Goulburn river, Hunter Valley, Australia 6810 km2 4 - - none 

a includes a variety of burn severities across catchment     b highest post fire peak discharge compared to highest pre fire peak discharge 
c compared to control catchment, both under ‘wet’ conditions    d from Scott & Van de Wyk 1990 
e increase in runoff ratio       f sub-daily rainfall-runoff not considered 
g Only rill erosion measured, rainfall simulation by adding overland flow at soil surface 
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3.1.5 Southeast Australian studies 

There are very few studies in southeast Australia that look at peak discharge after fire at 

the large catchment scale. Brown (1972) studied the effect of fire on a 44 km
2
 

catchment in New South Wales and reported a post fire increase in peak discharge. 

Brown also studied a catchment of 226.6 km
2
, however this catchment was only burnt 

in the lower reaches near the river gauging station and, therefore, large volume flood 

events were not significantly affected by the fire. Liu et al. (2004) studied the effect of 

bushfire in the Goulburn River catchment in New South Wales and found no effect on 

stream discharge. The catchment size, however, was very large (6,810 km
2
) and only 

4% (approximately) was burnt.  

The only study in south-eastern Australia to consider post-fire hydrology at the scale of 

interest was by Tomkins et al. (2008). This study looked at rainfall runoff events before 

and after five fires that occurred over a 40 year period. The catchments studied were 

104 km
2
 and 446 km

2
 in size and are located in the Nattai river basin near Sydney. The 

two largest fires, in 1968 and 2001 burnt 100% of the smaller catchment and 

approximately 50% of the larger catchment. The study found no detectable change in 

rainfall-runoff relationships after fire, regardless of fire severity, extent or time after 

fire. This study suggests that rainfall characteristics and local factors are important and 

therefore, overland flow may not be an important hydrological process at this scale, in 

this locality. Tomkins notes two other factors which may influence post-fire runoff 

response besides rainfall variability and soil infiltration rates. These are bioturbation 

and rapid vegetation recovery, both specific to south-eastern Australian eucalypt forests. 

Bioturbation of post fire soil aids infiltration by disrupting the soil surface layer and/or 

providing tunnels through which surface runoff may infiltrate (Burch et al., 1989). 

Extensive bioturbation, predominantly in the form of ant mounds, has been documented 

post fire in Eastern Australia (Dragovich & Morris, 2002; Shakesby et al., 2006; Prosser 

& Williams, 1998). The rapid vegetation recovery of many eucalypt forests after fire 

places increasing importance on the timing and characteristics of post-fire rainfall 

events. The overall effect of this rapid recovery is to reduce the probability of post-fire 

rainfall induced overland flow. 

The smallest catchment in Brown's study which showed an increase in post fire peak 

discharge was 44 km
2
, while Tomkins study of a 104 km

2
 catchment showed no 
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discernible increase in post fire peak discharge. Considering the information in these 

two studies reasonably suggests that the scale threshold where hydrological changes in 

post fire peak discharge are no longer observed is somewhere between these two values. 

These two catchments are about an order of magnitude smaller than typical forested 

water supply catchments. For example, Melbourne, Australia’s two main catchments, 

the Upper Yarra and the Thompson, are 349 km
2
 and 489 km

2
, respectively, while New 

York, USA’s three main catchments, the Delaware, Catskill, and East of Hudson are 

2624 km
2
, 1479 km

2
 and 1002 km

2
, respectively. Additional post fire catchment studies 

at this scale could help water supply managers better predict the likely post fire 

hydraulic response of forested water supply catchments to widespread, high volume 

rainfall events. 

3.1.6 Catchment hydrology analysis options 

The effect of fire on catchment hydrology may be measured numerically in a number of 

ways. A paired catchment analysis is common in smaller catchments and after smaller 

wildfires (Zhang et al., 2003; Prosser & Williams, 1998; Scott & Van Wyk, 1990; Scott, 

1997; Scott, 1993; Bren & Hopmans, 2007). Typically, the burnt catchment’s post fire 

hydrologic response is compared to that of a nearby unburnt catchment with similar pre 

fire hydrologic characteristics. Paired catchment studies are difficult to conduct at the 

large catchment scale since the catchments must have similar geology, soils, topography 

and vegetation (Moore & Wondzell, 2005). Also, when considering large area wildfires, 

unburnt and burnt paired catchments may be a considerable distance apart and the 

difference in weather events (especially the occurrence of rare, high magnitude events) 

between the catchments can limit the usefulness of a paired catchment analysis. 

Rainfall runoff modelling can be used to determine changes in post fire hydrology, 

however, it is difficult to model large catchments accurately due to unrealistically large 

data requirements. Flow duration curves (Searcy, 1959; Vogel & Fennessey, 1994; Lane 

et al., 2006) may be used to compare the behaviour of the watershed before and after a 

fire, however, since there is typically a one to two year window of disturbance before 

the watershed reverts to its pre fire hydrology, altered flow duration curves depend on 

typical rainfall conditions during this disturbance window, which cannot be relied upon. 

This method also assumes a great deal of pre-fire flow data, which is often not 

available. 
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Regression analyses are another method which may be used to compare pre and post 

fire hydrological change (Lavabre et al., 1993; Mayor et al., 2007). By determining an 

empirical pre fire peak discharge based on measured variables, a predicted post fire 

peak discharge can be compared to the observed post fire discharge. The difference 

between the predicted and observed post fire discharges indicates a possible change. 

The accuracy of this method relies on the goodness of fit of the pre fire relationship. 

3.1.7 Aim of this study 

The post fire erosional processes which produce observed increases in suspended 

sediment in large catchments during widespread rainfall events have not been identified. 

Whether or not a wildfire changes the large catchment runoff response to widespread 

rainfall events will suggest which post fire flow processes are likely, and help identify 

the dominant erosional processes. This study, therefore, aims to determine if post fire 

peak discharge increases occur in large catchments during widespread rainfall events. 

There are a number of catchments in southeast Australia which have measurements of 

rainfall and discharge before and after they were affected by large wildfires. By 

analysing data in these catchments, it may be possible to determine whether wildfire in 

this area affects peak discharges generated by widespread rainfall events and therefore, 

suggest which post fire flow and erosional processes are important in catchments of 

these sizes, in this area, under these rainfall conditions. 
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3.2 Method 

3.2.1 Study catchment information 

Southeast Australia was affected by very large wildfires in early 2003 (approximately 

1.3 million hectares) and over the summer of 2006-07 (approximately 1.1 million 

hectares), henceforth called the 2003 fire, and 2007 fire, respectively. The rainfall, 

discharge, and KBDI data from six large catchments affected by these fires were 

collected from the Victorian water resources data warehouse (VWRDW) and from the 

Bureau of Meteorology (BOM). These six catchments, the discharge gauging locations, 

and the extent of the 2003 and 2007 fires are displayed in Figure 22. The data were 

compiled and analysed before and after the 2003 and 2007 fires to determine whether a 

post-fire change in hydrology could be detected at the large catchment scale.  

 

Figure 22. Location of study catchments, gauging stations and spatial extent of 2003 and 

2007 fires. 
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Table 9 shows the study catchment locations, areas and the percentage of each 

catchment that was burnt in the 2003 and 2007 fires, measured using fire extents 

supplied by the Department of Sustainability and Environment (DSE), Victoria, and 

geographic information system (GIS) software.  

Table 9. Study catchment location, area and % burnt. 

River Name Gauging Station 

Name 

Station 

number 

Station 

Latitude 

Station 

Longitude 

Catchment 

Area (km2) 

2003 Fire 

(% 

burnt) 

2007 Fire 

(% burnt) 

Avon The Channel 225224 -37.80141 146.88610 554 0 97 

Kiewa Mongan’s Bridge 402203 -36.59552 147.10034 552 70 33 

Macalister Glencairn 225219 -37.51610 146.56561 570 0 100 

Ovens Bright 403205 -36.72613 146.95235 495 55 34 

Tambo Swift’s Creek 223202 -37.26772 147.72860 943 69 1 

Wonnangatta Waterford 224201 -37.48978 147.16683 1979 30 70 

 

An analysis was conducted for each of the 6 catchments to determine regression 

equations which relate the pre fire observed peak discharge to observed variables 

associated with the rainfall event. If the post fire hydrological data do not fit the pre fire 

regression equation, a change in the catchment hydrology can be concluded. 

3.2.2 Rainfall-runoff data 

The available rainfall and discharge data for each catchment were of varying quality. 

Some catchments had a high proportion of missing rainfall data, and discharge data for 

some catchments were only available as a daily average, rather than recorded as 

instantaneous discharge. Events were chosen by selecting all events with peak 

discharges above the lowest annual maximum across the reliable pre fire record. A 

rainfall event was defined by including all consecutive days where the sum of the daily 

rainfall was equal to or greater than 5mm. Where multiple rain gauges were available, 

the Thiessen polygon method was used to determine the spatially averaged catchment 

rainfall for each day (Rhynsburger, 1973). The methods used to determine rainfall and 

discharge values for each of the catchments, along with the quality and quantity of data 

available for each catchment, are described below and summarised in Table 11. 
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3.2.2.1 Avon River at The Channel 

The Avon River catchment was of particular interest because a very large rainfall event 

with an average recurrence interval (ARI) of 45 years occurred 6 months after 97% of 

the catchment was burnt by the 2007 fire. There are three rainfall gauges on the edges of 

this catchment, two rainfall gauges are located together at the far north (Mount 

Wellington) and one is located at the far south of the catchment (The Channel). Using 

the Thiessen polygon method to calculate areal rainfall, the rain gauge at The Channel 

contributes 61% towards the catchment average rainfall; the gauge at Mount Wellington 

contributes the remaining 39%. All other rain gauges in the area are located in adjacent 

catchments and would have negligible influence on the catchment average rainfall 

(using the Thiessen polygon method). These data give us a continuous record of daily 

rainfall and instantaneous discharge between 1/1/2000 and 8/4/2009. If daily rainfall 

data at the BOM Mount Wellington gauge were missing, rainfall from the VWRDW 

Mount Wellington tipping bucket gauge was summed for that day, where available. If 

rainfall or discharge data were missing, these periods were not considered in the 

analysis. The lowest annual maximum instantaneous discharge over this period was 632 

ML/day in 2004. There are 10 pre fire events with peak discharge above this threshold 

with reliable discharge and event rainfall data. The data used for the regression analysis 

can be found in Appendix 6.2.1.1. 

3.2.2.2 Kiewa River at Mongans Bridge 

The Kiewa River catchment above Mongans Bridge was 70% burnt by the 2003 fire. A 

substantial amount of rainfall data were missing from the rainfall gauge records. 

Between 1990 and 2003 (inclusive) the percentage of days with available rainfall data 

were, Tawonga 99.0%, Rocky Valley 71.2%, Falls Creek 26.7%, Mt Hotham 59.9%. 

The Thiessen polygon areal rainfall contributions of Falls Creek, Tawonga and Mt 

Hotham are 0.47, 0.43 and 0.1, respectively. The daily rainfall for the BOM and 

VWRDW sites were averaged to give a single rainfall daily value for Falls Creeks. The 

lowest annual maximum peak discharge was 3992 ML/day in 1994. All events with 

peak discharges, Qp, above this threshold were considered to calculate the regression 

equations. Since daily average discharge and monthly peak discharge were the only 

discharge data available, the highest daily average discharge per month was used to find 

the date of the monthly peak discharge. The data used for the regression analysis can be 

found in Appendix 6.2.1.2. 
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3.2.2.3 Macalister River at Glencairn 

The Macalister catchment above Glencairn is of interest since it was unaffected by the 

2003 fire but completely burnt by the 2007 fire. The BOM rainfall data from Glenview, 

Glencairn and Glenlea were averaged since these rainfall stations are within 2 km of 

each other. When a rainfall value was missing, it was not included in the average. This 

value was then averaged with the Glencairn VWRDW tipping bucket data at Glencairn 

to give average daily rainfall for this site. Using this method 99.4% of days had 

available rainfall data. The BOM and VWRDW data for Mt Tamboritha were averaged 

to give average daily rainfall at this site, allowing 76.2% of days to have rainfall data. 

