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EXECUTIVE SUMMARY 

Motivation 

This project was motivated by the need to evaluate automatic calibration for hydrological modelling in 

southern Africa – a region where manual calibration is predominant. The Pitman model was selected for 

the task because it is widely applied in Southern Africa for water resources assessment. With few 

exceptions, the Pitman model has been calibrated manually mostly as the rainfall-runoff module in 

Water Resources Simulation Model (WRSM 2000) (Bailey, 2008) and in earlier versions of the system 

(WRSM 2000 (Pitman et al., 2000); WRSM 90 (Midgley et al., 1994)). The Pitman model is also one of 

the models included in the SPATSIM modelling framework (Hughes, 2002). Hughes (in Knight Piesold et 

al. (2003)) mentions that the SADC team working on extending the WR90 study to SADC region 

identified the need for standardisation in the approach to model calibration to ensure that parameter 

regionalizations are based on a consistent modelling approach. Such standardization is likely to be 

difficult to implement with manual calibration and much easier with a guided automatic calibration 

approach. Considerable research on automatic model calibration has been undertaken elsewhere and 

the shuffled complex evolution (SCE-UA), an effective and efficient automatic calibration technique, has 

been developed (Duan et al., 1992) and widely applied globally (Tables 2.4 and 2.5). Discussions with 

many hydrological modellers in Southern Africa pointed to a perception that automatic calibration is 

dangerous because the calibrated parameters may not be hydrologically meaningful. While there may 

be merit in this, there does not seem to be any published research in southern Africa to support or 

disapprove it. Research in other parts of the world does not highlight this perceived danger and 

automatic calibration has been incorporated in some catchment modelling systems (e.g. catchment 

modelling toolkit (www.toolkit.net.au/rrl), Soil Water Assessment Tool (www.brc.tamus.edu/swat/)). 

Manual calibration on the other hand is often viewed as subjective, tedious and time consuming. This 

project set out to make an assessment of the dangers of automatic model calibration and also to 

compare its performance with manual calibration. The SCE-UA method was selected as the most 

suitable optimizer for the task.  

Project aims 

The aims of the project were to: 

 Develop a user-friendly software for the shuffled complex evolution (SCE-UA) method of 

automatic model calibration that can be easily linked and applied to any catchment model.  

 Use the Pitman model to demonstrate the application of the software. 

 Compare automatic and manual calibration of the Pitman model and identify any dangers of 

automatic calibration and offer solutions for them. 

Development of the automatic calibration software 

The shuffled complex evolution (SCE-UA) algorithm was coded in Microsoft PowerStation Fortran, 

debugged and tested extensively using several optimization problems. After the code was considered to 

be free from bugs, it was then modified to allow for its application for the automatic calibration of any 

catchment model without the need for re-coding. A graphical user interface was then developed in 

Delphi for the calibrator to enable user-friendly calibration in a Windows environment. The main features 

of the software are presented in Chapter 3 and the software in the accompanying CD ROM includes an 
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example application. In order to use the calibrator, minimal coding of the catchment simulation model to 

be calibrated is required to allow the exchange of information between the model and the calibrator. 

Details of how this coding needs to done are also given in Chapter 3 and in the example application 

provided in the software.  

Automatic calibration of the Pitman model and comparison with manual calibration 

Three basins that had previously been calibrated manually by the Pitman model were selected for 

automatic calibration. These are:  

 The Buffelspruit River catchment in Mpumalanga province in South Africa that had been 

calibrated by Hughes (2004). 

 The Kafue basin in Zambia that had been calibrated by Mwelwa (2004).  

 The Amatole basin in the Eastern Cape province of South Africa that had been calibrated by 

Kleynhans (2007). 

The Pitman model that was used for automatic calibration had been obtained in 1999 from Dr V W 

Pitman, the developer of the Pitman model. This version of the Pitman model was not identical to those 

applied in manual calibration (SPATSIM version (Hughes, 2004) for Buffelspruit and Kafue and the 

WRSM2000 version (Pitman et al., 2000) for Amatole) but the differences were considered not 

significant enough to invalidate comparison of manual and automatic calibration. In addition, the 

calibration of Kafue basin (Mwelwa, 2004) initially involved automatic parameter search using a genetic 

algorithm before resorting to manual calibration. This calibration (Mwelwa, 2004) was therefore 

effectively a combination of automatic and manual calibration. In the current study, Buffelspruit was 

calibrated as a single catchment while 7 subcatchments located on the north east of Kafue basin were 

calibrated simultaneously. Three subcatchments of Amatole located in separate areas within the basin 

were each modelled as a single catchment. Sections 4.2, 4.3 and 4.4 present the analysis for 

Buffelspruit, Kafue and Amatole basin respectively. For all basins, 10 randomly initialised calibration-

validation runs were carried out. The manual calibrations did not include any validation runs which 

limited the scope of comparison. 

It was found that: 

 None of the parameters obtained by automatic calibration for any catchment were considered 

hydrologically unrealistic. Uncharacteristically high PI values were obtained for Kafue basin and 

this was attributed to the hydrological functioning of dambos in the basin. 

 Automatic calibration was able to help identify which parameters were well identified and which 

were poorly identified with reasonable objectivity as illustrated graphically in Figures 4.1, 4.2, 

4.11 and 4.12. 

 Automatic calibration helped infer the probable impacts of dambos in Kafue basin on parameters 

PI and ST. Previous manual calibration (Mwelwa, 2004) was not able to provide any inference 

although that study had indicated that dambos are expected to have significant impacts on 

several parameters of the Pitman model. Unlike the Buffelspruit and the Amatole, validation 

performance of Kafue basin was notably poorer than calibration and this was seen as evidence 

of the inadequacy of the Pitman model structure in incorporating the hydrological functioning of 

dambos.  
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 Automatic calibration performed better than manual calibration for the Buffelspruit and one of the 

three Amatole catchments while the manual and automatic performance for Kafue basin was 

practically identical. 

 It was easy to objectively find out if the provided parameter search range for automatic 

calibration was adequate or whether it needed to be adjusted to allow for improved model 

performance and better parameter values.  

 Reasonable time series of soil moisture storage and separation of slow and quick flow were 

obtained by automatic calibration. These time series were not available from manual calibration 

for a comparison to be made. 

It took about 5 minutes to complete 10 calibration runs of a single catchment (Buffelspruit and the 

Amatole catchments) while 10 calibration runs of the Kafue basin (involving 77 parameters) took about 1 

hour 40 minutes. Additional time was needed to assess the performance and how realistic the results 

were. If automatic calibration takes considerable time, (like for Kafue basin in this study) the modeller 

has time available for other activities while the calibrator is running.  

Potential dangers and challenges of automatic calibration 

The analysis did not reveal any glaring danger of automatic calibration. The main danger that could arise 

would be the fitting of model parameters that do not make hydrological sense. This can be avoided by 

setting the parameter search range limits realistically – a task which is not difficult and that manual 

calibration implicitly requires. This was easily accomplished in the calibrations here by setting an initial 

search range and search range limits for every parameter. By carrying out multiple randomly initialized 

calibration runs, the parameters consistently locating at the search range limit were identified and the 

search range adjusted if hydrologically and conceptually realistic. Using this approach lead to 

unexpectedly high values of precipitation index (PI) parameter for Kafue basin – thereby revealing the 

hydrological significance of dambos in the basin.  

 

Although manual calibration induces the modeller to learn more about the catchment and the model 

structure than automatic calibration, Section 4.5.1 reveals that both manual and automatic calibration 

could obtain conceptually inconsistent parameter sets. Realistic calibration whether manual or automatic 

requires i) the understanding of the model structure and the catchment processes including any unique 

features ii) an idea of the expected parameter search ranges, iii) careful analysis and interpretation of 

the calibration results and the simulated time series and iv) verification of calibrated parameters using an 

independent data set.  

 

Automatic model calibration requires the specification of an objective function whose selection needs to 

be guided by the aim/s of the modelling and its ability to maximise the utilization of available information 

and data. Different objective functions give different parameter sets (see for example Table 4.11 and 

4.12) but this need not be viewed as a disadvantage of automatic calibration. It is a reminder that i) the 

model is an idealization of the reality, ii) the data applied are also mostly approximated and the precise 

values are hardly ever known and, iii) the modelling needs to be linked to the specific needs that may 

indicate how the objective function needs to be formulated. Manual calibration also works on the basis of 

the objective of matching the simulated and the observed data. Consequently, the considerations 

applicable in objective function selection of automatic calibration also apply in manual calibration.  
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Conclusions and Recommendations 

This project was motivated by the need to evaluate automatic calibration for hydrological modelling in 

southern Africa – a region where manual calibration is predominant. The project aimed to develop an 

easy-to-use automatic calibrator based on the Shuffled Complex Evolution (SCE-UA) method and to 

demonstrate automatic calibration using the widely used Pitman model. The SCE-UA was coded and a 

graphical user interface was developed to enable user friendly calibration in a windows environment.  

Automatic calibration using the calibrator was demonstrated by calibrating the Pitman model on 3 basins 

in southern Africa; the Buffelspruit, the Kafue and the Amatole. The three basins had been calibrated 

manually thereby allowing a comparison of manual and automatic calibration. For each catchment, 10 

randomly initialised calibration runs were made and served to i) ensure that the applied parameter 

search ranges were adequate ii) assess the adequacy of optimization iii) assess the level of parameter 

identification and, iv) identify parameter inter-dependences within and across catchments. Sections 4.2, 

4.3 and 4.4 provide the details of automatic calibration for the Buffelspruit, the Kafue and the Amatole 

catchments. Although automatic calibration is often faulted on the basis of its inability to relate 

parameter values to the physical features of the catchment, the calibration of Kafue basin revealed that 

automatic calibration can actually help infer relationships between parameter values and physical 

catchment features – an accomplishment that manual calibration of the basin was not able to achieve. 

Automatic calibration also performed considerably better than manual calibration for the Buffelspruit and 

one of the three Amatole basin catchments thereby revealing the value of the more exhaustive 

parameter search that automatic calibration can achieve in comparison to manual calibration.  

 

No specific danger of automatic calibration was identified and the only caution is considered the careful 

identification of parameter search ranges and the use of all available information to try and obtain the 

best possible understanding of the hydrological processes and features in the catchment. In addition, 

thoughtful checking and interpretation of the calibration results is necessary.  

 

The developed calibration software is available on the accompanying CD ROM and has been designed 

to enable easy implementation and simplicity in use. An example on how to link a catchment model to 

the calibrator is included in the software.  
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1 INTRODUCTION 

This proposal is motivated by the need to evaluate and apply the global advances in model calibration 

for hydrological modelling in southern Africa – a region where manual calibration is predominant and 

where there is a perception that automatic model calibration is dangerous. Many hydrological models 

are in use in Southern Africa and the Pitman model has been selected for this project because it is 

widely used in southern Africa for practical water resources assessment. The Pitman model is 

calibrated manually in the Water resources Simulation Model 2000 (WRSM 2000) modelling system 

and no formal evaluation of: i) the uncertainty of parameters or the level of confidence one should 

have on them and ii) the prediction confidence limits of the model simulations is done. Considerable 

research on: i) automatic model calibration, ii) evaluation of model parameter uncertainty and ii) the 

consequent uncertainty in the predictive ability (confidence limits) of models has been undertaken 

globally. Hughes mentions (Page 130, Appendices, Knight Piesold et al. (2003)) that the SADC team 

working on extending the WR90 study to SADC identified the need for standardisation in the approach 

to model calibration to ensure that parameter regionalizations are based on a consistent modelling 

approach. Such standardization is likely to be difficult to implement with manual calibration and much 

easier with a guided automatic calibration approach. The evaluation of parameter and model predictive 

uncertainty would provide the modellers and water managers with additional information regarding the 

confidence with which to view modelling results. With the increasing climate variability/change, this 

information could have significant value in decision making. Although there is merit in considering in 

acknowledging the danger of automatic calibration, its widespread application (e.g. the HBV model (Yu 

and Yag (2000),), the NAM model (Madsen et al. (2002)), the Xinanjiang model (Cheng et al. (2002)), 

the SFB model (Thyer et al. (1999)), the MOD-HYDROLOG model (Chiew et al. (1994)), the HSPF 

model (Doherty and Johnston, (2003), Al-Abed and Whitely (2002)), the SMA-SAC (Gupta et al. 

