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Workshop Objectives and Proceedings 
 
Heavy rainfall impacts urban environments by generating inundation in cities, drainage system 
overflows, and urban infrastructure disruption. Urban planners are increasingly concerned with 
sustainable ways to deal with flood risk driven by intense rainfall. Damages caused by urban 
flooding are increasing worldwide also because of more frequent and intense storms due to climate 
change. To reduce the impacts of heavy rainfall in urban environments it is necessary to combine 
scientific and practical knowledge in rainfall monitoring, forecasting at high space-time resolutions, 
flood runoff modelling and risk assessment, real-time warning, and climate change effects on 
rainfall extremes. 
 
UrbanRain workshops are a regular series of international workshops on precipitation in urban 
areas which address these problems at the interface of science and practice. The workshops have 
taken place every three years since 1989 in the St. Moritz mountain region of Switzerland. They 
provide a focussed forum for exchanging new scientific ideas and advances in urban hydrological 
practice. Contributions at the workshops address both scientific and operational aspects of rainfall 
impact analysis and the workshops are attended by scientists, practitioners, students, and urban 
managers. 
 
This Proceeding collects the abstract or short papers of 52 papers presented at the UrbanRain18 
workshop. The abstracts/short papers cover the four key themes of the workshop: (1) Precipitation 
measurement, monitoring, analysis, modelling; (2) Precipitation forecasting; (3) Climate change 
effects on urban drainage systems; and (4) Rainfall extremes. They are organized in the 
Proceedings in alphabetical order by the first author. The abstracts/short papers were not peer-
reviewed or language edited. The Proceedings are available through the ETH Zurich E-Collection 
electronic open-access document repository. 
 
Further information about the UrbanRain workshops can be found on www.urbanrain.ethz.ch. 
 
Nadav Peleg and Peter Molnar 
ETH Zurich 
 
(Editors) 
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Rainfall monitoring by microwave link networks in Sweden 
 
J. Andersson*1, R. van de Beek1, P. Berg1, J.Hansryd2, J. Olsson1, B. Arheimer1 
 
1 Swedish Meteorological and Hydrological Institute (SMHI), Norrköping, Sweden 
2 Ericsson AB, Göteborg, Sweden 
 
*Corresponding author: jafet.andersson@smhi.se 
 
 
 
Abstract 

 
High-intensity rainfall can cause severe flooding in cities, often leading to damaged 
infrastructure, buildings, power plants, etc., as well as pollution peaks. Several cases of severe 
flooding has happened in Sweden over the last decade, and a major flooding disaster took 
place in Copenhagen 2011 with 120 mm of rain in 2 hours. Furthermore, climate projections 
suggest that short-duration rainfall intensity in Sweden may increase by 30-40% until the end 
of the century (e.g. Olsson and Foster, 2013). 
 
Forecasting this type of sudden flood events requires accurate and up-to-date information on 
how much rain has fallen in different parts of the city watershed, since rainfall varies 
substantially in space and time (Fencl, et al., 2013). Current operational rainfall monitoring 
typically consists of gauges and weather radar. Rainfall gauges measure with high accuracy 
but only locally; they are not always representative for the surrounding areas. Weather radar 
indirectly estimates rainfall at high resolution and with full spatial coverage, but the estimates 
are uncertain. Operational telecommunication networks of microwave links (MWLs), which are 
particularly dense in urban areas, provide a novel opportunity to monitor rainfall (Messer et 
al., 2006; Leijnse et al., 2007). The objective of our study was to test the potential of MWLs to 
monitor rainfall in the city of Gothenburg, Sweden. 
 
Since May 2015 we have been collecting signal strength data from 364 MWLs (Ericsson MINI-
LINK) in the Hi3G network covering the greater Gothenburg area. We estimated average 
rainfall intensity at 1-min resolution from the signal strength data based on published 
algorithms (e.g. Messer et al., 2006), combined with our own magnitude correction method 
based on link length. We derived rainfall intensity maps over Gothenburg at 0.25 km² × 1-min 
resolution, by interpolating between all MWLs. The MWL rainfall estimates were compared 
with 10 conventional rainfall gauges from Gothenburg municipality and SMHI and the national 
weather radar system (4 km² × 15-min resolution). 
 
The MWL rainfall generally correlated very well with the local gauges, significantly better than 
radar. The correlation compares well with expected deviations due to spatial variability (i.e. 
comparing gauges located nearby each other). Hence, the temporal dynamics of rainfall can 
be better captured with MWLs than radar. MWLs typically overestimate rainfall amounts  
(positive bias), but reasonable values can be obtained through magnitude corrections. Peak 
rainfall intensities estimated by the MWLs were more similar than the radar to the peak 
intensities measured at the gauges The MWL sampling (10s) is much higher than the 
operational radar (15-min) which allowed us to create a more robust and higher-resolution 
time series. As a consequence, some short-duration cloudbursts were better monitored by the 
MWLs than the radar. 
 
The MWL network provides the opportunity to monitor rainfall in ungauged areas. This is 
possible also with radar, but the MWL network provides this coverage at higher temporal and 
spatial resolution and near the ground surface. As a consequence, the MWLs can better 
represent the temporal variability and the highest intensities of rainfall on local scale. 

mailto:jafet.andersson@smhi.se
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Moreover, the high density of MWLs covering Gothenburg provides the opportunity to map 
rainfall at 16 times higher spatial resolution than radar, again providing more localized 
information (Figure 3). However, the uncertainty of the mapped rainfall increases with 
increasing distance from each MWL.  
 
As the MWLs are already installed and operational, it is straightforward to create operational 
near-real-time services, with very small additional cost. To illustrate this, we built an 
operational prototype providing 1-min rainfall maps over Gothenburg city 
(http://www.smhi.se/om-webbplatsen/om-smhi-se-lab/microweather-livedata/). The prototype 
provides both live data (updated every hour) and historic data (from April 2016). In the future, 
this could be extended to deliver near-real-time data to stormwater drainage and flood 
forecasting models, which has been explored in e.g. Prague (Fencl et al., 2013). Collection of 
data from link networks in other Swedish cities is on-going and will be presented. 
 
MWL-based rainfall is a relatively young technology, which still requires more research and 
development to become a mature operational service. Given that high-intensity events are 
expected to become more frequent in the future, MWLs offers a timely opportunity to adapt 
the monitoring system to the future climate, contributing to building more resilient and 
sustainable cities of the future. 
 

  
 
Fig 1: Maps of Gothenburg city during a rainfall event (2015-07-08 00:45 UTC) based on the 
radar (left; 4km2 × 15-min. resolution, lowest sampling at 1200m above ground) and the 
microwave links (right; 0.25km2 × 1-min resolution, average sampling at 25m above ground). 
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Rainfall stochastic modelling through copulas in a climate change perspective 
 
M. Balistrocchi*1, G. Grossi1 
 
1 DICATAM, University of Brescia, Italy 
 
*Corresponding author: matteo.balistrocchi@unibs.it  
 
 
 
Abstract 
 
Copulas demonstrated to provide an appealing strategy to develop multivariate distributions 
in several hydrologic applications. Main advantages arise from the possibility of separating the 
assessment of the dependence structure from those of the marginal distributions. This allows 
to straightforwardly evaluate the impact of climate change on those runoff variables which 
depend on multiple rainfall variables. Indeed, different climate change scenarios can be 
implemented in derivation procedures by modifying the marginal distributions separately, but 
maintaining the dependence structure. Herein, with reference to urban watershed 
applications, flood frequency distributions are derived, by means of a simplified rainfall runoff 
transformation model, from a bivariate distribution of rainfall depths and storm durations. The 
reference scenario was delineated by using a long rainfall series observed at Monviso 
raingauge (Milan, Northern Italy). The derivation is successively repeated, by combining 
expected changes in rainfall depths and decreases in storm durations. To do so, the seasonal 
variability of the rainfall characteristics is accounted for. 
 
1. Introduction 

 
Climate change potential consequences on water resources availability and extreme events 
control has become a topical debate in the scientific community involved in hydrological 
sciences and hydraulic structures design. Bearing in mind the achievements stated in the 
Intergovernmental Panel on Climate Changes reports (IPCC 2007, 2014), the hydrological 
response of watersheds to climate change, more than that of the meteorological forcing, 
remains to be investigated and assessed in more detail at the regional scale. Focusing on 
urban drainage systems, the frequency of occurrence of heavy precipitation events, which has 
been likely increasing in the last 50 years in Europe (IPCC, 2014), is a fundamental piece of 
information in any design procedure. Unfortunately, popular design and verification 
methodologies rely on the definition of synthetic rainfall events (design storm approach), 
whose patterns are arbitrarily set aiming at maximizing the hydrologic load to the analysed 
structure. 
 
Indeed, only the natural variability of the rainfall volume is suitably accounted for in the 
derivation procedure. Nevertheless, a major role is played by multiple characteristics of the 
rainfall process, such as the storm duration, the temporal variability of the rainfall intensity or 
the antecedent dry weather period, whose uncertainty is totally disregarded by the design 
storm approach.  
These drawbacks, that have already been broadly discussed in literature (Adams and Papa, 
2002), make it hard to effectively translate the expected climate changes in detailed future 
scenarios. In fact, they involve not only the increase in rainfall event volumes, but also the 
decrease in storm durations or in the average annual number of rainfall events, and the 
consequent increase in dry weather periods. 
 
In order to efficiently investigate the potential effects of climate change on the urban runoff, 
the design event approach might therefore be substituted by continuous approaches, where 
all these aspects of the rainfall process are explicitly considered. This category includes semi-

mailto:matteo.balistrocchi@unibs.it
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probabilistic approaches, first introduced by Eagleson (1972), and successively re-proposed 
by Adams and Papa (2000), stochastic approaches, mainly relying on Monte Carlo simulation 
techniques, and conventional numerical simulations. In the first two methods a stochastic 
rainfall model is coupled to a deterministic rainfall-runoff transformation model in order to 
derive the probability distributions of the analyzed runoff variables. Since they exploit the 
derived distribution theory, they yield conceptually sound assessments of such distributions. 
Suitable joint distribution functions of the rainfall variables, adopted for the meteorological 
model, must however be defined at first.  
Fortunately, copula functions recently introduced in the hydrologic research (Salvadori et al., 
2007) offer the opportunity for broadening the multivariate inference capability. Through these 
functions, the assessment of the dependence structure relating to the rainfall variables can be 
carried out separately from those of marginal distributions. Therefore, the dependence 
structure analysis is no longer affected by the marginal behaviours. Moreover, copula 
functions and marginal distributions belonging to different probability families, even the 
complex ones, can be combined to develop the joint distribution function. 
 
Following this technique, Balistrocchi and Bacchi (2017) developed a method to derive flood 
frequency distributions in small-medium size urban catchments, and verified its reliability by 
using continuous simulations. This method utilizes a joint distribution function of the rainfall 
depth and the storm duration implementing the observed dependence structure and a 
simplified rainfall-runoff transformation scheme to generate a food frequency distribution. The 
proposed rainfall stochastic model yielded estimates, which were found to be satisfactorily 
close to benchmarking continuous simulations. Herein, this model is exploited to estimate the 
effect of potential climate change scenarios on the flood frequency distributions in some 
hypothetic urban catchments, featuring different hydrologic characteristics (size, permeability) 
and located in Milan (Northern Italy). Climate change scenarios include combinations of 
expected climatic trends: changes in the rainfall volumes, decrease in the storm durations. In 
this way, also the seasonal variability of the rainfall process has been implemented into the 
derivation procedure. 
 
2. Methods 

 
In order to derive a joint distribution function (JDF) of the rainfall variables, the continuous time 
series of rainfall observations must be separated in individual independent storm events. This 
can be performed by applying two discretization thresholds: an interevent time definition 
(IETD) and a rainfall depth threshold (Bacchi et al., 2008). The first parameter represents the 
minimum dry weather period needed for two subsequent rainfalls to be considered 
independent, that is to produce non-overlapping runoff hydrographs. The second parameter 
corresponds to the minimum rainfall depth that must be exceeded in order to have a rainfall 
relevant to the analysis purposes and it can be identified with the initial abstraction (IA) of the 
catchment hydrological losses. 
Once individual independent rainfalls are detected, they can be defined in terms of the total 
rainfall volume h, the storm duration d and the antecedent dry weather period a. Herein, in 

regard to their relevance to the flood dynamic, a JDF of the first two variables is utilized to 
stochastically represent the rainfall process. To carry out the assessment of this JDF by using 
copula functions, random variables uniformly distributed on [0,1] must be derived from the 
natural ones trough the probability integral transform. The JDf can therefore be decomposed 

according to equation (1), where C is the copula function and PH and PD are the marginal 
distributions of h and d. 

 
      d,PhPCh,dP DHHD   (1) 

 
As demonstrated by Balistrocchi and Bacchi (2011) for various Italian climatic regions, the 
dependence structure is suitably represented by means of a Gumbel copula, while Weibull 
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functions can be utilized for the marginal distributions (Bacchi et al., 2008). These functions 

are recalled in equations (2), where  is the copula parameter expressing the dependence 
strength, u and v the uniform random variables corresponding to h and d. For the Gumbel 

copula,  is related to the Kendall rank correlation coefficient K by a simple algebraic 
relationship (see Salvadori et al., 2007 for details). The scale parameters and the shape 

parameters of the rainfall volume and the storm duration are represented by , ,  and , 
respectively. Moreover, the parameter IA plays the additional role of lower limit of the rainfall 
volume distribution. 
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A flood frequency distribution can be derived from this JDF by coupling models for the 
representation of the hydrologic losses and for the rainfall excess routing. The first model 

relies on a constant runoff coefficient  applied to the rainfall exceeding the initial abstraction 
IA. The rainfall excess volume hr is thus given by equation (3). 
 

 IA hhr  (3) 

 
Analogously to Wycoff & Singh (1976), the second model attributes a triangular shape to the 
runoff hydrograph, that is featured by a duration equal to the sum of the rainfall excess duration 
dr and the catchment time of concentration tc, and by a volume equal to rainfall excess volume 
hr. If a rectangular shape is assumed for the rainfall hyetograph, the peak flow discharge qp is 

provided by equation (4). 
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 (4) 

 
Indeed, such a model is acceptable in consideration of the urban application objectives, which 
allow to adopt simplified lumped approaches for the representation of the hydrological 
processes.  
According to Monte Carlo simulation techniques, a number of couples of uniform variables 

(u,v) can be generated from the copula function C by using conditional approaches (Salvadori 

and De Michele, 2006). These couples can hence be converted in the corresponding natural 
counterparts by inverting the marginal distributions. By using equation (4), a univariate sample 
of peak flow discharges qp is finally derived. As shown in equation (5), plotting positions Fi of 
these generated occurrences can be expressed in terms of the return period Ti by accounting 

for the average annual event number , that is derived along with the individual independent 
rainfall sample. 
 

 i
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3. Rainfall data and climate change scenarios 

 
The zero scenario (SC0) was defined with regard to a continuous series of rainfall volumes 
observed at the raingauge of via Monviso (Milan, Northern Italy) (Raimondi and Becciu, 2014). 
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Rainfall volumes were recorded at 15’ time step for 21 years, between 1971 and 1991. Bearing 
in mind applications to small-medium size urban catchments (10:100 ha), the sampling of the 
individual independent events from the continuous record was carried out by using a minimum 
interevent time definition IETD of 3 h and an initial abstraction IA of 5 mm. In this kind of 
catchments, time of concentrations shorter than 1 h are expected, so that the minimum IETD 
suggested in literature (Adams and Papa, 2000) ensures that two subsequent rainfalls 
generate non-overlapping hydrographs. In addition, owing to the high soil sealing levels, a 
minimal volume threshold is needed for a rainfall to exceed the interception and surface 
storage losses. The derived sample was separated in four seasonal sub-samples, by 
classifying the rainfall events according to their calendar occurrence. Hence, functions (1) 
were fitted to the sample data by using the maximum likelihood criterion for the marginal 
distributions and the moment-like method for the copula (Salvadori et al., 2007), obtaining the 
parameter set listed in Table 1. The last column reports the total rainfall volume hm averagely 

assessed for the corresponding period. 
 
Tab 1: Summary of calibration parameters of marginals and copula functions (SC0). 
 

Period     (mm)   (h) K   hm (mm) 

Winter 7.5 3.6 0.82 14.8 1.74 18.3 0.61 2.54 158.4 
Spring 13.4 5.7 0.91 12.6 1.23 9.5 0.42 1.74 241.9 
Summer 9.5 4.0 0.89 14.2 1.08 4.9 0.30 1.43 191.2 
Autumn 8.9 4.5 0.88 16.3 1.44 13.7 0.43 1.76 197.1 

Year 39.3 7.8 0.88 14.2 1.17 10.6 0.37 1.58 788.6 

 
The parameter values accord well with the rainfall regime traditionally depicted for this climatic 
region, which consists of two rainy seasons and two dry seasons. With respect to this zero 
scenario, three alternative scenarios are developed by combining expected variations of the 
marginals distributions PH and PD, as follows: i) rainfall volume: decrease of 10% in the mean 

and increase of 5% in the 95% percentile in winter, increase of 15% in the mean in spring, 
increase of 10% in the mean in summer, decrease of 10% in the mean in autumn; ii) storm 
duration: unchanged in winter, decrease of 10% in the mean in spring, decrease of 15% in the 
mean in summer, decrease of 5% in the mean in autumn. 
 
Scenario 1 (SC1) accounts only for changes affecting the rainfall volumes, scenario 2 (SC2) 
accounts only for changes affecting the storm durations, and scenario 3 (SC3) accounts for 
both changes. Changes of the rainfall volumes are supported by forecasts formulated by IPCC 
future scenarios, in particular the report AR4 (IPCC, 2007). Unfortunately, minor attention has 
been paid to potential changes in storm durations. These assumptions must therefore be 
regarded as attempts to quantify the evidence on the increase in the number of intense 
rainfalls coupled with a constant, or even the slightly decrease in, the total annual rainfall 
volume. It is clear that all these climate change assumptions do not affect the dependence 
structure, so that the copula function remains unchanged. Further, the utilization of two-
parameters marginal functions makes the implementation of the these changes into the JDF 
marginal distributions actually straightforward. 
 
4. Results 

 
Monte Carlo simulations were conducted by generating 105 years of rainfall volume and storm 
duration couples. The annual number of event was set by assuming normal distributions for 
the average seasonal number of rainfall events, with means and variances in accordance with 
estimates in Table 1. An example of the flood frequency curves, derived by using the 
procedure delineated in section 2, under the four climate scenarios defined in section 3, is 
illustrated in Figure 1, for an urban catchment characterized by an area A of 100 ha, a runoff 

coefficient  of 0.50 and a time of concentration tc of 0.40 h. 
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As can be seen, all climate change scenarios determine noticeable increases in the flood 
frequency, even though the total annual rainfall remains virtually unchanged. In particular, 
scenario 1 and scenario 2 yield quite similar outcomes demonstrating that moderate 
decreases in the storm durations can have effects as significant as those of rainfall depths 
changes. Owing to the non-linearity of the hydrological processes, scenario 3 determines peak 
flow discharge increases slightly less than the sum of those estimated for scenario 1 and 2. 
With regard to the return period of 10 a, popularly adopted in Italy for the design of urban 
drainage pipes, such increases amount to about 14% for scenario 1, 9% for scenario 2, and 
18% for scenario 3. The ratio between the peak flow discharge and the full normal flow 
discharge usually spans from 0.70 to 0.80 for a drainage pipe to be suitably sized. Assuming 
that a drainage pipe satisfies this condition under the scenario 0, the range boundaries 
increase up to 0.80:0.91 under the scenarios 1, 0.75:0.87 under scenario 2, and 0.83:0.94 
under scenario 3. A basically insufficient conveyance capacity is thus foreseen under climate 
change scenarios 1 and 2, and worsens in the case of scenario 3. Finally, the different impacts 
of climate change scenarios on urban catchments featured by various combinations of 
hydrologic characteristics are analysed in Table 2, for T equal to 10 a.  

 

 
 

Fig 1: Flood frequency curves derived for different scenarios (A 100 ha,  0.5, tc 0.40 h). 

 
Tab 2: Peak flow discharges for T = 10 a, and percentage increases with respect to scenario 
0 in various catchments. 
 

Catchment characteristics 
Peak flow discharge qp (m3/s) Percentage increase (%) 

SC0 SC1 SC2 SC3 SC1 SC2 SC3 

A = 100 ha;  = 0.50; tc = 0.40 h 9.51 10.80 10.40 11.20 13.6 9.4 17.8 

A = 10 ha;    = 0.50; tc = 0.10 h 1.81 1.99 1.97 2.24 9.9 8.8 23.8 

A = 100 ha;  = 0.30; tc = 0.40 h 5.75 6.37 6.18 6.85 10.8 7.5 19.1 

A = 100 ha;  = 0.70; tc = 0.35 h 14.66 16.27 15.52 17.16 11.0 5.9 17.1 

 
Scenario 3 appears to mainly affect small catchments since, in this case, the percentage 
increase is about 24%, while for the other cases it varies in a very narrow range between 17% 
and 18%. Therefore, under this scenario, the climate change impact shows to be substantially 
independent of the catchment imperviousness. Conversely, scenarios 1 and 2 individually 
yield impacts more sensitive to the catchment characteristics and weaker than the one 
assessed for the medium impervious catchment. With regard to these medium size 
catchments, climate change impacts amount to about 10:14% under scenario 1, and to about 
6:9% under scenario 2. 
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5. Conclusions 
 
In this paper, potential impacts of climate change on small-medium size urban catchments 
were assessed by deriving flood frequency distributions from a bivariate distribution of rainfall 
volumes and storm durations. To do so, an innovative technique was developed by using 
copula functions, which allowed to straightforwardly implement expected climate change 
scenarios into the rainfall distribution. Such impacts demonstrate to be significant in the control 
of heavy rainfalls by means of existing drainage systems. In fact, drainage pipes are expected 
to fail more frequently: with respect to the return period conventionally adopted in Italy for the 
drainage pipe design, the estimated increases of the peak flow discharge basically exceed the 
pipe conveyance capacity.  
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Abstract 
 
Models for predicting precipitation extremes in the UK are generally limited to mathematical 
approaches such as those used by the Met Office (MetOffice, 2013). Such models have 
proved to be insufficient at providing adequate warnings of increased precipitation levels for 
example in 2014 higher levels of precipitation led to large areas of flooding across the south 
of the UK causing an estimated £1.1 billion worth of damage. 
 
In light of these extreme events this work aims to use climatic data from the UK’s national 
weather service (also known as the Met Office) to forecast precipitation in two at risk towns in 
the south of England. To do this two models are developed using two different neural network 
architectures (namely multi-layered perceptron and radial basis function) and evaluated using 
the requisitioned data. These architectures were selected on the basis of their previous 
successful applications to the prediction of precipitation such as by Liu et al. (2009) and Lee 
et al. (1998) who showed that both of these are capable of providing reliable results. 
 
Prior to training the networks optimization was carried out to identify the best number of hidden 
nodes, this was done incrementally from 1 to 100, repeating each 20 times to gain a consistent 
error. The results of this optimization show a steady drop in error towards 11 hidden nodes 
before becoming increasingly noisy. The lowest mean squared error of 0.0274 was found in 
MLP networks with 11 hidden nodes. 
 
The RBF network was optimized through selection of a suitable sigma value for the slope of 
the distribution, neurons are continually added until a reasonable training error is reached up 
to the number of data points available. This done with a sigma range increasing from 0.05 to 
1 in 0.05 increments. Results after a sigma of 0.5 produced errors orders of magnitude higher 
than the previous sigma values with an optimal being found at a value of 0.1. 
 
After training the given networks they were both trialed with the most recent two years to give 
the results presented below. As can be seen in figures 1 and 2 there are some large 
differences in predictions to the target rainfall output; however, the MLP solution does provide 
a much better fit for the later portion of the test data whereas the RBF consistently over 
predicts. With regards to matching extremes, the MLP does with the exception of item 25 
appear to match the higher extremes with a higher level of accuracy. 
 
The results of this study show that although neural networks are capable of mapping 
precipitation events, they struggle to generalize extreme events. Despite this, the MLP network 
used here provides a higher level of accuracy on more of the validation points than the RBF 
network and so future research conducted in this could consider the use of more complex 
MLP structures or potentially improve generalization through introduction of deep learning 
networks. 

mailto:a.p.barnes@bath.ac.uk


UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

10 
 

 
 
Fig 1: Rainfall predictions for the RBF network. 
 

 
 
Fig 2: Rainfall predictions for the MLP network. 
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Abstract 
 
Remotely sensed weather radar images and in situ rain gauge measurements are 
complementary sources of information to reconstruct rain fields precisely and exhaustively. 
Conventionally, radar images are acknowledged to provide a proper characterization of rainfall 
space-time variations, while rain gauge measurements are viewed as more accurate, but 
spatially sparse. Although appealing to obtain reliable and spatially dense rainfall 
reconstructions, the coupling of radar images with rain gauge measurements remains 
challenging. This is mainly because the supports of these two types of observations are very 
different: a radar pixel covers around 1km2 and is acquired instantaneously, while a rain gauge 
collects rain water over area <1m2 and integrates measurements over periods ranging from 
minutes to hours. Within the geostatistical framework, the usual procedure for merging radar 
and rain gauge data is by kriging with external drift (and sometimes co-kriging), considering 
rain gauge measurements as the primary variable and radar observations as a covariate.  
 
We propose here to adopt a different perspective for the case where high resolution rain field 
reconstructions are desired over areas of small extent (a few square kilometers), as is often 
the case in urban hydrology. In the proposed approach, a dense network of rain gauges is 
used to infer the local space-time structure of rainfall, while radar images provide coarse 
(because spatially averaged) but exhaustive rainfall measurements. These two sources of 
data are merged using a stochastic rainfall model that accounts for most of the space-time 
features of local rain fields, in particular rain intermittency and rainstorm advection - diffusion. 
Model parameters are first inferred from the rain gauge observations only. Next, stochastic 
simulations are carried out to generate an ensemble of high resolution (100m in space, 1min 
in time) synthetic rain fields conditioned to the available observations (i.e. radar and rain gauge 
data). In practice, a Gibbs sampler is used to honor both spatially averaged radar observations 
and punctual rain gauge measurements. The resulting ensemble of rain field realizations can 
then be used as input for urban hydrological modeling. 
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Abstract 

 
In Switzerland, almost every second flood damage claim is likely not associated with a fluvial 
flood, but with a surface water flood. With increasing population and wealth along with climate 
change, we can expect that damages caused by surface water floods will increase further in 
the future. Nevertheless, relatively little is known about the drivers and influencing factors of 
this highly relevant natural hazard.  
 
In order to increase the understanding and predictability of surface water flood damage, we 
focus on precipitation as the main driver of surface water floods. We analyze the 
characteristics of insurance claims' triggering rainfall events and test simple thresholds. For 
that matter, we exploit a data base of more than 13'000 damage claims, which were caused 
by surface water floods between 2005 and 2013 and which report at least the date and the 
exact location of the damage. The precipitation is inferred from a blended radar and rain gauge 
data set provided by MeteoSwiss that has a high temporal (hourly) and spatial (1 km x 1 km) 
resolution. For each grid cell where at least one damage was registered, we extract the 
precipitation data, separate individual rainfall events, and identify all rainfall events that 
triggered the respective damage claims. Thereafter, all precipitation events are characterized 
by maximum precipitation intensity, total accumulated precipitation, and antecedent 
precipitation, among other variables.  
 
The triggering rainfall events' characteristics do not exhibit clear patterns in absolute terms. 
However, when comparing them with all respective events with no registered damage, we see 
that most claims are associated with high percentile values of maximum intensity and/or high 
total accumulated precipitation. At the same time, the other investigated variables do not seem 
to have a similar relevance. Using binary pattern performance measures, optimized threshold 
values are the 90 % quantile for the precipitation intensity and the 98% quantile for the 
precipitation sum. 
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Abstract 

 
Extreme precipitation events (EPEs) belong to the most studied natural hazards because of 
their extra high impacts on the human society. However, observational data with a high 
temporal and spatial resolution along with a sufficient level of accuracy is available for the last 
several years only and is completely missing for historical EPEs.  
 
The presented contribution will be aimed at the employment of high-resolution numerical 
weather prediction (NWP) model simulations and daily rain gauge measurements to create a 
temporal reconstruction of historical EPEs, which will enable to evaluate the selected EPEs in 
terms of their sub-daily extremity. The EPEs are selected based on a return period of their 
maximal daily precipitation. The selected EPEs will be simulated by the non-hydrostatic NWP 
model COSMO with a spatial resolution of 2.8 km and temporal step of 10-minutes (raw NWP 
model re-forecasts). The corrected 10-min NWP model re-forecasts will be then prepared in 
three steps. First, interpolated precipitation sums from daily rain gauge measurements (RG) 
and the 24-h precipitation sums forecasted by the NWP model COSMO (RF) will be used for 
the adjustment procedure (Sokol, 2003; Bližňák et al, 2018) to obtain 24-h adjusted model 
precipitation sum (RFA). The second step includes a calculation of the correlation coefficients 
between RG and RF in a specific radius around a given grid box. The pixel with the highest 
value of correlation coefficient determines the direction of the shift, which is applied for all 10-
min raw NWP model re-forecasts. Finally, shifted 10-min NWP model re-forecasts are then 
accumulated in 24 hour precipitation sums, compared with RFA and obtained ratio is then 
used for multiplication of all 10-min shifted NWP model re-forecasts. 
 
Two ways of the correction method’s evaluation with respect to the observation will be 
presented on several selected EPEs that occurred over the Czech Republic and when radar 
data were available. First, a subjective evaluation of the precipitation fields for selected 
stratiform and purely convective EPEs will be discussed. An example of spatial distribution of 
reconstructed NWP model re-forecasts compared to the observation and raw NWP model re-
forecasts of the convective event occurred on 24 June 2009 between 1600 UTC and 1800 
UTC is displayed in Fig. 1. The figure well demonstrates a positive effect of the applied 
correction method that helps to better localize the precipitation core in the east part of the 
Czech Republic compared to the observation. Second, the objective verification will be 
performed using classical (e.g., correlation coefficient) as well as spatial (e.g., Fraction Skill 
Score) verification scores. The model simulations will be verified with radar-derived 
precipitation estimates adjusted by daily rain gauge measurements that were transformed to 
the same horizontal resolution as the NWP model re-forecasts. 
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Fig 1: Spatial distribution of convective EPEs, which occurred on 24 June 2009, 16:00-18:00 
UTC over the CR. Time at UTC displayed in the right upper corner indicates preceding 10-min 
precipitation accumulations. The observation is shown in the first column, the raw and adjusted 
NWP model forecasts are displayed in the second and third columns, respectively. 
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Abstract 

 
In urban areas, where an important part of the sewage system is combined, waste water 
dumping can occur during rainy weather. Water collection and storage systems are generally 
designed using hydrological models which describe the functioning of the sewage systems. 
Weather conditions such as evapotranspiration and most of all precipitation are very important 
forcing factors for such models. A usual approach to take into account the variability of weather 
conditions consists in forcing the hydrological model with up to 5 years of meteorological data, 
considered as “representative” and observed in a site close to the system location. This 
permits to estimate the statistical distribution of water dumping with reasonable computational 
cost.  
In order to assess the sensitivity of the method to the choice of the “representative” 
meteorological conditions, we propose to develop a stochastic weather generator. A 
stochastic weather generator (Wilks et al., 1999, Ailliot et al., 2015)  is a way to simulate a 
high number (e.g. several centuries) of realistic spatio-temporal meteorological series. These 
artificial weather conditions can then be used as input to the hydrological model. This will allow 
us to estimate its sensitivity to different things, such as the length of the input time series or 
rainfall spatialization, and finally determine the forcing weather conditions to be used in studies 
aiming at designing sewage systems. 
Among the challenges in developing such a weather generator we can cite 
 
1.  the observations: different sources of data (e.g. rain gauges and radar) are available, 

providing different information and having their strengths and weaknesses, 
2. the resolution: a high temporal resolution required by the hydrological model (e.g. 3 

minutes), and a high spatial resolution (with a dense rain gauge network and 1km2 radar 
data) is also necessary to reproduce convective rain events, 

3. the need to reproduce complex statistics that can impact waste water dumping such as 
the duration of wet/dry periods, rain cells movements with variable speed and direction or 
the relation between several meteorological factors (rainfall, wind, evapotranspiration), 

4. the non-Gaussian nature of precipitation data, 
5. dealing with big spatiotemporal datasets (e.g.: radar data). 
 
