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Abstract 
 
This work was aimed at developing a methodology for the regionalization of parameters of a 
conceptual continuous water balance rainfall-runoff model based on measurable 
physiographic and land use/land cover characteristics of a catchment. The motivation for this 
work lies in the need to address two problems that have drawn much attention in recent years. 
Firstly, traditional methods of estimating model parameters are based on calibrating the model 
against observed catchment responses, such as runoff from the catchment. In the absence of 
such observed catchment responses, estimation of the model parameters would not be 
straightforward and therefore there should be a way to estimate them from some attributes of 
the catchment. Secondly, assessment of the hydrologic impact of changes in land use/land 
cover attributes of a catchment will be possible only if the changes in these attributes are 
reflected in the model parameters. Therefore there is a need to relate the model parameters 
with the land use/land cover characteristics of a catchment. 
 
Different attempts have been made so far to develop a scheme to relate model parameters with 
catchment attributes. Many of the works done generally involved first calibrating a model to a 
number of catchments without any reference to any of the catchment properties and then 
fitting an empirical relationship between the parameters of the calibrated model and the 
catchment attributes. This approach has, however, met with limited success so far mainly due 
to the fact that model calibration doesn’t lead to a unique set of parameters when calibrated 
against observed catchment response. The parameters thus obtained are a single realisation 
among many other sets of parameters that would lead to a similar model performance. 
Therefore, the fitted empirical relationship between the parameters and the catchment 
properties tends to be rather random and the relationship would be weak.  
 
This work was therefore devoted to developing a different methodology of establishing the 
relationship between model parameters and the catchment attributes. A modified version of a 
conceptual Rainfall-Runoff model, the HBV-IWS model, was calibrated for a number of 
gauged sub-catchments within the German part of the Rhine basin with the dual objective of 
reproducing the observed catchment responses based on daily observations of meteorological 
forcing data and catchment response data, and achieving a stronger relationship between the 
parameters and the catchment attributes. The catchment attributes were implicitly 
incorporated in the model setup by establishing a functional relationship between them and 
the model parameters a-priori and an automatic model calibration procedure was implemented 
to estimate the optimum regional relationship using a non-linear optimisation routine. The 
catchment attributes used for regionalizing the model parameters include a range of readily 
measurable physical catchment properties indexing land use and physiographic properties. 
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Since the model parameters are estimated based on readily measurable catchment attributes, 
estimation of model parameters corresponding to ungauged catchments is possible, rendering 
the scheme potentially suitable for modelling the runoff from such catchments. The results 
obtained from validation of the parameter estimation scheme in gauged subcatchments that 
were not used in deriving the regional relationship between the model parameters and the 
catchment descriptors suggest that the model performances in terms of different evaluation 
criteria in these subcatchments are comparable with that of the catchments used to derive the 
regional relationships.  
 
The methodology was further implemented in the prediction of the hydrological consequence 
of land use changes, as land use was also considered for regionalization of the model 
parameters. The changes in the catchment reaction obtained for different land use change 
scenarios were consistent with the physical explanations that can be given about the effect of 
the scenarios on the runoff generation of a catchment and were supportive of the findings of 
many of the previous studies conducted on this issue using different approaches. The results 
indicate that there is an increase both in the long-term water yield and event based runoff 
from catchments due to urbanization, while they indicate a reduction in both attributes of the 
catchment response due to afforestation. 
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Kurzfassung 
 
Diese Arbeit zielt darauf ab, eine Methode zur Regionalisierung der parameter in einem 
konzeptionellen Niederschlag-Abfluss-Modell zu entwickeln. Das untersuchte Modell 
berücksichtigt eine kontinuierliche Wasserbilanz und basiert auf physiographischen 
Eigenschaften sowie messbaren Landnutzungsdaten des jeweiligen Einzugsgebiets. 
 
Motivation waren zwei Fragestellungen, die in den letzten Jahren wachsende Aufmerksamkeit 
auf sich zogen: 
Traditionelle Methoden der Parameter schätzung basieren auf einer Kalibrierung des Modells 
mittels beobachteter Einzugsgebiets-Reaktionen auf jeweilige Niederschlags-ereignisse. Es 
sollte aber zum einen eine Möglichkeit geben, diese Parameter aus den Eigenschaften des 
Einzugsgebiets abzuschätzen, wenn keine Abfluss-Beobachtungen vorliegen. Zum anderen 
sind die Auswirkungen einer sich ändernden Landnutzung in einem Einzugsgebiet nur dann 
erfassbar, wenn die entsprechenden Größen auch in den Parametern des Modells 
berücksichtigt sind. Aus diesen zwei Punkten ergibt sich die Notwendigkeit, die 
Modellparameter mit den Landnutzungsdaten und anderen  Einzugsgebietseigenschaften zu 
verbinden. 
 
Bisher wurden verschiedene Ansätze entwickelt, um die Modell-Parameter mit den 
Charakteristika des Einzugsgebiets in Beziehung zu setzen. Viele der Arbeiten folgten dem 
Prinzip, zuerst ein Modell auf einige Einzugsgebiete zu kalibrieren und anschließend eine 
empirische Beziehung zwischen den Parametern des kalibrierten Models und den 
Eigenschaften der Einzugsgebiete anzupassen . Dieser Ansatz war bisher jedoch nur von 
begrenztem Erfolg. Dies liegt hauptsächlich daran, dass die Kalibrierung mit beobachteten 
Niederschlag-Abfluss-Ereignissen nicht zu einem eindeutigen Parameter-Satz führt. Die 
erzeugten Parameter sind also nur eine Realisation unter vielen anderen möglichen Parameter-
Sätzen, die zu ähnlicher Modellgüte führen würden. Folglich ist die Beziehung zwischen den 
angepassten Modell-Parametern und den Charakteristika des Einzugsgebietes eher schwach. 
 
Deshalb sollte in dieser Arbeit eine andere Methode entwickelt werden, um die Parameter des 
Modells mit den Kennwerten des Einzugsgebietes zu verbinden. Verwendet wurde das HBV-
IWS Modell, eine modifizierte Version eines vorhandenen konzeptionellen Niederschlag-
Abfluss-Modells. Die Kalibrierung wurde durchgeführt für einige mit Messpegeln bestückte 
Teileinzugsgebiete der deutschen Seite des Rhein-Einzugsgebiets. Dabei bestand eine 
doppelte Zielsetzung. Erstens sollte die Reaktion der Einzugsgebiete auf Niederschlags-
ereignisse auf der Basis von täglichen Beobachtungen meteorologischer Daten vom Modell 
nachgebildet werden. Zweitens sollte ein stärkerer Zusammenhang erreicht werden zwischen 
den Modellparametern und den Kennwerten des Einzugsgebietes. Die Attribute der 
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Einzugsgebiete wurden dazu implizit in den Modellaufbau eingegliedert. Es wurde a priori 
ein funktionaler Zusammenhang zu den Modelparametern festgelegt und anschließend ein 
automatischer Ablauf zur Modellkalibrierung implementiert. Mit einer nicht-linearen Routine 
wurde dabei die optimale regionale Beziehung zwischen Einzugsgebietsdaten und 
Modellparametern berechnet. Die Kennwerte des Einzugsgebietes, welche für die 
Regionalisierung der Modell-Parameter genutzt werden, beinhalten direkt messbare 
physikalische Eigenschaften des Einzugsgebietes, welche die Landnutzung und die 
physiographischen Bedingungen charakterisieren. 
 
Da ja die Abschätzung der Modellparameter nun auf direkt messbaren Einzugsgebiets-
Kennwerten basiert, ist es möglich,  diese Parameter auch für Einzugsgebiete ohne Pegel 
festzulegen. Dadurch kann es das System potentiell leisten, den Abfluss in solchen 
Einzugsgebieten ebenfalls zu modellieren. Dies wurde anhand von Teileinzugsgebieten mit 
Pegeln validiert, die nicht für die Kalibrierung verwendet wurden. Die Validierung lässt 
darauf schließen, dass die Anpassungsgüte des Modells in Bezug auf verschiedene 
Bewertungskriterien vergleichbar ist, ob es sich nun um die für das Modell neuen 
Einzugsgebiete handelt oder um jene, die verwendet wurden, um die regionalen Beziehungen 
herzuleiten. 
 
Zusätzlich wurde diese Methode dazu eingesetzt, die Auswirkungen von veränderter 
Landnutzung auf die Abflussbildung vorherzusagen, da die Landnutzung in der 
Regionalisierung der Modellparameter berücksichtigt wird. Wenn auf ein Einzugsgebiet 
verschiedene Szenarien einer geänderten Landnutzung angesetzt werden, dann sind die 
Änderungen im simulierten Abfluss aus dem Einzugsgebiet konsistent mit der physikalischen 
Erklärung, wie sich die Landnutzung auf die Abflussbildung auswirkt. Die Ergebnisse stützen 
darüber hinaus die Befunde vieler anderer Untersuchungen dieses Problems, die mit 
unterschiedlichsten Ansätzen durchgeführt wurden. Bei zunehmender Urbanisierung zeigt 
sich gleichermaßen ein Einstieg im langzeitlichen Abfluss, wie im ereignisabhängigen 
Abfluss aus dem Einzugsgebiet. Als Antwort auf eine Aufforstung hingegen, reduzieren sich 
beide Größen.  
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1 Introduction 
 

Proper management of the water resources of the globe entails skilful prediction of the 

amount and movement of water in its hydrologic cycle. One of the purposes this is required 

for is to be able to quantifying the availability and distribution of water for consumptive use 

and to make any necessary measures to budget its use in a safe and rational way. Not only are 

we interested in ensuring that we wouldn’t run out of available water for consumption, but we 

may also need to predict the adverse effects of water that might result when some phase of the 

hydrologic cycle gets extreme or becomes persistent causing undesirable situations, such as 

flooding, and take measures that would mitigate the resulting consequences. 

 

1.1 Modelling of the hydrologic cycle 

 
Prediction of both the amount and movement of water in the different phases of the 

hydrologic cycle has traditionally been performed by implementing rainfall-runoff models. 

Such models are basically mathematical descriptions of the different components of the 

hydrologic cycle. They generally try to quantitatively explain the fate of a rainfall by 

apportioning it into a component returned to the atmosphere due to evapotranspiration, a part 

that percolates into a deeper zone of the ground to recharge the ground water, and a portion 

that turns into runoff. They further make a prediction on the time distribution of the resulting 

runoff.  

 

Rainfall-runoff models have, of course, been under a continuous state of evolution. Models 

used in the earlier days didn’t integrate the different phases of the hydrologic cycle. Instead, 

they implemented simplified mathematical relationships between precipitation and certain 

attributes of the final catchment reaction. Implementation of such a modelling practice dates 

back to the middle of the 19th century when the simplest one parameter Rational method 

(Mulvany, 1851) that predicts the peak runoff at the outlet of a catchment resulting from a 

given precipitation event was introduced. Because of its simplicity and minimum data 

requirement, it had enjoyed a wide application in the past, when hydrologists were in short of 

the computational power the current generation is enjoying, and are still in use to date to some 

extent (Hromadka and Whitley, 1994). However, the Rational method only predicts the 

magnitude of the peak runoff and it doesn’t tell anything about the time distribution of the 

runoff resulting from precipitation. A further development in the rainfall-runoff models led to 



   2 
 

the introduction of the time-area (Richards, 1944; Clark, 1945) and the unit hydrograph 

(Sherman, 1932) methods that are used to establish the time distribution of the ultimate runoff 

produced from a rainfall event. 

 

The advent of computers had later brought up the introduction of computer-based models that 

try to integrate models of the different components of the hydrologic cycle. The pioneers to 

this class of models are Crawford and Linsley (1966) through the development of the Stanford 

watershed model, which falls in a class of conceptual models that idealize the processes 

taking place within the catchment by storage elements. A plethora of such class of models 

have been developed afterwards, some of which are presented in Singh (1995). Subsequently, 

another class of models that try to incorporate all the known physical principles to each of the 

catchment processes was introduced. Theoretical description of this class of models was first 

presented by Freeze and Harlan (1969) and was later put in practical application for the first 

time by Stephenson and Freeze (1974). 

 

The current generation of rainfall-runoff models are classified into different categories based 

on different criteria. One categorization is based on the way the different components of the 

catchment processes are treated within the model. There are a group of models in which the 

modelling procedure is based on establishing a mathematical relationship between the input 

and the output variables using data analysis and fitting. Such models fall into a class of 

empirical models. The modelling approach in this class of models mainly relies on estimation 

of the catchment runoff from a range of predictor variables using multiple regression (Hirsch, 

1982; Kletti and Stefan, 1997), or implementation of a soft computing approach such as 

artificial neural networks or fuzzy rules (Smith and Eli, 1995; Bárdossy, 1996; Minns and 

Hall, 1996; Haberlandt, et. al, 2001; Hundecha, et al. 2001). Another group of models try to 

model the components of the hydrologic cycle using simplified mathematical relationships, 

which are physically sound but are not based on precise description of the physical processes 

involved based on known physical laws. These models are referred to as conceptual models 

and there are dozens of such class of models that are widely used, such as the HBV model 

(Bergstrom, 1995), the IHACRES model (Jakeman et. al., 1990), and the VIC model (Wood, 

et. al., 1992). There is also another group of models, in which the different components of the 

catchment process are described by equations derived from known physical laws. These 

constitute what is known as a physically based model. Examples of this class of models are 

SHE (Abbott et al., 1986a,b) and IHDM (Beven et al., 1987). 



   3 
 

Models can also be classified based on the spatial scale at which they treat the different 

processes. Models that treat the catchment as a single unit and use input data, which are 

believed to be representative at the catchment scale and produce output at a single point, are 

referred to as lumped models. There are, on the other hand, models that subdivide the 

catchment into smaller units supposed to be homogeneous in terms of their physical 

characteristics. Input data are required at this smaller homogeneous scale and the output can 

also be estimated at different points within the catchment. Such models are referred to as 

distributed models.      

   

1.2 Challenges of the modelling process 
  

All the rainfall-runoff models that are currently in use are, of course, mere approximations of 

the catchment processes taking place and none are able to completely describe the actual 

processes. This is mainly due to the lack of detailed knowledge of the processes involved in 

the generation of runoff from precipitation. Even those processes, for which sound physical 

descriptions are available, may not be correctly represented in the models. Many of the 

physical principles are formulated at point scale and trying to apply them to a catchment scale 

of practical interest necessitates knowledge of the physical properties of the catchment at all 

points, which is not practically possible. Even if it were possible, the complexity of the 

governing mathematical equations in the physical description of the processes wouldn’t make 

it easy getting a closed form of solving them and a numerical approximation is inevitable. 

Therefore, there is ultimately a need to discretize the catchment into finite areas that are not 

homogeneous in terms of their physical characteristics. The resulting need to use average 

physical characteristics over the element is clearly a deviation from the reality. 

 

Both the conceptual idealized models and the complex physically based models in use today 

are models with a number of parameters that define the characteristics of the catchment, with 

the number varying from model to model depending on the degree of treatment they give to 

the different components of the catchment process and the way they idealize them. These 

parameters need to be established in order to apply the models for the required purposes. 

 

For conceptual models, there is no direct relationship between the parameters and the physical 

catchment characteristics and, therefore, the parameters are normally established through a 
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model calibration process by trying to fit the model output with observed data under the 

assumption that no significant changes in the catchment properties have taken place during 

the time when observation was made. The same assumption should hold true if the calibrated 

model is to be used for future use. 

 

Parameters of process oriented physically based models are related to the physical 

characteristics of the catchment and, therefore, measurement or prior estimation of the 

parameters should, in theory, be possible. Practically, however, it is not an easy task and even 

if one were able to do so; they could only be measured at small scales. Upscaling of 

parameters obtained from small-scale measurements to a catchment scale, which could be 

orders of magnitudes larger is not a trivial exercise due to the non-homogeneity of the 

catchment characteristics (Beven, 2000). Therefore, one should go through the same process 

of model calibration, which is always needed for conceptual models. This has prompted 

Beven (1989) to an argument that “the current generation of distributed physically based 

models are lumped conceptual models”.  

 

In addition to the problem of correctly representing the real catchment processes in rainfall-

runoff models, estimation of their parameters presents a challenge to a handy application of 

the models to practical problems. Extensive work has been done on the calibration of rainfall-

runoff models (Johnston and Pilgrim, 1976; Duan et al., 1992; Yapo et al., 1996; Kuczera, 

1997; Gupta and Sorooshian, 1998). 

 

Traditional calibration of a rainfall-runoff model basically involves the following steps for the 

estimation of its parameters: 

 

- Defining an objective function or a set of objective functions that measure the degree 

to which one or more model outputs fit with the corresponding observation. 

Guidelines for selecting an objective function in model calibration were proposed by 

Diskin and Simon (1977) 

 

- Carrying out repetitive model runs by adjusting the model parameters, either manually 

or using automatic optimisation algorithms, so that improved values of the objective 

functions are obtained. One cannot; of course, keep on doing this indefinitely and 

therefore, a stopping criterion is set beforehand. 
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In spite of the evolvement of powerful automated techniques of parameter optimisation, one 

of the major problems of model calibration is that it is very difficult to find a unique set of 

parameters that leads to acceptable model performance. Since it is the overall interaction of 

the different parameters that determines the model performance, different combinations of 

their values may lead to equally acceptable model performances. 

 

1.3 Modelling ungauged catchments and prediction of the effect of changes 
 

The difficulty in estimating model parameters a-priory through measurement and the ultimate 

necessity of model calibration against observed catchment responses has a serious practical 

consequence. The non-uniqueness of the model parameters estimated through model 

calibration makes it difficult to associate any of the parameters with the readily measurable 

physical catchment characteristics. Therefore, the parameters may partly loose their physical 

significance; even though they have physical meanings in the model structure they are used 

in. This, consequently, limits the transferability of the model parameters to other catchments 

based on physical properties of the catchments. The model should then be calibrated 

separately for each catchment for which prediction of the catchment response is sought. Since 

model calibration needs one or more observed response data, application of the model to 

ungauged catchments will be difficult. 

 

Prediction of the impact of changes in the catchment properties, like land use, on the response 

of a catchment also requires quantification of the model parameters corresponding to the 

changed catchment properties. Unless there is a relationship between the model parameters 

and the catchment properties, such quantification cannot be done in a physically meaningful 

way, thus limiting the applicability of the model for prediction of the effect of changes. 

