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SUMMARY 

 

 

Rainfall information provides important input for several analyses in rainfall-runoff models and 

consequent decision-making. Current models use spatially uniform information of rain gauges as 

input for the model simulations. However, in the past decades also rainfall information of weather 

radar has become available. In addition to rain gauge point measurements, radar data also provide 

information of the spatial distribution in rainfall events. This information could be significant for use 

in urban water management regarding analysis of the drainage system and the execution of the 

urban water tasks. Especially the increased spatial and temporal resolutions of the radar in the last 

years have enhanced the potential for radar data application at small spatial scales of urban 

surroundings. These developments provided the opportunity for this research to examine the effect 

of spatially variable rainfall data from radar on the rainwater volumes and model simulations of 

water at street in comparison with spatially uniform rainfall data from rain gauges. The study has 

been conducted by means of a PC-raster rainfall-runoff model for a case study in Amersfoort. In 

addition, implications of radar data use on urban water management issues have been discussed.    

 

First, appropriate heavy rainfall events in the radar data series have been identified to serve as 

model input for the study area. For this reason, a selection was made on the basis of extremeness 

and spatial variability in the events. In total, twelve events have been selected from which seven in 

the period 1998-2008 and five in the period 2009-2010. Rainfall data from the corresponding events 

of the rain gauge information have been analysed. Here, already vast differences appeared between 

the rainwater volumes of the two rainfall information sources in the selected rainfall events. In the 

period 1998-2008, with rain gauge measurements outside the model area, these differences are 70% 

on average. Since 2009, a municipal rain gauge in the centre of the model area has been employed 

for which the rainfall depths are more equivalent to the radar input (difference of 22% on average). 

 

A rainfall-runoff model has been applied to simulate surface runoff and water at street occurrence 

during the selected rainfall events. Development of the model has been a part of the study, including 

calibration, validation and several model improvements. The latter mainly consisted of adjustments 

for a suitable representation of the sewage system for which specific information of area experts was 

implemented. Only limited information of historical water inconveniences was available, which 

hampered optimal calibration and validation.  

 

After the processing of the model, the selected rainfall events have been simulated. The outcomes of 

the model runs from spatially variable radar, spatially averaged radar and rain gauge data have been 

compared. The comparison of the two radar data sources with equal rainwater volumes aimed at an 

assessment of the effect of spatial variability. The comparison between the radar and rain gauge data 

was supposed to reveal the effects of the different observation techniques and the effects of point 

measurements compared to spatially variable measurements. In general, it turned out that the 

rainfall input differences resulted in even larger in water at street volumes. The analysis with respect 

to spatially variable and spatially averaged radar showed the importance of locally heavy rainfall, 

which could be represented by the spatially variable radar data. Especially these locally high rainfall 
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depths appeared to contribute significantly to the occurrence of water at street and explain the 

average difference of 24% between the radar data sources. The comparison between radar and rain 

gauge data showed large differences, ranging from 36% up to a situation in which 68 times more 

water at street have been simulated by input from the rain gauge. In spite of the sometimes 

comparable rainfall depths, deviating input with respect to rainfall intensity and duration have 

demonstrated its value for the model calculations. Besides, the measurement location of the rain 

gauge seriously affected the model output. In some cases, the rain gauge information from outside 

the model area has not even generated water at street, although water inconveniences have been 

simulated with radar input and have also been reported by the municipality.  

 

The implication of spatially variable rainfall information on the urban water management tasks is the 

improved possibility to analyse local bottlenecks. Many spatial characteristics of the rainfall events 

are integrated in the radar data and provide locally specified input, which could explain experienced 

water inconvenience. In addition, spatially distributed data give opportunities to test the response of 

the drainage system for various rainfall patterns. This way, decision-making regarding the necessity 

of measures is supported. Since the urban water tasks require a problem-orientated approach, 

spatially variable radar data provide a suitable tool for more appropriate and effective solutions. 

Such measures could for instance be implemented locally to improve the infiltration capacity, which 

appeared to be the most influential parameter according to the sensitivity analysis. Besides, 

measures that increase local water storage are recommendable as they decrease the discharge and 

runoff volumes. Current policies also encourage the mentioned measure types where they enable 

improvements to the quality of the urban surroundings. Examples of effective measures are green 

roofs, rainwater butts and permeable pavements. Moreover, the increase of radar data series in the 

coming years will give insight in the need to integrate local rainfall distributions in the normative 

rainfall events of urban water management.    

 

The reliability of the model results is a point of attention due to the lack of information regarding 

historical water inconveniences and the limited understanding of detailed rainfall-runoff processes 

inside the urban area. This mainly includes infiltration processes on paved or semi-paved surfaces 

and the drainage processes by the sewage system. Moreover, the early phase in the model 

development has resulted in some limitations regarding the allocation of surface runoff. 

Nevertheless, the model outcomes and its corresponding conclusions are supposed to be sufficiently 

reliable in view of the research objective since accurate assessment of inundation areas and 

inundation depths are beyond the scope of this study.   
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1 INTRODUCTION 

 

 

1.1 Motivation  
 

Water inconveniences due to extreme rainfall events may disrupt everyday life and may even cause 

serious damages or casualties. Especially the urban area is vulnerable to high rainfall depths in 

relatively short periods of time, due to the quick runoff of storm water (Buishand & Wijngaard, 

2007). Sewage systems are sometimes not able to cope with the large rainwater amounts and water 

at street situations arise consequently. Since the occurrence and extremeness of such rainfall events 

could not be well predicted beforehand, the surroundings have to be designed according to the 

accepted risks. For the design and analysis of the sewage systems, normative rainfall depths are 

applied that are based on the long time series of rain gauge stations (see Figure 1-1). However, 

alternative rainfall estimations by weather radar appeared on the scene since the late nineties. This 

research focuses on the application of radar data for urban water management issues, including the 

differences with respect to the use of rain gauge information.   