(1999)), the PRMS model (Dagnachew et al. (2003)) is ample evidence that these perceived dangers 

may not difficult to prevent. Many of these and other publications mention the main disadvantages of 

manual calibration: it is subjective and could be very time consuming. Comprehensive evaluation of 

parameter uncertainty and model predictive uncertainty is also very difficult to undertake with the 

manual approach. This study aimed to i) assess the dangers associated with automatic calibration 

using the Pitman model and propose methods of dealing with them and ii) compare automatic and 

manual calibration. Although the analysis of parameter uncertainty is important, it is not within the 

scope of this project.  

 

The specific aims of the project were: 

 Develop a user-friendly software for the shuffled complex evolution (SCE-UA) method of 

automatic model calibration that can be easily linked and applied to any catchment model.  

 Use the Pitman model to demonstrate the application of the software. 

 Compare automatic and manual calibration of the Pitman model and identify any dangers of 

automatic calibration and offer solutions for them. 

  

Chapter 2 reviews the literature on the Pitman model and automatic model calibration and Chapter 3 

informs how the calibration software was developed. The automatic calibration of the three southern 

African basins presented in Chapter 4. This Chapter concludes with a discussion of the potential 
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dangers and advantages of automatic model calibration based on the calibration results. Conclusions 

and recommendations then follow in Chapter 5. 
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2 LITERATURE REVIEW 

2.1 The Pitman Model 

The Pitman model was developed by Pitman (1973) with the purpose of simulating runoff from both 

gauged and ungauged catchments in South Africa. The Pitman model is extensively used in South 

Africa and is the catchment process module within the Water Resources Simulation Model 2000 

(WRSM 2000) (Pitman et al. (2000)) and the earlier version (WRSM 90) (Midgley et al. (1994)). The 

WRSM model is used extensively for water resources assessment in South Africa and has been 

recently upgraded to better model highly developed South African catchments (Bailey, 2008). 

 

Figure 2.1 shows the main components of the original version of the Pitman model (Pitman, 1973). 

Each month is split into four iteration steps and rainfall is apportioned to each using a non-linear 

distribution. The rainfall first needs to satisfy interception storage. Surface runoff from the impervious 

part of the catchment is computed in proportion to the total catchment area. The proportion of the 

remaining rainfall that is absorbed by the catchment surface is determined using a function that 

assumes a triangular distribution of catchment absorption rates. This portion goes into the moisture 

store and the rest contributes to runoff. A non-linear power function determines the runoff amount that 

the soil store produces. One portion is considered to come from the upper zone (soil moisture runoff) 

and the other from the lower zone (baseflow runoff). Surface runoff occurs when the moisture storage 

capacity is exceeded. Evapotranspiration from the main moisture store depends on a model 

parameter, the potential evapotranspiration and the moisture state of the soil store. Pitman (1973) 

provides a more detailed description of the model. Modified versions of the original model have been 

used (e.g. Hughes, 1997; Gan et al., 1997; Hughes and Metzler, 1998) to cater for specific conditions. 

The WRSM 2000 model has recently been upgraded to improve the modelling of highly developed 

South African catchments (Bailey, 2008).  

 

The Pitman model formulation has been modified in order to adequately model the hydrology of: 

 i) surface water-ground water interactions, ii) afforestation, iii) alien vegetation, iv) dryland crops, v) off 

channel wetlands and vi) mine and irrigation water including quality aspects.  According to Bailey 

(2005), these changes will increase the difficulty of calibration. Table 2.1 presents a brief description of 

the 12 parameters of the original model. 
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Figure 2.1 A flow chart of the Pitman model 

2.2 Calibration of the Pitman model. 

The Pitman model is typically calibrated manually with some of the 12 parameters often set to constant 

values. Pitman (1973) recommended initial parameter values for starting calibration and Midgley et al., 

1994 provide preliminary parameter values for the Pitman model for the whole of South Africa.  

 

In addition to the use of graphs (flow time series, duration curves etc.), the calibration performance is 

usually quantified using three measures: the mean annual flow (MAR), the standard deviation of the 

mean annual runoff (SD) and the seasonal distribution of flows quantified by the seasonal index (SI). 

Pitman (1973) proposed the parameter adjustment procedure presented in Table 2.2 to improve the 

matching of the three measures. These are used in addition to using the modeller’s understanding of 

the catchment’s hydrological processes to calibrate the model.  

Actual evapotranspiration 
Precipitation 

Potential evapotranspiration

Evaporation Interception 

Impervious area 

Catchment absorption
Surface runoff 

Surface runoff 

Soil moisture 

Runoff from lower zone 

Lag and attenuationLag and attenuation

Simulated runoff 

Evapotranspiration Runoff from 
upper zone 
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Table 2.1 Parameters of the original Pitman Model  

Parameter Units Description 
PI  mm Interception storage  
AI none Ratio of impervious to total area 
ZMIN mm/month Minimum catchment absorption rate 
ZMAX mm/month Maximum catchment absorption rate 
ST mm Maximum moisture storage capacity 
SL mm Moisture storage capacity below which no runoff occurs 
FT mm/month Runoff from moisture storage at full capacity 
GW mm/month Maximum groundwater runoff 
R none Evaporation-moisture storage relationship parameter 
POW none Power of the moisture storage-runoff equation  
TL months Lag for surface and soil moisture 
GL months Lag for groundwater runoff 
 

Although the Pitman model has mostly been calibrated manually, automatic calibration has also been 

reported. Gan et al. (1997) carried out a comparative study of 5 models including the Pitman model 

using 4 catchments. The SCE-UA method was applied for all the calibrations but the focus was not 

evaluation of the adequacy of calibration. Ndiritu (2001) calibrated the Pitman model for 2 South 

African catchments applying a genetic algorithm (GA). Multiple randomly initialised calibrations 

obtained very close values of the objective function and the important parameters (which also gave 

very close values in the multiple runs) were clearly identified. Practically, the parameter sets obtained 

were considered as global optima. 

 

Pitman model calibration is a multiobjective problem as three performance measures; the mean 

annual runoff, the standard deviation and the seasonal index need to be matched between the historic 

and the simulated flows. The use of several objectives recognizes that a single objective function is 

often an inadequate measure of the important characteristics of the observed data as Vrugt et al. 

(2003b) state. With the recent additions to the Pitman model in the upgrade of WRSM 2000, it is 

possible that water quality data will be involved in calibration in addition to streamflow thereby adding 

to the number of objectives involved. A review of model calibration with multiobjective functions is 

considered appropriate and is presented in the next Section. 

 

Table 2.2 Effects of increasing Pitman model parameters on the characteristics of simulated runoff 
series 

Parameter Characteristic of simulated runoff 
 Mean annual flow Standard deviation Seasonal flow distribution 
PI  decreased increased More peaked 
AI increased decreased Early wet season runoff increased 
ZMIN Decreased increased More peaked 
ZMAX Decreased No effect No effect 
ST decreased Little effect More uniform 
SL decreased increased More peaked 
FT increased decreased More uniform 
GW No effect No effect Dry season flows increased 
R Increased decreased More uniform 
POW decreased increased More peaked 
TL No effect No effect More uniform and lagged 
GL No effect No effect Dry season runoff increased 
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2.3 Multiobjective hydrologic model calibration 

Hydrological modelling using multiobjectives can be grouped into two approaches; those that 

aggregate the objectives into a single objective and those that enable calibration whilst evaluating 

each objective independently using the concept of Pareto dominance. 

2.3.1 Objective function aggregation method 

Suppose we have a calibration problem that uses two objectives F1 and F2.  

Weights can be used to combine F1 and F2 giving a single objective function Fw as 

        21 1 FwwFFw    (2.1) 

where  is the parameter set and w is a weight valued between 0 and 1 (0  w  1). 

Depending on the objectives of the modelling exercise, it may be possible to choose w appropriately. 

Euclidean distances can also used (Madsen, 2000) to obtain a single objective function Fe of the form 

        2
22

2
11 AFAFFe    (2.2) 

where A1 and A2 are transformation constants for the different objectives. The higher their value, the 

greater the importance given to the corresponding objective. Madsen (2000) explains how the values 

of A can be set obtain a balanced single objective Fe. 

2.3.2 Pareto dominance approach 

If the aggregated single objective is applied, the calibration will give a single solution just like in the 

case of single objective calibrations. The reality is that there are usually many other solutions that may 

obtain the same objective function but give simulated series of substantially different characteristics. 

This implies that a single ‘best’ parameter set does not exist and methods capable of obtaining a group 

of non dominated solutions are a better reflection of reality. The concept of Pareto dominance that was 

introduced by Goldberg (1989) can be applied to obtain these sets.  

 

For the same problem of two objective functions F1 and F2, a parameter set j dominates another 

parameter set k if F1(j) is better than F1(k) and F2(j) is better than F2(k). Using this rule, it is 

possible to perform a search that identifies the curve that consists of parameter sets that are not 

dominated by any other as illustrated in Figure 2.2. If all non dominated points are ranked 1 while the 

dominated ones are ranked as 1 plus the number of other points dominating them, using the ranks as 

fitness values leads the search towards Pareto front (dotted line). All points (parameter sets) on the 

Pareto front can be considered as alternative optimal solutions to the problem.  

 

The use of the Pareto front in practical hydrological modelling may pose some challenges not dealt 

with when using a single ‘best’ set but it reflects the reality of the uncertainties better. Analysis of the 

Pareto front parameter correlations can add insight into the way the model works and possible 

approaches to improvements. It could also form a much better basis of regionalization than the use of 

single parameter sets.  
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Figure 2.2 An illustration of Pareto dominance 

The Pareto dominance approach has been used in several multiobjective model calibrations (Yapo et 

al., 1998; Boyle et al., 2000; Madsen, 2003). While this approached has generally worked, Vrugt et al. 

(2003b) report that it has the tendency to obtain a cluster of solutions around the region that agrees 

with the several objectives and miss out regions close to the edges of the Pareto front. Vrugt et al. 

(2003b) adopted an approach designed to deal with the clustering problem called the Strength Pareto 

approach which is described next.  

2.3.3  Strength Pareto dominance approach 

This method was developed by Zitler and Thiele (1999) and Vrugt et al. (2003b) also provide a clear 

description of the method. A brief description of the approach using Figure 2.3 as provided by Vrugt et 

al. (2003b) is described. Suppose we need to obtain the fitness of a problem of two functions F1 and F2 

that need to be minimized. Figure 2.3a shows the fitness of 8 members using the traditional Pareto 

dominance approach described in Section 2.3.2. While this method leads the search towards the 

Pareto front, it does not provide a means of maintaining diversity of search because all non dominated 

solutions have the same fitness irrespective of their position. This results in clustering of solutions 

along a small portion of the Pareto front as shown in Figure 2.3b. The strength Pareto approach deals 

with this problem by encouraging growth of non dominated members that are on sparsely populated 

regions of the search space. To do this, the fitness of a member is based on both non dominance and 

the number of members it is dominating and dominating more members leads to a lower fitness. In 

Figure 2.3c, the fitness of the non dominated solutions is obtained as the ratio of the number of 

members it dominates to the total population. The fitness of the dominated solutions is obtained as the 

sum of the fitness of all dominating solutions that cover (dominate) the member plus unity (1). Adding 

one ensures that no non dominating member obtains a higher fitness than any dominating member. 

Vrugt et al. (2003b) found this method to have the weakness of many non dominating solutions having 

the same fitness (e.g. 3 members in the shaded region of Figure 2c have the same fitness of 12/8) and 

thereby making it difficult to improve search. They dealt with this by adding the Pareto rank obtained 

by the conventional approach (as in Figure 2a) to the fitness obtained by the Strength Pareto approach 

F1 

 
 
F2 

1    

1    

1   

1       

3    

2   

2    
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and thereby obtained an effective method. Figure 2.3d shows a better distribution of Pareto front 

members that the improved approach obtained. 