 

In order to address the problems mentioned above, several studies have been made during the 

past years in an attempt to develop schemes of regionalization of model parameters based on 

readily measurable physiographic, land cover, and climatological attributes of catchments. 

Many of the works in the earlier days were focused on developing a means of relating event 

based catchment responses with rainfall and topographic factors using a multiple regression 

approach (Heerdegen and Reich, 1974; Waylen and Woo, 1984; Nathan and McMahon, 

1992). 
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Recent works, however, have been focusing on development of a regionalization scheme to 

estimate the parameters of a more general class of continuous water balance models of time 

scales ranging from monthly to hourly from readily measurable catchment properties. Abdulla 

and Lettenmaier (1997) applied a method of regionalization of the parameters of the VIC-2L 

land surface hydrologic model (Liang et al., 1994) for the construction of daily stream flow 

for catchments in the Arkansas-Red River basin based on distributed land surface 

characteristics and climatological characteristics derived from station meteorological data. 

Sefton and Howarth (1998) also employed a similar parameter regionalization scheme for the 

IHACRES model (Jakeman et al., 1990; Littlewood et al., 1997) to estimate daily flows for 

catchments in England and Wales using physical catchment descriptors indexing topography, 

soil type, climate, and land cover. Some more similar works are documented in Xu and Singh 

(1998) for estimation of monthly flow, Post and Jakeman (1999), and Seibert (1999). 

 

All of the parameter regionalization approaches mentioned in the foregoing paragraph follow 

a general two-step procedure of parameter regionalization. The first step is to find optimum 

sets of parameters for a number of gauged catchments by calibrating the model against 

observed responses for each of the catchments independently. The second step is trying to 

establish a relationship between the optimum model parameters and the catchment 

characteristics. In many previous studies, this has taken a linear or non-linear regression form. 

However, such an approach has met with limited success. As mentioned in the previous 

section, model calibration results in only one realization among many other possible 

parameter sets that lead to a similar model performance. The relationships established 

between such set of model parameters and the catchment characteristics are therefore likely to 

be weak or “random”.  

 

Fernandez, et al. (2000) implemented a different approach that would take care of the problem 

cited above. Instead of following the two-step procedure implemented in the previous studies, 

they treated them concurrently. They calibrated the “abcd” monthly water balance model 

(Thomas, 1981) for 30 gauged catchments in the South eastern part of the US with the dual 

objective of reproducing the observed catchment response and, additionally, to obtain good 

relationships between model parameters and catchment characteristics. Their approach 

resulted in a nearly perfect regional relationship between model parameters and catchment 

properties, but didn’t lead to improvement in the ability of the regionalized model to model 

stream flow at validation catchments located within the same study area. Unfortunately, many 
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of the catchment descriptors they used for regionalization require analysis of stream flow data 

and, therefore, its application to ungauged catchments is not possible. 

 

1.4 Objective of the study 
 

The aim of this study was to develop a methodology, which enables regional estimation of 

parameters of a conceptual continuous water balance model based on catchment 

characteristics, which include the land cover type, soil type, and topographic attributes of the 

catchment. It was aimed at improving the weaknesses inherent in the traditional two-step 

regionalization approach in estimating the relationship between the model parameters and the 

physical catchment characteristics. The catchment characteristics used for regionalization 

were all determined from readily measurable physiographic and land cover attributes of the 

catchments.  

 

The intended use of the methodology is: 

 

- To estimate model parameters to model the rainfall-runoff processes in ungauged 

catchments. This was verified by validating the regionalized model in gauged 

catchments within the study region that were not considered in deriving the regional 

parameters. 

 

- To assess the impact of land use and land cover changes on the runoff generation from 

a catchment. 
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2 Study area and data organization 

2.1 Description of the study area 

The current study was conducted on part of the Rhine basin situated downstream of Maxau 

(upper Rhine) and upstream of Lobith (Lower Rhine). This part of the Rhine basin has a total 

drainage area of 109,330km2 and its major part is located in Germany, with some parts lying 

in France, Luxemburg and Belgium. The main river stretch is subdivided into three districts: 

the Upper Rhine, the Middle Rhine, and the Lower Rhine. The upper Rhine begins further 

upstream of the study area at Basel (Rhine 170km) and stretches down to Bingen (Rhine 

530km). Two major tributaries (Neckar and Main) join it in this part of the river stretch. The 

middle Rhine is that part of the river between Bingen and Bonn. Major tributaries Nahe, 

Lahn, and Mosel join the river in this part. Further downstream, the lower Rhine receives 

inflows from other major tributaries Sieg, Erft, Ruhr, and Lippe.  

 

Table 2.1 Summary of the sizes of the major tributaries of the Rhine and their 
subdivision into sub catchments 

 

 

 

The whole study area was subdivided into 101 meso-scale subcatchments with sizes ranging 

between 400 km2 and 2100 km2. Part of the Upper Mosel basin lies in France and due to 

River basin 
 

Size (km2) 
 

Number of 
subcatchments 

Neckar 

Main 

Sieg 

Lippe 

Lahn 

Ruhr 

Mosel and Saar 

Nahe 

Erft 

NUR 

NMR  

NLR  

13953 

27211 

2861 

4882 

5939 

4487 

28152 

4010 

1818 

6688 

5089 

4240 

13 

16 

4 

3 

5 

4 

26 

3 

3 

7 

10 

7 
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limitation on the availability of meteorological data from this area, six subcatchments located 

in France were left out of the study. Therefore, the study was focused on the remaining 95 

subcatchments for which meteorological data were available. Table 2.1 shows the sizes and 

the numbers of subcatchments into which the different parts of the basin were subdivided. 

These include the major tributaries joining the different stretches of the river as well as parts 

of the basin in the neighbourhood of these stretches of the river that are not included in the 

major tributaries, which are designated by NUR, NMR, and NLR respectively for the upper, 

middle, and lower Rhine stretches. The corresponding schematic representation is shown in 

figure 2.1. 

                 
Figure 2.1 The Rhine basin subdivided into higher meso-scale subcatchments 
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The study area is characterized by different topographic structures and the elevation above sea 

level ranges from about 1000m in the Fränkische Alb, which forms the south-eastern border 

of the Main basin, and the black forest area in the south western part of the Neckar basin to as 

low as 10 m in the lower Rhine district as shown in figure 2.2. 

 

  
 

Figure 2.2 Topographic elevation of the study area in meters above sea level ( Source: 
The International Commission for the Hydrology of the Rhine basin, CHR). 

 

 
Different land cover and land use structures characterize the basin, with different parts of the 

basin having, on average, their own predominant land use structure prevailing in them. This 

ranges from a predominantly forest cover structure, for which the Sieg catchment is a typical 
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example in which the forest cover accounts for 63% of the catchment area, to catchments that 

are identified by a predominantly urban land use structure, as in the lower Rhine district 

whose urban area makes up 38% of that part of the basin. Figure 2.3 shows the distribution of 

different land use classes within the study area. 

 

 

 
 

Figure 2.3 Land cover (1993) within the study area (source: The International 
Commission for the Hydrology of the Rhine basin, CHR). 

 

The geologic formations of the basin are also different for the different tributary catchments. 

Jurassic and Triassic sediments are the predominant formations in the Neckar catchment. 

These mainly consist of malm, doggerlime, keuper, shelly limestone and sandstone. Some 
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parts of this catchment are also known to have karstic rock formation. Jurassic limestone, 

sandstone, and shelly limestone are the typical formations in the Main catchment, while the 

Lahn catchment is characterized by Devonian rock and basaltic formations. In the 

southwestern part of the basin, the Mosel and Saar have mainly Triassic sediment formation, 

which mainly consists of shelly limestone, sandstone, and keuper, with some parts of the 

catchment having a Devonian rock formation. Further in the north, the Sieg catchment is 

formed by mainly Devonian shale and greywacke, while the main formation in the Lippe 

catchment is Pleistocenic river sediment. Four different zones of geologic formations 

characterize the Nahe catchment, which is located in the middle Rhine basin district. The 

northern part is made up of Devonian sediment, which mainly consists of shale and quartzite. 

The southern part is formed from mainly sandstone and shelly limestone. Near the Nahe-

Rhine confluence, marine sand, Tone and Mogel prevail; while in the central part the 

formation is Taunusquarzitsättel. 

 

2.2 Organization of data 

2.2.1 Meteorological data 
 

Precipitation and temperature are by far the most important meteorological variables driving 

the hydrological processes in a catchment. Precipitation, either in a liquid or snow form is the 

main input in a rainfall-runoff model. The model tries to simulate its movement within the 

catchment and its final transformation into runoff. Temperature is another input to a model 

that influences the amount of evapotranspiration and snowmelt. Proper assessment of their 

distribution within a catchment under study is, therefore, a crucial step in a rainfall-runoff 

modelling practice. 

 
Both precipitation and temperature are normally measured at a point scale by conventional 

measurement gadgets at observation stations. In a rainfall-runoff modelling exercise, 

however, the amount of precipitation and the magnitude of temperature are required at areal 

scales, with the areal extent depending on whether a lumped or distributed model is used. For 

lumped models, average values of precipitation and temperature over the whole catchment 

area are often sufficient. For grid based distributed models, on the other hand, average values 

at grids of a few hundred meters to a few kilometres are required. The feasibility of 
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establishing reasonable estimates of areal averages for small grid sizes depends on the 

availability of sufficient measurement points around each grid. 

 
Different methods of estimating areal average precipitation are used in practice. These include 

the simple arithmetic mean, the Thiessen polygon, and the inverse distance method. None of 

these methods, however, take into consideration the spatial structure of the variation of 

precipitation. The effect of additional variables that may affect the distribution of precipitation 

cannot also be integrated in the estimation. Besides, quantification of the uncertainty 

associated with the estimation is difficult and they do not necessarily lead to an estimate 

associated with the minimum uncertainty. Geostatistical methods have emerged as alternative 

approaches to estimate areal average precipitation or temperature from point measurement 

values. Such approaches incorporate the spatial structure of the variation of precipitation or 

temperature in estimating the areal average value and lead to a minimum estimation 

uncertainty. There are also classes of Geostatistical methods that are adopted to include the 

effect of additional variables that have close relationship with the variable of interest in the 

estimation process. 

 
The fundamental element in Geostatistical methods is the description of the variability of a 

regionalized variable by a function known as a variogram. A regionalized variable Z(u) is 

defined as a realization of a set of random variables corresponding to each point u within a 

domain of study. The commonly used hypothesis in Geostatistics is the intrinsic hypothesis, 

which assumes that the expected value of the regionalized variable is constant all over the 

domain of study and that the variance of the difference in the values of the regionalized 

variable corresponding to two different locations depends only on the vector separating them, 

h. Based on this hypothesis, the variogram function γ(h) is given by: 

 

( ) ( ) ( )( )[ ]2

2
1 uZhuZEh −+=γ         2-1 

 
For practical purposes, the variogram function has to be estimated from observed data of the 

regionalized variable made at different locations within the study domain. The value of the 

variogram function corresponding to a separation distance, h, is calculated as: 
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where 
 ui and uj  are the location vectors of the observation points, 

 Z(ui) and Z(uj) are the observed values at locations ui and uj respectively, 

 Nh   is the number of pairs of measurement points separated by a vector h. 

 
 

The variogram function calculated in this way is known as the experimental variogram. The 

observation points are not usually spaced regularly and, therefore, it may not be easy to get 

enough points corresponding to a specific separation vector. Therefore, some tolerance is 

usually applied to the separation vector. 

 

Estimation of the experimental variogram function using equation 2-2 yields values of the 

variogram at finite number of separation vectors. The function should, however, be 

continuous and one possibility to make it continuous is to fit linear functions between 

adjacent calculated points. The fitted linear function, however, may not necessarily meet the 

criteria a variogram function should fulfil as outlined in Christakos (1984) and Cressie (1993). 

Therefore, there is a practical need to fit functions that fulfil these criteria to the experimental 

variogram. Such functions are known as theoretical variograms.  

 
There are a number of theoretical variogram models that are used in practice (Kitanidis, 

1997). Superposition of two or more of these theoretical variograms will also result in an 

acceptable variogram model. A combination of two of the common theoretical variogram 

models is used in this study: the spherical variogram and the pure nugget effect variogram. 

Isotropy is considered in the variability of both precipitation and temperature and therefore 

isotropic variogram models are used, i.e., the variogram depends on the scalar separation 

distance only and not on the direction. 

 

The spherical variogram is a two-parameter function defined as (Kitanidis, 1997): 

 

( )
⎪
⎩

⎪
⎨

⎧

>

≤≤⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

ahC

ah
a
h

a
hC

h
for                                ,

0for           ,
2
1

2
3

3

3

γ        2-3 

 



   15 
 

where  

C is the sill of the variogram, which is the maximum value the variogram attains 

a is the range of the variogram, which is the separation distance beyond which 

there is no correlation between the random variables.  

 

The pure nugget effect variogram is also defined as (Kitanidis, 1997): 
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where C0 > 0 

 

The variogram model used in this study, which is a combination of the above two theoretical 

variograms has, therefore, a form: 
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Fitting of the theoretical variogram into the experimental variogram is usually done manually 

by adjusting the parameters of the theoretical variogram until there is a reasonable match 

between the two. This procedure can in practice be applied if one has to work only with one 

or a few realizations of variables. In order to model the spatial variability of precipitation and 

temperature on the daily basis, one would need to perform this fitting for each day over the 

study period. The manual fitting procedure is not practical for such a case and a different 

approach for estimating an approximate variogram function was adopted in this work. 

 
The approach implemented in this work was based on establishing a temporally averaged 

universal variogram that can be used for all days, which was derived from the spatial cross 

correlations of the precipitation or the temperature series at the observation points in the study 

region. It can be shown that the covariance function and the variogram function are related as: 

 

( ) ( ) ( )hCCh −= 0γ           2-6 
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where, 

 C(h) is the covariance function 

 

Multiplying the variogram function by any positive constant doesn’t lead to a change in the 

estimated value of the regionalized variable and therefore using the normalized form of the 

covariance function, which is the correlation function instead of the covariance function can 

also be used as an approximate simplification to estimate the variogram function. Therefore, a 

cloud of the points of separation distance versus 1-r(h), where r(h) is the cross correlation of 

the precipitation or temperature time series between all pairs of observation points is plotted 

and a theoretical variogram is fitted to the cloud of points. Figure 2.4 shows the h versus 1-

r(h) plots and the corresponding fitted theoretical variograms derived from daily time series 

of precipitation and temperature from stations shown in figure 2.5. Since only the part of the 

variogram corresponding to smaller separation distances is of importance for interpolation, 

the theoretical variogram is fitted to the initial part of the h versus 1-r(h) plot. 

 

Since temperature shows less spatial variability, the correlations of the time series between all 

pairs of stations is high and therefore 1-r(h) tends to be very small. Since multiplying a 

variogram by a constant number doesn’t affect the resulting interpolation result, 1-r(h) was 

multiplied by 10 so that the parameters of the fitted theoretical variogram can be estimated 

properly as shown in figure 2.4 b. 

 

The theoretical variograms fitted to the initial parts of the plots shown in figure 2-4 have both 

the form given in equation 2-5 with h in meters and the following parameters: 

 

055.00 =C , 40.0=C , ma 100000= ,  for precipitaion interpolation 

02.00 =C , 35.0=C , ma 300000= ,  for temperature interpolation 

 

 

Daily amount of precipitation and daily mean temperature from 2396 precipitation stations 

and 509 temperature stations respectively distributed across Germany were acquired from the 

German Weather Service for the period from 1960 to 1998. Many stations have a lot of 

missing records and stations with missing data for more than one third of the entire period 

were discarded and only the remaining stations were considered for further processing. This 
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brings down the number of precipitation and temperature stations to 1514 and 313 

respectively. Missing values in any of these stations were filled in using multiple linear 

regression from up to 20 nearby stations with no missing record. Based on their proximity to 

the study area, 949 precipitation and 273 temperature stations were finally used in this study, 

which are shown in figure 2.5. 

 

 

 
 

  a) Precipitation series    b) Temperature series 

 

Figure 2.4 Plots of the distance between stations versus 1-r and the corresponding fitted 
theoretical variograms for precipitation and temperature interpolation 

 

External Drift Kriging (Ahmed and deMarsily, 1987), which is a geostatistical method of 

interpolation that takes into account additional variables on which the variable of interest 

depends, was adapted in this study to estimate precipitation and temperature on a regular grid 

of 5km × 5km over the whole study area from precipitation and temperature station data 

distributed within and around the study area. This method was chosen so that the orographic 

effect on precipitation and the effect of elevation on temperature can be taken account of in 

estimating them at locations where there are no measurements. 
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  a) Precipitation stations   b) Temperature stations 

Figure 2.5 Distribution of precipitation and temperature stations used in the study 

 
According to this method, the expected value of the regionalized variable Z(u) under 

consideration (such as precipitation or temperature) at location u is assumed to be a linear 

function of the additional variable Y(u) that has an influence on the value of the regionalized 

variable: 

 
( ) ( )[ ] ( )ubYauYuZE +=|          2-7 

 

where a and b are unknown constants. 

 

The additional variable has to be numeric, locally linearly dependent, and be available at each 

point within the domain of the study. 

  

A linear combination of the values of the regionalized variable at locations where the values 

are known is used to estimate the value at a location where its value is not known: 
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In order to have an unbiased estimator, equation 2-7 should hold for the estimation: 
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Equation 2-9 leads to a set of two unbiasedness constraints: 
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The above constraints are not enough to get the best estimate of the variable. In addition to the 

unbaisedness criterion, another criterion to minimize the variance of the estimation is imposed 

that leads to the best linear unbiased estimator: 

 
( ) ( ) ( )( )[ ] min2*2 →−= uZuZEuσ         2-12 

Equation 2-12 can be rewritten in terms of the variogram function as: 
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Minimizing equation 2-13 subjected to the constraints 2-10 and 2-11 is performed using 

Lagrange multipliers µ1 and µ2, which leads to minimization of the following equation. 
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This finally leads to the system of external drift equations (Ahmed and de Marsily, 1987):

       

( ) ( ) ( )

( ) ( )
⎪
⎪
⎪
⎪

⎩

⎪⎪
⎪
⎪

⎨

⎧

=

=

=−=++−

∑

∑

∑

=

=

=

n

j
jj

n

j
j

n

j
iijij

uYuY

niuuuYuu

1

1

1
21

1

,...,1     ,

λ

λ

γµµγλ

     2-15 



   20 
 

Since temperature shows a fairly uniform lapse rate with elevation, which changes from one 

day to another mainly due to humidity changes, the additional variable used for interpolating 

temperature was taken as: 

 
( ) zuY =            2-16 

 

where 

  z  the topographic elevation. 

