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Abstract 
The scale-dependency of overland flow is frequently observed in rainfall runoff measurements, 

(Wilcox et al., 1997, Wilcox et al., 2003, Van de Giesen et al., 2000, Sheridan et al., 2014), yet 

largely neglected in rainfall-runoff models (Blöschl and Sivapalan, 1995, Chen et al., 2016a). 

Overland flow scaling behaviours within a given hillslope have been attributed to the main 

factors controlling infiltration and runoff processes including spatial variability of soil 

hydraulic properties (Julien and Moglen, 1990), run-on effect (Wainwright and Parsons, 2002, 

Langhans et al., 2014), macropore flow (Nyman et al., 2010, Ritsema and Dekker, 1995, 

Wessolek et al., 2009, Nyman et al., 2014, Stoof et al., 2014a, Ritsema et al., 2005), and rainfall 

temporal properties (Joel et al., 2002, Li and Sivapalan, 2011, Wainwright and Parsons, 2002). 

These factors are nonlinear and vary in time and space causing uncertainties when averaging 

between scales. 

Wildfire may introduce higher spatio-temporal variability to the factors controlling soil 

infiltration by vast alteration in soil and vegetation, and as a result of that scaling effects on 

hydrological processes may be altered in burned landscapes (Moody et al., 2013). However, 

the impact of fire on scaling behaviours is poorly investigated and only few practical studies 

have measured runoffs scaling on burned hillslopes (Sheridan et al., 2014). There are 

significant knowledge gaps in understanding overland flow scaling effects in relation to post-

fire soil, surface factors and rainfall properties (Moody et al., 2013).  

This study aimed to investigate overland flow scaling behaviours in relation to soil and rainfall 

properties on a burnt hillslope by observations, measurements, and simulations. This was 

obtained by i) collecting rainfall-runoff data from different plot lengths at a eucalyptus 

hillslope, Southeast Australia burned by wildfire in 2013, ii) quantifying the degree of runoff 

scale-dependency from empirical rainfall-runoff data, iii) conducting stepwise regression 

analysis to investigate scaling behaviours of the observed runoffs in relation to the rainfall 

characteristics, iv) simulating overland flow and scaling effects by coupling traditional 

infiltration theory, run-on process and rainfall temporal variations, v) investigating macropore 

flow contribution to runoff scaling behaviour by measuring vertical pathways of activated 

macropores with a blue dye experiment at the site, modelling macropore flow in relation to 

runoff depth, and accounting macropore flow into rainfall-runoff simulations. 

This is the first study to investigate isolated impact of spatial variability of soil hydraulic 

conductivity, rainfall parameters, and macropore flow on overland flow scaling behaviour in a 
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burned hillslope. The outcome of this study was partly obtained from field and laboratory 

measurements and rainfall-runoff monitoring at the field. These measurements and monitoring 

data were used for rainfall-runoff models’ parametrisation and verifications. 

The empirical rainfall-runoff data were collected from multi-scale runoff plots under natural 

rainfall conditions. The instruments were installed on a severely burned hillslope of eucalyptus 

forest in southeast Australia. Forty-one rainfall-runoff events were extracted from data 

collected during the second year following the fire. Strong scaling behaviour was observed for 

all observed events, seasonally and the whole study period where the rate of runoff declined 

with increasing plot length.  

The data from multi-scale runoff plots were used in the stepwise regression models to 

investigate runoff scaling behaviour in relation to rainfall volumetric and temporal parameters. 

Stepwise multiple regression analysis showed that generated runoffs and scaling effects were 

mainly influenced by annual rainfall depth than other rainfall factors while the impact on runoff 

productions decreases with increasing plot length. 

Measurements and monitoring data were used for model setup, parameterisation, and 

verifications of rainfall-runoff models to simulate overland flow scaling effects. The rainfall-

runoff simulations provided a very weak demonstration of scaling behaviours with 

underestimated scaling effects. The simulated scaling behaviours did not improve when spatial 

variability of soil hydraulic conductivity (CVKs) accounted for the models. This concludes that 

models with traditional infiltration coupled with run-on process paradigm, and rainfall 

temporal variability cannot explain the observed scaling behaviour, even where spatially 

variability of soil hydraulic conductivity (CVKs) is considered. 

Measurement of activated macropores, water repellency strength and soil water content 

conducted from the top edge of the hill to downslope on one occasion. No systematic evidence 

was found regarding reduction in soil water repellency, nor an increase in activated 

macropores, nor higher water content within distance from uphill. The outcome from these 

measurements did not support the hypothesis of runoff scaling behaviour to be a result of 

infiltration increase with distance from uphill. 

Macropore flow was modelled in relation to runoff depth satisfying pores pressure entry at the 

point, that is exceeded more frequently with distance downslope due to increased runoff depths. 

The model consisted of macropore network algorithm, macropore filling when runoff depth 
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exceeded the macropore entry pressure head based on the Young–Laplace and Bernoulli 

equations, and gravity‐driven vertical flow from fully saturated macropores based on Darcy 

Law. The macropore flow application was coupled with rainfall-runoff models with traditional 

infiltration theory, runoff-runon, and rainfall temporal variability. The proportion of simulated 

macropore flow increased with plot lengths. Simulated scaling effects from models with 

macropore flow application obtained a better prediction of overland flow scaling behaviour. 

This concludes that macropore flow is the main factor affecting runoff scaling behaviours in 

water repellent soil where infiltration mostly occurs through activated macropores and 

preferential flow. 

This study supports the theory that macropore flow is a dominant factor controlling overland 

flow scaling behaviours in burnt dry hillslopes where the soil is strongly hydrophobic. Young–

Laplace and Bernoulli equations were found sufficient to calculate macropores filling process 

in relation to runoff depth, and Darcy Law equation demonstrated continuous flows from full 

saturated macropores to underneath soil (Hardie et al., 2013, Buttle and House, 1997, Nimmo, 

2012, Podgorney and Fairley, 2008). The simulations showed that higher macropore flow is 

triggered in the longer distance when runoff depth satisfies pressure entry of activated pores. 

This also explains why the impact of rainfall parameters on runoff productions and scaling 

decreases with length. The findings of this study are in agreements with earlier findings (Müller 

et al., 2018, Stoof et al., 2014a, Jarvis et al., 2008, Jarvis et al., 2016, Nimmo, 2012).  
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Thesis Structure 

Chapter I: Literature Review 

Chapter 1 includes a literature review of key concepts related to post-fire hydrology, scaling 

behaviours of infiltration-excess runoff and the research gaps are identified. The research 

design and main objectives are also set out in this chapter.  

Chapter II: Geographic information of the study site 

Chapter 2 describes the study site, including geographic and climate information.  General 

weather conditions over the study period are also described. 

Chapter III: Measurement of overland flow scale-dependency using multi-length 

rainfall-runoff plots 

Chapter 3 details the rainfall-runoff monitoring set-up and instrumentation, along with 

descriptions of the measurement techniques, data collection, data quality control and data 

analysis methods. In this Chapter, event-based and cumulative runoff, runoff ratio, peak flows, 

and the degree of runoff scale dependency were quantified for the monitored events. 

Chapter IV: The role of rainfall properties on overland flow scaling 

Chapter 4 investigates the impact of rainfall temporal and volumetric factors on runoff scaling 

behaviours for the monitored events.  Stepwise multiple regression models were set up to 

examine the contribution of different rainfall characteristics in runoff generation and overland 

flow scaling.   

Chapter V: Modelling scaling effects of overland flow on burned hillslopes 

using the KINEROS2 model 

Chapter 5 investigates the effects of storm temporal patterns on scaling.  It contains model set-

up for rainfall-runoff simulations, calibration and validation procedures. This Chapter 

investigates whether a model with traditional infiltration theory coupled with run-on infiltration 

and temporal rainfall variations can explain runoff scaling behaviours. 

Chapter VI: Macropore flow Measurement and Modelling and Its Implication 

in Capturing Runoff Scaling Behaviour 
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Chapter 6 includes measurements and macropore modelling approaches to test two hypotheses: 

i) that soil infiltration increases down the hillslope due to increased soil moisture and weaker 

water repellency with distance; and ii) that increased infiltration occurs due to greater runoff 

depth exceeding macropore entry pressure activating macropore flow, and subsequently 

causing scaling effects.  

This Chapter describes measurements of vertical pathways of activated macropores, water 

repellency strength and soil water content at the site to investigate Hypothesis I. A macropore 

flow model was developed from conceptualised macropores networks for each runoff plot to 

simulate macropore flow based on entry pressure of the individual pores in relation to runoff 

depth. The macropore flow model was combined with a rainfall-runoff model with traditional 

infiltration theory to calculate direct infiltration, runon, and macropore flow under temporally 

varied rainfalls. The macropore flow simulations were used to investigate the role macropore 

flow in controlling runoff scaling behaviour (Hypothesis II).    

Chapter VII: Overall Conclusion and Future Study 

Chapter 7 discusses overall findings of the study, the conclusion and suggestions for future 

research direction regarding runoff scaling behaviours and macropore flow modelling.  



 
 

3 
 

Chapter 1: Key Concept and Literature Review 

This Chapter includes a literature review from which the research gaps that I addressed were 

identified. The chapter continues to describe the research design, and the main objectives.  

The current literature related to post-fire hydro-geomorphology and hydrological processes 

governing overland flow scaling behaviours was reviewed to develop a comprehensive picture 

of important fire-induced factors affecting overland flow scaling in burned dry hillslopes. 

1.2 Hydrologic Responses in Burned Hillslopes 

Wildfire is a disturbance agent impacting hydrologic responses in affected landscapes by 

altering hydro-geomorphic patterns via destruction of vegetation and changes in soil 

hydrological properties (Moody et al., 2013, Shakesby and Doerr, 2006, Wohl, 2018, 

Shakesby, 2011, Santín and Doerr, 2016). Fire-induced soil-surface changes may shift 

threshold responses of overland flow generation and transport on burned hillslopes depending 

on burn severity and fire spatial extent (Moody et al., 2013, Sheridan et al., 2007, Neary et al., 

1999). The enhancement of overland flow formation in the early rainfall events following fire 

reported is quite variable between different studies. Lower bound reported impacts include 1.5 

to 3-fold more overland flow in burned eucalyptus forest, Southeast Australia (Lane et al., 

2006, Sheridan et al., 2007) and  2.1 to 2.5 folds in north-central Portugal (Stoof et al., 2012).  

Moderate to higher impacts include 2.5-10 times increase in southern California (Kinoshita and 

Hogue, 2015, Bart, 2016), 7-fold increases in burned chaparral forest, California (Wells, 1981), 

and 12 to 16 times greater in New Mexico (Wine and Cadol, 2016). 

Fire-induced changes contributing to flow initiation and transport include vegetation 

destruction and litter removal (Stoof et al., 2012, Shakesby, 2011, Cerdá and Doerr, 2005, 

Cawson et al., 2013), soil-hydraulic property alterations (DeBano et al., 1998, Imeson et al., 

1992, Kinner and Moody, 2010, Moody et al., 2009, Ebel and Moody, 2017), fire-induced 

water repellency (Larsen et al., 2009, Doerr et al., 2003, Doerr et al., 2009, Nyman et al., 2010, 

White et al., 2017), and enhancement of macropores and preferential infiltration (Stoof et al., 

2014b, Nyman et al., 2010, Nyman et al., 2014). Reduction in surface roughness (Stoof et al., 

2012, Smith et al., 2011a) and a higher proportion of bare soil patches (Cawson et al., 2012, 

Cawson et al., 2013, Cerdá and Doerr, 2005) are other fire-induced factors that impact runoff 

transmission mechanisms. High space-time variability of these hydrological properties after 
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fire results in larger uncertainties in runoff and erosion predictions (Shakesby, 2011, Moody et 

al., 2013, Vieira et al., 2015). 

1.2.1 Hydrologic Responses to Vegetation Removal after Fire 

Depending on fire severity, three forest vegetation storeys can be partly or completely burned: 

plant roots, understorey shrubs, and overstorey canopies. Loss of vegetation causes both 

immediate and long-term changes in the hydrological cycle (Shakesby and Doerr, 2006, Lane 

et al., 2010, Poon and Kinoshita, 2018). Where canopies and litter are burned, less interception 

of precipitation occurs, resulting in more water reaching the soil surface as throughfall and 

stemflow (Robichaud et al., 2000, Cerdá and Doerr, 2005, Neary et al., 2005, Poon and 

Kinoshita, 2018). For example, (Stoof et al., 2012) estimated pre-fire canopy interception was 

on average 48.7% of total rainfall in dense heathland, Portugal; whereas post-fire canopy 

interception of the regenerating vegetation is minimal because of the sparseness of the 

regenerated vegetation cover in the first year following fire. The rate of evapotranspiration, as 

a major component of the forest hydrological cycle, may also decrease after fire because of 

combustion of forest biomass (Robichaud, 2000, Shakesby and Doerr, 2006). 

There are important impacts of spatial patterns of fire intensity. Various post-fire studies have 

found strong links between post-fire hydrological responses to proportional areas of burned 

and unburned patches (bare soil-vegetated mosaics), thickness, arrangements and burn severity 

(Stoof et al., 2012, Cawson et al., 2012, Cawson et al., 2013, de Dios Benavides-Solorio and 

MacDonald, 2005). For example, higher connectivity of generated overland flow was observed 

on burned hillslopes due to a higher proportion of bare soil which also have higher runoff 

generation compared to unburnt patches (Penman et al., 2007). A threshold of 60–70% of bare 

soil patches was found to increase overland flow connectivity between bare patches in severely 

burned pine forest, New Mexico (Johansen et al., 2001).  

Reduced amounts of litter on the post-fire ground surface reduces storage capacity in the litter 

layer; each centimetre thickness of litter has been found to store 0.5 mm of water depth for a 

pine forest in USA (Neary et al., 2003), and 3 mm for eucalypt forest in Portugal (Leighton-

Boyce et al., 2003).  Soil without litter cover is also less insulated and more exposed to solar 

radiation. This alters soil thermal regime, and subsequently decreases soil moisture dynamics 

via direct evaporation from the bare soil (Shakesby and Doerr, 2006, Wieting et al., 2017).  

Depending on burn severity, loss of surface vegetation and litter may shift surface roughness 

and depression storage (Stoof et al., 2012, Moody et al., 2013, Jordán et al., 2016, Martin et 
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al., 2008), which are factors controlling flow initiation and transmission. Fire-related 

alterations in hydraulic roughness impact overland flow hydraulics because velocity, depth, 

and energy of overland flow are regulated through frictional resistance parameter. A few 

studies have investigated surface roughness features in post-fire landscapes (Martin et al., 2008, 

Stoof et al., 2012, Nyman et al., 2011) and more research is demanded to quantify changes in 

hydrologic responses in response to fire-induced changes in surface roughness. For example, 

(Nyman et al., 2011) measured flow velocity of burned compared to unburned overland flow 

using dye tracers and found an increase in velocity which explained an increased flashiness of 

storm hydrographs of burned plots compared to unburned plots.  

1.2.2 Fire Effects on Soil Hydraulic Properties  

Soil hydrological properties regulating infiltration, are mostly subject to change by severe 

wildfire (Ebel and Moody, 2017, Shakesby, 2011). Burned soil is more prone to structural 

breakdown due to the absence of organic materials and may form a very compact soil with 

higher bulk density and lower porosity (White et al., 2017, Merino et al., 2018, DeBano et al., 

1998, Imeson et al., 1992). The degree of changes in soil physical structure depends on the pre-

fire soil moisture conditions, and the temperature soil reaches during the fire (Vieira et al., 

2015, Shakesby and Doerr, 2006, Cerdá and Doerr, 2005).  

Changes in physical structure of the burned soil alter two soil hydraulic components; sorptivity, 

and hydraulic conductivity (Wieting et al., 2017, Ebel and Moody, 2017, Kinner and Moody, 

2010, Moody et al., 2009). Early in an infiltration event, infiltration rate is a function of 

sorptivity.  Sorptivity is controlled by internal capillary drive, which depends on soil texture 

and adsorption. After a sufficient depth of water has infiltrated, saturated hydraulic 

conductivity controls the infiltration rate with gravity being the key driving force. This is 

illustrated in Philips infiltration relationship: 𝐼(𝑡) = 𝑆𝑡1/2 + 𝐾𝑠𝑡 (Philip, 1957).  

Fire-induced increases in soil water repellency (SWR), particularly on the soil surface (Doerr 

et al., 2000), is another important change that reduce the rate of infiltration in burned soils 

(Robichaud et al., 2016, Moody et al., 2013, Shakesby and Doerr, 2006). Water repellency has 

been shown to reduce soil infiltration rates up to 16-fold (laboratory studies by (Leighton-

Boyce et al., 2003), particularly if hydrophobicity occurs on the soil surface.  

Water-entry pressure (Pe) of macropores and velocity of preferential flow were found to be 

controlled by soil hydrophobicity (Bauters et al., 1998). These changes are due to contact angle 
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between water and hydrophobic soil which is >90 (Letey et al., 2000, Leelamanie et al., 2008, 

Carrillo et al., 1999). 

Eq 1.1  𝐶𝑜𝑠𝛼 = (
γ90°

γ𝑤
)0.5 − 1 

Eq 1.2  𝑃𝑒 = ℎ𝜌𝑔 =
−2𝜎𝐶𝑜𝑠𝛼

𝑟
 

where α is the contact angle between water and soil calculated from, γW is the water–air surface 

tension (mN m–1), γ90 is the water–air surface tension at which the contact angle of the water-

air interface and the soil is 90° (47.1 mN  m–1) (Moody and Schlossberg, 2010), ρ is the liquid 

density for water (997 kg/m3), ɡ is acceleration due to gravity (9.8 ms-2), h is the hydraulic head 

(m), r is the pore radius (m), µ is the dynamic viscosity of water (1.004 m2/s at 20ºC), and 𝜎 is 

the surface tension (mN/m) obtained.  

The degree of soil water repellency in burned soil is spatially variable, and related to the type 

of organic compounds on soil particles, the soil moisture and the temperature that the soil 

reaches during fire (Doerr et al., 2000). The degree of water repellency was found to be 

negatively controlled by soil water content and probably disappears at saturation point (Rye 

and Smettem, 2017, Rye and Smettem, 2015, Moody et al., 2013, Ritsema et al., 2005) due to 

alterations in the chemical properties of the molecules of hydrophobic compounds (Doerr et 

al., 2000). Both sorptivity and hydraulic conductivity are negatively related to the degree of 

water repellency due to reduced wettability resulting in a reduced proportion of connected 

water filled pores (Moody et al., 2009). (Nyman et al., 2014) investigated soil infiltration in 

relation to fire-induced water repellency, dryness index, and soil moisture in three recent 

burned sites, southeast Australia. The study showed that infiltration rates into burned soil did 

not reach saturated hydraulic conductivity (Ks) because fire-induced repellency always 

remained during the recovery period (>3 years), with different degrees of strength fluctuating 

seasonally.  

The strength of water repellency and its impact on soil infiltration measured at point scales may 

not be reflected to the same degree at larger scales due to preferential flow taking place through 

wettable patches, cracks, roots and activated macropores (Nyman et al., 2010, Doerr and 

Moody, 2004, Stoof et al., 2014b) leading to locally high infiltration. Preferential flow in water 

repellent soil was found to recur at the same locations during successive rainfall events 

(Ritsema and Dekker, 2000). Therefore, mosaics of repellent and wettable patches regulate 

infiltration into water repellent soil at larger scales on burned hillslopes (Doerr et al., 2003).  
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Ponded infiltration and macropore flow are dominant factors in controlling vertical preferential 

water movement through water repellent soil where a high portion of the soil surface is in non-

infiltration areas (Nyman et al., 2010, Stoof et al., 2014b). In a post-fire hydrophobic soil, 

macropores (r > 0.5 mm) contributed to between 70% and 95% of the field-saturated and 

ponded hydraulic conductivity, while accounting for just 5% of the soil volume. Ponded 

infiltration was up to 2.5 times higher in water repellent soil when the hydraulic head increased 

from 0 to 5 mm (Nyman et al., 2010). 

Despite of considerable effects of soil hydrophobicity on infiltration and development of 

preferential flow, only a few studies have incorporated soil water repellency as a variable in 

infiltration models (Doerr et al., 2003). This is due to the poor knowledge base relating to 

preferential flow in water repellent soils. To estimate the infiltration rate in water repellent soil, 

traditional infiltration theories require adjustment. For example, the uniform sharp wetting 

front assumption in the Green–Ampt infiltration model is inappropriate in water repellent soil 

due to preferential water movement leading to a highly irregular wetting front.  

Ash is another fire-induced factor affecting soil infiltration rates. Low density ash is easily 

mobilized and can be blown away by wind or leached into the soil or transported downstream 

by runoff. Typically an ash layer is wettable and has a relatively large water storage capacity 

controlled by high sorptivity in an initially dry condition (Kinner and Moody, 2010, Woods 

and Balfour, 2010, Onda et al., 2008, Moody et al., 2009). After severe burning, a thick layer 

of ash and burned residue usually remains on the soil surface, creating a two-layer system 

consisting of an ash bed on top and mineral soil beneath. The thickness of the ash layer is a 

function of burn severity and quantity of burned material.  Thickness usually reduces gradually 

after fire due to water and wind erosion. The soil and ash layers have different values of 

hydraulic conductivity and sorptivity resulting in variable infiltration rate with depth (Moody 

et al., 2013, Kinner and Moody, 2010). Any intense rain following a fire infiltrates into the ash 

layer but deeper penetration through water repellent soil is limited. Water in the ash layer either 

turns into saturated overland flow, moves laterally downslope in the subsurface above the fire-

induced water repellent soil layer, or infiltrates downward through preferential flow paths 

(Kinner and Moody, 2008, Kinner and Moody, 2010, Cerdà and Doerr, 2008, Onda et al., 

2008). Differences of infiltration rates in ash and repellent soils suggest consideration of a two-

layer soil system for infiltration analysis of burned soils (Kinner and Moody, 2010).  
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1.2.3 Summary of Post-Fire Hydrological Response 

Summarising the above discussion, fire-induced changes that may alter overland flow 

responses are: 

1. A higher portion of precipitation reaches the mineral soil surface due to reduced 

interception on burned canopies and surface litter removal (Cerdá and Doerr, 2005, 

Neary et al., 2005, Stoof et al., 2012). 

2. A reduction in hydraulic conductivity and soil infiltration due to a lower percentage of 

the soil organics (DeBano et al., 1998, White et al., 2017, Merino et al., 2018), fire-

induced water repellency (Nyman et al., 2010, Nyman et al., 2014, Robichaud et al., 

2016), and ash clogging and surface sealing (Neary et al., 2005, Woods and Balfour, 

2010). 

3. Higher velocity and kinetic energy of generated runoff on hillslopes because of reduced 

roughness and drag forces on the ground surface result in higher total discharge, and 

shorter time to peak (Kinner and Moody, 2008, Stoof et al., 2012). 

1.2.4 Overland Flow Formation 

Post-fire studies have shown that the occurrence of overland flow in burned landscapes is more 

likely to be in the form of infiltration-excess runoff than saturation-excess flow (Shakesby, 

2011, Vieira et al., 2015, Moody et al., 2013). This is the result of reduced infiltration capacity 

in burnt soil, lower surface roughness, and water repellency (Shakesby and Doerr, 2006, 

Moody et al, 2013, Doerr et al., 2000).  

Soil hydraulic properties are important controls on infiltration-excess overland flow as they 

control infiltration of water input from both rainfall and upstream generated runoff (Chow et 

al., 1988, Nahar et al., 2004, Corradini et al., 1998). In infiltration-excess flow, some parts of 

the surface may produce runoff while for other parts infiltration may occur due to spatial 

variability in soil-surface properties (Gómez et al., 2001, Morbidelli et al., 2006b). When runoff 

from upslope encounters unsaturated areas downslope and infiltrates in a downslope position, 

this is referred to as a run-on infiltration process (Wainwright and Parsons, 2002, Morbidelli et 

al., 2006b, Morbidelli et al., 2008, Govindaraju et al., 2006). Spatial variability of soil hydraulic 

properties, soil water repellency and patchiness are soil-surface factors contributing to 

infiltration and run-on are all processes affecting runoff (Sheridan et al., 2014, Gomi et al., 

2008a, Van de Giesen et al., 2000, Chen et al., 2016a, Langhans et al., 2016).  
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Field investigations (Gómez et al., 2001, Govindaraju et al., 1996, Zhang and Govindaraju, 

2000, Loague and Gander, 1990) have shown significant spatial heterogeneity in hydraulic 

properties of natural soil. Hydraulic conductivity (Ks) particularly has been shown to have the 

most variability among soil hydraulic parameters. For example, (Dagan and Bresler, 1983) 

showed that residual water content, saturated water content, and capillary head vary in much 

narrower limits than Ks. (Morbidelli et al., 2006b, Nahar et al., 2004, Saghafian, 1993). Several 

modelling studies have examined the effect of spatial variability of Ks on generation and 

transport of infiltration-excess runoff in circumstances where run-on infiltration can have an 

important impact on overall runoff (Julien et al., 1995, Nahar et al., 2004, Morbidelli et al., 

2006b).  

Rainfall temporal pattern is another important feature controlling infiltration-excess flow 

(Gomi et al., 2008b, Reaney et al., 2007, Dunne et al., 1991). The interaction between rainfall 

intensity and soil infiltration capacity, both spatio-temporal variables, determines the rate of 

infiltration, run-on, and subsequently runoff generation (Kirkby et al., 2005, Morbidelli et al., 

2006b, Wainwright and Parsons, 2002, Reaney et al., 2014). The amount and intensity of 

rainfall reaching the soil surface regulates connections of generated flow between bare soil 

patches (Cammeraat, 2002, Mayor et al., 2008), with connectivity affecting time to peak, 

velocity and total discharge in hydrographs. For example, higher rainfall temporal variability 

may increase the probability of generated runoff being allocated to run-on infiltration 

downslope (Wainwright and Parsons, 2002). 

Events with the same average and peak intensities can have different intensity patterns, which 

is also referred as rainfall pattern (Smith, 1972) or event profile (Dunkerley, 2012). Rainfall 

intensity, in concert with other factors such as infiltration capacity, determines threshold 

responses of hydrological processes, so that temporal variability of rainfall intensity can change 

the rate of infiltration, time-to-ponding, (Smith, 1972), peak flow (Julien et al., 1995), flow 

length and total discharge (Reaney et al., 2007). Thus, hydrological responses to storms with 

different intensity but similar interval metrics (e.g. total precipitation depth and peak intensity) 

could be distinctly different (Reaney et al., 2007, Moody et al., 2013).  

(Dunkerley, 2012) conducted rainfall simulations in arid and semi-arid areas with low 

infiltration rate and compared hydrographs from temporally varied and uniform events. The 

results showed that the varying intensity events produced significantly larger runoff ratios and 

peak runoff rates (85%–570%), demonstrating the important rule of rainfall temporal 
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variability on soil infiltration rate and runoff generation in infiltration-excess flow. (Reaney et 

al., 2007) simulated dynamics of overland flow responses to temporal variability of a single 

storm event with 1000 realizations of varying intensity (40-90 mm/h) and durations (1- 20 

min). The study showed that variation of runoff coefficient is positively related to rainfall 

intensity, whereas the maximum rainfall intensity only explains 14% of the variability in runoff 

coefficient. However, the study only isolated the effect of rainfall temporal variability without 

being integrated with the effect of spatial variability of soil and run-on infiltration on overall 

infiltration and runoff generation. 

Results from (Saghafian and Julien, 1995), (Woolhiser et al., 1996), and (Corradini et al., 1998) 

examined sensitivity of peak flows and total runoffs to both spatial variability of Ks and rainfall 

intensity and found the sensitivities directly dependent on the magnitude of the rainfall events. 

(Wainwright and Parsons, 2002) showed that models using the mean rainfall intensity 

underpredicted overland flow dramatically. 

Preferential flow has been found to have a crucial effect on infiltration-excess overland flow 

(Gerke et al., 2010, Lin, 2010, Flühler et al., 1996, Free et al., 1940) by controlling infiltration 

rate as water moves through microporous tubes in the dry soil matrix (Zhang et al., 2016). Soil-

surface factors contributing to preferential flow in natural soil are soil bulk density (Reading et 

al., 2012), soil moisture content (Sanders et al., 2012), soil water repellency (Jarvis, 2007, 

Doerr et al., 2003, Nyman et al., 2010, Müller et al., 2018), plant roots systems (Stokes et al., 

2009), rock fragments (Jomaa et al., 2012) and soil cracks (Zhang et al., 2015), shrink-swell 

phenomena (Shein, 2010), and activated macropores (Stoof et al., 2014b, Nyman et al., 2014, 

Nyman et al., 2010, Pascual Granged et al., 2010).  

Activated macropores are found to be the dominant routes for preferential flow in soils (Guo 

and Lin, 2018). Once depth of generated runoff overcomes pressure entry of the macropores; 

known as breakthrough of the bottleneck, water converges to the pores initiating preferential 

flow and increasing infiltration rate (Guo and Lin, 2018, Jarvis et al., 2008).  Rainfall temporal 

and volumetric factors are external deriving force by controlling depth of runoff in relation to 

macropore entry pressure (Guo and Lin, 2018) 

1.2.5 Runoff Scaling Behaviour  

Factors contributing to runoff generation and transfer may differ with both spatial and temporal 

scales, leading to overland flow scale-dependency (Gentine et al., 2012, Bergström and 

Graham, 1998, Blöschl and Sivapalan, 1995). Scale-dependency of infiltration-excess runoff 
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on hillslopes has been measured previously by several studies, with negative relationships 

between slope lengths and runoff production found (Wilcox et al., 2003, Wainwright and 

Parsons, 2002, Bagarello and Ferro, 2010, Delmas et al., 2012, Sheridan et al., 2014, Stomph 

et al., 2002, Van de Giesen et al., 2000, Xu et al., 2009, Bagarello et al., 2018). Thus, hillslope 

runoff cannot be considered as the sum of runoffs measured at individual points (Bergström 

and Graham, 1998, Cerdan et al., 2004). (Xu et al., 2009), (Bagarello and Ferro, 2010) and 

(Mayor et al., 2011) measured plot scale runoffs under natural rainfall, reporting inverse power 

relationship between slope length and measured runoff per unit area.  

Rainfall total depth (Liu et al., 2000), gradient (Lal, 1983), landscape vegetation coverage 

(Mayor et al., 2011) and treatments (Lal, 1997, Gomi et al., 2008a, Le Bissonnais et al., 1998, 

Mayor et al., 2011) have all been found to be important drivers controlling the degree of 

overland flow scale dependence on hillslopes. (Lal, 1983) studied the effect of hillslope 

gradient and rainfall depth in controlling scaling effects by measuring plot-scale runoffs at 

arable hillslopes with different gradients for two consecutive years. The study showed both 

hillslope gradient and rainfall depth (mm) are influential in controlling scaling effects. 

However, the greater scaling effects were obtained from the second year with 50% more annual 

precipitation. (Moreno‐de las Heras et al., 2010), (Mayor et al., 2011) and (Gomi et al., 2008a) 

showed that surface coverage is an important factor in controlling generated runoff and scaling 

effects and that higher vegetation coverage resulted in lower runoff generation with more 

pronounced scaling effects. (Le Bissonnais et al., 1998) measured plot-scale overland flow 

under two different treatments; bare and cultivated land and found higher overland flow scaling 

effects with cultivated plots. (Sheridan et al., 2014) found considerable scaling effects in runoff 

measurements during the first and second year following a moderate burn (2005-2006) in 

eucalyptus forest, southeast Australia.  

Scaling behaviours of infiltration-excess overland flow within a given hillslope have been 

attributed to the main factors controlling infiltration and runoff processes. These factors are 

spatial variability of soil hydraulic properties (Hopmans et al., 2002, Julien and Moglen, 1990, 

Li and Sivapalan, 2011, Stomph et al., 2002), run-on effect (Joel et al., 2002, Langhans et al., 

2014, Chen et al., 2016a) and rainfall temporal properties (Van de Giesen et al., 2000, Stomph 

and De Riddern, 2002, Wainwright and Parsons, 2002).  

(Wainwright and Parsons, 2002) modelled overland flow routing and showed that scale 

dependency of the measured runoff coefficients is more sensitive to hydraulic conductivity and 
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water content, and their relative magnitute rather than to rainfall characteristic. (Chen et al., 

2016) reported run-on process as the main cause of scaling, finding that a large fraction of 

runoff generated from less permeable areas upstream infiltrates in more permeable areas of 

heterogeneous soil downslope. The study found both rainfall intensity and soil spatial 

variability impacted scaling effects by influencing the run-on effect. 

(Dunne et al., 1991) related scaling effects to the depth of runoff and activated macropores in 

plot-scale runoff measurement, stating higher infiltration occurs through microrelief and 

activated macropores when a greater proportion of the surface is inundated. (Wainwright and 

Parsons, 2002) conducted sensitivity analyses showing conditions with greater mean flow 

depth resulted in greater scaling effects. 

Rainfall temporal properties are another important feature contributing to overland flow scaling 

effects by influencing the supply of water into the system and interacting with various soil and 

surface features (Li and Sivapalan, 2011, Reaney et al., 2014, Joel et al., 2002, Kirkby et al., 

2005, Wainwright and Parsons, 2002). To further understand the scaling behaviour of overland 

flow on hillslopes, it is not sufficient to only investigate the effect of soil hydraulic variability 

on run-on infiltration processes. Space-time variability of rainfall regulates the rate of water 

supply and is also important (Bracken and Croke, 2007, Miyata et al., 2010b, Corradini et al., 

2002). (Stomph and De Riddern, 2002) and (Wainwright and Parsons, 2002) demonstrated 

scaling effects along homogeneous hillslopes with help of field data and models, where scaling 

varied significantly according to the rainfall temporal variability.  (Bagarello et al., 2018) and 

(Wainwright and Parsons, 2002) found that high intensity rainfalls reducing scale effects for 

both runoff and sediment transport. (Stomph and De Riddern, 2002) found scaling effects are 

more pronounced during short-duration rainfall events.  

1.3 Research Gaps 

The impact of fire on runoff scaling behaviours across different landscapes is poorly 

investigated and only a few practical studies (Sheridan et al., 2014) have measured runoff 

scaling on burned hillslopes. Most post-fire undertaken studies have focused on the role of 

vegetation patches, arrangement, and thickness in capturing mass and flow (Cawson et al., 

2013, Cawson et al., 2012, Cerdá and Doerr, 2005), fire-induced ponding infiltration (Nyman 

et al., 2014, Nyman et al., 2010, Stoof et al., 2014b), and transport (de Dios Benavides-Solorio 

and MacDonald, 2005, Smith et al., 2011b, Stoof et al., 2012). Significant knowledge gaps 

remain in relation to post-fire soil-surface characteristics and their interactions with rainfall 
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properties contributing to scaling behaviours of infiltration-excess runoff. Further research is 

required to study the contributions of post-fire soil hydraulic properties, fire-induced water 

repellency, macropore flow and their interactions with rainfall patterns in controlling overland 

flow scaling behaviour in burned landscapes. 

1.4 Research Objectives 

This research aims provide insight and knowledge relevant to scaling behaviours of infiltration-

excess overland flow in relation to fire-affected soil hydraulic properties, fire-induced water 

repellency, rainfall patterns, and macropore flow. More specifically the main objectives are as 

follows. 

a) Quantifying the degree of runoff scale-dependency on a dry eucalyptus hillslope severely 

burned by wildfire. 

b) Developing scaling coefficient indices to demonstrate aggregations of scaling effects at 

different temporal and spatial scales, and investigating the impact of topographic gradient, soil 

type, and surface vegetation on runoff scaling with help of these scaling coefficients. 

c) Studying the contribution of rainfall temporal and volumetric factors in controlling overland 

flow generation and runoff scaling. 

d) Investigating whether overland flow scale dependency on a burnt dry hillslope can be 

explained by a physically-based rainfall-runoff model coupling detailed runoff, infiltration and 

run-on processes with rainfall temporal variations at minute timescales. 

e) Testing the impact of spatial variability of saturated hydraulic conductivity (CVKs) on model 

performance and scaling effects. 

f) Quantifying activated macropores, water repellency and soil moisture in fire-induced 

hydrophobic soil.  

f) Modelling macropore flow in relation to overland flow depth and pressure entry and its 

implication on capturing scaling effects across different plot length. 