We will discuss these different aspects and illustrate them using the particular case of the city 
of Brest (west part of France). 
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Abstract 

 
In this paper a simple stochastic model to derive single synthetic sub-hourly rainfall events at 
a point is presented. Generated rainfall events are totally stochastic but with characteristics in 
terms of shape, duration and average intensity that have to satisfy the parameters derived by 
statistical analyses of the available historic records. The events are derived on the basis of a 
fixed inter-event time, and selected if their average intensity is bigger than a critical fixed one. 
In order to characterise the shape, dimensionless events are considered. Storm duration and 
average intensity of the observed events are modelled separately by fitting several probability 
distributions. Finally, their correlation is modelled using the Frank Copula. In order to test the 
methodology, two sites placed in Sicily, Italy, have been analysed. The good performance of 
the model has been tested by comparing the statistics of the simulated events with those of 
the measured data, and the obtained results confirm the effectiveness of the methodology. 
 
 
1. Introduction 

 
Simulation of sub-hourly rainfall time-series is an important area of hydrological research 
being, in fact, particularly useful, i.e., to design water control structures or urban drainage 
systems in urban areas, or also within the context of flood frequency estimation for urban 
catchments. Unfortunately, the temporal resolution of rainfall data usually available for 
practical application is often lower than the data required for the design procedures or 
mathematical models application. Moreover, when high resolution rain gauges are available, 
the registration period cannot be sufficiently long for obtaining practically usable statistical 
analyses. In these case the use of stochastic point process representations of rainfall which 
operate through the generation of random rainstorms can be a very practical alternative. 
 
Goal of the present study is the implementation of a stochastic model that can be easily applied 
to derive single synthetic sub-hourly rainfall events at a point, without the need of a 
considerable size of rainfall data available. Some years of sub-hourly rainfall data in a site are, 
in fact, enough to calibrate the model.  
 
 
2. Methods 
 
Rainfall events are generated using a Monte Carlo technique with characteristics in terms of 
shape, duration and rainfall intensity derived by statistical analyses of the available historic 
records. 
 
The first step of the analysis is the identification of the independent significant rainfall events 
in the collected time series. Independent rainfall events are derived on the basis of a fixed 
inter-event time, defined following the approach proposed by Koutsoyiannis & Foufoula-
Georgiou (1993), and selected if their average intensity is bigger than a critical fixed one. The 
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critical intensity, following the Rahman et al. (2002) approach, can be calculated as function 
of the 2-year return time Intensity-Duration-Frequency (IDF) curve:  
 

 2 T,Dthres,D II 
    (1) 

 

where  is the reduction factor and the ID,T=2 is the IDF curve expressed with classical two-

parameters power law. The use of appropriate values of the reduction factor  allows the 
selection of the “significant” events in a way such that events with smaller intensity are not 
included. The value of this factor is in this study linked to the annual mean number of rainfall 
occurrences and can been evaluated by application of the Two Components Extreme Value 
(TCEV) distribution (Rossi et al. 1984) to the analysed sites deriving the annual mean number 
of rainfall occurrences. 
Once defined single events, the proposed rainfall model structure is based on the two following 
modules: 
 
1. Temporal pattern sub-model (generation of within-storm temporal characteristics as time 

step intensity variations using simple statistical descriptors) 
2. Intensity-Duration sub-model (statistical description and generation of storm 

characteristics using a multivariate model) 
 
In order to characterise the shape dimensionless events are considered; in fact, for a particular 
location or within a meteorologically homogeneous regions, storms are expected to exhibit 
similarities in their internal structural despite their different durations and total storm depth 
(Koutsoyiannis and Foufoula-Georgiou, 1993). Therefore, in order to define the temporal 
patterns of rainfall for each selected event, we used the idea of mass curves followed by 
various authors (i.e. Huff, 1967; Koutsoyiannis & Foufoula-Georgiou, 1993). Following this 
kind of approach, the variability of precipitation within a rainy period is represented by 
dimensionless hyetographs. The normalised events obtained are the input for selecting an 
appropriate probability function for the hyetograph shape. Although any continuous density 
function could be appropriate to represents the shape for every analysed time-step between 
0-1, here the choice has been orientated towards the "Beta distribution" because it is a very 
simple model that fits reasonably well the rainfall data. 
For those concerning duration and average intensity (Intensity-Duration sub-model), Cordova 
and Rodriguez-Iturbe (1985) found that the correlation structure of rainfall intensity and storm 
duration has a significant effect on the probabilistic structure of storm surface runoff. Based 
on this study, many other authors analysed this correlation by applying several bivariate 
distribution and showing how duration and average intensity are variables of the same 
phenomenon and, consequently, they have to be correlated to each other. To assume an 
independence between duration and average intensity turned out to be a non-realistic 
hypothesis (De Michele and Salvadori, 2003). 
In this context, the application of copula theory to model the statistical dependence between 
average rainfall intensity and storm duration represents an effective choice (Salvadori et al., 
2007). The advantage of the copula method is that no assumption is needed for the variables 
to be independent or have the same type of marginal distributions. Hence, following this 
approach, to generate pairs of duration and intensity, storm duration and average intensity of 
the observed selected events are firstly modelled separately by fitting several probability 
distribution and selecting the best one using several statistical criteria. Finally, they are linked 
to each other by using a joint probability distribution using copulas and in particular the Frank 
Copula (Yendra et al., 2016; De Michele and and Salvadori, 2003). De Michele and Salvadori 
(2003) found, in fact, how the Frank’s copula is the best candidate to model the dependence 
between average rainfall intensity and storm duration in comparison with other families of 
copulas, and also to reproduce the asymptotic statistical distribution of the storm depth. 
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3. Data 
 
In order to apply the methodology, two sites placed in Sicily, Italy, were sub-hourly rainfall data 
were available, have been analyzed. Rainfall data at a 10 min time scale are, in fact, available 
for the selected sites from the database of the SIAS (Servizio Informativo Agrometeorologico 
Siciliano, www.sias.regione.sicilia.it). The selected sites are: Monreale raingauge station 
located in the North-West part of the Sicily, Italy (Fig.1), where rainfall data for a period from 
2003 to 2009 are available, and Palazzolo Acreide raingauge station located in the South-
East part of the Sicily, Italy (Figure 1), where rainfall data for a period from 2002 to 2007 are 
available.  
 

 
Figure 1: Location of the raingauge stations used for the study. 
 
The analysed raingauge stations are characterised respectively by an average annual rainfall 
of 850 mm for Monreale and 600 mm for Palazzolo Acreide. Climate pattern is typical 
Mediterranean with heavy rainfall during the winter period and almost no rainfall during the 
summer period. As consequence, all the rainfall events occur in 50-55 rainy days and, in 
terms, of extreme events, an average value of about 15 significant rainfall events per year is 
observed. 
 
4. Results 

 
The first step of the analysis has been the selection of independent rainfall events in the 
collected time series. According to the approach proposed by Koutsoyiannis & Foufoula-
Georgiou (2003) an inter-event equal to 2 h for Monreale raingauge station and equal to 4 h 
for Palazzolo Acreide raingauge station has been adopted. 
 
The second step has been the selection of hydrologically “significant” events. According to 
Rahman et al. (2002) approach, the events have been selected if their average intensity was 
bigger than a critical fixed one, defined by applying eq. (1). The 2-year return time IDF curve 
has been estimated from the Report of Italian National Research Group for the Prevention of 
Hydro-Geological Disasters in which the Two Components Extreme Value (TCEV) distribution 
(Rossi et al. 1984) has been adopted for the analysis of extreme rainfall in Southern Italy. 
 

The value of the reduction factor , set equal to 0.3 in both cases, has been evaluated by 
application of the TCEV to the analysed sites deriving the annual mean number of rainfall 
occurrences, equal to about 15 for Monreale station and equal to about 13 for Palazzolo 
Acreide station. With these assumptions, 105 independent rainfall events for Monreale and 83 
independent rainfall events for Palazzolo Acreide were selected from the recorded dataset. 
Pertinent information and statistics of the rainfall events so derived are provided in Table 1. 
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Table 1: Information and statistics of the rainfall data. 
 

MONREALE 
Intensity 
(mm/h) 

Volume 
(mm) 

Duration 
(min) 

 PALAZZOLO 
ACREIDE 

Intensity 
(mm/h) 

Volume 
(mm) 

Duration 
(min) 

Length of 
record 

7 (2003–2009) 
Length of 
record 

6 (2002–2007) 

Number of 
events 

105 
Number of 
events 

83 

Max 16 148.6 3600 Max 24.67 259.2 5430 

Min 1.25 7.8 30 Min 0.63 7 30 

Mean 4.37 31.45 657.14 Mean 6.38 41.40 775.42 

Standard 
deviation 

3.12 23.70 611.34 
Standard 
deviation 

5.53 47.91 965.54 

 

According to the non-parametric method, in order to calculate the Frank copula, the first step 
has been to obtain its generating function from bivariate observations; then the resulting 
copula has been calculated following the approach proposed by Genest and Rivest (1993). 
The Frank copula so obtained is characterised by the a value of the characteristic parameter 
for the copula equal to -9.884 and -8.624 respectively for Monreale station and for Palazzolo 
Acreide station. 
 
Use of copula requires, also, the determination of marginal distributions based on univariate 
data. The marginal distributions in this study used have been: Exponential, Gamma, Weibull 
and Lognormal; the parameters of these distributions have been estimated by applying the 
Maximum Likelihood method and the best fitted distribution has been selected using various 
criteria, as AIC and BIC criterion, the Relative Root Mean Square Error and the chi-squared 
test. The results, returned, for both stations, Lognormal probability distribution as best 
marginal distribution for average storm intensity, and Gamma distribution as best marginal 
distribution for storm duration. 
Finally, in order to define the temporal patterns of rainfall for each event, following the idea of 
mass curves, we derived the normalised events. The historical normalised mass curves have 
been sampled in 26 equal time-step (0; 0.04; 0.08; …; 0.96; 1) and, for each time-step 
considered, the parameter estimation of the Beta distribution has been carried out using the 
method of maximum likelihood. 
 
In order to test the capability of the model to reproduce the rainfall events characteristics, 
2x104 single storm events have been generated. The synthetic events so generated have 
shown a very good reproducibility of the statistics of the historic observed events, both in terms 
of duration-intensity correlation, and also in the terms of shape (Figure 2).  
 
This confirmed how Frank’s 2- Copula is well suited to describe the dependence structure 
between the available intensity-duration data, and how the assumptions of the selected 
marginal distributions are well respected. 
 
In particular, the latter figure shows the performance of the generator of hyetographs of 
individual events. First of all, looking at the right graph of Figure 2 where the 10th, 50th and 90th 
percentiles of the hyetograph shape are plotted both for the generated and for the historical 
events, it is possible to verify how the generated curves have nonlinear shape in a accordance 
with the observed ones. Moreover, all the curves plotted in Figure 2 show how generated and 
observed values at every step are very close to each other without any remarkable deviation, 
except, perhaps, for the standard deviation comparison where, in some point, a little 
discrepancy can be observed. The good results obtained provide a good indicator of how the 
temporal pattern sub-model allows to represent effectively the statistical characteristics of the 
observed event shape. 
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Figure 2: Comparison between average intensity and duration for generated and observed 
events (left); comparison between observed and generated hyetograph shape: mean and 
standard deviation (middle), 10th, 50th and 90th percentiles (right). 
 
More significant for the aim of the present study are the results shown in Figure 3.  
 
In those graphs the comparison between mean of the rainfall depth for fixed duration, both for 
observed and for generated events, have been plotted. The historic points in the left graph 
refer to an average curve of the critical rainfall that has the same hydrological meaning of a 
Intensity Duration Frequency curve. 
 
 

  
Figure 3: Comparison between observed and generated events: mean of the maximum depth 
for fixed duration. 
 
The good agreement between historic and synthetic points is a significant indicator of the 
capability and the effectiveness of the proposed model to generate meaningfully extreme 
rainfall events as well. In addition, it’s worth to point out how there is a better agreement for 
the short durations than for the longer, according with one of the main goals of this study. 
 
5. Conclusions 

 
A stochastic rainfall model for simulating synthetic sub-hourly rainfall events at a given site, 
capable of replicating the main statistical characteristics of the recorded rainfall event, has 
been presented. 
 
The main advantage of this kind of approach is its applicability if a sample of single historic 
events is available. This imply that also few years of records, not necessary continuous, are 
sufficient to implement the model. The model has been calibrated on two different sites in 
Sicily. 
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The application of the model has shown how the simulated events reproduce reasonably well 
the statistical behaviour of the observed events. The model is hence capable of representing 
duration, average storm intensity and temporal distribution characteristics of the point rainfall. 
The application of the proposed model to a given site allow to easily derive a long series of 
single synthetic rainfall event that can be useful for many purposes in hydrology of urban 
catchment. 
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Abstract 
 

Rainfall spatial and temporal variability are key points in the prediction of hydrological 
response. At the same time, catchment scale and characteristics also play important roles, 
especially in urban areas, where the high level of imperviousness combined with intense and 
localised rainfall causes fast responses (Ochoa-Rodriguez et al., 2015). New instruments such 
as weather radars have been developed in recent decades able to better capture the spatial 
and temporal variability of storm events. At the same time, large improvements have been 
made to create high-resolution hydrological models that are able to represent the catchment 
with a high level of detail. However, the interactions between rainfall and catchment variability 
and their effects on the hydrological response remains poorly understood. In this work, we aim 
to evaluate the critical space and time scales that characterize rainfall variability and 
catchment characteristics in relation to hydrological response in urban areas. Critical scales 
based on dimensionless parameters developed in a previous work (Cristiano et al, 2018) will 
be evaluated for two urban areas in different climatological regions, one in Europe and one in 
the US.  
 
The first catchment is Cranbrook, a small urban area (7 km2), situated close to London UK 
(see Cristiano et al. 2018 for more details about the study case). The Little Sugar Creek basin 
(110 km2), located in the Charlotte metropolitan area (North Carolina, USA) was chosen as 
second study case. For this area, local streamflow measurements were available for four 
locations at temporal resolution of 5 min. The physically - based, fully distributed Gridded 
Surface Subsurface Hydrologic Analysis (GSSHA) model developed by Wright et al. (2014) 
was used to simulate the hydrological response. 25 storm events were selected from a 15–
year (2001-2016) radar data set, measured at a resolution of 1km2–15 min resolution by the 
S-Band radars of the National Weather Service (NWS) Next Generation Radar network 
(NEXRAD). Rainfall events were then aggregated in space (to 3 km2 and 6 km2) and in time 
(to 30 min and 60 min), to generate 9 combinations of spatial and temporal resolutions. These 
events were used as input for the hydrological model to obtain the simulated hydrological 
response corresponding to coarser resolutions.  
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Fig 1: Schematization of spatial (a) and temporal (b) rainfall classification using the cluster 
identification. 
 
To classify spatial and temporal variability of rainfall, the cluster classification approach 
proposed by Cristiano et al. (2018) was applied to the selected events. This method, 
schematized in Fig. 1, considers the 75th percentile of the rainfall intensity of the selected 
events as threshold and identifies for each time step the main cluster of pixels over the basin 
above the selected threshold. The cluster dimension at each time step is then averaged over 
the total event duration. The averaged cluster dimension RS represents the core of the storm 
event and gives a good estimate of the spatial variability of the rainfall event. To classify the 
temporal variability of the storm event, the maximum duration Tw of the storm with an intensity 

higher than the 75th percentile threshold is considered.  
 
Three dimensionless scaling factors [α1, α2, α3], proposed by Cristiano et al. (2018) are here 

applied at a larger scale and validated with local measurements. The scaling factors combine 
spatial and temporal rainfall and catchment scale in relation with the resolution used to 
measure rainfall. The scaling factor α1 focuses on spatial variability and relates rainfall spatial 
scale Rs (square root of the cluster dimension) and catchment scale Cs (square root of the 
drainage area) to the spatial rainfall resolution Δs. The parameter α2 relates spatial rainfall 
scale Rs and temporal catchment scale Ct (estimated using the lag time) to the spatial rainfall 
resolution Δs and to the temporal rainfall resolution Δt, respectively. The last scaling factor α3 
combines spatial and temporal rainfall scale (Rs and Rt) and spatial and temporal catchment 
scale (Cs and Ct) to spatial and temporal  rainfall resolution (Δs and Δt). 
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Figure 2 shows preliminary results, where the scaling factors are compared to the coefficient 
of determination R2. The plots enable identification of thresholds for scaling factor values 
associated with level of performance given a specific combination of rainfall input resolution. 
For instance, for values of α2 larger than 35, a coefficient of determination higher than 0.9 is 

expected, suggesting a good level of approximation of the hydrological response. 
 

(a) 

(b) 
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Fig 2: Scaling factors in relation with the coefficient of determination R2 
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Abstract 
 
Urban areas typically have a large fraction of impervious surfaces, resulting in runoff dynamics 
characterized by fast response times. Extreme rainfall events over cities can result in urban 
flooding, impacting a large number of people and leading to considerable economical damage. 
As these extreme rainfall events are expected to occur more often in the future (Madsen et 
al., 2014), cities need to be designed in a way to reduce the occurrence and/or impact of 
resulting water damage. 
 
High-resolution urban flood models, incorporating the heterogeneity of urban areas, cannot 
yield meaningful hydrological predictions unless they are driven by equally high-resolution 
rainfall data (Cristiano & van de Giesen, 2017). Traditional measurement techniques like 
weather radar generate rainfall fields with good spatial coverage at high spatial and temporal 
resolution. Nevertheless, radar rainfall estimates are suggested to improve significantly with 
the inclusion of ground measurements, as the rainfall estimates are based on indirect 
measurements of atmospheric volumes aloft. A limiting factor with these ground 
measurements is their low spatial density, especially for real-time rainfall data. 
 
Opportunistic sensing techniques provide in-situ rainfall observations that may bridge the gap 
towards the required high-resolution rainfall data for urban applications. Privately owned 
personal weather stations, sharing rainfall measurements in real-time on online platforms, 
form a dense rain gauge network of on average 1 gauge per ~4.3 km2 in the Amsterdam 
metropolitan area (93 stations over a 400-km2 area), measuring at approximately 5 min 
temporal resolution. Additionally, commercial microwave links, installed and maintained by 
telecom providers for the purpose of telecommunication, can be used for rainfall monitoring. 
Attenuation over link paths between transmitting and receiving antennas, logged 
instantaneously every 15 minutes, is increased by hydrometeors. From this rainfall 
attenuation, path-averaged rainfall intensity can be calculated. 
 
The ability of these two opportunistic sensing techniques to estimate the space-time dynamics 
of rainfall are examined in two parts; Firstly the error caused by the sampling strategy and 
spatial lay-out of the networks is identified. Secondly, their capacity to accurately detect small-
scale rainfall is determined when typical measurement errors are taken into account. 
 
In a simulation study two rainfall events described in terms of drop size distributions at 100 m 
* 100 m resolution and 30 s time steps are used. Rainfall measurements from commercial 
microwave links and personal weather stations are derived based on the locations of the 
sensors in the 20 km * 20 km study area in Amsterdam, the Netherlands, and validated with 
the ground-truth rainfall intensities calculated directly from the simulated drop size 
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distributions. The first part of the study addresses the errors due to network lay-out and 
sampling only, by assuming perfect measurement accuracy. 
 
The second part consists of a similar simulation study where in addition typical measurement 
errors are included. These have been identified by validation studies on datasets of rainfall 
observations by actual personal weather stations and commercial microwave links, using a 
gauge-adjusted radar product as ground-truth. De Vos et al. (2017) did a first analysis on 
rainfall measurements from crowdsourced personal weather stations, with suggestions for 
improvement. These are taken into account in a new validation study spanning more personal 
weather stations and a longer period.  
 
The measurement errors are quantified and added to the rainfall observations that were 
derived from the rainfall simulation, before validating the results in the same way as for the 
first part of the study. For both cases (i.e. perfect measurement accuracy vs realistic 
measurement performance), the spatial and temporal scales of rainfall patterns that can be 
resolved by both techniques is established. For the first case, both opportunistic sensing 
techniques are most limited by their temporal sampling strategies. Strong reductions in small-
scale rainfall observation accuracy only occur when the networks would be reduced by more 
than half the respective number of sensors. 
   
References 
 
Cristiano, E., and van de Giesen, N. (2017). Spatial and temporal variability of rainfall and their 
effects on hydrological response in urban areas–a review. Hyd. and Earth Sys. Sci., 21(7), 
3859-3878. 
 
Madsen, H., Lawrence, D., Lang, M., Martinkova, M., and Kjeldsen, T. (2014), Review of trend 
analysis and climate change projections of extreme precipitation and floods in Europe. J. 
Hydrol., 519 (D), 3634-3650. 
 
De Vos, L. W., Leijnse, H., Overeem, A., and Uijlenhoet, R. (2017). The potential of urban 
rainfall monitoring with crowdsourced automatic weather stations in Amsterdam. Hyd. and 
Earth Sys. Sci., 21(2), 765-777. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

27 
 

Impact of different sources of precipitation data on urban rainfall-runoff predictions: 
A comparison of rain gauges, commercial microwave links and radar 

 
A. Disch*1,2, A. Scheidegger2, O. Wani2, J. Rieckermann2 
 
1 Institute of Environmental Engineering, Chairs of Urban Water Management, ETH Zurich, 
Switzerland 
2 Eawag, Urban Water Management, Dübendorf, Switzerland 
 
*Corresponding author: andy.disch@eawag.ch 
 
 
 
Abstract 
 
In this study, we investigate whether commercial microwave links (CML) can bridge the gap 
between rain gauge and radar. We performed a rainfall-runoff monitoring experiment with rain 
gauges, CMLs and weather radar in a small urbanized catchment during several months. The 
results of comparing rainfall data and resulting sewer flows suggest that quantitative 
precipitation estimates from CMLs require adjustment to local rain gauges to produce 
satisfactory results in a similar fashion as weather radar. In our study, CML with baseline 
removal and wet-antenna correction, but without adjustment, lead to substantial bias and 
underestimate rainfall-runoff ratios by more than 48% (Radar: ca. 40%). In contrast, adjusted 
CML produced results very similar to those from a dense rain gauge network and 
underestimated rainfall-runoff by about 11%. Further work is needed to better understand 
influential factors on the data quality of QPEs from CML. In addition, incentives are needed to 
motivate both telecommunication companies to provide CML data and weather service 
companies to use them in their products, i.e. commercializing information from opportunistic 
sensors. 
 
1. Introduction 

 
To control urban flooding, and reduce environmental damage of wastewater emissions, rainfall 
data with a high spatial resolution and a temporal resolution of less than 5min are needed 
(Ochoa-Rodriguez et al., 2015). In most urban areas, rain gauge networks are not dense 
enough and quantitative precipitation estimates (QPE) from weather radars are still 
inaccurate. In this study, we investigate whether commercial microwave links (CML) can 
bridge the gap between rain gauge and radar. A CML is a transmitter-receiver system which 
operates in the lower-medium GHz range and which is therefore sensitive to precipitation, and 
in particular, liquid rainfall (Messer et al., 2006, Fencl, Pastorek, 2018). However, despite a 
decade of research, still little is known on the performance of CMLs as operational rainfall 
sensors and, especially, how they compare to rain gauge and radar in urban drainage 
applications. 
 
Therefore, we performed a comprehensive experiment to collect real-world evidence from a 
full-scale experiment in an urban sewershed to assess the potential of CMLs for urban 
drainage. The main innovation over similar studies (Pastorek et al., 2017; Stransky et al., 
2018) is that we compare all sensors, including weather radar in a full-scale urban setting. In 
our experimental catchment in Adliswil (ZH) of about 1x3km2, we collected data from three 
different types of rainfall sensors, as well as runoff data in the urban drainage system. The 
presented results cover 35 rainfall events during the period from 8.6.2013 to 15.11.2013, 
where all sensors were functioning correctly. 
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Rain gauges: five weighing RGs of the type OTT Pluvio2 were recording rainfall with an 
accuracy of 0.1mm/min at a 1min timestep. The data of a sixth gauge, permanently 
installed at the WWTP of Adliswil failed plausibility checks and was ignored. 

CML: Received signal levels (RSLs) expressed in dB from 19 CMLs were provided by the 

operator Salt (former ORANGE). Two of them recorded no attenuation data during the 
period under study. Therefore, 17 CMLs were included in further investigations. Five out 
of the 17 CMLs recorded data only for the beginning of the time period. The RSLs were 
recorded with a simple server-based script, which queried the 19 CMLs in an iterative 
fashion and resulted in a variable time resolution of about 3min. 

Weather radar: QPEs from the Swiss weather radar network was provided by MeteoSwiss. 

This contains rain intensities with a spatial resolution of 1x1km2 and a temporal 
resolution of 2.5min. Further specifications of the radar can be found in Germann et al., 
2006. As the nation weather service currently improves their processing chain and 
products, the information about the preprocessing of the data is probably outdated. 

Sewer flow data: The runoff at the drainage point of the system was recorded during the above 
mentioned time period with a SIGMA 950 area-velocity meter. This data was used to 
calibrate the SWMM model in previous studies (Fu, 2013). In this analysis, the observed 
flow was only used for the identification of influencing storm type characteristics. 

 
2. Methods 

 
As ground truth, we chose spatially interpolated RG data from an inverse distance weighing 
scheme, because its performance was superior to spatial interpolation with Thiessen 
polygons. The CML data were first pre-processed with a variable baseline removal and, 
second, antenna wetting was corrected with an empirical model suggested by (Schleiss et al., 
2013). Third, a recent method to adjust CML QPEs to local rain gauges (Fencl et al., 2016). 
This adjustment was performed on hourly-average rain intensities to account for spatial rainfall 
variability and rainfall observation errors. Fourth, spatial interpolation was performed with a 
modified IDW algorithm (Goldshtein et al., 2009). Radar data were adjusted in a similar fashion 
with a simple mean field bias adjustment on hourly rain intensities. In total, we constructed 
four different rainfall scenarios: RG, CML, CMLadjusted and Radar and compared the CML and 
Radar scenarios to the RG. To assess the impact of different sources of rainfall on urban 
runoff predictions, we followed the approach of (Ochoa-Rodriguez et al., 2015) and performed 
a sensitivity analysis to assess how different model input affects the flow predictions. 
 
As performance metrics for rainfall, we chose Bias (as relative deviation of absolute values) 
and RMSE as performance measures. All rainfall scenarios were compared for a time 
aggregation of 15min. Performance of flow predictions was compared relative to the response 
of the catchment from rain gauge observations in terms of runoff volumes. 
 
3. Results 

 
Overall, the results from our case study for CML are promising, although adjustment to local 
rain gauges seems necessary for urban rainfall-runoff simulations (Figure 1). It can be seen 
that the unadjusted CML in our case study consistently underestimate rainfall, which is 
especially severe for light rainfall. Adjustment to RG data substantially reduces bias. In 
comparison to unadjusted radar rainfall, CML perform slightly better, which could be due to 
the challenging mountainous terrain. As expected, the results show an increasing precision of 
all instruments with increasing aggregation time (Table 1). Our results further suggest that 
baseline removal of CML RSLs alone is not sufficient for pre-processing, because data quality 
could be worse than from current weather radars (Table 1). 
 
Regarding runoff predictions (Figure 2), it can be seen that driving the runoff model with radar 
rainfall leads to considerable variability and both under- and overestimates runoff. In contrast, 
CML data seem to generally better correspond to the RG data, e.g. by predicting less extreme 
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flow peaks (left). Predictions with adjusted CML data (green lines) seem to show the best 
similarity to the predictions with spatially interpolated RG data, because unadjusted CML data 
seem to underestimate the runoff peaks (right). 

 
Figure 1: Comparison of unadjusted CML QPEs (left) to the RG IDW scenario for the period 
8.6.2013-15.11.2013 and adjusted CML QPEs (left). Both figures show the comparison for 
10min aggregated data. It can be seen that the unadjusted CML in our case study consistently 
underestimate rainfall, which is substantially reduced by adjustment to rain gauge data. In 
comparison to unadjusted radar rainfall, CML perform slightly better, maybe because they are 
closer to the ground. 
 

Table 1: Quantitative rainfall analysis for increasing temporal aggregation intervals. The 
values represent the Bias [%] and RMSE [mm/h] in comparison to the ground truth RG IDW 
scenario. The high relative bias in unadjusted CML stems from a large number of relatively 
large deviations for small rainfall observations. 
 

Sensor   1 min 5 min 10 min 1 h 

CML Bias [%] 96 94 94 93 

  RMSE [mm/h] 2.7 1.9 1.5 0.9 

CML adjusted Bias [%] 34 33 32 31 

  RMSE [mm/h] 2.9 2 1.5 0.6 

Radar Bias [%] 59 59 59 59 

  RMSE [mm/h] 3.2 2.5 2.1 1.3 

 
 

 
Fig 2: Comparison of predicted rainfall runoff for the urban catchment in Adliswil (ZH) and 
different rainfall information for event 31 (left) and event 10 (right). It can be seen that driving 
the runoff model with radar rainfall leads to considerable variability and both under- and 
overestimates runoff. In contrast, CML data seem to better correspond to the RG data, e.g. by 
predicting less extreme flow peaks. Predictions with adjusted CML data (green lines) seem to 
show more similarity to the predictions with spatially interpolated RG data than without 
adjustment and from radar. 
 
This is also reflected in analysing general rainfall and runoff volumes (Table 2). It can be seen 
that adjusted CML closer correspond to the runoff-to-rainfall ratio of the RGs than the other 
data sources. Unfortunately, the interpretation of the result of the rainfall-runoff model is not 
straight forward, because the system response fundamentally depends on the rainfall input, 
i.e. runoff formation and losses due to overflows distort the picture. This is illustrated by 
comparison to a synthetic 12h-block rainfall with an intensity of 6mm (Table 2, last row). 
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Table 2: Quantitative analysis of runoff predictions. Rainfall and runoff represent the total sums 
for the entire period. Differences to the RG are smallest for the adjusted CML observations. 
Comparisons with synthetic block rain demonstrate that the SWMM model introduces 
additional uncertainty, because runoff formation and overflows depend on the rainfall input. 
 

Sensor Rainfall 
[mm] 

Runoff [l] Runoff/Rainfall Diff. to RG [%] 

RG 33582 480860 14.3 0 

CML 17383 368264 21.2 48 

CML adj 25579 406000 15.9 11 

Radar 21055 424196 20.1 41 

Synthetic rain 4320 39873 9.2 - 

 

 
 
4. Discussion 

 
In this study, we analyzed the results from a comprehensive monitoring campaign of urban 
rainfall-runoff regarding the using the observations from CML in urban drainage simulations. 
Our results from 35 observed rain events suggest that CML data which are only processed 
with baseline removal and wet antenna correction still contain considerable deviations to 
ground truth rain gauge measurements. 
 
This corresponds to the results of Fencl et al. (2016), where bias was also present despite of 
pre-processing with baseline removal and wet antenna correction. In a similar fashion, 
Pastorek et. al. 2017 showed that a model driven with adjusted CML better reproduced 
observed rainfall-runoff than a single local rain gauge, probably because of better spatial 
representativeness. In that sense, the comparably high temporal resolution of CML could 
provide the necessary information to disaggregate cumulative rainfall measurements from 
local point gauges in time and space. Deriving QPEs with a high temporal resolution only by 
means of digital signal processing or machine learning (Ostrometzky et al., 2015) seem 
challenging, among other things because a proper ground truth, i.e. verified 5min data from 
dense RG networks, is more often than not lacking. If it is present, it might also be affected by 
errors. 
 
In our view, although our experimental study dates back several years, the data quality of the 
CML was rather well in comparison to more recent studies. This was, because today 
telecommunication providers usually operate their CMLs with Automatic Gain Control (AGC), 
which was not the case in our study. This means that in addition to the varying RSLs, signal 
attenuation is also affected by varying input gains, which often only have a resolution of 1 dB 
(Wang et al., 2012). Thus, adjusting to cumulative ground truth observations from rain gauges 
has even greater potential. 
 