There are three sites which then represent rainfall across the catchment; Mt Buller, 

Glencairn and Mt Tamboritha. The Thiessen polygon contributions to areal rainfall 

from these sites are 0.18, 0.12 and 0.7, respectively. Regression equations for The 

Macalister river catchment were difficult since rainfall data were patchy at best. Since 

the Mt Tamboritha rainfall gauge represents 70% of the catchment area (using Thiessen 

polygons) polynomial and multiple linear regressions were conducted using just these 

rainfall data. While this rainfall gauge was the most reliable of the three sites, data were 

missing on 24% of days in the record. This limited the number of events that could be 

used for the analysis and several years had to be removed from the record altogether 

(1992, 1993, 1994, 2000, 2001). The lowest annual maximum peak discharge occurred 

in 2006 however this discharge was so low (802 ML/day) that another threshold had to 

be selected. The next lowest annual maximum occurred in 1997 (2911 ML/day) and 

using this as the peak discharge event threshold, 40 events with rainfall data were 

collected and analysed. Unfortunately regression equations with good fit to the data 

were not forthcoming. The data used for the regression analysis can be found in 

Appendix 6.2.1.3. 

3.2.2.4 Ovens River at Bright 

The Ovens River Catchment above the gauging station at Bright was 55% burnt by the 

2003 fire so pre fire data were analysed up until the end of 2002. The rainfall data from 

the two gauges at Bright were averaged where available. The two gauges at Harrietville 

were also averaged to get daily rainfall values. The three rainfall sites, Bright, 

Harrietville and Mt Hotham, have Thiessen polygon contributions of 0.38, 0.53 and 

0.09, respectively. Much of the Mt Hotham rainfall data were missing (39% of days 

missing from 1990 to 2002, inclusive). Since the Thiessen polygon contribution of this 
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site was low, when the rainfall for Mt Hotham was missing, the contribution of the 

Harrietville rainfall was increased to 0.62. The lowest annual maximum peak discharge 

of 942 ML/day occurred in 1994. Discharge events above this were recorded along with 

event rainfall information and the data used for the regression analysis can be found in 

Appendix 6.2.1.5. 

3.2.2.5 Tambo River at Swifts Creek 

The Tambo River catchment above the gauging station at Swifts Creek was 69% burnt 

by the 2003 wildfire. The tipping bucket rainfall data at Swifts Creek were not used 

since these data began after the 2003 fire of interest in this catchment. The two BOM 

station at Benambra were averaged to estimate daily rainfall at Benambra. The 3 rainfall 

data sites, Swifts Creek, Tongio and Benambra, had Thiessen polygon area rainfall 

contributions of 0.24, 0.42 and 0.34, respectively. The rainfall data for the years 

analysed were good with only 4% of days with missing rainfall data from 1990 to 2003, 

inclusive. Because instantaneous peak discharge is only available monthly, the largest 

monthly daily average discharge was assumed to be associated with the monthly peak 

discharge. The rainfall contributing to the highest monthly average daily discharge was 

recorded for use in the regression analysis. The maximum monthly instantaneous 

discharge was then used. This limited the number of events that could be used in the 

analysis since not more than one event per month has peak discharge data. The lowest 

annual maximum peak discharge of 632 ML/day occurred in 1997 and there were 38 pre 

fire events analysed with peak discharges above this threshold. The data used for the 

regression analysis can be found in Appendix 6.2.1.6. 

3.2.2.6 Wonnangatta River at Waterford 

The Wonnangatta catchment above Waterford is substantially larger than the other 

catchments, with an area of 1979 km
2
. It was burnt by both the 2003 and 2007 fires; the 

2003 fire burnt about 30% in the upper reaches of the catchment, the 2007 fire burnt 

70% in the central and lower catchment reaches. The pre fire data from 1990 to 2002, 

inclusive, were compared to large events in both the post fire years, 2003 and 2007. The 

rainfall data from the rainfall gauges in the Wonnangatta catchment were patchy making 

areal rainfall estimates very difficult. The rainfall data at Crooked River at Happy 

Valley collated all the rainfall collected over the missing data days into a total when the 

record restarts. The only reliable rainfall data with a good record over the period 1990 – 
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2002, inclusive, are the Crooked River BOM rainfall data. These rainfall data were used 

to generate regression equations for the peak discharge at Waterford. The Thiessen 

polygon contribution to rainfall for the rainfall sites is as follows. 

Table 10. Wonnangatta catchment areal rainfall gauge contributions and data 

completeness. 

Rainfall data site Areal rainfall contribution Days with data (%) 

Waterford 0.04 13 

Mt Buller 0.06 67 

Mt Hotham 0.19 57 

Crooked River 0.19 96 

Crooked River @ Happy Valley 0.39 67 

Mt Wellington 0.06 2 

Mt Tamboritha 0.03 58 

Reeves Knob 0.04 4 

 

The lowest annual maximum peak discharge during the pre fire study period was 3186 

ML/day in 1994. All events with higher peak discharge were recorded along with 

Rainfall total, RFe, the number of days over which this rainfall occurred, d, and the 2 

and 4 week previous rainfall sums, RF2 and RF4, respectively, as in the other catchment 

analyses. These data can be found in Appendix 6.2.1.7. 
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Table 11: Discharge and rainfall data available for the study catchments 

Catchment river name Location Measurement Units Source Start Finish 

Avon The Channel Discharge (instantaneous) ML/day VWRDW 10/07/1972 8/04/2009 

Avon The Channel Discharge (average daily)  ML/day VWRDW 1/01/2000 25/06/2009 

Avon Mt Wellington Rainfall (0.2mm tipping bucket) mm VWRDW 21/05/1997 17/05/2012 

Avon Mt Wellington Rainfall (daily total) mm BOM 1/01/2002 16/01/2013 

Avon The Channel Rainfall (daily total) mm BOM 1/01/2000 16/01/2013 

Kiewa Mongans Bridge Discharge (average daily) ML/day BOM 10/07/1972 8/04/2009 

Kiewa Mongans Bridge Discharge (peak monthly)  ML/day BOM Jan 1942 Feb 2013 

Kiewa Falls Creek Rainfall (30min cumulative daily) mm VWRDW 1/09/1991 11/01/2013 

Kiewa Falls Creek – Rocky Valley Rainfall (daily total) mm BOM 1/01/1990 31/12/2012 

Kiewa Tawonga Rainfall (daily total) mm BOM 1/01/1990 31/12/2012 

Kiewa Mt Hotham Rainfall (daily total) mm BOM 1/01/1990 25/02/2013 

Macalister Glencairn Instantaneous Discharge ML/day VWRDW 7/04/1967 1/07/2008 

Macalister Mt Buller Rainfall (daily total) mm BOM 1/01/1948 26/02/2013 

Macalister Mt Tamboritha Rainfall (daily total) mm BOM 1/01/1989 26/02/2013 

Macalister Barkly River at Glenview Rainfall (daily total) mm BOM 1/01/2003 26/02/2013 

Macalister Glencairn Rainfall (daily total) mm BOM 1/01/1989 9/09/2002 

Macalister Barkly River at Glenlea Rainfall (daily total) mm BOM 1/01/1963 3/05/2004 

Macalister Glencairn Rainfall (0.2mm tipping bucket) mm VWRDW 3/02/1993 10/01/2011 

Macalister Mt Tamboritha Rainfall (0.2mm tipping bucket) mm VWRDW 5/11/1994 21/01/2011 

Ovens Bright Instantaneous Discharge ML/day VWRDW 29/05/1992 19/01/2011 

Ovens Bright Rainfall (0.2mm tipping bucket) mm VWRDW 29/05/1992 19/01/2011 

Ovens Bright Rainfall (daily total) mm BOM 1/01/1969 2/01/2013 

Ovens Harrietville Rainfall (daily total) mm BOM 1/01/1884 25/02/2013 

Ovens Ovens River at Harrietville Rainfall (daily total) mm BOM 1/01/2001 25/02/2013 

Ovens Mt Hotham Rainfall (daily total) mm BOM 1/01/1990 25/02/2013 
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Table 11: Discharge and rainfall data available for the study catchments 

Catchment river name Location Measurement Units Source Start Finish 

Tambo Swifts Creek Average Daily Discharge ML/day VWRDW 2/06/1947 15/10/2012 

Tambo Swifts Creek Average Daily Discharge ML/day VWRDW 2/06/1947 15/10/2012 

Tambo Swifts Creek Instantaneous Monthly Peak 
Discharge 

ML/day VWRDW July 1947 Oct 2012 

Tambo Swifts Creek Rainfall (0.2mm tipping bucket) mm VWRDW 22/10/2004 19/01/2011 

Tambo Swifts Creek Rainfall (daily total) mm BOM 1/01/1990 9/01/2013 

Tambo Tongio Rainfall (daily total) mm BOM 1/01/1990 31/12/2012 

Tambo Benambra@Evandale Rainfall (daily total) mm BOM 1/01/1936 31/01/2013 

Tambo Benambra@The Brothers Rainfall (daily total) mm BOM 1/01/1968 31/01/2013 

Wonnangatta Waterford Instantaneous Discharge ML/day VWRDW 10/12/1965 24/1/2011 

Wonnangatta Waterford Rainfall (0.2mm tipping bucket) mm VWRDW 6/10/1992 24/1/2011 

Wonnangatta Waterford Rainfall (daily total) mm BOM 1/01/2000 26/02/2013 

Wonnangatta Mt Buller Rainfall (daily total) mm BOM 1/01/1948 26/02/2013 

Wonnangatta Mt Hotham Rainfall (daily total) mm BOM 1/01/1990 26/02/2013 

Wonnangatta Crooked River Rainfall (0.2mm tipping bucket) mm VWRDW 27/11/1998 24/01/2011 

Wonnangatta Crooked River Rainfall (daily total) mm BOM 1/01/1972 31/01/2013 

Wonnangatta Crooked River @ Happy Valley Rainfall (daily total) mm BOM 1/01/1960 31/12/2011 

Wonnangatta Mt Wellington Rainfall (daily total) mm BOM 1/01/2002 26/02/2013 

Wonnangatta Mt Tamboritha Rainfall (daily total) mm BOM 1/01/1989 26/02/2013 

Wonnangatta Reeves Knob Rainfall (daily total) mm BOM 1/01/2002 26/02/2013 
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3.2.3 Regression analysis variables 

Variables to consider which may affect the peak discharge describe either the rainfall 

event, or the catchment soil moisture. These are described below. 

3.2.3.1 Rainfall event variables 

The total rainfall event depth was determined by summing all rainfall recorded on 

consecutive days which experienced daily rainfall equal to, or greater than, 5 mm. An 

estimate of the area averaged intensity of the event rainfall may be included by 

considering the number of days over which the event rainfall occurred. The number of 

days of the rainfall event may also be a useful predictor.  

3.2.3.2 Soil moisture variables 

Because peak discharge can depend on soil moisture from previous rainfall, variables 

reflecting this should also be considered in the regression (Lavabre et al., 1993). Soil 

moisture may be predicted by measuring the amount of rainfall occurring immediately 

before a large rainfall event. The sum of the rainfall for 2 and 4 weeks before a rainfall 

event were, therefore, both considered as regression variables.  

The Keetch Byram Drought Index (KBDI) provides an estimate of soil dryness or soil 

moisture deficiency (Keetch & Byram, 1968). This index represents the amount of 

rainfall in mm that would be required to reduce the index to zero (or to saturate the soil) 

and is commonly used for planning fire and hazard reduction operations. Errors in the 

KBDI equations published by Keetch & Byram (1968) were highlighted by Crane 

(1982) and Alexander (1990) and the corrected equation (1) to determine the daily 

change in KBDI, dKBDIdaily, may be found below.  

           
       –                                           

                              (1) 

where  M is the soil moisture deficiency, equal to the previous days KBDI 

   T is the max daily temperature, measured in degrees Celsius 

   dt is the time increment, in this case equal to 1 day 

   R is the average annual rainfall, measured in mm 

 

The BOM provided Australia-wide daily KBDI values from 1/1/1990 – 31/12/2008 at a 

resolution of 0.25 degrees latitude and longitude, equivalent to approximately 21.3 km 
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in the north-south direction and 27.7 km in the east-west direction. The data points 

closest to each of the study catchments’ centroid are listed in Table 12 below. 

Table 12. Position of BOM
a
 KBDI

b
 data point nearest to river catchment centroid. 

