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Abstract
Urban floods are an increasing threat to the world due to two main developments: climate change and rapid
urbanisation. Urban floods result in economic damage, services issues and problems for continuation of daily life.
To cope with the growing impact of this type of disaster, hydrological models are used for flood mapping and
modelling. Improvements of urban flood modelling are investigated by analysing opportunistic data sources. For this
research, personal weather stations (PWS), digital images, notifications from citizens and combined sewer overflow
(CSO) data are analysed. This is applied to pluvial urban floods in two case areas in the Netherlands, Amsterdam
and Eindhoven. Each opportunistic data source addresses one of the conceptual urban flood model developed for
this research. The data addresses forcing (PWS), validation of model state (digital images and notifications) and
validation of model output (CSO). PWS precipitation data was compared with reference radar data and almost
each station underestimated radar precipitation. No significant differences are found in reference and opportunistic
data forcing when applied to the conceptual urban flood model. Digital images and notifications are valuable as
forcing or validation data, however, methods for collection and analysis need to be considered. The study is unable
to explicitly link CSO magnitude and occurrence to water inconvenience and therefore use this opportunistic data
source as validation data. Opportunistic data sources do have potential to improve urban flood simulations in terms
of forcing data and validation, however, data quality issues need to be concerned.
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1 | Introduction
Urban floods lead to economic damage and inconvenience in terms of services and continuation of daily
life. Urban floods have different causes: e.g. heavy precipitation, rivers bursting its banks, storm surge, high
tides or system failure (Jha et al., 2012). Some largescale examples of recent urban flood events are the 2013
floods in Dresden, Germany, by extreme river water levels (Fuchs et al., 2013; Fohringer et al., 2015). Jakarta,
Indonesia, experiences floods from heavy precipitation
each year, however in 2007 and 2013, the city experienced severe floods (Eilander et al., 2016). Oxford,
England, experienced multiple flood events in the winter
of 2013 - 2014 due to heavy precipitation, coastal storms
and extreme river flow rates (Rosser et al., 2017). This
research focusses on urban flood due to heavy precipitation: pluvial floods. The main concern is the precipitation intensity, as daily precipitation amounts are dealt
with easily. Global attention is given to increasing precipitation and accompanied flood risks, for example in
the Netherlands (CAS, 2016) and China (Xiao et al.,
2016). Dutch municipalities indicate to experience increasing heavy precipitation and aim to adapt to this
(e.g. Rainproof initiative in Amsterdam).
Urban floods are an increasing threat to the world
due to two main developments. The first reason is climate change, which changes meteorological conditions
and therefore affects the hydrological conditions. Regions receive increase or decreased precipitation and experience an increase in extreme events, which can result

Figure 1.1: Example of hydrographs of a rural and an
urban catchment. Source: Leopold (1968).

in a growing number of droughts, floods and water insecurity (IPCC, 2014). Secondly, the development of
urbanisation levels and rates. Currently, more than half
of the world population lives in urban areas and projections indicate an increase up to 66% in 2050 (UN,
2014). The growing concentration of people and assets only increases the impacts of disasters like floods
(Jha et al., 2012). Urbanised areas have large effects on
the hydrological processes in a catchment. Figure 1.1
shows the change in hydrograph after urbanisation, resulting in shorter lag-times and higher peaks. Regarding
pluvial floods, urban rainfall-runoff relations are important. Therefore, in the next section, the urban water
system is described and the effects urbanisation has on
catchments. In section 1.2, the potential value of opportunistic data for urban flood simulations is discussed.
In section 1.3, the different types of urban flood models
are elaborated on.

1.1

The urban water system

The urban water system consists of three different types
of water: drinking water, stormwater and wastewater.
For this research, drinking water is excluded. The other
two types of water need to be drained within cities, as
the soil drainage capacity is not sufficient to drain the
total volume of water (Butler and Davies, 2004). Water
in urban areas moves through adjusted flow paths, which
are schematically represented in Figure 1.2. Stormwater
enters the system as precipitation, which has difficulties infiltrating due to the presence of impervious areas.
Therefore, it moves through the system as stormwater,
overland flow or through the drainage systems towards
open water (Jha et al., 2012). Wastewater is the product
of users, moving through the artificial drainage system
and wastewater treatment plant (WWTP) towards open
water. These drainage systems are essential for transportation of water in urban areas. Artificial drainage systems are divided in combined systems or separated systems. In the first, wastewater and stormwater are mixed
and they are separated in the second system (Butler and
Davies, 2004; Ruggaber et al., 2007). When the capacity of a combined system is exceeded and the WWTP
cannot take in extra water, wastewater may end up in
open water before treatment as combined sewer overflow (CSO). These overflow volumes consist of mixed

2

|

CHAPTER 1. INTRODUCTION

Figure 1.2: Flow chart of water flow routes in an urban catchment. The circles represent reservoirs and the
arrows indicate processes and the direction of the flow
paths.

untreated wastewater and stormwater and have negative effects on the water quality of the receiving waters
(Ellis, 2013). Within the urban water system, the flow
paths of stormwater and wastewater differ from natural conditions, as most of the flow path is through an
artificial drainage system. In the next paragraph, the effects of urbanisation on the water balance components
are discussed.
Urbanisation has multiple effects on the natural water cycle. These effects include The first effect is the
most straight forward change: the increase of impervious areas. These impervious areas lead to less infiltration
and increase run-off amounts (Butler and Davies, 2004;
Corcoran, 2010; Jha et al., 2012; Fletcher et al., 2013).
Due to the reduced infiltration capacity, an increased
volume of water travels as overland flow through the
system, leading to faster hydrological responses (Figure
1.1). Higher peak rates are also an effect, as the same
amount of water is processed in a smaller amount of time
(Butler and Davies, 2004; Fletcher et al., 2013). Due to
the change from natural to artificial surfaces, the storage
capacity of the area is also reduced (Corcoran, 2010; Jha
et al., 2012). All these effects from increased impervious
areas lead to an increase of occurrence of water inconvenience: the amount of water on the surface causing
nuisance (Luijtelaar, 2015). Water on the streets is not

immediately causing nuisance, since it is considered as a
buffer. Only when the water from the street is entering
buildings, exceeding a certain depth or remains on the
streets for an extended period of time it is considered
nuisance (Luijtelaar, 2015; de Nijs, 2017; Heger, 2017).
A second effect of urbanisation is noticed in the volume
of the evapotranspiration term. Evapotranspiration decreases by change in infiltration capacity (as a result of
increase impervious areas), decrease in vegetation cover
and changes in the microclimate (Fletcher et al., 2013).
The third impact of urbanisation is the almost complete
replacement of the natural drainage system by an artificial system (Butler and Davies, 2004). With continuous
growing cities, these networks need constant costly expansions (Jha et al., 2012). Due to the artificial drainage
system, the draining flow paths of water are adjusted
(Fletcher et al., 2013). A fourth consequence of the
existence of cities is the large amount of wastewater,
and wastewater treatment is needed to ensure sufficient
water quality (Butler and Davies, 2004). All mentioned
elements lead to changed hydrology due to urbanisation.

1.2

Opportunistic data

Traditional measurements from on-site instrumentation
have trouble meeting the requirements of data for urban
areas (Muller et al., 2015). First, spatial and temporal
resolutions required for urban areas are higher compared
to rural areas (Schilling, 1991; Delleur, 2003). Suggested
temporal resolutions for urban areas range from 1 to 15
minutes (Berne et al., 2004) or 1 to 10 minutes (Fletcher
et al., 2013). Fletcher et al. (2013) also suggests spatial resolution of 100 to 500 meter. Current measuring
systems cannot meet these requirements for measuring
precipitation. Hydrological processes in urban areas occur at smaller temporal and spatial scales than in rural areas (Schilling, 1991; Delleur, 2003; Fletcher et al.,
2013). Therefore, higher resolution data is needed to
better represent heterogeneity in land cover. These requirements could be met by using a denser rain gauge
network, radar data, microwave links or opportunistic
data (Liguori et al., 2012; Fletcher et al., 2013; Mazzoleni et al., 2017; De Vos et al., 2017). Second, measurement stations in urban areas have difficulties following the guidelines for selection of the locations and
exposure (Oke, 2004). Oke (2004) points out these difficulties arise due to blocking by buildings and trees and
artificial surface cover.
New emerging data sources have potential to com-
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plement traditional measuring equipment to feed hydrological models (Fletcher et al., 2013; Muller et al., 2015;
Liu et al., 2016). Collection of these emerging data
sources is often done by citizens. Multiple terms and
definitions arise when it comes to ’non-traditional’ data:
e.g. crowd-sourcing, citizen science and opportunistic
data (Howe, 2006; Bonney et al., 2009). The main difference between opportunistic data and the other two
is that opportunistic data is not necessary collected by
citizens. In this research, the umbrella term opportunistic data will be used. Data is considered opportunistic
if it is open source and not necessary measured by high
quality, calibrated equipment.
Opportunistic data has a wide range of applications.
For example, it has been used for detection of floods
(Fuchs et al., 2013), near real-time mapping during disasters (Fohringer et al., 2015; Chen et al., 2016; Eilander et al., 2016), improvement of hydrological models
(Schellekens et al., 2013), flood mapping (Fuchs et al.,
2013; Rosser et al., 2017), flood prediction based on
streamflow observations (Mazzoleni et al., 2017) and
monitoring urban rainfall (De Vos et al., 2017). Opportunistic data is interesting for extreme events as rapid
insight in damage estimation, emergency control and resource requirements are essential for a good response
(Fohringer et al., 2015; Chen et al., 2016). There is
a movement heading towards continuous simulation of
extreme events, which is shown in the larger number of
recent studies on (near) real-time mapping. Most studies indicate good results, however, there are improvements needed with assessing data quality (Bégin et al.,
2013; Muller et al., 2015; De Vos et al., 2017), correctly filtering large amounts of data (Chen et al., 2016)
and verification of data (Fohringer et al., 2015; Muller
et al., 2015; Liu et al., 2016). This research will apply
opportunistic data to urban flood research, taking into
account the mentioned issues.

1.3

Urban flood models

Opportunistic data have potential to improve hydrological models (Schellekens et al., 2013). In this section,
the different types of urban flood models are discussed.
In general, urban hydrological models can be divided in
continuous or event-based and lumped or spatially distributed models (Fletcher et al., 2013). As mentioned
in section 1.2, high spatial resolutions are required accurate modelling of urban areas. Therefore, a spatially
distributed concept is preferred. Urban floods are an ir-
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regular phenomena and so event-based models are more
suitable for simulating urban floods. Within the eventbased models, an distinction between overland flow and
coupled models can be made. Coupled models add a
separate drainage system to an overland flow model,
which only simulate the water above the surface (van
Dijk et al., 2014). Multiple models are available for
simulating urban floods. A few examples are WOLK,
Wodan (both overland flow models) and Sobek (a coupled overland-sewer flow model) (Klok, 2012).

1.4

Objective and research questions

There is a current trend in research related to opportunistic data in combination with urban floods. However, there are still plenty of boundaries to overcome in
urban flood research, especially issues related to data
quality and resolution (Muller et al., 2015). The aim of
this research is to assess the potential improvement in
urban flood modelling by opportunistic data. This will
be evaluated with conceptual urban flood model based
on a model concept from the Rioned Foundation (Luijtelaar, 2015). Different types of opportunistic data will be
used to assess different components of conceptual urban flood model. The research will be applied to two
case areas: the cities of Amsterdam and Eindhoven,
the Netherlands. These cases are performed to investigate the applicability of the chosen opportunistic data
sources.
The objective leads to the following main research
question:
How are urban floods simulated if opportunistic data
sources are included?
To answer the main research question, the following subresearch questions are formulated:
• To what extent is personal weather station data
suitable as forcing data for urban flood simulations?
• To what extent are digital images suitable as a tool
to validate model state?
• To what extent are sewer overflow and wastewater
treatment plant data suitable to contribute to
validation of model output?
To answer these questions, three opportunistic data
sources are analysed and applied to the two different case
areas: Amsterdam and Eindhoven. However, due to the
size of the case areas and the differences in availability

4
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of the opportunistic data, not all results can be compared equally. First, the case study characteristics are
explained in Chapter 2. To obtain more detailed insight,
one neighbourhood within Amsterdam is chosen to perform a smaller case study. Secondly, the characteristics
of the data are elaborated on in Chapter 3. The methods and results are than divided in a preprocessing part
(Chapter 4 and 5) and a part related to the opportunistic data sources (Chapter 6 and 7). Next, in Chapter 8,
uncertainties are discussed and the results are put within
scientific context. Finally, this research finishes with the
conclusions and future recommendations in Chapter 9.

|
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2 | Description of the case areas
This study is based on data from two case areas in the
Netherlands, which have experience with urban floods as
a result of high amounts of precipitation. These pluvial
floods are characterised by intense precipitation events
with high peak intensities. In the Netherlands, these
occur mainly during the summer (KNM, ????). Based
on available data, the cities of Amsterdam and Eindhoven are chosen as case areas for this research (Figure
2.1). In this Chapter, the two case areas are described
more in detail. In the case area of Amsterdam, two case
studies are conducted. The city as a whole and a small
neighbourhood for more specific analysis. In total, three
case studies are analysed. In this Chapter, the boundaries, properties and urban water system characteristics
of each case study are described.

Figure 2.1: Map of the Netherlands indicating the case
areas. Amsterdam is located in the west and Eindhoven
in the south. Source: www.maps.google.nl

2.1

agriculture and forests (Amsterdam, 2016). Furthermore, the city is part of the management area of water board Waternet and receives an average of 776 mm
of precipitation annually (Data, 2017a). For this case
study, Amsterdam and it’s surroundings are selected with
a total surface of 501.94 km2 . The spatial distribution
of land use is shown in Appendix A.
As mentioned before, two different case studies in
Amsterdam are used. The analysis with the personal
weather station data as forcing is applied to the whole region of Amsterdam, as well as the digital image analysis.
Besides the digital images, Waternet provided citizen notifications to analyse (section 3.3). However, the whole
region of Amsterdam is too large to analyse in terms of
citizen notifications of water inconvenience. Therefore, a
neighbourhood is chosen to specifically analyse these notifications. This neighbourhood is located in ’Oud-West’
district of Amsterdam, including the ’Kinkerbuurt’ and a
small part of the ’Lennepbuurt’ (Figure 2.2). From here
on out, this area is referred to as the ’Kinkerbuurt’.
The ’Kinkerbuurt’ is surrounded by canals and is
historically build in two parts. The centre of the neighbourhood was build first and consist of a lower lying
area. It has its own drainage area named 5541, which
acts as a ’polder drainage area’ (de Nijs B., 2009a).
Their is no opportunity to drain to open water (no overflow structure is present) so all water is drained through
a pump. The pump is located at the lowest point of
the area where all water flows towards under the influence of gravity. No houses are connected to this small
drainage system. The rest of the neighbourhood is located higher and is build more recent. This area is part
of the larger drainage area 5190 (de Nijs B., 2009b).
There is also a retention basin located at the southern
edge of the neighbourhood (de Nijs, 2017). Based on the
National Georegister, the only land use classes present
in the ’Kinkerbuurt’ are housing (70%), retail (25%),
construction site (4%) and other inland waterways (1%)
(Georegister, 2013).