1.5 Research Method 

This research project was designed to investigate overland flow scaling behaviours in relation 

to soil and rainfall properties at a burnt hillslope using observations, measurements and 
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simulations. This was achieved by i) collecting rainfall-runoff data from different plot lengths 

on a eucalyptus hillslope, southeast Australia burned by wildfire in 2013, ii) quantifying the 

degree of runoff scale-dependency from the collected rainfall-runoff data, iii) conducting 

stepwise regression analysis to examine runoff scaling behaviour in relation to the rainfall 

characteristics, iv) simulating overland flow and scaling effects by coupling traditional 

infiltration theory, run-on process and rainfall temporal variations, and v) investigating 

macropore flow contribution to runoff scaling behaviour by measuring vertical pathways of 

activated macropores with blue dye experiment at the site, water repellency, soil moisture, and 

by modelling macropore flow in relation to runoff depth, and accounting macropore flow into 

traditional rainfall-runoff simulations. 

A multi-scale rainfall-runoff monitoring compound was built with replicated plots of different 

lengths to quantify the degree of overland flow scaling on a dry eucalyptus hillslope in 

southeast Australia, burned by wildfire January 2013. Data collection took place under natural 

rainfall conditions over ten consecutive months during 2014-2015, from which forty-one 

individual runoff-generating events were extracted (Chapter 3). The empirical rainfall-runoff 

data collected from the experimental site was used in a set of regression models to find the 

contribution of different rainfall characteristics in runoff generation and scaling behaviours at 

the site (Chapter 4).  

An event-based rainfall-runoff model was adopted to simulate post-fire soil and surface 

conditions and verified against observed runoffs. The simulated runoff scaling was obtained 

and compared with observations to investigate whether rainfall-runoff models with traditional 

infiltration theory coupled with rainfall temporal variations and run-on processes can capture 

overland flow scaling behaviours. The impact of spatial variability of saturated hydraulic 

conductivity (CVKs) on model performance and scaling effects was also tested by varying CVKs 

in the model (Chapter 5). 

Finally, measurements and macropore flow modelling were conducted to test two hypotheses: 

i) that soil infiltration increases with down slope distance due to increased soil moisture and 

weaker water repellency with distance and ii) increased infiltration occurs due to greater runoff 

depth exceeding macropore pressure entry resulting in more activating macropore and higher 

macropore flow downslope, subsequently causing scaling effects.  

Hypothesis I was tested by measuring activated macropores, water repellency and water 

content at intervals down the longest plot (16 m). The blue dye experiment and soil 
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measurements were studied to characterise activated macropores patterns at the site. 

Hypothesis II was investigated by modelling macropore flow in relation to runoff depth 

satisfying pore entry pressure, with that pressure being exceed more frequently with distance 

downslope due to increased runoff depths. The macropores simulation was combined with 

rainfall-runoff models using traditional infiltration theory, runoff-runon, and rainfall temporal 

variability. Scaling effects captured by models with macropore flow were compared with 

observed scaling effects (Chapter 6).  
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Chapter 2: Geographic Information and Climate Classification of 

the study site 

2.1 Geographic Information 

The study site is in dry eucalyptus forest, between Aberfeldy (37°41′S 146°22′E) and Walhalla 

(37°56′S 146°27′E), Victoria, Southeast Australia. The forest is part of Aberfeldy River 

catchment, located to the east of the Thompson River dam watershed, which supplies 

Melbourne’s drinking water. The catchment was severely burned in January 2013, with fire 

burning for approximately six weeks to a total area of 86,000 ha (DEPI, 2014). The area has 

burnt previously, most recently in 2006-2007 by the Great Divide Complex South fire. 

 

Figure 2. 1 a) East Victoria, Australia b) Experimental sites in West Gippsland 

Catchment c) Experimental sites in Thomson Dam Watershed. 
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An instrumented monitoring site was established on a north-facing steep hillslope with the 

highest aridity index (2.4) (Nyman et al., 2014) and that was subject to high severity fire in 

2013 (37° 45' 36.9" E, 146° 25' 9.27" N). The elevation is ~830 m above sea level.  

The study area is part of East Victorian uplands (Dissected uplands subdivision), the largest 

geomorphic subdivision in Victoria. The East Victorian uplands extend from east of Melbourne 

to the border of New South Wales. Most of the area consists of deep valleys separated by high 

narrow ridges, covered by native forests (Birch, 2003). The uplift mostly occurred suddenly in 

restricted periodic patterns during the Cretaceous (Cochrane et al., 1995). Erosion and river 

down-cutting following the uplifts formed deep and steep valleys separated by narrow ridges 

(Birch, 2003). 

2.2 Climate Classification 

Based on the Köppen climate classification, the site climate is classified as temperate with 

warm summers and cool-wet winters (Peel et al., 2007, Stern et al., 2000). Annual temperature 

and rainfall are influenced by the El Nino-Southern Oscillation (ENSO) and the tropical Indian 

Ocean (TIO) during austral spring (September–November), among a range of other influences 

(Cai et al., 2009). 

Southern Australia receives most of its rainfall during the cooler months of the year (BOM, 

2020). In autumn and winter (May - September), Victoria weather is determined by cold fronts 

moving with low pressure systems from west to east, particularly in Gippsland. Rain mostly 

results from large low-pressure cells originating from southeast coast resulting in long duration, 

low intensity rainfall events (BOM, 2020). Isohyets in rainfall maps are broadly similar to 

topographic contours patterns of the state (Berry et al., 2011, Catto et al., 2012). In the austral 

summer (December-March), the mean El Nino (ENSO) impact is weaker and rainfall mostly 

occurs due to high moisture content of surface water temperatures in the Pacific Ocean 

(Murphy and Timbal, 2008). Since the mid-1990s, southeast Australia has experienced declines 

in precipitation up to 15 percent in late autumn and early winter, with relatively small changes 

(or an increase) during spring (Murphy and Timbal, 2008, Hennessy et al., 2005, BOM, 2020). 

Victoria was relatively warm and dry during the study period in 2014-2015. Annual rainfall 

averaged across Victoria was 505.2 mm, 23% below the long-term annual mean of 660.2 mm. 

Except the far east of the state, rainfall was mostly below average to very much below average; 

October rainfall was the seventh lowest on record for the month since 1900. Maximum 
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temperature for the whole state was above the long-term mean. Spring 2014 had the second-

highest average maximum temperatures on record, with temperatures nearly 3 °C above the 

long-term mean. In contrast, autumn and winter were cooler than average temperatures, with 

winter being the coolest since 1989. Many hot days were recorded with the highest temperature 

(45.0 °C) in December being the warmest on record for this month, well above the long-term 

mean monthly maximum temperature of 37.8 °C average for December. 

There are five weather stations with distance of less than 70 km to the site; Mount Useful, 

Murderer hills, Walhalla, Baw Baw and Erica. The Aberfeldy weather station (no. 85278) 

(BOM, 2020) is the closest station to the study site (14 km North) collecting consistent data of 

rainfall and daily global solar exposure since 1983 until August 2015 which is one month 

before the end of data collection in the study site (Table 2.1). 

Figure 2.2 compares total monthly rainfalls during the study period (2014-2015) to the long-

term (1983-2015) maximum, mean, median, and lowest monthly rainfalls collected at 

Aberfeldy weather station, the closest station to the study site (BOM, 2018). Annual rainfall 

for years 2014 and 2015 were 892 and 750 mm respectively at this station, lower than long-

term annual median (989 mm) and mean (1009 mm) rainfall. Monthly rainfalls from January 

to August were close to long-term monthly means. This trend changed during spring and early 

summer for both years, with monthly rainfall below the long-term average and even lower than 

long-term minimum (September) since 1983. 

Table 2. 1 Weather stations nearby the study area (BOM, 2018) 

Name 
BOM Station 
no. 

Coordinates Elevation (m) Operation period 

Aberfeldy 85278 37.72° S, 146.39° E 495 1983-Onward 

Mount Baw 
Baw 

85291 37.84° S, 146.27° E 1561 1991-onward 

Murderers Hill 85289 37.85° S, 146.56° E 720 1989-Onward 

Mount Useful 85021 37.70° S, 146.52° E 1440 2002-Onward 

Walhalla 85091 37.94° S, 146.45° E 348 1884-Onward 

Erica 85026 37.97° S, 146.37° E 445 1931-Onward 
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Figure 2. 2 Monthly rainfalls for the study period (2014-2015) and the long-term (1983-

2015) data collected at Aberfeldy weather 

From five nearby weather stations, only Baw Baw weather station recorded long-term 

temperature data including study period. The Mt Baw Baw station elevation is 730 m higher 

than the site, so average temperatures will be different. Data from this station was used to study 

temperature ranges in the study area for years 2014 and 2015, compared with long term 

conditions at the site. Monthly mean temperature variations were from 7.8°C to 16.1°C and -

1.8°C to 10.8°C respectively in summer and winter at Mt Baw Baw during study period (2014-

2015). Compared with the long-term mean temperatures 2.9 °C in winter and 16.1 °C in 

summer recorded at Baw Baw station, winter 2014 was 3°C cooler while summer was similar 

to the long-term conditions.  

Vegetation in Victoria is classified using Ecological Vegetation Class (EVC) mapping, which 

is based on detailed interpretation of aerial photograph images and extensive fieldwork (Oates 

and Taranto, 2001). Based on EVCs, dominant tree species in the study site are mostly narrow-

leaved peppermint (Eucalyptus radiata) and stringybark (E. baxteri). Vegetation density for 

both the upper and lower storeys is influenced by topographic aspect and aridity index in 

southeast Victoria (Van der Sant et al., 2018, Ossola and Nyman, 2015, Nyman et al., 2015). 

These studies showed that understorey coverage on northern (equator facing) aspects is not as 

dense as on southern aspects. The ground surface is sparsely (10-25 %) covered with small 
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shrubs like silver banksia (Banksia marginata), hakea/needlewood (Hakea spp.), and other 

grasses with open space in between. 
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Chapter 3: Measurement of overland flow scale-dependency using 

multi-length rainfall runoff plots  

Abstract 

Scale-dependence of overland flow is frequently observed in rainfall runoff datasets, yet 

largely neglected in models, limiting our capacity to scale up plot-scale runoff measurements 

to the hillslope scale. The aim of this study was to quantify the scale-dependence of overland 

flow from hillslopes burned by wildfire, where elevated runoff and erosion rates can be 

extreme but difficult to predict because rainfall-runoff scale effects are poorly understood 

(Stoof et al., 2012, Moody et al., 2013, Doerr et al., 2003). 

Rainfall and runoff were measured under natural rainfall conditions for five runoff plot 

lengths varying from 0.5 to 16 m on a severely burned hillslope covered with eucalyptus forest 

in southeast Australia. Data collection took place over ten consecutive months during 2014-

2015; from which forty-one individual runoff-generating events were extracted. For all storm 

events, there was runoff from replicated plots. Data analysis showed that the rate of runoff 

declined with increasing plot length. Runoffs from replicates was well correlated for storm 

events, seasonally and the whole study period. 

Two scaling coefficients were defined by correlating runoff depth and runoff ratio with plot 

length. Regression models related runoff depth and ratio to the natural logarithm of the plot 

length. They were fitted at event, seasonal and annual time scales. Regression slopes defined 

runoff depth scaling (SC1) and runoff ratio scaling (SC2).  

The reliability of the results was investigated in two ways. First, sensitivity testing showed 

that the treatment of non-rain periods and small rainfall pulses in defining the start and end of 

events had only a small, statistically insignificant impact on estimating the scaling 

coefficients; less than 10% for SC1 and 2% for SC2. Anomalous behaviour in the total runoff 

volume collected from 16 m plots was found and appears to be real after careful investigation 

of field equipment. Excluding the 16 m plots led to larger depth (|SC1| increased 25%) and 

runoff ratio (|SC2| increased 18%) scaling effects.  

The impact of rainfall total depth, slope gradient and geomorphology (soil-surface) on runoff 

scaling were investigated by calculating the scaling coefficients (SC1 & SC2) for overland 

flow studies from the literature. Relationships between the scaling coefficients and annual 
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rainfall depth, soil hydraulic conductivity, surface vegetation, and slope gradient were 

investigated graphically. The result showed that annual rainfall depth is a strong driver in 

controlling overland flow scaling. Both SC1 and SC2 were influenced by rainfall depth, with 

SC1 being more sensitive. Soil texture and hydraulic conductivity were also found to be 

important, with higher SC2 in studies with coarse soil texture and higher hydraulic 

conductivity. This might be related to the role of runoff-runon processes (downslope re-

infiltration) in controlling scaling effects. Runoff generation in specific studies were also 

influenced by vegetation coverage and slope gradient; however, no systematic trend was 

found associating scaling coefficients with change in gradient or vegetation in previous 

studies.   
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3.1 Introduction 

Measurement of overland flow scaling effects have been conducted in several studies, which 

found negative relationships between slope length and the runoff ratio in semiarid areas 

throughout the world (Wilcox et al., 2003, Wainwright and Parsons, 2002, Bagarello and 

Ferro, 2010, Delmas et al., 2012, Sheridan et al., 2014, Stomph et al., 2002, Van de Giesen et 

al., 2000). The negative relationship has even been detected during periods of continuous 

runoff in plots with different lengths (Joel et al., 2002). This implies that runoff generated at 

a point may not reach the outlet boundary. For example, observed runoff coefficients were 

30-50% and 4% at point scale (1 m2) and watershed scale (130 ha) respectively in central Côte 

d'Ivoire, Africa (Joel et al., 2002, Van de Giesen et al., 2000). 

To examine the impact of wildfire on timing and magnitude of extreme hydrologic events, it 

is essential to quantify the degree of scale-dependency of hydro-geomorphic processes after 

burns. The enhancement of overland flow formation in early rainfall events after fire has been 

reported in several studies (e.g. a 3-fold increase in burnt eucalyptus forest, Southeast 

Australia (Sheridan et al., 2007), a 4-fold increase in burnt pine forest, California (Onda et al., 

2008)). Fire as a disturbance can greatly alter connectivity of source areas that results in 

changes in runoff processes and consequently may impact the relationship between runoff and 

scale. The degree of scale dependence in overland flow in a burned landscape may vary 

depending on the degree of soil-surface disturbance. These disturbances include soil 

properties alterations (Moody et al., 2013), fire-induced water repellency (Sheridan et al., 

2007, Doerr et al., 2009), vegetation removal (Wilcox et al., 2003, Moreno‐de las Heras et al., 

2010, Stoof et al., 2012) and an increase in proportion of bare soil patches (Cawson et al., 

2013). In addition, response thresholds for hydrological processes on burned hillslopes may 

change in response to changes in space-time variability of post-burn hydro-geomorphic 

conditions (Moody et al., 2013).  

Soil-surface spatial variability and rainfall temporal properties have been found to be the main 

factors in controlling the negative relationship between runoff production and slope length 

(Sheridan et al., 2014, Wainwright and Parsons, 2002, Van de Giesen et al., 2011, Van de 

Giesen et al., 2000). At the hillslope scale, one of the main processes causing the scaling effect 

is runoff-runon process (re-infiltration) due to spatial variability in soil hydraulic properties 

(Jones et al., 2009, Morbidelli et al., 2006a). There are also thresold dependent processes that 

may emerge with scale change (Cammeraat, 2002). For example, soil macropores, while only 
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a small portion of the total soil volume, may contribute considerably to infiltration when flow 

depth exceeds macropore entry pressures (Nyman et al., 2010, Dunne et al., 1991, Langhans 

et al., 2013).  

The objectives of this chapter are to a) quantify scale-dependency of overland flow from a 

dry eucalyptus hillslope severely burned by wildfire, b) develop scaling coefficients indices 

quantifying scaling effects at different temporal and spatial scales, and c) to investigate the 

impact of annual rainfall, topographic gradient, soil type, and surface vegetation on runoff 

scaling with help of these scaling coefficients. 
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3.2 Method 

3.2.1 Site set up and Instrumentation 

Replicated rainfall-runoff plots with different lengths were installed on a dry eucalyptus 

hillslope in southeast Australia that was burned by wildfire January 2013. The instrumented 

area was all on one hillslope and consisted of a rainfall throughfall collector, two replicates 

of 4x1.5, 8x1.5, 12x1.5, and 16x1.1 m runoff plots, all connected to 0.5 L tipping buckets, 

and three 0.5x0.5 m runoff plots paired with raingauges similar to infiltrometer-rainfall 

gauges in (Moody and Ebel, 2014). A schematic plan of the instrumented area is illustrated in 

Figure 3.1 and presented in Table 3.1.  

Tipping bucket rain gauges (Model TB3/0.2mm/28cm diameter, Hydrological Services Pty. 

Ltd., NSW, Australia) were used to measure throughfall. Adjacent to these rain gauges, 

0.5x0.5m plots were installed and collected runoff from these plots conveyed by 50 mm pipes 

to tipping bucket rain gauges (Model TB3/0.2 mm/20 cm diameter). The funnel-shaped 

collectors of those rain gauges measuring runoff were covered by MDF lid in order to avoid 

throughfall getting into the funnel (Figure 3.2). These infiltro-rainfall gauges were installed 

at different locations; the upper right, middle and the lower left corner of the hillslope.  

The throughfall collector was built with two parallel galvanised u-shaped gutters (7.0x0.15 

m) linked to a T-shaped 80 mm pipe, carrying collected throughfall to the standard collection 

pipe and then flexible hose connected to a tipping bucket. In order to eliminate the effect of 

micro-topography on throughfall collection, the troughs were fixed at 0.5 m above ground 

surface using star pickets and wire (Figure 3.3). 

All runoff plots were bound at the top and sides using metal sheet with 200 mm width and 

either 500- or 1050 mm length, overlapped by 50 mm and hammered into the ground. Pop 

rivets were used to tie the overlapping metal sheet edges together. The space between 

overlapping plots was sealed by silicon glue and clamped for 24 hours.  
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Figure 3.1 Schematic plan of the instrumented compound; throughfall and two 8x1.5 m runoff plots bounded in the yellow circle were 

operated for previous study (Van der Sant, 2016) from June 2013 to April 2014 



 
 

27 
 

Table 3.1 Constructed runoff plots, rain gauges and their connections to loggers  
N

o
. 

 

A
c
ro

n
y
m

 

Equipment 
Type 

Area 

Connected to 
Logger 

Cable 
no. 

Rectangular Triangle Total 

m2 

1 P4a 
R

u
n
o
ff

 p
lo

ts
 

4*1.5 0.9*1.5 7.35 1A 1 

2 P12a 12*1.5 0.9*1.5 19.35 2 

3 P16a 16*1.1 0.9*1.1 18.59 3 

4 P8a 8*1.5 0.9*1.5 13.35 4 

5 T Throughfall Two gutters, each 7*0.15 1.8 5 

6 P16b 

R
u
n
o
ff

 p
lo

ts
 

16*1.1 0.9*1.1 18.59 2A 4 

7 P8b 8*1.5 0.9*1.5 13.35 3 

8 P4b 4*1.5 0.8*1.43 7.15 2 

9 P12b 12*1.5 0.8*1.43 19.15 1 

10 R1 Raingauge Diameter: 0.28 0.064 1A 6 

11 S1 Runoff plot 0.5x0.45 - 0.225 
 

7 

12 R2 Raingauge Diameter:0.28 0.064 5 

13 S2 Runoff plot 0.5x0.45 - 0.225 2A 6 

14 R3 Raingauge Diameter:0.28 0.064  7 

15 S2 Runoff plot 0.5x0.45 - 0.225  8 

The bottom part of runoff plots was built in triangle shape by installing metal sheets with 10 

cm S-bend at the both ends. Inside angle of 135° was created at the plot outlet to fit a pre-

made box collector. The downslope edges of the plot and the outlet were sealed with cement 

to avoid surface runoff leaking through these areas. The box collector was linked to 1m PVC 

pipe (50 mm diameter) and a piece of flexible hose attached to the tipping bucket. Tipping 

buckets were screwed to a pre-made concrete slab (40 x 40 cm) levelled on soil cutting area 

at 1m distance downslope of the plot outlet (Figure 3.4-left).  
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Figure 3.2 Paired rain gauge-inflitrometer 

* Runoff from impermeable concreted area; marked in green circle was deducted from the collected data  
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Two data loggers (Model DT80 Intelligent Universal Input Data Logger) with 12 digital 

channels were installed. Collected data from all tipping buckets and rain gauges was sent to 

these loggers and recorded in three minutes intervals during study period. Also tipping 

buckets were equipped with magnetic manual counter which being used to cross-check 

against the recorded data from the loggers. Two solar panels (Daqo New Energy) were also 

installed to feed batteries for loggers (Figure 3.4-right). 

 
Figure 3.3 Throughfall gutters to its tipping bucket 
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Figure 3.4 Runoff plot connected to its tipping bucket (left), Data logger connected to its 

battery (right) 

3.2.2 Data Collection 

Rainfall-runoff data were collected at three minutes intervals for 308 consecutive days from 

10th October 2014 to next year mid-winter (14th August 2015). Site service and data collection 

was conducted monthly regardless of total rainfall. During each site visit, standard recording 

sheets were filled out for data collection and site servicing according to a field protocol. Soil 

hydraulic properties and saturated water content were not measured before and during data 

collection period. 

Tasks related to data collection were 1) downloading data from loggers, 2) investigating 

downloaded data for missing or out of range data, 3) recording manual counters, 4) checking 

data accuracy by cross-checking collected data from loggers and manual counters, and 5) 

formatting data loggers.  

Site servicing and maintenance included 1) checking functionality of instruments, 2) checking 

plot boundaries for possible water leakage 3) removing debris and sediment from the funnel 

of rain gauges, plot outlets, collectors and pipes, 4) measuring battery voltage, and 5) 

calibrating tipping buckets and rain gauges. 
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Tipping buckets connected to plots, throughfall and rain gauges were calibrated once before 

installation and then later during operation. Calibrations were conducted by adding a known 

volume of water continuously and counting numbers of tips in relation to the volume of water 

added. By obtaining nominal volume per tip, numbers of recorded tips were converted into 

volume of water (litres) and volume of water per unit area (mm). 

Water was applied using hose before installation and ten litre containers with tap were used 

at the study site after installation as shown in Figure 3.5. A nominal volume of 0.5 litres was 

calibrated per each tip of the tipping buckets connected to runoff plots and throughfall 

collectors. 

Rain gauges were calibrated using a raingauge calibrator (653 millilitres) and tips were 

recorded by a data logger both in the laboratory and at the field site (Figure 3.5 & Appendix 

3.1). The number of tips divided by the volume of the dripper bottle was used as the volume 

per tip. The calibration procedure was repeated three to four times for each rain gauge to 

ensure result consistency. 

The nozzles of rain gauge were narrow (~3 mm) and they easily clogged with accumulated 

fine residue and sediment. To avoid clogging, the funnel-shaped collectors were covered by 

mesh form fabric wrapped around metal mesh. Accumulated residue was removed manually 

in each site visit (Figure 3.6).  
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Figure 3.5 From top to down: Calibration of tipping bucket connected to runoff plots 

and rain gauges. 

 
Figure 3.6 Metal mesh and fabric mesh form used to capture fine residue 
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3.2.3 Vegetation Recovery 

Canopy and understory vegetation coverage was assessed visually for each plot during each 

site visit. In addition, a quadrat was used twice, once at the beginning and then at the end of 

the experiment (Figure 3.7), to estimate the percentage of vegetation coverage and bare soil 

using field cover charts (McDonald et al., 1998). The outcome of these observations was used 

to study vegetation recovery; upper storey, understorey and litter recovery, and its impact on 

the rate of runoff generation. Figure 3.8 shows vegetation recovery at the end of study period.  

 
Figure 3.7 Right to left: Understorey coverage measured with quadrat at the beginning 

and the end of the study period 

 
Figure 3.8 Upper storey recovery at the end of the study period 
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3.2.4 Data Quality Control 

Measurement errors in throughfall collectors and replicated runoff plots were mainly caused 

by broken tipping buckets, clogged funnels, and sediment accumulation in buckets. 

Diagnostic reports were made after downloading data during each site visit to identify invalid 

data and remove them from the dataset. Regression plots were made between collected data 

from pairs of replicated plots. These regression analyses were used to infill missing data in 

the case of faulty equipment. 

Two statistical methods were applied in this study to control and refine recorded data: a) 

Regression analysis of accumulated data (double-mass curves) was used to detect 

malfunctioning replicates for the whole study period and individual events. For example, 

double mass curves of accumulated data from three rain gauges against the throughfall 

collector (Figure 3.9b) showed that R3 pluviometer was out of order for three consecutive 

months and no data were recorded from R2 pluviometer in the last month due to channel 

disconnection. b) Correlations of collected data from replicates in three minutes intervals for 

individual events were also conducted. This method was very helpful to pinpoint errors caused 

by tipping buckets moving out of calibration over a period of several months. Although, three 

minutes temporal resolution might be longer than 0.5 m plots response time. This was a 

limitation of the data loggers storage. 

3.2.5 Data Analysis 

• Rainfall Data 

Throughfall data were assumed to be similar to rainfall beneath the canopy and used as rainfall 

data in data analyses. Rainfall was obtained by area weighed average values of data collected 

at throughfall troughs and rain gauges for 308 days of the study period (from October 2014 

to August 2015). Double mass curve analysis was used to check consistency between 

collected throughfall at the site and rainfall from the nearby weather stations. Accumulated 

throughfall volumes at the experimental site (37° 45' 36.9" E, 146° 25' 9.27" N, Elevation: 

832 m) were plotted against rainfall data at Aberfeldy (10 km to the south, Bureau No.: 85278, 

Elevation: 495 m) and Murderer Hill (15 km to the northeast, Bureau No.: 085289, Elevation: 

720 m) for the study period. Also, regression analysis was conducted for monthly rainfalls 

recorded at the site against monthly data at these Bureau weather stations for the same period.  



 
 

35 
 

Data from weather station was considered as a representative at seasonal scales and how it 

relates to longer climate but not events. Local gauges was used for detailed events as the more 

distant gauges would not be representative at short time scales. 

Availability of continuous data at fine temporal scale made it possible to investigate rainfall-

runoff trends at different temporal scales from very short storm pulses to the whole 308 days 

of the study period. Rainfall data were grouped in monthly and daily intervals to identify 

individual rainfall events that produced overland flow in all operating plots and replicates, 

from 0.5 to 16 m length. Events were defined a) When the rainfall produced runoff in at least 

one of the runoff plots within 60 minutes, this was considered to be the start of the event, and 

b) the event ended when no overland flow was recorded in any of runoff plots for a period of 

60 minutes. This definition was also used by (Cawson et al., 2012) and (Van der Sant, 2016) 

to define rainfall-runoff events. Some events consisted of multiple pluses of rainfall separated 

by a rainfall hiatus; an inter-storm period with no rainfall. Observations in this study and 

similar previous studies (Delmas et al., 2012, Mayor et al., 2011, Gomi et al., 2008b) showed 

that overland flow ended shortly after rain stopped. Thus, a maximum non-rain period of one 

hour was considered sufficient to separate individual storm events. 

Forty-one rainfall-runoff events were selected from the rainfall-runoff data recorded during 

the study period. For all selected events, there was runoff in all plot lengths, with similar 

hydrographs characteristics in replicas. The selected storm events have different durations, 

intensities and patterns, varying from small to large, from dry to wet antecedent conditions.  

Some pairs of events have similar durations and total rainfalls but with different patterns.  

To check whether event selection, definition of event start and end and treatment of non-rain 

periods within an event impacted the estimates of runoff scaling effects, an alternate set of 

events was collated consisting of only the main pulses for each event. The scaling effects from 

this alternate rainfall-runoff set were compared against the scaling effects from the original 

events.  

To describe each storm event, various characteristics of precipitation were calculated 

including: the rainfall total depth (mm), duration (h), mean and maximum intensity of rainfall 

pulses (Imean & Imax(3mins)), rainfall peak (mm/h), and coefficient variability of storm pulses 

(CV).  
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Non-rain periods are generally insignificant in runoff production while they can contribute 

significantly to overall storm duration. Thus, over-estimation of storm duration may occur 

when storms contain one or multiple dry spells (van Dijk, 2002). To compensate the effect of 

non-rain periods, depth-weighted rainfall intensity (Ř) and also storm duration (DT) were 

extracted using exponential functions given by (van Dijk, 2002) as additional rainfall 

characteristics. Depth-weighted intensity represents the average intensity with which the 

rainfall volume arrives, rather than the temporal mean intensity. Given that more runoff is 

likely to be generated in high intensity periods, this depth-weighted intensity should be more 

reflective of runoff volume. 

Eq 3.1  �̌� =
∑ (𝑅2∆𝑡)𝑖

𝑛
𝑖=1

𝑃
 

For storm duration, a representative duration or time period (DT) was proposed by van Dijk 

as: 

Eq 3.2  DT(<R∗) =
P

R∗ (1 − exp (−
R∗

Ř
)) 

Eq 3.3  DT(R≥R∗) =
P

Ř
E1 (

R∗

Ř
) 

Eq 3.4  DT = DT(<R∗) + DT(R≥R∗) 

Where Ř: depth-weighted rainfall intensity, DT: storm duration, R*: minimum nominal rainfall 

intensity (mm h-1) calculated from tipping bucket intervals; one tip divided by time step. 

R*: 0.06 mm/h, P: rainfall depth (mm), E1(x): the exponential integral function known as the 

Theis well function. 

• Runoff Data 

Total runoff volume (litre), runoff depth (mm), and runoff ratio (%) were calculated on 

annual, seasonal, and event bases. In addition, hydrographs for forty-one runoff-generating 

storms were produced along with their associated hyetographs.  

Runoff metrics were calculated based on the following procedures: 

- Runoff total volume (Qv): The total volume of collected runoff was estimated by 

converting number of tips to litre as a volumetric unit. Also, runoff volume in litres 

was divided by the plot area to obtain runoff depth (Qd) in millimetres (mm). 

Eq 3.5  𝑄𝑣 =
𝑅𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑡𝑖𝑝𝑠

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑒𝑎𝑐ℎ 𝑡𝑖𝑝
 

Eq 3.6  𝑄𝑑 =
𝑄𝑣

𝐴𝑟𝑒𝑎
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- Runoff ratio (QR): The total volume of runoff divided by the total volume of rainfall 

(P), expressed as a percentage. 

Eq 3.7  𝑄𝑅 =
∑ 𝑄𝑣

∑ 𝑃
 

- Runoff peak rate (P): The maximum 3-minute runoff rate recorded during the event 

(mm h-1). 

Two scaling metrics were introduced to quantify overland flow scale-dependence for 

individual events, seasons and the whole study period. 

- Total Runoff Scaling Coefficient (SC1): Total runoff depths (Rd) were plotted against 

the plot lengths (x). The slope of the regression line was considered as scaling 

coefficient for total runoff.  

Eq 3.8  𝑅𝑑 =  𝑆𝐶1𝑓(𝑥)+∝ 

Where Rd is runoff depth, x is plot length, and ∝ is the intercept of the regression line 

representing runoff depth at point scale, f(x) is one of a linear, natural logarithms, exponential 

and power law relation (see below). 

- Runoff Ratio Scaling Coefficient (SC2): To compare runoff scaling at different 

temporal scales; annual, seasonal and event basis, a scaling coefficient independent of 

storm volume was needed. Thus, the second scaling coefficient (SC2) was introduced 

by correlating runoff ratios (RR) to plot lengths (x). The slope of the regression line 

was considered as the runoff ratio scaling coefficient (SC2).  

Eq 3.9  𝑅𝑅 =  𝑆𝐶2𝑓(𝑥)+∝ 

The impact of rainfall total depth has been taken into account in this index because 

RR=Rd/P.  

Eq 3.10  𝑆𝐶2 =
𝑆𝐶1

𝑃
 

Regression lines were modelled in linear, natural logarithm, exponential and power law 

relations to gain the best regression model with the highest coefficient of determination. It is 

desirable to predict positive runoff production in very long plots when the rainfall time 

duration or total is infinite satisfying infiltration at some point. 
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An assumption was made to have runoff production in very long plots when the rainfall time 

is infinite. To keep this assumption, runoff production is always between zero and infinity; 

regression line never meets X representing plot length and Y representing.  

Clearly it is desirable for any model to predict positive runoff production in very long plots, 

so models that remain positive are preferable to those that predict negative depths (e.g. linear 

model) for long plots.  

Soil-surface spatial variability, gradient and rainfall properties have found by others to be the 

main factors in controlling the negative relationship between runoff production and slope 

length (Sheridan et al., 2014, Wainwright and Parsons, 2002, Van de Giesen et al., 2011, Van 

de Giesen et al., 2000). Hence the runoff depth scaling coefficients (SC1) is assumed to be a 

function of gradient, geomorphology and precipitation.  

𝑆𝐶1 𝛼 𝑓𝑛(𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛. 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡. 𝐺𝑒𝑜𝑚𝑜𝑟𝑝ℎ𝑖𝑐(𝑆𝑜𝑖𝑙 𝑇𝑦𝑝𝑒. 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒)) 

The impact of total rainfall depth has been taken into account in the runoff ratio scaling 

coefficient (SC2) because runoff ratio is the product of runoff depth divided by rainfall depth 

(RR=Rd/Pd). Therefore, SC2 was considered to be a scaling effect mainly controlled by slope 

and geomorphology. 

𝑆𝐶2 𝛼 𝑓𝑛(𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡. 𝐺𝑒𝑜𝑚𝑜𝑟𝑝ℎ𝑖𝑐(𝑆𝑜𝑖𝑙 𝑇𝑦𝑝𝑒. 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒)) 

Where Rd = runoff ratio, Rd = runoff depth and Pd = rainfall depth.  
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3.3 Results 

3.3.1 Rainfall Characteristics 

Total collected throughfall was 616 mm for the 308 days of the study period from October 

2014 to August 2015. Double mass curves between the experimental site and nearby weather 

stations indicate consistent behaviour with slightly lower throughfall at the site than rainfall 

at Murderer Hill and Aberfeldy (Figure 3.9 a, b). Ten-month accumulated throughfall at the 

experimental site was lower than the mean and median values at the nearby weather stations 

and in fact was in the 10th percentile of the frequency distribution. The regression analysis 

showed that average monthly rainfall data from experimental site is more correlated with 

rainfall at Aberfeldy (R2=0.52) that Murderer Hill (Figure 3.10a). The study period accounted 

for 29.4% (in 3 months) in and 54% (in 7 months) of the annual rainfall in 2014 and 2015 

respectively. The rainfall seasonal allocation for the whole study period is presented in Figure 

3.10b. 

 
Figure 3.9 a) Double mass curves and b) accumulated linear trends of throughfall 

recorded at study site in comparison to collected rainfall from Aberfeldy and Murderer 

Hill weathering stations 
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Figure 3.10 (a) Monthly throughfall measured at study site correlated to rainfall data 

collected at Aberfeldy and Murderer Hill weather stations (BOM), (b) Rainfall seasonal 

allocation for the whole study period (308 days). 

Accumulated rainfall from the raingauges and throughfall collector were plotted (Figure 

3.11a) along with double mass curves for the study period (Figure 3.11b) to detect possible 

problems caused by clogging or other equipment failure. This shows that pluviometer R3 was 

out of order for three consecutive months, which was detected and rectified during a site visit. 