  

1.1.1 Techniques, development and application of weather radar  

Since the weather radar was put into operation in 1998 in the Netherlands, its observations have 

become more and more available besides the data of ground rain gauges. This radar information is 

gathered from measurements of radar stations in De Bilt (see Figure 1-1) and Den Helder, which 

provide rainfall data for the whole country.  

 

  

Figure 1-1: Left: Weather radar of the KNMI in De Bilt (picture by Iwan Holleman, KNMI). Right: Automatic rain gauge of the 
KNMI (KNMI, 2009). 

Weather radar transmits radio-frequency waves into the atmosphere and receives the reflected 

signals from hydrometeors like rain, hail or snow as echo powers, from which reflectivity factors can 

be calculated. From the direction of the antenna and the time between the emission and the 

reception of the echoes, the location of the precipitation can be derived. The conversion from radar 
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reflectivity data towards radar rainfall maps includes the application of a relation between the 

reflectivity and the rainfall intensity. Furthermore, the information has to be converted to a 

rectangular grid which results in a spatial resolution of 1 km for the current operational weather 

radars in the Netherlands (Holleman & Beekhuis, 2010). The Dutch meteorological institute (KNMI) 

distributes accumulated radar images with temporal scales of 5 minutes, 3 hours and 24 hours 

(KNMI, 2009). 

  

The radar products are used for several functions such as aviation, navigation, agriculture and water 

management. An example of application is a warning system which is in use by over 50% of the 

Dutch water boards since 2003 (Overeem, 2009). Another possible application of weather radar is 

the prediction of flooding or other extreme events. However, the use of weather radar forecasts is 

still difficult due to the divergent behaviour of rainfall events (Werner & Cranston, 2009). Extreme 

storms are mentioned in particular as they can abate in short time, change direction or even 

suddenly arise. Moreover, water managers have become more interested in applying weather radar 

data for urban water management since several technical developments have enabled higher 

resolution radar data in the last years. Municipalities see opportunities to use this high resolution 

rainfall information for analysis of their urban drainage system and for real time applications (Einfalt 

et al., 2004). These developments have also received more attention in projects of research and 

consulting agencies. In this way, the opportunity has been created to examine the use of radar 

rainfall information in urban water management for this thesis study. Its use for the identification 

and analysis of water at street situations may provide added value in comparison to rain gauge data. 

 

1.1.2 Importance of more d etailed quantitative precipitation estimates  

The rainfall amounts and intensities are an important source of information for a sound design of 

sewage systems or for testing of regional water systems including water works. In the present 

situation, modelling of water flows and water levels by the water managers is based on rainfall 

information from rain gauges which is taken uniformly or interpolated between some measuring 

stations. However, radar image examples show that the information obtained from one gauge not 

always enables a good representation of the actual rainfall amounts in the whole area (see Figure 

1-2). This can be attributed to the limited density of the rainfall observations by the gauges (Delrieu, 

2009). In Figure 1-2, the black dot represents the rain gauge in Amstelveen that recorded 30 mm 

while the radar, calibrated by the rain gauge, recorded amounts below 20 mm in the southeast and 

above 40 mm in the northwest only over a few kilometres distance. 

 

Figure 1-2: Rainfall amounts of 25/26
th

 of May 2009 in the surroundings of Amstelveen according to the weather radar. The 
black dot represents the rain gauge location (30 mm). 
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Based on the information from the rain gauge, rainfall-runoff models are being calibrated and 

validated with the rainfall uniformly distributed over the area. Subsequently the models are used to 

analyse and decide whether measures and investments are required to solve the bottlenecks in the 

water system. It is questionable whether all the attempts to optimize the hydrological models are 

valuable if the rainfall input not realistically represents extreme storms in the area. Therefore, it has 

added value to investigate the possibility and consequences of applying spatially variable radar data 

in those models. 

 

1.1.3 Application of weather radar data in previous studies  

In literature several research experiences with respect to the use of weather radar data have been 

described for areas outside the Netherlands.   

 

A study of Jessen et al. (2004) in the North Rhine area, showed good applicability of weather radar 

for the representation of heavy rainfall events. Five heavy rainfall events have been evaluated by a 

comparison of adjusted radar data and spatially interpolated rain gauge data. In spite of the difficult 

verification of the observed spatial variability in the radar images, the comparison has confirmedly 

shown that the rain gauge data were not able to reflect the maximum rainfall amounts in the area 

well. In addition, several of the locally heavy rainfall observations by the weather radar were 

supported by severe damages such as land slides and flooding. 

 

In a study of Einfalt et al. (2004) in several municipalities in Denmark, the application of radar rainfall 

data was successfully due to detailed representations of local variability in rainfall. The researchers 

studied several extreme events to determine maximum rainfall events resulting in flooding of small 

urban catchments. Based on radar data adjusted with rain gauges, detailed rainfall-runoff simulations 

of extremely spatially distributed rainfall events were obtained.  

 

According to Krajewski & Smith (2002), radar rainfall estimates are promising for engineering, design 

and management applications in small basins. These uses are characterized by a strong dependency 

on rainfall rates that can be provided in more detail by radar data than by rain gauges. However, 

important processes during extreme event runoff in densely urbanized areas are still poorly 

understood which hamper the controlling abilities (Villarini et al., 2010). To advance the 

understanding of these processes, accurate rainfall observations for extreme events in small urban 

areas are needed. The developments in weather radar techniques in the last decade offer 

opportunities to combat the shortcomings of methods using only rain gauge measurements. 