Amsterdam

The municipality of Amsterdam (219 km2 ) is the capital
and largest city of the Netherlands with around 833.000
inhabitants (CBS, 2017). The city consists of 48.9%
built-up areas, 24,9% consists of water bodies and the
rest is allocated for recreation (parks and sport areas),

2.2

Eindhoven

Eindhoven municipality is the fifth largest city of the
Netherlands with approximately 225.000 inhabitants
(CBS, 2017). The city has a size around 88 km2 and is
located in the south of the Netherlands. 64.5% of the

6
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Figure 2.2: Map of the Amsterdam area showing the ’Kinkerbuurt’ case location. Left: location of the ’Kinkerbuurt’
within the city of Amsterdam and right: zoomed in on the case study.
city consists of built-up area (Eindhoven, 2016). Water
board De Dommel is responsible for the water management of the city. Eindhoven receives an average of 741
mm of precipitation each year (Data, 2017b). For this
case study, Eindhoven and it’s surroundings are selected
with a total surface of 111 km2 . The spatial distribution
of land use is shown in Appendix A.
Within the case area of Eindhoven, one case study
is conducted where the whole city is analysed. The sewer
system of Eindhoven is a complex mixture (Heger, 2017).
The entire sewer system is connected, besides the western neighbourhood of ’Meerhoven’ (Figure 2.3). Recently, a few small areas are disconnected in and transformed to separate sewer systems. All wastewater is
transported to the WWTP, located on the eastern side
of the city. Due to the differences in elevation, most
transport of water is by gravity and there are only a few
pumps. In terms of the urban water system, the city is
not very suitable for infiltration (Heger, 2017). Much
of the stormwater is drained through surface water bodies. These surface water bodies also function as retention facilities and eventually drain in the Dommel, the
main river flowing through Eindhoven. In Eindhoven,
there are measures taken to prevent urban floods, by
installing green roofs and a growing number of companies and landowners are forced to retain water on their
own terrain (Heger, 2017). However, these measures are
local and uncertain to take into account.
The city has, next to the WWTP, 29 overflow structures located in the city (Heger, 2017). It is hard to de-

termine the drainage area of each structure, as some
areas of the sewer system drain to multiple overflow
structures (Heger, 2017). Local conditions may influence these flow paths, if for example the hydraulic head
in one sewer is higher, water would drain towards another
one. As a first assumption, the following assumption is
made: locations in the city are linked to the nearest
overflow structure.

2.2. EINDHOVEN
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Figure 2.3: Spatial distribution of the Eindhoven sewer system. Red lines indicate combined sewer systems, blue lines
represent seperate sewer systems. Source: municipality Eindhoven.

|

9

3 | Data description
In this Chapter, the data and its characteristics are described. Besides that, the collection methods are elaborated on. This is done for the reference data, the three
opportunistic data types and other data used in this research.

3.1

Reference data

Gauge-adjusted radar data from the Royal Netherlands
Meteorological Institute (KNMI) is used as reference precipitation data for this study (Overeem et al., 2009a,b,
2011). This dataset is freely available through the website from climate4impact as ’Radar precipitation climatology’. For this study, the data is obtained directly via
de Vos to reduce collection time. Reference data is collected for three-month periods wherein the selected urban flood events occurred (Table 5.2).
The dataset consist of data from two C-band
Doppler weather radars in De Bilt and Den Helder, covering the complete area of the Netherlands with a temporal resolution of 5 minutes and a spatial resolution of
0.92 km2 (Overeem et al., 2009a,b, 2011). The measurements are taken in UTC. The radar measures precipitation in all directions and is adjusted for the precipitation measurements of the national rain gauge network
of the KNMI (31 automatic and 325 manual gauges)
(Overeem et al., 2009a,b, 2011). Radar pixel precipitation and point precipitation can show significant differences (Schilling, 1991), which are likely to be reduced by
adjusting for rain gauge measurements (De Vos et al.,
2017). For this reason, gauge-adjusted radar data is
preferred over standard radar data. The only disadvantage of gauge-adjusted radar data is availability, it is
only available a month later than standard radar data.
The focus of this research lies with past events instead
of rapid flood mapping. Therefore, the gauge-adjusted
radar data is used as reference data.

3.2

automatically linked to WunderMap. WOW Netherlands
does not have many stations available for the chosen
cases (9 for the Amsterdam region and 3 for the Eindhoven region at 15-03-2017). WunderMap precipitation
data has shown flaws; errors due to transferring data,
rounding of the measurements (a threshold needs to be
reached before precipitation is registered) and gaps occur due to non-continuous internet connection (De Vos
et al., 2017). Raw Netatmo is used in this study due
to availability and less limitations than Wundermap and
WOW, as there are no transfer errors or gaps due to
internet connection issues.
The Netatmo devices consist of an outdoor and
indoor module, enclosed by an tube-shaped aluminium
case (Meier et al., 2017). The Netatmo rain gauges have
a range of 0.2–150 mm/h with an precision of 1 mm/h
(De Vos et al., 2017). Furthermore, the rain gauges consist of tipping buckets made from plastic with a volume
of 0.1 mm and a collecting part with a diameter of 130
mm (De Vos et al., 2017). The sizes of the outdoor
module are 45 x 45 x 105 mm and for indoor 45 x 45 x
155 mm (Meier et al. (2017) and Figure 3.1). The indoor and outdoor module are connected through a WiFi
connection over a distance up to a 100 meter (De Vos,
2017). Measurements are also directly uploaded to the
Netatmo platform. The measuring interval consist of
irregular intervals, each approximately 5 minutes. An-

Personal weather station data

Personal weather station (PWS) data consist of timeseries in UTC with corresponding measured precipitation. PWS data can be collected from different online
platforms as WunderMap (from the company Weather
Underground), WOW (from national weather offices)
and Netatmo (a station brand). All Netatmo stations are

Figure 3.1: Example of an outdoor Netatmo rain gauge
module. Source: www.netatmo.com.

10

|

CHAPTER 3. DATA DESCRIPTION

Figure 3.2: Spatial distribution of PWS in Amsterdam.

other important aspect is the location of the Netatmo
station, which is provided by the owner. The location is
provided in coordinates in decimal degrees with a precision of 5 decimal places. However, potential errors can
occur regarding the location. The location could be the
location of the indoor module or the outdoor module, or
a relocated station without adjustment from the owner
(De Vos et al., 2017), or a complete different location
due to privacy issues (De Vos, 2017). For this research,
it is assumed that all locations indicate the location of
the outdoor module that is actually measuring the precipitation.
The raw Netatmo data is collected through an application programming interface (API). The API needs
two input settings: boundaries of the area and a timeframe. For the set area, data is downloaded for all stations in that area. In Figure 3.2 and 3.3, all stations
for Amsterdam and Eindhoven are visualised. The timeframe is chosen separate for each event (Table 5.2). The
time-frame consists of the month within the event takes
place and one month prior and after the event. These
time-frames are assessed for data quality as uncertain
data quality is an issue with PWS data (Bell et al.,
2015; Muller et al., 2015). The time-frame is used to
assess overall quality of the stations, which is further discussed in section 4.2.2. These time-frames are indicated
with the first three letters of the corresponding months.

Figure 3.3: Spatial distribution of PWS in Eindhoven.

Monthly time-frames are used when analysing the events
itself (section 4.2.3).

3.3

Digital images of urban floods

Digital images of urban floods are available from different sources. Currently, most are taken by citizens and
uploaded through social media. News websites make
often their own images or use the ones from citizens to
improve their content. However, these images come with
uncertainties regarding location and time. Some social
media images have a GPS-location attached or the location is mentioned in words with their uploaded image.
GPS can be switched off by users and locations are not
always mentioned due to for example privacy concerns.
Only images with a location (mentioned or attached by
GPS) are suitable for analysis. Also, the time of the post
does not necessarily correspond with the time the image
was taken. For social media images, the post time is assumed to be the time of the upload. Analysis of images
with no timestamp will be explained in section 6.4. Figure 3.4 shows two examples of collected digital images
of urban flood events.
Collection of digital images is done in multiple ways.
The first collection method includes browsing news websites to check for items regarding urban floods in Amsterdam or Eindhoven. This is done for the websites of

3.4. COMBINED SEWER OVERFLOW DATA
Table 3.1: List of hashtags used for digital image collection.
Hashtags used initially
#Amsterdam #overstroming #wolkbreuk
#Eindhoven #wateroverlast #noodweer
Hashtags used after first findings
#coderood #onweersbuien #bui
#codegeel #codeoranje #regen

seven Dutch national newspapers and two local newspapers. Also, the websites of news websites nos.nl and
nu.nl are checked. If the news items contain pictures,
these are collected. Sometimes, the news items also
show Twitter messages. These are used as keyword input for the second collection method.
This second collection method consists of a manual
search by keywords through the search function on Twitter. This is done manually as automatic search engines
can only go back up to 7 days. Historical data from
more than 7 days in the past, are only available by third
parties against high costs and are therefore not used in
this research. Search keywords are chosen by several
ways: keywords mentioned in Twitter messages posted
in news items, a set of standard keywords related to urban floods and trending topics of the day of the events.
Trending topics are searched through using the following
website: http://www.trendinalia.com/twitter-trendingtopics/netherlands/netherlands-######.html. For the
######, the YYMMDD can be substituted and it shows
all trending topics in the Netherlands for that day. The
hashtags used are listed in Table 3.1 within the timespan of 1 day before the event and 3 days after. Images
found can have other hashtags, which could lead to a
larger collection of digital images. These are listed in
the second half of Table 3.1.
A third collection method involves municipalities
and water boards. Pictures collected by them during or
after the events are also used for analysis. Beside these
images, the municipality of Amsterdam has a website
where citizens can indicate a wide range of problems,
including water inconvenience. These notifications can
contain detailed information about water inconvenience.
For the ’Kinkerbuurt’ case study, these notifications were
made available by Waternet. These are examined as validation data, as they include exact locations and type of
water inconvenience.

3.4
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Combined sewer overflow data

Before this opportunistic data type is used, it is first
investigated if a relationship exists between combined
sewer overflow (CSO) data, events, and water inconvenience. The data can only be used as validation for the
model output, when there is a relationship. For the CSO
data, there are two datasets collected. The first dataset
includes CSO discharge data from the WWTP. The second dataset contains water level data at the overflow
structures at different points in the city. CSO data of
the WWTP is representative for the whole area a treatment plant is draining. Cities cover only a percentage
of this total area. This is an aspect to take into account
during validation of the model output. The overflow
structures in the city represent a more locally behaviour
than the WWTP data.
CSO data is only collected for the case area in
Eindhoven. The CSO data of the WWTP is measured and modelled during the Kallisto project (a project
focussing on sewer overflow effects on water quality).
The water levels of the overflow structures in Eindhoven are available through the open source website
(www.brabant.hydronet.nl).

3.5

Other data

Besides the mentioned data, other data is needed as well
to be able to run the conceptual urban flood model. Interviews were conducted with representatives of the municipalities and water boards to obtain information about
the urban water system in their cities and which regulations they use for determining water inconvenience. Information regarding storage facilities in the cities is also
obtained with these interviews. A land use map is retrieved from the Dutch Nationaal Georegister (Georegister, 2013). Finally, an overview of the sewer systems and
sizes of all sewers is obtained from the water boards and
municipalities. With this information, the conceptual urban flood model is able to model water inconvenience.
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Figure 3.4: Examples of digital images of urban
flood events. Location top image: Zeilstraat, event:
24/08/2015, source: Twitter. Location bottom image:
Korianderstraat, event: 24/09/2014, source: Eindhoven
municipality.
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4 | Preprocessing data
The opportunistic data needs preprocessing before it is
suitable for analysis due to unsure data quality and other
issues mentioned in sections 1.2 and 3.2. In Chapter
5, the results of the preprocessing steps are presented.
Besides preprocessing, urban flood events that occurred
in the case areas need to be selected. The method for the
event selection is explained first and the preprocessing
steps are described afterwards.

4.1

Event selection

To investigate the opportunistic data sources, urban
flood events are needed. The number and availability of
opportunistic data has increased in recent years (Muller
et al., 2015). Therefore, the selection of events is done
from 2010 up till 2017. Different technique are applied
to search for urban flood events:
• Search through news messages of news channels,
water boards, KNMI and other related organisations with keywords. News channels used were
seven national news papers (Trouw, ND, NRC,
Volkskrant, het Parool, AD and Telegraaf) and one
regional news paper (Eindhoven Dagblad). Also,
two national news websites (nos.nl and nu.nl) were
checked.
• Communication with water boards and municipalities and related organisations when they experienced urban floods
• Examine radar images of periods known for high
precipitation or nuisance. Suggested dates are
obtained through Overeem (2014) and (Overeem,
2017).
There is one selection criteria when urban flood events
are found. All events need a mentioned location to determine the relevance of the urban flood event for the
case areas. If there is no location known, the event is
not taken into consideration.

4.2

to create Netatmo data suitable for further analysis are
explained. First is described in section 4.2.1 how to deal
with the irregular time grid. Next, concerning the data
quality, a quality assessment is needed to filter out potential errors. Bell et al. (2015) found five potential error
sources: calibration issues, design flaws, communication
errors, metadata issues and representativity errors. In
section 4.2.2, a data quality assessment is formulated to
test the raw Netatmo data first before usage.

