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Abstract 

 

The estimation of runoff volume and peak runoff rate has been the focus of significant 

hydrological research worldwide. The results of these studies, usually in the form of 

empirical relationships or models, are intrinsically linked to the environment in which 

the study was conducted. This often limits the applicability and accuracy of the 

method of runoff estimation at alternative and ungauged locations. Within the 

brigalow belt of central Queensland, Australia, a scarcity of stream gauging stations to 

measure runoff volume and peak runoff rate has impeded research on the surface 

water hydrology of the region. Intermittent failure of these stations and consequently, 

multiple periods of missing data, have added further complexity and challenge to the 

understanding of catchment hydrology in the region. 

 

Commencing in 1965 and continuing today, the Brigalow Catchment Study in central 

Queensland has measured both runoff volume and peak runoff rate from three small 

catchments which initially contained native brigalow scrub. The natural hydrology of 

the three catchments was characterised during a 17-year calibration period from 1965 

to 1981. In 1982, two of the three catchments were cleared, with one developed for 

cropping and one developed for improved pasture, while the third was retained as an 

uncleared control catchment.  Study of the effect of land development on surface 

hydrology commenced in 1984.  Twenty-one years of record was used to quantify the 

changes in peak runoff rate associated with land development. Results however, were 

confounded by missing data. To allow for robust analysis, estimates of missing data 

were generated via three different methods: (1) multiple variable regression analyses; 

(2) Soil Conservation Service curve number and graphical peak discharge 

methodologies; and (3) a simple variable infiltration rate model. The suitability of 

each technique for the estimation of peak runoff rate was assessed using both 

graphical and numerical evaluation.  

 

Irrespective of land use, peak runoff rate was strongly correlated to total runoff. 

Multiple variable regression models of peak runoff rate incorporating total runoff and 

up to three parameters describing rainfall, further improved estimation of peak runoff 

rate compared to single parameter models using only total runoff. This method of 
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estimating peak runoff rate gave the best results of the three methods tested, and was 

used to estimate missing data in the long-term record prior to quantifying the changes 

in peak runoff rate associated with the land development of these gauged catchments. 

 

The Soil Conservation Service curve number method was used with observed total 

runoff to derive a set of calibrated curve numbers for each land use. Average curve 

numbers were 53 for brigalow scrub, 67 for cropping and 64 for pasture. Curve 

numbers under antecedent moisture condition II were larger and were 68, 81 and 67 

respectively. Calibrating curve numbers based on observed antecedent moisture 

conditions gave the best estimations of total runoff.  

 

Estimates of peak runoff rate using the graphical peak discharge method were 

strongly correlated with observed peak runoff rate for all catchments. However, the 

model typically underestimated peak runoff rate in small events and overestimated it 

in large events.  

 

The simple variable infiltration rate model required a routing component to obtain 

best results. Without a routing component, most (88%) of the estimated peak runoff 

rates were greater than the observed peak runoff rates and most events (92%) occurred 

prior to the observed peak. When linear kinematic wave routing was included, 

estimates of the peak runoff rate were strongly correlated with observed peak runoff 

rate for all catchments (R
2
>0.8).  

 

Prior to land development, peak runoff rates from the three brigalow scrub catchments 

averaged 3.4 mm/hr. During the 21 years of land use comparison, this increased to 6.6 

mm/hr from the brigalow scrub control catchment, 14.7 mm/hr from the cropping 

catchment and 8.8 mm/hr from the pasture catchment.  To assess the effect of land 

development on peak runoff rate, the underlying difference in peak runoff rate due to 

climatic variation needs to be taken into account.  This study indicated a significant 

increase in peak runoff rate from both the cropping and pasture catchments due to 

land development, having adjusted for the underlying variation in peak runoff rate 

between the calibration and comparison periods. The average peak runoff rate 

increased by 9.1 mm/hr for the cropping catchment and 3.4 mm/hr for the pasture 

catchment - an increase of 263% and 164%, respectively, of the estimates of their 
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peak runoff rate had they remained brigalow scrub. Increases in peak runoff rate were 

most prevalent in smaller events with an average recurrence interval of less than two 

years under cropping and four years under pasture. 



 v 

Statement of Originality 

 

This work has not previously been submitted for a degree or diploma in any 

university. To the best of my knowledge and belief, the thesis contains no material 

previously published or written by another person except where due reference is made 

in the thesis itself. 

 

 

 

Craig Thornton 



 vi 

Table of contents 

 

Abstract ......................................................................................................................ii 

Statement of Originality.................................................................................................v 

List of abbreviations, symbols and notation .................................................................ix 

List of figures ................................................................................................................xi 

List of tables.................................................................................................................xii 

Acknowledgements.....................................................................................................xiv 

Chapter 1. Introduction ..................................................................................................1 

Chapter 2. Literature review ..........................................................................................3 

2.1 Multiple regression analysis ............................................................................3 

2.2 The Soil Conservation Service (SCS) curve number (CN) method and 

graphical peak discharge method for the estimation of peak runoff rate...............4 

2.2.1 Background ...........................................................................................4 

2.2.2 The SCS CN method for estimating total runoff ..................................5 

2.2.3 Criticisms of the SCS CN method ........................................................8 

2.2.4 SCS Graphical Peak Discharge method for estimating peak runoff rate

........................................................................................................................8 

2.2.5 Limitations of the SCS Graphical Peak Discharge method ................12 

2.3 Simple variable infiltration rate (VIR) model for the estimation of peak 

runoff rate.............................................................................................................12 

2.3.1 Background .........................................................................................12 

2.3.2 The VIR method for estimating peak runoff rate................................13 

2.3.3 Limitations of VIR..............................................................................15 

2.3.4 Overcoming limitations of VIR – Routing VIR estimated runoff ......15 

2.4 Previous studies of Brigalow Catchment Study hydrological data................15 

Chapter 3. Data and methodology ...............................................................................17 

3.1 Experimental site ...........................................................................................17 

3.1.1 Location ..............................................................................................17 

3.1.2 Climate................................................................................................17 

3.1.3 Soil types.............................................................................................18 

3.1.4 Natural vegetation ...............................................................................18 

3.1.5 Experimental design and instrumentation...........................................18 

3.1.6 Study history .......................................................................................18 

3.2 Data ................................................................................................................20 

3.2.1 Defining an event ................................................................................20 



 vii 

3.2.2 Rainfall................................................................................................20 

3.2.3 Runoff .................................................................................................21 

3.2.4 Soil water ............................................................................................21 

3.2.5 Roughness ...........................................................................................21 

3.3 Methods of analysis .......................................................................................21 

3.3.1 Multiple regression models for the estimation of total runoff and peak 

runoff rate.....................................................................................................21 

3.3.2 A worked example calculating peak runoff rate and CN using SCS CN 

and Graphical Peak Discharge methodology...............................................22 

3.3.3 A worked example calculating peak runoff rate using the variable 

infiltration rate model ..................................................................................26 

3.3.4 A worked example calculating peak runoff rate using the variable 

infiltration rate model with routing..............................................................27 

3.3.5 Assessment of model performance .....................................................28 

3.3.6 Using observed data to assess the impact of land use change on peak 

runoff rate.....................................................................................................29 

Chapter 4. Results ........................................................................................................31 

4.1 Multiple regression analysis of total runoff ...................................................31 

4.1.1 Stage I .................................................................................................31 

4.1.2 Stage III...............................................................................................32 

4.2 Multiple regression analysis of peak runoff rate............................................33 

4.2.1 Stage I .................................................................................................33 

4.2.2 Stage III...............................................................................................34 

4.3 Soil Conservation Service methods ...............................................................35 

4.3.1 Curve Numbers ...................................................................................35 

4.3.2 Estimations of peak runoff rate using Graphical Peak Discharge 

method..........................................................................................................37 

4.4 Variable Infiltration Rate methods.................................................................38 

4.4.1 Estimations of peak runoff rate using VIR without routing................38 

4.4.2 Estimations of peak runoff rate using VIR with linear kinematic wave 

routing ..........................................................................................................38 

4.5 Assessment of model performance ................................................................39 

4.6 Peak runoff rate observations.........................................................................41 

4.7 Changes in peak runoff rate resulting from land development......................43 

4.7.1 Observed data......................................................................................43 

4.7.2 Calibrated catchments .........................................................................47 



 viii

4.7.3 Soil Conservation Service Curve Numbers ........................................49 

4.7.4 Variable Infiltration Rate method .......................................................50 

Chapter 5. Discussion ..................................................................................................51 

5.1 Peak runoff rate increases with land development ........................................51 

5.2 So what variables are the best predictors of total runoff and peak runoff rate?

..............................................................................................................................52 

5.3 The estimation of curve numbers...................................................................52 

5.4 Comparing the performance of the three estimation methods .......................53 

Chapter 6. Conclusions ................................................................................................56 

References ....................................................................................................................57 

APPENDIX A – The GOSH software program parameter (.PAR) file as used in “A 

worked example calculating Qp using the VIR method” ...........................65 

APPENDIX B – The GOSH software program data (.DAT) file as used in “A worked 

example calculating Qp using the VIR method” ........................................66 

APPENDIX C – The GOSH software program list (.LST) file as created in “A worked 

example calculating Qp using the VIR method” ........................................68 

APPENDIX D – The GOSH software program output (.OUT) file as created in “A 

worked example calculating Qp using the VIR method” ...........................71 



 ix 

 

List of abbreviations, symbols and notation 

 

α  parameter related to the lag time of runoff within the catchment 

a  abstraction 

A  antecedent rainfall 

A  drainage area (mi
2
) 

AMC  antecedent moisture condition 

BCS Brigalow Catchment Study 

C0   coefficient used in the SCS GPD method 

C1  coefficient used in the SCS GPD method 

C2  coefficient used in the SCS GPD method 

CN  curve number  

Cfs cubic feet per second 

csm/in  cfs per square mile per inch of runoff  

∆t  time interval 

Dev deviance of the current model 

Dev0  deviance of the null model 

E  storm energy 

E  coefficient of efficiency 

EI30  storm erosivity 

F  adjustment factor for ponds and swamps 

fi  infiltration rate (mm/hr) 

GOSH generation of synthetic hydrograph 

GPD graphical peak discharge  

I  rainfall intensity 

I  spatially-average maximum infiltration rate 

Ia  initial abstraction or retention parameter 

L  hydraulic length of the catchment (ft) 

n number of observations 

n∆t  duration of the runoff event 

p  number of fitted parameters in the current model 



 x 

p0 number of fitted parameters in the null model 

P  rainfall  

Pi  ra infall rate (mm/hr)   

Qi  runoff rate (mm/hr) 

Qp  peak runoff rate 

Qtot  runoff volume  

qu  unit peak discharge (csm/in) 

r
2 

squared coefficient of correlation 

R
2  

adjusted R
2
 (the percentage variance accounted for, expressed as a proportion)  

Ri  rainfall excess rate 

S  site index defined as the maximum possible difference between P and Qtot as P 

approaches infinity 

SCS soil conservation service 

SVIM spatially variable infiltration model 

t  time interval of measurement 

tc  time of concentration  

TSW  total soil water  

tl  lag time (hr) 

VIR variable infiltration rate 

Y  average land slope (%) 



 xi 

List of figures 

 

Figure 1.  The Type II rainfall distribution graphic for calculating unit peak discharge 

(qu) given time of concentration (tc), initial abstraction (Ia) and total 

rainfall (P). The rainfall distribution type for the region in question 

determines which graphic is used (USDA NRCS 1986). ..........................10 

Figure 2. Schematic diagram of the Brigalow Catchment Study showing catchment 

boundaries, contour banks, waterways and the location of rainfall and 

runoff recording stations. ...........................................................................20 

Figure 3.  Observed, VIR and VIR with routing component estimated hydrographs 

for the brigalow scrub catchment of the Brigalow Catchment Study during 

a 75 mm rainfall event. ..............................................................................27 

Figure 4.  Observed peak runoff rate data compared with estimated peak runoff rate 

data using multiple regression model equations 32 to 34 for the three 

catchments during Stage III. ......................................................................35 

Figure 5.  Observed peak runoff rate data compared to SCS method estimated peak 

runoff rate data for the three catchments during Stage III. ........................38 

Figure 6.  Observed peak runoff rate data compared to the VIR method estimated 

peak runoff rate data for the three catchments during Stage III.................40 

Figure 7.  Box and whisker plots of observed peak runoff rate data from the three 

catchments during Stage I and Stage III. The box spans the interquartile 

range, with a line indicating the median, and the whiskers extending to the 

minimum and maximum. ...........................................................................42 

Figure 8.  Histograms of peak runoff rate for the three catchments pre- and post-

clearing.......................................................................................................44 

Figure 9.  Ratios of peak runoff rate for C2:C1 and C3:C1 pre- and post-clearing. ..46 

Figure 10. Peak runoff rate for Catchment 2 and Catchment 3 compared to Catchment 

1 both pre- and post-clearing. ....................................................................48 

Figure 11. Ranked curve numbers for all catchments both pre- and post-clearing .....49 

 



 xii 

List of tables 

 

Table 1.  Antecedent moisture condition classification based on 5-day antecedent 

rainfall. .........................................................................................................7 

Table 2.  Values of the adjustment factor (F) required for use in the SCS GPD 

method for estimating peak discharge. The value of F changes depending 

on the area of ponds and swamps within the catchment (USDA NRCS 

1986). ...........................................................................................................9 

Table 3.  Values of the coefficients required to estimate unit peak discharge (qu) 

using equation 12. Coefficients are chosen depending on the ratio aI / P 

and rainfall distribution type. If aI / P is outside of the given range, then 

the boundary value should be used. Linear interpolation is used between 

the given values (USDA NRCS 1986).......................................................11 

Table 4.  The land use history of the three catchments of the Brigalow Catchment 

Study. .........................................................................................................19 

Table 5.  Adjusted coefficients of determination (R
2
) for regression analysis of 

logQtot and the individual parameters of total rainfall (P), storm energy (E), 

storm erosivity (EI30), total soil water (TSW) rainfall and antecedent 

rainfall. .......................................................................................................31 

Table 6.  Adjusted coefficients of determination (R
2
) for regression analysis of the 

individual parameters logQtot, total rainfall (P), storm energy (E), storm 

erosivity (EI30), total soil water (TSW) rainfall intensity (peak 10, 20, and 

30 minute, 1, 2, 3, 4, 6, 12, 18, 24 hr), and antecedent rainfall (1, 3, 5, 10, 

20 and 30 day) against the response parameter logQp. ..............................33 

Table 7.  Evaluation of the Soil Conservation Service methods for the estimation of 

peak runoff rate. .........................................................................................36 

Table 8.  CN values calculated using a number of optimisation methods and 

evaluation of their suitability for estimating total runoff. ..........................37 

Table 9.  Evaluation of the Variable Infiltration Rate methods for the estimation of 

peak runoff rate. .........................................................................................39 

Table 10.  Minimum variable and parameter sets required to utilise each of the 

methods evaluated......................................................................................40 



 xiii

Table 11.  Comparison of method performance based on the numerical indicators R
2
 

and E. .........................................................................................................41 

Table 12.  Summary of observed peak runoff rate data. .............................................42 

Table 13.  Stage III (1985 to 2004) observed annual peak runoff rates from the 

brigalow, cropping and pasture catchments and estimated pre-clearing 

runoff from the cropping and pasture catchments using regression 

calibration equations 35 and 36 .................................................................45 

Table 14.  A comparison of maximum variable infiltration rate (MVIR) (mm/hr) 

calculated using the VIR method...............................................................50 

 



 xiv 

Acknowledgements 

 

Data sets pertaining to the Brigalow Catchment Study have been reproduced with 

permission of Department of Environment and Resource Management, Queensland. 

