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SAMENVATTING

Nederland, Duitsland en België werden in juli 2021 getroffen door hevige en langdurige
regenval. Naarmate de tijd vorderde, werden de weerswaarschuwingen opgeschaald en
werden evacuaties ingezet vanwege voorspelde overstromingen, zo ook voor het stroomge-
bied van de Roer. Overstromingen in het stroomgebied van de Roer bleken moeilijk te
voorspellen, wat de vraag opriep welke elementen bepalend zijn in een overstromingsvoor-
spellingsmodel voor de Roer rivier. Deze vraag wordt beantwoord door zowel de over-
stromingsgebeurtenis van 2021 te bootsen, als de overstromingevoorspellingen aange-
dreven door de weersverwachting van 13 juli 2021 te gebruiken.

Het stroomgebied van de Roer wordt gekenmerkt door de topografische en geologis-
che verdeling, waarbij de steile Eifel anders reageert dan het vlakke laagland, en door
menselijke interventie in de vorm van de aanwezigheid van stuwmeren en bruinkoolmi-
jnen. Er is een hydrologisch Wflow_SBM model opgezet voor het stroomgebied van
de Roer dat deze kenmerken bevat, en een hydrodynamisch ProMaIDes model voor het
gedeelte van de Roer dat benedenstrooms van de reservoirs loopt. Deze modellen zijn
vergeleken om verschillende aspecten te onderzoeken: de schematisatie van de rivier-
stroom, stromingen in de uiterwaarden, interacties met de zijbeken, de invloed van de
reservoirs en het effect van een verlaagd grondwaterpeil.

De resultaten van de overstromingen in 2021 tonen aan dat het modelleren van stromin-
gen in de uiterwaarden bepalend is voor de vorm van de afvoergolf, zowel in de zijbeken
als in de Roer. Daarnaast heeft het reservoir een belangrijke rol gespeeld om de hoog-
watergolf te dempen. Het verlaagde grondwaterpeil is gesimuleerd door een lekterm
in de verzadigde zone van de ondergrond toe te voegen, wiens indirecte effect signif-
icant groter is dan de lekterm zelf. Verder blijkt met name de zijbeken Worm en Inde
bepalend in de afvoer van de Roer. Deze kenmerken komen ook terug in de nagebootste
voorspellingen, ook al is de resolutie in ruimte en tijd significant lager voor de meteorol-
ogische invoer van het model.

Ten slotte toont de karakteristieke respons van de Roer aan dat niet elk type model even
praktisch is voor overstromingsvoorspellingen. De dominante afvoer uit de stuwmeren
is sterk gereguleerd en zal benedenstrooms niet snel tot inundaties leiden. Complexe in-
undatiepatronen in de uiterwaarden worden pas relevant in de Nederlandse Roer, waar-
door twee-dimensionaal modelleren vooral hier een meerwaarde heeft. Daarom wordt
aangeraden voornamelijk gebruik te maken van een één-dimensionaal afvoermodel, waar-
bij vertragingseffecten door winterbedstromingen versimpeld meegenomen worden. Wan-
neer voorspelde afvoeren in Stah worden overschreden, kunnen twee-dimensionale sim-
ulaties een uitkomst bieden, waarbij het modelgebied gereduceerd is tot de Nederlandse
Roer en enkel voorspellingen worden uitgewerkt waar een kritische waarde gerelateerd
aan de capaciteit van de uiterwaarden (Ql i mi et = 300m3/s) wordt overschreden.
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SUMMARY

The Netherlands, Germany, and Belgium were hit by heavy and prolonged precipitation
in July 2021. As time passed, weather warnings escalated, leading to evacuations due to
predicted floods, including in the Rur catchment. It was difficult to forecast the flooding
of the Rur, raising the question of which elements are crucial in a flood prediction model
for the Rur river. This question is addressed by addressing both a hindcast of the 2021
flood event and creating forecasts based on the weather forecast of July 13, 2021.

The Rur river basin is characterised by topographic and geological variations, with the
steep Eifel responding differently than the flat lowlands, and human intervention in the
form of reservoirs and lignite mines. A hydrological Wflow_SBM model has been de-
rived for the Rur river basin, encompassing these characteristics, along with a hydrody-
namic ProMaIDes model for the downstream reach of the Rur. These models were com-
pared to investigate various aspects: river routing, floodplain flow, tirbutary interactions,
the influence of reservoirs, and the impact of reduced groundwater levels.

The results of the 2021 floods indicate that modelling flows in floodplains is crucial to
shaping the flood wave, both in tributaries and the Rur itself. Additionally, the reservoir
played a significant role in attenuating the flood wave, with the increase in the outflow
of the reservoir primarily affecting the tail of the wave. The reduced groundwater level
was simulated by adding a leakage term to the saturated subsurface zone, whose indirect
effect is significantly greater than the leakage term itself. Moreover, the tributaries Worm
and Inde, particularly, are influential in the Rur’s discharge. These characteristics are
also evident in the simulated forecasts, although the spatial and temporal resolution is
significantly lower for these meteorological predictions.

Finally, the characteristic response of the Rur demonstrates that not every model type is
equally practical for flood forecasting. The dominant flow from the reservoirs is highly
regulated and is unlikely to induce inundations downstream. Complex flow patterns in
floodplains only become relevant in the Dutch Rur, which makes two-dimensional mod-
elling particularly valuable here. Therefore, it is recommended to use a one-dimensional
discharge model, incorporating delay effects from winter bed flows. When predicted
discharges at the Stah station are exceeded, two-dimensional simulations may provide
a solution, the model area reduced to the Dutch Rur, focussing on predictions where a
critical value related to floodplain capacity (Qlimit = 300 m/s) is exceeded.
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Eric Dale: Do you know I built a bridge once?

Will Emerson: Sorry?

E: A bridge.

W : No, I didn’t know that.

E: I was an engineer by trade.

W : Hmmm... hmmm

E: It went from Dilles Bottom, Ohio to Moundsville, West Virginia. It spanned nine hun-
dred and twelve feet above the Ohio River. Twelve thousand people used this thing a
day. And it cut out thirty-five miles of driving each way between Wheeling and New Mar-
tinsville. That’s a combined 847,000 miles of driving a day. Or 25,410,000 miles a month.
And 304,920,000 miles a year. Saved. Now I completed that project in 1986, that’s twenty-
two years ago. So over the life of that one bridge, that’s 6,708,240,000 miles that haven’t
had to be driven. At, what, let’s say fifty miles an hour. So that’s, what, 134,165,800 hours,
or 559,020 days. So that one little bridge has saved the people of those communities a
combined 1,531 years of their lives not wasted in a [bleep] car. One thousand five hun-
dred and thirty-one years.

- Quote from the film Margin Call (2011)





PREFACE

This thesis is primarily the result of a year of investigating the Rur River in the context of
the 2021 floods, but also the culmination of a long and fruitful student career. I started
civil engineering with a future in structural design in mind, or more specifically, I wanted
to design bridges inspired by a quote from a movie I saw while travelling to Peru to visit
my family (you can find the specific quote on the previous page). This moment became
the start of a long journey which we call studying and, thankfully, did not consist of pure
studying.

Many years later, I finished my bachelor’s studies in Civil Engineering at TU Delft and
Latin-American studies at Leiden University. Both studies nicely reflect that epiphanic
moment in the plane, but I deviated a bit by pursuing a master’s degree in Hydraulic
Engineering. Let us just say that I became more interested in what was flowing under
the bridge than the bridge itself. Now, I look forward to the coming years when I will put
my engineering knowledge to work, helping people save time or live a safer life.

I want to specifically thank three groups of people who helped me a lot during my the-
sis project and who raised the results of this investigation. First and foremost, I want
to thank the people at Deltares who helped me with practical dilemmas, but also by in-
spiring me with their critical thinking and sincere interest. This also includes the other
master’s students working at HYD that I met during my thesis.

Second, I want to thank my friends and family who supported me during this year. I
think this list will become too long when I mention everyone specifically who came with
practical suggestions to improve the ’thesis life’ or, even better, distractions from this
same ’thesis life’.

Finally, I want to thank my thesis committee for its advice and patience over the last
year, especially after the setbacks in the summer of 2022. I want to specifically thank my
supervisors Mark and Daniel for the very interesting thesis subject, the supervision from
Germany and Singapore, and also for being supportive of opportunities such as visiting
the Meuse symposium in Liège, the Rur reservoirs in the Eifel, and IPRUM in Magdeburg.
I think these examples highlight the international aspect of the 2021 flood event, but also
hydraulics and hydrology in general.

- Sebastian Hartgring
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NOMENCLATURE

symbol unit description
A [m2] river cross-section
Abankfull [m2] area of bankfull cross-sections
Abasin [m2] basin area
B [m] river width
c [m/s] wave celerity
cDW [m/s] diffusive wave celerity
cKW [m/s] kinematic wave celerity
D [-] drainage density
d [m] water depth
dbankfull [m] depth of bankfull cross-section
E [m3] or [mm] evapotranspiration per unit of area during a period ∆t
f [-] scaling factor
g [m/s2] gravitational constant
h [m] water head
I [m3] reservoir inflow during a period ∆t
K0 [mm/day] vertical saturated conductivity
Lmax,1 [mm/day] maximum leakage parameter for area 1
Lmax,2 [mm/day] maximum leakage parameter for area 2
Lstream [m] length of stream
Ni [-] number of stream segments of order i
nx [-] number of grid cells in x-direction
ny [-] number of grid cells in y-direction
O [m3] reservoir outflow during a period ∆t
P [m3] or [mm] precipitation per unit of area during a period ∆t
Q [m3/s] discharge
Q1 [m3/s] calibrated reservoir outflow (lower band)
Q2 [m3/s] calibrated reservoir outflow (upper band)
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xii

symbol unit description
Qbankfull [m3/s] bankfull discharge
Qhigh [m3/s] reservoir outflow in high flow regime
Qlow [m3/s] reservoir outflow during low flow regime
Qmax [m3/s] maximum discharge, maximum discharge
QN [m3/s] discharge with return period N in years
QN % [m3/s] N % percentile of discharge record
QStah [m3/s] discharge at Stah
Qu [m3/s] uniform discharge
q [m2/s] specific discharge
Rb [-] bifurcation ratio
S [m3] reservoir storage
S0 [-] river bed slope
S f [-] river friction slope
T [y] return period
Tpeak [date] arrival time of flood wave peak
t [s] time
twet [date] inundation arrival time
U [m/s] depth-averaged flow velocity
w [-] unit width
x [m] x-coordinate
y [m] y-coordinate
zi [m] depth of water table
β [-] cell slope
∆x [m] grid cell width in x-direction
∆y [m] grid cell width in y-direction
θr [mm] saturated soil water content
θs [mm] residual soil water content
φg l obal [◦] floodplain orientation



ACRONYMS

AMICE Adaptation of the Meuse to the Impacts of Climate Evolutions

DEM Digital Elevation Model

EFAS European Flood Alert System

EPS Ensemble Prediction System

FEWS Flood Early Warning System

HydroMT Hydro Model Tools

IBF Impact Based Forecasting

KNMI Royal Netherlands Meteorological Institute

LANUV Landesamt für Natur Umwelt und Verbraucherschutz

NAP Nieuw Amsterdams Peil

NDWI Normalized Difference Water Index

NRW North Rhine-Westphalia

NSE Nash–Sutcliffe model efficiency coefficient

NWP Numerical Weather Prediction

ProMaIDes Protection Measures against Inundation Decision Support

PTF (Pedo) Transfer Functions

REA Representative Elementary Area

RMI Royal Meteorological Institute of Belgium

RWS Rijkswaterstaat

UPA Upstream Area

WL Waterschap Limburg

WMO World Meteorological Organization

WVER Wasserverband Eifel-Rur
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1
INTRODUCTION

T HE summer of July 2021 left a strong impression on many people. It was a summer
of extremes, with severe wildfires in the American continent, heatwaves in Australia,

and record-breaking floods in Europe (Munich RE, 2022). Floods are the main cause of
water-related natural disasters (WMO, 2011), resulting in an estimated annual death toll
of 25,000, affecting 500 million people, and causing an estimated annual damage of 60
billion euros (UNESCO, 2023). The European floods in July 2021 were no exception, with
more than 220 deaths and estimated damage of 46 billion euros (NEW, 2021; Munich RE,
2022). Within the context of flood risks increasing globally as a result of climate change
(Booij, 2002; Jongman et al., 2012; Kundzewicz et al., 2014; Winsemius et al., 2016; Alfieri
et al., 2017; Blöschl et al., 2019), this investigation aims to improve the knowledge on
flood forecasting using the 2021 floods in Europe as a relevant case study.

1.1. LIMBURG DURING THE 2021 FLOOD EVENT
July 2021 was already a wet month for the Netherlands, with localised heavy rainfall,
leading to disruptions in train services in Limburg, for example, due to flooding (COT,
2022b). A few days later, on the 12th of July, weather forecasts indicated a worrying situa-
tion, prompting the Royal Netherlands Meteorological Institute (KNMI) to issue a yellow
weather warning around 10:00. The new meteorological forecasts on the 13th of July
led to an increase in the warning level to orange, and preparations were made in the
background regarding communication and crisis organisation. When heavy precipita-
tion started in Germany and Belgium on the 14th of July, the severity of the event became
apparent. The KNMI escalated the warning to red, and in the following days, the crisis
organisation expanded and thousands of people were evacuated until the situation was
downgraded to normal on the 21nd of July 2021 (COT, 2022a).

Subsequently, there was a (very deserved) sense of pride among the organisation of Wa-
terschap Limburg (WL), and no fatalities were registered in the Netherlands. Still, evalu-
ations of the Limburg flood revealed several challenges. For example, it was challenging

1
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to accurately estimate precipitation volumes from real-time radar measurements (Saadi
et al., 2023), underestimating them by a factor of approximately three (R. Imhoff et al.,
2021), and not all flow models were able to accurately simulate floods with the extrem-
ity of the 2021 flood (NEW, 2021). Regional prediction models also faced problems with
malfunctioning measuring stations in Germany (COT, 2022b), and there were challenges
in information provision, as it was difficult to determine which water levels shared by WL
and Rijkswaterstaat (RWS) were most current (COT, 2022b).

1.2. THE IMPORTANCE OF FLOOD FORECASTING
Reducing the loss of life during floods is linked to timely warnings and evacuation (Jonkman
& Vrijling, 2008), which underlines the importance of robust and accurate flood forecast-
ing, used to design flood protection and alert people. In practice, this raises the question
of which modelling approach is favourable, often resulting in a trade-off between model
complexity and computational effiency. A review of flood forecasting practices shows
that different types of models are in use (Jain et al., 2018), and comparisons between
flood models highlight how the type of output (Hoch et al., 2019) and the characteristics
of the basin (Afshari et al., 2018) may determine the complexity of the model required.
In simpler terms: What type of model should we use for flood forecasting?

1.3. RESEARCH ON THE LIMBURG FLOODS AND THE RUR RIVER
The elements mentioned in the previous section demonstrate that there is room for im-
provement in water prediction systems in Limburg and more generally in northern Eu-
rope, where this urgency is increasing due to the warmer summers predicted with longer
droughts and more intense rainfall (IPCC, 2021; KNMI, 2021; Kreienkamp et al., 2021).
Several reports have already been published that analyse the event itself from a Dutch
perspective (NEW, 2021), the crisis organisation (COT, 2022b, 2022a), damages and risks
(Slager, 2023), and analysis of tributaries such as Rur, Geul, and Geleenbeek (T. Geert-
sema & Asselman, 2022; Asselman & van Heeringen, 2022). A large number of master’s
students from the Netherlands have already researched the flooding events in Limburg
(see Table 1.1), focussing mainly on the Geul River and less on the Rur River (Deen, 2022).
However, there is still much information to learn to understand the Rur River during the
2021 floods (T. Geertsema & Asselman, 2022), making the Rur River a suitable case study
within the context of flood forecasting during the 2021 floods.

Apart from the 2021 flood event, the Rur is an interesting and relevant subject for inves-
tigation. It is an international river that originates in Belgium and mainly flows through
Germany and enters the Meuse in the Netherlands. Hydrodynamic modelling of the Rur
focusses on the Dutch Rur (T. Geertsema & Asselman, 2022; Horn & Hurkmans, 2022),
and operational hydrological models of the Rur are cross-border but either showed diffi-
culties with forecasting during the flood event in the case of the linear regression model
by WL or are outdated, such as the RWS HBV model. Furthermore, the river basin has a
strong anthropogenic character due to the presence of lignite mining pits and artificial
reservoirs, which strongly influence the basin’s water balance, making it an interesting
subject of investigation. These same reservoirs played an essential role during the flood
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Author River Subject
Deen (2022) Rur Measuring equipment
van Dijk (2022) Geul Impact of protection measures
Godlewski (2022) Geul Improvement of flood early warning system
Klein (2022) Geul Understanding hydrological response
Middendorp (2022) Geul Design flood bypass tunnel
Muishout (2023) Geul Nature-based solutions
Thewissen (2022) Geul Event extremity
Tsiokanos (2022) Geul Extreme value analysis
Current study Rur Comparing flood forecasting models

Table 1.1: Studies by TU Delft students with subjects related to tributaries of the Meuse river and the Limburg
floods.

event (T. Geertsema & Asselman, 2022), but also offer opportunities to adapt water man-
agement to growing flood risks, as was done in the international Adaptation of the Meuse
to the Impacts of Climate Evolutions (AMICE) project in 2010 (Pyka et al., 2016).

1.4. STUDY OBJECTIVE AND RESEARCH QUESTION
These reasons demonstrate that there is room for a deeper system analysis of the Rur
River during the 2021 floods, that this knowledge can be applied to develop a flood
prediction system, and that the Rur River is an interesting case study in flood forecast-
ing.

Therefore, the objective of this master’s thesis is to identify the determin-
ing factors for a flood forecasting model for the Rur catchment based on
the flood event of July 2021.

To fulfil this objective, five research questions are formulated addressing this subject:

RQ1. What are the characteristics that determine the Rur catchment in the
context of hydrological and hydrodynamic models?

RQ2. How can these characteristics be captured in a flood forecasting model?

RQ3. Which factors observed in the hindcast determined the outcome of the
flood event in July 2021?

RQ4. What are the sensitivities of this model observed using ensemble fore-
casts of the July 2021 event?

RQ5. What are the key factors for the prediction of floods in the Rur catch-
ment based on the lessons learnt from the event in July 2021?

RQ1 regards the characteristics of the Rur basin within the context relevant to flood fore-
casting. Or, in other words: How is the catchment expected to react to flooding based
on its characteristic features? Then, RQ2 asks how these typical responses can be cap-
tured in the hydrological and hydrodynamic models used in this thesis (Wflow_SBM
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and ProMaIDes , respectively). When these questions are answered, the hindcast and
forecast can be evaluated as indicated in RQ3 and RQ4. RQ3 is used to better understand
what happened during the flood event of July 2021 and qualitatively validate whether
the models are able to capture such an event. Then, the ensemble forecasts are used
to discover model sensitivities using a quantitative approach and assess the usability of
the models with the forecasts available before the flood event. Finally, RQ5 presents the
synthesis of this research by answering the question or giving recommendations when
further research is needed.

Figure 1.1: Link between the chapters in this thesis and the 5 research questions.

1.5. READING GUIDE
Each research question is related to a chapter in this thesis, as illustrated in Figure 1.1.
First, the state-of-the-art on flood forecasting is explored in the literature study in Chap-
ter 2. A division is made between the details of modelling floods, focussing on translating
the physical processes behind floods into numerical models, and the use of such mod-
els in flood forecasting. This chapter provides general background information on the
subject of this thesis. It is followed by the contextualisation of the subject in Chapter 3,
which describes the Rur catchment and the 2021 flood event, which together form the
case study of this thesis.

The specific research conducted by the author becomes concrete in the chapters de-
scribing the methodology and the results. First, the methodology chapter describes how
the hydrological model (Wflow_SBM) and the hydrodynamic model (ProMaIDes) are
used in this research, focussing primarily on processes relevant to the Rur basin, such as
reservoir modelling, subsurface flow, and different options to set up a forecasting model.
Furthermore, Section 4.5 describes the two types of forcing data used in this research,
namely detailed gauge-corrected radar measurement used for a qualitative analysis of
catchment response during the flood event and ensemble predictions of the flood event,
which are used to highlight sensitivities of the possible model configurations. These de-
scriptions are followed by the results in chapters 5 and 6, which focus on five topics: 1)
inundation/floodplain flow, 2) flood wave routing, 3) tributary interactions, 4) reservoir
modelling, and 5) groundwater effects. These results are then interpreted and evaluated
in the discussion in chapter 7.

Finally, the synthesis of this thesis is shared in the conclusion and recommendations in
chapter ??. The answers to the research questions given in previous chapters are sum-
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marised and form the conclusion of this thesis in Section 8.1. Finally, some recommen-
dations for future research are shared in Section 8.2, divided into three separate themes:
1) modelling flood processes focused on technical recommendations, 2) recommenda-
tions for flood forecasting in general, and 3) some final thoughts on operational water
management in an international catchment such as Rur.





2
LITERATURE

I N this literature review, flood modelling and flood forecasting topics will be explored,
as illustrated by figure 2.1. First, the types and approaches to flood modelling are

treated, and their dominant processes are described with the objective of providing an
overview of flood modelling. Second, flood forecasting is defined and described as it
builds upon flood modelling, paying particular attention to two extensions of flood fore-
casting: ensemble prediction systems and impact-based forecasting. In the third to
fifth sections, three in-depth topics are explored which are relevant for the modelling
of floods (and therefore also flood forecasting): model discretization focussing on how
physical processes are translated into a mathematical model, diffusive effects describing
how flood wave propagation can change throughout the catchment, and influences on
catchments by anthropogenic activities such as mining and reservoir management.

Figure 2.1: Outline of the literature review in this thesis.

2.1. MODELLING OF FLOODING PROCESSES
Before exploring the subject of flood forecasting, the mechanisms behind flooding must
be understood. In this section, several types of flood are defined, and the main processes
that generate floods are analysed.

7
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2.1.1. FLOOD TYPES
There are many options to define "flooding" and several types of flooding. Good guid-
ance is to follow the definition of World Meteorological Organization (WMO), which de-
fines flooding as follows: "Overflowing by the water of the normal confines of a stream
or other body of water, or accumulation of water by drainage over areas that are not nor-
mally submerged." (WMO, 2011, p.1-4). Following these WMO guidelines, three types of
flooding are identified and briefly described that are relevant to the topic of flood fore-
casting.

• Pluvial flooding is rain-related flooding driven by intense or prolonged rainfall
exceeding the capacity of the existing drainage system (van Riel, 2011; Ochoa-
Rodríguez et al., 2015). It can occur in both rural and urban areas, but its effects
are more pronounced in urban areas, where rainwater ponds on streets and can-
not enter a drain point. Pluvial flooding is influenced not only by the magnitude
of rainfall, but also by the moisture content of the soil, soil profiles and catchment
characteristics such as basin geometry and stream connectivity. As the intensity
of the rainfall exceeds the infiltration capacity of the soil, runoff occurs when ex-
cess rainfall drains overland to reach the river following the underlying topogra-
phy. Flash floods are a special case of pluvial flooding and regarded as the most
lethal form of natural hazards (GWP, 2007; COMET, 2010; WMO, 2012). They are
typically the result of high-intensity rainfall events within a few hours (less than
six) and often occur in ares with steep slopes, resulting in runoff accumulating
rapidly at low lying downstream points.

• Fluvial flooding (or riverine flooding) is caused by exceedance of its stream capac-
ity and occurs mostly over a wide range of river and catchment systems, spilling
into floodplains (WMO, 2011; Zevenbergen et al., 2010). In this case, the water level
in the river channel exceeds the bank height and water leaks into the surrounding
land resulting in flooding (Tanaka et al., 2020). Fluvial flooding can result from the
same event as flash flooding, typically further downstream and at longer time and
length scales.

• Coastal floods occur when sea levels rise is induced by storm surges and high
winds, often coinciding with high tides (WMO, 2011). Coastal flooding can co-
incide with pluvial and fluvial flooding, resulting in compound flooding, and wave
attack can damage dikes resulting from floods of the hinterland.

