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  Summary 

Summary 
 
The floods of 1993 and 1995 where a cause for improvement of high flow forecasting for the 
river Meuse. For this purpose the HBV model from the Swedish Meteorological and 
Hydrological Institute (SMHI) was selected from a range of other models. Some studies 
about the spatial and temporal scales that should be used are already done for the HBV 
model by RIZA. The main objective of this research is the complexity of the HBV model, to 
give better insight in the advantages of applying the HBV model to the Meuse catchment. 
The complexity of a model is formed by the processes in the model. To determine the effect 
of some of the processes, used in the HBV model, the HBV model is being compared with a 
simpler conceptual model in this study for the Ourthe catchment. The “simple” model is being 
build up step by step with processes, following a strategy from a very simple to a relatively 
complex model.  
 
There is started with a very simple model, a constant runoff model in which the discharge is a 
constant function. This model is seen as the reference model. The second model is a linear 
rainfall-runoff model in which a linear function is added to the model, creating a discharge as 
function of the precipitation. The second step is the addition of a linear reservoir, creating a 
linear rainfall-runoff model with one reservoir. The addition of a second reservoir follows in 
the third step. The process of the evapotranspiration in the catchment is added to the model 
in two ways. The first way is in a second run for each model, with effective precipitation, 
which is a function of an evapotranspiration coefficient (averaged over the total calibration 
period) and the potential evapotranspiration, as input. The second way of adding an 
evaporation function is in a fourth step in the row of the “simple” models, called a linear-
rainfall-runoff model with two reservoirs and evapotranspiration. In this last model, the 
effective precipitation, based on a monthly averaged difference between measured discharge 
and precipitation over the total calibration period, is used as input.  
 
The results of the simulations with the “simple” models show the improvement of the model 
for each process addition. There can be concluded that the addition of a linear function 
improves the model results a lot, followed by the addition of a linear reservoir, causing a 
better result as well. There can also be concluded that the addition of an evapotranspiration 
function is essential for the simulation of rainfall-runoff processes. Including a second 
reservoir slightly improve the results of the model.  
 
A small research about possible differences between input data used in studies before 
(Booij, 2002 and Wal, 2001) and the input data used in this study (Wójcik and Buishand 
(2001)) is also done. There can be concluded that differences exist between these data. For 
this reason, a new calibration of the HBV model had to be done for the Ourthe catchment, to 
compare the results of the “simple” models with the result of the HBV model.  
 
The results of the HBV model, after calibration, are very good with an efficiency coefficient of 
0.86 for the calibration and 0.91 for the validation and even better than the results for the 
simulations of the Ourthe catchment done by Booij (2002). The result of the HBV model  is 
also much better than the results of the simulations with the “simple” models.  
 
From the results of all simulations can be concluded that each process added in the row of 
“simple” models is necessary to give a good result. The HBV model gives a better result than 
the best “simple” model. It can be concluded that some more processes, used in the HBV 
model have to be added to the “simple” model to give a result that is at least as best as the 
HBV model. These processes could be a third reservoir, representing the soil-moisture 
process and/or a transformation routine.  
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  Introduction 

Chapter 1 Introduction 
 
The floods of 1993 and 1995 caused a lot of damage in the basin countries and regions of 
the river Meuse and its tributaries. This gave rise to a Flood Action Plan Meuse (WHM, 
1998). The aim of this plan is the reduction of risk of floodings and there are two ways 
formulated in the plan to achieve this aim: 

1. Reduction of high water levels  
2. Reducing the vulnerability for floods 

 
To achieve the second purpose, a better rainfall-runoff model of the river Meuse is being 
developed to get more accurate forecasts of high flows. Obviously a good representation of 
the rainfall-runoff processes is necessary for flood forecasting and the determination of 
design discharges. 
 
RIZA, the Institute for Inland Water Management and Waste Water Treatment (RIZA), a 
subdivision of the Dutch Ministry of Transport, Public Works and Water Management is, 
within the Netherlands, responsible for the development of rainfall-runoff models for the 
Rhine and the Meuse. Their work on these models is especially about a rainfall-runoff model 
for operational forecasting and defining the design discharge for these rivers. The design 
discharge is the maximum discharge, which, in theory, should be exceeded on average once 
every 1250 years. This discharge has been derived from statistical analyses of time series of 
peak discharges. Since the available time series, used for the prediction of the design 
discharge, are relatively short compared to the required mean recurrence period of 1250 
years, and may also be non-homogeneous, the estimated design discharge is subject to 
large uncertainties. In order to reduce these uncertainties, a new methodology is being 
developed, consisting of a stochastic precipitation generator, developed by the Royal Dutch 
Meteorological Institute (KNMI) and a hydrological model (Parmet et al, 1999) to construct 
long series of discharges which are then subjected to statistical analysis.  
For this purpose the HBV model from the Swedish Meteorological and Hydrological Institute 
(SMHI) was selected from a range of other models (Passchier, 1996). During the last few 
years RIZA did some studies on the feasibility of the HBV model for use of short term and 
long term simulations. Especially about the spatial and temporal scales that should be used, 
taking into account factors like uncertainties, availability of data and feasibility for the model 
user.  
 
Velner (2000) performed a study about the temporal scale for simulation of high discharge 
events. In this study HBV was applied with a time step of 1 hour, 6 hours and 1 day to the 
Ourthe, a tributary of the Meuse. From this study could be concluded that a time step of 6 
hours is appropriate for predictions of extreme events in the river Ourthe.  
 
Booij (2002) determined an appropriate model scale for the assessment of the impact of 
climate change on river flooding in the Meuse basin. The definition of appropriate is in this 
context: “a right balance between uncertainties of inputs, parameters, and process 
descriptions resulting in an output uncertainty acceptable for the model user and feasible in 
view of data availability and computational possibilities”. Statistics of precipitation, 
temperature, evapotranspiration and catchments characteristics were analysed for an 
appropriate scale for each feature and integrated into one appropriate model scale. From this 
research there can be concluded that a spatial model resolution of 10 km is appropriate.  
  
Van der Wal (2001) concluded that with the available data, better model results of the HBV 
model can not be achieved by dividing the Meuse basin from 15 into 118 sub basins. The 
best results, that can be obtained with the data is already reached with the HBV-15 model, 
which is the appropriate spatial resolution for the Meuse basin, Booij (2002) concluded from 
his research.  
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De Bruijn (2000) performed a study in which the HBV model was applied to the catchments 
of the Ambleve, Vesdre, Lesse and Meuse till Chooz with good results.   
 
This research will focus on the complexity of the HBV model to give better insight in the 
advantages of applying the HBV model to the Meuse catchment.  
 
The aim of the research 
 
All the processes described in the model form the complexity of a model. To determine the 
effect of each process description in a model on the simulation of the discharge in a model, a 
strategy can be formed: a model can be cut into pieces or being build up in different stages 
of complexity, starting with a very simple model to a relative complex model at the end. 
 
Which strategy is chosen, building up or cutting into pieces, depends on the investigator. The 
construction of the HBV model is done following the strategy of going from a simple to a 
complex model, building up step by step. Bergström (1991) gave the following reason for 
this:  
 
“Going from a complex to simpler model structures requires an open mind, because it is 
frustrating to have to abandon seemingly elegant concepts and theories. It is normally much 
more stimulating, from an academic point of view, to show significant improvement of the 
model performance by increasing complexity.” 
 
If the result of the model simulation improves significantly with addition of a new process 
description the addition made sense, if the result doesn’t improve the quality of the addition 
in the model, the model structure cannot be valued. There should always be remembered, 
“good model performance does not guarantee that we have described the system correctly” 
(Bergstrom, 1991). 
 
This research will focus on the value of using the HBV model compared to simpler 
conceptual models, being built up step by step.  
 
The aim of the research is to see if a simple model, which looks like a part of the HBV model, 
gives already almost the same result as the HBV model for the Ourthe catchment.  From this, 
the following research question can be formulated: 
 
1. Does the relatively complex conceptual model HBV give a better result than a simple 
conceptual model?  
 
The “simple” models will also be conceptual like the HBV model.  
 
Together with these research question, some sub-questions can be formulated: 
 
2. How much does every addition of a new process description to the model improve the 
results and is it worth making this addition?  
 
3. What are the most relevant processes for the simulation of the rainfall-runoff processes in 
the catchment? 
 
The data of the study of Wójcik and Buishand (2001) will be used in this study. These data 
were also used in a study before by van der Wal (2002) as input for the HBV model. The 
parameters of the HBV model were not changed in this study from the parameters used in 
the earlier studies by Booij (2002) and van der Wal (2001), in which other input data were 
used. Another research question can be formulated from this: 
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4. Are there any differences between the input data used in the studies before for the Ourthe 
catchment (Booij (2002), van der Wal (2001)) and the data of Wójcik and Buishand (2001)?   
 
If there are differences between the input data used in the studies of Booij (2002) and van 
der Wal (2001), and the data of Wójcik and Buishand (2001), a new calibration of the 
parameters in the HBV model with the data of Wójcik and Buishand (2001) should be done, 
formulating another question for this research: 
 
5. What are the results of the HBV model obtained with the meteorological data of Wójcik 
and Buishand (2001) with or without a new calibration of the parameters? 
 
Delimitation 
The simulations will be done for the catchment of the Ourthe, upstream of Tabreux, a sub-
catchment of the Ourthe catchment, which is a subbasin of the Meuse basin, with Tabreux as 
gauging station for the measured discharge. The Ourthe is used as a casestudy for the 
development of the rainfall runoff generator for the Meuse. The simulation will be done for 
the years 1970-1996, with the years 1970-1984 as calibration period and 1985-1996 as 
validation period for the different models. A time step of one day will be used. Since the 
discharge data is only available for this time step. 
 
Plan of the research and report structure 
To give an answer to the questions of this research some simple models will be build up step 
by step and the input data used in the studies of Booij (2002) and van der Wal (2001) and 
the data of Wójcik and Buishand (2001) will be compared. If differences exist between the 
input data, the HBV model will be calibrated for the Ourthe catchment, otherwise the results 
of the study of van der Wal (2002) with the HBV model will be compared with the results of 
the simpler models.  
 
“Simple” models 
There will be started with a very simple model, a constant runoff model in which the 
discharge is a constant function. This model can be seen as the reference model. The 
second model will be a linear rainfall-runoff model in which a linear function is added to the 
model, creating a discharge as function of the precipitation. The second step is the addition 
of a linear reservoir, creating a linear rainfall-runoff model with one reservoir. In this model is 
the discharge a function of the precipitation, and a function of the outflow of the reservoir, in 
which a storage of a part of the precipitation is taking place. The addition of a second 
reservoir will follow in the third step, creating a linear rainfall-runoff model with two reservoirs.  
All these models don’t have any process for the computation of the evapotranspiration in the 
catchment, but this process is quite important in the process from precipitation to discharge 
and is added to the models in the following two ways: 
 

1. For each rainfall-runoff model, two model runs are done, with different input data. The 
first run is done with the observed precipitation, the second run is done with a kind of 
precipitation taking the evapotranspiration into account, called the effective 
precipitation in this research and is computed with the potential evapotranspiration 
data and an averaged evapotranspiration coefficient over the total calibration period. 
An explanation of how this effective precipitation is computed exactly will be given in 
this study. 

2. In addition to the linear-rainfall-runoff model with two reservoirs, a linear rainfall- 
runoff model with two reservoirs and evapotranspiration is used, in which the 
difference between the precipitation and discharge over a certain period is seen as 
the evapotranspiration. This evapotranspiration is computed as a mean daily value 
per month over the total calibration period. The explanation of the computation of the 
evapotranspiration will be given in the model description.   
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The first solution is done for every model and the second solution is seen as a fourth step of 
the simple models, in which the data of the potential evapotranspiration are not used. These 
two different ways of adding the evapotranspiration process to the models are also compared 
in this research.   
 
To evaluate the influence of peak discharges on the results computed with the model, two 
other simulations are done for both models with reservoirs, with precipitation and effective 
precipitation as input. In these model simulations, the measured discharges with a discharge 
exceeding a threshold of 2 mm/d (“peaks”) are emphasized.  
 
Report structure 
This report is organised according to the steps taken in this research. First a description of 
the area will be given (chapter 2), followed by a description of the input data (chapter 3), in 
which the input data of Booij (2002) and van der Wal (2001) and the data of Wójcik and 
Buishand (2001) will be compared and the computation of the effective precipitation is also 
explained. In chapter 4 the “simple” models will be described. Chapter 5 shows the results of 
the simulation with the simple models. A description of the HBV model and the results will 
follow in chapter 6. A summary and comparison of the results is given in chapter 7 and the 
conclusions and recommendations will be at the end of this report (chapter 8). 
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Chapter 2 Description of the Meuse and the Ourthe basin 
 
2.1 The Meuse Basin 
 
The basin of the river Meuse has a total area of 33.000 km2 and is mainly fed by 
precipitation. The basin covers parts of France, Belgium, Luxembourg, the Netherlands and 
a relatively small part of Germany. It’s length from the source in France, at an altitude of 400 
m a.s.l. (above sea level), to the mouth, is about 875 km (Berger, 1992). 
 
Since the river can be regarded as an almost purely rain fed river, high annual and seasonal 
variations in discharges and water levels are caused. The Meuse responds strongly and fast 
to variations in precipitation, due to the physical characteristics of the catchment.  
 

 
Figure 2.1 Longitudinal profiles of the Meuse and its tributaries (source Berger, 1992) 
 
Figure 2.1 shows that especially the tributaries Ourthe, Vesdre, Amblève and Lesse of the 
Meuse, which are situated in the Ardennes, have steep slopes and an altitude of 600 m a.s.l. 
The soil in these areas consists mostly of hard impermeable rock, resulting in a small storage 
capacity, a narrow river and a large slope. The poor permeability, the steep slopes, the 
narrow beds and the large amounts of rainfall in the Ardenne area contribute to a fast 
responding discharge to precipitation. During low flows the contribution of this region of the 
Meuse basin is small, due to its low storage capacity. During flood waves, the contribution of 
the Ardenne area to the discharge is large (Berger, 1992).  
In the next section the characteristics of the Ourthe catchment, the catchment used in this 
study, will be described. A complete description of the river Meuse and its tributaries is given 
by Berger (1992). 
 
2.2 The Ourthe Basin 
 
The Ourthe covers an area of 3,626 km2 and is the largest tributary of the river Meuse. 
During floods, the discharge rates are relatively high. The Ourthe is a fast rising river, which 
makes this river, through its hydrological behaviour and location (close to the Dutch border) 
the most important Meuse tributary for flood risks in the Netherlands. It is therefore important 
to forecast discharges of the Ourthe.  
The Ourthe catchment can be divided into three sub-catchments, the Ourthe, the Amblève 
and the Vesdre catchment, see figures 2.2, 2.3 and table 2.1. In the Ourthe sub-catchment 
the river consists of two branches in its upper course: The Ourthe Occidentale and the 
Ourthe Orientale. Its total length is approximately 175 km.  
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Figure 2.2 The Meuse basin and the Catchments Vesdre, Amblève and Ourthe (source: Wit 
et al, 2002) 
 

Figure 2.3 The location of the sub-catchments and the different gauging stations for the sub-
catchments (source: Wit et al, 2002) 
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Table 2.1 (sub)-catchments of the Ourthe and their size 
Catchment Size (km2) 
Total catchment of the Ourthe 3626 
Ourthe at Tabreux 1597 
Amblève at Martinrive 1044 
Vesdre at Chaudfontaine 677 
Remaining area 308 

 
This study is limited to the sub-catchment of the Ourthe, upstream from Tabreux. A 
description of this sub-catchment in the Ardennes will follow in the next section.  
 
2.2.1 The Ourthe upstream from Tabreux 
The Ourthe consists of two branches. The Ourthe Occidentale springs at +500 m a.s.l. and 
the Ourthe Orientale springs at 520 m a.s.l. After the confluence in the Nisramont reservoir, 
the Ourthe continues as one river. Up to Tabreux many small tributaries drain into the 
Ourthe. The catchment covers an area of 1597 km2 and the highest point is at 658 m a.s.l. 
The region has a mountainous character. Up to Tabreux the average gradient amounts 3.7 
10-3. Thirty percent is covered with forests, of which 70% consists of deciduous forests. The 
reservoir at Nisramont has a capacity of 3 106 m3 and its purpose is the supply of drinking 
water and the generation of electricity. (Berger, 1992)  
In the next sections, some of the characteristics of the catchment will be described. 
 