Netatmo data

As explained in section 3.2, Netatmo data is used as
forcing data. The raw Netatmo data is preprocessed
as there are two main issues associated with the data:
irregular time steps and the data quality (Bell et al.,
2015; Muller et al., 2015). In this section, the methods

4.2.1

Fixed time interval

A conversion from irregular to a fixed time interval is
needed to deal with irregular time-steps, the occurrence
of data gaps and to be able to compare stations with
each other. An interpolation method is applied and visualised in Figure 4.1 (van der Valk, 2017) and (De Vos,
2017). The irregular time-steps are solved by setting a
time step manually. This is set to 5 minutes to make it
comparable to the gauge-adjusted radar data. To deal
with the data gaps, the interpolation method uses a
data gap boundary. The data gap boundary indicates
the maximum data gap that for which the assumption
of linear interpolation between two precipitation measurements is still valid (De Vos, 2017). In section 4.2.2,
a data gap boundary of 15 minutes is chosen. For a
larger data gap, the assumption of linear interpolation
can cause large errors, a smaller data gap leads to unnecessary filtering out potential good measurements. All
larger data gaps are assigned ’non-available’. Based on
this interpolation method, the cumulative precipitation
of each station is determined.

4.2.2

Data quality assessment

As mentioned before, Netatmo data are prone to errors
(Bell et al., 2015; Muller et al., 2015). Therefore, a data
quality assessment is needed to assure good quality measuring stations. The assessment performed in this study
consists of ten steps to analyse the PWS. These ten steps
are based on Zahumenskỳ (2004), Estévez et al. (2011),
Meier et al. (2017) and De Vos et al. (2017). Three
month time-series are analysed to review the quality of
the PWS. The interpolation technique from section 4.2.1
is applied after step 7, as step 8, 9 and 10 are focusing
on comparison between the stations.
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Figure 4.1: Illustration of the interpolation method applied to the Netatmo datasets. Precipitation (the blue bars
on top) is measured in variable time-steps (t1 - t10, indicating the end of an interval). The black line is the
actual cumulative precipitation. The red dotted line represents cumulative precipitation where constant precipitation
is assumed between the time-steps. Cumulative precipitation is calculated to a fixed time grid (t1’ - t12’). The
interpolated precipitation time-series is determined as the cumulative precipitation of that time-step compared to the
cumulative precipitation of the previous time-step (blue vertical lines). Source: (van der Valk, 2017; De Vos, 2017)
Before conducting the quality assessment, timeframes need to be constructed. Hourly data is created
by summing the values of all time-steps with the same
hour timestamps. The data consists of irregular timesteps, not all hourly values consist of an equal number
of measurements. So the purpose of these hourly values
are to give insight in the quality of the station and not
for analysis. Hourly values of 01:00:00 sum up all measurements registered between 01:00:00 and 02:00:00. In
the same way, three-hourly, six-hourly, twelve-hourly and
daily values are composed and used in step 5 and 6 of
the quality assessment.
The data quality assessment consist of the following ten steps:
1. Checking the availability of metadata that belong
to the weather stations (Meier et al., 2017). In this
case, metadata consists of a longitude and latitude
assigned to each station. All stations with missing
metadata are removed.
2. Testing available metadata for identical locations
(Meier et al., 2017). Identical locations can occur
for example due to factory settings. All stations
with overlapping metadata are removed. As the
coordinates resolution is very precise, no close-by
located stations are removed.
3. Checking if the stations contain at least 80% of the
monthly data (Meier et al., 2017). The PWS have
irregular time-steps and also periods where measurements are lacking. Therefore, the number of
measurements per station needs to be higher than

80% of the number of radar measurements (regular intervals of 5 minute data). All stations with
less than 80% monthly data for each month of
the three-month time-frame are discarded. In this
step, also stations with no measurements for these
months are filtered out.
4. Removal of all continuous zero measuring stations.
The cumulative precipitation is calculated and all
stations which measure zero precipitation over the
total period of time are removed.
5. Testing measured values with fixed numbers (Estévez et al., 2011). These numbers are fixed tests to
determine if the measured values fall within sensor
range and if the values are plausible (Zahumenskỳ,
2004). The sensor of Netatmo stations has a maximum value of 150 mm/h. The data is checked
if no hourly values exceed this value to ensure the
quality of the measurements. Furthermore, precipitation values are considered plausible if the intensity does not exceed 40 mm/minute (Zahumenskỳ,
2004). Stations, which have measured values exceeding 40 mm / measurement, are visually checked
to make sure the values are plausible.
6. Checking the remaining weather stations values for
plausibility with a dynamic test (Estévez et al.,
2011). Plausibility in this step focusses on record
values. Daily and hourly records of the PWS are
compared to the daily and hourly records of nearest
KNMI stations (Table 4.1). Any values surpassing
these KNMI stations records are visually checked in
the same way as in step 5.

4.2. NETATMO DATA
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Table 4.1: Precipitation records of KNMI weather stations closest to each case area and the national precipitation
records. KNMI station Schiphol is the closest to the case area of Amsterdam and Eindhoven is the closest to the
Eindhoven area. Source: http://www.knmi.nl/nederland-nu/klimatologie/daggegevens (used at 04-03-2017).

KNMI station Schiphol
KNMI station Eindhoven
KNMI Dutch National

Hourly Record (mm)

Daily Record (mm)

Monthly Record (mm)

28.1
33.2
79

60.5
47.1
208

x
x
325

7. Verifying internal consistency of the data (Estévez
et al., 2011). With this test, data is checked if
no three-hour values exceed six-hour values and no
twelve-hour values exceed daily values. Stations
showing no internal consistency are checked manually similar to step 5 and removed if showing abnormalities.
8. Comparing values of the time-series to the median
of each time interval of all stations (De Vos et al.,
2017). To compare the stations to each other, interpolation is needed (as described in section 4.2.1).
For each time interval, the median of all stations is
determined. These are compared to the interpolated values and if exceeded by 50 mm/h, they are
removed.
9. Checking for faulty zero measuring stations (De Vos
et al., 2017). Faulty zero measuring stations are
measuring zero precipitation during ’rainfall’ periods due to for example blocking by trees or leaves
that fell in the device. If the median of all stations measurements for each time interval indicates
0, the time interval is indicated as ’dry’. Based on
De Vos et al. (2017), stations indicating continuous
zero precipitation for at least 12 hours outside these
dry references should be removed.
10. Analysing inter-gauge correlations (De Vos et al.,
2017). Stations are compared to other stations
located within a 5 km radius. If the correlation
between a station and all stations within the 5
km radius is lower than 0.21 or the station has
no neighbouring stations within that radius, the
stations are manually checked. Low correlation can
be the result of isolated stations or the possible
large temporal and spatial variability in precipitation
Manual checks are performed in steps 5, 6, 7 and 10
to ensure extreme events are not filtered out automatically. The assessment results create a list of stations for
each time period is left, which are assumed to measure

correctly. The other result of the quality assessment are
percentages of data left after each filtering step and will
be visualised with barplots, based on the tables presented
in Meier et al. (2017).

4.2.3

Event-specific methods

Three-monthly data is used for the data quality assessment to determine if a station is measuring properly during this time period. For the event analysis, two different
criteria are set to make sure the stations also perform
well during the extreme event. After applying these criteria, the PWS data is suitable for further analysis.
1. As it is event-based, only stations with 95% data
availability for the day of the event are selected.
2. A data gap for interpolation of 15 minutes is chosen.
Due to the focus on extreme events, a shorter data
gap is still sufficient (De Vos, 2017).
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5 | Collection and preprocessing results
In this Chapter, the results from the event selection and
preprocessing steps are described. The selected urban
flood events are presented, as well as the results of the
data quality assessment. Furthermore, the collection results from the digital images are represented in section
5.3.

5.1

Selected Events

Different search techniques were applied to select the
urban flood events, which are listed in Table 5.1. The
Amsterdam municipality and Waternet mainly suggested
one major event (28/07/2014) as the most interesting,
the others were mainly found in news messages. For
the ’Kinkerbuurt’, besides 28/07/2014, there were two
other events mentioned by Waternet. For Eindhoven,
the municipality had multiple suggestions. Due to the
availability of the opportunistic data sources and time
constraints, only events in the time period 2014 - 2017
are selected. The selected events are listed up sorted by
location and search technique in Table 5.2. Consulting
news channels and municipalities (including Waternet)
resulted in the most urban flood events. These events
are taken into account when analysing the opportunistic
sources and running the conceptual urban flood model.
For each found event, the precipitation time-series
are analysed. Table 5.3 lists a summary for each urban
flood event in terms of precipitation. The start-time
of the event is selected after a dry period and the endtime is selected when the precipitation completely stops.
Therefore, some events have a long duration but have
Table 5.1: List of total identified urban flood events from
each search technique. Results list urban flood events in
the case areas for the time-frame of 2010 - 2017.
Amster
dam

Eind
hoven

Kinker
buurt

News channels
Municipalities
Radar images

7
1
2

9
7
1

0
3
0

Total
(2010
Total
(2014

8

12

3

5

6

3

unique events
- 2017)
unique events
- 2017)

Table 5.2: List of identified urban flood event dates. It
also lists the search techniques that found each event.

Date

Location

11/07/2014
28/07/2014
24/08/2015
30/05/2016
23/06/2016
08/08/2014
14/08/2014
24/09/2014
01/06/2016
02/06/2016
13/06/2016
26/06/2016
28/07/2014
04/09/2015
23/08/2016

Amsterdam
Amsterdam
Amsterdam
Amsterdam
Amsterdam
Eindhoven
Eindhoven
Eindhoven
Eindhoven
Eindhoven
Eindhoven
Eindhoven
Kinkerbuurt
Kinkerbuurt
Kinkerbuurt

News
Channels

x
x
x
x
x
x
x
x
x
x
x

Municipalities Radar

x

x
x

x
x
x
x
x
x
x

sharp peaks inside the time-series. For each event, a cumulative precipitation time-series of the maximum radar
pixel and maximum Netatmo station are presented in
Appendix B. As there is no Netatmo station located
in the ’Kinkerbuurt’, only the radar precipitation is represented in Appendix B.
From 2014 till 2017, five
urban flood events were founded for Amsterdam and
for the ’Kinkerbuurt’, three events were highlighted by
Waternet. For Eindhoven, there were six urban flood
events. Table 5.3 lists the precipitation characteristics
of each rainfall event. The events differ in duration,
total cumulative precipitation and peak intensities. For
each event, the maximum cumulative radar and Netatmo
time-series are summarised in Appendix B. In Figure 5.1,
an example of peak intensity distribution over the city is
shown. This specific example is the urban flood event
of 28/07/2014 in Amsterdam.

5.2

Precipitation data

In this section, the outcome of the data quality assessment regarding the quality of the personal weather
stations is presented. The data quality assessment is
run for each event, selecting the month of the event
and the month in advance and after the event to ana-
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Table 5.3: List of precipitation summaries for each selected urban flood events. For each event, the duration, total
cumulative precipitation and peak intensities for the radar and Netatmo are showed.

Event

Start
time

End
time

Duration
(hours)Location

Total
cumulative
precipitation
Radar
(mm)

11/07/2014
28/07/2014
24/08/2015
30/05/2016
23/06/2016

23:00
05:00
12:00
17:00
03:00

04:00
12:00
16:00
22:00
06:00

05.00
07.00
04.00
05.00
03.00

Amsterdam
Amsterdam
Amsterdam
Amsterdam
Amsterdam

54.81
97.9
19.97
23.64
40.26

33.84
60.14
16.56
15.21
21.32

13.95
8.31
6.80
5.16
10.10

06.70
7.15
7.04
5.49
6.88

44.01
39.22
12.59
10.89
34.24

23.64
29.36
16.46
13.29
19.49

08/08/2014
14/08/2014
24/09/2014
01/06/2016
13/06/2016
26/06/2016

12:00
09:00
14:00
16:00
04:00
11:00

23:59
13:00
18:00
21:00
23:00
19:00

12.00
04.00
04.00
05.00
19.00
08.00

Eindhoven
Eindhoven
Eindhoven
Eindhoven
Eindhoven
Eindhoven

28.74
19.36
27.13
67.21
42.23
9.73

37.98
25.86
20.1
30.5
85.42
18.56

2.62
1.68
6.38
12.59
5.49
2.24

5.44
3.92
4.64
5.86
11.98
4.69

11.47
5.62
14.56
26.47
13.22
2.01

19.62
15.89
20.10
26.97
31.65
8.46

28/07/2014 09:20
04/09/2015 14:45
23/08/2016 09:15

10:35
16:00
10:30

01.15
01.15
01.15

Kinkerbuurt 27.99
Kinkerbuurt 15.72
Kinkerbuurt 18.82

-

5.05
2.41
4.25

-

13.59
10.24
16.89

-

Total
cumulative
precipitation
Netatmo
(mm)

Maximum Maximum Maximum Maximum
peak
peak
peak
peak
intensity intensity intensity intensity
Radar
Netatmo Radar
Netatmo
(5 min) (5 min) (hour)
(hour)

Peak Intensity − 28−07−2014

Peak Intensity − 28−07−2014

52.4

52.4

Radar_hour

Netatmo_hour

50

30
20
10

0.9

52.3

25

Latitude (°)

Latitude (°)

40

20
15

0.9

52.3
0.9

4.7

4.8

4.9

5.0

Longitude (°)

0.9

4.7

4.8

4.9

5.0

Longitude (°)

Figure 5.1: Spatial distribution of variety in peak intensities. Peak intensities for the event of 28/07/2014 in
Amsterdam are showed. Peak intensities are shown for hourly resolution from radar (left) and Netatmo (right).
lyse the quality of the weather stations in general. For
each event, a number of deemed good quality stations
is found after the assessment. Table 5.4 and Figures
5.2 sum up the results of the data quality assessment.
These six time-frames cover all the events listed in Table
5.2. As mentioned in section 3.2, the total number of
stations in Amsterdam were 90 and for Eindhoven 65.
Not all filtering steps filtered out as many stations.

Figure 5.2 shows the percentages left after each filtering
step for the two case areas. In the following enumeration, all filtering steps are discussed shortly:
• Step 1 and 2 never filtered out a station so it seems
that the Netatmo data in these cases do not have
metadata issues.
• Step 3 (80% monthly data) filtered out a large
amount of stations. There were many stations with

5.3. COLLECTED DIGITAL IMAGES
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Figure 5.2: Results of the data quality assessment for all three-month time-frames. Percentages left for each step in
the data quality assessment for Amsterdam are showed in (left) and for Eindhoven in (right).
Table 5.4: List of PWS left after applying the data quality assessment.