These types of flooding emerging from the WMO guidelines can be applied within the
Dutch context with some additional explanation. Almost all of the Netherlands is af-
fected by the risk of flooding, either through coastal flooding, as the region lies below
sea level, or river flooding through the Meuse and Rhine rivers and its tributaries. As a
result, the Netherlands are protected by a system of dikes surrounding the coasts and
rivers. Most Dutch rivers are surrounded by two layers of dikes: the summer dikes and
winter dikes (Silva et al., 2004).

Summer dikes primarily manage water during regular conditions, while winter dikes or
band dikes are specifically constructed to prevent flooding during high river flows, espe-
cially in winter. Unlike summer dikes, winter dikes need to withstand the highest water
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Figure 2.2: Two-tier dike structures and groynes for flood protection along the rivers in The Netherlands. Ob-
tained from Silva et al. (2004).

levels and are only activated during periods of elevated river discharge. The floodplains
between the summer and winter dikes ("uiterwaarden" in Dutch) are often inundated
and add to the conveyance capacity of the river. In other words, flooding of the sum-
mer dikes is part of the functioning of the flood protection systems of the Dutch rivers.
Subsequently, in Dutch river management, a distinction is made between ’flooding’ and
’inundation.’ The first term refers to unintended flooding of the winter dikes, while in-
undation refers to intended flooding of the summer dikes and the floodplains.

2.1.2. PROCESSES IN FLOODING
Similarly to types of flooding, several processes can be identified that play a role in fluvial
and pluvial flooding. These processes are identified as follows:

• Infiltration excess runoff, or Hortonian overland flow, after Horton (1933), occurs
when rainfall comes at a rate higher than the absorption rate of the unsaturated
soil, thus resulting in a runoff of excess water (Smith & Goodrich, 2005).

• Saturation excess runoff, or Dunne overland flow, after Dunne and Black (1970a,
1970b), describes the runoff process when the soil has reached saturation. This
process often occurs in humid areas, but can also result from upland flows reach-
ing and saturating the soil. When saturation occurs, the groundwater table reaches
the surface and surface runoff is generated (Smith & Goodrich, 2005).

• Channel flow is the flow of water in rivers and channels. Generally, the length scale
of the flow is much larger than the depth, which enables the flow to be described
using the shallow water equations (also called Saint-Venant equations), in which
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inertial forces, pressure forces, gravitational forces, and frictional forces describe
the flow. Depending on the situation, it is possible to simplify the flow equations
by neglecting specific terms of the shallow water equations.

• Groundwater flow is water flow in confined and unconfined aquifers. Descrip-
tions of groundwater flow are often based on Darcy’s law and are defined in terms
of the hydraulic head. In aquifers, recharge and discharge occur on long timescales,
making them a storage component of the water cycle (Heath, 2004; Holzbecher &
Sorek, 2005).

• Subsurface stormflow occurs when water moves down a slope through permeable
soils, contributing to the storm hydrograph in the river. It is considered a (near)
saturated flow mechanism and, in steep terrains with conductive soils, subsurface
storm flow may be the primary mechanism for runoff generation. It can consist
of two types of different flows, namely homogeneous matrix flow, where water al-
ready stored in the subsoil flows homogeneously, and preferential flow, where wa-
ter flows through distinct structures in the subsoil, such as macropores or areas
with higher permeability at rates faster than typical groundwater flow (Weiler et
al., 2005; Chifflard et al., 2019).

These processes occur at different lengths and time scales, as illustrated in image 2.3
by Blöschl and Sivapalan (1995). As a result, excess infiltration runoff, excess saturation
runoff, and subsurface storm flow are linked processes that can coincide and influence
each other (Mirus & Loague, 2013). Similarly, the duration of the rainfall plays a role in
addition to intensity, and its variability in space and time will be translated into variabil-
ity in runoff processes (Woods & Sivapalan, 1999). Taking into account the length scales,
the measured characteristics of the soil, such as saturation, must be scaled to the model
scales, which introduces biases (Western & Blöschl, 1999). Even if a mechanism such as
subsurface storm flow is measured, it can only be measured locally, and effects such as
preferential flow are difficult to capture in both observations and models (Chifflard et al.,
2019).

Additionally, Dooge (1986) describes how finding ’hydrological laws’ for such processes
and capturing them accurately in a model is challenging, as they can be derived from
two seemingly opposite principles: microscale continuum mechanics and macroscale
statistical approaches. Understanding the differences between the two principles is es-
sential for accurate modelling, as models depend on the suitability of using microscale
equations to describe macroscale behaviour and, if possible, aggregation rules to ob-
tain macroscale model parameters with the correct distribution for correct modelling
(Blöschl & Sivapalan, 1995). Due to this aggregating process, it is generally impossible to
derive the model parameters directly from field measurements, resulting in the depen-
dency on calibration (Booij, 2005).
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Figure 2.3: Processes in flood modelling and their length scales. Obtained from: Blöschl and Sivapalan (1995)
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2.2. FLOOD FORECASTING
The subject of flood forecasting systems is explored in this section. First, three main
types of forecasting systems are distinguished. These systems are then extended re-
garding their meteorological input, going from deterministic forecasting to ensemble
prediction systems, and their output as hazard forecasts are extended to impact-based
forecasts.

2.2.1. TYPES OF FLOOD FORECASTING SYSTEMS
The WMO defines a flood forecasting system as a system 1) providing forecasts relating
to rainfall (both quantity and timing), 2) consisting of flood modelling software that is
linked to an observation network, and 3) operating in real-time; a flood warning system
is an extension of a flood forecasting system as it has the objective of mobilising peo-
ple (WMO, 2011). There are different types of flood warning and forecasting systems,
ranging from basic to state-of-the-art (WMO, 2011):

• Threshold-based flood alert: This service can be based on real-time data mea-
surements along rivers, where measurement trends are extrapolated, resulting in a
qualitative estimate of river flow or water level. The extrapolated prediction can be
used to find relevant flood extent maps for comparable water levels or discharges.
For example, when a discharge of Q ≈ 175 m3/s is predicted, it can be compared
to existing inundation maps for Q = 100 m3/s and Q = 250 m3/s to estimate flood
extent.

• Flood forecasting: This system is based on simulation tools and modelling, in-
cluding simple methods such as statistical curves, level-to-level correlations or
time-of-travel relationships, or a simulation of catchment response. Unlike threshold-
based flood alerts, the information is not confined to station locations, as in the
flood alert, but can be focused on specified locations at risk. For example, a lumped
hydrological or one-dimensional hydrodynamic river model can evaluate the re-
sponse of the catchment, although the flooding itself is not modelled. Again, model
results can be compared to existing inundation maps or historical data to evaluate
the forecast.

• Inundation forecasting: This service requires a hydrological model, hydrodynamic
model, or both, and models the inundated areas of the flood extent. It is the most
sophisticated system and, in practice, requires the most computational effort.

Flood forecasting and inundation forecasting systems are based on models forced by
meteorological predictions. As a result, their temporal modelling range (lead time) is
extended to the length of the meteorological prediction. On the contrary, for threshold-
based flood alerts, the lead time is only a couple of hours, namely the travel time of the
flood wave. All three systems depend on the accuracy of the (meteorological) predic-
tion and observations to validate the prediction. Additionally, the dominant process and
its characteristic time and length scale should be considered when addressing the lead
time of the forecast. At smaller time and length scales, infiltration and saturation excess
overland flow become dominant, which depend on high-resolution meteorological fore-
casts. When the spatial and temporal scales increase, channel flow may become dom-
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inant which is more dependent on accurate hydraulic boundary conditions and relies
less on the resolution of the meteorological forecast.

2.2.2. WEATHER FORECASTING TECHNIQUES
Typically, meteorological predictions in flood forecasting systems are generated using ei-
ther Numerical Weather Prediction (NWP) systems or real-time nowcasting techniques
(Jain et al., 2018). NWP systems produce weather forecasts by dividing the atmosphere
into grid cells in horizontal and vertical direction, and solving non-linear transport equa-
tions and atmospheric processes between these cells (Coiffier, 2011). Nowcasting works
differently as it is based on extrapolation of remotely-sensed precipitation estimates,
thus taking advantage of high-resolution real-time radar measurements (Pierce, Seed,
Ballard, Simonin, & Li, 2012).

As a result, nowcasting forecasts are typically associated with higher spatial and tempo-
ral resolutions and a high initial skill score, but their skill reduces with increasing lead-
time as they are driven by statistical and extrapolation-based methods. On the other
hand, NWP systems are used with lower resolutions and a low update-frequency (fore-
casts are typically updated every 3 to 6 hours), but perform better for larger lead-times
as they are driven by a physics-based approach (R. O. Imhoff, 2022). Blended rainfall
forecasts, combining both nowcasting and NWP systems, may be able to combine the
“best of both worlds” (R. O. Imhoff, 2022, p.10) and are therefore a promising develop-
ment in terms of weather forecasting techniques. Figure 2.4 demonstrates the typical
skill scores for NWP and nowcasting systems, and blended rainfall forecasts bridging
both systems.

2.2.3. ENSEMBLE PREDICTION SYSTEMS
Recently, forecast users are increasingly aware of the limitations of single-value deter-
ministic hydrometeorological forecasts, especially under severe or extreme hydromete-
orological conditions (Roundy et al., 2019). An Ensemble Prediction System (EPS) may
provide an alternative, differing from deterministic forecasts by offering multiple out-
comes (’ensemble members’), therefore addressing uncertainties implicitly in contrast
to a single deterministic outcome. Analysis of ensemble members, for example, through
quantile regression analysis, may provide information on the probability distribution of
weather forecast or river streamflow, which may serve as an estimate of predictive hy-
drological uncertainty (Weerts et al., 2011). Despite significant improvements in mete-
orological ensemble forecasting (Froude et al., 2013), it remains challenging to model
meteorological conditions, typically described as a chaotic process (Lorenz, 1963; Shen
et al., 2021).

EPS outcomes can be used and presented in several ways. Pegram et al. (2019) list several
flash flood early warning systems for Europe which work with hydrological simulations,
hydrological warnings, meteorological warnings, or a combination of these, with lead
times varying from nowcasting to 132 hours. Similarly, Boucher et al. (2019) provides
an example of an EPS used as a support tool for the management of short-term and
long-term hydroelectric reservoirs, where the ensemble streamflow forecasts are fed into
a decision model. Alternatively, Hartman (2019) describes how the preprocessed and
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Figure 2.4: Schematic overview of the rainfall forecast skill as a function of lead time for different forecasting
systems: Eulerian Persistence (the method of using the last observation as forecast; dotted grey), the clima-
tology (dash-dotted grey), NWP (grey), nowcasting (green) and blended forecasting (dashed blue). Obtained
from R. O. Imhoff (2022).

post-processed ensemble stream flows are presented, the first as a ’spaghetti plot’ and
the latter using confidence intervals.

ENSEMBLE POST-PROCESSING

Processing of the ensemble can occur either before the hydrological model as meteoro-
logical ensembles or after modelling as streamflow ensembles. Typically, post-processing
streamflow ensembles is easier than pre-processing meteorological ensembles, and the
post-processing addresses both meteorological and hydrological biases in the hydrolog-
ical model output. However, uncertainties remain or may even be introduced (Verkade
et al., 2013). Within the exhaustive number of choices for streamflow postprocessing
(see also Troin et al. (2021)), Boucher et al. (2019) identifies four categories which are
briefly summarised as follows:

• Analogs: This method uses the raw ensemble forecasts and streamflows and finds
similar forecasts (’analogue’) with the corresponding observations.

• Regression-based methods: The modelled streamflow forecast is treated as a uni-
variate quantity through multiple linear regression between the streamflow en-
semble members. A good example is quantile regression analysis that addresses
the quantiles of exceedance of predictions (Koenker & Bassett, 1978; Weerts et al.,
2011).
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• Ensemble dressing: A probability distribution function is arranged around each
member of the streamflow ensemble. Next, a mixture distribution is formed by
summing these functions to obtain the post-processed probability density func-
tion (pdf) from which realisations can be drawn.

• Bayesian Model Averaging: This technique merges multiple modelled outputs
into a probabilistic streamflow forecast that considers the skill, bias, and uncer-
tainty of each member of the ensemble. It relies on the hypothesis that among a (fi-
nite) set of model outputs, one of them would be sufficient for each valid timestep.

All methods demonstrate the necessity for historical observation data when evaluating
ensembles and their probabilities. It is possible to treat ensemble members as indepen-
dent realisations from an EPS, for example, when bias is removed or not present but
needs proper post-processing to be able to quantify the probabilistic values for the EPS
outcomes correctly. Additionally, extra steps are important when using the EPS results to
avoid misinterpretations. The information should be presented clearly and only if rele-
vant (Jutta Thielen-del Pozo et al., 2019), and it is important to quantify the uncertainties
post-processed in a readable and usable way (Hopson et al., 2019).

Furthermore, meteorological ensembles are not the only uncertain model parameters
that need to be addressed. Initial hydrological conditions are also important for rainfall-
runoff models, often obtained using a ‘cold state’ model with a discrete meteorologi-
cal product based on radar measurements, satellite data or gauge station observations
(Hopson et al., 2019).

2.2.4. IMPACT-BASED FORECASTING
To illustrate the differences between the prediction of hazards and impacts, the WMO
defines risk as the union of the probability of occurrence of the hazards, the degree of
vulnerability and the level of exposure (WMO, 2015). Following this approach, three
forecasting paradigms address these elements, as shown in table 2.1. Regular weather
forecasts fall within the first paradigm, as do fixed threshold weather warnings when
these thresholds are based only on weather-based factors. When information is added
that expresses the consequences of these forecasts with vulnerability and exposure data,
the forecast is considered impact-based. (Merz et al., 2020) describe in their extensive
literature study on Impact Based Forecasting (IBF) how it is expected to offer new pos-
sibilities for emergency management and disaster risk reduction, as it provides richer
information to manage crises.

EUROPEAN FLOOD ALERT SYSTEM

On a European level, IBF is implemented in flood modelling through European Flood
Alert System (EFAS). EFAS is an EPS (see also Section 2.2.3) based on the distributed
hydrological LISFLOOD model (van der Knijff et al., 2008) using ensembles from a nu-
merical weather model as input (Thielen et al., 2009). EFAS uses threshold-exceeding
levels to issue warnings. Furthermore, EFAS contains a rapid impact assessment prod-
uct where flood forecast results are translated into event-based flood hazard maps using
pre-made high-resolution hydrodynamic simulations, which are then combined with
exposure and vulnerability information, as illustrated in Figure 2.5 (Dottori et al., 2017).
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Description H V E
Hazard forecasting

1 Contains only information related to ✓ ✗ ✗
atmospheric variables
Impact forecasting

2 Designed to express the expected impacts ✓ ✓ ✗
as a result of the expected weather

3 Designed to provide detailed information down ✓ ✓ ✓
to the individual, activity, or community level;

Table 2.1: Three paradigms of forecasting as defined by WMO guidelines addressing occurrence of the hazard
(H), degree of vulnerability (V) and the level of exposure (E) (WMO, 2015).

Figure 2.5: Conceptual scheme of the rapid risk assessment procedure in EFAS. Obtained from Dottori et al.
(2017).

However, interviews with EFAS users in a study by Demeritt et al. (2013, p.156) show
that although its existence is appreciated, “... Forecasters were often conservative and
prefer to wait and see rather than act on early warnings from EPS”. Warnings issued by
this early version of EFAS were useful in raising general awareness of a possible risk, but
missed practical applicability, partly due to the low resolution of the model and relatively
long lead times and high uncertainties (Demeritt et al., 2013).

REGIONAL IMPACT-BASED FORECASTING

Impact-based flood prediction has also been applied on local and regional scales. Ex-
amples of IBF models include combining inundation maps with information related to
population housing and insurance data (Le Bihan et al., 2016, 2017), and using fore-
casts and fragility curves to estimate the probability of dike-breaches and modelling the
impact of high-probability failure scenarios on infrastructure (Bachmann et al., 2016;
Brown et al., 2016). It can also be used to combine an EPS with a cost-benefit framework
to support policy decisions in flood-prone areas (Dale et al., 2014). At the same time,
IBF on a local scale is associated with challenges such as addressing the uncertainties of
the forecasts and implementing these while also considering the social systems and the
structures which support them (Merz et al., 2020), as well as convincing local actors to
translate ‘early warning’ into ‘early action’ (De Perez et al., 2016) using communication
with the proper context, interpretation and presentation (Merz et al., 2007; De Groeve,
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2020).

As a result, IBF models and their operational use can differ widely between regions and
applications due to such local unique characteristics and as a result of the available data.
Furthermore, these models may depend on very high-resolution data and, therefore,
very fine model resolution in the order of meters. However, breakthroughs in advanced
technologies may drastically reduce computation times, such as the neural network-
driven impact-based inundation model by (Rözer et al., 2021).

2.3. DISCRETISATION IN FLOOD MODELS
The flooding processes described in 2.1 are conceptual descriptions of the physical pro-
cesses that cause flooding. In order to translate these concepts into a model, they must
be described discretely; hence, the "discretisation" of the flood model. Numerous op-
tions (e.g. Singh (2017)) can be found for the discretisation of these processes, as well
as for how they are implemented in the spatial and temporal domain. This can be on
a fundamental level, where a distinction can be made between two approaches for dis-
cretising these processes. As described by Bouaziz (2021), these can deviate between a
bottom-up approach and a top-down approach (Savenije & Hrachowitz, 2017):

1. Bottom-up approach where high-resolution descriptions of small-scale processes
are numerically integrated into a larger-scale gridded model with many parame-
ters. Models following this approach are called physically-based models.

2. Top-down approach consisting of a schematisation of the dominant processes of
the water balance, which typically describes the storage, transmission, and release
of water with limited parameters. These models are called conceptual models.

In this thesis, the software used is limited to the Wflow_SBM and ProMaIDes software
available to the author, ProMaIDes is considered a physically-based model, as it is fully
described by hydraulic flow equations. Wflow_SBM on the contrary is considered a
conceptual model, consisting of a water balance for each cell, although the model itself
is spatially distributed and makes use of flow equations for flow routing.

Both types of models depend on the discretization of processes, especially the discretiza-
tion of flow. Choosing certain types of discretisation by selecting a particular model op-
tion can have varying effects on model processes, which may propagate throughout the
whole model or even the forecast set-up when multiple models are linked. Therefore,
the theoretical background related to the discretisation of flood models is explored in
this section, focussing on routing schemes, floodplain modelling, and the effects of spa-
tial resolution.

2.3.1. DIFFERENCES IN ROUTING SCHEMES
Flood routing is a procedure to determine the time and magnitude of flow at a point
in the catchment during a flood (Chow et al., 1988). Two approaches are possible as
the flood can be modelled either as a lumped system, as a function of time alone based
on the relationship between outflow and storage, or as a distributed system based on
partial differential equations with variables in time and space (Chow et al., 1988; Singh,
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2017). As this thesis focusses on distributed modelling, variations in modelling dis-
tributed flood routing are considered.

Distributed flood routing schemes are based on the classical Saint-Venant equations,
which describe one-dimensional unsteady flow in open channels. They consist of two
equations: the continuity equation (Equation 2.1) and the momentum equation (2.2).
Different formulations of these equations exist, such as the conservation and non-conservation
forms, and are extended in two dimensions. The equations below are written in one-
dimensional conservation form and are based on the derivation in Chow et al. (1988),
where Q denotes the discharge, A the average cross-sectional of the flow, d the depth of
the water, S0 the slope of the bed and S f the frictional slope. The continuity equation
for the overland flow should be extended to include a lateral inflow q such as precipita-
tion (q > 0), infiltration into groundwater (q < 0), or receiving the overland flow (q > 0)
(Chow et al., 1988). However, these derivations are less illustrative and, therefore, are not
presented in this thesis.
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The momentum equation consists of different terms, each with a contribution to the
flow of momentum. These terms are divided into five categories, following Chow et al.
(1988)[p.280-281] and Bachmann (2016)[p.5]:

1. The acceleration term, which describes the change in momentum due to the change
in velocity over time;

2. The convective acceleration term, which describes the change in momentum due
to the change in velocity along the channel;

3. The pressure force term, proportional to the change in water depth along the chan-
nel;

4. The gravity force term, proportional to the bed slope S0;

5. The friction force term, proportional to the friction slope S f .

It should be noted that the above categorisation applies to channel flow and that the
pressure term is not strictly related to the change in water pressure but to the change in
water depth. This is different from the derivation of the Navier-Stokes equations, where
the ’pressure term’ means the pressure gradient (∆p).

In its complete form, Equation 2.2 is called the dynamic wave equation. The relative
importance of the terms in the momentum equation can be estimated, giving insight
into the possibility of simplifying the equation by neglecting specific terms. As a result,
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Wave Local Convective Pressure Gravity Friction
equation acceleration (1) acceleration (2) (3) (4) (5)
Dynamic ✓ ✓ ✓ ✓ ✓
Diffusive ✗ ✗ ✓ ✓ ✓
Kinematic ✗ ✗ ✗ ✓ ✓

Table 2.2: Different types of flood wave equations based on the terms in equation 2.2.

equation 2.2 can be simplified for different types of flood wave propagation, resulting in
the classification described in table 2.2. (Chow et al., 1988; Perumal & Price, 2017)

For the movement of a large flood wave in a large river, inertial and pressure forces be-
come important in describing the wave motion (Chow et al., 1988). Miller (1983) and
Perumal and Price (2017) list several studies that evaluate simplifications in momen-
tum equations, where the consensus is that in many cases gravity and friction forces are
dominant, making the kinematic wave equation especially applicable for steep slopes
and overland flow. Furthermore, river flood waves commonly travel at a lower celerity
than dynamic wave celerity. This celerity is governed by the frictional resistance of the
river bed and is described by diffusive or kinematic wave equations, where the diffu-
sive model also has the advantage of including hysteresis of the flood wave and back-
water effects (Ferrick, 1985; Chow et al., 1988; Battjes & Labeur, 2017; Perumal & Price,
2017). As kinematic and diffusive wave approximations are often incorporated into flood
modelling (Moussa & Cheviron, 2015), their description and differences are explored fur-
ther.

KINEMATIC WAVE EQUATION

For the kinematic wave method in one dimension, the gravity force term balances the
friction force term (S0 = S f ), which results in the equation of momentum (equation 2.2)

to be rewritten in explicit form using a general power relationship of the form A = αQβ

(Chow et al., 1988). Inserting this into the continuity equation (equation 2.1) yields equa-
tion 2.3.

∂Q

∂t
+ 1

αβQβ−1

∂Q

∂x
= ∂Q

∂t
+ cK W

∂Q

∂x
= 0 (2.3)

For the kinematic wave approach, it can be shown that the celerity of the flood wave
depends solely on the depth of the water and the geometry of the channel. Thus, for a
nonvarying channel or river, the maximum velocity of the flood wave does not change as
the peak stays at the same maximum water depth, assuming it travels without distortions
(Chow et al., 1988; Battjes & Labeur, 2017). As a result, the kinematic wave approach
cannot capture the attenuation of the flood wave peak. Depending on the formulation
of the friction term, one can derive the flood wave celerity cK W = (5/3)U for Strickler or
Manning type resistance laws (as in equation 2.3) or cK W = (3/2)U for constant friction,
where U denotes the flow velocity averaged in depth (Miller, 1983; Battjes & Labeur,
2017).
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It is important to note that the flow velocity, and thus the celerity of the flood wave, in-
creases for larger flow depths, meaning that the peak of the flood wave travels faster than
its trailing and leading edges. As a result, the wave steepens, and assumptions made in
deriving the Saint-Venant equations become unviable and can finally result in a ’kine-
matic shock’ (Miller, 1983). It is theoretically possible to observe such a kinematic shock
(for example, in flash floods). However, it is an uncommon phenomenon in practise,
as small flow and catchment irregularities usually produce enough diffusion-like effects
(Ponce, 1991). Similarly, in models, such shocks are often prevented by numerical diffu-
sion inside kinematic wave models. Such artificial numerical diffusion results from the
truncation error of the applied finite difference scheme (Ponce, 1991). The kinematic
wave equation is especially applicable for larger bed slopes and longer wave periods,
which is found for steep overland flow or slow rising flood waves (Ponce, 1991).

DIFFUSIVE WAVE EQUATION

As mentioned, flood wave characteristics such as peak attenuation, backwater effects,
and hysteresis cannot be captured by the kinematic wave equation in its differential
equation form (Moussa, 1996). However, such effects can be captured by including the
pressure term in the momentum equation, resulting in the diffusive wave equation 2.4,
assuming no lateral inflow.