2.2.1.1 Geology and soils 
From a geological point of view the catchment of the Ourthe can be splitted into two parts. 
These are the relatively flat limestone and shale area in the northwestern part of the Marche-
en-famenne and the larger sandstone area in the southern part (Figure 2.4). Both branches 
of the Ourthe have their source in a sandstone area (Dijksma et al,-).  

Figure 2.4 Geology of the Ourthe catchment (source: Tilmont et al., 1984) 
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The soils in the area are strongly related to the geology (figure 2.5). In the southern parts the 
stony loam and slate stones dominate. In the northern part, where the underground exists of 
lime stones, limestone soils and some loam and sandy loam soils can be found.  
 

Figure 2.5 The soils in the catchment of the Ourthe (source: Wit et al, 2002) 
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2.2.1.2 Landuse 
The landuse in this area is mainly depending on the steepness of the slopes. At the very 
steep slopes forests can be found, while at the less steep slopes, agriculture with areas of 
natural vegetation and pastures (figure 2.6).  
 

Figure 2.6 Landuse in the catchment of the Ourthe (source: Wit et al, 2002) 
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2.2.1.3 Precipitation 
The mean annual areal precipitation in the catchment of the Ourthe is 969 mm (Berger, 
1992). There is a clear correlation between the altitude and the precipitation. In the lower 
parts the annual precipitation is approximately 900 mm, in the higher parts of the catchment 
of the Ourthe upstream from Tabreux approximately 1100 mm. The distribution of the annual 
precipitation over the months for the catchments of the Ourthe, Amblève and Vesdre are 
shown in figure 2.7. Summer and winter months are relatively wet, while April is the driest 
month of the year.  
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Figure 2.7 Monthly averaged precipitation sum for the Ourthe, Amblève and Vesdre for the 
years 1970-1996 of the data of Wójcik and Buishand (2001) 
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2.2.1.4 Discharge 
The discharge gauging station for the catchment, used in this study, is located at Tabreux 
(see figure 2.3). The mean annual discharge of the Ourthe at Tabreux is 22 m3/s. During 
winter the discharge rates are much higher than during summer and ranges from about 
44m3/s in January to 5 m3/s in August. This variation in rates is due to the influence of the 
evaporation, which is of course highly related to the temperature, see figure 2.8. As a 
consequence discharges are high in winter and low in summer.   
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Figure 2.8 Monthly averaged discharges of the Ourthe, Amblève and Vesdre and monthly 
averaged temperature for the area for the years 1970-1996 
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Chapter 3 Input data 
 
To run all the models, two kinds of input data are required for the catchment. These input 
data are the meteorological data and the hydrological data. This chapter describes how 
these data are edited, so that they can be applied in the models as input. The comparison of 
the input data used in the studies of Booij (2002) and van der Wal (2001) and the data of 
Wójcik and Buishand (2001) can also be found in this chapter (section 3.3), even as the 
explanation of the computation of the effective precipitation (section 3.4).  
 
The precipitation, potential evapotranspiration and discharge data are given in millimetres for 
the total area.   
 
3.1 Hydrological data 
 
To compare the performances of the hydrological models, efficiency coefficients are 
calculated and compared. For the calculation of these coefficients, the measured discharges 
are needed. These data have been provided by the Ministere Wallon d’Equipement et des 
Transport (MET) of Belgium. The mean discharge at Tabreux for the total period (1970-1996) 
is 1.2 mm/d 
 
The modelling is done on a daily basis, since the discharge data are only available as daily 
means for the total period (1970-1996). For some flood events also hourly data are available, 
but since this study is about the total period, these data are not used in the models. 
 
3.2 Meteorological data  
 
The meteorological data, used as input for the models are delivered by the KNMI (Royal 
Dutch Meteorological Institute, Wójcik and Buishand (2001)). The mean precipitation for each 
year is 969 mm, the mean temperature is 7.3 oC and the mean potential evapotranspiration is 
587 mm/year. The precipitation and evaporation data are used as input for the “simple” 
models and the HBV model. The temperature data is only used in the HBV model, for the 
simulation of snowfall and snowmelt, which is neglected in the “simple” models.  
 
The areal computed data of the KNMI (Wójcik and Buishand, 2001) is on a 6 hourly basis, 
but the modelling is done on a daily basis, so daily sums have to be computed. In the study 
of the KNMI by Wójcik and Buishand (2001) is explained that daily rainfall at climatological 
stations in Belgium has always been recorded at 8:00 national time. But it is not clear, if, for 
instance, a value in the data of the KNMI is at the time 6:00, if this is at the time 6:00 in the 
morning or at 14:00, which is 6 hours after 8:00 (the time at which daily rainfall is always 
recorded in Belgium). To find out at what time the 6 hourly data, delivered by the KNMI, are, 
a small study was done. For this study the assumption was made that the daily discharge 
values are mean discharges, computed over a period from midnight to midnight the next day.  
 
6-hourly data, at what time are they?  
For some peak events, also hourly precipitation data from some meteorological stations are 
available, delivered by MET. With these data this difference in time can be cleared. The peak 
events of December 1993-January 1994 and January 1993 for the station Ortho 
(M61280015) were chosen from the data. The station Ortho is situated close to the 
confluence of the Ourthe Occidentale and Ourthe Orientale. 
 
Figure 3.1 shows a plot of both data of the peak event of December 1993-January 1994, in 
which the time of the data of the KNMI is the same as the time of the day. So, if there is 
mentioned for the 6-hourly KNMI data the time 18:00 this will be the sum of the precipitation 
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from the time 14:00 till 18:00 for the hourly precipitation, since the KNMI data is on a 6 hourly 
basis. 
 
The next figure shows a plot for December 1993-January 1994 in which the time of the KNMI 
data is shifted 6 hours from 8:00 on. This means that if in the KNMI data stands the time 
18:00 this will be 2:00 at daytime (the following day), 12:00 will be 20:00 at day time, 6:00 will 
be 14:00 at day time and 0:00 will be 8:00 at day time.  
 
Comparing these two figures there can be concluded that in the second figure, with shifted 
data, a better fit of the trend line can be found. An interval between the data exists, since the 
hourly data are hourly data from a meteorological station and not for the total catchment. In 
appendix A the plots for the peak event in January 1993 for the meteorological station Ortho 
and the KNMI data are displayed.  
 
From these figures can be concluded that a shift of the KNMI data is needed, to compare the 
results of the model with the discharge data on a daily basis, if the assumption that the 
discharge data are mean discharges, computed over a period from midnight to midnight the 
next day, is correct.  
 
The KNMI data are only on a 6 hourly basis, starting at 8:00, so a shift in data cannot be 
made to a day from 0:00 till 0:00. For this research is chosen to use meteorological data with 
a shift from 2:00 till 2:00. This means that daily sums from 18:00 (the day before, which is 
2:00 in real time on the day) till 18:00 (on the day, which is 2:00 in real time on the following 
day)) are computed from the KNMI data and used as input for the models. Daily precipitation 
sums, with this shift, are computed as the precipitation data. For the temperature, daily 
means are calculated. No shift is done for the evapotranspiration data, since these data are 
already divided over 6 hour periods from total daily values.  
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Figure 3.1 Precipitation (mm/6 hours) of the KNMI data and 6 hour sums of hourly 
precipitation data of the station Ortho (M61280015), for which the time 6:00 is set to 6:00  in 
real time 
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Figure 3.2 Precipitation (mm/6 hours) of the KNMI data and 6 hour sums of hourly 
precipitation data of the station Ortho (M61280015), for which the time 6:00 is set to 14:00 in 
real time, 12:00 is 20:00 in real time, 18:00 is 2:00 in real time and 0:00 is 8:00 in real time 
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3.3 Comparison of the input data of the KNMI and the data used  
       in other studies 
 
To see if differences exist between the meteorological data, delivered by the KNMI and the 
data used in the study’s before for the Meuse catchment with the HBV model by Booij (2002) 
and Wal (2001), these data are compared.  
 
Figure 3.3 shows a plot of the daily precipitation data of the KNMI, with the shift of 6 hours, 
and the precipitation data used before in the model studies for the Ourthe catchment for the 
calibration and validation period (1970-1996). The next figure shows a plot with the potential 
evapotranspiration data and the third figure a plot of the temperature data (shifted for the 
KNMI data). 
 

Figure 3.3 The precipitation data from the KNMI and the precipitation data used in studies 
before by Booij (2002) and Wal (2001) (1970-1996). 
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Figure 3.4 The potential evapotranspiration data from the KNMI and the potential 
evapotranspiration data used in studies before by Booij (2002) and Wal (2001) (1970-1996).  
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Figure 3.5 The temperature data from the KNMI and the temperature data used in studies 
before by Booij (2002) and Wal (2001) (1970-1996). 
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It can be concluded that there are differences between the input data. For the precipitation 
and evapotranspiration are the systematic differences small, but for the temperature data, a 
systematic difference of 2.2 oC can be found, as the equation of the trend lines show. The 
explanation for this systematic difference is the area of research. In the model studies of 
Booij (2002) and Wal (2001) a temperature for the total catchment of the Meuse river was 
used, since these studies are about the total catchment. The temperature from the KNMI 
data is specifically computed for the catchment of the Ourthe, inclusively the Amblève and 
Vesdre catchment. So these temperature data cannot be compared. The differences in 
precipitation data are random differences. A possible explanation is the amount of 
meteorological stations used for the calculation of the precipitation. 
 
Since differences exist between the input data used in the studies of Booij (2002) and van 
der Wal (2001) and the KNMI data, a new calibration of the parameters in the HBV model 
with the KNMI data as input has to be done.       
 
Another point of attention is, that it is not known what kind of time periods the meteorological 
data, used in the studies of Booij (2002) and van der Wal (2001) are based on. It could be 
that these daily values are also not from midnight to midnight, but from 8:00 to 8:00, like the 
KNMI data or a total different time period is even possible. Comparing the KNMI data, 
without a shift with the input data used in the studies, delivers the graphs, shown in figure 3.6 
and 3.7. Since the potential evapotranspiration of the KNMI data was not shifted, the plot of 
the evapotranspiration will be the same as figure 3.4.  
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 Figure 3.6 The precipitation data from the KNMI, without the shift of 8 hours, and the 
precipitation data used in studies before by Booij (2002) and Wal (2001) (1970-1996). 
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Figure 3.7 The temperature data from the KNMI, without the shift of 8 hours, and the 
temperature data used in studies before by Booij (2002) and Wal (2001) (1970-1996). 
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The trend line in figure 3.6 has a direction coefficient (0.9823). This is closer to the value one 
than the direction coefficient of the trend line in figure 3.3, 0.8131. The systematic difference 
is smaller for the not shifted data (0.0239, figure 3.6) than the shifted data (0.4727, figure 
3.3). These differences can also be found for the temperature data The systematic difference 
between the temperature data from the KNMI and the data used in earlier studies, is very 
large again, 1.9 oC. 
 
A possible conclusion from figures 3.6 and 3.7 can be that the data used in the studies 
before are also from 8:00 to 8:00 the next day, as for the KNMI data. But, no information on 
the time period of these data could be found. However it should be noticed that the interval is 
not known, if these data are used. For this research, the KNMI data of Wójcik an Buishand 
are used.  
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3.4 Effective precipitation 
 
In this research several runs of the rainfall runoff models are done, in which the effective 
precipitation is used instead of the observed precipitation as input for the model. The 
effective precipitation is a kind of precipitation in which the evapotranspiration is taken into 
account. 
 
The effective precipitation is calculated with the following equations over the total calibration 
period: 
 

)()()( tEtPtPeff pot⋅−= ϕ          (3-1) 
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∑∑
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11ϕ           (3-2) 

 
in which: 
ϕ  Evapotranspiration coefficient 
P  Precipitation 
n  Number of days in the calibration period 
mQ  Measured discharge 

potE  Potential evapotranspiration 
Peff  Effective precipitation 
 
The evapotranspiration coefficient represents the relation between the total actual 
evapotranspiration and the total potential evapotranspiration for the total calibration period. 
Introducing this coefficient, multiplied with the potential evapotranspiration, results into a 
seasonal fluctuation per year for the precipitation data. This can be seen in figure 3.8.  

Figure 3.8 The precipitation and effective precipitation for the Ourthe catchment for the 
calibration period (1970-1984). 
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Chapter 4 Rainfall-runoff models 
 
4.1 Introduction 
 
Already for decades, mathematical models have become general accepted tools in 
hydrology. The models are nowadays used for many reasons:  
 
- To solve a large span of problems in hydrology and water resources 
- To extrapolate our knowledge of the hydrological system to extreme events 
- Attempting to model long-term effects of manmade changes of the environment 
 
There are many kinds of hydrological models and several ways to classify them. In this 
study, a classification by the degree of causality (Torfs (2000)) is used. 

1. Empirical/statistical models: Only statistics are used to construct relations that form 
the model. These models are not constructed to give an insight in the physical 
causalities of the reality (black box models) and are mainly used for forecasting.  

2. Physical models: These models are based on physical laws, like Newton’s law, 
preservation of mass etc, representing the natural processes. This approach results 
in models that can be used for many kinds of research. The values of parameters and 
variables are physically related and can mostly be measured directly in nature.  

3. Conceptual models: These models concentrate on the base of the hydrological 
system: mass balances. Many details are neglected. Generally parameters cannot be 
found directly through measurements. The strength of these models can be found in 
their limited data demand in comparison with physically based models. Many rainfall-
runoff models are conceptual.  

  
The last two groups of models can be subdivided again into two groups according to their 
spatial discretization: 
 

1. Lumped models: In these models, all the spatial variability is being neglected. The 
catchment is seen as a whole. Variables and parameters represent averages.  

2. Distributed models: In these models, the spatial variability is represented by dividing 
the space into grid cells or sub-catchments.  

 
All kind of models, mixing the classifications above, exists, like semi-distributed models or 
physically based models with a conceptual focus.  
 
What kind of model is being used in a research depends on the data available and its 
application. 
It cannot be stated that physically based models should always be preferred to conceptual 
models. However, physically based models are often thought to be more reliable, because of 
their more realistic representation of the catchment processes. Since all three kinds of 
models have their advantages and disadvantages its better not to focus on what kind of 
model to be used, but on which processes should be incorporated and how to represent 
these processes formulated in the model.  
 
As described in chapter 1, in this study, a simple model will be build out towards the HBV 
model. In the next section, descriptions of the “simple” rainfall-runoff model approaches 
which have been built for this study will be given. The model calculations are done in excel, 
except for the HBV model. Also the calibration and validation are being discussed in this 
chapter in section 4.3. In chapter 6 the description of the HBV model follows, together with 
the results. 
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4.2 The Simple model approaches 
 
The so called “simple” model approaches, will be described in the next sections. They can be 
classified as lumped conceptual models. However, the models have increasing complexity 
and number of parameters. For all models is a simulation with precipitation and a simulation 
with effective precipitation as input done.  
 
All the equations will be formulated discrete in time. 
 
4.2.1 Constant runoff model 
In this very simple “model”, the discharge is supposed to be constant.  
 
)(tQ =                         (4-1) a
)(tQ   Discharge at time t [mm/d] 

a  Constant value (mm/d) 
 
The mean discharge of the calibration period will be used as the constant value (both for the 
calibration and validation period) and can be seen as the starting point or reference model for 
the other “simple” models. 
 
4.2.2 Linear rainfall-runoff model 
In this model is the discharge computed as a linear function of the amount of precipitation 
during a time period (T ) of x+1 days.  
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xtPtPtPtQ βα                  (4-2) 

 
)(tQ  Discharge at time t [mm/d] 
)(tP  Precipitation [mm/d] 

βα ,  Parameters [-] 
 
If the effective precipitation is used as input for this model, instead of the total precipitation, 
the following restriction is needed: 
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Peff  Effective precipitation (mm/d) 
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4.2.3 Non-linear rainfall-runoff model 
This model uses a non-linear function for the calculation of the discharge of the following 
form: 


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+
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)(...)1()(

1
)(...)1()()( x

xtPtPtP

e
x

xtPtPtPtQ
λ

βα               (4-4) 

)(tP  Precipitation during time t [mm/d] 
λβα ,, Parameters [-] 

 
4.2.4 Linear rainfall runoff model, with one reservoir 
In this model, the discharge is not only a direct linear function of the precipitation in the same 
period, but also of the outflow of a linear reservoir fed by rainfall. Such a linear reservoir can 
be thought as representing for instance an aquifer generating baseflow. The discharge is 
computed using the following equation: 
 

)()()( tRtPtQ out+⋅+= βα                     (4-5) 
 

)(tRout   Discharge from the reservoir, during time t [mm/d] 
βα ,  Parameters [-] 

t   period of time [days] 
A short explanation of the linear reservoir will be given in the next section, followed by an 
overview of the restrictions needed in this model.  
 