 

1.1.4 Legal and policy framework  

Besides the increased recognition of possible benefits of weather radar application, also motivation 

for this research is provided by current approaches in governmental legislations.   

 

CǊƻƳ ǘƘŜ ǇƻƭƛŎȅ άǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘ ƛƴ ǘƘŜ нмǎǘ ŎŜƴǘǳǊȅέ ό².нмύΣ ǘƘŜ ƭŜƎŀƭ ǎǘŀƴŘŀǊŘ ŦƻǊ ŦƭƻƻŘƛƴƎ ƛƴ 

the urban area from surface waters is once every hundred years. However, the accepted frequency 

of occurrence regarding inconveniences as a result of heavy rainfall is much higher. The sewage 

system is generally designed to cope with rainfall events with a return period of two years, which 

implies the occurrence of water excess situations every few years on average. These heavy rainfall 
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events will cause inconveniences like water at street, more serious inconveniences like blockage of 

arterial roads or damage to buildings. Furthermore, the quality of surface water is threatened by 

sewage overflows. In the prescription of WB21, some gradations have been made for the water task 

in the urban area: 

Á In principal, nuisance because of rainfall events has to be accepted. An example is the 

occurrence of water at street for short durations.  

Á More serious inconveniences have to be prevented. This category includes 

inconveniences which disrupt everyday life or for example economic activities.  

Á Damage as a result of extreme rainfall events has to be prevented. For example buildings 

and properties should not suffer damage in case of accumulating water flows or 

bottlenecks in the urban drainage system.  

 

The task for municipalities in the urban sewage task (VROM, 2008) is to act on problems more than 

on the norms. Therefore, they have to map locations where the problems occurred in the past. 

Municipalities should also investigate how the drainage system responds to different rainfall events 

with corresponding consequences in the urban surroundings. Especially the situation at the surface is 

considered to be important for a reduction of bottlenecks in the urban area. On the other hand, 

structural measures to the sewage system are less attractive as they require many financial resources 

and cause nuisance for the citizens. Moreover, the latter measure category does not offer optimal 

circumstances to enhance both the water drainage and the quality of the urban surroundings. 

 

1.2 Problem description  
 

Based on the regulations in WB21 and the urban water tasks, current urban water management has 

to focus on observed problems in the urban drainage system. Analysis of bottlenecks or effects of 

interventions could be provided by rainfall-runoff simulations of historical heavy rainfall events. This 

is supposed to be a very useful tool to support decision making for measures and its corresponding 

investments. However, a good understanding of the rainfall-runoff processes in the urban area 

requires the use of realistic rainfall information for analysis. This could be hampered by the generally 

used rainfall data of rain gauges since their measurements are observed at one point in space. 

Hereafter, the rain gauge data is applied for assessment with spatially uniform rainfall values for a 

much wider area. Alternatively, they may be treated with interpolation techniques to artificially add 

spatial variation. By ignoring considerable local rainfall variations, measures could be implemented 

unnecessarily or measures could not show the expected effect. On the other side, it is possible that 

required adjustments will not be carried out which may imply risky situations. In the latter case, the 

risk perception deviates from the real risk of water inconveniences. In contrast, weather radar makes 

it possible to represent the rainfall input information with high spatial and temporal resolutions as 

shown in previous studies. 

 

Despite the satisfying representation of local rainfall variations by the radar data for the mentioned 

studies in section 1.1.3, the effects on model results of rainfall-runoff simulations have not been 

discussed. These effects have to be examined before sound implementation in practice of urban 

water management could be considered. The assessment should reveal the propagation of spatial 

variability and other rainfall characteristics through the model compared to the commonly used rain 
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gauge information. It is the question whether the representation of water inconveniences is more 

obvious with the use of radar instead of the rain gauge input. In addition, the research is required to 

find out whether problems occur in conjunction with specific spatial distributions of rainfall events. 

With the help of the acquired knowledge during this research, application of weather radar products 

for urban water management could appear beneficial. This experience provides the basis for efficient 

and tailor-made solutions for urban water task issues. However, first of all the study results are 

supposed to contribute to the understanding of heavy rainfall characteristics with their effects on 

surface runoff and water inconveniences. 

 

1.3 Research conditions  
 

1.3.1 Case study 

The assessment of extreme rainfall events is performed for a case study that could be handled within 

the time span of this thesis study. The urban case study gives the opportunity to analyse the 

application of weather radar data for its particular small spatial scales. A current project in which the 

Dutch city of Amersfoort and HydroLogic are participating has mainly defined the choice for the case 

study. For this reason, the urban area of Amersfoort has become subject of a research in which the 

rainfall analysis and model executions can be carried out. 

 

1.3.2 Limitations of research  

In comparison to the generally long time series of the rain gauge stations, weather radar only 

provides information for almost thirteen years in this study. In addition, the temporal and spatial 

resolutions are restricted for the radar data from 1998 to 2008 inclusive. However, the observations 

of the rain gauge stations face similar restrictions with respect to the available temporal resolutions. 

Moreover, until 2009 measurements of the rain gauges are not available inside the study area. The 

mentioned aspects affect the study results and are considered in a discussion. Besides, the 

limitations are also taken into account for the final conclusions. 

 

Secondly, the reliability of the used rainfall-runoff model is questionable. This is mainly caused by the 

early phase in the development of the model in which this thesis has been conducted. Also the lack 

of detailed information with respect to observations of surface runoff and water inconveniences are 

limiting aspects. Nevertheless, some conclusions are drawn since the accurate model results are less 

interesting for this research. More attention is given to relative differences between the model 

results for which sufficient reliability of the model is assumed. The limitations of the model provide 

input for the discussion part of the report. 
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1.4 Objective  
 

The objective of this thesis is described as follows:  

 

Examine the effects of weather radar application in comparison to the use of rain gauge 

measurements on the total rainwater volume, simulated water excess and possible 

implications for urban water management  

by 

 selecting and analysing extreme rainfall events in order to simulate water at street situations 

in an urban case study with a rainfall-runoff model for a comparison of spatially distributed 

and spatially uniform rainfall data and considering the results in view of the urban water 

tasks. 