∂Q

∂t
+ cDW

∂Q

∂x
−D

∂2Q

∂x2 = 0, where cDW =
(

5

3
− 4

3

d

2d +B

)
U (2.4)

This equation is similar to the kinematic wave equation 2.3, and setting the diffusive
coefficient D to zero will result in the diffusive wave equation collapsing into the kine-
matic wave equation. The diffusive wave, again assuming a constant friction coefficient,
has a wave celerity cDW and the addition of a diffusive term D = Qu/(2S0B) where the
discharge Q is related to the uniform discharge Qu through the approximation in Equa-
tion 2.5 (Moussa, 1996; Moussa & Bocquiuon, 1996; Battjes & Labeur, 2017). The celerity
cDW is similar to cK W and can be considered as such, being only dependent on depth,
multiplied by a correction factor (Cappelaere, 1997).

Q =Qu

(
1− 1

2S0

∂d

∂x

)
(2.5)

The mathematical formulation addresses dispersive and diffusive effects by applying the
diffusive wave equation. The diffusive term is represented in the differential equation
itself, and the dispersive effects are illustrated in cDW as a function of the depth of the
water d . The kinematic wave approach does not produce these effects, which introduces
the need to address them in the analysis of model results, or it does produce diffusive
and dispersive effects through numerical artefacts, which may be misinterpreted (Ponce,
1991). These dispersive and diffusive effects emerge in channel and river flow, making
the diffusive wave equation a more suitable approach, although it is computationally
more demanding. Only in situations with solid dissipative tendencies with accelerating
and decelerating flows, such as flows into large reservoirs, strong overbank flows, and
flow reversals, would the diffusive wave equation still fall short, as the acceleration terms
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Figure 2.6: Four types of river-floodplain discretisation. Obtained from de Bruijn et al. (2018).

are neglected. In these cases, the dynamic wave approach would produce favourable
results (Ponce, 1991; Moussa, 2004).

2.3.2. RIVER AND FLOODPLAIN DISCRETISATION
The routing mechanisms in the previous section are described in one dimension. A one-
dimensional approach may be sufficient to model long rivers and is computationally ef-
ficient, which may be helpful for modelling large river networks (Morales-Hernández et
al., 2016). It is possible to model floodplain flow in one-dimensional models by includ-
ing floodplain topography and bed roughness in the river cross-sections (1D in Figure
2.6), but also by more advanced quasi-two-dimensional techniques such as modelling
floodplain flow as a separate one-dimensional river parallel to the main river channel as
in Figure 2.6 (de Bruijn et al., 2018) or using a subgrid approach to distinguish flood-
plain flow from channel flow (Neal et al., 2012). The drawbacks of one-dimensional
models are the dependence of accurate model results on the locations of the cross-
sections (Samuels, 1990) and the fact that the extent of inundation must be determined
indirectly between cross-sections using, for example, interpolation methods (Bates &
De Roo, 2000).

The one-dimensional model can be extended to a fully two-dimensional model (2D in
Figure 2.6). In this case, the (reduced) shallow-water equations are derived for two di-
mensions and solved for each cell of the grid. The location of the river and floodplains
is determined by providing the correct elevation and roughness values. However, there
is no fundamental distinction between land and river cells as they are all contained in
the same grid, which can be formed by rectangular grid cells (rectilinear), curved grid
cells with orthogonal faces (curvilinear), or by cells with non-orthogonal faces (flexi-
ble mesh). The disadvantages of two-dimensional models are very long computation
times compared to one-dimensional or quasi-two-dimensional models, especially for
finer resolutions (Bates & De Roo, 2000; Morales-Hernández et al., 2016; de Bruijn et al.,
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Figure 2.7: Overflow from the one-dimensional river segment into the two-dimensional floodplain. Obtained
from Morales-Hernández et al. (2016).

2018), and these types of models are less well suited to parameterisation with traditional
cross-sectional surveys (Bates & De Roo, 2000).

An alternative method is to couple one-dimensional and two-dimensional models (1D2D
in Figure 2.6), providing a trade-off between computational efficiency and accurate flood-
plain modelling. In this case, the model consists of one-dimensional river segments that
make up the one-dimensional model and two-dimensional grids that describe flood-
plains and surrounding land. The overflow from the river to the floodplain occurs when
a particular water level is reached (illustrated in Figure 2.7), often modelled using a lat-
eral weir equation (Morales-Hernández et al., 2016) or a uniform flow equation (Bates &
De Roo, 2000).

2.3.3. EFFECTS OF SPATIAL RESOLUTION
Conceptually, different options have been derived for discretising a river-floodplain model
with varying flood routing mechanisms. However, not only is the type of discretisa-
tion important, but also the resolution at which it is performed. Equations describing
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flood processes are typically based on large-scale volume-based approaches and ex-
periments for which small-scale heterogeneities are numerically integrated throughout
space (Dooge, 1986; Clark et al., 2017). For example, consider the runoff coefficient of a
catchment, which can be determined by observing the bulk difference between precipi-
tation and downstream river flow instead of observing the actual runoff at each location
where rain falls to determine the amount of runoff. As a result, a minimum length scale
can be derived for which these closure relations are still valid (Peters-Lidard et al., 2017).
For example, Woods and Sivapalan (1999) consider the Representative Elementary Area
(REA): runoff processes at scales smaller than REA should be modelled discretely, and for
processes larger than REA, a lump approach may suffice (Wood et al., 1990). Effectively,
this means that the minimum grid size of a model (maximum resolution) is defined by
the REA corresponding to the internal processes of the model.

Similarly, the necessity for a maximum grid size (minimum resolution) can be derived.
In principle, using a finer spatial resolution reduces truncation errors in the model, thus
improving accuracy (Peters-Lidard et al., 2017). Additionally, decreasing the resolution
of a model or increasing the size of the model can result in the average of heterogeneities
in the basin, although these local characteristics can be important for runoff observed
at the basin scale (Woods & Sivapalan, 1999). For example, topographic features are
strongly affected by model resolution, as floodplain features, such as embankments and
elevated roads, have a substantial impact on the extent of flooding (M. G. Werner, 2001),
and preferential flow paths of high conductivity in the subsoil can dominate the subsur-
face stormflow response observed at the catchment scale (Clark et al., 2017). The reso-
lution of the grid also affects the extent to which the spatial variability of precipitation
is restricted and smoothed, where a large smoothening will result in an underestimate
of the flood peaks (Skøien et al., 2003; Bruni et al., 2015), and similarly, the resolution of
the model may be restricted to the resolution at which precipitation measurements are
considered accurate enough (Terink et al., 2018).

As a result, the spatial resolution for accurate flood modelling is bounded by a mini-
mum and maximum at which the dominant processes still have physical meaning and
remain verifiable (Blöschl, 2001). Therefore, a lack of observations at the subcatchment
scale can limit the applicability of models in ungauged basins (Hrachowitz et al., 2013),
and the chosen grid size should describe important deterministic variability (Seyfried &
Wilcox, 1995).

2.4. DISPERSIVE EFFECTS AND FLOOD WAVE PROPAGATION
The shape, size and characteristics of the watershed influence the interactions between
the tributaries and the main river. As a result, the watershed may respond differently
locally due to dispersive behaviour, meaning that flows originating from the same plu-
vial source may experience different travel times in the system. It is possible to distin-
guish three types of dispersion (Saco & Kumar, 2002; Olivera & Koka, 2004; Pattison et
al., 2014):

• Hydrodynamic dispersion resulting from friction and storage differences within a
single reach.
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• Geomorphological dispersion describing differences within the network struc-
ture such as flow lengths (Rinaldo et al., 1991).

• Kinematic dispersion assessing a system’s nonhomogeneous flood wave celerity
due to nonlinear interactions in the wave.

The catchments may experience all three types of dispersion, and the dominant type
depends on the characteristics of the catchment and how heterogeneous these are. In
the first place, these types of dispersion have been quantified to describe the response of
the catchment using a travel-time distribution for the network, such as an instantaneous
response function (Saco & Kumar, 2002), and spatially invariant hydrodynamic param-
eters. However, the distinction of dispersive effects is also useful when addressing and
categorising dispersive effects using distributed modelling (Pattison et al., 2014). Two
dispersive effects are described in the following sections: floodplain storage resulting in
hydrodynamic dispersion and the shape of the catchment drainage network affecting
geomorphological dispersion. The attenuation of the flood wave peak related to kine-
matic dispersion is described to some extent in Section 2.3.

2.4.1. FLOODPLAIN FLOW
Flood wave propagation is strongly affected by the presence of floodplains when the
depth of the water is high enough to allow floodplain flow. This water depth is called
the ’bankfull depth’ of the river cross-section. In general, the floodplain bed has a more
significant roughness than the river bed, which reduces the flow velocity and, therefore,
the intensity of the flood wave (see, for example, Section 2.3.1). As a result, the flood wave
profile becomes more expansive with a lower peak discharge, as illustrated in Figure 2.8.
Comparisons of hydrographs before and after inundation zones in the study by Rak et al.
(2016) demonstrate the attenuation effects on the peak of the flood wave.

Floodplain beds consist of rougher material that increases flow depth and decreases
flood wave celerity, and the most substantial effects were found for shorter flood waves
with a strong peak. Different land use cases influence the magnitude of this effect, where
forestation model results (higher roughness) show a stronger attenuation effect and longer
travel times for the flood wave, but also an increase of total inundated areas than situa-
tions with an increase in agricultural land use (lower roughness). However, it is impor-
tant to note that floodplain changes affect river flow velocities and vice versa, and the
effects of river-floodplain interactions on flood waves do not only depend on the width
of the floodplain, but also the width-weighted flow velocity of the cross-section (Van de
Lee et al., 2001).

2.4.2. RIVER NETWORK
Catchments of similar size and steepness can respond differently to a storm event, as
they may have varying types of river networks draining the watershed. There are several
methods to describe and characterise a river network, such as the bifurcation ratio Rb

(equation 2.6), defined as the ratio of the number of stream segments Ni of any order
i to the number of stream segments Ni+1 of an order i +1, and the drainage density D
(equation 2.7) which is described by the quotient of cumulative length of streams Lstr eam
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Figure 2.8: Illustration of dispersive effects resulting from floodplain flow. Obtained from Rak et al. (2016).

and total drainage area Abasi n (Horton, 1945; Strahler, 1957; Fitzpatrick, 2017; Yand et
al., 2017). The general bifurcation ratio can also be obtained by averaging the bifurcation
ratios of different orders (Yand et al., 2017). Two basins may be similar in size but have
a different bifurcation ratio, resulting in the basin with the lower ratio having a faster
response, as illustrated in Figure 2.9. Minor variations in discharge timing or size in
several tributaries can have an equal or greater significant impact on results than one
significant change or variation in a single tributary (Pattison et al., 2014; T. J. Geertsema
et al., 2018).

Rb = Ni /Ni+1 (2.6)

D =∑ Lstr eam

Abasi n
(2.7)

The structure of the drainage network controls the response of the watershed in combi-
nation with more localised factors, such as the duration of the discharge wave and the
time interval between the discharge peaks at confluences. When observing such network
interactions, it is necessary to take into account multiple events. The inhomogeneous
precipitation pattern for a single event may not adequately represent the behaviour of
the system (T. J. Geertsema et al., 2018) and complex physical flood generation processes
cannot be fully explained by the morphology of the drainage network alone (Perez et al.,
2018).

Furthermore, a study by Olivera and Koka (2004) compares and scales the Nile and Niger
watersheds to investigate how the size of the watershed influences the effects of disper-
sion. When uniform hydrodynamic parameters are applied, it can be shown that the
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Figure 2.9: Two stream networks with a high (a) and low (b) bifurcation ratio showing different responses
to a storm event. Catchment (a) contains 17 streams of order 1 (Ni = N1) and 1 stream of order 2 (Ni+1 =
N2) resulting in Rb = 17/1 = 17. Similarly, N1 = 10 and N2 = 2 for catchment (b) resulting in Rb = 10/2 = 5.
Obtained from Fitzpatrick (2017).

effects of geomorphological dispersion increase compared to hydrodynamic dispersion
as the watershed size increases, and vice versa. For non-uniformly distributed parame-
ters, the spatial variability of the parameters still plays a fundamental role in determining
which dispersive effect dominates. A similar study by Di Lazzaro et al. (2016) using gen-
eralised watersheds found that geomorphological dispersion dominates for very large
basins, suggesting that the drainage network determines the response of the catchment
under asymptotic conditions. However, the range for which these conditions are not met
is extensive. Furthermore, Brauer et al. (2011) highlighted the importance of drainage
networks, which may also occur for subsurface flow, and showed their relationship with
rainfall intensity, meaning that their dispersive effect can vary for varying rainfall inten-
sities.

2.5. ANTHROPOGENIC CHANGES TO CATCHMENTS
Currently, people live in an environment shaped by the effect of humans on the global
scale (Crutzen, 2002). Landscapes are transformed as a result of, among other causes,
agricultural and industrial activities (Vitousek et al., 1997), and anthropogenic influ-
ences must be taken into account when addressing water balance in terms of water use
and storage (e.g. in reservoirs) (Oki & Kanae, 2006). This topic of anthropogenic effects
on the water cycle is examined in more detail in this section, focussing on the effects of
the presence of reservoirs and mining activities on catchment hydrology.
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Figure 2.10: Typical nonmetal mineral production lifecycle and its impact on water resources, Obtained from
(Mardonova & Han, 2023).

2.5.1. EFFECTS OF MINING ACTIVITIES ON THE WATER BALANCE
Mine site hydrology tries to address the effects of mining activities on the water balance,
for example, by examining the availability of nearby water sources, the effects of dewa-
tering on the head of groundwater and determining where extracted water can be dis-
charged to the receiving water bodies (Wolkersdorfer et al., 2020). Numerous examples
exist where analytical equations (Marinelli & Niccoli, 2000), numerical models (Mengistu
et al., 2019), or both (Zhao et al., 2017) can be used to estimate the effects of mining pits
such as recharge and hydraulic head decline, supported with in situ measurements such
as groundwater sampling and isotope tracking (Dhakate et al., 2019; Sethi & Di Molfetta,
2019). These methods focus not only on the effects on the preparation of mining plan-
ning (Panilas et al., 2008) during the operation (Wang et al., 2017), but also on the post-
mining era when the mine becomes part of the landscape (Pusch & Hoffmann, 2000;
Hancock et al., 2003).

The examples in these articles show how mining activities affect the water balance. For
example: groundwater is extracted to wash minerals or dewater mines and tunnels, re-
sulting in a lower groundwater table. The impact of such groundwater effects on the
near-surface depends on whether the affected aquifer is confined or unconfined, as the
groundwater table can rise and fall for unconfined aquifers. Other water flows, such as
post-mining pit filling and discharge of pumped water into rivers, should be considered
in the hydrological assessment of the catchment where mining occurs. Figure 2.10 shows
the typical impact of non-metal mineral productions on water resources. However, ad-
dressing the widespread impact of mining activities on watersheds remains difficult, as
each mine is unique in its size, processes, and locations; the absence of access to data;
the long timescales associated with the impacts of mining on water balance; and the
cumulative impacts of mining operations in regions (Northey et al., 2016; Mardonova &
Han, 2023). Additionally, no articles were found directly linking the effects of the pres-
ence of mining pits to flood safety.



2

28 2. LITERATURE

2.5.2. FLOOD WAVE DAMPENING BY RESERVOIRS
Similarly to mining sites, reservoirs are large structures that affect their respective water-
sheds. Even on a global scale, reservoirs affect the water balance through their storage
magnitude, as they are estimated to have ’delayed’ global sea level rise by 30 mm in the
last 50 years (Chao et al., 2008), and their variability in storage, showing significant sea-
sonal variations in storage on a global scale (Zhou et al., 2016). The reservoir operation
rules for water supply and flood control are generally operated on longer timescales of
multiple days or weeks (Restrepo et al., 2017). At the same time, rainfall observations
and forecasts are used to simulate reservoir storage and adjust and test operations rules
to ensure short-term flood safety (Wannasin, 2023; Cheng & Chau, 2004). In a network
of reservoirs, optimally, the highest reservoirs are filled first and the lowest last to min-
imise the spilt water, and the lower reservoirs are emptied first to maximise downstream
control (Lund et al., 2017).

Reservoirs can reduce an approaching flood wave by retaining water in the reservoir and
separating flows downstream from upstream peak flows (Volpi et al., 2018). Larger reser-
voirs have a larger retention capacity, allowing for a more substantial reduction in peak
flow. This reduction also depends on the locations of the reservoirs in the basin and their
configuration (Ayalew et al., 2015; Antolini & Tate, 2021), and on the type of operation
plan for the reservoir, although for low-frequency flood events the results appear to con-
verge for both controlled and uncontrolled dams (Ayalew et al., 2013). As a result, reser-
voirs must be addressed in flood modelling and included in a model when the reduction
in flood peak is estimated to be significant. The characteristics of the reservoir, such as
its location, size, and operation plan, are essential for accurate model results.



3
CASE STUDY

T HE previous chapter described the current state of literature, focussing on different
aspects of flood forecasting and providing the theoretical background for this study.

This chapter has a different goal, as it aims to provide a description of the case study,
specifically focussing on the Rur catchment during the 2021 flood event. First, attention
is paid to characterising the relevant hydrological and hydrodynamic characteristics of
the Rur basin. Second, the meteorological event of 2021 July, which was the driving factor
behind the flood event, is described.

3.1. DESCRIPTION OF THE RUR CATCHMENT
The Rur river is a rainfed river that flows into the Meus river. It is one of its larger trib-
utaries with an average annual contribution of 5.5%, which can rise during the summer
to 17% in some years (Van der Ploeg et al., 2021; van der Krogt et al., 2022). The Rur
catchment is 2353 km2 in size and covers three countries, as the river originates in the
Eifel in Belgium, continues its flow through Germany, crossing the Rur reservoir system
and the dam at Obermaubach, and enters the Meuse river in the city of Roermond lo-
cated in the Netherlands. An overview of Rur and its tributaries is shown in Figure 3.1.
The Wurm and Inde tributaries are the most relevant tributaries considered in this thesis
with watershed sizes of, respectively, 472 and 366 km2. Furthermore, the catchment area
upstream of the Obermaubach dam is 805 km2.

The discharge in the Rur is driven by precipitation and therefore shows strong variability
and a fast response, similar to the Meuse river (De Boer, 2017; Bouaziz, 2021). The aver-
age yearly water budget is 800 mm precipitation, of which 550 mm evaporates and 250
mm results in runoff (using the measurements at the downstream station Stah).

Precipitation is evenly distributed in the northern part of the catchment, ranging from
700 to 900 mm per year (Figure 3.2a). In the southern part, a shadowing effect is caused
by the Eifel and Ardennes mountain ranges, leading to varying precipitation patterns.

29
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Figure 3.1: Overview of the Rur and its tributaries. Map created using QGIS and data from
Gewässerstationierungskarte des Landes Nordrhein-Westfalen (n.d.).

The western regions receive higher amounts of precipitation, reaching around 1200 mm/year,
while the eastern regions experience lower amounts, ranging from 700 to 900 mm/year
(Bogena, Pütz, et al., 2005; Montzka, 2008; Kufeld et al., 2010).

Furthermore, the timing of precipitation events differs between the north and the south
(Figure 3.2b). In the south, precipitation tends to occur more in winter when evapotran-
spiration is low. This results in high soil moisture content and rapid runoff. In contrast,
the north experiences concentrated precipitation during summer, when evapotranspi-
ration is high. As a result, the north shows effective buffering of precipitation events,
leading to smoother hydrographs (Bogena, Pütz, et al., 2005; Montzka, 2008).

Three characteristic aspects of the Rur catchment have proven to be relevant for the hy-
drological and hydrodynamic study of the Rur river: geology, land use and the reser-
voir system. These characteristics are explored in more detail in the following sections.
Runoff coefficients of the gauge stations related to these aspects can be found in Ap-
pendix F.3, highlighting the differences in runoff for each of the affected regions.
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(a) Annual precipitation in the catchment of the Rur
River (1979-1999).

(b) Relation between summer and winter precipitation
in the catchment of the Rur River (1979-1999).

Figure 3.2: Climatologial description of the Rur catchment. Obtained from Bogena, Pütz, et al. (2005).

3.1.1. TOPOGRAPHY AND GEOLOGY
The catchment can be divided into a steep and rocky highland area and broad, flat low-
lands where industrial and urban areas are concentrated (Bogena, Pütz, et al., 2005). Fig-
ure 3.3 shows a Digital Elevation Model (DEM) of the Rur basin, where elevation differ-
ences highlight these two regions. The topographical characteristics of the region influ-
ence drainage patterns, with surface runoff occurring primarily through well-established
river channels that have gradually carved their way through the mountains in the Eifel
region (Kufeld et al., 2010).

A geological map of the Rur catchment (Appendix F.1) indicates a clear distinction be-
tween the lowland and highland areas (Bogena, Pütz, et al., 2005; Montzka, 2008; Kufeld
et al., 2010). In the northern part of the catchment are deposits of unconsolidated sedi-
ments from the Quaternary period (2.58 million years ago to the present). Additionally,
thick deposits of unconsolidated rock from the Tertiary period (2.58 - 66.0 million years
ago) are covered mainly by terrace deposits and aeolian deposits from the Quaternary
period. The southern part of the catchment contains much older geological formations
from the Predevonian periods (up to 540 million years ago).

These variations result in significant differences in hydraulic conductivity, with a higher
conductivity observed in the younger unconsolidated layers of the lowlands compared
to the old consolidated layers of the highlands, visible in Figure 3.4a. Exceptions to this
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Figure 3.3: DEM of the Rur catchment. Map created using QGIS and data from NASA (2013).

pattern are carbonate rocks from the Middle to Upper Devonian near Stolberg and Mar-
magen, which contribute to higher groundwater storage volumes.

Furthermore, the upper layers of the soil also show variations between the high and low-
lands, as described by Kufeld et al. (2010). In the northern part, the major soils are Cu-
mulic Anthrosols near the drainage lines and Haplic Luvisols, both with silt loam tex-
tures. These soils are more productive, resulting in high field capacity. In contrast, the
soil in the Eifel area consists mainly of Fluvisols, Gleysols (found along the Rur River and
its tributaries), Eutric Cambisols, and Stagnic Gleysols, all characterised by a silt loam
texture. Such soils have a lower field capacity, visible in Figure 3.4b.

3.1.2. RESERVOIR SYSTEM
The Rur basin contains an elaborate reservoir system consisting of nine reservoirs, of
which six reservoirs are managed by Wasserverband Eifel-Rur (WVER) and three reser-
voirs by water supply companies. The six WVER reservoirs are included in this investi-
gation, as they perform a function on flood safety and information and data from the
reservoirs are publicly available (e.g. (Marth, 2021)). On the contrary, the other three
reservoirs are only used for drinking water supply and are less described in the litera-
ture. From this chapter on, the term ‘reservoir’ will refer to one of the WVER reservoirs.
The operation plan of the Rur reservoir system will be explained in the following para-
graph. Additional information on the six reservoirs and the Rur reservoir system can be
found in the appendix D.2.

Their operation rules describe the discharge behaviour of the reservoirs. The distinctive
feature of the Rur reservoirs is that a volume section release plan (in German: ’Lamel-
lenplan’) is used for the discharge at Heimbach, described by the total volume of the
Rur, Urft, and Olef reservoirs. This plan (Appendix E.1) can be divided into three regions:
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(a) Geohydrological horizontal conductivity of the Rur
catchment. Map created using QGIS and data from
Geodienst NRW (2023b).

(b) Vertical conductivity of the upper soil layer in the
Rur catchment. Map created using QGIS and data from
Geodienst NRW (2023a).

Figure 3.4: Maps describing soil conductivity in the Rur catchment.

1) the flood response that describes distinct discharges for volume levels with a max-
imum of 60 m3/s, 2) the low-water response that relies on a minimum discharge of 5
m3/s for industrial purposes, and 3) a dynamic discharge during normal flow situations
(Kufeld, 2013). To account for the minimum flows during dry seasons, the volume of the
reservoirs varies as they fill up to prepare for dry summers and drain for wet winters.
This variation affects their flood retention capacity, which varies accordingly per season,
with a minimum during summer (May - September) and a maximum during the win-
ter months (December - January), ranging from 11.0 million m3to 68.5 million m3for all
combined reservoirs. Importantly, the Rur-Urft-Olef reservoir system has been shown
to be less robust against flood conditions than dry climate conditions during climate
change studies (Demny et al., 2013).