Linear reservoir 
A linear reservoir is based on the mass balance. Figure 4.1 shows a schematic view of a 
linear reservoir.  
 

 
Figure 4.1 Linear reservoir (source: Torfs, 2000)  
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The mass balance for the reservoir can be formulated as: 
 

)()()( tRtRt
dt
dS

outin −=                      (4-6) 

 
)()()1()( tRtRtStS outin −+−=                     (4-7) 

 
)(tS   Content of the reservoir at time t [mm] 
)1( −tS  Content of the reservoir at the end of the period of time before [mm] 
)(tRin    Inflow of the reservoir during the period of time t [mm/d] 
)(tRout   Outflow of the reservoir during the period of time t [mm/d] 

t   period of time [days] 
 
To solve equation 4-7 a second equation is needed, since and  are both unknown. For 
a linear reservoir, this second equation is given by: 

S outR

 

)1(1)( −⋅= tS
k

tRout                      (4-8) 

k   Reservoir coefficient [days] 
 
A high reservoir coefficient means that the reservoir has a small opening. This small opening 
causes a very slow outflow of the reservoir.  
 
The inflow of the reservoir can be described with the following equation: 
 

)()( tPtRin ⋅= γ                      (4-9) 
 
γ   Parameter [-] 
 
If the inflow is zero, the outflow of the reservoir will be given by the following equation:  

k
t

outout etRttR
−

⋅=+ )()( 00                    (4-10) 
 
Restrictions 
In order to keep all computed discharges positive, some restrictions are needed, as given by 
the following algorithm: 
 

 

if 0)()( ≥+⋅+ tRtPeff outβα  ; )()()( tRtPefftQ out+⋅+= βα    (4-11) 
if 0)()( <+⋅+ tRtPeff outβα  ;  

   if  0)1( ≥−t
k
1 ⋅ S  ; )1(1)()(

1

−⋅== tStRt outQ  

if  0)1(1 <−⋅ tS
k

; 

  if ( ; 0) ≥+αtRout αα +−⋅=+= )1(1)()( tS
k

tRtQ out  

        if ;  0)( <+αtRout 0)( =tQ
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For a positive content of the reservoir the following restriction is implemented: 

 

if ;    (4-12) 0)()()1( ≥−+− tRtRtS outin )()()1()( tRtRtStS outin −+−=
if  ;  0)()()1( <−+− tRtRtS outin 0)( =tS

If the effective precipitation ( ) is used as input for the model, another restriction 
is needed in the model for the calculation of the inflow of the reservoir: 
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if ; 0)( ≥tPeff )()( tPefftRin ⋅= γ        (4-13)
if 0)( <tPeff ; 0)( =tRin  
.2.5 Linear rainfall runoff model, with two reservoirs 
he linear rainfall runoff model with two reservoirs is almost the same as the model 
escribed in section 4.2.4. The only difference is that a second linear reservoir is added 
arallel to the other reservoir. One may think of the first reservoir describing the fast runoff, 
he second reservoir the baseflow. The following equation describes the model: 

)()()()( ,2,1 tRtRtPtQ outout ++⋅+= βα                  (4-14) 

)(,1 tR out  Discharge from reservoir 1 during time t 

)(,2 tR out  Discharge from reservoir 2 during time t 

inear reservoirs 
he equations of the linear reservoir, as described in section 4.2.4.1 are used for both 

eservoirs and can be written as: 

)()()1()( ,, tRtRtStS outiiniii −+−=                   (4-15) 

)1(1)(. −⋅= tS
k

tR i
i

outi                    (4-16) 

i   The number of the reservoir, in this study reservoir 1 or reservoir 2 
)1( −tSi  Reservoir content of reservoir i, at the end of the period of time before (the day 

before, in this study) (mm) 
  Reservoir coefficient of reservoir i (days) ik

he inflow of the reservoirs during time t can be described as: 

)()(,1 tPtR in ⋅= γ                     (4-17) 

or reservoir 1, respectively as: 

)()(,2 tPtR in ⋅= δ                     (4-18) 

or reservoir 2, in which γ  and are parameters δ
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Restrictions 
Again, to keep important hydrological variables positive, some restrictions are implemented. 
 
For the calculation of the discharge:  
 

 

if  ;        (4-19) 

if   ; 

 if ;  

             if ; 

   if ; 

       

   if (R ;  
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0)()( ,2,1 ≥++ αtRtR outout

For the positive reservoir content: 

 

if ;           (4-20) 0)()()1( ,, ≥−+− tRtRtS outiinii )()()1()( ,, tRtRtStS outiiniii −+−=
0)()()1( ,, <−+− tRtRtS outiinii 0)( =tSiif  ;  

If the effective precipitation is used as an input for the model, the following restrictions are 
used: 

 

if ;                (4-21) 0)( ≥tPeff )()(, tPefftR ini =
0)( <tPeff 0)(, =tR iniif ;  

 
4.2.6 Linear rainfall-runoff model with two reservoirs and evapotranspiration 
In this model an evapotranspiration calculation is added, resulting in a calculated effective 
precipitation. 
 
Here, different from the effective precipitation described in section 3.4, values for actual 
evaporation are monthly averaged instead for each year.  
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Figure 4.2 The mean daily precipitation, mean daily discharge and difference between mean 
daily precipitation and mean daily discharge per month for the Ourthe (1970-1996). 
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As can be seen from figure 4.2, the difference between the mean daily precipitation and 
mean daily discharge, averaged for each month, mainly caused by evapotranspiration, is not 
the same for each month. The temperature has a large influence on this process. Figure 4.2 
shows a larger difference for the months June till November than for the months in winter 
and spring (December-Mai).  
 
The following equations are used (a concrete example of a calculation follows): 
 
 

)()()(
____________
mQmPmEact −=                    (4-22) 

 
m   Month 

)(
______

mEact  Mean daily actual evapotranspiration per month m (mm/d) 

)(
___
mP   Mean daily precipitation per month m (mm/d) 

)(
___
mQ   Mean daily discharge per month m (mm/d) 

 
In this study these values are computed over the calculation period.  
 
With equation 4-34 a mean daily actual evapotranspiration per month is calculated.  
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In the first run, the effective precipitation for each day, will be calculated, with the following 
equation: 
 

))(()()(
______

tmEtPtPeffm act−=                    (4-23) 
 
in which: 

)(tPeffm  Effective precipitation at time t calculated with the mean daily actual 
evapotranspiration for month m at time t (mm/d) 

))((
______

tmEact  Mean daily actual evapotranspiration for month m in which time t is (mm/d)  
 
In this run equation 4-14 of the linear rainfall-runoff model with two reservoirs will be used 
with all restrictions, with instead of . )(tPeffm )(tP
 
As an example for the calculation of , the effective precipitation used as input for the 
model for the 17

)(tPeffm
th January in a certain year will be calculated.  

 

 
 
 

17th January 
 
The month in which this date falls is January so =January and equation 4-23 can be
written as: 

m

)()17()17(
______

janEjanPjanPeffm act−=  
 

)17( janP means the precipitation fallen at the 17th of January, for example 2 mm. 

For the calculation of , the mean daily actual evapotranspiration of the month
January has to be calculated with equation 4-22 :  

)(
______

janEact

 

)()()(
____________
janQjanPjanEact −=  

 

)(
___
janP is calculated with the sum of all the precipitation values for each day in the month

January over several years and dividing this sum by the amount of total days in the month
January multiplied with the amount of years. In this study, the calibration period (1970-1984)
counts 15 years, so the sum of all the precipitation data of the month January is calculated
(1285.2mm) and divided by 15x31=465 days. This delivers a value of 2.764 mm/d for

)(
___
janP .  

The same calculation is done for the discharge. The total sum of the discharges of the month
January is: 874.2 mm.  

)(
___
janQ =1.880 mm/d. 

884.0880.1764.2)(
___

=−=janEact mm/d 
The effective precipitation on the 17th of January can now be calculated: 

______
116.1884.02)()17()17( =−=−= janEjanPjanPeffm act mm 
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In the second run, more based on the effective precipitation, as used before in the other 
models, the following equations are used: 
 

)())(()()( tEtmtPtPeffm pot⋅−= ϕ                   (4-24) 

))((

))(())((

))((

))((
))(( _________

______

_________

_________

tmE

tmQtmP

tmE

tmEtm
potpot

act −==ϕ                 (4-25) 

))((
__________

tmEpot  Mean daily potential evapotranspiration for month m in which time t is (mm/d)  
))(( tmϕ  Mean monthly evapotranspiration coefficient for month m in which time t is (-) 

 
In this run, the effective precipitation will be used in the equations and restrictions of 
the linear rainfall-runoff model with two reservoirs instead of the and . 

)(tPeffm
)(tPeff )(tP

 
The calculation for the 17th January, used as example, can be found in the next box.  

 

17th January 
The equation for the computation of the effective precipitation at the 17th January with the
second run is:  
 

 
in which:  

 

is already calculated and has a value of 0.884 mm/d. The

is calculated in the same way as for the precipitation and discharge
before.  
 
The total sum of the potential evapotranspiration for the month January for the total
calibration period is 96.4mm. Dividing this by the total amount of days (465), delivers a

.  
 
The evapotranspiration coefficient can now be calculated: 

 

If the potential evapotranspiration at the 17th January is, for instance, 0.3mm, the effective
precipitation for the 17thof January is: 

 

3099.4
2051.0
884.0

))((

))(())(( _________

_________

===
tmE

tmEtm
pot

actϕ

7880.03.03099.42)17( =⋅−=janPeffm

))17((

))17(())17((

))17((

))17((
))17(( _________

______

_________

_________

janjanE

janjanQjanjanP

janjanE

janjanEjanjan
potpot

act −==ϕ

))17((
______

janjanEact

))17((
______

janjanEpot

2051.0)(
______

=janEpot

)17())17(()17()17( janEjanjanjanPjanPeffm pot⋅−= ϕ
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4.3 Model calibration and validation 
 
To asses the parameters for each model, a calibration was performed. Calibration can be 
defined as: “the process whereby some parameters of the model are adjusted to make the 
model output match the observations” (Bergström, 1991).  
Three criteria of goodness of fit are used: 
 
• Nash-Sutcliffe efficiency coefficient R2 (Nash and Sutcliffe, 1970): 
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• Relative difference in total discharge : QRD
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• Visual inspection of the hydrograph 
 
Where expresses the discharge, with  indicates simulation, measured, is the time 
step and n the total number of time steps.  

Q s m i

The value of the efficiency coefficient can range from minus infinity to 1. A negative value 
indicates that the model produces worse than using the mean observed value, an efficiency 
of 1 indicates that the model results are exactly equal to the observations.  

2R

 
Although less objective, also the visual inspection of the hydrograph can play an important 
role in the calibration process. The hydrograph can show for example the correspondence 
between peaks, if there is enough baseflow, if the timing of the peak events is correct and 
whether the recession is satisfactory.  
 
For the “peak” simulations,  in which the measured discharges with a discharge exceeding a 
threshold of 2 mm/d (“peaks”) are emphasized, the Nash-sutcliffe calibration criterium is used 
twice. An extra Nash-Sutcliffe efficiency, in which the values for the efficiency coefficient 
count twice for a measured discharge, higher than 2 mm/d, is computed. In the optimalisation 
is tried to find the highest value for this efficiency computation. After achieving this, the Nash-
Sutcliffe efficiency was calculated, following the original method with these parameters. 
 
The calibration procedure for all the models, except for the HBV model, is done with the 
“solver function”-tool in Microsoft Excel. This function uses the Generalized Reduced 
Gradient (GRG2) non linearity optimalization code and can be found under the “extra” menu 
of Excel.  
A short description of this tool follows.  
 
Figure 4.3 shows the menu of the solver function. D is the place where the cell for the 
calculation can be selected. At C a selection is possible for the type of problem: a maximum, 
a minimum or a certain value. At B the cells which are allowed to change (representing 
parameters to be fitted) can be selected and at A extra restrictions can be selected. 
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Figure 4.3 The solver function in Microsoft Excel 
  A     B     C       D      E 

 
For the models of this study there was always the restriction that the value of relative 
difference in total discharge (RDq) had to be close to 0. The problem formulated was to 
maximize the value for R2 by changing the parameters α,β,γ,δ,k1,k2 (depending on the used 
model). At E more options for the solver function can be adjusted. By clicking on this function 
the screen as in figure 4.4 appears.  
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Figure 4.4 The options of the solver function in Microsoft excel 
 
In the first field a value for the maximum time in seconds as limit for the solving time can be 
given. The second field is the maximum number of iterations. The third field contains the 
desired size of precision (the smaller the value, the better the precision). In the last field the 
convergence criterion can be filled in. This is the relative change in the last five iterations 
before a solution is given. If the convergence is small, the changes between the results of the 
last five iterations have to be small.  
 
Model validation 
To test the calibrated model an independent period is chosen to check the model 
performance by simulation of a new period. This period is called the validation period and the 
process the validation.  
If the model performance for this independent period is significantly lower than it was for the 
calibration period, there is a strong indication of overparameterization. This means that the 
model may have too many degrees of freedom for the information contained in the observed 
records. This leaves the modeller with two options, model simplification or improvement of 
the control data base (Bergström, 1991). 
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Chapter 5  Model application and results 
 
In this chapter the results of all the simulations of the “simple” models will be shown and 
discussed. As explained in chapter 1 there are two time periods used in this research, the 
calibration period, from 1970 to 1984 and the validation period, from 1985 to 1996. The 
results will be shown for each model. In chapter 7, a summary and interpretation of all results 
can be found.  
 
5.1 Constant runoff model 
 
The constant runoff model is a very simple model, in which the discharge is supposed to be 
constant (Q = ). As value for the constant discharge, the average discharge of the 
calibration period is taken for the calibration and the validation period. The precipitation in the 
catchment is not taken into account in this model.  

)(t a

 
5.1.1 Calibration period 
The mean discharge for the Ourthe at Tabreux for the calibration period is 1.197 mm/d. With 
the equation of the model:  
 
)(tQ =                         (4-1) a

 
in which: 
)(tQ   Discharge at time t (mm/d) 

a   Constant value (mm/d) 
 
The constant has the value of the average discharge for the calibration period (1970-1984), 
so the simulated discharge is 1.197 mm/d at each time .  

a
t

 
Figure 5.1 shows the hydrograph of the measured and the constant mean discharge for the 
calibration period.  
 
The measured discharge shows some very dry years. Especially the year 1977, which had a 
very long dry period during summer. Also some extreme events can be seen in the 
measured discharge, like the event in February 1984, with a maximum of 14.6 mm/d. 
 
Since the simulated discharge is constant, no peaks and low flows are simulated. Using the 
average discharge as the constant value of this model, means that the efficiency coefficient 
( ) and the relative difference in total discharge ( ) both have a value of zero, since 
these calibration criteria are based on the average measured discharge. 

2R QRD

 
5.1.2 Validation period 
For the validation period (1985-1996) the simulated discharge, the constant a  has the same 
value, =1.197 mm/d.  a
 
Figure 5.2 shows the hydrographs of the measured and simulated discharge for the 
validation period. 
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Figure 5.1 Hydrograph of the measured and simulated discharge with the  constant runoff 
model for the calibration period 
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Figure 5.2 Hydrograph of the measured and simulated discharge with the constant runoff 
model for the validation period 
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The values of the efficiency ( ) and relative difference ( ) criteria are shown in table 
5.1. The constant runoff model shows negative values for both calibration criteria. A negative 
efficiency means that the model produces worse than using the mean measured value of the 
discharge. The reason for this is that in this model the constant simulated discharge is the 
mean discharge of the calibration period. The mean discharge for the calibration period is 
1.197 mm/d, for the validation period 1.209 mm/d. Because of this difference in mean 
discharges, a negative efficiency coefficient and a negative relative difference can be 
expected.  

2R QRD

 
Table 5.1  and for the simulation with the constant runoff model 2R QRD
  Calibration (1970-1984) Validation (1985-1996) 
R2 (-) 0 -5.4E-05 
RDq (%) 0 -0.99 
 
 
5.2 Linear rainfall-runoff model 
 
In the linear rainfall-runoff model the simulated discharge is a linear function of the mean 
precipitation, fallen during a period of T=1+x days (see section 4.2.2 for the description of the 
model).  The size of the time period (T=1+x) is chosen as 1 to 15 days. This means for 
instance, if (1+x) has the value 15, the discharge, calculated for a certain day, is a function of 
the mean precipitation fallen during the 14 days before this certain day and at the day for 
which the discharge is calculated. Besides a run of the model with precipitation as input, also 
a run with the effective precipitation as input is done. 
 