City

Number of stations
after data quality
Time-frame assessment

Amsterdam
Amsterdam
Amsterdam
Eindhoven
Eindhoven
Eindhoven

JJA 2014
JAS 2015
MJJ 2016
JAS 2014
ASO 2014
MJJ 2016

8
29
44
6
5
35

no data for the suggested months but they could
perform potentially better in other time periods or
have been installed more recently.
• Step 4 removed all continuous zero measuring stations, which included quite a few as seen in Figure
5.2
• Step 5, 6 and 7 were checks and never filtered
anything out after a few visual checks. This is a
good thing as there were no stations removed. This
means for these case areas, the stations work within
limits set by literature and product design.
• In step 8, medians did not show extreme behaviour
and resulted in no removed stations.
• Step 9 on the other hand, the check for faulty precipitation during dry periods did remove some stations (Figure 5.2). This could be the result of lo-

cal variety in precipitation events or faulty measurements.
• In step 10, not all stations had at least a 0.21 intergauge correlations with the stations within 5 km
radius. This could be due to local variety in precipitation or isolated stations. These stations were visually checked and only once, a station is removed.
As shown in Figure 5.2, step 3 and 9 filtered out the
most stations for both case areas.
Besides the results of the actual filtering steps,
other conclusions can be drawn. An increase in stations
in general is noticed as the amount of stations with no
measurements for the given time-frames reduce over the
years. Also, an increase over the years in good quality
stations is seen in both case studies. Especially the last
year, 2016, looks promising. The larger the number of
good quality stations, the better precipitation events are
captured spatially.

5.3

Collected digital images

Table 5.5 lists the results of the searching techniques applied for collecting digital images. For Amsterdam, 70%
of the found images between 2014 and 2017 contained a
location indication, for Eindhoven this is only 38%.. This
might be caused by the source of the image, the most
images found for Amsterdam were obtained via Twitter.
In Amsterdam, the organisation Rainproof also actively
asks around on Twitter to find out the location of the
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water inconvenience image. In Eindhoven, the municipality provided most of the digital images. Regarding
the notifications provided by Waternet for the ’Kinkerbuurt’, there is a total of 27 notifications for all three
urban flood events available for analysis. The locations
of the collected digital images and provided notifications
are shown in Appendix C.
Table 5.5: Summary of collection of digital images.

Total digital images 2010 - 2017
Total digital images 2014 - 2017
Digital images including a location
Unique locations from digital images

Amster
dam

Eind
hoven

51
47
33
23

59
36
14
8
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6 | Methods for opportunistic data analysis
For this research, an conceptual urban flood model is
constructed. Therefore, the basis of the conceptual urban flood model is first described in this Chapter. Next,
the developed conceptual urban flood model, the parameters and assumptions are explained. This is followed by
the methods for analysing the three different opportunistic data types.

6.1

Basis for the conceptual urban flood
model

For this study, a conceptual urban flood model is developed based on a urban flood model concept from one
of the Raintools from the Rioned Foundation (Luijtelaar,
2015). The Rioned concepts is an event-based approach,
simulating water inconvenience at a single point. This
concept is chosen for its simplicity as it only requires little
input: a precipitation series and a set of input parameters. In section 1.3, some other models were mentioned.
These require an increased number of parameters and
a Digital Elevation Model compared to the Rioned concept. The Rioned concept is preferred over the other
mentioned models for its simplicity and suitability for
areas with small amounts of data. Another reason is
the little input results in considerable contribution the
of opportunistic data sources.
In this paragraph, the concept from Rioned is elaborated on (Luijtelaar, 2015). The Rioned concept is a
conceptual, event-based model, as it analyses water inconvenience based on separate events. Furthermore, the
concept is modelling water inconvenience for a point location. The concept of Rioned consists of three storage buckets: storage in facilities, storage on streets and
water inconvenience storage. Next to the three buckets, two capacities are acting as stationary buckets: the
drainage capacity of the facilities and an overflow capacity. A precipitation time-series is fed to the model
and next, the first storage bucket fills up (the storage
in facilities). The facilities drain with a certain capacity
during the filling by the precipitation. If the storage facilities fill up completely, overflow will occur. In urban
areas, overflow capacity consists mainly of sewers systems with a limited overflow capacity. If the overflow
capacity is unable to cope with the precipitation, water
will be stored on the streets. A certain amount of wa-

ter is assumed to not cause inconvenience (section 1.1).
However, if that is also exceeded by the amount of precipitation, the remaining water is classified as ’causing
inconvenience’. Figure 6.1 visualises an example output
of the Rioned concept (Luijtelaar, 2015). The Rioned
concept is translated in a code suitable for R and from
there on, the conceptual urban flood model is developed.

6.2

Conceptual urban flood model

This research aims to simulate urban flood events over
a large area. Therefore, the Conceptual Urban Flood
Model (CUFM) is developed. The CUFM is created by
spatially distributing the Rioned concept to be able to
simulate urban floods over an area instead of a single
point. The CUFM is run over a spatial grid. For the
case studies of Amsterdam and Eindhoven, the spatial
grids are based on the gauge-adjusted radar locations.
Grid cells are 110 x 70 meters. For the ’Kinkerbuurt’,
RD-coordinates are used, which are a Dutch coordinate
systems. Grid cells of the ’Kinkerbuurt’ have a resolution
of 1 x 1 meter. Due to runtime, this is not applied for
the Amsterdam and Eindhoven case studies.
To be able to run the CUFM for a spatial grid, spatial forcing data is needed. The spatial forcing data is applied in two ways: according to the gauge-adjusted radar
grid and interpolation by kriging of the PWS data. Standard kriging is chosen as it the simplest geo-statistical
approach, which are used to analyse spatial patterns

Figure 6.1: Example model output of the Rioned concept. It shows the different buckets and capacities.
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and interpolate to unsampled locations (Li and Heap,
2008). Spatio-temporal kriging is applied according to
the method described by Graler et al. (2016). To apply spatio-temporal kriging, semi-variograms need to be
constructed and fitted (van de Beek, 2013). Fitting is
done by statistical models and there are five different
statistical model types. During fitting, all models performed similar as the mean square error fell within the
same range. Therefore, the simplest model type (separable) is chosen for this study. With this statistical
model, precipitation data is kriged and a precipitation
time-series for each point is obtained. An important element to take into account is the uncertainty that comes
with this type of spatial interpolation. The estimated uncertainty will always be lower than the real uncertainty
as interpolation will never exceed the most extreme values as this interpolation technique will never exceed the
most extreme values within a range.(Li and Heap, 2008).
The parameters of the Rioned concept concern the
size of the storage buckets and capacities. These parameters are site-specific. It is therefore discouraged that the
same parameter values are used for all location. A land
use classification map is used to set the parameters per
location. In Appendix A, the assigned values for the size
of the storage buckets and capacities for each land use
class are summarised. The land use classification map
is from the Dutch National Georegister with a resolution of 25 x 25 meter (Georegister, 2013). The map is
clipped to the boundaries of the case studies. Next, the
obtained land use polygons are converted to raster data
and aggregated for matching case study resolution (for
Amsterdam and Eindhoven). The land use classes are
used to assign parameter values to each grid cell. For
each parameter, the following elements need to be taken
into account:

• The storage on streets also depends on land use
class. Some classes, no water on streets is allowed as only a little already causing inconvenience
(de Nijs, 2017). For example, retail areas with no
step at the front door for accessibility. For other
classes, a standard value of 35 mm is chosen (Luijtelaar, 2015).
• For the overflow capacity, this represent the dimensions of the sewer system. Again, the land use class
’Roads’ is assigned an overflow capacity of 32.4
mm/h (Luijtelaar, 2015). All other land use classes
have a simplified overflow capacity of 0 mm/h.
To construct the CUFM, some general assumptions
are made. First, all roads are assumed to represent the
sewer system, which is mainly important in terms of
overflow capacity. Second, open water functions as endless sinks as this thesis focus at pluvial over fluvial floods.
Therefore, open water land use classes have large storage
facility values. Another assumption is regarding the size
of water on the street bucket. For all land use classes is
a value of 35 mm assumed (Luijtelaar, 2015), besides for
critical land use classes as retail areas. These classes can
suffer from flood damage easier because buildings are
accessible by wheelchairs (de Nijs, 2017; Heger, 2017).
Another assumption consist of little storage in facilities
for green areas (10 mm). At last, some land use classes
have small values for drainage capacity or facility storage. These are based on a percentage green area, which
is also represented in these land use classes (Georegister,
2013).
The flow chart of the CUFM is presented in Figure
6.2. The opportunistic data sources are each addressing
a different component of the CUFM model structure. In
the following sections, the methods for analysing each
opportunistic data source are explained.

• For the storage in facilities, facilities in the cities
at the locations are analysed. The sewer system is
taken as main storage facility and connected with
the land use class ’Roads’. The capacity of other
facilities can be added manually but due to time
constraint and large case studies, this is not applied
here.
• The facility drainage capacity depends on the
amount of green areas present. Depending on the
land use classes, drainage capacity range from 0
(roads and houses) to 20 mm/h for fully green areas
and a few values in-between, depending on the ratio
assumed between impervious and green areas.

Figure 6.2: Model flow chart of the CUFM and the links
to the opportunistic data sources. The flow charts shows
that different opportunistic data sources can be used for
different elements in the model flow chart.
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6.3

Comparison personal weather
station data with radar

After all data quality checks, the Netatmo data and
the gauge-adjusted radar are compared with each other.
This is done in two ways. First, the differences in
time-series between gauge-adjusted radar and the personal weather stations is analysed with statistical indicators. The second method consist of comparing the two
datasets against each other when running the CUFM for
each location. The output of the CUFM from the two
forcing sets is compared.

6.3.1

Statistics

To gain more insight in the quality of the PWS data,
statistical terms are evaluated. The following concepts
are used to analyse the time-series: correlation, bias,
contingency tables and double mass analysis. Together,
these statistical terms give more insight in the unsure
quality of personal weather stations. In this section,
these concepts are elaborated on.
A first comparison is conducted with calculation of
the correlation and bias between the PWS and radar
time-series. Correlation is calculated to obtain information if the PWS capture the pattern measured by the
radar. Bias indicates to which extent the PWS are under or overestimating precipitation based on radar data.
These statistical terms are calculated in 5 minute and
one-hour resolutions for the three-month time-frames.
As the time-step of the data is very small, it is possible
precipitation is not measured exactly at the same time.
Therefore, the effect of one and two time-lag steps for
correlation coefficient and bias percentages is investigated.
To analyse the behaviour of the data sets concerning measuring any precipitation and zero precipitation,
Table 6.1: Example of a contingency table. This contingency table assumes two alternatives, precipitation and
no precipitation. W is the number of both non measuring precipitation, X is the number of hits, Y is the
number of misses and Z is the number of false alarms.
Based on Schaefer (1990).

Netatmo

No Precipitation
Precipitation

Radar
No
Precipitation
Precipitation
W
Y
Z
X
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contingency tables are constructed (Schaefer, 1990). In
Table 6.1, an example of an contingency table is showed.
The PWS and radar time-series are divided in two categories: zero and non-zero precipitation measured. The
number of corresponding measures is indicated by the
letters W,X,Y and Z. W is the number of both non measuring precipitation, X is the number of hits, Y is the
number of misses and Z is the number of false alarms
(Schaefer, 1990). The counts are converted to percentages of the total number of measurements. From these
tables, three standard verification statistics are calculated: the Probability Of Detection (POD), the Critical Success Index (CSI), and the False Alarm Ratio
(FAR). The POD is the percentage correct correspondence (Panofsky et al., 1958) and is calculated as follows:
X
(6.1)
P OD =
X +Y
The FAR is defined as the number of false measurements
if radar measurements are the reference measurements
(Olson, 1965). This is calculated as follows:
Z
(6.2)
X +Z
The CSI is the ratio of number of corresponding precipitation measurements to the number of radar precipitation measurement plus the false measurements (Schaefer, 1990). The CSI is calculated as follows:
F AR =

CSI =

X
X +Y +Z

(6.3)

These three verification statistics (Eq. 6.1 – 6.3) are
calculated to assess the similarity of the Radar and Netatmo time-series. This is applied for the three-month
time-frames and events, and in 5 minute and hourly resolutions.
At last, a double mass analysis is performed. All cumulative Netatmo station time-series are plotted against
the corresponding cumulative radar data (Searcy and
Hardison, 1960). Traditionally, this method is used
to investigate changes in the relation between the two
variables. Here, the cumulative time-series are plotted
against each other and ideally, the lines should fit perfectly on the 1:1 line. The location of the lines relative
to the 1:1 line indicates if the Netatmo stations are under or overestimating precipitation in comparison to the
radar data.

6.3.2

Differences in model forcing

The second method to analyse the differences between
the Netatmo and radar data is explained here. Both
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time-series are applied as forcing to the CUFM. All parameter settings remain the same to make the forcing
time-series the only difference between the CUFM runs.
The maximum water inconvenience per grid cell is calculated as raster data, independent from time. Next,
the Netatmo and Radar output rasters are compared to
each other.
First, the correlation between the rasters is calculated for each event to determine if both forcing datasets
capture the same pattern. Next, a quantitative comparison is made. The total surface of the case study
area, which experience any water inconvenience, is determined. Afterwards, the total surface is divided in
categories to examine the magnitude of the water inconvenience modelled by each of the forcing datasets.
These divisions are compared to examine the differences
between Radar and Netatmo forcing in simulation urban
flood events.

6.4

Digital images of urban floods

The digital images are analysed for validation of the
model state. To start, the exact location of the images is
determined based on the contents of the picture and the
accompanied text indicating a street or neighbourhood
name. The locations are visited to determine the exact
coordinates of the location. Most images have representative features on the image but not all locations may be
found exactly. After location determination, water levels
on the images are estimated. During the visits, heights
of side walks and other referencing points on the images
are measured to help estimation of the water level.
Location determination indicates the spatial distribution of the flood event. Timestamps of the images can
indicate the temporal distribution. However, not all images have a timestamp and it is uncertain if the images
posted on Twitter are taken at that particular moment.
For simplification, it is assumed that the picture shows
the peak of inundation, to be used for model state validation. So it can be compared to the maximal water
inconvenience modelled by the CUFM.
The locations of the digital images are linked to the
corresponding raster output pixel (as created with the
method in section 6.2). Next, the CUFM is validated by
comparing the estimated water levels on the digital images to the CUFM output at that location. After that,
a neighbourhood of 8 pixels around the corresponding
pixel is calculated. At last, the same comparison is executed, to see of the water levels might correspond with

a pixel nearby (as not all locations were determined exactly).

