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ABSTRACT 
In an ongoing research project of the Hydraulics Laboratory of the Katholieke Universiteit 

Leuven for the Flemish water company Aquafin, a compact, short range high resolution X-

band weather radar has been installed in the city centre of Leuven (Belgium). The radar 

beam’s horizontal opening angle of 3.9 degrees makes quantitative precipitation estimation 

possible up to a distance of 15 km. The radar data will serve as input to a sewer network 

model to study the impact of the spatial variability of rainfall on model results, and hence on 

sewer system design and operation. Because weather radars measure rain rate indirectly – by 

measuring reflected energy – the system requires calibration to enable quantitative 

precipitation estimation. For this calibration, data of a tipping bucket rain gauge (TBR) 

network will be used. Since it seems reasonable to assume that the accuracy of the ground 

level measurements will affect the resulting radar calibration to some extent, the TBRs are 

corrected for local wind-shelter rain losses as well as losses due to the tipping bucket 

mechanism. This paper describes the followed procedure to enhance TBR data accuracy. The 

second phase of the study will focus on the effects of this enhancement on final radar 

performance. 
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INTRODUCTION 
Simulation models are routinely used in current sewer system design and operation. These 

models require rainfall data as part of their input. The rainfall input is often assumed to be 

uniformly distributed over the catchment area, because of lack of data with sufficient spatial 

resolution. This assumption can generate important uncertainties in the model results (e.g. 

Willems, 2001a; Willems et al., 2002). Errors introduced by systematic discrepancies in 

rainfall estimation are compensated by calibrating the model in such a way that satisfactory 

results are obtained. This approach has several advantages, such as the relative ease to run the 

models, the possibility to use spatially lumped models, and the fact that a limited data set can 

still produce reasonable results. However, better spatial rainfall data seem essential in order to 

acquire more accurate model simulations, and to develop a more efficient sewer system 

design and operation. 

 

This presumption is confirmed by previous studies at the Hydraulics Laboratory of the 

K.U.Leuven. By using model simulations, Luyckx et al. (1998) demonstrated that using 
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spatially distributed rainfall data can result in deviations up to 15% in the downstream 

discharge, compared to results based on uniform rainfall, even for a relatively small 

catchment of 15 km
2
. They also showed that, when uniformly distributed rainfall data were 

used, based on single point measurements, the simulated discharges were highly dependent on 

the point’s location in the catchment. The model results showed differences in discharge up to 

60% compared to the situation where rainfall data, taken from the central rain gauge, were 

used. Vaes et al. (2005) calculated areal correction factors for catchment averaged rainfall 

based on simulations with a spatial rainfall generator developed by Willems (2001b), and 

concluded that only small catchments, with a radius up to 1 km, required no correction factor. 

 

Some researchers specify spatial resolution requirements for rainfall data. Schilling (1991) 

advises a spatial resolution of 1 km for designing and analyzing sewers. Berne et al. (2004) 

theoretically derived that a spatial resolution of 3 km is necessary for a catchment area of 10 

km
2
. It is clear that satisfying these requirements with conventional rain gauge networks is 

practically impossible. 

 

Several studies indicate that radar measured rainfall data can be a suitable aid to account for 

the spatial variability of rainfall. When using radar images instead of data of a dense rain 

gauge network, Einfalt & Maul-Kötter (1999) achieved a better agreement between measured 

and simulated flow volumes and peak discharges. Wride et al. (2003) obtained an improved 

model calibration when using bias-adjusted radar images than when only using rain gauge 

data. When comparing rainfall data as input to a sewer model, Krämer et al. (2005) found that 

using data of only one gauge mostly resulted in more flooded manholes and surcharged 

conduits than when data of the gauge network or the radar images were used. However, at 

some times inverse results were obtained. 

 

This last study clearly proves that model simulations do not always guarantee a conservative 

assessment of hydraulic effects when using spatially uniform rainfall data, based on single 

point measurements. Therefore, if rainfall data with increased spatial resolution are available, 

it is advisable to use them in the design and operation of a sewer system. 

 

To further study the impact of this spatial rainfall variability on sewer system design and 

operation, the Katholieke Universiteit Leuven (K.U.Leuven) installed a short range, high 

resolution X-band weather radar in the densely populated city centre of Leuven (Belgium). 

The project is funded by the Flemish water company Aquafin. Radars measure rain rate 

indirectly, through measurement of reflected energy. Therefore, a calibration is required to 

enable quantitative precipitation estimation. For this calibration, data of a tipping bucket rain 

gauge (TBR) network will be used. 