3.1.3. LAND-USE AND LIGNITE MINING
Land use also varies significantly between the two regions, affecting the water balance
and the response to precipitation. Industrial activities, such as lignite extraction, affect
the level of groundwater and the recharge of soil layers. The withdrawal of groundwater
from these activities affects the overall hydrological system of the basin (Bogena, Pütz,
et al., 2005). Furthermore, variations in land use affect how runoff is routed to rivers
and the infiltration capacity of the soil. Figure 3.5a shows how the upstream Rur basin is
mainly covered by forests, while the lowlands contain agriculture, industry, mining and
settlements.

As described in Section 2.5.1, mining activities affect the water balance in a catchment.
Such effects are also present in the Rur basin, where lignite mines can be found (vom
Kothen, 2005; Bogena, Pütz, et al., 2005; Bogena et al., 2018). Lignite mines are open pit
mines that affect the catchment by reducing the groundwater table, landscape changes,
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(a) CORINE Land Cover map of the Rur catchment, with
the lignite mines visible in purple. Map created us-
ing QGIS and data from European Environment Agency
(2019).

(b) The Rurscholle, Venloer Scholle and Erftscholle with the
nearby lignite mines. Image from Becker (2011).

Figure 3.5: Maps describing land use in the Rur catchment and the locations of the lignite mines.

and the release of mining waters in nearby rivers (Dorgarten, 1988; Pusch & Hoffmann,
2000; Hangen-Brodersen et al., 2005; Panilas et al., 2008; Gädeke et al., 2014). Lipton
seams are generally found 40 to 100 metres below the surface in Germany, with max-
imum depths of 350 metres (Grünewald, 2001; Becker et al., 2008, 2009). When min-
ing activities have ended, restoration of the water balance may still take several decades
(Pusch & Hoffmann, 2000).

Figure 3.6: A view of deeper ground layers for the Rurscholle, Venloer Scholle and Elftscholle. Lignite (in Ger-
man: Braunkohle) is located 200+ meters below the land surface. Image from vom Kothen (2005).

Mining activities in the heavily industrialised region of Nordrhein-Westfalen surround
the Rur and Inde rivers, as shown in Figure 3.5a (Bogena, Kunkel, et al., 2005). Based on
the geological characteristics of the region and the effects of open pit mining, this tec-
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tonic region has been identified as the ‘Rurscholle’ area (vom Kothen, 2005; Becker, 2011)
(shown in Figure 3.5b), with a similar name for the multiaquifer groundwater model of
this region (Dorgarten, 1988). The Rurscholle is enclosed by fault lines and the Maas
River, consisting of several layers of lignite with a permeable soil near the surface. As
a result, the effects of groundwater pumping spread through the entire of Rurscholle.
Consequently, this region is considered to be the region most affected by mining activi-
ties.

Several consequences of mining activities can be identified in the Rur catchment. For
example, the Inde River was partially relocated in 2005 to create space for open pit lig-
nite mining, and is affected by groundwater being pumped and released in the river near
Lamersdorf and Kirchberg (on average 1.0 m3/s and 0.5 m3/s) (LANUV, 2001; Maaß et al.,
2018). Furthermore, the Inde mine is reported to pump up more than 200 million m3per
year, and the influence on the groundwater table is evident with local drops up to 100
metres below ground level (see Figure 3.6) (Bachmann et al., 2007). Other lignite mines,
such as the Hambach mine, show similar low levels of the water table with a pump-
ing volume of 310 million m3per year (RWE, 2015a, 2015b), which is released in the Erft
River next to the rur (Tu, 2006). Although these mines are located outside of Rurscholle,
groundwater interchange between neighbouring regions occurs through the permeable
upper aquifer (Becker et al., 2008) and is therefore important.

3.2. METEOROLOGICAL DESCRIPTION OF THE 2021 FLOOD EVENT
The intensity and duration of the three-day precipitation were one of the causes of the
severity of the flood event in July 2021. Therefore, it is necessary to understand the me-
teorological conditions that led to this event and investigate the extreme of the precipi-
tation.

The heavy precipitation occurred mainly due to a slowly moving low pressure system
named ’Bernd’, shown in Figure 3.7. It travelled from France towards Germany and sup-
plied moist air to this region. At the same time, warm and humid air masses travelled
from the Mediterranean towards central Europe, rotating around the low-pressure sys-
tem and feeding it with moist air, especially from the Baltics. Then, the pressure system
was lifted with force, partly as a result of underlying orography, and heavy, almost sta-
tionary rain began, first locally and then over larger areas (Junghänel et al., 2021; CEDIM
Forensic Disaster Analysis (FDA) Group et al., 2021; NEW, 2021; Kreienkamp et al., 2021;
Dietze et al., 2022).

As a result, a severe and long-duration precipitation event occurred, breaking several
local measurement records. The 24-hour and 48-hour sums of the precipitation event
are shown in Figure 3.8.

3.2.1. ESTIMATED RETURN PERIODS
Rain gauge stations in Limburg and Germany provide insight into the extreme magni-
tude of the rainfall event and the differences between locations. For the 24-hour sums
at the gauge stations (Figure 3.9), the results do not pass return periods of 100 years.
The mean 48-hour precipitation for South Limburg still indicates a return period of T
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Figure 3.7: The low-pressure system “Bernd”. Color shading indicates the 500-hPa geopotential lines from the
14th of July, 2021, 12UTC. Additionally, the location of the highest precipitation intensities is shown according
to RADOLAN (DWD). Obtained from CEDIM Forensic Disaster Analysis (FDA) Group et al. (2021).
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Figure 3.8: Accumulated precipitation over two days (13 - 15 July) and accumulated over 24 hours for each day
of the extreme precipitation event. Obtained from Kreienkamp et al. (2021).

25 years. However, individual stations south of Limburg show much longer return pe-
riods for the observed precipitation for 48 hours (Figure 3.10). Comparing station ob-
servations with the STOWA statistical product (STOWA, 2019) indicates return periods
of the order T 100 – 1000 years for several stations, as shown in Figure 3.11. However,
it should be noted that local measurements exceeded historical extremes and therefore
may be outside the range of the applied statistical models (NEW, 2021; Kreienkamp et
al., 2021).

Higher precipitation measurements were observed for gauge stations in the German part
of the Rur catchment with similar estimated 100-1000-year return periods (Schüttrumpf,
2022; Homann, 2021b; Junghänel et al., 2021; NEW, 2021). Figure 3.11 indicates the or-
der of magnitude of the event, showing the maximum precipitation measured in the
Ubachsberg (South Limburg) and Roetgen (German Rur catchment) and the mean of
the gauge measurements in these areas compared to the statistical product of STOWA
(STOWA, 2018, 2019). Similarly, an analysis of precipitation in Belgium measurement
stations indicates an extreme long duration of high intensity rainfall, greatly exceeding
the quantity-duration-frequency curve of 200 years for stations in the Vesdre catchment,
located next to the Rur watershed (Dewals et al., 2021).

These observations underline the extreme of the rainfall event that led to the 2021 floods,
and observations at gauge stations confirm these high return periods. Inflow from the
Urft and Olef rivers was especially extreme, with water levels exceeding the 1.000-year
return period threshold and an estimated discharge of Q > 500 m3/s at Gemünd, which
corresponds to an estimated return period of over 10.000 years (Homann, 2021b). Pre-
liminary return periods for the lower Rur and Inde and Wurm tributaries are lower but
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Figure 3.9: Accumulated precipitation accumulated over 24 hours each day for Dutch gauge stations in South
Limburg. A comparison is made with the STOWA statistics product (STOWA, 2018, 2019).

Figure 3.10: Accumulated precipitation accumulated over 48 hours each day for Dutch gauge stations in South
Limburg. A comparison is made with the STOWA statistics product (STOWA, 2018, 2019).
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Figure 3.11: Accumulated precipitation over two days (13 - 15 July) and accumulated over 24 hours for each
of the individual days for Dutch and German gauge stations. A comparison is made with the STOWA statistics
product (STOWA, 2018, 2019).
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still exceed the 100-year threshold value. Again, similar observations are made for the
Vesdre catchment located next to the Rur watershed where the 100-year threshold value
was exceeded multiple times (Dewals et al., 2021). Therefore, it is necessary that the pre-
cipitation products applied in this thesis reflect both the extremity of the event and the
spatial distribution that varies across the Rur catchment.



4
METHODOLOGY

T HIS chapter describes the methods that support the investigation of determining
factors for a flood forecasting model for the Rur basin. Two models are used: the

hydrological Wflow_SBM model and the hydrodynamic ProMaIDes model. Therefore,
background information is given on both models and details on how the Rur catchment
is discretised in both models. In sections 4.3 and 4.4, the most important datasets used
in this thesis are described and the equations used to assess the validation of the models.
Special attention is paid to the precipitation datasets used to create the hindcast and the
forecasts. After these sections, the qualitative and quantitative approaches to the inves-
tigation are described in section 4.5; these approaches describe how the models and the
data are used to generate the results presented in chapters 5 and 6, respectively.

4.1. HYDROLOGIC MODELLING
A hydrological model is needed to simulate how precipitation can result in flooding of
the Rur River. The typical length scale of the Rur catchment is on the order of 100 km, and
the time scale of extreme precipitation events is on the order of days, which means that
all processes mentioned in Section 2.1 should be taken into account except groundwa-
ter modelling. Taking into account these processes, it is possible to use Wflow_SBM to
model them, as will be explained later in this section. First, the Wflow_SBM model will
be briefly described, followed by highlights of processes specifically relevant for mod-
elling floods in the Rur catchment.

4.1.1. THE Wflow_SBM SOFTWARE PACKAGE
Wflow_SBM (W. J. Van Verseveld et al., 2022) is a specific type of hydrological model
within the Wflow.jl framework (W. Van Verseveld et al., 2022), which in itself is a contin-
uation of the wflow framework (Schellekens et al., 2020). The Wflow_SBM model dis-
tinguishes vertical processes, describing interactions between the saturated zone, the
unsaturated zone, and the land for a grid cell, and lateral processes, describing how the

41
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Figure 4.1: Schematization of the lateral and vertical processes inside Wflow_SBM. (Deltares, 2022)

river, overland, and subsurface flows are routed. The vertical concepts are based mainly
on Topog-SBM (Vertessy & Elsenbeer, 1999), where the soil is split into a saturated and
unsaturated zone, and consider the following types of processes (also illustrated in Fig-
ure 4.1):

• Precipitation

• Rainfall interception

• Evaporation

• Snow and glacier modelling

• Infiltration

• Capillary rise

Furthermore, Wflow_SBM considers the following lateral processes:

• Overland flow

• River flow

• Subsurface flow

• Reservoirs and lakes

The vertical and lateral processes describe the processes within the Wflow_SBM model.
It should be noted that typical hydrodynamic processes, such as river and overland flow,
are also included in the distributed Wflow_SBM model. However, it will still be referred
to as a hydrological model for practical reasons.

Several processes relevant to flood forecasting were mentioned in the previous chapters,
namely overland and river flow, subsurface flow, and reservoir management. Therefore,
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the implementation of these processes in Wflow_SBM will be elaborated on in the fol-
lowing sections.

OVERLAND AND RIVER FLOW

The Wflow_SBM hydrological model differentiates between two approaches for routing
surface waters: the kinematic wave approach and the local inertial method (see also 2.3).
These can be used in several combinations, as summarised in Table 4.1. When the local
innertial method for river flow and the kinematic wave approach for overland flow are
combined, then a quasi-two-dimensional approach can be used to model inundation.
A sub-grid method is used to derive flow velocities and adjust the water depths in the
floodplains to account for storage in the floodplains. This 1-dimensional floodplain flow
still occurs in the direction of the river in the river cell and in the resolution of the model,
but the updated depth of the water is used in the momentum equation, which accounts
for the effects of floodplain flow. An alternative is to use the local inertial approach for
both overland and river flow, which results in a coupled 1D2D model using the diffusive
wave equation in both models.

Land routing River routing Fluvial flooding Peak attenuation
KW KW ✗ ✗
KW LI Quasi-2D ✓
LI LI 2D ✓
LI KW — combination not possible —

Table 4.1: Options for overland and river routing in Wflow_SBM.

SUBSURFACE FLOW

Wflow_SBM does not model groundwater flow based on concepts such as hydraulic
heads and (un)confined aquifers. Instead, it models only part of the subsurface, differ-
entiating between a saturated and an unsaturated zone. As a result, no flow from or
to deeper groundwater layers is included in the model. It is possible to include a leak-
age term for the saturated zone, resulting in water being removed from the model. The
amount of leakage is limited by MaxLeakage parameter and by the total water content
of the saturated zone of the subsoil.

The subsurface flow, described by 4.1, depends on the element slope angle β, and is
modelled using the kinematic wave equation per unit width of the slope w . The purpose
of showing this equation is to emphasise that Wflow_SBM is not a groundwater model
and that the subsurface flow is governed by topography. In this equation, q denotes the
magnitude of the subsurface flow, w the width and c the wave celerity, which depends on
the saturated vertical conductivity on the surface (K0), the depth of the water table (zi ),
the saturated soil water content (θs and residual (θr ) soil water contents, and a scaling
parameter ( f ).

w
∂q

∂t
= cw

∂q

∂x
+ cwr with c = K0 tan(β)

(θs −θr )
e− f zi (4.1)



4

44 4. METHODOLOGY

Figure 4.2: A schematization of the volume-based operation rules for the reservoirs applied in Wflow_SBM.

The horizontal conductivity K0 is based on the product between the saturated vertical
hydraulic conductivity and the parameter KsatHorFrac. The Wflow_SBM hydrological
model is sensitive to its variations, and it has been shown that the KastHorFrac depends
on model resolution, as the slope distribution of a catchment changes as the spatial res-
olution changes, thus requiring a change in KsatHorFrac (Aerts et al., 2022).

RESERVOIR OPERATIONS

Reservoirs can be modelled in Wflow_SBM using a volume-based approach, where the
reservoir outflow depends on the storage and the day of the year 1. The algorithm applied
in Wflow_SBM is shown in Figure 4.2 and describes how reservoir storage S varies due
to inflow, outflow, precipitation, and evaporation. Alternatively, it is possible to model
reservoirs in Wflow_SBM using a target storage-and-release-based operation method,
see for example Wannasin, Brauer, Uijlenhoet, van Verseveld, and Weerts (2021). How-
ever, this method is not used in this thesis.

The volume-based implementation of reservoir modelling has some limitations com-
pared to reality, as the Wflow_SBM hydrological model cannot account for 1) a linked
reservoir system and 2) free operation rooms. Therefore, some simplifications are re-

1The author used a custom version of Wflow_SBM v0.6.3 for running the models. Adjustments made
to these customisations have been implemented in wflow as a result of this thesis; see also PR#250 on
https://github.com/Deltares/Wflow_SBM.jl (W. Van Verseveld et al., 2022)
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quired to address these limitations when modelling such reservoirs in Wflow_SBM . Fur-
thermore, sufficient information on the operation rules should be available in order to
implement reservoir modelling in Wflow_SBM . As a result, the smaller Obermaubach
and Heimbach reservoirs are not included in the Wflow_SBM model due to the lack
of clearly defined operation rules and their limited size. More information on the im-
plementation of the Wehebach, Olef, Urft and Rur reservoirs can be found in appendix
B.1.

4.1.2. SETTING UP A Wflow_SBM MODEL
A Wflow_SBM model can be created using Hydro Model Tools (HydroMT), a model
builder for Wflow_SBM developed by Eilander et al. (2023a, 2023b). It contains sev-
eral global datasets that make model-building efficient. Furthermore, (Pedo) Transfer
Functions (PTF) are used to generate parameter maps based on point measurements
(R. O. Imhoff et al., 2020). All parameter maps are contained in a single netcdf file called
the static maps, and model forcing is provided by a separate netcdf file. Static maps
and forcing files can be visualised and manipulated using Python using libraries such
as Xarray and HydroMT , or by software packages such as QGIS . Output variables (e.g.
discharge) can be saved as points in csv format, but also in a gridded form in netcdf
format.

4.1.3. Wflow_SBM MODEL OF THE RUR CATCHMENT AND CALIBRATION
Appendix A contains detailed information on the sources used to generate these param-
eter maps and the HydroMT configuration settings. This setup can be summarised as
follows:

• The model is built in the EPSG:4326 coordinate system at a spatial resolution of
0.00833 degrees, which translates to grid sizes of approximately 1000 meters by
550 meters.

• The hydrologically conditioned MERIT-Hydro dataset (Yamazaki et al., 2019) is
used for the DEM and the flow direction maps.

• The river map is derived using an Upstream Area (UPA) threshold of 5 km2.

• The reservoir system is simplified and applied included in the model.

• The BK50 map (Geodienst NRW, 2023a) is used to describe the vertical conductiv-
ity of the catchment, and the horizontal conductivity is derived by calibrating the
ksathorfrac parameter. No clear PTF exists yet for this parameter, so it is often
considered an important calibration parameter of the Wflow_SBM model (Aerts
et al., 2022).

• A leakage factor maxleakage is applied and calibrated to account for the effects of
lignite mining on catchment hydrology.

• Profiles from the ProMaIDes hydrodynamic model are used to derive the bankful
depth and width for the Rur river to improve floodplain flow simulations.

As described above, several steps were taken to calibrate the model. These steps are
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Figure 4.3: Summary of the calibration process of the Wflow_SBM model of the Rur.

summarised in Figure 4.3, and a detailed description of model calibration can be found
in Appendix B.

4.2. HYDRODYNAMIC MODELLING
The Wflow_SBM model described in the previous section is able to model the floodplain
inundation and surrounding lands to some extent. However, it is also possible to use
the Wflow_SBM model to generate boundary conditions for a separate hydrodynamic
model. The latter has been performed in this thesis using the hydrodynamic module of
the ProMaIDes-model, which will be described in this section.

4.2.1. THE ProMaIDes SOFTWARE PACKAGE
Protection Measures against Inundation Decision Support (ProMaIDes) is a modular
software package designed for flood risk analysis (Bachmann, 2012; Ghomash et al.,
2022). It consists mainly of four modules, each describing a facet of flood risk man-
agement.

• HYD-module: hydrodynamic module used for the hydraulic analysis of the river
system;

• FPL-module: reliability analysis used to quantify the failure probability of flood
protection measures along a river;

• DAM-module: damage module used to transform the given hydraulic values of a
flood event into consequences for people assets and infrastructure;

• RISK-module: module used for integrating the flood risk analysis.

Only the HYD module is used in this investigation, resulting in a regular forecasting sys-
tem. However, the ProMaIDes software package supports the other modules, which
extends the regular forecasting model to an IBF model, as defined in 2.2.4. The HYD
module of ProMaIDes can be used with two types of discretization, namely, as a one-
dimensional model or as a coupled 1D2D model.

4.2.2. SETTING UP A HYDRODYNAMIC ProMaIDes MODEL
One-dimensional river models form the basis for the hydrodynamic model in ProMaIDes .
A ProMaIDes model should contain at least one river model, but it is possible to create
a network of river models by describing multiple one-dimensional river models. A river
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Figure 4.4: Discretization of a one-dimensional ProMaIDes river model, showing the placement of cross-
sections and separation between left foreland, right foreland and the main channel. Global x and y coordinates
are used to define the locations of the river cross-sections. Obtained from HS Magdeburg (2022).

model consists of discretised cross-sectional profiles within the main flow direction. A
cross-section is defined as a collection of points in a two-dimensional space (global x
and y coordinates, as shown in Figure 4.4), where for each point its geodetic height is
described (z-coordinate). In addition, information is provided describing the material
property of the point, its flow section (main channel, left foreland, or right foreland),
and its local distance on the profile axis to the previous point.

The diffusive wave equation is used to describe the hydrodynamic flow between the river
profiles. Additionally, profiles can be assigned to be modelled as weirs and bridges, re-
sulting in additional flow equations being used in the hydrodynamic calculations de-
pending on the local water depth: free and submerged flow for the weirs, and flow open
channel flow, pressure flow, and weir overflow for the bridges.

The one-dimensional river model(s) can be extended by including one or more two-
dimensional floodplains. These are discretised as rectilinear rasters placed inside the
model by defining the sizes of the grid cell and the orientation of the grid (as shown in
Figure 4.5). Floodplain flow is solved using the two-dimensional continuity and diffusive
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Figure 4.5: Discretization of a one-dimensional ProMaIDes floodplain model, consisting of nx by ny elements
with size ∆x and ∆y and orientation φ. Obtained from HS Magdeburg (2022).

wave equations and can occur when overflow occurs on either side of a river profile. Ad-
ditionally, dikes can be included in the floodplains, modelled as one-dimensional lines
in the two-dimensional floodplain, for which weir overflow can occur, and it is possible
to assign ’no flow’ elements in which no flow can occur.

Several options exist to link the one-dimensional river models and two-dimensional
floodplain models. River models can be coupled to each other through direct inflow, lat-
eral inflow, or by defining a structure coupling the two rivers, such as a weir or gate. Sim-
ilarly, floodplain models are coupled by overlapping their grids, for which flows are ex-
changed via the boundary. More important is the coupling between river and floodplain
models, which forms the basis for the 1D2D approach used by ProMaIDes . The overlap
between the floodplain and the river is derived to determine the coupling boundary (as
illustrated in Figure 4.6), and the overflow from the river profiles to the floodplain grid is
modelled using weir flow equations.

4.2.3. ProMaIDes MODEL OF THE RUR RIVER
The basis for the Rur model used in this thesis was provided by Bachmann (2021). It con-
sists of two river models: a model for the Rur, stretching from the dam at Obermaubach
to the Meuse near Roermond, and the Hambeek, which is a bifurcation of the Rur in
Roermond, connected via a passive weir. The Rur River comprises 763 profiles, including
38 bridges and 37 weirs, and the Hambeek River only has 34 river profiles. An overview
of the model is shown in Figure 4.7. Bridges and weirs are distributed along the entire
Rur river, and the number of profiles increases as the Rur enters the city of Roermond.
Furthermore, the model contains five floodplain grids, each with a ten-by-ten-metre res-
olution. The elevation of the points of the grid is derived from two DEMs, one for the
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Figure 4.6: Example of a coupled 1D2D ProMaIDes model. Obtained from HS Magdeburg (2022).

Netherlands and one for Germany, and constant roughness is assumed for all floodplain
cells.

Some features of the Rur model are worth highlighting. First, there are differences be-
tween the German and Dutch parts of the Rur. In addition to having to use separate
DEM data when generating the floodplains, it is visible that dikes are only included in the
German part of the model, and river cross-sections are typically wider in Germany, con-
taining part of the floodplains or even the complete floodplain. Furthermore, no gauge
stations in the Dutch Rur were considered in this investigation, and several no-flow ele-
ments were used in the floodplain where inundation is expected to reduce computation
times.

4.2.4. MODEL ADJUSTMENTS AND BOUNDARY CONDITIONS
Some adjustments were made to the original ProMaIDes model. An overview can be
found in the Appendix C, but a general description of these adjustments will be given in
the following paragraphs.

Firstly, a second ProMaIDes model of the Rur has been derived that differs from the
model described above. The diversion between the Rur river and the Hambeek is valid
during regular flow conditions, but loses validity during periods of high flow. When the
water level in Roermond exceeds 19 m + Nieuw Amsterdams Peil (NAP), two flood de-
fence gates are closed to protect the centre of Roermond. As a result, part of the Rur
is closed off, and the flow fully concentrates in the Hambeek. Therefore, the two river
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Figure 4.7: Original ProMaIDes model of the Rur. It contains two one-dimensional river models and five two-
dimensional floodplain grids with ten-by-ten metre resolution. No-flow zones are incorporated to improve
computational efficiency, and dikes are included for the German part of the Rur model.
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models of Bachmann (2021) are merged into one river model by removing the Rur pro-
files after bifurcation and adding the Hambeek profiles to the Rur river profiles. More
information on this adjustment can be found in Appendix C.

The Rur River model begins at the Obermaubach dam, forming the upstream bound-
ary condition. To this end, the discharge at this point is derived using a hydrological
Wflow_SBM model. The Obermaubach dam can regulate outflow and is therefore in
practise a reservoir. However, the choice was made to simplify the hydrological model by
only considering the three largest reservoirs in the catchment (see also Appendix D.2.2).
As a result, the flow regulation at the Obermaubach dam is not included in these simu-
lations and the flow of the ProMaIDes model will mainly be governed by the outflow of
the Rur reservoir upstream of Obermaubach.