 

 

Figure 2.3 Illustration of the Strength Pareto ranking approach  

2.4 The Shuffled Complex Evolution (SCE-UA) method  

In a detailed study of the hydrological model calibration problem, Duan et al. (1992) identified five 

major characteristics that complicate model calibration as presented in Table 2.3. They then 

developed the Shuffled Complex Evolution (SCE-UA) method that is capable of dealing with these 

main characteristics of the model calibration problem. The SCE-UA is based on four concepts;  

 Combination of deterministic and probabilistic approaches 

 Systematic evolution of a complex of points spanning the parameter space in the direction of 

global improvement 

 Competitive evolution 

 Complex shuffling 
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A population of solutions is generated and divided into a number of complexes. Each complex evolves 

independently using the downhill simplex method for a set number of evolutions. The complexes are 

then shuffled thereby enabling exchange of information among them. If convergence is not reached, a 

new set of evolutions for each complex is carried out. A more detailed explanation of the method as 

provided by Duan et al. (1992, 1993) now follows. These two references can be consulted for more 

details on the derivation and numerical tests of the effectiveness and efficiency of the method.  

Table 2.3  Characteristics complicating the optimization problem in hydrological model calibration  

1. Regions of attraction More than one main convergence region 
2. Minor local optima Many small ‘pits’ in each region 
3. Roughness Rough discontinuous surface with discontinuous derivatives 
4. Sensitivity Poor and varying sensitivity of response surface in region of optimum and 

non-linear parameter interaction 
5. Shape Non-convex response surface with long curved ridges 

2.4.1 Steps of the Shuffled Complex Evolution Algorithm 

1. To initialise the process, select p 1 and mn+1 where p is the number of complexes, m the 

number of points in each complex, an n is the dimension of the problem (the number of parameters 

to be optimized). Compute the sample size s=pm. 

2. Generate the samples as follows. Sample s points x1, x2, …, xi, ..., xs in the feasible space Rn. 

Compute the function value fi at each point xi.  In the absence of prior information, use a uniform 

sampling distribution.  

3. Rank the points as follows. Sort the s points in order of increasing function value. Store them in an 

array D={xi, fi, i = 1, …., s}, so that i=1 represents the point with the smallest function value.  

4. Partition D into P complexes A1, ….., Ap, each containing m points, such that 

    m,...,j,ff,xxf,xA jpk

k

jjpk

k

j

k

j

k

j

k 111    

5. Evolve each complex Ak,k=1,…., p, according to the competitive complex evolution (CCE) 

algorithm outlined below. 

6. Shuffle the complexes as follows. Replace A1, …., Ap into D, such that D={Ak, k=1, …., p}. Sort D in 

order of increasing function value. 

7. Steps 1 to 6 consist of an epoch of the optimization. At this stage a convergence check is made. If 

the convergence criteria are satisfied, stop; otherwise return to step 4. 

 

Following is the competitive complex evolution (CCE) algorithm required to evolve each complex in 

step 5 of the SCE algorithm.  

1. To initialize the process, select q, , and , where 2qm, 1 and 1. 

2. Assign weights as follows. Assign a trapezoidal probability distribution to Ak, i.e., 

 
 
  m,....,i,
mm

im
i 1

1

12 

          

The point x1
k has the highest probability 1=2/(m+1) and the point xm

k has the lowest 

probability m=2/m(m+1).  

3. Select parents by randomly choosing q distinct points u1, ….., uq from Ak according to the 

probability distribution specified above. The q points define a ‘subcomplex’. Store the points in 
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array B={ui,vi, i=1,….q} where vj is the function value associated with point uj. Store in L the 

locations of Ak which are used to construct B.  

4. Generate offspring according to the following procedure:  

a. Sort B and L so that the q points are arranged in order of increasing function value 

and compute the centroid g using the expression 





1

11

1 q

j
ju

q
g  

b. Compute the new point r=2g-uq (reflection step).  

c. If r is within the feasible space , compute the function value fr and go to step d; 

otherwise compute the smallest hypercube HRn that contains Ak, randomly generate 

a point z and set fr=fz (mutation step).  

d. If fr < fq, replace uq by r, go to step f; otherwise compute c=(g+uq)/2 and fc (contraction 

step). 

e. If fc < fq, replace uq by c, go to step f; otherwise randomly generate a point z within H 

and compute fz (mutation step). Replace uq by z. 

f. Repeat steps a to e  times where 1 is a user-specified parameter.  

5. Replace parents by offspring as follows: Replace B into Ak using the original locations stored 

in L. Sort Ak in order of increasing function value. 

 

Iterate by repeating steps 2 to 5  times, where 1 is a user-specified parameter which determines 

how many offspring should be generated or how far the complex should evolve. 

 

Suitable values for the user specified parameters as a function of the number of parameters to 

optimize as recommended by Duan et al., 1994 are; m=(2n+1), q=(n+1), =1 and =(2n+1). Using 

these values leaves the number of complexes p as the only variable that needs to be specified. 

The flow charts for the SCE-UA and the CCE algorithm as given by Duan et al., 1992 are presented in 

Figure 2.4 and 2.5 respectively.  
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Figure 2.4 Flow chart of the shuffled complex evolution (SCE-UA) method  

 

 

 

start

Input: n=dimension, p=number of complexes, 
m=number of points in each complex 
Compute: sample size s=pm

Sample s points at random in  
Compute the function value at each point 

Sort the s points in order of increasing function value 
Store them in D 

Partition D into p complexes of m 
points i.e. D={Ak, k=1,….,p} 

Evolve each complex Ak, 
k=1,….,p 

Replace Ak, k=1,…, m, into D 

is convergence 
criteria 

satisfied ?

No 

Yes

Stop

CCE algorithm 
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Figure 2.5 Flow Chart of the competitive complex evolution (CCE) algorithm 

2.5 Comparative studies and applications of the SCE-UA method 

The SCE-UA has arguably become the most popular method for the automatic calibration of 

hydrological models and has consistently proved to be more efficient and effective than many other 

In from 
SCE 

Given dimension n, complex A, and number of points in A. 
select q, , , where 2qm, 1, 1. set  = 1 

Assign a triangular probability distribution to A: 
 
  .m,.....,i,
mm

im
i 1

1

12 

  

Select q points from A according to i. Store them in B 
and their relative positions in A in L. Set j=1 

Sort B and L in order of increasing function value. Compute 
the centroid of u1, …..uq-1 and let uq be the worst point in B 

Compute r=2g-uq (reflection step) 

No 

Yes 

Generate a point z at 
random in H. set r=z 

Compute fr 

is fr < fq? Yes 

No 
Compute c=(g+uq)/2 and fc 

is r within ? 

Set uq=r and fq=fr 

is fc < fq? 

is? 

is j? 

No 
Generate a point z at random in 
H. Compute fz. Set uq=z, fq=fz 

Set uq=c and fq=fc 

Yes Replace B into A according to L and sort A in 
order of increasing function value 

Yes Return to SCE 

No 
=+1 

j=j+1
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methods in numerous studies. Table 2.4 provides a summary of some of these studies. In Table 2.5, a 

sample of some of the recent applications of the SCE-UA method is provided.  

 

The SCE-UA was developed for the optimization of a problem consisting of a single objective function 

and variants of the optimizer to handle multiple objectives and parameter uncertainty have also been 

developed. A brief discussion of these developments is presented in the next Section.   

2.6 Further developments of the SCE-UA Method 

Yapo et al. (1998) modified the SCE-UA to deal with multiobjective problems using the concept of 

Pareto dominance described in Section 2.3.2. The resulting method, called the Multiobjective Complex 

Evolution (MOCOM-UA) has been tested on several problems and been found to be an effective 

method of obtaining Pareto solution sets (Gupta et al., 1998; Boyle et al., 2000; Xia et al., 2002). 

These and other applications of MOCOM-UA however revealed some weaknesses pointed out by 

Vrugt et al. (2003b). MOCOM-UA had the tendency not to explore the search space adequately for the 

Pareto solutions and tended to obtain these in a cluster. The method also converged prematurely in 

some cases especially those involving large numbers of parameters and where the different objective 

functions were strongly correlated. Vrugt et al. (2003b)) incorporated the following two techniques into 

MOCOM-UA to deal with these problems. 

 The modified Strength Pareto dominance approach (Zitler and Thiele, 1999 ) as described in 

Section 2.3.2  

 The Metropolis algorithm (Metropolis et al., 1953)  

The resulting method, entitled the Multiobjective Shuffled complex Evolution Metropolis (MOSCEM-

UA) algorithm was found to improve the identification of the Pareto front significantly.  

 

Vrugt et al. (2003a) developed the Shuffled Complex Evolution Metropolis (SCEM-UA) Algorithm, a 

method closely related to MOSCEM-UA for identifying the posterior distribution of calibrated 

parameters and Vrugt et al. (2004) used the SCEM-UA to calibrate a physically based hydrological 

model of the vadose zone.  

 

Nittin and Liong (2004) modified the SCE-UA method by specifying initial starting points instead of 

using a randomly generated initial population. This method was found to improve performance for 

theoretical functions of few decision variables but no improvement was obtained for the two 10 

decision variable functions.  

2.7 Choice of calibration method 

Pitman model calibration is a multiobjective function problem, and looking into the future, it is possible 

that additional objectives will be required if water quality modelling gets incorporated into the WRSM 

2000 system. Out of the 4 possible calibration methods; the original SCE-UA, the MOCOM-UA, the 

SCEM-UA and the MOSCEM-UA, MOSCEM-UA is the one best suited for the situation. However, it is 

possible to use SCE-UA if the objective function aggregation method (Section 2.3.1) is adopted. The 

use of the original SCE-UA with the possibility of incorporating the objective function aggregation 

method to handle multiple objectives was considered the best balance of complexity and applicability 
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that would best meet the objectives of this project. This also allows for updated to the other more 

complex approaches when the demand for this arises.  
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3 DEVELOPMENT OF THE SCE-UA CALIBRATION SOFTWARE  

3.1  Linking the SCE-UA optimizer and the catchment simulation model 

The SCE-UA algorithm as described in Section 2.4 was coded using Microsoft PowerStation Fortran, 

debugged and tested extensively using several optimization problems including the 10 parameter 

griewank function that Duan et al. (1993) had applied and the daily IHACRES rainfall runoff model 

(Jakeman and Hornberger, 1993). After the code was considered to be free from bugs, it was then 

modified to allow for its application for the automatic calibration of any catchment model without the 

need to re-code the optimizer. Minimal coding of the catchment model to be calibrated would typically 

be required to allow the exchange of information between the model and the optimizer using text files. 

The method to do this is described here and also in the example on the software (in the accompanying 

CD-ROM). The optimizer generates parameter sets for the model that the model needs to use while 

the model simulates the catchment and computes an objective function that the optimizer needs. For 

the purpose of recording the final parameter sets and model simulation using the final parameter set in 

calibration and validation, the model needs to know when the optimizer has completed calibration. This 

is accomplished by including the mode that indicates whether; 

the optimizer is still in the process of calibrating (mode=Calibrating),  

calibration is complete and the final parameters values can be used for a final simulation using the 

calibration data set (mode=CalibrationResult) 

calibration is complete and the final parameter set is to be used for simulation using a validation data 

set (mode=ValidationResult).  

A text file named ‘sceout.txt’ is generated by the optimizer and contains the following information 

placed in the order indicated. 

Mode (Calibrating or CalibrationResult or ValidationResult) 

Number of optimization parameters per subcatchment (nps) 

Number of subcatchments (ncas) 

Parameter values for all subcatcments (PV(i,j)) for i=1to ncas and j=1 to nps 

 

As an example, suppose a 3 parameter model with 2 sub catchments is being calibrated and the 

optimizer has obtained the following values for the first and second sub catchment respectively: 

PV(1,1)=0.5, PV(1,2)=0.6,PV(1,3)=200, PV(2,1)=0.8,PV(2,2)=0.9, PV(2,3)=600. In the calibrating 

mode, file ‘sceout.txt’ will contain the following information/data with each data placed in each 

column. 