 
On the other hand, the rate of increase of precipitation decreases with increasing elevation and 

therefore, in order to take this effect into consideration, the square root of the topographic 

elevation was used for interpolating precipitation. 

 
( ) zuY =            2-17 

 

Figure 2.6 shows the interpolated mean annual precipitation and temperature over the study 

area based on this methodology.  

 
 a) Mean annual precipitation    b) Mean annual temperature 

 

Figure 2.6 Mean annual precipitation and mean annual temperature in the study area as 
estimated using the external drift kriging. 
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Figure 2.7 also shows the distribution of interpolated mean temperature and total precipitation 

amount within the study area on specific days when extremes were recorded.  

 
 

 
 
 a) Mean temperature on 8.8.92   b) Mean temperature on 12.1.87 
 
 
 

 
   
 c) Total precipitation amount on 25.1.85          d) Total amount of precipitation on 22.7.95 
 

Figure 2.7 Distribution of mean temperature and amount of precipitation on days of 
extreme temperature/precipitation. 
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2.2.2 Evapotranspiration 

 
Evapotranspiration is a process by which water is returned to the atmosphere. It consists of 

evaporation from open water surface, bare soil surface, and water intercepted by plant 

surfaces, as well as transpiration by plants from their root zone. It is an important 

hydrological process that influences the water balance of the catchment. The process of 

evaporation is influenced by different meteorological variables, the nature of the evaporating 

surface, and availability of water. The meteorological variables include the energy available 

from the net radiation and ambient air temperature, which is responsible for converting the 

liquid water into vapour; the humidity gradient at the evaporating surface, which influences 

the opportunity of the water vapour on the evaporating surface to move into the atmosphere; 

and the wind speed, which removes the water vapour from the adjacent air mass and 

maintains the humidity gradient. Transpiration is a process by which water is taken up by 

plant roots from the soil and returned to the atmosphere through their leaves as part of their 

biological activity. The amount and rate of transpiration depends on the type of vegetation 

cover and their stage of growth, season of the year, time of the day, availability of water in the 

root zone and the same meteorological factors that affect evaporation. Since it is difficult to 

quantify evaporation and transpiration separately, they are considered together as 

evapotranspiration (Jones, 1997).   

 
Evapotranspiration that would take place if there were no limitation on the supply of water is 

referred to as potential evapotranspiration. Actual evapotranspiration is the amount of water 

actually removed by the processes of evaporation and transpiration. Depending on the 

availability of water, it can be equal or lower than the potential evapotranspiration. Although 

it is the actual evapotranspiration that is used in the water balance computation, an estimate of 

the potential evapotranspiration for a given catchment condition under the prevailing climatic 

conditions is an important step in a rainfall-runoff modelling practice. The actual 

evapotranspiration is then estimated based on the potential value and the availability of 

moisture supply to meet this demand. 

 

There are different methods available for the estimation of potential evapotranspiration that 

range from data intensive physical approaches such as the Penman-Monteith equation 

(Monteith, 1965) to the less demanding empirical approaches such as the Hamon (1961), the 

Blaney and Criddle (1950), the Turc (1961), and the Haude (1955) methods. Many of the 
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empirical methods are developed for specific climate regions and shouldn’t be used for 

conditions different from they are developed for.  

 
The Haude approach is a method for estimating long term potential evapotranspiration such as 

monthly or annual values for the middle European climate. The method has been successfully 

used by the German Weather Service (Dommermuth and Trampf, 1990). It has been verified 

to offer realistic results when compared with field measurements of evapotranspiration using 

Lysimeter for many years. It is based on Dalton’s law of evapotranspiration, which considers 

evapotranspiration as a processes controlled by the vapour pressure difference between the 

evaporating surface and the atmosphere: 
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⎠
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100
1 feseaesETP αα          2-18 

where: 

 ETP: potential evapotranspiration (mm/day) 

 es: saturation vapour pressure of air (hPa) 

 ea: actual vapour pressure of the air (hPa) 

 f: relative humidity of the air measured at 2:00 PM 

 α: monthly crop specific coefficient (mm/hPa) 

 

The saturation vapour pressure is a function of air temperature and is given by the Magnus 

formula: 

 

T
T

ees +⋅= 1.243
62.17

11.6           2-19 

 

where: 

 T   mean air temperature (°C) 

 
The approach needs measurement of only air temperature and relative humidity and 

knowledge of the type of the vegetation cover. The monthly crop specific coefficients for 

different common types of plants are shown in table 2.2 (Dommermuth and Trampf, 1990, 

1991, 1992). 
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The Haude factors shown in table 2.2 take the interception loss into consideration. For forest 

cover, Haude factors were established by Elling, et al.(1990) as shown in table 2.3. However, 

these coefficients do not take the interception loss into account. 

 

Table 2.2 Monthly crop specific Haude coefficients, α (mm/hPa) 

 

Crop type Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Grass 

Sugar beets 

Maize 

Wheat 

Summer barley 

0.20 

0.14 

0.14 

0.18 

0.15 

0.20 

0.14 

0.14 

0.18 

0.15 

0.21 

0.14 

0.14 

0.19 

0.18 

0.29 

0.15 

0.14 

0.26 

0.25 

0.29 

0.22 

0.18 

0.34 

0.30 

0.28 

0.30 

0.26 

0.38 

0.36 

0.26 

0.36 

0.26 

0.34 

0.26 

0.25 

0.32 

0.26 

0.22 

0.18 

0.23 

0.26 

0.24 

0.21 

0.18 

0.22 

0.19 

0.21 

0.20 

0.18 

0.20 

0.14 

0.14 

0.18 

0.18 

0.20 

0.14 

0.14 

0.18 

0.18

 

Table 2.3 Monthly Haude coefficients for forest cover, α(mm/hPa) 

 

Forest type Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Deciduous 

Coniferous 

0.01 

0.08 

0.00 

0.04 

0.04 

0.14 

0.10 

0.35 

0.23 

0.39 

0.28 

0.34 

0.32 

0.31 

0.26 

0.25 

0.17 

0.20 

0.10 

0.13 

0.01 

0.07 

0.00 

0.05
 

The long term mean monthly potential evapotranspiration for a reference crop (grass) was 

estimated using the Haude formula at the climate stations distributed within the study area for 

the years 1970 to 1998 and interpolated on the same grid used for the interpolation of 

temperature and precipitation. Depending on the type of vegetation cover, these values were 

multiplied by the ratio of the Haude factor for the given vegetation type to that of grass to 

estimate the potential evapotranspiration of other vegetation types. For non-forest areas, this 

evapotranspiration value accounts for the interception loss and there is no need to further 

consider interception. In forest areas, since the Haude coefficients do not consider the 

interception loss, an interception storage, Imax was defined. The interception capacity of forest 

depends on the type and age of the forest cover. This ranges between 3mm and 5mm for 

coniferous forests and between 2mm and 4mm for deciduous forests (Mitscherlich, 1981; 

Münch, 1993). While deciduous forests attain their maximum storage in summer due to their 

leaves, coniferous forests have their maximum storage in winter due to the effect of snow 

stacking. 
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3 Modelling of the rainfall-runoff processes 

3.1 Introduction 
 
The most rational way of modelling the rainfall-runoff processes would be through the 

application of the known physical principles to all the processes involved in the generation of 

runoff from rainfall. However, not all the processes involved are well understood and some 

approximation that involves aggregation of some of the processes is inevitable. Besides, the 

physical properties of a catchment and the rainfall may show a high spatial variability within 

the catchment. This necessitates modelling of the processes using a spatially distributed 

modelling approach by discretizing the catchment area into finer areas. This requires the 

availability of the physical parameters and other data needed in the model at all these discrete 

areas within the catchment. However, measurement of physical parameters is practically done 

at small scale and upscaling of the small scale measurements to elements treated in the model, 

which may be orders of magnitudes larger, is a practical necessity. This upscaling doesn’t 

often reproduce the actual variability of the parameters within the area (Binley et al. 1989). 

Besides, the number of measurements needed may not be practically feasible as the size of the 

catchment increases. This, therefore, puts a practical limit to its applicability in modelling 

large-scale catchments.  

 
The difficulty associated with properly estimating the distribution of the model parameters 

within the catchment a-priory ultimately puts a need to calibrate the model against observed 

catchment responses. This leads to calibration of an over-parameterised problem and if the 

model calibration is done against only observed discharge, as is the case in most rainfall-

runoff model calibration practices, the parameters may not be well identified. The parameters 

estimated in this way can only be used to estimate the catchment response the model is 

calibrated with and if the same set of parameters were to be used for time periods outside the 

calibration period, the prediction made by the model would be uncertain. 

 

Under conditions where availability of data is limited to enable proper identification of 

parameters of complex models, implementation of such models is not warranted. Instead, 

more parsimonious models, which are structured in such a way that their parameters are well 

posed with respect to the available data would be sufficient. Jakeman and Hornberger (1993) 

came to a conclusion that if only stream flow data are available to calibrate a model, a model 

structure based on a quick-flow and a slow-flow component is sufficient to provide an 
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adequate simulation of the stream flow resulting from rainfall. Moreover, they argued that the 

addition of more model structure and its associated parameters requiring calibration leads to 

no significant improvement in model fit yet introduces poorly identified parameters. A study 

made by Refsgaard and Kundsen (1996) to compare the relative performances of a complex 

distributed physically based model and a lumped conceptual model when calibrated against 

observed stream flow also supports this argument.    

 

3.2 Selection of appropriate model for the study 
 
The following criteria had to be considered in choosing the model to be used in this study: 
 

- Since the study is carried out on a large-scale catchment, the model should not be 

complex and data intensive. Its data requirement should be addressed by the available 

observations and measurements within the study area.  

  
- The model structure should schematise the most important runoff generating processes 

in a scientifically reasonable way. 

 
- The model should not have too many parameters. 

 
- The model should be known to be applicable to the study area. This should be 

evidenced by previous application of the model to parts of the study area. 

 
Based on the above criteria, the HBV model (Bergström, 1995), which is a semi-distributed 

conceptual model, was chosen. The model was originally developed at the Swedish 

Meteorological and Hydrological Institute (SMHI) and was first applied in the early 1970s 

(Bergström and Forsman, 1973). Some modifications were later applied to the structure of the 

model to improve its potential for making use of spatially distributed data and improve the 

model performance (Lindström et al., 1997). 

 
The model was implemented in the study of the impact of climate change on a river basin 

hydrology on the upper Neckar catchment, which is part of the current study area, and was 

tested to perform very well (CCHYDRO, 1999). 

 
As one of the objectives of the study was to be able to model the impact of land use changes, 

some more modifications were applied to some of the model components in such a way that 
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the model can properly represent land use effects. A FORTRAN code for this modified 

version of the model was written and it is referred to as HBV-IWS1 model. 

 

3.3 Structure of the HBV-IWS model 
 
The model uses subcatchments as primary hydrological units. Further zoning of the 

subcatchments into elevation zones and other homogeneous units based on land use, soil type, 

etc. is also possible. The model consists of three main components: 

 
- snow accumulation and melt routine 

- soil moisture accounting routine 

- runoff response routine 

 
The model components are classified into two major categories based on the spatial scale on 
which they work. The first category comprises of components for distributed runoff 
generation processes at the scale of a homogeneous zone within a subcatchment, while the 
second one consists of components for a lumped runoff response process at the subcatchment 
level.  

 

3.3.1 Distributed runoff generation Processes 
 
Snow accumulation and melt 
 
Snow accumulation and melt is modelled by a degree-day method, in which the daily rate of 

snowmelt in water equivalent is proportional to the increase in daily temperature above a 

threshold value TT: 

 
),0max( TTTCCSmelt −=         3-1 

 
where 
 
 Smelt melt rate as water equivalent [mm day-1] 

 CC degree-day factor [mm °C-1 day-1] 

 T mean daily air temperature [°C] 

 TT threshold temperature for snow melt initiation [°C] 

 

                                                 
1 IWS: Institut für Wasserbau der Universität Stuttgart. 
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If the mean air temperature is less than the threshold temperature, precipitation is assumed to 

be in snow form. In the original version of the HBV model, the degree-day factor CC was set 

a constant. However, it is known that whenever there is a rainfall, the energy available in the 

rainwater with positive temperature also forces more snow to melt. In order to include this 

effect in the rate of snowmelt, the degree-day factor was modified as a linear function of the 

daily depth of precipitation: 

 

 
⎪⎩

⎪
⎨
⎧ −

≤+
=

else             

C
P   if     

max
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0

C
k
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kPCC

CC       3-2 

 
where 
  

CC0 degree-day factor when there is no rainfall [mm °C-1 day-1] 

 P daily depth of precipitation [mm] 

 Cmax a limiting value to the degree day factor [mm °C-1 day-1] 

 k a positive constant 

 
The limiting value of the degree-day factor Cmax is introduced in order to avoid unrealistically 

high snowmelt during very intense rainfall. 

 
Interception 
 
For forest cover, interception storage (Imax) was defined. The storage may vary depending on 

the season. Rainfall is first intercepted until the interception storage is filled. The remaining 

rainfall reaches the soil surface as through fall and stem flow.  

 
Soil moisture accounting 
 
The soil moisture accounting routine computes the proportion of snowmelt or rainfall that 

reaches the soil surface, which is ultimately converted to runoff. This proportion is related to 

the soil moisture deficit and is calculated using the relation: 

 

 
β

⎟
⎠
⎞

⎜
⎝
⎛=

FC
SM

P
R           3-3 

 
where 
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R contribution of the zone to runoff [mm] 

 P rainfall or snowmelt [mm] 

 SM actual soil moisture [mm] 

 FC maximum storage capacity of the soil [mm] 

 β a model parameter 

 
The remaining part of the rainfall or snowmelt is added to the soil moisture until the storage 

capacity of the soil FC is reached. 

 

Evapotranspiration 
 
The long term mean monthly potential evapotranspiration is used to compute 

evapotranspiration in each month. Daily values of potential evapotranspiration are adjusted 

based on the daily mean air temperature according to the relation: 

 
 ( )( ) MMETA PETTCPE −+= 1        3-4 
 
where 
 
 PEA adjusted potential evapotranspiration [mm/day] 

 PEM long term mean evapotranspiration for a given month [mm/day] 

 TM long term mean monthly air temperature [°C] 

 T mean daily air temperature [°C] 

 CET model parameter [°C-1] 

 

The adjusted daily potential evapotranspiration, PEA, cannot have a negative value and is not 

allowed to exceed twice the monthly average. 

  

If separate interception storage is defined and the amount of water in the interception storage 

is greater than the potential evapotranspiration, the evapotranspiration demand is first met by 

the water in the interception storage. If it is less than the potential evapotranspiration, all the 

intercepted water evaporates and the remaining evapotranspiration takes place from the soil 

moisture. The actual evapotranspiration that takes place from the soil zone depends on the soil 

moisture. Evapotranspiration equal to the potential value takes place if the soil moisture is 

greater than a soil parameter LP. If the actual soil moisture is less than this value the actual 

evapotranspiration is reduced linearly to zero at a completely dry soil. 
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 ( )Aact PEIE ,minint =          3-5 
 
where 
 
 Eint evaporation from the interception storage [mm/day] 

 Iact amount of water in the interception storage [mm] 

 PEA potential evapotranspiration [mm/day] 

  
The potential value of the evapotranspiration that would take place from the soil zone is then: 
 
 int

' EPEPE AA −=           3-6 
 
The actual evapotranspiration that takes place from the soil zone is given by: 
 

 
( )

⎪
⎩

⎪
⎨

⎧

⎟
⎠
⎞

⎜
⎝
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>
=

else        ,min

SM   if                 ,min

'
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A
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SMSM

LPPESM
ET      3-7 

 
where 
 
 ET actual evapotranspiration from the soil zone [mm] 

 SM actual soil moisture [mm] 

LP limiting soil moisture above which evapotranspiration reaches its potential 

value [mm] 

  

3.3.2 Lumped runoff response process 
 
The runoff computed in the soil moisture accounting routine is transformed to discharge at the 

outlet of the subcatchment using the runoff response function. This function controls the time 

distribution of the generated runoff. The runoff response routine consists of two conceptual 

reservoirs arranged one over another. The upper reservoir is a non-linear reservoir whose 

outflow simulates the direct runoff component from the upper soil zone, while the lower one 

is a linear reservoir whose outflow simulates the base flow component of the runoff. 

 

The upper reservoir is fed by the excess water from the soil moisture accounting routine and 

its outflow at time step ti is given by: 
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( ) ( ) α+= 1
111 ii thktQ          3-8 

 
where 
 
 ( )itQ1  outflow from the upper reservoir at time step ti [mm/day] 

 ( )ith1  depth of water in the upper reservoir at time step ti [mm] 

 1k  recession coefficient of the upper reservoir [day-1] 

 α model parameter 

 
The lower reservoir is fed by a percolation rate controlled by a parameter perc from the upper 

reservoir. The outflow at time step ti is computed as: 

 
( ) ( )ii thktQ 222 =          3-9 

 
where 
 
 ( )itQ2  outflow from the lower reservoir at time step ti [mm/day] 

 ( )ith2  depth of water in the lower reservoir at time step ti [mm] 

 2k  recession coefficient of the lower reservoir [day-1] 

 
The total runoff Qg is computed as the sum of the outflows from the upper and the lower 

reservoirs and any other component of the runoff that doesn’t enter the reservoirs (see section 

3.3.3). 

 
( ) ( ) ( ) ( )isiiig tqtQtQtQ ++= 21        3-10 

 
where 
 
 Qg(ti) total generated runoff at the outlet of a catchment at time step ti [mm/day] 

qs(ti) component of the catchment runoff that doesn’t enter the reservoirs generated 

at time step ti [mm/day] 

 
The total runoff is then smoothed using a triangular transformation function whose base is 

defined by a parameter MAXBAS [days] as shown in figure 3.1. 