The downstream boundary condition is given by the water level of the Meuse River. This
is necessary because ProMaIDes uses the diffusive wave approach, and the flow in the
river is assumed to be subcritical. Therefore, excluding the downstream boundary con-
dition would result in an ill-posed problem. The situation would have been different
if a kinematic wave approach had been used. The water level measurements in Roer-
mond Boven were provided by RWS and used to calculate the depth of the downstream
water (Rijkswaterstaat, 2022). An additional check was performed by comparing the Pro-
MaIDes river profiles at these locations with profiles from a D-HYDRO model of the Rur
used by Deltares and HKV, which confirmed that their position relative to the Meuse was
indeed correct.

In addition, tributaries are included in the model and discretised as point inflows in se-
lected river profiles. These inflows are also computed using a Wflow_SBM model. To
this end, the Wflow_SBM river map is compared with a detailed GSK3E river map of the
catchment provided by Landesamt für Natur Umwelt und Verbraucherschutz (LANUV),
which enabled the identification of tributaries flowing into the Rur River. The river map
generated by Wflow_SBM differs from the observed river network for three reasons: 1)
it is generated based on a hydrologically conditioned DEM, 2) the Wflow_SBM model is
limited to O (1km) resolution, and 3) Wflow_SBM does not support bifurcations. In to-
tal, 17 tributaries are identified and included as a lateral inflow in the ProMaIDes model,
as listed in table C.1 in appendix C.3.

4.3. DATASETS
Data sources are used in this thesis to calibrate the hydrological and hydrodynamic mod-
els, but also to improve understanding of the response of the Rur catchment during a
flood event. This section describes the datasets and how they were acquired.

4.3.1. CALIBRATION: E-OBS
Before the Wflow_SBM model of the Rur can be used to create the hindcast and fore-
casts, it should be calibrated. To this end, a precipitation dataset is required that covers
several years. Therefore, several precipitation datasets were considered as listed in Table
4.2.
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Dataset ∆x ∆t Data origin Coverage
ERA5 ∼31 km 1 h Satellite Global
E-OBS (25.0e) ∼10 km 24 h Gauge sta-

tions
Europe,
Northern
Africa

NL-RDR-DATA-PCP
(KNMI-RAD)

∼1 km 5 min. Radar, gauge
station

Netherlands

RADOLAN (DWD) ∼1 km 5 min. Radar, gauge
stations

Germany

Table 4.2: Overview of the precipitation datasets considered for calibrating the hydrologic model. E-OBS was
selected as the most suitable precipitation product to calibrate Wflow_SBM.

Different precipitation datasets were considered for model calibration: ERA5 (Hersbach
et al., 2020), RADOLAN (Winterrath et al., 2011), KNMI-RAD (KNMI, 2023) and E-OBS
(Cornes et al., 2018). Table 4.2 summarises the main differences between the datasets.
The ERA5 dataset, released by ECMWF, gives hourly estimates of many atmospheric,
land, and oceanic climate variables such as precipitation, temperature, and evapotran-
spiration and is produced using data assimilation and forecasts by the ECMWF Inte-
grated Forecast System. Thus, it relies both on historical data and modelled forecasts.
The E-OBS dataset is different as it is based solely on daily observation data from the
stations. It uses interpolation and correction methods to process daily data and esti-
mates uncertainties through 100-member ensembles for each day. Finally, local KNMI
and DWD datasets were considered, combining reanalyzed radar measurements with
corrections derived from daily gauge station measurements.

The precipitation datasets show that a trade-off can be made between temporal resolu-
tion, spatial resolution, and availability. The KNMI dataset did not have sufficient spatial
coverage and was thus quickly disregarded. Although the ERA5 dataset seemed to gen-
erate well-performing results, the resolution was considered too coarse to confidently
model, as one pixel of precipitation data could cover entire or multiple basins, similarly
to the study by Klein (2022). Such a coarse resolution may be sufficient when only the
discharge at the catchment outlet is considered relevant (e.g. at Stah). However, it is
not suitable for modelling interactions between Rur and tributaries such as Inde, Wurm,
and Urft and for estimating reservoir inflows. Finally, the RADOLAN dataset seemed to
underestimate precipitation volumes in the mountainous Eifel area despite being cor-
rected for by local measurements. This resulted in the E-OBS dataset being the selected
precipitation dataset.

4.3.2. HINDCAST: RADFLOOD21
Radar measurements of the flood event severely underestimated precipitation volumes
(R. Imhoff et al., 2021; Kreienkamp et al., 2021; Overeem & Leijnse, 2021; Goudenhoofdt
et al., 2023). This underestimate was problematic during the flood event and analysis
afterwards, as the forecasts depend on accurate forcing data. Therefore, meteorologi-
cal agencies such as the Dutch KNMI and the Belgium Royal Meteorological Institute
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of Belgium (RMI) corrected radar measurements of the flood event, resulting in a more
accurate and usable precipitation product. This thesis uses the RADFLOOD21 dataset
(Goudenhoofdt et al., 2023), as its coverage is more suitable for use with the location of
the Rur catchment.

Figure 4.8: Radars used to create the RADFLOOD21 dataset, which provide complete coverage of the Rur catch-
ment. Obtained from Goudenhoofdt et al. (2023)

The creation of the dataset involved several steps to improve precipitation volumes and
spatial patterns. The following paragraph is a concise description of the dataset given
by Goudenhoofdt et al. (2023). In summary, rain gauge measurements from multiple
networks were utilised, with a 5-minute resolution and additional quality control mea-
sures. Weather radar measurements were obtained from the following radars (depicted
in Figure 4.8):

• Helchteren, Vlaamse Milieumaatschappij (VMM), Belgium

• Jabbeke, Royal Meteorological Institute of Belgium (RMIB), Belgium

• Wideumont, Royal Meteorological Institute of Belgium (RMIB), Belgium

• Neuheilenbach, Deutsche Wetterdienst (DWD), Germany

• Essen, Deutsche Wetterdienst (DWD), Germany

• Avesnois, MeteoFrance (MF), France

Quality control measures were implemented to address errors and uncertainties in the
radar data. Convective and non-convective precipitation was identified to estimate ground
rainfall rates, and missing data were filled using interpolation techniques. The dataset
underwent compositing, accumulation, and radar-gauge merging processes to combine
rain rates and incorporate rain gauge measurements.

The resulting RADFLOOD21 dataset offers a spatial resolution of 1 km, covering the
entire Rur basin. It provides rainfall accumulations at 5-minute and hourly intervals,
which has been transformed into an hourly precipitation product to be used in this the-
sis. Figure 4.9 shows the precipitation of the RADFLOOD21 dataset over several time
intervals.
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Figure 4.9: RADFLOOD21 precipitation dataset for several time intervals. Heavy precipitation concentrated in
the South-West of the Rur catchment during the 2021 flood event.

4.3.3. FORECASTS: ICON-EU-EPS DATASET
There are several numerical weather prediction models for Europe, such as LIST. In this
research, the ICOsahedral Non-hydrostratic Model (ICON) developed by the DWD is
used (Reinert et al., 2023). The global ICON model has a horizontal resolution of 13.2
km, and its horizontal grid consists of a set of curved triangles projected onto a sphere
using the geometric form of the icosahedron. For the vertical dimension, ICON defines
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120 vertical levels, which may vary in height as the bottom atmosphere levels may be
stretched by underlying topography. The upper boundary consists of the top of the at-
mosphere at a fixed level of 22.8 km.

Figure 4.10: A schematic representation of the ICON-EU-EPS dataset. The same initial conditions are used for
all 40 ensembles, but each with a unique pertubation. Due to the ’chaotic’ nature of non-linear processes in
meteorology, 40 unique ensembles are generated from the same initial conditions.

In simple terms, the ICON model solves multiple transport processes such as radia-
tion, turbulence, cloud formation, and precipitation in horizontal and vertical direc-
tions. During each forecast, precipitation is given as a model output, which forms the
forcing data for the flood forecasting models. Such forecasts are made four times a
day, giving a 5-day forecast with varying time steps for the output, as shown in Figure
4.10. For the ensemble predictions, 40 members are gathered by perturbing the initial
conditions for each ensemble member of the numerical weather model. The horizon-
tal resolution is decreased for the ensemble version of ICON but also increased for the
nested European model inside the global ICON model. As a result, the European ensem-
ble version of ICON (ICON-EU-EPS) has the same average horizontal resolution of 13.2
km (Reinert et al., 2023).

Inspection of the ICON-EU-EPS ensembles shows a wide spread in the mean cumulative
precipitation magnitude for the Rur basin for several days in the start days close to the
flood event (Figure 4.11). Early predictions (10-07-2021 and 11-07-2021) show an under-
estimate of the magnitude of the precipitation compared to the RADFLOOD21 dataset
and lack temporal resolution to model the flood event in this research. Comparison of
the prediction with the general timeline of the flood event (Section 1.1) shows that 12 July
coincides with the first meteorological warning for heavy precipitation from the KNMI
(‘code yellow’), and the 13th of July with a more severe warning (‘code orange’). There-
fore, the ICON forecasts for July 13 will be applied in this research.

Furthermore, the reanalyzed RADFLOOD21 dataset starts on July 13, which makes run-
ning the hydrological model more convenient as both the hindcast and the forecasts
can use similar files describing the initial state of the hydrological model. Figure 4.12
demonstrates the resulting precipitation for each of the 40 members of the ensemble,
and Figure 4.13 plots the difference between the RADFLOOD21 and ICON-EU-EPS data
set.
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Figure 4.11: Development of the ICON-EU-EPS precipitation forecasts for several starting days. Early forecasts
strongly underestimate the amount of precipitation. Forecasts of the 13th of July are selected to create the
results in chapter 6.
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Figure 4.12: ICON-EU-EPS precipitation dataset for the 40 ensemble members. The triangle-shaped pixels are
the result of the icosahedral shape of the grid of the weather model. One pixel may cover multiple subcatch-
ment as a result of the coarse resoltution.



4

58 4. METHODOLOGY

Figure 4.13: Difference between the 40 ICON-EU-EPS ensemble members and the RADFLOOD21 dataset. Most
ensemble members underestimate the volume of precipitation, but heavy precipitation tends to concentrate
in the Eifel, similar to the RADFLOOD21 dataset.
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4.3.4. VALIDATION: FLOW METRICS AND FLOOD EXTENT
The precipitation products described in the previous section are used to generate the re-
sults from the hydrological and hydrodynamic models. Additionally, observational data
is required to validate the performance of these models. This includes reservoir data,
discharge records, observed water depths and satellite imagery of flood extent, and is
addressed in Section 5.1.

RESERVOIR DATA

Reservoir data was provided by WVER for the period 2010-2022. The data set contains
daily averages for inflow, outflow, and storage data for the Rur, Urft, and Olef reservoirs,
and is used to calibrate the reservoirs in the Wflow_SBM model. Additionally, prelim-
inary results based on calculations by WVER are used to evaluate the outflow in Heim-
bach during the flood event (Homann, 2021b).

DISCHARGE

Furthermore, daily discharge records were acquired from LANUV via the ELWAS-WEB
data portal (ELWAS-WEB, 2023). These records were obtained for the locations listed
in D.1 for the period 2012-2020. These records were used primarily to address the water
balance of the catchment and to calibrate the Wflow_SBM model. No discharge records
are available for the period during the flood event, but estimates of peak flow are gath-
ered from the literature and WL.

WATER DEPTH

Furthermore, hourly water level data is provided directly by LANUV for 2021, which is
used to address validation of the depths of the water for the hindcast. Water level records
are included for the period of the 2021 flood event. Similarly, water-level observations
from RWS were used at the Roermond-boven station, which was used to establish the
downstream boundary condition for the ProMaIDes models.

FLOOD EXTENT

Observations of flood extent are used to evaluate the results of inundation maps created
by ProMaIDes models. Data were found for the 2019 flood event (SENTINEL 19-03-2019)
and the 2021 flood event (LANDSAT 18-07-2021). In addition, a flood extent map was
drawn for the flood event of 2021. This map covers the Dutch Rur and is the result of
interpreting aerial photos of inundated areas (Het Waterschapshuis, 2022) and convert-
ing these into a vectorised shapefile with the extent of the flood, as illustrated in Figure
4.14.
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Figure 4.14: Flood extent map of the 2021 flood event created from aereal photos obtained from Het Water-
schapshuis (2022). The photos are taken op the 17th of July 2021 in the morning.

4.4. PERFORMANCE METRICS
Several equations will be used to address the performance of the model results. An
overview of the definitions of these equations is provided in this section.

4.4.1. NASH-SUTCLIFFE COEFFICIENT
The Nash–Sutcliffe model efficiency coefficient (NSE) score is used to evaluate the per-
formance of the model using observational values. Higher discharges have a stronger
effect on the NSE score as a result of squaring the differences and are thus considered a
suitable metric in this research focussing on floods. The NSE score is calculated using
the following function from the HydroMT package (Python):
hydromt.stats.skills.nashsutcliffe().

N SE = 1−
∑N

i=1(si mi −obsi )2∑N
i=1(obsi − ¯obs)2

(4.2)

4.4.2. RELATIVE BIAS
The relative bias is used to evaluate the deviation between the modelled and observed
storage of the reservoirs. It is preferred over the NSE score as the relative bias does not
square the differences, therefore it is less sensitive to higher outliers, and the NSE score
is typically used for discharges.

The relative bias is calculated using the following function from the HydroMT package
(Python):hydromt.stats.skills.percentual_bias().

r el .bi as =
∑N

i=1(si mi −obsi )∑N
i=1(obsi )

(4.3)
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4.4.3. NDWI
The Normalized Difference Water Index (NDWI) (McFeeters, 1996; Sentinel, 2023) is used
to identify inundated areas based on the ratio of the intensity of the green and near-
infrared bands. It allows the interpretation of satellite imagery (such as SENITNEL and
LANDSAT data; see also Section 4.3.4) in terms of coverage by water. A value close to 1
signifies that the area is covered by water and a value close to -1 signifies the opposite.
Equation 4.4 describes how the NDWI can be determined.

N DW I = bandg r een −bandN I R

bandg r een +bandN I R
(4.4)

4.5. RESEARCH SET-UP
Several subjects were identified in chapter 2 that influence the behaviour of a flood wave
and thus affect accurate flood forecasting. These effects may be significant for the Rur
basin and should therefore be considered in the forecast. At the same time, different
types of discretization have varying capabilities of incorporating these processes in the
forecasts and pose a trade-off as improved modelling can result in increased computa-
tional efforts being necessary.

4.5.1. MODEL CONFIGURATIONS
The following chapters will address these questions by comparing the performance of
the model for varying model configurations, addressing several subjects that are ex-
pected to be relevant for flood forecasting in the Rur. In general, five types of model
will be considered:

• Wflow-KW: a setup consisting of only the hydrological Wflow_SBM model using
the kinematic-wave approach for land and river routing;

• Wflow-LI: a setup consisting of only the hydrological Wflow_SBM model using
the kinematic-wave approach for land routing and the local-inertial method (dif-
fusive wave) for river routing;

• Wflow-FP: setup consisting of only the hydrological Wflow_SBM model using the
kinematic-wave approach for land routing and the local-inertial method (diffusive
wave) for river routing, with the additional discretization of floodplain flow using
a subgrid approach;

• PM-1D: a coupled hydrological Wflow_SBM and hydrodynamic ProMaIDes model,
for which only river modelling is considered in the ProMaIDes model and no two-
dimensional floodplain modelling;

• PM-2D: a coupled hydrological Wflow_SBM and hydrodynamic ProMaIDes model,
for which the 1D2D approach is used for modelling river-floodplain interactions
in the ProMaIDes model.

A coupled PM-1D or PM-2D model uses the Wflow_SBM model to determine the bound-
ary conditions for the ProMaIDes model. Typically, ProMaIDes models will use the
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Wflow-FP model to determine the hydrodynamic boundary conditions. However, the
applied Wflow_SBM model will be mentioned explicitly alongside the PM-1D and PM-
2D models to avoid confusion.

Conceptually, the model variants can be illustrated as shown in Figures 4.15 to 4.17. The
Wflow_SBM models are standalone and the whole catchment is discretised. It therefore
includes land cells (green), the Rur river (light blue), and its tributaries (dark blue). The
PM-1D model consists of a 1-dimensional ProMaIDes river model of the Rur (light blue)
with the tributary inflows derived from the Wflow_SBM model (dark blue with arrows).
Therefore, the Wflow_SBM river cells located on the Rur River (grey) are not used for
the PM-1D model. Similarly, the PM-2D model consists of a 1-dimensional ProMaIDes
river model and Wflow_SBM tributary inflows with the addition of a high-resolution
two-dimensional floodplain model (purple).

4.5.2. RESEARCH SUBJECTS
The following subjects relevant to flood forecasting will be investigated using these mod-
els:

• Flood wave routing: differences between routing mechanisms and discretization
methods;

• Floodplain flow and inundation: location of flooding in the Rur and the attenua-
tion effects as a result of floodplain flow;

• Tributary interactions: identify tributary contributions and the influence of smaller
tributaries;

• Reservoirs: investigate flood wave dampening by the reservoirs and the effects of
overflow;

• Groundwater effects: the effects of leakage to deeper groundwater layers on the
flood wave peak and on inundation.

To this end, a hindcast will be performed that addresses the flood event with a qualitative
approach. For example, this type of investigation will focus on flood maps, comparing
hydrographs, and observing the shape of the flood wave peak. Alternatively, the 40 en-
semble forecasts will be used in a quantitative approach addressing characteristics such
as the peak discharge, total inundation, and peak flow arrival times.

4.5.3. OPERATIONAL SET-UP
As described in Sections 1.2 and 2.2.1, different types of flood forecasting models exist
and are being used in an operational settings. Such as setting relies on meteorological
predictions beind fed into the forecasting model, and processing of the model results.
Such an Flood Early Warning System (FEWS) (e.g. M. Werner et al. (2013)) can couple
Wflow_SBM to a hydrodynamic model and automate the processes of flood forecasting.
An example of such a system using Wflow_SBM is an operation flood forecasting system
in Australia which combines Wflow_SBM with the SFINCS hydrodynamic model from
Deltares (De Kleermaeker et al., 2022).
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Figure 4.15: Conceptualisation of the stand-alone Wflow_SBM models with the Rur river (light), its tributaries
(dark blue) and land cells (green).

Figure 4.16: Conceptualisation of the PM-1D model with Wflow_SBM tributary inflows (light blue) and land
cells (green), and a one-dimensional river model of the Rur in ProMaIDes (dark blue). Wflow_SBM river
cells located within the Rur are not considered and therefore marked grey.

Figure 4.17: Conceptualisation of the PM-2D model with Wflow_SBM tributary inflows (light blue) and land
cells (green), and a one-dimensional river model of the Rur in ProMaIDes (dark blue) with a two-dimensional
high resolution floodplain model (purple). Wflow_SBM river cells located within the Rur are not considered
and therefore marked grey.
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The set-up in this thesis has not been implemented in a FEWS, but some processes still
required automation through scripting, namely generating the correct intial state of the
models. For the Wflow_SBM models, the E-OBS dataset is used to warm-up starting on
1 January 2019 to 1 June 2021 with a daily timestep. Additionally, the RADCLIM dataset
with hourly timestep is used to bridge the transition from daily timestep of the E-OBS to
the hourly timestep of the RADFLOOD21 dataset, which starts on the 13th of July 2021.
Furthermore, reservoir storage levels are updated in Wflow_SBM based on data from
WVER. It is expected that such values would be available in an operational setting and,
therefore, can be updated in the model.

The ProMaIDes software supports setting an initial depth of water for the river profile,
but in practise this proved to be insufficient to start the model in a ’warm’ state. There-
fore, a spin-up is applied to the ProMaIDes model by setting stationary flow conditions
for the first 24 hours of the simulation. After these 24 hours, the ‘real’ simulation starts on
the 13th of July 2021. Boundary conditions for the ProMaIDes are derived automatically
from output generated using a Wflow-FP model.

4.5.4. COMPUTATIONAL TIME
Computational times are based on model runs which were performed on a HP ProBook
650 G2 with an Intel i5-6200U chip and 8gb RAM memory. These results are shown in
table 4.3. Alternatively, model runs were executed on a Deltares network computer with
an Intel(R) Xeon(R) Gold 6144 CPU chip and 16gb RAM memory, but these run times are
not included in the overview of computational times.

run type Wflow-KW Wflow-LI Wflow-FP PM-1D PM-2D
calibration 8 min. 50 min. 75 min. - -
hindcast/forecast 3 sec. 10 sec. 11 sec. 7 min. 13 h.

Table 4.3: Average computational times of the models used in this research.

An advantage of the ProMaIDes software package is the option for running simulations
in parallel on multiple cores. When the river and floodplains profiles are identical, they
only need to be initialized once, and each core can afterwards run a simulation with dis-
tinct boundary conditions. As the PM-2D models take several hours to run, the overhead
of parallel simulations is relatively very small. Wflow_SBM supports parallel computing
inside a single simulations, but with relatively large overhead as simulations only take a
couple of minutes.



5
HINDCASTING THE 2021 FLOOD

EVENT

T HIS chapter aims to examine the response of the Rur River following the occurrence
of the flood in 2021 and to conduct a comparative analysis of various model types

in capturing this response. Subsequently, the catchment response is examined with re-
spect to five distinct topics, each accompanied by selected model types. The comparison
between the model types serves to address the research objective of identifying the de-
termining factors for a flood forecasting model for the Rur.

5.1. VALIDATION OF THE HINDCAST RESULTS
This section describes the main results of the hindcast and how these relate to obser-
vations made during the 2021 flood event. First, the tributary inflows and the reservoir
outflow simulated in Wflow_SBM are considered as they determine the boundary con-
ditions for the PM-1D and PM-2D models. The Wflow-FP model is used to generate these
boundary conditions, but the results are compared to the Wflow-KW and Wflow-LI mod-
els to motivate the choice of Wflow-FP. Afterwards, the hindcast results for the Rur itself
are compared to observations in terms of waterlevel, discharge and inundation.

5.1.1. FLOOD WAVE DAMPENING BY THE RESERVOIRS
The extraordinary amount of rainfall during the flood event consequently led to large
runoff to the Rur tributaries and reservoirs. Figure 5.1 shows the inflows to the reservoirs
(full line) and the corresponding response based on the operating rules described in Sec-
tion 3.1.2 (dashed line). Clearly, the reservoirs dampen the flood wave and create a con-
trolled outflow at the outlet. The Rur reservoir is the most dominant reservoir system, as
it is the largest in size, retention capacity, and discharge, and it reduced the inflow from
the Eifel from approximately 400-600 m3/ s to 50 m3/s, according to the model results.
This flow reduction is of the same order of magnitude as the conclusions from WVER,
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where a maximum inflow of approximately 760 m3/s was derived for the Rur reservoir
(Homann, 2021b).

Figure 5.1: Reservoir response to the 2021 flood event using RADFLOOD21. Inflow curves for Wflow-KW and
Wflow-LI fully overlap for the Olef and Wehebach reservoirs.

The differences between Wflow-KW, Wflow-LI and Wflow-FP are limited for the Olef and
Wehebach reservoirs, with good performance of simulation of the Olef reservoir. The
results for the Wehebach reservoir do not align with observations during the flood event,
as the flow did not exceed 0.2 m3/s. The impact of this reservoir on the hydrology of
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the catchment is limited and limited data was available for the reservoir. Therefore, the
Wehebach reservoir and its impact will not be further considered in this section.

5.1.2. RESERVOIR OUTFLOW TO RUR
Initially, the outflow of the Rur reservoir system is simulated using the implementation
of volume-based operations plans in Wflow_SBM . Figure 5.2 shows a more detailed
overview of the inflow, outflow, and storage compared to data based on WVER obser-
vations and calculations (Homann, 2021b). Generally. The inflow to the reservoir is un-
derestimated, and therefore also the storage of the reservoir, which on its turn governs
the outflow. The peak inflow of the Wflow-LI model shows the strongest similarities with
the observations, as the peak flow coincides around 01:00 on 15-07-2021, but both the
rising and falling limbs are narrower and the peak inflow differs by approximately 160
m3/s.