 



 1 

Chapter 1. Introduction 

 

The estimation of runoff volume (Qtot) and peak runoff rate (Qp) for ungauged 

catchments has been the focus of substantial hydrological research worldwide 

(Hawkins 1993; Dilshad and Peel 1994; Post and Jakeman 1999). Both Qtot and Qp are 

requirements for engineering design purposes (Canterford 1987; Post and Jakeman 

1999; Woodward et al. 2003; Schneider and McCuen 2005), flood estimation 

(Woodward et al. 2002; Van Dijk and Bruijnzeel 2004), soil conservation (Yu et al. 

1997; Yu et al. 2000a; NRW 2004a), water yield assessments for agriculture, urban 

and environmental requirements (Hawkins 1993; NRW 2004b), as well as input 

variables for water quality models and design of monitoring programs (Fentie et al. 

2002; Lyon et al. 2004; Van Dijk and Bruijnzeel 2004). Given the scarcity of 

streamgauging stations across Australia (Boughton 2005), measurements of Qtot and 

Qp are rarely available for a specific catchment hence the requirement for 

methodology to estimate them in ungauged catchments (Post and Jakeman 1999). 

 

In Queensland, large tracts of native vegetation have been cleared for agriculture, 

resulting in substantial hydrologic change in the landscape. Australia’s longest-

running paired catchment study, the Brigalow Catchment Study (BCS), was 

established in 1965, to monitor hydrologic change associated with land development, 

particularly that of the 1960s Land Development Fitzroy Basin Scheme. The Scheme 

was the largest Government sponsored land development initiative in Australia, 

resulting in the clearing of 4.5 Mha of brigalow lands for cropping or grazing (Cowie 

et al. 2007; Thornton et al. 2007).  

 

The BCS has unequivocally shown that developing brigalow for cropping or for 

grazing doubles runoff volume (Thornton et al. 2007).  However, to date, little 

research has been done to quantify the changes in Qp when brigalow is cleared for 

cropping or for grazing. One impediment to this analysis is periods of missing data in 

the long-term records. The aim of this thesis is twofold. Firstly, the suitability of three 

methods to estimate Qp will be evaluated: (1) multiple regression models, (2) the Soil 

Conservation Service curve number and graphical peak discharge method, and (3) 

simple variable infiltration rate modelling. The method that best estimates Qp will 
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then be used to estimate missing data in the long-term records so a complete data set 

is available for further analysis. Secondly, the now complete data set will be analysed 

to quantify changes in Qp due to land development. This will be undertaken using a 

simple comparison of observed data, a partial series analysis, and a paired, calibrated 

catchment analysis. 

 

The BCS is representative of the 36.7 Mha of brigalow bioregion in Queensland and 

northern New South Wales. Determining the changes in Qp when brigalow is 

developed for cropping or grazing and evaluating methodology for the estimation of 

Qp for these land uses in ungauged catchments will provide valuable information for 

natural resource management activities over a broad area. 
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Chapter 2. Literature review 

 

Inherent in the collection of long-term hydrological data is equipment failure and 

subsequent periods of missing data. As continuity of record is essential for robust 

hydrological studies, significant effort has been given to developing methods for the 

estimation of missing records (Bird 1992), which in turn is complementary to work 

undertaken to estimate hydrological parameters in ungauged catchments.   

 

Available methods for estimation of Qtot and Qp vary both in complexity and in the 

applicability of their results spatially. Locally accurate site-specific models have been 

derived empirically from research plots (Sallaway et al. 1988 cited in Fentie et al. 

2002). However, location-specific and empirical models may not be suitable for use in 

ungauged catchments due to input data requirements or because the scale at which the 

relationships were derived is not representative of runoff processes in the broader 

landscape. Simple models requiring fewer, easily obtainable parameters may be more 

readily applicable to ungauged catchments (Boughton 1995), but the accuracy of Qtot 

and Qp estimations from this method may be poor (Fentie et al. 2002) or the 

resolution too coarse for certain applications. Complex physical process-based models 

may provide accurate estimations of Qtot and Qp at suitable resolution, however the 

application of these models to a new location is potentially hampered by the 

availability of data for parameterisation (Post and Jakeman 1999).  

 

In this study, three different approaches for the estimation of Qp were evaluated: (1)  

multiple regression analysis, (2) Soil Conservation Service curve number and 

graphical peak discharge method, and (3) simple variable infiltration rate modelling. 

The background of each method, its application and limitations are discussed below. 

2.1 Multiple regression analysis 

Empirical regression analysis is a basic statistical technique replete throughout 

hydrological literature (Beven 2000). Linear regression analysis is used to determine 

if an independent variable such as total rainfall can be used to describe a dependent 

variable, such as Qp, in a statistically significant relationship. These relationships can 
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then be compiled into an equation, or empirical model, typically in the form of 

equation 1. 

 

)()..()( 2211 nn ICICICD ×+×+×=      (1) 

 

where D is the dependent variable, I is an independent variable and C is a coefficient 

describing the relationship between the two. 

 

Historically, this form of analysis has been applied to data from similar paired 

catchment studies also located in semi-arid sub-tropical Queensland. The 

experimental catchment studies at “Springvale” via Emerald (Fentie et al. 2002) and 

“Fairlands”, Wallumbilla (Freebairn et al. 2009) both exhibited significant 

relationships between Qp and the variables Qtot, total rainfall, rainfall intensity and 

cover when combined in a multiple regression model. Given these studies were 

undertaken at the same time as the BCS, by the same agency and in some cases with 

the same staff, it is fitting to undertake similar analysis at this site. 

2.2 The Soil Conservation Service (SCS) curve number (CN) method and graphical 

peak discharge method for the estimation of peak runoff rate 

2.2.1 Background 

The CN method has been described as ubiquitous and as a most enduring method for 

estimating the volumes and peak rate of surface runoff from ungauged catchments 

(Boughton 1989; Lyon et al. 2004). The CN method is typically credited to Mockus 

circa 1947 to 1949 (Mockus 1949; USDA SCS 1973; USDA NRCS 1986; Boughton 

1989). Since then, the CN method has been used world wide, on catchments ranging 

in size from 0.2 ha to 1000 km
2
 (Boughton 1989). This includes all of mainland 

Australia and New Zealand e.g. Queensland (Boughton 1989), New South Wales 

(Whitten et al. 2005), Victoria (Lyon et al. 2004), South Australia (Sadras 2003), 

Western Australia (Short et al. 2000), Northern Territory (Dilshad and Peel 1994), 

and New Zealand (Watts and Hawke 2003).  

 

The origin and refinement of the CN method are documented by a substantial body of 

literature. The United States Department of Agriculture Natural Resource 
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Conservation Service (formerly the Soil Conservation Service) National Engineering 

Handbook Part 630 Hydrology (2001) documents its development and application. 

The CN method has an empirical basis, being developed from decades of rainfall 

runoff observations for small watersheds (Rallison 1980; Woodward et al. 2002).  The 

underlying principle of the CN method is that the relationship between rainfall and 

runoff from a natural watershed can be described by a curve as follows: when the 

accumulated natural rainfall is plotted versus the accumulated natural runoff, runoff 

starts after some rainfall has accumulated and the relationship between rainfall and 

runoff curves and becomes asymptotic to a 1:1 line for large rainfall events (Rallison 

1980; Woodward et al. 2002).     

 

Due to its substantial documentation, world-wide usage, and previous application 

close to and at this site (Boughton 1989, Owens et al. 2003) the CN method was 

selected for evaluation against BCS data. 

2.2.2 The SCS CN method for estimating total runoff 

The CN method provides an estimate of Qtot which is then used with the Graphical 

Peak Discharge method to estimate Qp. The following equation describes the rainfall 

runoff relation used in the CN method (USDA NRCS 1986), with units in inches. 

 

SIP

IP
Q

a

a
tot

+−

−
=

)(

)( 2

        (2) 

 

where Qtot is runoff, P is rainfall, Ia is an initial abstraction or retention parameter 

(rainfall that does not run off) and S is a site index defined as the maximum possible 

difference between P and Qtot as P approaches infinity.   

 

Historical field data gave the empirical relationship 

 

SI a 2.0=          (3) 

 

Substituting (3) into (2) gives what is commonly termed the familiar SCS equation 
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SP

SP
Qtot

8.0

)2.0( 2

+

−
=         (4) 

 

The retention parameter S is related to a curve number (CN) as follows. 

 

10
1000

−=
CN

S          (5) 

 

CN is a dimensionless parameter used to describe the rainfall-runoff relationship for a 

catchment as influenced by physical factors such as soil type, land use and 

management practice (Boughton 1989; Hawkins 1993). CN varies between 0 to 100 

with a CN of 0 producing no runoff and a curve number of 100 resulting in all rainfall 

becoming runoff (Hawkins 1993). Tables of CN values have been generated for a 

range of hydrologic and soil-cover complexes and antecedent conditions (USDA 

NRCS 1986).  

 

The procedure for estimating Qtot for a known rainfall on an ungauged catchment is to 

firstly estimate a CN describing the catchment condition using a CN table. The CN is 

then substituted into equation 5 to give the retention parameter S, which is substituted 

into equation 4 with the known rainfall P, to determine Qtot. 

 

A CN can be calculated from a pair of P:Qtot observations for a single storm by 

solving equation 4 for S (equation 6 below) and equation 5 for CN (Hawkins 1973; 

Boughton 1989; Hawkins 1993). 

 

])54(2[5 2/12
tottottot PQQQPS +−+=       (6) 

 

The observation that rainfall events of similar magnitude generate varying amounts of 

runoff demonstrates that CN varies from event to event. The original CN method 

stated that antecedent moisture condition (AMC) was the most significant variable 

explaining this variation (Van Mullem et al. 2002). The SCS classification of AMC is 

given in Table 1 (Chow et al. 1988, Boughton 1989, Dilshad and Peel 1994). As the 

BCS is dominated by perennial vegetation and opportunity cropping, the AMC 

grouping for growing season was appropriate. To make the CN values calculated 
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using equation 6 widely applicable, some method of optimisation to account for AMC 

must be undertaken and an average set of CN values produced (Boughton 1989).  

 

Table 1. Antecedent moisture condition classification based on 5-day antecedent 

rainfall. 

AMC 

condition Dormant season Growing season

I <13 <36

II 13-28 36-53

III >28 >53

5-day antecedent rainfall (mm)

 

 

CN values for AMC I (CN(I)) and III (CN(III)) conditions can be calculated from a 

CN value for AMC II (CN(II)) using equations 7 and 8 (Chow et al. 1988). 

 

)(058.010

)(2.4
)(

IICN

IICN
ICN

×−

×
=       (7) 

 

)(13.010

)(23
)(

IICN

IICN
IIICN

×+

×
=       (8) 

 

If CN values are calculated for enough events using pairs of P:Qtot observations, 

statistically the mean of the calculated CN values should be a reasonable estimation of 

the true mean CN value for the catchment. This mean CN value can then be 

considered as CN(II), and CN(I) and (III) can be calculated using equations 7 and 8. If 

the number of events is small, an alternative approach is to assume that each 

calculated CN value is CN(II), and calculate CN(I) and (III) for each event. Each 

group of CN values can then be averaged to obtain CN values for AMC (I), (II) and 

(III). 

 

A simpler approach is to group the calculated event CN values into AMC groups 

depending on the observed antecedent rainfall. The groups of CN values can then be 

averaged to obtain AMC (I), (II) and (III).  
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The performance of CN values optimised by each method was assessed by using the 

SCS CN method to estimate total runoff for each event and comparing the estimate to 

the observed value. 

2.2.3 Criticisms of the SCS CN method 

A key criticism of the method is a lack of physical reality in its formulation 

(Boughton 1989; Dilshad and Peel 1994). This is acknowledged by the authors but 

outweighed by the benefits of simple parameterisation and broad applicability 

(Rallison 1980; Yu 1998). Further work by Yu (1998) has provided theoretical 

justification for the method allaying some of the earlier concerns. The validity of the 

constant 0.2 (equation 3) is also questioned (Woodward et al. 2003; Schneider and 

McCuen 2005). Further investigation refined the constant to 0.05 however this 

alteration to the method has not yet been officially implemented (Woodward et al. 

2003; Schneider and McCuen 2005).  

 

Also of concern is the difficulties with selecting appropriate CN values from available 

tabulated data (Hawkins 1993) and with estimating CN values for landscapes which 

have not been documented (Littleboy et al. 1996). Local determination of CN values 

was always the intention of the method although this has seldom been pursued (Van 

Mullem et al. 2002). 

2.2.4 SCS Graphical Peak Discharge method for estimating peak runoff rate 

The Graphical Peak Discharge (GPD) method (USDA NRCS 1986) was developed 

from hydrograph analyses with TR-20 Computer Program for Project Formulation – 

Hydrology (USDA SCS 1983)(USDA NRCS 1986; Ward 1995). The equation for 

calculating peak discharge is  

 

FAQqQ totup =          (9) 

 

where Qp is peak discharge (cubic feet per second, cfs), qu is unit peak discharge (cfs 

per square mile per inch of runoff, csm/in)(see equations 10 to 12), A is drainage area 

(mi
2
), Qtot is total runoff (inches)(see equations 2 to 5) and F is an adjustment factor 

for ponds and swamps (Table 2). This method depends on the CN method (equations 

2 to 5) to determine Qtot and the necessary information to determine qu (Ward 1995).  
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Table 2. Values of the adjustment factor (F) required for use in the SCS GPD method 

for estimating peak discharge. The value of F changes depending on the area of ponds 

and swamps within the catchment (USDA NRCS 1986). 

Percentage of pond 

and swamp areas 

within the 

catchment

F

0 1.00

0.2 0.97

1.0 0.87

3.0 0.75

5.0 0.72  

 

Unit peak discharge (qu) for use in equation 9 can be calculated in two ways. Both 

methods firstly require an estimation of the time of concentration (tc) for the 

catchment. Time of concentration can also be estimated by a number of methods 

including the SCS lag method. As this method has been shown to have one of the 

lowest biases (Ward 1995), it will be used exclusively for estimation of tc. The SCS 

lag equation is  

 

5.0

7.08.0

1900

)1(

Y

SL
t l

+
=         (10) 

 

where tl is lag time (hr), L is the hydraulic length of the catchment (ft), S is a function 

of the SCS CN method (equations 2 to 5) and Y is the average land slope (%) (Ward 

1995). Lag time is related to tc as follows (Ward 1995) 

 

cl tt 6.0=          (11) 

 

Having estimated tc using equations 10 and 11, estimation of qu can now be 

undertaken. This can be done graphically using Figure 1 given tc (equations 10 and 

11), Ia (equations 2 to 5) and P (rainfall) (Ward 1995). A Type II rainfall distribution 

represents regions in which high rates of runoff from small areas are usually generated 

from summer thunderstorms (USDA SCS 1973), which is applicable to the study site. 
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Figure 1. The Type II rainfall distribution graphic for calculating unit peak discharge 

(qu) given time of concentration (tc), initial abstraction (Ia) and total rainfall (P). The 

rainfall distribution type for the region in question determines which graphic is used 

(USDA NRCS 1986). 

 

As this graphical method of estimating qu is unsuited to automated computing an 

alternative equation-based method was developed (USDA NRCS 1986). The equation 

for estimating qu is 

 

2

210 )][log()log()log( ccu tCtCCq ++=      (12) 

 

where qu is unit peak discharge (csm/in), tc is time of concentration (equations 10 and 

11) and C0, C1 and C2 are coefficients (Table 3) depending on the ratio of aI / P (from 

equations 1 to 4).  Equation 12 was used for the estimation of unit peak discharge in 

this thesis. 
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Table 3. Values of the coefficients required to estimate unit peak discharge (qu) using 

equation 12. Coefficients are chosen depending on the ratio aI / P and rainfall 

distribution type. If aI / P is outside of the given range, then the boundary value 

should be used. Linear interpolation is used between the given values (USDA NRCS 

1986). 