River Name KBDI Latitude KBDI Longitude 

Avon -37.75 146.75 

Kiewa -36.75 147.25 

Macalister -37.5 146.5 

Ovens -36.75 147 

Tambo -37.25 147.75 

Wonnangatta -37.25 147 

  
a
 Bureau of Meteology 

  
b
 Keetch Byram Drought Index 

3.2.4 Statistical analysis 

The following variables were collated for each catchment, for all of the pre and post fire 

events: 

 Daily maximum instantaneous peak discharge, Qp (ML/day) 

 Rainfall event total depth RFe (mm) 

 Number of consecutive days of the rainfall event, d (days) 

 Average event rainfall intensity, RFi (mm/day) 

 KBDI on the day of peak discharge, KDBI (mm) 

 Total rainfall depth over 2 weeks previous to peak discharge, RF2 (mm) 

 Total rainfall depth over 4 weeks previous to peak discharge, RF4 (mm) 

Because event peak discharges are positively skewed, the natural logarithm of the peak 

discharge will be the dependent variable of the multiple linear regressions. The 

predictor variables, then, are RFe, d, KBDI, RFi, RF2, and RF4.  

Polynomial and multiple linear regressions were calculated using the statistical analysis 

within SigmaPlot 12.0. The stepwise method (with backward elimination) was used for 

each catchment pre fire dataset to determine if a variable should be included in the 

regression. Typically, the variable with the highest P value would be removed first. The 

data were tested for normality using the Shapiro-Wilk test (typical with sample sizes of 

less than 5000). The alpha value, α, for determining the power of the regression was 

0.05. 
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The Nash-Sutcliffe model efficiency coefficient (E) (Nash & Sutcliffe, 1970) was 

determined for each of the pre fire regression equations. This coefficient is commonly 

used to determine the predictive power of hydrological models (McCuen et al., 2006; 

Moriasi et al., 2007) and is defined below in equation (2). 

      
    

    
  

  
   

    
         

  
   

       (2) 

  Where    = number of samples 

     = unique sample with value from 1 to   

     
  = observed peak discharge for sample   

     
 = modelled peak discharge for sample   

     
     = mean of observed samples 

 

The Root Mean Square Error (RMSE) was not used to compare errors between the 

different regression equations because the equations use a variety of variables and the 

RMSE is scale dependent. 
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3.3 Results 

3.3.1 Pre-fire rainfall-runoff regression equations 

Of the predictor variables considered, some were found to be not useful. For example, 

KDBI is highly correlated with recent rainfall, and is often zero when the soil has 

recently experienced rainfall which is often the case in winter/spring. The predictor 

variables that were useful are listed in Table 13, below. 

Table 13. Predictor variables used in regression analysis 

Predictor 
variable 

Symbol Units Description 

Event rainfall RFe mm Sum of event rainfall 
2 week rainfall RF2 mm Sum of rainfall for 2 weeks before event 
4 week rainfall RF4 mm Sum of rainfall for 4 weeks before event 
Event days d days Number of consecutive days of eventa 

Average event 
rainfall intensity 

RFi mm/day 
Event rainfall divided by the number of consecutive 
days of the eventa  

a
 rainfall greater than or equal to 5mm per day 

In all catchments, polynomial regressions were found to be less useful than multiple 

linear regressions. The input variables used in the multiple linear regression equations 

for each catchment are described below, and displayed graphically in Figure 23(a)-(f). 

The coefficients of all the predictor variables are tabulated in Table 14.  
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Table 14. Pre fire multiple regression variable coefficients, number of data points, coefficient of determination and Nash-Sutcliffe model 

efficiency coefficient for each catchment. 

Catchment constant RFe RF2 RF4 RFi d Number of 

points 

R2 E 

Avon 4.794   0.0258 0.0625  10 0.877 0.116 

Kiewa 8.455 0.0115  0.00292  -0.228 23 0.498 0.498 

Macalister 7.929 0.00174 0.00616 -0.00132  0.114 40 0.435 0.435 

Ovens 6.312 0.00933  0.00585  -0.0708 57 0.873 0.865 

Tambo 7.056 0.0294    -0.255 39 0.531 0.531 

Wonnangatta 8.551  0.00539  0.00843  65 0.422 0.364 

 

RFe: Sum of event rainfall      RF2: Sum of rainfall for 2 weeks before event 

RF4: Sum of rainfall for 4 weeks before event   RFi: Average event rainfall intensity (for days with rainfall above 5mm) 

d: number of days of event     R
2
: Coefficient of determination 

E: Nash-Sutcliffe model efficiency 
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Figure 23. Pre fire multiple linear regressions for the (a) Avon, (b) Kiewa, (c) Macalister, 

(d) Ovens, (e) Tambo, and (f) Wonnangatta river catchments. 
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3.3.2 Post fire predictions and observations 

Post fire events were only considered in the year immediately following fire, so that 

vegetation recovery did not affect any possible detection of change. As described in 

section 1.5.3, elements of catchment hydrology can return to pre fire conditions by the 

second year after fire. 

The Kiewa, Ovens and Wonnangatta catchments were burnt by both the 2003 and 2007 

fires, however, only data before the 2003 fires were used to create the pre fire 

regressions for these catchments. In the Kiewa and the Ovens, the post fire data used 

were from 2003, since the 2007 fire burnt a considerably smaller area than the 2003 fire. 

The reverse was true in the Wonnangatta catchment where the 2007 fire burnt a much 

larger area than the 2003 fire, and these fires did not overlap. Post fire data from both 

2003 and 2007 were used in the Wonnangatta catchment, therefore, since the 2007 fire 

could possibly have a greater affect on peak discharges than the 2003 fire, and the effect 

of multiple burns in the same location would not have to be considered. 

For all six catchments, the peak discharge predicted by the regression equations, the 

observed post fire peak discharges, and the relative difference between the two are 

shown in Table 16. To address natural log back transformation bias, predicted Qp was 

multiplied by a bias correction factor,         , where σ
2
 is the variance of dependent 

regression data for the appropriate catchment (Sprugel, 1983). 

3.3.2.1 Avon River at The Channel 

The Avon regression has a low E value, due to the low number of pre fire events 

available to create the regression. The post fire events 1, 2 and 4 (Table 15) are all 

above the 95% confidence limit described by the pre fire data. The only pre fire event 

with a peak discharge in the order of these 3 post fire events occurred on 3 February 

2005 with a peak discharge of 39,163 ML/day. This event had missing rainfall data the 

day before this peak discharge was reached. The model is therefore likely to over 

predict Qp at high event rainfalls and the regression is unreliable for peak discharges at 

these high values. Therefore, the post fire discharge events were much higher than the 

events which were used to create the regression equation. For events 4 and 5, there were 

missing rainfall data in the week prior to the peak discharge event. That leaves only one 

reliable post fire discharge event (event 3) which gave a peak discharge very much 

under that predicted by the regression equation. This catchment analysis suffered from 
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the lack of a long data record and unreliable rainfall data. 29.4% of the days in the 

available data record had missing rainfall data. The Avon data will be removed from the 

post fire analysis as the regression clearly does not describe the catchment rainfall 

runoff relationship. 

Table 15. Post fire event observed Qp and predicted Qp for all catchments 

Catchment 
name 

Post fire 
event 

Date of event 
Predicted Qp

a 
(GL/day) 

Observed 
Qp (GL/day) 

Difference 
((obs-

pred)/obs) 

Avon 1 19/6/2007 9.44 27.68 0.66 

Avon 2 27/6/2007 4581.59 83.55 -53.84 

Avon 3 9/7/2007 1563.22 7.66 -203.08 

Avon 4 4/11/2007 22.36 31.09 0.28 

Avon 5 22/1/2008 3.71 1.38 -1.69 

Kiewa 1 24/7/2003 15.81 9.65 -0.64 

Kiewa 2 24/8/2003 13.10 8.14 -0.61 

Kiewa 3 26/9/2003 5.84 5.81 -0.01 

Macalister 1 15/02/2007 5.44 5.09 -0.07 

Macalister 2 27/06/2007 9.31 37.19 0.75 

Macalister 3 12/08/2007 4.86 3.45 -0.41 

Macalister 4 4/11/2007 10.39 9.31 -0.12 

Macalister 5 29/11/2007 6.43 6.32 -0.02 

Macalister 6 22/12/2007 6.26 3.35 -0.87 

Ovens 1 25/07/2003 7.58 4.29 -0.77 

Ovens 2 14/08/2003 4.38 3.23 -0.36 

Ovens 3 24/08/2003 3.64 3.69 0.01 

Ovens 4 22/12/2003 3.67 1.75 -1.09 

Tambo 1 14/08/2003 2.30 1.65 -0.40 

Tambo 2 27/10/2003 2.12 0.58 -2.65 

Tambo 3 5/12/2003 2.11 1.04 -1.03 

Wonnangatta 1 24/07/2003 9.69 19.79 0.51 

Wonnangatta 2 14/08/2003 9.34 10.28 0.09 

Wonnangatta 3 25/08/2003 9.01 9.26 0.03 

Wonnangatta 4 9/07/2007 18.55 7.28 -1.55 

Wonnangatta 5 12/08/2007 7.19 3.37 -1.13 
a
 multiplied by natural log bias correction factor =         

3.3.2.2 Kiewa River at Mongans Bridge 

All 3 post fire events were lower than predicted.  

3.3.2.3 Macalister River at Glencairn 

The observed peak discharge for event 2 was substantially higher than the highest peak 

discharge observed in the pre fire analysis period (25,457 ML/day). This extreme value 
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is not adequately described by the regression equation and therefore should be removed 

from the postfire analysis.  

3.3.2.4 Tambo River at Swifts Creek 

For all 3 events the observed post fire peak discharge was less than predicted. Event 2 

was added due to lack of post fire rainfall events and is at the extreme low end of the 

regression analysis which may explain the high difference. 

3.3.2.5 Wonnangatta River at Waterford 

The post fire peak discharges observed in 2003 were higher than predicted while the 

post fire peak discharges in 2007 were lower than the regression equation predicts. The 

Wonnangatta regression and Nash-Sutcliffe coefficients were both particularly low, and 

the post fire comparisons for this catchment appear unreliable. 

3.3.2.6 Post fire results for all catchments 

The post fire observed Qp is plotted with the regression predicted Qp in Figure 24. 

Observed post fire peak discharges that were less than those predicted by the pre fire 

regressions are above the diagonal 1:1 line, while observed post fire peak discharges 

higher than predicted are below the 1:1 line.  

 

Figure 24. Post fire observed Qp vs. pre fire predicted Qp (Avon catchment data excluded) 
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The combined data is plotted with the unreliable Wonnangatta data removed in Figure 

25, below. 

 

Figure 25. Combined post fire observed Qp vs. pre fire predicted Qp, excluding outliers. 

 

A comparison of the average difference between the observed and predicted post-fire 

peak discharges with the catchment size and burn percentage is in Table 16, below.  

Table 16. Catchment data comparison in order of catchment size. 

Catchment Year of 
major fire 

Area (km2) Burn % R2 Average post fire 
differencea 

Ovens 2003 495 55 0.873 -0.552 
Kiewa 2003 552 70 0.498 -0.418 
Avon 2007 554 97 0.877 -51.53 
Macalister 2007 570 100 0.435 -0.122 
Tambo 2003 943 69 0.531 -1.359 
Wonnangatta 2003, 2007 1979 30, 70 0.422 -0.410 
a
 ((obs-pred)/obs) 

The burn percentage is displayed for the first fire of the two large events to effect the 

catchment. Post fire data from both fires were compared to the regression in the 

Exponential regression, R² = 0.8627 
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Wonnangatta catchment because the two fires did not overlap and the first fire was 

smaller than the second. Correlations that can be made from Table 16, above, are 

summarised in Table 17, below. 

Table 17. Catchment data correlation matrix 

Characteristic 
Catchment 

area 
Burn % R2 

Average post 
fire 

differencea 

Catchment area 1.000    
Burn % -0.131 1.000   
R2 -0.506 -0.194 1.000  
Average post fire differencea  0.249 -0.531 -0.628 1.000 
a
 ((obs-pred)/obs) 
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3.4 Discussion 

To clarify which post fire flow processes dominate at large catchment scales, a 

regression analysis of six large catchments in northeast Victoria which were extensively 

burnt by wildfire. Obvious increases in peak discharge after fire were not observed. 