Calibrating 

3 

2 

0.5 

0.6 

200 

0.8 

0.9 

600 
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This information is then obtained by the catchment simulation model for a single run. This run 

generates a single objective function value that is dropped to a file called ‘objective.txt’. This file 

contains only this single objective function value. This objective function value is then picked up by the 

optimizer as the value corresponding to the parameter data set that the optimizer had dropped in file 

‘sceout.txt’. The files ‘sceout.txt’ and ‘objective.txt’ need to be closed at every step (in every 

simulation).  

 

As the modeller may be calibrating several catchments with the same model, the selection of 

calibration and validation data is done using the calibrator. Once this selection is done, the calibrator 

creates a text file named ‘DataFiles.txt’ containing the full name (including the extension) of the 

calibration data file on the first row and the validation data file on the second row. The catchment 

simulation model needs to open this file and read the names of the calibration data and validation data 

file. Figure 3.1 illustrates how the link is established. 

 

The linkage requires the catchment simulation model to be placed in a subdirectory named ‘Model’ 
located in the ‘sce’ directory where the GUI application ‘SCE.exe’ is placed. The optimizer allows up to 

20 randomly initialised calibrations of the same catchment.  
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Figure 3.1 Linking the calibrator and the catchment model 

 

3.2 The graphical user interface of the SCE-UA optimizer 

The SCE-UA optimizer was coded in Fortran while the GUI was coded in Delphi. There are many 

features included in the GUI to ease the calibration process and these would be best understood by 

actually running the calibrator. An example showing the main steps in installing and applying the 

yes 

no 

Start

Calibrator decides mode 
and generates sceout.txt 
and DataFiles.txt 

Model opens sceout.txt and obtains: 
Calibration mode 
Number of parameters per subcatchment 
Number of subcatchments 
Parameter values for each subcatchment 

Model opens DataFiles.txt and obtains the name of the calibration or 
validation data file (depending on the mode) and opens the file and 
obtains the required calibration or validation data  

Model makes a simulation run with the parameter values and 
the data and obtains a single objective function value.  
Model generates objective.txt that contains the value of the 
objective function 

Calibrator opens objective.txt and reads the 
value of the objective function. This value is 
noted as that of the parameter values in 
sceout.txt 

Calibration process 
(Section 2.4) 

Is calibration 
/validation 
complete?

Stop
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calibrator in detail is provided on the ‘help’ menu of the software and the main features are also 

described here. The initial window shown as Figure 3.2 allows the modeller to;  

 Create or edit optimization data of an existing catchment (a catchment that has already been 

calibrated and is on the database) 

 Create or edit parameter ranges for an existing catchment (Figure 3.3) 

 Run the calibrator 

 View the calibration results (Figure 3.4)  

 View the objective function values from the multiple calibrations (Figure 3.5). 

 Export the optimization data, the parameter ranges, the calibrated parameters and the objective 

function values to a comma separated variables (*.csv) file. 

 Create a new catchment 

 Delete a catchment 

 Copy a catchment 

 Rename a catchment 

 

 
 
Figure 3.2 The main GUI of the SCE-UA optimizer 

 
 
Figure 3.3 Entry of parameter ranges 
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Figure 3.4 Viewing of calibrated parameter values 

The calibrator requires the entry of two parameter search ranges as seen on Figure 3.3. The initial 

search ranges allow the modeller to select suitable starting parameters depending on available 

experience and judgement while the search range limits provide the limits beyond which search is not 

allowed for the particular set of runs. If the calibrated parameters from multiple runs are consistently 

close to one of the parameter range limits, this may indicate that the range needs to be extended if this 

makes physical/hydrological sense. If the average parameter value is located within 5% of the lower or 

the upper boundary, the ‘Consider range change’ column (see Figure 3.4) records ‘yes’. The ratio of 

the lowest to the highest objective function value obtained from multiple runs gives an idea of how 

sufficient the optimization and is given as an additional output as seen on Figure 3.5. If this ratio is 

close to unity, then it is likely that the optimization was adequate and no rerun needs to be done with 

other SCE-UA optimization parameters. If not, then a rerun with new optimization parameters that are 

likely to optimize more thoroughly may help improve the calibration. 

 

 

 

Figure 3.5 Objective function values from multiple calibration runs 
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4 AUTOMATIC CALIBRATION OF THE PITMAN MODEL AND COMPARISON WITH 

MANUAL CALIBRATION 

4.1 Introduction 

This Chapter reports on the automatic calibration of the Pitman model and comparison of automatic 

and manual calibration. The potential dangers of automatic calibration are investigated by finding 

whether unrealistic parameter values are obtained and by visual assessments of the simulated time 

series’. In addition, a study of the simulate soil moisture time series for one of the three test basins is 

carried out. Although the initial thought was to actually model the catchments manually (by modellers 

having varying levels of experience) as part of this research, it was found more practical to use 

catchments that had been previously calibrated manually using the Pitman model. The following three 

catchments that had been calibrated (or whose calibration had been guided) by highly experienced 

modellers were selected for the comparison. 

 The Buffelspruit River catchment in Mpumalanga province in South Africa that had been 

calibrated by Hughes (2004). 

 The Kafue basin in Zambia that had been calibrated by Mwelwa (2004).  

 The Amatole basin in the Eastern Cape province of South Africa that had been calibrated by 

Kleynhans (2007) 

  

The SPATSIM version of the Pitman model (Hughes, 2004) had been applied for Buffelspruit River 

and Kafue Basin while the WRSM2000 version of the Pitman model had been used for the Amatole 

basin. The Pitman model that was used for automatic calibration had been obtained in 1999 from Dr V 

W Pitman, the developer of the Pitman model. The SPATSIM version of the Pitman model includes 

modifications to the rainfall variability and canopy interception and modifications to improve 

groundwater modelling have lately been included (Hughes, 2004). Although the WRSM 2000 version 

of the model was expected to be identical to the version applied in automatic model calibration, some 

unexplained differences in the flows generated by identical parameter sets were observed. It was 

therefore not possible to use completely identical models as neither the STATSIM nor the WRSM 2000 

versions were available for automatic calibration. The differences among the three versions of the 

Pitman model imply that the comparison was not perfect but these differences were not considered 

significant enough to invalidate the comparisons. The calibration of Kafue basin (Mwelwa, 2004) 

initially searched for parameter values using a genetic algorithm and then searched for them manually. 

This calibration can therefore be considered a combination of automatic and manual calibration.  

 

Buffelspruit catchment was calibrated as a single catchment while 7 subcatchments located on the 

north east of Kafue basin were calibrated simultaneously. Three subcatchments of Amatole located in 

separate areas within the basin were each modelled as a single catchment. Sections 4.2, 4.3 and 4.4 

present the analysis for Buffelspruit, Kafue and Amatole basin respectively while Section 4.5 

summarises the Chapter by discussing the potential dangers, challenges and advantages of automatic 

calibration. 
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4.2 Calibration of the Buffelspruit Basin 

According to Hughes (2004), the 581 km2 Buffelspruit catchment has an undulating terrain with 

moderate to deep sandy loams developed on quartizites and shales in the upper parts and on 

metamorphosed migmatite and gneiss in the lower areas. There also exists a narrow band of 

dolomites of high storativity and transmissivity in the middle of the basin. The remaining area is 

however underlain by a fractured rock aquifer of low storativity and transmissivity. The mean annual 

rainfall is 870 mm and the annual potential evaporation is about 1400 mm. The basin is relatively still 

natural with low irrigation levels and a few farm dams that were ignored in the analysis. Twenty nine 

years of streamflow data from 1971 to 1999 was applied in the current analysis. This data was 

obtained from the Department of Water Affairs and Forestry (DWAF). DWAF also provided the 

potential evaporation data while the rainfall data was obtained from Lynch (2004). 

 

All 11 parameters of the Pitman model presented in Table 2.1 were calibrated and the 29 years (348 

months) of data was divided into two parts; one 180 months (1971 to 1985) and the other 168 months 

(1986 to 1999) long. Each of these in turn acted as the calibration and validation data. The initial and 

final search ranges for the parameters were subjectively selected using the available knowledge on 

the expected ranges in the literature. The SCE-UA parameter selection presented on Table 4.1 was 

based on the guidelines by Duan et al. (1994) while the search termination parameters were selected 

based on the experience gained with the SCE-UA and other evolutionary optimization methods. Ten 

randomly initialised calibration runs were then made and the optimized parameter values analysed to 

find if some of the parameters were consistently at the boundary of the search range limits. If this 

happened, the search range for the specific parameters was increased and the 10 calibration runs 

repeated. The objective of the calibration was to minimize the coefficient of mean absolute deviation of 

monthly (CMAD) defined as 










 n

i

o
i

n

i

o
i

sim
i

q

qq
CMAD

1

1

 4.1 

where 
sim
iq  and 

o
iq  is the simulated and the observed monthly flow respectively and n is the number 

of months of analysis.  

Table 4.1 SCE-UA optimization and search termination parameters for Buffelspruit Catchment 

Description of parameter and [recommended value] Notation value 
number of decision variables n 11 
number of complexes  p 10 
number of points in each complex [m>=n+1,  m=2n+1]   m 23 
sample size = pm s 230 
number of points to select in complex [2<=q<=m] use q=n+1 q 12 
optimization parameter [>=1] use =1 alp 1 
optimization parameter (>=1)  [=2n+1] - use =n bet 11 
maxepoch = maximum number of epochs for termination  maxepoch 100 
change in epoch objective function prompting termination conv 0.02 
spacing of epochs in checking for convergence  iconv 10 
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Tables 4.2 and 4.3 present the optimised parameter values and parameter search range limits for 

each of the 10 calibration runs. All the parameter values were considered realistic. The objective 

function values for the 10 runs (see Tables 4.2 and 4.3) were almost identical suggesting very effective 

optimization. It was also observed that the simulated time series for both calibration and validation 

were practically identical for the multiple runs providing additional evidence that the global optimum 

was practically obtained for all the runs. Figures 4.1 and 4.2 show the variation of the optimized 

parameter values for the two calibrations scaled to take values in the range 0 to 1 within the respective 

search range limits while Figures 4.3 and 4.4 scale the individual parameter values by the respective 

averages from the 10 runs. Figures 4.3 and 4.4 are considered to provide a less subjective 

assessment of parameter identification as the computation involved does not include the subjectively 

selected parameter range limits. It is observed from Figures 4.3 and 4.4 that parameters ST, ZMAX, 

POW and FT are identified much more closely than the other parameters. This result can be used to 

reduce the number of parameters to calibrate in catchments that are hydrologically similar to 

Buffelspruit. Figure 4.5 illustrates the correlation between SL and FT for the first period (1971 to 1985). 
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Figure 4.1 Scaled parameter values for Buffelspruit catchment (1971 to 1985). 

0

0.2

0.4

0.6

0.8

1

P
I

S
T

Z
M

IN

Z
M

A
X

S
L

P
O

W F
T

G
W R T
L

G
L

sc
al

ed
 p

ar
am

et
er

 v
al

ue

 

Figure 4.2 Scaled parameter values for Buffelspruit catchment (1986 to 1999). 
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Figure 4.3 Parameter locations from 10 calibration runs of Buffelspruit catchment (1971-85) 
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Figure 4.4 Parameter locations from 10 calibration runs of Buffelspruit catchment (1986-99) 
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Figure 4.5 Correlation between parameters ST and R for Buffelspruit catchment (1971 to 1985). 
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To evaluate the quality of the modelling and the calibration, the Nash and Sutcliffe coefficient of 

efficiency (CE), the coefficient of determination (R2), the bias (BIAS), the coefficient of mean absolute 

deviation (CMAD) and a residual mass curve coefficient (RMCC) were used. The first three are 

commonly used and need not be defined while CMAD is defined in equation 4.1. The RMCC is defined 

in equations 4.2 to 4.5. 
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where 
sim
iq  and 

o
iq  is the simulated and the observed flow respectively and n is the number of 

months of analysis. RMCC is designed to quantify the extent of systematic errors in the simulated time 

series and takes an ideal value of 1.0. 