 

 ( ) ( ) ( )∑
=

−=
T

j
jigi tQjtQ

0
τ         3-11 
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where 

 

Q(ti) final transformed total runoff at the outlet of the catchment at time step ti 

[mm/day] 

 τ(j) the weighting function at  jth time step 

T MAXBAS expressed as an integer multiple of the time-step used for runoff 

computation. 

 

 

 

 

 

 

 

  

 

Figure 3.1 Smoothing of the generated runoff Qg to obtain Q 

 
 

3.3.3 Additional components 
 
Flows generated from the subcatchments can be routed between subcatchments using the 

Muskingum hydrological flood routing procedure (Shaw, 1988). 

 
If the model is to be used for prediction of the effect of changes in the land cover 

characteristics, especially the effect of urbanization, the runoff generated on impervious areas 

should be handled properly. In the original version of the HBV model this was not accounted 

for. A component for sealed areas was added in the model structure in this work. The 

percentage of sealed areas in different zones is given as an input to the model. All the rainfall 

or snowmelt on sealed areas produces surface runoff and is routed to the outlet of the 

catchment without entering the reservoirs defined in the runoff response routine. 

 
 

 

Time Time Time

QQg τ 

MAXBAS
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 Figure 3.2 Schematic representation of the HBV-IWS model 

 
 

When the intensity of precipitation is high, infiltration into the soil zone may be limited by the 

infiltration capacity of the soil and the possible siltation of the soil surface, even if the soil 

was not saturated. Due to the heterogeneity of the infiltration capacity within a given zone, 

the entire zone may not produce this infiltration excess overland runoff for a given rainfall 

intensity. To model this phenomenon, a threshold precipitation intensity (Pthr) was defined. 

When the rainfall intensity exceeds this value, portion of the rainfall in excess of this 
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threshold value produces direct overland flow that is directly routed to the outlet without 

entering the reservoirs of the runoff response routine. The ratio between this direct overland 

flow and the rainfall in excess of Pthr is defined as percentage of sealing during heavy rainfall 

(Ψseal). Both parameters have to be established through model calibration.  

 

( )thrseal PPq −=ψ'           3-12 

where 

 q’ is the infiltration excess direct overland flow [mm/day]  

 P is precipitation [mm/day] 

 

Schematic representation of the structure of the HBV-IWS model is shown in Figure 3.2. 

 

3.4 Classification of the subcatchment into homogeneous units for distributed 
modelling of the runoff generation processes 

 
Since the different runoff generation processes described in the model structure have variable 

outputs for different catchment characteristics, it is worthwhile to subdivide the 

subcatchments into different homogenous zones based on the important catchment 

characteristics that have influence on the runoff generation processes. Topographic elevation, 

soil type, and land use were used in defining zones in this study. As elevation affects the 

distribution of the basic meteorological variables such as precipitation and temperature as 

well as the rate of evapotranspiration, it is an important catchment characteristic that should 

be considered in defining zones. Elevation zones were defined using a contour interval of 

100m. Areas between successive contour intervals were considered homogenous with respect 

to elevation. The elevation in the study area varies from about 10m to around 1000 and 

therefore, a maximum of 10 elevation zones were defined in each subcatchment. The water 

holding capacity of the soil zone, the infiltration capacity and the actual evapotranspiration 

depend on the soil type and, therefore, soil type should also be used as another basis for 

zoning the subcatchments. Based on the soil map of the study area, 13 different soil types 

were identified. Among them, only six types make up the major portion of the study area. 

Each of the remaining types accounts for less than 1% of the area and were included in the 

neighbouring dominant soil type. Another catchment characteristic that has an important 

influence on many of the catchment processes is the land use class. The rate of 
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evapotranspiration, the infiltration rate, and the rate of snowmelt all depend on the land use 

type. Four land use classes were defined: urban, agricultural, forest, and water body. 

 
For each subcatchment, homogenous zones were formed by intersecting the elevation classes 

and the soil types. A maximum of 60 homogenous zones were formed in each subcatchment 

depending on the range of the elevation and the number of soil types in the subcatchment. In 

each of the zones formed in this way, the percentage of each of the four land use classes was 

calculated from the intersection of the three maps.  

 
For the modelling of the processes in each zone, the daily precipitation amount and mean 

temperature were interpolated on a regular grid of 5km × 5km and the values in each zone 

were estimated as the mean of the values on the grids located within a given zone. The runoff 

was computed for each land use class within the zone defined by the intersection of the 

elevation and soil class using the routines discussed in section 3.3.1. The runoff from the zone 

was then calculated as the weighted mean runoff from each land use class, the weights being 

the proportions of the different land use classes. Finally, the subcatchment runoff was 

computed as the sum of the runoff from each zone weighted by the relative area of each zone 

before being routed by the reservoirs of the runoff response module to the outlet of the 

subcatchment. 
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4 Regionalization of model parameters 

4.1 Introduction 

 
In spite of their attractiveness due to their few number of parameters compared to distributed 

physically based models, the major shortcoming of the parsimonious conceptual models is 

that their parameters are not physically measurable. Therefore, there is a need to establish the 

parameters through model calibration against observed catchment responses. Traditional 

model calibration approaches try to establish a set of model parameters that lead to maximum 

matching between the model output and the observed response without any reference to the 

physical catchment descriptors. A model calibrated in this way can only be used to simulate 

the runoff in the catchment it is calibrated for and its application to other catchments is not 

possible, as the parameters are not related to catchment properties. Application of such a 

modelling approach is therefore limited to catchments for which there are observed responses 

that are needed for model calibration. 

 
In practice, however, there is a need to model runoff in catchments that are not gauged as 

well. Application of a physically based model may seem to be the best choice in such a case. 

Although the parameters of a physically based model have physical meanings and can be 

related to the physical catchment properties, their measurement is usually limited to small 

scales and estimation of their values at a scale relevant to the model used to predict the 

catchment response is not practically feasible. Therefore, calibration of the model against 

observed catchment response is necessary to estimate at least some of the parameters of a 

physically based model too. Due to the reason discussed in chapter 3, however, there is no 

gain in implementing the data intensive physically based models to estimate the catchment 

response in ungauged catchments of larger size in which availability of data is a limiting 

factor for the proper identification of the model parameters.  

 
Estimating the impact of changes within a catchment, such as changes in land use or land 

cover are also important considerations that need to be addressed by an operational model. 

Unless the parameters of the model are related to the catchment attributes that are prone to 

change, prediction of the effect of these changes is not possible. Relating parameters of a 

conceptual rainfall-runoff model with the relevant catchment attributes is not, however, a 

trivial task. 
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The classical approach to relate the parameters of a conceptual rainfall-runoff model with the 

physical catchment descriptors follows a two-step procedure. The model is calibrated for a 

number of subcatchments within the area of interest independently and a set of optimum 

parameters is estimated for each subcatchment. The relationship between each of the model 

parameters and the physical catchment attributes is then estimated using a regression 

approach. This approach has been implemented for different conceptual rainfall-runoff 

models (Waylen and Woo, 1984; Weeks and Ashkanasy, 1985; Abdulla and Lettenmaier, 

1997; Sefton and Howarth,1998; Post and Jakeman, 1999).  

 

4.2 A transfer function approach for parameter regionalization 

 
The classical approach of regionalization of the parameters of a rainfall-runoff model doesn’t 

generally lead to a strong relationship between the model parameters and the catchment 

descriptors. Calibration of the model against observed discharge doesn’t lead to a unique set 

of parameters. There could be a high degree of parameter interaction and as a consequence, 

many different sets of parameters may lead to similar model performance. The parameter set 

obtained through calibration is therefore a single realization among a large number of equally 

competing parameter sets in terms of their performance. The parameters estimated in this way 

may not properly reflect the dependency they have with the catchment descriptors. Therefore, 

the relationship established is likely to be weak. In addition, catchment descriptors that may 

not have any influence on a given parameter may be included in deriving the regional 

relationships, as there is no indication from the ‘optimum’ parameter which descriptors are 

important in describing it. 

 

Recently, a modelling paradigm that rejects the idea of an ‘optimum’ parameter set has been 

in use. Instead of trying to get a single set of parameters through model calibration, many sets 

of parameters that lead to acceptable model performance are used with their corresponding 

likelihood weights determined based on pre-specified likelihood functions to make prediction 

by the model. Such a methodology, referred to as a Generalized Likelihood Uncertainty 

Estimation (GLUE), is outlined by Beven and Binley (1992) and takes implicitly into account 

all the uncertainties resulting from the model structure and the data used for model calibration 

and enables quantification of the total uncertainty in the model prediction.  It is based on 

randomly sampling a parameter set from the feasible parameter space and making a model run 

using the parameter set thus sampled. Whether to accept or reject the parameter set is decided 
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based on a pre-defined threshold value of a model performance measure and if it is accepted a 

likelihood weight is assigned to it based on the defined likelihood function. The procedure is 

repeated many times so that the entire parameter space is well sampled. The required number 

of samples increases with the number of model parameters and the associated requirement of 

computing resources usually limits the applicability of the methodology for models with 

many parameters.  

 

The intention in this work is to solve the problem of identifying a unique optimum set of 

parameters and fitting the relationship between the parameters and the catchment descriptors 

that is inherent in the classical method of parameter regionalization by implementing a 

different approach. Instead of calibrating the model for the individual subcatchments 

separately and then trying to fit a relationship between the parameters and the catchment 

descriptors, the calibration process is begun by first expressing the model parameters as 

functions of the catchment descriptors using functions whose form is assumed a priori. The 

model is then calibrated for many subcatchments simultaneously. The model calibration is 

performed without making any direct reference to the model parameters. Instead, the 

calibration yields other set of parameters that are used to relate the model parameters with the 

catchment descriptors in the initially assumed function. 

 

4.2.1 Defining the transfer function 

 
The model parameters are categorized in to two groups. The first group of parameters are 

related to the runoff generation processes in different zones within the subcatchments. These 

parameters are estimated based on the soil type or the land use class of the zones or both, 

depending on which of these catchment attributes influence the parameter values. For the 

runoff generation processes, the attributes that have a major influence are usually known from 

physically based models developed to model different components of a catchment process 

separately. Table 4.1 shows the most important catchment attributes that influence the 

parameters of the runoff generation processes of the HBV-IWS model. These attributes are 

used as the bases of regionalization of the parameters. 
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Table 4.1 Basis of regionalization of parameters of the runoff generation 
processes 

  

     Parameter      basis of regionalization 

   Snowmelt: 

    CC        land use 

    TT        land use 

   Soil water and evapotranspiration 

    FC        soil type, landuse 

    LP        soil type 

    β        soil type,landuse 

 

 

The second group of parameters are related to the runoff response process at the subcatchment 

level. Since the runoff response module consists of a series of fictitious reservoirs, its 

parameters are not physically measurable. Therefore, it is hardly possible to tell which 

catchment descriptors have an influence on the parameters. Each of the model parameters of 

this module, kp , are initially associated with all the catchment descriptors using a transfer 

function G as: 

  
 ),...1,,...,1;,ˆ,,,( JjIiSFSAslGp jipkk ===       4-1 

 
where  

l and s relative areas corresponding to different land use and soil type classes 
respectively. 

 
 I and J  the number of land use classes and sol types respectively 
 

k an index for the parameter ( k = 1,…,N, where N is the number of 
parameters) 

  
A  area of the subcatchment  

  
Ŝ    average slope of the subcatchment 
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SF an index defined as the ratio between area of the catchment and the 
square of the distance from the outlet of the catchment to the farthest 
point in the catchment. 

 

 

The transfer function G may take different forms. The most common form of the transfer 

function used for regional parameter estimation in hydrological applications is a multivariate 

linear function, which was used in this work. Accordingly, the transfer function has the form: 
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where  

kiλ  parameter of the transfer function relating land use class i with the kth model   

parameter 
 

kjγ   parameter of the transfer function relating soil class j with the kth model 

parameter 
 

kψ   parameter of the transfer function relating the size of the subcatchment with 

the kth model parameter. 
 

kξ  parameter of the transfer function relating the average slope of the 

subcatchment with the kth model parameter. 
 

kµ   parameter of the transfer function relating the shape of the subcatchment with 

the kth model parameter.  
 

  

4.2.2 Estimation of the parameters of the transfer function 

 
The parameters of the transfer function in equation 4-2 are the characteristic values that relate 

the different catchment attributes with the model parameters and each of them has a constant 

value throughout the study area. The actual value of each of the model parameters 

corresponding to a given subcatchment depends solely on the catchment attributes, which are 

usually available in digital form. The objective of model calibration is therefore to estimate 
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the parameters of the transfer function that lead to optimum performance of the model in all 

subcatchments within the study area.  

 

Table 4.2 Ranges of catchment attributes used for parameter regionalization in the 
calibration and validation set of subcatchments 

 
Catchment         Calibration set         Validation set 
attribute    

Max.(%) Min. (%)  Max. (%) Min. (%) 
 
Land use class (%) 
 
Forest   69.2  14.6   76.6  10.1 
Urban   34.0  8.0   49.5   8.3 
Agricultural  69.7  14.3   73.2   5.6 
Water bodies   1.1   0.0     1.2   0.0  
 

Soil type (%) 

Lithosol  18.7  0.0   16.3  0.0 
Ranker   18.0  0.0   13.1  0.0 
Gleysol + Rendzina 50.3  0.0   22.7  0.0 
Cambisol  87.9  8.6   100.0  0.0 
Luvisol  67.4  1.8   87.8  0.0 
Podzol   31.7  0.0   15.0  0.0 
 
Mean slope (%) 3.75  0.6   3.51   0.44 
 
Shape factor (-) 1.35  0.13   1.33  0.18 
 
Area (km2)  2879.0  507.0   2009.0  107.0 
 
 

In order to estimate the parameters of the transfer function that can be applied to the entire 

study area, the model should be calibrated simultaneously for many subcatchments within the 

study area with contrasting catchment attributes so that all possible ranges of the different 

catchment attributes are considered. Thirty subcatchments from different parts of the study 

area were selected in this study as a set of calibration subcatchments to estimate the 

parameters. The parameters estimated by calibrating the model for this set of subcatchments 
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were subsequently validated by applying them in the remaining subcatchments, which 

constitute a validation set of subcatchments. Table 4.2 shows the ranges of the different 

catchment attributes that are used for regionalization of the model parameters in the 

calibration and validation sets of subcatchments. 

 

As calibration of rainfall-runoff models is a process to seek a set of model parameters that 

leads to the best matching between the model simulated and the observed catchment 

responses, the objective of the model calibration was to minimise the sum of the square of the 

differences between the model simulated and the observed discharges from each of the 

subcatchments that constitute the calibration set. Therefore, an objective function Om was 

defined, which needs to be minimised: 

 

( ) ( ) ( )( )2
0

1

1
iic

N

i
im tQtQtw

N
O −= ∑

=

                  4-3 

where   
 Om objective function for subcatchment m 

Qc(ti) model simulated discharge at time step i 

 Qo(ti) observed discharge at time step i 

w(ti) a weight that gives emphasis to certain attributes of the discharge hydrograph 

at time step i 

 N number of time steps in the calibration period 

   
The weight w(ti) used in this work is the observed discharge at time step ti to give more 

weight to estimation of the higher flows, as it is more important to capture them.  

 
The model is calibrated for all subcatchments in the calibration set simultaneously and 

therefore, there are as many objective functions as the number of subcatchments. These 

objective functions need to be aggregated into a single objective function to simplify handling 

of the optimisation problem. 

 
The subcatchments that constitute the calibration set may have different sizes or the effective 

rainfall that produces runoff within different subcatchments may be different due to the 

spatial non-uniformity of rainfall and therefore the scale of the discharges coming from them 

may be different. Therefore it would be difficult to use the objective function given in 
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equation 4-3 to inter-compare the model performances in different subcatchments. In order to 

avoid this scale inconsistency, equation 4-3 was normalized by the weighted variance of the 

observed discharge from each subcatchment and a weighted form of the commonly used 

model efficiency measure, the Nash-Sutcliffe coefficient (Nash and Sutcliffe, 1970), was 

introduced: 
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where 
  
 2

mR   the weighted Nash-Sutcliffe coefficient for subcatchment m 

 oQ   the mean observed discharge over ti, i=1,…,N 

 
2
mR  can have a maximum value of 1.0 for a perfect match between the model simulated and 

the observed discharge hydrographs and it can have a negative value for poorly simulated 

discharge. The model calibration should therefore be performed to maximise 2
mR . 

 
There are as many objective functions as the number of subcatchments to be calibrated 

simultaneously and there is a need to aggregate them into one objective function to simplify 

the optimisation process. A possible aggregation technique is to sum up the Nash-Sutcliffe 

coefficients in the subcatchments making up the calibration set and maximise the resulting 

sum: 

 

max
1

2 →=∑
=

M

m
mRO           4-5 

 
However, this aggregated objective function only measures the average performance of the 

model over all the subcatchments. A poor performance of the model in some subcatchments 

might be offset by a good performance in other subcatchments. Therefore, the aggregated 

objective function was modified in such a way that much emphasis is given to the 2
mR  value 

of the subcatchment in which the model performance is the worst: 
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m
m RMRO         4-6 

  
where M is the number of subcatchments used for simultaneous calibration. 
 

The model calibration procedure adapted in this work followed the automatic parameter 

estimation technique. Numerical optimization was implemented to estimate optimum values 

of the parameters of the transfer function by maximizing the objective function given in 

equation 4-6. Due to its robustness and reliability in handling difficult non-linear optimization 

problems, the Generalized Reduced Gradient algorithm (Lasdon, et.al., 1978; Lasdon and 

Waren, 1979) was used. Like any other non-linear optimisation algorithm, however, this 

method doesn’t guarantee finding a global optimum solution in case where there are distinct 

local optima, which is the case in rainfall-runoff models attributed to their highly non-linear 

behaviour. One way to check if the global optimum has been achieved is to vary some of the 

parameters at the estimated optimum set and see if a new optimum set would be obtained by 

further continuing the optimisation process. 