Regarding the chosen methodology, an alternative approach could have been to use the 
individual rainfall and runoff observation to calibrate the model for each rain event or scenario 
of input data. This brings two complications with respect to the choice of appropriate error 
models and the choice of performance metrics. First, the involved errors might not only be 
different for each sensor, but for each event, and second, the SWMM model is very flexible 
and can easily be overfitted to optimally match a set of output observations. Instead of 
analyzing the variability of the model output, i.e. flow, to different inputs, one possible 
alternative could be to augment the SWMM model with a component for rainfall errors, e.g. 
rainfall multipliers or stochastic processes (Del Giudice et al., 2016), and directly estimate its 
magnitude for each input. This, however, probably requires additional assumptions on model 
parameters and structural deficits. 
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In the future, we will further analyze our collected data regarding the benefit of different pre-
processing methods and the advantage of combining single RGs with CML observations. This 
means that we will construct more rainfall scenarios, such as comparing CML to results from 
single RGs, combining CMLs with radar and identifying CMLs which do not provide much 
information on local rainfall, e.g. because they cover several kilometers. 
 
Further work is also needed to better understand the influential factors on CML data quality, 
such as dynamics of signal loss during rain (Fencl et al., 2018). In addition, influencing factors, 
such as antenna wetting, or a changing scattering behavior of the urban areas during rain, 
e.g. from wet surfaces, are still unknown. In the future, we will therefore perform exploratory 
data analysis on our data to investigate the role of rainfall characteristics on observation 
results, such as duration of the storm event, the average and maximum intensities during the 
event or the season to possibly explain the remaining variability. 
 
Last, but not least, it is important to work on incentives on both ends of the involved 
stakeholders. First, incentives are needed to motivate telecommunication companies to 
provide their data, e.g. commercialize the information through weather data brokers. Second, 
it requires work on the demand side, e.g. to convince national meteorological services to work 
with data from opportunistic sensors, such as CMLs or citizen-science personal weather 
stations. 
 
5. Conclusions 

 
To better assess urban drainage performance, more detailed rainfall information is needed. In 
this study, we investigate whether commercial microwave links (CML) can bridge the gap 
between point measurements from rain gauges on the ground and spatially resolved radar 
data. Based on our analysis of experimental data from 35 rain events we conclude that, first, 
despite their limitations, rain gauges still provide the reference measurement equipment for 
urban rainfall runoff studies. Unfortunately, the rainfall process is so highly variable on relevant 
temporal and spatial scales that even with 5 gauges placed on 6km2, considerable variability 
remains and it is necessary to work with aggregated data. Second, CML data contain indeed 
substantial information on rainfall, especially in urban settings where the density of antennas 
is high. As their received signal levels usually have a high temporal resolution, they can nicely 
complement cumulative rainfall measurement and be used to disaggregate hourly or even 
daily measurements. Our results suggest that quantitative precipitation estimates from CML 
which are only processed with baseline removal and wet antenna correction still contain 
considerable deviations to ground truth rain gauge measurements. Runoff predictions from 
unadjusted CMLs are heavily biased in comparison to those from rain gauges. It is currently 
too little understood what the influential factors on received signal levels from operational 
CMLs are. Further, experimental data are needed to better distinguish signal attenuation from 
rainfall along the CML from equipment or environmental factors. 
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Abstract 
 

Event analysis of (mostly) damage producing events requires a repeatable and impact related 
procedure to be comparable. A best practice example is used for a tentative definition of such 
a method. 
 
1. Introduction 
 
Damage producing rainfall events require a detailed and reliable analysis of damage causes 
including the impact of hydrological and meteorological processes. The associated rainfall 
contribution linked to the initial hydrological state and following flow behavior helps to 
understand the severity of an event and the vulnerability within the catchment system. From 
that, possible protection measures can be derived, and responsibilities can be determined. 
From this, compensation claims and future mitigation measures can be derived. In recent 
years  

 Occurrences of heavy rainfall and damage have increased,  

 extreme events call for action of the whole municipal community and not only the single 
citizen or technical and hazard departments,  

 the analysis of heavy rainfall requires a thorough and well-organized inspection of all 
available data (weather radar, station data, flow rates and paths and damage data), 

 it is important to rely on quality controlled high-resolution data and objective observations 
for detailed analyses in urban areas, because the events occur locally, and the flow system 
structure is complex. 

 events with different hydrological situations and effects have shown that simple statistic 
approaches do not appropriately explain the observed impact 

 
Guidelines or standards currently do not exist for a proper procedure, and recent examples 
have shown that there is a need for a best practice definition and good communication. 
 
2. Experience from the Münster flood event of 2014 
 

The event in Münster was the highest event in northern Germany for daily rainfall sums. It 
caused electricity blackout, flooding of a large part of the city and proved to be a severe 
challenge for emergency services because only one third of incoming emergency calls could 
be covered. 
 
Radar characteristics. Radar data have been processed by the German Weather Service 

(DWD) with their RADOLAN product. It became clear in the event analysis that the sparse rain 
gauge network REGNIE (Figure 1, left) was not able to detect the extreme event. The network 
density also plays a role for radar adjustment (Figure 1, centre) where the adjusted radar still 
considerably underestimates the peak precipitation sum of 292 mm measured by the rain 
gauge of the State Environmental Agency (Figure 1, right). The DWD first questioned the high 
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precipitation amounts (DWD, 2014) but later acknowledged that their own values had been 
too low. 
 
Damage information. About 30.000 insured loss cases with overall costs of 200 million Euro 

were reported (GDV, 2015). 

 
 
Figure 1. Rainfall event sum for Münster, seen by REGNIE rain gauges (left), online adjusted 
radar (centre) and offline analysed radar (right) – from Winterrath (2017). 
 
 
3. Best practice example: the Wuppertal flood event of 29 May 2018 
 

The heavy rainfall event in Wuppertal, which caused 

 the Wupper to extremely rise in just one hour with the highest peak in 80 years 

 overflowing and eroded creeks with debris, waste and driftwood at the rakes 

 large flooded areas beyond the rivers and creeks 

 the roof of a petrol station and from a part of the university to collapse  

 flooded infrastructure and buildings 
happened in May as the first one in a series of three events striking Wuppertal within two 
weeks’ time. The city of Wuppertal is situated in a steep and highly urbanized landscape 
(Scheibel, 2018).  
 
Because of the emotional situation of being flooded and the mentioned need for mitigation, 
understanding what has happened in the sense of cause and effect relationship is very 
important. Therefore, the understandable communication of cause and impact is a challenge 
which is needed to determine responsibilities and (future) measures to enhance the resilience 
against flooding. Return periods of rainfall events are different to the ones from water levels 
at a certain creek since it is a (random) point-based return period and can occur at different 
places in one area even within a short period. Water level statistics is based on a fixed point 
in the water system as a representative being the concentration point of the summarized 
random effects from the whole catchment. 
 
In the current event, a huge amount of the flooded areas where not directly affected by 
overflowing creeks because there were no creeks close by to discharge the water through the 
city– the main roads served this purpose. Antecedent conditions were very dry and the river 
Wupper in the middle of the valley was able to drain the water out of the area very quickly, so 
that inspite of the extreme event, nobody was harmed. But by that, the Wupper river went from 
low flow to its highest observed water level in 80 years and that was close to overflowing at 
other points along the river course. 
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Figure 2. Event sum for the 29 May 2018  Figure 3. Zoom on the city of Wuppertal 
 
To understand the event with all the different effects related to small creeks, rakes, the river 
Wupper and the surface runoff it is not possible to just look on long-term station statistics 
compared to measurements during the event. Only some stations were affected directly by 
the storm cell (see figure 3) so that the peak of more than 150 mm would hardly be identified. 
To gain knowledge about the small-scale effects the most realistic areal preicipation had to be 
found. Therefore, radar data was adjusted to a dense network of rain gauge station data (see 
figure 2). The adjustment was performed with 37 of the 44 rain gauges. Seven rain gauges 
were used for the verification of the obtained results. Criteria for the adjustment were the 
coefficient of determination R2 and the slope which should be as close to 1.00 as possible. 
Decision criterium for the verification was the mean absolute error (MAE). 
 

 
 
Figure 4. Adjustment check on the event sum [in mm] 
 
 
Table 1. MAE of seven verification stations [in mm] 
 

Verification with 7 stations 

no adjustment 19.00 

adjustment without attenuation correction 10.39 

adjustment with attenuation correction 7.49 
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Figure 5. Maximum hourly sum 
 
The comparison of the maximum hourly sum (> 120 mm) to the corresponding extreme value 
statistics KOSTRA 2010R shows that the sum at the highest pixel in Wuppertal is well beyond 
a return period of once in 100 years for 60 minutes (48.6 mm). According to the Rainstorm 
Severity Index defined by Schmitt et al. (2018), the event was at index level 11 from 12. The 
index describes 12 levels of severity where level 7 corresponds to a return period of 100 years, 
and level 12 is beyond all expectations. 
 
The reaction of the catchment was different between the first and the following events. This 
proves that – even in highly urbanized areas and during such an extraordinary event – the soil 
conditions due to the antecedent rainfall can be sensitive for the runoff generation. As an 
example, there was one creek where the discharge from the first event was a ten year flood 
with a higher areal rainfall (74 mm with API = 6,5mm) then in the second event (58 mm and 
API = 76 mm) 3 days later with a fifty years flood and nearly the same return period one week 
later (but 35 mm and an API of still 59 mm). 
 
4. A possible standard procedure 

 
A procedure to produce reliable results from radar-based event evaluation should be based 
on the following minimum standards: 

1. Initial conditions must be known  

Parameters like soil wetness, the current capacity of the sewer / river system and 
corresponding retention facilities are required for a proper analysis. 

2. Span the entire event 

The basic data for the event analysis should span the entire event, including at least 24 
hours before damage occurrence to include a potential time of water accumulation on the 
ground and possible basin retention times. 

3. Use of radar data 

Radar data are required with a time step of 5 or 6 minutes or less so that statistical 
assessments can be performed and a spatial resolution 1 x 1 km or better. 

 

 



UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

37 
 

4. Quality control of radar data 

Radar data must be quality controlled according to the state of the art of radar data 
processing. This includes corrections for clutter, blockage, attenuation, hail, bright band (if 
applicable), temporal interpolation and second trip echoes. 

5. Use of quality-controlled rain gauge data 

Rain gauges must be used as ground reference for radar adjustment when reflectivity data 
are used. Adjustment must be performed according to national and international 
regulations. If available, stations close to the damage site of all operators shall be included. 
Because adjustment procedures are sensitive to rain gauge data, the measurements from 
rain gauges must be quality controlled as well. If the gauge network density is less than 1 
gauge per 10 km2, a sensitivity analysis of the result is required, giving the 90%-percentile 
of the adjustment procedure. 

6. Comparison to extreme value statistics for precipitation and related area 

For the event severity classification as “exceptional” or “not exceptional”, an extreme value 
statistics / design storms of locally representative stations (point or grid) are required. The 
classification is then performed for the related areal precipitation derived from the station 
adjusted radar data. The affected area is derived from topography and resulting flow paths 
and the selected integration periods, ranging from 5 minutes to 24 hours for summer 
events, should be derived from concentration times and history of the event (overlaying of 
different cells, antecedent precipitation index and soil condition e.g.).  

 
5. Conclusions 

 
With the objective to give a framework to produce comparable and impact related radar-based 
rain event evaluations, a structured procedure has been developed. The approach has been 
illustrated on a best practice example of damage producing rain events in May 2018 in the 
Wupper area, Germany. 
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Abstract 
 
In urban hydrology, models are necessary for the dimensioning of sewer systems as well as 
for waste water treatment. These models need long, continuous precipitation time series in a 
high temporal resolution. The use of synthetic precipitation is a common alternative to 
observed data since available time series are often too short, restricted to some locations or 
of an insufficient data quality. The aim of this project (SYNOPSE II) is to provide synthetic 
precipitation time series in Germany for sewer applications.  
 
The contribution of part 1 compares two precipitation models: a parametric stochastic model 
based on an alternating renewal approach (Callau Poduje and Haberlandt, 2017) and a non-
parametric probabilistic approach (Bárdossy, 1998). Both models generate point time series 
in a high temporal resolution (5 min) for whole Germany on a 5 km x 5 km grid. They are set 
up with data of 950 pluviometers in 5 min resolution provided by the German weather service 
(Deutscher Wetterdienst - DWD) covering the years 1993 – 2016. 
 
This study uses 45 of the 950 stations as reference stations for a cross-validation. The 45 
reference stations consist of minimum of 20 years of observed data and are chosen to 
statistically represent the climate of whole Germany (i.e. the mean yearly precipitation sum, 
the geographical height, the probability of daily values > 1.5 mm and the Párde-coefficient 
describing the fluctuation of monthly precipitation within one year).  
 
The performance of both precipitation models is compared against the reference stations 
using different kind of statistics, for example yearly precipitation sums, event based 
characteristics and intensity-duration-frequency-curves. Part 2 Application and validation of 
synthetic precipitation time series for urban drainage modelling compares the results of the 

runoff simulations in order to quantify the difference between the generated and observed time 
series. 
 
The work is carried out within the SYNOPSE II project, funded by the German Federal Ministry 
of Education and Research (BMBF). 
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Abstract 
 
The growing urbanization and aggregation of metropolitan territorial communities, sustainable 
development, citizen engagement, economic and cultural attractiveness and governance are 
among the most important issues for modern cities. The increasing complexity of these 
problems and technological development are leading to an urgent need and the opportunity 
to radically rethink the way we build and manage our cities. 
 
The recent institution of the Metropolitan area of Cagliari, that counts more than 500 thousands 

inhabitants, stimulated the government of the Sardinian region to fund an innovative project 
(Tessuto Digitale Metropolitano), that will be developed jointly between the Center for 
advanced studies, research and development in Sardinia and the University of Cagliari. 
Specifically, the project aims at studying and developing innovative methods and technologies 
to offer new smart solutions to improve the attractiveness of the city, the management of 
resources and the safety and quality of life of citizens. These objectives can be pursued 
through the synergic use and experimentation of advanced communication infrastructures and 
widespread sensors, and the development of innovative vertical solutions. Among the others, 
the improvement of citizens’ safety against environmental risks is a priority objective, with a 
special regard to the development of monitoring and prediction systems of extreme 
precipitation events. In general, common characteristic of these phenomena is that their 
occurrence cannot be predicted with sufficient accuracy using traditional weather forecasting 
methods nor monitored by punctual traditional tipping buckets raingauges.  
 
This introduces the need for rainfall monitoring continuously in time and space, both to check 
their evolution in real time, and to dispose the necessary measures of civil protection. At the 
same time, the analysis of past observations, in terms of patterns and principal directions, 
allow to forecast (nowcasting) the occurrence of similar phenomena 30 minutes- 1hour ahead 
the rain hits the ground. 
 
Following these premises, the Department of Civil, Environmental Engineering and 
Architecture (DICAAR) of the University of Cagliari installed a weather radar (figure 1, left 
panel) over the tower-shaft elevator of a building of the Faculty of Engineering and 
Architecture, University of Cagliari (Lon 9.108720°, Lat 39.228991°). The radar is the 
SuperGauge model, produced by Envisens Technologies: it is an X-band radar characterized 
by a single elevation and single polarization, with 1 minute resolution in time and 60 m 
resolution in range. The radar can monitor an area within a radius of 30 km, with an azimuth 
resolution linearly increasing with distance up to 1500 m at the maximum distance (30 km). 
Hence, from the current position the instrument can monitor the whole Cagliari metropolitan 
area. Each scan is then processed to return the retrieved rainfall field in a regular grid with 
60x60 meter grid-cells every minute. 
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Fig 1: Left: Radar installation site. Right: Rainfall field observed during the 02-05-2018 event. 
  

The radar position was decided in order to limit electromagnetic interferences and minimize 
the ground clutter effects, which in turns are due to morphology and surrounding buildings. 
Initially, the radar was set with 0° elevation for the antenna. The first instrument run was during 
the rain events occurred throughout Sardinia at the beginning of May 2018, which showed 
high rainfall rates and precipitation volumes. Meteorological models correctly forecasted the 
storm occurrences and the civil protection issued several warnings of severe weather 
conditions; as a consequence, several damages were registered. A snapshot of the rainfall 
field as recorded by the radar during the event of 02-05-2018 is reported in figure 1 (right 
panel), showing some areas where the rainfall rate exceeds 40 mm/h. 
 

The comparison between the above observations and those collected by the National Radar 
Network supports the correct functioning of the instrument, at least in terms of registered 
rainfall patterns. Some adjustments and calibration are still needed: first, in order to minimize 
the ground clutter, hence improving the quality of the measurements, the elevation angle will 
be increased up to 3°. Second, rainfall observations inferred by the radar will be accurately 
adjusted taking the advantage of the Sardinia’s rain gauges network. 
 

When retrievals of other events will be collected and available, some nowcasting procedures 
will be implemented in order to use radar observations also to issue real time warnings. 
Traditional methods, based on cell tracking, area tracking, and stochastic algorithms will be 
compared to innovative methods, based on machine learning. Finally, radar and rain gauge 
data will be integrated with the sensor network envisaged by the abovementioned project, 
aimed at monitoring multiple environmental parameters (temperature, water level, wind speed, 
relative humidity). This complete data set will improve the forecast reliability, not only in terms 
of precipitation fields but also for many other quantities related to environmental security. 
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Abstract 

 
Rainfall retrieval from commercial microwave links (CMLs), point-to-point radio connections 
widely used as cellular backhaul, is a promising method which can be used to either complete 
existing monitoring networks (Stránský et al, 2018) or provide standalone rainfall observations 
where standard instruments are sparse or missing completely (Doumounia et al., 2014). The 
method is based on robust power-law relation between rainfall intensity and radiowave 
attenuation caused by raindrops along the path between transmitter and receiver. 
Nevertheless, raindrop path attenuation needs to be first separated from other sources of 
attenuation, particularly so called wet antenna attenuation (WAA). The WAA is caused by 
water film forming on the surface of CML antennas or their radomes and is related not only to 
the rainfall but also other environmental variables such as wind, humidity or temperature and 
furthermore to the antenna hardware properties (e.g. radome shape or coating). Thus, WAA 
is difficult to quantify. There have been several models suggested (for an overview see e.g. 
Schleiss et al., 2013) to estimate and correct for WAA, nevertheless, different studies came to 
contradicting conclusions regarding the relation between WAA and rainfall intensity. Thus, 
WAA remains one of the major sources of uncertainty in CML rainfall estimates. The bias due 
to WAA is especially pronounced by shorter CMLs of (sub)kilometer lengths where WAA 
represent substantial part of total attenuation. On the other hand, short CMLs having similar 
length scales as urban catchments are potentially the most informative ones for applications 
such as urban drainage modeling. 
 
This contribution suggests a novel approach where attenuation from different CMLs is 
combined to reduce bias due to WAA while preserving ability of CMLs to reproduce rainfall 
temporal patterns. Three short CMLs (610- 910 m) covering well small urban catchment 
(2.3 km2) are adjusted to hourly rainfall intensities from a long CML (2.61 km). Modified 
procedure of Fencl et al., (2017) is used for adjusting. CML rainfall estimates at one-minute 
temporal resolution spanning over period from August to October 2014 are compared with 
areal rainfall from four rain gauges located in the catchment. Nash-Sutcliffe efficiency index 
and relative error in cumulative rainfall is used to evaluate performance of the CMLs during 
each of the 13 rain events (rainfall depth > 5 mm) occurring within the experimental period. 
Furthermore, areal rainfall obtained by averaging precipitation estimates from three short 
CMLs is assessed. 
 
The first results show that the shorter CMLs perform substantially better when adjusted to the 
long CML even when the long CMLs is on average biased. Nevertheless, the overall bias of 
the longer CML propagates to adjusted rainfall estimates (Fig. 1, top). The NSE for best 
performing adjusted short CML (S1) ranges between 0.44 and 0.72 with median 0.66. The 
NSE for mean rainfall from three short CMLs is between 0.38 and 0.76 with median 0.61. 
These are substantially better results than for short unadjusted CMLs (Fig. 1, bottom-left). The 
adjusted short CMLs also outperform the single long CML to which they were adjusted. The 
results demonstrate that combined use of long and short CMLs can improve CML rainfall 
estimates. This is especially useful for catchments where traditional rainfall observations are 
sparse or missing completely. Nevertheless, the current method suffers from WAA affecting 
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longer CMLs to which shorter ones are adjusted. Our further research, therefore, focuses on 
eliminating effect of WAA on long CMLs using information from short CMLs, i.e. extending 
presented method by a pre-step where short CMLs are first (before being adjusted) used for 
quantification and correction for WAA affecting long CMLs. 

 
   
 

 
 

 

  
Fig 1: Relative error (top) and Nash-Sutcliffe efficiency index (bottom) evaluated on one long 
CML (L1), three short (S1-S3) CMLs, and mean rainfall from the three short CMLs (mean(S)) 
Performance statistics is evaluated for each of the 13 rain events. Adjusted rainfall estimates 
(right) have substantially higher NSE than before adjusting (middle). Experimental layout of 
four CMLs and five RGs (right). 
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Abstract 

 
In the present communication we describe the performance of the two MeteoSwiss radar-
derived precipitation products (radar-only and radar-gage merging) from 2005 to 2017 using 
as a reference the same set of 68 in situ measurements available during such a long 
observation period. Hourly amounts have been put together in a unique seasonal pool and the 
agreement is characterized in terms of dispersion of the weighted multiplicative error (scatter 
in dB). As far as radar-only estimation is concerned, the typical scatter in summer for hourly 
accumulation is 3.0±0.1 dB (from 2005 to 2013); in the following two years, after the 

installation of a fourth weather radar in Wallis, the scatter is 2.8 dB and 3.1 dB. After the 
installation of a fifth radar in Grison, it decreases to (2.75 dB) 2.70 dB in (2016) 2017. The 

radar-only estimates at gauge locations are certainly not affected by the amounts measured 
by the gauges. On the contrary, the radar-gage merging (CombiPrecip) values are affected. 
That is why a cross-validation approach has been used in the verification: the typical 
CombiPrecip cross-validation scatter in summer is 2.44±0.12 dB (2005-2013). Thanks to the 
continuous increase in the number of rain gauges in the automatic tele-metered network (as 
well as the 4th radar), the scatter decreases to 2.20 and 2.35 dB in the following two years. 
With more than 260 gauges and five radars, the scatter in the same 68 sites decreases to 
(2.0) 1.9 dB in (2016) 2017. This quantitative estimate of the agreement in summer between 
in situ measurements and remotely sensed estimates is representative for most of the hourly 
estimates, but certainly not all of them; the last section shows how problematic could be the 
quantitative characterization of an extreme event, since it evolves very rapidly in space and 
time. In such cases, the spatio-temporal resolution of our monitoring system becomes the 
limiting factor. 
 
1. Introduction 

 
Real-time quantitative precipitation estimation (QPE) in mountainous terrain is important in 
several applications: monitoring and nowcasting precipitation, river flow and lake level 
forecasting, hydro-geological risk management, precipitation extremes, urban and water 
management, civil protection for human outdoor activities. Yet, neither conventional in situ 
measurements (rain gauges) nor remotely sensed observations from weather radars are able 
alone to provide an adequate answer. That is why the problem of the optimal combination of 
rain gauge point measurements and radar precipitation estimates has been thoroughly 
investigated at MeteoSwiss, among other weather services and research institutes.  
 
2. Methods 

 
At MeteoSwiss a method has been developed (Sideris et al., 2014) that attempts to generalize 
well-established geostatistical techniques, such as kriging with external drift, and operationally 
produces effective real-time merging of data coming from the MeteoSwiss gauge and weather 
radar networks, which have been recently renovated and enlarged. This innovative, multi-
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sensor, precipitation product (CombiPrecip) has been operationally running since 2012; 
furthermore, a reprocessing of the period 2005-2010 has been run.  
In the following Sec. 3 and 4 we aim at characterizing the performance of the two MeteoSwiss 
radar-derived products (radar-only and CombiPrecip) from 2005 to 2017 using as a reference 
the same set of in situ measurements available during this long period. We have tried to reduce 
the enormous and challenging differences in the sampling modes of the two instruments (radar 
versus gauges) by averaging the precipitation rates over one hour. All seasonal hourly 
amounts are then put together in the same pool. The disagreement is characterized in terms 
of dispersion of the weighted multiplicative error around the mean (scatter in dB, see Germann 
et al., 2006), in addition to the obvious mean under- or over-estimation. The radar-only 
precipitation estimates at gauge locations are obviously not affected by the amounts measured 
by the gauges. On the contrary, the CombiPrecip (CPC) values are. That is why a cross-
validation approach has been used in the verification: each validation gauge is excluded when 
predicting the “CPC Cross-Val” hourly precipitation amounts at that site. 
 
3. Data 

 
The observation period consists of 12 years: six years (2005-2010) with the previous 
generation of weather radars and other six years (2012-2017) with the current state-of-the-art 
weather radar network. In 2011, in fact, MeteoSwiss has started the renewal and enlargement 
of its (Doppler, analogue-receiver) radar network (Rad4Alp project): it now consists of five 
dual-polarization, Doppler, C-band radars. Antenna-mounted, fully-digital receivers have been 
introduced into the current new generation: each system has two receiving channels, which 
are able to measure orthogonal polarizations. Three of these radars are located near the 
political borders of Switzerland (to control fronts and detect perturbations in the largest 
possible range) and close to highly populated areas and large airports; these locations are the 
same as in the previous network. Two additional radars have been installed, by necessity, at 
high altitudes (3000 m), to improve the coverage in the inner parts of the Alps. The 4th system, 
which is located near Crans-Montana, is operational since 2014; the 5th one, near Davos, is 
operational since 2016. Switzerland has also a long tradition of in situ observations of 
precipitation based on hundreds of daily-measuring gauges. For the present study, which is 
focused on hourly amounts, only the telemetered network equipped with 68 automatic rain 
gauges could be used; in this case rain amounts are recorded every ten minutes and 
transmitted, in real time, to the operation center in Zurich. The resolution is 0.1 mm. Starting 
from 2012, such a network has been increasing in size to reach its current extension of 268 
gauges in the last years. 
 
4. Results 
 
At MeteoSwiss considerable efforts are spent in calibration, adjustment and monitoring 
activities so that the systematic error of the (radar and) CombiPrecip products over one year 
and the whole Country is small enough, e.g. less than ±0.5 dB. As a consequence, the goal 
of the present evaluation is to assess the dispersion of the error around such small average 
error. For this purpose a score that is orthogonal to the mean error has been conceived: it is 
called scatter and it is a measure of the dispersion of the weighted multiplicative error (see 
Germann et al., 2006).  
 

4.1 Quantitative Precipitation Estimation: best performances in summer 

This subsection is devoted to results obtained during the summer season (June-July-August), 
which is, as expected, the one easiest to be interpreted and with the best performance. Since 
in summer most of the precipitation is liquid, at least at the ground level, it is also the most 
significant for comparing precipitation amounts. Table 1 presents the dispersion of the (dis-
)agreement with respect to the 68 gauges for the radar-only (1st line) and the CPC Cross-
Validation precipitation estimates. For each 2-year period, two values of scatter have been 
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used to derive an average value (±1_deviation). The first three columns refer to the previous 
radar network, the last three columns to the state-of-the-art, dual-polarization network 
equipped with three (column 4), four (column 5*) and five (column 6**) radars. For what 
concerns the radar-only QPE, no general improvement can be seen in 2012-2013, despite the 
improvement in hardware (better sensitivity) and scan program (an additional antenna rotation 
with angle of elevation of 1°). The scatter remains of the order of 3 dB, as obtained in the 
2005-2010 period as well as in Southern Switzerland during six “mild” months (see Fig. 2, 
page 450, in Germann et al., 2006). A small improvement in the 2-year average is observed 
in 2014-2015. On the contrary, the performance are better in 2016-2017. It is worth to remind 
that the clutter suppression algorithm has been improved during 2013 thanks to dual-
polarization information. It is concluded that the breakthrough in terms of the selected 
verification score is mainly caused by the improvement in visibility and coverage thanks to the 
installation of the (4th and) 5th radar(s). 
 
Table 1: Performance of MeteoSwiss precipitation products during summer. The analysis is 
based on hourly amounts evaluated in the same 68 sites during six two-year periods. The 
tables shows the 2-year seasonal average value(±1_deviation) of the scatter in dB. 

Product 2005-2006 2007-2008 2009-2010 2012-2013 2014*-2015 2016**-2017 

Radar-only 3.1±0.12 dB 3.0±0.15 dB 3.0±0.15 dB 3.0±0.15 dB 2.9±0.25 dB 2.7±0.04 dB 
CPC Cross-Val. 2.5±0.16 dB 2.4±0.13 dB 2.4±0.10 dB 2.4±0.13 dB 2.3±0.11 dB 2.0±0.07 dB 

 
 
Similar conclusions can be obtained by looking at the (obviously better) performance of CPC 
Cross-Val: the first 8 years are characterized by a scatter of 2.4 dB; during the next two-year 
period (4 radars) the small improvement is still undistinguishable in terms of deviation. Thanks 
to the 5th radar, the scatter results to be as low as 1.96 dB in 2016-2017 (±0.07 dB deviation).  
What would one obtain, if he used the hourly amounts stored in the CombiPrecip product? 
Obviously, a much smaller scatter, simply because each prediction is based also on the gauge 
amount used in the evaluation! For this reason, the “temporal trend” is the interesting part of 
the story (while the values per se are less significant and certainly too optimistic): with the old 
radar network (2005-2010), the scatter of CombiPrecip results to be around 1.6 dB. In 2012-
2013, probably thanks to the installation of new rain gauges (this is at least, our interpretation), 
it decreases to 1.3 dB. Finally, the scatter decreases to 0.9(±0.03) dB and 0.7(±0.04) dB in 
the last two two-year periods: it is argued that this is caused by both the increased number of 
gauges and the two additional high-altitude radars in Wallis and Grisons.  
It is important to underline that the Scatter is derived using a double conditional approach: a 
threshold of 0.3 mm/h is applied to BOTH conventional AND non-conventional estimates. 
 

4.2 Quantitative Precipitation Estimation: performances in winter (and other seasons) 

The agreement of the two gridded precipitation products (radar-only and CPC) during the other 
three seasons are, as expected, considerably worse. This is mainly caused by the fact that 
the retrieval of precipitation rates when the majority of the hydrometeors are in the (water) 
solid phase is much more difficult and uncertain than the case with liquid rain drops. By way 
of example, a characterization of the performance during the winter season is shown in Table 
2.  
 
Table 2: Same as in Table 1 but during winter (December-January-February). 

Product 2005-2006 2007-2008 2009-2010 2012-2013 2014*-2015 2016**-2017 

Radar-only 3.3±0.26 dB 3.1±0.05 dB 3.2±0.22 dB 3.3±0.28 dB 2.9±0.15 dB 3.3±0.07 dB 
CPC Cross-Val. 2.8±0.35 dB 2.5±0.03 dB 2.4±0.24 dB 2.5±0.40 dB 2.0±0.16 dB 2.1±0.08 dB 

 
As expected, the performance of CPC Cross-Val are better than the radar-only product. It is 
also worth noting that in a statistical sense (the CPC Cross-Val performance in winter (2nd row, 
Table 2) are considerably better than radar-only performance in summer (1st row, Table 1).  
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For what concerns the radar-only QPE, on the one hand winter performance are worse than 
in summer, on the other hand there is no beneficial trend caused by the two additional high-
altitude radars (1st row, Table 2). However, at least the CPC Cross-Validation evaluation (see 
the 2nd row of Table 2) performance (as well as the CombiPrecip values) are positively affected 
by the presence of the two new radars. If someone used the hourly amounts stored in the 
CombiPrecip product (instead of the Cross-val. values), he would get a scatter of ~1.6 dB with 
the old radar network (2005-2010), ~1.3 dB in 2012-2013, and (0.9) 0.8 dB in (2014-2015) 
2016-2017. 
 