5.2.1 Calibration period 
An optimalisation process for this model was done with the solver technique, available in 
Microsoft excel (see section 4.4 for more explanation of this technique) for the calibration. 
The values of the parameters, as result of the optimalisation, can be found in Appendix C.  
 
Figure 5.3 shows the hydrograph of the years 1970-1972 of the simulated and measured 
discharge.  
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Figure 5.3 Hydrograph of the measured and simulated discharge with the linear rainfall runoff 
model for the years 1970-1972. 
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From figure 5.3 it can be concluded that when the precipitation is averaged over a longer 
period, the more the difference between the simulated and measured hydrograph decreases. 
This is also presented in figure 5.4, in which the efficiency values are plotted against the 
number of days, over which the precipitation is averaged. The explanation is, that if the 
precipitation is averaged over a number of days, the precipitation observed at a certain day is 
divided over these several days. This means that if there is a peak event in precipitation on a 
certain day, out of ten (for example), the volume of precipitation of this peak is smoothed out 
over these ten days. This is like in nature, the precipitation at a certain day doesn’t flow into 
the river at once, but only a part flows into the river during that day and will partly be stored 
into the soil. Figure 5.4 shows that the difference of the efficiency is small with increasing 
number of days exceeding 10 days. The maximum value of R2 for this model with 
precipitation as input is 0.3688 for T=15 days. 
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Figure 5.4 The efficiency values R2, for the calibration period with the linear rainfall-runoff 
model, against the number of days over which the precipitation is averaged. 
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Effective precipitation 
A run of this model with the effective precipitation as input for the model is also done. The 
effective precipitation is calculated with an evapotranspiration coefficient and the 
precipitation, as described in section 3.4. The effective precipitation is the precipitation 
without the amount of precipitation that evaporates. In figure 5.5 some of the hydrographs of 
the model simulation for the calibration period with the effective precipitation as input, are 
shown. 
If the effective precipitation is used as input for the model, the discharge can turn negative, 
as shown in figure 5.5. The reason for the negative discharge is the effective precipitation, 
which can be negative if the evapotranspiration is higher than the precipitation. Due to this 
negative effective precipitation, the calculated discharge can be negative, depending on the 
values of the parameters  and α β . To solve the problem of the negative discharges, which 
are not possible in nature, restrictions as shown in equation 4-3 are added to the model (see 
section 4.2.2). 
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Figure 5.5 Hydrograph of the measured and simulated discharge with the linear rainfall-runoff 
model for the years 1970-1972 with the effective precipitation as input 
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Figure 5.6 Cumulative discharge from low discharge values to high discharge values for the 
constant runoff model and the linear rainfall-runoff model.  
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From figure 5.6 it can be concluded that the linear rainfall runoff model gives a better 
simulation of the discharges than the constant runoff model, since the shape of the graphs of 
the model runs with the linear rainfall-runoff model are more similar to the graph of the 
measured discharge. The lower discharges are overestimated, as shown in figure 5.5 and 
5.6, the higher discharges are underestimated.  
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5.2.2 Validation period 
For the validation of the model, the same values for the parameters  and α β  are used as in 
the calibration. The values of the parameters can be found in appendix C for each period of x 
days. Figure 5.7 shows the results for the efficiency coefficient R2 for the calibration and the 
validation period for the linear rainfall-runoff model with precipitation or effective precipitation 
as input. 
 

 Figure 5.7 The efficiency coefficients R2, following the Nash-Sutcliffe method, for the 
calibration and validation period with the linear rainfall-runoff model against the amount of 
days over which the precipitation is averaged for different model runs.  
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The efficiency coefficients are all higher for the validation than for the calibration period. The 
highest value for the efficiency coefficient R2 is 0.54 for the validation of the linear rainfall-
runoff model with effective precipitation and restrictions for a time period of T=15 days. Table 
5.2 shows the values of the efficiency coefficients (R2) and the values of the relative 
differences in total discharge (RDq) for the different runs of the model for the calibration and 
validation period at T=15. In appendix C the values for the other time periods can be found.  
 
Table 5.2 shows that the percentages of relative differences in total discharge have a higher 
absolute value for the validation period, than for the calibration period and are negative for 
the simulation with effective precipitation as input.  
 
Table 5.2 The efficiency coefficients (R2) and relative differences in total discharge (RDq) for 
the different model runs for the calibration and validation period at T=15 
  R2 (-)   RDq (%)   
T=15 Calibration Validation Calibration Validation 
Linear rainfall-runoff model, P 0.37 0.40 0.00 0.13 
Linear rainfall-runoff model Peff and 
restrictions 0.51 0.54 0.00 -0.69 
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5.3 Non-linear rainfall-runoff model 
 
The non-linear rainfall-runoff model (section 4.2.3) presents a non-linear function for the 
calculation of the discharge and is used in this research to give a short overview of some of 
the features of the solver function in Microsoft Excel and how this function operates. It is not 
used as a model in the row of simple models towards the HBV model, since a good 
hydrological interpretation is not possible for this model. 
 
The difference with the linear rainfall-runoff model is the last term of the equation. This term 
makes the equation non-linear. As input for the precipitation, again the precipitation, 
averaged over the last 14 days (x=14) and the day for which the discharge is computed 
(T =15) is used as input for the model. If the solver is used in this model for the 
optimalisation process, several solutions are given, depending on the value of the starting 
value of the parameters. Table 5.3 shows these values. For all five cases (A-E) the solver is 
used in the same way as in the other models: Try to find the parameters for the maximum 
value for R2 if RDq~0. It can be concluded that with different values of even the same 
values for R

λ
2 can be derived (see C, D and E).  

 
In the solver function in Microsoft Excel, the Generalized Reduced Gradient (GRG2) non-
linearity optimalisation code is used. From the results in table 5.3 it can be concluded that 
local maxima can be found for the model, using the solver technique, and their final values 
depend on the starting value of the parameter. This is also indicated in the function 
description in Microsoft Excel: a non-linear optimalisation can have local minima and maxima 
and it is best to give the parameters starting values around the value expected for the 
parameters. To find the right starting values for the parameters is quite difficult, since the 
parameters βα , and do not have a distinct meaning from a hydrological point of view. For 
this reason, the other models, constructed in this study use only linear equations.  

λ

 
Table 5.3 Parameter values and efficiency criteria and relative differences for several runs of 
the non-linear rainfall-runoff model. 

 Parameter Starting value Final value R2 RDq 
A α (mm) 0.0000 -0.84 0.39 0.00 
 β (−) 0.0000 0.12     
 λ (−) 0.0000 -0.19     
B α (mm) 1.0000 -0.65 0.39 0.00 
 β (−) 1.0000 0.60     
 λ (−) 1.0000 0.75     
C α (mm) 100.0000 -0.09 0.37 0.00 
 β (−) 100.0000 0.49     
 λ (−) 100.0000 100.00     
D α (mm) 100.0000 -0.09 0.37 0.00 
 β (−) 100.0000 0.49     
 λ (−) 500.0000 500.00     
E α (mm) 500.0000 -0.09 0.37 0.00 
 β (−) 500.0000 0.49     
 λ (−) 500.0000 499.83     
   
Considering the efficiencies this non-linear model doesn’t show any improvement in 
simulation as compared to the previous linear models.  
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5.4 Linear rainfall-runoff model with one reservoir 
 
The linear rainfall-runoff model with one reservoir is a combination of the linear rainfall-runoff 
model, of which the results were shown in section 5.2, and a linear reservoir (see section 
4.2.4 for a description). A linear reservoir can be considered as representing for instance, an 
aquifer generating baseflow. The fastness of the outflow of a reservoir is simulated with a 
reservoir coefficient. The higher this coefficient, the longer the precipitation is stored and the 
longer it takes before the precipitation flows out of the system (Bos, 2001). The usage of a 
linear reservoir allows to simulate the storage of water in a catchment and expresses the 
memory of the system. In appendix D, a description is given of how the reservoir coefficients 
are derived in this study. Two reservoir coefficients are found, with the averaged values of 
12.66 days (fast reservoir) and 70.47 days (slow reservoir). These will be used as the 
starting values for the optimalisation with the Solver function in Microsoft Excel for this model 
and the other model with two reservoirs, described in section 5.5.  
 
To prevent the simulation of the model for the computation of negative discharges, that can 
occur since the reservoir doesn’t have a minimum storage, restrictions are added to the 
model, to give the reservoir a minimum storage. These restrictions are described in section 
4.2.4.  
 
5.4.1 Calibration period 
To calibrate the linear rainfall-runoff model with one reservoir, two runs were done with 
different starting values of the reservoir coefficient. The values of the efficiency coefficient 
using a starting value for the reservoir coefficient of 12.66 were much higher, so there was 
decided that this value was used as starting value. To start the calibration period (1970-
1984) with a reservoir that is already used and has a value at the beginning of the calibration 
period, the data of the year 1969 were used.  
Appendix B gives an overview of the way this model is build in Microsoft Excel. The linear 
rainfall-runoff model with one reservoir is used as an example for the description of the 
formats of the models in this appendix.  
The final run for the calibration of the model showed the following values for the parameters, 
calibration criteria R2 and RDq with precipitation as input (see table 5.4): 
 
Table 5.4 The values of the parameters, efficiency coefficient and relative difference of the 
total discharge for the calibration of the linear rainfall-runoff model with one reservoir. 
α (mm) -0.9085 
β (−) 0.0193 
γ (−) 0.7326 
k1 (d) 12.5702 
R2 (-) 0.49 
RDq (%) 0.00 
 
Comparing the efficiency with the efficiency of the linear rainfall-runoff model without a 
reservoir, it appears that using a reservoir produces higher efficiencies.  
The calibrated value of the reservoir coefficient (k1) differs not much from that derived out of 
the recession curves (12.66 days). Figure 5.8 shows the effect of adding a reservoir to the 
linear model. The simulated discharge in the recession periods fit better to the measured 
discharge than the simulated discharge of the model without a reservoir. A plot of the 
simulated discharge and measured discharge is shown in figure 5.9. The value R2 used in 
this figure is a fit of the trend line and not the Nash Sutcliffe R2, used as calibration criterium 
in this study.  
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Figure 5.8 Hydrograph of the measured and simulated discharge with the linear rainfall-runoff 
models with and without a reservoir for the years 1980 and 1981  
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Figure 5.9 The simulated discharge plotted against the measured discharge for the 
calibration period. 
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Effective precipitation 
If the effective precipitation is used as input for the model instead of “normal” precipitation, 
better results are obtained for the model with the added linear reservoir. The R2 of Nash and 
Sutcliffe has a value of 0.5872 for this model run.  
 

Figure 5.10 The residues (simulated discharge-measured discharge) for the linear rainfall-
runoff model with one reservoir with precipitation and effective precipitation as input for the 
calibration period. 
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Figure 5.10 shows the differences between simulated and measured discharge of the model 
runs using effective precipitation (red) and precipitation (green) as input and the measured 
discharge. It can be concluded that if this model computation is done with the effective 
precipitation, the differences between the measured and simulated discharge are smaller 
especially for the peak events and for low discharges, as is shown in figure 5.10.  
 
The next figure, figure 5.11, shows again a plot of the simulated discharge with the effective 
precipitation as input for the simulation and the measured discharge. Comparing this figure to 
figure 5.9, it can be concluded that the simulation with the effective precipitation is better, 
since the fit of the trend line (R2) is 0.1 higher for the model simulation with effective 
precipitation as input and the coefficients of the trend line are nearly the same.  
Figure 5.12 is a plot of the differences between measured and simulated discharges (Peff) 
against the measured discharges. From this plot it can be concluded that the higher the 
measured discharge, the greater the difference between simulated and measured discharge 
for this model. In the case of a high measured discharge value, the computed discharge is 
too low. Figure 5.13 shows a plot of the measured discharge against the relative differences 
between simulated and measured discharge. Also this figure shows, that if the measured 
discharge value is high, the relative difference (simulated discharge-measured discharge, 
divided by the measured discharge) is higher than for small measured discharges values.   
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Figure 5.11 The simulated discharge plotted against the measured discharge for the 
calibration period 
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Figure 5.12 The residues (Simulated discharge-measured discharge) plotted against the 
measured discharge for the calibration period  
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Figure 5.13 The relative residues (Simulated discharge-measured discharge, divided by the 
measured discharge) plotted against the measured discharge for the calibration period 
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Because of the difference between measured and simulated discharge, which is higher for 
peak events, two other simulations are done with the linear rainfall-runoff model with one 
reservoir, for precipitation and effective precipitation as input to evaluate the influence of the 
peak discharges on the results computed with the model. 
  
Peak discharges  
In these model simulations, the measured discharges with a discharge exceeding a threshold 
of 2 mm/d (“peaks”) are emphasized. This is done by calculating an extra Nash-Sutcliffe 
efficiency, in which the values for the efficiency coefficient count twice for a measured 
discharge, higher than 2 mm/d. In the optimalisation is tried to find the highest value for this 
efficiency computation. After achieving this, the Nash-Sutcliffe efficiency was calculated, 
following the original method with these parameters.  
 
The results of these simulations are shown in table 5.5. 
 
Table 5.5 The values of the parameters, efficiency coefficients and relative differences for the 
different runs of the calibration of the linear rainfall-runoff model with one reservoir. 

  
Linear rainfall-runoff model with one 
reservoir 

  P P, peak Peff Peff, peak 
α (mm) -0.9085 -1.0018 -0.7698 -0.7763 
β (−) 0.0194 0.0158 0.0236 0.0273 
γ (−) 0.7326 0.7398 0.8488 0.8320 
k1 (d) 12.5702 9.7271 14.9724 11.9559 
R2 (-) 0.49 0.49 0.59 0.58 
RDq (%) 0.00 0.00 0.00 0.00 
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There are not very remarkable changes in the model results. The most remarkable change is 
the change in the values of the reservoir coefficients in the models with extra attention to the 
peaks. Both have lower values for both simulations, with a difference of about 3 days. A 
reason for this can be found in the recession curves of peaks. If the measured discharge is 
higher than 2 mm/d, it’s influence is higher for the value of R2 in this model run, so the 
parameters will be more chosen for these “peaks” in the optimalisation process. The 
recession curves of these higher “peaks” are different from the mean recession curves and 
will have a steeper slope, which causes lower values for the reservoir coefficients.  
 
Figure 5.14 shows the cumulative discharge from low discharge values to high discharge 
values for some of the other model simulations and the simulation with linear rainfall-runoff 
model with one reservoir and considering the days exceeding 2 mm/d discharge. The 
simulated discharge of the model with one reservoir is closer to the measured discharge at 
the higher discharges, and the model without a reservoir is closer to the measured discharge 
for the lower discharges. The difference between the “peak” model run and the “normal” 
model run with one reservoir, can also be found in the higher discharges, where the 
simulated discharge, with “peaks”, is closer to the measured discharges.   
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Figure 5.14 Cumulative discharge from low discharge values to high discharge values for the 
constant runoff model, the linear rainfall-runoff model, the linear rainfall-runoff model with one 
reservoir and the linear rainfall-runoff with one reservoir with extra underlined the peaks 
above 2 mm. All model runs have precipitation as input.   
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5.4.2 Validation period 
All the parameter values, as derived in the calibration, are used for the validation. The 
following results are achieved: 
 
Table 5.6 The values of the parameters, efficiency coefficients and relative differences for the 
different runs of the validation of the linear rainfall-runoff model with one reservoir. 
  Linear rainfall-runoff model with one reservoir 
  P P, peak Peff Peff, peak 
α (mm) -0.9085 -1.0018 -0.7698 -0.7763 
β (−) 0.0194 0.0158 0.0236 0.0273 
γ (−) 0.7326 0.7398 0.8488 0.8320 
k1 (d) 12.5702 9.7271 14.9724 11.9559 
R2 (-) 0.52 0.54 0.61 0.63 
RDq (%) 1.40 1.57 1.57 1.71 
 
From table 5.6 can be seen that the RDq are all quite small, smaller than 2%. The table also 
shows that the RDq values for the model runs with the effective precipitation as input are not 
negative, what would not be expected after the model run of the linear rainfall-runoff model 
without a reservoir and effective precipitation as input. The explanation is, that the 
differences between the measured and simulated discharges (because of the added 
reservoir, with its restrictions) are smaller and the sum of these differences is positive. 
 