 

Tables 4.4 and 4.5 present the simulation performance values for both the calibration and validation 

runs. With the exclusion of the RMCC, the calibration and validation runs gave reasonably close 

results. The large difference in the RMCC was caused by the large underestimation of a few of the 

observed flows in the first time series (1971-1985). Therefore, RMCC may be too sensitive to the 

simulated values in a single or two points and thereby fail to fulfil its intended purpose of quantifying 

systematic errors. The close calibration and validation results are an indication of the effectiveness of 

calibration and also of the robustness of the Pitman model. The calibration of the same basin by 

Hughes (2004) using manual calibration of the SPATSIM version of the Pitman model obtained a CE 

of 0.200 and a CD of 0.434 with normal flows and 0.660 and 0.674 for log transformed flows. The 

results obtained here, with the overall average CE and CD of 0.559 and 0.755 f 

 

Representative time series comparing the observed and the simulated flows and the separation of the 

simulated flows into surface runoff and slow flow (baseflow) are presented in Figures 4.6 and 4.7. 
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Table 4.4 Calibration and validation performance with the first period (1971-1985) used for 
calibration 

Run 
Calibration (1971-1985) Validation (1986-1999) 
CE R2 BIAS CMAD RMCC CE R2 BIAS CMAD RMCC 

1 0.554 0.75 -0.019 0.363 0.11 0.558 0.75 0.052 0.37 0.44 
2 0.569 0.761 -0.031 0.354 0.089 0.577 0.761 0.034 0.364 0.467 
3 0.536 0.738 -0.054 0.36 0.07 0.558 0.748 0.009 0.366 0.51 
4 0.553 0.749 -0.058 0.352 0.073 0.567 0.755 0.004 0.354 0.518 
5 0.559 0.764 -0.122 0.348 0.074 0.569 0.762 -0.078 0.351 0.504 
6 0.548 0.746 -0.078 0.352 0.086 0.55 0.746 -0.025 0.36 0.459 
7 0.578 0.762 -0.011 0.354 0.081 0.576 0.763 0.05 0.363 0.481 
8 0.538 0.744 -0.079 0.355 0.087 0.559 0.748 -0.022 0.362 0.502 
9 0.577 0.763 -0.019 0.356 0.066 0.586 0.768 0.045 0.362 0.515 
10 0.587 0.773 -0.075 0.346 0.085 0.58 0.764 -0.029 0.353 0.475 
Average 0.559 0.755 -0.057 0.354 0.082 0.568 0.757 0.004 0.361 0.487 
 

Table 4.5 Calibration and validation performance with the second period (1986-1999) used for 
calibration 

Run 
Calibration (1986-1999) Validation (1971-1985) 

CE R2 BIAS CMAD RMCC CE R2 BIAS CMAD RMCC 
1 0.537 0.761 -0.131 0.361 0.497 0.489 0.759 -0.179 0.359 0.101 
2 0.576 0.764 -0.061 0.347 0.545 0.542 0.757 -0.116 0.35 0.063 
3 0.557 0.758 -0.075 0.352 0.461 0.568 0.766 -0.116 0.35 0.093 
4 0.553 0.747 -0.047 0.358 0.514 0.536 0.743 -0.1 0.353 0.07 
5 0.566 0.756 -0.026 0.355 0.47 0.566 0.761 -0.083 0.349 0.094 
6 0.573 0.773 -0.086 0.35 0.542 0.521 0.764 -0.143 0.353 0.072 
7 0.577 0.771 -0.07 0.354 0.53 0.535 0.767 -0.124 0.352 0.082 
8 0.564 0.761 -0.088 0.357 0.513 0.535 0.762 -0.138 0.353 0.088 
9 0.566 0.758 -0.07 0.351 0.534 0.538 0.757 -0.127 0.352 0.069 
10 0.55 0.754 -0.103 0.357 0.498 0.526 0.75 -0.143 0.355 0.08 

average 0.562 0.760 -0.076 0.354 0.510 0.536 0.759 -0.127 0.353 0.081 
 

The model underestimated many of the high flows both in calibration and validation. The objective 

function (CMAD) favours the reproduction of high flows and this observation therefore points out to 

inaccuracies in the data and/or inadequacy of the model structure. The simple least squares objective 

function, which favours the reproduction of high flows even more, was also applied and gave similar 

results. The plots of flow separation reveal a very high base flow contribution that averages to 79% of 

the total flow. This is much higher than those reported by Hughes (2004) (28% by the GW Pitman 

model and 50% by a digital filter). Comprehensive field tests could reveal which of the three is most 

realistic but such data is often not available and not easy to obtain. Moreover, a distinct separation of 

quick and slow flow may not exist in reality.   
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Figure 4.6 Streamflow time series and flow separation for Buffelspruit catchment (1971-1985 

calibration) 
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Figure 4.7 Streamflow time series and flow separation for Buffelspruit catchment (1986-1999 

validation) 

4.3 Calibration of the North Eastern Catchments of Kafue Basin 

Kafue River is one of the major tributaries of the Zambezi River covering about 20% of Zambia’s total 

land area. Mwelwa (2004) calibrated the whole basin but the analysis here was confined to seven 

subcatchments in the north eastern part of the basin covering an area of 18 726 km2 as shown in 

Figure 4.8. The subcatchments included are A, C, D, E, F, G and H. The mean annual rainfall in this 

area is about 1300 mm while the average annual potential evaporation varies from about 1460 to 1640 

mm. The weathering horizons in the basin range from 25 to 60 m and the upper soil horizons are very 

permeable and have high infiltration rates. Mwelwa (2004) provides more details on the climate, soils, 

the geology and the geomorphology of the basin. One unique feature of Kafue basin is the existence 

of dambos – pan-like features called that store water in subsurface zone and on which wetlands 

frequently form (Mwelwa, 2004). 
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Figure 4.8 Kafue Basin highlighting the seven subcatchments modelled  

 

The data set for Kafue Basin was provided by Prof Hughes of the Institute for Water Research (IWR), 

Rhodes University, South Africa and had been used in an MSc project (Mwelwa, 2004) as part of the 

Southern African FRIEND (Flow Regimes from International Experimental and Network Data) project. 

The period from 1959 to 1980 was selected for the current analysis after some preliminary calibrations 

and mass balance analysis indicated that the abstractions data for subcatchment G was unlikely to be 

reliable. The abstractions for this subcatchment increased with time and the impact of the perceived 

inaccuracy of the values up to 1980 was considered acceptable. The objective function for automatic 

calibration was based on the coefficient of efficiency (CE) computed using actual flows and logarithms 

of flows and was defined as ‘minimize 1 – average CE’ where the average CE is the average of the CE 

obtained from actual flows and from logarithms of flows. The objective function was computed ignoring 

months with missing data and calibration of all 11 Pitman model parameters for each subcatchment 

was done simultaneously resulting in an optimisation problem with 77 decision variables. Streamflow 

measurements at all the seven subcatchment outlets were used in calibration. Ten randomly initialised 

calibrations were carried out using the SCE-UA optimization parameters shown in Table 4.6 based on 

the recommendations of Duan et al. (1994). The last three rows of the Table show the search 

termination parameters adopted.  



 32

Table 4.6 SCE-UA optimization and search termination parameters for Kafue basin calibration 

Description of parameter and [recommended value] Notation  value 
number of decision variables n  77 
number of complexes  p 10 
number of points in each complex [m=2n+1]  m 155 
sample size = pm s 1550 
number of points to select in complex [q=m]  q 155 
optimization parameter [>=1] use =1 alp 1 
optimization parameter (>=1)  [=2n+1]  bet 155 
maxepoch = maximum no. of epochs for termination  maxepoch 100 
change in epoch objective function prompting termination conv 0.02 
spacing of epochs in checking for convergence  iconv 2 

 

4.3.1 Kafue Basin calibration  

The calibration of the basin required 2 adjustments of the search range limits as the some of the 

optimized parameter values consistently located close to the limits with the initial search ranges and 

after the first adjustment of the ranges. The second adjustment of the ranges however obtained 

parameter values that were well within all the set ranges. Figure 4.9 shows the objective function 

values obtained from the three sets of runs. The objective function values from multiple randomly 

initialized runs are very close revealing the effectiveness of the SCE-UA optimizer.  
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Figure 4.9 Objective function values for 10 calibration runs of Kafue basin. 

Figure 4.10 shows the location of the parameter values scaled within the search range limits for 

selected subcatchments. The arrows on the Figure point to the cases where the optimized parameters 

converged on the search range limits from the multiple randomly initialised calibrations while the two 

numbers below each arrow are the average parameter values from the 10 runs and the set search 

range limit. The Figure indicates that upper limits of 1400 mm and 5 mm for ST and PI respectively 

were inadequate and R also took very low values for some subcatchments (Figure 4.10a and b). The 

upper search range limits of ST and PI could be increased while the lower search range limit for R had 

already been set to the lowest possible value of 0 and could not be reduced further. It is however 

noted that R tended to take higher values not located at the lower limit of 0 if both ST and PI did not 

locate close to the upper search range limits (Figure 4.10c). Tables 4.7a and 4.7b present the 
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parameter values obtained for the 10 calibration runs while Table 4.8 presents the performances from 

the 10 runs. All the parameter values were considered realistic but the unexpectedly high values of 

interception storage (PI) with average ranging from 9.0-13.4 mm for subcatchments E, F, G and H 

warranted further explanation. Additional calibrations that allowed ST to take high values but with PI 

limited to an upper limit of 8 mm were found to result in clearly suboptimal solutions in which the flow 

magnitudes were grossly overestimated. Further calibrations using the coefficient of mean absolute 

deviation (CMAD (equation 4.1)) as the objective function also revealed that PI still needed to take 

high values for satisfactory calibrations to be obtained.  
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b) with first adjustment of parameter ranges
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c) with second adjustment of parameter ranges
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Figure 4.10 Scaled parameter values for 10 randomly initialised runs of five Kafue basin 

subcatchments 
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A split sample calibration-validation analysis for the basin using 1959-72 for calibration and 1973-80 

for validation obtained better calibration runs but notably poorer validations. Table 4.9 compares the 

overall automatic calibration and manual calibration performances and also includes the performances 

from the split sample calibration – validation tests. 

Table 4.9 Comparison of automatic and manual calibration performance for Kafue basin 

Calibration method and period of data actual flows logarithms of flows 
average 

R2 CE R2 CE 
Manual calibration 1960-1980 (Mwelwa, 2004) 0.705 0.638 0.761 0.668 0.693 
automatic 
calibration1959-80 

best run 0.669 0.657 0.761 0.750 0.709 
average of 10 runs 0.670 0.663 0.763 0.748 0.711 

automatic calibration 
1959-72 and 
validation1973-80 

calibration best run 0.701 0.696 0.793 0.781 0.743 
calibration – av. of 10 runs 0.698 0.692 0.793 0.778 0.740 
validation best run 0.549 0.433 0.663 0.568 0.553 
validation – av.  of 10 runs 0.545 0.423 0.66 0.561 0.547 

 

A simple method to identify redundant parameters is to find whether the calibrated parameter values 

simply plot randomly and mostly within the initial search range. Figure 4.11, a plot of the scaled values 

of the calibrated values of SL for subcatchment E reveals that this parameter is most likely just taking 

on random values and has no impact on model performance. Using this method, parameters SL and 

ZMIN were found to be redundant for all the subcatchments.  
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Figure 4.11 Scaled parameter values of parameter SL for subcatchment E. 

Considering that the Pitman model works at a monthly time scale, the lag parameters, TL and GL were 

considered to be of low importance although they obtained a reasonable level of identification. 

Additional runs revealed that removing SL, ZMIN, TL and GL had negligible impact on model 

performance. Figure 4.12 plots the values of the remaining 7 parameters in a manner that illustrates 

 i) the levels of identification of parameter values, ii) any interdependence of parameter values within 

individual subcatchments and iii) any correlation of parameter values across subcatchments.  