 

Since it seems reasonable to assume that the accuracy of the measurements at ground level 

will affect the resulting radar calibration, the TBRs are extensively calibrated and corrected 

for local wind-shelter influences. This paper describes the followed procedure to enhance 

TBR data accuracy. In a second phase of the study, the effects of this enhancement on radar 

performance will be investigated. After verifying the accuracy of the radar measurements, the 

data will be used as input to a hydrodynamic model of an existing sewer network. Afterwards, 

the simulation results will be compared with on-site measurements to assess the final impact 

of the increased spatial accuracy on model accuracy.  
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STUDY AREA 
The sewer network of the communities of Winksele, Herent and Wijgmaal, all situated in the 

north-western region of Leuven, will be used to study the impact of the spatial variability of 

rainfall on simulated discharges and water levels. The total catchment area is about 9.13 km
2
 

and counts approximately 16,100 inhabitants (Figure 1). This sewer network has been 

modelled in detail by Aquafin. 

 

The sewer network contains four overflow structures discharging on surface waters. At three 

of these structures the water depth in both the overflow chamber and the river are measured. 

Also, three pipes are fitted with depth and discharge measurement equipment, allowing a 

determination of the passing discharge. The network is modelled in detail by Aquafin, and the 

catchment areas are based on geographical information of impervious areas such as house 

roofs, roads and car parks. 

 

No optimization of model parameters has been undertaken, making the model “input 

independent”. Therefore, different sorts of rainfall input, such as a uniformly distributed 

input, a rain gauge based input with or without corrections applied, or a radar based input, can 

be used without recalibrating the model. 

 

Figure 1. The catchment area of Winksele, Herent and Wijgmaal, and the location of the 

tipping bucket rain gauge network (crosses). The RMI gauge (triangle) and the LAWR-CR 

(star) locations are indicated as well. 

5 km 
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RADAR SPECIFICATIONS 
 

The Local Area Weather Radar – City Radar 

The weather radar used in the study is a Local Area Weather Radar – City Radar (LAWR-CR, 

DHI), based on standard X-band marine radar technology, making it cost-effective in 

comparison to other systems. Also, the compact antenna, with an approximate diameter of 65 

cm and a weight of 8 kg, is fairly easy to install. The LAWR-CR emits electromagnetic waves 

in the X-band spectrum, with a frequency of 9410 MHz, the peak output power being 4 kW. 

The horizontal opening angle of 3.9 degrees makes quantitative precipitation estimation 

possible up to a distance of 15 km from the radar site. 

 

Since marine radars are manufactured for naval navigation purposes rather than 

meteorological measurements, their transmitted electromagnetic beam tends to have a large 

vertical opening angle, making them more sensitive to direct ground reflections when 

installed on the mainland. With its vertical opening angle of 20 degrees, the LAWR-CR 

suffers from this disadvantage as well. Fortunately, the selected installation site partly solves 

this problem. 

 

Installation site 

The system is installed on top of a large building, 48 m above ground level. Because of the 

small size of the antenna, a simple steel frame, especially built for this installation site, 

suffices to support it. Although rather heavy wind loads are expected at this height, the 

building owner understandably refused penetrations of the roof to attach the frame. To cope 

with this constructional constraint, the steel frame was weighted with small concrete blocks 

up to a total weight of approximately 320 kg. According to the used design standard, this 

weight should ensure resistance to wind velocities up to 131 km/h. In Flanders, this wind 

velocity has a return period of 1,000 years. 

 

Figure 2. LAWR-CR antenna installed on the roof of a 48 m tall building. The antenna 

diameter measures approximately 65 cm. 
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As can be seen in Figure 2, the radar antenna is installed in a pit, approximately 1.25m deep. 

This pit enables adjustment of the antenna height in such a way that the bottom halve of the 

emitted beam is cut off, avoiding unwanted ground reflections, at least to some extent 

(Goormans et al., in press). 

 

The data unit is installed in a room below the roof and consists of two computers, one for 

signal processing and one for data storage and real time remote communication with the 

system through a broadband connection. A more detailed description of the data processing is 

given by Rollenbeck & Bendix (2006). 

 

 

RAIN GAUGE NETWORK 
Nine tipping bucket rain gauges (TBRs) are installed in the Leuven region, four of them being 

operated by Aquafin, the other five by the Flemish Environmental Agency (VMM). Next to 

these recording rain gauges, one non-recording rain gauge is situated in the study area, 

operated by the Royal Meteorological Institute of Belgium (RMI). Resolution properties of 

the TBRs as well as their distance to the RMI rain gauge (DRMI) are summarized in Table 1. 