Figure 5.2: Inflow, outflow and storage for the Rur reservoir system during the 2021 flood event, modelled
using RADFLOOD21. Inflow from the Wflow-LI model aligns with observed inflow, and reservoir outflow is
underestimated for all Wflow_SBM models.

Similarly, the reservoir storage is lower for all model results. The Wflow_SBM models
approach similar storage levels, which is to be expected since they all use the same forc-
ing data for precipitation and only differ in the river routing schematization: the timing
of the river runoff varies, but approximates the same volume of total runoff. Finally, the
modelled outflow is almost five times lower than the observed outflow. This difference
has three main causes: underestimated inflow, the upper levels in the reservoir’s op-
erational plan were not reached, a constant volume for the storage volume of the Olef
reservoir was assumed (see also Appendix B) which is too low in the case of an extreme
flood event, and an additional release was commissioned for the Rur reservoir, which
deviates from the operation plans.
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To account for these differences, the simulated reservoir outflow is replaced by an arti-
ficial outflow derived from preliminary reservoir calculations by WVER. The additional
release is included by imposing an approximation of the observed Rur reservoir release
on the Wflow_SBM models. The outflow of the reservoir can be imposed by changing
the file of the operation plan (res_sq_1.csv) to impose the approximate outflow for all
storage levels, such that it becomes independent of the reservoir volume. As the opera-
tion rules are fixed for each day of the year in the model, the daily mean outflow is ap-
proximated based on observations, as shown in Figure 5.4. Consequently, Wflow_SBM
models with forced pre-release are expected to produce better results for the forecast of
the flood event.

Figure 5.3: Imposed outflow at Heimbach for the Wflow_SBM models.

Although these alterations improve the modelled discharge at Obermaubach, a consid-
erable underestimation is observed between 15-07 at 12:00 and 16-07 at 12:00. This un-
derestimate may be caused by an increased release in the Obermaubach reservoir, which
is not included in the Wflow_SBM models, as these only model the Rur reservoir and its
outflow reaching Obermaubach. In practise, an additional prerelease may have been ap-
plied at Obermaubach to increase the retention capacity even more, but it is not possible
to incorporate these effects into the current Wflow_SBM models.

The situation is different for the ProMaIDes models, which do not include reservoir
modelling but have their upstream boundary at the outlet of the Obermaubach reser-
voir. Therefore, an hourly approximation of the observed outflow in Obermaubach can
be applied as the upstream boundary condition for the PM-1D and PM-2D models (Fig-
ure 5.4).
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Figure 5.4: Imposed outflow at Obermaubach for the ProMaIDes models.

5.1.3. TRIBUTARY INFLOWS TO RUR
Section 5.1.2 demonstrated the implications of varying river routing schemes for the in-
flow of the Rur reservoir. Similarly, changes in these schematizations may affect tributary
inflows to the Rur River. To this end, the schematizations of river routing Wflow_SBM
are compared with water level observations from the 2021 flood event at LANUV stations
located on the Inde and Wurm rivers. The stations that recorded these data are the sta-
tions at Eschweiler and Korenlimünster for the Inde and Randerath and Herzogenrath 1
for the Wurm.

It should be considered that it is difficult to compare the observed and simulated flow
depths for the Wflow_SBM models. The depth of water observed at the gauge station
depends on the local geometry of the river section, while the depth of the modelled wa-
ter represents an average over the entire length of the size of the grid cell (1̃ km). Addi-
tionally, data on the river profile must be incorporated into the Wflow_SBM model to
accurately simulate the local water depth, but only rough estimates of the river width
are available for the tributaries. Still, the observations and simulations can be compared
qualitatively, focussing on the shape of the hydrograph, showing, for example, the peak
arrival times.

Figure 5.5 shows the resulting water depths for these stations. The results for Wflow-
KW and Wflow-LI show a spiky hydrograph with peaks that arrive too early compared
to the observations, while the hydrograph from the Wflow-FP results shows a stronger
resemblance with the observations and wider trailing edges. The downstream stations
closest to the Rur (Eschweiler and Randerath) show improved results when floodplain
flow is included.
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Figure 5.5: Water depths at gauge stations in the Wurm and Inde tributaries using the RADFLOOD21 dataset
compared to observed water levels.

5.1.4. RUR WATERLEVEL AND DISCHARGE
The results for the Rur tributaries and the reservoir system show how river routing affects
the model results. In this section, the results are addressed for the Rur downstream at
Obermaubach for the Wflow_SBM models as well as the ProMaIDes models, which are
driven by the Wflow-FP model. First, simulated water depths are compared to hourly ob-
servations made during the 2021 flood event. Only the gauge stations at Selhausen and
Stah are included, as information from other gauge stations (Altenburg 1, Jülich Stadion
and Linnich 1) did not align with the river cross-sections in the ProMaIDes model, and
the PM-2D results are used to derive a simple Q-h relationship to convert Wflow_SBM
discharge results to accurate water depths.

The results at Selhausen agree reasonably well with the observations (Figure 5.6. This
can be attributed to the dominance of reservoir flow in this river reach, as it lies upstream
of the Inde and Wurm confluences. This is different at gauge station Stah, where large
differences are observed between model results, espcially for the Wflow-KW and Wflow-
LI models. The results for the tributary inflows (Figure 5.5) already indicated that models
without floodplain attenuation overestimate peak flow and large flood wave celerities,
and similar differences are observed at Stah in Figure 5.6. The results of Wflow-FP and
PM-1D show better alignment with the observations, but the water depth declines be-
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Figure 5.6: Water depths at Selhausen and Stah for the model results with the additional reservoir release in-
cluded using RADFLOOD21. Water depths for the Wflow_SBM models are derived from discharge results
using a Q-h relationship derived from the PM-1D model using the RADCLIM dataset.

tween the 16th and 17th of July, which was not observed in practice. Only the PM-2D
model is able to capture the wide and attenuated flood wave with a peak discharge on
the 17th of July.

Figure 5.7: Discharge at Stah for models using RADFLOOD21. Simulated discharges are compared to an in-situ
measurement by WL and preliminary model simulations performed by WVER.
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Similarly, the hindcast results can be compared to the observed in discharge. The gauge
stations did not measure the discharge during the flood event, but estimates of the maxi-
mum discharge were obtained based on preliminary calculations by WVER and an in situ
measurement by WL (Horn & Hurkmans, 2022). In practice, it remains difficult to obtain
an accurate estimate of the maximum discharge, as tried, for example, by T. Geertsema
and Asselman (2022) for a range of peak discharges ranging between 195 m3/s to 300
m3/s.

5.1.5. RUR INUNDATION
The Rur catchment was subject to significant inundation during the 2021 flood event.
To simulate the extent of the flooding and compare it to observations, only the PM-2D
model suffices, as it is capable of modelling flooding processes with enough detail. The
Wflow-FP and PM-1D models do include floodplain modelling but fail to convert these
results into high-resolution inundation maps without extensive post-processing. There-
fore, all flood maps are the result of only the PM-2D model. The floodplain inundation
map of each floodplain grid is included in the Appendix F.2.

Observing the maximum depth of inundation hmax for the floodplain grids of the PM-
2D model results shows a clear distinction between inundated areas along the Rur River.
Inundation is limited directly downstream of the Rur reservoir in floodplain grids 0 and
1 (Figures F.2 and F.3). The flow in these reaches is dominated by the regulated outflow
of the Rur reservoir system, which regulates the discharge and prevents flooding. Inun-
dation increases beyond the confluences of the Inde tributary in Jülich and the Wurm
tributary in Stah, as observed in floodplain grid 2 (F.4). For this region, inundation con-
centrates on floodplains between urban regions. Especially the floodplains at the Dutch-
German border (Figures F.5 and F.6) act as a buffer, also storing large volumes of water
during the 2021 flood event.

The quality of the flood maps produced by the PM-2D model can be assessed by compar-
ing the results with the observations listed in Section 4.3. Hindcast results are compared
with an NDWI map of the LANDSAT satellite imagery (Figure 5.8) and a flood extent
map for 2021 (Figure 5.9). Both results show flood patterns similar to those of the PM-
2D results for the Dutch Rur. Especially the flood extent from the aereal photos shows
an almost exact overlap with the simulated inundation, with the exception of areas near
Roermond. Some flooding of the city is simulated, which was not observed during the
flood event. In Germany, flooding of the dike in Ophoven is simulated, which coincides
with observations during the flood event (Bezirksregierung Köln, 2021).
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Figure 5.8: NDWI map of the 2021 flood event using LANDSAT satellite imagery compared to the PM-2D hind-
cast. An overlap of the simulated water depth with the blue zones indicated that simulated inundation overlaps
with observed inundation( or with the Rur itself).
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Figure 5.9: Flood extent map of the 2021 flood event (blue) compared to the PM-2D hindcasts (red). The flood
extent map fully overlaps the PM-2D results and is taken on the 17th of July, which is approximately the same
moment as the peak of the flood wave reached Stah. The flood extent map has been drawn by hand, see also
section 4.3.4.
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5.1.6. CONCLUDING REMARKS ON THE VALIDATION
The hindcast results for all models have been validated based on available observations
of the 2021 flood event. Additionally, inundation maps of the PM-2D model have been
validated using aereal photography and satellite imagery. Some uncertainties remain,
such as the peak discharge at Stah, and discretization errors still persist, for example in
approximating the outflow of the Obermaubach reservoir in the Wflow_SBM models. In
the current hindcast, flooding occurs in the city of Roermond, which is likely caused by
the absence of certain (small) flood retention structures in the DEM of the floodplain grid
in the PM-2D model, similarly to the Rur model in Horn and Hurkmans (2022). Despite
these errors, the current setup is considered accurate enough to be used as the hindcast
of the 2021 flood event, and all models will be used in the following sections.

5.2. FLOOD WAVE ROUTING
This section investigates how the flood wave propagated through the Rur river during
the 2021 flood event and how the varying discretization of the river routing affects the
propagation of the flood wave. The results describing the reservoir inflow (Section 5.1.1)
already illustrated how the variation of the river routing scheme affects the arrival and
magnitude of the peak flows. Similarly, the effects of different types of model schemati-
zation are considered in this section.

In this analysis, the additional release from the Rur reservoir system is not considered,
such that the focus remains on the ’natural’ run-off downstream of Obermaubach. All
models are included, ranging from the simple Wflow-KW, using the kinematic wave, to
the Wflow-LI and Wflow-FP models, using the diffusive wave equation, and the more
detailed PM-1D and PM-2D models. Some implicit river bank flow is included for the
Wflow-FP and PM-1D models, as certain river cross-sections from the PM-1D model
contain part of the floodplain and the widths of the river cells in the Wflow_SBM models
are derived from these same PM-1D river profiles (see also Appendix B.4).

The Rur River is divided into three reaches by using the confluences of the Inde and
Wurm rivers and stretching from Obermaubach to Roermond. The width of the Rur is
lowest for the first reach from Obermaubach to Inde, containing profiles with little to no
embankment. The second reach from the Inde to the Wurm contains the widest profiles,
whereas the third reach from the Wurm to Roermond is more neutral. LANUV gauge
stations are used in the analysis, but artificial stations have been added, which are de-
picted in Figure 5.10. Inflows from smaller tributaries are in the ProMaIDes model for
practical reasons, as removing tributary inflows in the Wflow model would require large
alterations to the hydrological processes performed by the model or result in significant
losses in flood water volume.

The model results show a similar flood wave shape for the different types of flood wave
routing in the first reach (Figure 5.11). The inflow at Obermaubach determines the shape
of the wave as lateral inflows are limited and the reservoir flow is dominant. Differences
between Wflow-FP and the Wflow-LI and Wflow-KW models are small as floodplain flow
remains limited for this reach due to the limited magnitude of the reservoir outflow. The
PM-1D and PM-2D results also show limited floodplain attenuation and lower flow mag-
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Figure 5.10: Location of the gauge stations (LANUV and artificial) on the Rur river.

Figure 5.11: Hydrographs for all models in reach 1 using the RADFLOOD21 dataset. The additional reservoir
release is not included in these results. Differences are small between model results, with a lower flood wave
celerity for the Wflow-FP, PM-1D and PM-2D models, and highest celerity for Wflow-KW.
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nitudes are simulated as direct surface run-off is not captured by the ProMaIDes models.
The differences between the Wflow-KW and Wflow-LI show the effect of varying numer-
ical schematization as the wave celerity is higher for the kinematic wave and attenuation
stronger using the diffusive wave, and differences between Wflow-LI and Wflow-FP can
be attributed to floodplain flow attenuation.

Figure 5.12: Hydrographs for all models in reach 2 using the RADFLOOD21 dataset. The additional reservoir
release is not included in these results. Strong attenuation by floodplain flow starts to affect the results of the
Wflow-FP, PM-1D and PM-2D models.

The situation is different in the second reach of the Rur River (Figure 5.12), where flood-
plain flow becomes more important. The one-dimensional river profiles, used in the
PM-1D and PM-2D models, are wide for this reach, which contains part of the flood-
plains. As a result, floodplain flow is captured similarly by the PM-1D model and PM-2D
models, as the flow remains inside the one-dimensional river model. The Wflow-FP re-
sults show stronger attenuation compared to the Wflow-LI model, which has a similar
diffusive wave approach but no floodplain flow. The peach discharges of the Wflow-KW
and Wflow-LI models can be considered unrealistic as the bankfull discharge is certainly
exceeded at such magnitudes.

For the downstream reach (Figure 5.13), the one-dimensional river profiles are narrow
and do not contain much information about the floodplain. As a result, the PM-1D does
not capture the floodplain flow for this reach, resulting in fewer differences in peak atten-
uation compared to the Wflow-FP model. Furthermore, inundation is strongest in this
reach, which is evident when observing the discharge for the PM-2D model. It should be
noted than part of the flow travels through the floodplains, which is not captured by the
observation point placed in the river cross-section. Clearly, the complex dynamic flow
in the floodplains is only captured by the PM-2D model for this reach.
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Figure 5.13: Hydrographs for all models in reach 3 using the RADFLOOD21 dataset. The additional reservoir
release is not included in these results. Differences between Wflow-FP and PM-1D remain small, and the flood
wave flattens out for the PM-2D results when passing the wide floodplains of the Dutch Rur.

5.3. FLOODPLAIN FLOW
The previous section addressed the effects of floodplain attenuation on flood wave rout-
ing. Additionally, the different approaches of modelling floodplain flow are compared
in this section for the simple Wflow-FP and the advanced PM-2D models. Although the
Wflow-FP model does not produce results that can easily be converted to flood maps, it
tracks the amount of volume stored in the floodplains of river cells. Therefore, a com-
parison can be made between the Wflow-FP and PM-2D models to validate whether the
quasi-2D Wflow-FP model produces similar results with respect to the volume of water
in the floodplains and its temporal and spatial distribution.

Figure 5.14 shows the floodplain storage concentration for the Wflow-FP model. The re-
sults show that the largest floodplain storage occurs in the wide floodplains, similar to
the results obtained by the PM-2D model and observations for the Dutch Rur. This fig-
ure highlights at the same time the coarse resolution of the Wflow_SBM models, which
makes the floodplain pattern itself not suitable for deriving detailed flood maps.

A comparison in terms of volume with the PM-2D model (Figure 5.16) shows that flood-
plain storage is larger for the Wflow-FP model than for the PM-2D model, although other
observations (Section 5.2) underline that flow damping is stronger for the PM-2D model.
Another interesting aspect is floodplain storage that occurs in the Inde tributary near the
lignite mine. This mine was filled with significant volumes of water during the 2021 flood
event (Schüttrumpf, 2022), which is captured by the Wflow-FP model, and therefore also
the PM-1D and PM-2D models which use the Wflow-FP model to generate the boundary
conditions.
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Figure 5.14: Concentration of floodplain storage for the Wflow-FP model in the hindcast (RADFLOOD21).
Floodplain storage occurs predominantly in the Dutch Rur, similar to the observations of the flood event and
the PM-2D results.

Figure 5.15: Floodplain storage for the Wflow-FP and PM-2D model during the hindcast (RADFLOOD21).

Figure 5.16: Floodplain storage for the Wflow-FP and PM-2D model during the hindcast (RADFLOOD21). The
volume of water stored in the floodlpains is significantly higher for the Wflow-FP model, and flooding of the
Inden lignite mine is also included and significant.
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5.4. TRIBUTARY INTERACTIONS
This section focusses on the interactions between the tributaries and the Rur river during
the 2021 flood event. First, the hydrographs of the three main inflows to the Rur are
compared. Hereafter, the contributions of the main tributaries are compared with flows
from smaller tributaries and direct runoff to the Rur river with respect to the 2021 storm,
and the implications of simplifying the Rur river system are investigated.

5.4.1. PRIMARY INFLOW TO THE RUR RIVER
Three river routing schemes were compared to determine the primary inflow contribu-
tions to be used in the PM-1D and PM-2D models (Section 5.1.3). In this section, their
contributions are compared in terms of volume. Figure 5.17 shows the differences be-
tween the contributions from the Obermaubach reservoir and the Inde and Wurm trib-
utaries for the Wflow-KW, Wflow-LI and Wflow-FP models. The inflow from the Ober-
maubach reservoir is similar for all three models as the reservoir outflow at Heimbach
has been imposed, as described in Section 5.1.2. Contributions from the Wurm and Inde
are similar for Wflow-KW and Wflow-LI, both showing three peaks with can be related
to the precipitation pattern observed during the flood event. The total contribution is
maximum on the 15th of July and declines afterwards, and the peak of the flood wave
arrives a couple of hours later at Stah.

Figure 5.17: Discharge at the inflow points from the Inde and Wurm rivers and the Obermaubach dam using
the RADFLOOD21 dataset. The cummulative inflow is largest on the 15th of July for the Wflow-KW and Wflow-
LI models, and after the 16th of July for the Wflow-FP model.

The results differ for the Wflow-FP model where the hydrographs of the Inde and Wurm
inflows has become smooth, and inflow increases until the 16th of July. Furthermore, the
peak of the flood wave arrives at Stah before the summed contributions have reached
their maximum.
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Figure 5.18: Rainfall hyetographs and the Wflow-KW hydrograph at Stah using the RADFLOOD21 dataset.

5.4.2. SUBBASIN CONTRIBUTIONS
The relative contribution of the tributaries is further analysed by investigating the amount
of precipitation in each subbasin. To this end, the RADFLOOD21 dataset is analysed us-
ing HydroMT and Xarray by sampling the dataset to the resolution of the Wflow_SBM
models and determining the average and cumulative precipitation. The result is shown
in Figure 5.18 focussing on the primary flows from the Obermaubach reservoir and the
Inde and Wurm rivers. Hydrographs are derived at the outlets of each of these subbasins
using the Wflow-KW model, including reservoir prerelease. Furthermore, contributions
of smaller tributaries flowing towards the Rur are lumped together under ’Others’, and
direct land runoff into the Rur is assigned the label ’Rur’.

The rain hyetographs in Figure 5.18 highlight some of the characteristics of the storm
that led to the 2021 flood event. It shows that heavy precipitation occurred for 48 hours
and that three distinct peaks could be observed in the Wurm and Inde hyetographs with
similar peaks in the hydrograph. Furthermore, precipitation commenced in the Wurm
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Wurm Inde Obermaubach Rur Others
Surface area 20.1% 15.6% 34.1% 10.1% 20.1%
RADFLOOD21 20.1% 18.3% 37.1% 8.0 % 16.5%
E-OBS 2011-2021 19.3% 16.8% 37.7% 8.8 % 17.4%

Table 5.1: Distribution of precipitation and area for the Rur catchment.

subbasin, coincidently located most downstream of the tributaries, which generated the
initial storm runoff towards the Dutch Rur for the Wflow-KW model, and most intense
precipitation occurred in the Inde subcatchment at the end of the 14th of July. These ob-
servations coincide with the meteorological description in Section 4.3.2 where the peak
in precipitation was observed around Aachen on the 12th of July, and the most intense
precipitation on the 14th of July south of Aachen.

The contributions of Wurm, Inde and Obermaubach are significant in terms of cumu-
lative precipitation with 20%, 18% and 37% respectively. The other smaller tributaries
have a summed contribution of approximately 17%, while direct runoff towards the Rur
only accounts for 8 %. The precipitation distribution during the flood event strongly
resembles the 10-year E-OBS distribution of precipitation and the surface area of the
subcatchments (Table 5.1), showing that the rainfall was distributed proportionally to
the subbasin area in the subcatchments of the Rur river.

5.4.3. SIMPLIFYING THE RIVER SYSTEM
The previous section has shown the relative contributions of the subcatchments and the
importance of the Wurm, Inde, and Obermaubach inflows. This raises the question of
whether other tributaries must be included to describe the response of the Rur to the
flood event, as contributions from smaller tributaries and direct runoff are significant,
but spread throughout the river. Therefore, a comparison is made between a simpli-
fied PM-1D model, containing only inflows from the Wurm, Inde and Obermaubach, a
PM-1D model with the tributaries included and a Wflow-FP model, which also includes
overland runoff and subsurface runoff to the Rur. An alternative version of the Wflow-FP
model was used for the simplified PM-1D model with an UPA of 100 km2, which results
in the Wflow_SBM river map that contains only Wurm and Inde as tributaries. All three
models do not include the additional release from the Rur reservoir system.

Figure 5.19 displays the results at the LANUV stations in the Rur for streamflow and cu-
mulative discharge. Differences between model results vary per station, but it is clear
that the volume of water passing the station increases as more runoff processes are in-
cluded, resulting in a larger peak discharge. The maximum discharge is especially re-
duced for the simplified PM-1D model starting with a reduction of 50 m3/s at Selhausen
increasing to 100 m3/s at Stah, while the full PM-1D model remains closer to the Wflow-
FP quantities.

Reducing the complexity of the river network also has indirect effects. For example, the
Wehebach and Olef reservoirs are disconnected from the river network and therefore are
no longer included in the Wflow_SBM models. In the ProMaIDes models, total runoff
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to the Rur decreases as several river profiles are no longer coupled to a point inflow, al-
though runoff still occurs at these points as the topography remains unchanged.

Figure 5.19: Comparison of Wflow-FP and PM-1D results with the full river network and a reduced river net-
work using the RADFLOOD21 dataset. Reducing the river network for the PM-1D results in a decline of one-
third for both peak discharge and total volume, compared to Wflow-FP results. No additional reservoir release
is imposed on the Wflow-FP and PM-1D models.
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5.5. RESERVOIRS
Reservoirs play an important role in flood protection due to their retention capacity and
attenuation of the peak of the flood wave. These effects are investigated in this section for
the Rur reservoirs during the 2021 flood event. Firstly, the effect of removing the imposed
reservoir outflow is examined. Second, the sensitivity of the initial storage of the Rur
reservoir system is examined. Finally, the local effects of possible increased flooding are
addressed by investigating the results of the PM-2D model.

5.5.1. EXCLUDING THE ADDITIONAL RESERVOIR RELEASE
Figure 5.20 shows the differences between the hindcast results with and without im-
posed reservoir outflow. Without imposed reservoir outflow, the outflow is determined
fully by the operational plans and therefore lower than the imposed outflow where an
additional release is included. The additional release of the Rur reservoir was timed
such that this release wave would not enhance the maximum flow downstream at, for
example, Stah. However, the question can be asked whether this additional release from
the reservoir will result in differences downstream with regard to flood depth and flood
extent.

Figure 5.20: Differences in discharge at Stah between models with and without imposed reservoir outflow. The
additional release affects predominantly the recession limb of the flood wave.

Including the additional release affects predominantly the recession limb of the flood
wave, especially for Wflow-KW and Wflow-LI results. In these cases the additional re-
lease arrives after the peak flow has passed Stah. The model results with stronger atten-
uation (i.e. Wflow-FP, PM-1D and PM-2D) do show an increase of the peak discharge
with a later arrival time as a results of this additional release. Still, this increase is lower
than the peak of the release wave from the reservoir which arrives a day later on the 18th
of July 2021.
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5.5.2. INITIAL STORAGE OF RUR RESERVOIR SYSTEM
The flow of the reservoir is determined by the storage level in the reservoir, especially
when no deviation is implemented from the operation plans (which occurred during the
flood event of 2021). Therefore, a sensitivity analysis of the Rur reservoir system is per-
formed by varying the initial storage level of the combined Rur reservoirs. No additional
reservoir release is included in the model, and downstream results at Stah are used to
investigate the arrival of the flood wave when the reservoir overflows. Only the faster
Wflow-KW and Wflow-LI models are used to perform this analysis.