5. Examples of precipitation estimation in extreme conditions: Lausanne 11.6.2018 

 
The methodology used in this extended abstract is valid and representative for most of the 
hourly (conventional and remotely sensed) estimates, but certainly not all. This Sec. 5 shows 
how problematic could be the quantitative characterization of extreme events, since they 
evolve too rapidly in space and time for our observing systems. As an example we briefly 
present an extreme event that hit the Lausanne urban area on June 11,2018. A MeteoSwiss 

automatic rain gauge located downtown at 601m altitude has measured between 21 and 21:10 
UTC an impressive 10-min amount of ~40.9 mm. A gauge network is seldom dense enough 
so that at least one in situ device is not too far from the maximum in deep convection. On the 
contrary, in this case the gauge amount is likely not too far from the real maximum amount: 
as it will described below, the absolute precipitation maximum of the storm in term of 
polarimetric signature was a value slightly larger than 15 degree/km of the specific differential 
propagation phase delay; the spectral signature of the sampling volume containing the 
hydrometeors (and many others!) subsequently reaching the gauge was instead 14 degree/km 
(see Fig. 1, right picture). 
 
Figure 1 shows a vertical cut of the temporal evolution of the summer storm (so-called Time 
Height Indicator, THI) at a “specific site close to” the LSN rain gauge as seen by the Dole radar 
at ~42 km range: each rectangular cell represents a polar volume of approximately 
750×750×83.3 m (elevation, azimuth, range resolution) sampled every 5 minutes. Hence, 
twelve radar observations per hour are recorded and displayed. The time scale, which ranges 
from 20 to 22 UTC, is shown on the abscissa: each black vertical line is every 15 minutes. The 
altitude above sea level is shown on the ordinate (black horizontal line every 1km), which 
spans from 1.5 to 10.5 km. Twelve acquisitions at 12 different angles of elevation are shown 
on the ordinate: the interleaved nature of the Swiss scan program (see e.g., the Figure at page 
45 in Germann et al., 2015). Consecutive odd (and even) lines are, in fact, more correlated 
simply because they are closest in time. The “semi-quantitative” color palette is related to the 
intensity of the polarimetric radar observables. 
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Figure 1: Time Height Indicator (THI) of radar reflectivity in dBZ (left picture) and specific 
differential propagation phase delay in degree per km (right picture) in correspondence of the 
LSN rain gauge. The temporal scale on the abscissa spans two hours (24 radar samples, one 
every 5 minutes; black vertical lines every 15 minutes). 
 
Why to look at a “specific site close to” the gauge but not exactly above it? Because this is the 
place where we presume most of the rain drops aloft have subsequently reached the LSN 
gauge. During this windy event, in fact, the horizontal velocity of rain drops can be even (much) 
larger than the vertical terminal fall velocity of the drops themselves (e.g., ~4 m/s for a 1 mm 
drop). Hence most of the drops subsequently reaching (21:00-21:10 UTC) the gauge are 
probably located above this site at the twelfth time frame (20:55-21:00 UTC, that is just before 
the vertical line #4) at altitudes (depending on the size of such drops) between 1.5 and 4.25 
km. 
 
The left picture shows the Log-transformed value of the radar reflectivity, Z, which ranges over 

a bit more than six orders of magnitude. At the twelfth time frame (just before 21 UTC) the 
reflectivity of the four lowest radar sampling volumes (~50×106 m3) is 59, 56, 55 and 54 dBZ, 
respectively (from top to bottom, dark red). If most of precipitating hydrometeors in the radar 
backscattering volume were spherical raindrops (not true in this case!) and the drop size 
distributions (DSD) could be described by an exponential DSD, then a simple power-law would 
relate Z to the instantaneous rain rate, R. The first ever exponential DSD presented in a peer-

reviewed paper and probably the most quoted is the Marshall-Palmer distribution. The power 
law derived using the exponential fit proposed in Eq. (1) and (3) of the famous paper by 
Marshall and Palmer (1948) is Z=296×R1.47. This would mean 216, 134, 115 and 98 mm/h 
respectively (neglecting attenuation and the presence of hail). The LSN gauge has measured 
the amazing values of 23.7 mm between 21:00 and 21:05 and 17.2 mm five minutes later; this 
corresponds to an equivalent hourly rain rate of 284.4 and 206.4 mm/h.  
 
The right picture shows the values of the specific differential propagation phase delay, Kdp, 

which represents a much better radar-derived estimator of the instantaneous rain rate in such 
extreme conditions (deep convection). Except in heavy rain, it is relatively small and difficult 
to be estimated accurately given that it is a derivative (in range) of a difference (in polarization). 
It is, in fact, defined as the one-way increase of the differential propagation phase between 
the radar and the observed target and is typically expressed in degree/km. Just before 21 
UTC, two (near-in-time) Kdp values are as large as 13 and 14! degree/km. As it can be seen 
in the companion extended abstract by Wolfensberger et al. (UrbanRain18), the Kdp-R 
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conversion should be implemented not using the ordinary Swiss power law but rather the 
extraordinary “tropical rain” power law. Indeed, the fact that such polarimetric radar signatures 
aloft a few minutes before 21 UTC subsequently resulted in approximately twenty litres per 
square meter at the ground, is an indirect confirmation of its “rare tropical nature”.  
 
6. Conclusions 

 
A large Swiss data set evaluation here presented shows that the agreement between non-
conventional hourly precipitation estimates and in situ measurements has in general improved 
remarkably in recent years. As far as extreme events are concerned, e.g. the one that hit the 
urban area of Lausanne on June 11, how to tackle the emerging need for improved low-altitude 
coverage and high temporal resolution weather radars? A possible remedy is represented by 
portable, low-range, small, X-band radar with adaptive scan program integrated in an 
operational thunderstorm tracking context and tailored to the monitoring of individual cell (e.g., 
Grazioli et al., 2018). 
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Abstract 

 
Rainfall Drop Size Distribution (DSD) has been shown to exhibit strong variability in both space 
and time. Such feature has some strong consequences on the retrieval of rainfall with the help 
of weather radars. Indeed dual polarimetric weather radars measure the horizontal reflectivity 
(Zh), the differential reflectivity (Zdr), the differential phase shift (Kdp) while 
hydrometeorologists are interested in the rain rate (R). Radar algorithms are used to convert 
the former to the latter. They usually basically consist in power law-relations with fixed values 
of prefactor and exponent whereas these parameters actually depend on the DSD. The three 
basic relations Zh-R, R-Kdp and R-Zh-Zdr are investigated in this paper. 
 
These relations are studied with the help of pseudo-radar data. Such data was reconstructed 
from 30s DSD data collected with the help of disdrometers (Gires et al. 2016, 2018). Three 
co-located optical disdrometers of two types (two OTT Parsivel2 and one Campbell Scientific 
PWS100) installed on the Ecole des Ponts ParisTech campus are used (Figure 1). We 
generated radar observations corresponding to the ones that would be observed with such 
DSD. It should be reminded that the reconstruction of such data relies on strong simplistic 
assumptions notably the homogeneity of DSD within a radar bin which has severe 
consequences (Schertzer and Tchiguirinskaia, 2012). 
 
In a first step we show that all the parameters of the radar relations exhibit a strong variability 
both between events and even within events. In a second step rainfall times series obtained 
from pseudo-radar data and radar relations are generated and compared with direct 
observations from disdrometer data. “Climatic”, “event based” and “local” (from 20 min moving 
window) parameters set are tested. Comparison is done in an innovative way by checking the 
ability of a given radar algorithm to reproduce the excellent scaling behavior of observed 
rainfall time series. This enables a robust scale invariant performance assessment of radar 
algorithms. It appears that the classical hybrid model with a Z-R relation for low rain rates and 
R-Kdp relation for great ones was the one performing best. Significant improvement with a 
more local tuning of radar parameters is also found for all radar algorithms. Limitations of this 
punctual approach will be discussed.  
 
Finally, preliminary results obtained by extending this methodology to actual radar data will be 
mentioned. For this the data collected with the help of a Dual-pol X-band radar (Selex 50DX) 
operated by Ecole des Ponts Paris in the framework of the Fresnel Platform will be used. 
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Fig 1: Location of the three disdrometers used in this study. 
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Abstract 

 
In October 2017 Furuno announced a new entry level weather radar, the WR110. The radar 
is a single polarity, Doppler version of the WR-2100 that was introduced to the marked in 2012.  
The operational use of weather in Urban Drainage has to some extend been impaired by the 
complexity of processing and transferring weather radar measurements into classic boundary 
information for run-off simulations and decisions support systems. This paper presents a “off-
the-shelf” solution with a WR110 X-band weather radar and a cloud based software service 
solution, where weather radar data are feed directly into the cloud and processed in real-time, 
supervised by experts. Relevant time-series may be retrieved directly from the cloud using 
simple Python scripts. 
 

 
 
Fig 1: Left: WR110 Weather radar. Right: Web presentation of WR110 data from the on-going 
test in Copenhagen. 
 
The WR110 radar is compact and easy installable radar. The antenna unit has a diameter of 
980 mm and a weight of 65 kg. The effective range of the radar is 70 km. 
 
Most municipalities or Utilities do not poses the in-house expertise to operate weather radar. 
To overcome this problem, a cloud (Amazon) software solution has been developed. 
The package that handles the data processing are based on the public domain WRADLIB 
tools (Heistermann, Jacobi and Pfaff 2013) and includes a backend solution for handling 
attenuation correction, dBZ to intensity conversion, gridding and filtering. In addition to this 
facilities for event identification, accumulation over time and space (defined as polygons – i.e. 
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catchment areas) and time-series extraction are available. The system supports extraction of 
dfs0 and dfs2 files for MIKE by DHI modelling, export to HDF5 and data validation statistics 
against in-situ rain-gauges. 
 
The front end is map-based application allowing access to  

 All historic data  
 Multiple-radar overlay 
 Animation of events or selected periods 
 2D accumulation over specific period displayed in interactive map 
 Radar gauged time-series displayed on point selection 
 Forecasted time-series of precipitation 
 Area and distance calculation 
 Rain and flow gauge integration 
 
The functionality will be demonstrated with data from the ongoing test in Copenhagen. 
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Abstract 

 
Extreme rainfall events with high peak intensity and high kinetic energy cause fast water 
runoff, often accompanied with soil erosion and sediment transport. Soil degradation due to 
the rainfall usually occurs on steep and bare slopes. The slopes do not need to be extremely 
long. Even earth embankments without vegetation protection along the roads, railroads or 
rivers are endangered. Unprotected bare slopes are also present in urban areas, typically on 
construction sites or along the transport infrastructure. In the conditions of the Central Europe 
the earthworks stage usually overlaps with the period of sudden heavy rainstorms with very 
high erosivity factors, which is typical for June and July. This causes mobilization of large 
amounts of soil from the construction sites to the surrounding environment. 
 
For systematic evaluation of the soil erosion and sediment transport processes one needs a 
large amount of data of various combinations of soil types, soil surface treatments, hillslope 
inclinations and rainfall characteristics (peak intensity, amount, duration, kinetic energy, 
raindrops distribution). This is difficult to obtain as the monitoring equipment is costly and the 
rainfall events unpredictable. Therefore, the research concentrates on simulated conditions in 
the laboratories.  
 
The specific goal of this research is the experimental testing of various mechanical and 
technical surface protection measures and evaluation if it’s effectivity in relation to soil erosion. 
We investigate quick and easy technical measures that have a potential to protect the slopes 
against the splash erosion, rills development and the topsoil sliding.  
 
The experiments are done on the 4 m long inclined plots with different inclination. Three of the 
plots, encapsulated in large steel containers, are equipped with a nozzle rainfall simulator, 
with sediment and runoff collection system and with soil water regime and temperature regime 
monitoring. We analyze the runoff, soil loss and surface topography changes (sliding, soil 
compaction and rills development) for various rainfall, slopes and protection measures 
scenarios. 
 

 
 

mailto:petr.kavka@fsv.cvut.cz


UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

54 
 

Fig 1: Experimental setup for evaluation of the effectivity of the protection surface cover. On 
the left is the surface protected with jute geotextile, on the right bare unprotected slope.  
Beside the permanent plots, we do additional experiments in the laboratory. We have 
constructed a new rainfall simulator, which is capable of mimicking real rainfall events by 
implementation of variable intensity and kinetic energy. The used nozzles are able to replicate 
natural rainfall characteristics as closely as possible. The simulated rainfall characteristics and 
its spatial distribution within the soil sample area were tested with use disdrometer (LPM 
5.4110, Thies Clima, Germany). The soil container is constructed the way that it allows quick 
changes of different tested materials, protection measures and inclinations.  
 
Basic rainfall simulator characteristics: 

 Maximum size of the soil sample is 1.5 x 6 m  

 Variable height of the nozzles above the surface, ranging between 2 and 2.8 m. 

 Inclination up to 45°. 

 Variable rainfall intensity 

 Two systems of rainfall generation: (i) puls type; (ii) swing type  
 

 
 
Fig 2: Laboratory rainfall simulator 
 
Based on the primary results we can conclude that the unprotected slopes generate twenty 
times larger amount of sediment. Shortly after the start of the rainfall with intensity that 
exceeds the soil infiltration capacity we observed surface runoff followed by development of 
rills. On contrary, even lightly protected slopes produce only minimal soil loss, even though 
the water runoff stays comparable to the bare soil. The protected surface is not seriously 
affected by splash erosion, we haven’t recorded severe crusting, soil compaction nor rills. 
 
Acknowledgements: The research is funded by the TH02030428 - Design of technical 
measures for slopes stabilization and soil erosion prevention and GA17-33751L – „Kinetic 
energy of rainfall as driving force of soil detachment and transport“. 
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Abstract 
 
For the planning and optimization of urban drainage systems, lumped hydrological and 
detailed hydrodynamic rainfall runoff models are central tools. These models require long 
rainfall times (> 20 years) as model input, which, however, are often not available: either time 
series are available but they are not long enough to provide statistically reliable results to meet 
the design requirements or the location of the observation station is too far away from the 
catchment and the rainfall characteristics are not representative. 
 
The innovative alternative are synthetically generated time series with high temporal and 
spatial resolution which may used for the optimal design of urban drainage systems. The aim 
of the project SYNOPSE II is to provide nationwide synthetic continuous rainfall time series 
with a resolution of 5 minutes and of any length required for the design of urban drainage 
system in Germany.  
 
The contribution is devided into two parts: 
 
Part 1: “Generation and statistical analysis of precipitation time series” demonstrates the 
performance of two precipitation models against rainfall reference stations using various 
statistical methods (see abstract Eisele et al.). 
 
Part 2: Application and validation of synthetic rainfall time series for urban drainage modelling 

(this contribution). 
 
In part one, synthetic rainfall time series are generated with the two different rainfall models 
with a length of 300 years each for total number of 45 test locations of different climate and 
rainfall characteristics across Germany. 
 
For the validation and proof of applicability of the synthetic rainfall time series in the context of 
urban drainage design two urban rainfall runoff models of different types and objectives are 
used. A hydrodynamic model is setup to analyze and validate the performance of the synthetic 
time series for hydraulic design and performance assessment (number of surcharges) 
focusing on rainfall events with recurrence intervals of 1 – 10 years. The sewer system of 
Niederdorla which is set up as hydrodynamic model consists of 4040 knodes with a sewer 
length of 158 km and a total connected area of 506 ha. 
 
The second model is a hydrologic lumped model for the city of Lemgo aimed to simulate 
combined sewer overflows continuously. The connected catchment area is 749 ha the system 
consists of 23 detention tanks with storage volumes between 131 m³ and 7.208 m³, 14 
combined sewer overflows and a combined sewer length of 367 km. The objective is to 
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analyze the performance of the synthetic time series for frequent rainfall events (recurrence 
interval << 1 year). 
To provide discharge results of the same order of magnitude for the 45 test locations both 
models have been adapted for the connected area and the size of detention tanks for the site 
specific rainfall characteristics. 
 
The results of the synthetic time series are assessed and validated against two scenarios: 

 Reference scenario: For each location observed rainfall times series are provided by the 
German Weather Service with a minimum length of 20 years. The observed time series 
have not been used as input to the rainfall models (part I) and therefore they can be as an 
independent reference to validate the correctness of the synthetic time series. 

 Practice scenario: observed time series of neighbouring stations within a mean distance 
of 30-50 km to each test location are available. These are used to quantify the error in the 
rainfall runoff modelling results by using rainfall data which are not catchment specific. 

 
The three rainfall scenarios are simulated with the two drainage models for each of the 45 test 
locations.  
 
The results are systematically compared for different performance and design criteria in order 
to assess and proof the use and application of the synthetic rainfall time series generated by 
the rainfall models.  
 
Acknowledgements: The work is carried out within the SYNOPSE II project, funded by the 

German Federal Ministry of Education and Research (BMBF). 
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Abstract 

 
The soil surface is the boundary between the atmosphere and the pedosphere  where 
collisions of rain drops with soil particles occur. As a result of these collisions, the processes 
such as splash erosion, infiltration, surface runoff and soil erosion take place. Because of all 
these processes there is a change in the soil surface properties, which can be measured, 
analyzed and compared in relation to the falling raindrops and soil characteristics. Within the 
ongoing project on rainfall kinetic energy and soil particles detachment, the impact of rainfall 
droplets on the soil surface has been measured in both field and laboratory setups. 
Disdrometers were used for measuring rainfall parameters and photogrammetric method 
“Structure from Motion” was used for evaluation of soil surface changes during rainfall events 
(Jester et al., 2015). Experiments have been carried out at several locations in the Czech 
Republic and Austria. 
 

 
 
Fig 1: Splash erosion at the modified Morgan splash cup. 
 
This study presents the effect of the rainfall with various rainfall intensities and kinetic energies 
on splash erosion under controlled conditions maintained with the laboratory rainfall simulator. 
Twelve positions with different rainfall intensity were fixed under the simulator. The kinetic 
energy at these positions ranged from 112 to 574 J/m2/h and the rainfall intensity from 23 to 
71 mm/hr. Soil samples were tested in modified Morgan splash cup with soil surface area of 
88 cm2 and collecting bucket with diameter of 45 cm (Morgan, 1981). After every rainfall 
simulation, the splashed material was collected, filtered and dried to estimate total amount of 
soil loss. Photogrammetric measurement included acquisition of 12 pictures of every splash 
cup prior and after the rainfall. Each shot was taken from different angle to get surface 
information from the whole sample. For reference purposes, the splash cup was equipped with 
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a ring containing 16 reference targets, keeping identical coordinate system for each splash 
cup. In addition, due to the low light level in the laboratory, LED lighting was designed for the 
laboratory testing to ensure a sufficient and uniform sample illumination in the 360° range. The 
photogrammetric monitoring results in sets of digital elevation models (DEM). The DEMs were 
evaluated, the properties of the soil surface and its changes due to the impact of rain drops 
were analyzed. These values were further compared with the rainfall parameters and 
measured splash erosion. More repetitions were measured for a proper statistical evaluation. 
Relationship between rainfall intensity and average surface roughness variation from 5 
experiments (each with 12 samples) can be described by linear regression function with an 
acceptable coefficient of determination of 0.76. The linear relationship between the surface 
roughness change and the rainfall kinetic energy results in the coefficient of determination of 
0.62. The relation between average volume of splash and average surface consolidation 
results in the R2 of 0.54, whereas the volume of splash and surface roughness change relation 
results in R2 of 0.65. 
 

 
 
Fig 2: Total rain kinetic energy versus consolidation. 

The research was supported by grant GA17-33751L – „Kinetic energy of rainfall as driving 
force of soil detachment and transport“, and SGS17/173/OHK1 – „Experimental research of 
erosion and transport processes in agricultural landscapes“. 
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Abstract 

 
Hydrological modeling and design require accurate and robust estimates of extreme rainfall 
over a wide range of characteristic temporal scales, and exceedance probability levels. To 
that extent, intensity durations frequency (IDF) relationships, i.e. plots of the maximum rainfall 
intensity id,T averaged over duration d with return period T (see e.g. Veneziano et al., 2007), 

have been a major focus for statistical hydrologists since the beginning of the 20 th century. 
 
For temporal scales d above the nominal resolution of the rainfall record, and for return periods 
T below its length, id,T can be calculated directly from the empirical distribution of annual rainfall 
maxima. For larger return periods T, estimates of id,T can be obtained by fitting a proper 

theoretical distribution model to the annual rainfall maxima, or to the rainfall excesses above 
a properly selected threshold; see e.g. Langousis et al., 2016. Selection of the distribution 
model is based on asymptotic arguments based on Extreme Value (EV) and Extreme Excess 
(EE) theories (see e.g. Veneziano et al., 2007, and Langousis et al., 2016), and their 
corresponding relaxations under non-asymptotic conditions (see e.g. Veneziano et al., 2009, 
Veneziano and Yoon, 2013), with parameters linked to the duration of temporal averaging d 

through parametric assumptions.  
 
Although theoretically rigorous and robust scaling representations of rainfall of the multifractal 
(MF) type (see e.g. Langousis and Veneziano, 2007),  have attracted less attention for IDF 
curve modeling. This class of methods is particularly appealing, as MF models of rainfall: 1) 
exhibit significantly lower number of parameters (i.e. due to the linkage of rainfall statistics at 
different scales of temporal averaging, imposed by multifractal scale invariance), 2) avoid 
indirect parametric assumptions for the dependence of distribution parameters on d, 3) can 
account for a wider portion of statistical information present in the available recordings (not 
just that embodied in the annual maxima, or a fraction of the data exceeding a certain intensity 
threshold), and 4) they simplify model fitting, while allowing for analytical IDF expressions with 
approximate validity for d and T, also, beyond the available record length and its nominal 
resolution. 
 
In this work, we use the analytical approximation of Langousis et al. (2009) for MF rainfall 
maxima, to statistically characterize extreme rainfall at multiple temporal resolutions, and 
produce IDF curves at gauged locations. As a second step, IDF curves are generated for 
ungauged locations, i.e. where no ground level rainfall measurements are available. This is 
implemented by proper interpolation of the MF model parameters using kriging for uncertain 
data (KUD). The performance of the MF approach for IDF characterization, is assessed over 
a gauge network in northeast United States with long-term (> 50yrs) hourly rainfall 
observations available from the US National Oceanic and Atmospheric Administration 
(NOAA). Evaluation of the regionalization approach is carried out based on leave-one-out 
cross validation. Results from the proposed MF-based approach are compared to widely 
applied semi-parametric IDF models based on annual maxima (AM) and peak over threshold 
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(PoT) approaches. The obtained results shed light on the competitive advantages of MF 
approaches relative to semi-parametric methods, allowing for accurate and robust IDF curve 
estimation from a few years of data, even in cases where the raingauge network is sparse.   
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Abstract 

 
Precipitation is highly variable in space and time. Long lasting heavy rainfall is mostly 
associated with frontal systems and occurs on scales of 100 km or more, while short-term 
heavy precipitation develops locally and affects only a few 10 km or less. Precipitation 
climatologies are commonly derived from rain gauge networks given their long time series 
providing a certain statistical robustness. However, the extreme statistics yielded lack spatial 
coverage and representativeness when mapped due to smoothing during interpolation loosing 
also substantially heavy precipitation peaks. In recent years more and more climatologies from 
radar networks have been presented that allow detailed investigation of the spatial structure 
of rain events and their extreme statistics. Time series from a 16-year precipitation climatology 
from 17 C-band radars operated by the Deutscher Wetterdienst starting in 2001 are used to 
investigate the spatial extent of daily and hourly precipitation events in Germany. On average, 
daily rainfall events have a spatial extent four times lager than hourly rainfall events (68 km 
versus 17 km, respectively). A clear influence of the orography on the development and type 
of precipitation can be demonstrated. In North-West Germany frontal systems arrive from the 
Netherlands and Belgium leading to larger daily precipitation events than in North-East 
Germany. In contrast, the North-East of Germany is shielded by mountain ranges and allows 
local formation of larger convective short-term events. 
 
1. Introduction 
 
Our climate system is influenced by many parameters. One of the main driving factors is 
precipitation. Due to its high variability in space and time, precipitation is also one of the most 
challenging parameters to observe. Small-scale convective cells can develop fast and lead to 
intense rainfall over limited areas that are especially devastating in urban areas because they 
can cause damage to urban infrastructure and housing. In the city of Münster in Western 
Germany a rainfall event with more than 260 mm in two hours led to flooding and property 
damage of more than 15 Mio € in insured losses in July 2014. In June 2017, Berlin was hit by 
a heavy precipitation event with up to 155 mm in 24 h. These events only had durations and 
spatial extents of a few hours and km2, respectively. 
 
In order to observe these small-scale events and gain knowledge of their structure and 
variability, spatially and temporally high-resolution measurements are crucial. Rain gauge 
networks provide time series of more than a century, but despite a comparably dense network 
in Germany, not all of these small-scale heavy precipitation events are actually captured. 
According to Orlanski (1975) cumulus clouds and deep convection that are responsible for 
extreme short-term rainfall events have a spatial extent in the range of 1 km and last 30 mins 
up to a few hours. Frontal systems that can bring long lasting moderate to heavy rainfall occur 
on spatial scales of more than 100 km and last a day or longer. Therefore, Borga et al. (2006) 
concluded that the typical monitoring scale of rain gauge networks allows for observing 
mesoscale convective systems and fronts, but resolving convective cells requires monitoring 
capabilities of weather radars. 
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In contrast to in-situ observations with rain gauges, weather radars provide reliable areal 
observations and also information on the spatial variability and the extent of precipitation but 
their time series are rather short. Nevertheless, meanwhile there are a number of cases where 
radar observations have recently been tested for their potential to support climatological 
studies. Data from nationwide radar networks have been reprocessed in the last decade. 
Overeem et al. (2009) presented a 10-year data set of rainfall depths with 1, 2, 4, 8, 12 and 
24 hours duration from the Dutch weather radar network, Tabary (2007) introduced another 
10-year climatology derived from precipitation estimates of the French radar network. Other 
climatologies from single radars are available for Belgium (Goudenhoofdt and Delobbe, 2016) 
and Denmark (Thorndahl, 2014). 
 
Since 2001 (2013) the Deutscher Wetterdienst (DWD) operates a nationwide network of 16 
(17) C-band weather radar systems. A climatology for Germany has been generated from this 
17-year radar-based precipitation dataset permitting the analysis of extreme rainfall events for 
different durations D and return periods T as well as their spatial distribution and extent on a 
1 km x 1 km grid (Winterrath et al., 2018a). The climatology has two unique features: Firstly 
the corresponding set of reprocessed radar data is freely available as a DOI referenced data 
set at Winterrath et al. (2018b). Secondly, DWD updates this data set regularly by appending 
the most recent year while reprocessing the entire period since its start of coverage at 1st 
January 2001. In this study the radar climatology for Germany is used to investigate the 
characteristic spatial extent of daily and hourly rainfall events in Germany and to identify 
correlated regions in terms of precipitation. 
 
2. Methods 

 
The aim of this study is to characterise the typical spatial extent of daily and hourly precipitation 
events. In case of daily accumulation the precipitation sum of the last 24 hours is taken for 
each hour, resulting in a dataset with 24 rainfall sums per day. Subsequently the correlation 
of each grid box with every other grid box of the German composite is computed for 
precipitation time series from 2001-2016. Only time steps with precipitation at both grid boxes 
are taken into account and the Spearman rank correlation is calculated to avoid the influence 
of very local heavy precipitation. Therefore, ranks are assigned to all n elements of the time 
series, starting with rank = 1 for the lowest up to rank = n for the highest precipitation amount. 
If the same rainfall amount occurs more than once, multiple assignments of a rank are 
possible. For rank vectors 𝑟1 and 𝑟2the Spearman correlation coefficient ρ is calculated as 
follows:  
 

𝜌 =  
𝐶𝑜𝑣(𝑟1, 𝑟2)

𝜎𝑟1
𝜎𝑟2

 , 

 
with 𝜎𝑟1

 and 𝜎𝑟2
 being the standard deviation of 𝑟1 and 𝑟2 and 𝐶𝑜𝑣(𝑟1, 𝑟2) their covariance. To 

determine the typical spatial extent of rain events, the correlation length is defined as the 
distance where the correlation coefficient drops to: 
 

𝜌𝑒 = 1 −
1

𝑒
 , 

 
with Euler’s number 𝑒. The distances between the chosen grid box and all grid boxes with 
correlation coefficient ρe are then averaged to determine the spatial extent for rain events at 
the chosen grid box. 
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3. Data 
 
Time series from a 16-year precipitation climatology derived from the 17 C-band radars of the 
nationwide network operated by DWD are used in this study. The radar data has been 
reprocessed to ensure for a homogeneous data set. Several algorithms for radar data 
correction, e.g. clutter filters, correction of signal reduction with distance and height, 
attenuation and beam blockage have been applied. A composite of all radars is then computed 
on a 1 km x 1 km grid. Furthermore, an adjustment to rain gauge data is performed using the 
real-time RADOLAN algorithm (Winterrath et al., 2012). Climatologies are available in 5 and 
60 minutes temporal resolution. More information on the radar climatology can be found in 
Winterrath et al. (2018a) in this issue. 
 
Despite a composite resolution of 1 km, correlation has been calculated on a 5 km grid due to 
computational reasons. Within each 5 km x 5 km box, the 90th percentile of precipitation 
amounts of the 25 composite boxes is chosen to minimise possible influences of remaining 
artefacts in the radar data. 
 
4. Results 
 
The radar based climatology indicates that strong daily precipitation events are correlated with 
topography, while short term events can occur merely everywhere regardless of topography 
(Winterrath et al., 2018a). This is illustrated by an example for a grid point in the Harz 
Mountains in central Germany in Figure 1. For daily precipitation (Figure 1a) the grid point 
correlates better with other high-altitude regions, e.g. the Black Forest in South-West Germany 
or the Thuringian Forest in Central-East Germany, than with their surrounding flatlands. A 
similar but less pronounced pattern can be seen for hourly precipitation, but the correlation 
coefficient is much lower, indicating that, in comparison to daily rainfall, hourly precipitation 
events only affect a limited region. The correlation length (drop in correlation to 1-1/e, marked 
in yellow in Figure 1) indicates that spatial extents are approximately four times smaller for 
durations of 1 hour than for durations of 24 hours.  
 

 
 
Figure 1: Correlation of (a) daily and (b) hourly precipitation time series between a point in 
central Germany (X=97, Y=127) and all other grid points from 2001-2016. 
 
Figure 2 depicts maps of mean correlation lengths of all grid boxes in Germany for daily and 
hourly precipitation. Typical spatial extents of daily precipitation are between 50 and 100 km 
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(Figure 2a), whereas for hourly precipitation the typical spatial extent amounts to around 14 to 
20 km (Figure 2b). The histogram of the mean correlation lengths for all grid boxes in Figure 
3 indicates that spatial extents for daily precipitation go up to 120 km but the median amounts 
to approximately 68 km. The median for hourly precipitation is four times smaller with 17 km 
and a maximum of 35 km. 
 
The maps of correlation length in Figure 2 also reveal regions of similar characteristics of rain 
events, e.g., mountainous regions in South-West and Central Germany. The main tracks of 
frontal systems in Western Europe are oriented from south-west to north-east. Largest spatial 
extents for daily rainfall can be found in the rather flat part of North-West Germany, where 
frontal systems come from the comparably flat regions in the Netherlands and Belgium, and 
in the Alpine region. In North-East Germany the typical spatial extent of daily rain events is 
comparably short because the frontal systems are blocked by mountain ranges in Central 
Germany. Therefore, local convective systems can develop in this area, leading to larger 
spatial extents of hourly rainfall in the North-East than in the North-West of Germany (Figure 
2b). 
 

 
Figure 2: Mean correlation length in km for (a) daily and (b) hourly precipitation in Germany 
from 2001-2016. 
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Figure 3: Histogram of the mean correlation length for daily (green bars) and hourly (blue bars) 
precipitation in Germany from 2001-2016. 
 