From this Figure, it is observed that; 

Parameter interdependence within subcatchments is either nonexistent or insignificant in the sense 

that it spans over a small range. For example, Figure 4.12(iv) suggests a high correlation between FT 

and PI for subcatchment A but the ranges of the 10 calibrated values are small (110-130 and 5-7.5 

mm for FT and PI respectively).  
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Out of the 49 parameters plotted on Figure 4.12, 41 can be considered to be adequately identified. 

The 8 parameters not properly identified are parameter R for subcatchment A, D and G (Figure 4.12 

(iii)) and parameter GW for subcatchment D, E, F, G and H (Figure 4.12 (viii)). Subcatchment C 

consistently obtained a significantly larger ST value compared with the other subcatchments. This 

observation and observation a) suggest insignificant levels of equifinality. 

 

There is evidence of correlations of parameter values across subcatchments especially between PI 

and ST (excluding subcatchment C Figure 4.12 (i)).  

 

Section 4.3.2 discusses the results and attempts to offer plausible explanations of the observations. 

4.3.2 Discussion of Kafue basin calibration results 

The uncharacteristic observations in the Kafue basin calibration were:  

 the high values of interception index (PI) especially for subcatchments E, F, G and H,  

 the notably poorer validation performance (for the Buffelspruit and Amatole, the validations 

were as good as the calibrations), and  

 the high value of soil storage capacity ST for subcatchment C. 

 

The interception storage (PI) in the Pitman model typically takes values lower than 5mm and is not 

expected to exceed 8 mm. The relationship that the Pitman model uses to obtain the monthly 

interception loss as a function of monthly rainfall was derived for interception storages in the range 

 0-8 mm. Since considerably larger PI values were obtained for subcatchments E, F, G and H, the 

relationship was applied beyond the range it was developed for. 
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Figure 4.12 Plots of calibrated parameter values for Kafue basin subcatchments 
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The numerous dambos found in the Kafue basin were considered to be the reason for the large PI 

values and PI was considered to represent the interception storage in the dambos and not on 

vegetation as in normal Pitman model applications. Studies on dambos (Bullock (1992a,b); 

McCartney, 2000) suggest that their main hydrological impact is to reduce streamflow through 

evaporation loss. This offers a plausible explanation of the observed gross overestimation of simulated 

streamflow when PI was limited to an upper limit of 8 mm.  

 

Since the Pitman model does not explicitly model dambos, the poorer validations for Kafue basin can 

be reasonably considered to be due to inability of the Pitman model structure to represent the 

processes occurring in the dambos adequately. The latest additions to the Pitman model (Bailey, 

2008) include the modelling of wetlands directly connected to the stream but not over land where 

many dambos occur. Winsemius et al. (2006) have modelled dambos as processes over land and this 

may also be appropriate for the Pitman model.  

 

Figure 4.13 shows a comparison of the simulated and observed flow for selected subcatchments. The 

simulation is generally considered satisfactory. 
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Figure 4.13 Comparison of simulated and observed streamflows for five Kafue basin subcatchments 
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4.4 Calibration of three Amatole Basin Catchments 

4.4.1 Selection of subcatchments and objective function 

The Amatole River Basin is located in the Eastern Cape province of South Africa had been manually 

calibrated (Kleynhans, 2007). The calibrated parameter values and simulated time series’ were 

provided by Allan Bailey of Stewart Scott International. Three catchments in the basin whose flows 

were still mainly natural were selected for automatic calibration. Table 4.10 provides basic information 

on the three sites including the splitting of the data into calibration and validation sets. Manual 

calibration (Kleynhans, 2007) used all the available data and no validation runs were carried out.  

Table 4.10 Basic information on three Amatole Basin catchments selected for analysis 

Gauging 
Station 

River Catchment 
area (Km2) 

MAR 
(mm) 

Available data Percent of 
flows missing  

Calibration 
data 

Validation 
data 

R2H009 Ngqokweni 258 574 1955-2003 21 1955-1979 1980-2003 
R3R001 Nahoon 473 671 1966-2003 0 1966-1984 1985-2003 
S6H003 Toise 215 668 1966-2003 14 1966-1984 1985-2003 

 

As explained in Section 2.2 and described in Table 2.2, parameter adjustment in manual calibration of 

the original and the WRSM 2000 version of the Pitman model is mainly based on the matching of the 

mean annual runoff (MAR), the annual standard deviation (SD) and the seasonal index (SI) of the 

simulated and the observed flows in addition to graphical comparisons. For automatic calibration, a 

hybrid objective function that minimises the differences of the three measures between the simulated 

and the historic flows as described in equation 4.6 was applied.  










 







o

osim

o

osim

o

osim

SI

SISI

SD

SDSD

MAR

MARMAR
imizemin          (4.6) 

where MARsim and MARo is the simulated and observed mean annual runoff respectively, SDsim and 

SDo is the simulated and observed standard deviation of annual flows respectively and SIsim and SIo is 

the simulated and observed seasonal index respectively. The seasonal index is obtained as the range 

of the monthly cumulative net deviations of flows as described in equations 4.7 to 4.9 and illustrated on 

Figure 4.14.  
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Where qi,k is the flow in month k of year i. 
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Figure 4.14 Determination of seasonal index 

 

Another set of calibrations using the monthly coefficient of mean absolute deviation (CMAD) (equation 

4.1) as the objective function was also carried out. The hybrid objective function was only applicable to 

the years without missing flows while the CMAD was applied for all months where observed flows 

were available. For this reason, the hybrid objective function is at times referred to as the annual 

objective function and the CMAD as the monthly objective function for the rest of this Section. Ten 

randomly initialised calibration runs were made for each catchment and each objective function. For 

the calibration of each catchment, the SCE-UA optimization parameters applied were the same as 

those used for Buffelspruit Basin (Table 4.1). For all the calibrations parameter TL was set to 0.5 

months as in the manual calibrations (Kleynhans, 2007) and the rest of the parameters were 

calibrated. 

4.4.2 Amatole Basin automatic calibration results and comparison with manual calibration 

Tables 4.11 and 4.12 present the calibrated parameters obtained from all 10 runs using the hybrid and 

the coefficient of mean absolute deviation (CMAD) objective function. The parameters obtained from 

manual calibration (Kleynhans, 2007) are also presented in the Tables. Not unexpectedly, large 

differences are observed in the parameter values obtained manually and automatically and also with 

the two objective functions. Figure 4.15 compares the scaled parameter values for the 10 calibrations 

using the hybrid objective function and manual calibration for the three catchments. Table 4.11 and 

Figure 4.15 reveal the most prevalent differences as those in parameters SL, ST, POW, FT and GW. 

These parameters are mainly connected to the soil moisture-runoff relationship of the Pitman model 

and the modelling of this process is therefore analysed in more detail in Section 4.4.3. It is in particular 

noted that parameter POW takes on values much higher than the upper limit of 3.0 that is assumed in 

most manual calibrations and set in the WRSM 2000 model (Bailey, 2008). 

 

Tables 4.13 to 4.16 present the calibration and validation performances for the three catchments using 

the 5 performance measures applied to Buffelspruit and Kafue basin and three additional measures 
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quantifying the closeness of the mean annual runoff (CMAR), the standard deviation of annual flows 

(CSD) and the seasonal index (CSI) of the simulated series to the that of the observed series. The 

three additional measures correspond to the three components of the hybrid objective function 

described in equation 4.6. A graphical comparison of the average performances obtained using the 

two objective functions in automatic calibration and the single value obtained from manual calibration 

are presented in Figure 4.16. Figure 4.16 plots the absolute deviation of each performance measure 

from the ideal value and not the actual performance measure as expressed in equation 4.10. 

Therefore, the closer a plotted value is to zero, the closer it is to the ideal and the better the 

performance.  

n

valueidealvalueactual
deviationabsoluteaverage

n

i
i




 1

 (4.10) 

Figure 4.16 reveals the following: 

 Automatic calibration using the monthly (CMAD) objective function obtains better performance 

than using annual (hybrid) objective function. The main difference is in the validation of 

R2H009 where CMAD performance is notably superior for 5 of the 8 performance measures.  

 Automatic calibration using the annual (hybrid) objective function performs slightly better than 

manual calibration. The notable differences are in the CE and RMCC values in the calibration 

of R2H009 and the RMCC value in the validation of S6H003.  

 On the basis of the 8 performance measures, automatic calibration using the monthly 

objective function performs best while manual calibration performs the worst.  

  

A closer look at the data set used for R2H009 revealed that only 3 years of annual data were complete 

for the calibration period (1955-1979) while 201 months of analysis were available for the same period. 

Calibrating with the monthly (CMAD) objective function therefore used 201 months while calibrating 

with the annual (hybrid) objective function used only 3 years (36 months). This difference probably 

explains the poorer performance of the annual objective function in the validation runs of R2H009. 

Manual calibration applied the complete period of analysis (1955-2003) which for R2H009 was 10 

years of complete data suggesting that the poor manual calibration performance is more likely 

attributable to other factors.  

 

Figure 4.17 shows plots of the historic and simulated flows from manual and automatic calibration 

using the hybrid (annual) objective function for selected periods. In Figure 4.18, a comparison of the 

validation time series for R2H009 for manual and automatic calibration using the CMAD function is 

shown. Automatic calibration using the monthly objective function provides an evidently superior fit in 

agreement with the observations on Figure 4.16 and Table 4.16. 
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Figure 4.15 Comparison of scaled parameters from manual calibration and 10 automatic calibration 

runs for Amatole basin 
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Table 4.13 Calibration performance of Eastern Cape catchments using the hybrid objective function 

 

Catchment R2H009 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 -3.145 0.426 1.561 2.196 -1.208 0.003 -0.483 0.015 
2 -3.696 0.409 1.69 2.285 -1.229 0.014 -0.499 0 
3 -3.509 0.41 1.647 2.257 -1.18 0.007 -0.494 0.002 
4 -3.367 0.405 1.63 2.217 -1.095 0.009 -0.512 0.008 
5 -3.997 0.396 1.733 2.329 -1.206 0.004 -0.498 0.006 
6 -3.264 0.403 1.589 2.197 -1.007 0.017 -0.502 0.002 
7 -3.975 0.408 1.707 2.325 -1.275 0.003 -0.476 0.022 
8 -3.485 0.41 1.648 2.249 -1.175 0.008 -0.503 0.004 
9 -3.707 0.41 1.688 2.294 -1.268 0.001 -0.492 0.001 
10 -3.191 0.418 1.585 2.193 -1.167 -0.001 -0.508 0.003 

manual -7.166 0.294 1.421 1.947 -1.396 0.061 -0.583 0.606 
 

Catchment R3R001 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.851 0.923 0.014 0.64 0.593 0.014 -0.06 0.002 
2 0.843 0.92 0.02 0.655 0.586 0.02 -0.05 0 
3 0.858 0.927 0.009 0.632 0.602 0.009 -0.068 0 
4 0.854 0.925 0.008 0.638 0.59 0.008 -0.068 0.002 
5 0.857 0.926 0.006 0.635 0.596 0.006 -0.071 0 
6 0.843 0.92 0.013 0.654 0.581 0.013 -0.053 0.008 
7 0.845 0.921 0.024 0.651 0.588 0.024 -0.05 0 
8 0.842 0.919 0.014 0.656 0.581 0.014 -0.054 0.002 
9 0.85 0.923 0.015 0.642 0.59 0.015 -0.06 -0.001 
10 0.855 0.925 0.01 0.634 0.6 0.01 -0.064 0.001 

manual 0.748 0.866 0.162 0.819 0.641 0.162 0.113 0.27 
 

Catchment S6H003 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.211 0.522 -0.36 0.608 0.302 -0.001 -0.002 0 
2 0.225 0.533 -0.358 0.603 0.311 -0.002 0 0 
3 0.234 0.539 -0.356 0.6 0.313 0 0 0.002 
4 0.219 0.531 -0.359 0.606 0.31 0 0.003 0 
5 0.198 0.515 -0.365 0.613 0.292 0 0 0.001 
6 0.219 0.531 -0.357 0.607 0.312 0 0 -0.001 
7 0.209 0.523 -0.36 0.609 0.303 0 0.001 0.002 
8 0.209 0.521 -0.362 0.608 0.296 -0.001 0 0.001 
9 0.225 0.533 -0.356 0.604 0.313 0 0 0.002 
10 0.224 0.532 -0.356 0.604 0.312 0 0 -0.001 

manual 0.319 0.659 -0.163 0.602 0.302 0.299 -0.021 -0.214 
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Table 4.14 Validation performance of Eastern Cape catchments using the hybrid objective function 