Figure 5.21: Effect of varying initial storage of the Rur reservoir system (RADFLOOD21).

The results in Figure 5.21 show that the increase in the maximum discharge in Stah de-
pends on the type of river routing. The reservoir system is located approximately 12
hours upstream of Stah, resulting in the flood wave of the Wflow-KW model always ar-
riving later than the first peak at Stah. Even if reservoir overflow occurs, the flood wave
from the Eifel is slowed enough to ensure no increase in peak discharge. However, results
show that the Wflow-KW overestimates the celerity of the flood wave. Even the Wflow-LI
results, which do not include floodplain flow, show an enhancement of the peak dis-
charge at Stah when reservoir overflow occurs.

5.5.3. FLOOD PEAK ATTENUATION AND INUNDATION PREVENTION
The reservoirs in the Rur catchment are expected to have protected the lowlands against
strong inundation during the 2021 flood event. This effect is further investigated by com-
paring model results where reservoirs are enabled (without additional reservoir release)
and fully disabled. Figure 5.22 shows the discharge at Stah without reservoirs, showing
a strong increase in the magnitude of the flood wave. The Wflow-KW and Wflow-LI re-
sults are clearly too high as they lack dampening of the flood wave by inundation, but
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highlight the large volume of water retained by the reservoir. The model results with
floodplain attenuation (Wflow-FP, PM-1D, and PM-2D) also show a high peak discharge
exceeding 400 m3/s. Removing the reservoirs also results in a narrower shape of the flood
wave, thus resulting in a lower discharge for the Wflow_SBM models between the 17th
and 18th of July. This effects is not visible in the ProMaIDes results.

Figure 5.22: Discharge at Stah after removing the reservoirs (RADFLOOD21). The flood wave from the Eifel
run-off arrives after the peak at Stah for the Wflow-KW model, resulting in a limited peak discharge. For all the
other model results, the peak flow is strongly enhanced by the Eifel run-off.

The effects of such an increased flow magnitude can be visualised by inundation maps.
Figures 5.24 and 5.25 show the increase in flooding for the upper and lower Rur, respec-
tively. The flood already occurs downstream of Obermaubach, thus slowing the flood
wave and reducing its peak magnitude. Changes in inundation depth remain limited
near the Dutch-German border, where the wide floodplains were already inundated.
Flooding occurs in Roermond, but remains limited according to the model results.

Figure 5.23 depicts the flood arrival time and clearly highlights that the flood is caused
by the late flood wave arriving from Eifel, which would normally be captured by the Rur
reservoir system.
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Figure 5.23: Flood arrival time after 00:00 on the 13th of July 2021 in Roermond when reservoirs are removed.
Inundation is caused by the run-off from the Eifel which is not dampened by the presence of any reservoirs.
Generated using PM-2D and RADFLOOD21.
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Figure 5.24: Increase in inundation of the upper Rur after removing reservoirs. Generated using PM-2D and
RADFLOOD21. Flooding occurs along the whole Rur slowing dampening the flood wave generated by Eifel
run-off.
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Figure 5.25: Increase in inundation of the lower Rur after removing reservoirs. The increase of the maximum
water depth remains limited to several decimeters in the wide floodplains of the Dutch Rur. Additionally,
flooding occurs in parts of the city of Roermond. Generated using PM-2D and RADFLOOD21.
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5.6. GROUNDWATER EFFECTS
The Stah gauge station is used to investigate the effects of the leakage term on peak
flow (Figure 5.26), as it is the station downstream of the Wurm confluence and is there-
fore affected by leakage in the subbasins of both the Inde and Wurm tributaries. The
Wflow_SBM models with the leakage term included produce a lower peak flow at Stah.
This is observed directly in the Wflow-KW, Wflow-LI, and Wflow-FP results and indirectly
in the PM-1D and PM-2D results, as leakage is not explicitly included in the ProMaIDes
models. The maximum discharge is reduced by approximately 10 to 25 % and the overall
hydrograph has a smoother shape, for the PM-1D and PM-2D results.

Figure 5.26: Difference in peak discharge at Stah when leakage is removed using RADCLIM21. The peak dis-
charge increases for all model results and the rising limb of the flood wave appears earlier.

The large differences in discharge suggest that a large volume of water is affected by the
leakage. Therefore, the total volume of leaked water from the Wflow_SBM model results
is compared with the difference in cumulative discharge at the gauge station in Stah in
Figure 5.27 for all models. The Wflow-FP model results are used for the total leakage,
which produced almost identical results as the Wflow-KW and Wflow-LI models.

These results show that in the first 24 hours, the volume difference in Stah is slightly less
than the total leakage. This is expected because areas downstream of Stah are also af-
fected by the leakage parameter, and therefore the ’volume loss’ observed at Stah should
be lower than the leakage volume. However, as precipitation begins, the difference at
Stah increases and exceeds the total leakage volume strongly. Therefore, the differences
in discharge between models with and without leakage cannot be fully explained by the
volume losses of the leakage term.

Further investigation of the hydrological model shows changes in storage between mod-
els with and without leakage, as shown in Figure 5.28. Again, the Wflow-FP model is
used, but it produced very similar results to the Wflow-KW and Wflow-LI models. Ini-
tially, the difference in the average stored water of the catchment remains approximately



5.6. GROUNDWATER EFFECTS

5

91

Figure 5.27: Cummulative discharge increase at Stah when leakage is removed using RADCLIM21. Note that
the difference in cummulative flow is significantly larger than the volume of total leakage.

constant. The model without leakage stores a larger volume of water than the model
with leakage, but the difference between the two remains constant, as indicated by the
catchment storage relative to the storage at 00:00:00 on 13-07. When heavy precipitation
starts, the storage in the Wflow_SBM models with leakage increases faster than Wflow-
FP without leakage, and consequently, a relative increase in water storage is observed for
the model with leakage and therefore a flow reduction is observed at Stah.

Figure 5.28: Increase in storage for the Rur catchment using RADCLIM21. Including leakage in the
Wflow_SBM models results in a relative increase of the storage on catchment scale.

Following these observations, the indirect effects of the term of leakage, which deter-
mines the additional storage of the subsoil, appear to be more significant than the direct
leakage itself during the flood event.





6
UNDERSTANDING CATCHMENT

RESPONSE USING FORECASTS

S IMILAR to chapter 5, several topics are explored that are expected to be relevant for
flood forecasting in the Rur basin. To this end, precipitation forecasts for the 13th

of July and onwards are used obtained from the ICON-EU EPS. This ensemble product
consists of 40 independent members, each with its own precipitation pattern and vol-
ume. To illustrate these differences between the ensemble members and how they relate
to the RADFLOOD21 hindcast, Figure 6.1 shows a comparison of the mean cumulative
precipitation for the entire Rur basin, used as forcing data for the Wflow_SBM mod-
els.

Figure 6.1: Mean cumulative precipitation for the 40 ensemble members of the ICON-EU EPS dataset. The
blue line marks the mean of all 40 ensemble members, and the red line is the mean cumulative precipitation
of the RADFLOOD21 dataset. The vertical ’jumps’ on 15-07 are the result of the timestep change, increasing
from ∆t = 1 to ∆t = 3 hours.

It is interesting to note that the ensemble predictions in fact underestimated the total
precipitation in the catchment when comparing the mean of the ensemble dataset with
the RADFLOOD21 hindcast. Furthermore, the precipitation patterns also vary between

93
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these 40 members of the group (see Figure 4.12), making this dataset suitable for a quan-
titative analysis of the response of the catchment that highlights its sensitivities.

An important remark is that the PM-2D results in this chapter end on the 16th of July,
while the Wflow-KW, Wflow-LI, Wflow-FP and PM-1D results run until the 18th of July.
This difference can be attributed to the long computational time of the required simula-
tion, especially for 40 ensemble members with the limited hardware available.

6.1. FLOOD WAVE ROUTING
The results in Section 5.2 demonstrate the challenges in observing flood wave attenu-
ation as a result of lateral inflow, both overland and through tributaries. Furthermore,
observing the shape of the flood wave and delineating the baseflow and stormflow for
all ensembles proved to be very difficult. As a result, differences in flood wave routing
are addressed by observing flood peak arrival times at gauge station locations along the
Rur River for ensemble results. The results are compared for the Wflow-KW, Wflow-LI,
Wflow-FP, PM-1D, and PM-2D models.

Figure 6.2 shows the spread of arrival times for the three models for the gauge stations
located on the Rur River and at Obermaubach. The curves describing the arrival times
for the PM-1D model show similar slopes, as they are affected similarly by lateral in-
flow which takes place at selected river profiles. The Wflow-KW and Wflow-LI models
have more variation within the distribution as land runoff and subsurface flows are in-
cluded in the river cells, thus affecting river flow along the entire Rur reach. Furthermore,
peak arrival times at Obermaubach are identical for the PM-1D model and Wflow-FP
model, as the boundary condition for the PM-1D model is generated using the Wflow-
FP model.

Highlighting the average peak arrival times, as demonstrated in Figure 6.3, shows that
on average the flood wave peak travels more slowly in the PM-1D model and that atten-
uation is stronger past Jülich. This can be attributed to the river profiles containing wide
embankments inside the 1D river model, allowing the PM-1D model to simulate the at-
tenuation that occurs when the bankfull depth of the river is exceeded. Parts of these
cross-sections are also included in the Wflow-KW and Wflow-LI models, but to a limited
extent.

The ensemble envelope for the Wflow_SBM results (Figure 6.4) further underlines how
the hydrographs of the ensemble members develop as the flood wave propagates down-
stream of the Rur River. The Wflow-KW and Wflow-LI models look similar with little
attenuation occurring for the Wflow-LI results. However, this is much smaller compared
to the effect of including floodplain flow in Wflow-FP, resulting in smoother hydrographs
and lower peak discharges.
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Figure 6.2: Flow peak arrival times for the 40 ensemble members of the ICON-EU EPS dataset. The dotted
line indicated the average arrival time of the ensemble members at the corresponding station. On average, the
Wflow-KW and Wflow-LI show similar results in terms of flood wave routing, as to Wflow-FP and PM-1D. It
should be noted that the PM-2D simulations all ended on the 16th of July instead of the 18th of July.

Figure 6.3: The average flow peak arrival times of the 40 ensemble members of the ICON-EU EPS dataset. The
dotted line indicated the average arrival time of the ensemble members at the corresponding station. PM-2D
results have been left out as their average was strongly affected by the shorter simulation period ending on the
16th of July.
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Figure 6.4: Envelope of the hydrographs for the 40 ensemble members of the ICON-EU EPS dataset for the
Wflow_SBM and ProMaIDes models at Selhausen, Jülich Stadion and Stah. All envelopes are similar at Sel-
hausen, but start to show differences at Jülich Stadion and Stah as a result of floodplain attenuation. Note that
the PM-2D simulations stopped on the 16th of July.
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6.2. FLOODPLAIN INUNDATION
The influence of flooding on the propagation of flood waves is investigated by comparing
hydrodynamic results between similar models: Wflow-LI and Wflow-FP, and PM-1D and
PM-2D. The Wflow-FP model is an extension of the Wflow-LI model with a 1 dimensional
floodplain schematization, and similarly, the PM-2D is an extension of the PM-1D model
with 2 dimensional floodplain flow. Therefore, the peak flows of these model results are
compared to gain insight into the effect of floodplain flow attenuation. In addition, flood
heat maps of the PM-2D results are examined to gain insight into where floodplain flow
occurs.

6.2.1. PEAK FLOW
Firstly, the peak discharges of the 40 ensemble members are compared in Figure 6.5.
Three stations were chosen, namely Selhausen (downstream of the reservoir), Jülich Sta-
dion (downstream of the Inde confluence), and Stah (downstream of the Wurm conflu-
ence). These model results show floodplain attenuation, especially downstream of trib-
utary inflows at Jülich Stadion and Stah. This attenuation effect is stronger in the transi-
tion from no floodplain flow to one-dimensional floodplain flow (Wflow-LI to Wflow-FP)
and appears at different magnitudes of peak discharge.

The difference in attenuation is less visible for the ProMaIDes models, which both con-
tain some form of floodplain discretization. Still, strong attenuation is observed for the
outliers of ensemble members 14, 31 and 40 for which the 2 dimensional floodplain flow
is expected to be important as the river starts flowing outside of its banks. Furthermore,
the spread in peak discharge is reduced for PM-2D models and seems to approach a
physical limit (Ql i mi t ) at Stah. Only the three outliers exceed 300 m3/s at Stah for these
models, while several Wflow-FP model results do exceed these thresholds.

Comparisons between the arrival of the flood wave peak (Figure 6.6) show similar atten-
uation effects. Generally, the peak arrival time is extended when floodplain flow is in-
cluded in the discretization. The expectation for ensemble member 19 can be explained
due to the fact that simulated discharges are very low and therefore little attenuation
results in a different part of the flood wave becoming the new ’peak’.
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Figure 6.5: A comparison of maximum peak discharge between Wflow-LI and Wflow-FP, and PM-1D and PM-
2D. The PM-2D results at Stah seem to approach a limit of Ql i mi t = 300 m3/s, which may indicate the maxi-
mum capacity of the Dutch Rur during extreme flow conditions.
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Figure 6.6: A comparison of peak arrival time between Wflow-LI and Wflow-FP, and Wflow-FP and PM-1D.
Flood peak arrival times are similar for the Wflow-FP and PM-1D models, both simulating floodplain attenua-
tion, and differ with respect to the Wflow-LI results.



6

100 6. UNDERSTANDING CATCHMENT RESPONSE USING FORECASTS

Figure 6.7: PM-2D inundation heatmap (floodplain grid 2) at Jülich and Linnich with, in upstream direction,
gauge stations Selhausen, Altenburg 1, Jülich Stadion and Linnich 1. Floodplain flow occurs between Jülich
and Linnich, but remains limited to 10-20 ensemble members.

6.2.2. INUNDATION HEATMAP
The PM-2D floodplain results are further investigated to gain insight into the location of
floodplain flow by creating a heat map of the wet cells in the floodplain grids. Floodplain
grids 0 and 1 show limited flooding, as reservoir flow dominates in these reaches. There-
fore, only floodplain grids 2, 3 and 4 are considered. Figure 6.7 shows that floods occur
near the cities of Jülich and Linnich in the wide floodplains of the Rur, and the gaps in
these inundated areas can be explained by changes in the cross-sectional widths of the
1-dimensional river model inside the PM-2D model. The corresponding gauge stations
are located inside the cities of Linnich and Jülich, where the flow concentrates and no
inundation occurs.

Inundation increases in the lower Rur, especially around and downstream of the gauge
station at Stah (Figure 6.8). The differences in colour of the heat map indicate that the
floodplain flow pattern is complex: floodplains with gradually changing colour show that
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Figure 6.8: PM-2D inundation heatmap (floodplain grids 3 and 4) at gauge station Stah, indicated by the red
dot. Inundation is limited to few ensemble members before Stah, and increases in downstream direction.

for some areas the flood extent increases gradually as discharge varies, while other inun-
dated areas are of uniform colour, indicating that inundation is only limited to a fixed
number of ensemble members. Such dynamics can be captured by the PM-2D model,
but to a lesser extent by the Wflow-FP and PM-1D models. Flooding in urban areas does
occur for some ensemble members, for example, at Ophoven, which also experienced a
dike breach during the 2021 flood event.

Figure 6.9 highlights the storage capacity of the floodplains for the Dutch Rur, which
inundated a large number of members of the ensemble. Floodplains are wide and rela-
tively uniform in depth, so that an increase in discharge generally increases the depth of
the water, while the additional extent of the flood remains limited. Additionally, flood-
plain flow is well contained within wetlands with limited flooding near urban areas.
Flooding occurs in Roermond, but it remains limited to very few members of the en-
semble, as shown in Figure 6.10.
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Figure 6.9: PM-2D inundation heatmap at the lower Rur (floodplain grids 3 and 4). Almost all ensemble mem-
bers show inundation of the floodplains, and inundation patterns are complex with dry areas being fully en-
closed by floodplain flow.

Figure 6.10: PM-2D inundation heatmap at Roermond (floodplain grid 3). Flooding of Roermond, which can
be attributed to a discretization error in the DEM of the PM-2D model, is limited to only a couple of ensemble
members.
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6.3. RESERVOIRS
Previous chapters have shown how reservoirs influence flood safety and flood wave prop-
agation, and how reservoirs affect the magnitude and timing of the flood wave peak.
Therefore, the effects of Rur reservoirs on flood wave response are investigated in this
section by comparing reservoir performance for the 40 ensemble members and observ-
ing how removing the reservoirs affects flood wave propagation. In this section, only
the Wflow_SBM models are considered, as they describe the reservoir processes and
the river and land routing to the reservoirs. Therefore, the effects of floodplain flow and
inundation are not included in the analysis in this section.

Figure 6.11: Reservoir storage for each of the 40 members of the ICON-EU EPS dataset using the Wflow-FP
models. Reservoir overflow was observed for ensemble members 14, 31, and 40.

6.3.1. RESERVOIR OVERFLOW
Figure 6.11 shows how the Rur reservoir storage reacted to the flows generated by each
of the members of the group using the Wflow-FP model. Clearly, the storage capacity
of the Rur reservoir resulted in a decrease in discharge to the downstream Rur for most
of the ensemble members, as the flood wave that came from Eifel was fully stored in
the reservoir. However, precipitation and runoff for members 14, 31, and 40 of the en-
semble were large enough to cause significant reservoir overflow and little overflow for
members 1 and 32. Similar results were obtained when using the Wflow-KW and Wflow-
LI models for which the timing of the runoff varied, but a similar volume of inflow was
obtained.
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Figure 6.12: Reservoir outflow for members 14, 31, and 40 of the ICON-EU EPS dataset using the Wflow-KW,
Wflow-LI and Wflow-FP models. The timing of the overflow is compared to the peak flow at Stah, approxi-
mately 12 hours downstream of the Rur reservoir.

The controlled reservoir outflow is modelled to be limited to Qmax = 60 m3/s, which is
also the maximum outflow of the reservoir when no overflow occurs. When the reservoir
storage capacity reaches zero, overflow occurs in the form of spillage. In this case, the
magnitude and duration of the spill depend on the timing and magnitude of the runoff
to the reservoir.

This is confirmed by the results in Figure 6.12 which displays the spillage for members
14, 31, and 40 of the ensemble for both the Wflow-KW, Wflow-LI and Wflow-FP models.
Using a diffusive routing scheme for river routing results in faster runoff to the reservoir,
resulting in earlier reservoir overflow with a higher outflow peak with a maximum of
approximately 350 m3/s for run 31.

Although a high outflow is observed, the reservoir overflow slows down the flood wave
because the leading edge of the flood wave is stored in the reservoir. Assessing the exact
timing of reservoir overflow is difficult, as it happens in the forecast window for which
the time step has increased to ∆t = 3 - 6 hours, but the travel time of the flood wave
between the reservoir and Stah is known to be approximately 12 hours. The flood wave
peak passes through Stah before the reservoir overflow occurs, and since the travel time
is equal to 12 hours, the reservoir overflow peak is not expected to enhance the peak of
the flood wave in the Rur River.
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6.3.2. FLOOD WAVE ATTENUATION
Previous results show how reservoirs fill up when a flood wave arrives, slowing down
and decreasing the flood wave peak. These effects can be highlighted by comparing the
downstream magnitude and arrival time of the flood wave peak between model runs
with reservoirs and without, for which it should be noted that not only the Rur reservoir
is removed, but also the Olef and Wehebach reservoirs. This comparison has been made
for the Wflow-KW, Wflow-LI and Wflow-FP models, for which the results are displayed
in Figure 6.13. These results (table 6.1) show that the peak discharge can increase almost
twice when there are no reservoirs. Furthermore, the arrival time of the peak of the flood
wave in Stah is delayed for the Wflow-KW and Wflow-LI models when the reservoirs are
removed, as the flood wave arriving from Eifel determines Tpeak (Figure 6.14).

Figure 6.13: Magnitude of the flood wave peak at Selhausen, Jülich Stadion and Stah for each of the 40 members
of the ICON-EU EPS dataset using the Wflow-KW, Wflow-LI and Wflow-FP models. The increase in Qmax is
largest at Selhausen, where flow is dominated by the reservoir outflow. The relative increase becomes smaller
at Jülich Stadion and Stah where inflows from respectively the Inde and Wurm rivers enter the Rur.
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Qmax reduction factor fr es

station Wflow-KW Wflow-LI Wflow-FP
Selhausen 0.389 0.348 0.403
Jülich Stadion 0.679 0.560 0.494
Stah 0.732 0.637 0.595

Table 6.1: Average reduction of peak flow for the 40 ICON-EU-EPS ensemble members when reservoirs are
included in the model.

Figure 6.14: Timing of the flood wave peak at Stah for each of the 40 members of the ICON-EU EPS dataset
using the Wflow-KW and Wflow-LI models. The outlier observed for ensemble member 19 is the result of the
peak with a limited magnitude (around 50 m3/s) arriving outside of the temporal model domain at Stah for the
Wflow-LI model without reservoirs, resulting in another small peak becoming Qmax .

6.4. GROUNDWATER EFFECTS
In this section, the effects of the leakage parameter on the Wflow_SBM results for the
ICON-EU-EPS ensemble members are investigated. To this end, the results of the Wflow_SBM
models with leakage are compared with the results of the models without leakage. Figure
6.15 shows the decline in peak discharge in Honsdorf, Randerath, and Stah. The reduc-
tion is strongest at Honsdorf, which is located entirely on the Rurscholle and therefore
fully affected. The reduction is lower in Randerath and Stah, located downstream of the
Wurm and Rur rivers, but still significant, as shown in the table 6.2. It is interesting to
note that the effect appears to be proportional to the peak discharge at all stations and
for all models. As a result, a linear fit is also included in Figure 6.15 for which the slope is
proportional to the values in Table 6.2: Qmax,leakag e = fleak ·Qmax,nol eakag e
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Qmax reduction factor fleak

station Wflow-KW Wflow-LI Wflow-FP
Honsdorf 0.354 0.357 0.367
Randerath 0.815 0.818 0.797
Stah 0.830 0.841 0.812

Table 6.2: Average reduction of peak flow for the 40 ICON-EU-EPS ensemble members when leakage is added
to model results.

Figure 6.15: Peak discharge at Stah for the Wflow_SBM models with and without leakage using the ICON-EU-
EPS ensemble members. Including the leakage term results in a decrease of peak discharge across all ensemble
members.





7
DISCUSSION

This chapter analyzes and interprets the hindcast results, establishing their significance
and relevance in connection to the literature research. Additionally, a comparison is
made between the hindcast and forecast outcomes, highlighting challenges in flood fore-
casting for the Rur catchment.

7.1. INTERPRETING THE HINDCAST RESULTS
The widespread distribution of precipitation across the Rur catchment caused runoff
from all areas. This had an effect on the characteristics of the catchment, which in turn
impacted the runoff to the Rur river. The findings in Chapter 5 demonstrate the im-
portance of flooding processes and catchment features in forming the hindcast. As de-
scribed in Section 3.1.1, the upper parts of the Rur catchment had a different reaction
than the lower regions. Fast runoff was observed in the Eifel area due to the steep and
impermeable slopes, particularly in the Urft and Olef tributaries, leading to flooding in
Gemünd and a large influx of water to the Rur reservoir system. The hindcast results in
Chapter 5 also show a rapid runoff with sharp hydrographs for the upper tributaries and
an extreme inflow of 400 - 600 m3/s to the Rur reservoir system.

The Rur reservoir system was designed to protect the region from flood waves, and it
was successful in dampening the incoming wave, with a peak outflow of 100 m3/s. The
controlled outflow resulted in flooding being concentrated in the designated floodplains
of the Rur. However, the effectiveness of the reservoir depends on the initial storage
and the operation plans used during the flood event. To increase storage, the outflow at
Heimbach was increased from 17 m3/s to 100 m3/s. This higher outflow was planned by
WVER to arrive after the peak of the flood wave, which is evident in the hindcast results:
a comparison of hydrographs with and without additional reservoir release shows that
mostly the recession limb is affected.