3.4.1 Regression input data 

The rainfall, event length and soil moisture data used in the regressions are typical 

variables used to model catchment runoff (Zégre et al., 2010; Vaze et al., 2011), 

however, the generally limited quality and quantity of input data is likely to have 

affected the reliability of the regression equations. Low resolution and unreliability of 

much of the rainfall data could have introduced inaccuracies into the regression 

equations that were relatively larger than the size of detectible change to the post fire 

catchment response. In Brown's catchment study (1972), neighbouring runoff data were 

used in regressions, however, the catchment sizes looked at were much smaller and so 

this was not an option in the large catchments studied here.  

3.4.1.1 Avon River at The Channel 

There were many problems with the Avon catchment data, most importantly, a short pre 

fire rainfall data record limited data availability, the data was inconsistent (29.4% of 

days had missing data), and most of the post fire rainfall events were outside the range 

used to create the pre fire regression.  

3.4.1.2 Kiewa River at Mongans Bridge 

Due to the variation in available rainfall data it was difficult to estimate areal catchment 

daily rainfall over long periods. Since the rainfall gauge at Tawonga was the most 

reliable, the regression equations were calculated using discharge values at Mongans 

Bridge and the single rainfall gauge information at Tawonga.  

3.4.1.3 Macalister River at Glencairn 

Using the Mt Tamboritha rainfall gauge alone gave a poor regression coefficient. When 

all rainfall gauges were used to determine areal rainfall for the catchment the regression 

equation improved, however, consistent areal rainfall data was unreliable. None of the 

variables were good predictors with P values all above 0.05.  
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3.4.1.4 Ovens River at Bright 

The regression equation has a reasonable goodness of fit to the pre fire data, however, 

there was only one post fire event with the required RF4 data, due to a single missing 

rainfall data point in the weeks before the event. Approximate values for RF4 were 

estimated by interpolating the missing rainfall data.  

3.4.2 Usefulness of regression variables 

The most useful variables to predict peak discharge were total event rainfall, RFe, sum 

of rainfall in 4 weeks previous to the event, RF4, and the number of days of the event, d. 

RFe and d were both used in the two regressions with moderate and high R
2
 (the Ovens 

and the Tambo regressions, with the Ovens regression also including RF4). 

Where RFi was only useful in regressions that resulted in low E values (the Avon and 

Wonnangatta regressions) and was a poor predictor variable. This suggests that the 

event average rainfall intensity has little influence on peak discharge.  

Because the two predictor variables RF2 and RF4 have a high degree of co-linearity, only 

the most useful of these two variables was used in any of the regression equations. An 

exception was made with the Macalister regression, however, where inclusion of both 

RF2 and RF4 resulted in a slightly higher (though still moderately low) R
2
 value for this 

catchment (0.435). While RFi and d have a high degree of co-linearity, these variables 

were not used together in any regression equation. 

In southeast Australia, large peaks in discharge most often occur in the winter and 

spring months where soil is often moist and KBDI is usually low or zero. KDBI was 

found to be a poor predictor variable, possibly because KBDI is inversely related to 

rainfall. KBDI was not used in any of the regression equations. 

3.4.3 Usefulness of regression equations 

The rare rainfall events recorded in the year following the 2007 fire made comparison to 

the pre fire data difficult for the Avon and Macalister catchments since no pre fire 

events of this magnitude were included in the regressions. The regression equations for 

three of the study catchments (Avon, Ovens, Tambo) had moderate to high pre fire 

coefficients of determination (R
2
 > 0.5).  
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While the Avon River catchment had the highest R
2
 (0.877), the missing rainfall data 

and short discharge record resulted in a low E value (0.116), indicating that the 

regression equation models the relationship poorly. Very large post fire storm events 

could not be well described by the Avon regression equation since only one large storm 

was present in the pre fire event data. 

The Ovens river catchment had the highest E value (0.865), and three of the four post 

fire events were lower than predicted. The post fire event which was higher than 

predicted came after a month of heavy rainfall, and was the third peak discharge event 

in that month. The catchment was likely to have been highly saturated which may 

explain the higher than expected peak discharge. This result suggests that while peak 

discharge does not ordinarily increase after fire, in extreme circumstances, saturation 

excess flow could possibly cause and increase in peak discharge. It follows that any 

increase in eroded material generated in these situations may come from near channel 

sources. The reliable regression equation in this catchment further supports this 

suggestion.  

In the Tambo river catchment study, the regression equation was moderately useful (E = 

0.531). All three of the post fire events were lower than predicted, indicating no 

detectable post fire hydrological change in this catchment. 

The other three catchments (Kiewa, Macalister, and Wonnangatta) all had regression 

equations with R
2
 and E values below 0.5. These results were likely a result of low 

quality rainfall data in all three of these catchments. The Wonnangatta regression 

equation was further confounded by the large catchment size (1979 km
2
).  

3.4.4 Interpretation of correlations 

Catchment area was moderately negatively correlated with R
2
 (r = -0.506). This 

correlation was expected since larger catchments are complex and harder to model. This 

could also be due to rainfall data constraints, since a single rainfall gauge is likely to 

better spatially and temporally represent a catchment with a smaller area.  

Catchment area does not correlate with post fire difference in peak discharge (r = 

0.249). This result suggests that, for this group of catchments, changes in the post fire 

peak discharge are not detectable.  
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The percentage of catchment burnt is moderately negatively correlated with a change 

post fire peak discharge (r = -0.531). If there was a positive correlation was detected, a 

post fire peak discharge response would be expected. The opposite result suggests that 

there is not a post fire peak discharge response in catchments at this scale.  

The regression equations R
2
 is moderately negatively correlated with post fire change in 

peak discharge (r = -0.627). This could indicate that more accurate regression equations 

tend to give a smaller post fire change in peak discharge for catchments at this scale. 

This suggests that with accurate rainfall and peak discharge relationships, we would see 

less post fire change in peak discharge. This correlation tends to support the no 

difference in peak discharge argument at this scale, and also supports the proposal that 

data errors in the regressions are higher than the size of peak discharge change.  

These moderate correlations are only suggestive when considered separately, however, 

when considered together, they make a combined case for suggesting there is no 

detectible change in post fire peak discharge at this catchment scale, during these high 

volume rainfall events, in this location. 

3.4.5 Overall findings from the regression analyses 

The majority of observed post fire peak discharges were close to or below those 

predicted by the pre fire regression equations (Figure 24). All of the observations that 

are significantly higher than the pre fire predictions are from catchment studies with 

poor E values. Therefore, the regression analysis appears to suggest that wildfire does 

not cause obvious increases in peak discharge at the large catchment scale (range of six 

catchments areas: 495 km
2
 - 1979 km

2
) during high volume, widespread rainfall events. 

When the known outliers were removed and the remaining post fire data was combined 

(Figure 25), a highly significant trend (exponential regression, R
2
 = 0.8627) further 

indicates no detectible peak discharge increase after fire.  

The predictive power of the regression equations may be too weak to detect post fire 

changes to peak discharge. This means that this regression analysis can only suggest 

that large increases in post fire peak discharge have not been observed, while smaller 

changes cannot be ruled out. Indeed, in the Ovens catchment a small increase (1.4%) in 

one of the post fire peak discharges was observed, however, it is likely that this was 

only detected due to the high R
2
 of this catchments regression equation (0.873). 
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Anderson et al. (1976) reported post fire peak discharge increases of 45% in Oregon 

(USA) catchments of 370 km
2
 and 412 km

2
, which should be detectible by a reasonably 

predictive regression equation. In southeast Australia, however, the only study in a 

catchment of comparable size (446 km
2
) reports negligible post fire increases in peak 

discharge (Tomkins et al., 2008). While this could suggest that post fire changes to peak 

discharge at this scale could be regionally variable, there are no additional post fire 

studies available at this scale on which to make further comment. Brown (1972) studied 

a slightly smaller catchment (226.6 km
2
) and observed 'changes to the hydrograph' after 

fire, suggesting that the catchment scale at which post fire overland flow becomes more 

common is less than half that of the catchments studies in this chapter. 

Improved rainfall data quality and quantity would have enabled the regression analyses 

described here to be more conclusive, therefore, increased government funding of 

research agencies, such as the Bureau of Meteorology, is a recommendation of this 

study. 

3.4.6 Comparison of widespread event rainfall intensity and saturated 

conductivity  

Several researchers recently measured the saturated conductivity of soil after wildfire in 

areas near the catchments in this study (Cawson, 2012; Nyman et al., 2010; Nyman et 

al., 2011). These measurements could be compared with maximum measured 

widespread rainfall event intensities to indicate the likelihood of infiltration-excess 

runoff. If maximum measured rainfall intensities are lower than typical saturated 

conductivities, it is likely that overland flow is uncommon and the majority of rainfall 

will infiltrate and travel to the channel via subsurface flow. 

Saturated conductivity (Ksat) is a measure of the rate at which water may move through 

a saturated media. In this instance, Ksat describes the rate at which water moves through 

pore spaces in the soil. Nyman et al. (2010), Nyman et al. (2011), Cawson (2012), and 

Nyman et al. (2014) made measurements of Ksat approximately 6 months after fire for a 

variety of burn severities, soils and forest types in northeast Victoria. Of interest are 

those measurements made in winter and spring (when widespread rainfall events are 

more common), at different burn severities. From Cawson’s PhD thesis (2012), the data 

of interest are the unburnt and high burn Ksat values measured in spring at the Upper 

Yarra and Big Ben sites, both in north east Victoria. These measurements were made 
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using two different types of infiltrometers, and the average Ksat determined by these two 

instruments has been used. From Nyman’s 2010 study, the measurements made at 

Slippery Rock 6 months after fire are used. From Nyman’s 2011 study, measurements 

from 3 different sites in northeast Victoria are used (Yarrarabula, Rose River and 

Germantown). Finally, from Nyman et al. (2014), measurements were made 

approximately 4-6 months after fire at two different sites in Victoria; Sunday Creek 

(central Victoria) and Stony Creek (northeast Victoria). A summary of these measured 

Ksat values may be found in Table 18, below.  

Table 18. Average saturated conductivity measurements, Ksat (mm/h) 

Location of measurement Ksat, unburnt Ksat, high burn 

Upper Yarra 89.75 97 
Big Ben 80 125 
Slippery Rock - 217 
Yarrarabula - 28 
Rose River - 36 
Germantown 43 31 
Sunday Creek - 56 
Stony Creek - 32 

 

At each of the six study catchments investigated in this chapter, the highest depth of 

rain to fall in one hour during the rainfall event which produced the highest annual peak 

discharge was recorded for the years 2001 to 2007, inclusive. These rainfall intensities 

are listed in Table 19, below, and the associated event dates and peak discharges are 

recorded in Appendix 6.2.2. 

Table 19. Maximum hourly rainfall intensity (mm/h) of largest annual volume event 

River Name Gauging Station 2001 2002 2003 2004 2005 2006 2007 

Avon Mt Wellington 5.0 6.2 4.4 9.8 15.6 2.8 32.4 

Kiewa Falls Creek 8.4 4.8 5.6 8.8 6.0 - 3.6 

Macalister Mt Tamboritha 5.4 5.6 5.6 7.6 4.4 2.8 8.4 

Ovens Bright 9.8 6.0 10.6 7.2 - - 7.0 

Tambo Swift’s Creek - - - 6.2 8.8 6.2 10.0 

Wonnangatta Crooked River 4.8 2.0 7.4 7.2 4.6 3.0 10.8 

 

The range of rainfall intensities and saturated conductivities are plotted in Figure 26, 

below. The boxes bound the minimum and maximum values with a horizontal line 

indicating the average. 
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Figure 26. Maximum hourly rainfall intensity compared to soil saturated conductivities 

measured in east Victorian highlands 

This comparison indicates that widespread, high volume rainfall intensity is almost 

always lower than Ksat in central and northeast Victorian uplands, regardless of whether 

fire has burned the area or not. While the average Ksat does not appear to change 

significantly, when an area is burnt the variability of Ksat appears to increase 

dramatically. Considering the lowest value of burnt Ksat of 28 mm/h, and the highest 

hourly rainfall of 32.4 mm/h, it is possible that overland flow could occasionally occur 

on highly burnt areas during extreme rainfall events, for short periods of time. However, 

burnt soil typically has highly spatially variable Ksat (Nyman et al., 2010; Robichaud, 

2000; DeBano, 2000), and any point scale overland flow is likely to infiltrate downslope 

as soon as it reaches an area of soil with higher Ksat. Furthermore, as larger spatial 

scales are considered, areas of ponded runoff increase, however, these tend to infiltrate 

relatively quickly due to macropore flow activity (Nyman et al., 2010).  Additionally, 

extreme rainfall intensity is very unlikely to occur for extended periods, or over large 

areas. Overland flow would therefore appear to be a very rare occurrence during 

widespread high volume rainfall events in Eastern Victorian uplands. Consequently, this 

simple comparative analysis tends to support the view that wildfire does not lead to 
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obvious increases in peak discharge at the large catchment scale, during widespread 

high volume rainfall events. 