 

The objective should be achieved by following the outlines of the research model, which is 

represented in appendix A. Next some research questions are defined in order to fulfil the objective. 

 

1.5 Research questions  
 

The questions in this paragraph provide the guidelines to pass through the stages of the graduation 

project. The several questions will be discussed in the elaboration of this thesis report and will 

explicitly return in the study conclusions.   

  

The main aspect of this study is the comparison of radar and rain gauge data in rainfall-runoff 

simulations. However, for the comparison of the model results between the two rainfall data 

suppliers, also the difference in the rainfall input is essential knowledge. For this purpose, the 

following research question has been defined: 

1. To what extent does the total rainwater volume in the study area for the identified events of the 

weather radar data and rain gauge data correspond to each other? 

 

In contrast with the probable variations in rainwater volume between weather radar and rain gauge 

information, the rainfall data of spatially variable and spatially averaged radar have equal rainwater 

volumes by definition. Therefore, a comparison between the two different radar runs is most 

appropriate if only spatial variability is concerned. This results in the next research question:  

2. Is the spatial distribution in the identified events meaningful for the simulation of water at street 

in comparison to a spatially averaged rainfall depth for the whole study area? 

  

Subsequently, also the differences between radar and rain gauge results are examined. Besides the 

differences concerning spatial distribution of the input data, the following question may also reveal 

the effects of the measurement location of the rain gauge: 

3. What are the effects of the use of radar rainfall information with its higher spatial resolution on 

the simulated water accumulations in the study area in comparison to the results based on rain 

gauges? 
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The differences that have been obtained in the above-mentioned research question may be ascribed 

to other factors than the resolution or properties of the data itself. Therefore the research question 

below is intended to assess specific circumstances of the model simulations which could affect the 

outcomes:  

4. What is the dependency of the model results on the specific properties of extreme rainfall events 

and influencing areal characteristics? 

 

In the questions below, some issues for discussion are introduced. Due to the limitations of both the 

rainfall data and the rainfall-runoff model, the reliability of the study results has to be discussed. The 

question should contribute to the awareness of possible uncertainties and their consequences for 

the model results: 

5. What is the meaning of the model output differences between weather radar and rain gauge 

considering reliability of both the model and the data? 

 

The model outcomes may show some clear bottlenecks in the drainage of storm water. Although it is 

not a primary goal of this study, short attention is given to possible measures that can be well 

integrated in the urban environment. Some experiences with the rainfall-runoff model could be 

directive for the proposed types of measures. Therefore, the next research question has been 

defined:   

6. Which possible measures can be described that correspond to identified influential model 

parameters? 

 

As prescribed in the urban water tasks, municipalities have to focus on local problems in their urban 

water management. Furthermore they have to analyse the storm water drainage for various rainfall 

events. The following question will provide some insight in the possible value that weather radar 

application may contribute to the achievement of the urban water tasks: 

7. What are the implications of weather radar application on the urban water tasks and does the 

use of radar data hold added value for urban water management in general? 

 

1.6 Approach  
 

1.6.1 Global method  

For the analysis of model simulations with radar or rain gauge data, rainfall input of historical events 

is required. Therefore, the weather radar data will be analysed to abstract some extreme events in 

the time span of radar data availability. The consequence is that the amount of extreme rainfall 

events in the radar data will be limited and that events with large return periods are most probably 

not available. For this reason, the available rainfall events will be selected on the basis of appropriate 

extremeness criteria to analyse the urban drainage response. It is assumed that in total about ten 

suitable rainfall events will be available.  

 

The gathered rainfall information will be used for implementation in a PC-Raster rainfall-runoff 

model, which will simulate the surface runoff and water excess in the study area. Before this, the 

weather radar data have to be processed for implementation in the model. The general behaviour of 
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the model is assessed with a sensitivity analysis. Furthermore, the model is calibrated and validated 

as far as this is possible by the available information. Knowledge of water inconveniences during 

historical events by area experts will be directive for the definition of appropriate parameter values.  

 

As soon as suitable model settings are obtained, the selected rainfall events will be run for spatially 

variable radar input, spatially uniform radar input as well as spatially uniform rain gauge input. The 

model results of the case study Amersfoort can be used in two different ways. First, it can clarify the 

effect of spatially distributed weather radar data in urban water management and secondly it is the 

point of departure to draw up efficient measures for improvements in the system. The emphasis in 

this thesis report is set on the first mentioned objective. For this purpose, a quantitative analysis of 

the model results will be executed to determine the volumes and surfaces of water at street. Based 

on this information and the type of rainfall input source, the conclusions with respect to the effects 

of spatial variability can be drawn. Besides, the inundation maps can be used to carry out a 

qualitative analysis to consider the general picture of the model results with their differences and 

similarities. A discussion at the end of this report covers some aspects of the second purpose; the 

consequences for the urban water tasks and improvements in the urban drainage system. However, 

the extensive identification and assessment of suitable measures should be subject of succeeding 

studies.  

 

For an overview, the research method is represented in the schematisation of Figure 1-3 below. Also 

the relation of the particular stages to the research questions has been included. 