The rain gauge was replaced, after several failed repair efforts. There was also no data 

recorded from pluviometer R2 in the last month due to disconnection from the data logger. 

Missing data was infilled using regression, as explained in the Methods section.  
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Figure 3.11 (a) Accumulated rainfalls from throughfall collectors and rain gauges; R1, 

R2, and R3 (b) double mass curves of accumulated data from three rain gauges against 

the throughfall collector 

3.3.2 Runoff-generating Events 

Volumetric and temporal indices for forty-one runoff-generating storms and their associated 

runoff responses are given in Table 3.2 for different plot lengths. Storm hyetographs with 

associated hydrographs for plot lengths from 0.5 to 16m are also presented in Figure 3.12. No 

Rilling or flow concentration was observed downslope of the plots. 



 
 

42 
 

Table 3.2 Volumetric and temporal indices of rainfall events and their associated runoff productions for plots with different length 

E
ve

n
t N

o
. 

Start End 

Rainfall Runoff 

Duration Total Mean Peak Ř DT CV 0.5 m %4m 8m 12m 16m 

hours mm mm/h hours mm  mm % mm % mm % mm % 

1 13/10/2014 20:15 14/10/2014 6:06 9.9 20.11 3.07 8.84 4.35 6.54 4.93 16.09 80.01 11.83 58.85 8.75 43.49 5.94 29.53 0.61 3.01 
2 14/10/2014 10:15 14/10/2014 17:30 7.3 2.23 1.79 4.51 2.53 0.89 21.37 0.79 35.23 0.47 21.04 0.30 13.42 0.31 14.08 0.01 0.60 
3 27/10/2014 8:12 27/10/2014 12:36 4.5 17.97 7.81 69.46 25.01 2.15 1.83 6.51 36.22 11.01 61.27 7.38 41.06 5.15 28.64 0.61 3.37 
4 1/11/2014 6:30 1/11/2014 10:18 3.9 8.32 3.47 9.28 4.96 2.55 4.64 0.64 7.64 3.38 40.68 1.84 22.06 1.36 16.39 0.16 1.94 
5 15/11/2014 19:21 16/11/2014 7:33 12.3 31.11 3.26 8.94 4.26 10.20 3.90 29.07 93.46 23.11 74.29 10.99 35.33 7.40 23.79 0.69 2.20 
6 24/11/2014 14:15 24/11/2014 22:00 7.8 16.91 4.63 70.05 21.98 2.20 2.76 10.84 64.11 9.65 57.08 5.39 31.89 4.27 25.22 0.46 2.70 
7 5/12/2014 8:03 5/12/2014 11:09 3.2 9.14 4.57 26.16 12.57 1.70 2.94 6.69 73.23 6.43 70.36 3.61 39.56 2.98 32.60 0.15 1.62 
8 5/12/2014 20:21 7/12/2014 17:30 45.2 48.76 1.86 7.61 2.96 18.43 8.93 37.78 77.48 30.26 62.07 15.28 31.34 13.05 26.77 1.06 2.18 
9 18/12/2014 16:39 18/12/2014 20:12 3.7 4.74 2.11 4.90 3.04 1.77 7.62 2.12 44.64 1.15 24.25 0.71 15.02 0.46 9.60 0.03 0.57 
10 8/01/2015 17:30 8/01/2015 18:57 1.5 2.30 9.21 24.44 17.19 0.35 3.78 1.79 77.61 0.98 42.40 0.51 21.97 0.43 18.67 0.03 1.17 
11 9/01/2015 15:15 10/01/2015 10:12 19.0 16.44 2.15 20.38 5.54 4.78 8.40 11.49 69.87 9.70 59.00 5.00 30.42 4.31 26.20 0.24 1.47 
12 13/01/2015 14:36 13/01/2015 19:48 5.3 4.08 2.15 11.10 4.85 1.26 9.49 2.07 50.74 1.46 35.79 0.58 14.22 0.40 9.83 0.01 0.33 
13 13/01/2015 22:27 14/01/2015 7:24 9.0 4.07 2.14 6.43 3.65 1.42 14.63 2.95 72.37 2.44 59.83 0.92 22.53 0.86 21.10 0.05 1.32 
14 20/01/2015 23:36 21/01/2015 5:00 5.5 10.38 3.58 8.99 4.89 3.20 5.16 5.77 55.57 4.43 42.63 2.40 23.09 1.83 17.60 0.07 0.65 
15 21/01/2015 15:33 21/01/2015 17:36 2.1 5.66 5.96 19.89 12.59 1.05 3.09 2.81 49.64 2.06 36.38 0.96 16.88 0.95 16.77 0.01 0.24 
16 29/01/2015 5:09 30/01/2015 8:09 27.1 15.29 2.05 12.74 3.80 5.25 12.60 9.23 60.40 7.19 47.00 4.06 26.58 3.51 22.95 0.20 1.32 
17 13/02/2015 21:27 14/02/2015 17:27 20.1 21.56 2.58 31.96 7.89 5.24 6.39 12.52 58.08 11.60 53.80 7.40 34.31 5.37 24.89 0.44 2.06 
18 23/02/2015 13:33 23/02/2015 17:18 3.8 4.82 2.29 4.77 3.27 1.76 7.77 2.12 43.90 1.28 26.57 0.71 14.77 0.58 12.07 0.05 1.12 
19 28/02/2015 22:30 1/03/2015 5:24 7.0 8.83 3.33 9.10 4.74 2.76 7.01 5.94 67.22 4.33 49.06 2.47 28.00 2.02 22.92 0.11 1.22 
20 7/04/2015 5:27 8/04/2015 2:03 20.7 39.36 3.29 12.32 5.13 11.88 5.08 32.23 81.89 26.19 66.55 19.57 49.72 16.12 40.95 1.87 4.75 
21 25/04/2015 6:21 26/04/2015 9:54 27.6 8.64 1.56 9.86 3.20 3.18 19.02 6.50 75.17 4.09 47.38 1.91 22.11 1.91 22.16 0.08 0.93 
22 5/05/2015 8:21 5/05/2015 16:21 8.1 5.12 2.28 9.05 3.97 1.73 11.58 4.03 78.70 2.59 50.51 1.14 22.30 1.14 22.35 0.05 1.05 
23 10/05/2015 4:30 10/05/2015 15:03 10.6 15.66 2.41 9.23 3.90 5.33 6.59 13.47 86.04 10.96 70.01 6.42 41.03 6.07 38.74 0.66 4.21 
24 13/05/2015 1:30 14/05/2015 11:48 34.4 12.70 1.54 34.51 6.52 3.41 12.53 8.39 66.02 8.40 66.11 2.92 23.00 2.86 22.54 0.15 1.16 
25 21/05/2015 13:12 22/05/2015 8:39 19.5 21.65 1.93 5.55 2.87 8.27 8.79 15.83 73.11 13.61 62.85 7.96 36.76 6.03 27.86 0.32 1.49 
26 17/06/2015 17:45 19/06/2015 7:27 37.8 36.64 1.74 6.21 2.57 14.52 10.01 22.28 60.80 2.11 5.76 12.79 34.91 11.44 31.22 1.24 3.38 
27 2/07/2015 3:51 2/07/2015 18:51 15.1 7.42 1.77 7.49 2.84 2.85 15.40 5.24 70.60 5.60 75.42 1.85 24.97 1.58 21.34 0.47 6.34 
28 11/07/2015 0:12 11/07/2015 11:27 11.3 4.89 1.78 4.27 2.81 1.88 16.73 4.38 89.64 4.25 86.89 1.24 25.27 1.73 35.44 0.40 8.25 
29 11/07/2015 14:42 11/07/2015 19:12 4.6 2.41 2.68 8.40 4.67 0.76 12.05 1.82 75.44 1.96 81.25 0.73 30.28 0.74 30.79 0.16 6.69 
30 12/07/2015 15:21 13/07/2015 12:00 20.7 12.72 1.96 5.19 2.80 4.90 13.49 8.72 68.54 8.51 66.91 5.71 44.91 4.72 37.11 1.80 14.17 
31 13/07/2015 17:36 15/07/2015 8:03 14.5 7.40 1.50 4.63 2.28 3.04 16.37 5.73 77.41 4.02 54.26 2.57 34.65 2.53 34.11 1.06 14.35 
32 15/07/2015 21:30 16/07/2015 23:21 25.9 12.31 1.77 6.15 2.75 4.77 15.93 8.99 73.04 10.75 87.36 3.37 27.39 3.19 25.89 1.26 10.27 
33 17/07/2015 23:12 18/07/2015 9:45 10.6 2.22 1.31 3.52 2.10 0.94 28.68 2.06 92.43 1.85 83.07 0.45 20.21 0.46 20.75 0.13 6.05 
34 22/07/2015 5:45 22/07/2015 10:24 4.7 3.89 2.43 5.46 3.96 1.31 9.89 2.63 67.69 1.35 34.72 0.64 16.38 0.69 17.82 0.44 11.41 
35 24/07/2015 17:12 24/07/2015 20:54 3.8 2.03 2.71 5.33 3.91 0.69 12.85 0.90 44.05 0.49 24.03 0.11 5.52 0.12 6.03 0.11 5.29 
36 24/07/2015 21:39 25/07/2015 1:27 3.9 1.41 2.56 10.41 5.67 0.41 13.52 1.09 77.45 0.87 61.98 0.41 29.22 0.31 22.09 0.17 12.40 
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37 25/07/2015 2:39 25/07/2015 8:39 6.1 4.86 2.56 5.33 3.45 1.74 10.58 3.91 80.50 3.32 68.30 1.74 35.81 1.54 31.62 0.91 18.81 
38 26/07/2015 1:45 26/07/2015 11:30 9.8 3.06 1.80 4.33 3.06 1.14 19.45 1.98 64.57 1.85 60.39 0.56 18.36 0.37 12.22 0.17 5.71 
39 1/08/2015 6:57 1/08/2015 13:45 6.9 5.09 1.72 4.35 2.84 1.95 11.89 3.29 64.60 2.00 39.31 0.96 18.77 1.06 20.77 0.73 14.27 
40 3/08/2015 3:09 3/08/2015 18:15 15.2 5.60 1.58 3.95 2.33 2.29 19.78 4.34 77.45 2.68 47.90 1.37 24.40 1.39 24.73 0.77 13.68 
41 5/08/2015 3:00 6/08/2015 12:21 33.4 9.69 1.33 4.11 2.22 4.01 23.24 5.63 58.06 4.08 42.12 1.80 18.54 2.18 22.49 1.17 12.07 

- Ř is Depth-weighted rainfall intensity from Van Dijk (2002) 

- DT rainfall pulses duration from Van Dijk (2002) 
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Figure 3.12 Rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right vertical axis is 

the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Figure 3.12 Rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right vertical axis is 

the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Figure 3.12 Rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right vertical axis is 

the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Figure 3.12 Rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right vertical axis is 

the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Mean and maximum rainfall intensities for durations from 3 (I3mins) to 60 (I60mins) minutes 

were calculated for individual storms (Appendices 3.2 and 3.3). Statistical summaries of 

mean and maximum intensities (I3mins to I60mins) for all runoff-generating storms are shown 

in Figure 3.13. There are slight differences in mean and median values for I3mins that almost 

disappear for I60mins (Figure 3.13a, b).  

Depth-weighted rainfall intensity (Ř) was calculated following (van Dijk, 2002) to obtain 

rainfall intensity unaffected by dry spells. The value of Ř is higher than mean rainfall 

intensity calculated both with and without non-rain periods (Figure 3.14).  

 
Figure 3.13 Statistical indicators of (a) mean intensities, and (b) maximum intensities 

of all runoff-generating storms from I3mins to I60mins 
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Figure 3.14 Mean rainfalls calculated with and without non-rain periods in comparison 

to depth-weighted rainfall intensity calculated form Van Dijk A.I.J.M (2002). 
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The cumulative rainfall and generated runoff for different plot lengths was calculated for the 

whole study period (Figure 3.15a). The mean runoff coefficient for the whole study period 

was relatively high (52.6%) in the shortest plots (0.5 m), decreasing to 3.2 % in the largest 

plot (16 m) as shown in Figure 3.16b. These results show a very clear scaling effect 

involving a decrease in runoff ratio with slope length (Figure 3.15b).  

Runoff volume per unit plot width (L/m) was calculated for runoff plots with different 

lengths. As presented in Figure 3.15c, the collected runoff volume (L) increases with plot 

length, except for both 16m plots. Given the unexpected decline in runoff volume for the 

16m plots, the accuracy of collected data from these plots was checked by calibrating the 

tipping buckets on each replicate plot, and by cross-checking with manual counters. In 

addition, these plots were investigated for possible leakage at the boundaries, troughs and 

the outlet pipe. No measurement error was detected associated with recorded runoff at the 

16m plots and runoff behaviour was consistent between the two replicate plots.  

 

Figure 3.15 (a) Total accumulated rainfall and runoff averaged across measurement 

replicates, (b) corresponding runoff ratios, and (c) runoff per unit plot width (L/m) 

from plots with different length for the whole study period 
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Figure 3.16 Accumulated runoff from 0.5 to 16 m plots against their replicates 

Accumulated runoff depths from replicates were compared with double mass plots to 

investigate deviations in data collected from each plot length. Regression equations were 

made from one replicate at the other when both replicates were working. These regression 

analyses were used for identifying malfunctioning equipment and adjusting out of range data 

that were reported on field visits.  

Figure 3.16 shows consistency in collected data from replicates of 8, 12 and 16 m plot 

lengths. For 0.5 and 4 m plots, some clogging and faults in the tipping bucket occurred 

during data collection causing skewness.  

3.3.3 Runoff Scale Dependence 

Total runoff depth (mm) and runoff ratio (%) were plotted against the associated plot length 

(m) for events, seasonally and for the whole study period. The slope of the regression lines 

characterises the magnitude of changes in runoff depth and runoff ratio with plot length, 

standing for SC1 and SC2 respectively.  

Linear, natural logarithm (ln), exponential and power law models were trialled for regression 

analysis of all events within the same numerical space (natural) where runoff depth and ratio 
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plotted against plot lengths. To find the best regression model, average coefficient of 

determination (R2) derived from these regression models were compared with one another. 

Runoff production estimated by these regression models should be a positive real number in 

order to conform to the assumption of having runoff in infinite plot length during infinite 

rainfall. For this reason, the linear form of relationship between plot length and runoff depth 

was excluded despite of having the highest correlation coefficient (R2) in this study.  

Regression lines derived from the power law models resulted in the lowest coefficient of 

determination (R2) among these four regression models. Regression lines from the natural 

logarithm and exponential models had the second highest R2 and were almost identical on 

average (Figure 3.17). The natural logarithm model was chosen over the exponential model 

for obeying usual laws of logarithm and rule of symmetry. 

 

Figure 3.17 Average coefficient of determination for regression relationships of the 

four regression model forms 
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Figure 3.18 Scatter plots of runoff depths (mm) vs. plot lengths (m) showing fitted models for all 41 events representing runoff depth 

scaling coefficient (SC1) 
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Figure 3.19 Scatter plots of runoff ratio (%) versus plot lengths (m) showing fitted models for all 41 events representing runoff ratio 

scaling coefficient (SC2) 
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The regression equations in Figure 3.18 represent runoff depth as a function of plot length 

where SC1 stands for the coefficient of these functions. Same relations exist in Figure 3.19 

representing runoff ratio as a function of plot length and SC2 is the coefficient of these 

functions. Regression lines representing SC1 and SC2 have similar correlations coefficients 

and their correlation equations could be exhibited as multiplications of one another.  

Eq 3.11 𝑅𝑑 =  𝑆𝐶1ln (𝑥)+∝ 

Eq 3.12 𝑅𝑅 =  𝑆𝐶2ln (𝑥)+∝ 

Rd is runoff depth, RR is runoff ratio, x is plot length, and ∝ is the intercept of the regression 

line representing the rate of runoff from one-meter plot length; ln(x) = 0 when x = 1.  

As shown in Figure 3.18 and 3.19, there are negative natural log (ln) relations for both runoff 

depth and runoff ratio with plot length, with high R2 for the majority of the events (>70%), 

with the exception of events 3 and 4. Clogging in tipping buckets was reported for the 0.5m 

plots on the field visit conducted after these two events.  

 

Figure 3.20 Runoff depth scaling coefficient (SC1) for seasons and the whole study 

period 
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Logarithmic relationships for runoff depth and plot length were also fitted for each season 

and the whole study period (Figure 3.20), resulting in estimates of SC1 for these temporal 

scales. SC1 is not suitable for comparing runoff scaling effects at different temporal scales 

because the value of this indicator for larger scales is summation of SC1 for events occurred 

in that time span.  

Runoff ratio scaling coefficient (SC2) was also calculated for seasons and the whole study 

period (308 days) by correlating runoff ratio and plot length (Figure 3.21). The calculated 

runoff ratio and plots length are negatively correlated with a strong correlation coefficient. 

SC2 for larger time scales is close to average value of SC2 calculated from 41 events during 

the period. SC2 (-10.5) for the whole study period is close to median value of season-based 

scaling coefficients (SC2=-11.63) and smaller than median value of event-based scaling 

coefficients (SC2 =-16.46). 

 

Figure 3.21 Runoff ratio scaling coefficient (SC2) for seasons and the whole study 

period 

  



 
 

57 
 

3.4 Discussion 

The results from both cumulative and event-based rainfall-runoff analysis show a distinctive 

scaling effect characterised by decreasing runoff delivery with increasing plot length. 

Similar negative relationships have been reported in previous studies (Lal, 1983, Liu et al., 

2000, Sheridan et al., 2007, Sheridan et al., 2014, Van de Giesen et al., 2000).  

Total runoff volume (L) increases with length for 0.5 to 12 m plots and then decreases for 

16m plots. The quality of the data was investigated carefully, and no measurements error 

was detected to be associated with recorded runoffs at 16 m plots causing the sudden decline. 

In addition, collected data from replicas of 16m plots were consistent (Figure 3.16). Less 

runoff volume (L) for the longest plot was also observed in (Sheridan et al., 2014) and (Lal, 

1983) that measured overland flow scaling across different plot lengths. 

To measure the impact of low runoff generation in 16 m plots on scaling coefficient 

estimates, both runoff depth scaling (SC1) and runoff ratio scaling coefficients (SC2) were 

re-calculated excluding runoff measurements from 16 m plots (Appendices 3.4 & 3.5) and 

then SC1 and SC2 with and without 16 m were correlated. As shown in Figure 3.22, by 

excluding runoff measurements from 16 m plots, SC1 and SC2 decrease by 25% and 17% 

respectively. While the low runoff generations in the 16 m plots impacts the value of the 

scaling coefficient, the impact is relatively small and does not change the overall pattern of 

runoff scaling effects in this study. 

  

Figure 3.22 a) Correlation of Runoff depth scaling coefficients with and without 16 m 

plots, b) Correlation of Runoff ratio scaling coefficients with and without 16 m plots  
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Another important decision was defining the start and end of events. In doing this, non-rain 

periods and small pulses were included. To check the impact of these decisions on the 

estimates of scaling effects, a new set of events were made consisting of only main pulses 

of each events (Appendices 3.6 & 3.7). Both runoff depth scaling coefficient (SC1) and 

runoff ratio coefficient (SC2) were calculated for these main pulses (Appendices 3.8 & 3.9) 

and compared with the scaling coefficients obtained from the original events. As shown in 

Figure 3.23, the impact of non-rain periods on the scaling effects is small (less than 10 %), 

probably because the main rainfall pulses dominate the rainfall volume and runoff 

generation. 

The impact of total annual rainfall, topographic gradient, soil and vegetation cover on runoff 

scaling were investigated by calculating scaling coefficients (SC1 & SC2) using data from 

relevant literature that has reported scaling studies on hillslopes with different soil type, 

surface coverage, slope, and annual rainfalls (Table 3.3). Annual runoff depth and runoff 

ratio were plotted against plot lengths for these studies where the slope of correlations 

represents SC1 and SC2 in Figures 3.24 and Figure 3.25 respectively. The impacts of total 

annual rainfall, topographic gradient, soil type and vegetation cover on runoff scaling were 

investigated with these scaling coefficients.   

 

Figure 3.23 Correlation of runoff scaling coefficients of the original events vs. their 

main pulses a) SC1, b) SC2 
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Table 3.3 Scaling coefficient (SC1 & SC2) calculated for literature previously studied overland flow scale dependency.  

Authors Location 
Land condition, treatment 

and vegetation coverage 
Plot length Slope (degree) Soil type  

Ksat 

(mm/h) 

Annual 

rain (mm) 
|SC1| |SC2| 

This study Southeast Australia Burned eucalyptus forest 0.5,4,8,12,16 27 Loam 8.2-47** 616* 78.95 12.82 

(Bagarello et al., 
2010) 

Sicily, Southern Italy Cultivated 11, 22,33, 44 8.5 Clay  1-3** 700 98.31 8.96 

(Gomi et al., 

2008a) 

South central, Japan Cypress Forest, sparse understory 

(~10 veg%) 

1.5, 25 41-43 Brown forest 

soil 

500-5000 2500 126.5 5.01 

Hinoki Plantations, Fern and 
evergreen 

(<100 veg%) 

135 5.41 

Deciduous Forest (~100 veg%) 99.2 3.97 

(Lal, 1983) Western Nigeria, 
Africa  

Cultivated 5,10,15,20 0.6 Sandy loam 22-108** 1st year 
792 

24.3 3.07 

2.9 72.79 9.18 

5.7 65.67 8.28 

8.5 73.03 9.21 

5,10,15,20 0.6 Sandy loam 2nd year 
1215 

55.22 4.54 

2.9 295.5 24.32 

5.7 259.8 21.38 

8.5 172.7 14.21 

(Van de Giesen et 
al., 2000) 

Ivory Coast, Africa Bare soil and then rice 1.25, 12 0.8 Loamy sand 50-136** 1075 83.12 7.73 

Weedy fallow and rice 112.2 10.4 

(Sheridan et al., 

2014) 

SE Australia Burned forest (disturbed) 0.5, 1, 2, 4 20 Silty loams 12-64** 1st year 

403 

12.72 3.16 

2nd year 
809 

36.97 4.57 

(Sharma et al., 
1986) 

Jodhpur, India Compacted fallow 5,7,8.5,11,14.5 0.5, 5 & 10 Sandy loam 22-108** 1200 159.6 13.3 

(Xu et al., 2009) Tibet, China Roadside slope (disturbed) 1,2,3,4 30 Sand & gravel 93-155** 272 73.56 27.05 

(Moreno‐de las 
Heras et al., 2010) 

Central Eastern Spain 1.1±2 (veg%) 1, 2, 3, 15 20 Clay loam 4-8** 615 16.91 2.75 

8.2±5.5 (veg%) 10.61 1.72 

27.8±9.9 (veg%) 15.17 2.46 

44.3±16.2 (veg%) 52.22 3.42 

59.4±20.8 (veg%) 32.41 5.27 

*10 months throughfall collection at the study site 
** Soil hydraulic conductivity calculated from (Rawls et al., 1982) 
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Figure 3.24 Scatter plots of runoff depth against plot lengths representing scaling 

coefficient (SC1) for literature in Table 3.3  



 
 

61 
 

 

Figure 3.25 Scatter plots of runoff ratio against plot lengths representing scaling 

coefficient (SC2) for literature in Table 3.3  



 
 

62 
 

(Sheridan et al., 2014) studied post-fire scaling effects by measuring runoff from three 

replicates of 0.5, 1, 2 and 4 m plots during the first and second year following a moderate 

burn (2005-2006) in eucalyptus forest, southeast Australia. The result from (Sheridan et al., 

2014) showed considerable scaling effects for generated overland flow in the first and 

second year of data collection (Figure 3.26 a, b, c). There is a significant increase in SC1 

(three times greater) for the second year with twice precipitation while SC2 increases for 

50% (Table 3.3). 

(Lal, 1983) measured overland flow scaling across plots with different gradients for two 

consecutive years. Both scaling coefficients changed with gradient, but the change does not 

follow any particular pattern (Table 3.3). SC1 and SC2 are both two times greater in the 

second year with 50% more annual precipitation. (Moreno‐de las Heras et al., 2010) and 

(Gomi et al., 2008a) showed that surface coverage is an important factor in controlling 

generated runoff and scaling effects. In both studies, runoff plots were installed on hillslopes 

with similar precipitation, slopes and soil type, but different vegetation coverage. Higher 

vegetation cover resulted in lower runoff generation and also impacted scaling coefficients.  

(Gomi et al., 2008a) study has the highest annual rainfall among all the studies (Table 3.3). 

Given SC1 and SC2 are impacted by total runoff, it is expected that the high rainfall in (Gomi 

et al., 2008a) would lead to the highest SC1 and SC2 of all the studies, which is the case. SC2 

obtained from (Gomi et al., 2008a) is smaller than some plots in the second year of (Lal, 

1983) and (Xu et al., 2009).  

 
Figure 3.26 a) Total annual runoff (mm) plotted against plots length, b) collected 

runoffs (litre) presented in stack-bar graph, c) runoff ratio (%) plotted against plot 

lengths; the first-year data is shown in dashed line and the second year in continues 

line for left and right graphs. Stack bars are grey for the first-year data and patterned 

filled for the second year (Sheridan et al., 2014) 
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Figure 3.27 Runoff ratio scaling coefficients (SC2) and conductivity mapped in soil 

texture triangle from (NSSH Part 618-Subpart B, USDA) for literature presented in 

Table 3.3 

To study the impact of soil texture and hydraulic conductivity on scaling effects, runoff ratio 

scaling coefficients (SC2) for the literature were mapped onto the soil texture triangle graphs 

(NSSH Part 618-Subpart B, USDA). Figure 3.27 shows higher (SC2) are mostly associated 

with coarse soil texture; however there are some studies with coarse soil type like (Gomi et 

al., 2008a) obtaining small SC2. The highest runoff ratio scaling (|SC2| = 27.05) belongs to 

(Xu et al., 2009) studying road-side plots with sandy gravel soil texture having the lowest 

precipitation among literature listed in Table 3.3. 

The above examples show that rainfall total depth, gradient, soil texture, and vegetation 

coverage are important drivers controlling scaling effects in high extend. However, these 
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might not be only drivers controlling scaling effects and other factors like rainfall temporal 

variability, soil-surface spatial variability, and macropore flow might be influential in 

overland flow scaling. With a given hillslope length, spatial variability of soil hydraulic 

properties, vegetation, surface depressions, and patchiness are factors contributing to run-on 

process impacting scaling effects (Sheridan et al., 2014, Gomi et al., 2008a, Van de Giesen 

et al., 2000, Langhans et al., 2016). Rainfall temporal variability may also increase the 

probability of generated runoff allocate to run-on infiltration downslope when infiltration is 

higher than rainfall rate (Wainwright and Parsons, 2002). 
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3.5 Conclusion 

Overland flow scaling effects were investigated using rainfall-runoff data from multi-length 

plots; 0.5, 4, 8, 12 and 16 m, installed on a severely burned hillslope in dry eucalyptus forest, 

southeast Australia. Data collection took place under natural rainfall conditions over ten 

consecutive months during 2014-2015, from which forty-one individual runoff-generating 

events were extracted.  

The rate of overland flow per unit area decreased with plot length for all storm events, 

seasons and the whole study period showing a strong overland flow scaling effect at this 

study site. Collected runoff from replicated plots showed good agreement for all storm 

events, seasonally and the whole study period. No Rilling or flow concentration was 

observed downslope of the plots. 

Two scaling coefficients were defined by relating runoff depths and runoff ratio with plot 

lengths. The coefficients of the fitted logarithmic regression lines were used as runoff depth 

scaling coefficient (SC1) and runoff ratio scaling coefficient (SC2). Negative natural 

logarithm relationships with high (R2>90%) correlation coefficients were found for the 

majority of individual events, seasons and the whole study period. SC2 for larger temporal 

scales can be predicted as the average of SC2 from finer temporal scales while SC1 for a 

larger temporal scale is the summation of SC1 for smaller time scales within the period. 

Total runoff volume per unit plot width (L/m) increased from 0.5 to 12 m plots and then 

declined significantly for the 16 m plots. Detailed checking revealed no breakages or 

measurement error associated with recorded runoffs at 16m plots and the two plots behaved 

consistently. Scaling coefficients were recalculated without the 16m plots, given this change 

in behaviour and SC1 and SC2 were increase by 25% and 18% respectively. 

A sensitivity analysis showed that excluding non-rain periods, and small pulses early and 

late in the event led to only small changes in SC1 and SC2 of less than 10% and 2% 

respectively. This indicates that scaling coefficient indexes are not sensitive to the details of 

the event definition. 

SC1 and SC2 were also calculated for previous literature that studied overland flow scaling 

in different geomorphic conditions (soil texture, surface coverage, and treatment), slope 

gradient, and annual precipitation. The results show that scaling is influenced by rainfall 

depth, soil hydraulic conductivity, surface vegetation, and slope gradient. The impact of 
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rainfall on runoff scaling was isolated by studies that measured scaling for two consecutive 

years (Sheridan et al., 2014, Lal, 1983) where geomorphic conditions were almost constant, 

and rainfall was the only changing drivers. Both |SC1| and |SC2| were increased with rainfall 

depth; however, SC1 is more sensitive to this driver. Soil texture was found to be an 

important driver that influences |SC2|. Runoff generation is negatively controlled by surface 

vegetation and positively impacted by slope gradient results in changes in runoff scaling, 

however, no specific trend in the scaling effects was found to be associated with systematic 

change in gradient or vegetation. Soil hydraulic properties and saturated water content were 

not measured before and during data collection period. Therefore, the role soil spatial 

variability, rainfall temporal factors and macropore flow were not accounted in defining 

scaling coefficients that may also cause errors in representing scaling effects.  
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Chapter 4: The role of rainfall properties on overland flow 

scaling  

Abstract 

In this chapter the main focus is to examine whether the scale dependency of infiltration-

excess runoff on a burned dry hillslope is related to event rainfall volumetric and temporal 

parameters. Stepwise multiple regression analysis was conducted to find the contribution of 

different rainfall characteristics i) to runoff generation at different plot lengths, and ii) to 

overland flow scaling behaviour on a burned hillslope.  

The empirical data used in the stepwise regression models were collected from multi-scale 

runoff plots under natural rainfall conditions (Chapter 3). The instruments were installed on 

a severely burned hillslope with eucalyptus forest in southeast Australia. Forty-one rainfall-

runoff events were extracted from 10 months of data and two scaling coefficient indices 

(SC1 and SC2) determined by fitting runoff depth and runoff ratio to plots’ length. Details of 

the site instrumentation, data collection, rainfall-runoff event definition, and development 

of scaling indices were explained in chapter 3. 

Stepwise multiple regression was performed in Minitab 17 to analyse the contribution of 

different event rainfall characteristics to events runoff generation at different plot lengths 

and to the runoff scaling behaviour. Rainfall parameters used as predictors in the regression 

models are total depth, duration, peak intensity, mean intensity, and coefficient variation of 

3 minutes rainfall, plus depth-averaged rainfall intensity (Ř) and modified duration (DT) 

calculated following (van Dijk, 2002). The correlation matrix and variance inflation factors 

(VIFs) were used to characterise and control for multicollinearity. Stepwise multiple 

regression analyses were conducted using predictor variables selected to ensure sufficiently 

low multicollinearity (VIF>5).  

The regression analysis showed that rainfall total depth (mm) was the dominant factor; 

obtaining the highest contribution percentage in controlling event runoff generation at each 

plot length. Rainfall duration was the second most important predictor and it negatively 

impacting runoff generation; however, this was not consistent for all plots; and only 

appeared in the regression models for the 0.5 and 8m plots. Weak correlations (R2 <38%) 

were found between rainfall parameters and runoff ratio, with no consistency in the 

importance order of predictors changing with plot lengths. 
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In terms of runoff scaling behaviour, total rainfall depth (mm) was the dominant parameter 

positively affecting SC1, explaining 89% of the variability. Mean rainfall intensity was the 

second most important predictor impacting |SC1| with higher intensity reducing the scaling 

effect, but it only explained a further 2.4% of the variation. Rainfall total and mean intensity 

jointly explain 92% of the overland flow scaling effect. 

The regression analysis showed that the impact of rainfall parameters on runoff generation 

decreases with plot length. The same conclusion was obtained when the relative impact of 

rainfall factors and soil properties on overland flow scaling for the forty-one rainfall events 

in this study was investigated with the help of previous models and parameters representing 

soil and rainfall impact on overland flow scaling (Van de Giesen et al., 2000).   
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4.1 Introduction 

Rainfall volumetric and temporal properties regulate the rate of water reaching ground 

surface, which in turn determines the type of overland flow and connection of generated 

flow between soil patches (Bracken and Croke, 2007, Moody et al., 2013). This influences 

volumetric and temporal characteristics of overland flow hydrographs which are linked to 

hydrologic responses at the watershed outlet (Moody et al., 2013, Miyata et al., 2010a, 

Bracken and Croke, 2007). 

The relative roles of soil-surface factors and rainfall properties in controlling overland flow 

scaling in arid and semiarid landscape have been explored by field-based studies 

(Wainwright and Parsons, 2002, Bagarello et al., 2010, Gomi et al., 2008a, Lal, 1983, Lal, 

1997, Sheridan et al., 2014) and modelling (Julien and Moglen, 1990, Van de Giesen et al., 

2000, van de Giesen et al., 2005, Van de Giesen et al., 2011). Studies showed that rainfall 

properties are important domains in runoff scaling (Sheridan et al., 2014), even in the 

absence of soil-surface spatial variability (Reaney et al., 2007, van de Giesen et al., 2005).  

Storms with similar average and peak intensities have variable patterns of  rainfall intensity, 

often referred to as the rainfall pattern (Smith, 1972) or event profile (Dunkerley, 2012). 

Rainfall volumetric and temporal characteristics determine threshold responses of 

hydrological processes by influencing the rate of infiltration, time-to-ponding, (Smith, 

1972), peak flow (Julien and Moglen, 1990), and total discharge (Reaney et al., 2007). 

Rainfall temporal variability may increase the probability of generated runoff allocating to 

run-on infiltration downslope (Wainwright and Parsons, 2002). Thus hydrological responses 

to storms with similar event characteristics (e.g. total precipitation depth, peak intensity) can 

differ in the same basin (Reaney et al., 2007, Moody et al., 2013). This implies that to study 

scaling behaviour, investigation on soil-surface factors and run-on process are not sufficient, 

and that it is important to consider storm volumetric and temporal patterns that regulate the 

rate of water supply (Corradini et al., 2002, Bracken and Croke, 2007, Miyata et al., 2010a).  

Rainfall properties and their interactions with post-fire spatial factors have been found to be 

more influential in runoff initiation and hydrological responses following fire (Moody et al., 

2013). Post–fire floods are usually initiated with high intensity, more frequent (2-5 yr), and 

short duration (<30 min) rainfalls that act as transfer agent for readily mobilized material on 

burned ground surface (Nyman et al., 2010). For example after fire, soil erosion rate 

corresponded to ten minute rainfall maximum intensity (Imax10) in (Spigel and Robichaud, 
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2007), peak flow to Imax30 in (Moody, 2012) and debris flow initiation to I15min in (Kean et 

al., 2011) and Imax30 in (Nyman et al., 2011). (Moody and Ebel, 2014) showed that time-to-

peak of overland flow on a burned hillslope was mostly controlled by storm profile and soil 

moisture deficit than soil hydraulic properties. 

The objective of this chapter is to study the contribution of rainfall temporal and volumetric 

factors in controlling overland flow generation and runoff scaling across different plot 

lengths.  
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4.2 Method 

Stepwise multiple regressions analysis was chosen to investigate a range of possible 

correlations, and to find the best explanatory rainfall characteristics to explain runoff 

generation behaviour (both depth and runoff ratio) for different plot lengths, as well as runoff 

scaling behaviour.  