5. Conclusions 

 
Typical spatial extents of daily and hourly rainfall events have been investigated in Germany 
based on a 16-year radar climatology. Hourly heavy precipitation is mainly due to convective 
systems that develop locally and affect only a limited area, while heavy daily precipitation is 
mostly tied to large frontal systems. Therefore, the spatial extent of daily rainfall is smaller in 
the North-East than in the North-West of Germany, where large frontal systems are not 
blocked by mountain ranges. In contrast, convective systems with rather short lifetimes can 
better develop in the shielded area of North-East Germany leading to larger spatial extents for 
hourly precipitation events here than in the North-West. The typical spatial extent of daily 
rainfall events amounts to 68 km, while hourly precipitation events only affect a region within 
a 17 km radius on average. This corresponds more or less to the mean inter-station distance 
of the rain gauge network operated by DWD. Thus, this study underlines the importance of 
weather radar for observing and investigating small-scale structure of heavy short-term 
precipitation events.  
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Abstract 

 
Cities modify local climate and generally increase air and surface temperatures compared to 
the surrounding rural areas. Background climatic conditions have a strong impact on the 
intensity of urban warming but it is unclear whether changes in convection efficiency (Zhao et 
al. 2014) or climate-vegetation interactions (Gu and Li 2018) cause the observed increase in 
urban-rural surface temperature differences (ΔTs) with mean annual precipitation (MAP). Here 
we present a global analysis of summertime urban heat islands and demonstrate that the 
linear ΔTs – MAP relation proposed by Zhao et al. (2014) is valid only for low precipitation 
regimes. At the global scale, the sensitivity of urban warming to MAP is nonlinear due to 
different biophysical forcings that vary across climatic zones (Fig. 1). Specifically, the ΔTs – 
MAP relation is largely controlled by urban-induced changes in evapotranspiration while rural 
albedo and convection efficiency explain the urban cooling effect observed in arid regions. 
Such a nonlinear response of urban warming to MAP has important implications for the design 
of climate-specific heat mitigation strategies. 

  
 
Fig 1: Urban-rural surface temperature difference (ΔTs) as a function of mean annual 
precipitation (MAP). Binned data are presented by mean ± SEM. The linear relation proposed 
by Zhao et al. (2014) is also plotted for reference. 
 
References 

 
Gu, Y., and Li, D. (2018). A modeling study of the sensitivity of urban heat islands to 
precipitation at climate scales, Urban Climate, 24, 982–993 
 
Zhao, L., Lee, X., Smith, R. B., and Oleson, K. (2014). Strong contributions of local background 
climate to urban heat islands, Nature, 511(7508), 216. 

mailto:manoli@ifu.baug.ethz.ch


UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

68 
 

Application of a meteorological-hydrological modelling cascade at high spatial and 
temporal resolution for flash floods simulation in urban areas 

 
P.I. Mejía-Estrada*1, P. Bates1, J. Freer1, G. Coxon1 
 
1 Hydrology Research Group, School of Geographical Sciences, University of Bristol 
 
*Corresponding author: pm15021@bristol.ac.uk 
 
 
 
Abstract 

 
Identification and characterisation of extreme flooding have become increasingly crucial given 
the effects of climate change in the water cycle. When intense, localised rainfall occurs over 
a small, impervious area where hydraulic structures are unable to cope with water volumes 
greater than design values, urban flash flooding is likely to occur. The present study outlines 
a framework to produce robust estimates of urban inundation behavior as studied by 
Pappenberger, Beven et al. (2005) and Rodríguez-Rincón, Pedrozo-Acuña et al. (2015), with 
the novelty that the model set-up, sources of uncertainty, physical assumptions, stochasticity 
of processes and parameterisations are assessed in a high spatial and temporal resolution 
framework at local scale. The proposed off-line cascade modelling simulates precipitation 
patterns, rainfall-runoff components and inundation depths and extents in an urban 
environment in a probabilistic scheme that allows uncertainty propagation. The methodology 
is currently being tested in the port city of Newcastle, a prominent north-east urban area of the 
United Kingdom which at the end of June in 2012 was severely flooded after a prolonged dry 
spell followed 100-year return period storm, resulting also in the loss of power supplies and 
significant damage and disruption to the road network. 
 
The cascade chain starts with a numerical weather prediction (NWP) tool that includes 
cumulus and particle size distribution parameterisations as well as urban canopy models with 
multiple degrees of freedom. The Weather Research and Forecasting (WRF) model 
(Skamarock, 2008), a non-hydrostatic, meso-scale NWP tool for weather and climate 
simulation able to reproduce complex rainfall patters associated with flash flood events in 
places with topography similar to the study case. It is initialised using atmospheric forcing in a 
convection-permitting scheme. A three-category urban canopy model that considers roofs, 
walls and streets is coupled with a land surface model within the WRF. These 
parameterisations were applied to four telescopic, nested domains (54 km, 18 km, 6 km and 
2 km) and the hourly-scale simulation ran from 27th June 12:00 to 29th June 00:00. A 
probabilistic approach is implemented to obtain an ensemble of five equally rainfall likely 
scenarios. 
 
Results for simulations #2 and #3 are presented in Figure 1, where the accumulated rainfall 
values during a two-hour period (where values equaled those expected for the whole month 
of June) for the complete domain are followed by a zoom-in to the innermost domain; 
interpolated values from gauges are also shown for reference. 
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a)   b)  

 
 
Fig 1: Accumulated precipitation values for 15:00-17:00 hrs on the 28th June 2012 of a) the 
worst (simulation #2) and best (simulation #3) performing simulations, and b) rain gauges  
 
The second stage involves rainfall-runoff modelling using a semi-distributed hydrological tool 
(Beven and Freer, 2001) that relies on the well-known topographic index: a ratio between the 
upslope contributing area that changes over time depending on the wet/dry periods, and the 
terrain slope that can be easily obtained from high-resolution elevation maps. This 
computationally efficient model is run at hourly scale for the calibration period 28th February 
2008 to 31st May 2012, and the validation period matches the 36-hour meteorological time 
frame. It is important to note the significant difference in the length of the calibration and the 
validation period where good model performance is expected nonetheless. The study 
catchment is a 55 km2 heavily urbanized area upstream of Newcastle city centre on the River 
Tyne. The ensemble of rainfall scenarios was used to drive the Dynamic TOPMODEL and 
evaluated using the Nash-Sutcliffe Efficiency (NSE) score. 10-km gridded rainfall was also 
used to drive the hydrological model so that the impact of both sources of rainfall (simulated 
and observed) on the performance of the hydrological model at high spatial and temporal 
resolutions could be compared. Preliminary results show the importance of developing a 
function that reproduces the fast response mechanism and the limited infiltration capabilities 
of an urban environment. Research on this is currently being carried out, considering the 
popular method of land use categorization depending on urban cover and pervious areas and 
routing of the flows from impervious surfaces to theoretical detention storage. Figure 2 shows 
the study catchment highlighted in orange (top left); simulated runoff using gridded rainfall 
from observations (top right), and simulation #2 (bottom left) and #3 (bottom right). 
 

     
 
 
 
 
 
 
 
 
 
Fig 2: Urban catchment location and rainfall-runoff results using observed and simulated input. 
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Abstract 

 
Weather generators (WGs) are numerical tools which produce synthetic time series of 
meteorological variables for a given climate and location. Most of the existing WGs are 
designed for station-scale applications or as multi-station generators, and simulate climate 
variables at daily or coarser temporal resolutions. However, in order to analyze the impact of 
climate variability on spatial distribution of weather variables or to provide a more realistic 
forcing for hydrological models, it is necessary to simulate climate on a high temporal and 
spatial resolution. An ensemble of high-resolution climate data that represents the natural 
(stochastic) climate variability is essential to estimate the uncertainty derived from the chaotic 
nature of climate, and how it propagates throughout the catchment response and hydraulic 
infrastructures. Using a novel two-dimensional stochastic weather generator, AWE-GEN-2d 
[Peleg et al., 2017], we produced gridded rainfall simulations for three Swiss catchments 
(Thur, Maggia and Kleine Emme) based on observations from weather stations, weather radar 
systems and satellite images to reproduce the current-climate rainfall on a 2-km and hourly 
resolution.  
 
The model satisfactorily reproduces rainfall patterns in space and time, e.g. rainfall annual 
totals (Fig. 1), seasonality and daily extreme rainfall intensities (Fig. 2). AWE-GEN-2d was 
then re-parameterized to simulate climate ensembles for future periods (2020-2090) based on 
climate statistics obtained from the EURO-CORDEX regional climate models using the factor 
of change method [Fatichi et al., 2011]. Moreover, rainfall uncertainties were quantified under 
different emission scenarios and climate model projections for the following decades.  
 

 
 

Fig 1: Simulated (sim) and observed (obs) mean annual rainfall (in mm) for the Maggia 
catchment. 
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Fig 2: Daily rainfall annual return periods using Gringorten’s empirical quantiles for observed 
data obtained from weather stations (red), gridded product (green) and simulated data using 
AWE-GEN-2d (blue, with whiskers representing the 5th and 95th quantiles). The solid red and 
green lines show the fit to a Generalized Pareto (GP) distribution, while the blue shade shows 
the GP fits to the simulation outputs within the 5 th and 95th quantiles. The results correspond 
to the location of the Lucerne (LUZ, left), Napf (NAP, centre), and Pilatus (PIL, right) weather 
stations in the domain of the Kleine Emme catchment. 
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Abstract 

 
Because of the enormous variability of short-term rainfall time structures, we suggested a 
methodology for designing synthetic hyetographs in several variants with respect to the course 
of precipitation intensity. 
 
Reference 6-hour rainfall episodes were extracted from radar-derived precipitation time series 
(May – September; 2002 – 2011) with a time resolution of 10 minutes, adjusted by daily data 
from rain gauges (Bližňák et al., 2018). Based on the 10-minute adjusted radar-based 
precipitation intensity data, we created their accumulations within moving time windows of 
various lengths. A representative set of maximum precipitation episodes was collected from 
39 radar pixels where Czech synoptic weather stations are located; the number of considered 
episodes was 50 x 39 = 1950. 
 
To distinguish variants of rainfall time structure, we suggested a set of three so-called half-
time concentration indexes. They express the time concentration of 6-hour rainfall in four time-
steps. In general, the indexes compare precipitation totals during gradually shortened time 
periods, namely 6, 3, 2, and 1 h. The form is a normalized ratio between two precipitation 
totals within different time windows, the first one having a half-length than the second one. 
Each of the indexes reaches values between 0 and 1 representing steady precipitation 
intensity and precipitation concentrated into one-half of the considered time step or less, 
respectively. Six clusters of episodes (cA – cF) were distinguished this way (Figure 1). 
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Fig 1: Clustering of reference 6-hour precipitation episodes into six variants (cA – cF) by the 
half-time concentration indexes C6, C3,2, and C1. Black dots represent centroids of the clusters. 
The distinguished variants were further characterized by synthetic hyetographs representing 
the average course of precipitation intensity in the cluster. First, the episodes were 
disaggregated with respect to the precipitation intensity into main 30-minute sections and 
adjacent side sections. Averaging the characteristics of the sections provided the means for 
designing synthetic hyetographs called camel hyetographs because of their typical shapes 
(Figure 2). One hyetograph represents episodes with steady precipitation intensity during the 
entire episode, and three others distinguish variants of more concentrated episodes; the two 
remaining “two-humped” hyetographs represent episodes characterized by a substantial 
temporary decrease in precipitation intensity or even its interruption during the episode. 
 

 
 
Fig 2: Synthetic hyetographs for 6 variants of 6-hour precipitation episodes. The standardized 
1-minute precipitation intensity is depicted as the percentage of the 6-hour total. 
 
The distinguished variants of precipitation episodes well correspond with the nature of 
precipitation, namely stratiform, convective, and mixed ones. As the result, we detected 
substantial differences in representation of the variants in various regions of Czechia. The 
results will enable the improvement of design hydrographs of small streams where runoff is 
basically influenced by the rainfall time structure. 
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Abstract 
 
Time series with high temporal resolution are crucial for urban hydrology. Observed time 
series of this kind are very short in most cases, so they cannot be used. However, time series 
with lower temporal resolution (daily measurements) exist for much longer periods. The 
objective is to derive time series with a long duration and a high resolution by disaggregating 
time series of the non-recording stations with information of time series of the recording 
stations. The multiplicative, micro-canonical random cascade model is a well-known 
disaggregation model for daily time series. However, the autocorrelation in the disaggregated 
time series is often underestimated. An insufficient representation of the autocorrelation may 
lead to unrealistic results, if these time series are used as input for urban hydrological 
modeling. For the improvement of the autocorrelation, i) modifications of the cascade 
generator and ii) subsequent resampling approaches after the disaggregation process as well 
as combinations of i) and ii) are analyzed. The micro-canonical cascade model after Müller 
and Haberlandt (2018) is applied in this study, referred to as method A. With a branching 
number b=3 in the first disaggregation step, time steps with 8 h duration are generated from 
daily time series. With b=2 for all further disaggregation steps, a temporal resolution of 7.5 min 
is achieved. The final temporal resolution of 5 min results from a uniform transformation after 
the disaggregation process. The modifications of the cascade generator include the 
introduction of position dependence in the first disaggregation step (method B) and an 
extension of the position dependence for all disaggregation steps according to Lombardo et 
al. (2012) (method C). As a subsequent approach, a resampling algorithm based on Bárdossy 
(1998) is introduced to improve the autocorrelation. 
 
Before an impact analysis of the aforementioned approaches on the autocorrelation can be 
applied, another issue of the disaggregation process has to be solved. The “standard” 
disaggregation process (Std) generates too many intensities lower than e.g. the resolution of 
the measuring device of the observed time series (e.g. Molnar and Burlando, 2005). This high 
fraction of small intensities can have a significant influence on the autocorrelation, although 
they are of no interest from a hydrological perspective. Two approaches are analyzed to solve 
this problem: i) a minimum rainfall amount (MRA), which has to be conserved by the cascade 
generator and ii) the mimicry of a measuring device (MMD), summing up all rainfall intensities 
lower than a chosen threshold until their total amount would cause a measurement. 
 
The results for the autocorrelation for all combinations of methods A, B and C and the 
approaches regarding the minimum rainfall intensities Std, MRA and MMD are shown in Fig. 
1. For method A, B and C, the standard approach leads to the highest and the MMD approach 
to the lowest deviations. Method B leads to the highest deviations regarding the median values 
for lag 1 and lag 6, independent if the standard, MRA or MMD approach is applied. For the 
resampling, only time series disaggregated by the MMD-modification are used due to the best 
representation of the autocorrelation. This selection has two further advantages: The cascade 
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generator does not have to be changed from its original version in Olsson (1998) and all 
splittings are possible throughout the whole disaggregation process, independent of the 
rainfall amount of the time step. Also, the process of the rainfall measurement itself is 
simulated by the MMD approach, leading to a realistic simulation of both, rainfall itself and its 
measurement. 
 

 
  

 
Fig. 1: Deviations of autocorrelation from 
disaggregated to observed time series as relative 
error for lags 1, 6 and 36 for 24 stations in Lower 
Saxony, Germany. The red dashed line indicates 
a rE=0  
 

 
Fig. 2: Deviations of autocorrelation 
from disaggregated to observed time 
series before and after the resampling 
as relative error for lags 1, 6 and 36. All 
results are based on the MMD 
approach. The red dashed line 
indicates a rE=0, results for the 
resampled time series are labeled with 
‘res’. 

 
The results of the resampling are presented in Fig. 2. A general improvement with only small 
deviations can be identified for all three methods A, B and C and for all stations. While for lag 
1 and lag 36 almost a perfect fit can be achieved (|rE|<1 % for the majority of the stations), 
deviations up to rE<3.5 % still occur for lag 6. However, for all lags the autocorrelation is 
improved. 
The intended application of the disaggregated rainfall time series as input for hydrological 
modeling demands a good representation of the observed extreme values. The improvement 
of the autocorrelation leads to a better representation of the rainfall structure during an event. 
However, by including only the autocorrelation in the objective function of the resampling 
process, a worsening of the total rainfall amounts of extreme values is observed. The 
challenging task for the resampling procedure is to improve the autocorrelation of the time 
series by keeping the good representation of the total rainfall amounts, which can be found 
after the disaggregation process (Müller and Haberlandt, 2018). 
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Abstract 

 
This study looks at the benefits of using precipitation nowcasting techniques to trigger and 
force a fully-distributed, event-based flash flood forecasting system. The system takes 
advantage of recent developments in both nowcasting and hydrological modelling, thus 
representing a truly interdisciplinary effort to improve warnings for high impact weather in 
Alpine regions and in particular for small ungauged basins.  
 
Hourly rainfall accumulations over the target basins are monitored in real-time by an 
operational alert system at MeteoSwiss (NowPAL, Panziera et al. 2016). The exceedance of 
a predetermined threshold triggers the hydrological forecast by using the novel process-
oriented distributed runoff module RGM-PRO (Antonetti et al. 2017) as initialized by 
operational gridded information on antecedent soil moisture condition provided by the 
PREVAH hydrological model. 
 
The hydrological simulation is forced with ensemble precipitation nowcasts from a seamless 
forecasting system that is tailored to optimally combine the information and respective 
uncertainty from multiple sources such as radar observations and short-range NWP forecasts. 
The system was recently developed to address the challenges of forecasting extreme 
precipitation in an Alpine context. In particular, these requirements include the need for 
localization and the formulation of a representative model of the forecast error. 
 
We will illustrate the full forecasting chain, explain the individual components and present first 
results from selected case studies.  
 
References 

 

Antonetti, M., Scherrer, S., Kienzler, P.M., Margreth, M., Zappa, M.. 2017. Process‐based 

hydrological modelling: The potential of a bottom‐up approach for runoff predictions in 
ungauged catchments. Hydrological Processes. 31, 2902–2920.  

 
Panziera, L., Gabella, M., Zanini, S., Hering, A., Germann, U., & Berne, A.. 2016. A radar-
based regional extreme rainfall analysis to derive the thresholds for a novel automatic alert 
system in Switzerland. Hydrology and earth system sciences. 20(6), 2317-2332. 

 
 
 
 
 
 
 
 

mailto:daniele.nerini@meteoswiss.ch


UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

78 
 

Effects of detrending precipitation series on frequency analysis of extreme events 
 
F. Netzel*1, J. Bender2, Ch. Mudersbach1,2 
 
1 Bochum University of Applied Sciences, Department of Civil and Environmental 
Engineering, Germany 
2 wbu consulting Ingenieurgesellschaft mbH, Siegen, Germany 
 
*Corresponding author: fabian.netzel@hs-bochum.de  
 
 
 
Abstract 

 
The design of urban drainage systems is substantially based on the amount of heavy rainfall 
events hN in different durations D and the return period T (DWA, 2012 and DWD, 2017). In 
Germany, comprehensive statistical rainfall-data with return periods of up to 100 yr and for 21 
different durations are provided in the so called KOSTRA-atlas on a grid of 2.73 km cell size 
(DWD, 2017). 
 
To provide a consistent methodological guideline for statistical analyses of rainfall data, the 
“German Association for Water, Wastewater and Waste” (DWA) published the guideline A 531 
(DWA A-531). Although generally many methodologies can be applied in statistical analyses 
(e.g. several distribution functions, parameter estimations methods etc.), this guideline 
postulates a relative strict procedure, leading to a very small range in terms of optimal 
computations. On the one hand, this is because of the intended analogous procedure used in 
the KOSTRA-atlas and on the other hand the DWA wanted to offer an easily understandable 
and widely usable tool for practical applications. 
 
In accordance with the DWA A-531 guideline, rainfall amounts of different durations are 
calculated from the original measured time series with equidistant time steps. These amounts 
are the basis for the subsequent statistical analyses (DWA, 2012). Trend analyses and a 
possible detrending of the time series, however, is not considered in the guideline. That, in 
case the time series comprises significant trends, might violate the mathematical requirement 
of an independent and identically distributed random variable (iid-criteria, see e.g. Bender, 
2015). Depending of existing trends in the time series, this might lead to incorrect return 
periods. 
 
Within the joint research project UniWa, funded by “The Ministry for Environment, Agriculture, 
Conservation and Consumer Protection” (MULNV) of the State of North Rhine-Westphalia 
(NRW), the effect of detrending precipitation series on the frequency analysis of extreme 
precipitation values is investigated for 236 datasets. 
 
In this context the postulated statistical analyses of the guideline DWA A-531 are applied to 
the precipitation time series, which were provided by the “State Office for Nature, Environment 
and Consumer Protection of North Rhine-Westphalia (LANUV NRW) and the resulting rainfall 
amounts were depicted (heavy rainfall events as a function of return period (Tn) and duration 
(D)). In a next step, the time series are tested for linear trends (see Figure 1) and – if applicable 
– detrended. Subsequently, the statistical analyses and the resulting rainfall amounts were 
computed again.  
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Fig 1: Linear trends of the annual maximum series for different durations D, exemplarily for 
the gauge Helgersdorf  
 
The results will show the resulting rainfall amounts (as a function of return period (Tn) and 
duration (D)) out of the 1) original and the 2) detrended precipitation time series exemplarily 
for three chosen rain-gauges. The rainfall amounts will be displayed and compared to each 
other for three different return periods of Tn = 5, 30 and 100 years. 
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Abstract 

 
Rainfall frequency analyses are commonly used for design of various urban hydraulic 
structures, such as dams, culverts, and storm sewers. In particular, these frequency analysis 
studies are necessary for the development of a “design storm” that is, a rainfall temporal 
pattern used in hydraulic structure design. The objective of rainfall frequency analysis is to 
estimate the amount of extreme rainfall falling at a given point or over a given area for a 
specified duration and return period. Results of rainfall frequency analyses are often 
summarized by “intensity-duration-frequency” (IDF) relations for a given site or are usually 
presented in the form of “precipitation frequency atlas”, which provides rainfall accumulation 
depths for various durations and return periods over the region of interest. The construction of 
these relations represents however a challenging and tedious task since it involves the 
uncertainty analysis of different probability models and the frequency analyses of a large 
amount of extreme rainfall (ER) data for different durations at a given site or over many 
different locations. In particular, the selection of the best probability models for extreme 
rainfalls is the most difficult decision since it requires a detailed evaluation of the descriptive 
and predictive abilities of each selected distribution among various candidate models.  
 
Furthermore, in recent years, climate change has been recognized as having a profound 
impact on the hydrologic cycle at different temporal and spatial scales. In particular, the 
intensity and frequency of extreme precipitation events in most regions might be likely 
increased in the future. Hence, there exists an urgent need to assess the possible impacts of 
climate variability and climate change on the IDF relations in general and on the design storm 
in particular for improving the design of urban water infrastructure in the context of a changing 
climate. At present, the derivation of IDF relations in the context of climate change at a location 
of interest has been recognized as one of the most challenging tasks in current engineering 
practices. The main challenge is how to establish the linkages between the climate projections 
given by Global Climate Models (GCMs) at the global scale and the observed extreme rainfalls 
at a given local site. Consequently, innovative downscaling approaches have been proposed 
for establishing these linkages in the modeling of ER processes over a wide range of temporal 
and spatial scales.  
 
In view of the above-mentioned issues, the present study proposes therefore a decision-
support tool, herein referred to as SMExRain (for Statistical Modeling of Extreme Rainfalls), 
that can readily be used to identify the most suitable probability distribution(s) for constructing 
robust IDF relations at a given site as well as to assess the possible impacts of climate change 
on the estimated extreme rainfalls (see Figure 1). More specifically, the SMExRain was relied 
on a systematic and objective approach for evaluating the performance of of various candidate 
distributions in terms of their descriptive and predictive abilities for providing the most accurate 
and most robust extreme rainfall estimates (Nguyen et al., 2017). In addition, the SMExRain 
was based on the use of a statistical downscaling (SD) method (Nguyen et al., 2007) to 
describe the linkages between the climate projections given by GCMs and the observed ERs 
at a given site for the assessment of the possible climate change impacts on the estimated 
ERs. 
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To assess the feasibility of the SMExRain, an illustrative application was carried out using the 
observed ER data available from a network of 84 raingages located in Ontario (Canada) and 
the climate simulation outputs from 21 different GCMs that have been downscaled by NASA 
to a regional 25-km scale for the RCP 4.5 scenario. Results of this application have indicated 
that the proposed decision-support tool can be used for describing accurately the linkages 
between climate projections provided by GCMs under different climate change scenarios and 
daily and sub-daily annual maximum rainfalls at a given local site. Finally, it has been shown 
that these linkages can be used to provide a robust and accurate assessment of the climate 
change impacts on the estimation of ERs for urban water infrastructure design. The SMExRain 
represents therefore an efficient practical tool for establishing reliable IDF relations for a given 
site of interest under current climate or projected climate change conditions. 
 

 
 
Fig 1: The decision-support tool SMExRain. 
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Abstract 

 
The characterization of the alpine extreme precipitation is the basis to study the projected 
changes in frequency and intensity of heavy rainfall. We studied some climatological features 
of extreme daily and sub-daily precipitation in the Swiss Alps and surrounding regions, based 
on 12 years of data from rain gauges and CombiPrecip, a rainfall field with high spatial 
resolution (1 km2) produced by locally adjusting the radar precipitation map to the values 
measured by rain gauges. 
 
We quantify the agreement between rain gauges and CombiPrecip concerning both the timing 
and the magnitude of the extreme events by cross-validation; overall, it increases with 
diminishing the severity of the extremes and increasing accumulation time. If the extremes 
represent on average the 10 most intense rainfall accumulations per year, in general 50–65% 
of rain gauges extremes are extremes also for CombiPrecip, 40–50% of CombiPrecip 
extremes are not extremes according to rain gauges, and CombiPrecip extremes are till 7% 
lower than rain gauges extremes. 
 
The maps of our climatology prove that both daily and sub-daily extremes along the first alpine 
slopes exhibit very different climatological features with respect to the crest of the Alps and 
flat terrain. Generally, on the Alpine foothills precipitation extremes are more intense and they 
produce a larger fraction of the total yearly rainfall. Regarding the temporal clustering, extreme 
1-hour precipitation is more clustered in time in the inner of the Alps, even though it is less 
frequent. The extremes exhibit a strong diurnal cycle in summer. 
 
We will also present the preliminary results of the radar-based extreme value analysis which 
we are developing with the same data set, in order to derive the return periods of heavy rainfall 
with relative confidence intervals for any ungauged location in the Swiss Alps. 
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Abstract 

 
Commercial microwave links (CMLs) can provide path-integrated quantitative precipitation 
estimates (QPEs). Path lengths of short (< 2 km) CMLs usually well correspond to the spatial 
scale of urban (sub)catchments. However, QPEs derived from short CMLs are prone to be 
biased. Thus, it is unclear whether rainfall-runoff models can benefit from the well-fitting 
lengths of the short CMLs. For a small (1.3 km2) urban catchment drained by a separate sewer 
system and located in Prague, Czech Republic, we assess the performance of rainfall-runoff 
simulations executed using QPEs from CMLs of various lengths as model inputs. This is done 
by comparing the simulated runoffs with storm water discharges observed at the catchment 
outlet. Runoffs simulated using QPEs from short CMLs are very often biased and, in terms of 
Nash-Sutcliffe Efficiency, worse than when using long CMLs. However, the short CMLs lead 
to very good model performance in terms of Pearson correlation, they even outperform 
municipal rain gauges during heavy rainfalls. This suggest that there is valuable information 
about temporal dynamics of heavy rainfalls included in the QPEs from short CMLs. Yet, we 
show that this information is damaged when correcting the bias in the CML QPEs using a 
method based on adjusting the QPEs to rain gauge data.  
 
1. Introduction 

 
Commercial microwave links (CMLs) can provide path-integrated quantitative precipitation 
estimates (QPEs) derived from attenuation of radio waves by raindrops between the link end 
nodes. However, the raindrop-induced attenuation Ar [dB] has to be separated from the total 
attenuation A [dB], i.e. the difference between the transmitted and received signal power, since 
A includes as well additional attenuation due to other phenomena, such as antenna wetting at 

the end nodes. The following relation is often used for deriving the raindrop-induced 
attenuation Ar: 

 
Ar = (A – Aw – B),     (1) 

 
where Aw [dB] stands for the attenuation due to wet antenna, and B [dB] for rainfall-
independent “baseline” attenuation. The attenuation by raindrops Ar can be related to the 
rainfall intensity R [mm/h] using the following approximation: 
 

R = α (Ar / L)β,       (2) 

 
where L [m] is the length of a given CML, and α [mm/h kmβ dB-β] and β [-] are empirical 

parameters depending on CML frequency and polarization, and on drop size distribution 
(Olsen et al., 1978). 

 
The raindrop-induced attenuation Ar is, for a given rainfall intensity, proportional to CML length 
and frequency. The baseline attenuation B changes with the link length as well. Since CML 
lengths typically range from hundreds of metres up to several kilometres, the magnitude of Ar 
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and B can vary considerably. Consequently, with decreasing CML length, the relative 
importance of the wet antenna attenuation Aw increases, as the magnitude of Aw is 

independent of CML length, but dependent on antenna properties (e.g. shape or coating) and 
meteorological conditions (rainfall, wind, temperature, humidity, solar radiation). Yet, there is 
still a lack of understanding how the various physical processes contribute to Aw, which leads 
to errors when quantifying it. These errors, as a result, considerably compromise the accuracy 
of CML QPEs, especially for short (< circa 2 km) microwave links (e.g. Leijnse et al., 2008). 
On the other hand, lengths of short CMLs often correspond to spatial scales of small urban 
(sub)catchments. Therefore, QPEs from short links might well capture spatially variable 
rainfalls, and thus improve urban rainfall-runoff modelling. However, because of the 
systematic errors in the QPEs from short CMLs, it is unclear whether rainfall-runoff models 
can indeed benefit from the promising length scale of the short CMLs. 
 
In this study, we use CML QPEs as inputs for urban rainfall-runoff modelling and investigate 
how different CML lengths influence the model performance. Moreover, we compare the 
performance of rainfall-runoff simulations executed using the CML QPEs with the model 
performance obtained using traditional rainfall data. The model performance is evaluated by 
comparing the simulated runoffs to observed stormwater discharges. 
 
2. Material 

 
The experimental urban catchment (Fig. 1) with the area of 1.3 km2 lies in Prague-Letňany, 
Czech Republic, and it is drained by a separate stormwater sewer system. Approximately 35% 
of the catchment’s area is covered by impervious surfaces. The catchment is slightly inclined 
to the north, with the altitude gradually declining from roughly 280 to 250 m above the sea 
level. The rainfall-runoff lag time in the catchment is approximately 20 minutes.  
 

 
 
Fig 1: Left: Schematic layout of the studied urban catchment. Right: Location of the CMLs 
(with IDs denoted) and of the rain and flow gauges within the catchment. The CML central 
node is located close to the catchment’s centroid. Longer CMLs reach out of the catchment 
by several kilometres. 
 
We monitored 19 CMLs located in the catchment and its surroundings (Fig. 1) for a period 
between August 2014 and October 2016. The CMLs broadcast at 25 to 39 GHz frequencies, 
their lengths vary approximately from 600 to 5000 m, and they are operated by a major 
telecommunications service provider. The CML QPEs were retrieved at 10-s resolution (for 
details, see Fencl et al., 2015) and aggregated to 1-min resolution. Moreover, observations 
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from three tipping bucket rain gauges (operated by the municipal sewer authority, each in a 
distance of approximately 2.5 km from the catchment) were collected at 1-min resolution 
during the same period. The rain gauges were manufactured by the Meteoservis company 
(MR3 model) and they were dynamically calibrated. They have the funnel area of 500 cm2, the 
bucket volume 5 ml, and their single tip corresponds to approximately 0.1 mm of rainfall. In 
addition, we observed discharges at the stormwater drainage system outlet using an area-
velocity flow metre (Triton, ADS). Uncertainty of these measurements as quantified by 
standard deviations is 0.015 m for water depth and 0.05*vm for the measured velocity vm. The 
temporal resolution of discharge measurements is 2 min for wet and 10 min for dry periods. 
Observed discharge values range approximately from 2 to 3000 l/s. The collected data set 
includes 67 relevant (rainfall height > 2 mm) rainfall-runoff events. Roughly 1/3 of these events 
are classified as heavy rainfalls (max. 10-min rainfall intensity > 12 mm/h). 
 
3. Methods 
 
We investigate the ability of individual CMLs to provide relevant rainfall information for urban 
rainfall-runoff modelling. We use the investigated rainfall data as inputs for rainfall-runoff 
modelling, and we evaluate the model performance by comparing the simulated runoffs with 
discharges observed at the stormwater drainage system outlet.  
 