Rainfall distribution type Ia/P Co C1 C2

I 0.10 2.30550 -0.51429 -0.11750

0.20 2.23537 -0.50387 -0.08929

0.25 2.18219 -0.48488 -0.06589

0.30 2.10624 -0.45695 -0.02835

0.35 2.00303 -0.40769 0.01983

0.40 1.87733 -0.32274 0.05754

0.45 1.76312 -0.15644 0.00453

0.50 1.67889 -0.06930 0.0

Ia 0.10 2.03250 -0.31583 -0.13748

0.20 1.91978 -0.28215 -0.07020

0.25 1.83842 -0.25543 -0.02597

0.30 1.72657 -0.19826 0.02633

0.50 1.63417 -0.09100 0.0

II 0.10 2.55323 -0.61512 -0.16403

0.30 2.46532 -0.62257 -0.11657

0.35 2.41896 -0.61594 -0.08820

0.40 2.36409 -0.59857 -0.05621

0.45 2.29238 -0.57005 -0.02281

0.50 2.20282 -0.51599 -0.01259

III 0.10 2.47317 -0.51848 -0.17083

0.30 2.39628 -0.51202 -0.13245

0.35 2.35477 -0.49735 -0.11985

0.40 2.30726 -0.46541 -0.11094

0.45 2.24876 -0.41314 -0.11508

0.50 2.17772 -0.36803 -0.09525  
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2.2.5 Limitations of the SCS Graphical Peak Discharge method 

This method only gives an estimate of peak discharge for a simple catchment. USDA 

NRCS (1986) states that the method is not suitable if any of the following applies. 

 

• The catchment is greater than approximately 1000 ha 

• The catchment has more than one main stream, or if more than one main 

stream, the tc for each are not approximately equal 

• The tc is less than 0.1 hrs or greater than 10 hrs 

• CN is less than 40  

• A hydrograph is required 

2.3 Simple variable infiltration rate (VIR) model for the estimation of peak runoff 

rate 

2.3.1 Background 

Infiltration modelling is an accepted alternative to CN methodology for estimation of 

Qp. Infiltration, governed by basic soil properties, is the basis for the majority of 

mechanistic water balance models (Connolly 1998).  In these models the processes of 

infiltration and water redistribution are typically described by Darcy’s Law (Darcy 

1856), Richards equation (Richards 1931) or the Green and Ampt infiltration model 

(Green and Ampt 1911) (Connolly 1998). 

 

The Green and Ampt infiltration model (Green and Ampt 1911) and its variants have 

been successfully used as a component of water balance modelling of small 

agricultural catchments in Australia (Connolly et al. 1997; Yu et al. 2000a; Yu and 

Rosewell 2001). In contrast to CN methodology, the model has a clear physical basis. 

Historically, runoff estimation at a site is evaluated using both CN and infiltration 

modelling techniques simultaneously (Yu 1999).  

 

The work of Yu (1999) proposed a Spatially Variable Infiltration Model (SVIM) (Yu 

et al. 1997; Yu et al. 2000b) as an alternative to the more traditional Green and Ampt 

model. SVIM was comparable to Green and Ampt in that both models have the same 
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number of parameters. SVIM, however, was shown to have consistently outperformed 

Green and Ampt in the estimation of Qp at the plot scale (Yu 1999).  

Further work simplified the three parameter SVIM into a simple Variable Infiltration 

Rate model (VIR) capable of estimating runoff rate given rainfall rate and Qtot (Yu 

1997; Yu et al. 1998; Yu et al. 2001). Yu et al. (1998) showed that VIR was the most 

suitable of three single-parameter infiltration models tested on six sites in tropical and 

subtropical regions of Southeast Asia and Queensland, Australia. VIR also proved to 

be the most suitable of eight methods for estimating runoff rates from grazing 

catchments in the nearby Nogoa subcatchment of the Fitzroy basin (Fentie et al. 

2002). 

 

Due to the simplicity of VIR, its previous applicability in Queensland and its genesis 

from infiltration rate modelling that is typically evaluated in parallel with CN 

methodology, the model was selected for evaluation against BCS data. 

2.3.2 The VIR method for estimating peak runoff rate 

Theoretically runoff is equal to rainfall minus abstraction (which can be considered to 

include infiltration, surface storage, interception and evapotranspiration) (Connolly et 

al. 1997; Thornton et al. 2007)). This can be written as 

 

aPQtot −=          (13) 

 

Where Qtot is runoff, P is rainfall and a is abstraction.  

 

If it is assumed that at the commencement of runoff, surface storage, interception 

losses and evapotranspiration are negligible, runoff rate (Qi) (mm/hr) can be estimated 

as rainfall rate (Pi) (mm/hr)  less infiltration rate (fi) (mm/hr) for a given time 

interval(Yu et al. 1998).  This can be written as 

 

iii fPQ −=          (14) 

 

The unknown infiltration rate fi is constrained by two limitations as follows (Yu et al. 

1998). 
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and 

 

ii Pf ≤           (16) 

 

where Qtot is the total runoff depth for the event, ∆t is the time interval at which 

rainfall rate is measured and n∆t is the duration of the runoff event.  

 

Maximum infiltration rate has been shown to vary spatially across the landscape (Yu 

1997; Yu et al. 1997; Yu et al. 1998). Yu et al. (1997; 1998) accounted for this 

variability, describing the spatial variation in maximum infiltration rate with an 

exponential distribution, with the actual rate of infiltration given by 

 

)1(
/ IPieIif −=          (17) 

 

where I is interpreted as a spatially-average maximum infiltration rate. To determine 

I, equation 17 can be substituted into equation 15 as follows 

 

0)]1([
/

1
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=

tot

IP

i

n

i

QteIP i       (18) 

 

and equation 18 solved numerically when both rainfall rate (Pi) and total runoff (Qtot) 

are known (Yu et al. 1998). Equation 18 presents a root-finding problem which can be 

solved by numerical methods, of which the most suitable for this purpose is Brent’s 

method (Press et al. 1989). Brent’s method combines root bracketing, bisection and 

inverse quadratic interpolation (Brent 1973; Press et al. 1989), guaranteeing a unique 

solution for I, the spatially–averaged maximum infiltration rate from which Qp is 

calculated (Yu 1997).  

 

This work will use the software program Generation Of Synthetic Hydrograph 

(GOSH) (Yu 1997) to solve equation 18 and hence Qp. GOSH uses Brent’s method to 

solve equation 18 given known rainfall rates and Qtot. GOSH outputs include both I 

and Qp. 
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2.3.3 Limitations of VIR 

A potential limitation of VIR is the lack of a routing component to account for any lag 

time necessary for runoff to arrive at the discharge point of the catchment. If the time 

taken for runoff to travel the catchment length is greater than the data sampling 

resolution, lag time may have to be accounted for (Yu et al. 1997; Yu 1999). CN 

method provided an estimate of tc equal to 0.57 hr, which being greater than the 15 

minute data resolution suggests that the lack of routing in VIR may be problematic.  

 

A knowledge gap has also been identified as to the performance of the VIR on 

landscapes with high cover, depression storage and minimal slope (Yu et al. 1998; Yu 

1999). Assessing the performance of the VIR against observed data from the three 

land use treatments of the BCS will assist in resolving this issue. 

2.3.4 Overcoming limitations of VIR – Routing VIR estimated runoff  

The literature shows that VIR estimations of runoff rate can be routed to a catchment 

outlet using a linear approximation to a kinematic wave, assuming a constant lag time 

between rainfall excess and runoff (Yu et al. 1997; Yu 1999, Yu et al. 2000b). The 

routing equation is written 

 

iii RQQ )1(1 αα −+= −          (19) 

 

where Qi is the modelled runoff rate at the catchment outlet and Ri is the rainfall 

excess rate. The parameter α is related to the lag time of runoff within the catchment 

( lt , equation 11) and the time interval of measurement (∆t), and is given as (Yu et al. 

1997) 

 

tt

t

l

l

∆+
=α           (20) 

2.4 Previous studies of Brigalow Catchment Study hydrological data 

A number studies of Qtot and Qp using Brigalow Catchment Study data exist in the 

literature and have been cited throughout this thesis. Boughton (1985, 1987) published 
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findings on both observed and modelled Qtot and Qp data based on the period 1965 to 

1979. Lawrence and Sinclair (1989), Lawrence (1990) and Lawrence et al. (1991) 

also published findings on both observed and modelled Qtot and Qp data, however 

covered the period 1983 to 1987, during which time the study had different aims and 

treatments to the period reported by Boughton (1985, 1987). Thornton et al. (2007) 

spanned the longest period of record, from 1965 to 2004, however focused solely on 

Qtot with no emphasis on Qp. 

 

A number of factors assist this thesis to compliment the existing literature. The first is 

the long period of record, equal to that of Thornton et al. (2007), encompassing all 

treatments imposed on the study. The second is that calculations involving catchment 

area have been made in light of additional topographical surveys of the study site, 

which have more accurately defined the catchment areas. The third is that data 

sourced for this thesis has been derived directly from the raw study data firsthand by 

the author, rather than sourced from third party data processing and storage as had 

previously occurred. The benefits of this approach include consistent hydrograph 

interpretation and the processing of data by current techniques and modern 

equipment. 
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Chapter 3. Data and methodology 

 

3.1 Experimental site  

Climate, land use and hydrologic data used for this thesis have been collected from 

the long-term BCS. This is a paired, calibrated catchment study consisting of three 

catchments, and was established in 1965 to determine the impact on hydrology, 

productivity and resource condition when brigalow land is cleared for cropping and 

grazing. The study rationale, aims and history along with physical characteristics 

including location, experimental design, climate, vegetation and soils have been 

thoroughly documented elsewhere (Lawrence and Sinclair 1989; Cowie et al. 2007; 

Radford et al. 2007; Thornton et al. 2007). A brief description of the site and 

experimental treatments follows. 

3.1.1 Location 

The BCS is located in central Queensland at 24.81
o
S, 149.80 

o
E using the Geocentric 

Datum of Australia 1994 (Australian Government - Geoscience Australia 2007), on 

the Brigalow Research Station, situated equidistant between Theodore and Moura, 

southwest of Rockhampton. This area is in the south eastern section of the northern 

brigalow bioregion and is contained within the Dawson subcatchment of the Fitzroy 

Basin. 

3.1.2 Climate 

The BCS experiences a semi-arid to sub-tropical climate with wet summers and low 

winter rainfall. Average maximum monthly temperature (1890 to 2004) for summer is 

33.1 
o
C, while minimum temperature in winter averages 6.5

o
C. Annual rainfall during 

the study period has ranged from 246 to 1460 mm with an average of 697 mm. 

January and February have the highest average monthly rainfall (105 mm and 100 

mm, respectively). Spring and summer rainfall (September to February) is 

characterised by high intensity, short duration storms with high temporal and spatial 

variability. Average annual evaporation is 2100 mm/year. Average monthly 

evaporation exceeds average monthly rainfall in all months of the year (Thornton et 

al. 2007). 
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3.1.3 Soil types 

Soil types in the catchments comprise associations of uniform fine textured dark 

cracking clays (Black and Grey Vertosols), some with gilgais, and non-cracking clays 

(Black and Grey Dermosols), and sub-dominant soils of thin surfaced dark and brown 

sodic texture contrast soils (Black and Brown Sodosols) (R.J. Tucker, pers. comm.; 

Isbell 1996).  Clay soils (Vertosols and Dermosols) occupy approximately 70% of 

catchments 1 and 2, and 58% of catchment 3. Sodosols occupy the remaining area in 

these catchments. Soils have a plant available water capacity ranging from 160 to 200 

mm in the surface 1.4 m (Cowie et al. 2007). 

3.1.4 Natural vegetation  

Before clearing, the catchment site was composed of three major vegetation 

communities, identified by their most common canopy species: brigalow (Acacia 

harpophylla), brigalow – belah (Casuarina cristata) and brigalow – Dawson Gum 

(Eucalyptus cambageana).  Understories of all major communities are characterized 

by Geijera sp. either exclusively, or in association with Eremophila sp. or Myoporum 

sp. (Johnson 2004). Projected canopy cover ranges from zero in non-vegetated areas 

to 100% in tree areas. Litter levels (both leaf and wood) range from 1.9 t/ha in non-

vegetated areas to 29 t/ha in tree areas (Dowling et al. 1986). 

3.1.5 Experimental design and instrumentation 

The study consists of three contiguous catchments, identified by topographic survey. 

The areas of the catchments are 16.8 ha (catchment 1 – C1), 11.7 ha (catchment 2 – 

C2) and 12.7 ha (catchment 3 – C3). Mean slope of the catchments is 2.5%. The 

catchments comprised good quality agricultural land, all equally suitable for cropping 

or grazing (Webb 1971). Each catchment was instrumented to measure runoff using a 

1.2 m steel HL flume with a 3.9 m by 6.1 m concrete approach box (Brakenseik et al. 

1979). Water height through the flumes was recorded using mechanical float 

recorders. Rainfall was recorded adjacent to each flume and at the head of the 

catchments.  

3.1.6 Study history 

The study has been divided into three distinct experimental stages (Table 4). During 

Stage I the three catchments were retained in their virgin state. Rainfall and runoff 
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data were collected to describe differences in catchment hydrological responses to a 

range of weather sequences.  

 

Table 4. The land use history of the three catchments of the Brigalow Catchment 

Study. 

Stage I Stage II Stage III

Catchment Area (ha) (Jan 1965-Mar1982) (Mar 1982-Sep 1984) (Sep 1984-Dec 2004)

1 16.8 Virgin brigalow scrub Virgin brigalow scrub Virgin brigalow scrub

2 11.7 Virgin brigalow scrub Development Cropping

3 12.7 Virgin brigalow scrub Development Improved pasture

Land use by experimental stage

 

 

Stage II commenced in March1982 when C2 and C3 were cleared with bulldozer and 

chain. The fallen timber was burnt in-situ in October of the same year. Residual 

unburnt timber in C2 was raked to the contour line and burnt. Narrow based contour 

banks at 1.5m vertical spacing were constructed and a grassed waterway later 

established. In C3, unburnt timber was left in place, and in November 1982 the 

catchment was sown by throwing buffel grass seed (Cenchrus ciliaris cv. Biloela) on 

the soil surface. 

 

In C2, cropping commenced in September 1984 with the planting of sorghum 

followed by nine annual wheat crops commencing in 1985. Fallow management in 

this period was entirely mechanical tillage. A minimum tillage and opportunity 

cropping philosophy was adopted in the early 1990s and has continued with either a 

summer or winter crop (sorghum and wheat or barley) sown whenever soil moisture 

was adequate. 

 

Grazing in C3 commenced in December 1983. Stocking rate varied between 0.29 and 

0.71 head/ha (each beast typically 0.8 adult equivalent), adjusted to maintain pasture 

dry matter levels greater than 1000 kg/ha. There was no feed supplementation. 
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3.2 Data 

3.2.1 Defining an event 

Data is presented and analysed on an event basis. A rainfall event is defined as one or 

more wet days separated from other events by at least one dry day. Only rainfall 

events that produced runoff are considered in this research.  

3.2.2 Rainfall  

Rainfall data used in this thesis was collected from the 0.5 mm tipping bucket 

recorder located at the head point of the catchments (Figure 2). Raw data is stored and 

manipulated using the Hydstra database (Kisters 2007). Where data has been 

aggregated, 15 minute totals commence in intervals from midnight while daily totals 

are the previous 24 hours to 9 am. Rainfall intensity (I) was calculated as the peak 

intensity over the specified time period within the event. Antecedent rainfall (A) was 

calculated as the sum of daily rainfall totals over the specified interval until 9 am on 

the day the event commenced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic diagram of the Brigalow Catchment Study showing catchment 

boundaries, contour banks, waterways and the location of rainfall and runoff 

recording stations. 
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Storm energy (E) was not measured at this site. The technique of Rosewell (1986) was 

used to provide estimates of total storm energy from observed tipping bucket rainfall 

intensity data. Storm erosivity (EI30) was calculated as the product of storm energy 

and peak 30 minute rainfall intensity (Yu and Rosewell 1998).  