The empirical data used in this analysis was collected from rainfall-runoff plots of 0.5m, 

4m, 8m, 12m, and 16m lengths measuring overland flow during the second year following 

wildfire in southeast Australia. Forty-one runoff generated events were extracted from 10 

months of rainfall and runoff data and two scaling coefficient indices (SC1 and SC2) were 

defined by correlating runoff depth and runoff ratio with plot lengths. Details of the site 

instrumentation, data collection, rainfall-runoff event definition, and development of scaling 

indexes were explained in chapter 3. 

Four different types of regression models were developed using stepwise multiple regression 

analysis.  The prediction variables for these four regressions were the runoff depth and 

runoff ratio (for each plot length), and the two runoff scaling coefficients (|SC1| and |SC2|). 

The explanatory variables were the volumetric and temporal storm characteristics.  Storm 

parameters used in the stepwise multiple regressions are total, duration, peak, mean, and 

coefficient variation of pulses (CVs), plus depth-averaged rainfall intensity (Ř) and modified 

duration (DT) calculated following (van Dijk, 2002).  

Depth- weighted average rainfall intensity (Ř) and adjusted storm duration (DT) calculated 

from (van Dijk, 2002) are functions of mean intensity and total rainfall and also correlated 

to one another. This could cause problems with multicollinearity effects, or mathematical 

error in multiple regression models that occur when two or more explanatory variables are 

highly correlated. Multicollinearity inflates the standard errors of some coefficients resulting 

in underestimation of the significance of the contribution of those predictors in the 

regression model. 

Two methods were used to deal with multicollinearity. First, the correlation matrix was 

calculated for all seven predictor variables. Second, the variance inflation factor (VIF) was 

calculated to measure the effect of multicollinearity of each independent variable with all 

other independent variables. No formal cut-off value exists to determine when a VIF is too 

large. However, if the VIF = 1, there is no multicollinearity, for 1<VIF <5, the predictor is 
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moderately correlated with others, and when the VIF is above 5, the regression coefficients 

are poorly estimated and multicollinearity considered to be severing (Graham, 2003). 

VIF values were calculated for the explanatory variables in each regression and the predictor 

with the largest VIF was removed each time. This procedure repeated until the largest VIF 

was smaller than 5 (Zuur et al., 2010). Multiple regression analyses were then conducted 

with the remaining set of variables (VIF>5). 

Minitab 17 standard stepwise regression was performed in which regression models 

systematically add the most significant variables and remove the least significant variables 

at each step. After adding a variable, all candidate variables in the model are checked to see 

if their significance (P-value) has been reduced below the specified tolerance levels (α). The 

procedure goes on until all non-significant variables are found and removed from the model 

and entering new variables does not increase regression coefficient (Nathans et al., 2012). 

Acronyms used in the interpretations of stepwise regression analysis are presented in Table 

4.1.  
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Table 4. 1 Acronyms used in the result interpretations of stepwise regression analysis  

No. Acronym Result interpretation 

1 β Coefficient of regression analysis for predicting the 

dependent variable from the independent variable. 

2 t-value The relative difference of a given coefficient from mean 

coefficient in sample data, represented in units of 

standard error. 

3 2-tailed p-values The probability of very unlikely observations in the both 

sides of bell-shaped probability curve.  

4 Α The specified tolerance levels are used as threshold for 

significance of independent variables (P value) for 

entering and removing. In Minitab, variables with p-

values greater than the specified Alpha-to-Enter value 

are removed from the model and those with p-values less 

than or equal to the specified Alpha-to-Remove value are 

kept into the model. 

5 95% Confidence Limit for B 95% confidence intervals for the coefficients (B) 

representing how much the value could vary. 

6 Std. Error  Standard errors associated with the coefficients.  

7 VIF Variance inflation factor derived from is the coefficient 

of determination of the regression equation (
1

1−R2) 

4.3 Results 

The correlation matrix of rainfall parameters was calculated and parameters with coefficient 

of determination above 0.3 were considered highly correlated (Table 4.2). The correlation 

matrix shows strong relations between rainfall properties. Mean, peak and Ř are positively 

correlated to one another with high R2. DT, rainfall total and duration are also positively and 

strongly correlated to one another with p-value = 0.000. To avoid multicollinearity, stepwise 

analyses were repeated and each time parameter with the largest VIF was removed until the 

largest VIF is below threshold (VIF<5).  

As shown in Table 4.3, depth-averaged rainfall intensity (Ř) and non-rain storm duration 

(DT) calculated from (van Dijk, 2002) obtained the largest VIFs. Therefore, these two 

parameters were removed from regression analyses.  

http://blog.minitab.com/blog/statistics-and-quality-data-analysis/what-is-a-t-test-and-why-is-it-like-telling-a-kid-to-clean-up-that-mess-in-the-kitchen
http://blog.minitab.com/blog/statistics-and-quality-data-analysis/what-is-a-t-test-and-why-is-it-like-telling-a-kid-to-clean-up-that-mess-in-the-kitchen
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Table 4. 2 Pearson’s correlation matrix of predictors in multiple regression analyses  

Predictors Duration (D) Total Mean (�̅�) Peak (Imax) Ř DT 

Duration (D)       

Total 
0.65 

(0.000)      

Mean (�̅�) 
-0.28 

(0.071) 

0.12 

(0.460)     

Peak (Imax) 
-0.08 

(0.598) 

0.17 

(0.295) 

0.84 

(0.000)    

Ř 
-0.31 

(0.052) 

0.04 

(0.788) 

0.92 

(0.000) 

0.92 

(0.000)   

DT 
0.73 

(0.000) 

0.96 

(0.000) 

-0.11 

(0.496) 

-0.09 

(0.584) 

-0.19 

(0.227)  

CV 
0.27 

(0.08) 

-0.37 

(0.017) 

-0.54 

(0.000) 

-0.49 

(0.001) 

-0.57 

(0.00) 

-0.21 

(0.182) 

 

Table 4. 3 Variance inflation factors (VIFs) of rainfall parameters (predictors) in 

stepwise regression analyses for runoff depth (mm) as dependent 
Predictors VIFs 

Repetition 1 Repetition 2 Repetition 3 

Total 96.47 4.7 4.40 

Duration(D)    7.33 4.61 4.61 

Mean (�̅�) 7.95 7.92 4.77 

PeakImax) 22.78 8.62 4.39 

CV 3.41 3.36 3.05 

Ř 18.97 16.67  

DT 111.97   

4.3.1 Rainfall Properties Correlated with Runoff Depths 

A set of stepwise multiple regression analysis was conducted to study the contribution of 

storm parameters (total, duration (D), mean (𝐼)̅, peak (Imax), CV, and Ř and DT) in controlling 

total runoff depth across different plot lengths (Table 4.4). 
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Table 4. 4 Model 1- Summary of multiple regression analyses of rainfall five 

parameters (total, CV, duration, peak, mean) with runoff depth (mm) in different 

plot length. 

Plot 0.5 m 

Model 
Summary 

SE=1.78, R-sq= 96.14%, R-sq(adj) = 95.71%, R-sq(pred)= 95.71% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.89  0.28 3.96 17.39 0.000 56.53% 7.49 8.63 

Duration (D) -0.14 0.05 3.76 -2.84 0.007 37.63% -0.24 -0.04 

Mean (�̅�) -1.28 0.38 1.46 -3.35 0.002 1.74% -2.06 -0.50 

CV 0.11 0.075 2.75 1.49 0.144 0.24% -0.04 0.26 

Regression Equation = -1.13 + 0.89 Total - 0.14 D - 1.28 𝐈̅ + 0.11 CV 

Plot 4 m 

Model 
Summary 

SE=3.39, R-sq= 76.22%, R-sq(adj) = 75.61%, R-sq(pred)= 75.35% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.55 0.049 1 11.18 0.000 76.22% 0.45 0.65 

Regression Equation = 0.046 + 0.55 Total 

Plot 8 m 

Model 
Summary 

SE=1.02, R-sq= 95.26%, R-sq(adj) = 94.87%, R-sq(pred)= 91.93% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.47 0.03 3.94 19.77 0.000 66.21% 0.41 0.53 

Duration (D) -0.10 0.03 3.68 -2.52 0.001 28.57% -0.16 -0.04 

CV 0.078 0.04 2.48 -1.81 0.059 0.49% -0.003 0.16 

Regression Equation = -1.23 + 0.47 Total - 0.104 D + 0.078 CV 

Plot 12 m 

Model 
Summary 

SE=0.96, R-sq= 92.92%, R-sq(adj) = 92.92%, R-sq(pred)= 90.10% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.32 0.02 1.00 22.63 0.000 91.00% 0.28 0.35 

Regression Equation = -0.52 + 0.32 Total 

Plot 16 m 

Model 
Summary 

SE=0.39, R-sq= 39.79%, R-sq(adj) = 36.62%, R-sq(pred)= 27.46% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.02 0.006 0.24 5.00 0.000 32.13% 0.35 0.59 

CV 0.22 0.106 0.54 2.2 0.034 7.65% 0.002 0.045 

Regression Equation = -0.14 + 0.030 Total + 0.023 CV 

α to enter and remove = 0.15 

 

Contribution percentage, coefficients, and p-values were used to find the importance order 

of rainfall parameters in runoff depth generation. Total rainfall depth (mm) impacted 

generated runoff depth positively with the highest coefficient of determination (R2) and the 
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lowest p-value for all plot lengths indicating strong contribution of this parameter in runoff 

production at all plot lengths.  

In the shortest plot lengths, rainfall total depth (mm) and runoff generation obtained strong 

positive relationship (R2=0.94). The coefficient of determination (R2) fluctuated in a range 

of 96% to 76% for plots 0.5 to 12 m and then dropped to 39% for 16 m plots. The slopes of 

trendlines (β) for total rainfall steadily declined with length. The weakest correlation 

(R2=39%) and the smallest contribution of rainfall parameters in runoff generation were 

observed for 16 m plots. The isolated univariate relationship of runoff depth to rainfall depth 

(Figure 4.1) had similar trends to stepwise multiple regression models. 

In the regression models, rainfall duration was the second most important predictor 

negatively impacting runoff generation; with less runoff generation for long events when 

other parameters are constant. However, this result was not consistent for all plots and only 

appeared in the regression analyses for 0.5 and 8 m plots. 

 

Figure 4.1 Scatter plot of rainfall total depth (mm) versus associated runoff (mm) for 

all runoff generating storms recorded during the study period 
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As presented in multiple regression analysis, total rainfall depth (mm) is the dominant factor 

in controlling runoff that faded the impact of other four parameters. To study the importance 

order of remaining rainfall indices in controlling runoff depth at different plot length, this 

dominant factor was excluded. The remaining four parameters; duration (D), mean (𝐼)̅, peak 

(Imax), CV plus Ř and DT were put into another multiple regression analysis. The same 

procedure was conducted for detecting multicollinearity based on VIFs and stepwise 

regression analysis repeated for each plot length as shown in Table 4.5.  

In the absence of rainfall total, DT is the most influential predictors obtaining the highest 

contribution percentage and the lowest p-value (0.000) in all plot length. Trendline slope of 

this parameter follows a decreasing trend with plot length increase, stating decrease in its 

impacts with travel distance as shown in Table 4.5. The regression model obtains high 

coefficient of determinations (R2) fluctuated in a range of 92% to 68% for plots 0.5 to 12 m 

and then dropped to 33% for 16 m plots. This result was predictable because DT is a function 

of rainfall total. The univariable regression analysis of DT and total runoff depth also follows 

similar trends to stepwise multiple regression models (Figure 4.2). 

 
Figure 4.2 Scatter plot of DT (hours) correlated to rainfall depths (mm) for all runoff 

generating storms at different plot lengths recorded during the study period 
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Table 4.5 Model 2- Summary of stepwise multiple regression analyses of six rainfall 

parameters (CV, duration (D), peak (Imax), mean (�̅�), Ř and DT) and runoff productions 

(mm) in different plot length 

Plot 0.5 m 
Model 
Summary 

SE=2.29, R-sq= 93.66%, R-sq(adj) = 92.96%, R-sq(pred)= 90.93% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 2.48 0.14 2.43 17.05 0.000 51.15% 2.18 2.77 

Duration (D) -0.18 0.05 2.89 -3.11 0.004 37.63% -0.29 -0.061 

Peak (Imax) 0.16 0.05 4.36 3.18 0.003 1.20% 0.058 0.26 

Mean (�̅�) -0.163 0.89 4.81 -1.82 0.076 3.67% -3.43 0.18 

Regression Equation = -0.25 +2.48 DT- 0.17 D+ 0.16 Imax - 1.63 𝐈̅ 

Plot 4 m 
Model 
Summary 

SE=3.84, R-sq= 70.24%, R-sq(adj) = 68.67%, R-sq(pred)= 54.92% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 1.45 0.16 1.01 9.23 0.000 66.68 % 1.13 1.76 

Peak (Imax) 0.12 0.04 1.01 2.94 0.006 3.56 % 0.038 0.20 

Regression Equation = -0.54 +1.45 DT + 0.12 Imax 

Plot 8 m 
Model 
Summary 

S=1.4, R-sq= 90.69%, R-sq(adj) = 89.93%, R-sq(pred)= 85.20% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 1.26 0.08   2.12 15.11 0.000 57.45% 1.09 1.42 

Duration (D) -0.1 0.029 2.12 -3.39 0.000 28.57% -0.16 -0.04 

Peak (Imax) 0.072 0.015 1.01 4.89 0.000 4.67%  0.0425 0.120 

Regression Equation =    -0.54 - 1.26 DT -0.1 D + 0.072 Imax 

Plot 12 m 
Model 
Summary 

S=1.17, R-sq= 90.05%, R-sq(adj) = 89.24%, R-sq(pred)= 84.88% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 0.95 0.59 2.12 13.83 0.000 51.43% 0.82 1.1 

Duration (D) -0.04 0.031 2.12 -1.96 0.057 35.22%  -0.09 0.0016 

Peak (Imax) 0.05 0.027 1.01 4.08 0.000 3.39% 0.0254 0.075 

Regression Equation = -0.47 + 0.96 DT - 0.049 D + 0.05 Imax  

Plot 16 m 

Model 
Summary 

S=0.46, R-sq= 34.57%, R-sq(adj) = 32.89%, R-sq(pred)= 24.85% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 0.074 0.016 1.00 -2.31 0.000 34.57% 0.041 0.106 

Regression Equation = 0.188 + 0.074 DT 

α to enter and remove = 0.15 

Another set of multicollinearity detections and stepwise multiple regression analysis 

conducted (Model3) to study rainfall parameters in relation to runoff ratio. Total rainfall 

depth (mm) was excluded from the regression analyses because runoff ratio is calculated by 

dividing by rainfall depth meaning that runoff ratio and rainfall depth are dependent.  
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Rainfall average-depth intensity (Ř) and duration were excluded from the stepwise 

regression analyses for having the highest VIF in first and second repetitions. Stepwise 

regression analyses (Model3) of runoff ratio against the remaining four parameters (Mean 

(𝐼)̅, Peak (Imax), CV, and DT) for different plot lengths are presented in Table 4.6. 

Table 4.6 Variance inflation factors (VIFs) of rainfall parameters (predictors) in 

stepwise regression analyses with runoff ratio (dependent) 
Predictors VIFs 

Repetition1 Repetition2 Repetition3 

Duration(D)    5.84 5.81 --- 

Mean (�̅�) 7.82 4.91 3.90 

Peak (Imax) 9.51 5.63 3.55 

CV         3.40 3.20 1.59 

DT        5.45 5.30 1.13 

Ř       16.09 --- --- 

Table 4.7 Model 3- Summary of stepwise multiple regression analyses of rainfall 

parameters with runoff ratio (%) in different plot length. 

Plot 0.5 m 

Model 
Summary 

S=16.08, R-sq= 7.24%, R-sq(adj) = 4.48%, R-sq(pred)= 0.00% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Mean -5.19 2.97 1.00 -1.75 0.089 7.24 -11.2 0.82 

Regression Equation = 68.71 – 5.19 Mean 

Plot 4 m 

Model 
Summary 

No terms enter the model for α to enter and remove = 0.15 

Plot 8 m 

Model 
Summary 

S=7.98, R-sq= 37.71%, R-sq(adj) = 34.43%, R-sq(pred)= 21.87% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Mean 3.76 1.43 1.01 2.63 0.012 7.80% 0.87 6.65 

DT 1.39 0.326 1.13 4.26 0.00 29.91% 0.734  2.055 

Regression Equation = 20.13 + 3.76 Mean + 1.39 DT 

Plot 12 m 

Model 
Summary 

S=7.36 R-sq= 18.61%, R-sq(adj) = 16.52%, R-sq(pred)= 5.99% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

DT 0.894 0.30 1.00 2.99 0.005 18.61% 0.288 1.5 

Regression Equation = 20.26 + 0.89 DT 

Plot 16 m 

Model 
Summary 

S=4.66, R-sq= 16.91%, R-sq(adj) = 14.78%, R-sq(pred)= 8.53% 

Variable β  Std Error VIF t value* p value* Contribution 95% CI* 

CV 0.33 0.11 1.00 2.82 0.008 16.91% 0.094 0.57 

Regression Equation = 1.36 + 0.33 CV 

α to enter and remove = 0.15 

The result of regression analysis in Model 3 shows weak correlations (R2 <38%) between 

rainfall parameters and runoff ratio with no consistency in the importance order of predictors 
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which change with plot length (Table 4.7). Runoff ratio is a proportional indicator derived 

from total runoff depth divided by total rainfall depth. The impact of rainfall total depth 

which is the strongest predictor for generated runoff depth (mm) is removed from the 

regression analyses, which explain weak correlations of the remaining rainfall parameters 

with runoff ratio. 

4.3.2 Rainfall Properties Controlling Scaling Effect  

Multicollinearity detection and stepwise multiple regression analyses were conducted to find 

key factors and their order of importance in controlling scale-dependency of generated 

runoff. Rainfall volumetric and temporal parameters; Total depth, Duration, Peaks, Mean, 

CVs and Ř and DT from (van Dijk, 2002) were set as predictors and overland flow scaling 

effect indexes (|SC1|, |SC2|) were dependents in the regression analyses. The calculated VIFs 

for rainfall parameters in relation to |SC1| and |SC2| were the same as VIFs calculated for 

runoff depth and runoff ratio respectively.  

Table 4.8 Summary of stepwise multiple regression analyses of rainfall parameters in 

relation to runoff depth scaling coefficients (|SC1|), and runoff ratio scaling coefficient 

(|SC2|) 

Model 4- SC1 
Model 
Summary 

S=0.62, R-sq= 92.00%, R-sq(adj) = 91.34%, R-sq(pred)= 87.71% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.21 0.013 2.08 15.68 0.00 89.54% 0.17 0.22 

Duration -0.025 0.013 2.23 -1.89 0.067 0.02% -0.052 0.002 
Mean -0.41 0.125 1.31 -3.35 0.002 2.43% -0.67 -0.165 

Regression Equation = 0.12 + 0.21 Total - 0.025 Duration - 0.42 Mean 

 

Model 5- SC2 

Model 
Summary 

S=4.53, R-sq= 9.62%, R-sq(adj) = 7.30%, R-sq(pred)= 0.00% 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Mean -1.63 0.8 1 -2.04 0.048 9.62% -3.26 -0.012 

Regression Equation = 17 - 1.63 Mean 

α to enter and remove = 0.15 
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As shown in Table 4.8, total rainfall is the dominant parameter positively affecting |SC1| 

with 89.5% contribution and P-value of zero. Thus, rainfall total depth can explain 89% of 

the variability in runoff depth scaling effect (SC1). Rainfall mean intensity is the second 

most important predictor negatively impacting SC1 with less than 3% contribution. The 

regression analyses showed that these two parameters (rainfall total and mean) can explain 

92% of overland flow scaling for a single event. 

The univariate regression analysis was also conducted to isolate relationships of these 

parameters and runoff depth-scaling coefficient (|SC1|). As shown in Figure 4.3, only 

univariate regression analysis between total rainfall depth and |SC1| is similar to stepwise 

multiple regression analysis in Model 4. The result of univariate regression analysis for the 

rest of rainfall parameters and |SC1| are different from stepwise multiple regression analysis 

in Model 4. 

Similar multicollinearity detection and stepwise regression analyses were conducted to 

relate rainfall parameters to runoff ratio scaling coefficient (|SC2|). The result showed minor 

contributions of rainfall parameters correlating with runoff ratio scaling coefficient (|SC2|) 

as shown in Table 4.7. Similar results were obtained from univariable regression analysis as 

shown in Figure 4.4. 

 

Figure 4.3 Runoff depth scaling coefficients (SC1) correlated with rainfall indices 
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Figure 4.4 Runoff ratio scaling coefficients (SC2) correlated with rainfall indices 

4.4 Discussion 

4.4.1 Rainfall Properties Controlling Runoff Production 

 From stepwise multiple regression analysis of generated runoff in relation to storm 

characteristics, rainfall total depth (mm) was the dominant factor positively impacting  

runoff depth at different plot lengths; with high coefficient of determination (R2= 0.96-0.76), 

except 16m plot (R2 = 0.39). (Gomi et al., 2008a) also found that total storm depths were 

positively correlated with total runoff depth in plots 1.6x0.5 m and 24.5x8 m in steep 

forested hillslope. Similarly, rainfall total depth had the best correlation positively impacting 

runoff depth at plot scale measurements in (Mayor et al., 2011). 

The depth of generated runoff in relation to rainfall parameters also was investigated for 14 

rainfall-runoff data collected by (Van der Sant, 2016) during the first year after fire (2013-

2014) from 8m plots at the same study site. The stepwise regression analysis shows positive 

strong correlation (R2 = 0.85, p=0.000) between total rainfall depth (mm) and collected 

runoff (mm) at the 8 m plots (Appendix 4.1).  

Correlation coefficients (β) of the regression analysis had a decreasing trend with plot length 

showing their degree of influence on runoff depth decline with plot length. Therefore, the 

role of rainfall factors in controlling runoff depth decreases with length. This trend conforms 
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to the result of univariable regression analysis, obtained from isolated relationships of these 

parameters with generated runoff depth (Figure 4.2). 

(Reaney et al., 2007) simulated dynamics of overland flow responses to temporal variability 

of a single storm event with varying intensity (40-90 mm/h) and duration (1- 20 min). Their 

study showed that variation of runoff ratio is positively related to CVs of rainfall intensity 

(64%), whereas the maximum rainfall intensity only explains 14% of the variability. In this 

multiple regression analysis, runoff ratio was not significantly correlated with rainfall 

parameters in both multiple and univariable regression analysis (R2 < 0.39). Gome et al., 

2001 studied the relationship between rainfall CV and mean runoff volume (mm) per event 

and found a power law relationship. (Dunkerley, 2012) operated rainfall simulations in arid 

and semi-arid areas with low infiltration rate to compare hydrographs of discharge derived 

from temporally varied and uniform events. The result showed that the varying intensity 

runs produced significantly larger runoff ratios and peak runoff rates (85%–570%), 

implicating important rule of rainfall temporal variability on soil infiltration rate and runoff 

in dry condition. 

In this study, rainfall CV was only correlated with runoff ratio at 16m plot length; positively 

and weakly (16%). Similarly, rainfall mean, and maximum intensities weakly correlated to 

depth (mm) and ratio (%) of the generated runoffs in this study (Appendices 4.2, 4.3, 4.4 & 

4.5).  

4.4.2 Rainfall Properties Controlling Runoff Scaling  

From stepwise multiple regression analysis, runoff depth scaling coefficient (|SC1|) was 

found positively correlated with total rainfall (mm) with high coefficient of determination 

(R2 = 0.89). Therefore, higher scaling effects was found associated with runoffs generated 

by larger storms (Figure 4.3). (Van de Giesen et al., 2000) and (Mayor et al., 2011) also 

found higher scaling effects associated with higher total rainfall depth. This is in agreement 

with (Dunne et al., 1991) that argue higher run-on infiltration occurs through micro-relief 

when inundation depth increases with runoff travel distance which is plot length in this 

study. 

Rainfall CV and duration were found important in controlling runoff scaling in previous 

studies (Van de Giesen et al., 2000, Stomph et al., 2002, Wainwright and Parsons, 2002). 

For example, (Wainwright and Parsons, 2002) found that temporal variability of rainfalls 

can increase scaling effects mainly due to re-infiltration of generated runoff when infiltration 
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exceed rainfall input throughout the events. In this study, rainfall mean has the second most 

influential (but very minor) factor with 2% contribution to runoff depth scaling effects (SC1). 

Rainfall depth and mean together explained almost 92% of SC1 of a single event.  

(Liu et al., 2000) found scaling effect decreases when maximum intensity of 

I30mins>15 mm h−1 and there would be no scaling effects when maximum storm intensities of 

I30mins exceed 45 mm h−1. (Cammeraat, 2004) also stated rainfall intensity above 

approximately 20 mm h−1 in 30 min is a critical threshold to obtain runoff in longer travel 

distance while the impact increases with longer durations. In this study, all storms except 

event 3 obtain maximum intensity of I30mins below 15 mm/h (Appendix 4.3); however, the 

scaling effects for event 3 are not the lowest (Figure 3.20). (Chen et al., 2016) stated the 

scaling effect was more significant for rainfall events with lower intensity; however, no 

strong relationship was found between rainfall intensities and runoff scaling coefficient in 

this study.  

4.4.3 Examining Runoff Scaling with Previous Metrics  

(Sheridan et al., 2014) developed a scaling equation to define runoff ratio reaching 

downslope as a function of runoff ratio at point scale in relation to precipitation, and soil-

surface spatial factor. 

Eq 4.1  Qh(λ) =
βμ

μ+λ
 

Where λ: slope length (λ≥0), Qh(λ): runoff ratio at distance λ, β: a parameter related to 

annual-average point-scale runoff ratio (a fraction of precipitation, 0≤β≤1), μ: a parameter 

related to travel distance before reinfiltrating (soil-surface spatial factor; μ>0).  

In (Sheridan et al., 2014), the above equation was fitted into multi-length plot-scale datasets 

of published international literature to parameterizing β and μ suitable for different 

landscape conditions; bare soil, forested, tilled, shrublands, and burned. The same procedure 

was used to examine whether the equation fits scaling patterns in this study. Total runoff 

ratio for plots with different length from 0.5 m to 16 m at the study site was predicted by 

calibrating two parameters of the scaling equation proposed by (Sheridan et al., 2014). 

Parameters were allowed to range within 0<μ<200 and 0≤β≤1 and acceptable ranges were 

found based on predicted runoff ratios being within the range of averaged observed runoff 

ratio ± 1 standard deviations of the replicates. 
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This resulted in acceptable bounds of 0.5≤β≤0.7 and 5<μ<8.5 for all plot lengths, except the 

16 m plots.  The best fit of predations was obtained with β=0.56 and μ=8.5 (Figure 4.5b). 

High correlation (R2 = 0.83) was obtained when the predicted runoff ratios from the 

optimum parameters were plotted against total observed runoff ratio for the study period as 

shown in Figure 4.5a. 

Sheridan et al., 2014 proposed β and μ to be a function of the complex interaction between 

the temporal variability of precipitation and the spatial variability of the infiltration capacity 

of the soil for the period of observation. The aim was to predict the parameter values for 

different landscape and climate combinations allowing the application of the model in the 

absence of field runoff plot data. Values for β and μ in this study are similar to values 

calculated for the second year of the steepest site in (Lal, 1983). The site obtains 15% 

steepness (8.5 degree), sandy clay loam soil, and cultivated treatment with 1215 mm of 

annual precipitation. Despite of similarity in β and μ, only soil type is common landscape 

condition for the steepest site in (Lal, 1983) and this study. Therefore, having a good fit 

model for this scaling equation with similar β and μ does not necessarily represent 

similarities in all landscape factors (gradient, treatments) and precipitation patterns.  

 

Figure 4.5 a) Boundary of accepted values for predicted runoff ratio with parameters 

in range of 0.5≤β≤0.7 and 5<μ<8.5 and optimum fit (dashed orange line) derived from 

β=0.56 and μ=8.5, b) Total observed runoff ratio for the whole 308 days of study 

period plotted against predicted runoff ratio from the model by Sheridan et al., 2014. 
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In (Van de Giesen et al., 2000), an indicator was introduced to measure scaling effects from 

observed runoff coefficient in 12 m plot divided by runoff coefficient in 1.25 m plot (FR =

𝑅𝑅𝑙𝑜𝑛𝑔

𝑅𝑅𝑠ℎ𝑜𝑟𝑡
) where FR is scaling indicator. The outcome of their study was summarized as: 

• Scaling effects exist when this indicator is below one (FR < 1) 

•  Soil-surface retention factors are dominant when the value of this indicator is less 

than their plot length ratio (FR <
𝐿𝑠ℎ𝑜𝑟𝑡

𝐿𝑙𝑜𝑛𝑔
); where L is the plot’s length in long and 

short plots. 

This indicator was used in this study to investigate at what degree scaling effects are 

controlled by rainfall parameters at different lengths. Ten combinations of short and long 

plots were set for 
𝑅𝑅𝑙𝑜𝑛𝑔

𝑅𝑅𝑠ℎ𝑜𝑟𝑡
 and 

𝐿𝑠ℎ𝑜𝑟𝑡

𝐿𝑙𝑜𝑛𝑔
 calculations for each event. As shown in Figure 4.6, there 

are some events with FR above or close to one when plots 0.5 and 4 m were put into the test. 

This states that scaling effect is not significant in short travel distance. However, this trend 

changed when FR was calculated for longer plots. FR obtained from division of runoff ratio 

of longer plots is below one for the majority of events and below the threshold line (
𝐿𝑠ℎ𝑜𝑟𝑡

𝐿𝑙𝑜𝑛𝑔
) 

when the longer plot is 16 m. This could be concluded that run-on runoff is more pronounced 

with increasing travel distance when generated runoff travels downslope. This agrees with 

the earlier regression analysis showing that the impact of all rainfall parameters on runoff 

productions decreases with plot length. 
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Figure 4.6 Scaling effect from observed runoff coefficient in large plots divided by runoff coefficient in short plots (𝑭𝑹 =
𝑹𝑹𝒍𝒐𝒏𝒈

𝑹𝑹𝒔𝒉𝒐𝒓𝒕
). Red 

line shows 𝑭𝑹 <
𝑳𝒔𝒉𝒐𝒓𝒕

𝑳𝒍𝒐𝒏𝒈
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4.5 Conclusion 

Stepwise multiple regression models were fitted to study the contribution of rainfall 

volumetric and temporal factors in controlling overland flow generation and scaling on a 

burned dry hillslope. Rainfall parameters were used as predictors in the stepwise multiple 

regressions. The correlation matrix and variance inflation factors (VIFs) were used to 

avoid multicollinearity. Multiple regression analyses were conducted with a set of 

variables with sufficiently low multicollinearity.  

The result of regression analysis showed that rainfall total depth (mm) was the dominant 

factor in controlling runoff generation depth at different plot lengths; obtaining the 

highest contribution percentage. Rainfall duration was the second most important, but 

minor, predictor negatively impacting runoff generation in the regression analysis for 0.5 

and 8m plots. 

Total rainfall depth is the dominant parameter positively affecting |SC1| with 89.5% 

contribution (P-value = 0.00) indicating rainfall total depth can explain 89% of the 

variability in runoff depth scaling effect (SC1). Rainfall mean is the second most 

important, but again minor, predictor; negatively impacting |SC1| with 2.4% contribution. 

These two parameters explain 92% of overland flow scaling for a single event. 

Similar multicollinearity detection and stepwise regression analyses were conducted to 

relate rainfall parameters to runoff ratio and |SC2|. Rainfall predictors were weakly 

correlated (R2 <38%) with runoff ratio with no consistency in the importance order of 

predictors, which changed between plot lengths. Only a minor contribution of rainfall 

parameters was found for runoff ratio and |SC2|. 

Result from both multiple and univariate regression analysis showed that rainfall total 

depth (mm) is the most dominant factor in both overland flow generation and scaling 

effects; obtaining the highest contribution percentage. However, contribution of rainfall 

total depth and other rainfall parameters in generated runoff depth (mm) and their 

regression coefficient decreased with plot length reaching the lowest values at the longest 

plots. Thus, the influence of rainfall properties on runoff production and scaling declines 

with plot length. This could be due to macropore flow being more pronounced with 

increasing length when generated runoff travels downslope. Similar conclusions were 

obtained when the scaling indicator from (Van de Giesen et al., 2000) was used for the 
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events in this study. The scaling effect was smaller for short travel distance and became 

more pronounced with plot length while less impacted by rainfall factors. This suggests 

that rainfall properties regulate runoff production at shorter plot length, while runoff-

runon processes become more pronounced at longer plot length when generated runoff 

travels downslope.  
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Chapter 5: Modelling Runoff scaling behaviours on burned 

hillslopes using the KINEROS2 model  

Abstract 

This chapter investigates whether traditional rainfall-runoff models; coupling rainfall 

temporal variations with soil infiltration and runon process, can predict overland flow 

scaling behaviour on a burnt eucalypt forested hillslope. Overland flow simulations using 

KINEROS2 were calibrated for the 8 m plot length. Calibration outcome showed the 

model was able to represent runoff hydrographs well for a subset of events (NSE > 0.5), 

which were then examined further. Weak model performance (NSE < 0.5) was obtained 

for small events with total runoff depth < 4 mm. The model was then applied to 0.5, 4, 

12 and 16 m plot lengths to investigate whether models with traditional infiltration 

theories and runon process coupled with rainfall temporal pattern are capable of 

simulating scaling behaviours. These simulations were used to investigate whether the 

representing spatial variability of saturated hydraulic conductivity (CVKs) could explain 

observed runoff scaling effects. 

Soil infiltration parameters (hydraulic conductivity, net capillary, porosity, and pore 

index) and soil water content were considered to vary from event to event with the aim 

of representing changes in post-fire water repellency. Surface roughness was assumed to 

be constant for the whole study period given that vegetation growth was insignificant 

during the study period.  

The key properties impacting simulated hydrographs were identified to be soil hydraulic 

conductivity (Ks), net capillary drive (G) and surface roughness respectively. The 

dynamics of simulated hydrographs were found to be less sensitive to variations of 

porosity, pore index and initial water content; which led to < 5% variation in model 

efficiencies and error indicators. Increasing CVKs (from 0 to 2) resulted in a slight increase 

in total runoff depth and peak flow (up to 3%) for the majority of the events (> 95%) and 

slightly higher R-squared (R2) (up to 5%).  

Weak scaling effects were demonstrated by the model and were <10% of those observed. 

Changing the spatial variability of saturated hydraulic conductivity (CVKs = 0.5, 1 and 2) 

did not help in capturing scaling effects, resulting only in minor changes (< 3%). The 

results show that a) rainfall-runoff models with traditional infiltration theories, and runoff 
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processes were inadequate in capturing the observed overland flow scaling effects, and 

b) accounting CVKs in the models did not help to capture scaling behaviour on a burnt dry 

environment with extremely water repellent soil.  
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5.1 Introduction 

Scale-dependence of overland flow is frequently observed under natural rainfall runoff 

datasets (Sheridan et al., 2014, Van de Giesen et al., 2000, Lal, 1997, Moreno‐de las 

Heras et al., 2010), yet largely neglected in models (Chen et al., 2016b, Blöschl and 

Sivapalan, 1995), limiting our capacity to scale up plot-scale runoff measurements 

(Moody et al., 2013). Scaling behaviours of overland flow have been attributed to spatial 

variability of soil physical properties (Julien and Moglen, 1990), the run-on effect 

(Wainwright and Parsons, 2002, Langhans et al., 2016) and rainfall temporal properties 

(Li and Sivapalan, 2011, Joel et al., 2002, Wainwright and Parsons, 2002) due to their 

sustantial roles in infiltration excess runoff processes.  