6.5

Combined sewer overflow data

In literature, no explicit relation between combined sewer
overflow (CSO) events and urban flood has been stated.
Van Daal (2017) stated that there is probably no relation due to the differences in order of magnitude. CSO is
mentioned mostly in combination with the water quality
of receiving waters (e.g Ruggaber et al. (2007), Lindblom et al. (2007) and Ellis (2013)). CSO data is often
included as an indictor to assess performance of urban
drainage systems and the impact of urban runoff Indicators for these topics include flood, CSO occurrence
and volumes and surcharge (Thorndahl et al., 2008; Nie
et al., 2009; Arnbjerg-Nielsen et al., 2013).
This section aims to find out if CSO data improves
urban flood modelling by verification of the model output. CSO data from the WTTP is interesting to analyse
all year round, to see if there is water inconvenience experienced in the city when CSO occurs. However, as the
focus of this research lies with urban flood events, water
inconvenience is very likely to occur in the selected timeframes. Therefore, the focus shifts from CSO events at
WWTP to CSO data from smaller overflow structures.
First of all, the occurrence of CSO events is analysed
for each of the six urban flood events in Eindhoven, as
only data for that case study is available. The number
of overflow structures overflowing is analysed during the
event and 12 hours afterwards, to investigate the effect
after the precipitation event stopped. The CSO data of
the overflow structures is provided in m. Therefore, the
water levels are transformed to discharges the following
equation (Rioned, 2004):
Q = 1.7 × m × b × h3/2

(6.4)

Q is discharge of the overflow structure (m3 /s), m is
the drainage coefficient and default set on 0.8, b is the
width of the weir (m) and h is the level of the water (m).
This formula works for complete overflow, where free
overfall occurs as shown in Figure 6.3. It is assumed that
all overflow structures have free overfall, as indicated in
Figure 6.3. With the discharge of the overflow structures
available, it is possible to indicate the magnitude of CSO
instead just only an indication if CSO is occurring. These
volumes of each overflow structure is added to analyse
the effect of the CSO events in total on the Dommel.

6.5. COMBINED SEWER OVERFLOW DATA
CSO occurrence is also related to the modelled water inconvenience in the drainage area of each overflow
structure. As mentioned in section 2.2, Eindhoven has
a complex drainage system. Therefore it is hard to assign ech location to an overflow structure. Similar to
the digital image analysis, an neighbourhood of 24 pixels around the location of the overflow structure is analysed for maximum water inconvenience. The neighbourhood is chosen to represent almost a diameter of 500 m,
which is assumed to drain towards that overflow structure (Heger, 2017).

Figure 6.3: Example design of an overflow structure with
free overfall over the weir. Source: Rioned (2004)
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7 | Results
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In this Chapter, the results from applying the methods
from Chapter 6 are discussed. This will have the same
order as mentioned in the previous Chapter. First, the
PWS data is analysed against radar data in terms of
statistics and as forcing for the CUFM. Next, the results
from the digital images and citizen notifications analysis
are elaborated on. Last, the CSO analysis is described.
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7.1.1

Comparison personal weather
station data with radar
Statistics

After filtering the precipitation data from the PWS, they
are compared with the gauge-adjusted radar data set.
First, correlation between radar data and PWS is calculated for 5 minute resolution and one-hour resolution. Figure 7.1 shows the correlation distribution for the
three-month time-frames. Two different temporal scales
are used, the 5 minute values show lower correlation than
the hourly values. The range of the correlation values
expand when hourly time-steps are used over 5 minute.
Correlation values for Amsterdam are marginally higher
than the correlation values of Eindhoven (with the exception of the MJJ 2016 time-frame). However, the
results present low correlations between the two timeseries, as no value exceeds 0.50 in either case study.
Next, the bias of the PWS is calculated for each timeframe. Also, the bias for each event is investigated. The
bias is time-independent, therefore only 5 minute resolution was investigated. In Figure 7.2, the distribution
of bias for all stations is shown. The variability increases
during events, which can be expected as time-series are
much more shorter. During most events, PWS are further under-estimating on average, only the 28/07/2014
event in Amsterdam and the events in August 2014 in
Eindhoven over-estimate on average. On average, the
Eindhoven stations underestimate less than the Amsterdam stations. Also, the range in Amsterdam is more
extensive than for the Eindhoven stations. In terms of
bias, the Eindhoven stations perform better as the mean
of the bias distribution is on average closer to 0 and the
ranges of the distributions are smaller. Overall, for most
events the PWS underestimate the radar data, however,
the degree of underestimation is event-specific.

Timeframe
JAS 2014
ASO 2014
MJJ 2016

0.5
0.4
Correlation (−)
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Correlation Distribution − Eindhoven
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Figure 7.1: Correlation distribution between Radar and
Netatmo precipitation. For Amsterdam (a) and Eindhoven (b), the three time-frames were analysed with
hourly and 5 minute resolution.

Within the correlation and bias statistics, the effect
of time-lag is also explored. For the 5 minute resolution, a time-lag of one and two steps was introduced.
The time-lag only increased or decreased the values of
correlation and bias by a maximum of 2%. Time-lagged
time-series are therefore not used in further analysis.

Contingency Tables
After finding poor results for correlation, contingency
tables are created. These tables visualise the percentages of the three-month time-series where both stations
measured no rain, radar measured precipitation while the
Netatmo station measured zero, Netatmo measured precipitation where radar measured zero and where both
stations measured rain. These contingency tables are
created for 5 minute and hourly resolution and 5 minute
resolution with a threshold of 0.5 mm / 5 minutes for
detecting rain. Figure 7.3 shows an example average
result of two three-month time-frames in 5 minute and
hourly resolutions. For the hourly time-frames, differences between the time-frames for each combination
vary within 10%. The large differences are mainly in the
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Figure 7.2: Bias distribution of Netatmo precipitation
in respect to the according radar precipitation. The bias
distribution is showed for Amsterdam (a) and Eindhoven
(b). In orange, the three-month time-frames bias distribution are displayed and in blue the bias distribution
during heavy rainfall events is showed.

Yes

5.5

’Both No Precipitation’, as it total cumulative precipitation for each time-frame differs due to natural fluctuation. The ratios between the other three categories are of
similar magnitudes. For the 5 minute time-frames, the
differences between time-frames becomes smaller, the
maximum difference varies within less than 5%. It can
be expected that differences between time-frames decrease when the time-resolution decreases. The threshold contingency tables show obviously higher values for
the ’Both No Precipitation’ than without a threshold.
The lowest value for this category between the timeframes is 98.4%. Very small fluctuations occur between
the other categories but ratio’s are similar to the other
contingency table types. To explore these contingency
tables, three statistic indicators are investigated. In Figure 7.4, the event-based with 5 minute resolution results
are shown calculations are showed. In Appendix D, all
four options for each indicator are shown (three-month
time-frames or event-based and hourly or 5 minute resolution). All events or three-month time-frames are plotted as lines on top of each other in a density plot. The
more dark and dense the colours, the more data is concentrated there. If Radar and Netatmo data were very
similar, these values would have been close to 1. This is

Yes

Netatmo

77.3

11.7

4.8

(b)

Figure 7.3: Example result of a contingency table. The
contingency table indicates if Netatmo and Radar are
measuring precipitation at the same time interval. Figure (a) shows 5 minute resolution average for Amsterdam (JAS 2015), (b) displays hourly resolution average
for Eindhoven (MJJ 2016).

not the case here. CSI values are for all but the eventbased with 5 minute resolution all concentrated in lower
than 0.25 values (Figure D.1). In the event-based with
5 minute resolution option, an increased variety is seen,
in range and values. POD shows similar patterns as the
CSI results (Figure D.2). Event-based options show an
increased variety in range and values where the threemonth time-frame values are concentrated. The values
for POD are slightly higher than the CSI results, which

7.1. COMPARISON PERSONAL WEATHER STATION DATA WITH RADAR

|

29

CSI Distribution − Event based − 5 minute resolution

Amsterdam − JAS 2015, n = 28

20

0.00

0.25

0.50
CSI value (−)

0.75

1.00

(a)
POD Distribution − Event based − 5 minute resolution

10

0

Density (−)

15

300

400

0

200

5

100

10

Cumulative Radar Precipitation (mm)

Density (−)

15

5

0

0.00

0.25

0.50
POD value (−)

0.75

200

300

400

1.00

Figure 7.5: Double Mass Analysis of the JAS 2015 timeframe in Amsterdam. The double mass plots is constructed by plotting cumulative Netatmo precipitation
and matching cumulative radar precipitation. All stations are plotted in gray with the 1 to 1 line in red.
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Figure 7.4: Distribution of the statistical indicators CSI,
POD and FAR. The statistical indicators are calculated
for all eleven events in 5 minute resolution. Each line
represents an urban flood event. The more concentrated
the lines are, the darker the colour underneath the line is.
Figure (a) displays the CSI distribution, Figure (b) the
POD distribution and Figure (c) the FAR distribution.

is expected as you analyse Eq. 6.1 and Eq. 6.3. FAR
results are more variable than the other two indicators
(Figure D.3). Three-month time-frame options are concentrated around a ratio of 0.50 where as the the eventbased options are more variable. No trend is seen in the
FAR results. As these indicators are used to assess the
value of forecasts, it is uncertain how much information
they provide regarding the PWS data. High values for
POD and CSI and low values for FAR indicate a large
number of corresponding measurements. These results
correspond with the correlation results: the PWS precipitation data and radar data are not similar in terms
of these statistical indicators.

To investigate to what extend the Netatmo stations represent the same behaviour as the radar pixel they are located in, double mass plots are computed. For each
time-frame, all stations are plotted in one plot, with
the perfect 1 to 1 line. In Figure 7.5, the JAS 2015
time-frames for Amsterdam is shown. In Figure D.4,
all double mass plots are combined. From these plots,
almost all Netatmo stations in all time-frames are underestimating precipitation volumes as most lines are above
the 1 to 1 line. The lines are also not completely straight.
If double mass plots are constructed for longer timeseries (multiple years), these vertical or horizontal parts
represent potential changes in the relation between the
two variables. However, this is often performed with
multiple year time-series. In these plots, it indicates one
of the two is measuring precipitation where the other is
not.

7.1.2

Differences in model forcing

The differences between CUFM output is analysed when
it is forced with different precipitation products: full
radar or spatio-temporal kriged Netatmo time-series. An
example of the CUFM output is shown in Figure 7.6.
Appendix E shows all CUFM output for all events. To
compare the CUFM outputs, the correlation between the
two CUFM output rasters is calculated for each event. In
Table 7.1, the found correlations are listed, which indi-
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Figure 7.6: Spatial distribution of the CUFM output for the 28/07/2014 urban flood event in Amsterdam. Figure
(a) shows Radar forcing and Figure (b) shows Netatmo forcing.

7.2. DIGITAL IMAGES OF URBAN FLOODS
Table 7.1: Correspondence between maximum water inconvenience CUFM output of Radar and Netatmo forcing.
City

Date

Correlation

Amsterdam

11/07/2014
28/07/2014
24/09/2015
30/05/2016
23/05/2016

0.789
0.863
0.591
0.939
0.915

Eindhoven

08/08/2014
14/08/2014
24/09/2014
01/06/2016
13/06/2016
26/06/2016

0.988
0.963
0.957
0.784
0.933
0.972

cate a degree of similarity between the two CUFM output
rasters. The rasters are fairly well correlated with most
of them above 80%. Next, the rasters are compared
quantitatively in simulated flood surface. These results
are listed in Tables 7.2 - 7.5. The magnitude differences
of modelled water inconvenience are event-specific.
For Amsterdam, total surface experiencing water inconvenience between radar and Netatmo forcing is similar. The maximum difference occurred at 11/07/2014
with 27.73 km2 . The radar forced CUFM output lists
higher magnitudes of water inconvenience for four out
of five events. For Eindhoven, the difference in total surface experiencing water inconvenience are smaller than
the Amsterdam case. The largest difference occurred
between the CUFM output of 01/06/2016, 9.2 km2 . Netatmo forcing lead to higher water inconvenience levels
modelled for four events, where radar precipitation lead
to higher values for the other two events. The CUFM
was also run for the ’Kinkerbuurt’. Here, uniform precipitation is applied and the results are listed in Table 7.6.
All differences between modelled water inconvenience in
the ’Kinkerbuurt’ is due to uniform precipitation.

7.2

Digital images of urban floods

Table 7.8 and 7.7 list the digital images, the location,
estimated water levels and maximum modelled inconvenience by the CUFM. The maximum water inconvenience is indicated for the corresponding location and
the surrounding grid cells. Water inconvenience here indicates the water level of the storage on the streets and
potential water inconvenience combined. This is done as
water inconvenience at images also includes both. The
modelled values show an underestimation of the esti-
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mated water inconvenience. This may be due to the
locations which could experience water inconvenience as
result of being located in a low-lying area or biased digital images.
For Amsterdam, 26% of the locations had modelled water inconvenience. Including the neighbouring
grid cells, this applies for 82%. For Eindhoven, 55% of
the locations had any water inconvenience modelled and
including the neighbouring grid cells, 100% of the locations have modelled water inconvenience. However, the
digital images might be too detailed for the resolution
of the model grid. Another important element to take
into account is the bias of the digital images, they are
taken from the most interesting points, the highest level
of water inconvenience. The digital images therefore are
extremely location-specific.
The ’Kinkerbuurt’ citizens notifications are listed in
Appendix F. 89% of the notifications had water inconvenience modelled at the corresponding locations. More
interesting is to zoom in at the type of notification. 19
notifications are related to water inconvenience on the
streets instead of indoor damage. These notifications
all correspond with modelled water inconvenience.There
is no available data on the water level from the notifications. Therefore, at this point, the citizens notifications cannot explicit used to validate the magnitude
of modelled water inconvenience. They are suitable for
validation the location of water inconvenience.

7.3

Combined sewer overflow data

CSO data is first analysed for the number of overflow
structures, which deal with CSO during and 12 hours after the urban flood events. Next, the total discharge of
all overflow structures to the Dommel during the event
and 12 hours after is visualised in Figure 7.7. In Appendix G, the CSO analysis regarding CSO occurence
and total discharge for each events is visualised. All
events (besides 26/06/2016 as there was no CSO occurence during that event) show in the beginning a rapid
increase in the number of overflow structures with CSO.
The number of overflow structures with CSO is decreasing at the end of an urban flood event. During longer
events, this decrease is set in relatively long before the
end of event. This behaviour is reflected in the temporal distribution of the total discharge to the Dommel.
Sharp peaks of large volumes occur during the urban
flood events. Especially 08/08/2014, 24/09/2014 and
13/06/2016 have large discharge peaks.
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Table 7.2: List of radar forced CUFM output of Amsterdam by categories.