3.2.3 Runoff 

Runoff data were collected from the HL flume at the outlet point of each catchment 

(Figure 2). As for rainfall data, raw runoff data is stored and manipulated using the 

Hydstra database (Kisters 2007). Observed stage height data (m) is converted to 

discharge (mm), negating the differences in catchment area. Runoff data was 

aggregated at the same time intervals as for rainfall, namely 15 minute and daily total 

to 9 am. 

3.2.4 Soil water 

Total soil water (TSW) was an estimate of total soil water on the day of event as given 

by the daily rainfall-runoff model HowLeaky? (McClymont et al. 2006). The model 

was previously calibrated for this study site by Thornton et al. (2007). 

3.2.5 Roughness 

One parameter describing roughness was calculated for C2 during Stage III. The 

parameter was total rainfall from planting or cultivation to the commencement of 

runoff (Guzha 2004, Ndiaye et al. 2005). This parameter is a reflection of the decay in 

soil surface roughness over time due to rainfall. 

3.3 Methods of analysis 

3.3.1 Multiple regression models for the estimation of total runoff and peak 

runoff rate 

Multiple regression analysis was used to explore relationships between dependent 

variables Qtot and Qp and independent variables describing climate and catchment 

condition (Freebairn et al. 2009). All models for the estimation of Qtot considered the 

parameters total rainfall (P), storm energy (E), storm erosivity (EI30), rainfall intensity 

(I) (peak intensity during 6, 10, 15, 20, and 30 minute and 1, 2, 3, 4, 6, 12, 18, 24 hr 

intervals), antecedent rainfall (A) (2, 3, 5, 10, 20 and 30 day), and total soil water 

(TSW). An additional parameter describing roughness was included for C2 during 
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Stage III. The parameter was total rainfall from planting or cultivation to the 

commencement of runoff. Runoff events that did not have a full parameter set were 

excluded from the analysis. Each parameter was tested individually for a significant 

correlation (p-value <0.05) with dependent parameters Qtot and Qp. Significant 

parameters were then combined and an all-subsets regression performed using the 

statistical software program GenStat v9.1 (VSN International 2006). The final models 

only included significant constants and parameters, and in the case of parameters I 

and A, only one of the subset of parameters.  

 

Estimation of Qp was undertaken using the same set of independent variables with the 

addition of Qtot. As neither Qtot or Qp were normally distributed, log transformations, 

)1log( +x , were performed on both variables to allow for valid statistical testing. 

Where the prefix “log” is specified, it indicates that this transformation has been 

applied. All other variables were either approximate to or normally distributed, and 

did not require transformation. To allow numerical evaluation of regression models, a 

split sample approach was used. The models were developed on data collected in odd 

years and then used to estimate Qtot and Qp in even years. Model performance could 

then be assessed using comparisons between the observed and estimated data. 

3.3.2 A worked example calculating peak runoff rate and CN using SCS CN 

and Graphical Peak Discharge methodology 

As the CN and GPD methods for calculating peak discharge require a multi-step 

approach a worked example is given for the sake of clarification. 

 

Consider a storm of total rainfall (P) equal to 97 mm, resulting in runoff (Qtot) of 40 

mm from the brigalow scrub catchment of the BCS. This catchment has an area of 

16.8 ha with mean slope of 2.5% and hydraulic length of 530 m. The daily rainfall 

distribution is described by an SCS Type II rainfall distribution. Calculate a curve 

number (CN) and peak discharge (Qp) for this event. 

 

A curve number can be computed using equation 6 followed by equation 5. The 

values of P and Qtot in mm need to be converted to inches.  

 

P = 97 mm = 3.88 in 
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Qtot = 40 mm = 1.6 in 

 

])54(2[5 2/12
tottottot PQQQPS +−+=       (6) 
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Using the calculated values of S, CN and observed value of Qtot, the SCS GPD 

methodology (equations 9 to 12) can be used to estimate Qp. 

 

FAQqQ totup =          (9) 

 

qu requires calculation with equations 10 to 12 

 

A = Catchment area of 16.8 ha = 0.0649 mi
2 

 

Qtot = 1.6 in (calculated above) 

 

F = 1 (no ponds or swamps are present in the study site) 

 

16.10649.0 ×××= up qQ  

 

Calculating qu: 
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2
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Equation 12 requires tc and therefore tl: 
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L = 530 m = 1738.8 ft 

 

S = 3 (calculated above) 

 

Y = 2.5 
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cl tt 6.0=          (11) 

 

ct6.0343.0 =   

 

57.0=ct   

 

Substituting ct  into equation 12: 

 

2

210 )]57.0[log()57.0log()log( CCCqu ++=  

 

To determine C0, C1 and C2 for a SCS Type II rainfall distribution (Table 3), the ratio 

of aI  to P needs to be determined (from equations 2 to 5): 

 

SI a 2.0=          (3) 
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32.0 ×=aI   

 

655.0=aI   

 

169.0
88.3

655.0 ==
P

I a  

 

Using an aI  to P ratio of 0.169, Table 3 can be interpolated to determine C0, C1 and 

C2. 

 

C0 = 2.523341 

 

C1 = -0.61765 

 

C2 = -0.14789 

 

Substituting C0, C1 and C2 into equation 12: 

 

2)]57.0[log(14789.0)57.0log(61765.0523341.2)log( ×+×+= −−
uq  

 

653.2)log( =uq  

 

450=uq  

 

The calculated value for qu is now substituted into equation 9: 

 

16.10649.0450 ×××=pQ  

 

7.46=pQ  
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Therefore, peak discharge Qp is estimated to be 46.7 cfs, which is equal to 1.32 

cumecs or 28.3 mm/hr. The observed instantaneous peak discharge for this event was 

1.48 cumecs or 31.7 mm/hr. In this instance, the SCS CN and GPD method has under-

estimated Qp. 

3.3.3 A worked example calculating peak runoff rate using the variable 

infiltration rate model  

 

Again consider a storm of total rainfall (P) equal to 75 mm, resulting in runoff (Qtot) 

of 40 mm from the brigalow scrub catchment of the BCS. Calculate a peak discharge 

(Qp) for this event. Timing errors between recording equipment are minimised at a 15 

minute resolution. 

 

VIR requires the variables of rainfall rate (mm/hr) over the course of the event and 

Qtot (mm) to estimate Qp. Rainfall rate is obtained by aggregating the recorded data in 

15 minute time steps (commencing at midnight) and converting mm/15 minute into 

mm/hr during the 15 minute period. Total runoff is obtained from measured flow 

height data. 

 

GOSH requires two input files to calculate Qp. The first is a parameter file specifying 

site details, method to be used, data resolution, total runoff depth and the data file 

containing rainfall rate data. In this case the parameter file (file extension .PAR) 

specifies the VIR model, 15 minute resolution and 40 mm total runoff, as shown in 

appendix A. The second is a data file (file extension .DAT) also containing site details 

along with continuous rainfall rate data at the specified resolution, which is 15 minute 

in this instance. The data file for this example is shown in appendix B. 

GOSH is run from the DOS prompt on an IBM-compatible personal computer. When 

prompted, the user specifies the required parameter file and runs the program. GOSH 

generates two output files. The first is a list file (file extension .LST) which contains 

the estimate of I and Qp (appendix C). The second is an output file (file extension 

.OUT) which appends the data input file with the estimated runoff rate for each time 

interval (appendix D). 
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In this example the rainfall event spans 16 intervals of 15 minutes giving a total rain 

period of 240 minutes. Peak rainfall intensity is 119 mm/hr in the fifth 15 minute 

interval. GOSH solves equation 17 for this set of Pi and Qtot data, estimating I to be 32 

mm/hr and calculating runoff rates for each 15 minute interval, with a peak runoff rate 

of 88 mm/hr. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Observed, VIR and VIR with routing component estimated hydrographs for 

the brigalow scrub catchment of the Brigalow Catchment Study during a 75 mm 

rainfall event. 

 

The observed instantaneous peak discharge for this event was 31.7 mm/hr. In this 

instance the VIR model with GOSH computation has over-estimated peak runoff rate 

markedly.  As GOSH uses the VIR model to estimate a runoff rate for each time 

interval, further assessment of the accuracy of the method can be obtained by plotting 

observed runoff rates for each 15 minute interval against its estimate. The estimated 

hydrograph shows peak runoff rate occurring earlier and more rapid change in runoff 

rate throughout, compared to the observed hydrograph (Figure 3). 

 

3.3.4 A worked example calculating peak runoff rate using the variable 

infiltration rate model with routing 

 

The linear solution to the kinematic wave approximation is to be used to route the 

rainfall excess calculated in the VIR worked example. 
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The rainfall excess calculated by the VIR method for each time interval is routed to 

the catchment outlet using equation 19. Equation 19 requires the use of equation 20 

for the calculation of .α   

 

The SCS method gives an estimation of time of concentration (tc) for each catchment. 

As the spread of tc estimates is less than one sampling interval of the VIR method, the 

average tc for the three catchments can be used as an estimation of the lag time α  in 

equation 19. Substituting into equation 20 gives 

 

25.0636653.0

635653.0

+
=α  

 

717722.0=α  

 

This value of α can now be used with equation 19 to route the VIR method 

estimations of rainfall excess to the catchment outlet. The routed hydrograph is shown 

in Figure 3. The VIR estimated Qp of 26.6 mm/hr was similar to the observed Qp of 

30.6 mm/hr but still occurred earlier in the hydrograph.   

3.3.5 Assessment of model performance 

Model performance was assessed against observed runoff data using several criteria, 

similar to the approaches of Refsgaard and Knudsen (1996), Lørup et al. (1998), and 

Legates and McCabe (1999). Graphical comparison comprised overlay 

plots of simulated and observed Qp data. Numerical evaluation compared R
2
 and E 

(Nash and Sutcliffe 1970) between simulated and observed Qp data. 

 

All R
2
 presented are adjusted R

2
, which is calculated below.  
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This is the percentage variance accounted for, expressed as a proportion, rather than 

the statistic r
2
, which is the squared coefficient of correlation, defined as the fraction 

of the variation in the values of a variable y that is explained by the least squares 

regression of y on a variable x (Moore and McCabe 1993). Adjusted R
2
 has the 

advantage over statistic R
2
 in that it takes account of the number of parameters that 

have been fitted in the model (VSN International 2006).  

 

The coefficient of efficiency (E) expresses the proportion of variance of the observed 

data which can be accounted for directly by the estimated data. This is a better 

indicator of model performance than statistic R
2
, which has been shown to be 

insensitive to additive and proportional differences between observed and estimated 

data (Legates and McCabe 1999). Values of E range from 1 to - .∞ An E value of 1 

means perfect agreement between the observed and estimated data; an E value of 0 

means that the modelled estimate is no better predictor than a value equal to the 

observed mean; and a negative E value means that the modelled estimate is a worse 

predictor than an estimation made using the mean of the observed data (Chiew and 

McMahon 1993, Legates and McCabe 1999, Yu et al. 2000a, Yu et al. 2000b). 

3.3.6 Using observed data to assess the impact of land use change on peak 

runoff rate 

Analysis of variance (GenStat (V9) (VSN International 2006) was used to determine 

if the peak runoff rates from each catchment were significantly different (p-value 

<0.05) between Stages I and III. Assuming that no change in the drivers of runoff 

(such as rainfall) occurred, a significant difference between Stages I and III in 

observed Qp from C2 or C3 would suggest that land development affects Qp. The 

assumption that no drivers of runoff had changed between stages was tested by 

analysing observed Qp from C1 in Stage I vs. Stage III. 

 

A partial series analysis was also undertaken. The partial series of Qp for each 

catchment in both Stage I and III was determined (Claps and Laio 2003). The series 

were ranked, and the ratios of C2:C1 and C3:C1 in Stages I and III were obtained.  

Implicit in this approach is the assumption that observed peak discharge of the same 

rank for the same period would have an identical average recurrence interval.  These 

ratios were plotted as an average recurrence interval, and fitted with an exponential 
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curve. Comparison of the Stage I and III curves for each pair of catchments shows the 

change in Qp for a given average recurrence interval with land development 

irrespective of changes in climatic sequence. 

 

As the study is a paired, calibrated catchment design, a more rigorous analysis than a 

simple comparison of observed data was undertaken. Using the approach of Thornton 

et al. (2007), pre-clearing Qp data from C2 and C3 were regressed against Qp data 

from C1. This calibration results in equations to estimate Qp from C2 and C3, given 

the measured Qp from C1. This calibration was used post-clearing to estimate Qp from 

C2 and C3 had they remained uncleared. Differences between the observed Qp for C2 

and C3 in Stage III and those estimated using the catchment calibration can then be 

attributed to land use change. 

 

To maximise the data available for analysis, missing data in the long-term record was 

estimated using the best performing model as determined by the assessment of model 

performance above. 
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Chapter 4. Results 

 

4.1 Multiple regression analysis of total runoff 

4.1.1 Stage I  

To develop a multiple regression model to best describe a general relationship for 

brigalow scrub catchments, estimation of Qtot was undertaken on a whole-of-stage 

basis by pooling data from the three catchments. Results of regression analyses of the 

individual parameters against Qtot are given in Table 5.  Total rainfall gave the best 

correlation of an individual parameter with Qtot.  

 

Table 5. Adjusted coefficients of determination (R
2
) for regression analysis of logQtot 

and the individual parameters of total rainfall (P), storm energy (E), storm erosivity 

(EI30), total soil water (TSW) rainfall and antecedent rainfall.  

Catchment Stage P E EI30 TSW 1
 h
r

2
 h
r

3
 h
r

4
 h
r

6
 h
r

1
2
 h
r

1
8
 h
r

2
4
 h
r

2
 d
ay

3
 d
a
y
 

5
 d
a
y

1
0
 d
a
y

2
0
 d
a
y

3
0
 d
a
y

All pooled I 0.62 0.56 0.29 0.09 0.05 0.14 0.25 0.27 0.32 0.36 0.41 0.47 0.13 0.12 0.09 0.03 0.05 0.04

1 I 0.50 0.44 0.26 ns ns ns ns ns 0.17 0.17 0.23 0.30 ns ns ns ns ns ns

2 I 0.59 0.49 0.13 0.22 ns ns 0.18 0.18 0.24 0.28 0.32 0.39 ns 0.14 ns ns 0.16 0.18

3 I 0.62 0.60 0.39 ns 0.07 0.18 0.29 0.30 0.33 0.37 0.45 0.50 0.17 0.16 0.12 ns ns ns

1 III 0.52 0.52 ns ns ns ns 0.18 0.26 0.37 0.50 0.50 0.55 ns ns ns ns ns ns

2 III 0.55 0.49 0.22 ns 0.09 0.18 0.24 0.28 0.34 0.44 0.44 0.43 ns ns ns ns ns ns

3 III 0.23 0.19 ns ns ns ns ns ns ns 0.20 0.22 0.21 ns ns ns ns ns ns

Rainfall intensity Antecedent rainfall

 

The whole-of-stage model estimated runoff using the parameters P, TSW and A3 day 

(R
2
 = 0.76, p-value <0.001, n = 99) (equation 21). This model was then tested against 

the individual catchments, with a significant regression in all instances (p-value 

<0.001 for all catchments and R
2
 = 0.57 for C1, R

2
 = 0.84 for C2 and R

2
 = 0.76 for 

C3). Within each catchment, P was always significant (p-value <0.001). TSW was 

weakly significant in C1 (p-value y = 0.076) and not significant in C3 (p-value = 

0.337). A3 day was not significant in C1 (p-value = 0.9) or C2 (p-value = 0.259). No 

improvement in correlation was obtained when each catchment was considered 

individually. The multiple variable regression models developed for each catchment 

and stage are shown below (equations 22 to 24). 
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Stage 1 462.10148.00107.00264.0log 3 −×+×+×= daytot ATSWPQ  

(R
2
 = 0.76)         (21) 

 

C1 Stage 1 643.00643.002308.0log 2 −×+×= daytot APQ   

(R
2
 = 0.57)         (22) 

 

C2 Stage 1 096.202448.002704.0log −×+×= TSWPQtot  

(R
2
 = 0.84)         (23) 

 

C3 Stage 1 912.002455.002359.0log 3 −×+×= daytot APQ  

(R
2
 = 0.76)         (24) 

 

4.1.2 Stage III 

Total rainfall continued to have the best individual parameter correlation with Qtot 

(Table 5). Parameters for roughness and intensity <I1hr were not significant in any 

analysis (data not shown). Unlike Stage I, antecedent rainfall gave no significant 

correlation for any catchment.  