An overview of the gauges and their position in the study area can be seen in Figure 1. 

 

Table 1. The tipping bucket rain gauge network of Leuven. 

Gauge 

no. 

Operator ∆t 

[min] 

R 

[mm] 

DRMI 

[km] 

k  

[-] 

1 2 0.2 4.12 1.32 

2 2 0.2 3.28 1.13 

3 2 0.2 1.23 1.11 

4 

Aquafin 

2 0.2 1.14 1.16 

5 10 0.2 5.27 / 

6 10 0.2 3.98 1.19 

7 10 0.2 4.48 1.15 

8 10 0.2 3.83 1.19 

9 

VMM 

10 0.2 4.40 / 

 

Gauge calibration 

Since these gauges are used in the radar-gauge comparison, their accuracy probably will 

affect the final radar performance. To assess their accuracy, all TBRs were subjected to a full 

dynamic calibration procedure, described in detail by Luyckx & Berlamont (2001). This 

dynamic calibration is vital to determine the underestimation of the registered rainfall rate, 

caused by the tipping motion of the bucket (Marsalek, 1981). During tipping, water continues 

to flow through the funnel into the bucket. The gauge resolution does not take this additional 

volume of water into account, resulting in an underestimated rainfall rate when converting the 

registered number of tips into the registered rainfall rate using the following formula: 

 
reg

n R
i

t

⋅
=

∆
 

where n is the number of tips registered during a period of time ∆t, the time step of the rain 

gauge registrations, R the gauge resolution and ireg the registered rainfall rate. 

 

The relative error y = (ireg – itrue) / ireg due to the tipping motion increases linearly with 

increasing rainfall rate, because at high rates more water flows into the bucket during tipping 

(Luyckx & Berlamont, 2001). Therefore, a dynamic calibration is most important when 
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measuring rainfall rates for urban drainage purposes, because high rates are essential in 

designing and modelling sewer system networks. 

 

Since all gauges are connected with a telemetric network, it was impossible to conduct the 

calibration experiments in laboratory conditions. Instead, on-site experiments were required. 

Since several gauges are mounted on approximately 4 m high posts, a scaffold had to be used 

to calibrate those gauges. Surprisingly, these more difficult experimental conditions did not 

always result in less accurate calibrations, and easy accessible rain gauges did not always 

guarantee superior results. This is illustrated in Figure 3 and Figure 4, which show the results 

of the calibration experiments of gauges 3 and 7 respectively. The figures present the relative 

error y as a function of the registered rainfall rate ireg as well as the upper and lower limits of 

the 95% confidence band of the fitted linear calibration curve. As can be seen, the calibration 

experiment of gauge 3, mounted approximately 1 m above ground level, resulted in a wider 

confidence band than the calibration experiment of gauge 7, mounted approximately 4 m 

above ground level. Despite these accuracy issues, on-site calibrations have the advantage 

over laboratory experiments that the determined calibration curve is not affected by 

transportation and reinstallation of the gauge (e.g. change in horizontal alignment of the 

gauge), which could induce changes in the gauge tipping mechanism. In the experiments, 

underestimations up to 10% for high intensities (50-100 mm/h) were found. 

 

Accounting for local wind-shelter influences 

After taking the underestimation due to the dynamic behaviour of the TBRs into account, the 

data are compared with the RMI gauge data to analyze long-term differences. Since distances 

between the TBRs and the RMI gauge are rather small, varying from 1.1-5.3 km (Table 1), 

little long-term deviations should be expected when local wind-shelter influences are small. 

Hence, the differences that occur are assumed to be the result of local wind-shelter influences, 

caused by the gauge height and local disturbances of the air flow in the immediate 

environment. As an example, Figure 5 presents the cumulated daily rainfall amounts of both 

the RMI gauge and gauges 1 and 2, for a period of 2 years and 8 months, from 1 May 2005 

Figure 3. Relative error y as a function of registered rainfall rate ireg of TBR 3, mounted 

approximately 1 m above ground level. The dashed lines represent the 95% confidence band 

of the fitted linear calibration curve. 
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until 31 December 2007. Clearly, both TBRs show a systematic underestimation compared to 

the RMI gauge. 