Magnitude

11/07/2014
(km2 )

28/07/2014
(km2 )

24/08/2015
(km2 )

30/05/2016
(km2 )

23/06/2016
(km2 )

29.94
4.72
3.09
3.86
1.68
0.05
0
0
0
0
0
43.34
501.94

26.8
46.34
18.7
14.7
16.45
7.16
4.05
0.78
0.98
0.42
0
136.37
501.94

13.27
2.34
0
0
0
0
0
0
0
0
0
15.61
501.94

8.93
6.68
0
0
0
0
0
0
0
0
0
15.61
501.94

1.06
6.45
8.18
0.98
0
0
0
0
0
0
0
16.67
501.94

0-10 mm
10-20 mmm
20-30 mm
30-40 mm
40-50 mm
50-60 mm
60-70 mm
70-80 mm
80-90 mm
90-100 mm
>100 mm
Total inconvenience (km2 )
Total surface(km2 )

Table 7.3: List of Netatmo forced CUFM output of Amsterdam by categories.

Magnitude

11/07/2014
(km2 )

28/07/2014
(km2 )

24/08/2015
(km2 )

30/05/2016
(km2 )

23/06/2016
(km2 )

1.34
12.99
1.28
0
0
0
0
0
0
0
0
15.61
501.94

9.23
90.36
30.76
0
8.14
7.47
0
0
0
0
0
145.96
501.94

6.91
8.69
0.01
0
0
0
0
0
0
0
0
15.61
501.94

12.85
2.76
0
0
0
0
0
0
0
0
0
15.61
501.94

6.91
8.69
0.01
0
0
0
0
0
0
0
0
15.61
501.94

0-10 mm
10-20 mmm
20-30 mm
30-40 mm
40-50 mm
50-60 mm
60-70 mm
70-80 mm
80-90 mm
90-100 mm
>100 mm
Total inconvenience (km2 )
Total surface(km2 )

Table 7.4: List of radar forced CUFM output of Eindhoven by categories.

Magnitude
0-10 mm
10-20 mmm
20-30 mm
30-40 mm
40-50 mm
50-60 mm
60-70 mm
70-80 mm
80-90 mm
90-100 mm
>100 mm
Total inconvenience (km2 )

08/08/2014
(km2 )

14/08/2014
(km2 )

24/09/2014
(km2 )

01/06/2016
(km2 )

13/06/2016
(km2 )

26/06/2016
(km2 )

0
0.17
6.04
0
0
0
0
0
0
0
0
6.2

1.86
4.34
0
0
0
0
0
0
0
0
0
6.2

1.29
3.3
1.62
0
0
0
0
0
0
0
0
6.2

2.6
5.83
4.33
1.86
0.36
0.14
0.27
0
0
0
0
15.4

5.57
0
4.86
1.33
0.02
0
0
0
0
0
0
11.77

6.2
0
0
0
0
0
0
0
0
0
0
6.2

Next, the CSO occurence is related to the CUFM
output. In Table 7.9, all overflow structures are listed,
the occurrence of CSO during the event and the maximum water inconvenience modelled within a neighbourhood of 25 grid cells of each structure. This represents

roughly a diameter of 500 meter. Locations that do not
have CSO have similar modelled water inconvenience
values as the overflow structures that do have CSO.
A difference is noticed in the 26/06/2016 event, which
have no CSO at all, those modelled inconvenience values
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Table 7.5: List of Netatmo forced CUFM output of Eindhoven by categories.

Magnitude

08/08/2014
(km2 )

14/08/2014
(km2 )

24/09/2014
(km2 )

01/06/2016
(km2 )

13/06/2016
(km2 )

26/06/2016
(km2 )

0.38
0.18
4.02
2.01
0
0
0
0
0
0
0
6.59

5.45
0.75
0
0
0
0
0
0
0
0
0
6.2

1.26
4.94
0
0
0
0
0
0
0
0
0
6.2

1.55
4.61
0.04
0
0
0
0
0
0
0
0
6.2

7.58
1.12
2.75
3.12
0.48
0.02
0
0
0
0
0
15.06

6.19
0.02
0
0
0
0
0
0
0
0
0
6.2

0-10 mm
10-20 mmm
20-30 mm
30-40 mm
40-50 mm
50-60 mm
60-70 mm
70-80 mm
80-90 mm
90-100 mm
>100 mm
Total inconvenience (km2 )

Table 7.6: List of radar forced CUFM output of ’Kinkerbuurt’ by categories.

Magnitude

28/07/2014
(km2 )

05/09/2015
(km2 )

23/08/2016

0
0
0
0.08
0.2
0
0
0.12
0
0
0
0.39
0.98

0
0
0
0
0
0
0
0
0.27
0
0.12
0.39
0.98

0
0
0
0
0
0
0
0.27
0
0
0.12
0.39
0.98

0-10 mm
10-20 mmm
20-30 mm
30-40 mm
40-50 mm
50-60 mm
60-70 mm
70-80 mm
80-90 mm
90-100 mm
>100 mm
Total inconvenience (km2 )
Total surface(km2 )

Total CSO during 24/09/2014 and 12 hours after − Eindhoven

150
0

0

5

50

100

Total discharge of all
overflow structures (in m3/s)

15
10

Number of overflows
overflowing (−)

20

25

200

Occurence of CSO during 24/09/2014 and 12 hours after − Eindhoven

14:00

19:00

00:00

05:00

24−09−2014

14:00

19:00

00:00

05:00

24−09−2014

Figure 7.7: Temporal distribution of Combined Sewer Overflow during and after the 24/09/2014 event in Eindhoven.
In Figure (left), the temporal distribution of the number of overflow structures with CSO occurrence is visualised. In
Figure (right), the temporal distribution of the total discharge from all CSO events is visualised.
are also lower than the values of the other events. However, all water inconvenience values are below 50 mm.

This information is not significant to indicate a relation
between CSO and nearby water inconvenience.
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Table 7.7: List of estimated water levels from digital images compared to CUFM output for the Eindhoven urban
flood events.
Maximum water
inconvenience and
storage on streets in
corresponding
neighbourhood (in mm)

Date

Name location

Estimated water
inconvenience (in mm)

Maximum water
inconvenience and
storage on streets in
corresponding pixel
(in mm)

08/08/2014

Boschdijktunnel

150

27.60

27.88

14/08/2014

Boschdijktunnel
Lodewijk Napoleonstraat
Hastelweg
Wal

150
100
40
80

15.34
15.34
15.71
0.00

15.99
15.34
17.36
13.60

24/09/2014

Alberdingk Thijnlaan
Korianderstraat

150
50

0.00
0.00

24.57
25.62

13/06/2016

Elisabethtunnel
Stationsplein

150
40

0.00
29.49

31.46
29.49

Table 7.8: List of estimated water levels from digital images compared to CUFM output for the Amsterdam urban
flood events.

Name location

Estimated water
inconvenience (in mm)

Maximum water
inconvenience and
storage on streets in
corresponding pixel
(in mm)

28/07/2014

Station Sloterdijk
Central Station
Station Zuid
Rivierenbuurt

10
20
40
150

0.00
0.00
0.00
0.00

49.80
49.50
0.00
0.00

24/08/2015

Buitenveldertweg
Parnassusweg
Zeilstraat
Hoofddorpplein
Heemstedestraat
Vondelpark
Hoofdweg
Mercatorplein
Zuidas
Surinameplein
Pilotenstraat
Olympiaplein
Kabelweg
Argonautenstraat
Constantijn Huijgenstraat
JanvanGalenstraat
Amstelveenseweg

30
100
50
80
50
30
80
50
50
100
30
80
50
30
40
50
50

53.90
0.00
0.00
55.05
0.00
0.00
0.00
0.00
0.00
45.60
50.47
0.00
0.00
0.00
0.00
53.90
0.00

55.05
55.05
55.05
55.05
51.76
51.76
0.00
58.32
51.14
45.60
52.29
49.67
49.67
48.32
0.00
55.05
54.57

23/06/2016

Frederik Hendrik Plantsoen
Bellamystraat

100
20

27.81
0.00

27.81
19.32

Date

Maximum water
inconvenience and
storage on streets in
corresponding
neighbourhood (in mm)

2
5
6
7
8
9
11
12
13
14
15
16
17
18
19
20
21
22
23
26
27
28
29
31
32
33
34
35

ID

14/08/2014

24/09/2014

01/06/2016

13/06/2016

26/06/2016

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
N
Y
Y

26.49
26.12
26.02
26.02
26.02
24.94
27.88
27.88
27.88
28.14
28.14
28.14
28.14
28.15
28.15
28.15
27.52
27.39
27.39
27.32
26.59
26.59
25.88
27.88
26.02
26.93
26.16
27.13

N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
N
N
N
Y
N
N
Y
N

13.6
12.03
11.7
11.7
11.7
18.29
13.6
13.6
13.6
14.63
14.63
14.63
15.42
14.43
14.43
14.43
14.43
13.34
13.34
8.51
14.16
14.16
9.12
13.6
11.7
12.16
14.41
8.51

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
N
Y
N
Y
Y
Y
Y
N

27.13
25.71
24.57
24.57
24.57
22.31
24.57
18.94
18.94
18.94
18.94
16.97
16.97
16.63
16.63
16.63
13.52
12.77
12.77
9.12
27.13
27.13
23.77
24.57
26.66
24.56
24.46
8.64

Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
N
N
N
Y
Y
Y
Y
Y

45.94
35.25
46.25
46.25
46.25
18.47
46.25
34.61
34.61
34.61
35.4
31.44
31.44
31.65
31.65
31.65
29.89
24.85
24.85
16.98
31.03
34.6
34.6
46.25
59.52
62.85
29.4
16.98

Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
N
Y
Y

32.94
31.93
29.19
29.19
29.19
39.51
29.49
29.49
29.49
29.49
29.49
28.34
28.34
27.72
27.72
27.72
27.72
26.44
26.44
27.11
33.69
33.69
27.23
29.49
29.19
28.02
34.43
26.05

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

3.71
3.68
4.28
4.28
4.28
9.03
4.28
4.15
4.15
5.94
5.94
5.94
7.13
6.99
6.99
6.99
8.78
8.78
8.78
7.6
3.89
3.89
3.53
4.28
4.28
4.67
4.19
7.45

Overflow Maximum Overflow Maximum Overflow Maximum Overflow Maximum Overflow Maximum Overflow Maximum
Occurrence water
Occurrence water
Occurrence water
Occurrence water
Occurrence water
Occurrence water
inconinconinconinconinconinconvenience
venience
venience
venience
venience
venience

08/08/2014

Table 7.9: List of overflow occurence and related maximum water inconvenience. For each urban flood event in Eindhoven, the occuruence of CSO for each overflow
structure is listed. The maximum water inconvenience and storage on the streets is listed for the corresponding drainage area of each overflow structure.
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8 | Discussion
In this Chapter, the methods used and results found are
discussed in terms of assumptions, uncertainties and in
the context of other literature. First, remarks are made
regarding the collection methods. Next, uncertainties
and assumptions are discussed. At the end, the results
are put in perspective. Recommendations are included
in the next Chapter.

8.1

Collection methods

In this research, digital images were collected manually,
there are a few points for attention regarding this collection method. The aim of this research was to validate the CUFM by using digital images, therefore a large
quantity of digital images is not necessary but only provides extra validation options. Fohringer et al. (2015)
points out the relevance of the selection of keywords,
when searching for social media data, since they influence the quality and number of found social media
data. In this research, not all relevant Twitter messages
showed up in the results, due to the chosen keywords.
However, this will always be the case as a set of keywords is never complete as people upload their Twitter
messages accompanied by keywords they prefer. The
collection of Twitter messages was performed manually
as applying a search through over one week old Twitter messages could only be achieved with help of third
parties. If a large number of events or large spatial area
is analysed, another collection method is recommended.
Especially as other methods than manual search by hashtags may provide extra or better collection of social media data. These different methods include the following:
• using a specialised tool developed for social media
content harvesting (Fohringer et al., 2015).
• using an API to automatically search social media
contents (Eilander et al., 2016).
• working together with a specialised enterprise as
Floodtags (Zander, 2016).
• using VGI (Volunteered Geographic Information),
actively engaging citizens in data collection (Mazzoleni et al., 2017).
. From all collected digital images, not many had a location mentioned in the message accomponing the image, as mentioned in section 5.3. This can be due to
for example the severity of the events, Twitter might

not be the most suitable social media platform for the
Netherlands or GPS is switched off on citizens phones.
However, the number of digital images with a location
attached is small compared to other studies (see section
8.3) but the images provided a base for validation.
Within the collection methods, the water level data
of overflow structures is not widely available for every
case study. For Eindhoven, this is open-source while in
Amsterdam, you have to obtain these through Waternet.
This results in differences collecting methods throughout
the country and depending on the research topic applicable (as for the data from Eindhoven, width and height of
the overflow structures had to be requested personally).

8.2

Assumptions and uncertainties

The focus of this study lies with urban floods caused
through heavy precipitation. However, there are multiple causes possible for urban flood and even combined
causes occur. During the process of event selection, no
specific attention was given to the cause of the urban
flood. For example, the tunnels in Eindhoven flood relatively easily due to the way the sewer system is constructed (Heger, 2017). It has been assumed that all
found events are caused by heavy precipitation.
To perform the data quality assessment for the
PWS, an interpolation technique is used (van der Valk,
2017). The interpolation settings had a maximum data
gap boundary of 15 minutes, potentially filtering out
good measurements. Due to the focus of this research on
urban floods and heavy precipitation, 15 minutes is assumed strict enough. For each three-month time-frame,
enough stations were left to continue analysis with.
Kriging is applied to create time-series across the
domain, to enable to run the CUFM. This interpolation
technique only generates values within the range of the
input time-series. This technique is chosen for simplicity
and short computation time. The estimated uncertainty
will always be lower than the real uncertainty as interpolation will never exceed the most extreme values (Li
and Heap, 2008).If Netatmo stations did not measure
the most extreme precipitation peaks, this interpolation
method can exclude the peak values of the precipitation
event. This can lead to underestimation of the water
inconvenience simulated with the CUFM.