Remarkable are the differences of the efficiency between the two “peak” models runs and 
“normal” model runs. These are higher for the model runs of the validation, in which the 
discharges above 2 mm/d are emphasized than for the validation of the “normal” model runs.  
 
5.5 Linear rainfall-runoff model with two reservoirs 
 
In this model, a second linear reservoir has been added. A description of this model can be 
found in section 4.2.5. As described in appendix D, two reservoir coefficients were calculated 
by hand, as an indication of their start values for the start of the model optimalisation. In this 
model, both reservoir coefficients were used as starting values. During the process of 
optimalisation had to be concluded that, although the model is linear, the solver technique of 
Microsoft Excel doesn’t work properly anymore including 6 parameters and all the 
restrictions. The consequence is that the optimalisation process for this model was done by 
hand, by changing the reservoir coefficients and then optimize the model with the solver 
function for the other parameters. This process makes it difficult to find the best fit.  
 
5.5.1 Calibration period 
After the optimalisation of the model by hand, the values of the parameters, as displayed in 
table 5.7, were found. The reservoir coefficients have values of 9.5 days and 64 days. These 
values are a bit lower than calculated by hand (12.7 and 70.5). Comparing the results of this 
model with the results of the linear rainfall-runoff model with one reservoir (table 5.6), there 
can be concluded that adding a second reservoir does not improve the model results much. 
Figure 5.15 shows the hydrograph of the simulated and measured discharge for the total 
calibration period and figure 5.16 shows the hydrograph for the year 1974 in more detail for 
the measured and simulated discharge of the models with one and two reservoirs. Only very 
small differences between the simulated discharge of the model with one reservoir and the 
simulated discharge of the model with two reservoirs can be seen.     
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Table 5.7 The values of the parameters, efficiency coefficient and relative difference for the 
calibration of the linear rainfall-runoff model with two reservoirs. 
Parameter Value 
α (mm) -0.98021 
β (−) 0.0150 
γ (−) 0.5305 
δ (−) 0.2442 
k1 (d) 9.4921 
k2 (d) 63.9985 
R2 (-) 0.50 
RDq (%) 0.00 
 
 

Figure 5.15 Hydrograph of the measured and simulated discharge with the linear rainfall 
runoff model with two reservoirs for the years 1970-1984 
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Figure 5.16 Hydrograph of the measured and simulated discharge with the linear rainfall 
runoff model with two reservoirs and one reservoir for the year 1974 
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Effective precipitation, peak discharges 
For this model, also a run with the effective precipitation and two runs with precipitation or 
effective precipitation as input using the threshold of 2 mm/d are also done.   
 
Table 5.8 shows the results of all these runs for the calibration period. The results of the 
model runs with effective precipitation are also better for this model than the results with 
precipitation as input.  
The results for the “peak” model runs with have to be less than the results for the “normal” 
model runs, since in the runs with the “normal” model there has been tried to reach the 
maximum optimalisation of the model. Table 5.8 shows that this is correct.  
Table 5.8 also shows, that the reservoir coefficients are smaller for the model runs with the 
“peaks”, than for the other two (“normal”) model runs, as already seen in the results of the 
simulations with the linear rainfall-runoff model with one reservoir.   
 

Table 5.8 The values of the parameters, efficiency coefficients and relative differences for the 
different runs of the calibration of the linear rainfall-runoff model with two reservoirs. 

  Linear rainfall-runoff model with two reservoirs 
  P P, peak Peff Peff, peak 
α, (mm) -0.9802 -1.1324 -0.7858 -0.8360 
β (−) 0.0150 0.0215 0.0306 0.0302 
γ (−) 0.5305 0.5263 0.4628 0.3968 
δ (−) 0.2442 0.2690 0.4104 0.4751 
k1 (d) 9.4921 7.4898 8.0045 6.9740 
k2 (d) 63.9985 56.9976 49.9987 47.9985 
R2 (-) 0.50 0.49 0.61 0.61 
RDq (%) 0.00 0.00 0.00 0.00 
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Figure 5.17 shows the measured discharge and the simulated discharges, calculated with 
the models with one reservoir and two reservoirs, using the effective precipitation as input. 
The influence of the reservoirs on the simulated discharges can be observed very well in this 
figure. Many small peaks are followed by a recession in the simulation. The slope of these 
recessions is a result of the reservoir coefficients of the models. The reservoir coefficient of 
the model with one reservoir has a value of 15 days, the values of the reservoir coefficients 
of the model with two reservoirs are 8 and 50 days. This difference should result into a 
difference of the shape of the recession curves, which can be seen in figure 5.17. The slopes 
of the recession curves of the simulated discharge with the linear rainfall-runoff model with 
one reservoir are smoother than the slopes of the recession curves of the simulated 
discharge with the model with two reservoirs. The opposite is found for the shorter recession 
curves.   
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Figure 5.17 Hydrograph of the measured and simulated discharges with the linear rainfall-
runoff models with one reservoir and two reservoirs for the year 1976 

 
5.5.2 Validation period 
A validation of all four runs with this model is also done. The results are displayed in table 
5.9. Comparing these results for the validation period with the results for the validation of the 
linear rainfall-runoff model with one reservoir (table 5.6), the differences between the two 
models are negligible. The values of the relative differences in total discharge are not very 
significant, with a maximum of 3%.  
Figure 5.18 shows the cumulative discharge of the model runs for the linear rainfall-runoff 
model with two reservoirs with effective precipitation as input for the “normal” run and the 
“peak” run, both for the validation. The same runs for the model with one reservoir are also 
shown in this figure. Both models show that the run with emphasized peaks fits better to the 
measured discharges. For the calibration period, the values of the efficiency coefficients are 
lower for the runs with emphasized peaks.  
 
The efficiency coefficients for the runs with effective precipitation as input are also higher 
than for the runs with precipitation as input.  
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Table 5.9 The values of the parameters, efficiency coefficients and relative differences for the 
different runs of the validation of the linear rainfall-runoff model with two reservoirs. 

  Linear rainfall-runoff model with two reservoirs 
  P P, peak Peff Peff, peak 
α (mm) -0.9802 -1.1324 -0.7858 -0.8360 
β (−) 0.0150 0.0215 0.0306 0.0302 
γ (−) 0.5305 0.5263 0.4628 0.3968 
δ (−) 0.2442 0.2690 0.4104 0.4751 
k1 (d) 9.4921 7.4898 8.0045 6.9740 
k2 (d) 63.9985 56.9976 49.9987 47.9985 
R2 (-) 0.52 0.54 0.62 0.64 
RDq (%) 1.48 2.85 1.73 2.01 
 
 

Figure 5.18 Cumulative discharge from low discharge values to high discharge values for the 
linear rainfall-runoff model with one reservoir and the linear rainfall-runoff model with two 
reservoirs with the effective precipitation as input  
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5.6 Linear rainfall-runoff model with two reservoirs and evapotranspiration 
 
This model is a combination of the linear rainfall-runoff model with two reservoirs and a 
function for the evapotranspiration. This model is used to see if there is a difference in the 
results for a different way of adding the evapotranspiration process to the model. As 
described in section 4.2.6, a sort of effective precipitation is used in this model, based on a 
mean daily actual evapotranspiration per month [mm/d].  
Two runs are done with this model, as explained in section 4.2.6. In this section (4.2.6) is 
also an example for the calculation of the effective precipitation given.  
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5.6.1 Calibration period 
Figure 5.19 shows the values of the mean daily actual evapotranspiration per month [mm/d]. 
These values are averaged over the total calibration period. The values for the months 
January, February, March, April and December are low, the other values are between 1.5 
and 2.5 mm/d. The month February has even a negative mean daily actual 
evapotranspiration of 0.01 mm/d. From this figure it can be concluded that especially during 
summer and autumn a lot of actual evapotranspiration takes place.  
 

 Figure 5.19 The mean daily actual evapotranspiration per month for the calibration period 
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The optimalisation of the model was done, following the same method as before for the linear 
rainfall-runoff model with two reservoirs, and delivers an efficiency coefficient of 0.61.  
 
The second run, done with this model is more like the runs before with the effective 
precipitation. For this run, only a monthly evapotranspiration coefficient is used, instead of a 
yearly evapotranspiration coefficient, based on the total calibration period. For a description 
of the model see section 4.2.6.  
 
Table 5.10 shows the results of both simulation runs. It can be seen that the value for the 
efficiency coefficient for the second run is not very high. If this value is compared with the 
value of the efficiency coefficient of the simulation with the model with two reservoirs and 
effective precipitation used as input, the difference is even larger. The only difference 
between these two simulations is the kind of evapotranspiration coefficient used in the 
model. In this run, the evapotranspiration coefficients have monthly averaged values, in the 
run with the model with two reservoirs and effective precipitation, as input is the 
evapotranspiration coefficient on averaged bases for the total year.  
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Table 5.10 The values of the parameters, efficiency coefficients and relative differences for 
the two runs with the linear rainfall-runoff model with two reservoirs and evapotranspiration. 

  
Linear rainfall-runoff model with two 
reservoirs and evapotranspiration 

  P Peff 
α (mm) -0.8634 -0.8474 
β (−) 0.0295 0.0291 
γ (−) 0.4525 0.5161 
δ (−) 0.5187 0.4145 
k1 (d) 8.0023 7.0380 
k2 (d) 49.9969 47.9974 

R2 (-) 0.6129 0.5610 
RDq (%) 0.0000 0.0000 
 
 
Figure 5.20 shows the hydrograph of both runs with this model and the measured discharge.  
 

Figure 5.20 Hydrograph of the measured discharge and the simulated discharge of both runs 
with the linear rainfall-runoff model with two reservoirs and evapotranspiration. 
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5.6.2 Validation period 
Table 5.11 shows the results for both runs with the linear rainfall-runoff model with two 
reservoirs and evapotranspiration data. 
 
For the first run, the results are a little bit better for the validation period than for the 
calibration period. This difference was already seen before in the simulations of the other 
models. The results for the second run are almost the same for the validation as for the 
calibration period.  
 
 Table 5.11 The values of the parameters, efficiency coefficients and relative differences for 
the two runs with the linear rainfall-runoff model with two reservoirs and evapotranspiration 
for the validation period. 

  
Linear rainfall-runoff model with two 
reservoirs and evapotranspiration 

  P Peff 
α (mm) -0.8634 -0.8474 
β (−) 0.0295 0.0291 
γ (−) 0.4525 0.5161 
δ (−) 0.5187 0.4145 
k1 (d) 8.0023 7.0380 
k2 (d) 49.9969 47.9974 

R2 (-) 0.6261 0.5573 
RDq (%) 4.3513 1.5828 
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Chapter 6 HBV model description and results 

In this chapter, the description of the HBV model, section 6.1, and the results of the 
simulations section 6.2) will be shown.  
 
6.1 The HBV model 
 
The HBV-model is a conceptual rainfall-runoff model, developed at the Swedish 
Meteorological and Hydrological Institute (SMHI) in Norrköping in Sweden by Bergström 
(1976). For this study the HBV96 IHMS, version 4.4 is used, described in detail by SMHI 
(1999). This is the most recent version. 
 
The model simulates river discharge using precipitation, temperature and potential 
evapotranspiration as input and is semi-distributed, since differences can be made between 
forested and non-forested areas and areas with different altitudes.  
A basin can be subdivided into several subbasins and the parameters can as well be 
specified for each subbasin as for the basin as a whole. A schematic overview of the model 
is shown in figure 6.1.  
 
The model consists of 6 modules, as can be seen in figure 6.1 
-Precipitation routine: representing rainfall, snow accumulation and snow melt 
-Soil moisture routine: determining overland and subsurface flow and actual   
evapotranspiration 
-Fast runoff routine: representing stormflow 
-Base flow routine: representing base flow 
-Transformation function: for flow delay and attenuation 
-Routing routine: flow through river reaches 
 
The difference with the linear rainfall-runoff model with two reservoirs and evapotranspiration 
or the linear rainfall-runoff model with two reservoirs with effective precipitation as input are a 
third reservoir in the soil routine, a transformation function and a calculation for snowfall and 
snowmelt.  
 
In the next sections the first five routines will be described. The Routing routine, used if 
several catchments are connected to each other, will not be described in this report, since 
only one single catchment is used in this research. A description of this routine can be found 
in SMHI, 1999.  
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Figure 6.1 Schematisation of the HBV model with six routines 
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Figure 6.2 Structure of the HBV model (source: SMHI, 1999) 
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6.1.1 Precipitation routine 
Precipitation can occur as rainfall or snowfall. Snowfall occurs if the air temperature T [oC] is 
below a defined temperature  [TT oC] and rainfall occurs if T >TT  (figure 6.2). Snowfall is 
added to the dry snow reservoir (within the snow pack) and rainfall is added to the free water 
reservoir, which represents the liquid water content of the snow pack. Interactions between 
these two components take place through snowmelt and refreezing. 
 
snow  melt                              (6-1) )( TTTCFMAX −⋅=
 
refreezing melt )( TTTCFMAXCFRwater −⋅⋅=                               (6-2) 
 
CFMAX  = melting factor [mm/(d x oC)] 
CFR   = refreezing factor [-] 
 
The free water reservoir content is at most equal to a specified fraction (0-1) of the water 
equivalent of the dry snow content. If this fraction is exceeded through rainfall or snowmelt, 
the water becomes available for the soil moisture routine.  
 
6.1.2 Soil moisture routine 
The amount of soil moisture in the catchment is computed with a soil moisture reservoir, 
representing the unsaturated zone (figure 6.2). The volume of soil moisture in this reservoir is 
symbolised by SM (soil moisture content). The maximum storage of the reservoir, the 
maximum soil water content of the reservoir, is represented by FC. The inflow of this 
reservoir is the precipitation and snowmelt, symbolised by P. The inflow is divided into direct 
discharge (DR, [mm/d]), indirect discharge or seepage (R, [mm/d]) and evapotranspiration 
(EA, [mm/d]). If the maximum soil moisture storage in the reservoir is exceeded 
((SM+P)>FC), direct discharge occurs. 
 

( ){ }0,max FCPSMDR −+=  SM                            (6-3) PDRFC =⇒=
 
The volume of infiltrating water into the soil moisture reservoir (IN, [mm/d]) is:  
 

PIN = -                                 (6-4) DR
 
A part of this infiltrating water will contribute to the soil moisture content , the other part 
will run through the soil layer as indirect discharge . 

SM
R

 
The indirect discharge (R, [mm/d]) through the soil layer is determined by the amount of 
infiltrated water (IN) and the soil moisture content (SM, [mm]), through a power relationship 
with parameter β .  

β






⋅=
FC
SMINR                     (6-5) 

From this relation follows that the indirect discharge is increasing with increasing soil 
moisture content. For a smaller value of β , the increase is stronger. In equation 6-5 it is also 
assumed that as long as there is no infiltration, there is no indirect runoff. This is consistent 
with the behaviour of the unsaturated zone of a soil.  
 
The amount of water that does not run off is added to the soil moisture. 
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The third outflow of this routine is the actual evapotranspiration (EA, [mm/d]), computed with 
the potential evapotranspiration (EP, [mm/d]).    
 

EP
FCLP

SMEA ⋅
⋅

=                                   (6-6) LPSM <

EPEA =                     (6-7) LPSM ≥
 
where (limit for potential evapotranspiration) is a fraction between 0 and 1. The actual 
evapotranspiration is thus equal to the potential evapotranspiration if the actual soil moisture 
is above a specified threshold (LP).  

LP

 
The general effect of the soil routine is a small contribution to the runoff from rain or snow 
melt if the soil is dry, and a great contribution during wet conditions. The actual 
evapotranspiration decreases as the soil dries out.  
 
6.1.3 Fast runoff routine 
The outflow of the soil moisture routine, + , is available for the fast and base flow 
routine. The runoff delay is simulated through the use of two reservoirs. One reservoir 
represents fast runoff (overland flow and interflow) and the other represents baseflow. The 
direct (DR) and indirect discharge (R) percolate into the baseflow reservoir, until the baseflow 
reservoir gets saturated and a specific threshold (PERC, [mm/d]) is exceeded, the redundant 
water flows into the fast runoff reservoir.  The fast runoff out of this (fast) reservoir  into 
the river network is defined as follows 

DR R

0Q

 
)1(

0
α+⋅= UZKQ                                (6-8) 

 
where  is the storage in the fast runoff reservoir [mm],  a measure for the nonlinearity 
of the reservoir [-] and  a recession coefficient [d

UZ α
K -1]. The recession coefficient  is 

determined by using  and two additional parameters and khq , representing respectively 
a high flow rate [mm/d] and a recession coefficient [d

K
α hq

-1] at a corresponding reservoir volume 
[mm]. 
  