 

Table 4.3 Constraints imposed on the parameters of the runoff generation routines 

 

Model parameter Range Other constraints 

Snow accumulation and melt:     
CC0  (mm/°C/day) 0.5 – 5 ( ) ( ) ( )urbanCCalagriculturCCforestCC 000 ≤≤

Cmax (mm/°C/day) 10    
k (-) 0 – 0.5    
TT (°C) -2 – 1    
             
Evapotranspiration:          

CET(°C-1) 0 – 0.5    
             
Soil parameters:          
β (-) 1.0 – 5.0    
Pthr(mm/day) 10.0 – 50.0    
Ψseal(-) 0.0 – 1.0    
Landuse multiplier for β 0.5 – 1.5 ( ) ( ) ( )forestalagricultururban βββ ≤≤  
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Appropriate constraints were put on the ranges of the parameters of the transfer function 

based on previous modeling experience on the ranges of the actual model parameters. 

Besides, other physically meaningful constraints were put on some of the parameters. For 

example, the degree-day factor in forest should be less than in urban areas and the soil 

parameter β, which controls the runoff coefficient, should be larger in forest areas than 

agricultural areas. Table 4.3 shows the constraints imposed on the parameters of the runoff 

generation routines and table 4.4 shows the constraints applied to the parameters of the 

transfer functions corresponding to the runoff response routines.  

 

Table 4.4 Constraints applied to the parameters of the transfer function corresponding to 
the runoff response routine 

 

Model parameter   Range of parameters of the transfer function 

α [-]   0.0 – 1.0 
k1 [1/day]  0.01 – 0.1 
k2 [1/day]  5 ×10-5 – 0.1 
perc [1/day]  10-6 – 10-3 
MAXBAS [hours]  2 – 48 
              
 

 

4.2.3 Application of the calibration procedure 

 
The standard split sampling model calibration procedure was followed and the model 

calibration period runs from 1980 to 1988. The subsequent period until 1995 was used to 

validate the calibrated model. In order to minimize the effect of the initial states of the 

subcatchments on the model performance, the first six months were used as a warm up period 

and the model simulation results during this period were not used to judge the model 

performance. 

 

The meteorological conditions in different parts of the study area for the calibration and 

validation periods are summarized in table 4.5. As can be seen in the table, the mean daily 

temperature in the validation period is slightly higher than that of the calibration period in all 

parts of the study area. The difference in the mean daily temperature between the validation 
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and calibration periods ranges between 0.83 °C in the Neckar basin and 1°C in the Nahe 

catchment. The stronger increase is on the minimum mean daily temperature than the 

maximum mean daily temperature. On the other hand, the mean daily precipitation over the 

validation period in different parts of the study area is between 3.5% and 10% less than the 

corresponding value in the calibration period. The highest difference is in the Neckar 

catchment while the lowest is in the Lippe catchment. Similarly, the mean annual number of 

dry days (here defined as days with precipitation less than 1.0 mm) is larger in the validation 

period than in the calibration period. The variability of both the daily mean temperature and 

the daily amount of precipitation are more or less similar in the calibration and validation 

periods, with both variables showing only slightly more variability in the calibration period. 

In general, the validation period is a bit warmer and drier than the calibration period. 

 

In order to properly model the magnitude and the time distribution of flood flows from a 

catchment, rainfall series of higher time resolution is required, since high rainfall intensities 

over shorter periods have a significant effect on the peak of a flood. However, only daily 

records of meteorological data are available from observation stations for this study.  

Different methods of disaggregating the daily amount of rainfall into finer time resolution, 

such as hourly series, are widely used. The simplest method, which doesn’t require any 

additional information, is to evenly distribute the daily amount throughout the day.  However, 

storm events that cause flood may have only a limited duration within the day with higher 

intensity, which has a very important implication on the magnitude of the peak of the flood. 

Other methods that take into account the variability of precipitation at finer time scales are 

also available. Most of these methods are stochastic in their nature. They include methods that 

are based on fitting theoretical probability distribution functions to attributes of the 

precipitation such as the number of events per day, starting time of an event within a day, 

event duration and event volume (Econopouly, et al., 1990; Connolly et al., 1998). But these 

approaches need additional information from observations made at the required time 

resolution at one or more observation stations. Since this information was not available for 

this study, the first approach, i.e., disaggregation of the daily amount by uniformly 

distributing it throughout the day, was implemented and the model was run at a time step of 1 

hour. 
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Table 4.5 Summary of the meteorological variables in the calibration and validation periods in the study area 

 
 

 

 

 

 

 

Calibration period Validation period 
Mean daily temperature Daily amount of precipitation Mean daily temperature Daily amount of precipitationRiver 

basin 
min. mean max. St. Dev. mean max. St. Dev. 

Mean 
ann.no. 

 of dry days min. mean max. St. Dev. mean max St. Dev. 

Mean 
ann.no. 
 of dry 
days 

Neckar -18.46 8.50 27.09 7.59 2.67 46.84 4.50 204 -11.20 9.33 26.36 7.06 2.39 45.63 4.24 213 
Main -16.07 8.28 26.76 7.74 2.29 31.14 3.80 206 -11.66 9.23 26.77 7.29 2.10 49.59 3.74 219 
Ruhr -15.07 8.17 24.62 7.03 3.25 51.33 5.26 189 -10.62 9.08 26.73 6.65 3.03 46.66 5.25 204 
Lahn -14.36 8.23 24.58 7.36 2.47 50.12 4.30 205 -10.32 9.16 27.03 7.03 2.24 36.39 4.13 225 
Mosel -14.46 8.67 25.46 7.15 2.67 33.62 4.35 199 -11.12 9.62 26.48 6.87 2.41 43.46 4.23 215 
Lippe -15.07 9.21 25.67 7.01 2.33 59.35 4.00 205 -9.36 10.06 27.63 6.57 2.25 30.44 3.96 218 
nahe -14.93 8.51 25.24 7.32 2.26 32.51 4.00 217 -11.17 9.51 26.52 7.02 2.05 41.80 3.80 227 
Sieg -14.24 8.47 24.67 7.11 3.35 62.04 5.55 192 -10.45 9.41 26.80 6.81 3.03 56.81 5.50 210 
Erft -12.41 9.61 25.49 6.94 2.24 36.98 3.72 202 -10.29 10.56 27.26 6.59 2.02 33.60 3.58 222 
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The model was calibrated with the dual objective of simulating the observed daily discharge 

and preserving the mean runoff over longer periods. This was achieved by a simultaneous 

calibration of the model for the daily, 2 days total, 4 days total, 7 days total, and 15 days total 

discharges. This means, multiple objectives were considered to calibrate the model. For each 

subcatchment, the objective function to be optimized is then the arithmetic sum of the Nash-

Sutcliffe coefficients corresponding to the discharges at the different time scales. The 

aggregated objective function used to calibrate the entire calibration set of subcatchments is 

related to the objective function of each of the subcatchments using equation 4-6.  

 
For time scales greater than 1 day, the comparison of the observed and the model simulated 

discharges was done on the basis of a moving time window. That is, for a given time scale, 

the total discharges for consecutive time steps are calculated over the same number of days 

but each of them shifted by only one day. This can be mathematically expressed as: 

 

( ) ( ) NitQtQT
N

j
jiiN ≥= ∑

=
+− for         

1
1             4-7 

 
where 
 ( )iN tQT  the N day total discharge at time step ti 

 ( )itQ   the daily discharge at time step ti 

 
Tables 4.6 - 4.8 show the optimum model parameters for the distributed runoff generation 

processes corresponding to the catchment descriptors they are regionalized on. The 

parameters shown in table 4.6 are for those runoff generation processes related to land use. 

 

As the rate of snowmelt tends to be faster in urban areas and slower in forests, the parameters 

of the snow accumulation and melt process were regionalized based on land use. However, 

regionalizing all the parameters of the routine to the different land use classes would lead to 

over parameterisation of the model and therefore the limiting value of the degree-day factor 

(Cmax), the rate of increase of the degree-day factor with precipitation amount (k), and the 

threshold temperature (TT) were left to be constant for all land use classes. Similarly, the 

adjustment parameter of the evapotranspiration for temperature anomalies (CET) was also set a 

constant for all land use classes. 
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Table 4.6 Calibrated regional values of the parameters of the runoff generation processes 
that are mainly related to land use. 

 
Land use 

Model parameter 
Forest Urban Agricultural 

Snow accumulation and melt:       

CC0  (mm/°C/day) 2.2 2.95 2.2 

Cmax (mm/°C/day) 7.5 7.5 7.5 

k (-) 0.15 0.15 0.15 

TT (°C) 0 0 0 

Evapotranspiration:       

CET(°C-1) 0.15 0.15 0.15 

 
 
The parameters shown in table 4.7 pertain to the runoff generation processes that are mainly 

dependent on the soil type. As land use, in addition to the soil type, influences the runoff 

coefficient, the soil parameter β, which relates the amount of precipitation or snowmelt with 

the portion that is converted to runoff was regionalized based on both soil type and land use. 

In order to reduce the number of parameters, a multiplier of the values of the parameter 

corresponding to the different soil types (table 4.7), was introduced whose value is dependent 

on the land use class. Infiltration tends to be higher in forest-covered soil due to the 

development of root channels within the soil and earthworm activities. On the other hand, due 

to the presence of sealed areas, infiltration in urban areas is lower. Therefore the multiplier is 

constrained in such a way that this effect is taken account of. From equation 3-3 it can be seen 

that a higher value of β is associated with higher infiltration and therefore the land use 

multiplier for this parameter should be higher for forest and lower for urban areas.  Table 4.8 

shows the calibrated values of the multiplier for the different land use classes under this 

constraint. The parameters introduced in the modification of the infiltration process for higher 

precipitation intensity, Pthr and Ψseal were left to have the same value each for all soil types in 

order to avoid over parameterisation of the model. 

 
The parameters discussed so far are related to the distributed runoff generation processes, 

which were obtained after a simultaneous calibration of the model for the calibration set of 

subcatchments. The remaining model parameters pertain to the lumped runoff response 
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process and they are related to the different catchment descriptors through the parameters of 

the transfer function using equation 4-2.  

 

Table 4.7 Calibrated regional values of the parameters of the runoff generation processes 
that are mainly related to soil type. 

 
Soil type 

Model parameter 
Lithosol Ranker Gleysol Cambisol Luvisol Podzol 

β (-) 1.45 2 2.06 1.7 1.85 2 

Pthr(mm/day) 40 40 40 40 40 40 

Ψseal(-) 0.3 0.3 0.3 0.3 0.3 0.3 

 
 

Table 4.8 Calibrated land use adjustment factors for soil parameter β  

 

Land use 
Parameter 

Forest Urban Agricultural 

Land use multiplier for β 1.17 0.825 1 

 
 
The three parameters of the runoff concentration process pertaining to outflows from the 

upper and lower reservoirs; α, k1, and k2 were all initially regionalized based on all the 

catchment descriptors. A sensitivity study of the parameters with respect to the different 

catchment descriptors, however, showed that the parameter α is less sensitive to the size, 

slope, and shape factor of the subcatchments than the land use and soil types. Therefore, in 

order to reduce the number of parameters, this parameter was regionalized based only on soil 

type and land use. The percolation parameter, perc, was regionalized based on soil type, as 

the process takes place in the lower soil zone and is more dependent on the soil type or the 

geology, even though the model considers this differently. The smoothing function of the 

generated runoff, MAXBAS, was set as a function of the size, shape, and mean slope of the 

catchment to keep the number of parameters a minimum. The optimum values of the 

parameters of the transfer functions for all the parameters of the runoff response process 

corresponding to the different catchment descriptors are shown in table 4.9. 
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Summary of the performance of the regionalized model in the calibration set of 

subcatchments during the calibration period (1980 – 1988) after the model was calibrated 

simultaneously for them is shown in table 4.10. The table shows the discharge weighted 

Nash-Sutcliffe coefficient, which is used as the objective function to calibrate the model; the 

relative accumulated difference between the model simulated and the observed discharges; 

and the peak error, which is an index used to judge whether the high flows are estimated well 

or not. 

 

The relative accumulated difference is defined as: 
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where: 
 ( )ic tQ   model simulated discharge at time step i 
 ( )io tQ   observed discharge at time step i 

 N  the number of time steps 
 
Similarly, the peak error is defined based on the relative difference of the mean annual 
simulated and observed peak discharges: 
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where: 
 ( )maxcQ   mean annual simulated peak discharge 

 ( )maxoQ   mean annual observed peak discharge 
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Table 4.9 Calibrated parameters of the transfer function relating the parameters of the lumped runoff response process with catchment 
descriptors 

 

Catchment descriptor 

Soil type [%] Land use [%] Model parameter 

Lithosol Ranker Gleysol Cambisol Luvisol Podzol Forest Urban Agricultural
Area[km2×103] Slope 

[%] 
Shape 

[-] 

α [-] 0.0415 0.047 0 0.214 0 0.023 0.027 0.107 0.062 - - - 

k1 [1/day] 0.013 0.033 0.017 0.094 0.013 0.093 0.0186 0.0282 0.027 0.0064* 0.0171 0.0142 

k2 [1/day] 4.4×10-4 2×10-3 10-3 2×10-3 2.7×10-3 1.3×10-3 1.3×10-3 3×10-3 2×10-3 6.6×10-4 2.7×10-3 2×10-3 

perc [1/day] 2×10-5 2.81×10-4 1.67×10-4 2.81×10-4 2.08×10-4 2.08×10-5 - - - - - - 

MAXBAS [hours] - - - - - - - - - 10 6.42 13.5 

* The transfer function value is related to the inverse of the area 
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As can be seen in table 4.10, the weighted Nash-Sutcliffe coefficient for the simulation of the 

daily discharge in the calibration set of subcatchments during the calibration period has values 

ranging between 0.802 and 0.942, with a mean value of 0.874. This indicates a reasonably 

good performance of the model in all the calibration subcatchments. The highest value was 

obtained in the lower part of the Lippe catchment, while the lowest was in the Sauer 

subcatchment, which is a tributary of the Mosel. Figure 4.1 shows the scatter plot of the 

model simulated and the observed daily discharges in these subcatchments over the 

calibration period and figure 4.2 shows the simulated and observed daily discharge 

hydrographs for the same subcatchments for the year 1988, when one of the extreme floods in 

the Rhine was recorded. 

 
There is no clear pattern on the underestimation or overestimation of the mean daily discharge 

over the calibration period. In some subcatchments, the mean daily discharge is 

underestimated by as much as 22%, while at the same time overestimation by up to a similar 

magnitude is noticed in some others.  

 

Based on daily simulation, the mean annual peak discharge is, however, generally 

underestimated in most subcatchments. The maximum underestimation of the peak by about 

30% is noticed in parts of the Mosel (see table 4.10). The model shows an overestimation of 

the peak discharge in some subcatchments in the lower region of the Main basin and the upper 

region of the Lippe. 

 

 
 
 
 
 
 
 
 
 

a) Schermbeck (Lippe), 2
mR = 0.942   b) Michelau (Sauer), 2

mR = 0.802 

 

Figure 4.1 Scatter plots of the model simulated and the observed daily discharges over the 
model calibration period at gauges where the model performances are the best 
and the worst respectively. 
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Table 4.10 Performance measures of the regionalized model in the calibration set of subcatchments during the calibration period (1980-1988). 

Daily 4 days total over 
moving window 

7 days total over 
moving window 

15 days total over 
moving window Gauge River 

Basin 

Drainage 
area 

[km2] 2
mR   rel-accdif Peak-

error 
2
mR   Peak-

error 
2
mR   Peak-

error 
2
mR   Peak-

error 
Plochingen (Fils) Neckar 706 0.901 -0.016 -0.209 0.927 -0.180 0.935 -0.175 0.940 -0.166 
Neustadt (Rems) Neckar 581 0.856 0.099 0.011 0.895 0.174 0.917 0.123 0.933 0.147 
Stein (Kocher) Neckar 1957 0.913 0.014 -0.099 0.945 -0.052 0.955 -0.092 0.963 -0.068 
Untergriesheim (Jagst) Neckar 1836 0.889 0.095 -0.203 0.924 -0.162 0.935 -0.163 0.944 -0.103 
Pforzheim (Enz) Neckar 1477 0.828 0.188 0.047 0.851 0.149 0.873 0.141 0.894 0.115 
Schwuerbitz  Main 2426 0.843 -0.185 -0.235 0.854 -0.123 0.862 -0.131 0.865 -0.136 
Kemmern Main 4253 0.874 -0.155 -0.150 0.883 -0.090 0.889 -0.090 0.891 -0.090 
Wolfsmuenster (Fraenkische saale) Main 2131 0.921 -0.131 -0.071 0.931 -0.012 0.938 -0.025 0.942 -0.007 
Waldenhausen (Tauber) Main 1810 0.887 0.038 -0.282 0.930 -0.150 0.941 -0.080 0.949 0.015 
Hanau (Kinzig) Main 921 0.830 0.068 0.387 0.902 0.140 0.924 0.079 0.941 0.033 
Bad Viebel (Nidda) Main 1619 0.885 0.105 0.426 0.919 0.063 0.927 -0.026 0.932 -0.048 
Marburg Lahn 1666 0.877 -0.005 -0.009 0.929 0.084 0.946 0.048 0.955 -0.002 
Asslar (Dill) Lahn 717 0.849 -0.012 -0.079 0.914 0.066 0.935 0.072 0.953 0.028 
Kalkofen Lahn 5304 0.918 0.077 0.080 0.933 0.103 0.942 0.113 0.950 0.099 
Nalbach (Prims) Mosel 734 0.891 -0.124 0.011 0.905 0.121 0.915 0.056 0.924 -0.009 
Michelau (Sauer) Mosel 933 0.802 -0.061 -0.101 0.842 -0.134 0.866 -0.124 0.899 -0.177 
Gemuend (Our) Mosel 613 0.851 -0.040 -0.303 0.872 -0.222 0.886 -0.228 0.908 -0.207 
Bollendorf (Sauer) Mosel 3222 0.894 0.158 -0.091 0.908 -0.003 0.919 0.056 0.934 0.011 
Pruemzurlay (Pruem) Mosel 574 0.890 0.089 -0.201 0.910 -0.076 0.925 -0.036 0.942 0.009 
Alsdorf-Oberecken (Nims) Mosel 264 0.858 0.058 -0.117 0.894 0.062 0.915 0.132 0.936 0.120 
Kordel (Kyll) Mosel 817 0.897 0.089 -0.077 0.918 -0.002 0.926 0.057 0.935 0.079 
Platten (Lieser) Mosel 377 0.867 0.157 0.000 0.890 0.113 0.902 0.129 0.916 0.144 
Lippstadt Lippe 1394 0.805 -0.221 0.185 0.816 0.060 0.827 0.038 0.836 -0.047 
Haltern Lippe 4273 0.938 0.062 -0.174 0.950 -0.096 0.954 -0.085 0.956 -0.104 
Schermbeck Lippe 4783 0.942 0.062 -0.087 0.951 -0.004 0.956 0.005 0.960 -0.028 
Martinstein Nahe 1435 0.861 0.047 -0.167 0.902 -0.017 0.913 -0.005 0.922 0.010 
Boos Nahe 2832 0.831 0.226 0.031 0.860 0.125 0.872 0.123 0.883 0.129 
Grolsheim Nahe 4013 0.871 0.168 -0.150 0.900 -0.084 0.906 -0.084 0.910 -0.058 
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a) Schermbeck (Lippe) 
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b) Michelau (Sauer) 
 

Figure 4.2 Simulated and observed daily discharge hydrographs at two of the gauges 
located in the calibration set of subcatchments over the year in which there was 
an extreme flood event.  
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Simulation of the aggregated discharge for larger time scales clearly shows an improvement 

in the model performance measures, as can be seen in table 4.10, which also shows summary 

of the model performance in simulating the 4 days, 7 days and 15 days total discharges over 

moving windows. The Nash-Sutcliffe coefficient is seen to progressively increase with the 

time scale. Generally, estimation of the peak of the aggregated mean discharge is also noticed 

to improve for higher time scales, although there are still some outliers from this general 

trend. Since the relative bias is scale invariant, it doesn’t show any change. 