 

As no land use change occurred in C1, the whole-of-Stage I model was applied to C1 

Stage III data. As for Stage I, the regression was significant (p-value <0.001 and R
2
 = 

0.6) with P remaining significant (p-value <0.001) however A3 day was no longer 

significant (p-value = 0.832). 

 

As daily rainfall characteristics were not consistent between the stages (Thornton et 

al. 2007) and land use change had occurred in C2 and C3, individual catchment 

models were also developed. The C1 Stage III model was marginally better than the 

Stage I whole-of-stage model, using parameters P and I12 hr (R
2
 = 0.63, p-value 

<0.001, n = 26). The Stage III individual catchment models for C2 and C3 did not 

correlate as well as their respective Stage I models. The final C2 and C3 models used 

only the parameter P (C2; R
2
 = 0.54, p-value <0.001, n = 56 and C3; R

2
 = 0.23, p-

value <0.001, n = 38) (equations 25 to 27).  

 

C1 Stage 3 hrtot IPQ 122101.001017.0log ×+×=  

(R
2
 = 0.63)         (25) 

 

C2 Stage 3 PQtot ×= 02802.0log  

(R
2
 = 0.54)         (26) 
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C3 Stage 3 777.00154.0log +×= PQtot  

(R
2
 = 0.23)         (27) 

 

4.2 Multiple regression analysis of peak runoff rate 

4.2.1 Stage I  

As for estimation of Qtot in Stage I, estimation of Qp was undertaken on a whole-of-

stage basis by pooling data from the three catchments. Results of regression analysis 

of the individual parameters against Qp is given in Table 6. Log-transformed Qtot gave 

the best correlation of an individual parameter to Qp. Parameters for intensity <I2 hr 

were not significant in any analysis.  

 

Table 6. Adjusted coefficients of determination (R
2
) for regression analysis of the 

individual parameters logQtot, total rainfall (P), storm energy (E), storm erosivity 

(EI30), total soil water (TSW) rainfall intensity (peak 10, 20, and 30 minute, 1, 2, 3, 4, 

6, 12, 18, 24 hr), and antecedent rainfall (1, 3, 5, 10, 20 and 30 day) against the 

response parameter logQp. 

Catchment Stage logQtot P E EI30 TSW 1
0
 m
in

1
5
m
in

1
 h
r

2
 h
r

3
 h
r

4
 h
r

6
 h
r

1
2
 h
r

1
8
 h
r

2
4
 h
r

2
 d
a
y

3
 d
a
y
 

5
 d
a
y

1
0
 d
a
y

2
0
 d
a
y

3
0
 d
a
y

All pooled I 0.93 0.52 0.47 0.10 0.22 ns ns ns 0.14 0.24 0.25 0.33 0.39 0.42 0.47 0.28 0.19 0.24 0.14 0.15 0.21

1 I 0.82 0.00 0.02 ns ns ns ns ns ns ns ns ns ns 0.11 0.11 ns ns ns ns ns ns

2 I 0.94 0.53 0.46 ns 0.29 ns ns ns ns ns ns 0.31 0.40 0.41 0.46 ns ns ns ns ns ns

3 I 0.93 0.47 0.48 0.26 ns ns ns ns 0.24 0.34 0.35 0.40 0.46 0.48 0.53 0.33 0.23 0.29 0.15 ns ns

1 III 0.82 0.35 0.46 0.03 ns ns ns ns 0.04 0.19 0.23 0.30 0.45 0.43 0.41 ns ns ns ns ns ns

2 III 0.68 0.06 0.23 ns ns ns ns ns ns ns ns 0.06 ns 0.06 ns ns ns ns ns ns ns

3 III 0.76 0.18 0.45 0.33 ns 0.41 0.31 0.27 0.28 0.28 0.12 0.01 0.04 0.00 ns ns ns ns ns ns ns

Rainfall intensity Antecedent rainfall

 

 

The whole-of-stage model estimated Qp using the parameters logQtot and A2 day (R
2
 = 

0.91, p-value <0.001, n = 45) (equation 28). Individual catchment models for C2 

improved R
2 
by 0.03 (equation 30) while individual catchment models for C1 

(equation 29) and C3 (equation 31) reduced R
2 
by 0.01 and 0.02 respectively. 

 

Stage 1 daytotp AQQ 20063.0log6616.0log ×+×=  

(R
2
 = 0.91)         (28) 

 

C1 Stage 1 daytotp AQQ 204371.0log589.0log ×+×=  

(R
2
 = 0.90)         (29) 
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C2 Stage 1 daytotp AEPQQ 200624.00677.001431.0log7028.0log ×+×+×−×=  

(R
2
 = 0.94)         (30) 

 

C3 Stage 1 daytotp AEIQQ 230 01258.00003521.0log4744.0log ×+×+×=  

(R
2
 = 0.89)         (31) 

 

While the whole-of-stage three-parameter regression model provided the best R
2
, it 

must be noted that a model using the single parameter logQtot also resulted in a 

significant regression (p-value <0.001) with only a minor reduction in R
2 
(R

2
 = 0.89).  

 

4.2.2 Stage III 

Log-transformed Qtot continued to be the best correlated individual parameter (Table 

6). The parameter for roughness was not significant in any analysis. As happened for 

individual parameter correlation with Qtot in Stage III, antecedent rainfall no longer 

gave significant correlation for any catchment.  

 

As for the estimation of Qtot, with no land use change occurring in C1, the Stage I 

whole-of-stage model was applied to C1 Stage III data. The regression remained 

significant (p-value <0.001 and R
2
 = 0.93) however the parameter A2 day was no longer 

significant (p-value = 0.144).  

 

Again, as for the estimation of Qtot, individual catchment regression models were also 

developed for Stage III (equations 32 to 34). Only minor changes in R
2
 occurred when 

compared to the R
2
 of the Stage I models. Events with Qp > 1 mm/hr were better 

estimated than events with Qp < 1 mm/hr (Figure 4). 

 

C1 Stage 3 491.002266.0log7095.0log 2 −×+×= hrtotp IQQ  

(R
2
 = 0.93)         (32) 

 

C2 Stage 3 EPQQ totp ×+×−×= 1192.002568.0log7966.0log  

(R
2
 = 0.89)         (33) 

 

C3 Stage 3 3335.001832.0log5692.0log 1 −×+×= hrtotp IQQ  

(R
2
 = 0.87)         (34) 
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As for Stage I, models with the single parameter logQtot resulted in a significant 

regressions for all catchments (p-value <0.001) with minor or no reduction in R
2 

(0.93, 0.80 and 0.83 for C1, C2 and C3 respectively) compared to multiple variable 

models. 
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Figure 4. Observed peak runoff rate data compared with estimated peak runoff rate 

data using multiple regression model equations 32 to 34 for the three catchments 

during Stage III. 

 

4.3 Soil Conservation Service methods  

4.3.1 Curve Numbers  

The average CN calculated from pairs of observed Stage I P:Qtot data was CN 58 for 

all catchments. Average CN decreased to CN 53 for C1 in Stage III, however CN 

increased for both C2 and C3 to CN 67 and CN 64 respectively (Table 7). Observed 

peak runoff rates showed C3 had proportionally more small events than the other 

catchments. If this bias is eliminated by removing all events where Qtot <1mm, the 

average calculated CN for both C2 and C3 in Stage III is CN 67. 

 

CN values were optimised using both the equation based method and grouping by 

observed AMC method (Table 8). With the equation based methods there was little 
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difference in CN(I) and (III) values obtained whether the equations were applied to 

the average calculated CN value, or applied to each calculated CN value and then 

averaged. CN(I) values differed by a maximum of three CN values while CN(III) 

values differed by a maximum of one CN value. Optimising CN values using 

observed AMC resulted in CN(I) and (II) values higher than, and CN(III) values 

typically lower than, those given by the equation based methods. 

 

Table 7. Evaluation of the Soil Conservation Service methods for the estimation of 

peak runoff rate. 

Catchment Stage n

Average 

CN 
1

E

E     

(log 

trans.)

R
2     

(log 

trans.)

Percentage 

occurrence 

when 

Qp Estimated  > 

Qp Observed

Percentage 

occurrence 

when 

Qp Estimated  > 

Qp Observed 

given 

Qp Observed  > 

5mm/hr 

1 I 26 58 -0.75 0.84 0.92 42 80

III 34 53 0.47 0.85 0.89 44 60

2 I 31 58 -3.29 0.74 0.92 39 89

III 70 67 -1.50 0.65 0.78 53 62

3 I 54 58 -0.44 0.70 0.87 15 80

III 46 64 -19.69 0.24 0.73 48 57
1
 Calculated on an event basis using the method of Hawkins (1993) and averaged across all events  

 

As there were gross differences between the optimised CN values of the various 

methods, the additional approaches of simply using the average calculated CN value 

and the average calculated CN value under observed AMC(II), irrespective of event 

AMC, were tried. In all instances CN values optimised using the observed AMC 

condition provided the best estimate of Qtot (Table 8). 
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Table 8. CN values calculated using a number of optimisation methods and 

evaluation of their suitability for estimating total runoff. 

Catchment Stage A
v
er
ag
e 
C
N
 

(C
N
(I
I)
)

C
N
(I
)

C
N
(I
II
)

C
N
(I
)

C
N
(I
II
)

C
N
(I
I)

C
N
(I
)

C
N
(I
II
)

Average 

of all 

calculated 

CN's

Average 

of all 

calculated 

CN's at 

AMCII

Average 

of all 

calculated 

CN's (by 

formula)

Average 

of all 

calculated 

CN's (by 

AMC)

1 I 58 38 76 37 76 61 58 69 0.53 0.53 NS 0.53

III 53 33 72 32 72 68 53 55 0.54 0.43 NS 0.55

2 I 58 39 76 37 76 59 55 78 0.60 0.60 0.37 0.65

III 67 48 81 46 82 81 65 71 0.51 0.53 0.33 0.54

3 I 58 37 75 37 76 62 56 71 0.58 0.55 0.24 0.64

III 64 46 79 43 80 67 61 77 0.20 0.20 0.27 0.23

Variable CN

R
2
 log Q (obs) v log Q (est)

Calculated 

from 

average 

CN

Calculated 

on an event 

basis then 

average 

across all 

events

Average 

of 

individual 

event CN 

grouped 

by AMC

Fixed CN (equal to 

CNII)

 

 

4.3.2 Estimations of peak runoff rate using Graphical Peak Discharge method 

The GPD method gave good estimations of Qp across all catchments and stages 

(Figure 5, Table 7). Linear regression analysis of logQp -observed vs. logQp -estimated gave 

R
2
 >0.7 in all instances. These high R

2 
values disguise the fact that the method 

typically under-estimates Qp in small events and over-estimates Qp in large events. On 

average, in events where Qp-observed >5 mm/hr, 71% of estimations were greater than 

the observed data.  
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Figure 5. Observed peak runoff rate data compared to SCS method estimated peak 

runoff rate data for the three catchments during Stage III. 

 

4.4 Variable Infiltration Rate methods  

4.4.1 Estimations of peak runoff rate using VIR without routing 

On average, the VIR model with no routing component over-estimated Qp for 88% of 

events, with the time of peak occurring prior to the observed peak in 92% of events. 

Linear regression analysis of logQp -observed vs. logQp -estimated showed strong 

correlations with R
2
 >0.7 in all instances, however the tendency of the model to over-

estimate Qp resulted in low and negative E values (Table 9).  

 

4.4.2 Estimations of peak runoff rate using VIR with linear kinematic wave 

routing 

In all cases, routing of VIR estimated runoff resulted in Qp smaller or equal to the 

non-routed estimations. Routing typically delayed the estimated peak, with an average 

of 97% of Stage I peaks and 100% of Stage III peaks occurring after the estimated 

non-routed peak. However, the delay was not long enough and on average 91% of 

routed peaks occurred prior to the observed peak (Table 9).  
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Linear regression analysis of logQp-observed vs. logQp-estimated gave greater R
2
 than for 

the non-routed estimates, with R
2
 >0.9 in Stage I and >0.8 in Stage III for all 

catchments (Table 9). As the routed model did not suffer the gross over-estimation of 

Qp that the non-routed model exhibited (Figure 6), all values of E were greatly 

improved. 

 

Table 9. Evaluation of the Variable Infiltration Rate methods for the estimation of 

peak runoff rate. 

Catchment Stage n E

E 

logQ p
R

2
n % n % E

E 

logQ p
R

2
n % n % n % n %

1 I 19 -3.07 0.27 0.84 18 95 17 89 0.90 0.91 0.91 11 58 19 100 18 95 17 89

2 I 23 -1.18 0.66 0.88 22 96 22 96 0.81 0.95 0.94 12 52 23 100 22 96 22 96

3 I 41 -1.13 0.56 0.84 27 66 33 80 0.82 0.91 0.92 10 24 41 100 41 100 31 76

Av 85 89 45 100 97 87

1 III 28 -2.31 0.44 0.80 26 93 26 93 0.81 0.90 0.89 15 54 28 100 28 100 26 93

2 III 63 -1.12 0.30 0.73 59 94 61 97 0.80 0.81 0.81 29 46 63 100 63 100 60 95

3 III 42 -12.55 -0.51 0.71 37 88 40 95 0.11 0.71 0.82 29 69 42 100 42 100 40 95

Av 92 95 56 100 94

Grand Av 88 92 51 98 91

Events 

where 
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peak 

(VIR-
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VIR - no routing VIR with routing
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Events 
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Q p VIR

 

 

4.5 Assessment of model performance 

Different input variables are required for the different models for Qp estimation (Table 

10). Multiple regression and VIR models using both observed and log-transformed 

Qtot and Qp data consistently outperformed the SCS method in terms of the numerical 

evaluation criteria R
2
 and E (Table 11). The crucial difference is that the independent 

variable, observed Qp for the catchment, is required to develop the regression equation 

and to estimate the regression parameter values, while only Qtot, I and tl are needed to 

estimate Qp using VIR.  When multiple regression models developed using log-

transformed Qtot and Qp data were assessed against VIR models across all catchments 

and stages, the multiple regression models performed slightly better than the VIR 
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models. In both cases model performance was improved when the models were 

developed using log-transformed data (Table 11). 
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Figure 6. Observed peak runoff rate data compared to the VIR method estimated peak 

runoff rate data for the three catchments during Stage III. 

 

Table 10. Minimum variable and parameter sets required to utilise each of the 

methods evaluated. 

Method Variable and parameter requirements

Soil Conservation Service Curve Number P , CN

Soil Conservation Service Graphical Peak Discharge A , Q tot , F , t c , L , S , Y , P

Variable Infiltration Rate P i , Q tot , t l , α

Multiple Regression Modelling of Qtot Q tot , P  (as a minimum)

Multiple Regression Modelling of Q p Q p , Q tot  (as a minimum)
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Table 11. Comparison of method performance based on the numerical indicators R
2
 

and E. 