38

|

CHAPTER 8. DISCUSSION

To analyse the opportunistic data sources, the
CUFM is used. It is based on a concept from Rioned,
which models water inconvenience on a singular location.
The CUFM simulates the water inconvenience for a large
number of points and is very simple spatial representation of reality, as all parameter values only depend on the
land use class. Also, the CUFM does not include flow
paths or DEM information and assumes the whole area
to be flat. Yet, the output allows comparison between
Radar and Netatmo forcing as it shows an first indication of inundation areas. As the CUFM excludes flow
paths, validation of the model comes with uncertainties
as well. The digital images are often affected by a sampling bias (Borg and Gall, 1971), as urban flood images
with high levels of water inconvenience are more likely
to be represented in the collected digital images than
images representing low levels of water inconvenience.
The digital images themselves come with uncertainties as well. Fohringer et al. (2015) points out the
uncertainties regarding the match between the location
mentioned and the actual location and the offset of the
image. Therefore, visits of the digital image locations
were conducted, however, not all exact locations were
located. Reference points as bikes, cars, side-walks and
rubbish bins were used for estimation inundation depth
(Fohringer et al., 2015). Other uncertainties occur during water level estimation, if the picture is taken at nighttime, the reference points are hardly visible. Also, not all
digital images contain reference points. Not all heights
of the reference points are known, which leads to more
uncertain estimations. Suggestion to improve estimation water levels include analysis of images by multiple
people (Fohringer et al., 2015), validation by available
water level gauges, social sensors by citizens (Mazzoleni
et al., 2017) or use of a flood-algorithm (Eilander et al.,
2016).
In this research, the focus laid on maximum inconvenience during an urban flood event and the spatial
differences. The behaviour of water inconvenience over
time is not investigated. This is done to deal with another uncertainty of the digital images: uncertain timestamps. The ones retrieved from Waternet and Eindhoven municipality did not have timestamps and the
ones retrieved through Twitter had always only the time
of uploading available. To deal with these unsure timings, the water levels on the digital images are assumed
to be the maximum water level for that location.
Bégin et al. (2013); Muller et al. (2015); De Vos
et al. (2017) indicated the need for a quality assessment

before using PWS data. Based on Zahumenskỳ (2004);
Estévez et al. (2011); Meier et al. (2017); De Vos et al.
(2017), the data quality assessment is constructed to
deal with these quality issues. Bell et al. (2015) indicated five uncertainties regarding PWS data. To account for communication errors, raw Netatmo data was
chosen in the beginning. Furthermore, the data quality
assessment tackles the potential metadata issues and investigates calibration issues by inter-station comparison.
Representativity errors are accounted for by comparing
the Netatmo data to Radar time-series. Next to that,
the whole data quality assessment could be fully automated to reduce time but it brings the risk of potentially
filtering out good measuring stations. Manual checks are
therefore advised to prevent this from happening.

8.3

Scientific context

In this section, the obtained results are compared to
other studies. Besides a data quality assessment, Netatmo data is investigated by a statistical analysis. There
are a few remarks to be made regarding the statistics.
The time-series for calculation the CSI, POD and FAR
statistics is ideally longer than the time-series used in
this research but in is applied to shorter time-series as
well three weeks, (Lin et al., 2005), three months, (Bellon and Austin, 1978), six months, (Germann et al.,
2006) and three years, (Xingjian et al., 2015). Double
mass analysis however is applied to very long time-series
consisting of multiple years or decades (e.g. Anderson
(1955); Alexandersson (1986)). Also, the purpose of
these analysis may differ. The statistic indicators are
traditionally used to give insight in predicted values by
comparison to measured values (Donaldson et al., 1975;
Schaefer, 1990). Double mass analysis is often used as
a method to detect changes in the relation between the
two variables (Anderson, 1955). These changes might
be missed due to poor correlations found in this research
(Searcy and Hardison, 1960). Double mass analysis is
therefore mainly used to determine if Netatmo stations
are underestimating radar precipitation. The verification
statistics are traditionally used for verification of forecast
and are not applied to this type of comparison before.
Therefore, there are also no other PWS related studies
found, which have investigated the CSI, POD and FAR.
As mentioned before by (Fohringer et al., 2015; Muller
et al., 2015; Liu et al., 2016), there is a need of verification of PWS data. These statistics were used as a
starting point for verification of the PWS precipitation

8.3. SCIENTIFIC CONTEXT
data.
Comparing the Netatmo data to Radar data is another way to assess the quality of the Netatmo data. In
almost all cases, the Netatmo data underestimates precipitation and therewith maximum water inconvenience
in the case studies. This corresponds with other findings (Bell et al., 2015; De Vos et al., 2017). From the
municipalities, modelled water inconvenience results are
shared (Appendix H). These outputs are visually compared to the CUFM simulations. For Eindhoven, areas
are captured well by the CUFM but mainly in the northwest higher water inconvenience levels are modelled by
the municipality. Due to large differences in spatial resolution no legitimate comparison can be made. The other
output obtained is for the ’Kinkerbuurt’ for 28/07/2014.
As there are only four types of land use classes in the
’Kinkerbuurt’ and the CUFM is fed with uniform precipitation, not much spatial detail is modelled by the CUFM.
Here, a legitimate comparison is also not possible due to
the difference in detail.
No other studies have been found, which apply
PWS precipitation data for urban flood forecasting and
modelling. Most studies focus on monitoring precipitation first and the issues of dealing with uncertain
data quality, before further application is encouraged
(Fiebrich et al., 2010; Bégin et al., 2013; Bell et al.,
2013, 2015; Muller et al., 2015; De Vos et al., 2017).
On top of that, the drivers for sharing data can affect
the number of PWS data available. There is an increase
seen in the number of weather stations (Fiebrich et al.,
2010; Bell et al., 2013). This study attempts to
almost automatically assess the quality of the PWS
and therewith providing a base for the next step:
improving current rain gauge coverage and application
for for example forecasting, radar verification, floodwarning systems and decision making (Bell et al., 2013).
Digital images have been used before, for flood
modelling and rapid flood mapping. Especially flood
observations from Twitter are used before, by digital images or mentioned water inundation depths (Fuchs et al.,
2013; Fohringer et al., 2015; Eilander et al., 2016; Zander, 2016; Rosser et al., 2017). Fuchs et al. (2013)
analysed the spatial distribution of flood-related Twitter
messages to detect flood events in Germany and showed
initial promising results. Their study however, focuses
mainly on detection of flood events over focussing on
the magnitude of events. Fohringer et al. (2015) used
digital images as input data for modelling and interpo-
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lated the estimated inundation levels in Dresden, Germany. Differences between flood extent maps generated
by digital images and water level gauge observations are
relatively large as the case study of Dresden experienced
heavy floods with water inconvenience up to exceeding
2 meter. They found large differences between the two
flood maps. Eilander et al. (2016) used digital images
to validate flood probability maps in Jakarta, Indonesia. 70% of their digital images correspondent with the
simulated flood extent. The magnitude of the simulated flood extent is not taken into account. Zander
(2016) compared observed water levels to digital images
in Venice, Italy. For the investigated urban flood event,
information about inundation depths retrieved from digital images and Twitter messages was insufficient to use
for validation. This was due to the low number of images
and large range of inundation depth estimations. Rosser
et al. (2017) used digital images from another social media platform, Flickr in combination with remote sensing
and topographic data for rapid flood mapping in Oxford,
Engeland. The digital images here are used as input data
for locating inundation, independent of the inundation
depth at that particular location.
Several studies have been using digital images in
terms of flood mapping. The outcomes for each study
differ and almost all studies have a different method for
using the digital images. For identifying the inundation
locations, the methods of Eilander et al. (2016); Rosser
et al. (2017) both show promising results. Analysing the
magnitude of inundation depth seems difficult as the
results of Fohringer et al. (2015) show large differences.
The mentioned studies are all located in Europe and
one in Asia (Eilander et al., 2016). For these areas,
digital images show potential, but further development
of methods is needed.
In research, CSO in relation with urban floods have
not been investigated. The occurrence of CSO is often
an indicator for assessing the performance of an urban
drainage system (Thorndahl et al., 2008; Nie et al., 2009;
Arnbjerg-Nielsen et al., 2013). Thorndahl et al. (2008)
investigated the performance of a small urban drainage
system in Denmark. An uncertainty assessment was performed for an urban drainage model simulating discharge
and occurrence of CSO events. The selection of a conceptual model set-up showed an insensitivity for duration of an CSO event. Ruggaber et al. (2007) shows
the potential of extra storage within the sewer system
to reduce CSO volumes in the United States. Nie et al.
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(2009) investigated the effect of climate change on an
urban drainage system in Norway. Increased precipitation lead to an increase of total CSO volumes, however,
the increase is smaller than the other indicators (surface flooding, sewer surcharge and basement flooding).
Arnbjerg-Nielsen et al. (2013) reviews the impact of climate change on urban drainage systems. The indicators
for analysing the impact of urban runoff, e.g. peak flows,
sewer surcharge, flood extent and CSO occurence and
volumes, show uncertain projected impact due to uncertain climate projections and hydrological and hydraulic
model uncertainties (Arnbjerg-Nielsen et al., 2013).
Flood extent and CSO are both indicators for
evaluation an urban drainage system coping with
run-off. However, no studies explicit link the two
together. A first attempt to link water inconvenience
to the occurrence of CSO has been conducted in this
thesis. However, the results are uncertain due to small
inundation depths, assumed drainage of 500 meters
and the analysis was performed independent from time.
This relation between CSO and water inconvenience
might be a potential area to conduct further research.
On the other hand, a current trend shows the desire of
municipalities or larger governmental organisations to
decrease CSO events from happening, due to decreasing
of water quality after an CSO event occurs (Ruggaber
et al., 2007).
The current trent of PWS is their growing numbers,
not only in availability and open source data, but also
in upcoming research projects, such as WeSenselt (Bell
et al., 2013; Lanfranchi et al., 2014; Muller et al., 2015;
Liu et al., 2016). However, there are limiting factors in
willing to participate and data sharing. Involvement of
citizens is critical and therefore the availability of good
quality and reasonably priced equipment needs to be
increased (Gharesifard and Wehn, 2016). User-friendly
platforms, recognition for citizens work by scientists and
spreading knowledge of how shared meteorological data
is used in science are two other factors indicated (Buytaert et al., 2014; Gharesifard and Wehn, 2016). Also,
the potential of social media platforms for geographic
information is increasingly acknowledged (Chen et al.,
2016). This trend in involving citizens in gathering meteorological data and applying this for multiple purposes
is most likely to continue and gain in scientific value.
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9 | Conclusion
For this study, a main and three sub-research questions
were formulated. In this Chapter, first the sub-questions
are answered before elaborating on the main research
questions. Besides answering the research questions,
recommendations for further research are provided

9.1

Personal weather stations

To what extent is personal weather station data suitable
as forcing data for urban flood simulations? PWS precipitation data have the potential to achieve the requirements for temporal and spatial scales in urban areas.
However, data quality issues and verification of data
are current concerns regarding this type of opportunistic data. In this study, the difference between gaugeadjusted radar and Netatmo precipitation data is investigated. After assessing the data quality of the opportunistic precipitation data, statistics were applied. Correlation never exceeded the value of 0.5. The calculated
bias shows good results for the three-month time-frames,
but for the separate events it shows an increased variation in distribution. For the three-month time-frames,
the values for all verification statistics (CSI, POD and
FAR) are in an close range where the event shows an increased variation. The verification statistics results correspond with the correlation results: the PWS precipitation data and radar data in this study are not similar in
terms of statistical indicators. The double mass analysis shows underestimation of the radar precipitation for
nearly every PWS.
The PWS precipitation data is also compared to
radar precipitation in terms of the CUFM output, using both datasets as forcing data. For both case areas,
the total inconvenience area modelled was similar. Each
case area had one event where the differences were large.
The total inconvenience surface was divided in categories
to analyse magnitude differences. These magnitude differences are very event-sensitive. For Amsterdam, radar
forcing modelled higher magnitudes of water inconvenience for four out of five events. However, for Eindhoven, the Netatmo forcing lead to increased water inconvenience levels modelled for four out of six events.
These results are very depending if the Netatmo stations
were able to capture the precipitation pattern and magnitude. An increase in good quality Netatmo stations

can improve the spatial representation of the precipitation event.
In this study, the data quality of PWS is assessed.
The results show promising trends, as a growning number of good quality stations are deemed through the
years. Furthermore, the CUFM output comparison show
no strong preference for one of the two forcing datasets.
Therefore, PWS precipitation data have a potential as
forcing data for urban flood simulation, especially in
terms of improvement of spatial coverage.

9.2

Digital images of urban floods

To what extent are digital images suitable as a tool to
validate model state? Digital images are used as validation data for the model state in this research. The
number of digital images with a location attached is
small compared to other studies but provided a base
for validation. The modelled maximum water inconvenience (including the water from the ’water on the
streets’ storage) is compared to estimated water levels
from the digital images. For 26% (Amsterdam) and 55%
(Eindhoven) of the locations, any flood extent is modelled. In 82% (Amsterdam) or 100% (Eindhoven) of the
locations, water inconvenience is found within the neighbouring grid cells of the location. The main differences
occurred in comparing the magnitude of the CUFM output with the estimated water levels. The variation between the CUFM output and estimated water levels is
large. This could be due to model limitations (e.g. assuming a flat area), sampling bias or a different cause
for inundation.
Digital images do show potential for modelling urban flood extent and magnitude. however, multiple issues need to be overcome first before it will be an established data source. There is no consensus in literature
regarding methods for collection or analysis yet. Also,
the purpose of digital images, as forcing data or validation data, differs for each study.

9.3

Combined sewer overflow

To what extent are sewer overflow and waste water treatment plant data suitable to contribute to validation of
model output? CSO is not explicitly linked to simulation of urban floods. Investigation showed the too large
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number, made it impossible to draw conclusions. The
WWTP data was used due to differences in order of magnitudes and the CSO data from the WWTP consisted of
a larger region than the case area. Also, isolating the
Eindhoven part from WWTP data would lead to uncertain values.

Overall concluding, opportunistic data sources do have
potential to improve urban flood simulations in terms of
forcing data and validation.