 

 

Spatially variable 
radar data

Rain gauge data
Spatially averaged 

radar data 

Simulation results: water excess in study area, inundation 
maps and water at street volumes

Analysis: qualitative comparison of inundation areas and 
quantitative comparison of water at street volumes

Discussion: consideration of reliability study results and
effects on urban water management

Processing model results

Used as input for model simulations

Meaning study results

Rainfall events: selection and comparison data sources

Covered research 

questions per stage
Research method

1

2, 3, 4

5, 6, 7

 

Figure 1-3: Schematization of the stages in the research with accompanying relation to the research questions.  
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1.6.2 Outline  

An outline for the structure and global contents of the master thesis report is given as follows. In 

chapter 2 all the data sources that constitute input for the study are described. Besides, an 

introduction to the case study will be presented. Chapter 3 continues on the gathered rainfall data of 

the study area in order to select useful events for the modelling. Therefore, information of radar and 

rain gauge data since 1998 are evaluated and the differences between the areal rainfall of radar and 

rain gauge are revealed. Furthermore the method for comparison for the different rainfall data 

sources is explained.  

 

The urban surface runoff model is subject of chapter 4 in which its backgrounds, workings and 

assumptions are considered. Also the important, influential parameters of the model are explained. 

After the simulation of the rainfall events in the surface runoff model, the results are given in chapter 

5. The research questions with respect to the model simulation outcomes and their differences are 

clarified within this chapter.  

 

Hereafter, chapter 6 proceeds with notable aspects for discussion, which include the reliability of the 

study results and the possible implications for urban water management. Finally, the answers to the 

research questions are summarized in the conclusions of chapter 7. In addition, some 

recommendations for urban water management and future study subjects are provided within this 

chapter.



10 
Chapter 2 - Study area & Data 

2   STUDY AREA & DATA 

 

 

In this chapter, first the case study is described and hereafter the several data sources for the study 

are presented. This information consists of rainfall data from historical weather radar images as well 

as time series of rain gauge stations. Subsequently, the area characteristics are introduced, such as 

the elevation map for the surface runoff modelling. The last paragraph describes the area expert 

information concerning known water at street situations.  

 

2.1   Study area 
 

2.1.1 Urban case study of Amersfoort  

To investigate the effects of weather radar application on the urban water management, the city of 

Amersfoort will be used as study area. The most important reason for this choice is the existence of a 

ŎǳǊǊŜƴǘ ǇǊƻƧŜŎǘ ŎŀƭƭŜŘ ΨIȅŘǊƻ±ŀƭƭŜȅΩ ƛƴ ǿƘƛŎƘ IȅŘǊƻ[ƻƎƛŎ ƛǎ ǇŀǊǘƛŎƛǇŀǘƛƴƎ ƛƴ a public-private 

ǇŀǊǘƴŜǊǎƘƛǇ ōŜǘǿŜŜƴ ²ŀǘŜǊ .ƻŀǊŘ Ψ±ŀƭƭŜƛ Ŝƴ 9ŜƳΩ ŀƴŘ ǎƻƳŜ ƳǳƴƛŎƛǇŀƭƛǘƛŜǎ ŀƳƻƴƎ ǿƘƛŎƘ !ƳŜǊǎŦƻƻǊǘΦ 

As a result of heavy rainfall events, the urban area copes with many sewage overflows that need to 

be reduced to improve the quality of surface waters. However, the reduction of sewage overflows 

will not solve the problems of water at street and might even make those inconveniences more 

frequent. Therefore, the efficiency of the urban surface drainage needs to be enhanced.  

 

The objective of the cooperation in the project is to avoid structural measures, like renewing the 

sewage infrastructure, preferably by finding optimization measures above the surface to retain peak 

intensities of rainfall. In this way, the investments for the improvements to the urban drainage 

system could be more efficient and nuisance as a result of drastic structural interventions could be 

spared. Due to this project, specific knowledge and information is available at HydroLogic and 

assistance at the thesis subject can be optimal. 

 

The selection for the case study of Amersfoort is further motivated by the elements described below: 

Á The rainfall-runoff model for the case is available for use of spatially averaged rain gauge 

data. Input of weather radar data is possible with some model adjustments. For the chosen 

case study, the basis of the rainfall-runoff model is available. However, initially the reliability 

of the results was questionable. Therefore, some development of the model is included in 

the study and several model adjustments are implemented. 

Á Rainfall in the area of Amersfoort is to a great extent determinative for the water 

management measures in that area. This is explained by the following aspects: 

o The drainage of storm water in Amersfoort is strongly affected by many variations in 

altitude within the urban area. This fact in combination with high percentages paved 

surface in the urban area often causes inconvenient situations during extreme 

rainfall events. In these cases, sewage surpluses that appear as water at street create 

flow paths of water to the low-lying areas. Here the confluence of water streams can 

cause bottlenecks with inconveniences and possible damages. 
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o Water inconveniences due to groundwater problems are of little importance in the 

model area. Also, discharges from upstream in the catchment do not affect the city 

of Amersfoort.   

 

2.1.2 Model area in Amersfoort -Zuid  

A rainfall-runoff model has been developed for the southern part of Amersfoort (see Figure 2-1). In 

this part of the city, most variations in altitude are present which can cause accumulation of surface 

runoff and accompanying water at street situations. 

  

  

Figure 2-1: The location of the study area (black box) in Amersfoort. The surface of the model area is 12.5 km
2
. 

 

Rainfall input information for the surface runoff model will be supplied by rainfall information from 

weather radar as well as from rain gauge measurements. In the next paragraphs, these rainfall data 

sources will be further explained.  

 

2.2  Weather radar  
 

For the model area in Amersfoort, several rainfall events are identified to serve as model input. The 

identification has been performed based on the presence of heavy rainfall events with specified 

extremeness in the weather radar data series (further explained in paragraph 3.1.1). In the 

Netherlands these radar data are available since 1998. Therefore almost thirteen years of rainfall 

data have been analysed for this study. In the following paragraph some important characteristics of 

the weather radar in this period are described. 