 

4.2.4 Validation of the regionalized model 

 
Validation of the regionalized model was performed in two ways. The first approach follows 

the standard split sampling method, in which the available discharge observation is split in to 

two series and model calibration is performed on one of the series while the other series is 

latter used to validate the calibrated model. This approach was used to validate the model in 

the calibration set of subcatchments for which there is enough observed discharge data 

beyond the calibration period. Summary of the performance of the regionalized model in this 

set of subcatchments during the validation period is shown in table 4.11, which shows 

performance of the model at different time scales at gauging stations for which at least a four 

years data is available beyond the calibration period. 

 
The validation result shows that the performance of the regionalized model in terms of the 

weighted Nash-Sutcliffe efficiency measure is more or less similar to that of the calibration 

period. However, the mean daily discharge appears to be a bit overestimated in most of the 

subcatchments, while the mean annual peak discharge is more underestimated in the 

validation period. Exceptions are those subcatchments with in the Main basin, in which there 

is some improvement in all performance measures; and the Lahn basin, in which there is some 

improvement in the estimation of the mean annual peak discharge. Scatter plots of the 

observed and the model simulated daily discharges for subcatchments in which the model 

performances in terms of the Nash-Sutcliffe coefficient are the highest and the lowest during 

the validation period are shown in figure 4.3. Comparison of the simulated and observed daily 

discharge hydrographs in the same subcatchments for the year 1995 is shown in figure 4.4. 

 

A similar observation in the performance of the model at higher time scales as in the case of 

the calibration period is notice, as one can see in table 4.11. 
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Table 4.11 Performance of the regionalized model in the calibration set of subcatchments during the validation period. 

 

Daily 4 days total over 
moving window

7 days total over 
moving window

15 days total over 
moving window Gauge River 

Basin 
Drainage 

area [km2] 2
mR   rel-

accdif 
Peak-
error

2
mR   Peak-

error 
2
mR   Peak-error 2

mR   Peak-
error 

Validation 
period 

Plochingen (Fils) Neckar 706 0.895 0.012 -0.330 0.936 -0.125 0.941 -0.097 0.944 -0.090 1989 - 1995 

Neustadt (Rems) Neckar 581 0.863 0.150 -0.223 0.894 0.096 0.897 0.162 0.897 0.162 1989 - 1995 

Stein (Kocher) Neckar 1957 0.877 0.109 -0.221 0.912 -0.010 0.919 0.026 0.926 0.014 1989 - 1995 

Untergriesheim (Jagst) Neckar 1836 0.870 0.184 -0.319 0.922 -0.114 0.932 -0.021 0.935 0.008 1989 - 1995 

Pforzheim (Enz) Neckar 1477 0.859 0.153 -0.014 0.872 0.172 0.886 0.162 0.903 0.126 1989 - 1995 

Schwuerbitz  Main 2426 0.915 -0.141 -0.162 0.927 -0.034 0.937 -0.113 0.942 -0.133 1989 - 1995 

Kemmern Main 4253 0.923 -0.108 -0.002 0.937 0.032 0.947 -0.065 0.953 -0.081 1989 - 1995 
Wolfsmuenster 
(Fraenkische saale) Main 2131 0.943 -0.060 0.061 0.956 0.114 0.967 0.042 0.976 0.038 1989 - 1995 

Asslar (Dill) Lahn 717 0.808 0.108 0.087 0.887 0.238 0.927 0.129 0.958 0.056 1989 - 1995 

Kalkofen Lahn 5304 0.900 0.175 0.069 0.921 0.176 0.938 0.087 0.953 0.076 1989 - 1995 

Pruemzurlay (Pruem) Mosel 574 0.909 0.123 -0.330 0.940 -0.160 0.951 -0.136 0.959 -0.121 1989 - 1995 

Grolsheim Nahe 4013 0.863 0.359 -0.201 0.894 -0.141 0.910 -0.103 0.931 -0.082 1989 - 1992 
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a) Wolfsmuenster ( Main), 2

mR = 0.943  b) Asslar (Lahn), 2
mR = 0.808 

 

Figure 4.3 Scatter plots of the model simulated and the observed daily discharges over the 
model validation period at gauges where the model performances are the best 
and the worst respectively. 

 

 

The second approach of validating the regionalized model consists of applying the regional 

relationship between the model parameters and the catchment descriptors derived in the 

calibration set of subcatchments to the other subcatchments within the study area that were 

not used to derive the regional relationship. These subcatchments constitute a validation set of 

subcatchments. This approach is the most important part of the model validation exercise in 

this particular work. As the core objective of the methodology implemented here is to derive a 

regional relationship between the model parameters and the catchment descriptors, which can 

later be used to predict the runoff from ungauged catchments, one should test whether the 

relationships established are valid by testing their applicability to subcatchments that were not 

used in deriving the relationship between the model parameters and the catchment descriptors. 

This approach, therefore, is a crucial step in validating the methodology as a whole. 

 

Performance of the regionalized model in the validation set of subcatchments was evaluated 

separately for the calibration and validation periods used in the calibration set of 

subcatchments so that comparison of the performance of the model in the calibration set and 
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the validation set of subcatchments can be compared over similar periods of model 

simulation. 
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     a) Wolfsmuenster (Main) 
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b) Asslar (Lahn) 

 

Figure 4.4 Simulated and observed hydrographs at selected gauges in the calibration set 
of subcatchments in the validation period. 
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Table 4.12 shows a summary of the performance of the regionalized model when applied to 

the validation set of subcatchments during the calibration period. The weighted Nash-Sutcliffe 

coefficient for the daily simulation at all the gauging stations within the validation set during 

the calibration period shows values above 0.83, with an average value of 0.88. This is without 

considering subcatchments within the Erft catchment, in which the regionalized model 

performance is generally very poor with even a negative value of the Nash-Sutcliffe 

coefficient. This ill-performance of the regionalized model in this part of the study area is 

attributed to the extensive coal mining practice within the basin, which has an important 

implication on the runoff generation dynamics. The parameter estimation approach 

implemented in this work doesn’t consider land use classes other than forest, urban, and 

agricultural. A mining activity leads to introduction of a different runoff generation dynamics 

within the catchment, which is not considered in the land use classes used to regionalize the 

model parameters. Therefore, the model is not suitable for modelling the runoff from 

catchments where activities that lead to a different runoff generation dynamics are taking 

place. 

 

The mean daily discharge is estimated reasonably well in all the validation subcatchments 

during the calibration period except in those within the Main basin, where it is generally 

underestimated. The mean annual peak discharge is also estimated better in the validation set 

of subcatchments than in the calibration set, although the general trend is still underestimation 

of the peak. The scatter plots of the simulated and the observed daily discharges in the upper 

part of the Ruhr basin and the lower part of the Neckar basin over the calibration period are 

shown in figure 4.5. Also figure 4.6 shows the corresponding simulated and the observed 

daily discharge hydrographs using meteorological data of the year 1988. From the scatter 

plots and figure 4.6, it can be seen that the lower peak discharges are generally overestimated 

by the regionalized model, while the extremely high peak flood flows are underestimated. 

This observation is not limited to the specific gauges for which comparisons are shown in the 

figures, but also applies to all gauges shown in table 4.12.  

 

The performance of the regionalized model in the validation subcatchments during the 

validation period in terms of the Nash-Sutcliffe coefficient shows only a slight difference 

from its performance during the calibration period. It shows a slight improvement in 

subcatchments in the Ruhr and Main catchments while it shows slightly less value at Gauge 

Rockenau in the Neckar catchment. The relative bias between the simulated and the observed 
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daily discharges remains more or less the same in the two periods except at gauges in the 

lower part of the Main basin, at which a slight improvement in the bias is observed in the 

validation period.  Similarly, a slight over estimation of the mean annual peak discharge is 

observed in subcatchments in the Main basin during the validation period. These are 

summarized in table 4.13. Figure 4.7 shows scatter plots of the simulated and the observed 

daily discharges over the validation period at Gauge Steinbach in the Main catchment and 

Gauge Villigst in the Rhur catchment. Figure 4.8 also shows the simulated and the observed 

daily discharge hydrographs at the same gauges for the year 1995. 

 

Regarding modelling of runoff at higher time scales, the performance of the model in terms of 

the Nash-Sutcliffe coefficient shows a similar trend as in the calibration set of subcatchments. 

The performance shows improvement with increasing time scale. The performance in terms 

of estimating the peak of the aggregated mean runoff, however, doesn’t show any clear trend 

of improvement with increasing time scale as was observed in the calibration set. One can 

notice in tables 4.12 and 4.13 that it is even more underestimated at higher time scales in 

some cases.  

 

 

 

 

 

 

 

 

 

 

 

 

a) Rockenau (Neckar), 2
mR = 0.926   b) Villigst (Ruhr), 2

mR = 0.835 
 

Figure 4.5 Scatter plots of the model simulated and the observed daily discharges at 
selected gauges in the validation set of subcatchments over the calibration 
period. 
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a) Rockenau (Neckar) 
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b) Villigst (Ruhr) 

 

Figure 4.6 Model simulated and observed daily discharges at two gauges from the 
validation set of subcatchments in the calibration period. 
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Table 4.12 Performance of the regionalized model in the validation set of subcatchments during the calibration period. 

 

Daily 4 days moving 
average 

7 days moving 
average 

15 days moving 
average Gauge River 

Basin 
Drainage 

area [km2] 2
mR   rel-accdif Peak-error 2

mR   Peak-error 2
mR   Peak-error 2

mR   Peak-error

Simulation 
period 

Villigst Ruhr 2009 0.835 0.064 -0.053 0.851 -0.044 0.872 -0.084 0.894 -0.116 1980 - 1988 
Hagen-Hohenlimburg 
(Lenne) Ruhr 1322 0.844 -0.053 0.034 0.865 0.060 0.891 0.020 0.914 -0.064 1980 - 1988 

Hattingen Ruhr 4118 0.862 -0.005 -0.042 0.883 0.036 0.902 0.000 0.921 -0.057 1980 - 1988 
Betzdorf Sieg 755 0.873 0.014 -0.033 0.884 0.022 0.900 0.010 0.910 -0.068 1980 - 1988 
Eitorf Sieg 1468 0.897 -0.001 -0.026 0.907 -0.007 0.918 -0.011 0.925 -0.083 1980 - 1988 
Lohmar Sieg 820 0.884 0.019 -0.070 0.886 0.047 0.899 0.089 0.909 0.048 1980 - 1988 
Menden Sieg 2825 0.920 0.040 -0.051 0.922 -0.017 0.931 -0.005 0.938 -0.047 1980 - 1988 
Rockenau Neckar 12655 0.926 0.076 -0.064 0.941 -0.031 0.949 -0.034 0.955 -0.012 1980 - 1988 
Trunstadt Main 12010 0.875 -0.228 -0.076 0.883 -0.064 0.888 -0.074 0.890 -0.063 1980 - 1988 
Schweinfurt Main 12715 0.878 -0.225 -0.072 0.886 -0.071 0.893 -0.082 0.895 -0.063 1980 - 1988 
Wuerzburg Main 13979 0.879 -0.232 -0.061 0.887 -0.079 0.893 -0.077 0.894 -0.072 1980 - 1988 
Steinbach Main 17914 0.896 -0.166 -0.064 0.907 -0.079 0.918 -0.038 0.924 -0.036 1980 - 1988 
Kleinheubach Main 21505 0.907 -0.112 -0.044 0.920 -0.063 0.933 0.002 0.942 -0.005 1980 - 1988 
Bliesheim Erft 604 0.811 0.167 -0.221 0.835 -0.179 0.846 -0.146 0.863 -0.025 1980 - 1988 
Neubrueck Erft 1596 -5.306 -0.336 1.132 -5.292 0.925 -5.084 0.733 -4.707 0.469 1980 - 1988 
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Table 4.13 Performance of the regionalized model in the validation set of subcatchments during the validation period. 

 

Daily 4 days moving 
average 

7 days moving 
average 

15 days moving 
average Gauge River 

Basin 
Drainage 

area [km2] 2
mR  rel-accdif Peak-error 2

mR  Peak-error 2
mR  Peak-error 2

mR  Peak-error

Simulation 
period 

Villigst Ruhr 2009 0.867 0.072 -0.035 0.882 0.007 0.899 -0.095 0.914 -0.140 1989 - 1995 
Hagen-Hohenlimburg 
(Lenne) Ruhr 1322 0.884 0.028 0.153 0.904 0.180 0.929 0.019 0.952 -0.039 1989 - 1995 

Hattingen Ruhr 4118 0.914 0.038 0.041 0.930 0.089 0.945 -0.032 0.959 -0.084 1989 - 1995 
Rockenau Neckar 12655 0.894 0.061 -0.090 0.932 0.037 0.940 0.073 0.949 0.076 1989 - 1995 
Trunstadt Main 12010 0.885 -0.250 0.057 0.893 0.100 0.896 0.040 0.892 -0.009 1989 - 1995 
Schweinfurt Main 12715 0.895 -0.224 0.064 0.907 0.105 0.913 0.051 0.914 -0.007 1989 - 1995 
Wuerzburg Main 13979 0.881 -0.228 0.061 0.896 0.111 0.903 0.057 0.904 0.005 1989 - 1995 
Steinbach Main 17914 0.921 -0.098 0.135 0.933 0.131 0.944 0.103 0.953 0.065 1989 - 1995 
Kleinheubach Main 21505 0.923 -0.092 0.102 0.935 0.108 0.967 0.110 0.974 0.094 1989 - 1995 
Bliesheim Erft 604 0.718 0.191 -0.010 0.729 0.075 0.730 0.115 0.733 0.172 1989 - 1995 
Neubrueck Erft 1596 -1.329 -0.058 1.069 -1.170 1.063 -0.979 0.941 -0.729 0.765 1989 - 1993 
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One logical consideration in choosing catchments that are to be used to validate the regional 

relationship between the model parameters and the catchment descriptors is that the ranges of 

the catchment descriptors used to regionalize the model parameters within them should be 

within the corresponding ranges of the descriptors in the calibration set of subcatchments. As 

one can see in table 4.2, however, there are subcatchments in the validation set in which some 

of the descriptors are a bit outside their range in the calibration set. The performance of the 

regionalized model in such subcatchments was found to be promising, suggesting the 

possibility of applying the regional relationship for a slight extrapolation of the catchment 

descriptors outside the range within which they were derived. This can be seen in the 

subcatchments of the Ruhr catchment, in which the urban area proportion exceeds the 

maximum proportion of urban area in the calibration set of subcatchments. Similarly, the 

proportion of forest areas in some of the subcatchments of the Sieg catchment exceeds the 

corresponding proportion in the calibration set. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) Steinbach (Main), 2
mR = 0.921   b) Villigst (Ruhr), 2

mR = 0.867 
 
 

Figure 4.7 Scatter plots of the model simulated and observed daily discharges at selected 
gauges in the validation set of subcatchments over the validation period. 
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a) Steinbach (Main) 
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b) Villigst (Ruhr) 

 

Figure 4.8 Model simulated and observed daily discharges at two gauges from the 
validation set of subcatchments in the validation period. 
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4.2.5 Sensitivity Analysis 
 
The study of the impact of changes in the model parameters and other variables used in a 

model on the model output is an important phase of a modeling practice. All parameters and 

variables used in a rainfall-runoff model do not have a similar level of effect on the sensitivity 

of the model simulation. A slight change in some parameters or variables may lead to a 

significant change in the model simulation result. The model is said to be sensitive to such 

parameters or variables. On the other hand, no noticeable change is felt due to a change in 

others and they constitute a group of parameters or variables to which the model is 

insensitive. Study of the sensitivity of the model simulation results to changes in the model 

parameters or other input variables gives an insight to the model user into which parameters 

or variables contribute most to the variability of the simulation result and which are 

insignificant in terms of their influence on the uncertainty associated with the model 

prediction. 

 

4.2.5.1 Sensitivity to model parameters 
 

The classical method of analyzing the sensitivity of a model simulation for a given parameter 

is through the evaluation of the local gradient of the model simulation result or the model 

performance measure with respect to the parameter at a given set of model parameters 

(McCuen, 1973). The gradient of the model performance measure, i.e., the objective function 

defined in section 4.2.2 was used in this study. 

 

j
j p

OS
∂
∂

=            4-11 

 
where  
 Sj sensitivity index with respect to parameter j at a given set of model parameters 

 O model performance measure 

 pj value of parameter j for which sensitivity is evaluated 

 
The sensitivity index defined in equation 4-11 gives the absolute sensitivity of the model to 

the change in parameter pj. Such an index is not an appropriate measure to compare the model 

sensitivity to different parameters, since Sj is not invariant to either the model performance 

measure or the parameter value. Dividing the numerator of equation 4-11 by the performance 
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measure and the denominator by the parameter value gives the relative sensitivity, which can 

be used as an index to compare sensitivity of the model to different parameters. 