Field investigations (Gómez et al., 2001, Govindaraju et al., 2001, Sivapalan and Wood, 

1986) showed significant spatial heterogeneity in hydraulic properties of natural soil, 

with hydraulic conductivity (Ks) being the most variable. Several modeling studies have 

examined the effect of spatial variability of hydraulic conductivity (CVKs) on generation 

and transport of infiltration-excess runoffs through infiltration and run-on (Morbidelli et 

al., 2006a, Woolhiser et al., 1996, Nahar et al., 2004, Saghafian et al., 1995). Excluding 

CVKs in rainfall-runoff modlling resulted in underestimation of total depth and peak flow 

in (Morbidelli et al., 2006) and (Nahar et al., 2004), and weak demonstration of overland 

flow scaling in (Wainwright and Parsons, 2002). 

During a Hortonian rainfall-runoff event, some parts of surface may have infiltration-

excess runoff while for other surface parts infiltration capacities are unsatisfied due to 

spatial variability in soil-surface properties, particularly soil hydraulic 

conductivity(CVKs) (Gómez et al., 2001, Morbidelli et al., 2006a). Runoff from upslope 

encounters unsaturated areas downslope providing more water for infiltration, known as 

runoff-runon process (Wainwright and Parsons, 2002, Morbidelli et al., 2006a, Jones et 

al., 2009). In (Chen et al., 2016), the run-on process was identified as the main factor 

causing scaling effects in a cell-based Rainfall-Infiltration-Runoff Model. 

Rainfall intensity determines threshold responses of hydrological processes by shifting 

the rate of infiltration and time-to-ponding (Smith, 1972), peak flow (Julien and Moglen, 

1990), and total discharge (Reaney et al., 2007). Thus hydrological responses to storms 

with similar interval metrics (e.g. total precipitation depth, peak intensity) and different 

tempral variabilities could be distinctly different in the same basin (Reaney et al., 2007, 
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Moody et al., 2013). Results from (Julien and Moglen, 1990, Woolhiser et al., 1996, 

Corradini et al., 1998, Saghafian et al., 1995) examined sensitivity of peak flows and total 

runoffs to both CVKs and rainfall intensity and found them directly dependents on the 

magnitude of rainfall events. In (Wainwright and Parsons, 2002), runoff depth was 

significantly underpredicted in overland flow simulations using mean rainfall intensities. 

Scale dependence of overland flow was captured in the same model by accounting for 

temporal variations of rainfall intensity, even in the absence of CVKs.  

Fire may impact runoff scaling effects by altering spatial variability of soil-surface 

features such soil property alterations (Moody et al., 2013), fire-induced water repellency 

(Sheridan et al., 2007, Doerr et al., 2009), and macropore infiltration (Nyman et al., 

2010). Alterations in soil-surface factors may last several years, depending on the degree 

of burn severity and the capacity of the burnt forest ecosystem to recover (Neary et al., 

2005, Shakesby and Doerr, 2006, Sheridan et al., 2007). Considerable scaling effects 

have been observed at the study site during the first- and second year following fire 

(Chapter 3). Similarly, Sheridan et al., 2014 measured scaling behaviours for two 

consecutive years following fire at plot-scale study in NE Victoria, Australia. 

Physical process-based models incorporate CVKs, runon-runoff, and rainfall temporal 

variabilities in rainfall-runoff simulations at hillslope scale. These models are built based 

on classical infiltration theories coupled with overland flow hydraulics, and run at high 

temporal resolutions (Sitterson et al., 2017). This chapter investigates whether overland 

flow scale dependence on a burnt dry forest can be explained by a process-based rainfall-

runoff model coupling temporal rainfall variations at minute timescales with detailed 

overland flow, infiltration and runon processes. The objectives addressed in this chapter 

were:  

a) Modelling plot-scale runoff on a burnt dry hillslope under post-fire surface 

condition with extremely water repellent soil 

b) Comparing scaling effects obtained from simulations to measurements 

c) Testing the impact of spatial variability of saturated hydraulic conductivity (CVKs) 

on model performance and scaling effects  
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5.2 Method 

The event-based physically-oriented rainfall-runoff model, KINEROS2 (Woolhiser et al., 

1996) was used to simulate infiltration excess overland dynamics. Due to strong water 

repellency, shallow soil profile, and the absence of base flow in the study area, only 

infiltration-excess flow, which is the dominant flow type in dry forest (Moody et al., 

2013), was considered. Four sets of rainfall-runoff simulations were developed in this 

study: 

First, a primary rainfall-runoff model was calibrated to simulate runoff from 8 m plots 

for forty-one events that occurred during the second year following fire. The rainfall-

runoff simulations for the events were calibrated with the help of observed data collected 

from 8 m plots. Events with calibration NSE > 0.5 were then selected. 

Second, the calibrated parameters obtained from simulations of 8 m plots were used to 

model runoff from 0.5, 4, 12, and 16 m plots. Simulated scaling effects were compared 

with observations. 

Third, a sensitivity analysis was conducted to study the impact of spatial variability 

(Coefficient of Variation, CV) of soil hydraulic conductivity (Ks) on the model 

performance and simulated scaling effects by systematic increase of this factor from zero 

to 0.5, 1 and 2 in the simulations, while the remaining soil and surface parameters were 

kept as measured or calibrated.  

Rainfall-runoff data and soil and surface measurements used in the simulations collected 

during the first and second year on a dry eucalyptus hillslope, southeast Australia that 

was burned by bushfire 2013. Forty-one rainfall-runoff events were measure using multi-

length plots during the second year (2014-2015) following fire. Instrumentation of 

rainfall-runoff plots, data collection, and event selection were explained in Chapter 3.  

5.2.1 KINEROS2 

KINEROS was originally developed by the USDA Agricultural Research Service (ARS) 

in the late 1960s and has been further developed over the last four decades for 

hydrological modelling in small (<100 km2) arid and semi-arid (Al-Qurashi et al., 2008) 

catchments. It has also been used to model surface runoff response in burned forests 

(Canfield et al., 2005, McLin et al., 2001, Chen et al., 2016a, Langhans et al., 2016, Chen 

et al., 2013). Currently KINEROS2 is part of the Automated Geospatial Watershed 
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Assessment (AGWA) tool, an application for watershed hydrological analysis using 

readily available spatial data sets in ArcGIS (Goodrich et al., 2012). 

Contributing areas in KINEROS2 are modelled using a cascade form of rectangular 

planes representing hillslopes feeding straight channels. Runoff is calculated by starting 

at the top of the slope and then moving to each subsequent plane or channel using 1-D 

kinematic wave equations. Parameters can vary between planes and channel lines but are 

homogeneous for each plane and channel. An approach has been developed to represent 

the plane scale effect of sub-plane scale spatial variability of soil hydraulic conductivity 

(Ks). In this study, only the planar slope units are used, and each plot is represented by a 

single plane. 

Infiltration characteristics, slope length and gradient, depression storage and micro-

topography, hydraulic resistance, and rainfall intensity are factors controlling runoff 

responses in KINEROS2. Either Manning hydraulic resistance or Chezy law may be used 

for roughness relationships. A general one-layer model is used for infiltrability, fc, as a 

function of infiltrated depth, I, is (Parlange et al., 1978).   

Eq 5.1  𝑓𝑐 = 𝐾𝑠[1 +
𝛼

𝑒𝑥𝑝(
𝛼𝐼

𝛽
)−1

)] 

where B is a parameter representing the effects of net capillary drive,  represents the 

soil type with near 0 for a sand, for the Green-Ampt relation; and near 1 for a well-mixed 

loam, in for the Smith-Parlange infiltration equation. 

The primary soil infiltration model in KINEROS was set based on infiltration equations 

of (Smith and Parlange, 1978), modified later by (Parlange et al., 1981, Parlange et al., 

1982) with four basic parameters representing soil infiltration properties: effective 

saturated hydraulic conductivity (Ks); effective net capillary drive (G) derived from soil 

texture class; initial soil moisture, and soil porosity (Φ). Another parameter; the pore size 

distribution index (λ) was added later to the next version (KINEROS2) from the statistical 

study of soils texture by (Rawls et al., 1982), affecting water retention calculations 

(Woolhiser et al., 1990).  

An extension was added to the infiltration model by (Smith et al., 1993) and modified by 

(Corradini et al., 1994, Corradini et al., 1997) to account for arbitrary patterns of a given 

rainfall event by using an analytical solution considering pre and post-hiatus infiltration 
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while accounting for a continuous infiltration process in both pre-ponding and post-

ponding conditions. 

 
Figure 5. 1 Schematic of plane and channels in KINEROS2 
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5.2.2 Soil Physical Properties  

Detail descriptions of vegetation type, fire severity, climate of the study area and soil 

hydraulic property measurements were given in Chapter 2. Both field-based and 

laboratory measurement of soil properties and water repellency were carried out at the 

study site during the first and second year after fire. The first year (2013-2014) 

measurements were conducted by (Van der Sant et al., 2018) to study post-fire hydro-

geomorphic responses in relation to aridity index. Field measurement of soil moisture, 

water repellency and blue dye experiment were repeated in one occasion in the second 

year (2014-2015). Table 5.1 is a summary of soil hydraulic properties measurements that 

being used as input data in the simulations. 

Table 5.1 Study site soil properties 

 

  

 

Soil property Measurement 
Method 

Result 

Saturated hydraulic 
conductivity (Ks) 

Tension 
infiltrometer 

39.5 mm/h (SD 30.8) 

ponded 
infiltrometer 

74.1 mm/h (SD 40.4, n: 2) 

Soil texture and particle 
size (%) 

Sieving and particle 
size analyzer 

15% Clay, 44% Silt, 41%Sand 
Course fraction (>2 mm) 45% 

Texture triangle 
class 

Silty loam 

Porosity Tension table 38.5% (SD 0.04, n: 3) corrected for 
gravel (porosity of <2mm fraction) 

Soil Water Content Oven drying Average 5.1% (SD 3.8, n: 52) 
 

Potential Soil Water 
Repellency  

Critical Surface 
Tension  

Average Air-dry CST 
60.3 mN/m2 (SD13.0, n: 24) 

Bulk density (g/cm3) Total 1.19 (std 0.08, n: 9)  

Fine fraction (<2 
mm) (gravel 
corrected) 

0.86(std 0.46, n: 9) 
 

*SD: Standard deviation, CST: Critical Surface Tension (mN/m2) 
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5.2.3 Model Setup for Post-fire Conditions 

Observation after severe wildfire 2013 showed that only skeleton of trees remained in the 

study site. Frequent site visits during the first- and second year following fire reported 

insignificant vegetation recovery; <5% canopy recovery and <10% surface revegetation 

at the end of the second year. Therefore, no interception storage was considered for 

canopies and shrub in the rainfall-runoff simulations. Moreover, rain gauges were 

installed at 40 centimetres above the ground surface, collecting throughfall data which 

also justifies the exclusion of the upper storey and under storey interceptions in the model. 

Details of rain gauges’ instrumentation and data collections were explained in Chapter 3.  

Distinctly varied hydraulic characteristics of burned residue on top and water repellent 

mineral soil underneath resulted in a sudden shift in the rate of infiltration at a depth of 

around 20 mm in the soil profile in the first and second year. Burn debris were more 

woody debris than ash remaining at the site for the entire study period. For this reason, 

they were considered immobile layer for the entire period of study. For this reason, 20 

mm abstraction was considered for surface interception compartment for burned woody 

layer before infiltration process taking place in water repellent soil underneath 

(Figure 5.2). Details of soil hydraulic properties were explained in Chapter 2. 

To model soil infiltration process in water repellent dry soil, traditional infiltration 

theories require adjustment due to different patterns of vertical water movement 

comparing to non-repellent soils. For example, the wetting front assumption of uniform 

distributed wet soil above dry soil in Green–Ampt infiltration model is rejected in water 

repellent soil due to preferential water movement through soil depth.  

To adjust infiltration model with the fire-induced water repellent soil in the study area, a 

two-layer system was applied; strongly water repellent soil with low hydraulic 

conductivity for the eight cm top layer. This is the depth of water repellent soil measured 

at the field by 2 M ethanol test (McDonald et al., 1998) and underneath silt loamy soil 

with average hydraulic conductivity of 80 mm/h based on laboratory measurements of 

soil sample collected from the study site.  

Hydrophobicity promotes lateral preferential flow at the interface between water 

repellent soil layer and the mineral layer beneath (Stoof et al., 2014a, Leelamanie and 

Karube, 2009, Gerke et al., 2015). Lateral flow between these two layers was not 

accounted for in the simulations which may result into the model uncertainties.  
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Figure 5.2 Cross-section profile illustration of the severely burned soil in the study 

site 

Field observation showed slow recovery and insignificant surface vegetation change 

during the study period. Therefore, a single Manning’s value was appointed as a valid 

effective hydraulic roughness for the whole study period. Only soil particle size; as 

resistance factor on the flow bed (D50, and D90), was accounted for primary estimation of 

overland flow effective friction factor (Manning’s n). Other factors contributing to 

boundary source roughness (e.g. relative roughness), form roughness (surface 

irregularities in cross-section, and flow obstruction) and sediment load roughness were 

not included in primary value of effective friction factor.  

Based on field observation, average particle size of debris, gravels and boulders were 

approximately d50%=50 mm, d90%=30 mm. Three empirical equations (Strickler, 1923, 

Maynord, 1991, Wong and Parker, 2006) were used to estimate hydraulic roughness 

based on particle size. An average value of 0.085 was used for Manning’ n as an effective 

friction factor in for the initial parameter value. 

Investigator Equations values 
Strickler (1923)  𝑛 = 0.0474 𝑑50

1/6
 0.091 

Maynord (1991) 𝑛 = 0.0439 𝑑90
1/6

 0.0812 

Wong and Parker (2006)  𝑛 = 0.0431 𝑑90
1/6

 0.08 

 

Other soil-surface parameters were taken either from field and laboratory measurements 

from previous study (Van der Sant et al., 2018) at the study site as presented in Table 5.2. 

These parameters were used in primary rainfall-runoff model set up and one simulation 

operated per each event for plot 8 m.  
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Table 5.2 Kineros2 parameters and values for initial modelling set-up 
 

Parameter Symbol Units Range Source 

Saturated hydraulic 
conductivity 

Ks mm/h 2 Extremely water repellence soil  

Effective net capillary 
drive 

G mm 20 G for Silt loam soil from Kineros2 
table 

Variation of Ks CV -- 0 Assuming hydraulic conductivity did 
not change during the event 

Soil layer thickness Th mm 80 Field observation 

Initial Saturation sat -- 0.1-
0.03 

Oven dried analysis for GWC (3%-
10%) 

Pore size distribution 
index (DIST) 

λ  0.15 Laboratory measurement (varied in 
range of 0.15-0.65) 

Porosity θ -- 0.35 Laboratory analysis (varied in range of 
0.25-0.35) 

Rock Ro  0 Laboratory measurement (<0.46%) 

Slope factor sl degree 27 Field observation 

Interception depth i  1 Water storage capacity in burned layer 

Canopy coverage p  1 100% coverage of woody burned 
layer  

Manning’s coefficient n sm-1/3 0.085 Hydraulic roughness based on particle 
size 

Relief 
(microtopography) 

re mm 3 Field observation 

Relief spacing rs m 0.05 Field observation 
 

 

Figure 5.3 Rainfall-runoff Model inputs and outputs 
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 5.3 Calibration 

The focus in the calibration procedure was to obtain optimum values for parameters 

representing post-fire surface and soil infiltration during recovery period after fire. To 

reduce errors associated with over-parameterization, parameters for calibration were 

categorized in two groups and an automated stepwise calibration was conducted for each 

group separately. Variable soil hydraulic properties were selected for the events to 

represent variation between events in soil water repellency.  

First, parameters that presumed to have a highly influential role in soil infiltration and 

overland flow including saturated hydraulic conductivity (Ks), effective net capillary 

drive (G), and hydraulic roughness (Manning’s n) were calibrated together. Because the 

surface condition at the study site did not change markedly during the study period, a 

constant hydraulic roughness was used for the whole simulation period. Other parameters 

varied between events. That is Ks and G varied between events while Manning’s n was 

calibrated for the whole study period. An exhaustive grid search was used with simulated 

hydrographs for all parameter combinations compared against observed hydrographs. 

Optimum values of these parameters were assigned for the next round of calibration.  

The second round of calibration considered a new set of soil hydraulic properties 

consisting of porosity (ф) in the range 0.25-0.55 based on laboratory analysis, and pore 

size distribution index (λ) in the range 0.15-0.85 based on soil texture class in (Corradini 

et al., 1994). There were no soil moisture sensors co-located with the plots to measure 

pre-storm soil moisture. Initial water content for each event was approximated within 

upper and lower limits of gravimetric water content (GWC) measurements (3%-15%). 

The same calibration method and objective function were used for both calibration 

rounds.   
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Table 5.3 Soil and surface parameters for calibrations 

n
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Parameter 
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S
ta

tu
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1 F
irst ro
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d
 

Hydraulic conductivity Ks 1-20 mm/h 1 variable 

2 
effective net capillary 
drive 

G 0-20 mm 1 variable 

3 
Manning’s hydraulic 
roughness 

n 0.01-0.9 sm-1/3 
0.
01 

constant 

4 

S
e
c
o

n
d

 

ro
u

n
d

 

Porosity ф 0.25-0.55 % 
0.
01 

variable 

5 
pore size distribution 
index 

Λ 0.15-0.85 -- 
0.
1 

variable 

6 gravimetric water content GWC 15-3 % 1 variable 

Model performance quantified using the Nash-Sutcliffe (1970) coefficient of efficiency 

(NSE) (Goodrich et al., 2012, Krause et al., 2005) between simulated and observed runoff 

at three minute time steps. 

Eq 5.2  NSE = 1 −
∑(Observed−Simulated)2

∑(Observed−Obsereved )2
 

Additional statistical metrics were calculated from the simulated and observed 

hydrographs, as follows:  

Eq 5.3  R2 = (
∑ (obs−obs̅̅ ̅̅ ̅)(sim−sim̅̅ ̅̅ ̅)n

i=1

n√∑(obs−obs̅̅ ̅̅ ̅)
2

√∑(sim−sim̅̅ ̅̅ ̅)2

)2 

Eq 5.4  Volume error (Res) =
 Total runoff depthObs  −Total runoff depthSim

Total runoff depthObs
x100 

Eq 5.5  Peak volume error =
Peak flowObs   −Peak flowSim

Peak flowObs
× 100 

5.2.4 Scaling Simulations 

Calibrated parameters from 8 m plots were applied to plots with lengths of 0.5, 4, 12 and 

16 m. One overland flow simulation was conducted per each event for each of these plot 

lengths. Observed and simulated total runoff depth (mm) and runoff ratio (%) were 

plotted against the associated plot length (m) to examine how the scaling effects from 

simulated hydrographs compared with observations. The slope of the regression lines for 

these plots characterises the magnitude of changes in runoff depth and runoff ratio with 

plot length, standing for runoff depth and runoff ratio scaling coefficients (SC1 and SC2) 
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respectively. The scaling coefficients (SC1 and SC2) derived from down- and up-scaled 

runoffs represented scaling effects from models and compared to observations.  

5.2.5 Contribution of Hydraulic Conductivity CV on Scaling 

The impact of spatial variability of hydraulic conductivity (CVKs) on scaling behaviours 

was investigated by assigning a range of CVs (0.5, 1, and 2) for hydraulic conductivity 

(Ks) and conducting one runoff simulation per each event for all plot length (0.5, 4, 8, 12 

and 16 m). The scaling effects from simulated hydrographs with different CVKs were 

plotted against observations. Both runoff depth and runoff ratio scaling coefficients (SC1 

and SC2) were calculated from simulations with parameterized CVKs and compared to 

observations.  
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5.3 Results 

5.3.1 Model Calibration 

Calibration outcome showed that simulated hydrographs with higher roughness values 

obtain lower errors in peak and mean value. From the range of calibrated Manning’s n of 

the accepted runs for all events, average value of 0.65 was chosen for Manning’s n for 

the whole study period (Figure 5.4). The calibrated value of hydraulic roughness is eight 

times higher than the initial value. This was expected because only bed particle size was 

accounted in the primary model, and other resistance factors were excluded from the 

hydraulic roughness estimation.  

The weak point of considering Manning’s coefficient for overland flow hydraulic 

calculation is the assumption of being independent from flow hydraulics and Reynolds 

number in the empirical equation. However, the coefficient (Manning’s n) has been found 

to be very sensitive to flow depth in relation to bed particle size in shallow overland 

flows; increasing dramatically when inundation ratio (the inverse of relative roughness) 

was below ten and not applicable if the ratio was below three (Smith et al., 2007).  

For this reason, the whole calibration procedure was repeated after replacing Manning’s n 

with Chezy friction coefficient (C) with a range of 0.2-22.5; in which slope factor (S), 

hydraulic radius (R, flow depth), and mean velocity (V) are taken into account (V̅ =

C√RS ). Calibrations with Chezy (C) resistance factor followed the same trends of those 

were operated by Manning’s n and the best simulation performances were allocated to 

0.2<C<0.6 that is almost equivalent to the calibrated range of Manning’s n ( C =
1

n
R

1

6 ). 

 
Figure 5.4 Value range of calibrated Manning's n in blue hanged bars and optimum 

value (n=0.65) in dotted black line 
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Variant values were calibrated for saturated hydraulic conductivity (Ks) and effective net 

capillary drive (G) for the individual events. Similar parameter values were found for Ks 

and G compared with previous modelling studies conducted in arid and semi-arid forest 

with hydrophobic soil (Langhans et al., 2016, Chen et al., 2013).  

A combination of single Manning’s coefficient (n=0.65) for the whole study period and 

varied Ks and G from event to event were assembled for the second round of calibration 

where porosity, pore index and initial water content were added to calibration. Soil water 

content (GWC) values varied from event to event, however appointed values of this 

parameter for each event were constrained within the range of measured GWC values (3 

to 15%) measured during the first and second year. The entire range of considered values 

for both soil porosity and distribution index (DIS) were found to be adequate in some of 

the events and changes in these two parameters only caused slight alterations in simulated 

hydrographs for most of the events (90%). 

The optimum values of parameters in the calibration were chosen by accepting the best 

fit simulation with the highest NSE as summarized in Table 5.6. The majority of events 

(~70%) obtain R2> 50% (Figure 5.5 a) and Nash-Sutcliffe (NSE) larger than zero 

indicating model predictions are more accurate than the observed mean (Figure 5.5b). 

Total runoff depth of the calibrated hydrographs was underestimated for the majority of 

the events (90%, Figure 5.5c) while peak flow was overestimated for almost 70% of the 

simulated hydrographs (Figure 5.5d). Considering all events together, high correlations 

(R2> 90%) were obtained between simulated and observed runoff depth and peakflow 

(Figure 5.5e, f).  

Optimum values of the calibrated parameters and model performance of the accepted 

hydrographs were summarized in Table 5.4. Simulated hydrographs derived from the 

optimum values of the six parameters (hydraulic conductivity, effective net capillary 

porosity, roughness, pore index and water content) were plotted against observation as 

shown in Figure 5.6. Only events with high model performance (NSE> 0.5) were 

considered for analysing scaling effects and CVKs impact on scaling. Weak model 

performance was obtained for small events with total runoff depth < 4 mm, marked with 

red X in Figure 5.6. 
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Figure 5.5 Model performance indicators: a) Coefficient of determination between 

simulated events and observations (R2), b) Nash–Sutcliffe model efficiency 

coefficients (NSE), c) Volume errors (%), d) Peak errors (%), e) Simulated total 

runoffs depth vs. observations f) Simulated peak flow vs. observed peak flow  

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwiLu736-rrYAhUKpJQKHTX3DnIQFggxMAI&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FCoefficient_of_determination&usg=AOvVaw2VQvnqD4BMMSYhXFFbNXql
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Table 5.4 Optimum values of calibrated parameters and model efficiencies  
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1 2 2 0.65 0.25 9 8.75 8.28 43.51 41.17 0.80 0.9 5.38 25.68 

2 1 4 0.15 0.30 9 0.30 0.12 13.45 5.38 0.19* 0.22 61.07 -34.94 

3 7 5 0.75 0.45 9 7.38 6.19 41.07 34.45 0.88 0.94 16.14 41.85 

4 3 6 0.4 0.30 8 1.84 1.53 22.12 18.39 0.86 0.87 16.01 -8.80 

5 3 1 0.2 0.30 8 10.99 10.44 35.33 33.56 0.5 0.61 5.06 9.33 

6 5 8 0.35 0.45 8 5.39 4.54 31.87 26.85 0.91 0.91 15.74 1.51 

7 2 8 0.75 0.50 7 3.61 2.90 39.50 31.73 0.78 0.82 19.76 5.14 

8 2 9 0.80 0.55 7 15.28 13.62 31.34 27.93 0.5 0.68 10.86 49.12 

9 2 1 0.2 0.45 7 0.71 0.64 14.98 13.50 -0.32* 0.21 9.65 21.77 

10 1 4 0.75 0.40 6 0.51 0.50 22.17 21.74 0.70 0.7 0.37 -48.49 

11 2 7 0.75 0.50 6 5.00 4.27 30.41 25.97 0.90 0.93 14.52 6.42 

12 4 3 0.75 0.20 6 0.58 0.44 14.22 10.78 0.80 0.83 23.73 -1.44 

13 1 1 0.3 0.50 6 0.92 1.01 22.60 24.82 -0.24* 0.12 -9.76 -5.04 

14 2 8 0.7 0.40 4 2.40 2.33 23.12 22.45 0.86 0.87 2.72 -4.83 

15 3 8 0.75 0.50 4 0.96 0.61 16.96 10.78 0.63 0.71 36.15 3.62 

16 2 10 0.8 0.50 3 4.06 2.42 26.55 15.83 0.63 0.67 39.55 45.16 

17 3 6 0.75 0.50 3 7.40 5.91 34.32 27.41 0.51 0.77 20.13 51.13 

18 1 8 0.75 0.40 4 0.71 0.65 14.73 13.49 0.60 0.6 6.11 -26.76 

19 3 1 0.75 0.30 6 2.47 2.00 27.97 22.65 0.74 0.76 19.18 8.23 

20 2 3 0.75 0.50 8 19.57 17.05 49.72 43.32 0.87 0.92 12.86 41.62 

21 2 3 0.75 0.10 8 1.91 1.37 22.11 15.86 0.61 0.65 28.33 6.39 

22 2 7 0.65 0.10 10 1.14 1.04 22.27 20.31 0.67 0.75 8.31 5.83 

23 2 1 0.75 0.30 10 6.42 4.96 41.00 31.67 0.82 0.88 22.72 17.13 

24 1 9 0.80 0.55 10 2.92 2.32 22.99 18.27 -4.30* 0.01 20.42 180.46 

25 1 8 0.75 0.50 10 7.96 7.89 36.77 36.44 0.71 0.78 0.92 27.01 

26 1 9 0.80 0.55 10 12.79 12.79 34.91 34.91 0.55 0.75 0.02 35.52 

27 1 3 0.75 0.40 10 1.85 1.82 24.93 24.53 0.35* 0.41 1.88 -10.35 

28 1 1 0.75 0.50 10 1.24 1.17 25.36 23.93 0.20* 0.3 5.58 31.68 

29 1 1 0.75 0.10 10 0.73 0.57 30.29 23.65 0.63 0.64 21.94 -28.23 

30 1 1 0.75 0.10 10 5.71 5.84 44.89 45.91 0.76 0.87 -2.66 36.15 

31 1 1 0.7 0.10 10 2.57 2.05 34.73 27.70 0.35* 0.45 19.97 62.71 

32 1 2 0.55 0.25 10 3.37 3.93 27.38 31.93 -0.01* 0.49 -17.13 47.39 

33 1 1 0.75 0.10 10 0.45 0.16 20.27 7.21 0.07* 0.12 64.19 -63.84 

34 2 2 0.75 0.50 10 0.64 0.57 16.45 14.65 0.77 0.78 11.02 7.34 

35 2 1 0.75 0.30 10 0.11 0.09 5.42 4.43 0.08* 0.13 18.95 -18.94 

36 1 1 0.75 0.10 10 0.41 0.07 29.08 4.96 0.05* 0.22 82.39 -72.30 

37 1 2 0.75 0.45 10 1.74 1.50 35.80 30.86 0.48 0.62 13.75 10.81 

38 1 1 0.75 0.50 10 0.56 0.56 18.30 18.30 -0.19* 0.03 -0.03 -2.45 

39 1 6 0.6 0.35 10 0.96 0.86 18.86 16.90 0.58 0.59 10.28 -4.89 

40 1 1 0.75 0.45 10 1.37 1.19 24.46 21.25 0.17* 0.29 12.76 -9.05 

41 1 3 0.25 0.40 10 1.80 1.72 18.58 17.75 0.33* 0.39 4.53 0.30 

* The closest fits were obtained by accepting runs with NSE smaller than 0.5 
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Figure 5.6 Hyetograph-hydrograph for events 1 to 6 presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak 

model performance (NSE< 0.5) marked with red X. 
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Figure 5.6 Hyetograph-hydrograph for events 7 to 12, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X. 
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Figure 5.6 Hyetograph-hydrograph for events 13 to 18, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X.  
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Figure 5.6 Hyetograph-hydrograph for events 19 to 24, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X.  
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Figure 5.6 Hyetograph-hydrograph for events 25 to 30, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X.  
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Figure 5.6 Hyetograph-hydrograph for events 31 to 36, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X.  
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Figure 5.6 Hyetograph-hydrograph for events 37 to 41, presenting all simulations (cyan 

band), optimum run (blue line) and observation (black line). Events with weak model 

performance (NSE< 0.5) marked with red X. 
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Events were then re-simulated for the 8 m plots with the parameterized CVKs. Increasing 

CVKs from zero to 0.5, 1 and 2 resulted in small to moderate systematic increases in total 

runoff depth for all events (~20% for CVKs =2) as shown in Figure 5.7 and slightly higher 

peak flow (<3%) for the majority of events (>95%). The R-Squared of the simulated 

hydrographs improved slightly (<5%) as CVKs increased.  

 

Figure 5.7 Total runoffs depth for 8 m plots from simulations with parameterized 

CVKs vs. observations. Event with NSE < 0.5 are shown in grey hollow markers 
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5.3.2 Scaling Behaviour 

To characterise the scaling behaviour captured in the model, the calibrated models from 

the 8 m plots were used to simulate runoff from the other existing plot lengths; 0.5, 4, 12 

and 16 m plots. Simulations generally resulted in underestimation of total runoff depth 

for shorter plots (0.5 and 4 m) and overestimation for longer plots (12 and 16 m) for the 

majority of events (up to 90%; Figure 5.8). Hydrographs of down-scaled runoffs for plots 

0.5 and 4 m and up-scaled runoffs for plots 12 and 16 m were plotted against observation 

and presented in Appendices 5.3, 5.4, 5.5, and 5.6. 

For completeness, the scaling behaviours were demonstrated by plotting total runoff 

depth (mm) against the associated plot length for both simulations and observations, and 

the scaling coefficients (SC1, SC2) were also calculated from these plots as defined in 

Chapter 3. As shown in Figure 5.9, the scaling effects presented by the simulations were 

much weaker than the observations and as a result, the simulated scaling coefficients 

(|SC1|, |SC2|) were underestimated considerably (10 to 20 times less) for the all events 

(Figure 5.10 a, b). 

 

Figure 5.8 Down-scaled and up-scaled simulated total runoffs vs. observations. 

Event with NSE<0.5 are shown in grey hollow markers 
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Figure 5.9 Observed and simulated runoff depths (mm) vs. plot lengths (m) for the all 41 events; events with weak model performance 

(NSE<0.5) marked with red X
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Figure 5.10 a) Observed and simulated runoffs depth scaling coefficient (|SC1|), and 

b) Observed and simulated runoff ratio scaling coefficient (|SC2|). Event with 

NSE<0.5 are shown in grey hollow markers 

The role of CVKs in capturing scaling behaviours derived from models was also investigated 

by repeating simulations with CVKs (0.5, 1, and 2). Figure 5.11 shows simulated runoff depth 

(mm) with parameterized CVKs and observations, plotted against their associated plot length 

for some events. The events in the figure were selected to have different hydrograph patterns 

from small to large duration, early and late peak, and dry to wet conditions. As shown in 

Figure 5.11, the scaling behaviour is almost completely insensitive to CVKs; SC1 changing 

by less than 3% as CVKs increase from 0 to 2.   
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Figure 5.11 simulated runoff depth (mm) from models with different CV and 

observations vs. plot lengths (m) for the selected events 
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5.4 Discussion 

The calibration outcome showed that dominant factors in controlling infiltration and 

overland flow models were parameterised properly for water repellent soil and burnt 

conditions at the study site. Model efficiencies of the optimum simulations were greater than 

50% for these events. 

From calibration output, the most influential parameters governing soil infiltration and 

infiltration-excess flow were soil hydraulic conductivity (Ks), net capillary drive (G) and 

surface roughness (Manning’s n) respectively. This was expected from theory and conforms 

to similar studies (Yatheendradas et al., 2008, Al-Qurashi et al., 2008) using KINEROS2 

model for rainfall-runoff modellings. Calibrated Ks was low (2 mm/h) for the first event and 

varied from 1 to 7 mm/h from event to event. A range value of 2 to 9 mm was found for the 

net capillary drive (G) parameter. The low values of capillary drive (G) could be result of 

the large contact angle (> 90) between liquid-solid interfaces in these water repellent soils 

(Bachmann et al., 2002, 2007).  

Hydraulic roughness was modelled with Manning’s n and Chezy (C) coefficients. In both 

cases, simulated hydrographs with higher roughness values resulted in lower errors in peak 

flow and total runoff depth. The initial roughness factor estimated based on bed particle 

sizes was an order of magnitude lower than the calibrated value. Similarly, large 

Manning’s n values compared with those based on particle sizer were found by Chen et al. 

(2013) and Langham et al. (2016) studying rainfall-runoff modelling in fire affected 

watersheds. In Chen et al. (2013), the calibrated value of Manning’s n was five times higher 

than the value based on particle size. The dynamics of the simulated hydrographs were found 

to be less sensitive to porosity, pore index and initial water content; with <5% variation in 

model efficiencies and other error indicators. 

The role of soil heterogeneity on model simulations was examined by varying CVKs (0.5, 1, 

and 2). Increasing CVKs led to a slight rise (up to 5%) in total depth and peak flow for the 

majority of the events (> 90%). This is similar to previous studies stating that ignoring spatial 

variability of soil hydraulic conductivity (Ks) results in underestimation of peak discharge 

and total hydrograph volumes at both field (Morbidelli et al., 2006a, Nahar et al., 2004) and 

watershed scales (32.2 km2, (Saghafian et al., 1995)). Model performance (R-squared) 

improved when CVKs increased from 0 to 2 for the majority of the simulated events (> 90%).  
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The scaling effects were grossly underestimated, with overestimated runoff at larger scales 

(smaller scaling effects), similar to (Lesschen et al. 2009) where soil infiltration was 

considered as the only sink (their no vegetation scenario). Scaling coefficients (SC1, SC2) 

derived from simulation presented less than 10% of the scaling coefficients from the 

observations. Scaling coefficients (|SC1|, |SC2|) obtained from simulations were 

underestimated; more than 10 times smaller than the observations.  