We study CML QPEs derived in the two following ways: i) by using the power law between 
rainfall intensity and radio signal attenuation with parameters taken from literature, and ii) by 
adjusting to traditional rainfall data from rain gauges. In the first approach, we apply wet 
antenna correction (Aw from Eq. 1) as a constant offset in accordance with Overeem et al. 
(2011). Parameters α and β from Eq. 2 are chosen as recommended by ITU 
Radiocommunication Sector (2005). In the second method, the mean of the instantaneous 
values of the three rain gauges, aggregated to 15-min time steps, is used for adjusting the wet 
antenna attenuation Aw and the parameter α, while keeping β equal to one, as proposed by 
Fencl et al. (2017). The baseline attenuation (B from Eq. 1) is estimated in both approaches 

according to Fenicia et al. (2012). 
 
Overall, there are 41 different precipitation time series used as input into the rainfall-runoff 
model. Firstly, we employ QPEs derived from only one CML at a time, eventually using each 
of the 19 CMLs. Next, we construct a time series calculated as the mean over all available 
CML QPEs for every time step. Thus, we construct 20 time series for each of the two methods 
of retrieving CML QPEs. Additionally, representing a traditional rainfall data set, the mean of 
three rain gauges from the permanent municipal network is used as model input. These are 
the same rain gauges as those used for CML adjusting (method ii), but we use the original 1-
min resolution in this case. The precipitation input is always implemented as areal rainfall in 
the model.  
 
To simulate the discharges at the drainage system outlet, we use an EPA-SWMM model 
calibrated using measurements from three rain gauges only temporarily installed in the 
catchment. We simulate discharges for all relevant (rainfall height over 2 mm, in total 67) 
rainfall-runoff events we captured during the monitoring period. The model performance is 
evaluated for each event using the Nash–Sutcliffe efficiency (NSE, [-]) and the Pearson 
correlation coefficient (PCC, [-]). Subsequently, we summarise the model performance for all 
67 relevant rainfall-runoff events, and also separately only for heavy rainfalls. 
 
4. Results 

 
Firstly, the model performance in terms of NSE is presented. The results differ substantially 
for the two methods of deriving CML QPEs. The unadjusted CML QPEs (method i, Fig. 2 left) 
do not outperform the rain gauge data. For individual links, better NSE values (higher median, 
lower variability) are in general obtained for longer CMLs. However, as shown e.g. by the CML 
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#4, this is not a universal rule. This, actually, confirms the crucial effect of the bias in CML 
QPEs on rainfall-runoff predictions, since, as shown by additional analyses, the worst NSE 
values are connected to links leading to notably overestimated (30% to 100% in median) runoff 
volumes. Interestingly, the CML #4 rather underestimate the runoffs. The mean over all 
available CMLs provides relatively good results, very similar to (but not better than) the long 
individual CMLs. NSE values for the adjusted CML QPEs (method ii, Fig. 2 right), when 
compared to the unadjusted CML data, are notably higher. The results are in general very 
similar to those for the rain gauges, i.e. with the median roughly between 0.5 and 0.8, and with 
the interquartile range between 0.4 and 0.7. About a half of the individual CMLs (including also 
short ones), and the mean over all CMLs as well, lead to less variable NSE values than the 
rain gauges. However, only 3 CMLs, and the mean over all, lead to higher median NSE values. 
 

 
 
Fig 2: Boxplots of NSE values, summarised for all available rainfall-runoff events, obtained 
using the unadjusted CML QPEs (method I, left) and the CML QPEs adjusted to rain gauges 
(method ii, right). Note the different scale of the y axes. 
 

  
 
Fig 3: Left and Middle: Boxplots of PCC values, summarised only for heavy events, obtained 
using the unadjusted CML QPEs (method i) and the CML QPEs adjusted to rain gauges 
(method ii) respectively. Right: Scatterplot of PCC for the mean over all unadjusted CML QPEs 
(x axis) and for the rain gauges (y axis) with colour-coded max. 10-min rainfall intensities of 
the individual events.  
 
The model performance in terms of PCC, which is insensitive to linear bias, is different than 
when quantified by NSE. When summarised for all available rainfall-runoff events, there is no 
clear systematic difference between short and long CMLs. For the unadjusted QPEs, the PCC 
values are relatively low when compared to the rain gauges, with medians between 0.7 and 
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0.9. Lower (and more variable) PCC values are associated to CMLs which systematically 
underestimate runoff volumes (due to negative bias in the QPEs), e.g. CML #4. Adjusting to 
rain gauges improves the results, mainly their variability, but the values are not higher than for 
the rain gauges used alone. 
 
Interestingly, the performance as quantified by PCC is rather different when summarised only 
for heavy rainfalls. Most notably, the unadjusted CML QPEs (Fig. 3 left) lead now to higher 
PCC values (medians between 0.85 and 0.95). The relation between the rainfall intensity and 
the PCC performance is, for the mean over all unadjusted CML QPEs and for the rain gauges, 
visualised in the Fig. 3 (right). The mean over all CMLs leads to the best PCC values by far. 
Several individual CMLs, as well, lead to higher PCC than the rain gauges. The best results 
are reached using relatively short CMLs located in the western part of the catchment (#3, #6, 
#7, #8). Individual links differ especially in the variability of the PCC values. The high variability 
is connected to longer CMLs reaching eastwards out of the catchment (#9, #11, #13, #14, #17 
and #18) and to those which tend to underestimate runoff volumes (#4, #10 and #19). For the 
CML QPEs adjusted to the rain gauges (Fig. 3 middle), the PCC values are in median, and 
predominantly also in variability, similar to the values obtained when using only the rain gauge 
data. When compared to the unadjusted QPEs, the short CMLs (and the mean over all CMLs) 
lead in general to worse results, and the long links to better ones. 
 
5. Conclusions 
 
The value of QPEs from short CMLs has been demonstrated when evaluating the urban 
rainfall-runoff simulations using the PCC metric (which is insensitive to linear bias) and when 
analysing only heavy rainfalls. In this case, the unadjusted QPEs from short individual CMLs 
can lead to remarkably high PCC values. Interestingly, even better PCC values (best from all 
the examined rainfall data) can be obtained by using combined rainfall information from all 
available CMLs. Next, we have shown that the high bias, common especially in QPEs from 
short CMLs, negatively affects the rainfall-runoff model performance as quantified by the NSE 
metric. Adjusting the CML QPEs to rain gauge data can improve this performance, however, 
it is still not substantially better than for the rain gauges used alone. Furthermore, adjusting to 
rain gauges worsens the model performance in terms of the PCC metric for heavy events. 
This suggests that there is valuable information about temporal dynamics of heavy rainfalls 
included in the QPEs from short CMLs, but the method of removing the bias by adjusting the 
QPEs to rain gauges, as a side effect, damages this information. Therefore, further research 
should focus on improving the methodology for bias reduction, potentially not using only 
additional rainfall data, but also runoff measurements. 
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Abstract 

 
Many problems related to integrated management of urban drainage systems and wastewater 
treatment plants require forecasts at time horizons longer than the 2-3 hours that radar rainfall 
extrapolation forecast at most can provide. Numerical Weather Predictions (NWP) provide 
longer horizons but with worse spatio-temporal resolution, which is critical for urban runoff 
predictions. 
 
NWP models contain large uncertainties regarding the amount, location and timing of rainfall. 
They furthermore require large computational efforts, especially when run in high enough 
resolution for urban drainage purposes and are therefore only able to provide a single 
deterministic forecast or a small ensemble of scenarios at every forecast cycle. A single 
deterministic forecast cannot reflect the uncertainty in a given situation. Ben Bouallègue et al. 
(2013) showed how a post-processing method based on spatial neighborhoods improved the 
skill of an NWP ensemble. Courdent et al. (2018) used this method for urban runoff 
predictions, with low temporal resolution but on long horizons up to two days ahead. In this 
work, we use the neighborhood method to generate an ensemble from a single, higher 
resolution deterministic NWP and use this to predict flow exceedance at the outlet of an urban 
sewer catchment. 
 
The case study is the Dæmningen sewer catchment in Copenhagen, Denmark, which has an 
area of 30 km2 and is a combined sewer system (see Fig 1). Forecasts are evaluated against 
flow data from a gauge at the catchment outlet during the period of May-July and October-
December, 2017. A lumped conceptual model based on three linear reservoirs in series is 
used to simulate the runoff at the catchment outlet. This model is calibrated with rainfall 
observations from seven rain gauges. 
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The NWP product is developed by the Danish Meteorological Institute and is based on the 
HIRLAM NWP model. The resolution of the NWP 
grid is 0.03o, which corresponds to around 3.3 km 
over the case area, while the temporal resolution 
is 10 minutes. The forecast horizon is 10 hours 
and a new forecast is made once an hour. This 
product has a special feature in that it assimilates 
radar observations into the NWP model in the two 
hours leading up to the time of forecasts. This is 
done to improve forecast accuracy on short lead 
times. Korsholm et al. (2015) details the 
operational NWP setup. 
 
The neighborhood post-processing method works 
by viewing rainfall that is predicted to fall in the 
vicinity of the catchment as a potential scenario 
for what might occur directly above it. This can be 
understood as sampling the location of the 
catchment within different parts of the 
surrounding area. The spatial uncertainty in NWP models can be substantial and we thus 
consider a neighborhood of up to 109x109 km around the catchment, resulting in an ensemble 
with roughly 1,000 members if the full neighborhood is used. 
 
Flow forecast performance is evaluated with Precision-Recall (PR) curves, which can be used 
to evaluate threshold exceedance problems, such as sewer overflow and switching between 
dry and wet weather operations at a treatment plant. A PR diagram plots the True Positives 
Rate (TPR) against the Positive Predictive Value (PPV). TPR is the number of correctly 
predicted values above a threshold divided by the total number of observations above the 
threshold, and describes how many of the actual events that were correctly predicted. PPV is 
the number of correctly predicted flow values above a threshold divided by the total number 
of predicted values above the threshold, and describes how trustworthy a prediction of 
threshold exceedance is. Both scores range from 0 (worst) to 1 (perfect). A good forecast is 
in upper right corner of a PR diagram. We use a flow threshold of 4,000 m3/hr, which signifies 
the difference between dry and wet weather situations. 
 
Fig 2 shows PR curves for different sizes of the spatial neighborhood at different forecast 
horizons. Each of the points in the figure shows the performance of an operational system that 
needs “x” number of ensemble members to predict exceedance of the threshold before an 
action is taken. The use of ensembles based on spatial neighborhoods allows operation at 
many different points rather than at the single point from the deterministic forecast. The choice 
of operational point for a specific purpose then depends on how risk tolerant a given decision 
maker is. The fact that the curves move towards the lower left corner as we go from small (a) 
to larger (c) forecast horizons in Fig 2, shows the degree to which forecast performance 
decreases with longer forecast horizons. 
 
The ensembles from spatial neighborhoods cannot be interpreted as actual probabilities of 
event occurrence. Future work will therefore look into how this type of ensemble information 
can be used to estimate actual probabilities through statistical post-processing, or how it can 
be used to scale the diffusion term in runoff models based on stochastic differential equations. 
 

 
Fig 1: Dæmningen case area. 
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Fig 2: PR curves for different neighborhood sizes at horizons of (a) 0-3 hr, (b) 3-6 hr, (c) 6-10 
hr.  
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Abstract 

 
Data acquired by remote sensing can be used to contribute to the understanding of the 
relationship between air temperature and precipitation at large scales. This study (Peleg et al., 
2018) focus on the analysis of heavy rainfall at the storm and convective rain cell scales using 
a high spatio-temporal resolution (1-km, 5-min) precipitation estimates. Rainfall data were 
obtained from a single C-band (5.35-cm wavelength) non-Doppler instrument located in the 
Ben Gurion International Airport, Israel (Fig. 1). Records from this radar have been archived 
from October 1990 to March 2014, with small data gaps due to malfunction or regular 
maintenance, and were processed to reduce the impact of the abovementioned errors. With 
24 hydrological years of corrected and gauge-adjusted estimates, this represents one of the 
longest homogeneous archives of weather radar estimates worldwide. The study focuses on 
the eastern Mediterranean, a region characterized by a sharp change from Mediterranean to 
semiarid and arid climates (Fig. 1). Four 60 km x 60 km locations (A–D in Fig. 1) were selected 
to represent climatological diversity along the region (Mediterranean climate, A and B; 
semiarid climate, C and D) and geographical diversity (oversea, A; far inland, D). The selection 
was further based on the quality of the weather radar data, for example, ascertained by the 
distance from the weather radar, absence of known ground clutter, and beam blockages. The 
areal extent of the locations allows capturing the largest convective rain cells observed in the 
region while preserving a climatic homogeneity in each location. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig1: Map showing the weather radar 
(gray star), climatic zones 
(Mediterranean, green; semiarid, red; 
arid, orange) and the four 60 km x 60 
km locations that were studied (square 
areas, labeled A–D).  
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Convective rain cells were identified from the radar rain fields using the image processing 
algorithm presented by Peleg and Morin (2012). The area and peak rainfall intensity of 
convective rain cells were scaled with temperature. The wet area ratio, areal rainfall, 
convective areal rainfall, and non-convective areal rainfall were all calculated for convective 
rainfall fields, that is, for radar rainfall fields in which at least one convective rain cell is 
observed. Each convective rain cell was associated with the last temperature observation 
available before the rain cell detection time. The scaling was then objectively quantified using 
the quantile regression technique. 
 

 
 
Fig 2: Results of the scaling of different rainfall variables with temperature. 
 

The peak intensity of individual convective rain cells was found to increase with temperature, 
but at lower rate than the 7% ◦C-1 scaling expected from the Clausius-Clapeyron relation, while 
the area of the individual convective rain cells slightly decreases or, at most, remains 
unchanged (Fig. 2a-b). At the storm-scale, the areal convective rainfall was found to increase 
with warmer temperatures, whereas the areal non-convective rainfall and the storm-wide area 
decreases (Fig. 2e-f). This suggests an enhanced moisture convergence from the storm-wide 
extent towards the convective rain cells. The results indicate a reduction in the total rainfall 
amounts (Fig. 2c-d) and an increased heterogeneity of the spatial structure of the storm 
rainfall. 
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Abstract 

 
The development and research in the radar community is increasingly driven and supported 
by open-source projects (see https://openradarscience.org/), in particular for radar-based 
quantitative precipitation estimation (QPE). Following the same trend, we recently started a 
community effort to promote research and development in radar-based ensemble precipitation 
nowcasting: pySTEPS (https://pysteps.github.io/). 
 
The pySTEPS library contains Python routines for ensemble precipitation nowcasting. These 
offer the possibility to read various standard data formats, estimating the radar echo motion 
using optical flow algorithms, generating stochastic perturbations in space and time, 
performing a spectral decomposition of precipitation fields as well as producing, visualizing 
and verifying the ensemble nowcasts. The modular structure facilitates the contributions by 
scientists, who can easily re-use the basic modules to implement their preferred nowcasting 
system and add it to the library for the benefit of all. 
 
The available modules are potentially useful for applications beyond nowcasting, e.g. for 
stochastic design storm generation, QPE ensembles, NWP blending and forecast verification. 
The benefit to the hydrological community is clear as the precipitation ensembles can be used 
as inputs in hydrological models to investigate the propagation of uncertainty and improve 
flood forecasting methods. 
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Abstract 

 
During the last few decades, the continuing increase of impervious surfaces directly connected 
to grey infrastructure has caused significant increases of fast-forming runoff (Qin et al., 2013). 
Meanwhile, the changeable climate raises potential of extreme disasters, especially in urban 
areas (Lovejoy and Schertzer, 2013). 
 
Compared to the traditional drainage system, Nature-Based Solutions (NBS) are widely 
considered as a sustainable approach to urban stormwater management. However, the 
efficiency of NBS is closely linked to their innate properties and urban environment conditions, 
both being a subject to the small-scale heterogeneities. Such heterogeneities are indeed 
difficult to assess by using the conceptual, instead of physically based, hydrological models. 
To better evaluate hydrological performances of different NBS across urban catchment scales, 
especially their capacity for storm-water management, a fully-distributed physically based 
model, Multi-Hydro, was developed at Ecole des Ponts ParisTech (Ichiba et al., 2017). This 
model was implemented on the Guyancourt semi-urban catchment of about 520 ha, southwest 
of Paris (France) (Neto et al., 2018). In this work, we use this catchment (Fig 1) under several 
scenarios of NBS implementation to evaluate the most suitable development for the area. The 
high resolution land cover and GIS information were carefully processed to define the area 
most suitable for the implementation of NBS. Several individual and combined NBS were 
considered, such as porous pavement, rain garden, green roof, and porous pavement 
combined with rain garden and green roof. These measures were implemented into Multi-
Hydro and their performances were simulated using two types of rainfall data, provided by the 
C-band (with 1 km pixel) and X-band (with 0.25 km pixel) radars. Results were analyzed with 
two indicators: runoff volume and peak discharge reduction, making the comparison with the 
initial hydrological conditions of the catchment.  
 
The results show that the suitable combination of NBS could reduce up to 70% the peak 
discharge and up to 90% the runoff volume. However, such “suitable combination of NBS” 
appears dependent on the whole catchment variability. The Multi-hydro model is 
demonstrated to be an effective model to evaluate and quantify hydrological responses of 
NBS, which can be used as a decision support tool to give certain insights to decision-makers.  
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Fig 1: Study area of Guyancourt, France 
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Context 

 
Sanitation systems are now considered as key elements in the development of urban systems, 
especially for their benefits in terms of health and safety of property and people. The first 
systems created consist of piped systems built to evacuate rain and waste water as quickly 
as possible out of the cities. Their very strong growth has considerably increased the drained 
surfaces, which has inevitably led to an increase in the volumes and flows in transit in the 
networks. Very quickly, and despite the arrival of separation networks, they have been 
saturated during heavy rains, generating risks of flooding by runoff. The study area of the 
Métropole de Lyon (1.3 million inhabitants, located in the south-eastern quarter of France) is 
particularly affected with several dozen claims each year, which are the subject of 
compensation, following intense thunderstorms (e.g. 7 June 2015: 32.4 mm in 30 minutes – 
figure 1) or longer rain events (e.g. 7 September 2010: 104.1 mm). As a result, management 
has undergone a notorious evolution, often compared to a paradigm shift, and Lyon is a 
representative French example. Thus, new management methods are based on principles 
that mimic natural water cycles and are sometimes referred to as biomimetics. These 
alternative techniques have the main objectives of managing the precipitation in situ and 
slowing the flow. 
 

 
 
Fig 1: Thunderstorm over Lyon on April 13, 2016 at 22 :28 UTC (source : Romain Weber – 
www.lyonmeteo.com) 
 
These new management methods, however, come in a context of climate change. Subject to 
numerous studies on a global scale, future climate changes are, on the other hand, much less 
well documented at the local level. The different model outputs whose resolution does not 
allow a precise characterization of the local evolution of the precipitations are still difficult to 
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interpret for the managers. As a result, a weather type classification system approach was 
initiated in Lyon (Renard et al., 2015), based on the rainy days and the characteristics of the 
episodes, since "a long catalogue of past weather regime events can give evidence for climate 
trends and their impacts, both in historical and recent times » (James, 2007). However, this 
study was based on the Grosswetterlagen Hess-Brezowsky classification (Gerstengarbe and 
Werner., 1999). This classification is subjective which means that several specialists can give 
different results for the same day of study, even if this probability remains low. Therefore, it is 
proposed here to use the Objective Weather Type Classification (OWTC – Bissolli and 
Dittmann, 2001). Contrary to the Grosswetterlagen and according to the German 
Meteorological Service (Deutscher Wetterdienst DWD) that produces both classifications that 
are consecutively continued, this objective classification is unambiguously defined and 
numerically reproducible with the same results. The Grosswetterlagen covers a large area of 
Central Europe and the OWTC covers mainly Germany with Lyon in the study area (fig. 2). As 
a consequence, this new study has three objectives: to update the previous study using the 
Grosswetterlagen to see if the trends of situations favourable to intense precipitation continue, 
apply the same method using the objective catalogue and compare the results obtained using 
both classifications. The expected results should make it possible to provide support for the 
establishment of a sustainable flood risk management policy for urban stormwater, particularly 
for the design of structures. 
 

 
 
Fig 2: Location of Lyon metropolis in Europe and OWTC area 
 
Methodology 
 
The weather types of rainy days in Lyon, the 100 longest, most abundant and most intense 
episodes are analyzed using the Grosswetterlagen and OWTC catalogues since 1881 and 
since 1980 to 2017, respectively. Trends are analysed using the Mann-Kendall test (α = 5%) 
and the Sen’s slope. The absence of autocorrelation is verified beforehand. Breaks are 
analysed using the Pettitt, SNHT (standard normal homogeneity test), Buishand and von 
Neumann tests. Trends in annual rainfall totals and number of rainy days are also analysed. 
Lyons rains (Lyon - Bron raingauge) are provided by the French Meteorological Service 
(Météo-France). 
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Results 
 

No trend can be detected on the annual sum of rainy days but the annual rainfall heights are 

slightly increasing since 1881 (x̅ = 803.7 ; σ = 133.8, Kendall's tau = 0.12 – fig. 3). 
 

 
 
Fig 3: Annual rainfall heights (mm) and rainy days in Lyon, since 1881 (source: Météo-France) 
 
 According to the Grosswetterlagen, most of the annual rains are due to westerly and southerly 
circulations (31% and 22% respectively). In terms of intense rainfall, 34 % and 23 % are 
caused to southerly circulations and main high / low pressure area over central Europe. More 
precisely, within the southerly circulations, 32.3% are due to “trough over Western Europe 
TRW” and “Cyclonic South-westerly SWZ” regimes each. Within the main high / low pressure 
area over central Europe, 72.2 % are caused by the “Zonal ridge over Central Europe BM” 
regime. These findings have to be taken with great notice because all of them are drastically 
increasing since 1881 (table 1 – fig. 4). In a similar way, the OWTC indicates that the 
southwest wind direction provoques 61% of intense rainfalls. More sharply, the SWCAW 
regime (meaning a Southwest Wind direction, Cyclonic near surface, Anticyclonic in the upper 
atmosphere and a Wet atmosphere) brings 24 % of them and they are increasing as well since 
1980 (table 1). In conclusion, the results obtained from both weather types are matching and 
indicating that the proportions of regimes causing the most intense rainfalls over the Lyon area 
are steadily increasing in the context of global change. 
 
 Tab 1: Kendall’s tau for the weather types mainly responsible of intense precipitations in Lyon 
 

 Weather types Kendall's tau 

Subjective Hess-Brezowsky 
Grosswetterlagen 
 
 

Southerly circulations 0,477 

Cyclonic South-westerly SWZ 0,501 

Trough over Western Europe TRW 0,470 

Zonal ridge over Central Europe BM 0,280 

Objective Weather Type Classification SWCAW 0,298 
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Fig 4: Southerly circulations and TRW, SWZ and BW Großwetterlagen during rainy days in 
Lyon since 1881 
 

 
 
Fig 5: SWCAW regime during rainy days in Lyon since 1980 
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Abstract 

 
Due to more frequent extreme rainfall incidents in recent years, many large cities are 
considering construction of drainage systems for design of drainage systems to cope with 
rainfall in the order of 100-yr rainfall events. To facilitate initial design a procedure based on 
utilisation of Chicago Design Storms (CDS) rainstorms in combination with areal reduction 
factors (ARFs) and a procedure for systematic inclusion of subcatchments belonging to the 
total drainage area has been developed. Using extreme rainfalls from a dense network of 
recording pluviographs, areal reduction factors are used to produce intensity-duration-area 
(IDA) curves. The IDA-curves are subsequently applied to generate CDS-ARF T-year storms, 
i.e. artificial storms that include T-year intensities for all subdurations within the storm. For 

each subcatchment an instantaneous unit hydrograph has been linked to the time of 
concentration. Combining the CDS-ARF rains with the unit hydrographs using convolution 
integrals then leads to inflow hydrographs for the drainage system. First, each subcatchment 
is loaded individually by a T-year CDS-ARF storm corresponding to the catchment area. Then 
the upper subcatchment is combined with the next subcatchment, and a T-year CDS-ARF 
storm for the combined area is applied. This procedure is continued until the most downstream 
subcatchment has been included. If a reservoir is included in the drainage system, the 
downstream subcatchment must successively be combined with upstream subcatchments to 
find the highest downstream load. 
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Abstract 

  
Methods for scale-selective blending of precipitation fields, e.g. as implemented in STEPS 
(Bowler et al., 2006), typically use band-pass filtering methods to achieve scale separation. 
For certain choices of the set of band-pass filters (the filter bank), this is equivalent to a 
discretized Continuous Wavelet Transform (CWT). The filters cannot be localized to an 
arbitrarily small support simultaneously in both frequency and position space, so it is useful to 
consider the optimal tradeoff. Examples of the localization properties of some well-known 
(continuous) wavelets, as in Torrence and Compo (1998), will be given and compared to those 
of the non-standard filters in STEPS. 
 
Quite often it is useful to be able to simulate precipitation fields, e.g. for design storm 
simulations or to represent the growth of uncertainty at the smaller scales; either in 
precipitation nowcasts or in the initial precipitation analyses themselves, i.e. for ensemble 
generation. One way to achieve this is to fractionally integrate Gaussian noise (or more 
generally Lévy noise; e.g. Lovejoy and Schertzer, 2010), leading to fields with long-range 

correlations and a scaling power spectrum P(k) proportional to |k|. Here  is a spatial spectral 
scaling exponent, with empirical values, for precipitation, typically in the range [1.5,3.5]. Some 

examples of wavelet-based simulations will be given, for selected values of , that were 
achieved by directly multiplying the Wavelet Transform (WT) coefficients of the noise by scale 
dependent factors, both for the Continuous Wavelet Transform (CWT) and for various Discrete 

(dyadic) WT (DWT) filters. The resulting scaling exponents  of these simulations will be 

compared to the desired values. Further, it will be demonstrated how  can be made to vary 
spatially, i.e. to simulate non-stationary behavior.  
 
In two dimensions, the Fourier-space filters can be directional, e.g. the Cauchy wavelet 
(Antoine et al.,1999) or the famous Morlet wavelet (Goupillaud et al., 1984). Examples will be 
given of how local anisotropy, observed in real precipitation fields, can be simulated by direct 
modification of directional wavelet coefficients, using either the discretized CWT (Figure 1) or 

the Dual-Tree Complex Wavelet Transform (DTCWT; Selesnik et al., 2005; Figure 2), a 

relatively recent enhancement to the standard DWT. 
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Fig 6: Demonstration of a simulation which has a spatially varying preferred orientation, 
achieved by modification of the complex coefficients of a directional discretized CWT. The 
coefficients were obtained using a Morlet Fan Wavelet composed of 20 orientations. Two 
different realisations on a 1024x1024 grid (corresponding to 1km x 1km pixels) are shown. 
The scale (mm/h) and scaling exponent  were chosen to match some precipitation images 
from a selected convective rain case. 
 

 
 
Fig 7: Modification of the complex coefficients of the DTCWT of a Gaussian random noise 
(mean = 0, variance = 1) with a value of  = 1.66. The directional selectivity of the DTCWT 
allows anisotropic scaling behaviour (top row; four orientations shown). The bottom row shows 
the corresponding Fourier power spectra (log scale). 
 
 
 
 
 
 
 



UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

105 
 

References 
 
Antoine, J.P., Murenzi, R. and Vandergheynst, P., 1999. Directional wavelets revisited: 
Cauchy wavelets and symmetry detection in patterns. Applied and Computational Harmonic 
Analysis, 6(3), pp.314-345. 
 
Goupillaud, P., Grossmann, A. and Morlet, J., 1984. Cycle-octave and related transforms in 
seismic signal analysis. Geoexploration, 23(1), pp.85-102. 
 
Lovejoy, S. and Schertzer, D., 2010. On the simulation of continuous in scale universal 
multifractals, part I: spatially continuous processes. Computers & Geosciences, 36(11), 
pp.1393-1403. 
 
Bowler, N.E., Pierce, C.E. and Seed, A.W., 2006. STEPS: A probabilistic precipitation 
forecasting scheme which merges an extrapolation nowcast with downscaled NWP. Quarterly 
Journal of the Royal Meteorological Society, 132(620), pp.2127-2155. 

 
Selesnick, I.W., Baraniuk, R.G. and Kingsbury, N.C., 2005. The dual-tree complex wavelet 
transform. IEEE signal processing magazine, 22(6), pp.123-151. 

 
Torrence, C. and Compo, G.P., 1998. A practical guide to wavelet analysis. Bulletin of the 
American Meteorological society, 79(1), pp.61-78. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

106 
 

Radar data quality impact on rainfall nowcasting for urban drainage application 
 
B. Shehu*1, U. Haberlandt1 
 
1 Institute of Hydrology and Water Resources Management, Hannover, Germany 
 
*Corresponding author: shehu@iww.uni-hannover.de 
 
 
 
Abstract 
 
Radar data with high spatial and temporal resolution are commonly used to track and predict 
rainfall patterns that serve as an input for urban drainage models. However these data are 
continuously subjected to high errors for high resolution input (1km2 and 5min) required for the 
urban application. Different approaches have been implemented by different studies in order 
to gain better radar estimates by integration information from station data. Conditional merging 
is one of these methods that uses past information (15min window) to merge the station 
intensities with the spatial variability of the radar data (Berndt et al., 2012; Fuchs et al., 2017).  

 

The aim of this study is to investigate the impact of radar quality on the nowcasting (lead times 
up to 2 hours) of the rainfall intensities. Certainly the quality of the radar data directly affects 
the performance of the forecast but it is important to understand until what lead time the quality 
of the radar data is dominant, and at what point the forecast uncertainties become so great 
that the radar input doesn’t make a difference. For this purpose two radar data are used: a) 
the raw radar data with simple correction (RR) and b) conditionally merged radar data with 
station data (CM). The impact of each radar data on the nowcast is demonstrated by 
comparing the performance of the forecasted field from the radar tracking algorithm HyRaTrac 
(Kraemer, 2008). A total of 86 extreme events are selected within the radar range of Hannover 
station in Lower Saxony (Germany) for the period 2006-2012, and are evaluated by continues 
criteria (bias, rmse, correlation) with gauge data as the ground truth. 

 
 

 
 
 
 
 
 
 
 
 
Fig 1: Performance criteria of raw radar data (RR) and merged data (CM) for the 86 selected 
events: right – normalized Bias, middle – normalized RMSE and left – Pearson correlation. 
 
Figure 1 illustrates the errors of both radar input compared to station data, for all the 86 events, 
and it indicates that the merged radar data agree better with station data. Thus they are 
considered the high quality radar data. The forecast errors averaged for all events are shown 
in Figure 2 for the lead time of 15, 30, 60 and 120 min. It is clearly visible that for short lead 
times the CM based forecast outperforms the RR one. However at the lead times of 1 and 2 
hours, the difference between the two types of input data becomes negligible, as the forecast 
errors rise up to 100%. As a conclusion, the radar data quality impacts the forecast 
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performance up to 30 min lead times, and for longer lead times the errors of the forecast model 
are dominant.  

 
 
Fig 2: Forecast performance criteria of different lead times averaged for the 86 selected event 
with a) raw (blue) and b) merged (red) radar data as input. Solid lines indicate the forecast 
criteria based on station data, whilst the dashed line based on input radar data. All 
performance values are normalized and the optimum (1 for Correlation, NSE and peak 
timeshift, 100% for all the others) is at the centre of the figures. The closer to the centre the 
better the performance. Each grey circle indicates a decrease by 10 % or by 0.1 in the 
performance criteria. Performance criteria illustrated: RMSE - normalized root mean square 
error,  NSE - Nash Sutcliffe efficiency, VOL.ERR - total bias, PEAK.ERR - peak intensity bias, 
PEAK SHIFT - temporal shift of the peak intensity, VOL.BP - bias before peak intensity, 
VOL.AP - bias after peak intensity, CORR - Pearson Correlation.  
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Abstract 
 

NowPrecip is a new precipitation nowcasting system developed in MeteoSwiss. It is area-
tracking and fully-probabilistic, capable of producing multi-member ensembles of possible 
evolutions. It follows the philosophy of seamless forecasting: evolution begins from the last 
radar observation and merges smoothly into the numerical weather prediction ensemble 
members. The application is currently in the state of testing and verification.  
 