CSO data from 29 overflow structures along the
Dommel in Eindhoven are analysed for CSO occurrence
and total discharge during urban flood events. For
Eindhoven, it was impossible to determine the drainage
area for each overflow structure, as almost the whole
sewer system is connected. An estimation of 500 meters
around the overflow structure was assumed to be representative. However, due to the large size of the system
and the small inundation depths simulated by the CUFM,
this study is unable to explicitly link the occurrence and
magnitude of CSO to simulated urban floods.

Further research needs to be conducted to fully explore
the potential of opportunistic data sources for science
in general and their possible contribution to urban flood
modelling. Regarding the PWS data, quality issues need
further investigation. Other studies already found positive results for the temperature sensors of Netatmo
weather stations (Chapman et al., 2016; Meier et al.,
2017). Therefore, it is recommended to investigate in
the precipitation sensors of Netatmo stations. Other
recommendations considering PWS data:

9.4

Opportunistic data for urban flood
modelling

How are urban floods simulated if opportunistic data
sources are included? The main objective of this study
focusses on the possible improvements of urban flood
simulations by the use of opportunistic data. Therefore,
three opportunistic data sources are analysed, which all
affect a different part of CUFM flow-chart. PWS data
is used to investigate the forcing of the CUFM. Digital images are studied to determine the possibilities for
validation of the model state. CSO data is analysed to
find out if this opportunistic data source was suitable for
validation of model output.
The opportunistic data sources used in this study
are evaluated:
• PWS data is suitable as forcing data with the advantage of high spatial resolution compared to traditional rain-gauges. Data quality issues need to be
taken into account.
• Digital images have the potential to be used as forcing and validation data. Inundation depth estimation, quality of the image and locations are issues
to be considered.
• CSO data might have the potential to validate
CUFM output. However, there is no clear link found
between the occurrence of CSO and water inconvenience. The current trend of decreasing the occurrence of CSO needs also to be taken into account.

9.5

Recommendations

• Assessment of longer time-series for PWS data with
the described data quality assessment to gain more
insight in data quality. Data quality might differ for
regions so a case-comparison would be interesting
to assess the potential for data-scarce regions.
• Investigating other statistical indicators. This study
looked into several indicators, but there are others
which might be able to better quantify the quality
of the PWS precipitation data.
Further development of collection and analysis
methods is needed to fully develop the potential digital
images have. As there is currently no consensus in literature, further research is recommend to better analyse
the digital images. Key points are good quality images,
identifying locations and estimating inundation depths.
Three other general recommendations are proposed:
• To better simulate urban floods, flow paths and
a DEM can to be integrated in the CUFM. This
will better simulate low-lying areas and other water
convergence areas. This could lead to promising
results regarding digital images as validation data.
However, the low requirements for input data is a
strength of the CUFM. This is recommended if input requirements remain low and open access.
• As this research focused on spatial distribution, a
temporal analysis provides other insights, which locations suffer from water inconvenience and for
which duration.The CUFM is fed with time-series
and also models time-series of water inconvenience
which are available for further analysis.
• As only a few regions have been investigated
in terms of opportunistic data sources, a cross-

9.5. RECOMMENDATIONS
comparison of multiple case studies in different climate regions would be recommended to fully assess the potential opportunistic data sources have
for worldwide research.
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In Table A.1, the land use categories used for determining the CUFM parameters are described. These are
obtained from the latest land use classification map from
the Georegister (2013). All these categories are assigned
parameter values. These values are based upon conversations with Waternet (de Nijs, 2017) and municipality
Eindhoven (Heger, 2017). Furthermore, the examples
from Luijtelaar (2015) are studied and applied were possible. The drainage capacity is often reasoned by the description given by the Dutch National Georegister. For
example, 43 and 44 are green areas but also consist of
buildings, so a 75% green and 25% percent build-up area
is taken there. For 35 and 41, based on the description
of the sub-category, a 50-50 ratio between green areas
and build-up areas is chosen. In Figure A.1, the spatial distribution of land use classes for each case area
is visualised. For the ’Kinkerbuurt’, the only land use
classes present are housing (20, 70%), retail (21, 25%),
construction site (34, 4%) and other inland waterways
(78, 1%).
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Figure A.1: Spatial distribution of land use classes of
the case areas. Colours indicate the main category from
Table A.1. Both maps have the same resolution but as
the case area of Eindhoven has a smaller surface.
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Main Category
Traffic area
Traffic area
Traffic area
Build-up area
Build-up area
Build-up area
Build-up area
Build-up area
Semi-build-up area
Semi-build-up area
Semi-build-up area
Semi-build-up area
Semi-build-up area
Semi-build-up area
Recreational area
Recreational area
Recreational area
Recreational area
Recreational area
Agriculture
Agriculture
Forest and open terrain
Forest and open terrain
Forest and open terrain
Inland waterway
Inland waterway
Inland waterway
Inland waterway

Name
10
11
12
20
21
22
23
24
30
31
32
33
34
35
40
41
42
43
44
50
51
60
61
62
70
75
77
78

Sub-category

Rail terrain
Roads
Airport
Housing
Retail
Public services
Social-cultural facilities
Industrial area
Landfill
Storage area for wrecks
Cementery
Resource winning
Construction site
Other semi-build-up area
Parcs
Sport facilities
Allotment
Recreational area - only day
Recreational area - including overnight stay
Greenhouse agriculture
Other agricultural area
Forest
Open dry nature
Open moist nature
IJsselmeer/Markermeer
Inland Recreational water
Sand bank
Other inland water

Description

4.16
0.7
4.16
0
4.16
4.16
4.16
4.16
4.16
4.16
12.495
12.495
12.495
12.495
20.83
12.495
20.83
16.6625
16.6625
0
20.83
6.25
6.25
6.25
0
0
0
0

Drainage
capacity (mm)

0
9
0
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
0
20
20
20
20
500
500
500
500

Maximum facility
storage (mm)

0
32.4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Overflow
capacity (mm)

35
35
35
35
0
0
0
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
0
0
0
0

Maximum street
storage (mm)

Table A.1: Summary of all land use classes and corresponding parameter values. Source: Georegister (2013)

1
1
1
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
5
5
6
6
6
7
7
7
7
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B | Appendix: Maximum cumulative Radar and
Netatmo time-series for each event
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APPENDIX B. APPENDIX: MAXIMUM CUMULATIVE RADAR AND NETATMO TIME-SERIES FOR
EACH EVENT
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Figure B.1: Cumulative precipitation changes over time for all Amsterdam events. The black lines indicate the
temporal changes of the maximum cumulative radar pixel. The red line represents the temporal changes of the
maximum cumulative Netatmo station. The locations of the maximum Netatmo station and Radar pixel may differ.
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Figure B.2: Cumulative precipitation changes over time for all Eindhoven events. The black lines indicate the
temporal changes of the maximum cumulative radar pixel. The red line represents the temporal changes of the
maximum cumulative Netatmo station. The locations of the maximum Netatmo station and Radar pixel may differ.
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APPENDIX B. APPENDIX: MAXIMUM CUMULATIVE RADAR AND NETATMO TIME-SERIES FOR
EACH EVENT
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Figure B.3: Cumulative precipitation changes over time for all ’Kinkerbuurt’ events. Only radar data is shown as
there is no Netatmo station located in the ’Kinkerbuurt’.
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C | Appendix: Overview locations Digital Images and notifications
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Figure C.1: Spatial distribution of digital images locations in Amsterdam. All digital image locations for 2014
- 2017 are mapped with n = 33.
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APPENDIX C. APPENDIX: OVERVIEW LOCATIONS DIGITAL IMAGES AND NOTIFICATIONS
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Figure C.2: Spatial distribution of digital images locations in Eindhoven. All digital image locations for 2014 - 2017
are mapped with n = 14.
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Figure C.3: Spatial distribution of locations of notifications in ’Kinkerbuurt’. All locations of notifications for 2014 2017 are mapped with n = 29.
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APPENDIX D. APPENDIX: STATISTICAL INDICATORS
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Figure D.1: Distribution of the Critical Success Index. The Critical Success Index is calculated for time-frames of
both case areas ((a) and (b)) and for all events of Amsterdam and Eindhoven ((c) and (d)). Resolutions are hourly
(Figure (a)) and 5 minute (Figure (b), (c) and (d). For Figure (d), a threshold of 0.5 mm/5 minute was applied
before calculating the CSI.
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Figure D.2: Distribution of the Probability of Detection. The Probability of Detection is calculated for time-frames
of both case areas ((a) and (b)) and for all events of Amsterdam and Eindhoven ((c) and (d)). Resolutions are hourly
(Figure (a)) and 5 minute (Figure (b), (c) and (d). For Figure (d), a threshold of 0.5 mm/5 minute was applied
before calculating the POD.
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Figure D.3: Distribution of the False Alarm Ratio. The False Alarm Ratio is calculated for time-frames of both case
areas ((a) and (b)) and for all events of Amsterdam and Eindhoven ((c) and (d)). Resolutions are hourly (Figure
(a)) and 5 minute (Figure (b), (c) and (d). For Figure (d), a threshold of 0.5 mm/5 minute was applied before
calculating the FAR.
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Figure D.4: Double Mass Analysis of the three-month time-frames. For each three-month time-frame, double mass
plots are constructed by plotting cumulative Netatmo precipitation and matching cumulative radar precipitation. All
stations are plotted in gray and the 1 to 1 line in red. Figures (a), (c) and (e) are representing the stations in
Amsterdam, where as the Figures (b), (d) and (f) are representing Eindhoven Netatmo stations.
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APPENDIX E. APPENDIX: MODEL OUTPUT - RADAR AND NETATMO FORCING

Figure E.1: Spatial distribution of the CUFM output for the 11/07/2014 urban flood event in Amsterdam. Left
displays Radar forcing, right represents Netatmo forcing.

Figure E.2: Spatial distribution of the CUFM output for the 24/08/2015 urban flood event in Amsterdam. Left
displays Radar forcing, right represents Netatmo forcing.
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Figure E.3: Spatial distribution of the CUFM output for the 30/05/2016 urban flood event in Amsterdam. Left
displays Radar forcing, right represents Netatmo forcing.

Figure E.4: Spatial distribution of the CUFM output for the 23/06/2016 event urban flood in Amsterdam. Left
displays Radar forcing, right represents Netatmo forcing.
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APPENDIX E. APPENDIX: MODEL OUTPUT - RADAR AND NETATMO FORCING

Figure E.5: Spatial distribution of the CUFM output for the 08/08/2014 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.

Figure E.6: Spatial distribution of the CUFM output for the 14/08/2014 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.
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Figure E.7: Spatial distribution of the CUFM output for the 24/09/2014 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.

Figure E.8: Spatial distribution of the CUFM output for the 01/06/2016 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.
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APPENDIX E. APPENDIX: MODEL OUTPUT - RADAR AND NETATMO FORCING

Figure E.9: Spatial distribution of the CUFM output for the 13/06/2016 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.

Figure E.10: Spatial distribution of the CUFM output for the 26/06/2016 urban flood event in Eindhoven. Left
displays Radar forcing, right represents Netatmo forcing.
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Figure E.11: Spatial distribution of the CUFM output
for the urban flood events in the ’Kinkerbuurt’.
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APPENDIX F. APPENDIX: CITIZENS NOTIFICATIONS IN THE ’KINKERBUURT’

Table F.1: List of modelled water inconvenience and street storage for citizens notifications locations in the ’Kinkerbuurt’. Locations are indicated by street name due to privacy issues.

Date

Maximum water
inconvenience and
storage on streets
(in mm)

Time

Location

Type of notification

28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
28/07/2014
29/07/2014
29/07/2014

09:52:12
09:55:49
09:57:37
10:16:13
10:37:41
10:39:50
10:55:03
10:56:31
11:00:33
13:37:07
12:27:07
12:06:54

Bellamystraat
Agatha Dekenstraat
Ten Katestraat
Jan Hanzenstraat
Bellamystraat
Bellamystraat
Bellamystraat
Douwes Dekkerstraat
Douwes Dekkerstraat
Agatha Dekenstraat
Kinkerstraat
Bilderdijkkade

Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Unable to drain
Unable to drain

03/09/2015
04/09/2015
04/09/2015
04/09/2015
06/09/2015

13:49:20
18:08:14
18:54:38
19:35:11
13:29:01

Agatha Dekenstraat
Agatha Dekenstraat
Bellamystraat
Agatha Dekenstraat
Bilderdijkkade

Water inconvenience - flooded basement
Water inconvenience - Inside
Water inconvenience - Outside
Leakage
Plot drains to street

19/08/2016
20/08/2016
21/08/2016
21/08/2016
21/08/2016
22/08/2016
22/08/2016
22/08/2016
22/08/2016
23/08/2016

22:30:57
07:25:04
10:06:53
12:17:27
16:25:30
08:54:02
11:20:30
13:17:47
15:30:24
14:24:57

Douwes Dekkerstraat
Schimmelstraat
Agatha Dekenstraat
Bellamystraat
Bellamydwarsstraat
Wenslauerstraat
Agatha Dekenstraat
Ten Katestraat
Agatha Dekenstraat
Kinkerstraat

Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Water inconvenience
Leakage

-

-

High water level in manhole
Outside
Outside
Inside
High water level in manhole
Outside
High water level in manhole
Outside
Outside
Outside

flooded manhole
Inside
flooded manhole
flooded manhole
High water level in manhole
flooded manhole
flooded manhole
flooded manhole
High water level in manhole

108.71
75.62
108.71
75.62
75.62
75.62
75.62
73.71
73.71
75.62
0.00
0.00
121.3
121.3
121.3
121.3
121.3
108.13
108.13
108.13
108.13
108.13
108.13
108.13
143.13
108.13
0.00
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APPENDIX G. APPENDIX: COMBINED SEWER OVERFLOW OCCURRENCE AND TOTAL
DISCHARGE FOR EACH EVENT
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Figure G.1: Temporal distribution of number of overflow structures overflowing for each event.The number of overflow
structures in Eindhoven reporting overflow during the duration of the urban flood event (left of the blue dashed line)
and twelve hours after the event (right of the blue dashed line). X = 0 corresponds with the start of the event.
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Figure G.2: Temporal distribution of total discharge from all occurening combined sewer overflow. Left of the blue
dashed line represents the total discharge during the urban flood event duration and right of the blue dashed line
shows the 12 hours after the event.
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APPENDIX H. APPENDIX: MODELLED WATER INCONVENIENCE BY MUNICIPALIES AND WATER
BOARDS

Figure H.1: Spatial distribution of water inconvenience modelled by Waternet.
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Figure H.2: Spatial distribution of water inconvenience modelled by Eindhoven municipality.
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