To examine the possible role of CVKs on scaling behaviour, the variability of soil hydraulic 

conductivity (CVKs) was varied from zero to 0.5, 1, and 2 and down and up-scaling 

simulations were repeated accounting CVKs. Simulated scaling coefficients (SC1 and SC2) 

were found insignificantly (< 3%) responsive to the systematic changes of CVKs. Given that 

in KINEROS, Ks only varies in a cross-slope direction only, the model cannot capture down 

or upslope variation of Ks along the slope. Therefore, the model was not designed to capture 

these trends and as a result accounting CVKs was not influential in capturing approximate 

scaling behaviour in the rainfall-runoff model.   
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5.5 Conclusion 

Process-based rainfall-runoff simulations were conducted using KINEROS2 to investigate 

whether a model with traditional infiltration theory coupled with overland flow hydraulics 

and temporal rainfall variations can explain the overland flow scaling effects observed on a 

dry burned hillslope. The study site is a dry eucalyptus hillslope located in West Gippsland, 

Victoria, Australia that was severely burnt by bushfire in January 2013. Soils at the site 

showed strong hydrophobicity and insignificant surface vegetation recovery during the 

study period. 

The model input data were imported from measurements of post-fire soil-surface 

characteristics and forty-one individual runoff-generating storms from rainfall-runoff 

monitoring data collected during the second year following fire (Chapter 3). Field and 

laboratory measurements of soil and surface properties were used to successfully calibrate 

for post-fire soil-surface factors in rainfall-runoff simulations for the 8 m plot length.  

The key parameters governing soil infiltration and infiltration excess flow in the model were 

soil hydraulic conductivity (Ks), net capillary drive (G) and surface roughness. Other soil 

hydraulic properties (porosity, pore index and initial water content) were less influential. 

Model performance (NSE) was above 0.5 for the majority of events (70%). Weak model 

performance was obtained for small events with total runoff depth < 4 mm. Only events with 

adequate model performance (NSE > 0.5) were considered when investigating scaling 

behaviours derived from simulations. 

Simulations with spatially uniform soils (CVKs=0) and spatially variable soils (CVKs = 0.5, 

1& 2), indicated low sensitivity to spatial variability in Ks. Scaling behaviour was 

investigated in the model by simulating runoff for 0.5, 4, 12 and 16 m plots using calibrated 

parameters from the 8 m plots. These simulations resulted in very weak scaling behaviour. 

Underestimated scaling coefficients (|SC1|, |SC2|) derived from simulations further indicates 

weak demonstration of scaling behaviours by the rainfall-runoff model. The simulated 

scaling behaviour did not improve when variability in soil hydraulic conductivity (CVKs) 

was included in the model; with only slight changes in simulated scaling coefficients (<3%). 

Together, these results suggest that models with traditional infiltration coupled with runon 

process and rainfall temporal variability cannot explain the observed scaling behaviour, even 

where spatially variability of soil hydraulic conductivity (CVKs) is considered.  
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Chapter 6: Macropore flow Measurement and Modelling and 

Its Implication in Capturing Runoff Scaling Behaviour  

Abstract 

A set of experiments were conducted to measure vertical pathways of activated macropores, 

soil water repellency and water content from the edge of hillslope downwards. A Brilliant 

Blue dye tracer experiment, measurements of water repellency under field conditions and 

measurements of soil water content were conducted across one meter transects from top 

edge to the bottom of the two 16 m runoff plots. The experiments involved destructive 

sampling of the runoff plots and therefore was carried out only once at the end of the rainfall-

runoff monitoring period; the second year following fire. The motivation for conducting 

these experiments was the observed dramatic reduction of runoff volume per unit length 

(L/m) from the 16m plots.  

Two hypotheses were developed to explain runoff scaling behaviour and the dramatic 

reduction of runoff volume per unit length (L/m) from the 16m plots, compared with the 

shorter plots; Hypothesis I - soil infiltration increases from the hillslope edge towards the 

downhill due to increased soil moisture and weaker water repellency with distance from the 

top of the plot, Hypothesis II - increased infiltration occurs due to greater runoff depth 

exceeding macropore entry pressure thereby activating macropore flow.  

The experimental results were used to investigate the hypothesis I. A tracer experiment using 

Brilliant Blue dye showed no increasing trend in macropore activation and breakthroughs 

down the plots. Soil water repellency and water content measurements showed no systematic 

evidence of infiltration increases with distance downslope, and thereby did not support the 

Hypothesis I. 

To test the Hypothesis II, a model was developed to simulate macropore flow in relation to 

runoff depth. The model consists of i) macropore network generator using Shuffled Complex 

Evolution (SCE) algorithm, ii) macropore filling (Macfilling) when runoff depth exceeded the 

entry pressure head of the individual pores based on the Young–Laplace and Bernoulli 

equations, and iii) gravity‐driven vertical flow (Macseeping) from fully saturated macropores 

to the underneath soil based on Darcy’s Law. The point-scale macropore model was coupled 

with KINEROS2 overland flow model. The model input data was from measurements partly 

https://en.wikipedia.org/wiki/Young%E2%80%93Laplace_equation
https://en.wikipedia.org/wiki/Young%E2%80%93Laplace_equation
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done in this study and partly collected from the previous similar studies (Beven and 

Germann, 2013, Nyman et al., 2010, Van der Sant et al., 2018).  

Rainfall-runoff models with and without macropore flow application were used to simulate 

runoff at 0.5, 4, 8, 12 and 16 m plot lengths. Simulated runoff without macropore flow 

exhibited overestimated peakflows and total runoff for all events. These trends were 

pronounced more in longer plot lengths. Models with macropore flow calculations obtained 

a better agreement to observations for both total flow and peak flow with high model 

performance. The proportion of macropore flow increased with plot lengths for models with 

macropore flow.  

The simulated scaling effects from models with and without macropore flow simulation 

were obtained and plotted against the observations. Simulations with macropore flow 

obtained a better predictions of overland flow scaling behaviour, but still 2.5 times higher. 

The assumptions made for macropores network and geometry may contribute to the model 

uncertainty causing errors in the simulation results. The macropore network for different 

plot length was generated with no connection between macropores. However, actual 

macropore geometry and flow in natural soil rarely correspond to the assumed geometry. 

The impact of soil internal air entrapment under ponding condition and lateral preferential 

flow were also ignored in the macropore flow simulations. 

In summary, results from runoff-rainfall simulations with macropore flow application 

showed that macropore flow partly demonstrates runoff scaling behaviours in water 

repellent soil where infiltration mostly occurs through macropores and preferential flow. 

This conclusion supports Hypothesis II stating higher macropore flow is obtained where 

runoff depth provides pressure entry, and subsequently results in higher macropores flow 

with distance downslope.   
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6.1 Introduction 

Ponded infiltration and macropore flow are found to be dominant factors in controlling 

vertical preferential flow through water repellent soil (Nyman et al., 2010, Jarvis et al., 2008, 

Stoof et al., 2014a, Nyman et al., 2014, Nimmo, 2012, Hardie et al., 2013, Granged et al., 

2011) Studies in S.E. Australian forests (Nyman et al., 2010, Nyman et al., 2014), Portugal  

and Spain (Granged et al., 2011) showed that fire-induced soil infiltration and surface runoff 

response are strongly influenced by preferential flow paths through activated macropores. 

For example, (Nyman et al., 2010) showed macropores control field-saturated and ponded 

hydraulic conductivity up to 95% while just includes small portion (<5%) of the whole 

volume of post-fire hydrophobic soil. (Stoof et al., 2014a) studied fire-induced finger flow 

in burnt soils and found that finger flows were more distinct, wetter, and slightly narrower 

compared with unburned soil in north-central Portugal. Therefore, a deeper flow downslope 

results in higher positive pore pressures, overcoming the water repellence of the soil and 

increasing macropore flow in the water repellent layer. This layer then becomes less 

repellent, resulting in higher infiltration in the following rainfall events, which in turn 

reduces the water repellence (Ritsema et al., 2001). 

Flow in a macropore initiates when its water-entry pressure is satisfied by water pressure. 

This is directly related to contact angle between soil-water and water surface tension while 

inversely proportional to macropores radius as expressed in the Laplace equation (Beven 

and Germann, 2013, Podgorney and Fairley, 2008, Jarvis et al., 2008). Soil water repellecny 

elevates macropores pressure entry by increasing contact angle between water and soil 

surface (Bauters et al., 1998). For strongly water repellent soil, measured contact angle is 

above 90 degrees (Letey et al., 2000, Leelamanie et al., 2008). Darcy’s law was used 

previously to model gravity driven (vertical) flow movement from fully saturated 

macropores when the depth of runoff overcomes capillary force of the saturated pore in 

unsaturated water repellent soil (Podgorney and Fairley, 2008, Hardie et al., 2013, Nimmo, 

2012, Buttle and House, 1997). The method was found acceptable as an empirical model 

despite simplifying assumption (Jarvis et al., 2008). 

Applying blue dye tracer followed by excavation has provided high quality images of flow 

pathways, activated macroporosity and patchiness in both vertical and horizontal levels of 

hydrophobic soil suggesting pores with equivalent diameters larger than 0.3-20 mm can 

allow rapid flow (Flury and Flühler, 1995, Flury and Flühler, 1994, Beven and Germann, 

2013, Jarvis et al., 2008, Beven and Germann, 1982, Müller et al., 2018). Computed 
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tomography (CT) X-ray scanning images showed macropore structure as a complex network 

with a power law distribution of the number of pores against soil pore size (Samec et al., 

2013, Sammartino et al., 2015, Robinet et al., 2012).  

Runoff volume per unit width (L/m) at 0.5, 4, 8, 12 and 16 m plots was calculated for the 

whole study period as explained in Chapter 3. As presented in Figure 3.16c, total runoff 

volume per unit width (L/m) increases with plot lengths from 0.5 to 12 m plots and then 

decreases significantly for the 16 m plots. Given the unexpected decline in runoff volume 

per width (L/m) for the 16m plots, the quality of the data was investigated carefully, and no 

measurement error was detected. Runoff behaviour was consistent between the two 16 m 

replicate plots. Less runoff volume per width (L/m) for the longest plot was also observed 

in (Sheridan et al., 2014) and (Lal, 1983), who also measured overland flow scaling across 

different plot lengths.  

The following two hypotheses were developed to explain the dramatic reduction of runoff 

volume per unit length (L/m) from the 16m plots, compared with the shorter plots: 

Hypothesis I: Changes in soil infiltration rate with distance from the hillslope crest 

due to reduced soil water repellency and higher water content with distance from 

downslope. 

Hypothesis II: Increasing runoff depth leads to macropores entry pressure being 

exceeded, activating macropore flow, and subsequently causing runoff scaling 

effects. 

6.2 Methodology 

6.2.1 Field and Laboratory Measurements 

To examine Hypothesis I, a set of experiments were designed to measure vertical flow 

pathways of activated macropores (Bouma et al., 1981), actual water repellency content 

under field conditions (Dekker and Ritsema, 1994), and soil water content across the 16 m 

plots on one occasion at the end of the second year following fire (2014-2015). Two lines, 

perpendicular to the hillslope contours (redline shown in Figure 6.1) were chosen passing 

through both 16 m runoff plots from uphill to downhill. Sixteen parallel transects were 

appointed across the intersects within each plot perpendicular to the slope. Blue dye 

experiment was conducted across these transects. Soil samples for laboratory measurement 
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of soil water content were collected from the intact corner of these transects opposite to the 

trenches dug for water repellency test (Figure 6.1). 

The blue dye experiment was designed to investigate vertical patterns of macropores 

population, distribution and breakthroughs within 10 cm depth across each transect. Brilliant 

Blue FCF dye powder that has a relatively low toxicity, (Germán-Heins and Flury, 2000, 

Flury and Flühler, 1995) was used to trace preferential flow paths during infiltration (Müller 

et al., 2018, Allaire-Leung et al., 2000) by measuring the area and patterns of stained from 

unstained soil patches across the soil profile (Persson, 2005).  

Uniform dilution of > 4 grams blue dye per one litre water is required to obtain visible blue 

stains in soil profile (Anderson et al., 2008, Weiler and Flühler, 2004, Germán-Heins and 

Flury, 2000). Solution of 960 grams of Brilliant Blue FCF dye powder in 10 litre water was 

prepared in laboratory from which 400 millilitres was diluted with 10 litre water at the field. 

Prior to blue dye application, surface litter and vegetation were removed without disturbing 

the soil surface. Watering can (capacity 9 L) with rose nozzles (Figure 2) was used to pour 

diluted dye mixture (4 gr/lit) until ponding occurs on the transect and then left to drain 

overnight (24 hours).  

A vertical soil face was excavated the day after applying blue dye, using a mattock and 

shovel, and then cleaned by hand scraper and brush to expose the top 10 cm of the soil 

profile. Manual measurement of activated pores was conducted using a measuring tape at 

the bottom section of the cuts and a fold-up ruler. Breakthroughs / finger flows were defined 

where blue dye stains exceeded beneath 10 mm vertical soil profile. Depth of dye penetration 

and presence/absence of finger flow was recorded along the transect (Figure 6.3). The 

exposed soil profile was also photographed to enable estimation of the extent and percentage 

coverage of blue dye stains using digital image processing. This provided an estimate of the 

total area of the activated pores (wetted area) within the upper 10 cm soil layer. 

https://www.degruyter.com/downloadpdf/j/forj.2017.63.issue-2-3/forj-2017-0020/forj-2017-0020.xml
https://www.degruyter.com/downloadpdf/j/forj.2017.63.issue-2-3/forj-2017-0020/forj-2017-0020.xml
https://www.degruyter.com/downloadpdf/j/forj.2017.63.issue-2-3/forj-2017-0020/forj-2017-0020.xml
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Figure 6.1 Experiment design and sample collections 

 

 

Figure 6.2 Applying blue dye solution across the transects 
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Figure 6.3 Manual measurements of preferential flow path and wetted area within 

vertical soil profile 

Actual soil water repellency was measured under field conditions, in situ at 1 cm depth 

intervals from 0-3 cm depth along a small trench  transect similar to the method outlined in 

(Van der Sant, 2016) and (Cawson et al., 2012). The water drop penetration time (WDPT) 

method was used to measure water repellency (McDonald et al., 1998). The trenches were 

dug at the upper edge of the blue dye transects, opposite to the locations that soil samples 

were collected for gravimetric water content measurements (Figure 6.1). Critical surface 

tension (CST) was calculated from both the water drop penetration test (Letey et al., 2000) 

and 2 M ethanol test (McDonald et al., 1998) to measure water repellency as a function of 

soil depth, average and proportions of repellent and non-repellent soil. Actual water 

repellency was classified into three levels based on (McDonald et al., 1998): 

1. Non-repellent: water is absorbed into the soil in 10 seconds or less  

2. Repellent: water is absorbed in >10 seconds and 2 Molar ethanol is absorbed in <10 

seconds 

3. Strongly repellent: 2 Molar ethanol is absorbed in >10 seconds 
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To measure soil water content, soil samples were collected from 10 cm soil depth at the 

upper corners of the transects, opposite to the trenches dug for water repellency test, and 

then transported to the laboratory in sealed plastic bags. These samples were weighed before 

and after being oven dried at 105°C for 24 hours. The gravimetric water content (GWC) was 

calculated based on the method outlined in (Gregorich and Carter, 2007): 

Eq 6.1  𝐺𝑊𝐶(%) = (
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
) × 100 

where mwet is mass of soil before being dried, mdry is mass of soil after being oven dried. 

During the first year following fire, (Van der Sant, 2016) conducted both field-based and 

laboratory measurements to investigate soil hydraulic properties, water repellency and 

macropore flow paths at the study site. Soil hydraulic properties were studied by taking soil 

samples to a depth of 10 cm along transects, adjacent to the 8 m runoff plots. The laboratory 

measurements of these samples included soil texture, porosity, bulk density, air 

dry/background water repellency, and saturated hydraulic conductivity to a depth of 10 cm 

(Table 6.1).  

Field-based measurements of soil water repellency were also carried out under field 

condition on six separate occasions during the first year after fire; from early October 2013 

to March 2014. (Van der Sant, 2016) conducted similar blue dye experiment to measure 

horizontal distribution of macropores and infiltration patterns at 3 cm, 5 cm, and 10 cm 

depths. 

Table 6.1 Soil hydraulic properties measurement from (Van der Sant, 2016) 

 

 

Soil property Measurement method Result 

Soil hydraulic 
conductivity (Ks) 

Tension infltrometer 39.5 mm/h (SD: 30.8, n: 4) 

ponded infltrometer 74.1 mm/h (SD: 40.4, n: 2) 

Soil texture and 
particle size 

Sieving and particle size analyser 
15% Clay, 44% Silt, 41% Sand 
Course fraction (>2 mm) 45% 

Texture triangle class ( USDA) Silty loam 

Porosity Tension table 
0.385 (SD 0.04, n =3) corrected for gravel 
(porosity of <2mm fraction) 

Gravimetric Soil 
Water Content 

Oven drying Average 5.1% (SD: 3.8, n: 52) 

Potential Soil 
Water Repellency  

Critical Surface Tension 
Average Air-dry CST 60.3 mN/m2 (SD: 
13.0, n: 24) 

Bulk density  
Total 1.19 g/cm3 (SD: 0.08, n: 9) 

Fine fraction (<2 mm) (gravel corrected) 0.86 g/cm3 (SD: 0.46, n: 9) 

*SD: Standard deviation, CST: Critical Surface Tension (mN/m2) 

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj_0um9_c_bAhUIObwKHZHWAfwQFggpMAA&url=https%3A%2F%2Fwww.nrcs.usda.gov%2Fwps%2Fportal%2Fnrcs%2Fdetail%2Fsoils%2Fsurvey%2F%3Fcid%3Dnrcs142p2_054167&usg=AOvVaw0e_-BM9z_zmQNCX3aYApVw
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6.2.2 Pore-scale Flow Modelling  

To test Hypothesis II, a pore-scale model was built to simulate macropore flow in water 

repellent soil layer. Macropore flow was modelled based on pressure entry of the existing 

pores in relation to the runoff depth at the point, that are exceeded more frequently with 

distance downslope due to increasing runoff depths. Therefore, longer plots should have 

higher macropore flow during longer events that explains higher scaling coefficients for 

these events. 

A conceptualization of flow patterns in soils with water repellent top layer was shaped based 

on observations of the activated macropores, breakthroughs (finger flow) in this study and 

similar studies (Nyman et al., 2010, Ritsema and Dekker, 1995, Wessolek et al., 2009, 

Nyman et al., 2014). In this model, infiltration in water repellent soils happens in four 

different stages as followed (Figure 6.4):  

i) Pre-ponding stage when only Ks contributes to infiltration; f(t)=Ks  

ii) Filling stage during ponding when runoff depth overcomes pressure entry of 

pores and macropores filling takes place; f(t)= Ks+ Macfilling 

iii) Seeping stage when macropores are full of water and a continuous flow initiates 

from pores to underneath non-water repellent soil while filling continues for 

pores that their pressure entry is satisfied; f(t)= Ks+ Macfilling + Macseeping 

iv) Seeping continues as long as rain continues when all pores are filled; f(t)= Ks+ 

Macseeping  

Figure 6.5 shows conceptual scheme of macropore flow simulation coupled with 

traditional rainfall-runoff model 
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Figure 6.4 Schematic representation of four-stage infiltration in a soil with a water-

repellent toplayer modified from (Tofteng et al., 2002, Podgorney and Fairley, 2008) 

 
Figure 6.5 Conceptual scheme of macropore flow simulation coupled with traditional 

rainfall-runoff model 
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6.2.3 Macropore Flow Model Coupled with KINEROS Rainfall-Runoff Model 

The rainfall-runoff simulations were set in three minutes time intervals and at each time 

interval, below steps were conducted: 

• Pre-ponding stage: 

- Only matrix infiltration occurs during pre-ponding stage which was simulated by 

matrix infiltration modelling approach. 

• Macropore flow after runoff initiation 

- When runoff initiation occurs at a time interval, depth of water at each pore was 

calculated based on their location within the plot.  

- Macropore filling was calculated based on pressure entry of the individual pores 

in relation to flow depth, if satisfied then filling process took place.  

- The total amount of water filling pores was deducted from the initial runoff 

discharge at the time interval. 

- At the next time interval, if pores were already filled from the previous time 

intervals and water depth pressure was available at the pore, then discharge from 

the pores would take place. 

• Macropores seeping flow 

- Total amount of water flowing from pores to below mineral soil was deducted 

from the initial runoff discharge at the time interval. 

- Macropore Network Generation 

A macropore network was generated with pores conceptualised as permeable capillary pipes 

with variable diameters and no connection between pores. Pore diameters, depth and their 

distributions across the plot plane were obtained from classical power law distributions 

(Samec et al., 2013, Nimmo, 2004) where smaller pores obtained smaller depth and higher 

populations. Two assumptions were made in building the macropore network: 

- Generated macropores are assumed to have static characteristics and their population 

remains constant during simulation.  

- Generated macropores are assumed to behave independently from each other and 

individually drain to the underneath mineral soil. 

Shuffled Complex Evolution (SCE) optimization algorithm was used to generate a random 

set of individual pores distributed in all direction within the feasible space. SPOTPY-

Statistical Parameter Optimization Tool, (Houska et al., 2015), an open source python 

package has been used for SCE algorithm based Griewank function ((Griewank, 1981)- 

Appendix 6.1).  
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There were major regions of attraction into which an optimization search strategy needed 

convergence. If any of the convergence criteria is satisfied, the process is terminated.  These 

regions are radius, depth, and distribution of macropores in water repellent soils obtained 

from measurements in both laboratory (Nyman et al., 2010, Sammartino et al., 2012, 

Sammartino et al., 2015, Jarvis, 2007, Allaire et al., 2009, Zhang et al., 2016) and field-

based experiments (Nyquist et al., 2018, Jarvis et al., 2008, Weiler and Flühler, 2004, Beven 

and Germann, 2013, Flühler et al., 1996, Anderson et al., 2008, Jarvis, 2007, Ritsema and 

Dekker, 1995).These major regions of attraction for optimization searches are as follow: 

- Macropores with equivalent radius ranged from 0.5 to 10 mm to allow rapid flow 

(Beven and Germann, 1982, Jarvis, 2007). 

- Macropores with equivalent depth ranged from 10 to 100 mm.  

- Macropores distribution based on classical power law distributions; possibility of 

having pores with smaller radius and shorter depth was much higher than larger pores 

based on previous laboratory measurement (Samec et al., 2013, Nimmo, 2004, 

Beven and Germann, 1982). 

- Total macropores volume was assumed to be approximately 5% of the total volume 

of 10 cm topsoil layer based on laboratory measurement undertaken by (Nyman et 

al., 2010) for dry eucalyptus burned site with strong water repellent soil. 

The steps in SCE algorithms for pores network optimization is given below: 

1) Generate N number of points randomly placed in the given space representing 

macropores.  

2) Give a certain diameter to each generated point within a given range. The diameter 

of the points from the complexes are combined into a single sample population. 

3) Give a certain depth to each generated point within a given range. The pores depth 

from the complexes are combined into a single sample population. 

4) Use SCE optimisation to populate macropores network within a certain range of 

depth and radios.  

a. Total volume of generated pores is less than 5% of total volume of 10 cm 

topsoil and, 

b. Pores radius size and depth distribution follows power law distribution 

Source python code functions used for the macropore network generation are presented in 

Appendix 6.2.  

- Pre-ponding infiltration 

The Green-Ampt relation with spatially uniform soil properties was assumed for 

estimating the infiltration pattern during the pre-ponding period. The KINEROS2 event-

based rainfall-runoff model (Chapter 5) was used to solve infiltration model derived from 
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(Parlange and Haverkamp, 1989) and a kinematic wave solution represented sheet flow as 

a one-dimensional laminar flow:  

Eq 6.2  Q =∝ hm 

Eq 6.3  ∝= 1.49
S

1
2

n
 and m =

5

3
 for Manning hydraulic resistance law 

Eq 6.4  ∝= CS
1

2 and m = 3/2 for Chezy law 

where Q is discharge per unit width, h is depth of water per unit area, and m are parameters 

related to slope, friction slope (Sf=h.f/L) equal to hillslope gradient (S0, bed slope) for 

laminar flow, C is Chezy friction coefficient, and n is manning coefficient. Source python 

code for pre-ponding infiltration is presented in Appendix 6.3. 

- Macropore Filling 

Macropore filling (Macfiling) starts when the entry pressure (Pe) of the individual pore is 

satisfied by flow depth (Young–Laplace equation).  

Eq 6.5  𝑃𝑒 = ℎ𝜌𝑔 =
−2𝜎𝐶𝑜𝑠𝛼

𝑟
 → ℎ =

2𝜎𝐶𝑜𝑠𝛼

𝑟𝜌𝑔
 

where ρ is the liquid density for water (997 kg/m3), ɡ is acceleration due to gravity (9.8 

m/s), h is the hydraulic head (m), r is the pore radius (m), 𝜎 is the surface tension (mN/m) 

obtained, α is contact angle between water and soil. 

Soil water repellency controls water-entry pressure by increasing the contact angle between 

water and soil surface (Bauters et al., 1998). The contact angle was calculated from (Carrillo 

et al., 1999) as a function of critical surface tension from the Molarity of an ethanol droplet 

(MED) test (Doerr, 1998) used for water repellency measurement. This method has been 

found to be suitable for strongly water repellent soil with contact angle > 90 (Letey et al., 

2000, Leelamanie et al., 2008).  

Eq 6.6  𝐶𝑜𝑠𝛼 = (
γ90°

γ𝑤
)0.5 − 1 

where γW is the water–air surface tension (mN/m), γ90 is the water–air surface tension at 

which the contact angle made on the soil is 90° (47.1 mN/ m) from (Moody and Schlossberg, 

2010). Source Python code for Pressure Entry calculation at Individual Pores is presented in 

Appendix 6.4. 

For each single pore, water pressure at the point (Px) is comparable to the pore’s pressure 

entry (Pe). If Px ≥Pe, the pore would either fill up or remain empty. Water pressure on 

https://en.wikipedia.org/wiki/Young%E2%80%93Laplace_equation
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individual pores (Px) is calculated in relation to distance of the pore to ∆P at the outlet as 

shown in Figure 6.6.  

 

Figure 6.6 Bernoulli equation across plots with different length 

Eq 6.7  
1

2
𝜌𝑉0

2 + 𝜌𝑔ℎ0 + 𝑃0 =
1

2
𝜌𝑉1

2 + 𝜌𝑔ℎ1 + 𝑃1 

Eq 6.8  ∆𝑃 = 𝜌(𝑔∆ℎ +
1

2
(𝑉1

2 − 𝑉0
2)) 𝑜𝑟 ∆𝑃 = 𝜌(𝑔∆ℎ +

1

2
(𝑄/𝐴𝑟𝑒𝑎)^2) 

Eq 6.9  𝑃𝑥 =  ∆𝑃(
𝐿𝑥

𝑃𝑙𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
) (N/m2) 

where ∆P is pressure gradient between two ends of the plot length (N/m2), ɡ is acceleration 

due to gravity (9.8 m/s2), Q is simulated flow (m3/s), ρ is the liquid density for water (997 

kg/m3), and V is velocity (m/s). Python source code used for macropores filling module is 

presented in Appendix 6.5. 
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- Macropore Seeping 

Gravity‐driven (vertical) flow in activated macropores was modelled to happen only from 

fully saturated macropores when the depth of runoff overcomes capillary force of the 

saturated pore in unsaturated water repellent soil (Podgorney and Fairley, 2008, Nimmo, 

2012). Darcy Law was assumed to calculate vertical flow passing through cylindrical-shaped 

pores similar to (Podgorney and Fairley, 2008). From Darcy Law, saturated hydraulic 

conductivity of macropores is obtained from vertical flow exiting the saturated macropores 

(Kseeping) in relation to runoff depth (h) similar to the method was outlined (Hardie et al., 

2013, Buttle and House, 1997). The impact of soil internal air pressure (air entrapment) 

under ponding condition and lateral preferential flow at the interface between water repellent 

soil layer and the mineral layer beneath (Stoof et al., 2014a, Gerke et al., 2010, Gerke et al., 

2015) were ignored in this model. 

Eq 6.10  𝑄𝑠𝑝𝑖𝑙𝑙𝑖𝑛𝑔 = 𝐴𝑉 =  
𝜋𝑟2𝐿

𝑡
𝐾𝑠𝑝𝑖𝑙𝑙𝑖𝑛𝑔 = 𝑄∆𝑍/𝐴ℎ 

where Qseeping (m3/s) is vertical flow in pores network, Kseeping (m/s) saturated hydraulic 

conductivity of macropores, ∆Z is the length of the water repellent soil (m), L is depth of  

pore, t is time interval (3 minutes), A is surface area (m2), h is applied hydraulic head (m) 

by runoff depth. Python source code used for macropores seeping module is presented in 

Appendix 6.6. 

6.2.4 Scaling in Runoff Simulations with Macropore flow 

Rainfall-runoff model parameters were calibrated for the shortest plot lengths (0.5 m) 

assuming zero macropore flow and thereby assumed matrix infiltration properties were 

obtained. The calibrated parameters from the shortest plot length then used to simulate 

runoff from 0.5, 4, 8, 12 and 16 m length plots. Two sets of simulations were conducted 

assuming: a) only matrix infiltration, and b) matrix infiltration plus macropore flow. The 

scaling behaviour from these simulations were then plotted against those from the 

observations to determine whether macropore flow could explain the overland flow scaling 

effects.  
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6.3 Result 

6.3.1 Experiment 

Image processing of the photographed blue dye stains on the excavated soil profiles provided 

an estimate of the total area of the activated pores (wetted area) within the upper 10 cm soil 

layer. The results of the photographed soil profiles showed that the percentage of the blue 

dyed area on the vertical soil profile fluctuated between 9 and 32%, with average values of 

17% (std=6, n=16) and 15% (std=4, n=16) for 16 m plots. No trend was found in the 

proportion of dyed areas from top to down the plots (Figure 6.7). Previous blue dye 

measurements conducted by (Van der Sant, 2016) at the site during the first year following 

fire showed that the proportion of active infiltration regions (blue dyed areas) of the 

horizontal soil profiles (50 x 50 cm) was 36.1%. 

On average, 1.46 breakthroughs were observed at each transect across plots, mostly in the 

lower transects. The depth of breakthroughs varied between 12 to 70 mm following no trend 

down the plots (Figure 6.8 a, b).  

 

Figure 6.7 Area of blue dyed soil as a proportion of the total area of the vertical soil 

profile 
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Figure 6.8 a) The number of breakthroughs observed within each transect, b) 

Average depth of breakthroughs at each transect 

Field-based investigation was conducted to examine the possibility of infiltration toward the 

transects’ edges. Blue dye proportions were investigated from the centre of the transects 

towards the both edges to observe the propensity of higher blue dye patterns towards the 

plots’ side as sign of seepage from these areas. No increase pattern of blue dye stains was 

found to prove infiltration increase from the centre of 16 m plots towards the edges. 

Figure 6.9 shows water repellence at the depth of 1, 2 and 3 cm of the vertical soil profile 

categories based on (Leighton-Boyce et al., 2005). As shown in the Figure, the mineral soil 

at the ground surface is not hydrophobic but it becomes strongly repellent at depths of 1, 2 

and 3 cm for more than 50% of the tested area. The measurements also show that Plot no.1 

is more water repellent in the downhill sections while Plot no.2 obtains strong water 

repellency in the uphill transects.   

Figure 6.10 demonstrates laboratory measurements of water repellency strength from the 

ground surface to the depth of 10 cm during the first year (Van der Sant, 2016), and field-

based measurement within 4 cm soil profile conducted at the end of the second year. Both 

the field-based and laboratory measurements showed that the strength of hydrophobicity 

steadily weakened from 4 cm depth downward, becoming non-repellent below 8 cm.  
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Figure 6.9 Soil water repellency measurements within 3 cm depth  with categories 

from (Leighton-Boyce et al., 2005) 

 

Figure 6.10 Field based and laboratory measurement of water repellency within 10 

cm soil profile, during the first year following fire (Van der Sant, 2016) and at the 

end of the second year. Corresponding CST values for water repellency categories; 

Non-repellent > 72 mN/m2, Repellent 72-45 mN/m2, Strongly Repellent <45 mN/m2 

from (Leighton-Boyce et al., 2005) 
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Gravimetric water content (GWC) of the soil samples, collected from 10 cm top-soil layer 

at the adjacent of each transect is between 7 and 17%, with the mean value of ~11% (std= 

6, n= 16). As shown in Figure 6.11, lower GWC was found within the bottom half of 

transects with moderate R-squared (R2~0.30) between soil GWC and distance down the 

plots. 

Combining the data from the first (Van der Sant, 2016) and second (this study) years after 

the fire, a negative relationship was obtained between soil water content and soil water 

repellency averaged across the study area (Figure 6.12). For example, a 20% increase was 

observed in the proportional occurrence of strong water repellence when gravimetric water 

content decreased from 8 % to 4 % in the summer of 2014 (326 days since fire). Similar 

studies in dry eucalyptus forest have indicated that the degree of water repellency is 

negatively related to soil water content and probably disappears at saturation point (Sheridan 

et al., 2007, Nyman et al., 2010, Nyman et al., 2014). Monitoring seasonal water repellency 

showed a continuation of strong water repellency during the first winter following fire. This 

indicates fire-induced water repellency did not follow the seasonal oscillations typical of 

naturally water-repellent soil in which hydrophobicity breaks down in winter and forms 

during spring and summer. A similar trend has been observed by (Sheridan et al., 2007), 

who showed continuous water repellency which resulted in higher rates of runoff in the first 

winter following fire. 

As discussed above, weaker soil hydrophobicity was observed to be associated with higher 

GWC. Thus, a higher proportion of blue dyed soil; representing higher infiltration was 

expected for those transects with higher water content (GWC). However, comparing soil 

water content and proportion of blue dyed areas shows no correlation between soil water 

content and proportion of blue dyed areas in this study (Figure 6.13). 
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Figure 6.11 Gravimetric water content (GWC %) 

 

Figure 6.12 Proportional of water repellence strength and gravimetric soil water 

content measured on the six occasions during the first year following fire by Van der 

Sant (2016) and once at the end of the second year in this study 



 
 

143 
 

 
Figure 6.13 Soil water content vs. blue dyed proportion areas  

6.3.2 Macropores Network Model 

Macropores network was generated for 0.5, 4, 8, 12 and 16 m plot lengths with help of 

Shuffled Complex Evolution (SCE) algorithm based on Griewank function (Griewank, 

1981). A SCE search model was conducted to optimise pores population with a certain range 

of depth and radios while obtaining certain proportion of total soil volume and certain 

proportion of soil surface area, randomly distributed within the plot (6.15).  

Input data for modelling pores network was obtained from measurements partly done in this 

study and partly collected from previous similar studies (Van der Sant et al., 2018, Nyman 

et al., 2010). Pores are considered as individual tubes with various radius in a range of 0.5-

10 mm plus, responsible for quick macrospores flow (Beven and Germann, 1982). Depth of 

the generated pores are in range of 15 to 50 mm in accordance to the depth of stained soil 

and breakthroughs. The total volume of pores at depth of 10cm soil is around 5% (±0.5) or 

under and the total pores area is less than 15% of the plot area. Summary of the generated 

pores for different plot lengths are in Table 6.2. The search model was to converge small 

radius with shorter depth. Figure 6.14 shows probability distribution of pores’ radius in one 

square metre area generated by SCE, Griewank function. As shown in the Figure, the 

majority of generated macropores (>75%) have radius under 2 mm. 
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Table 6.2 Pores generation for different plot length 

Plot Area Radius Depth 
Population 

Volume 
Proportional Area 

(Pores / Plot) 

Proportional 
Volume (Pores/ 
Total Soil at 10 

cm depth) 

m2 mm Litre % 

0.5x0.45 

0.5 – 20 15 – 70 

4080 1.15 12.8 5.11 

1x1 12150 4.06 9.7 4.06 

4x1.5 31680 37.28 11.74 5.07 

8x1.5 62937 56.12 15.04 4.90 

12x1.5 86256 96.95 10.35 5.01 

16x1.1 98128 94.42 12.52 5.10 

 

 

Figure 6.14 PDF of macropores’ radius and depth sizes in one square metre area 

generated by SCE, Griewank function 

 
Figure 6. 15 Pores coordinates (x, y) within 1x1 m plot  
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6.3.3 Runoff Simulations with Macropore flow 

Forty-one rainfall-runoff events were selected from the data collected during the second year 

following fire. The KINEROS2 model was used to simulate overland flow at the shortest 

plot lengths plot length (0.5 m) based on matrix soil infiltration, assuming no macropore 

flow. Calibrated soil-surface parameters are obtained with the same method described in 

Chapter 5 and summarised in Table 6.3. Soil moisture were varied from 3 to 10%. 