 

2.2.1 Spatial and temporal resolutions   

The Dutch meteorological institute (KNMI) provides weather radar data from the stations in De Bilt 

and Den Helder. Until 2009, the radar rainfall information was provided per hour with a spatial 

resolution of 2.5 kilometer. This results in the radar grid for the study area as displayed left in Figure 

2-2. 
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Since the beginning of 2009, the temporal resolution has been upgraded to 5 minutes and the spatial 

resolution to 1 kilometre. The implication for the radar grid in the model area is shown right in Figure 

2-2. It is particularly this development that brought weather radar into prominence for urban water 

management.  

 

Figure 2-2: The 2.5 km radar grid (left) and the 1 km radar grid (right) for the model area (black box) in southern 
Amersfoort. 

 

2.2.2 Availability of corrected radar data  

The radar data series can be analysed via software of Hydrologic which makes calibrated weather 

radar data of the KNMI available. This radar data is adjusted with rain gauge information in order to 

reduce the error sources in the raw radar data. Important aspects with respect to the uncertainty of 

radar observations are described in Appendix B. The point measurements of rain gauges are assumed 

to be accurate while radars are capable to deliver detailed spatial rainfall structures (Overeem, 

2009). For that reason, the distributed radar data of the KNMI have been corrected with rain gauge 

data. The method makes use of a correction field by making a distance weighted interpolation from 

daily rainfall depths of rain gauge stations. Subsequently, the correction field is obtained by dividing 

the rain gauge rainfall image by the rainfall image of the raw radar data. In an additional calculation, 

the hourly rain gauge stations are used to correct for systematic errors in the rainfall image of raw 

rain gauge data. This way, the daily radar rainfall estimate which overlaps the location of the rain 

gauge has been set equal to the corrected value of the gauge itself (Overeem et al., 2009). With this 

correction, the spatial variability of the radar data is preserved, while the structural underestimation 

is removed from the data.  

  

The hourly radar data from 1998 until now is available via a software package called HydroNet. This 

program has a specific extension in ArcMap to display the radar rainfall maps of the Netherlands and 

for smaller areas like the radar pixel raster of Amersfoort. This visual representation in ArcMap is 

suitable to represent the spatial variability of the different rainfall events at a glance.  
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The weather radar data for the urban area of Amersfoort since 2009 can be acquired by means of 

HydroNet Urban. An agreement with HydroLogic gives municipalities the license to access these 

radar rainfall data with information for their own urban area. In this way, the radar data for specific 

events of various durations can be retrieved. HydroNet Urban shows for example maps of the city 

with the radar rainfall images of 5 minutes or the cumulative rainfall of 1 week.  

 

2.3  Rain gauges 
 

Besides weather radar information, rainfall data from rain gauges is available. These rain gauge data 

can be divided into measurements from the official measurement stations of the KNMI and rain 

gauges of municipalities for local applications. In the next paragraphs, the available rain gauge data 

for the surroundings of Amersfoort will be explained.  

 

2.3.1 Automatic rain gauge station of the KNMI  

Official rainfall information of rain gauges is provided by the automatic and manual measurement 

stations of the KNMI. The 36 automatic stations in the Netherlands, corresponding to approximately 

1 station per 1000 km2, provide hourly precipitation information (KNMI, 2010). Historical rain gauge 

data in the surroundings of Amersfoort are provided by the automatic stations in De Bilt and 

Soesterberg (see Figure 2-3). However, nowadays only the weather station in De Bilt is operational as 

the automatic station Soesterberg has been out of operation since mid-November 2008 (KNMI, 

2010). 

 

 

Figure 2-3: Automatic weather stations of the KNMI in the surroundings of Amersfoort. 
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In addition to the automatic rainfall stations, the KNMI provides rainfall information of manual rain 

gauges. An advantage of the manual rain gauge network, with 325 stations in the Netherlands, is the 

ten times higher density in comparison to the automatic rain gauge network. However, the manual 

stations only give information of 24h cumulative rainfall. Therefore, these data are less appropriate 

for the analyses of rainfall events in urban areas with characteristic small timescales up to a few 

hours. For the period 1998 through 2008, the point measurement data of the automatic rain gauge in 

Soesterberg will be used to compare to the weather radar data. In consequence of the large 

distances between the available automatic rain gauges in the vicinity of Amersfoort, no interpolation 

techniques between the measurements of different stations will be applied. 

  

2.3.2  Rain gauges of municipality  Amersfoort  

Besides the weather stations of the KNMI, a number of five rain 

gauges in Amersfoort became operational in autumn of 2008 with a 

temporal resolution of 5 minutes. In addition to the data of the KNMI, 

these automatic rain gauges provide one point measurement of the 

precipitation inside the study area and a few observations close to the 

study area. However, the reliability of these rain gauges is uncertain 

as the positioning in the urban area does not meet all the 

requirements for accurate measurements (KNMI, 2000). The picture 

in Figure 2-4 shows the setting of rain gauge Amersfoort-Zuid with its 

positioning close to an apartment block. The rain gauge is centrally 

situated in the study area where its location corresponds to radar 

pixel 79 as shown in Figure 2-2. 

 

A comparison of available 9 months rainfall depths of the urban rain gauge and several KNMI stations 

may provide insight in the accurateness and reliability of the rain gauge measurements. The results 

are presented in Table 2-1. 

 
Table 2-1: Rainfall depths for the period January ς October 2009. 