3.4.7 Future work 

The catchment size where post fire changes in peak discharge become more noticeable 

is likely to be smaller than any of the six catchments studied (< 495 km
2
). Since 

Tomkins et al. (2008) study found no post fire peak discharge change in a catchment 

with an area of 104 km
2
, and Brown (1972) reported increases in post fire peak 

discharge in a 44 km
2
 catchment, the catchment size below which post fire runoff 

changes become noticeable is estimated to be somewhere between 44 km
2
 and 104 km

2
. 

An in-depth study of rainfall storm events with sizes in this range, and the typical 

intensities that occur in these size storms may shed light on when and what causes 

catchment runoff changes after fire. If rainfall storms with areas greater than 100 km
2
 

do not typically produce high intensity rainfall, spatial variables associated with rainfall 

storms may be tested as predictors of the types of runoff and erosional processes that are 

likely to be associated with this storm event.  

A normalised catchment area study could provide more clarity around the rainfall event 

magnitude necessary to generate overland flow. If peak discharges measured from a 

range of catchment sizes were divided by the relevant catchment area, patterns in 

rainfall runoff relationships could provide further insight into post fire overland flow 

processes, irrespective of catchment scale.  

If post fire increases in peak discharges in large central and northeast Victorian 

catchments are negligible, there are implications for determining which erosion 

processes are likely to dominate in these circumstances, at these locations. If 

infiltration-excess overland flow is unlikely to occur after fire during widespread high 

volume rainfall events, the high sediment loads measured in streams during high 

volume flows in the first year after fire are likely to originate from near-channel, 

channel banks, or in-channel sources. After long duration rainfall, areas near channel 

boundaries could experience increased erosion due to saturation-excess runoff. Where 

intense fire has removed riparian vegetation, which usually acts as a sediment trap when 

unburnt, eroded material can enter the stream network unhindered. Channel banks may 

also be a source of sediment when they are weakened by wildfire destruction of riparian 

vegetation. Stream power becomes the predominant control on channel bank erosion in 
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these cases (Wilkinson et al., 2009). A model that calculates channel bank erosion rates 

could be developed if the stream power of high volume flow events in the channel can 

be determined. Suspended sediment could also come from material deposited on the 

channel bed by previous events. This material could possibly be scoured and transported 

with the flow during very large flood events. While this erosional avulsion is not 

necessarily linked to post fire channel flows, if an extreme post fire hillslope erosion 

event deposits large quantities of sediment into a channel, subsequent high volume flow 

events may possibly re-entrain the recently delivered material. 

3.5 Conclusion 

The focus question posed in chapter 1 in the context of scale effects on post fire peak 

discharge changes after fire was "Does wildfire cause increases in peak discharges 

generated by widespread, high volume, low intensity rainfall in large catchments?"  

The regression analysis presented in this chapter did not detect any clear increases in 

peak discharge after fire in the six large forested catchments studied in central northeast 

Victoria. This finding supports Tomkins et al. (2008) study, which reported negligible 

change in rainfall runoff relationships after fire in 104 km
2
 and 446 km

2
 catchments. 

These two studies build a case to suggest that wildfires in south-eastern Australia do not 

cause significant changes to the typical processes which transport high volume rainfall 

to stream networks across large catchments. Therefore, it is likely that sub-surface flow 

would account for the majority of widespread high volume rainfall transport in large 

catchments, regardless of recent fire. Typical rainfall intensities of widespread rainfall 

events across large catchments (greater than 500 km
2
) are unlikely to generate sufficient 

overland flow across a large catchment area to significantly change the overall 

catchment runoff response.   

In the context of post fire erosion process models and downstream water quality at the 

large catchment scale, the analysis contributes to the suggestion that the majority of the 

catchment area does not contribute to observed in-stream suspended sediment loads. 

Increased suspended sediment loads measured during widespread rainfall events may be 

likely to originate from either near channel, channel bank, or in-channel sources. 

Further study is required to determine the relative importance of each of these sources in 

generating post fire suspended sediment loads after widespread high volume rainfall 
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events, at the large catchment scale. These studies will enable development of erosion 

process sub-models to calculate the sediment loads from these sources. 

A possible implication from the analysis may apply to the design of high magnitude 

hillslope erosion models, such as those in development to calculate debris flow loads. 

Since peak discharge does not appear to increase after fire at the large catchment scale, 

widespread high volume rainfall events may not need to be considered when developing 

high magnitude erosion models. This may simplify these models by reducing input 

rainfall variables, as simple variables such as storm size or rainfall intensity may be the 

only important rainfall variable in these types of erosion processes.  
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4  Overall discussion and conclusions 

4.1 Summary of research outcomes 

The work presented in this thesis makes progress toward an overall system model which 

can quantitatively determine the contamination risk that wildfire poses to water supply 

reservoirs. The two main research aims of this thesis are:  

 Development of a Monte Carlo wildfire burn area simulation model. 

 Improved understanding of peak discharge responses after fire at the large 

catchment scale. 

4.2 Monte Carlo wildfire burn area simulation model 

The overall wildfire-rainfall-erosion risk model discussed initially requires the 

stochastic properties of wildfire to be replicated and wildfire behaviour to be  simulated, 

such that the most important spatial and temporal interactions between burnt areas, 

subsequent simulated rainfall events, and deterministic erosion models can generate the 

correct range of realistic sediment loads. 

The key innovation of the Monte Carlo wildfire model developed in this thesis is the 

successful adaption of an existing fire behaviour simulator to generate spatially 

distributed burn intensity data for future fires likely to affect a particular area. 

Parameterisation of deterministic erosion models with these burn intensity data will 

ideally enable more accurate predictions of post wildfire water quality effects. The 

Monte Carlo wildfire model uses the relationship between fire weather severity and fire 

ignition occurrence in south-eastern Australia to replicate the most important 

characteristics of the local fire regime, while producing the required spatially distributed 

fire intensity data. The frequency at which large fires are generated by the Monte Carlo 

wildfire model is comparable to the historical fire frequency, while the fire sizes 

produced by the fire simulator tend to be slightly larger than fires observed in the 

historical record. This difference could possibly be due to the model not considering fire 

history, specifically, the effect of recently simulated fires on the input fuel loads used to 

simulate subsequent fires. Including this fire history would occasionally reduce fuel 

loads, causing smaller fires to occasionally be included in the distribution of fires 
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produced by the fire simulator. Future integration of the fire behaviour simulator and 

the Monte Carlo wildfire model to track fire history would allow more realistic 

simulation of the local fire regime, which would be likely to improve the accuracy of 

the overall risk model.  

Alternate scenarios may be created by changing input fire weather, fire weather 

distributions, fuel loads, or any of the input parameters used by the fire simulator. New 

scenarios can be compared to examine model variable sensitivity, to simulate or explore 

climate change effects on the fire regime, or to look at how the fire regime changes in 

response to different management strategies. 

4.3 Spatial scale effects on post fire rainfall runoff relationships  

The effect of fire on peak discharge generated by widespread high volume rainfall 

events across large catchment scales is not clear, with only a handful of published 

studies addressing this issue. The regression analysis of six large northeast Victorian 

forested catchments support the research conclusions of Tomkins et al. (2008), 

indicating no significant post fire increase in peak discharge when compared to pre fire 

relationships at large catchment scales (> 446 km
2
). 

It is still uncertain at what scale post fire increases in peak discharge become apparent, 

although it is estimated to be between 44 km
2
 and 104 km

2
 (Brown, 1972; Tomkins et 

al., 2008). Significant peak discharge increases at the large catchment scale, however, 

have not been observed in southeast Australia, and further studies of post fire catchment 

hydrology is required to develop large catchment post fire erosion models which 

consider the appropriate erosion processes. Large volume runoff events may generate 

suspended sediment loads from near-channel, channel bank and in-channel sources, 

however, more research is necessary to determine the relative contribution of these 

sources to post fire suspended sediment volumes. 

This research has implications for the overall wildfire risk to water quality model 

described in Chapter 1 (Figure 2). It is possible that high volume, low intensity rainfall 

events may not need to be considered when modelling extreme post fire erosion events 

such as debris flows, although it may be possible for high intensity storm cells to occur 

within these widespread rainfall events. Research into which stochastic rainfall models 
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are most appropriate to interact with the deterministic erosion models remains an 

important area of investigation. 

4.4 Future research priorities 

While the spatially distributed burn intensities generated by the Monte Carlo wildfire 

model are at a fairly coarse resolution (200 m), values can be reasonably interpolated 

and combined with spatial distribution of aridity measurements to develop finer 

resolution maps of post fire soil properties. The recent development of a non scale 

dependent deterministic hillslope erosion model which incorporates subsurface patterns 

to describe the spatial variability of infiltration is promising (Langhans et al., 2014). 

This model should be able to make use of the spatially distributed burn intensities 

generated by the Monte Carlo wildfire model to determine post fire soil initial 

conditions at the hillslope scale. 

Since rainfall intensity appears to be a top level driver of extreme erosion events, further 

studies of this topic should be a priority for future research. An understanding of how 

the intensity of rainfall storm cells change with increasing scale would be valuable 

when considering post fire erosion processes at the catchment scale. 

Humanity's desire for resource security and protection from natural hazards has 

historically been a powerful driver of discovery and innovation. As our planet's climate 

changes, clean water resources are likely to become increasingly valuable, therefore, our 

ability to predict and better manage risk of water supply contamination is equally 

important. Attempting to understand and describe the complex interactions of hydro-

geomorphic processes and effects contributes to a broader understanding of just how 

connected seemingly random natural cycles are to each other. This thesis offers a unique 

and valuable contribution to currently available tools and knowledge, in an effort to 

improve future chances of realistically predicting post fire hydro-geomorphic risks. 
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6 Appendix 

6.1 Monte Carlo wildfire burn area simulation model  

6.1.1 Summary of currently available wildfire-rainfall-erosion models 

6.1.1.1 Coverage model 

Jones et al. (2014) produced a model that views burn impacts and rain storms as spatial-

temporal processes which can be described in terms of their rate of occurrence, their 

duration and their area. This stochastic coverage model describes how these effectively 

random and independently generated processes intersect in time and space to determine 

the size and variance of risks. The strength of the coverage model is that relatively few 

parameters are required for the model to effectively capture the key factors contributing 

to differences in risk in space and time. However, the model outputs average annual 

sediment loads rather than event loads, and is therefore not suited to our purpose. 

6.1.1.2 Istanbulluoglu model 

Istanbulluoglu et al. (2004) built a long-term fire, storm and erosion model (with a 

10,000 year time span) around a small watershed based on the theory that the magnitude 

of erosion events is inversely proportional to the frequency of these events. This model 

assumes two types of rainfall events initiating erosion, one in summer and one in 

winter. In the Istanbulluoglu model different seasonal storm events trigger different 

erosion types specific to the western United States, where this model was designed. 