 

Catchment R2H009 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 -5.336 0.408 2.939 3.412 -0.237 4.98 7.587 -0.319 
2 -5.842 0.399 3.203 3.622 -0.274 4.899 7.372 -0.314 
3 -5.573 0.405 3.119 3.555 -0.214 4.91 7.299 -0.316 
4 -5.407 0.401 3.144 3.534 -0.297 4.703 6.944 -0.31 
5 -6.233 0.399 3.301 3.709 -0.261 4.917 7.321 -0.272 
6 -5.209 0.402 3.07 3.477 -0.224 4.692 6.8 -0.286 
7 -6.249 0.405 3.218 3.67 -0.23 5.034 7.677 -0.296 
8 -5.556 0.4 3.134 3.555 -0.259 4.848 7.263 -0.306 
9 -5.828 0.404 3.171 3.611 -0.217 4.983 7.468 -0.335 
10 -5.209 0.401 3.014 3.448 -0.272 4.792 7.252 -0.332 

Manual* -5.16 0.396 2.399 2.757 -0.68 4.868 6.711 0.113 
 

Catchment R3R001 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.687 0.829 0.004 0.848 0.614 0.004 -0.184 0.005 
2 0.677 0.824 0.016 0.863 0.625 0.016 -0.168 0.005 
3 0.696 0.834 -0.003 0.837 0.609 -0.003 -0.186 -0.021 
4 0.689 0.83 -0.007 0.846 0.607 -0.007 -0.199 0.015 
5 0.694 0.833 -0.009 0.84 0.598 -0.009 -0.196 -0.017 
6 0.676 0.823 0.007 0.864 0.622 0.007 -0.176 0.018 
7 0.679 0.825 0.014 0.86 0.621 0.014 -0.176 0.018 
8 0.674 0.822 0.009 0.867 0.621 0.009 -0.177 0.017 
9 0.685 0.828 0.003 0.851 0.613 0.003 -0.187 0.01 
10 0.692 0.832 -0.003 0.84 0.612 -0.003 -0.186 -0.003 

Manual* 0.68 0.829 0.035 0.79 0.458 0.035 -0.119 -0.059 
 

Catchment S6H003 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.174 0.53 -0.378 0.656 -0.302 -0.158 -0.641 0.035 
2 0.187 0.538 -0.379 0.653 -0.285 -0.159 -0.641 0.026 
3 0.197 0.543 -0.38 0.648 -0.272 -0.162 -0.649 0.031 
4 0.175 0.533 -0.377 0.661 -0.298 -0.154 -0.627 0.019 
5 0.157 0.523 -0.379 0.665 -0.324 -0.156 -0.626 0.035 
6 0.176 0.534 -0.376 0.661 -0.294 -0.152 -0.629 0.022 
7 0.167 0.528 -0.376 0.663 -0.311 -0.152 -0.625 0.025 
8 0.172 0.529 -0.38 0.656 -0.309 -0.16 -0.639 0.033 
9 0.185 0.537 -0.376 0.655 -0.287 -0.155 -0.637 0.025 
10 0.186 0.537 -0.377 0.652 -0.285 -0.157 -0.644 0.03 

Manual* 0.208 0.601 -0.301 0.622 -0.737 -0.15 -0.437 0.201 
* These are calibration and not validation results 
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Table 4.15 Calibration performance of Amatole catchments using the coefficient of mean absolute 
deviation as the objective function 

 

Catchment R2H009 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.111 0.427 -0.463 0.786 0.276 -0.672 -0.884 0.142 
2 0.099 0.442 -0.501 0.785 0.256 -0.695 -0.91 0.214 
3 0.095 0.43 -0.51 0.787 0.279 -0.708 -0.92 0.172 
4 0.109 0.428 -0.497 0.786 0.234 -0.761 -0.912 0.154 
5 0.102 0.434 -0.506 0.789 0.305 -0.684 -0.888 0.195 
6 0.104 0.432 -0.503 0.786 0.252 -0.735 -0.915 0.225 
7 0.113 0.44 -0.486 0.784 0.248 -0.716 -0.902 0.205 
8 0.093 0.434 -0.517 0.785 0.257 -0.714 -0.901 0.187 
9 0.104 0.423 -0.496 0.789 0.269 -0.735 -0.918 0.13 
10 0.089 0.428 -0.519 0.786 0.255 -0.727 -0.929 0.128 

manual -7.166 0.294 1.421 1.947 -1.396 0.061 -0.583 0.606 
 

Catchment R3R001 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.885 0.951 -0.238 0.574 0.578 -0.238 -0.179 0.227 
2 0.885 0.951 -0.223 0.574 0.58 -0.223 -0.176 0.203 
3 0.885 0.951 -0.237 0.574 0.573 -0.237 -0.181 0.226 
4 0.886 0.951 -0.215 0.572 0.585 -0.215 -0.176 0.185 
5 0.886 0.95 -0.191 0.574 0.585 -0.191 -0.172 0.152 
6 0.886 0.949 -0.199 0.573 0.588 -0.199 -0.162 0.179 
7 0.885 0.951 -0.238 0.575 0.573 -0.238 -0.18 0.228 
8 0.885 0.951 -0.233 0.574 0.574 -0.233 -0.181 0.218 
9 0.885 0.952 -0.219 0.573 0.577 -0.219 -0.184 0.184 
10 0.884 0.951 -0.243 0.576 0.569 -0.243 -0.183 0.235 

Manual* 0.748 0.866 0.162 0.819 0.641 0.162 0.113 0.27 
 

Catchment S6H003 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.404 0.678 -0.319 0.539 0.48 -0.065 -0.003 -0.166 
2 0.431 0.677 -0.254 0.535 0.454 0.079 0.132 -0.064 
3 0.428 0.681 -0.284 0.532 0.446 0.032 0.062 -0.064 
4 0.426 0.676 -0.266 0.536 0.463 0.049 0.101 -0.102 
5 0.418 0.68 -0.306 0.534 0.462 -0.025 0.008 -0.109 
6 0.407 0.669 -0.302 0.536 0.449 -0.008 0 -0.088 
7 0.424 0.678 -0.273 0.536 0.473 0.021 0.074 -0.134 
8 0.423 0.68 -0.296 0.533 0.442 0.014 0.041 -0.072 
9 0.417 0.678 -0.297 0.533 0.451 -0.006 0.019 -0.11 
10 0.434 0.687 -0.292 0.532 0.454 0.015 0.067 -0.072 

Manual* 0.319 0.659 -0.163 0.602 0.302 0.299 -0.021 -0.214 
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Table 4.16 Validation performance of Amatole catchments using the coefficient of mean absolute 
deviation as the objective function 

 

Catchment R2H009 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.127 0.365 -0.131 1.006 -0.18 0.106 0.421 -0.36 
2 0.148 0.395 -0.204 0.957 -0.104 0.09 0.318 -0.28 
3 0.118 0.357 -0.216 0.979 -0.133 0.064 0.428 -0.311 
4 0.117 0.362 -0.178 0.99 -0.177 -0.003 0.433 -0.344 
5 0.113 0.353 -0.201 0.985 -0.219 0.068 0.468 -0.25 
6 0.13 0.373 -0.196 0.977 -0.158 0.025 0.407 -0.287 
7 0.142 0.384 -0.169 0.978 -0.149 0.079 0.415 -0.297 
8 0.132 0.375 -0.22 0.963 -0.154 0.008 0.3 -0.311 
9 0.103 0.345 -0.183 1.003 -0.172 0.039 0.503 -0.363 
10 0.122 0.361 -0.23 0.971 -0.096 0.03 0.352 -0.383 

Manual* -5.16 0.396 2.399 2.757 -0.68 4.868 6.711 0.113 
 

Catchment R3R001 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.711 0.873 -0.282 0.717 0.542 -0.282 -0.346 0.062 
2 0.713 0.872 -0.265 0.721 0.544 -0.265 -0.339 0.048 
3 0.711 0.873 -0.279 0.718 0.54 -0.279 -0.348 0.059 
4 0.714 0.873 -0.26 0.719 0.539 -0.26 -0.341 0.035 
5 0.714 0.87 -0.234 0.726 0.54 -0.234 -0.333 0.02 
6 0.716 0.868 -0.239 0.731 0.554 -0.239 -0.32 0.048 
7 0.711 0.872 -0.279 0.72 0.541 -0.279 -0.348 0.07 
8 0.711 0.873 -0.273 0.718 0.54 -0.273 -0.346 0.051 
9 0.711 0.875 -0.263 0.716 0.532 -0.263 -0.35 0.024 
10 0.71 0.872 -0.282 0.719 0.542 -0.282 -0.35 0.069 

Manual* 0.68 0.829 0.035 0.79 0.458 0.035 -0.119 -0.059 
 

Catchment S6H003 
Run CE CC BIAS CMAD RMCC MAR STDEV SI 

1 0.322 0.665 -0.411 0.61 0.073 -0.258 -0.709 -0.163 
2 0.381 0.667 -0.34 0.586 -0.026 -0.138 -0.647 -0.084 
3 0.378 0.676 -0.368 0.591 -0.003 -0.173 -0.656 -0.097 
4 0.368 0.663 -0.356 0.593 0 -0.166 -0.662 -0.111 
5 0.352 0.674 -0.396 0.603 0.042 -0.222 -0.683 -0.133 
6 0.349 0.659 -0.385 0.603 0.002 -0.197 -0.677 -0.105 
7 0.359 0.665 -0.365 0.595 0.028 -0.187 -0.678 -0.138 
8 0.37 0.676 -0.381 0.596 0.005 -0.19 -0.661 -0.113 
9 0.356 0.67 -0.385 0.599 0.022 -0.204 -0.68 -0.13 
10 0.379 0.685 -0.379 0.593 0.019 -0.192 -0.656 -0.114 

Manual* 0.208 0.601 -0.301 0.622 -0.737 -0.15 -0.437 0.201 
* These are calibration and not validation results 
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Figure 4.16 Comparison of manual and automatic calibration performance for Amatole catchments  
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Figure 4.17 Comparison of observed and simulated time series for Amatole catchments 
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Figure 4.18 Comparison of manual calibration and automatic validation time series for Amatole 

catchment R2H009  

 

4.4.3 Analysis of soil moisture – runoff relationships for Amatole basin catchments 

In Section 4.4.2, one of the main differences between manual and automatic calibration was in the 

parameter values associated with the soil moisture-runoff relationship of the Pitman model. This 

relationship is therefore analyzed to some detail for the automatic calibrations. Details for manual 

calibration were not available so a comparison could not be carried out. The analysis however 

provided and an additional check for ‘dangers’ of automatic calibration. The soil moisture-runoff 

relationship in the Pitman model is modelled as illustrated in Figure 4.19. Runoff (Q) occurs once the 

soil moisture storage exceeds SL. If the storage is lower than SG, the storage corresponding to a 

runoff equal to GW, all the runoff is considered slow runoff and is lagged to a greater degree than the 

runoff in excess of GW. Parameter GL is the lag time in months modelled using Muskingum method 

for the runoff lower than or equal to GW. Runoff in excess of GW is lagged by TL months. ST 

represents the maximum storage and FT the maximum runoff from the soil.  
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Figure 4.19 Soil moisture-runoff modelling in the Pitman model 

 

Figure 4.20 shows representative soil moisture-runoff relationships for the three catchments. The 

single run out of ten giving the best objective function was selected as the representative for each 

catchment. The calibrations carried out using the annual (hybrid) objective function were used for this 

analysis. However as the calibration of R2H009 using the annual objective function was found 

inadequate in Section 4.4.2, the result obtained using the monthly (CMAD) objective function 

calibration is included as the fourth plot of Figure 4.20. The left hand side of the Figure show the soil 

moisture (S) versus runoff (Q) curves based on the calibrated parameters (Tables 4.11 and 4.12) 

plotted on a log-log scale. These plots also include the S-Q relationships from the manual calibration 

parameters. The plots on the right hand side are time series of the average monthly soil moisture 

obtained from 4 values of soil moisture that the Pitman model computes for each month.  