Table 6.4 presents a summary of calibrated parameters for runoff simulation at the shortest 

plot.  

Table 6.3 Summary of calibrated Soil parameters for runoff simulation 
 

Parameter Symbol Units Value Source 

Effective net capillary 

drive 

G mm 5 G for Silt loam soil from Kineros2 

table 

Hydraulic 
Conductivity 

Ks mm/h 0.5 Obtained from model calibration 

Variation of Ks CV -- 0 Assuming hydraulic conductivity did 
not change during the event 

Soil layer thickness Th mm 80 Field observation 

Pore size distribution 
index (DIST) 

λ  0.6 Laboratory measurement (varied in 
range of 0.15-0.65) 

Porosity θ -- 0.5 Laboratory analysis (varied in range of 
0.25-0.35) 

Rock Ro  0 Laboratory measurement (<0.46%) 

Slope factor sl degree 27 Field observation 

Interception depth i  1 Water storage capacity in burned layer 

Canopy coverage p  1 100% coverage of woody burned layer  

Manning’s coefficient n sm-1/3 0.065 Hydraulic roughness based on particle 
size 

Relief 
(microtopography) 

re mm 3 Field observation 

Relief spacing Rs m 0.05 Field observation 
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Table 6.4 Runoff simulations versus observations and model efficiencies 

E
ve

n
t n

o
. 

S
o

il M
o

istu
re

 

(G
W

C
) 

Total runoff depth 
(mm) 

N
S

E
 

R
2 

O
b

se
rva

tio
n

 

S
im

u
la

tio
n

  

1 9 16.09 16.02 0.80 0.82 

2 9 0.79 0.62 0.20 0.17 

3 9 6.51 9.24 -0.95 0.53 

4 8 0.64 2.51 -5.94 0.00 

5 8 29.07 25.42 0.48 0.56 

6 8 10.84 13.07 0.5 0.84 

7 7 6.69 7.55 0.74 0.72 

8 7 37.78 33.57 -0.16 0.31 

9 7 2.12 2.82 0.48 0.55 

10 6 1.79 1.59 0.88 0.92 

11 6 11.49 11.45 0.82 0.85 

12 6 2.07 2.31 0.47 0.73 

13 6 2.95 2.29 0.44 0.51 

14 4 5.77 8.25 0.26 0.61 

15 4 2.81 4.21 0.28 0.68 

16 3 9.23 10.58 0.07 0.39 

17 3 12.52 14.10 -0.49 0.33 

18 4 2.12 2.87 -1.41 0.06 

19 6 5.94 5.79 0.64 0.64 

20 8 32.23 32.34 0.72 0.78 

21 8 6.49 4.97 0.82 0.22 

22 10 4.03 3.17 0.63 0.18 

23 10 13.47 11.23 0.34 0.56 

24 10 8.39 7.39 -8.52 0.06 

25 10 15.83 14.65 -0.08 0.39 

26 10 22.28 23.75 0.14 0.54 

27 10 5.24 3.25 0.22 0.25 

28 10 4.38 2.54 -1.35 0.13 

29 10 1.82 1.21 0.03 0.40 

30 10 8.72 8.37 0.74 0.73 

31 10 5.73 4.00 -0.34 0.26 

32 10 8.99 7.68 -0.10 0.39 

33 10 2.06 0.70 -0.36 0.05 

34 10 2.63 2.49 0.87 0.50 

35 10 0.90 0.91 -0.03 0.43 

36 10 1.09 0.31 0.23 0.08 

37 10 3.91 3.06 0.25 0.48 

38 10 1.98 1.43 -2.68 0.06 

39 10 3.29 2.76 -0.73 0.25 

40 10 4.34 2.91 -0.59 0.17 

41 10 5.63 4.64 -0.90 0.16 
*The closest fits were obtained by accepting runs with NSE > 0.5, shown in grey 
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Ten simulated events with high Nash–Sutcliffe model efficiency coefficient (NSE>0.50) 

were selected to conduct macropores simulations at longer plot lengths. The calibrated 

parameters obtained from simulations at the 0.5 plots were used to simulate rainfall-runoff 

for 4, 8, 12 and 16 m plot lengths. Two sets of simulations were conducted with:  

a) Only soil infiltration model at 0.5, 4, 8, 12 and 16 m plot lengths, 

b) Soil infiltration and macropores filling-seeping model at 4, 8, 12 and 16 m plot lengths.  

Hydrographs of simulated runoffs with and without macropore flow were plotted against 

observations (Figure 6.16).   
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 
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Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line) 



 
 

156 
 

Figure 6.16 Rainfall-runoff simulations at different plot lengths with a) only soil 

infiltration model (red line) and b) soil infiltration and macropores filling-seeping 

models (blue line)  
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Models with macropores simulation captured runoff pulses. Peakflows from simulations 

with and without macropore flow were plotted against observed peakflow as shown in 

Figure 6.17. For all events, models with macropore flow resulted in lower peakflows (10%-

90%). This trend increased with length as a result of higher macropore flow in longer plots. 

 

Figure 6.17 Simulated runoff peakflows with and without Macropore flow vs. 

observations 

Models with macropore flow underestimated total runoff depth compared to observations 

for 4, 8, and 12 m plots (Figure 6.18). For 16 m plots, significant total runoff decrease was 

mostly explained by macropore flow especially in longer storms, although simulated values 

are still overestimated. 
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Figure 6.18 Simulated total runoffs with and without Macropore flow vs. observations  

Nash–Sutcliffe efficiency coefficient (NSE) obtained from simulations with and without 

macropore flow were presented in Figure 6.19. Overall, models performance getting worse 

with plot lengths and the lowest NSE obtained for 16 m plot length. Models with macropore 

flow obtained higher NSE compared to models without macropore flow. 
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Figure 6.19 Nash–Sutcliffe model efficiency coefficient (NSE) obtained for simulations 
with and without macropore flow in relation to observations 

Scaling behaviours from simulations with and without macropore flow were obtained by 

plotting total runoffs against plot lengths and compared to observations. As presented in 

Figure 6.20, models with macropore flow simulations have a better performance in capturing 

overland flow scaling effects for all events. The Figure shows a sharp scaling decrease for 4 

m plot and then flattened for larger plots indicating inconsistence scaling effects captured 

by models with macropore flow. 

Runoff depth scaling coefficients (SC1) was calculated from simulations with and without 

macropore flow compared to observations. As shown in Figure 6.21, scaling coefficient 

(SC1) from models with macropore flow obtained closer results to observations with a higher 
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R-squared (R2=0.93) compared to simulations without macropore flow, but still 2.5 times 

higher than observations.  

 

Figure 6.20 Total runoff depth and plot length for simulations with and without 
macropore flow vs. observation 
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Figure 6.21 Runoff depth scaling coefficient from simulations with and without macropore 

flow versus observations.  
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6.4 Discussion and Conclusion 

6.4.1 Experiment 

The result from blue dye experiment showed that infiltration, both matrix and preferential 

flows happened 9 to 32 percent of the soil top layer in vertical soil profile across the 

transects. No increasing trend for blue dyed stains or breakthroughs was found associated 

with the distance from the uphill to downhill.  

Field-based measurement showed that water repellency increased from 1 to 4 cm soil depth, 

becoming strongly repellent at 4 cm depth. (Ritsema et al., 1993, MacDonald and Huffman, 

2004, Van der Sant et al., 2018) found similar patterns for the 4 cm topsoil and then gradual 

decrease of water repellency obtained from 4 cm downward. Restriction in soil infiltration 

within depth of 4 cm may result in a bottle neck condition (Bachmann and van der Ploeg, 

2002) where vertical infiltration occurs mostly through ponding and macropore flow 

(Nyman et al., 2010).  

Previous literature stating soil hydrophobicity is negatively controlled by soil water control 

(Hardie et al., 2013, Ritsema et al., 2001, Ritsema and Dekker, 1994) and probably 

disappears at saturation point (Sheridan et al., 2007, Nyman et al., 2010). However, 

measurement of soil gravimetric water content (GWC) showed that downhill transects 

contain lower GWC, with moderate R-squared (R2 ~ 0.30).  

Together, the results from the proportion of blue dye, water repellency strength and water 

content of the soil across transects showed no systematic evidence of infiltration increase 

from the hillslope edge towards downhill, and thereby did not support the Hypothesis I. 

6.4.2 Rainfall-runoff Models with Macropore Flow 

A potential modelling hypothesis was proposed to simulate macropore flow by calculating 

pressure entry of the existing pores in relation to the runoff depth at the point, that are 

exceeded more frequently with distance downslope due to increasing runoff depths. 

Therefore, longer plots have higher macropore flow during longer events that explains 

higher scaling coefficients for these events. 

Previous preferential flow models are either dual porosity or dual-permeability for 

preferential flow domain and adjacent soil matrix domain (Gerke, 2006, Šimůnek et al., 

2003). In this study, constant hydraulic properties are considered for soil matrix infiltration 

and macropore flow simulations. Infiltration in the soil happens in four different stages of i) 

pre-ponding period when only Ks contributes to infiltration; ii) filling period during ponding 
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when runoff depth overcomes pressure entry of pores and macropores filling takes place 

depending on soil hydrophobicity (Ks+Macfilling), iii) filling and seeping period when 

smaller macropores is still filling and larger pores are full of water and a continuous flow 

from these pores moving to underneath mineral soil (Ks+Macfilling+Macseeping), and iv) 

seeping period when all pores are full of water conveying flow to underneath mineral soil.  

The simulation results showed that simulated runoff without macropore flow produced 

overestimated runoffs for all events. Contrast between observations and over-estimated 

runoffs were pronounced more in longer plots. Thereby, ignoring macropores and 

preferential flows as dominants factors controlling infiltration in water repellent soil results 

in overestimation of runoffs where only traditional infiltration theory is considered. Similar 

conclusion also obtained by (Stoof et al., 2014a, Ritsema et al., 2005). Models with 

macropore flow simulations had closer peakflows to observations with a better model 

performance. Although, total runoff was under-estimated (<30%) for all events when 

macropore flow accounted in these simulations.  

Scaling results from simulations with macropore flow were closer to observations with high 

R-squared (R2=93), still 2.5 times higher. In summary, the outcome of macropore flow 

simulations supports Hypothesis II explaining decrease of runoff production per plot length 

as a result of higher runoff depth providing pressure entry, activating Macropore flow and 

preferential flow. Macropore flow simulations partly explained sudden decreases in runoff 

volume per unit width (L/m) in 16 m plot length.  

The root of uncertainties associated with macropore flow simulations could be due to 

assumptions made for pores network, and pores geometry which rarely correspond to the 

actual macropores geometry. The impact of soil internal air pressure (air entrapment) under 

ponding condition and lateral preferential flow were also ignored in the macropore flow 

simulations. Disregarding lateral flow specifically may also contribute to the model 

uncertainties because hydrophobicity promotes lateral preferential flow at the interface 

between water repellent soil layer and the mineral layer beneath (Stoof et al., 2014a, 

Leelamanie and Karube, 2009, Gerke et al., 2015). 
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Chapter 7: Conclusions 

This thesis has investigated overland flow scaling behaviour on a burnt dry hillslope. 

Methods for conducting the research project are rainfall-runoff monitoring under natural 

rainfalls, field and laboratory measurements, multiple regression analysis, process-based 

rainfall-runoff modelling, macropore and water repellency measurement at the site, and 

macropore flow modelling. A literature review was conducted, and research gaps were 

identified for overland flow scaling effects in relation to fire-induced water repellency, 

macropore flow and their interactions with rainfall properties (Chapter 1). The study site 

was selected on a dry eucalyptus hillslope located in West Gippsland, VIC Australia, 

severely burnt by bushfire in January 2013 (Chapter 2).  

A multi-length monitoring plots were installed at the site and overland flow scaling 

behaviours was quantified from rainfall-runoff data collected during the second year 

following the fire. Two scaling coefficient indices were determined by fitting runoff depth 

and runoff ratio to the logarithm of plot length. These scaling metrics also used to quantify 

the scaling effects in previous studies (Chapter 3).  

The role of rainfall characterises in controlling overland flow behaviours was investigated 

by conducting stepwise regression analysis for the runoff-generating storms selected from 

monitoring data (Chapter 4). Simulated scaling effects were obtained from rainfall-runoff 

models coupling rainfall temporal variations with soil infiltration and runon process 

(Chapter 5). Vertical pathways of activated macroporose, water repellency strength and soil 

water content were measured along the longest plots (16 m) to investigate whether 

infiltration increasing with distance downslope (Chapter 6). A macropore flow model was 

developed from conceptualised macropores networks generated for runoff plots to simulate 

macropore flow based on pressure entry of the individual pores in relation to runoff depth. 

Process-based rainfall-runoff model simulations were combined with macropore modelling 

to calculate direct infiltration, runon, and macropore flow under temporally varied rainfalls 

(Chapter 6).  

The overall conclusions of the thesis are: 

• Overland flow scaling behaviours in a burned dry hillslope 
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Rainfall-runoff data showed strong runoff scaling behaviours at the study site. Runoff depth 

decreased with plot length for all storm events, seasons and the whole study period. 

Collected runoff from replicated plots showed good agreement for all storm events, 

seasonally and the whole study period. Estimated scaling effects were insensitive to 

inclusion of non-rain intervals during events (2-10% change) and to the details of the event 

definition.  

Scaling effects were calculated using data from previous literature studying scaling effects. 

The results show that that annual rainfall depth is a strong driver in controlling overland 

flow scaling.  

• Rainfall characteristics impacting scaling behaviours 

Result from multiple regression analysis showed that rainfall total depth (mm) is the most 

dominant factor in both overland flow generation and runoff depth scaling effects. Rainfall 

total depth and other rainfall parameters explained less variation in event runoff production 

as plot length increased, with R2 reaching its lowest values at the longest plots (16 m). 

Similar conclusions were obtained when the relative impact of rainfall factors and soil 

properties on overland flow scaling were investigated with help of a previous analysis 

method by (Van de Giesen et al., 2000). 

• Simulated scaling effects from process-based rainfall-runoff models 

KINEROS2 was successfully calibrated to event hydrographs by varying soil and surface 

parameters to represent fire-induced water repellency. The key soil properties impacting 

simulated hydrographs were soil hydraulic conductivity (Ks), net capillary drive (G) and 

surface roughness.  

Simulations with calibrated parameters underestimated runoffs in shorter plots and 

overestimated in longer plots; exhibiting weak scaling behaviour. The scaling effects 

demonstrated by the model were more than 10 times smaller than observed scaling effects.  

The simulated scaling behaviours did not improve when the spatial variability of soil 

hydraulic conductivity (CVKs) was accounted in the models, with only slight changes in 

scaling effects (<3%). Together, these results suggest that models with traditional infiltration 

coupled with run-on process paradigm and rainfall temporal variability cannot explain the 
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observed scaling behaviour, even where spatially variability of soil hydraulic conductivity 

(CVKs) is considered. 

• Post-fire soil measurements  

Strong hydrophobicity was observed from the field measurements undertaken at the end of 

the second year following fire. Activated macropores under sprinkler experiments occurred 

mostly in the 4 cm of the topsoil profile with some finger flows going deeper. The blue dye 

experiment showed no systematic increase of activated macropore flow or breakthrough 

with distance. Measurements of soil water repellency and water content showed no 

systematic changes associated with distance downslope. Thereby, these measurements did 

not support the hypothesis of runoff scaling behaviour to be a result of infiltration increase 

with distance from uphill. 

• Models with Macropore Flow 

Macropore flow was modelled in relation to runoff depth satisfying pore entry pressure that 

is exceeded more frequently with distance downslope due to increased runoff depths. The 

macropores model was combined with rainfall-runoff model with traditional infiltration 

theory, runoff-runon, and rainfall temporal variability.  

Accounting for macropore flow in the simulations resulted in runoff underestimation 

(<30%). However, models with macropore flow simulations provided closer predictions of 

runoff scaling behaviour with a higher R-squared (R2=0.93), but 2.5 times higher than the 

observations. The simulations showed that macropore flow occurred more frequently with 

distance downslope due to increasing runoff depths and thereby longer plots had higher 

simulated macropore flow resulting in higher scaling effects. The study underpinned that 

traditional process-based models coupling soil infiltration and run-on process with rainfall 

temporal variation are not capable of capturing scaling effects while incorporating 

macropore flow into runoff estimates can improve simulated scaling effects.  

Future Study 

Overland flow scaling behaviours is mostly measured at different plot scales, while 

hydrological responses are modelled at catchment scales. The scaling metrics derived from 

this study was used to quantify scaling effects of runoff-rainfall measurements in the 

literature. The results showed that show that rainfall total depth impacted scaling effects. 

Other literature suggests that gradient, soil texture, and vegetation coverage also influence 
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scaling effects. Very few studies of runoff scaling systematically vary a number of these 

factors exist further study is required. 

Observed runoff from replicated plots showed good agreement for all storm events, 

seasonally and the whole study period in this study. However, there is some experimental 

evidence that identical plots behave differently under apparently identical conditions (Wendt 

et al., 1986). This is not the case here which may indicate that burning attenuates variability 

between replicates. The level of variance between replicates may also depend on the 

magnitude of the measured runoff. This could be a topic for future research. 

The outcome of this study supports the theory that macropore flow is the dominant factor to 

explain overland flow scaling behaviours in burnt dry hillslopes where soil is strongly 

hydrophobic. Therefore, to avoid large bias of simulations due to scaling effects, soil 

properties, run-on process and representation of macropore flow under high resolution 

rainfall are the minimum requirements for overland flow models and their parameterization. 

Furthermore, experiments that directly investigate macropore flow under rainfall event 

conditions are required.   

The largest macropores are known to be highly unstable especially when rainfall heavily 

disturbs the soils during runoff producing events. More research is required to allow 

generalization of macropore flow in relation to runoff depth and rainfall characteristics. This 

will lead to quantitative metrics for runoff scaling behaviours as a function of activated 

macropores and preferential flow at point scales, soil water repellency, and rainfall patterns. 

The impact of soil internal air pressure (air entrapment) under ponding condition and lateral 

preferential flow were ignored in the macropore flow simulations. Disregarding lateral flow 

specifically contributes to the model uncertainties as hydrophobicity was known to increase 

lateral preferential flow at the interface between water repellent soil layer and the mineral 

layer beneath (Stoof et al., 2014a, Gerke et al., 2015). More investigation is required to 

measure the impact of air pressure and lateral flow in macropore flow. 
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Appendices 

Appendix 3. 1 Primary calibrations of small plots and rain gauges 

Gauges 
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Lit per 

tip 
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Tips 
Lit per 

tip 
Tips per 

lit 

Tipping buckets 1 0.5 2 1 0.5 2 

R1 103 6.34x10-3 157.73 103 6.34x10-3 157.73 

S1 105 6.22 x10-3 160.8 104 6.34x10-3 159.26 

R2 120 5.44 x10-3 183.77 95 6.87x10-3 145.482 

S2 105 6.22 x10-3 160.8 113 5.78x10-3 173.05 

R3 103 6.34 x10-3 157.73 152 4.29 x10-3 232.77 

S3 104 6.28 x10-3 159.26 177 3.69 x10-3 271.06 

 

  



 
 

169 
 

Appendix 3. 2 Summary of mean intensity of runoff-generated storms for the whole 

study period 

Event no. 
Mean Intensity of Rainfall Pulses (mm/h) 

I 3mins I 6mins I 9mins I 15mins I 24mins I 30mins I 45mins I 60mins 

1 2.02 2.10 2.04 2.05 2.06 2.07 2.10 2.15 

2 0.30 0.30 0.30 0.31 0.31 0.31 0.32 0.33 

3 3.99 4.03 4.06 4.16 4.12 4.41 4.63 4.76 

4 2.13 2.34 2.18 2.20 2.23 2.25 2.28 2.35 

5 2.53 2.58 2.53 2.54 2.56 2.57 2.61 2.65 

6 2.15 2.81 2.02 1.81 1.65 1.59 1.50 1.53 

7 2.85 3.69 2.43 2.19 2.04 2.00 1.99 2.17 

8 1.08 1.08 1.08 1.08 1.08 1.09 1.09 1.10 

9 1.30 1.37 1.31 1.32 1.36 1.39 1.41 1.46 

10 1.48 1.46 0.56 0.37 0.27 0.24 0.21 0.44 

11 0.86 0.88 0.87 0.87 0.87 0.87 0.84 0.82 

12 0.77 0.89 0.78 0.78 0.76 0.75 0.72 0.73 

13 0.45 0.45 0.45 0.46 0.46 0.47 0.47 0.46 

14 1.89 2.14 1.84 1.82 1.78 1.75 1.68 1.68 

15 0.13 3.51 2.12 1.85 1.65 1.54 1.32 1.48 

16 0.56 0.57 0.57 0.57 0.57 0.57 0.57 0.58 

17 0.06 1.10 1.08 1.08 1.08 1.08 1.07 1.07 

18 1.25 1.41 1.27 1.28 1.29 1.29 1.29 1.32 

19 1.26 1.36 1.28 1.28 1.28 1.27 1.24 1.25 

20 1.90 1.95 1.91 1.91 1.91 1.91 1.90 1.91 

21 0.31 0.33 0.31 0.31 0.31 0.30 0.29 0.28 

22 0.63 0.66 0.63 0.63 0.63 0.62 0.62 0.63 

23 1.47 1.51 1.49 1.50 1.51 1.51 1.52 1.54 

24 0.37 0.38 0.37 0.37 0.36 0.36 0.36 0.36 

25 1.11 1.11 1.10 1.11 1.11 1.12 1.13 1.14 

26 0.97 0.97 0.97 0.98 0.98 0.98 0.98 0.99 

27 0.49 0.52 0.49 0.49 0.48 0.48 0.46 0.45 

28 0.43 0.45 0.43 0.43 0.43 0.43 0.43 0.43 

29 0.52 0.53 0.49 0.49 0.51 0.51 0.46 0.45 

30 0.61 0.61 0.62 0.62 0.62 0.62 0.63 0.64 

31 0.51 0.51 0.51 0.51 0.51 0.51 0.52 0.53 

32 0.47 0.47 0.47 0.47 0.47 0.48 0.48 0.48 

33 0.21 0.21 0.21 0.21 0.21 0.22 0.22 0.22 

34 0.82 0.88 0.80 0.81 0.81 0.81 0.81 0.84 

35 0.54 0.70 0.43 0.39 0.32 0.29 0.23 0.23 

36 0.36 0.59 0.37 0.31 0.25 0.22 0.16 0.16 

37 0.80 0.90 0.79 0.78 0.76 0.75 0.74 0.75 

38 0.31 0.35 0.31 0.30 0.29 0.29 0.28 0.28 

39 0.74 0.78 0.75 0.76 0.76 0.77 0.77 0.79 

40 0.37 0.37 0.36 0.37 0.37 0.37 0.37 0.38 

41 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 

Mean 1.01 1.20 1.05 1.03 1.01 1.01 1.00 1.03 

Median 0.74 0.88 0.78 0.78 0.76 0.75 0.74 0.75 

Minimum 0.06 0.21 0.21 0.21 0.21 0.22 0.16 0.16 

Maximum 3.99 4.03 4.06 4.16 4.12 4.41 4.63 4.76 
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Appendix 3. 3 Summary of maximum intensity of runoff-generated storms for the 

whole study period 

Event no. 
Maximum Intensity of Rainfall Pulses (mm/h) 

I 3mins I 6mins I 9mins I 15mins I 24mins I 30mins I 45mins I 60mins 

1 8.84 7.76 7.22 6.79 6.88 6.72 6.40 6.15 

2 4.51 3.86 3.17 2.51 1.64 1.31 1.07 0.80 

3 69.46 43.96 35.18 29.54 23.21 23.34 17.28 14.19 

4 9.28 8.54 6.66 6.28 6.20 6.13 5.76 5.42 

5 8.94 7.83 6.68 5.98 5.78 5.61 5.35 5.06 

6 70.05 85.89 32.85 24.46 17.20 14.52 10.59 9.02 

7 26.16 47.77 22.45 16.10 11.05 9.17 6.95 6.06 

8 7.61 6.13 5.24 5.21 4.89 4.82 4.43 4.39 

9 4.90 4.75 4.14 3.73 3.01 3.11 2.79 2.49 

10 24.44 29.61 11.03 6.62 4.14 3.31 2.21 2.30 

11 20.38 14.24 11.53 10.25 8.87 8.51 8.05 7.64 

12 11.10 10.24 7.24 5.48 3.86 3.21 2.22 1.90 

13 6.43 5.34 5.25 4.51 3.93 3.15 2.10 1.60 

14 8.99 15.69 8.23 6.98 6.43 6.26 5.93 5.70 

15 0.99 38.08 14.95 10.84 9.16 8.04 5.99 5.63 

16 12.74 11.00 8.71 6.69 5.22 4.48 3.20 2.77 

17 1.60 28.92 22.34 17.83 14.65 12.73 9.87 8.56 

18 4.77 5.59 3.57 3.26 2.92 2.90 2.95 2.75 

19 9.10 8.78 7.48 7.15 6.36 6.02 5.10 4.76 

20 12.32 11.09 11.06 10.59 9.61 9.29 8.44 7.90 

21 9.86 7.42 7.61 6.43 5.10 4.56 3.37 2.59 

22 9.05 7.51 6.73 5.20 3.47 2.84 2.32 1.99 

23 9.23 7.42 6.53 6.11 5.67 5.23 4.99 4.31 

24 34.51 17.59 12.43 7.57 4.81 3.91 2.88 2.52 

25 5.55 5.05 4.52 3.90 3.42 3.42 3.27 2.99 

26 6.21 4.93 4.72 4.21 4.02 4.01 3.75 3.62 

27 7.49 10.87 5.75 4.50 3.93 3.39 2.90 2.30 

28 4.27 4.00 2.99 2.02 1.48 1.22 1.16 1.07 

29 8.40 7.60 5.44 4.25 3.13 2.57 2.04 1.63 

30 5.19 4.85 4.74 4.29 3.84 3.72 3.37 3.45 

31 4.63 3.42 3.56 2.54 2.38 2.13 1.95 1.68 

32 6.15 5.42 5.00 4.00 3.07 2.94 2.67 2.44 

33 3.52 2.21 1.84 1.42 1.31 1.09 1.02 0.80 

34 5.46 5.26 5.32 5.15 4.54 4.24 3.29 2.72 

35 5.33 10.14 4.34 3.89 3.11 2.87 2.32 2.03 

36 10.41 14.68 5.26 4.35 3.27 2.71 1.81 1.41 

37 5.33 6.71 3.74 3.38 3.20 2.94 2.70 2.33 

38 4.33 5.17 2.17 1.98 1.91 1.64 1.42 1.18 

39 4.35 4.52 3.59 3.12 2.63 2.33 2.27 2.01 

40 3.95 3.78 2.89 2.46 2.09 2.03 1.62 1.48 

41 4.11 2.86 2.89 2.27 2.03 1.82 1.60 1.36 

Mean 11.71 13.08 8.22 6.68 5.45 4.98 4.13 3.68 

Median 7.49 7.51 5.44 5.15 3.93 3.42 2.95 2.59 

Minimum 0.99 2.21 1.84 1.42 1.31 1.09 1.02 0.80 

Maximum 70.05 85.89 35.18 29.54 23.21 23.34 17.28 14.19 
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Appendix 3. 4 Scattered plots of runoff depths (mm) vs. plot lengths (m) when 16 m plots excluded for 41 events representing runoff 

depth scaling coefficient (SC1) without 16 m 
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Appendix 3. 5 Scattered plots of runoff ratio (%) vs. plot lengths (m) when 16 m plots excluded for 41 events representing runoff ratio 

scaling coefficient (SC2) without 16 m plots 
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Appendix 3. 6 Volumetric and temporal indices of main pulses of rainfall events and their associated runoff productions for plots with 

different length 
E

v
e
n

t 
N

o
. 

Rainfall Runoff 

Start End 

Duration Total Mean* peak 

CV* Ř DT 

Plot 0.5m Plot 4m Plot 8m Plot 12m Plot 16m 

Depth Ratio Depth Ratio Depth Ratio Depth Ratio Depth Ratio 

hours mm mm/h  mm %  mm %  mm %  mm %  mm % 

1 13/10/2014 20:15 14/10/2014 2:30 6.3 19.6 3.2 8.8 2.9 4.4 6.3 15.5 79.0 11.2 57.2 8.4 42.6 5.6 28.4 0.6 2.9 

2 14/10/2014 13:06 14/10/2014 14:54 3.2 1.2 2.2 4.5 14.0 3.0 0.5 0.5 45.0 0.4 32.9 0.3 23.4 0.2 18.5 0.0 1.1 

3 27/10/2014 8:48 27/10/2014 11:15 2.5 17.7 8.0 69.5 1.3 25.4 2.1 6.2 35.4 10.8 61.3 7.3 41.2 5.0 28.6 0.6 3.4 

4 1/11/2014 6:30 1/11/2014 9:24 3.0 8.3 3.5 9.3 3.3 5.0 2.5 0.5 5.7 3.4 40.5 1.8 21.7 1.3 16.1 0.2 1.9 

5 15/11/2014 19:21 16/11/2014 5:54 10.6 31.1 3.3 8.9 3.0 4.3 10.2 29.0 93.1 23.0 73.8 11.0 35.3 7.3 23.6 0.7 2.2 

6 24/11/2014 14:15 24/11/2014 16:09 2.0 14.3 7.5 70.1 1.3 25.6 1.7 9.1 63.8 8.4 58.8 4.8 33.6 3.7 26.1 0.4 2.7 

7 5/12/2014 8:03 5/12/2014 10:03 2.1 9.1 4.6 26.2 2.2 12.6 1.7 6.7 73.1 6.4 70.4 3.5 38.3 3.0 32.3 0.1 1.6 

8a 5/12/2014 20:21 6/12/2014 12:15 16.0 7.7 1.3 7.6 20.7 2.4 3.1 5.1 66.3 3.6 47.1 1.8 23.4 1.6 20.9 0.1 1.4 

8b 6/12/2014 22:36 7/12/2014 15:36 17.1 36.4 2.2 5.6 4.3 3.2 13.4 29.2 80.3 24.4 67.0 12.5 34.2 10.3 28.3 0.9 2.5 

9 18/12/2014 16:39 18/12/2014 19:21 2.8 4.7 2.1 4.9 5.5 3.0 1.8 2.1 44.3 1.1 24.2 0.6 13.4 0.4 7.7 0.0 0.6 

10 8/01/2015 17:30 8/01/2015 17:48 0.4 2.3 11.4 24.4 1.7 17.4 0.3 1.7 75.0 0.9 39.8 0.5 21.4 0.4 16.6 0.0 1.2 

11 9/01/2015 15:15 9/01/2015 17:21 2.2 10.7 5.5 20.4 1.9 7.7 2.6 8.2 76.5 6.8 63.4 3.9 36.7 2.9 26.8 0.2 1.9 

12 13/01/2015 14:36 13/01/2015 17:03 2.5 4.0 2.2 11.1 6.3 4.9 1.2 2.0 49.5 1.4 35.5 0.6 14.0 0.4 9.0 0.0 0.3 

13 13/01/2015 23:06 14/01/2015 2:12 3.2 3.7 2.4 6.4 8.4 3.9 1.3 2.6 69.5 2.2 59.4 0.9 23.4 0.7 19.9 0.0 1.1 

14 20/01/2015 23:36 21/01/2015 2:33 3.0 10.4 3.6 9.0 2.6 4.9 3.2 5.7 54.6 4.3 41.1 2.3 22.4 1.7 16.8 0.1 0.5 

15 21/01/2015 15:33 21/01/2015 16:33 1.1 5.7 6.0 19.9 1.9 12.6 1.1 2.7 48.1 1.9 34.3 0.9 15.9 0.9 15.7 0.0 0.0 

16 29/01/2015 14:24 29/01/2015 19:06 4.8 9.3 2.8 12.7 5.1 4.7 2.9 6.8 73.4 5.8 62.0 3.4 36.6 2.7 29.0 0.2 1.9 

17 14/02/2015 7:09 14/02/2015 10:30 13.1 12.4 4.0 32.0 2.6 11.4 2.4 7.3 59.1 8.4 67.3 5.5 44.2 4.1 32.9 0.4 3.2 

18 23/02/2015 13:42 23/02/2015 15:48 2.3 4.8 2.3 4.8 4.2 3.3 1.7 1.9 40.1 1.0 21.8 0.7 13.7 0.4 9.3 0.1 1.1 

19 28/02/2015 22:30 1/03/2015 1:00 2.6 8.3 3.6 9.1 2.8 4.9 2.6 5.3 63.4 4.0 48.3 2.3 28.2 1.9 22.4 0.1 1.3 

20 7/04/2015 5:27 7/04/2015 20:18 14.9 39.3 3.3 12.3 3.6 5.1 11.9 31.7 80.7 25.8 65.5 19.3 49.1 15.8 40.3 1.8 4.7 

21 25/04/2015 6:21 25/04/2015 12:39 6.4 3.4 2.1 9.9 18.6 4.6 1.1 2.3 67.1 1.4 42.0 0.7 19.7 0.6 17.1 0.0 0.8 

22 5/05/2015 8:21 5/05/2015 15:09 6.9 4.9 2.2 9.0 13.8 4.0 1.7 3.8 77.0 2.5 50.2 1.1 22.7 1.1 22.4 0.1 1.1 

23 10/05/2015 4:30 10/05/2015 13:09 8.7 15.6 2.4 9.2 5.4 3.9 5.3 13.4 86.2 10.9 70.0 6.4 41.0 6.0 38.5 0.7 4.2 

24 13/05/2015 1:30 14/05/2015 11:48 34.4 12.7 1.5 34.5 23.0 6.5 3.4 8.4 66.0 8.4 66.1 2.9 23.0 2.9 22.5 0.1 1.2 

25 21/05/2015 13:12 22/05/2015 8:39 19.5 21.6 1.9 5.5 8.5 2.9 8.3 15.8 73.1 13.6 62.8 8.0 36.8 6.0 27.9 0.3 1.5 
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26 17/06/2015 17:45 19/06/2015 7:27 37.8 36.6 1.7 6.2 9.6 2.6 14.5 22.3 60.8 2.1 5.8 12.8 34.9 11.4 31.2 1.2 3.4 

27 2/07/2015 3:51 2/07/2015 9:24 5.6 6.4 2.1 7.5 8.4 3.1 2.4 4.8 75.3 5.2 81.9 1.8 27.7 1.5 23.6 0.5 7.4 

28 11/07/2015 0:12 11/07/2015 10:03 9.9 4.9 1.8 4.3 19.6 2.8 1.9 4.4 89.2 5.0 101.9 1.2 25.3 1.7 35.4 0.4 8.2 

29 11/07/2015 14:42 11/07/2015 17:33 2.9 2.4 2.7 8.4 12.1 4.7 0.8 1.8 73.9 1.8 76.6 0.7 29.5 0.7 28.6 0.1 6.1 