While different seasonal erosion processes are observed in southeast Australia, the 

seasonal rainfall event types described by this model are similar to those experienced in 

southeast Australia (Bren & Hopmans, 2007). Specifically, the largest rainfall volumes 

typically occur in winter and spring, while annual maximum rainfall intensity typically 

occurs during short duration summer storms. Istanbulluoglu et al. argue that it is 

reasonable to neglect a second catastrophic erosion event being triggered at the same 

site, in the same year, since it is assumed that available sediment has already been 

scoured by the first event. The model showed good correlation with field observations 

of catastrophic sediment yields and long-term average erosion rates. 
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6.1.1.3 ERMiT 

Robichaud et al. (2007) describe a model called ERMiT (Erosion Risk Management 

Tool), which considers hillslope erosion probabilistically by using a range of rainfall 

inputs and producing a distribution of erosion rates. Although ERMiT does not consider 

catchment scale sediment loads, the use of probabilistic input and output data is an 

important innovation. ERMiT describes the spatial arrangement of burn severity by 

considering the severity at the top, middle, and toe of the hillslope. While only 

parameterising these three sections seems a rather coarse approximation, the effect of 

connectivity of burn severity on hillslope erosion rates is an excellent concept to 

include. ERMiT does not model post fire debris flows, however, and is therefore not 

suitable for application in the southeast Australian uplands where high-magnitude post 

fire water contamination events are usually associated with debris flow processes. 
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6.1.2 Calculation of daily peak fire weather severity, FFDImax 

McArthur's original FFDI can be calculated using equation (1), below.  

                                                      (1) 

where T = maximum daily temperature (°C), v = unobstructed wind speed at 10m above 

ground (km/h), H = relative humidity (%), and DF = a drought factor which ranges from 

1 to 10. 

DF is determined by calculating soil moisture using either the Keetch-Byram Drought 

Index (KBDI, Keetch & Byram, 1968) or Mount’s Soil Dryness Index (SDI, Mount, 

1972). DF considers the effect of recent temperatures and rainfall on fuel and is 

described by Griffiths (1999) and in equations (2), (3), (4), (5) and (6), below (in this 

instance KBDI is used to represent soil moisture). 

                    
       

  
 

    

        
          (2) 

      
       –                                           

                               (3) 

where M = soil moisture deficiency (equal to the previous days KBDI), dt = time 

increment (in this case equal to 1 day), and R = average annual rainfall (mm). 

   
   

    
                                  (4) 

  
   

                                        (5) 

                                     (6) 

where P = rainfall during an event (mm), and N = time since rain event (days). 

To enable simulation of fire behaviour on any day chosen from the historical fire record, 

historical fire weather data must be collected from the same period. Available historical 

fire weather data were extracted from the Melbourne airport Automatic Weather Station 

(AWS). This data record began in 1971 and has the longest continuous weather dataset 

(temperature, wind speed, relative humidity, rainfall) in Victoria, measured at 30 min 
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intervals. AWSs located at Dunns Hill and Kilmore Gap are the closest AWSs to MW’s 

Upper Yarra and Thompson catchments, however, their records are considerably shorter 

(beginning in 1991 and 1994, respectively), and were consequently rejected. The 

average elevation of the two catchments is 391 m (Range 360 m-1300 m). Temperature 

was adjusted based on the standard Dry Adiabatic Lapse Rate (DALR) of 9.8°C per 

1000 m. Adjusted relative humidity, h, was calculated using equation (7) (Bolton 1980), 

below.  

     
      

     
                (7) 

where es(x) = saturated vapour pressure of water with temperature, x, td = saturated dew 

point temperature (°C), and t = elevation adjusted temperature (°C). 

Fire simulation requires calculation of FFDI, traditionally calculated using a unique 

circular slide rule, which was invented and described by Alan McArthur (McArthur, 

1967). Viney (1991) approximated McArthur's traditional fuel moisture, m, with 

equation 8, below.  

                                               (8) 

This calculation of fuel moisture uses peak daily humidity and temperature and does not 

consider the variability of solar radiation over the day, and the resultant variation in fuel 

moisture. Equation (8) therefore overestimates fire spread potential earlier and later in 

the day by not considering reduced solar radiation at these times. The effect of this 

reduced daily solar radiation on the fuel drying process is described by another function 

for fuel moisture, f(m), derived by Matthews (2006). This function determines fuel 

moisture more accurately, and is described by equation (9), below.  

                         (9) 

An updated FFDI based on fine fuel moisture (Mathews, 2009) was calculated by 

substituting Matthews’ fuel moisture function (9) for McArthur’s traditional fuel 

moisture variable. This modified FFDI, referred to in this thesis as FFDImax, is described 

in equation (10), below.  
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                                             (10) 

where A = fuel availability, an index ranging from 0 to 1 (Griffiths, 1999).  

The simulations conducted in this research all assume a mature, long-unburnt forest fuel 

load, and A is always assumed to equal 1.  
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6.1.3 Data fields in Historical Fire Record 

1 EventID 

2 FIRE REGION 

3 FIRE DISTRICT 

4 FIRE NAME 

5 FIRE NUMBER 

6 FIRE STARTED 

7 AREA 

8 FIRE STATUS 

9 LOCATION DESCRIPTION 

10 GRID REFERENCE 

11 VICMAP NORTHING 

12 VICMAP EASTING 

13 AMG EASTING 

14 AMG NORTHING 

15 AMG ZONE 

16 LATITUDE 

17 LONGITUDE 

18 PtOriginLocationID 

19 REPORT SUBMITTED BY DATE/TIME 

20 CAUSE 

21 CAUSE ABBRIEV 

22 CauseAgency 

23 LAND CLASSIFICATION 

24 LANDCLASS ABBRIEV 

25 ManagementClass 

26 IncidentType 

27 CURRENT FIRE PERSONNEL 

28 CURRENT FIRE TANKERS 

29 CURRENT FIRE DOZERS 

30 CurrentFireSlipOns 

31 SITUATION COMMENTS 

32 PotentialIncidentType 

33 FirePotentialLoss 

34 FirePotentialSpread 

35 FireStatusExpected 

36 FireStatusExpectedDateTime 

37 UpdateDate 

38 FFR ENDORSED BY 

39 FIREKEY 

40 FinancialYear 

 

  



Appendix 

 

142 

 

6.1.4 PHOENIX simulation settings 

 

Figure 27: PHOENIX screenshot describing simulation settings (Derek Chong, 2014). 

 

 

Figure 28: PHOENIX screenshot describing data inputs used (Derek Chong, 2014). 
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Figure 29: PHOENIX screenshot showing weather streams used (Derek Chong, 2014). 

 

 

Figure 30: PHOENIX screenshot describing suppression resources (Derek Chong, 2014). 
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6.1.5 Monte Carlo wildfire burn area simulation model code  

The following code is written in the Python (2.5) programming language and uses GIS 

tools from the ArcGIS toolbox to work with spatial data. 

# Monte Carlo Fire Burn Area Simulation Model, version 2.2.7 
# 

# By Craig Mason 

# 
 

import random 
import os 

import os.path 

import shutil 
#import arcpy 

 
# Import system modules for geoprocessing 

import sys, string, arcgisscripting 

 
# Define input and output directories         

input_fires = "F:\\FIRESTORM\\fires\\" 
input_scms = "C:\\FIRESTORM\\scms\\" 

input_catch = "C:\\FIRESTORM\\catch\\" 

input_local_storms = "C:\\FIRESTORM\\local_storms\\" 
output = "C:\\FIRESTORM\\output\\" 

 
# Define output lists for loads, DFs, and fire sizes 

local_output_t0 = [] 

DF_list = [] 
fire_size_list = [] 

 
nmax = 3900             # number of simulations set to 3900 

hist_ign_thresh = 1000  # small fire threshold 

#DF_prob = 0.2           # debris flow probability = 20% 
 

# Create the Geoprocessor object 
gp = arcgisscripting.create(9.3) 

 

# Python will overwrite existing outputfiles 
gp.overwriteoutput = 1 

 
# Set the workspace 

gp.workspace = "C:\\FIRESTORM\\Workspace" 

 
# Check out any necessary licenses 

gp.CheckOutExtension("spatial") 
 

# Load required toolboxes... 

gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Spatial Analyst 
Tools.tbx") 

gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Conversion 
Tools.tbx") 

gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Data Management 

Tools.tbx") 
 

# ------------------------------------------------------------ 
# the following dictionaries are a collection of lookup tables 

# to determine values from other values as described 

# ------------------------------------------------------------ 
 

# create dictionary from csv file of weatherIDs and FFDIs 
dict_weatherID_FFDI = {}  

for line in 

open("C:\\FIRESTORM\\dictionaries\\weatherID_FFDI.csv").readlines():  
  line = line.strip("\n\"") # strip off the newline 

  weather_dict,FFDI_dict = line.split(",")  
  dict_weatherID_FFDI[weather_dict] = FFDI_dict 

 

# create dictionary from csv file of FFDIs and average number of ignitions 
dict_FFDI_numignitions = {}  
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for line in open("C:\\FIRESTORM\\dictionaries\\FFDI_number_of_ignitions_" + 

str(hist_ign_thresh) + "ha.csv").readlines():  
  line = line.strip("\n\"") # strip off the newline 

  FFDI_dict2,numign_dict = line.split(",")  
  dict_FFDI_numignitions[FFDI_dict2] = numign_dict 

 

# create dictionary from csv file of distribution of 'severe fire weather' 
days 

dict_severe_fire_weather_days = {}  
for line in 

open("C:\\FIRESTORM\\dictionaries\\dist_severe_fire_weather_days.csv").readlin

es():  
  line = line.strip("\n\"") # strip off the newline 

  dist1_dict,severe_days_dict = line.split(",")  
  dict_severe_fire_weather_days[dist1_dict] = severe_days_dict 

 

# create list of ignition IDs; in phoenix 'Fire ID' defines grid point of fire 
ignition 

ignitionID_list = [] 
for line in open("C:\\FIRESTORM\\dictionaries\\ignitionIDs.csv").readlines(): 

  line = line.strip("\n\"") # strip off the newline 

  ignitionID_list.append(line) 
 

# ------------------------------------ 
# looping of annual simulations begins 

# ------------------------------------ 

 
n = 0 

 
while (n < nmax): 

 

  n = n + 1 
 

  print "-------------------" 
  print " SIMULATION YEAR " + str(n) 

  print "-------------------" 

 
  # randomly selects number of days with 'severe fire weather' 

  dist = str(int((random.random()* 37)+1)) 
  num_severe_days = dict_severe_fire_weather_days[dist] 

  print "number of severe fire weather days this year: " + 

str(num_severe_days) 
  print " " 

 
# ------------------------------------------ 

# looping of 'severe fire weather' days begins 

# ------------------------------------------ 
 

  d = 0 
  annual_fire_t0 = [] 

   

  while (d < int(num_severe_days)): 
 

    d = d + 1 
     

    print "day " + str(d) 

     
    # selects fire at random from fires folder to determine FFDI for that day 

    fire = random.choice(os.listdir(input_fires)) 
 

    # strip out weatherID from phoenix fire file 

    if (fire[2] == "_"): 
      weatherID = fire[3:6] 

    else: 
      weatherID = fire[4:7] 

       

    if (weatherID[2] == "_"):   # if 2 digit number, remove the _ 
      weatherID = weatherID[0:2] 

    
    if (weatherID[1] == "_"):   # if 1 digit number, remove the _ 

      weatherID = weatherID[0:1] 

     
    print "weatherID: " + str(weatherID) 
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    # lookup FFDI from weatherID 

    FFDI = dict_weatherID_FFDI[weatherID] 
    print "FFDI: " + str(FFDI) 

 
    # lookup number of ignitions from FFDI 

    num_ign = dict_FFDI_numignitions[FFDI] 

    print "number of possible ignitions: " + str(num_ign) 
 

# ------------------------------------------------- 
# looping of number of ignitions on each day begins 

# ------------------------------------------------- 

    i = 0 
    ssload = 0 

    ssload_new = 0 
    imax = round(float(num_ign) + 0.5) # this rounds num_ign up to integer 

    ignprob = 0.1875                   # reset ignition probability = 18.75% 

     
    while (i < int(imax)): 

 
      i = i + 1 

 

      if (i == int(imax)): 
        ignprob=ignprob*(float(num_ign)-(imax-1))  # ignprob2decimal4lasttest 

      else: 
        ignprob = 0.1875 

         

      # if fire ignites continue simulation 
      if (random.random()<ignprob): 

        print "ignition #:" + str(i) + ", we have ignition" 
 

        # selects ignition point randomly from ignitionID list 

        ignitionID = ignitionID_list[int(random.random()*239)] 
        fire = str(ignitionID) + "_" + str(weatherID) + "_Intensity.asc" 

        print "fire: " + fire 
 

        # -------------------------------------------------------------------- 

        # this section calculates the size of the fire for model calibration 
        # -------------------------------------------------------------------- 