Parameter is determined by: hq
 hq                     (6-9) hqUZkhq ⋅=
 
The parameter  is a peak flow, and khq  the corresponding recession coefficient. The high 
flow rate can be directly derived from observed average flow rate and average annual 
maximum flow rate (both in mm/d) 

hq
hq mq

mhq
mhqmqhq ⋅=                   (6-10) 

 
The combination of equation 6-8, 6-9 an 6-10 with chosen  and finally gives recession 
coefficient  

α khq
K
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Another process in this routine is the capillary upward transport into the soil moisture 
reservoir. The capillary flow [mm/d] depends on the amount of water stored in the soil 
moisture zone. The parameter CFLUX  [mm/d], a maximum value of capillary flow, 
determines a limitation for the capillary flow. The capillary flow depends on the soil moisture 
deficit, the difference between (maximum storage of the soil moisture reservoir, [mm]) 
and (storage in the soil moisture reservoir, [mm]). If the difference is positive, a fraction 
of CFLUX  will flow capillary upward.  

FC
SM

 
capillary FCSMFCCFLUXflux /)( −⋅=                (6-11) 
 
It should be noticed that the actual evapotranspiration and the capillary flux are both a 
function of the maximum storage of the soil moisture reservoir.  
 
6.1.4 Baseflow routine 
The baseflow Q [mm/d] out of the baseflow reservoir is the second part of the response 
function. The reservoir represents the groundwater storage of the catchment contributing to 
the baseflow. The recession coefficient  [d

1

4K
-1] is the only calibration parameter of this linear 

reservoir. The baseflow is represented by the following equation: 
 

LZKQ ⋅= 41                    (6-12) 
 
in which  is the water level in the reservoir [mm].  LZ
 
6.1.5 Transformation routine 
The total discharge Q  can be further transformed to get a proper shape of the 
hydrograph by using a transformation function. The transformation function is a simple filter 
technique with a triangular distribution of the weights, which is controlled by the parameter 

, see figure 6.3. A value of 1 distributes the runoff of a certain day over the same 
day. A higher value of will distribute the runoff of one day over a larger period of 
time. This procedure results to a delay in the subbasin discharge.  

10 QQ +=

MAXBAS
MAXBAS

 

Figure 6.3 The transformation function (SMHI, 1999) 
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6.2 The results of the HBV model 
 
In this chapter the results of the HBV model will be shown and discussed.  
 
A lot of research is already done with this model, of which two studies of HBV application in 
the Ourthe catchment. The first study, by Velner (2000), concentrated on the temporal scale 
for simulation of high discharge events. From this study it can be concluded that a timescale 
of 6 hours is optimal for predictions of extreme events in the Ourthe. In the second study, by 
Booij (2001), an appropriate spatial model scale was determined for the assessment of the 
impact of climate change on river flooding in the Meuse basin. From this study can be 
concluded that a spatial model resolution of 10 km2 is appropriate. As explained in chapter 3, 
the input data used in these studies is different from the input data used in this study. If the 
input data of Wójcik and Buishand from the KNMI used as input for the model with the 
parameters of the studies done before, the efficiency values ( R2) are lower and the relative 
difference in total discharge is very high (see table 6.1). To obtain a better result of the 
simulation of the model with the KNMI input data, the model was calibrated with these input 
data. Table 6.1 shows in the first column the parameter values of the research of Velner and 
the results of the model with these parameters and the input of the meteorological data, 
delivered by the KNMI. In the second column the results of the model with the parameters of 
the study of Booij for this catchment and the KNMI input data are shown. In the last column, 
the third column, the parameters of the calibration and the results of the calibration and 
validation of the model with these parameters for the KNMI input data are shown. In the next 
section, section 6.2.1, a short description will follow about the changed parameters in the 
calibration and why these were changed.   
 
Table 6.1 Parameter sets for the HBV model 
  1 2 3 
Parameter Value Value Value 
fc 180 180 200 
lp 0.66 0.71 0.53 
beta 1.8 1.5 1.8 
cflux 1.3799 1.3799 2 
khq 0.1 0.116 0.116 
alfa 1.1 1.1 1.1 
hq 3.4 3.27 3.4 
k4 0.02307 0.025 0.02307 
perc 0.4 0.4 0.4 
maxbas 1 1 2 
sfcf 1.01758 1.01758 1.01758 
fosfcf 0.8 0.8 0.8 
cfmax 3.75653 3.75653 3.75653 
tt -1.41934 -1.41934 -1.41934 
dttm 0.54391 0.54391 0.54391 
rfcf 0.99714 0.99714 0.99714 
tti 1 1 1 
pcorr 1 1 1 
pcalt 0 0 0 
tcalt 0.6 0.6 0.6 
focfmax 0.6 0.6 0.6 
cfr 0.05 0.05 0.05 
whc 0.1 0.1 0.1 
cevpl 1 1 1 
recstep 999 999 999 
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critstep 1 1 1 
ecorr 1 1 1 
sfdistfi 0.5 0.5 0.5 
sclass 1 1 1 
sfdistfo 0.2 0.2 0.2 
cevpfo 1.15 1.15 1.15 
ecalt 0 0 0 
Calibration       
start 19700101 19700101 19700101 
end 19841231 19841231 19841231 
R2 (-) 0.76112 0.73587 0.81358 
acc. Diff. (mm) 582.1303 884.0849 -5.09807 
rel. acc. Diff. (-) 0.08872 0.13473 -0.00078 
Validation     
start 19850101 19850101 19850101 
end 19961231 19961231 19961231 
R2 (-) 0.88066 0.8659 0.91448 
acc. Diff. (mm) 246.7312 496.116 -231.30238 
rel. acc. Diff. (-) 0.04654 0.09358 -0.04363 
 
 
6.2.1 Recalibration of HBV with new meteorological data 
A study about the sensitivity of the parameters of the HBV model was already done by 
Velner (2000). The results of this study were used to change the parameters to give a better 
fit of the model, with the KNMI data as input.  
The main aim of the new calibration was, to find a smaller value for the accumulated 
difference between simulated and measured discharges. The accumulated difference is very 
high, if the parameters of the studies of Booij and Velner are used, as can be seen in table 
6.1. 
A second point of attention are the peak events, which are simulated one day to early. 
 
The calibration procedure is started with the parameters as used by Velner, since these 
showed already better results (table 6.1) and the sensitivity analysis’s of the parameters are 
already done by Velner (2000).  
 
In the calibration procedure, the values of the parameters cflux and FC were changed to a 
higher value and the value of the parameter LP was lowered. The parameter cflux is a 
maximum value for capillary flow in mm/d, the parameter FC stands for the maximum soil 
water content of the upper reservoir, the reservoir in which the soil moisture routine takes 
place and the parameter LP stands for a limit for potential evapotranspiration. In section 6.1 
all the routines of the HBV model are already described.  
 
Figure 6.4 shows the graph of the sensitivity analysis for the parameter cflux. It can be seen 
that a change of the value of this parameter has no influence on the value of the efficiency 
coefficient R2, only on the accumulated difference. A higher value for cflux decreases the 
accumulated difference. If the value of the parameter cflux is changed to a higher value, 
means that the maximum value for the capillary flux is also changed to a higher value.  
   
The parameter FC (the maximum soil water content) influences the capillary flux and the 
actual evapotranspiration. Figure 6.5 shows the sensitivity analysis for this parameter. There 
can be seen that a higher value for FC decreases the accumulated difference, but for the 
value of R2 an optimum can be found for a value of 170 for FC. A higher value for FC causes 
a lower actual evapotranspiration (equation 6-6). The actual evapotranspiration is also 
influenced by the parameter LP (limit for potential evapotranspiration). If LP has a lower 

68 



  HBV model description and results 

value, the actual evapotranspiration is higher. By changing both parameters FC and LP to a 
lower, respectively higher value, the influence of changing these parameters on the actual 
evaporation can be minimized. The sensitivity analysis for the parameter LP, figure 6.6, 
shows that a lower value of LP decreases the accumulated difference. For the value of R2 an 
optimum can be found for the parameter LP, around the value 0.66. Changing the value of 
the parameter LP to a lower value, but not a lot, changes the value for the R2 not a lot, but 
the influence for the accumulated difference is large. If the value of the parameter FC is also 
not changed too much, a change in actual evaporation is also not very large and this change 
causes a lower accumulated difference.   

 
Figure 6.4 Sensitivity analyses cflux (source: Velner, 2000) 

 
Figure 6.5 Sensitivity analyses fc (source: Velner, 2000) 
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Figure 6.6 Sensitivity analyses lp (source: Velner, 2000) 
 
The value of the parameter maxbas was also changed in the calibration. The reason for this 
can be seen in figure 6.7. The peaks are earlier simulated in model run 1 and 3a than 
measured. If the parameter maxbas is changed to a value 2, these peaks are simulated at 
the same time (model run 3b). Table 6.2 shows the change in R2 and accumulated difference 
between the two simulations with a maxbas of 1 (number 3a) and with a value for maxbas of 
2 (number 3b), for the simulation of the HBV model in which the other parameters (FC, LP 
and cflux) are already changed.  
 
Table 6.2 The values of the parameters, efficiency coefficients and (relative) accumulated 
differences for runs with different parameters with the HBV model for the calibration period. 
  1 3a 3b 
Parameter Value Value Value 
fc 180 200 200 
lp 0.66 0.53 0.53 
cflux 1.3799 2 2 
maxbas 1 1 2 
Calibration     
start 19700101 19700101 19700101 
end 19841231 19841231 19841231 
R2 (-) 0.76112 0.77595 0.81358 
acc. Diff. (mm) 582.1303 -4.6973 -5.09807 
rel. acc. Diff. (-) 0.08872 -0.00072 -0.00078 
 
Figure 6.8 shows the total hydrograph of the calibration period for the measured and 
simulated discharge (model run 3b). For some of the peak events, the simulated discharges 
are to high, but the timing of these peaks is very good. Figure 6.9 shows some of the graphs 
as can be displayed in the HBV model for the years 1970-1976.  
 
It can be concluded that the results of the new calibrated HBV model with the KNMI data as 
input are very good. A value for the efficiency coefficient R2 of 0.81 is reached and the 
accumulated difference is changed into a difference of only –5 mm, which is 0.08%.  
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Figure 6.7 Hydrograph of the measured and simulated discharge of model run 1, 3a and 3b 
for the months January, February and March in the year 1984. 
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Figure 6.8 Hydrograph of the measured and simulated discharge (model run 3b) for the total 
calibration period    
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Figure 6.9 The results of the simulation with the HBV model for the years 1970-1976, as 
displayed in the model HBV  
 
6.2.2 Validation period 
For the validation period 1985-1996, very good results can be found with the new values for 
the parameters in the HBV model. The R2 of Nash and Sutcliffe has a value of 0.91 for the 
validation. This means that the model gives a very good result with an efficiency of 0.91. The 
accumulated difference is not low, as can be seen in table 6.1, with a value of 231 mm (4%). 
This difference in accumulated differences is still low for the validation. In the simulations 
with the other “simple” models, high values for the relative difference were also found for the 
validation period. Figure 6.10 shows a graph of the measured and simulated results with the 
“old” and “new” parameters (model run 1 and 3b) for the peak event in January, February 
1995. The peaks of the event are at the same time for the measured and “new” simulated 
discharge. Figure 6.11 shows the hydrographs of the measured and “new” simulated 
discharge for the total validation period.  
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Figure 6.10 Hydrograph of the measured and simulated discharges (model run 1 and 3b) for 
the peak event in January/February 1995  
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Figure 6.11 Hydrograph of the measured and simulated discharge (model run 3b) for the 
total validation period 
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Chapter 7 Comparison and discussion of the model results 
 
The main objective of this research is to analyse if a simple model, which looks like a part of 
the HBV model, gives already almost the same as the HBV model for the Ourthe catchment. 
In order to do so, a model is being build up in different stages, step by step, starting from a 
very simple model, with a relative complex model as the final. In each step a certain 
conceptual process is being added to the model, so the effect of each process to the 
simulation of the discharge in the model can be determined.  
 
In this section, a summary and an interpretation of all the results of all the models will be 
given. In appendix E, a table with all the efficiency coefficients and relative differences in total 
discharge can be found. Figure 7.1, 7.2 and 7.3 show these results in a graphical overview. 
First the efficiencies of the models will be compared and discussed (section 7.1), followed by 
the relative differences in total discharge (section 7.2) and the cumulative discharges 
(section 7.3). A comparison and discussion of the different additions in the simple models will 
follow in section 7.4 and some limitations for the results will be discussed in the last sections 
of this chapter, section 7.5.   
 
7.1 Efficiency coefficients 
 
Figure 7.1 shows the efficiency coefficients for each model simulation for the calibration and 
validation. The difference between the results of the “simple” models and the HBV model is 
very obvious. The values of the efficiency coefficients for the HBV model are the highest.  
 
Comparing the results of the “simple” models, there can be seen that the addition of a linear 
function causes a large change in efficiency. This large change is also caused by the use of 
the effective precipitation as input for the model. The addition of a linear reservoir gives a 
better result, but not significantly. A second reservoir added to the model, doesn’t have large 
influence on the efficiency of the model. The last addition, another method of effective 
precipitation changed a lot, comparing the results of this model with the results of the linear 
rainfall-runoff model with two reservoirs and normal precipitation as input. The calibration of 
the HBV model changed the results for the efficiency of the HBV model also quite a lot (old 
and new).   
 
From this figure can also be seen that the values of the efficiency coefficients are always 
higher for the validation period than for the calibration period. This is not expected, since the 
optimalisation of the model is done for the calibration period and not for the validation period. 
A possible reason for this could be the input data. It can be that these data are more suitable 
for the model process for the later period.   
 
Another point of interest is the difference in the values of the efficiency coefficients of the 
“simple” model between the runs with effective precipitation as input and the model runs with 
total precipitation as input. These values are higher for the runs with effective precipitation as 
input, except for the linear rainfall-runoff model with two reservoirs and evapotranspiration. 
Figure 7.2 shows this in another format, the line for the efficiency coefficient of the model 
runs with effective precipitation, as input, is always higher than the line for the model runs 
with precipitation as input, except for the last “simple” model. These results are caused by 
the potential evapotranspiration, which is taken into account for the calculation of the 
effective precipitation (section 3.4). In the last “simple” model is the effective precipitation 
calculated with an evaporation coefficient on a monthly bases, instead of a yearly bases, 
used in the runs of the other models. From these results, strong preferences can be made for 
using an effective precipitation, computed with an evapotranspiration coefficient, averaged 
over the total calibration period, and not averaged for each month over the total calibration 
period. 
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It should be noticed that the calculation of the evapotranspiration coefficient (computed from 
the difference between the total precipitation and the total discharge and divided by the total 
potential evapotranspiration) is not totally correct, since the influence of the storage 
components of the soil are not taken into account, creating a delay for the evapotranspiration 
and discharge. Since the calibration period, for which this evapotranspiration coefficient is 
calculated is large (15 years) this is being neglected. 
 
Such a point of discussion about the delay in time between precipitation and discharge 
through evaporation and the filtering effect of storage in the soil can also be made for the 
linear rainfall-runoff model. In this model is the discharge a function of the precipitation during 
a period of T days, differing from 1 to 15 days. If a time period of 1 day is used, this means 
that all the precipitation is running out of the catchment during the same day, as discharge. 
Therefore, the model results for averaging 15 days are much better than for 1 day. In the 
next “simple”vmodel a reservoir is added to the model, so the delay and attenuation between 
precipitation and discharge was introduced.  
 