The algorithm is based on five new ideas. (a) A geostatistics-based optical flow algorithm, an 
approach which is spatiotemporally coherent and minimizes artefacts on zero-precipitation 
areas. (b) A localized approach of the nowcasting problem, as opposed to the typical one of 
operating on the entire domain. This has been motivated by the need to deal effectively with 
situations where different rainfall patterns characterize different parts of the domain (c) A 
straightforward technique to compute and include systematic growth and decay. (d) The ability 
to use a machine-learning input as a replacement of the typical Lagrangian persistence one. 
This relies on the algorithm’s localized design and introduces a full methodology for employing 
state-of-the-art machine learning algorithms into nowcasting. Implementation of such 
algorithms could potentially capture growth and decay patterns which are, by-design, ignored 
in Lagrangian persistence schemes. (e) A capability to incorporate and micro-control individual 
precipitation cells into the evolution. This technique can generate and control the evolution of 
individual cells, in terms of size, intensity and shape, directly and seamlessly into the 
precipitation domain.  
 
We essentially attempt to amplify the links between an area-tracking nowcasting process and 
(a) the NWP output, and (b) the object-tracking or satellite-based convection initiation 
procedures, in order to maximize the benefits nowcasting can get from such connections. 
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Abstract 
 
Urban flooding induced by heavy rainfalls leads yearly to severe damages and casualties 
worldwide and particularly in Switzerland. To reliably predict the magnitude and the dynamic 
of such flooding events, an accurate estimation of the spatio-temporal rainfall patterns of the 
causative event is crucial for the calibration and application of the hydrological model. 
Estimating the exact value of the rainfall amounts at the catchment scale is not trivial due to 
sparse rain gauge networks (McMillan et al., 2012, Sikorska and Seibert, 2018). Moreover, 
heavy rainfall may occur locally and, thus, be missed by the rain gauges. In contrast, radar-
based products allow capturing rainfall fields over the entire catchment area. However, these 
rainfall estimates are affected by several kinds of errors (Germann et al., 2006; Sideris et al., 
2014). Hence, it remains unclear which value these radar-based data products may have for 
preventing from severe urban flooding and how does the data uncertainty propagate through 
the hydrological model on model simulations. 
 
In this study we explore the value of radar-based rainfall data for supporting modelling and 
prediction of floods in a small urbanized basin (Birsig catchment, Canton Basel-Landschaft, 
Switzerland). The radar-based rainfall data are provided from the MeteoSwiss (CombiPrecip) 
at 1 km spatial and 1 hour temporal resolution for the period of 3 years (2014-2016). 
CombiPrecip data are actually radar-data raingauge adjusted, using a geostatistical 
combination of radar and raingauge measurements of precipitation. These data are compared 
with the information obtained from a traditional gauging station located within the catchment 
(see Figure 1). 
 

In particular, we investigate the model 
performance and the predictive uncertainty 
in flood estimates in such a small fast 
reacting catchment using a bucket-type 
hydrological model (HBV) with radar-based 
rainfall products and compare this to the 
use of station data. The uncertainty in 
model estimates is further evaluated using 
an external parametric error term. By 
comparing uncertainty estimates of model 
simulations for both datasets, the relative 
value of the radar-based rainfall products 
for predicting flood events can be judged. 
The simulations are performed with and 
without the error model by using a Monte 

Carlo technique. 
 
Fig 1: The overview of the Birsig catchment and locations of the rain gauge and radars. 
 
Our preliminary results (Figure 2) indicate that simulations based on the rain gauge data 
(without error term) are able to better represent the observed runoff but are linked with larger 

mailto:anna.sikorska@geo.uzh.ch


UrbanRain18 

11th International Workshop on Precipitation in Urban Areas 

110 
 

uncertainty bands (when error term is introduced). In contrast, simulations relying on the radar-
based data provide a slightly worse model performance (without error model) but the 
quantified uncertainty bands are smaller (when error term is introduced). Thus, the model 
predictive performance for unobserved period is higher. 
 

 
 
Fig 2: Rain gauge-based versus radar-based model simulations for the outlet from the Birsig 
catchment and the period of January – June 2015. The grey boxes present 95% uncertainty 
bands, black dots – observed runoff, red lines – the best model simulation. 
 
This second finding suggests that the uncertainty in radar-based data are linked with a 
systematic error which could be handled by introducing the parametric error term to the model 
description, whereas the uncertainty in rain gauge based data are rather of a random nature 
and thus cannot be easily handled with an introduced error model. This issue will be 
investigated in details in further analysis. Also, the use of the radar-based versus rain gauged 
based rainfall data to model different types of extreme rainfall events such as convective and 
non-convective rainfall events will be investigated further. 
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Abstract 
 
The technical lifetime of urban water infrastructure has a duration where climate change has 
to be considered when alterations to the system are planned. Also, models for urban water 
management are reaching a very high complexity level with e.g. decentralized stormwater 
control measures being included. These systems have to be evaluated under as close-to-real 
conditions as possible. Long Term Statistics (LTS) modelling with observational data is the 
most close-to-real solution for present climate conditions, but for future climate conditions 
artificial rainfall time series from weather generators (WG) have to be used.  
 
In this study we run LTS simulations with four different WG products (namely the ones 
described in Onof and Arnbjerg (2009), Sørup et al. (2016; 2017) and Thorndahl et al. (2017)) 
for both present and future conditions on two different small Danish catchments with simple 
sewer systems and rather frequent Combined Sewer Overflows (CSOs). 
 
The overall objective of this study is to compare and investigate the usefulness of various 
rainfall generators for LTS simulations and furthermore investigate how much the choice of 
rainfall generator affects the LTS results under the influence of climate change. The study 
focuses on indicators representing either aggregated statistics (e.g. Total CSO volumes) or 
the non-linear responses of the sewer system (e.g. number of full flowing pipes). 
 
For present conditions, the rainfall from all WGs behave much like the observations for 
moderate extremes relevant for the investigated indicators (see Figure 1), and for climate 
change the change is evident for all WGs. 

 
Fig 1: IDF relationships for observations and WGs for present (Hist) and future (CC) climate. 
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For present conditions all WG products result in realistic catchment responses when it comes 
to the number of full flowing pipes and the number and volume of CSOs. For future conditions, 
the differences in the WGs representation of the expectations to climate change is evident. 
Nonetheless, all future results indicate that the catchments will have to handle more events 
that utilize the full capacity of the drainage systems. Generally, WG products seem relevant 
to use in planning of future changes to sewer systems. 
 
The results of this study show that artificial rainfall data from weather generators can be useful 
as inputs for LTS simulations as the different methodologies all produce time series that are 
sufficiently similar to observed rainfall to generate a realistic response in the drainage network. 
No weather generator product clearly outperforms the others (see Table 1), but high temporal 
resolutions and geographical representativeness are important parameters to consider for 
smaller catchments. 
 
Tab 1: Relative qualitative performance of each of the indicators and each of the weather 
generator used for present climate, rated between perfectly within uncertainty of calculation 
(+++++) and definitely outside uncertainty of calculation (+). Modified from Sørup et al. (2018). 
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Application for small catchments (where point rainfall is 
appropriate) 

++ + ++++ ++++ 

Seasonal statistics +++ ++ (+++) ++++ 
Estimation of full flowing pipes (small catchments) +++ + ++++ ++++ 
CSO frequency ++++ ++++ ++++ ++++ 
CSO volume ++++ ++++ ++++ ++++ 
Flexibility in inclusion of climate change (as in how easy it is to 
get hold of relevant data for perturbation) 

+++ + +++++ +++ 

 

The full study has been published in Water Science and Technology as Sørup et al. (2018): 
doi: 10.2166/wst.2018.217. 
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Abstract 
 
The German research project StucK (Long term drainage management of tide-influenced 
coastal urban areas with consideration of climate change) investigates the increasingly 
challenging task of mitigating flood risk in coastal urban areas. Urban areas are often 
characterized by a growing degree of impervious surfaces causing fast run-off times. An 
additional challenge often met in coastal areas is that drainage can be restricted by tides. As 
part of its existing flood risk management strategy, the city of Hamburg operates a warning 
system (WaBiHa, www.wabiha.de). One of the main aspects of this project was to improve 
the warning system by providing more and better information. To evaluate the practical value 
of the new information an operational test warning system was implemented. This test warning 
system incorporates measured radar rainfall as well as a newly developed merged forecasts 
of radar nowcast ensembles and numerical weather prediction (NWP) ensembles into the 
warning scheme. 
 
1. Introduction 

 
StucK (2015-2019; www.stuck-hh.de) is a multi-discipline research project, which aims to find 
solutions to improve the flood prevention strategy of the city of Hamburg that are also 
applicable in other coastal urban areas. The project is part of the funding measure “Regional 
Water Resources Management for Sustainable Protection of Waters in Germany” (ReWaM) 
sponsored by the German Federal Ministry of Education and Research (BMBF). An emphasis 
of the project is on drainage in the case of short precipitation events with high intensities. 
 
The fast run-off times often observed in urban areas result in flood waves with short rise times 
and short but high maxima. In the case of Hamburg many of the smaller waters drain into the 
river Elbe which is tide influenced and has a mean tidal hub of 3.68 m measured at the level 
St. Pauli (Hamburg Port Authority 2014). This means that under normal conditions many 
creeks can only drain during low tide. An increased flood risk results from storm events with 
unusually high water levels of the Elbe and coinciding heavy local rainfall, e.g. an event 
associated with the low pressure system “Xaver” in 2013 (Gönnert et al. 2014). Under climate 
change an increasing probability of these events is likely. 
 
To communicate the current flood risk to the public and to flood risk managers the city of 
Hamburg operates a warning system. A major goal of StucK is to improve the operational 
warning system and to validate these improvements. Consequently, an operational test 
warning system was implemented and is running since the beginning of summer 2018. 
 
2. Input Data 

 
Rainfall data and water level data forms the basis of this warning system. Therefore, several 
datasets from the German weather service are acquired in near real time: 
1. Rain gauge station data (hourly resolution for Northern Germany and one-minute 

resolution for two stations in Hamburg) 
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2. Radar data of four radars in Northern Germany (DX-product of radar Boostedt, Rostock, 
Hannover and Borkum; low level scan at 0.8° elevation with a spatial resolution of 1° x 1 
km and time resolution of 5 minutes)  

3. Numerical weather forecast data from COSMO-D2-EPS (Baldauf et al. 2018). 
 
3. Processed Data 

 
In a first step a radar composite has been constructed from the four radars. This requires 
correcting the radar data. Using the SCOUT software for analyzing and processing radar data, 
several quality control filters were applied. The impact of the corrections is illustrated on the 
example of data from Rostock radar. The data has three mayor shortcomings (Figure 1):  
- a hotel close to the radar site is blocking part of the radar beam 
- ships frequently cause radar echoes with varying positions but on fixed routes 
- wind farms cause radar echoes in fixed locations. 
 
To correct for these effects, 6 months of radar data was analysed. Based on the findings, the 
correction procedures were configured. Pixels associated with fixed echoes from wind farms 
are flagged and consequently deleted from all radar images. Other pixels which temporarily 
show artificial radar echoes, for example caused by ships are flagged differently. For these 
pixels, the corresponding filters will be applied more strictly. Subsequent filters, which are 
applied to the whole image include speckle filter and Gabella filter (Gabella and Notarpietro 
2002). These filters remove unusually small and isolated echoes, respectively. Interpolating 
the radar images in the time domain converts the instantaneous reflectivity measured by a 
radar to a five-minute average intensity. The settings for the correction filters have been 
optimized for each of the four radars and are applied in an operational near real time system. 
 

 
 
Figure 1: Radar data correction shown on the example of the Rostock/Warnemünde radar. 
The left panel shows the DX-product from the German weather service accumulated over 6 
months before corrections. Three major problems can be observed: beam blockage (a), non-
meteorological echoes along shipping routes (b) and non-meteorological echoes at fixed 
locations (c). The panel on the right shows the same data after correction. 
 
The data thus prepared can be mapped on a 1 km by 1 km rectangular grid forming a radar 
composite. Next, the radar data is adjusted by 229 rain gauge stations distributed over the 
whole area covering the radar composite. This procedure is performed every 5 minutes. 
The adjusted radar composite forms the basis for the derivation of radar nowcast ensembles. 
Within the StucK project, a method was developed for combining 10 nowcast ensembles with 
20 ensembles of the numerical weather prediction COSMO-D2-EPS. The merged forecast 
consists of three parts: 
1. First and second hour: only radar nowcast ensembles are used. 
2. Hour three and hour four: A weighted average of radar nowcast ensemble and COSMO-

D2-EPS is used. 
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3. Hour 5 to hour 20: Only COSMO-D2-EPS is used. 
 
This results in 20 ensemble members with a lead time of 20 hours and a time resolution of 5 
minutes in the first two hours and an hourly resolution afterwards (Jasper-Tönnies et al. 2017). 
 
4. The Test Warning System 

 
The newly available information has been combined into an operational test warning system. 
This system consists of two parts, backend and frontend. The backend is responsible for the 
automated data processing to generate the data described in section 3 and to automatically 
analyse this data in order to infer warning levels. The frontend is used to display the data, 
which is realised via a website. During the evaluation phase the whole website is password 
restricted. However, the idea is that certain information like the warning levels is available to 
the public, while other information can only be accessed by flood risk managers to support 
their decision-making. 
For the frontend three separate warning levels are computed:  
- a water level warning,  
- a measured precipitation warning, and 
- a forecasted precipitation warning.  
 

 
 
Figure 2: Map as part of the operational test platform for WaBiHa within StucK. Shown are the 
three-part warning symbols at each water level gauge location and an info box that provides 
more detailed information for one selected water level gauge location. 
 
The computation of the water level warning is done individually for each level based on 
configured thresholds for a medium and a high warning level. The past rainfall inferred from 
the adjusted radar composite has high spatial accuracy. Therefore, an individual warning level 
for the measured precipitation is computed for each catchment. Each catchment time series 
is scanned for different time spans (1h and 6h) and the highest warning level is adopted for 
this catchment. 
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In the evaluation of the forecast information all grid points in the area of Hamburg of all 
ensemble members are analysed. The time series from all grid points are scanned for 
threshold exceedances for four different time spans (1h, 6h, 12h and 20h). Both radar 
nowcasts over 2 to 4 hours and numerical weather predictions exhibit spatial uncertainty. 
Therefore, the highest inferred warning level determines the warning level for the entire 
domain. For this probabilistic forecast different quantiles were investigated as warning criteria. 
However, issuing warnings based on the 5%-quantile offered the best results (Jasper-Tönnies 
et al. 2017). 
 
While a combined warning level is computed in WaBiHa, for the test warning system it was 
decided to display all three warning levels in a three-part symbol on a map (see Figure 2). The 
three separate warning levels are displayed at each water level gauge location thus providing 
a good overview at one glance. Moving the mouse over the gauge of interest provides more 
detailed information in an info box such as the water level and its measurement time, the 
measured precipitation amount that is responsible for the warning along with the event 
duration and time and the forecasted precipitation amount that resulted in the corresponding 
warning level as well as the time for which the precipitation is forecasted. If no warning level 
for the measured precipitation is calculated the total precipitation in the past 24 hours is shown 
instead. The data availability in the corresponding time span is also given. For both the 
forecasted and the measured precipitation the general criteria of the German weather service 
are adopted (DWD, 2018). 
 
While the above information is calculated and displayed automatically from the available data 
another substantial part of the warning platform is an assessment of the flood risk written by 
a flood risk manager. In this way the public is supported in interpreting the complex information 
that is provided. 
 

 
 
Figure 3: Map as part of the operational test platform for WaBiHa within StucK, showing the 
rainfall amount for the past 24 hours for each catchment. 
 
Additional information is displayed for the flood risk manager on a password restricted part of 
the test warning system to facilitate his decision-making process. This information includes: 
- an animation of the first ensemble member of the combined forecast 
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- an animation of the measured radar composite for the past hour for the entire composite 
and as a zoom on Hamburg, 

- a map of the measured precipitation over the last hour (for the entire composite and for a 
zoom on Hamburg) 

- a map of the measured precipitation over the last 24 hours (for the entire composite and 
for a zoom on Hamburg) 

- a map of the measured precipitation of each catchment for the last 2, 6, 12 and 24 hours 
(Figure 3), and 

- cumulated forecasts of all ensemble members for the coming 2, 6, 12 and 20 hours (Figure 
4). 

 

 
 
Figure 4: Maps showing four of the 20 ensemble members that are available to the flood risk 
managers via the website of the operational test warning system. Accumulated precipitation 
for the coming 20 hours is shown here. 
 
5. Conclusions 

 
Within StucK, an operational test warning system has been developed which provides detailed 
and high quality information to both the public and the flood risk manager. One key aspect is 
the newly developed merged precipitation forecast, which combines the advantages of radar 
nowcasts and numerical weather forecasts. Another important addition is the quantitative 
analysis of the past rainfall. The introduction of a three-part symbol which shows the warning 
levels for the water level gauge measurement, the measured precipitation and the forecasted 
precipitation is still under evaluation. However, a more sophisticated matrix would be needed 
to compute the overall warning level than the one that is currently used in WaBiHa. 
 
Another point for possible future improvements is to derive individual thresholds for each 
catchment based on the measured precipitation and the predicted precipitation. 
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Abstract 
 

Design of simple urban drainage systems is traditionally based on rainfall-intensity-duration 
frequency relationships, which is also the case in Denmark. For more complex systems, it is 
good practice also to model drainage system response with historical rain series as inputs in 
order to account for impacts of non-linear rainfall runoff response in design. In Denmark 
however, it has not been a practice to embrace areal rainfall in the design of drainage systems. 
Consequently, due to continuous catchment size increments of connected networks and 
centralisation of waste water treatments plants, the spatial component, and thus areal rainfall, 
cannot be neglected without compromising design recommendations. If the spatial component 
is neglected systems might end up being oversized leading to excessive costs. 
 
This abstract will present three different ways to implement spatial rainfall from weather radars 
in urban drainage design and discuss pros and cons with regards to applicability and 
implementation in different design situations, catchment scales, model frameworks, etc.: 
 
1. Statistical approach using IDF-relationships or design storms 
2. Deterministic approach using geographically fixed historical radar rainfall 
3. Stochastic transposition approach using historical radar rainfall from similar climatology. 

 
Statistical approach  
A simple approach of implementation of areal rainfall in urban drainage design and analysis 
is to multiply IDF-relationships or design storms with areal reduction factors. Thorndahl et al. 
(2018) have developed storm-centred ARF-relationships for urban conditions in Denmark 
based on radar rainfall data (figure 1). 
Problems using statistical rainfall for complex drainage systems are however evident due to 
potential disagreement between rainfall return periods and return periods of drainage system 
response. Moreover, implementation of areal reduction as a function of the upstream 
contributing catchment area, implies different rainfall input depending on the location of 
interest. Model simulation of local system response in a single realization is thus not feasible. 
 
Deterministic approach  

The deterministic approach is analog to simulation with historical point rain series, only with a 
spatially distributed rainfall input in a structured grid over the catchment in question. Compared 
to simulation with a single or multiple gauges as model inputs, no assumptions on rainfall 
homogeneity or distribution between rain gauges have to be made, since radar rainfall data in 
a proper spatial resolution can be applied directly, provided that quality controlled, bias 
adjusted, continuous radar rainfall series are locally available (see e.g. Thorndahl et al., 2017) 
. A shortcoming, however, is that length of radar rainfall series to this day still are significantly 
shorter than the ditto rain gauge series, which might constitute a problem in estimating return 
periods of rare events, e.g. flood producing events. 
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Fig 1: Left: Example of ARFs for multiple rainfall durations developed from radar rainfall; Right: 
IDF-relationships for different catchment sizes. (Thorndahl et al., 2018) 
 
Stochastic approach 
In order to overcome the problem with length of spatially distributed series different authors 
have developed methods to stochastically either generate artificial rainfall or to transpose 
observed rainfall to represent true rainfall over a catchment in question. Although relevant to 
pursue, we omit from presenting artificial rainfall generators in this study and focus on 
stochastic transposition of observed rainfall, only. One approach to this has been developed 
by Wright et al. (2014) who, using a catalogue of storms transposes rainfall observed under 
same climatological conditions to a catchment in question. By letting multiple storms move in 
different paths over the catchment the runoff response can explored, mapped and handled 
statistically e.g. in order to determine return periods of surcharge, flooding, combined sewer 
overflow, etc. The concept is, by transposing the rainfall, to estimate return periods larger than 
the length of the original rain series and thereby exploit the spatial component from a larger 
domain than the catchment to provide additional information. This method has assumptions 
on distribution of number storms over a specific period and catchment which are crucial for 
the developed statistics. Compared to the statistical and deterministic approaches, the 
stochastic approach is more computationally heavy; since multiple realizations must be 
executed in order generate statistics of drainage system response. 
 
Obviously each approach has different advantages for different purposes, model setups, 
catchment sizes etc. which will discussed in detail in a forthcoming paper. Currently, 
simulations of model response of the three different approaches are executed, and they will 
be presented, compared, and discussed at the UrbanRain18 workshop. 
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Abstract 
 
With increasing number of heavy rainfall events in recent years, the demand for improved 
precipitation data and implementation of nowcasting applications is growing rapidly. The 
objective is to obtain best possible forecasts for the coming minutes up to the next few hours. 
Especially in the Emscher and Lippe region, one of the most industrialized and populated 
areas in Europe, assessment of actual precipitation and real-time information about the further 
development of the hydrological situation is of crucial importance. In this article, an innovative 
approach for the extraction of precipitation information using sensor data from moving vehicles 
is presented. The topic is investigated within the research project mobileVIEW, which is funded 
by the German Federal Ministry of Transport and Digital Infrastructure. MobileVIEW focuses on 
real-time assessment of relevant sensor data, its combination with external data and 
subsequent analysis (big data), for providing additional reliable data about actual precipitation 
in order to improve nowcasting capabilities for precipitation events (smart data). For this 
purpose, approximately 100 vehicles, selected from the car pool of the water management 
associations Emschergenossenschaft and Lippeverband are equipped with data loggers to 
collect and transmit relevant data. In addition to technical issues like data assessment and 
analysis, mobileVIEW also takes social aspects like privacy and civil protection into account. By 
bringing together protagonists from water management and automotive industry, this project 
also helps promoting synergies between different business sectors. 
 

1. Introduction 

 
Measurement of heavy precipitation is usually realized based on terrestrial rain gauges as well 
as radar data and satellite information. Especially in the Emscher and Lippe region, 
characterized by large sealed industrial areas, high population density, extensive ground 
settlements as a consequence of former mining activities and a short concentration time of 
flood discharges, assessment of actual precipitation and real-time information about the 
further development of the hydrological situation is of crucial importance. 
 

Therefore, the responsible water management associations Emschergenossenschaft (EG) 
and Lippeverband (LV) operate a network of rain gauges and use radar precipitation data from 
three different radar sites (Treis et al., 2015). However, especially for heavy precipitation 
events with a small spatial extent, there is always the risk of missing the event using terrestrial 
point measurements or to underestimate its intensity using radar precipitation data (Pfister et 
al., 2015). 
 
In this article, an innovative approach for the extraction of precipitation information using 
sensor data from moving vehicles is presented. The topic is investigated within the research 
project mobileVIEW, which is funded by the German Federal Ministry of Transport and Digital 
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Infrastructure (research initiative mFUND1). The project started in November 2017, the 
duration of the project extents over three years. Further project partners are the Research 
Institute for Water and Waste Management at RWTH Aachen (FiW) e. V. (project coordinator) 
and the IAV automotive engineering company (IAV GmbH, Ingenieurgesellschaft Auto und 
Verkehr). 
 
2. Project objectives 
 
In modern vehicles, a great variety of telemetric data is recorded by a set of different sensors. 
The location of the vehicle, the engine rotational speed, the actual speed of the vehicle and 
braking interventions are examples for collected data. Furthermore, sensors also collect 
information, which can be used for further utilization in a meteorological or hydrological 
context. Besides e.g. air temperature, air pressure, humidity or global radiation, combined 
rain-light sensors, mostly located at the bottom of the rear mirror, collect precipitation data to 
control the frequency of the wipers. In laboratory experiments the basic suitability of this data 
to derive real-time precipitation information is proofed (Rabiei et al., 2013). 
 
MobileVIEW focuses on the real-time assessment of the relevant sensor data, its combination 
with external data and subsequent analysis (big data), with the main objective of providing 
additional reliable data about actual precipitation in order to improve nowcasting capabilities 
for precipitation events (smart data). For this purpose, approximately 100 vehicles, selected 
from the vehicle fleet of EGLV, will be equipped with data loggers to collect and transmit 
relevant data to a big data platform (IoT-platform), where data assimilation and further analysis 
are carried out. 
 
To achieve the major project objective of improving real-time information about actual 
precipitation and associated nowcasting applications, extracted data from moving sensors will 
be compared to and combined with rain gauge data and different radar precipitation products. 
Furthermore, numerical and ensemble based weather prediction model data, provided by 
Germany’s National Meteorological Service, will be considered in the analysis. These 
processing steps are also carried out on the big data platform. The target system of the 
optimized data however is represented by the flood early warning system Delft-FEWS of EG 
and LV. FEWS provides a platform for integration, display and analysis of miscellaneous data 
in different formats from various sources, linked to hydrologic modelling (Treis et al., 2015).  
 
3. Project status and current tasks 
 

3.1 Data collection and data protection regulation 
 
Currently, there are several activities running simultaneously. One major milestone was 
achieved by ensuring data protection according to the European General Data Protection 
Regulation (EU-GDPR) for a number of approximately 1000 potential car drivers. This was 
necessary since GPS data is suited for identification of natural persons and is therefore 
considered as personal data. Given that anonymization was not a valid option from a technical 
point of view, datasets were allocated an alias in terms of an unique sensor ID. By separating 
this ID from the actual sensitive information about the vehicle (number plate, vehicle license 
etc.) it is not possible to directly relate the sensor information to a specific driver. Nevertheless, 
with a disproportionate effort, theoretically it might still be possible to identify the vehicle and 
the driver using the logged location data. Therefore, involving the data protection officer of 
EGLV, a written declaration of consent was submitted for signature from each driver of a 
company car. The written consent is the most important condition for subsequent sensor 
installation. In addition, a so-called “privacy switch” was implemented in each vehicle to enable 
drivers to deactivate data collection and to prevent undesired storage in the big data platform. 

                                                             
1 https://www.bmvi.de/EN/Topics/Digital-Matters/mFund/mFund.html  
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Vehicles from the car pool, which are shared by a much larger number of employees, are 
characterized by different pre-settings in regard to the privacy switch. By default, data 
collection is turned off and the driver has to actively resume data recording. Operation of the 
privacy switch is designed as user-friendly as possible and enables each driver to (de-)activate 
the switch by calling a specific URL which can also be accessed by a QR-Code. To disable 
data capturing outside the Emscher and Lippe region, geofencing methods in terms of a virtual 
spatial boundary were applied. After the works council of EGLV approved the approach, staff 
was informed via Intranet, in personal appointments and by handout deposited in every car 
affected.  
 
3.2 Identification of suitable sensor parameters and transmission concept for sensor data 
 
In total, the following parameters were identified as suitable to be logged and transmitted to 
the big data platform: time and location, rain intensity, wiper frequency, air temperature, 
humidity, air pressure, light intensity, vehicle speed and roadway friction. For some of these 
parameters, provision for the related research project FloWKar (BMVI, 2018) is intended. At 
present, a subset of 60 vehicles with existing rain-light sensors has already been equipped 
with correspondent loggers. The sensors normally are located at the bottom of the rear mirror. 
LEDs inside the sensor emit infrared light which is reflected at the outer surface of the 
windscreen especially where it is free of raindrops, since these cause absorption of incoming 
radiation. The reflected light is continuously measured by photodiodes. With increasing 
quantity of water covering the windscreen, less infrared light is reflected, resulting in a 
regulation of the wipe interval.  
 
Generally, the transmission concept was designed in a way not to affect the operating license 
of the car. Therefore, a contactless data collection based on an inductive mount was 
implemented around the Comfort-CAN (Controller Area Network) bus of the vehicle. The 
reader is connected to a single-board computer as data logger with an integrated GPRS 
module enabling external communication and allowing an easy consolidation of connected 
vehicles into the IoT platform (Figure 1).  
 

 
Figure 1: Single-board computer as data logger (left) and contactless Comfort-CAN reader. 
 
Signals are accessed via Comfort-CAN bus, whereas power supply of the embedded 
computer is ensured via OBD-II (On-Board Diagnostic) port. Figure 2 shows the installation of 
the contactless reader into a SEAT Leon from the vehicle fleet of EGLV. Afterwards, mounted 
equipment and cables disappear behind covers. 
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Figure 2: Installation of Contactless Can Reader in a Seat Leon from the EGLV car pool. 
In cars without rain-light sensors by default, a subsequent installation on the windscreen is 
necessary. Here, a residue-free removal must be guaranteed due to the leasing contracts of 
the vehicles (Figure 3).  
 

  
 
Figure 3: Subsequent installation of a rain-light sensor into a SEAT Leon from the EGLV car 
pool. 
 
3.3 Selection of suitable cars, data transmission and IoT platform 
 
In order to achieve a balanced spatial coverage of the association territory and to test the 
practicability in rural as well as urban areas, vehicles are distributed across different water 
management plants and at the central office. At their location, the cars will be operating on a 
daily basis. Based on the great number of cars, it is possible to operate several vehicles at the 
same time in the same region to achieve a comparison between collected datasets. 
Approximately 120 cars were identified as suitable for mobileVIEW regarding sensors and 
compatible manufacturers. To accomplish a standardized procedure in terms of sensor 
installation and data collection, cars produced by Volkswagen AG were chosen. With the 
objective of testing data transmission in a first step, 20 cars were equipped with simple GPS 
loggers. First visualization results were displayed using the open-source IoT platform 
ThingsBoard. Figure 4 illustrates the distance covered in the form of GPS routes (left) and the 
resulting heat map (right) showing the number of data recordings in a raster cell in combination 
with available rain gauges.  
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Figure 4: Recorded GPS tracks of vehicles from EGLV car pool (left) and according heat map 
(right). Recording period: June, 20th – August, 1st. 
 
 
Outlook 

 
With the consent satisfying data protection issues, the identification of suitable parameters 
and the development of a transmission concept, the foundation for testing and preliminary 
data analysis is created. At present, 60 cars with integrated rain-light sensors are equipped 
with required hardware. Until January 2019 the subsequent installation of external rain-light 
sensors and transmission hardware will be finished. For testing purposes and in order to 
evaluate sensor data quality, a stationary rain simulation plant was developed by IAV GmbH. 
Due to dry weather conditions in the association territories, field experiments comparing 
sensor data to rain gauge measurements have not taken place so far. 
 
Regarding the server infrastructure, an exchange platform for rain gauge data, radar products 
and numerical weather prediction data has already been established. The launch of the server 
infrastructure, being the backend for the big data platform, is in progress. 
 
By bringing together protagonists from water management and automotive industry, this 
project helps promoting synergies between different business sectors. Thereby, a better 
understanding of relevant processes and collected data could be achieved. In this context, a 
vehicle is not simply to be seen as a means of transportation, but as a mobile carrier platform 
equipped with a variety of sensors, whose data could help reducing risks associated with 
heavy precipitation and flooding. Resulting outcomes of the project will not only be used for 
internal purposes, but will be provided for interested users like administrative units, civil 
protection, traffic control centers and individuals, based on an application for mobile devices. 
In addition to the benefit of providing information and warnings regarding actual and upcoming 
heavy rainfall events as well as the danger of potential flooding, this approach could also help 
raising public awareness for processes of intense rainfall and flood generation (Barneveld et 
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al., 2018). 
 
As final products in 2021, a toolbox and methods will be available to demonstrate the 
practicability and the benefits using sensor data from moving vehicles in the context of early 
warning and civil protection. In 2018, there are approximately 64 million registered vehicles in 
Germany. This great amount illustrates the potential and the relevance of the presented 
approach for the public transport, as well as the water management sector.  
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Abstract 

 
Climate model projections point to increasing extreme summer precipitation amounts and, 
hence, summer floods will occur more frequently. As such, urban climate change impact 
studies find ground in our society. These studies face, however, various uncertainty sources 
and, therefore, require a multi-ensemble approach. Most urban impact studies consider an 
ensemble of climate model runs, which in turn, account for different representative 
concentration pathways. An ensemble of statistical downscaling methods or the impact of 
using one particular statistical downscaling method is often neglected. This study focuses on 
the importance of the ensemble of statistical downscaling methods in urban climate change 
impact studies. More specifically, the influence of the ensemble size (one method versus 
multiple methods) and composition (which method or methods) is investigated using fast-
simulating conceptual urban models. Application of a (complete) multi-ensemble approach 
demonstrates the importance of also accounting for the statistical downscaling uncertainty, 
and illustrates the potential and benefits of using conceptual impact models. 
 