        # Local variables... 
        the_fire = input_fires + fire 

        shutil.copy(the_fire, "C:\\FIRESTORM\\Workspace") # copy fire to 

workspace 
        the_fire = "C:\\FIRESTORM\\Workspace\\" + fire 

        TotalA = 0 
        fire_area = 0 

 

        # Process: Build Raster Attribute Table... 
        try: 

          gp.BuildRasterAttributeTable_management(the_fire, "NONE") 
         

          curs = gp.SearchCursor(the_fire) 

          rowA = curs.Next() 
          while rowA: 

              cellcountA = rowA.GetValue("COUNT") 
              TotalA = TotalA + cellcountA 

              rowA = curs.Next() 

 
          fire_area = TotalA * 4  # each cell has an area of 4 ha 

        except: 
          fire_area = 500000  # raster too large to build attribute table 

           

        print "the fire area = " + str(fire_area) + " ha" 
 

        # -------------------------------------------------------------------- 
        # this section calculates the area of the catchments that are burnt 

        # -------------------------------------------------------------------- 

        # Local variables... 
        catch_extent=input_catch+"Catchment_outlines.shp" # MWs catchments 

        fire_raster = "C:\\FIRESTORM\\Workspace\\fire_raster" 
        fire_ascii = the_fire 

        Output_raster = "C:\\FIRESTORM\\Workspace\\Out_ras" 

         
        #Output_ASCII = "C:\\FIRESTORM\\Workspace\\rastert_extract1.asc" 

        #CatchBurnCount_Raster = "C:\\FIRESTORM\\Workspace\\ras_catchburn" 
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        #Area_Raster = "C:\\FIRESTORM\\Workspace\\ras_area" 

         
        TotalB = 0 

        catch_burn_area = 0  # reset catchment burn area 
 

        # Process: ASCII to Raster... 

        gp.ASCIIToRaster_conversion(fire_ascii, fire_raster, "INTEGER") 
 

        # Process: Define Projection... based on projection of catch_extent 
        desc = gp.Describe(catch_extent) 

        spatialRef = desc.SpatialReference 

        gp.DefineProjection_management(fire_raster, spatialRef) 
         

        # Process: Extract by Mask... 
        gp.ExtractByMask_sa(fire_raster, catch_extent, Output_raster) 

 

        # Convert raster to ascii 
        #gp.RasterToASCII_conversion(Output_raster, Output_ASCII) 

 
        # Convert output raster to all 1s 

        #gp.Con_sa(Output_raster, 1, CatchBurnCount_Raster, 0, "VALUE > 0") 

 
        # Process: Build Raster Attribute Table... 

        gp.BuildRasterAttributeTable_management(Output_raster, "OVERWRITE") 
 

        # Calculate zonal Area 

        #gp.ZonalGeometry_sa(CatchBurnCount_Raster, "VALUE", Area_Raster, 
"AREA", 200) 

 
        # Get max value which should be the area? 

        #catch_burn_area = gp.GetRasterProperties_management(Area_Raster, 

"MAXIMUM") 
 

        # count number of rows in raster 
        resulti = gp.GetCount_management(Output_raster) 

        counti = int(resulti.GetOutput(0)) 

        catch_burn_area = counti * 4  # each cell has an area of 4 ha 
 

        # count number of intersection cells 
        #curs = gp.SearchCursor(Output_raster) 

        #rowB = curs.Next() 

        #while rowB: 
        #    cellcountB = rowA.GetValue("COUNT") 

        #    TotalB = TotalB + cellcountB 
        #    rowB = curs.Next() 

 

        #catch_burn_area = TotalB * 4 
         

        print "catchment area burnt = " + str(catch_burn_area) + " ha" 
        # -------------------------------------------------------------------- 

        # writes the fire info to fire_size_list 

        fire_size_list.append(str(fire_area) + "," + str(catch_burn_area) + 
"," + str(FFDI) + "," + str(n) + "," + str(d) + "," + str(i)) 

 
      else: 

        print "ignition #:" + str(i) + ", no ignition within FDA" 

 
#  local_output_t0.append(annual_fire_t0) 

 
# Create a file object: 

firesizefile = os.path.join(output, "FIRESTORM_firesizes.csv") 

 
#write fire_size_list to output folder 

FILE = open(firesizefile,"w") 
FILE.write("fire burn area ha"+","+"catchment area burnt 

ha"+","+"FFDI"+","+"year"+","+"day"+","+"ignition\n") 

FILE.writelines(["%s\n" % item for item in fire_size_list]) 
FILE.close() 
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6.2 Spatial scale effects on post fire rainfall runoff relationships 

6.2.1 Regression analysis event data 

6.2.1.1 Avon River at The Channel 

 

Single gauge (The Channel) event data 

Date Qp (ML/day) ln(Qp) event RF (mm) 

10/07/2001 4468 8.40 96.6 

5/09/2001 944 6.85 22.6 

5/12/2001 5473 8.61 115.6 

18/04/2002 4310 8.37 157 

21/04/2002 6635 8.80 157 

3/10/2003 1195 7.09 61 

14/12/2004 632 6.45 39.6 

3/02/2005 39163 10.58 130.6 

18/07/2006 1289 7.16 40.6 

10/09/2006 1485 7.30 38.8 

 

 

Multiple gauge event data 

Date Qp 
(ML/day) 

ln(Qp) RF/days 2 week RF 
(mm) 

4 week RF 
(mm) 

10/07/2001 4468 8.40 25.30 127.2 167.8 

5/09/2001 944 6.85 8.10 67.7 118.1 

5/12/2001 5473 8.61 20.50 79.5 119.5 

18/04/2002 4310 8.37 21.53 78.7 128.0 

21/04/2002 6635 8.80 21.95 127.0 174.7 

3/10/2003 1195 7.09 20.25 72.8 93.0 

3/02/2005 39163 10.58 62.90 92.8 102.8 

18/07/2006 1289 7.16 20.97 80.5 92.7 

10/09/2006 1485 7.30 10.80 60.0 107.6 
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6.2.1.2 Kiewa River at Mongan’s Bridge 

 

Single Gauge (Tawonga) event data 

Date Qp (ML/day) ln(Qp) RF (mm) days 2 week RF (mm) 4 week RF (mm) 

21/09/1991 5991 8.70 118 8 152 253 

25/09/1992 6708 8.81 63 5 92 227 

18/10/1992 14936 9.61 69 4 148 245 

8/07/1993 7060 8.86 59 5 99 179 

2/09/1993 9012 9.11 88 4 91 170 

4/10/1993 28966 10.27 129 4 132 220 

15/12/1993 5429 8.60 86 5 90 97 

14/05/1995 6932 8.84 85 3 174 211 

10/06/1995 14737 9.60 187 7 172 248 

18/07/1995 6583 8.79 188 10 179 288 

1/09/1995 7302 8.90 51 3 70 73 

23/10/1995 5817 8.67 85 4 110 118 

4/08/1996 9080 9.11 147 7 177 236 

1/10/1996 14552 9.59 148 7 176 289 

22/06/1998 6779 8.82 71 3 96 117 

23/09/1998 37470 10.53 141 4 185 208 

3/10/1998 9580 9.17 40 2 187 246 

31/05/1999 5345 8.58 105 3 155 188 

28/08/1999 6062 8.71 45 3 57 169 

9/09/2000 8523 9.05 116 6 138 253 

25/10/2000 10974 9.30 74 3 164 195 

3/11/2000 4510 8.41 14 2 92 185 

24/10/2001 7202 8.88 51 2 123 185 

 

 

  



Appendix 

 

150 

 

Multiple gauge event data 

Date Qp (ML/day) ln(Qp) RF (mm) days 2 week RF (mm) 4 week RF (mm) 

21/09/1991 5991 8.70 108.3 7 150.7 219.6 

25/09/1992 6708 8.81 86 5 187.7 393.5 

18/10/1992 14936 9.61 82.1 6 151.6 304.4 

22/11/1992 5542 8.62 76.7 6 78.1 144 

8/07/1993 7060 8.86 118.6 7 99.2 237.9 

2/09/1993 9012 9.11 102.4 5 73 200.2 

4/10/1993 28966 10.27 133.4 6 72.4 215 

15/12/1993 5429 8.60 133.3 6 96.4 146.3 

14/05/1995 6932 8.84 155.6 7 188.8 239.8 

10/06/1995 14737 9.60 189.5 7 168.7 366.1 

18/07/1995 6583 8.79 108.7 4 162.7 343.1 

1/09/1995 7302 8.90 92.7 3 93.9 123.5 

23/10/1995 5817 8.67 93.5 4 123.4 167.4 

4/08/1996 9080 9.11 272.7 11 261.8 379.7 

1/10/1996 14552 9.59 192.5 5 182.6 396 

22/06/1998 6779 8.82 114.8 5 96 151.6 

23/09/1998 37470 10.53 231.2 6 192.4 326.5 

3/10/1998 9580 9.17 153.7 5 270.2 386.6 

31/05/1999 5345 8.58 110.6 3 157.7 228.4 

28/08/1999 6062 8.71 45.4 3 72.3 170.4 

5/09/1999 7530 8.93 65.9 3 75.3 195.5 

9/09/2000 8523 9.05 56.1 3 126.7 222.1 

25/10/2000 10974 9.30 92.3 4 163.9 244.8 

3/11/2000 4510 8.41 13.1 2 110.2 238.3 

24/10/2001 7202 8.88 80.3 4 134 264.5 
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6.2.1.3 Macalister at Glencairn 

Single Gauge (Mt Tamboritha) event data 

Date Qp 
(ML/day) 

ln(Qp) Mt Tamb 
RF (mm) 

days RF/days 2 week 
RF (mm) 

4 week 
RF (mm) 

22/04/1990 15321 9.64 277 4 69.3 305 319 

14/09/1990 6431 8.77 86 5 17.2 73 126 

21/09/1990 5675 8.64 17 2 8.5 106 157 

26/09/1990 4097 8.32 15 2 7.5 104 153 

12/10/1990 3028 8.02 108 6 18.0 119 194 

21/10/1990 5500 8.61 42 3 14.0 159 195 

29/06/1991 4134 8.33 30 2 15.0 78 216 

14/07/1991 13274 9.49 151 6 25.2 158 232 

8/08/1991 3612 8.19 6 1 6.0 45 153 

23/08/1991 8744 9.08 28 2 14.0 72 119 

19/09/1991 5729 8.65 22 2 11.0 63 110 

13/05/1995 8039 8.99 62 2 31.0 102 125 

9/06/1995 13877 9.54 80 3 26.7 59 140 

18/07/1995 3936 8.28 10 1 10.0 32 72 

23/10/1995 9611 9.17 116 6 19.3 135 156 

4/08/1996 8260 9.02 67 6 11.2 98 133 

15/08/1996 4614 8.44 13 1 13.0 95 171 

9/09/1997 2911 7.98 20 2 10.0 50 68 

21/01/1998 4105 8.32 74 4 18.5 53 59 

23/06/1998 9804 9.19 77 4 19.3 84 215 

6/07/1998 14591 9.59 33 2 16.5 106 171 

23/09/1998 25457 10.14 41 3 13.7 68 76 

3/10/1998 7454 8.92 26 2 13.0 78 107 

12/11/1998 6608 8.80 70 3 23.3 83 124 

9/08/1999 3426 8.14 30 2 15.0 37 63 

19/09/2002 3071 8.03 9 1 9.0 38 57 

24/07/2003 13021 9.47 39 3 13.0 54 68 

14/08/2003 7015 8.86 42 3 14.0 60 126 

25/08/2003 5415 8.60 21 2 10.5 73 106 

9/09/2004 5278 8.57 24 2 12.0 52 85 

4/08/2005 3958 8.28 52 3 17.3 51 89 

20/08/2005 3177 8.06 19 2 9.5 46 110 

31/08/2005 21108 9.96 49 2 24.5 79 135 

11/09/2005 3858 8.26 19 2 9.5 78 114 

 

  



Appendix 

 

152 

 

6.2.1.4 Multiple gauge event data 

Date Qp (ML/day) 1 week Qp avg 
(ML/day) 

areal RF 
(mm) 

days 2 week 
RF (mm) 