 

ii
j pp

OOR
∂
∂

=            4-12 

 
Equation 4-12 only gives the local sensitivity of the model to parameter pi at a specific point 

in the parameter space of all the model parameters. Rj therefore depends on the point in the 

parameter space at which it is evaluated.  As knowledge of the sensitivity of the model 

parameters is more important near the set of model parameters values at which the model is 

used for simulation, sensitivity analysis of a model with respect to parameters is normally 

done near the optimum set after model calibration. 

 

One way of presenting the sensitivity of a model simulation result to a change in a given 

parameter is by plotting the percentage changes in the model output or the objective function 

corresponding to different percentage changes in the parameter value. Such a plot is referred 

to as a sensitivity plot (Dawdy, 1969) and it can be used to examine the stability of a given 

parameter in the optimum set of parameters. Figures 4.9 and 4.10 show the sensitivity plots 

for the parameters of the lumped runoff response routine and the distributed runoff generation 

routines respectively. To derive the sensitivity plot, the model was run for all subcatchments 

in the calibration set by uniformly varying the given parameter by the same percentage in all 

subcatchments and the corresponding objective function from each subcatchment was 

calculated. The plot shows the percentage change in the average objective function from all 

the subcatchments against the percentage change in the parameter value.   

 

It can be seen in figure 4.9 that the parameters of the runoff response routine show higher 

sensitivity except parameter MAXBAS, which shows only a slight sensitivity around the 

optimum. Especially parameters α and k1, which control the outflow from the upper reservoir, 

are highly sensitive. This is, of course, what is expected since these parameters are related to 

the relatively fast response of the catchment and control the peak runoff, which highly affects 

the objective function since the error term in the objective function is weighted by the runoff. 

One can also notice from the sensitivity plots of these two parameters that the model 

simulation result is more sensitive to an increase in the values of these parameters than a 

decrease in their values. An opposite behavior is noticed in the sensitivity of the parameter 
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perc, which again controls the rate at which water is transferred from the upper to the lower 

reservoir. The model reacts more to a decrease in the value of perc than an increase in its 

value.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 Sensitivity plots of the parameters of the lumped runoff response module 
around the optimum set of model parameters.  
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Parameter k2, which controls the slower outflow from the lower reservoir, on the other hand 

shows a somewhat lower sensitivity than the parameters that control emptying of the upper 

reservoir. This parameter controls the low flow part of the modeled hydrograph and the effect 

of this part of the hydrograph on the objective function is less compared to part of the 

hydrograph around the peak flow and this explains the lower sensitivity of this parameter 

compared to the parameters of the upper reservoir. The sensitivity of the model simulation 

result also shows similar behavior both for a decrease and an increase of the parameter value.  

 

The parameters of the runoff generation routines pertaining to different processes show 

different sensitivities. The degree-day factor, for example shows a high sensitivity when the 

sensitivity analysis is performed for periods when there is snowmelt. The threshold 

temperature, on the other hand, shows no significant sensitivity around the optimum solution, 

indicating that it is more important to focus on the degree-day factor in estimating the 

parameters of the snow accumulation and melt routine.  

 

The parameters of the soil moisture accounting routine show moderate to high sensitivity. The 

field capacity of the soil shows high sensitivity. As the storage capacity of the soil controls 

the amount of rain or snowmelt that would be trapped in the catchment, this parameter has an 

important influence on the generated runoff at lower precipitation magnitudes and during the 

early phase of a long lasting precipitation. The same is with parameter β, which controls the 

proportion of rainfall or snowmelt that turns into runoff depending on the soil water deficit in 

the catchment. The effect of both parameters is significant only if the soil is not saturated and 

they have no influence once the soil is saturated. 

 

The parameters of the evapotranspiration routine, CET and LP, on the other hand show very 

low sensitivity. Especially, the parameter CET, which is a parameter used to adjust the daily 

potential evapotranspiration for temperature anomalies, shows an asymptotic behavior for 

larger increases in its value. This is due to the fact that the maximum adjusted daily potential 

evapotranspiration is limited to twice the mean daily value estimated based on the monthly 

average and a further increase in the parameter value doesn’t lead to an increase in the 

evapotranspiration and thus the model output. 
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Figure 4.10 Sensitivity plots of the parameters of the distributed runoff generation routines 
around the optimum parameter set. 
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The parameters of the routine that are added to adjust the infiltration process for higher 

intensity of precipitation show higher sensitivity. These parameters obviously should show 

such a behavior in terms of their sensitivity. The threshold precipitation magnitude, Pthr, 

determines the daily precipitation amount above which part of it produces fast direct runoff. 

As is shown in the sensitivity plot, a decrease in its value leads to a very fast change in the 

model performance. This is because decreasing its value causes a large proportion of the 

rainfall to produce fast direct runoff and this affects not only the magnitude of the runoff but 

also the timing of the runoff at the outlet of the catchments since this component of the runoff 

is not routed in the reservoirs of the runoff response routine, which leads to a tremendous 

increases in the error term in the objective function. An increase in its value, on the other 

hand, leads to a relatively smaller change in the model performance. This is due to the fact 

that increasing further the value of this parameter affects only the runoff produced from very 

large rainfall events, which are not that frequent and their effect on the model performance 

over longer period is minimal. Its effect would be more significant if the model performance 

were evaluated based on event-based simulation. The parameter Ψseal also determines the 

proportion of the rainfall in excess of Pthr that produces fast direct runoff and a change in its 

value significantly affects the peak runoff, which is manifested in the model performance. 

 
Summary of the degree of sensitivity of the model performance to the different model 

parameters around the optimum set of parameters estimated through calibration of the model 

is shown in table 4.14. The sensitivity of the model is categorized in to three different levels. 

Those parameters to which the model performance shows higher sensitivity are indicated by 

three plus signs and parameters whose change affects the model performance moderately are 

indicated by a single plus sign. Parameters to which no significant sensitivity of the model 

performance is noticed are indicated by a minus sign. 

 
It should be noted that the foregoing sensitivity study evaluates the sensitivity of the model 

performance due to a change in a given parameter only around the optimum set of parameters. 

In addition, the sensitivity was investigated by changing only one parameter at a time and the 

effect of the possible interaction between the different parameters on the sensitivity of the 

model performance is not taken into consideration. Although this approach gives an insight 

into the parameters that contribute more to the variability of the model prediction locally near 

the optimum set, it tells little about the overall importance of the parameter within the model, 
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since it is not able to determine the variation of the model result at other points in the feasible 

parameter space due to a change in a given parameter value.  

 
 

Table 4.14  Sensitivities of the HBV-IWS model to the different model parameters. 

 
Parameter Model sensitivity 
Snow accumulation and melt:   

CC       +++ 

TT        - 

Soil water and evapotranspiration:  

FC     +++ 

LP       - 

β      + 

CET       - 

Runoff concentration:   

α    +++ 

k1    +++ 

k2     + 

perc    +++ 

MAXBAS       - 

Others:   

Pthr, Ψseal     +++ 

  

+ model is moderately sensitive 
+++ model is highly sensitive 

  - model is not sensitive 
 

In order to investigate the importance of a given parameter within the model structure, one 

would need to carry out a sensitivity study of all the model parameters over the entire feasible 

parameter space. This needs implementation of a global sensitivity analysis technique that 

also takes into account the possible interaction between parameters. In addition to evaluating 

the sensitivity of the parameter at all points within the feasible parameter range, such an 

approach enables one to estimate the uncertainty in the prediction of the model due to 

uncertainty in estimating the model parameter over the entire feasible range of the parameter. 

This needs making appropriate assumption about the probability distribution of the 
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parameters and running the model for many parameter sets sampled from this distribution and 

evaluating the model result. A Monte Carlo type sampling would give the best result. 

However, the need to make a large number of samples doesn’t make the approach attractive 

due to the associated huge computer time. This is not included in this work. 

 

4.2.5.2 Sensitivity to input variables 
 

In addition to the sensitivity of the model to its parameters, it is worthwhile to investigate the 

model sensitivity to the catchment descriptors on which the model parameters are 

regionalized. This study enables one to understand how changes within the catchment due to 

human interaction, such as alteration of the prevailing land use property affect the response of 

the catchment. A similar procedure like in the previous sub-section was followed to 

investigate the sensitivity of the model to the catchment descriptors.  

 

The investigation was focused on those descriptors that are likely to change. The sensitivity of 

the model to changes in the proportions of the different land use classes and the size of the 

catchment were investigated. Investigation of the sensitivity to catchment size was performed 

in order to assess how important the areal scale of a catchment is in the regionalized model. 

The sensitivity of the individual model parameters to the size of the catchment can be directly 

estimated from the partial derivatives of the parameters with respect to the size of the 

catchment from the transfer function of section 4.2.1. However, since more than one model 

parameters are functions of the catchment size, it is difficult to assess the sensitivity of the 

model to catchment size from this information and therefore the model sensitivity should be 

assessed by directly varying the catchment size and investigating the change in the model 

performance.  

 

Figure 4.11 shows the sensitivity plots of the different classes of land use and the catchment 

size. One can see in the figure that generally, the model sensitivity to the different classes of 

land use, when evaluated based on the Nash-Sutcliffe model performance measure, is low. 

The sensitivity to the proportion of urban area is a bit higher than to the other classes of land 

use. Quantitative impacts of the changes in the proportions of the different land use classes on 

the model output are discussed to more detail in chapter 5. The model also shows a moderate 

sensitivity to catchment size. 
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Figure 4.11 Sensitivity plots of the catchment descriptors that are likely to change. 

 

 

Finally, the sensitivity of the model to the most important meteorological input variable 

(precipitation) was investigated in order to get an insight into how uncertainty in estimating 

the variable is reflected in the model performance. Figure 4.12 shows the sensitivity plot of 

precipitation using the optimum set of model parameters. It can be seen that the model is 

highly sensitive to a change in the amount of precipitation. This is, of course, what one would 

expect as the model is driven by precipitation. One can also see from the sensitivity plot that 

the change in the model performance increases indefinitely with an increase in the amount of 

precipitation while it becomes stable for larger decrease in the amount of precipitation. This is 

due to the fact that while an increase in the amount of precipitation adds more to the resulting 

runoff, a decrease in its amount finally leads to a situation in which more portion of the 

precipitation is abstracted within the catchment due to interception and infiltration. A further 

reduction in the precipitation amount doesn’t therefore result in any noticeable difference in 

the generated runoff.  
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Figure 4.12 Sensitivity plot of precipitation amount. 
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5 Application in quantifying the hydrologic effect of land use changes 

5.1 Introduction 
 
Quantifying the hydrological impact of land use and land cover changes has always been a 

challenging task to hydrologists. Little is known if there is a well-defined relationship 

between land use or land cover and the runoff generation mechanism within a catchment.  

Different methodologies have been implemented to quantify the effect of changes in land use 

and land cover on the runoff generation, but none of them have been adopted as a general and 

standard approach of handling the problem. These approaches range from assessment of 

changes through catchment experiments, which were mainly applied in the earlier times, to 

the application of a mathematical modelling approach. 

 

The lack of any general approach to assess the hydrological impact of changes in land use or 

land cover has also been manifested by the different, even sometimes contradictory, results 

reported by different researchers. Langford (1976), for example, found out that there is no 

significant increase in water yield as a result of burning down of a stand of Eucalyptus in 

Australia. In contrast, after reviewing results from a number of catchment experiments, 

Hibbert (1967) concluded that there is clearly an increase in water yield due to reduction of 

forest cover, while he underlined on the unpredictability of the response. On the other hand, 

Bosch and Hewlett (1982) argued on Hibbert’s later conclusion, giving specific figures on the 

changes of water yield due to changes in the amount of cover of different types of 

vegetations. Most studies done on the effect of urbanization, however, seem to have come up 

with similar results with regard to the direction of the change in the response of a catchment. 

After synthesizing the results from a number of previous studies, Hollis (1975) came to a 

summary that whilst small frequent floods are increased many times by urbanization, large 

rare floods are not significantly affected. 

 

5.2 Mathematical modelling of the effect of changes in land use 
 

A mathematical modelling approach has been implemented extensively in the past years to 

assess the hydrological impact of changes in land use and land cover within a catchment. 

Different methodologies have been implemented, although all of them used rainfall-runoff 

modelling for the catchments. Lørup, et al. (1998) and Schreider, et al. (2002), for example, 
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calibrated lumped models for a reference period when there was little change in land use and 

later applied the calibrated model to a subsequent period in which changes in land use had 

taken place. They implemented trend analysis to the bias between the modeled and the 

observed runoff over the later period to investigate changes in the catchment runoff that were 

believed to have been caused by land use changes. In another approach, Wooldridge, et al. 

(2001) attempted to regionalize the parameters of a simple semi-distributed conceptual model 

for forest and non-forest land use classification and different climate regions with the aim of 

predicting the influence of land use change on the hydrologic response of a catchment. 

Samaniego (2003) implemented empirical models to relate a set of runoff characteristics of a 

meso-scale catchment with a set of predictor variables, which constitute morphologic, 

climatologic, and land cover properties of a catchment.  These models were integrated with a 

simple spatially distributed stochastic land cover change model to quantify the hydrologic 

impacts of different land cover and climate change scenarios. 

 

A modeling approach that seems to have a sound scientific ground to quantify the effect of 

land use changes is implementation of a spatially distributed physically based hydrological 

model, in which the land surface characteristics of the catchment are represented and all the 

processes influenced by them are modeled using parameters that can physically be estimated 

a-priori. However, prior estimation of model parameters is not an easy task due to 

inconsistency of the scale at which measurements are made and the scale at which they are 

represented in the model. Attempts to simulate a catchment response using such a modeling 

approach with prior estimation of model parameters did not give promising results (Parkin et 

al, 1996). 

 

Attempts have, however, been made to still use a physically based distributed model to model 

the impact of land use changes by setting some of the model parameters a-priori using 

information from previous modeling experience or field measurements and estimating the 

others through model calibration against observed catchment responses. However, model 

calibration leads to a non-unique set of parameters (Beven, 2000) and this makes it difficult to 

associate the parameters estimated through calibration with the land surface characteristics of 

the catchment. Therefore, the faith one can put on such models in predicting the effect of 

changes in land use depends on the uncertainty associated with estimating the model 

parameters. Application of such an approach to assess the impact of land use changes in 
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meso-scale catchments has been reported in Bronstert, et al.(2002); Ranzi, et al.(2002); and 

Brath, et al.(2003).  

 

Application of the modeling approach just mentioned to large-scale or higher meso-scale 

catchments is not practical, as upscaling of parameters obtained at small scales to the spatial 

units considered in modeling such sizes of catchments doesn’t lead to a reasonable 

representation of the parameters. If smaller spatial units were used, the associated number of 

model parameters and the computational resources requirement would be extremely high. 

Since the modeling approach implemented in this study to model the rainfall-runoff 

relationship in higher meso-scale catchments makes use of functions that associate the model 

parameters with the physical catchment properties including land use, it can be used as a tool 

to estimate the effect of land use changes in the runoff of higher meso-scale catchments. 

Therefore, one important application of the methodology presented in the foregoing chapters 

is the quantification of the hydrological impact of changes in land use. Application of the 

regionalized model in quantifying the effect of land use changes to different land use 

scenarios will be presented in the following sections. 

 

5.3 Land use scenarios 
 

Before pursuing to quantifying the hydrologic impact of possible future land use scenarios, 

the sensitivity of the response of the catchment to changes in land use needs to be 

investigated. Changes in the catchment response corresponding to different scenarios 

depicting extreme changes in land use were investigated. Two different hypothetical land use 

scenarios were generated and their associated impacts were assessed by running the 

regionalized model with parameters corresponding to the changed situations using the same 

meteorological inputs used to calibrate and validate the model.  

 

5.3.1 Intensive urbanization 
 

The impact of strong urbanization on the runoff generation of a catchment was investigated 

by uniformly doubling the proportion of urban area in the current land use state. The 

proportion of forest land use was maintained as it was and the increase in the urban area was 

made at the expense of agricultural land use. The proportions of the different land use 
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categories in the current state of land use in the different parts of the study area are shown in 

table 5.1. 

 

Table 5.1 Percentages of the different landuse classes in the major tributary catchments 
of the Rhine (Source: Landuse map of the Rhine from CHR). 

 

   River basin   Percentage of landuse categories 

Urban       Agricultural         Forest      Water body 

 

    Neckar  14.9  46.6  38.4  0.1 

   Main   11.7  48.9  39.1  0.3 

   Sieg   18.4  18.8  62.5  0.3 

   Lippe   18.1  60.0  21.5  0.4 

 Lahn   14.0  34.3  51.6  0.1 

   Ruhr   19.0  20.5  59.4  1.1 

   Mosel   12.0  43.6  43.9  0.5 

    Nahe   11.6  40.7  47.6  0.1 

   Erft   17.8  65.1  17.0  0.1 

 

 

The simulation result for this scenario shows an increase in the peak runoff resulting from all 

rainfall events. However, the degree of increase varies from event to event. The increase in 

the runoff resulting from summer storm events was found to be higher than the increase in the 

higher runoff resulting from winter precipitation events. This is mainly due to the fact that 

storm events in summer are generally preceded by a dry soil condition with higher potential 

for infiltration than in winter. Therefore, the increase in urban area at the expense of 

agricultural land use would lead to less possibility for infiltration due to surface sealing and 

consequently, the runoff would be higher as the precipitation that otherwise would infiltrate 

also contributes to the runoff. This is especially the case during events of smaller magnitude 

that may not be enough to saturate the soil. A similar result was reported by Niehoff, et al. 

(2002) for a meso-scale catchment within the Rhine basin through the application of a 

spatially distributed process based model together with a spatially distributed land-use 

scenario generation approach. Figure 5.1 shows the rise in the peak runoff for selected events 

in summer and winter in catchments where the urban area proportion is the maximum and the 
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minimum. In the upper panel of the figure, one can notice the difference in the degree of 

increase in the peak runoff of similar magnitude in the Ruhr catchment (a return period of 

approximately 1.5 years) in summer and winter. The lower panel shows the effect on summer 

and winter flood events of return periods approximately 1 and 6 years respectively in the 

Nahe catchment. 

 

 

 

 

 

 

 

 

 

 

 

 a) Hattingen (Ruhr) - Summer     b) Hattingen (Ruhr) -Winter  

 

 

 

 

 

 

 

 

 

   

 a) Grolsheim (Nahe)- Summer     b) Grolsheim (Nahe) - Winter 

 

Figure 5.1 Effect of intensive urbanization on the peak discharges resulting from summer 
and winter events. 