Figure 7.2 shows also the differences in efficiencies between “peak” runs and “normal” runs 
with both linear-rainfall runoff model with reservoirs. In the “peak” runs, the simulated 
discharges for which the measured discharge had a value higher than 2 mm/d were 
emphasized (section 5.4.1). The efficiency coefficients are higher for the peak model runs for 
the validation, than for the validation of the “normal” model runs. Two explanations can be 
found for this. Either the number of days with a discharge above 2 mm/d during the validation 
period is higher or there has been a change in the recession curves for the validation period.  
The number of days with a measured discharge higher than 2 mm/d for the calibration period 
is 990, for the validation period 720. Since both periods do not have the same number of 
days, also the number of days is taken into account. The calibration period counts 5478 days 
and the validation period 4382 days. Dividing the number of days with discharges above 2 
mm/d by the number of days for each period, gives a value of 0.18 for the calibration period 
and 0.16 for the validation period. These values mean, that the chance of a discharge, higher 
than 2 mm/d is 18% for a certain day in the calibration period and 16% in the validation 
period. From these numbers can be concluded that the chance of a day with a measured 
discharge higher than 2 mm/d is not higher during the validation period, so there must have 
been a small change in the recession curves of the discharges between the calibration and 
validation period.  
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Figure 7.1 The efficiency coefficients R2 for all model simulations 
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Figure 7.2 The efficiency coefficients R2 for the model simulations of the “simple” models 
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7.2 Relative differences in total discharge 
 
Figure 7.3 shows the values for the relative differences in total discharge. This is a value to 
judge if the water balance of the simulation is close to the water balance, as measured. The 
values are around 0 for all model simulations for the calibration period. For the validation 
period, the RDq values are sometimes negative, sometimes positive, but don’t show a lot of 
difference for the water balance (absolute maximum around 4.5%).  
 
The difference in relative discharge values between calibration and validation is due to the 
method of using the optimalisation function for the calibration of the model. This function is 
set to give parameters for the highest possible value of R2 for which the relative difference is 
around zero. In the validation of the “simple” models, these parameters are just applied and 
no optimalisation takes place, so a difference between simulated and measured discharge 
occurs.  
 
Remarkable is the difference in RDq percentages between the model run with “normal” 
precipitation and the run with effective precipitation for the linear rainfall-runoff model. The 
value of RDq for the last run is negative, which means that there is less discharge simulated 
than measured. A reason for this can be found in the calculation of the effective precipitation. 
In this calculation an evapotranspiration coefficient is used, based on the water balance of 
the calibration period (see section 3.4).  
The evapotranspiration coefficient has a value of 0.93 for the calibration period and 0.87 for 
the validation period. Since the evapotranspiration coefficient of the calibration period is used 
for the validation period as well, more actual evapotranspiration is assumed than has 
happened in reality for this period. Therefore, less precipitation is used as input for the model 
than in reality, causing a negative relative difference of total discharge for the validation 
period. For the other “simple” models, the value of RDq is positive. A possible explanation for 
this can be found in the use of the reservoir and its restrictions. 
  

Figure 7.3 The relative differences in total discharge for all model simulations 
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7.3 Cumulative discharges 
 
In figure 7.4 is the cumulative discharge from low discharge values to high discharge values 
plotted. Remarkable is the graph for the cumulative discharge of the simulation with the HBV 
model, lying at the other side of the graph of the measured discharge, than the graphs of the 
“simple” model simulations. There can be concluded that lower discharge values are 
overestimated in the “simple” models and higher values are underestimated. The graph for 
the HBV model shows the opposite result, low discharge values are underestimated and high 
discharge values are overestimated. The difference between the model run with the linear 
rainfall-runoff model with two reservoirs with effective precipitation as input and normal 
precipitation as input can also be seen in figure 7.5.   
 
 

Figure 7.4 Cumulative discharge from low discharge values to high discharge values for the 
“simple” models with precipitation as input and the HBV model  
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Figure 7.5 Cumulative discharge from low discharge values to high discharge values for the 
linear rainfall-runoff model with two reservoirs with precipitation and effective precipitation as 
input and the HBV model 
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7.4 Processes in the “simple” models 
 
The “simple” models used in this research are build up, step by step, using more complexity. 
There was started with the constant runoff model, as a basic model and in each step, a 
process was added to the simple model before, like a linear function, a reservoir or a function 
with the evapotranspiration. So the improvement of each addition of a new process 
description can be seen in the results. Table 7.1 gives an overview of all the simulations for 
the “simple” models. Table 7.2 is the same overview, but now with the differences between 
the results of the model simulation and the results of the simulation with the model without 
the addition.  
 
There can be observed can be seen from the differences in results for the runs with total 
precipitation as input, that the addition of a linear function to the constant runoff model gives 
a large improvement (0.36). The addition added to this linear rainfall-runoff model, was the 
addition of a linear reservoir. A change of 0.12 in the efficiency coefficient is the result of this 
addition. A second reservoir added to the model, doesn’t change the efficiency coefficient 
(+0.012). The change of using effective precipitation instead of precipitation, as in the last 
“simple” model, gives a significant result as well (+0.12). The order from the largest change 
in efficiency to the smallest is: adding a linear function, adding a reservoir, adding an 
effective precipitation function and adding a second reservoir. For the validation period, the 
same order can be found. 
 
If the effective precipitation is used as input, the order from the largest change in efficiency to 
the smallest change for the calibration and validation period, is as follows: adding a linear 
function, adding a reservoir, adding a second reservoir, adding an effective precipitation 
function. The addition of the monthly effective precipitation function is even negative.  
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It can be concluded that the additions of a linear function and a linear reservoir are worth to 
do. If the effective precipitation is used, the addition of a second linear reservoir is also 
needed. If the second reservoir is added to the model, the addition of a function for the 
effective precipitation gives also very good results.  
 
Comparing the results of the first run of the linear rainfall-runoff model with two reservoirs 
and evapotranspiration (R2 = 0.61) with the results of the run with the linear rainfall-runoff 
model with two reservoirs and precipitation as input (R2 = 0.50) a large difference can be 
seen. This difference could already be expected, since in the run with the model with the 
evapotranspiration, the evapotranspiration is taken into account and the use of the effective 
precipitation instead of the “normal” precipitation in the models before produced already 
much better results. So, the results of the run with the linear rainfall-runoff model with two 
reservoirs and evapotranspiration should actually be compared with the results of the linear 
rainfall-runoff model with two reservoirs and effective precipitation as input. There is no real 
difference between the values of the efficiency coefficients of these two runs, so, from these 
results can not be concluded, which method of effective precipitation computation should be 
preferred. The addition of an evapotranspiration function can be done in two ways and have 
the same result: 
 

1. The evapotranspiration is taken into account with an evaporation coefficient averaged 
over many years and using the potential evapotranspiration for each day (called the 
effective precipitation, as described in section 3.4)). This is done in the model run with 
the linear rainfall-runoff model with two reservoirs and effective precipitation as input    

or 
2. An effective precipitation is computed with an mean daily actual evapotranspiration 

per month, calculated from the water balance for each month and is used as in the 
first run of the linear rainfall-runoff model with two reservoirs and evapotranspiration 
(section 4.2.6).  

 
The second method can be used if no potential evapotranspiration data are available. 
 
Table 7.1 The efficiency coefficients for all the simulations of all the models 
Model   Calibration Validation Calibration Validation 
    P P Peff Peff 
constant runoff model   0 0     
linear rainfall-runoff model   0.37 0.40 0.51 0.54 
linear rainfall-runoff model, with one 
reservoir   0.49 0.52 0.59 0.61 
  peak 0.49 0.54 0.58 0.63 
linear rainfall-runoff model with two 
reservoirs   0.50 0.52 0.61 0.62 
  peak 0.49 0.54 0.61 0.64 
linear rainfall-runoff model with two 
reservoirs and evapotranspiration   0.61 0.63 0.56 0.58 
HBV   0.81 0.91     
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Table 7.2 The differences in efficiency coefficients for each addition to each model 
Model   Calibration Validation Calibration Validation 
    P P Peff Peff 
constant runoff model   0 0     
linear rainfall-runoff model   0.37 0.40 0.51 0.54 
linear rainfall-runoff model, with one 
reservoir   0.12 0.12 0.08 0.07 
  peak -0.00 0.02 -0.00 0.02 
linear rainfall-runoff model with two 
reservoirs   0.012 -0.02 0.03 -0.01 
  peak -0.01 0.01 -0.00 0.02 
linear rainfall-runoff model with two 
reservoirs and evapotranspiration   0.12 0.09 -0.05 -0.08 
HBV   0.20 0.288     
  
Table 7.1 and table 7.2 also show the results and differences for the HBV model. It can be 
seen that the difference between the best “simple” model, used in this study and the results 
with the HBV model is quite large, 0.2. This means that the HBV model simulates the 
measured discharge 20% better than the best “simple” model (the linear-rainfall-runoff model 
with two reservoirs and evapotranspiration or the linear-rainfall-runoff model with two 
reservoirs with effective precipitation as input). The difference between this model and the 
HBV model are especially a soil moisture routine, a transformation routine and the 
occurrence of snow and snowmelt in the precipitation routine. The fast runoff and the base 
flow reservoir are parallel instead of in series, as used in the “simple” models. From the 
results of the change of the parameters in the transformation routine (maxbas), which gave a 
much better calibration result for the HBV model, can be concluded that this routine and the 
soil moisture routine have large influences on the results of the model and can not be missed 
in a model, to give good results.   
 
7.5 Limitations of the results 
 
The performances of the models and the differences between them should be seen with the 
uncertainties involved. Meteorological input data, discharge observations, model structure 
and concepts, parameter values and the use of the Solver technique in Microsoft Excel are 
the main sources of uncertainty. The uncertainties of the input data and the discharge 
observations are not only about how accurate they are measured, but also at what time they 
are measured. In the results of the model simulations can be seen that the timing of peak 
events is very important. If there is not known for which time period the data are exactly, this 
gives an extra uncertainty for the model simulation. In this research is tried to reduce the 
uncertainty, with a small research about the time of the data (chapter 3), but it is still 
uncertain if this shift, as assumed in this research, is correct. After the shift of 6 hours, used 
in this research, there is still a difference of 2 hours between the discharge data and the input 
data, assuming that the observed discharge data are mean values from midnight to midnight 
for each day.  
 
For a model with too many parameters, using the solver technique, a tool of Microsoft Excel, 
used in this study for optimalisation, can cause small problems, since local minima and 
maxima are found for the models. A trial and error technique is used to find the best fit to 
solve this problem, but this is not very secure.   
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Chapter 8 Conclusions and recommendations 
 
8.1 Conclusions 
 
In this chapter an answer will be given to the research questions, as formulated in chapter 1. 
 

1. Does the relatively complex conceptual model HBV give a better result than a simple 
conceptual model? 

 
The results of the simulation for the Ourthe with the simple rainfall-runoff models and 
the HBV model show that the result with the HBV model for the simulation of the 
discharge is definitely the best. 
 

2. How much does every addition of a new process description to the model improve the 
results and is it worth making this addition? 
 
All additions, except one, showed improvement for the model results and are worth 
making.  
 
If the precipitation is used as input for the model, the following improvements for each 
addition can be given. The addition of a linear function improves the results of the 
simulated discharge with 37% from the most simple model, the constant runoff model. 
Adding a linear reservoir, improves the result with 12% again. For an improvement of 
the results with 12% more, a second linear reservoir has to be added and an 
evaporation function base on the difference between precipitation and discharge 
within each month. Comparing this last “simple” model with the HBV model, the 
results for the HBV model sow an improvement of 20% more.  
 
If the effective precipitation is used as input for the models, the percentages of 
improvement are slightly different. 50% for the addition of the linear function, 8 % for 
one linear reservoir and 3% more for the addition of the second linear reservoir. The 
change of the effective precipitation with a yearly evaporation coefficient to a monthly 
evaporation coefficient, did not improve the result and so, the model with this addition 
or change can not be valued and is not worth making .  
   

3. What are the most relevant processes for the simulation of rainfall-runoff processes in 
the catchment? 
 
The results of the simulation with the “simple” models and the HBV model show that 
all processes, used in this study, are relevant for the simulation of the rainfall-runoff 
process.  
The processes, added in the simple models, like a linear function, a linear reservoir 
and effective precipitation, are all relevant for the rainfall-runoff process, as the results 
show. The difference in results between the relatively complicated linear rainfall-runoff 
model with two reservoirs and evaporation with precipitation as input and the results 
of the HBV model, show that also some processes, not added in the “simple” models, 
but used in the HBV model, are necessary to give good results for the simulation of 
the discharge. The processes are especially the soil-moisture routine and the 
transformation function.  
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4. Are there any differences between the input data used in the studies before for the 
Ourthe catchment (Booij(2002), van der Wal (2001)) and the data of Wójcik and 
Buishand (2001)? 

 
The comparison of these data shows that there are differences between these data. 
The largest difference is a systematic difference in temperature data of 2.2 0C and is 
caused by the area of the research. In the studies of Booij (2002) and van der Wal 
(2001) temperature data for the total Meuse catchment were used. The temperature 
data of Wójcik and Buishand,are specifically computed for the Ourthe catchment.   
Because of this difference and the random differences in precipitation and potential 
evapotranspiration data the HBV model for the Ourthe catchment should be 
calibrated if the data of Wójcik and Buishand are used.  
 

5. What are the results of the HBV model obtained with the meteorological data of 
Wójcik and Buishand (2001) with or without a new calibration of the parameters? 

 
The results of the HBV model with these input data and a new calibration are very 
good. The efficiency coefficient has a value of 0.81 for the calibration and 0.91 for the 
validation. The relative differences in total discharge are also very small, 0% for the 
calibration and -4.4% for the validation period. 
 

8.2 Recommendations 
 
Considering the good performance of the HBV model, there should be focused on the 
accuracy of the measurements. For example if the data of the validation period (1985-1996) 
are more accurate than the calibration data (1970-1984), which is suggested, since the 
efficiency coefficients for the validation period are higher than their values for the calibration 
period. Another point of interest is the time period for which the data are valid. This is very 
insecure at the moment and if solved, this could give better simulation results.  
 
One of the most important aspects of hydrological modelling is the model calibration and 
validation. The HBV model contains several parameters, of which the optimal values are 
determined in a trial and error process. This process is manually and time consuming. 
Therefore, it is strongly recommended to use an automatic calibration procedure, which can 
adjust parameter values during the model run to reach the optimal model performances. This 
automatic calibration procedure will save time.  
 
The best results are given with the HBV model in this research. Some processes of the HBV 
model are not added in the simple models, like the soil-moisture routine and transformation 
function. Their influence on the improvement of the results is not known from the results of 
this study. In further research, these processes can be added to the “simple” model. Also 
some other additions can be done for better results of the “simple” models. A maximum 
storage level can be added to the reservoirs, like in the HBV model, for instance and the 
evapotranspiration process can be changed in the models. In the models in this study, it is 
suggested that the evaporation depends on the amount of precipitation fallen at a certain 
day, which is not true in reality. The evaporation depends on the amount of water in the 
upper layer of the soil and the vegetation. This evapotranspiration process can be a part of 
the soil moisture routine. An automatic calibration procedure could also be added to the 
“simple” model, saving time and errors.   
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Further research on the HBV model can be done on the influence of the snowfall and 
snowmelt functions in the precipitation routine on the discharge simulation. Also the influence 
of the scaling of the temperature data, used in this routine is not known. Does it cause a 
difference for the simulated discharge if, for instance, temperature data of the Ourthe 
catchment are used instead of temperature data for the total Meuse basin? How and how 
much is the influence of snowfall on the discharge in the rivers?  
 
For the application of the HBV model to the Meuse basin, some recommendations can be 
given: 
- pay attention to the time of the input data and the observed discharge used for the 

modelsimulation 
- the parameter maxbas can also be varied and has large influences on the results  
- it is maybe worth to switch the calibration and validation period, depending on the aim of 

the model simulations with the HBV model 
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Appendix A Shift of precipitation for the peak event of January 1993 
 
For the research about the shift in 6-hourly precipitation sums, as explained in section 3.3.1, 
also the data of the station Ortho for the peak event of January 1993 was used. The plots of 
the 6-hourly precipitations with and without a shift (figure A-1 and A-2) are presented in this 
appendix.  

 Figure A-1 Precipitation (mm/6 hours) of the KNMI data and 6 hour sums of hourly 
precipitation data of the station Ortho(M61280015), for which the time 6:00 is set to 6:00 
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Figure A-2 Precipitation (mm/6 hours) of the KNMI data and 6 hour sums of hourly 
precipitation data of the station Ortho (M61280015), for which the time 6:00 is set to 14:00, 
12:00 is 20:00 in real time, 18:00 is 2:00 in real time and 0:00 is 8:00 in real time.  
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Appendix B Description of the linear rainfall-runoff model with one 
reservoir and effective precipitation as input, as build in Microsoft 
Excel 
 
In this appendix a description of one of the models is given as an example. This serves as an 
example for how the “simple” models, used in this study are build in the program Microsoft 
excel.  
 