 

To correct for this underestimation, a correction factor k can be calculated, based on a 

minimization of the sum of squared differences between the cumulated daily RMI and TBR 

rainfall series, resulting in the following equation for k: 

 

 
, ,1

2

,1

N

j RMI j TBRj

N

j TBRj

P P
k

P

=

=

⋅
=
∑

∑
 (1) 

 

where N is the total amount of days in the used time period, and Pj,RMI and Pj,TBR the 

cumulated daily rainfall data at time j of the RMI gauge and TBR respectively. Obviously, 

before using Equation (1), the TBR data are corrected for water losses due to the tipping 

motion by means of the calibration curves. 

 

After applying this procedure to TBRs 1 and 2, it appears that the gauges suffer from a rather 

large long-term underestimation due to local wind-shelter interactions, 32% and 13% 

respectively. Most other gauges have an underestimation between 10% and 15%. The large 

underestimation of TBR 1 can be attributed to its proximity to buildings. TBR 2 is somewhat 

surrounded by small trees, causing the 13% underestimation. As can be seen in the figure, the 

TBR data closely follow the RMI data after correcting with the correction factor calculated 

with Equation (1), clearly indicating a systematic bias in the uncorrected results. 

Figure 4. Relative error y as a function of registered rainfall rate ireg of TBR 7, mounted 

approximately 4 m above ground level. The dashed lines represent the 95% confidence band 

of the fitted linear calibration curve. 
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RADAR CALIBRATION 
In a next phase of the project, the corrected TBR data will be used for calibration of the 

weather radar to enable quantitative precipitation estimation. Mostly, radar calibration 

relationships describe the correlation between radar reflectivity Z and rain rate R at ground 

level, with Z being a measure for the number of rain droplets in a certain volume (e.g. Wilson 

& Brandes, 1979). This radar reflectivity can be derived from reflected electromagnetic 

energy when the radar properties are known, using the radar equation (e.g. Ulaby et al., 1982). 

Once Z is known, R can be calculated, using a Z-R-relationship of the form bZ A R= ⋅ . The 

most well-known Z-R-relationship has parameters A = 200 and b = 1.6, and is denoted as the 

Marshall-Palmer relationship. 

 

However, the signal pre-processing of the LAWR-CR system does not convert the raw data to 

reflectivity values. Instead the analogue signal, which is based on measured reflected 

electromagnetic power, is translated into dimensionless counts. Nevertheless, establishing a 

relationship between these dimensionless counts and rainfall rates at ground level remains 

possible. According to the manufacturer, a linear calibration relationship is most suitable, 

which is confirmed by Rollenbeck & Bendix (2006). 

 

Since the project serves as a pilot study for possible future implementations of similar radar 

systems in the Flanders region of Belgium, the influence of several practical issues on the 

radar calibration and its accuracy will be investigated, hopefully resulting in useful guidelines. 

For example, the above described calibration will be analyzed for its sensitivity to gauge 

location. Also, the impact of gauge calibration and correction for local wind-shelter influences 

on the final radar performance will be examined. 
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Figure 5. Long-term deviation of TBRs 1 and 2 in comparison to the RMI gauge, and effect of 

applying a correction factor k on the series. 
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CONCLUSIONS 
This paper describes the first phase of an ongoing research project on the use of a short range 

high resolution X-band weather radar (LAWR-CR) for spatial rainfall estimation as input for 

urban drainage models. The data from the LAWR-CR will be used to study the impact of 

spatial rainfall variability on sewer network model results. The radar system requires 

calibration before reliable quantitative results can be obtained. Data of several tipping bucket 

rain gauges are available for this calibration. However, for the rain gauge data to be accurate, 

several measures have to be taken. 

 

First, the rain gauges itself require a proper calibration, since the tipping motion of the bucket 

can cause considerable underestimations, especially at high rainfall rates. In the conducted on-

site calibration experiments, underestimations up to 10% for high rainfall intensities (50-100 

mm/h) were found. Next, the tipping bucket rain gauge data were compared with a standard 

non-recording gauge, in order to assess the systematic underestimation due to local wind-

shelter influences. Long-term underestimations up to 32% were found. 

 

Comparing the relative underestimations due to both the tipping motion of the bucket and the 

local wind-shelter influences, correcting for the latter appears to be more important to obtain 

accurate rainfall measurements at ground level, especially because high rainfall rates occur 

less frequently. However, intense convective rain cells often show the highest spatial variation 

over a catchment area, causing the highest uncertainty in model input. Therefore, it is crucial 

to have accurate ground measurements of these high rainfall rates, so that the weather radar 

can be calibrated, including the range of high rainfall intensities. 
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