Rainfall station Rainfall accumulation (mm) Percentage difference with 

respect to gauge Amersfoort Zuid 

Rain gauge Amersfoort Zuid 624.1 -- 

Automatic station De Bilt 572.5 -8.3% 

Automatic station Lelystad 598.3 -4.1% 

Automatic station Cabauw 484.9 -22.3% 

Manual station Soest 608.3 -2.5% 

Manual station Hamersveld 619.4 -0.8% 

 

Based on the table above, it appears that even on the long time span of nine months, the range in 

rainfall depths can be wide and spatially distributed. The rain gauge stations nearest to Amersfoort, 

the manual stations of Soest (approximately 5 km west of the model area) and Hamersveld 

(approximately 1 km east of the model area), have the smallest deviating rainfall depths. Their 

differences are within 2.5 percent. Therefore, it is concluded that the rainfall observations of the rain 

Figure 2-4: 
Rain gauge Amersfoort Zuid. 
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gauge Amersfoort Zuid are sufficiently reliable at large timescales. In addition it is assumed that the 

use of its data can be permitted for short time scales in this study. 

   

2.3.3 Overview of rainfall data sources  

In Table 2-2, an overview is given of the various sources of rainfall information and the way they will 

be compared hereafter. This comparison will be done for both the rainfall information in the model 

area and the simulated water excess situations in the final model results.   

 
Table 2-2: An overview of the rainfall information sources that will be used for comparison. 

Period Radar data Rain gauge data 

January 1998 ς December 2008 Hourly radar data, 2.5 x 2.5 km Hourly station data    

Soesterberg  

January 2009 ς August 2010 5 minute radar data, 1 x 1 km 5 minute rain gauge data of 

municipality Amersfoort 

 

A further explanation of the method applied for the comparison of radar and rain gauge information 

in the rainfall-runoff model is given in chapter 3.  

 

2.4 Areal data rainfall -runoff  model  
 

Next to the rainfall data, information of the model area is required to enable the surface runoff 

modelling. Besides the parameters of the sewage system, described in paragraph 2.5, the altitude 

and land use are of major importance.  

 

2.4.1 Elevation map  

The part of the rainfall that cannot be discharged towards the sewage system is recognised as water 

excess. This amount of water contributes to the surface runoff which is dependent on the slope of 

the surface and thus on the elevation differences in the area. These altitudes in the model area are 

available from the elevation database of the Netherlands (AHN). It consists of a raster map with 

altitude values with a resolution of 5 * 5 m and will serve as condition for the model simulations. In 

Figure 2-5, the map of the AHN is represented for the study area. 

 

 

 

 

 

 

 

 

 

 

 

Altitude in m + NAP  

Figure 2-5: Elevation map of the model area in the southern part of Amersfoort. 

72 

 

 

-5  



16 
Chapter 2 - Study area & Data 

The maximum altitude is 72 m above the Amsterdam Ordnance Datum (NAP), which is located on top 

ƻŦ ǘƘŜ ŀǊŜŀ ά5Ŝ .ŜǊƎέΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ǿŜǎǘ ŀƴŘ ǎƻǳǘƘ-western part of the model area. The low lying areas 

are situated in the eastern part of the model area with a minimum altitude of 5 m below NAP. 

 

During the graduation period, the successor of AHN1, AHN2 has already been introduced for several 

areas in the Netherlands. Unfortunately, the updated altitude information for Amersfoort has not 

been released on time and could not be used for this study. From 2011, the more accurate elevation 

maps will become available. Several errors existing in AHN1 will be removed or diminished, such as 

those from incorrectly represented buildings, viaducts or trees. 

     

2.4.2  Land use map 

The infiltration rates of the storm water differ for the various land use types in the urban area. 

Therefore a map with nominal land use classes (Amersfoort, 2010) is included in which six different 

types have been discerned (see Figure 2-6). This map is coupled to a table in which the infiltration 

rates for the land use classes have been defined. The determination of these infiltration rates is part 

of the model calibration that is described in chapter 4.  

 

 

 

 

 

 

 
 

 

 

 

 

 

2.5 Area expert information  
 

Detailed information on the capacities and working of the sewage system of Amersfoort is not 

available. Furthermore, some information concerning the prominent water at street locations in the 

study area are relevant for comparison with model results in order to check its performance. 

Therefore, a meeting with two area experts from the city of Amersfoort was organized (Lensink & 

±ŀƴ Ψǘ YƭƻƻǎǘŜǊΣ нлмлύ. Their experience and knowledge provided input for the study. 

 

2.5.1 Sewage system characteristics  

Initially, the assumptions for the properties of the combined sewage system are the general values of 

7 mm for the storage capacity and 0.7 mm/h for the sewage discharge towards the waste water 

treatment plant (Leidraad Riolering, 2009). However, the sewage system of Amersfoort has a specific 

Buildings 

Surface water 

Paved area, paved roads 

Unpaved area, nature 

Remaining surfaces 

ces, semi paved 

Unpaved roads, paths 

Figure 2-6: Land use classes for the model area. 
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response which is caused by the variations in altitude and several measures that have been 

implemented in the past years.  

 

First of all, the slope of the terrain iƴ ŀƴŘ ŀǊƻǳƴŘ ά5Ŝ .ŜǊƎέ ŎŀǳǎŜǎ ǘƘŜ ǿŀǘŜǊ ƛƴ ǘƘŜ ǎŜǿŀƎŜ ǎȅǎǘŜƳ ǘƻ 

discharge quickly to the lower grounds. Pumping is not needed in this area as the water discharges 

under free fall in the direction of the city centre before it continues north-westward. In the low lying 

areas, the storage capacity of the sewage system is hampered by the large volumes of water from 

ά5Ŝ .ŜǊƎέΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ Ƴƻǎǘ ǎŜǊƛƻǳǎ ǿŀǘŜǊ ŜȄŎŜǎǎ ǇǊƻōƭŜƳǎ ƘŀǾŜ ŀǊƛǎŜƴ ŀǘ ǘƘŜ ŜŘƎŜǎ ƻŦ ǘƘŜ ŀǊŜŀ 