Columns: 
  A  Date 
 B Precipitation (KNMI), mm/d 
 C Measured discharge, Tabreaux, m3/s 
 D Measured discharge, Tabreaux, mm/d  
 E Potential evapotranspiration (KNMI), mm/d 
 F Effective precipitation, mm/d 
 G - 
 H Parameters 
 I Values of parameters 
  
 J, K, L  Calculations for the reservoir 

J Input reservoir (mm/d) 
K Output reservoir (mm/d) 
L  Storage reservoir (mm) 
 
M Simulated discharge (mm/d) 

  
 N - 
 

O+P Calculations for the Nash-Suthcliff  R2 
 O: ( Q−   2)msQ
 
 P: 2)mmQ( Q−  

  
 Q Calculations for the relative difference in total discharge 
   
  Q: ( Q−  )msQ
 
Formulas: 
 A7 value  
 B7 value 
 C7 value 
 D7 =C7*(86400/(1597*1000)) 
 E7 value  
 F7 =B7-$E$5857*E7 
 G7 - 
 H7 - 
 I7 - 
 J7 =IF(($I$4*F7)>0;$I$4*F7;0) 
 K7 =(1/($I$5))*L6 
 L7 =IF((L6+J7-K7)>0;L6+J7-K7;0) 
 M7
 =IF(($I$2+$I$3*F7+K7)>0;$I$2+$I$3*F7+K7;IF((K7>0);K7;IF((K7+$G$2)>0;K7+$G$2;0))) 
 N7 - 
 O7 =(M7-D7)^2 
 P7 =(D7-$D$5854)^2 
 Q7 =M7-D7 
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Rows at the end (yellow) 
 

5852 Total sum 
5853 - 
5854 Average 
5855 – 
5856 – 
E5857 Evaporation coefficient =(B5852-D5852)/E5852 

 O5858 Nash-Sutcliffe R2 =1-(O5852/P5852) 
 Q5860 Relative Difference in total discharge RDq    =(Q5852/D5852)*100 
 
The red cells in rows 5858 (O5858) and 5860 (Q5860) are the cells used as calibration criteria. The 
solver, used for the optimalisation is set to find a value as closest to the value 1 for cell O5858, with 
the restriction that cell Q5860 is close to zero.  
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Figure B-1 The linear rainfall-runoff model in Microsoft Excel 
 

Figure B-2 The linear rainfall-runoff model in Microsoft Excel  
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Figure B-3 The linear rainfall-runoff model in Microsoft Excel  
 

Figure B-4 The linear rainfall-runoff model in Microsoft Excel  
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Appendix C The parameters, efficiency coefficients and relative 
differences in total discharge of the linear rainfall-runoff model 
 
Table C-1 The parameters for each Time step T and each run of the model 

  
Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

  P   Peff   Peff, limit Q 
  a b a b a b 
T=1 1.0529 0.0547 1.1121 0.0712 1.1121 0.0712 
T=2 0.8442 0.1338 1.0274 0.1420 1.0340 0.1350 
T=3 0.6680 0.2006 0.9626 0.1961 0.9212 0.2050 
T=4 0.5405 0.2490 0.9180 0.2334 0.8340 0.2505 
T=5 0.4380 0.2878 0.8834 0.2622 0.7083 0.3106 
T=6 0.3561 0.3188 0.8563 0.2849 0.5836 0.3662 
T=7 0.2887 0.3444 0.8345 0.3032 0.5351 0.3946 
T=8 0.2308 0.3664 0.8162 0.3185 0.5119 0.4177 
T=9 0.1752 0.3874 0.7991 0.3328 0.4844 0.4369 
T=10 0.1262 0.4060 0.7840 0.3454 0.4368 0.4678 
T=11 0.0797 0.4236 0.7697 0.3573 0.4174 0.4819 
T=12 0.0339 0.4410 0.7559 0.3689 0.3927 0.4993 
T=13 -0.0075 0.4567 0.7433 0.3794 0.3557 0.5198 
T=14 -0.0440 0.4705 0.7321 0.3887 0.3452 0.5302 
T=15 -0.1386 0.5052 0.7213 0.3978 0.3523 0.5367 
 
Table C-2 The efficiency coefficients R2 for each time step T and each run of the model 

  
Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

  P   Peff  Peff, limit Q 
  Calibration Validation Calibration Validation Calibration Validation 
  R2 (-) R2 (-) R2 (-) R2 (-) R2 (-) R2 (-) 

T=1 0.0321 0.0440 0.0652 0.0785 0.0652 0.0803 
T=2 0.1226 0.1438 0.1772 0.1956 0.1761 0.1946 
T=3 0.2100 0.2379 0.2705 0.2929 0.2713 0.2974 
T=4 0.2655 0.2978 0.3267 0.3522 0.3342 0.3626 
T=5 0.3026 0.3379 0.3634 0.3911 0.3829 0.4188 
T=6 0.3247 0.3674 0.3860 0.4194 0.4183 0.4663 
T=7 0.3376 0.3852 0.3999 0.4365 0.4396 0.4929 
T=8 0.3457 0.3935 0.4092 0.4452 0.4541 0.5074 
T=9 0.3529 0.3985 0.4176 0.4508 0.4671 0.5166 
T=10 0.3573 0.4020 0.4237 0.4553 0.4775 0.5289 
T=11 0.3616 0.4024 0.4299 0.4570 0.4871 0.5323 
T=12 0.3662 0.4028 0.4362 0.4586 0.4967 0.5358 
T=13 0.3685 0.4022 0.4405 0.4592 0.5029 0.5390 
T=14 0.3685 0.4009 0.4429 0.4592 0.5059 0.5391 
T=15 0.3688 0.4025 0.4452 0.4592 0.5082 0.5383 
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Table C-3 The relative differences in total discharge for each time step T and each run of the 
model.  

  
Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

Linear rainfall-runoff 
model 

  P   Peff  Peff, limit Q 
  Calibration Validation Calibration Validation Calibration Validation 
  RDq (%) RDq  (%) RDq (%) RDq  (%) RDq (%) RDq  (%) 
T=1 0.0000 -0.8427 0.0000 -0.9146 0.0000 -1.4938 
T=2 0.0000 -0.6318 0.0000 -0.8389 0.0000 -2.0701 
T=3 0.0000 -0.4573 0.0000 -0.7853 0.0000 -1.2955 
T=4 0.0000 -0.3354 0.0000 -0.7526 0.0588 -0.6269 
T=5 0.0000 -0.2378 0.0000 -0.7276 0.0000 -0.5593 
T=6 0.0000 -0.1597 0.0000 -0.7082 -0.8748 -1.2108 
T=7 0.0000 -0.0925 0.0000 -0.6901 -0.9753 -1.4479 
T=8 0.0000 -0.0288 0.0000 -0.6699 0.0000 -0.8905 
T=9 0.0000 0.0341 0.0000 -0.6495 0.0000 -0.8365 
T=10 0.0000 0.0843 0.0000 -0.6362 -0.0005 -0.5908 
T=11 0.0000 0.1300 0.0000 -0.6253 -0.1077 -0.7437 
T=12 0.0000 0.1762 0.0000 -0.6138 -0.2198 -0.8055 
T=13 0.0000 0.2226 0.0000 -0.5997 -0.7871 -1.4375 
T=14 0.0000 0.2683 0.0000 -0.5832 -0.7846 -1.5150 
T=15 0.0000 0.1266 0.0000 -0.5583 0.0000 -0.6938 
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Appendix D Reservoir coefficients 
 
To determine the reservoir coefficients, recession curves can be analysed. A recession is a 
period with overall dropping values of the discharge. If the discharge of a recession period is 
plotted on semi-logarithmic paper against time, frequently a straight line can be found (see 
figure D.1). The reservoir coefficient can be found from these straight lines as the reciproke 
of the slope of the recession curve, see equations D-1 –D-3.  
 
The outflow of a linear reservoir can be calculated with the following equations: 
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)( 0ttRout +   Outflow of the reservoir at time t+t0 [mm/d] 

)( 0tRout   Outflow of the reservoir at time t0 [mm/d] 
t    Time [d] 
k    Reservoir coefficient [d] 
 
Figure D.1 shows some recession curves, as the black lines. The process of determining the 
coefficients of the recession curves can be done by hand, but is not very secure. Because all 
the parameter values in the models (except for the HBV model) are solved with the solver 
function of Microsoft Excel, in this study some reservoir coefficients are calculated (for 43 
recessions curves) by hand, just to give an indication for a starting value of the reservoir 
coefficient.  
 
As figure D.1 shows, two slopes can be recognized for the recession curves a steep and a 
somewhat flatter slope.   

Figure D.1 The logarithmic discharge for the year 1978 of the Ourthe at Tabreux.  
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In table D-1 all the time periods and values of the recession curves, computed in this study, 
are reported. Figure D.2 shows the reservoir coefficients for all these recession curves, from 
low to high values. These coefficients can be separated into three groups, as figure D.2 
shows, one with all the values between 0 and 25 days, one with values between 25 and 90 
days and the third one exists only of two dots, between 120 and 140 days. 
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Figure D.2 Reservoir coefficients calculated by hand, selected from low to high values and 
given a certain recession number.    
 
These last two dots are from recession curves in the year 1977, which was a very dry year. 
Since there are only two points, these values are not taken into account in this study. The 
average value for the first group of reservoir coefficients is 12.66 days (fast reservoir) and for 
the second group 70.47 days. These will be used as the starting values for the optimalisation 
with the Solver function in Microsoft Excel for the linear rainfall-runoff model with one 
reservoir and the other model with two reservoirs, described in section 5.4 and 5.5.  
 
In a study of Uijlenhoet et al (2001), recession coefficients for dry spells only, were also 
determined for the river Meuse and its tributaries. A recession coefficient of 60.4 days was 
computed in this study for the discharge gauging station Tabreux. The difference between 
this coefficient and the other reservoir coefficient for the slow running reservoir is not very 
large.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

98 



  appendix D 

Table D-1 The reservoir coefficients of the recession curves 

           period RC 
Reservoir 
coefficient            period RC 

Reservoir 
coefficient 

from to     from to     
14-2-74 2-3-74 -0.0698 14.3 15-3-79 22-4-79 -0.0408 24.5 
23-3-74 7-4-74 -0.0729 13.7 18-3-79 28-7-79 -0.0226 44.2 
23-3-74 18-4-74 -0.0663 15.1 6-4-79 18-4-79 -0.0926 10.8 
23-4-74 9-6-74 -0.0156 64.1 3-6-79 28-7-79 -0.0256 39.1 
17-8-74 31-8-74 -0.0551 18.1 13-8-79 12-10-79 -0.018 55.6 

1-4-76 25-7-76 -0.0145 69.0 13-11-79 26-11-79 -0.0751 13.3 
1-4-76 15-9-76 -0.0143 69.9 8-2-80 1-3-80 -0.0828 12.1 

25-2-77 9-3-77 -0.0895 11.2 5-4-80 19-4-80 -0.0833 12.0 
21-5-77 2-6-77 -0.0833 12.0 16-5-80 17-6-80 -0.0143 69.9 

1-6-77 31-10-77 -0.0079 126.6 26-7-80 16-8-80 -0.072 13.9 
1-8-77 12-8-77 -0.0851 11.8 1-9-80 5-10-80 -0.02 50.0 

20-8-77 27-8-77 -0.1128 8.9 4-9-80 6-10-80 -0.0164 61.0 
4-11-77 16-11-77 -0.1836 5.4 18-11-80 24-11-80 -0.1211 8.3 

28-11-77 5-12-77 -0.1121 8.9 8-1-82 20-1-82 -0.1 10.0 
4-2-78 21-2-78 -0.0823 12.2 1-2-82 6-2-82 -0.1541 6.5 
1-4-78 12-4-78 -0.106 9.4 22-3-82 5-4-82 -0.0673 14.9 

21-5-78 31-5-78 -0.0794 12.6 10-4-82 29-4-82 -0.0641 15.6 
10-6-78 27-9-78 -0.0134 74.6 12-6-82 20-9-82 -0.012 83.3 
13-7-78 28-7-78 -0.0687 14.6 9-7-82 30-9-82 -0.0078 128.2 

1-8-78 31-8-78 -0.0196 51.0 25-10-82 6-11-82 -0.0537 18.6 
1-10-78 14-10-78 -0.0692 14.5 28-11-82 4-12-82 -0.0829 12.1 
18-2-79 1-3-79 -0.0858 11.7     
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Appendix E The parameters and results of all the simulations 
 
Table E-1 The parameters, efficiency coefficients and relative differences in total discharge 
for the calibration with precipitation as input  

Calibration P α (mm) β (−) γ (−) δ (−) k1 (d) k2 (d) R2 (-) RDq (%) 
constant runoff model P             0.0000 0.0000 
linear rainfall-runoff 
model P -0.1386 0.5052         0.3688 0.0000 
linear rainfall-runoff 
model, with one 
reservoir P -0.9085 0.0194 0.7326   12.5702   0.4908 0.0000 

  P, peak -1.0018 0.0158 0.7398   9.7271   0.4859 0.0000 
linear rainfall-runoff 
model with two 
reservoirs P -0.9802 0.0150 0.5305 0.2442 9.4921 63.9985 0.4979 0.0000 
  P, peak -1.1324 0.0215 0.5263 0.2690 7.4898 56.9976 0.4912 0.0000 
linear rainfall-runoff 
model with two 
reservoirs and 
evapotranspiration P -0.8634 0.0295 0.4525 0.5187 8.0023 49.9969 0.6129 0.0000 
HBV               0.8136 0.0780 
 
Table E-2 The parameters, efficiency coefficients and relative differences in total discharge 
for the validation with precipitation as input  

Validation P α (mm) β (−) γ (−) δ (−) k1 (d) k2 (d) R2 (-) RDq (%) 
constant runoff model P             0.0000 -0.9850 
linear rainfall-runoff 
model P -0.1386 0.5052         0.4025 0.1266 
linear rainfall-runoff 
model, with one 
reservoir P -0.9085 0.0194 0.7326   12.5702   0.5241 1.4002 

  P, peak -1.0018 0.0158 0.7398   9.7271   0.5432 1.5698 
linear rainfall-runoff 
model with two 
reservoirs P -0.9802 0.0150 0.5305 0.2442 9.4921 63.9985 0.5242 1.4767 
  P, peak -1.1324 0.0215 0.5263 0.2690 7.4898 56.9976 0.5370 2.8490 
linear rainfall-runoff 
model with two 
reservoirs and 
evapotranspiration P -0.8634 0.0295 0.4525 0.5187 8.0023 49.9969 0.6261 4.3513 

HBV               0.9145 -4.3630 
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Table E-3 The parameters, efficiency coefficients and relative differences in total discharge 
for the calibration with effective precipitation as input  

Calibration Peff α (mm) β (−) γ (−) δ (−) k1 (d) k2 (d) R2 (-) RDq (%) 
linear rainfall-runoff 
model Peff 0.3523 0.5367         0.5082 0.0000 
linear rainfall-runoff 
model, with one 
reservoir Peff -0.7698 0.0236 0.8488   14.9724   0.5872 0.0000 

  Peff, Peak -0.7763 0.0273 0.8320   11.9560   0.5832 0.0000 
linear rainfall-runoff 
model with two 
reservoirs Peff -0.7858 0.0306 0.4628 0.4101 8.0045 49.9987 0.6121 0.0000 
  Peff, Peak -0.8360 0.0302 0.3968 0.4751 6.9740 47.9985 0.6092 0.0000 
linear rainfall-runoff 
model with two 
reservoirs and 
evapotranspiration Peff -0.8474 0.0291 0.5161 0.4145 7.0380 47.9974 0.5610 0.0000 
 
Table E-4 The parameters, efficiency coefficients and relative differences in total discharge 
for the validation with effective precipitation as input  

Validation Peff α (mm) β (−) γ (−) δ (−) k1 (d) k2 (d) R2 (-) RDq (%) 
linear rainfall-runoff 
model Peff 0.3523 0.5367         0.5383 -0.6938 
linear rainfall-runoff 
model, with one 
reservoir Peff -0.7698 0.0236 0.8488   14.9724   0.6108 1.5749 

  Peff, Peak -0.7763 0.0273 0.8320   11.9560   0.6289 1.7118 
linear rainfall-runoff 
model with two 
reservoirs Peff -0.7858 0.0306 0.4628 0.4101 8.0045 49.9987 0.6202 1.7340 
  Peff, Peak -0.8360 0.0302 0.3968 0.4751 6.9740 47.9985 0.6385 2.0121 
linear rainfall-runoff 
model with two 
reservoirs and 
evapotranspiration Peff -0.8474 0.0291 0.5161 0.4145 7.0380 47.9974 0.5573 1.5828 
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