Different statistical downscaling methods exist based on various concepts, such as transfer 
functions, rainfall generators and weather typing methods or model output statistical and 
perfect prognosis methods. To account for the uncertainty inherent to these methods, i.e. 
statistical downscaling uncertainty, an ensemble of different approaches should be 
considered. Although, this concept is well established in hydrological impact studies, it is 
foremost not applied in urban impact studies. This might be due to computational limitations 
of the impact model, impeding simulating many input series, or the limited availability of 
statistical downscaling methods producing projected time series with the necessary sub-daily 
time step. This research investigates different downscaling methods, including a quantile 
perturbation method (Ntegeka et al., 2014), an event based perturbation method (Sørup et al., 
2017), a weather typing based method (Willems and Vrac, 2011), an event based rainfall 
generator (Thorndahl et al., 2017) and a Newton Scott Rectangular Pulses based rainfall 
generator (Burton et al., 2008). The resulting projected time series are applied to impact 
models, followed by an inter-comparison of the obtained impact results to quantify the 
influence of each method. Moreover, using variance decomposition, the variance of the 
projected impact results is studied and information on the statistical downscaling uncertainty 
contribution is acquired. This information provides an answer to whether an ensemble of 
statistical downscaling methods is required or one method is sufficient. Furthermore, when 
applying one particular statistical downscaling method or designing an ensemble of methods, 
knowledge on method limitations and strengths is a prerequisite. For this purpose, the perfect 
predictor experiment - a validation outline set up on the occasion of the VALUE project 
(Maraun et al., 2015 and 2017) - is applied for the ensemble considered and extended to the 
urban drainage impact analysis. 
 
Above analyses use the 100-year time series of precipitation intensities measured at Uccle 
(Belgium), 30 global climate model runs and 5 statistical downscaling methods. Considering 
ensembles of both climate model runs and statistical downscaling methods leads to a vast 
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amount of projected time series that must be simulated in urban impact models. To ensure 
that these simulations can be performed in a limited time span, this study proposes the urban 
hydraulic conceptual modelling approach developed by Wolfs and Willems (2017). This 
methodology results in simplified models that can simulate long-term time series in a few 
seconds. Such fast simulating models enable both simulating ensembles of input series and 
sensitivity analyses of the impact model itself. Different parameterisations of the conceptual 
impact model are considered to represent typical configurations of Belgian urban hydraulic 
infrastructure, such as rain water tanks, infiltration basins and sewers. 
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Abstract 

 
Stochastic rainfall modelling with a Bartlett-Lewis (BL) process has been widely used to 
generate long rainfall times series for hydrological applications. However, as highlighed in the 
literature, it still remains challenging for this type of models to well preserve extreme rainfall 
statistics, particually at hourly and sub-hourly timescales (Verhoest et al., 2010). This limits its 
use for hydrological applications that require high-resolution rainfall input, such as urban 
drainage design. Many developments have been proposed to address the above issue since 
the basic BL model proposed in 1987 (Rodriguez-Iturbe et al., 1987). These developments 
mainly focused upon improving the way BL models are fitted and their fundemental model 
structrue. 
  
In terms of model fitting, it has been found crucial to include the coefficient of skewness (or 
3rd-order moment) of rainfall depths at relevant timescales into the objective function for 
modelling fitting (Cowpertwait, 1998). In addition, the way of estimating the selected statistics 
from data for model fitting was found to have a great impact on the models’ ability to preserve 
extreme statistics (Cross et al., 2018; Wang et al., 2018). For example, Cross et al. (2018) 
demonstrated that BL models’ capacity of preserving fine-scale extremes can be effectively 
improved through a censored approach which restricts part of the rainfall signal that is 
modelled prior to statistics estimation.  
 
In terms of model structure, a number of research works have focused upon testing other 
probability distributions (e.g. Gamma and Generalised Pareto distributions), different from the 
exponential distribution used in the basic BL model, for rain cell intensity modelling (Onof and 
Wheater, 1994; Cameron et al., 2000). This has proven to partia lly improve BL models’ 
performance in preserving extreme statistics. The second group of research works focused 
upon adjusting the characterisation of rainfall cells in these models (Cowpertwait et al., 2007; 
Kaczmarska et al., 2014; Ramesh et al., 2017). For example, Kaczmarska et al. (2014) 
adjusted the original rectangular pulse rain cell model by allowing mean cell intensity to vary 
in proportion to the cell duration parameter. This simple yet effective adjustment has proven 
to largely improve BL models’ ability to reproduce fine-scale rainfall structures. 
 
In addition to testing and further exploring some of the above-mentioned recent developments, 
in this paper we would like to draw the attention to a comment made in the original publication 
of the randomised BL (RBL) model but ignored in the subsequent research. That is, an 
erroneous assessment of the mathematically feasible limits of a BL model parameter has 
potentially led to many sub-optimal parameters in past publications. Addressing this issue 
properly may improve the reproduction of extremes. More specifically, we re-assess the 
convergence condition of integrals needed to obtain the key theoretical statistical properties 
(e.g. mean, co-variance and skewness) for BL models: their convergence conditions 
determine the degree of ‘flexibility’ of BL models. 
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In this paper we show that the integrals’ domain of convergence is somewhat larger than 
originally appears to be the case, although different expressions are required to enable this 
relaxation of the convergence conditions. We then apply this new development to the RBL 
model proposed by Kaczmarska et al. (2014) (denoted as RBLx) and prove that the original 
convergence condition can be relaxed. Five-minute rainfall data from a total of 3 rain gauges 
in Germany – Bochum (69 years), Nettebach (49 years) and Aplerbeck (49 years) – are used 
to test this new constraint. The results suggest that the proposed changes can improve RBLx 
model’s ability to reproduce hourly and sub-hourly extreme statistics obtained from the 
observed rainfall records (see Fig 1).  
 

 
Fig 1: Observed (circle markers) and simulated (grey and blue lines) rainfall extremes at 5-
min (left) and 1-h (right) at Bochum, where RBLx represents Kaczmarska’s model and 
RBLx_NC represents RBLx model with new constraint. The solid and dashed lines are the 
means and the maxima/minima of 100 simulations, each of 69-years.  
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Abstract 

 
Within the last years, heavy precipitation events followed by urban flooding and flash floods 
have caused significant damage and even fatalities in Germany, especially during the summer 
of 2016. The recent abundance of extreme precipitation events has raised the question, 
whether there are any geographical hot spots at high risk of being impacted by heavy 
precipitation or flash flooding expressing the need for high-resolution precipitation 
climatologies. Due to the small extent of convective precipitation events, sparse gauge 
networks are not well suited for monitoring heavy precipitation events. The Deutscher 
Wetterdienst has therefore reprocessed and analyzed gauge-adjusted radar-based 
precipitation estimates starting in 2001. The data allows the monitoring of heavy precipitation 
events in high temporal and spatial resolution. The results show distinct differences to solely 
gauge-based analyses. Although, the time series is still quite short, statistical precipitation 
analysis reveals that extreme precipitation events of short duration time are rather uniformly 
distributed over Germany loosing correlation to topography when exceeding the severe 
weather warning level. The radar-based precipitation climatology has been used in 
calculations by Auerswald et al. (2019) showing an increase in mean annual erosivity 
compared to currently applied reference values based on historical gauge data.  
 
1. Introduction 
 
The focus of the presented work lies on local extreme events causing pluvial flooding. In 
contrast to fluvial events like the Elbe flood in 2002, where persistent precipitation over a wide 
area led to catastrophic flooding of large areas in Eastern Germany, pluvial floods are caused 
by intensive rainfalls that can even be restricted to rather small horizontal extents. These 
pluvial floods are characteristic of catchments with short response times, predominantly in 
regions with steep topography and in urban areas with infrastructure that is vulnerable to 
flooding. Local, small-scale events, however, are difficult to detect by classical ground-based 
gauges. With data resulting from area-covering radar monitoring all events become 
detectable. Within the last years, several studies have been performed on the climatological 
analysis of radar-based precipitation data (e.g. Bližňák et al., 2016; Goudenhoofdt und 
Delobbe, 2016; Marra and Morrin, 2015; Tabary et al., 2012; Overeem et al., 2009). 
 
In the context of a joint research project of five German federal agencies, the Deutscher 
Wetterdienst (DWD) has established the technical and scientific basis for reprocessing the 
data of the German radar network beginning in 2001 leading to a quality-controlled, high-
resolution precipitation data set suitable for analyzing extreme events in a climatological 
approach (RADKLIM). Data have been analyzed applying classical as well as extreme value 
statistics. As a first example of practical application, Auerswald et al. (2019) used the 
RADKLIM data (Winterrath et al., 2018) to derive an updated erosivity map for Germany. An 
overview of the data, developed and applied methods, and a selection of products is given in 
the final report of the project (Winterrath et al., 2017). In the meantime, the data set has been 
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extended by the year 2017. Here, we summarize the main information on the data set and 
present the most important results of the study. 
 
2. Methods 

 
The DWD operates a Germany-wide network of currently 17 C-Band Doppler radar systems. 
Reflectivity data of the complete network is available since 2001. New climatological correction 
methods for radar data have been defined and applied: improved detection of radar-specific 
errors like e.g. clutter; correction of signal reduction with height and distance caused by 
different effects like overshooting, attenuation, and increase of the measurement volume; and 
correction of spokes caused by partly shaded radar beams (Winterrath et al., 2017). Local 
reflectivity data with a maximum range of 128 km have been composed to a Germany-wide 
mosaic with a raster size of 1 km2 in polar-stereographic projection. The radar-based 
precipitation estimates have been adjusted to hourly totals from in-situ gauge data according 
to the real-time RADOLAN method running in operational mode since June 2005 (Winterrath 
et al., 2012). In addition to automatic gauges typically used in real-time applications, daily 
gauge data have been disaggregated to hourly totals and incorporated into the reprocessing 
suite. In contrast to RADOLAN, however, in the case of missing radar data no interpolated 
gauge data are alternatively used in order not to influence the extreme value statistics. Five-
minute radar data are quantified by application of a scaling factor derived from the ratio of 
adjusted to non-adjusted hourly totals. 
 
Classical statistical analysis has been performed, yielding to several products like mean 
annual precipitation and antecedent precipitation indices. Focusing on extreme precipitation, 
we calculated threshold exceedances pixel-wise summing-up all hours with precipitation 
amounts exceeding at least one of the duration-dependent thresholds of the defined DWD 
warning levels for short-lasting as well as long-lasting precipitation. In this approach no 
independency of events is assumed. In addition, extreme value statistics using a peak-over-
threshold approach and fitting by an exponential function has lead to estimates of statistical 
precipitation values for different durations and return periods. However, due to the still rather 
short time series, the results have to be considered preliminary and might be subject to 
changes when the time series will be extended.  
 
3. Data 

 
We have reprocessed and analyzed 17 years of precipitation data starting in 2001. Although 
the time series is still rather short for climatological statistics, for the first time the data set 
allows insight into e.g. the distribution, size, life cycle, and duration of extreme events that 
cannot be monitored by point measurements alone. The radar-based precipitation data of 
RADKLIM are freely available via the opendata server of DWD. Currently, gauge-adjusted 
hourly totals (RW product) as well as quasi-adjusted five-minute precipitation rates (YW 
product) can be downloaded in binary and ascii format, respectively. You can access the 
landing pages directly using the digital object identifier (Winterrath et al., 2018). Further 
information and document links are given on the DWD web page 
www.dwd.de/radarklimatologie. 
 
4. Results 

 
Figure 1a shows the mean annual precipitation in Germany scaled to the availability of radar 
data. The scaling is predominantly necessary in regions that have not been covered by radar 
data for a significant time period, i.e. during hardware exchange, when the DWD radar sites 
have been upgraded to modern dual-polarization technology. The areal pattern of annual 
precipitation is very similar to interpolated gauge-based data (not shown). Both the clear 
connection to Germany’s topography with high precipitation sums in the mountainous regions, 
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e.g. the Alps and the Black Forest, as well as the rather dry areas in the North-Eastern part of 
Germany are reflected by the new radar-based product. 
 
The data set has been further analyzed focusing on the occurrence of extreme events. Figure 
1b shows the statistical precipitation depths derived from extreme value analysis for daily 
precipitation and a return period of one year. Figure 1c presents the corresponding results for 
one hour duration and 20 years return period – thus rare short-lasting events. It is evident that 
the occurrence of common, long-lasting precipitation events is bound to topography and 
resembles the pattern of mean annual precipitation, while the probability for the occurrence of 
short-term extreme events is quite uniformly distributed over Germany and shows no obvious 
correlation to mountainous regions. This result stands in distinct contrast to extreme 
precipitation climatologies based on gauge data only, thus providing new insights into the 
heavy precipitation hazards across Germany. Due to the still short observation period, we 
compared the results to simple counting of threshold exceedances. 
 

 
 
Figure 1: a) Mean annual precipitation (2001-2016), b) statistical precipitation depths for a 
return period of one year and a duration of 24 hours, c) same as b) but for 20 years and one 
hour; Figures taken from Winterrath et al. (2017). 
 
The observation is supported by Figure 2 giving the number of hours with exceedance of the 
DWD warning thresholds for long- (upper panel) and short-lasting (lower panel) extreme 
precipitation within the period from 2001 to 2016. 
 
For longer durations of 12 to 72 hours the topographically influenced pattern can be found for 
all warning levels. The right map showing the exceedances of warning level 4, however, is 
largely influenced by single extreme events, e.g. the 2002 Elbe flood and the 2010 flooding in 
the area of Osnabrück in the North-Western part of Germany. This effect is strengthened by 
counting all hours without checking for independence, however, further analysis based on 
independent events shows very similar patterns. 
 
For short duration times, the distribution of precipitation values exceeding 15 mm in one hour 
or 20 mm in six hours (warning level 2) is still very similar to the pattern for long duration times. 
It is interesting to note that with the change from level 2 to the extremer level 3 the occurrence 
of short-lasting extreme precipitation is less strongly bound to topography but tends to be more 

a) b) c) 
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equally distributed over Germany. Due to the short observation period, the number of extreme 
events exceeding warning level 4 is too low for a statistical interpretation. 
 
In addition, several new products have been designed for customers in water and risk 
management, urban planning, agriculture, soil erosion modeling, and for policy makers, e.g. 
the antecedent precipitation index – a weighted sum of the last 30-days’ precipitation – used 
as a proxy for soil moisture in hydrological applications. Auerswald et al. (2019) calculated a 
new Germany-wide map of the R factor of the Universal Soil Loss Equation (Wischmeier, 
1959) that gives the mean annual erosivity of rainfall. The results show a distinct rise in 
precipitation erosivity over time that might be attributed to climate change. Lengfeld et al. 
(2018) analyzed the correlation length of precipitation events of different durations. The results 
can be found in this issue.  
 
5. Conclusions and Outlook 
 
With the 17-year radar-based precipitation climatology for Germany a new data set for 
monitoring, analyzing, and statistically processing extreme precipitation events is available. 
The data set is thoroughly quality-controlled, freely available, and will be extended on an 
annual basis. Analyses comprise classical statistics as well as derived products like the 
antecedent precipitation index and precipitation erosivity. Statistical analyses reveal that the 
distribution of extreme short-lasting precipitation events is not strictly related to topography 
but presenting a risk for all regions in Germany. Future applications of the data set comprise 
the support of risk analyses in combination with hydrological impact modeling as well as the 
validation of regional climate models. As climate projections indicate a shift of precipitation 
characteristics towards extreme events (e.g. ReKliEs-DE, 2017) the need for climate analyses 
of not only point-wise intensity but also distribution, size, and duration of precipitation events 
becomes evident to monitor climate change. The results of the climatological analysis of 
extreme precipitation events based on radar data constitute an important contribution to the 
German adaptation strategy to climate change. 
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Figure 2: Total number of hours within the period 2001 to 2016 with precipitation values 
exceeding the given thresholds [hours] that serve as official warning levels (‘Stufe’) of DWD 
for long- (upper panel) and short-lasting (lower panel) heavy precipitation. The respective 
criterion is fulfilled, if at least one of the given thresholds is exceeded; Figures taken from 
Winterrath et al. (2017). 
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Abstract 
 
The presented work aims at investigating the potential of using retrieved fields of specific 
propagation delay (KDP) for rain rate estimation in Switzerland. This study is part of a broader 
project whose objective is to improve the QPE retrieval by complementing it with polarimetric 
data, instead of relying solely on the reflectivity. A large dataset of DSD measurements was 
used to derive a R-KDP model specifically valid for Switzerland, which takes into account the 

type of air mass and the incidence angle, and also provides error estimates. This model was 
then tested on a selection of strong summer convective events, and was shown to provide a 
much better estimation of strong precipitation intensities than a simple R-ZH power-law. A 
fusion routine was then implemented that merges the operational QPE with the R-KDP model 
based on their respective expected errors. This scheme was tested on three years of spring 
and summer precipitation and was shown to give almost systematically a smaller error with 
respect to rain gauge measurements than when relying solely on the reflectivity. 
 
1. Introduction 

 
In 2011, MeteoSwiss has started the renewal and enlargement of its radar network: it now 
consists of five dual-polarization, Doppler, C-band radars. The update to dual-polarization 
offers wide opportunities, and the rich additional information it provides is already used 
operationally for the detection of hydrometeors classes from radar measurements and the 
identification of ground clutter. 
 
Until now, MeteoSwiss has been using a sophisticated real-time quantitative precipitation 
estimation (QPE), based on a local correction with a vertical profile of reflectivity [Germann et 
al., 2006]. However this QPE algorithm is still based solely on the horizontal reflectivity, and 
does not benefit from the additional information brought by the dual-polarimetry. One particular 
quantity of interest for QPE is the specific differential differential propagation delay (KDP). KDP 
is defined as the rate at which the difference between the phases measured using horizontal 
and vertical polarization changes with increasing distance from the radar. Several studies 
showed that KDP is a superior estimator at high rain rate values as compared to conventional 
reflectivity, because it is unaffected by attenuation and more linearly related to the rain rate. 
Unfortunately, KDP is not directly measured by a weather radar but needs to be numerically 

estimated from noisy observations of the total phase shift. 
 
2. Methods and data 

 
The derivation of QPE relations for Switzerland is based on a large dataset of more than 
280’000 5-min averaged DSDs recorded by several Parsivel disdrometers during various field 
campaigns in the past 10 years.The DSDs have been corrected for spurious non-physical 
drops by filtering unrealistic fall velocities. From these DSDs the rain intensity has been 
estimated with the Beard [1976] terminal velocity model, which accounts for variations in 
terminal velocity due to altitude and temperature. The DSDs have then been used to simulate 
polarimetric variables at C-band at different incidence elevation angles, using the T-matrix 
method [Mishchenko et al., 2002], with a Gaussian canting angle distribution of 10° and the 
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aspect-ratio model of Brandes et al. [2002]. These simulated  polarimetric variables were used 
to estimate R-KDP relations and error models for both the R-KDP relations and the standard 
operational R-ZH model. To derive the error models, the estimated rain rates have been binned 

into 200 quantiles, yielding around 1000 observations per class, for which an average root-
mean-square error (RMSE) is computed. Power-law were then fitted for every elevation angle, 
both for the R-KDP relations and their error models. The power-law fits were performed with 

non-linear fitting, using the mean absolute error (MAE) as cost function.  
 
The proposed models were then tested on real radar data, using a dataset of 15 strong 
convective events, and focusing on 30 raingauges with good radar visibility around the three 
lower altitude radars (La Dôle, 1682 m, Albis 938 m, Monte Lema 1626 m). Restricting all 
measurements to relatively high intensities (𝑅 ≥ 1 mm h-1) gives of total of 459 gauge-hours 
measurements with an average precipitation intensity of 8.59 mm h-1. 
 
Campaign Avg. Alt. 

[m] 
Coordinates Period Nb. of 5 min 

DSDs 

Ardèche (France) 300 44.65°N, 4.49°E Fall 2012, 2013, 2014 95’085 

 
Lausanne (EPFL) 400 46.52°N, 6.57°E Jan. 2008 to Nov. 2008 96’624 

 
Rietholzbach 750 47.38°N, 9°E Aug. 2011 to May 2012 37’527 

 
Zürich 480 47.4°N, 8.51°E Mar. 2011 to Sep. 2012 23’788 
Davos 2540 46.77°N, 9.83°E Jan. 2010 to Jul. 2011 15’982 
Payerne 450 46.83°N, 6.90°E Spring 2014 12’451 

Table 2: List of all Parsivel data from various field campaigns operated by the LTE-EPFL lab. and 
used in the derivation of R-KDP relationships. Note that the Ardèche dataset is located outside of 
Switzerland, but was found to be statistically consistent with the Swiss data. 

 
3. Results of the R – KDP derivations 
 
Figure 1 shows the two R-KDP power-laws obtained from the lowest and highest elevation 
angles used in the MeteoSwiss scanning strategy. One can see clearly that the R-KDP relation 

becomes steeper for increasing elevation angles, which is due to the fact that raindrops appear 
more and more spherical leading to smaller KDP for the same rain intensity. In fact, the 
elevational trend in these power-laws was found to be well fitted with a simple linear 
regression, giving the generalized relations: 

𝑅(𝐾𝐷𝑃) ≈ (18.638 +  𝛼𝑒𝑙(𝜃))𝐾𝐷𝑃
0.73, with 𝜃 ∈ [−0.2, 40°]                                   (1) 

𝛼𝑒𝑙(𝜃) = 1.725910−2𝜃 + 2.0054610−3𝜃2 + 2.76520310 𝜃−5𝜃3                               (2) 
 
Figure 1 also shows two R-KDP given in the literature, for more tropical precipitation (the Bringi 

et al. model was derived in Darwin, Australia [Bringi et al., 2001]), while the Beard and Chuang 
DSD based model was derived in Oklahoma, during a heavy storm [Sachidananda and Zrnic, 
1986]. It can be observed that the Swiss observations differ quite strongly from these models, 
which might be due to the fact that precipitation in Switzerland is more continental and consists 
of fewer but larger drops. In fact a few samples (within the blue ellipse in Figure 1), seem to 
agree much better with these models.  
 
Therefore, the final model takes into account ZDR to discriminate between more tropical (for 
which the Beard and Chuang R-KDP model is used) and more continental rain (for which the 

best fits from Parsivel data is used), as proposed by Ryzhkov et al. [2014]. 
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Figure 1: R-KDP relationships for the two extreme elevation angles used by MeteoSwiss. ME, STDE, 
and MAE indicate the mean error, the standard deviation of errors and the mean absolute error of the 
estimated R (in mm h-1). 

 

𝑅(𝐾𝐷𝑃, 𝑍𝐷𝑅) = 𝜔(18.638 + 𝛼𝑒𝑙(𝜃))𝐾𝐷𝑃
0.73 + (1 −  𝜔)(29.7 + 𝛼𝑒𝑙(𝜃))𝐾𝐷𝑃

0.85                  (3) 

 
where 𝜔 is a weight that depends on ZDR with a sigmoid function: 

 

𝜔 = 2.3
1

1 + exp [−(𝑍𝐷𝑅 − 1.2)]
                                                               (4) 

 

Note that the parameters of the weighting w, have been derived by cross-validation in order 
to minimize the error of the final R(KDP, ZDR) estimate. The effect of this combined model leads 
to a removal of some strong outliers, while barely affecting all other points. Overall, it leads to 
a corresponding decrease of all additive errors (bias, standard deviation of error and mean 
absolute error). Estimates of rain intensities would not be complete without an estimation of 
the associated incertitude. Figure 2 shows the estimated error models, for the operational R-
ZH relation and the proposed R-KDP model (Equ. 3) for the minimal and maximal elevation 

angles used by MeteoSwiss. 
 

 
Figure 2: Error-models for the two extreme elevation angles used by MeteoSwiss, for the operational R-ZH 

model (blue) and the proposed R-KDP model (orange). The transition value is the limit from which the R-KDP 
model gives a smaller error. 
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4. Testing the model with radar data and various KDP estimators 

 
In practical applications, KDP has to be estimated numerically from noisy phase 

measurements, with a robust estimator. To determine the best estimators, hourly precipitation 
intensities retrieved with the R-KDP relation with KDP obtained from several estimators were 

compared with gauge measurements using the convective dataset described in Section 2. 
The seven last rows in Table 2 list the scores obtained with several KDP estimators (the 
Maesaka et al. [2012] method, the Vulpiani et al. [2012] method, and with a simple moving 
linear regression, with prior median filtering, but with different window sizes).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The four first rows correspond to various estimates of R based on ZH. The first is the power-
law that is used operationally, the second is a polynomial relation originally derived by Ishtar 
Zawadzki and presented in Fabry [2015], the third is the operational QPE that includes many 
additional corrections (see Germann et al. [2006]), and the last is the CombiPrecip (CPC) 
product, which merges radar and gauge measurements [Sideris et al., 2014].  It appears that 
for this particular dataset of strong convective events, the R-KDP model appears to be generally 
superior to the ZH based models, both in terms of additive errors (ME, STDE, MAE) and 
multiplicative error (Scatter). The KDP method that provides the best results is the Maesaka et 
al. [2012] method, which unfortunately is valid only in the liquid phase. The next best choice 
is the least-squares method with a large window size (6000 m), which offers the  advantage 
of being also valid in the solid phase, and being a very simple method. To illustrate this, Figure 
3 clearly shows how closer to the 1-1 line the R estimates provided by R-KDP are when 
compared to a simple R-ZH relation. Note that the Vulpiani et al. [2012] method could benefit 

from a preliminary filtering of the raw phase field but this could not be tested yet.  

Method name ME STDE MAE Scatter [dB] Bias [dB] 

𝒁𝒉 = 𝟏𝟎𝟐.𝟓𝑹𝟏.𝟓 -4.94 7.54 5.34 2.68 -3.72 
Zawadzki Z-R -2.52 8 5.03 3.17 -1.51 

Operational QPE -2.3 6.06 3.88 2.1 -1.33 
CPC -0.92 4.63 2.68 1.42 -0.49 

KDP_Maesaka -1.79 5.14 3.17 1.84 -1.01 
KDP_Vulpiani 7.98 5.92 8.79 2.43 2.85 

KDP_LS_1W_2000 4.91 8.05 6.68 2.47 1.96 
KDP_LS_1W_3000 2.32 6.57 4.68 2.1 1.04 
KDP_LS_1W_4000 1.04 5.98 3.87 1.93 0.5 
KDP_LS_1W_5000 0.47 5.64 3.52 1.9 0.23 
KDP_LS_1W_6000 -0.07 5.6 3.33 1.74 -0.04 

Table 3: Scores of several KDP estimators at hourly. ME, STDE and MAE are all in mm h-1 and the Scatter 
and Bias are in dB as in Germann et al. [2006]. 
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Figure 3: Observed versus estimated precipitation intensities, during strong convective events, for the 
reference Z-R relation and the KDP-R model, with KDP obtained with a moving least-square method. 

 
The previous comparison focused on heavy precipitation and is thus naturally advantageous 
to the KDP based QPE. Obviously, an operational QPE needs to perform well in low 

precipitation also. A very preliminary merging scheme was thus developed in which both the 
traditional R estimate based on ZH and the estimate based on KDP are merged depending on 

their expected estimation errors (see Figure 2). Note that, according to the previous 
conclusions, the simple least-square method with a window size of 6000 m was used as KDP 
estimation method. This scheme was then tested on 3 years of summer precipitation, for a 
total of more than 30’000 hours of gauge measurements with R > 0.3 mm h-1, at gauges with 

good visibility around all Swiss radars. In fact the operational QPE includes many additional 
subtleties (weighting based on altitude, visibility correction, vertical profile of reflectivity 
correction, bias correction at the ground). These procedures were also applied to the merged 
QPE, with the exception of the fusion of the estimates from the different radars (only the 
closest radar is used currently). The  scores are shown in Table 3. Here again it is obvious 
that the merged QPE, which includes the R-KDP model, gives a much better estimation of 

precipitation intensities, with a decrease in all additive errors, and a reduction of the 
multiplicative bias. The improvement with respect to the operational QPE is not as important, 
and is not consistent for all radars (for some radars, the operational QPE is better) which might 
be due to the positive effect of combining the different radars to derive the final precipitation 
estimate. Obviously, these results still require some further investigation. 
 

Method ME STDE MAE Scatter Bias 

Operational -0.122 1.85 0.93 2.85 -0.31 

Research QPE ZH only 0.95 3.74 1.45 2.85 1.87 

Research QPE merged ZH, KDP 0.51 1.73 1.08 2.77 1.77 

Table 4: Validation scores obtained from a comparison with hourly gauge measurements during three 
years (from May to October only). The research QPE is a Python implementation that includes all steps 
of the operational QPE, except the radar fusion part. The bias is the average ratio of the estimated 
intensity over the gauge measurement over estimated intensities, expressed in log scale. A positive 
value indicates overestimation. 

 
5. Conclusions 

 
Specific R-KDP relations were derived for Switzerland using simulations of polarimetric 

variables based on a large dataset of measured DSDs. A model was derived that provides 
estimates of rain intensity and its associate error estimates from KDP at different incidence 
angles and for different types of rainfall, using ZDR as a way to differentiate between more 
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continental rainfall (few large drops) and more tropical rainfall (many small drops). This model 
was then tested on strong summer convection events, and it was found that for strong rainfall 
this estimation method was very promising, leading to a significant reduction of additive and 
multiplicative errors, with respect to an R-ZH power-law, even when a simple least-square KDP 

retrieval method is used. A new QPE was then tested which combines the operational QPE 
based on ZH with the new estimate based on KDP, using their respective expected errors. A 

validation on three years of gauge measurements, shows a significant improvement of the 
merged model, with respect to using ZH only, but much less improvement compared with the 
operational QPE, which might be due to the fact that in our simplified model, for each gauge 
only the closest radar was considered. 
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Abstract 
 
To study the effects of climate change, many simulation studies have been set up using 
scenarios of future greenhouse gas concentrations in Global Circulation Models (GCM) and 
finer resolution Regional Climate Models (RCM). This way, a wealth of future climate 
simulation data has become available. To translate this into actionable information for 
practitioners and policy makers dealing with climate change adaptation can be challenging as 
they are faced with many sources of uncertainty.  Horizon2020 project EUCP (EUropean 
Climate Prediction system) therefore aims to develop a regional climate prediction and 
projection system, to support climate adaptation and mitigation decisions for the coming 
decades (https://www.eucp-project.eu/). 
 
Within the project, methods are developed to characterise the uncertainty in future projections 
of climate change and natural variability. The project makes a multitude of GCM and high-
resolution RCM datasets available. Multiple use cases have been designed to analyse the 
sectoral impacts of climate change and assess the added value of the newly available and 
optimized data. 
 
One notable effect of the ongoing climate change in the highly urbanized European continent 
is the intensity and frequency increase of extreme rainfall events (Rajczak and Schär, 2017). 
Such intense events can have severe impacts on cities by causing damaging floods. The 
assessment of future changes in extreme rainfall is however challenged by the short duration 
and limited spatial extent of these convective events. As coarse climate models are unable to 
resolve for convection adequately, new state-of-the-art high resolution RCM’s will be applied 
within EUCP:  seven convection-permitting RCM’s will be used to perform simulations on eight 
modelling domains which together cover most of continental Europe. The simulations will be 
performed on a 1.5 to 3 km horizontal resolution for the mid of the 21st century (2041-2050), 
driven by GCM simulations for pathway RCP8.5.  
 
In a demonstrator project, the suitability of these novel simulations for climate change impact 
assessments will be assessed for European cities. A modelling chain is set up for going from 
climate simulations to urban pluvial flood damage estimations. Rainfall statistics will be derived 
from the simulations to construct future intensity-duration-frequency curves, and compared to 
statistics obtained from the downscaling technique of dew point temperature scaling. With 
these statistics, relevant rainfall events will be simulated in high-resolution hydrodynamic 
models. The simulated flooding will be used to estimate resultant damage for the current and 
future climate. The uncertainty propagation through the different modelling steps will be 
addressed. 
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