ά5Ŝ .ŜǊƎέΦ 5ǳǊƛƴƎ ƘŜŀǾȅ ǊŀƛƴŦŀƭƭ ŜǾŜƴǘǎΣ ǘƘŜ ǉǳƛŎƪ sewage discharge accumulates in the areas at the 

Ŧƻƻǘ ƻŦ ά5Ŝ .ŜǊƎέ ŀƴŘ ƻŦǘŜƴ ŎŀǳǎŜǎ ǿŀǘŜǊ ŀǘ ǎǘǊŜŜǘ ŘǳŜ ǘƻ ǊƛǎƛƴƎ ƳŀƴƘƻƭŜ ŎƻǾŜǊǎΦ ¢ƘŜ ƻŎŎǳǊǊŜƴŎŜ ƻŦ 

this type of water at street should be separated clearly from that caused by surface runoff, where 

only the latter is subject of this study. In the identification of water at street locations, the area 

experts have made the distinction of several causes of water at street as clear as possible. Besides, 

the frequency of contaminated water at street from the sewage system reduced significantly in the 

last few years as a result of the construction of additional sewage storages.  

 

2.5.2  Water at street history  and implemented measures  

The following water at street locations have been indicated by the area experts (see also Figure 2-7 

on the next page): 

1. {ǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ ά{ǘŀǘƛƻƴǎǇƭŜƛƴέ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǎǳǊŦŀŎŜ ǊǳƴƻŦŦ ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘ 

percentage of paved surfaces. 

2. {ǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ ά¦ǘǊŜŎƘǘǎŜǿŜƎέ ŀǘ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ άYŜǊǎŜƴōŀŀƴέΦ !ǘ ǘƘƛǎ 

location, the railway has been heightened which creates a barrier in the water flow path. 

Furthermore, water at street situations as a result of rising manhole covers used to take 

place. However, the problems seem to be diminished or even solved by means of the 

additional sewage storage and infiltration facilities. 

3. {ǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ ά[ŜǳǎŘŜǊǿŜƎέ ŀǘ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ άYŜǊǎŜƴōŀŀƴέΦ ¢Ƙƛǎ ƛǎ 

caused by both the surface runoff and sewage system problems. Also at this location, the 

inconveniences have been decreased due to the implemented measures. 

4. {ǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ άDŜǊŀǊŘ 5ƻǳǎǘǊŀŀǘέ ŘǳŜ ǘƻ ǎǳǊŦŀŎŜ ǊǳƴƻŦŦΦ 

5. {ǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ ά¦ǘǊŜŎƘǘǎŜǿŜƎέ ŀǘ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ά{ǘŀŘǎǊƛƴƎέΦ ¢Ƙƛǎ ǿŀǘŜǊ 

at street situation is only caused by the rise of water from the manhole covers. 
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Since 2000, several measures have been implemented in the sewage system of Amersfoort to 

challenge the inconveniences of water at street. Especially those problems caused by contaminated 

water at street from the sewage have been tackled. The quick discharge of water via the sewage 

ǎȅǎǘŜƳ ŦǊƻƳ ǘƘŜ ŀǊŜŀ ά5Ŝ .ŜǊƎέ Ŏŀƴ ōŜ ǎǘƻǊŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦŀŎƛƭƛǘƛŜǎ όFigure 2-7):   

A. !ŘŘƛǘƛƻƴŀƭ ǎŜǿŀƎŜ ǎǘƻǊŀƎŜǎ ŀǘ ǘƘŜ άYŜǊǎŜƴōaan (1,000 m3 ǎƛƴŎŜ нлллύ ŀƴŘ ǘƘŜ ά[ŜǳǎŘŜǊǿŜƎέ 

(1,200 m3 since 2001). Until two days after heavy rainfall events, the area experts have 

observed that the additional storage facilities could not be drained on the sewage system, 

because the water level in the pipes still have not fallen sufficiently in that area. This should 

be taken into account for events that happen in quick succession.  

B. A retention basin with infiltration field at the Barchman Wuytierslaan (2,000 m3/ 3,800 m2 

since 2004). The water at street problems in that area are nowadays supposed to be 

negligible as no problems have been reported since then.  

C. ¢ǿƻ ŘŜŜǇ ƛƴŦƛƭǘǊŀǘƛƻƴ ŦŀŎƛƭƛǘƛŜǎ ŀǊƻǳƴŘ ǘƘŜ ά±ƻƴŘŜƭƭŀŀƴ κ Van Campenstraat (1620 m3 since 

2010). These infiltration facilities are especially meant to store the storm water discharge 

from ǘƘŜ ŘƛǎǘǊƛŎǘ ά[ƛŎƘǘŜƴōŜǊƎέΦ 

D. Lƴ ŘƛǎǘǊƛŎǘ ά[ƛŎƘǘŜƴōŜǊƎέΣ ǘƘŜ ŦǊƻƴǘ ǎƛŘŜǎ ŦǊƻƳ ŀǇǇǊƻȄƛƳŀǘŜƭȅ тр҈ ƻŦ ǘƘŜ ǊƻƻŦǎ ƘŀǾŜ ōŜŜƴ 

decoupled. 

 

The current policy of the city of Amersfoort is to restrict the water at street problems as much as 

possible. In general this implies that water at street situations cannot be prevented. Actually, these 

water at street situations are not experienced to be very inconvenient as the citizens expect some 

degree of water excess during extreme rainfall. Nevertheless, serious water inconveniences and 

damages should be prevented, such as inundation inside buildings.

Figure 2-7: An overview of water at street locations and measures to the sewage system, as identified during the session with area 
experts 

Measures 
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sewage storage (2200 m
3
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3
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