 
 

In addition, it could also be reasoned out that the evapotranspiration in agricultural areas is 

generally higher than in urban areas and the resulting reduction in evapotranspiration loss due 

0

100

200

300

400

500

01.09.1984 11.09.1984 21.09.1984
Date

R
un

of
f(m

3 /s
)

Current landuse
Doubled urban area

0

100

200

300

400

01.11.1987 11.11.1987 21.11.1987
Date

R
un

of
f(m

3 /s
)

Current landuse

Doubled urban area

0

25

50

75

100

125

150

25.08.1987 04.09.1987 14.09.1987 24.09.1987
Date

R
un

of
f(m

3 /s
)

Current landuse
Doubled urban area

0

100

200

300

400

500

04.03.1988 14.03.1988 24.03.1988

Date

R
un

of
f(m

3 /s
)

Current landuse
Doubled urban area



   82 
 

to urbanization also contributes to the increase in the runoff. Some increase in the mean 

runoff ranging between 0.58% and 4.5% was obtained from the different major tributaries 

over the period 1980 to 1995. 

 

The increase in the peak runoff due to urbanization is accompanied by a reduction in the 

arrival time of the peak at the outlet of the catchment. This reduction actually depends on the 

size of the catchment, in addition to the degree of increase of the urban area. It should also be 

noted that computation of the runoff at finer time scale with precipitation data at the 

corresponding time scale is needed to investigate the effect of urbanization on the runoff. As 

mentioned in section 4.2.3, the daily precipitation was uniformly disaggregated in to hourly 

values and the model run was made for a time step of 1 hour. Table 5.3 shows the increase in 

the peak runoff and the corresponding reduction in the arrival time in different parts of the 

study area for selected flood events. 

 

5.3.2 Afforestation 
 

Another land use scenario used to assess the impact of extreme change in land use was an 

extensive afforestation scenario. This scenario represents a hypothetical situation where the 

entire catchment area is covered by forest.  

 

A considerable reduction in the peak runoff in all seasons was observed for a completely 

forest covered land use scenario. This is mainly due to the absence of sealed area, from which 

fast direct runoff is generated, leading to the reduction in the peak runoff. In addition, the 

higher evapotranspiration rate in forests, which becomes even more significant in summer 

accounts for the reduction of the peak flow to some extent. The removal of soil water through 

the evapotranspiration process leads to an increase in the infiltration rate, which consequently 

leads to a reduction in the portion of the rainfall that produces runoff. The higher interception 

capacity of forests also leads to a reduction of the net precipitation reaching the soil surface 

and hence a reduction in the resulting runoff. This, however, has a significant effect only on 

small storm events and the effect is minimal on large storm and flood events (Calder, 1992).  

 

Figure 5.2 shows the relative impact on the peak runoff of removing the urban area from the 

current land use (replacing it by forest) and covering the entire catchment by forest. It can be 
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seen that a larger proportion of the reduction in the peak runoff is caused by the removal of 

urban area.  

 

In addition to its effect on smaller storms, interception loss in forests is found to account for a 

substantial amount of loss in the total rainfall over longer period (Rutter, 1963; Stewart, 

1977). This coupled with the higher transpiration in forests attributed to their larger rooting 

depth and their access to more soil moisture from deeper zones leads to a reduction in 

seasonal and long-term mean runoff. The mean runoff in the different major tributary 

catchments of the study area between 1980 and 1995 for a completely forest cover scenario 

was found to be 6 to 14% lower than in the current land use scenario. 
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Figure 5.2 Reduction of the peak runoff due to replacement of the urban area by forest 
and covering the entire catchment by forest respectively in the Ruhr catchment 
(Gauge Hattingen). 

 

Figure 5.3 shows the reductions in the peak runoff pertaining to flood events of different 

magnitudes in two different catchments in which the increases in forest cover due to the 

completely forest cover scenario are the highest and the lowest respectively. The upper panel 

shows the impact on summer and winter flood events of approximate return periods 1 and 2 

years respectively in the Sieg catchment, while the lower panel shows the impact on flood 

events of approximate return periods 1.5 and 12 years respectively in the Lippe catchment.  

 

It should also be noted that the proportion of forest cover in this scenario is very much away 

from the range of the proportions used in deriving the regional relationships between the 
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model parameters and the land use attributes of the catchment. Since the performance of the 

regional relationships was not validated for catchment attributes showing large deviation from 

their respective ranges within which the regional relationships were derived, the results 

obtained for this change scenario may be uncertain. However, they may give an insight into 

the direction of the change in the catchment response.    

 

 

 

 

 

 

 

 

 

 

 

 

 a) Menden (Sieg) – Summer    b) Menden (Sieg) - Winter 

 

 

 

 

 

 

 

 

 

 

 

 a) Schermbeck (Lippe) – Summer   b) Schermbeck (Lippe) - Winter 

 

Figure 5.3 Effect of extensive afforestation on the peak discharge resulting from summer 
and winter precipitation events. 
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5.3.3 Future land use scenario 
 

In addition to the hypothetical land use change scenarios that were used to test the sensitivity 

of the regionalized model to changes in land use, a more realistic land use change scenario for 

the year 2010 was also considered to quantify a possible future change in the hydrologic 

regime of the study area. The generation of the change scenario was based on the work by 

Dosch and Beckmann (1999). The approach makes use of statistical extrapolation of the 

prevailing usage of area in different districts within the study area and a modulation by the 

population prognosis for the year 2015. Administrative districts within the area were 

classified in to nine different types of settlements and their percentage changes were projected 

based on the trend of their expansion. Figure 5.4 shows the percentage increase of settlement 

and traffic areas between 1996 and 2010 and the proportion of settlement and traffic areas in 

the different districts within the study area in the year 2010 as projected by this approach. 
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Figure 5.4 Projected increase in settlement and traffic areas between 1996 and 2010 and 
the corresponding proportion of settlement and traffic areas in 2010 (Based on 
Dosch and Beckmann,1999). 
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Table 5.2 summarizes the percentages of urban area in 2010 for the scenario in the major 

tributary catchments of the German side of the Rhine basin. The increase in the urban area 

proportion from the current state to the year 2010 was made at the expense of agricultural 

land use and the proportion of forest areas remains the same as its current state. The 

average increase in urban land use over the whole study area for this scenario accounts for 

12.8% of the proportion of urban area in the current state of land use, which is 

considerably less than the intensive urbanization scenario discussed in section 5.3.1. 

 

Table 5.2 Relative increase of urban area in different parts of the study area for scenario 
2010 (Based on Dosch and Beckmann, 1999). 

 

River basin % urban area 
current 

% urban area 
2010 

relative 
increase (%) 

Neckar 14.9 16.8 12.9 

Main 11.7 13.8 17.2 

Sieg 18.4 20.7 12.2 

Lippe 18.1 20.5 13.2 

Lahn 14.0 16.1 15 

Ruhr 19.0 21 10.3 

Mosel 12.0 13.3 11.3 

Nahe 11.6 13.5 16 

Erft 17.8 20.1 12.9 
 

 

The direction of the change in the hydrological response of the catchments to this change 

scenario is similar to that of the intensified urbanization scenario. However, the extent of the 

change is much less, since the relative increase in the urban area is less compared to the 

double urban area scenario. Especially, flows resulting from winter events were little affected. 

A maximum increase of 0.7 % in the mean runoff between 1980 and 1995 was found, 

indicating almost no effect on the long-term water balance.  Figure 5.5 shows the changes in 

the peak runoff for summer and winter events from two different catchments, in which the 

relative increases in urban areas are the highest and the lowest respectively. One can see from 

the figure that the hydrographs are almost indistinguishable in the Ruhr catchment, in which a 

10% increase in the urban area is considered.  
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 a) Kleinheubach (Main) – Summer   b) Kleinheubach (Main) - Winter 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 a) Hattingen (Ruhr) – Summer   b) Hattingen (Ruhr) – Winter 
 

 

Figure 5.5 Effect of urban area increases for scenario 2010 on the runoff from events in 
summer and winter in the Main and Ruhr catchments. 
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use scenarios are also presented. In addition, the effect of the land use changes on the arrival 

time of the peak, which is estimated by disaggregating the daily precipitation into hourly 

values using a uniform distribution, is shown. It can be seen from the table that it is difficult 

to derive a definite relationship between the return period of a flood event and the impact of a 

land use change on the flood. The reason for this is that the impact of land use changes on the 

runoff depends mainly on the antecedent moisture condition within the catchment as 

discussed in the previous sections.  
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Table 5.3 Summary of changes in peak runoff and their arrival time for selected events due to different land use scenarios. 

 
 
  Present landuse Landuse scenario 2010 Doubled urban area Entire basin forested 
Event date q(liter/s/km2) with app. return period % increase in discharge % increase in discharge % increase in discharge

  Max min avg Max* Min* avg 

avg. Peak 
arrival 
time 

diff.[h] 
Max* Min* avg 

avg. Peak 
arrival 
time 

diff.[h] 
Max* Min* avg 

avg. Peak 
arrival 
time 

diff.[h] 

27.05.1983 131.56 (Mosel) 
20 Yrs. 

28.43 (Lippe) 
1.5 yrs. 75.14 0.94 2.00 1.14 -1 8.24 15.09 8.49 -3 -14.18 -32.99 -14.36 7 

04.06.1984 112.49 (Sieg)   
1.5 yrs. 

38.01(Mosel) 
1 yr. 69.20 0.99 1.52 1.58 -1 8.48 7.77 11.66 -2 -9.75 -20.95 -18.92 7 

04.03.1987 173.7 (Sieg)   
2.5 yrs. 

53.4 (Lippe)  
3 yrs. 98.58 0.89 1.31 0.74 -1 7.48 9.74 5.52 -3 -9.27 -17.12 -9.46 5 

28.03.1988 154.11 (Sieg)   
2 yrs 

45.94 (Lippe) 
2 yrs. 100.74 0.95 0.63 0.76 -1 7.99 4.27 6.03 -3 -7.69 -17.02 -9.48 7 

23.04.1989 75.63 (Sieg)    
1yr. 

17.5 (Lippe)  
1 yr. 43.87 1.31 3.03 1.06 0 10.95 22.80 8.34 -3 -12.02 -37.60 -14.66 5 

15.02.1990 163.11 (Sieg)   
2 yrs. 

29.31 (Lippe) 
1.5 yrs. 91.14 0.85 0.38 1.04 -1 7.17 2.08 7.75 -3 -8.41 -9.66 -10.71 6 

21.11.1990 88.1 (Sieg)     
1 yr. 

19.6 (Lippe)  
1 yr. 43.63 1.88 3.06 1.77 -1 15.89 23.16 12.48 -3 -18.80 -40.82 -17.55 8 

22.12.1991 183.6 (Sieg)    
3 yrs. 

38.94 (Lippe) 
1.5 yrs. 78.03 1.13 1.54 1.01 -1 8.75 11.63 6.97 -3 -10.47 -24.07 -11.15 8 

21.12.1993 214 (Nahe)    
50 yrs. 

51.91 (Lippe) 
3 yrs. 129.12 1.68 0.44 1.17 0 10.56 2.56 8.08 -2 -16.74 -13.35 -13.47 4 

23.01.1995 203 (Nahe)    
50 yrs. 

77.03 (Lippe) 
12 yrs. 154.65 1.61 1.08 1.64 0 9.98 7.46 10.24 -2 -14.80 -15.19 -15.56 5 

 
* percentage increases in the maximum or minimum specific discharges.
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6 Conclusions and outlook 
 
A regional estimation scheme of parameters of a rainfall-runoff model as functions of 

physical catchment descriptors has been developed and applied giving good results in terms 

of the ability of the model to predict a continuous runoff hydrograph from catchments based 

on daily input meteorological variables. The scheme, which is based on estimating the model 

parameters that lead to acceptable model performance in terms of some predefined objective 

function for a number of gauged subcatchments, imposes a constraint on the model 

parameters by associating them with the catchment descriptors before the calibration process. 

This, although doesn’t entirely avoid the problem of having a number of equally competing 

model parameters, leads to a considerable reduction of the feasible parameter space over 

which calibration is made, while at the same time maximising the regional relationship 

between the model parameters and the catchment descriptors. This renders the approach more 

attractive than the traditional two-step regionalization scheme in that it avoids calibrating 

subcatchments individually over wider feasible parameter space and reduces considerably the 

difficulty associated with fitting the regional relationship between the parameters thus 

obtained and the catchment descriptors. 

 

Since the model parameters are estimated based on readily measurable catchment descriptors, 

the scheme makes it possible to estimate model parameters corresponding to ungauged 

catchments, rendering it potentially suitable for modelling the runoff from such catchments. 

This was validated by implementing the parameter estimation scheme in gauged 

subcatchments that were not used in deriving the regional relationship between the model 

parameters and the catchment descriptors. The result obtained suggests that the model 

performances in terms of different evaluation criteria in the subcatchments used to validate 

the scheme and the catchments used to derive the regional relationship are comparable. 

 

The catchment descriptors used in deriving the regional relationship include the land use 

properties of the catchment in addition to other physiographic attributes of the catchment. 

Therefore a change in the land use attribute of the catchment is manifested in the parameter 

values and hence in the response of the catchment. This potentially makes the approach useful 

in predicting the hydrological consequences of changes in land use within a catchment, as was 

demonstrated through sensitivity study of the regionalized model to different scenarios of 

changes in land use. 
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The direction of the catchment reaction predicted by the regionalized model to land use 

changes is consistent with the physical explanations that can be given to the effect of the 

different change scenarios tested in the study and is supportive to findings of many of the 

previous works conducted on assessment of the impact of land use changes. The results 

indicate that there is an increase both in the long-term water yield and event based runoff 

from catchments due to urbanization, while they indicate a reduction in both attributes of the 

catchment response due to afforestation.  

 

One should, however, be cautious in interpreting the modelled responses of the catchment due 

to land use changes when one or more of the land use classes in the changed scenario have a 

proportion outside the range of their proportion in the subcatchments used to derive the 

regional relationship between the model parameters and the catchment descriptors. As can be 

seen in table 4.2, the proportions of some classes of land use in the validation set of 

subcatchments fall slightly outside their corresponding ranges in the calibration set of 

subcatchments that were used for the derivation of the regional relationship between the 

model parameters and the catchment descriptors. Since the performance of the regionalized 

model in the validation subcatchments was found to be within a reasonable degree of 

acceptance, this suggests that the regionalization approach implemented works well for slight 

extrapolation of the proportion of land use classes beyond the range considered in deriving the 

regional relationships. However, for larger extrapolation, the model was not validated and the 

prediction of the model for such a situation could be more uncertain. 

 

The above remark applies to the other catchment attributes that are used to regionalize the 

model parameters as well. This implies that the spatial scale of the subcatchment is an 

important factor that needs to be taken into consideration in using the regional parameter 

equations in modelling the rainfall-runoff relationship for the subcatchment, since size of the 

subcatchment is also used as a catchment attribute to regionalize some of the model 

parameters. The subcatchments used in deriving the regional equations range from the lower 

to the upper meso-scale subcatchments and applicability of the equations to small and large-

scale catchments could also be more uncertain.  For large scale catchments, the problem can, 

however, be handled by subdividing them into meso-scale subcatchments and integrating a 

flood routing model from the subcatchments down to the outlet of the whole catchment.  
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The regional parameter estimation methodology implemented in this work considers land use 

classes that are mainly related to the type of land cover. Other land use classes are not 

explicitly considered in deriving the regional parameter estimation equations. Therefore, if a 

land use type other than those considered in deriving the regional equations is introduced in a 

catchment, the rainfall-runoff relationship for the catchment may not be modelled by the 

regionalized model used in this study. The introduced land use type may alter the runoff 

generation mechanism that may necessitate even a change in the structure of the model. This 

problem was noticed in modelling the rainfall-runoff relationship in the Erft catchment, where 

an extensive coal mining activity takes place. The regionalized model was not able to capture 

any part of the runoff hydrograph generated from the catchment. 

 

It needs to be pointed out that the regional equations developed in this work are applicable 

only within the study area they are established for and within the particular model 

implemented in the study. The general methodology, however, can be extended to other 

models and other regions as well. 

 

Based on the observations made during the modelling procedure and the scope of the work 

presented here, it is also worthwhile to put the following outlooks on the direction of future 

work that can be done: 

 

- Estimation of the model parameters and their corresponding regional relationships 

with the catchment attributes was done by calibrating the model based only on 

simulating the runoff observed at the outlet points of the subcatchments. Simulating 

the runoff at the outlet needs consideration of all the catchment processes 

simultaneously and this leads to an interaction of the model parameters pertaining to 

the different hydrological processes. This obviously increases the freedom of the 

individual model parameters and parameter values spanning over a wide range can 

lead to similar model performance. This consequently reduces identifiability of the 

model parameters. Although the regionalization approach implemented in this work 

imposes constraints on the parameters, further improvement of estimation of the 

parameters may be achieved by incorporating other catchment responses or state 

variables corresponding to different phases of the runoff generation process, if it is 

feasible to obtain such data. This may suggest a direction for future parameter 

regionalization works. 
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- It might also be worthwhile to extend the model structure so that the effect of soil 

management on the runoff generation, i.e., the effect of macropore flow and the effect 

of surface siltation due to high intensity of precipitation are considered explicitly for 

arable land. These processes mainly depend on the intensity of precipitation, soil 

moisture at the beginning of the event, and the land tillage practice. It might be 

possible to account for these effects by modelling the infiltration parameters as 

functions of soil moisture, intensity of precipitation and the land management by 

making use of information on the dynamics of the land management practice at 

different times of the year. 

 

- The transfer function relating the model parameters with the catchment attributes was 

set to have a linear form in this work. It would be worthwhile to try and test other non-

linear forms of transfer functions. 

  

- Although the methodology reported in this work reduces the feasible parameter space 

over which model calibration is done due to a constraint imposed by the functional 

relationship between the model parameters and the catchment descriptors established a 

priori, it doesn’t lead to estimation of a unique set of model parameters. This implies 

that there are uncertainties associated with the prediction made by the regionalized 

model. This suggests a need to carry out a comprehensive uncertainty analysis coupled 

with the regional parameter estimation in order to assess the reliability of the 

regionalized model. Future regionalization works should also focus on this issue as 

well. 
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