Catchment Stage E R
2

E R
2

E R
2

1 I 0.36 0.68 -0.75 0.52 0.9 0.9

III 0.83 0.63 0.47 0.81 0.81 0.81

2 I -0.31 0.93 -3.29 0.5 0.81 0.81

III 0.55 0.79 -1.5 0.61 0.8 0.79

3 I -0.32 0.99 -0.44 0.68 0.82 0.82

III 0.73 0.9 -19.69 0.59 0.11 0.78

1 All 0.59 0.88 0.03 0.68 0.85 0.85

All I 0.29 0.94 -1.74 0.57 0.84 0.83

Average 0.34 0.84 -3.36 0.62 0.74 0.82

Catchment Stage E R
2

E R
2

E R
2

1 I 0.84 0.9 0.84 0.92 0.91 0.91

III 0.88 0.93 0.85 0.89 0.9 0.89

2 I 0.92 0.94 0.74 0.92 0.95 0.94

III 0.88 0.89 0.65 0.78 0.81 0.81

3 I 0.87 0.89 0.7 0.87 0.91 0.92

III 0.87 0.87 0.24 0.73 0.71 0.82

1 All 0.92 0.94 0.86 0.90 0.91 0.92

All I 0.9 0.94 0.85 0.91 0.93 0.93

Average 0.89 0.91 0.72 0.87 0.88 0.89

Regression models SCS method VIR method

Methods based on observed data

Methods based on log-transformed observed data

Regression models SCS method VIR method

 

 

4.6 Peak runoff rate observations 

Average observed Qp for the three catchments in both Stage I and III are shown in 

Table 12. An average of 11% of events for all catchments and stages suffered from 

missing data (Table 12). Missing data were estimated using the multiple regression 

models presented in equations 29 to 34. Box and whisker plots give basic analysis of 

the observed data, which is typically skewed towards low runoff rates, with maximum 

runoff rates up to an order of magnitude greater than the mean (Figure 7). 
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Table 12. Summary of observed peak runoff rate data. 

 

Catchment Stage

Total 

number of 

events

Number of 

events with 

missing 

data

Average 

peak runoff 

rate (mm/hr)

Maximum 

peak runoff 

rate (mm/hr)

I 36 6 3.0 31.7

III 37 3 6.6 27.0

I 34 3 4.8 33.5

III 72 1 14.7 52.7

I 73 8 1.9 28.7

III 60 12 8.8 50.2
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Figure 7. Box and whisker plots of observed peak runoff rate data from the three 

catchments during Stage I and Stage III. The box spans the interquartile range, with a 

line indicating the median, and the whiskers extending to the minimum and 

maximum. 
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In Stage I, C1 and C2 share similar skewed distributions of Qp, with events less than 5 

mm/hr occurring most frequently (Figure 8). However, C3 had nearly double the 

number of events with Qp <5 mm/hr. When directly comparing average Qp between 

catchments the effect of these events on the C3 average must be taken into 

consideration. Maximum values of Qp for each catchment were similar with 32 mm/hr 

in C1, 34 mm/hr in C2 and 29 mm/hr in C3 (Table 12). Analysis of variance of logQp 

showed no significant differences between C1 and C2, however both were 

significantly different from C3 (p-value = 0.05). 

 

In Stage III, all catchments continued to have a skewed distribution, with events <5 

mm/hr occurring most frequently (Figure 8). Maximum values of Qp decreased to 27 

mm/hr for C1, but nearly doubled for C2 and C3 to 53 mm/hr and 50 mm/hr 

respectively. Again analysis of variance of logQp showed no significant differences 

between C1 and C2, however, both were significantly different from C3 (p-value = 

0.05). 

 

4.7 Changes in peak runoff rate resulting from land development 

4.7.1 Observed data 

Average annual (hydrological year) Qp data are shown in Table 13. All catchments 

exhibited an increase in average Qp in Stage III. Analysis of variance of observed 

logQp confirmed significant differences between Stage I and III for all catchments (p-

value <0.05).  
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Figure 8. Histograms of peak runoff rate for the three catchments pre- and post-

clearing. 



Table 13. Stage III (1985 to 2004) observed annual peak runoff rates from the brigalow, cropping and pasture catchments and 

estimated pre-clearing runoff from the cropping and pasture catchments using regression calibration equations 35 and 36 
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1985 5.0 9.2 33.7 50.5 4.3 7.9 29.4 42.6 6.7 11.6 4.2 7.4 2.5 4.2

1986

1987 8.3 12.3 16.0 20.2 7.2 10.5 8.9 9.7 16.3 21.4 6.7 9.5 9.6 11.9

1988 13.6 27.0 11.7 18.0 11.2 22.2 0.5 5.2 19.1 31.1 9.3 18.2 9.8 12.9

1989 8.3 20.6 11.6 25.7 7.0 17.1 4.6 8.6 7.5 13.8 6.3 14.5 1.3 3.4

1990 4.8 5.5 25.1 25.1 3.5 3.5 21.6 21.6 7.0 9.3 4.3 4.8 2.8 5.6

1991 11.1 11.1 26.1 26.1 9.5 9.5 16.6 16.6 13.8 13.8 8.7 8.7 5.1 5.1

1992 0.2 0.2 7.9 7.9 0.2 0.2 7.7 7.7

1993

1994 2.2 2.2 10.4 10.4 2.0 2.0 8.4 8.4 2.4 2.4 2.2 2.2 0.1 0.1

1995 2.7 5.9 7.5 14.7 2.4 5.2 5.1 13.9 1.9 3.1 2.5 5.1 -0.7 0.4

1996 8.6 18.6 10.1 24.8 7.2 15.5 2.9 9.2 8.1 16.2 6.4 13.3 1.7 4.9

1997 10.7 24.2 34.4 52.7 8.9 19.9 25.5 32.8 19.7 50.2 7.8 16.6 11.9 33.6

1998 6.1 19.0 9.7 29.9 5.2 15.9 4.5 14.4 6.5 18.2 5.5 13.6 1.1 4.9

1999 3.0 5.8 12.3 12.4 2.7 5.1 9.6 11.9 10.1 10.8 2.8 5.1 7.3 9.0

2000 0.1 0.1 5.1 5.1 0.1 0.1 5.0 5.0 0.9 0.9 0.4 0.4 0.5 0.5

2001

2002

2003 9.3 9.3 12.3 12.3 8.0 8.0 4.3 4.3 9.0 9.0 7.5 7.5 1.5 1.5

2004 5.8 5.8 18.7 18.7 5.1 5.1 13.6 13.6 0.9 0.9 5.0 5.0 -4.1 -4.1

AV 6.2 11.0 15.8 22.2 5.3 9.2 10.5 14.1 8.7 14.2 5.3 8.8 3.4 6.3

Peak runoff rate (mm/hr)
Brigalow Cropping Pasture
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The fitted exponential curves describing the ratios of C2:C1 partial series and C3:C1 

partial series in Stages I and III show that change in Qp with land development is most 

prominent in events with a short average recurrence interval (Figure 9). Under 

cropping, events with an average recurrence interval greater than two years had 

similar ratios to Stage I, indicating little change in Qp with land development in larger 

events. Grazed pasture exhibited a similar trend, with little change in the ratios of Qp 

for events with an average recurrence interval greater than four years. Ratios are used 

for the same frequency of occurrence in lieu of direct comparison of Qp for the same 

storm event for the three catchments. 
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Figure 9. Ratios of peak runoff rate for C2:C1 and C3:C1 pre- and post-clearing. 
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4.7.2 Calibrated catchments 

Regression analysis showed strong correlation of logQp between the catchments in 

Stage I (Figure 10) (equations 35 and 36).  

 

9431.0C1(mm/hr)log(mm/hr) C2  log ×= pp QQ       

(R
2
 = 0.99, n = 25)        (35) 

 

2303.08176.0C1(mm/hr)log(mm/hr) C3  log +×= pp QQ   

(R
2
 = 0.92, n = 24)        (36) 

 

In Stage III however, the correlation was much weaker (Figure 10) (Equations 37 and 

38).   

 

289.1686.0C1(mm/hr)log(mm/hr) C2  log +×= pp QQ   

(R
2
 = 0.50, n = 32)        (37) 

 

185.1499.0C1(mm/hr)log(mm/hr) C3  log +×= pp QQ   

(R
2
 = 0.36, n = 19)        (38) 

 

Each pair of equations was then tested for statistical differences between the stages. 

Equations 35 and 37 had no significant difference in slope (p-value = 0.112), however 

the intercepts were significantly different (p-value <0.001). Equations 36 and 38 had 

significantly different slopes (p-value = 0.038) and intercepts (p-value <0.001). This 

shows that there has been a change in the correlation of Qp between catchments, 

between Stages I and III.  

 

Equations 35 and 36 were used to estimate Qp from C2 and C3 in Stage III, had they 

not been cleared. Both catchments showed a trend of larger observed Qp than that 

estimated by their pre-clearing behaviour. In C2, 94% of events had a higher Qp while 

in C3, 80% of events had a higher Qp. Observed average Qp from C2 was 14.7 mm/hr, 

an increase of 9.1 mm/hr from its estimated Qp of 5.6 mm/hr had it not been cleared, 

while observed average Qp from C3 was 8.8 mm/hr, an increase of 3.4 mm/hr from its 
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estimated Qp of 5.4 mm/hr had it not been cleared. The maximum increase in Qp was 

43 mm/hr in C2 and 34 mm/hr in C3. Average annual Qp increased by 10.5 mm/hr 

from C2 and 3.4 mm/hr from C3 (Table 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Peak runoff rate for Catchment 2 and Catchment 3 compared to Catchment 

1 both pre- and post-clearing. 
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4.7.3 Soil Conservation Service Curve Numbers 

During Stage I as virgin brigalow scrub, plots of ranked CN values for C1 and C2 

show similar trends (Figure 11). The trend for C3 however, shows a lower slope, 

despite a similar maximum CN as for C2. Less than 3% of all the events across all 

catchments have a CN value greater than 80. During Stage III, C1 showed an increase 

in the number of events with CN <50, with the remaining CN values showing a 

similar distribution and maximum to Stage I. The developed catchments however 

showed an increase in events with CN values greater than 80. The cropping catchment 

had 17% events with CN values greater than 80, while the pasture catchment had 22% 

of events with CN values greater than 80, compared to less than 3% in Stage I for 

both catchments (Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Ranked curve numbers for all catchments both pre- and post-clearing 
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4.7.4 Variable Infiltration Rate method 

VIR estimates of average pre-clearing infiltration rate varied greatly within an order 

of magnitude between the catchments and between events for the same catchment. 

During Stage III, variability in climatic sequence resulted in a decrease in average 

infiltration rate for all catchments. Infiltration rate under brigalow scrub was only 

25% of its Stage I average, while infiltration rate under cropping and pasture were 

18% and 21% of their Stage I average as brigalow scrub (Table 14). The lesser 

reduction in infiltration rate for the cropping and pasture catchments between Stages I 

and III suggests a decrease in infiltration rate associated with land development. 

Given that a decrease in infiltration rate should increase runoff (Thornton et al. 2007), 

the decrease in infiltration rate in the cropping and pasture catchments associated with 

land development would be expected to increase Qp. 

 

Table 14. A comparison of maximum variable infiltration rate (MVIR) (mm/hr) 

calculated using the VIR method   

Catchment Stage Percentage of Stage I MVIR

1 I 7.2             38,072              4,752             

III 10.8           13,753              1,168             25

2 I 0.7             12,008              1,734             

III 2.4             3,684                307                18

3 I 4.7             92,799              7,138             

III 0.1             40,366              1,493             21

Minimum MVIR Maximum MVIR Average MVIR
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Chapter 5. Discussion 

 

5.1 Peak runoff rate increases with land development 

Comparison of observed Qp data using calibrated catchments showed that land 

development increased average Qp by 9.1 mm/hr to 14.7 mm/hr for the cropping 

catchment (C2) and by 3.4 mm/hr to 8.9 mm/hr for the pasture catchment (C3). The 

maximum increase in Qp for C2 was 43 mm/hr and for C3 was 34 mm/hr. This 

supports the earlier conclusions of Lawrence and Sinclair (1989) and Lawrence et al. 

(1991) who, when analysing study data from 1984 to 1987, found average increases in 

Qp of 9.5 mm/hr in C2 and 4.3 mm/hr in C3. Events with an average recurrence 

interval of less than two years showed the greatest increase in Qp when brigalow land 

was developed for cropping, while events with an average recurrence interval of less 

than four years showed the greatest increase when brigalow land was developed for 

grazing. 

 

The literature shows that changes in runoff volume generally change the peak rate 

(Leitch and Flinn 1986, Bari and Smettem 2006), and that the direction of change in 

runoff volume is generally mirrored by the change in peak rate (Rallison 1982).  Data 

from this study agree, and show that land development increases both Qtot and Qp 

(Thornton et al. 2007). This agreement supports the application of these concepts to 

Brigalow landscapes in central Queensland  

 

As found in this study, the magnitude of the increase has been highly variable 

(Boughton 1970; Gilmour 1977; Mackay and Cornish 1982). Higher peak runoff rates 

from the land uses of cropping and pasture compared to virgin brigalow are also seen 

in other land use comparisons, such as those of Cox et al. (2006), showing greater 

peak runoff rates from agricultural watersheds compared to forested watersheds. 

 

The simple modelling approaches that were undertaken add further evidence to 

support the finding of an increase in Qp with land development. A greater incidence of 

high CN values from the developed catchments compared to their behaviour pre-

clearing indicates an increase in total and hence Qp. Using a mass balance approach, a 
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decrease in the infiltration rate of a catchment will, ceteris paribus, lead to an increase 

in runoff rate. In this instance, land development for cropping and pasture changes 

multiple parameters, many of which, such as ground cover and water use pattern, 

impact on runoff. Despite this, the apparent decline in infiltration rate with land 

development supports a subsequent increase in Qp. 

5.2 So what variables are the best predictors of total runoff and peak runoff rate? 

Given that rainfall is the primary driving mechanism controlling watershed runoff 

(Fernandez and Garbrecht 1994), it is not surprising that of the variables tested, total 

rainfall was the best single-estimator of Qtot for all land uses. The estimations of Qtot 

obtained from this multiple variable regression analysis are not as good as those 

obtained for the same site using a hydrologic model at a daily time step (Thornton et 

al. 2007). 

 

Estimation of Qp using both single and multiple parameter regression models gave 

better results than for the estimation of Qtot. Log-transformed Qtot had the best 

correlation with Qp for all catchments and land uses, typically explaining greater than 

85% of the variation in the data, while combining additional parameters in a multiple 

regression model typically explained an additional 5% of variation in the data. 

Depending on user requirements, the performance of the single-parameter model may 

be sufficient to save the expense associated with the generation of additional 

parameters for use in a multiple parameter model. 

5.3 The estimation of curve numbers 

The best agreement between observed Qtot and Qtot estimated using SCS methods was 

obtained using CN values that were the average of CN values calculated from pairs of 

P:Qtot data grouped according to antecedent moisture condition. As daily rainfall data 

for Australia is widely available via tools such as SILO (NRM 2005), assigning an 

AMC to a calculated CN value is quite easy, and at this site gave substantial 

improvement in estimations compared to CN values optimised for AMC by the use of 

formula.  

 

Average overall and AMC II optimised CN values calculated for brigalow forest 

agree with those initially reported by Boughton (1989), who analysed the first three 
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years of this dataset. Boughton (1989) also cites unpublished data looking at a further 

10 years of record and reports optimised CN values of 73, 71 and 70 for catchments 1 

to 3 respectively. The AMC II optimised CN value calculated for cropping is within 

the range reported by Freebairn and Boughton (1981) for cracking clays in southern 

Queensland.  

 

Average overall and AMC II calculated CN values for agricultural land uses are lower 

than those suggested by the SCS CN tables. Assuming a hydrological soil group of B 

or C (moderate and low infiltration rates respectively when thoroughly wetted; 

moderately fine to moderately course textures and moderately fine to fine textures 

respectively; moderate and low rates of water transmission respectively), SCS 

suggested CN values for cropping are 83 and 88 for fallows with residual stubble, 75 

and 82 for straight rowed crops with residual stubble and 74 and 81 for contoured 

crops with residual stubble. Suggested CN values for pasture are more similar to those 

calculated in this study, with continuously grazed pasture with >75 % cover equating 

to CN value 61 and 74 for hydrological soil groups B and C respectively. The 

calculated CN value for brigalow scrub is similar to the suggested CN value of 55 for 

woodland on hydrological soil group B, and less than the suggested CN value of 70 

for woodland on hydrological soil group C. 