 

It is observed from the plots that the soil moisture hardly exceeds SG (the soil moisture corresponding 

to GW) meaning that practically, all the soil moisture runoff is ‘slow’. The lag periods represented by 

parameter GL are all less than 0.1 months (Tables 4.11 and 4.12) indicating negligible degree of lag. 

Parameter TL, the lag for the fast soil moisture runoff had been set to 0.5 months for all calibrations – 

a value higher than all the GL values and therefore conceptually wrong. Fast soil moisture runoff is 

however not generated according to Figure 4.20 and the calibrations are therefore valid. Figure 4.20 

also shows that throughout the simulation period, with all three catchments, the monthly soil moisture 

does not go below 200 mm and exceeds 600 mm less than 0.5% of the simulation period (excluding 

the first plot based on an inadequate calibration of 2H009 using the annual objective function).  

 

There are no field soil moisture measurements that could verify how reasonable the soil moisture time 

series’ simulated by automatic calibration (Figure 4.20) are and there is no other observation to 

suggest that they are not realistic. The range of soil moisture depths obtained (200-600 mm) is 

considered realistic and all the three time series show the expected seasonal variation corresponding 

to the wet and the dry season. In addition, the expected inter-annual variability of soil moisture 

(reflecting dry and wet years) is also observed in the three time series.  
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The realistic soil moisture – runoff relationships obtained with automatic calibration with much higher 

POW values suggest that the recommended limit of POW to 3.0 is likely invalid. Previous manual 

calibration (Hughes, 2004; Mwelwa, 2004; Hughes et al., 2006), physically based calibration 

(Kapangaziwiri and Hughes, 2008) and automatic calibration (Ndiritu, 2001) of the Pitman model also 

strongly suggest that this guideline is not valid. 

 

Figure 4.21 shows the runoff separation for the automatic calibrations using the annual objective 

functions and also the monthly objective function for catchment R2H009. There was no clear method 

of assessing how realistic this separation is for the three catchments as no field data or information 

was available for such assessment. The flow separation is however considered reasonable and 

realistic except for the annual calibration of R2H009 where the soil moisture flow component is 

considered excessive. This observation is again in agreement with the perceived inadequacy of this 

calibration (Figure 4.16, Tables 4.15 and 4.16). 
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Figure 4.20 Soil moisture-runoff relationships for Amatole catchments 
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Figure 4.21 Flow separation for Amatole catchments 
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4.5 Potential dangers, challenges and advantages of automatic model calibration 

The analysis in this Chapter and previous experience with automatic calibration has not revealed any 

glaring dangers of automatic calibration. The main danger that could arise would be to carry out 

calibration as a curve fitting exercise that may obtain model parameters that do not make hydrologic 

sense. This can be avoided by setting the parameter search range limits realistically – a task which is 

not difficult and that manual calibration also requires. The provision of an initial parameter search 

range and search range limits adopted in the automatic calibrations here allows the modeller to use 

his/her experience and judgement in selecting the starting point and the limits beyond which parameter 

values are not expected. If parameter values consistently locate at one limit in multiple randomly 

initialised calibrations, the search range limit is extended and the calibration runs limited. This gives a 

chance for the model and data to reveal processes that the modeller had not perceived or considered 

significant. A case in point was the calibration of Kafue basin (Section 4.3) where multiple automatic 

calibrations consistently lead to uncharacteristically high precipitation index (PI) and thereby revealed 

the significance of dambos in the basin and the likely inadequacy of the Pitman model in modelling 

them. These inferences from automatic calibration were not obtained by a comprehensive manual 

calibration of the basin (Mwelwa, 2004) although that study had recognized that dambos were 

expected to have a significant impact on several parameters of the model. 

 

The conceptually inconsistent values of the lag for groundwater runoff GL and the lag for surface and 

soil moisture TL (GL < TL) for the Amatole catchments (Table 4.11 and 4.12) are an indication of the 

potential dangers of auto calibration. The soil moisture analysis for Amatole (Section 4.4.3) revealed 

that parameter TL is not activated and the auto-calibrations were therefore valid. This conceptual 

inconsistency of GL and TL was also observed in three instances of manual calibration: i) 

subcatchment G of Kafue basin by Mwelwa (2004) (GL=0, TL=0.25 months – see Appendix 2), ii) 

catchment R2H009 of Amatole basin by Kleynhans (2007) (GL=0, TL=0.5 months – see Tables 4.11 

and 4.12) and iii) catchment R3R001 of Amatole basin by Kleynhans (2007) (GL=0, TL=0.5 months – 

see Table 4.11 and 4,12). It is most likely the case that both GL and TL were redundant in the manual 

calibrations although there is no evidence to show that this was verified. These inconsistencies show 

that unrealistic parameter sets can be obtained irrespective of whether automatic or manual calibration 

is applied. Furthermore, manual calibration may suffer from the application of invalid guidelines 

because its subjective nature makes it difficult to test such guidelines comprehensively. A case in point 

is the limitation of the power of the runoff-moisture storage relationship (POW) to 3.0 in the Pitman 

model (Bailey, 2008) as discussed in Section 4.4.3. 

 

Realistic calibration, whether manual or automatic, requires the understanding of the model structure, 

the catchment processes including any unique features, a good dataset, a reasonable idea of the 

parameter search ranges, careful interpretation of ‘unexpected’ results and validation using an 

independent data set. The main challenges are usually the acquisition of a good data set and 

understanding the catchment processes. One needs data to gain insight and to understand the 

catchment processes but the data is often unavailable, too short, or unreliable.  
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The analysis here has revealed the ability of automatic calibration to enable parameter identification to 

be assessed clearly (see for example Fig 4.3 and 4.4) – a task that can only be carried out more 

subjectively with manual calibration. In addition, parameter interdependence within catchments (Figure 

4.5) and across catchments (Figure 4.10) can also be revealed via automatic calibration. Again, 

manual calibration is only capable of carrying this out much more subjectively and tediously.  

 

Automatic model calibration requires the specification of an objective function whose selection needs 

to be guided by the aim of the modelling and its ability to maximise utilization of data. The choice of the 

objective function is to a degree subjective but the literature does not suggest that this has been 

experienced as a drawback. Typically, manual calibration also requires the use of performance 

measures whose selection also involves subjective judgement. Different objective functions give 

different parameter sets as observed in the Amatole basin calibrations (Table 4.11 and 4.12). This 

however need not be viewed as a disadvantage of automatic calibration as it a reminder of the 

limitations of the model structure and applied data. It also compels the modeller to more closely relate 

the calibration exercise to the specific objective/s of the modelling.  

 

It is important to note that the above advantages would not be achieved by making a single automatic 

calibration run but with multiple randomly initialised calibration runs. Statistical analysis may be 

applied to specify how many runs may be considered adequate but this may not add value to the task. 

In this study, 10 randomly initialised calibrations were applied and considered adequate for achieving 

the above mentioned advantages.  
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5 Conclusions and Recommendations 

This study was aimed at evaluating automatic catchment model calibration in the light of a perception 

by many hydrological modellers in Southern Africa of automatic calibration as ‘dangerous’ and the 

consequent very limited application of automatic calibration in southern Africa. In order to achieve this, 

the widely used Pitman model was automatically calibrated on eleven catchments located in three 

southern African basins; the Buffelspruit and Amatole in South Africa and the North Western Kafue in 

Zambia. These catchments had been manually calibrated previously (by experienced modellers or 

under their guidance) thus allowing a comparison of automatic and manual calibration. The shuffled 

complex evolution (SCE-UA) method, arguably the most efficient and effective catchment model 

calibration technique to date was selected for automatic calibration.  

 

The SCE-UA method was implemented in a generalized automatic calibration software that can be 

used to calibrate any catchment model with minor coding of the model to allow exchange of 

information with the calibration software. The method to implement this linkage is described in Chapter 

3 and an example is included as part of the software (in the accompanying CR ROM). The SCE-UA 

was coded in Microsoft Power Station Fortran and a graphical user interface was developed in Delphi 

to enable user friendly calibration in a windows environment. The calibrator was designed to allow an 

initial search range and search range limits to be set thereby giving the modeller a chance to apply 

his/her experience and judgement in selecting suitable starting and limiting values of each parameter. 

The calibrator also allows for calibration to be repeated up to 20 randomly initialised times. Multiple 

randomly initialised calibrations help to; i) check the adequacy of optimization ii) identify parameters 

consistently locating at the set search limits and adjusting the limits if this is realistic, iii) assess the 

level of identification of parameters and finding out which are active and which are redundant, and iv) 

identify parameter inter-dependence within and across catchments. Ten randomly initialised calibration 

runs were applied in this project and were found adequate for the above mentioned tasks as illustrated 

in various Sections of Chapter 4.  

 

For all 11 catchments, no evident danger of automatic calibration was observed and all the parameter 

values and simulated streamflow time series’ were found to be realistic. Unexpectedly large values of 

the precipitation index (PI) with averages ranging from 9.0-13.4 mm for four catchments of Kafue basin 

were considered to represent interception on the extensive dambos found in the basin rather than 

canopy interception as in normal Pitman model applications. This inference was also found to be the 

likely explanation of the notably poorer validation for Kafue basin as the Pitman model structure does 

not include explicit modelling of dambos. Manual calibration of Kafue basin (Mwelwa, 2004) had failed 

to make these inferences although it had pointed out that dambos are expected to have significant 

impact on various parameters of the Pitman model. Although automatic calibration is often faulted on 

the basis of its inability to relate parameter values to physical features of the catchment, the results 

here indicate that automatic calibration may at times be better at this task than manual calibration.  

 

Using several performance measured including the coefficient of efficiency, the coefficient of 

determination, the bias and a residual mass coefficient, automatic calibration was found to perform 

considerably better than manual calibration for the Buffelspruit and one of the three Amatole 
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catchments. Performance for other Amatole and the seven Kafue basin catchments was practically 

identical in manual and automatic calibration. These results suggest than automatic calibration using a 

powerful optimizer and appropriate objective functions may be less prone to obtaining sub-optimal 

calibrations than manual calibration.  

 

No specific danger of automatic calibration was identified its use calls for careful identification of 

parameter search ranges and the use of all available information to try and obtain the best possible 

understanding of the hydrological processes and features in the catchment. In addition, thoughtful 

checking and interpretation of the calibration results is essential. These precautions obviate the 

obvious danger of using an optimizer to carry out a ‘blind’ curve fitting exercise in the name of 

automatic calibration. This study shows, on the other hand, that using an optimizer to search for 

suitable model parameters may hold many advantages over a purely manual search. The study 

reveals that for these advantages to be realised, multiple randomly initialised calibration runs would 

need to be carried out.  
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APPENDICES 

Appendix 1 Manually calibrated parameters for Buffelspruit catchment  

 
Parameter Notation Value 
Rain distribution factor   1.2 
Proportion of impervious area AI 0 
Intercept cap. (Veg1) PI 1.5 
Intercept cap. (Veg2) PI 4.0 
% Area of Veg2 AFOR 0 
Veg2/Veg1 Pot. evap. ratio FF 1.4 
Min. abs. rate (mm month-1) ZMIN 25 
Mean abs. rate (mm month-1) ZAVE 320 
Maximum abs. rate (mm month-1) ZMAX 520 
Maximum storage capacity ST (mm) 400 
No runoff below storage SL (mm) 0 
Power of the storage–runoff curve POW 2.3 
Runoff rate at ST (mm month-1) FT 22.0 
Max. groundwater flow/recharge (mm month-1) GW 8.0 
Evaporation–storage coefficient R 0.5 
Surface runoff time lag (months) TL 0.25 
Groundwater time lag (months) GL 2.5 
 
Source:  Hughes (2004) 
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