30 12/07/2015 15:21 12/07/2015 23:24 8.1 11.5 2.2 5.2 6.2 3.0 4.3 8.3 72.7 7.9 69.2 5.5 47.8 4.4 38.5 1.8 15.3 

31 13/07/2015 17:36 14/07/2015 2:36 9.1 7.3 1.5 4.6 11.9 2.3 3.0 5.6 77.3 3.9 53.7 2.5 34.8 2.4 33.4 1.0 14.4 

32 15/07/2015 22:27 16/07/2015 23:21 25.9 12.1 1.8 6.2 19.8 2.8 4.7 9.0 74.4 10.8 89.0 3.4 27.9 3.2 26.4 1.3 10.5 

33 17/07/2015 23:12 18/07/2015 6:48 7.7 2.2 1.3 3.5 33.8 2.1 0.9 2.0 91.5 1.8 83.9 0.4 19.6 0.4 19.7 0.1 6.1 

34 22/07/2015 5:45 22/07/2015 8:42 3.0 3.7 2.4 5.5 8.1 4.0 1.2 2.6 71.8 1.3 36.8 0.6 17.4 0.7 18.3 0.4 12.1 

35 24/07/2015 17:12 24/07/2015 19:24 2.3 2.0 2.7 5.3 10.4 3.9 0.7 0.9 42.9 0.5 24.0 0.1 5.5 0.1 5.6 0.1 5.3 

36 24/07/2015 21:39 24/07/2015 22:54 1.3 1.4 2.6 10.4 9.5 5.7 0.4 1.0 73.3 0.8 54.5 0.4 26.6 0.3 18.6 0.2 12.4 

37 25/07/2015 2:39 25/07/2015 6:57 4.4 4.9 2.6 5.3 7.9 3.4 1.7 3.9 79.8 3.3 66.9 1.7 35.4 1.5 31.2 0.9 18.5 

38 26/07/2015 1:45 26/07/2015 11:30 9.8 3.1 1.8 4.3 31.7 3.1 1.1 2.0 64.6 1.8 60.4 0.6 18.4 0.4 12.2 0.2 5.7 

39 1/08/2015 6:57 1/08/2015 11:00 4.1 5.0 1.8 4.4 8.0 2.9 1.9 3.0 59.7 1.9 37.5 0.9 17.1 1.0 19.7 0.7 13.9 

40 3/08/2015 3:09 3/08/2015 18:15 15.2 5.6 1.6 3.9 25.3 2.3 2.3 4.3 77.4 2.7 47.9 1.4 24.4 1.4 24.7 0.8 13.7 

41 5/08/2015 3:00 6/08/2015 12:21 33.4 9.7 1.3 4.1 33.8 2.2 4.0 5.6 58.1 4.1 42.1 1.8 18.5 2.2 22.5 1.2 12.1 

- Mean* is mean value of rainfall pulses 

- CV* is average value of coefficient variable of rainfall pulses 

- Ř is Depth-weighted rainfall intensity from Van Dijk (2002) 

- DT rainfall pulses duration from Van Dijk (2002) 
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Appendix 3. 7 Main pulse of rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right 

vertical axis is the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Appendix 3.7. Main pulse of rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right 

vertical axis is the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Appendix 3.7. Main pulse of rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right 

vertical axis is the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Appendix 3.7. Main pulse of rainfall events and generated runoffs in plots with different length, left vertical axis is the runoff rate, right 

vertical axis is the rainfall rate and the horizontal axis is the duration of the rainfall-runoff event (min) 
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Appendix 3. 8 Scattered plots of runoff depths (mm) vs. plot lengths (m) for main pulses of 41 events representing runoff depth scaling 

coefficient (SC1) 
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Appendix 3. 9 Scattered plots of runoff ratio (%) vs. plot lengths (m) for main pulses of 41 events representing runoff depth scaling 

coefficient (SC2) 
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Appendix 4. 1 Total runoff generated from 8m plots correlated with rainfall 

characteristics; data collected from 8 m plot during the first year following fire (2013-

2014) at the study site 

8 m plot 
Model 
Summary 

S=1.67, R-sq= 85.32%, R-sq(adj) = 84.1%,  R-sq(pred)= 77.17 % 

Variable β Std Error VIF t value* p value* Contribution 95% CI* 

Total 0.47 0.057 3.86 8.35 0.000 85% 0.35 0.6 

Regression Equation = -0.58 + 0.47 total rain 
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Appendix 4. 2 Summary of mean intensity of runoff-generated storms during the study 

period 

Event no. 
Mean Intensity of Rainfall Pulses (mm/h) 

I 3mins I 6mins I 9mins I 15mins I 24mins I 30mins I 45mins I 60mins 

1 2.02 2.10 2.04 2.05 2.06 2.07 2.10 2.15 

2 0.30 0.30 0.30 0.31 0.31 0.31 0.32 0.33 

3 3.99 4.03 4.06 4.16 4.12 4.41 4.63 4.76 

4 2.13 2.34 2.18 2.20 2.23 2.25 2.28 2.35 

5 2.53 2.58 2.53 2.54 2.56 2.57 2.61 2.65 

6 2.15 2.81 2.02 1.81 1.65 1.59 1.50 1.53 

7 2.85 3.69 2.43 2.19 2.04 2.00 1.99 2.17 

8 1.08 1.08 1.08 1.08 1.08 1.09 1.09 1.10 

9 1.30 1.37 1.31 1.32 1.36 1.39 1.41 1.46 

10 1.48 1.46 0.56 0.37 0.27 0.24 0.21 0.44 

11 0.86 0.88 0.87 0.87 0.87 0.87 0.84 0.82 

12 0.77 0.89 0.78 0.78 0.76 0.75 0.72 0.73 

13 0.45 0.45 0.45 0.46 0.46 0.47 0.47 0.46 

14 1.89 2.14 1.84 1.82 1.78 1.75 1.68 1.68 

15 0.13 3.51 2.12 1.85 1.65 1.54 1.32 1.48 

16 0.56 0.57 0.57 0.57 0.57 0.57 0.57 0.58 

17 0.06 1.10 1.08 1.08 1.08 1.08 1.07 1.07 

18 1.25 1.41 1.27 1.28 1.29 1.29 1.29 1.32 

19 1.26 1.36 1.28 1.28 1.28 1.27 1.24 1.25 

20 1.90 1.95 1.91 1.91 1.91 1.91 1.90 1.91 

21 0.31 0.33 0.31 0.31 0.31 0.30 0.29 0.28 

22 0.63 0.66 0.63 0.63 0.63 0.62 0.62 0.63 

23 1.47 1.51 1.49 1.50 1.51 1.51 1.52 1.54 

24 0.37 0.38 0.37 0.37 0.36 0.36 0.36 0.36 

25 1.11 1.11 1.10 1.11 1.11 1.12 1.13 1.14 

26 0.97 0.97 0.97 0.98 0.98 0.98 0.98 0.99 

27 0.49 0.52 0.49 0.49 0.48 0.48 0.46 0.45 

28 0.43 0.45 0.43 0.43 0.43 0.43 0.43 0.43 

29 0.52 0.53 0.49 0.49 0.51 0.51 0.46 0.45 

30 0.61 0.61 0.62 0.62 0.62 0.62 0.63 0.64 

31 0.51 0.51 0.51 0.51 0.51 0.51 0.52 0.53 

32 0.47 0.47 0.47 0.47 0.47 0.48 0.48 0.48 

33 0.21 0.21 0.21 0.21 0.21 0.22 0.22 0.22 

34 0.82 0.88 0.80 0.81 0.81 0.81 0.81 0.84 

35 0.54 0.70 0.43 0.39 0.32 0.29 0.23 0.23 

36 0.36 0.59 0.37 0.31 0.25 0.22 0.16 0.16 

37 0.80 0.90 0.79 0.78 0.76 0.75 0.74 0.75 

38 0.31 0.35 0.31 0.30 0.29 0.29 0.28 0.28 

39 0.74 0.78 0.75 0.76 0.76 0.77 0.77 0.79 

40 0.37 0.37 0.36 0.37 0.37 0.37 0.37 0.38 

41 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 

Mean 1.01 1.20 1.05 1.03 1.01 1.01 1.00 1.03 

Median 0.74 0.88 0.78 0.78 0.76 0.75 0.74 0.75 

Minimum 0.06 0.21 0.21 0.21 0.21 0.22 0.16 0.16 

Maximum 3.99 4.03 4.06 4.16 4.12 4.41 4.63 4.76 
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Appendix 4. 3 Summary of maximum intensity of runoff-generated storms during the 

study period 

Event no. 
Maximum Intensity of Rainfall Pulses (mm/h) 

I 3mins I 6mins I 9mins I 15mins I 24mins I 30mins I 45mins I 60mins 

1 8.84 7.76 7.22 6.79 6.88 6.72 6.40 6.15 

2 4.51 3.86 3.17 2.51 1.64 1.31 1.07 0.80 

3 69.46 43.96 35.18 29.54 23.21 23.34 17.28 14.19 

4 9.28 8.54 6.66 6.28 6.20 6.13 5.76 5.42 

5 8.94 7.83 6.68 5.98 5.78 5.61 5.35 5.06 

6 70.05 85.89 32.85 24.46 17.20 14.52 10.59 9.02 

7 26.16 47.77 22.45 16.10 11.05 9.17 6.95 6.06 

8 7.61 6.13 5.24 5.21 4.89 4.82 4.43 4.39 

9 4.90 4.75 4.14 3.73 3.01 3.11 2.79 2.49 

10 24.44 29.61 11.03 6.62 4.14 3.31 2.21 2.30 

11 20.38 14.24 11.53 10.25 8.87 8.51 8.05 7.64 

12 11.10 10.24 7.24 5.48 3.86 3.21 2.22 1.90 

13 6.43 5.34 5.25 4.51 3.93 3.15 2.10 1.60 

14 8.99 15.69 8.23 6.98 6.43 6.26 5.93 5.70 

15 0.99 38.08 14.95 10.84 9.16 8.04 5.99 5.63 

16 12.74 11.00 8.71 6.69 5.22 4.48 3.20 2.77 

17 1.60 28.92 22.34 17.83 14.65 12.73 9.87 8.56 

18 4.77 5.59 3.57 3.26 2.92 2.90 2.95 2.75 

19 9.10 8.78 7.48 7.15 6.36 6.02 5.10 4.76 

20 12.32 11.09 11.06 10.59 9.61 9.29 8.44 7.90 

21 9.86 7.42 7.61 6.43 5.10 4.56 3.37 2.59 

22 9.05 7.51 6.73 5.20 3.47 2.84 2.32 1.99 

23 9.23 7.42 6.53 6.11 5.67 5.23 4.99 4.31 

24 34.51 17.59 12.43 7.57 4.81 3.91 2.88 2.52 

25 5.55 5.05 4.52 3.90 3.42 3.42 3.27 2.99 

26 6.21 4.93 4.72 4.21 4.02 4.01 3.75 3.62 

27 7.49 10.87 5.75 4.50 3.93 3.39 2.90 2.30 

28 4.27 4.00 2.99 2.02 1.48 1.22 1.16 1.07 

29 8.40 7.60 5.44 4.25 3.13 2.57 2.04 1.63 

30 5.19 4.85 4.74 4.29 3.84 3.72 3.37 3.45 

31 4.63 3.42 3.56 2.54 2.38 2.13 1.95 1.68 

32 6.15 5.42 5.00 4.00 3.07 2.94 2.67 2.44 

33 3.52 2.21 1.84 1.42 1.31 1.09 1.02 0.80 

34 5.46 5.26 5.32 5.15 4.54 4.24 3.29 2.72 

35 5.33 10.14 4.34 3.89 3.11 2.87 2.32 2.03 

36 10.41 14.68 5.26 4.35 3.27 2.71 1.81 1.41 

37 5.33 6.71 3.74 3.38 3.20 2.94 2.70 2.33 

38 4.33 5.17 2.17 1.98 1.91 1.64 1.42 1.18 

39 4.35 4.52 3.59 3.12 2.63 2.33 2.27 2.01 

40 3.95 3.78 2.89 2.46 2.09 2.03 1.62 1.48 

41 4.11 2.86 2.89 2.27 2.03 1.82 1.60 1.36 

Mean 11.71 13.08 8.22 6.68 5.45 4.98 4.13 3.68 

Median 7.49 7.51 5.44 5.15 3.93 3.42 2.95 2.59 

Minimum 0.99 2.21 1.84 1.42 1.31 1.09 1.02 0.80 

Maximum 70.05 85.89 35.18 29.54 23.21 23.34 17.28 14.19 



 
 

184 
 

Appendix 4. 4 Scatter plots of rainfall Imean versus runoff production (mm) at different 

plot lengths for all runoff generating storms recorded during study period 

  

00.20.40.60.81
1.2

1

G
en

er
a

te
d

 R
u

n
o

ff
 

(m
m

)

Rainfall I30mean

00.20.40.60.81
1.2

1

Rainfall I3mean

R² = -0.05

0

10

20

30

40

0 5

Plot 0.5 m

R² = 0.05

0

10

20

30

40

0 5

Plot 4 m

R² = 0.11

0

10

20

30

0 5

Plot 8 m

R² = 0.03

0

5

10

15

20

0 5

Plot 12 m

R² = -0.31

0.0

0.5

1.0

1.5

2.0

0 5

Plot 16 m

00.20.40.60.81
1.2

1

Rainfall I15mean

R² = 0.00

0

10

20

30

40

0 2 4 6

Plot 0.5 m

R² = 0.11

0

10

20

30

40

0 2 4 6

Plot 4 m

R² = 0.17

0

10

20

30

0 2 4 6

Plot 8 m

R² = 0.08

0.0

5.0

10.0

15.0

20.0

0 5

Plot 12 m

R² = -0.29

0.0

0.5

1.0

1.5

2.0

0 2 4 6

Plot 16 m

R² = -0.01

0

10

20

30

40

0 5

Plot 0.5 m

R² = 0.11

0

10

20

30

40

0 5

Plot 4 m

R² = 0.18

0

10

20

30

0 5

Plot 8 m

R² = 0.08

0

5

10

15

20

0 5

Plot 12 m

R² = -0.28

0.0

0.5

1.0

1.5

2.0

0 5

Plot 16 m

00.20.40.60.81
1.2

1

Rainfall I45mean

R² = -0.02

0

10

20

30

40

0 5

Plot 0.5 m

R² = 0.10

0

10

20

30

40

0 5

Plot 4 m

R² = 0.17

0

10

20

30

0 5

Plot 8 m

R² = 0.08

0

5

10

15

20

0 5

Plot 12 m

R² = -0.28

0.0

0.5

1.0

1.5

2.0

0 5

Plot 16 m

00.20.40.60.81
1.2

1

Rainfall I60mean

R² = -0.04

0

10

20

30

40

0 5

Plot 0.5 m
R² = 0.08

0

10

20

30

40

0 5

Plot 4 m

R² = 0.15

0

10

20

30

0 5

Plot 8 m

R² = 0.06

0

5

10

15

20

0 5

Plot 12 m
R² = -0.30

0.0

0.5

1.0

1.5

2.0

0 5

Plot 16 m



 
 

185 
 

Appendix 4. 5 Scatter plots of rainfall Imax versus runoff production (mm) at different 

plot lengths for all runoff generating storms recorded during study period 
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Appendix 4. 6 Averaged mean and maximum rainfall pulses in relation to runoff scaling 

coefficient (SC1) 
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Appendix 5. 1 Volumetric indices of 14 rainfall events from throughfall paired with 

runoffs collected at two 8 m plots during the first year following fire 
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Appendix 5. 2 Hyetographs of selected storms (right) and their hydrographs from 

paired 8 m plots (left) 
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Appendix 5. 3 Downscaling simulations for 0.5 m plot lengths (events 1 to 12) 
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Appendix 5.3. Downscaling simulations for 0.5 m plot lengths (events 13 to 24) 
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Appendix 5.3. Downscaling simulations for 0.5 m plot lengths (events 25 to 36) 
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Appendix 5.3. Downscaling simulations for 0.5 m plot lengths (events 37 to 41) 
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Appendix 5. 4 Downscaling simulations for 4 m plot lengths (events 1 to 12) 
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Appendix 5.4. Downscaling simulations for 4 m plot lengths (event 13 to 24)
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Appendix 5.4. Downscaling simulations for 4 m plot lengths (events 25 to 36)

   



 
 

196 
 

Appendix 5.4. Downscaling simulations for 4 m plot lengths (events 37 to 41) 
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Appendix 5. 5 Upscaling simulations for 12m plot lengths (events 1 to 6) 
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Appendix 5.5. Upscaling simulations for 12m plot lengths (events 13 to 24) 
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Appendix 5.5. Upscaling simulations for 12m plot lengths (events 25 to 36) 
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Appendix 5.5. Upscaling simulations for 12m plot lengths (events 37 to 41) 
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Appendix 5. 6 Upscaling simulations for 16 m plot lengths (events 1 to 12) 
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Appendix 5.6 Upscaling simulations for 16 m plot lengths (events 13 to 24) 
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Appendix 5.6 Upscaling simulations for 16 m plot lengths (events 25 to 36) 
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Appendix 5.6. Upscaling simulations for 16 m plot lengths (events 37 to 41) 
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Appendix 6. 1 Shuffled Complex Evolution (SCE) optimization algorithm 

import numpy as np   
import spotpy   
from spot_setup_griewank import spot_setup   
spot_setup=spot_setup()   
def shuffle_complex(row, rep,a,b, BeanSize,Calib_output):   
    shuffle=[]   
    result_r=[] 
    #-------------------------------------------------   
    sampler_r=spotpy.algorithms.sceua(spot_setup,a,b, row,dbname=Calib_output+'pores_shffle', dbformat='csv' )   
    sampler_r.sample(rep,ngs=BeanSize)   
    result_r=(sampler_r.getdata())   
    algorithms=['SCEUA']   
    for i in result_r:   
            shuffle.append(i[1])   
    evaluation = spot_setup.evaluation()   
    return(shuffle)   

 

Appendix 6. 2 Macropores Generator with SCE Optimiser 

import sys, ast, shutil, os, string, linecache, matplotlib.pyplot as plt, numpy as np   
import openpyxl   
from openpyxl import Workbook   
from pylab import rcParams   
import shuffle_function   
import math   
import copy   
import random   
from random import shuffle   
   
PoreAttribut = []; xmatrix=[]; ymatrix=[] ; Coordinate = []; PoreAttribut = []   
#_______________________________________________________________________________________
     # this function records generated pores info into an excel file including 'radius', 
depth, volume, x, y, depth pressure entry      
   
def Poredata_excelfile(length,radius,tube_depth, total_vol, xmatrix,ymatrix, pores_hydro
_depth,pores_hydro_pres):   
    filename=Calib_output+'Summary-depth_pressureEntry.xlsx'   
    ww = openpyxl.Workbook(filename)   
    ww.save(filename)   
    wwb = openpyxl.load_workbook(filename=filename, data_only=True)   
    wwb.save(filename)   
    no=1;i=2     
    pw2 = wwb.create_sheet(index=0, title='Pores summary'+ str(length))   
    pw2['A1']='no.'   
    pw2['B1']='radius'   
    pw2['C1']='depth'   
    pw2['D1']='volume'   
    pw2['F1']='x'   
    pw2['G1']='y'   
    pw2['H1']='Depth Entry'   
    pw2['I1']='Pressure Entry'   
    for r in radius:   
            pw2['A'+str(i)]=no   
            pw2['B'+str(i)]=radius[i-2]   
            pw2['C'+str(i)]=tube_depth[i-2]   
            pw2['D'+str(i)]=total_vol[i-2]   
            pw2['F'+str(i)]=xmatrix[i-2]   
            pw2['G'+str(i)]=ymatrix[i-2]   
            pw2['H'+str(i)]=pores_hydro_depth[i-2]   
            pw2['I'+str(i)]=pores_hydro_pres[i-2]   
            no=no+1   
            i=i+1   
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    wwb.save(filename)   
    return []   
#_______________________________________________________________________________________
     # this function records pores volume and litre per plot in text file     
 
def  Abstractfile():   
           
        Abstractfile=open(Calib_output+'Abstract.txt',"w")            
        Abstractfile.write('1. Number of pores in one square metre= '+str (len(radius))+
'\n''\n'+   
        '1.1 Pores percentage in surface area (%)= '+str (100*(sum (areamat))/(Area))+'\
n''\n'+   
        '2. Total volume of pores (litre)= '+str (sum (total_vol)*1000)+'\n''\n'+  #m3 t
o litre       
        '2.1 Pores volume/Area x 0.1 deph m3 soil volume (%)= '+str ((sum (total_vol))*1
00/(Area*0.1))+'\n''\n' +   
        '3. Maximum pore pressure depth needed (mm)= '+str (max ( pores_hydro_depth)*100
0)+'\n' '\n'         
        '4. Minimum pore pressure depth needed (mm)= '+str (min ( pores_hydro_depth)*100
0)+'\n''\n'      
        '5. Minimum pore pressure needed (N/m2)= '+str (min ( pores_hydro_pres))+'\n''\n
'    
        '6. Maximum pore pressure needed (N/m2)= '+str (max ( pores_hydro_pres))+'\n''\n
')    
        Abstractfile.close()   
#_______________________________________________________________________________________
     # this function plots 1) pores distribution within the given area, 2) probability 
distribution function of pores radius and depth      
def graphs(radius, tube_depth):   
    L=[radius, tube_depth]   
    jj=['pores radius', 'pores depth']           
    rcParams['figure.figsize'] = int(float(width)*5),int(float (length)*5)   
    plt.figure()   
    area = np.pi * (100*np.array(radius))**2   
    colors = 1000*np.array(radius)   
    plt.scatter(ymatrix,xmatrix,alpha=1,s=area , c=colors,cmap='PuOr')   
    plt.colorbar(ticks=range(10), label='radius (mm)')   
    plt.clim(0, 10)   
    plt.xlabel('Plot Width (cm)', size=12)   
    plt.ylabel('Plot length (cm)', size=12)   
    plt.xlim(0, float(width)*100)   
    plt.ylim(0, float(length)*100)     
    plt.savefig(Calib_output+'Macropores graph'+str(length)+'.png',format='png', dpi=200
)    
    import pylab as P   
    for i, e in enumerate(L):       
    # the histogram of the data with histtype='step'   
        rcParams['figure.figsize'] = 8,8   
        plt.figure()   
        n, bins, patches = P.hist([x*1000 for x in e], 50, normed=1, histtype='stepfille
d')   
        plt.setp(patches, 'facecolor', 'g', 'alpha', 0.75)   
        plt.xlabel(jj[i]+'(mm)', size=12)   
        plt.ylabel('PDF', size=12)   
        plt.savefig(Calib_output+'PDF'+jj[i]+ str(length)+'.png',format='png', dpi=50)  
             
#______________________________________________________________________________________ 
   # this function generates pores based on the given plot area 
def PoreInfo (Area,row, rep, BeanSize, Calib_output,length, width,x, angle, wr):         
#1. call macropores modules (n,h,r), n= numbers of macro-pores, h= depth of macro-
pores, r= radius    
    total_vol=[];areamat=[] #total volume matrix   
    r=(0.0005, 0.01)      #radius (m)   
    td=(0.01,0.10) # tupes depth (m)    
    a=r[0];b=r[1] #lower and upper boundary for radius   
    radius=(shuffle_function.shuffle_complex(row, rep,a,b, BeanSize, Calib_output))   
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    # print str (len(radius))   
    for i in radius:   
        area=3.14*(i**2)   
        areamat.append(area)       
    aa=td[0];bb=td[1]     
    tube_depth=shuffle_function.shuffle_complex(row, rep,aa,bb, BeanSize,Calib_output ) 
  
    # print (len(radius), len (tube_depth))   
    if len (radius)!=len(tube_depth):   
        dif=abs(len(tube_depth)-len (radius))   
        z=(len(tube_depth))-dif   
        if len (radius)>len(tube_depth):   
            del radius[z:len (radius)]   
        if len (radius)<len(tube_depth):   
            del tube_depth[z:len (tube_depth)]   
    for i in range (0,len (radius)):   
            tv=tube_depth[i]*3.14*(radius[i]**2)   
            total_vol.append(tv)  #m3      
    #___________________________________________________________________________________ 
 #2. Appointing coordinate   
    pointNo= int((float((length))*100)*(float((width))*100))   
    # print 'pointNo='+str(pointNo)   
    # print 'pores no='+str (len(radius))   
    if pointNo < len(radius):   
        # print 'pointNo < len(radius)'   
        bb= int(float(length)*1000)   
        aa=int(float(width)*1000)   
    if pointNo >= len(radius):      
        # print 'pointNo > len(radius)'   
        bb= int(float(length)*100)#cm   
        aa=int(float(width)*100) #cm    
    for i in range (0,bb):   
        for ii in range(0,int(aa)):   
                x= i   
                xmatrix.append(x) #containing distance from the plot top (cm)    
    for j in range (0,aa):   
            for jj in range (0,int(bb)):   
                y= j     
                ymatrix.append(y)        
    random.shuffle(xmatrix)   
    random.shuffle(ymatrix)   
    if len (radius)!=len(xmatrix):      
            dif_X=abs(len(xmatrix)-len (radius))   
            zx=(len(xmatrix))-dif_X   
            dif_Y=abs(len(ymatrix)-len (radius))   
            zy=(len(ymatrix))-dif_Y   
            if len (xmatrix)>len(radius):   
                del xmatrix[zx:len (xmatrix)]                        
                # print len(xmatrix)   
            if len (ymatrix)>len(radius):   
                del ymatrix[zy:len (ymatrix)]             
                # print len(ymatrix)   
#___________________________________________________________________________________    
   #3. macro flow       
    pores_hydro_depth=[] #critiacal water depth needed to break macropores pressure entr
y   
    pores_hydro_pres=[] #pressure entry   
    for r in radius:    
        hc=abs(2*wr*math.cos(math.radians(angle))/(r*9.8*1000)) # metre   
        pores_hydro_depth.append(hc)   
        Pc=abs(2*wr*math.cos(math.radians(angle))/(r))   
        pores_hydro_pres.append(Pc)         
    for i in range (0, len (radius)):                
                PoreLoc=(radius[i],tube_depth[i],xmatrix[i],ymatrix[i],pores_hydro_pres[
i] )   
                PoreAttribut.append(PoreLoc)   
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                pore=(xmatrix[i],ymatrix[i])   
                Coordinate.append(pore)          
    return [radius,tube_depth,total_vol, xmatrix,ymatrix, pores_hydro_depth,pores_hydro_
pres, areamat]   
#-------------------------------------------------------------------------------------- 
# Above functions can be tested by the below scripts 
Calib_output= raw_input("Macropores Output File Address:") +'\\'  
i=1   
#----------------------------------------------------------------------------------   
length=1;width=1 
nn=list(range(0, 1000))   
Area=(float (length)*float(width))   
x=1 #counter for beansize   
angle=105; g=9.8; n=0.65; s=0.51 #S slope   
wr=0.043  ##it was 43 milinewton divided by 1000 to convert inot N/m   
#----------------------------------------------------------------------------------   
for j in range (1,100):    
    n1=(1000*nn[i-1]+1)   
    n2=(1000*nn[i])   
    row=j #parameter for shuffleComplex-rows of lists   
    BeanSize=int(x*(Area+1))  
#parameter for shuffleComplex- size distribution of points in list   
    rep=int(np.random.uniform (n1*Area,n2*Area)) #point no.   
    print 'BeanSize='+str(BeanSize)   
    print (n1,n2)   
    print "(i,j)="+str((i,j))   
    [radius,tube_depth,total_vol, xmatrix,ymatrix, pores_hydro_depth,pores_hydro_pres, a
reamat]=PoreInfo(Area,row, rep, BeanSize, Calib_output,length, width,x, angle, wr)   
    VolMeet= 100*(sum (total_vol)/((Area*0.1))) #pores total volume   
    print '(r,d)='+str((len(radius), len (tube_depth)))   
    print 'total pores volume='+str(VolMeet)   
    if VolMeet>5.5:   
        x=x-5   
    if VolMeet<4:   
        x=x+5   
    if  VolMeet>=4 and VolMeet<5.5:   
         Poredata_excelfile(length,radius,tube_depth, total_vol, xmatrix,ymatrix, pores_
hydro_depth,pores_hydro_pres) #pores info into the excelfile   
         graphs(radius, tube_depth) #PDFs for radius and depth, pores locations within t
he given area   
         Abstractfile()   
         break   
    i=i+1   

The result from the above codes for one 1x1 m plot length: 
 

Number of pores in one square metre = 4620 
Pores percentage in surface area (%) = 10.132255485 
Total volume of pores (litre) = 4.25447747283 
Pores volume/Area x 0.1 deph m3 soil volume (%) = 4.25447747283 
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Appendix 6.2.1 Pores coordinates (x,y) within 1x1 m plot  
 
 

 
Appendix 6.2.2 Probability distribution function a) pores radius, b) pores depth 

 

 

Appendix 6. 3 KINEROS2 Simulation for Pre-ponding Infiltration Run 

# Run Kineros2   
os.system("Kineros2 < input.fil")   
Output_file=open("Output8.out","r")    
discharge_mod=open("DISCHARGE_MOD.OUT", "r")   
runoff_Discharge = open('discharge.txt', 'w+')   
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Appendix 6. 4 Pressure Entry at Individual Pores 

#C:Chezy resistance coefficient (m1/3/sec), g:gravity (m/s), runoff_mod:simulated runoff 
def Flowpressure_gradient (runoff_mod, length, width, g, s, C): 
    Area=float (length)*float(width) 
    s=0.51 # Plot’s slop 
    Pwater_list=[]; depth_water=[] 
    i=0; h=0;Pwater=0;v=0; 
    Constant= 9800+(63.75*(C**2)) #Constant: ρ(g+(C^2 Sf)/8), sf:tan(slope)   
    f=((8*9.8)/(C**2)) # number from Moody diagram f:(8g/c^2) or C:√(8g/f) Froude  
    re=(96*(C**2))/(8*9.8) #reynold number:(64*(C^2))/(8g) Smith et al., 2007   
    if re <2000:   
     for q in runoff_mod: 
        qq=float(q)*Area/(3600*1000) # mm/h convert to m3/s   
        h=((qq/1.5 )/((C)*(s**0.5)))**(0.5) #  
m Laminar flow and natural surfaces β:2 
        V=((8*g*s*qq)/f)**(0.33333333333333) # m/s Velocity 
        Pwater1=1000*((g*h)+(0.5*(V**2)))  # Water pressure (kg/m.S2=N/m2) 
        Pwater=0.00010199773339984*1000*((g*h)+(0.5*(V**2)))  # Water head (m) 
        Pwater_list.append(Pwater) 
        depth_water.append(h) 
     if re >2000: 
         print 'Reynold number >2000' 
    return (Pwater_list,depth_water ) 

 

 

Appendix 6. 5 Macropores filling Module 

# Pwater_list: Simulated water pressure 
# flowPressure: water pressure at the plot end m 
# filled_Percentage_Timestep: simulation intervals (3 minutes) 
# runoff_mod: Simulated runoff from KINEROS(mm/h) 
# pores_hydro_depth: Water depth requires to break the pressure entry   
# pores_hydro_pres: Pressure enrty requires at pores 
# xmatrix: x coordinate of pores location within the plot 
# filled_Percentage_Timestep: percentage of pores filled  
 
def Filling (Pwater_list,flowVol,flowPressure, width,length,runoff_mod,depth_water, rai
nInterval, total_vol, pores_hydro_depth,pores_hydro_pres, xmatrix, counter,filled_Perce
ntage_Timestep):     
         

    Area=float (length)*float(width);                          
        MacfloWVolMatix=[]; Mac_flowPressure=[];New_xmatrix=[]   
        Vol_pore_filled=[] #Volume of pores been filled   
        pores_vol_pres_kept=[] #Volume of empty pores    
        pores_hydro_pres_kept=[]  # pressure entry of empty pores   
        for ii in range (0,len(total_vol)):  # for volume of pores m3      
         if flowVol>0:   
            vol_abs = ((total_vol[ii])*1000)   # the available volume to be filled in t
his pore   #total_vol[ii])*1000 convert m3 to liter   
            Poreloc = xmatrix[ii]         
            pore_flowPressure = flowPressure *float(int(float(Poreloc)))/(100*float(len
gth))  # (m) water head or water pressure gradient at each single pore            
            MacfloWVol = float(flowVol)*float(Poreloc)/(100*float(length))#### (litre) 
volume of water at the pores location in relation to flow depth 
            Mac_flowPressure.append(pore_flowPressure)  # (N) water pressure gradient 
at each single pore 
            MacfloWVolMatix.append(MacfloWVol)   #(litre) volume of pores   
#_______________________________________________________________________________        
  # 2. applying the filling equation 
            if pore_flowPressure>(pores_hydro_depth[ii]): #if water pressure is higher 
than pore pressure entry (units are m )   
                if MacfloWVol> vol_abs: #if runoff volume is larger than pore volume 
and water flow is larger than zero 
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                    Vol_pore_filled.append((total_vol[ii])*1000) # fill the pore litre 
                    flowVol=flowVol-(total_vol[ii]*1000) #subtract the water went to 
pore from runoff volume (litre) 
                    counter.append(ii) 
            if pore_flowPressure <(pores_hydro_depth[ii]):#if water pressure is smaller
 than pore pressure entry   
                pores_hydro_pres_kept.append(pores_hydro_pres[ii])   
                pores_vol_pres_kept.append(total_vol[ii])   
                New_xmatrix.append(xmatrix[ii])  
            ii=ii+1   
        Filling_abstract=(sum(Vol_pore_filled)) #volume of water used for filling in th
is time step (litre)   
        if sum(total_vol)==0:   
            filled_Percentage_Timestep.append(0)  
        else:   
            filled_Percentage_Timestep.append(float(Filling_abstract/sum(total_vol))) 
        # print filled_Percentage_Timestep  
        filling_flow= round(((Filling_abstract*60)/(Area*rainInterval)),6) # Filling 
abstract in this timestep mm/h 
        return [Vol_pore_filled,pores_vol_pres_kept, pores_hydro_pres_kept, New_xmatrix
, filled_Percentage_Timestep, Filling_abstract,filling_flow, total_vol] 

 

 

Appendix 6. 6 Macropores Seeping Module 

# applying seeping equation 
# Spilling_Matrix: pores seeping to underneath mineral soil 
# Depth: pores depth; radius: pore radius 
# flowVol: pore volume 
# Pwater_list: Water pressure at pore  
def Spilling(Spilling_Matrix,width,length, Depth,t, flowVol,Pwater_list,depth_water, co
unter,radius,tube_depth, rainInterval, runoff_mod):  
      Area=float (length)*float(width)  
      Kspilling= 0; runoff_mod_minus_Spilling=[]  
      Spilling_Q=[]; constant2=3834960.5 #(1000*9.8*3.14)/(8*0.001) (ρgπ)/8μ;    
      Constant=13.9  
      if counter!=0 and flowVol>0:   
            for v in counter: 
                r= radius [v] 
                Qii=((r**2)*3.14*tube_depth[v])/(rainInterval*60)   #Q=3.14*r^2*L/t fro
m Podgorney et al., 2008   
                Spilling_Q.append(Qii)   
            # Kspilling=(sum(Spilling_Q)*0.04/(float(Area)*Pwater_list[t]))*3600000   
            if runoff_mod[t]>Kspilling: 
                Kspilling= ((sum(Spilling_Q))*Pwater_list[t]/(float(Area)*0.04)) *36000
00   # K_spilling=Q∆Z/Ah (mm/h) 
            if runoff_mod[t]<Kspilling:   
                Kspilling= runoff_mod[t]    #mm/h 
            runoff_mod_minus_Spilling.append(runoff_mod[t]-Kspilling)   
            Spilling_Matrix.append(Kspilling)   
      return [Spilling_Matrix,Kspilling,runoff_mod_minus_Spilling]         
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