5.4 Comparing the performance of the three estimation methods 

Numerical assessment of model performance using R
2 
indicates that the site-specific 

multiple regression models gave the best estimation of Qp, followed by the VIR and 

the SCS method. Ranking the methods by efficiencies (E) gave the same result. This 

assessment clearly indicates that multiple regression models have given the best 

estimations of Qp, however the choice of which method is best employed can also be 

influenced by external factors. 

 

Each of the methods has different data and computational requirements. Common to 

each method is the requirement for an estimation of Qtot. If Qtot.is known, it is likely 

that multiple regression models would be suitable as this was the key parameter in all 

models.   
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Unlike regression models, both SCS and VIR methods require some physical 

knowledge of the catchment to estimate lags and time of concentration. Information 

such as slope, hydraulic length and ponded area are all simple parameters likely to be 

easily determined and should not preclude the use of either method. This is supported 

by Boughton (1987), who, using similar methods to the SCS lag method, estimated a 

range of time of concentration values for catchment 1, varying from 20 to 32 minutes. 

These values are comparable with the value of 34 minutes calculated in this thesis. 

 

All methods require information on rainfall. Easily obtained rainfall total data is 

necessary for both SCS and VIR methods and improves estimations from some 

regression models. Rainfall data at a sub-daily timescale is not required for the SCS 

method, but adds value to some regression models, allowing for calculation of 

parameters such as E and EI30. It is essential for the VIR method but again, is 

relatively simple to obtain in formats such as the six-minute rainfall data available on 

request from the Australian Bureau of Meteorology (Bureau of Meteorology 2010). 

 

All of these methods have simple computational requirements. With an estimate of 

Qtot, it is possible to estimate Qp by hand using regression models. The SCS method is 

only marginally more complicated and with the assistance of tables of coefficients, 

may also be performed by hand. By modern computing standards the computational 

requirements of the VIR modelling program is very basic. Compilation of the input 

files for the program is easily performed by simple spreadsheet packages, which are 

also of assistance in performing routing calculations. 

 

Based on this thesis, none of these methods should be excluded on the basis of 

performance. The correct method is likely to be the one where the user is able to meet 

the data requirements and has the skills to implement. If a user was implementing the 

regression models in a dissimilar geographical region a simple check on the validity 

of the output may be obtained by use of one of the other methods in parallel. 

 

Multiple regression models to estimate both Qtot and Qp could each be run with a 

single parameter, as could the SCS CN method to estimate Qtot, assuming adequate 

knowledge of the catchment to allow selection of an appropriate CN value from the 

SCS tables. The additional parameters required by both the SCS GPD method to 
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estimate Qp and the VIM method to estimate lag time are basic descriptors of physical 

catchment characteristics, and should be easily determined from contour mapping.  
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Chapter 6. Conclusions 

 

The first aim of the thesis was to evaluate the suitability of three methods to estimate 

Qp. Of the three methods evaluated, the best estimations of peak runoff rate were 

obtained using multiple regression models. Simple and widely available descriptors of 

climate such as rainfall total and intensity showed strong correlation with total runoff 

and peak runoff rate. Of the parameters tested, total rainfall showed the best 

correlation with total runoff, while total runoff showed the best correlation with peak 

runoff rate. When incorporated into relationships derived at this study site, these 

variables may be used to provide reasonable estimates of total runoff and peak runoff 

rate in ungauged catchments on brigalow lands external to this study site.  

 

Good results were also obtained using both the SCS and VIR methods of estimating 

peak runoff rate. The VIR method provided better estimations, but required more data 

than the SCS method. However none of these methods should be excluded on the 

basis of performance. Model parametisation is a simple task for either method, 

utilising widely available rainfall data and physical descriptors of the catchment. 

 

The second aim of the thesis was to quantify changes in Qp due to land development 

using a simple comparison of observed data, a partial series analysis, and a paired, 

calibrated catchment analysis. Simple comparison of observed data showed that the 

clearing of virgin brigalow forest for cropping or pasture land uses has significantly 

increased the peak runoff rate of overland flow events. Using a calibrated catchment 

approach, the magnitude of the increase was 263% for cropping and 164% for pasture, 

based on observed data combined with the best available method of estimating 

missing data as determined in this study. Post land development, peak runoff rates 

from cropping showed greater variability than those from pasture. Partial series 

analysis showed that the smaller events with an average recurrence interval of less 

than two years for cropping and four years for pasture, showed the greatest increases 

in peak runoff rate. 

 



 57 

References 

 

Australian Government - Geoscience Australia (2007) Appendix M - The Geocentric Datum of 

Australia. Available at: http://www.ga.gov.au/mapspecs/250k100k/appendix_m.jsp# [accessed 

21/08/2007]. 

Bari MA, Smettem KRJ (2006) A conceptual model of daily water balance following partial clearing 

from forest to pasture. Hydrology and Earth System Sciences 10, 321-337.  

Beven KJ (2000) 'Rainfall-runoff modelling: The primer'. (J. Wiley: Chichester, UK). 

Bird RC (1992) 'Hydrographic procedure Estimation of missing record'. (Department of Natural 

Resources, Data Aquisition Group, Water Resources Division, Water Resources Group: Brisbane, 

Queensland). 

Boughton W (2005) Catchment water balance modelling in Australia 1960-2004. Agricultural Water 

Management 71, 91-116.  

Boughton WC (1970) 'Effects of land mangement on quality and quantity of available water - A 

review.' The University of New South Wales Water Research Laboratory, 120, Manly Vale, NSW, 

Australia.  

Boughton WC (1985) 'Brigalow Catchment Study - Calibration Phase 1965 - 1979.' Queensland 

Department of Primary Industries, QO85012, Brisbane.  

Boughton WC (1987) 'A Comparison of Flood Estimation Procedures with the Brigalow Catchment 

Data.' Queensland Department of Primary Industries, QO87012, Brisbane.  

Boughton WC (1989) A review of the USDA SCS curve number method. Australian Journal of Soil 

Research 27, 511-523.  

Boughton WC (1995) An Australian water balance model for semiarid watersheds. Journal of Soil & 

Water Conservation 50, 454-457.  

Brakenseik DL, Osborn HB, Rawls WJ (1979) 'Field manual for research in agricultural hydrology. 

Agriculture handbook No. 224. United States Department of Agriculture.' U.S. Govt. Print. Office, 

Washington DC.  

Brent RP (1973) 'Algorithms for minimisation without derivatives'. (Prentice-Hall: Englewood Cliffs, 

N.J.). 



 58 

Bureau of Meteorology (2010) How to get climate data from the Bureau. Available at 

http://www.bom.gov.au/index.shtml [accessed 14/12/2010].  

Canterford RP (1987) (Eds) 'Australian rainfall and runoff: A guide to flood estimation, Volume 2.' 

(Institution of Engineers, Australia: Barton, ACT).  

Chiew FHS, McMahon TA (1993) Assessing the adequacy of catchment streamflow yield estimates. 

Australian Journal of Soil Research 31, 665-680.  

Chow VT, Maidment DR, Mays LW (1988) 'Applied hydrology'. (McGraw-Hill: United States of 

America). 

Claps P, Laio F (2003) Can continuous streamflow data support flood frequency analysis? An 

alternative to the partial duration series approach. Water Resources Research 39, SWC61-SWC611.  

Connolly RD (1998) Modelling effects of soil structure on the water balance of soil-crop systems: A 

review. Soil and Tillage Research 48, 1-19.  

Connolly RD, Silburn DM, Ciesiolka CAA (1997) Distributed parameter hydrology model 

(ANSWERS) applied to a range of catchment scales using rainfall simulator data. III. Application to a 

spatially complex catchment. Journal of Hydrology 193, 183-203.  

Cowie BA, Thornton CM, Radford BJ (2007) The Brigalow Catchment Study: I. Overview of a 40-

year study of the effects of land clearing in the brigalow bioregion of Australia. Australian Journal of 

Soil Research 45, 479-495.  

Cox CA, Sarangi A, Madramootoo CA (2006) Effect of land management on runoff and soil losses 

from two small watersheds in St Lucia. Land Degradation and Development 17, 55-72.  

Darcy H (1856) Les fontaines publique de la ville de Dijon, Dalmont, Paris.  

Dilshad M, Peel LJ (1994) Evaluation of the USDA curve number method for agricultural catchments 

in the Australian semi-arid tropics. Australian Journal of Soil Research 32, 673-685.  

Dowling AJ, Webb AA, Scanlan JC (1986) Surface soil chemical and physical patterns in a brigalow- 

Dawson gum forest, central Queensland. Australian Journal of Ecology 11, 155-162.  

Fentie B, Yu B, Silburn MD, Ciesiolka CAA (2002) Evaluation of eight different methods to predict 

hillslope runoff rates for a grazing catchment in Australia. Journal of Hydrology 261, 102-114.  

Fernandez GP, Garbrecht J (1994) Effects of trends and long-term fluctuations of rainfall on watershed 

runoff. Transactions - American Society of Agricultural Engineers 37, 1841-1844.  



 59 

Freebairn DM, Boughton WC (1981) Surface runoff experiments on the eastern Darling Downs 

(Greenmount, Australia). Australian Journal of Soil Research 19, 133-146.  

Freebairn DM, Wockner GH, Hamilton NA, Rowland P (2009) Impact of soil conditions on hydrology 

and water quality for a brown clay in the north-eastern cereal zone of Australia. Australian Journal of 

Soil Research 47, 389-402.  

Gilmour DA (1977) Effects of logging and clearing on water yield and quality in a high rainfall zone of 

north east Queensland. In “The Hydrology of Northern Australia”'. Brisbane, Qld. National Conference 

Publication 7715. pp. 156-160.  

Green WH, Ampt GA (1911) Studies on soil physics - Part 1 - flow of air and water through soils. The 

Journal of Agricultural Science 4, 1-24.  

Guzha AC (2004) Effects of tillage on soil microrelief, surface depression storage and soil water 

storage. Soil and Tillage Research 76, 105-114.  

Hawkins RH (1973) Improved prediction of storm runoff in mountain watersheds. Journal of the 

Irrigation and Drainage Division 99, 519-523.  

Hawkins RH (1993) Asymptotic determination of runoff curve numbers from data. Journal of 

Irrigation & Drainage Engineering - ASCE 119, 334-345.  

Isbell RF (1996) 'The Australian soil classification'. (CSIRO Publishing: Collingwood, Victoria).  

Johnson RW (2004) Vegetation survey of the Brigalow Research Station, Theodore, Queensland. 

Proceedings of the Royal Society of Queensland 111, 39-61.  

Kisters (2007) Hydstra/TS Time Series Data Management. V7.27.2 Available at: 

http://www.kisters.com.au [accessed 23/08/2007]. 

Lawrence PA (1990) The hydrology of three experimental catchments with different land uses after 

clearing brigalow (Acacia harpophylla) forest. Griffith University, Nathan, Queensland,  

Lawrence PA, Sinclair DP (1989) Catchment hydrology and soil loss. In 'Changes in hydrology, soil 

fertility and productivity of brigalow catchments following clearing'. (Eds P . Lawrence and P J 

Thorburn) pp. 2.5-2.90. (Department of Primary Industries Departmental Report RQR89002: 

Queensland). 

Lawrence PA, Thorburn PJ, Littleboy M (1991) Changes in surface and subsurface hydrology after 

clearing brigalow (Acacia harpophylla) forest in a semiarid climate: measurements and modelling. In 

'International Hydrology and Water Resources Symposium: Challenges for sustainable development'. 

Perth, WA, Australia. (Institution of Engineers, Australia). 



 60 

Legates DR, McCabe Jr. GJ (1999) Evaluating the use of 'goodness-of-fit' measures in hydrologic and 

hydroclimatic model validation. Water Resources Research 35, 233-241.  

Leitch CJ, Flinn DW (1986) Hydrological effects of clearing native forest in north-east Victoria: The 

first 3 years. Australian Forest Research 16, 103-116.  

Littleboy M, Sachan ARC, Smith BGD, Cogle AL (1996) Soil management and production of Alfisols 

in the semi-arid tropics. II. Deriving USDA curve numbers from rainfall simulator data. Australian 

Journal of Soil Research 34, 103-111.  

Lørup JK, Refsgaard JC, Mazvimavi D (1998) Assessing the effect of land use change on catchment 

runoff by combined use of statistical tests and hydrological modelling: Case studies from Zimbabwe. 

Journal of Hydrology 205, 147-163.  

Lyon SW, Walter MT, Gerard-Marchant P, Steenhuis TS (2004) Using a topographic index to 

distribute variable source area runoff predicted with the SCS curve-number equation. Hydrological 

Processes 18, 2757-2771.  

Mackay SM, Cornish PM (1982) Effects of wildlife and logging on the hydrology of small catchments 

near Eden, N.S.W. In 'The First National Symposium on Forest Hydrology'. Melbourne. The Institution 

of Engineers of Australia, National Conference Publication No. 82/6. (Eds E. M. O’Loughlin and L. J. 

Bren) pp. 111-117.  

McClymont D, Freebairn DM, Rattray DJ, Robinson JB (2006) HowLeaky? Exploring water balance 

and water quality implications for different land uses. V2.15. Available at: http://www.apsru.gov.au 

[accessed 17/09/2007]. 

Mockus V (1949) Estimation of total (and peak rates of) surface runoff for individual storms. In 

'Interim Survey Report Grand (Neosho) River Watershed'. pp. Exhibit A of Appendix B. U.S. Dep. 

Agric. (U.S. Gov. Print Office: Washington, D.C.).  

Moore DS, McCabe GP (1993) 'Introduction to the practice of statistics'. (W.H. Freeman and 

Company: New York).  

Nash JE, Sutcliffe JV (1970) River flow forecasting through conceptual models, Part 1, A discussion of 

principles. Journal of Hydrology 10, 282-290.  

Ndiaye B, Esteves M, Vandervaere J-, Lapetite J-, Vauclin M (2005) Effect of rainfall and tillage 

direction on the evolution of surface crusts, soil hydraulic properties and runoff generation for a sandy 

loam soil. Journal of Hydrology 307, 294-311.  



 61 

NRM Enhanced Meteorological Datasets (2005). Available at: http://www.nrm.qld.gov.au/silo/ 

[accessed 17/09/2007]. 

NRW (2004a) Soil Conservation Measures - Design Manual for Queensland. Available at: 

http://www.nrw.qld.gov.au/land/management/erosion/index.html#design [accessed 11/01/2012]. 

NRW (2004b) Understanding Water Resource Planning. Available at: 

http://www.nrw.qld.gov.au/land/management/erosion/index.html#design [accessed 11/01/2012]. 

Owens JS, Silburn DM, McKeon GM, Carroll C, Willcocks J, DeVoil R (2003) Cover-runoff equations 

to improve simulation of runoff in pasture growth models. Australian Journal of Soil Research 41, 

1467-1488.  

Post DA, Jakeman AJ (1999) Predicting the daily streamflow of ungauged catchments in S.E. Australia 

by regionalising the parameters of a lumped conceptual rainfall-runoff model. Ecological Modelling 

123, 91-104.  

Press WH, Flannery BP, Teukolsky SA, Vetterling WT (1989) 'Numerical Recipes: The art of scientific 

computing (FORTRAN version)'. (Cambridge University Press: New York). 

Radford BJ, Thornton CM, Cowie BA, Stephens ML (2007) The Brigalow Catchment Study: III. 

Productivity changes on brigalow land cleared for long-term cropping and for grazing. Australian 

Journal of Soil Research 45, 512-523.  