4 week RF 
(mm) 

22/04/1990 15321 2081 223 3 266 282 

5/07/1990 4105 796 74 5   

18/07/1990 5343 1532 38 4   

25/07/1990 4924 3675 13 2   

14/09/1990 6431 2540 70 5 66 122 

21/09/1990 5675 3161 18 2 91 136 

26/09/1990 4097 2775 19 2 93 139 

12/10/1990 3028 1186 84 5 98 168 

21/10/1990 5500 1515 33 3 131 169 

29/06/1991 4134 1146 26 2 90 216 

14/07/1991 13274 4239 116 6 123 211 

8/08/1991 3612 976 5 1 39 121 

23/08/1991 8744 2483 22 2 58 99 

19/09/1991 5729 2375 65 6 81 127 

13/05/1995 8039 242 49 2 80 106 

9/06/1995 13877 942 117 6 80 153 

18/07/1995 3936 1255 9 1 27 63 

23/10/1995 9611 773 91 5 116 136 

4/08/1996 8260 3394 53 4 106 142 

15/08/1996 4614 2440 18 2 91 177 

9/09/1997 2911 1967 22 2 59 89 

21/01/1998 4105  53 3 42 48 

23/06/1998 9804 580 68 4 82 185 

6/07/1998 14591 663 36 2 96 161 

28/07/1998 3123 651 12 2 27 80 

22/08/1998 3362 1433 5 1 47 82 

23/09/1998 25457 1388 81 6 109 116 

3/10/1998 7454 1961 42 3 113 164 

12/11/1998 6608 359 71 3 84 127 

9/08/1999 3426 691 33 2 41 77 

19/09/2002 3071 1237 47 4 59 81 

24/07/2003 13021 956 54 4 66 85 

14/08/2003 7015 1661 40 3 64 143 

25/08/2003 5415 1778 18 2 71 109 

18/09/2003 3401 1946 11 2 50 95 

9/09/2004 5278 1361 30 2 57 105 

4/08/2005 3958 1049 51 3 68 110 

20/08/2005 3177 1029 34 4 56 134 

31/08/2005 21108 1556 49 2   

11/09/2005 3858 1792 34 4   
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6.2.1.5 Ovens River at Bright 

Multiple gauge event data 

Date Qp (ML/day) areal RF (mm) days 2 week RF (mm) 4 week RF (mm) 

17/05/1990 1801 77 3 87 175 

6/07/1990 5003 198 13 187 222 

19/07/1990 4713 95 7   

26/07/1990 4900 59 3   

15/08/1990 3548 59 5 157 261 

13/09/1990 2234 44 2 80 166 

22/10/1990 2804 86 4 127 168 

8/08/1991 1932 66 4 116 147 

16/08/1991 2079 50 4 126 182 

24/08/1991 3951 101 5 155 258 

31/08/1991 4139 84 5 187 312 

8/09/1991 2112 16 2 103 260 

22/09/1991 3920 97 6 123 226 

2/09/1992 3415 106 7 111 237 

11/09/1992 2102 28 2 142 198 

17/09/1992 2932 47 3 106 226 

26/09/1992 4670 80 5 137 277 

11/10/1992 3609 64 4 113 249 

25/11/1992 1478 21 2 99 167 

4/07/1993 1734 53 2 80 147 

10/07/1993 2817 80 5 150 195 

25/07/1993 1865 64 3 57 208 

31/07/1993 2447 49 2 114 219 

18/08/1993 2207 42 4 89 212 

3/09/1993 3125 78 4 87 177 

20/09/1993 1688 34 2 94 175 

4/10/1993 24592 204 4 214 308 

13/11/1993 1408 23 3 71 143 

11/06/1995 6142 191 7 192 262 

5/07/1995 1497 84 8   

1/09/1995 1453 51 3   

7/07/1996 1587 32 2   

25/07/1996 2271 80 7 88 172 

28/08/1996 1446 13 2   

15/09/1996 3037 79 6   

1/10/1996 8999 119 4   

17/10/1996 2108 26 2 58  

29/07/1998 1970 92 4 110  

24/09/1998 16698 191 6   

3/10/1998 3244 60 2 243  
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Date Qp (ML/day) areal RF (mm) days 2 week RF (mm) 4 week RF (mm) 

6/10/1998 3653 45 2 203  

12/11/1998 1723 84 3 89 126 

9/08/1999 1891 84 3 89  

14/08/1999 1459 32 3 120 196 

6/09/1999 2386 61 3 119 167 

23/06/2000 1419 59 3 65  

10/08/2000 1867 70 4 70  

16/08/2000 2557 55 4 126  

22/08/2000 1907 18 2 99 154 

27/09/2000 1515 48 4 50  

26/10/2000 5983 94 3 196 240 

9/09/2001 2075 44 3   

21/09/2001 1419 36 2 76  

2/10/2001 1407 64 3 114 164 

14/10/2001 2404 60 4   

 

 

  



Appendix 

 

155 

 

6.2.1.6 Tambo River at Swift’s Creek 

 

Multiple gauge event data 

Date Qp (ML/day) RF (mm) days 2weekRF (mm) 4weekRF (mm) 

22/04/1990 1533 60 2 78 88 

17/08/1990 1205 15 2 35 66 

14/09/1990 4786 49 3 58 80 

13/10/1990 3188 20 2 39 46 

13/06/1991 910 41 2 75 83 

14/07/1991 5544 35 1 87 105 

31/08/1991 1060 14 1 38 67 

26/09/1992 4430 46 2 77 108 

5/10/1992 3809 19 1 80 125 

21/11/1992 1588 24 1 48 74 

6/12/1992 2819 57 3 85 136 

17/09/1993 2409 25 3 54 79 

4/10/1993 11359 98 4 89 147 

29/12/1993 3346 62 4 73 118 

12/02/1994 1651 55 2 158 164 

14/03/1994 631 39 4 44 70 

29/01/1995 2735 45 2 123 152 

23/10/1995 6086 93 5 93 105 

8/11/1995 1376 32 2 64 174 

13/05/1996 1312 40 2 61 107 

30/07/1996 677 17 2 30 38 

30/09/1996 1780 25 2 63 89 

29/06/1997 632 29 3 35 49 

23/06/1998 34989 132 4 54 83 

6/07/1998 2621 18 1 148 158 

18/08/1998 2357 35 2 59 78 

25/09/1998 925 24 2 44 48 

13/11/1998 1220 55 2 71 92 

30/06/2000 2347 40 2 51 56 

26/10/2000 1792 31 2 50 55 

13/11/2000 1574 31 2 39 83 

28/08/2001 2065 20 2 47 68 

3/09/2001 1826 22 2 60 75 

9/10/2001 1454 10 1 50 78 

20/11/2001 1521 34 2 76 93 

11/02/2002 2163 19 1 83 128 

22/04/2002 1052 14 2 35 81 

19/06/2002 759 32 2 55 60 
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6.2.1.7 Wonnangatta at Waterford 

 

Single rainfall gauge (Crooked River) event data 

Date Qp 
(ML/day) 

RF 
(mm) 

days 2week 
(mm) 

4week 
(mm) 

22/04/1990 68638 294 2 312 324 

6/07/1990 8494 6 2 20 28 

19/07/1990 11553 28 1 38 55 

25/07/1990 11669 11 1 46 66 

3/08/1990 6969 45 3 56 91 

6/08/1990 8676 12 1 68 103 

16/08/1990 6250 9 1 41 89 

5/09/1990 4556 15 1 36 60 

14/09/1990 15005 26 1 50 66 

21/09/1990 8118 14 1 62 93 

12/10/1990 5845 46 3 53 95 

22/10/1990 9620 38 3 99 106 

14/06/1991 3664 80 4 95 108 

30/06/1991 4253 9 1 29 125 

14/07/1991 20493 43 1 105 134 

9/08/1991 5499 22 2 28 77 

24/08/1991 11032 15 1 39 67 

31/08/1991 7501 10 1 39 77 

22/09/1991 8651 10 1 36 47 

27/06/1992 7386 95 4 98 109 

4/09/1992 5875 6 1 36 63 

19/09/1992 5011 6 1 37 73 

26/09/1992 22643 64 2 80 118 

5/10/1992 10472 24 1 106 141 

9/10/1992 12250 13 1 74 146 

18/10/1992 8086 30 1 93 176 

7/12/1992 10668 65 1 100 137 

23/12/1992 6314 28 1 41 126 

8/07/1993 6969 14 1 29 43 

1/08/1993 5499 19 1 37 71 

17/08/1993 7324 9 1 28 66 

3/09/1993 6278 18 1 19 47 

9/09/1993 6072 23 1 44 62 

16/09/1993 19773 34 2 75 94 

20/09/1993 9432 16 1 88 108 

5/10/1993 36076 66 1 91 179 

28/06/1994 3186 26 2 46 66 

14/05/1995 9400 25 2 46 64 
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Date Qp 
(ML/day) 

RF 
(mm) 

days 2week 
(mm) 

4week 
(mm) 

11/06/1995 18591 28 3 30 52 

19/07/1995 6688 7 1 13 38 

23/10/1995 16368 98 4 107 148 

4/08/1996 15893 9 1 45 54 

1/10/1996 20517 16 1 59 85 

9/09/1997 4579 10 1 23 23 

24/06/1998 31627 156 3 164 212 

6/07/1998 15532 17 1 166 186 

23/08/1998 9041 17 1 75 75 

4/10/1998 8961 9 1 49 56 

6/10/1998 8380 14 1 62 70 

13/11/1998 12826 63 2 83 112 

9/08/1999 4962 18 1 20 47 

6/09/1999 7739 24 1 35 60 

10/08/2000 5016 16 2 18 42 

12/09/2000 7184 8 1 28 44 

27/09/2000 3350 34 1 44 72 

19/10/2000 6427 10 1 19 69 

26/10/2000 16696 35 2 55 66 

13/11/2000 7117 41 3 41 91 

10/07/2001 3473 93 4 93 134 

22/08/2001 5287 20 1 44 63 

3/09/2001 4855 8 1 62 86 

9/09/2001 7707 15 2 62 109 

14/10/2001 5489 6 1 59 80 

24/10/2001 4112 11 1 32 77 

16/06/2002 3565 14 2 30 41 

 

  



Appendix 

 

158 

 

6.2.2 Study catchment annual peak discharge and date 

6.2.2.1 Avon River at The Channel 

Date Annual peak discharge ML/day 

5/12/2001 5472.68 

21/4/2002 6635.48 

3/10/2003 1195.12 

14/12/2004 632.32 

3/2/2005 39163.14 

10/9/2006 1485.46 

27/6/2007 83552.38 

 

6.2.2.2 Kiewa River at Mongan’s Bridge 

Date Annual peak discharge ML/day 

24/10/2001 5645.7 

19/9/2002 3927.0 

24/7/2003 6988.7 

9/9/2004 11026.9 

31/8/2005 9001.2 

20/1/2006 1558.8 

12/8/2007 2954.1 

 

6.2.2.3 Macalister at Glencairn 

Date Annual peak discharge ML/day 

21/8/2001 3900 

15/6/2002 3300 

24/7/2003 13021 

9/9/2004 5278 

31/8/2005 21100 

18/7/2006 800 

27/6/2007 37188 
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6.2.2.4 Ovens River at Bright 

Date Annual peak discharge ML/day 

24/10/2001 2879.8 

15/6/2002 1404.6 

25/7/2003 4287.8 

9/9/2004 4402.6 

11/9/2005 3866.6 

18/4/2006 259.6 

5/7/2007 1658.9 

 

6.2.2.5 Tambo River at Swift’s Creek 

Date Annual peak discharge ML/day 

28/08/2001  1605.1 

11/02/2002  1528.9 

14/08/2003  937.9 

7/11/2004  1264.3 

10/07/2005  1911.5 

3/06/2006  238.5 

29/06/2007  5394.9 

 

6.2.2.6 Wonnangatta at Waterford 

Date Annual peak discharge ML/day 

9/9/2001 7710.2 

16/6/2002 3565.0 

24/7/2003 19787.8 

12/9/2004 8118.1 

31/8/2005 30353.1 

19/7/2006 1327.2 

28/6/2007 63655.6 
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