Rallison RE (1980) Origin and evolution of the SCS runoff equation. IN: SYMP. ON WATERSHED 

MANAGEMENT 1980, (BOISE, U.S.A.: JUL. 21-23, 1980) 2 , New York, U.S.A., Am. Soc. Civ. 

Engrs., 1980, Session E2, p.912-924., ISBN 0-87262-250-9/-.  

Rallison RE (1982) Evaluation and assessment of agricultural impacts on hydrology. Studies and 

Reports in Hydrology, 345-362.  

Refsgaard JC, Knudsen J (1996) Operational validation and intercomparison of different types of 

hydrological models. Water Resources Research 32, 2189-2202.  

Richards LA (1931) Capillary conduction of liquids through porous media. Physics 1, 318-333.  

Rosewell CJ (1986) Rainfall kinetic energy in eastern Australia. Journal of Climate & Applied 

Meteorology 25, 1695-1701.  

Sadras V (2003) Influence of small and large rainfall events on the water budget components of wheat 

crops. In 'Solutions for a better environment. Proceedings of the 11th Australian Agronomy 

Conference'. 2-6 Feb. 2003, Geelong, Victoria. Australian Society of Agronomy.  



 62 

Sallaway MM, Yule DF, Lawson D, Carroll C, Fossett G, Burger P, Nickson D (1988) 'Runoff and soil 

loss study: Capella, Central Queensland.' Queensland Department of Primary Industries, QO88012, 

Brisbane.  

Schneider LE, McCuen RH (2005) Statistical guidelines for curve number generation. Journal of 

Irrigation and Drainage Engineering 131, 282-290.  

Short R, Salama R, Pollock D, Hatton T, Bond W, Paydar Z, Cresswell H, Gilfedder M, Moore A, 

Simpson R, Salmon L, Stefanski A, Probert M, Huth N, Gaydon D, Keating B (2000) Assessment of 

salinity management options for Lake Warden catchments, Esperence, WA: Groundwater and crop 

water balance modelling. In 'CSIRO Land and Water Technical Report 20/00'. (Eds J. Coram and P. 

Please) (CSIRO Land and Water: Canberra, ACT.). 

Thornton CM, Cowie BA, Freebairn DM, Playford CL (2007) The Brigalow Catchment Study: II. 

Clearing brigalow (Acacia harpophylla) for cropping or pasture increases runoff. Australian Journal of 

Soil Research 45, 496-511.  

United States Department of Agriculture Soil Conservation Service (USDA SCS) (1973) 'A method for 

estimating volume and rate of runoff in small watersheds'. Technical paper Tp-149. Available at: 

http://www.wsi.nrcs.usda.gov/products/W2Q/H&H/tech_refs/TR_TP.html [accessed 13/03/2008]. 

United States Department of Agriculture Soil Conservation Service (USDA SCS) (1983) ''Computer 

program for project formulation-hydrology'. Technical Release TR-20'.  Washington, DC. 

United States Department of Agriculture Natural Resources Conservation Service (USDA NRCS) 

(1986) 'Urban hydrology for small watersheds'. Technical Release TR-55. Available at: 

ftp://ftp.wcc.nrcs.usda.gov/downloads/hydrology_hydraulics/tr55/tr55.pdf [accessed 13/03/2008]. 

United States Department of Agriculture Natural Resources Conservation Service (USDA NRCS) 

(2001) 'National Engineering Handbook'. (NEH) Part 630 Hydrology. Available at: 

http://www.wsi.nrcs.usda.gov/products/W2Q/H&H/tech_refs/eng_Hbk/chap.html [accessed 

13/03/2008]. 

Van Dijk AIJM, Bruijnzeel LA (2004) Runoff and soil loss from bench terraces. 1. An event-based 

model of rainfall infiltration and surface runoff. European Journal of Soil Science 55, 299-316.  

Van Mullem JA, Woodward DE, Hawkins RH, Hjelmfelt Jr. AT (2002) Runoff curve number method: 

beyond the handbook. In 'Hydrologic Modeling for the 21st Century'. Second Federal Interagency 

Hydrologic Modeling Conference, July 28 to August 1, Las Vegas, Nevada..  

VSN International (2006) GenStat 9.1. Available at: http://www.vsni.co.uk/software/genstat [accessed 

11/01/2012]. 



 63 

Ward A (1995) 'Environmental Hydrology'. (Eds A Ward andWJ Elliot) (CRC Press, Inc.: United 

States of America). 

Watts LF, Hawke RM (2003) The effects of urbanisation on hydrologic response: a study of two 

coastal catchments. Journal of Hydrology. New Zealand 42, 125-143.  

Webb AA (1971) 'Soil survey of Brigalow Research Station.' Queensland Department of Primary 

Industries, Technical Report No 3, Brisbane, Queensland.  

Whitten SM, Khan S, Collins C, Robinson D, Ward J, Rana T (2005) 'Tradeable recharge credits in 

Coleambally Irrigation Area: Report 7, Experiences, lessons and findings.' CSIRO & BDA Group.  

Woodward DE, Hawkins RH, Jiang R, Hjelmfelt Jr. AT, Van Mullem JA, Quan QD (2003) Runoff 

curve number method: Examination of the initial abstraction ratio. In 'World Water and Environmental 

Resources Congress'. June 23-26, 203, Philadelphia, Pennsylvania (Eds P Bizer and P DeBarry) pp. 

691-700. American Society of Civil Engineers. 

Woodward DE, Hawkins RH, Quan QD (2002) Curve number method: origins, applications and 

limitations. In 'Hydrologic Modeling for the 21st Century'. Second Federal Interagency Hydrologic 

Modeling Conference, July 28 to August 1, Las Vegas, Nevada.  

Yu B (1997) 'GOSH 1.2: A program for calculating runoff rates given rainfall rates and runoff amount'. 

(Faculty of Environmental Sciences, Griffith University: Nathan, Australia). 

Yu B (1998) Theoretical justification of SCS method for runoff estimation. Journal of Irrigation and 

Drainage Engineering 124, 0306-0310.  

Yu B (1999) A comparison of the Green-Ampt and a spatially variable infiltration model for natural 

storm events. Transactions of the American Society of Agricultural Engineers 42, 89-97.  

Yu B, Cakurs U, Rose CW (1998) An assessment of methods for estimating runoff rates at the plot 

scale. Transactions of the American Society of Agricultural Engineers 41, 653-661.  

Yu B, Ciesiolka CAA, Rose CW, Coughlan KJ (2000a) A validation test of WEPP to predict runoff 

and soil loss from a pineapple farm on a sandy soil in subtropical Queensland, Australia. Australian 

Journal of Soil Research 38, 537-554.  

Yu B, Rose CW, Coughlan KJ, Fentie B (1997) Plot-scale rainfall-runoff characteristics and modeling 

at six sites in Australia and Southeast Asia. Transactions of the American Society of Agricultural 

Engineers 40, 1295-1303.  

Yu B, Rose CW, Yin D, Anecksamphat C (2001) Re-interpretation of USLE datasets for physically 

based erosion models with examples from southern China and northern Thailand. In 'Sustaining the 

global farm. Selected papers from the 10
th
 International Soil Conservation Organisation Meeting'. May 



 64 

24-29, 1999, West Lafayette, IN. (Eds D. E. Stott, R. H. Mohtar and G. C. Steinhardt) pp. 929-934. 

(International Soil Conservation Organization in cooperation with the USDA and Purdue University: 

West Lafayette, IN.).  

Yu B, Rosewell CJ (1998) 'RECS: A program to calculate the R-factor for the USLE/RUSLE using 

BOM/AWS pluviograph data'. Faculty of Environmental Sciences, Griffith University. 

Yu B, Rosewell CJ (2001) Evaluation of WEPP for runoff and soil loss prediction at Gunnedah, NSW, 

Australia. Australian Journal of Soil Research 39, 1131-1145.  

Yu B, Sombatpanit S, Rose CW, Ciesiolka CAA, Coughlan KJ (2000b) Characteristics and modeling 

of runoff hydrographs for different tillage treatments. Soil Science Society of America Journal 64, 

1763-1770.  



 65 

APPENDIX A – The GOSH software program parameter (.PAR) file as used in 

“A worked example calculating Qp using the VIR method” 

 

Line numbers shown in parenthesis are for reference only and do not appear in the 

actual file. 

 

 

 

781104.PAR

 

(1) Runoff rate estimation using GOSH Variable Infiltration Rate model 

(2) Data is runoff event commencing 4/11/78 

(3) Hydstra 15min extraction 

(4) 3 

(5) 15 

(6) 40.5 

(7) 781104.DAT 

(8) 781104.OUT 

 

 

Description of the contents of the GOSH parameter file “781104.PAR”. 

 

Line 1  User supplied comment line – duplicated in the list (.LST) output file. 

Line 2  User supplied comment line – duplicated in the list (.LST) output file. 

Line 3  User supplied comment line – duplicated in the list (.LST) output file. 

Line 4 Specifies which method GOSH uses to predict runoff rate. Specifying 

“3” selects the VIR method. 

Line 5 Specifies the time interval of the input data, which in this instance is 15 

minute. The data itself is provided by the user in the data (.DAT) file.   

Line 6  Specifies the total runoff (mm) for the event. 

Line 7 Specifies the data file name containing the input data of rainfall 

intensity. 

Line 8  Specifies the output file name to write the runoff rate data to. 
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APPENDIX B – The GOSH software program data (.DAT) file as used in “A 

worked example calculating Qp using the VIR method” 

 

Line numbers shown in parenthesis are for reference only and do not appear in the 

actual file. 

 

 

 

781104.DAT

 

(1) 535021  

(2) From 00:00_04/11/1978 to 00:00_06/11/1978  

(3) T (min) P (mm/hr) 

(4) 1500 6.44 

(5) 1515 1.14 

(6) 1530 1.14 

(7) 1545 23.632 

(8) 1560 118.808 

(9) 1575 64.48 

(10) 1590 41.028 

(11) 1605 32.132 

(12) 1620 3.196 

(13) 1635 0.656 

(14) 1650 0.656 

(15) 1665 2.564 

(16) 1680 0.812 

(17) 1695 0.812 

(18) 1710 0.812 

(19) 1725 0.488 
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Description of the contents of the GOSH data file “781104.DAT”. 

 

Line 1  User supplied comment line – duplicated in the output file (.OUT). 

Line 2  User supplied comment line – duplicated in the output file (.OUT). 

Line 3  User supplied comment line 

Line 4 on These lines are the input data containing rainfall rate. The data are 

arranged in two columns.  

 

Column one contains an identifier of the time interval at which the 

rainfall rate data is supplied. The identifiers must be consecutive and 

spaced at a numerical interval equal to the interval that the rainfall rate 

data is supplied at (equal to line 5 of the parameter file in appendix A). 

 

Column two contains rainfall rate (mm/hr) for each respective time 

interval. 
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APPENDIX C – The GOSH software program list (.LST) file as created in “A 

worked example calculating Qp using the VIR method” 

 

Line numbers shown in parenthesis are for reference only and do not appear in the 

actual file. 

 

 

 

GOSH.LST

 

 

(1) Runoff rate estimation using GOSH Variable Infiltration Rate model 

(2) Data is runoff event commencing 4/11/78 

(3) Hydstra 15min extraction 

(4)  

(5) model selection:    3 

(6)  

(7) 1 - constant infiltration rate 

(8) 2 - runoff coefficient 

(9) 3 - variable infiltration rate 

(10)  

(11) T (min)  : 15 

(12) Total runoff amount (mm)  : 40.5 

(13) Rainfall rate data file  : 781104.dat   

(14) Runoff rate output file  : 781104.out   

(15)  

(16) Total rainfall depth (mm) : 74.7 

(17) Runoff coefficient  : .54 

(18) Varia. rate of infil (mm/h)  : 32.0 

(19) Event duration (minute)  : 240 

(20) Actual rainy period (minute) : 240 

(21)  

(22) Estimated peak runoff rate (mm/h) : 87.6 
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(23) with a mean absolute error (mm/h)  : 3.5 

(24) and 90% confidence interval (mm/h) < 8.0 

(25)  

(26) The 90% confidence interval for rmse/qp (%) is: 

(27)  

(28) 4. -     24. 

(29)  

(30) Estimated effective runoff rate (mm/h) : 51.5 

(31) with a mean absolute error (mm/h)  : 1.8 

(32) and 90% confidence interval (mm/h)  < 5.3 

 

 

Description of the contents of the GOSH list file “GOSH.LST”. 

 

Line 1  User supplied comment line from line 1 of the parameter file in 

appendix A. 

Line 2 User supplied comment line from line 2 of the parameter file in 

appendix A. 

Line 3  User supplied comment line from line 3 of the parameter file in 

appendix A. 

Line 4  Intentionally blank line. 

Line 5 Reports the method used by GOSH to predict runoff rates as specified 

in line 4 of the parameter file in appendix A. 

Line 6  Intentionally blank line. 

Line 7-9 Specifies the methods available within GOSH to predict runoff rate. 

Line 10  Intentionally blank line. 

Line 11 Reports  the time interval (minute) of the input data as specified in line 

5 of the parameter file in appendix A. 

Line 12 Reports the total runoff amount (mm) of the event as specified in line 6 

of the parameter file in appendix A. 

Line 13 Reports the data file name containing the input data of rainfall intensity 

as specified in line 7 of the parameter file in appendix A. 

Line 14  Reports the output file name to write the runoff rate data to as specified 

in line 8 of the parameter file in appendix A. 
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Line 15  Intentionally blank line. 

Line 16  Reports calculated total rainfall depth (mm) 

Line 17 Reports calculated runoff coefficient 

Line 18 Reports calculated variable rate of infiltration (mm/hr) 

Line 19 Reports calculated event duration 

Line 20 Reports calculated rain period spanning the runoff event 

Line 21 Intentionally blank line. 

Line 22 Reports calculated peak runoff rate (mm/hr) 

Line 23-24 Reports calculated descriptive statistics for peak runoff rate 

Line 25  Intentionally blank line. 

Line 26  Reports calculated descriptive statistics for peak runoff rate 

Line 27  Intentionally blank line. 

Line 28 Reports calculated descriptive statistics for peak runoff rate 

Line 29  Intentionally blank line. 

Line 30 Reports calculated mean runoff rate (mm/hr) 

Line 31 Reports calculated descriptive statistics for mean runoff rate 

Line 32 Reports calculated descriptive statistics for mean runoff rate 
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APPENDIX D – The GOSH software program output (.OUT) file as created in 

“A worked example calculating Qp using the VIR method” 

 

Line numbers shown in parenthesis are for reference only and do not appear in the 

actual file. 

 

 

 

781104.OUT

 

(1) 535021                                                                 

(2) From 00:00_04/11/1978 to 00:00_06/11/1978                              

(3) T (min) P (mm/hr)                                                      

(4)   1500    15    6.44     .61 

(5)   1515    15    1.14     .02 

(6)   1530    15    1.14     .02 

(7)   1545    15   23.63    6.92 

(8)   1560    15  118.81   87.60 

(9)   1575    15   64.48   36.75 

(10)   1590    15   41.03   17.91 

(11)   1605    15   32.13   11.86 

(12)   1620    15    3.20     .15 

(13)   1635    15     .66     .01 

(14)   1650    15     .66     .01 

(15)   1665    15    2.56     .10 

(16)   1680    15     .81     .01 

(17)   1695    15     .81     .01 

(18)   1710    15     .81     .01 

(19)   1725    15     .49     .00 

 

 

Description of the contents of the GOSH output file “781104.OUT”. 
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Line 1  User supplied comment line from line 1 of the data file in appendix A. 

Line 2  User supplied comment line from line 2 of the data file in appendix A. 

Line 3  User supplied comment line from line 3 of the data file in appendix A. 

Line 4 on These lines are the output data, repeating the input data with the 

addition of calculated runoff rate. The data are arranged in three 

columns.  

 

Columns one and two are as for line 4 onwards in the data file in 

appendix A. Column three contains calculated runoff rate (mm/hr) for 

each respective time interval. 