Downstream of the Eifel area and the reservoir system, the topography becomes flat,
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and the Rur increases in width. Similarly, the type of flooding shifts from local pluvial
flooding to fluvial flooding affecting wider regions. The floodplain flow became espe-
cially apparent in the Dutch Rur, where the flow was stored in wide floodplains with
high storage capacity. Comparisons between the hindcast results for all models show
that including or excluding floodplain flow has a dramatic impact on the quality of the
hindcast. Without floodplain attenuation, peak discharges at Stah would exceed 500
m3/s and arrive 24 hours earlier than observed. Different models are able to capture
these attenuating effects, varying from a one-dimensional approach (PM-1D), quasi-2D
approach (Wflow-FP) and fully two-dimensional (PM-2D). However, floodplain flow in
the wide floodplains of the Dutch Rur becomes too complex to capture by simpler mod-
els, thus relying on time-consuming two-dimensional flow calculations by the PM-2D
model.

The flood was dominated by inflows from the Rur reservoir system and the Wurm and
Inde tributaries. The discretization of these inflow points is important, as is shown by the
effects of floodplain attenuation in the tributaries and the imposing additional reservoir
release. However, it is important to also include the smaller tributaries, as their contri-
bution is still significant and a reduced river network imposes practical challenges as the
reservoirs are disconnected from the river network. Furthermore, fast runoff in the Eifel
area flows through a network of steep rivers, and reducing the river network would result
in the loss of these runoff mechanisms. As a result, the complete river system should be
included.

Additionally, the presence of lignite mining seems to have had an overall positive im-
pact on flood safety. Groundwater pumping increased the storage capacity of the soil,
and flooding of the Inden lignite mine resulted in 10 million m3of water being ’stored’,
although this amount has not been validated. Excluding the indirect effects of the low
groundwater table could result in an overestimation of runoff toward the Rur River, but
it does not alter the shape of the flood wave itself. However, it should be noted that the
only direct casualty of the flood event occurred in the lignite mine, as a mine worker was
taken by the flow escaping the Inde river, breaking through the mine.

7.2. FORECASTING EXTREME FLOODS
The 2021 flood event in the Rur river and its tributaries was particularly severe, as evi-
denced by the meteorological description in section 3.2. The estimated return periods
for both observed precipitation and flow were well above 100 years. Unfortunately, real-
time radar measurements underestimated the volume of precipitation, and NWP en-
sembles only recognized the potential extremity shortly before the start of the extreme
rainfall. This highlights the importance of accurate meteorological input for flood fore-
casting models. The RADFLOOD21 dataset relies on corrections by gathering precipita-
tion data from stations afterwards, which is not a viable option in practice. As such, the
RADFLOOD21 dataset is not representative of such a data source during flood forecast-
ing.

Despite the ICON-EU-EPS ensemble forecast from the 13th of July including ensemble
members that were close to or even exceeded the observed precipitation in terms of
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pattern and volume, the KNMI still increased the weather warning to orange. This al-
lowed for a four-day lead time for the Dutch Rur flood forecast, as the peak arrived on
the 17th of July. The advantage of a rainfall-runoff-driven flood forecasting model is that
it does not depend on information from gauge stations, which failed during the 2021
flood event, making the WL ML-model ineffective at that time.

A comparison between the hindcasts from Chapter 5 and the forecasts from Chapter
6 reveals that the ensemble members demonstrate a similar response during the flood
event as the hindcast itself. The inclusion of floodplain flow has a significant impact on
the hydrographs, particularly downstream of the confluences from the Wurm and Inde
tributaries. The kinematic wave equation may be sufficient for modelling runoff in the
steep Eifel to the reservoir system, but overestimates the celerity of the flood wave in the
lowland and lacks the possibility of including floodplain attenuation, which requires the
use of the diffusive wave equation. Moreover, the inclusion of the leakage term has an ef-
fect that is almost linearly proportional to the peak discharge for all ensemble members.
Similarly, the inclusion of the reservoir system is essential for obtaining an accurate es-
timation of the magnitude and timing of the peak of the flood waves, and its dampening
effect is clearly visible, even when overflow occurs.

By examining the lead time of a couple of days and comparing it to the catchment area
of 100 kilometers, we can see that runoff processes and channel flow are likely to be
the most influential. In the upper regions of the Rur, Wurm and Inde rivers, infiltra-
tion excess overland flow and topography are the main factors that determine the flow
response. In the lower regions of these rivers, floodplain flow becomes more impor-
tant, which is related to channel flow, which operates on different timescales. For these
downstream locations, the hydrological processes upstream tend to be averaged out and
hydrodynamic processes become more prominent, such as the accurate modelling of
floodplain flow. The lower resolution of the NWP is not as important for these hydro-
dynamic processes, as long as the prediction of the amount of precipitation is accu-
rate.

7.3. MODEL COMPLEXITY AND USE IN PRACTICE
Flood forecasting has a variety of applications, as discussed in Section 2.2.1. The models
used in this thesis range in complexity and output. Hydrological models Wflow_SBM
lack sufficient spatial detail resolution to generate precise flood maps, but can be used
for threshold-based flood forecasting. The PM-1D model has a higher spatial resolution
and can provide information on simulated water depth per river cross-section, which
can be useful for assessing the risk of dike failures. The PM-2D model can generate inun-
dation maps and can even be extended to an IBF, using the capabilities of the ProMaIDes
software package.

These wide range of possibilities can be related to the observed response of the Rur
catchment, both in the hindcast and the forecasts. The inundation of the Rur upstream
of the Inde confluence is limited due to reservoir management, making it impractical to
use a two-dimensional model for this reach. Floodplain flow is complex for the Dutch
Rur and hard to capture with one-dimensional models, but the floodplains are wide and
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deep, leading to similar inundation patterns for different peak discharges upstream at
Stah. Thus, one-dimensional models with floodplain flow (e.g. Wflow-FP and PM-1D)
may be sufficient for modelling the majority of the Rur until the Dutch border, and can
accurately predict inundation until the floodplains reach their maximum storage capac-
ity. The ensemble forecasts in Section 6.2 suggest that this limit may be at Ql i mi t = 300
m3/s, and forecasts above this point would require a two-dimensional approach to ac-
count for the water depths in the Dutch floodplains

The effects of groundwater leakage and the presence of reservoirs on the peak discharge
at Stah can be estimated using a reduction factor. However, the arrival time of the flood
wave peak is also affected when reservoirs are not taken into account, and its implemen-
tation in a hydrological model has a minimal effect on computation times. The leak-
age term can be implemented without any additional computational cost, but it has not
been tested and there is limited knowledge of the influence of low groundwater levels
due to mining on flood safety. Therefore, it is considered to be a safe option to exclude
this leakage term.

The ICON-EU-EPS ensemble members were employed to generate forecasts of the 2021
flood event in this thesis. This approach has a low temporal and spatial resolution, which
can be a hindrance for precise forecasting of pluvial flooding, particularly in the upper
part of the Rur catchment located in the Eifel, such as the city of Gemünd. Nevertheless,
these NWP forecasts were found to be useful for fluvial flooding, particularly concern-
ing the Duth Rur and Roermond. These processes occur at longer temporal and spatial
timescales, which makes this type of forecasting more suitable than radar-based prod-
ucts with shorter lead times. For instance, at a lead time of 6 hours, the runoff may not
even leave the reservoir system and thus not reach the lower part of the Rur river during
the forecast.

7.4. OPERATIONAL CHALLENGES FOR FORECASTING THE RUR
The findings of this thesis indicate that there are certain challenges that would be en-
countered when the models are used in practice. Primarily, the two-dimensional mod-
elling of NWP ensemble members would be a computationally demanding task. A single
PM-2D run takes around 12 hours to complete, so running 40 ensemble members would
require a lot of resources. Even if these resources were available, faster processing would
be necessary to make the 12 hour runs feasible in terms of the updating frequency of the
meteorological forecast, which is usually 12 to 24 hours for NWP. This is because new
observations or new weather forecasts may render the model results outdated.

The Rur reservoir system is essential for an operational model used for flood forecast-
ing. It can either provide an upstream boundary condition, when operation plans are
sent from WVER, or its outflow can be part of the forecast, thus requiring precise initial
conditions of the reservoir storage. Additionally, the 2021 flood event showed that the
ouflow may even be increased beyond the maximum outflow of the operational plans in
the case of extreme flow. In either case, the data from WVER is necessary to set up a flood
forecasting model that includes the Rur reservoir system.
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SYNTHESIS

I N this chapter, the synthesis of this thesis will be provided. First, the research ques-
tions will be answered in the conclusion. Secondly, recommendations will be made

with regards to further research and the implementation of a flood forecasting system
for the Rur. Finally, some technical recommendations will be made on how to improve
the Wflow_SBM and ProMaIDes models when used in further research.

8.1. CONCLUSION
RQ1. WHAT ARE THE CHARACTERISTICS THAT DETERMINE THE RUR BASIN IN THE CON-
TEXT OF HYDROLOGICAL AND HYDRODYNAMIC MODELS?
The Rur catchment can be divided into the Eifel upstream area and the downstream
lowlands. The upstream area is characterised by steep slopes and lower soil permeabil-
ity, resulting in relatively fast runoff. Additionally, more precipitation occurs, and the
orography of the Eifel influences its location. As a result, flooding in this area typically
occurs in the form of rapid overland runoff, resulting in flash floods that are difficult
to predict due to their locality and short time scale, making them rely heavily on accu-
rate weather forecasts. On a more aggregate level, runoff in the Eifel area concentrates
toward the Rur reservoir, which connects the upstream Eifel area and the downstream
catchment.

Wide floodplains and an anthropogenic presence characterise the downstream lowlands.
Weirs control the water levels in the downstream Rur during regular flow, the reservoir
system provides the Rur with a minimum inflow, and the groundwater table is signifi-
cantly lowered to accommodate open pit lignite mining. These effects are visible in the
overall water balance of the Rur and may also play an essential role in flood safety.

Flood processes in the lowlands occur on a longer time scale, as the topography is less
steep and the soil more permeable, increasing the importance of subsurface flow. Sim-
ilarly, lignite mining has transformed the catchment, but its effects take place on a long
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timescale within the order of days to years. The academic literature concludes that
groundwater removal generally affects catchment hydrology, but may be unique for each
type of mine. In the case of the Rur catchment, lignite mining may actually have a pos-
itive effect on flood safety because groundwater recharge increases the storage capacity
of the soil and the mining pit itself can be used to store large amounts of water, in the
order of million cubic metres, during an extreme flood.

Reservoir management has a positive effect on damping the flood wave. The Rur reser-
voir system decelerates runoff from the Eifel, and floodplains allow flood wave attenua-
tion in the case of floods. The system of reservoirs in the Rur basin is complex and has
reservoirs both in series and parallel, and the operation rules are based on the reservoir
system as a whole. Theoretically, the benefits of a controlled reservoir increase for high-
frequency flood events, which is reflected in the example of the 2021 floods. However,
reservoir management can govern the response of a catchment during floods as a (late)
spillwave will have different downstream implications compared to a (early) pre-release
as the wave interacts with tributary inflows.

Inundating floodplains characterise the lowlands of the Rur catchment, both for the Rur
river itself and for tributaries such as the Wurm and Inde. Floodplain flow generally slows
down a wave due to the higher roughness of the floodplain bed, but the exact effects de-
pend on the width-weighted flow and, therefore, require information about the affected
river profiles. For the Rur, both a coarse and a detailed approach are tested and show that
the model results lie closer to observations when floodplain attenuation is included. Si-
multaneously, tributary timing becomes less important as the flood waves in the main
river and the inflow points become strongly attenuated with reduced peak-peak inter-
actions. Within the theoretical framework of dispersion, this shows that hydrodynamic
dispersion (related to friction and storage differences) dominates over geomorphologi-
cal dispersion (related to the river network itself) in the case of an extreme flood wave
in the lower Rur catchment. This is not valid for the highlands, for which model results
without floodplain attenuation produce results closer to observations.

RQ2. HOW CAN THESE CHARACTERISTICS BE CAPTURED IN A FLOOD FORECASTING MODEL?
This research used two types of models: the hydrological Wflow_SBM model and the
hydrodynamic ProMaIDes model. The hydrological model can simulate the rainfall-
runoff processes and the subsurface flow, describing the flow to the Rur River and the
reservoir. The influence of human intervention on the water balance of the catchment
can be captured in the hydrological model by adding a custom code to optimise reservoir
modelling and calibarating a leakage term for the saturated zone of the soil to account
for the effects of groundwater pumping. The flow of rivers and floodplains can both
be modelled using the Wflow_SBM and ProMaIDes software, with varying options for
complexity and river routing schemes. The aimed advantage of such a catchmenst-scale
forecasting model was to increase forecasting lead times as the forecast can continue for
the duration of the (accurate) precipitation forecast.

Furthermore, both models have been shown to be suitable for flood forecasting in an
operational setting with an EPS, using the Wflow_SBM model to generate boundary
conditions for the ProMaIDes model or using the Wflow_SBM model as a standalone
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model. Additionally, the ProMaIDes model can be extended to an impact-based model
using the risk and damage modules available for the software. Although this option has
not been explicitly explored or tested in this thesis, it is clear that the 1D2D version of the
ProMaIDes model is the only suitable model for forecasting floods (as defined in Section
2.2.1), since the floodplain flow in Wflow_SBM is simulated at a very coarse resolution.
The downside of this type of forecasting model is its computational costs, as each model
run takes approximately 20 hours to simulate, which is almost a quarter of the total lead
time. Without parallel computation, a 40-ensemble prediction can even take 800 hours
to simulate. Therefore, a combination of different types of models seems to be the most
practical option. A very fast Wflow_SBM EPS can be used to produce flood warnings
based on threshhold, of which distinct members can be chosen to simulate in 1D2D
using ProMaIDes .

Several other operational challenges arise for a flood forecasting model of the Rur catch-
ment, both under regular conditions and during an extreme flood. First, accurate fore-
casts depend on correctly prediciting reservoir outflow, which may vary due to the free
room in the operation plan for the Rur reservoir system. An approach was implemented
in which two outflow bands (Q1 and Q2) were added to the operating plan based on cal-
ibration by the WVER data. In practise, the upper bands of the volume-based operation
plan for the Rur reservoir system are narrow and therefore sensitive to changes in stor-
age. Underestimations or overestimations of the variable outflow may therefore result
in an incorrect estimation of the storage, resulting in an over- or underestimation of the
peak outflow corresponding to that storage. Furthermore, large deviations from the plan
itself can occur in the case of extreme flows, such as in 2021, as shown by the increase
from 60m3/s to 100 m3/s at Heimbach.

Deviations from the predicted reservoir outflow can be incorporated in an operational
forecasting model but limit the lead time of the forecast to the length of this deviation.
Additionally, including the watersheds upstream of the reservoir system may become
unnecessary when the reservoir outflow is imposed, therefore effectively turning into an
upstream boundary condition.

Using the leakage parameter (MaxLeakage) to account for a lowered groundwater table
shows significant changes in model outcomes, both at longer and shorter timescales.
The results observed during the calibration of the Wflow_SBM model show promising
results, especially with regard to the water balance at the downstream gauge stations
and the order of magnitude of the total recharge. An important observation is that the
indirect effect of the leakage parameter on soil moisture capacity is greater than that of
the leakage itself, which can result in significant changes in terms of flood extent in the
case of an extreme flood.

However, the Wflow_SBM model inherently lacks the ability to model groundwater flows,
since the soil thickness is limited to two metres and the subsurface flow is driven by to-
pography, not groundwater head differences. A possible solution is to validate the re-
sults of Wflow_SBM by coupling them to a groundwater model such as MODFLOW, see
for example van der Vat et al. (2019), and comparing the location and magnitude of the
leak with the modelled recharge in the upper soil layer. At the same time, groundwa-
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ter processes take place at a much larger timescale and forecast lead time, which limits
the practical use of such an operational coupled Wflow_SBM-groundwater model. A
more practical application may be to use a coupled Wflow_SBM -groundwater model
to hindcast the state of soil storage capacity at the start time of the forecast, which is then
used in the Wflow_SBM forecast.

RQ3. WHICH FACTORS OBSERVED IN THE HINDCAST DETERMINED THE OUTCOME OF THE

FLOOD EVENT IN JULY 2021?
The July 2021 flood event in the Rur catchment was determined by a variety of factors.
Widespread precipitation throughout the basin, inflows from the Inde and Wurm tribu-
taries, and the Obermaubach reservoir all had a major impact on the flood wave’s char-
acteristics. Excluding smaller tributaries would lead to an underestimation of both base
flow and peak flow. Hydrographs from gauge stations located in steep areas showed
peaks in precipitation intensity, but these were smoothed out near the Rur inflow lo-
cations.

Accurate floodplain flow modelling was necessary for precise forecasts, and models lack-
ing floodplain attenuation significantly overestimated peak discharge and peak timing.
The Rur reservoir system was instrumental in limiting the extent of the flooding, and its
strategic operation, including additional releases and initial storage capacity, had a ma-
jor influence on flood retention and the timing and magnitude of the spillwave. Lastly,
the lignite mines in the catchment area had a positive effect on flood safety, as the leak-
age towards these mines decreased peak flow and increased storage capacity. In conclu-
sion, precipitation distribution, tributary flows, precipitation intensity, floodplain dy-
namics, reservoir system operation, and the presence of lignite mines played a crucial
role in determining the outcome of the flood event of July 2021 in the Rur catchment. A
detailed understanding and accurate modelling of these factors is essential to improve
flood forecasts and improve flood safety measures in the region.

RQ4. WHAT ARE THE SENSITIVITIES OF THIS MODEL OBSERVED USING ENSEMBLE FORE-
CASTS OF THE JULY 2021 EVENT?
Human-induced factors, such as reservoirs and lignite mines, had a visible effect on all
ensemble runs, with the magnitude of the impact proportional to the maximum dis-
charge at Stah. These results were observed in all types of models and appear to be
generalisable as characteristics of the response of the Rur catchment during a flood
event.

In addition, variations in floodplain flow and different flood wave routing schemes high-
lighted the dynamics of the Rur catchment. Models that accounted for floodplain at-
tenuation, such as Wflow-FP, PM-1D, and PM-2D, showed more consistent results com-
pared to those that did not, such as Wflow-KW and Wflow-LI. Inundation patterns were
also observed, mainly near Jülich and Linnich in the wide floodplains, and were effec-
tively captured by the models. However, downstream of Stah, the floodplain flow became
more complex and difficult to replicate accurately. PM-2D results approached a physical
limit, surpassing the Wflow-FP outcomes. Roermond’s edge experienced limited inun-
dation, mainly affecting extreme ensemble members, while the majority of inundation
was concentrated in the wide floodplains.
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RQ5. WHAT ARE THE KEY FACTORS FOR THE PREDICTION OF FLOODS IN THE RUR CATCH-
MENT BASED ON THE LESSONS LEARNT FROM THE EVENT IN JULY 2021?
The importance of several characteristics of a flood forecasting model is highlighted by
the hindcast and forecasts. In particular, accurate modelling of floodplain flow is es-
sential for extreme floods, as the shape of the flood wave is determined by floodplain
attenuation in the Rur, Wurm and Inde rivers. Additionally, the Rur reservoir system is
a key factor and should be included in the forecasting system, as it sets the upstream
boundary condition for this part of the Rur river, and its flood retention capacity is able
to store a large amount of runoff from extreme precipitation. It is also possible to take
into account the presence of lignite mining through a leakage parameter and by includ-
ing the mining pit in the floodplain of the Inde river, although this may require further
research. All these effects can be captured by the hydrological Wflow_SBM model with-
out significant additional computational costs.

The characteristics of the catchment area can restrict the types of models that can be
practical. Inundation in the Dutch Rur is usually complex, so two-dimensional mod-
elling is the most suitable approach, although it is computationally intensive. For the
upstream reaches of the Dutch Rur, a one-dimensional model such as Wflow-FP or PM-
1D can be used to capture other flow characteristics as inundation is limited and the
flow is dominated by reservoir outflow. Furthermore, data from WVER is necessary to
accurately model the Rur reservoir system, either by setting or forecasting the reservoir
outflow. Limiting the two-dimensional model to only the Dutch Rur has the advantage
of decreasing the size of the model, and therefore reducing computational times.

The accuracy of flood forecasting using a rainfall-runoff model depends heavily upon
the quality of the meteorological input. If the amount of rainfall is underestimated, then
the predicted flows will also be too low, which is crucial for flood forecasting. This thesis
utilized a NWP product for creating the forecasts of the flood event in the Rur catch-
ment, which was found to be suitable. Although the spatial resolution of this type of
meteorological input is lower than radar-based products, it is still adequate to generate
responses in the subcatchments of the Rur, and the temporal length of the forecasts is
compatible with the spatial and temporal scales of the predominant hydrodynamic pro-
cesses.
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8.2. RECOMMENDATIONS
Suggestions can be made based on the findings of this thesis, such as directions for fur-
ther research, technical model enhancements, and the establishment of a flood forecast-
ing model. These suggestions are described in further detail in this section.

8.2.1. IMPLEMENTING A FLOOD FORECASTING MODEL
The discussion in Chapter 7 and the conclusion in Section 8.1 mention several elements
that should be considered in a flood forecasting model of the Rur, with the focus on
the Dutch Rur. In summary, such a flood forecasting setup would consider the follow-
ing:

• A rainfall-runoff model model of the whole Rur catchment, including the Rur reser-
voir system, a leakage term addressing the effects of the lowered groundwater ta-
ble, and the option for modelling floodplain attenuation (such as the Wflow-FP
model);

• Meteorological input from a NWP, where sufficient lead time is more important
than spatial and temporal resolution;

• This model can be used for a threshold-based forecasting system, where the gauge
station at Stah will function as point of interest;

• When sufficient ensemble members show the exceedance of the threshold value
(e.g. 300 m3/s, based on the critical capacity of the Dutch floodplains), the fore-
casts should be compared to existing inundation maps;

• Additionally, the most extreme ensemble members can be selected and modelled
using a high resolution two-dimensional model (such as the PM-2D) model;

• When new weather forecasts are generated, the hydrographs at Stah can be com-
pared. When new extremes are similar to extremes of the previous forecast, then
these inundation maps can be re-used.

8.2.2. FUTURE RESEARCH
In addition to the proposed flood forecasting system, several relevant topics warrant fur-
ther investigation:

Investigating Mining Activities and Flood Safety: Hindast and forecast results indicate
that the presence of the lignite mine appeared to be favourable to flood safety condi-
tions. Information on this topic in the academic literature was limited, so a generalisa-
tion study linking mining activities and flood safety may pose an interesting subject for
future research. Additionally, the case of the Inden lignite mine in the Rur catchment
can be further investigated, both in terms of its effect on catchment hydrology as its role
during the 2021 flood event.

Investigating Tributary Interactions: The ensemble forecasts highlighted a significant
correlation between peak flow at Stah and precipitation in the Inde subbasin. However,
the proximity of the Wurm inflow to Stah suggests that it should have a more substantial
impact on maximum flow. To improve understanding of the interactions between the
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Rur and its tributaries, it is recommended to investigate this topic further. This could
involve improving the discretization of bankfull depth and width in the Wflow_SBM
models of the Wurm and Inde or extending the ProMaIDes model of the Rur to incorpo-
rate the Wurm and Inde tributaries, both in one dimension and in two dimensions. This
exploration will contribute to a more comprehensive understanding of the dynamics of
the tributaries.

8.2.3. TECHNICAL IMPROVEMENTS FOR THE RUR MODELS

IMPROVING THE Wflow_SBM MODEL

Incorporate Groundwater Dynamics: While the models Wflow_SBM addressed the ef-
fects of lignite mining through a simplified leakage factor, this approach may oversim-
plify the intricate interactions between groundwater and surface water. To address this
limitation, an extension of the Wflow_SBM hydrological model is recommended to en-
compass a more comprehensive groundwater model such as MODFLOW; see, for exam-
ple, van der Vat et al. (2019). This expansion will enable for a more accurate representa-
tion of groundwater-surface water interactions.

Improve Wurm and Inde bankfull depth and width: To improve the accuracy of flood-
plain flow predictions, it is advisable to adopt a similar approach to that applied to the
Rur cross-sectional data. By incorporating detailed cross-sectional data for the Wurm
and Inde tributaries, the Wflow_SBM model can better capture floodplain flow dynam-
ics. This improvement will lead to a more accurate depiction of the interactions of the
tributaries and the arrival of flood waves from these tributaries.

IMPROVING THE ProMaIDes MODEL

Calibrate Roughness Parameters: In particular, limited calibration was performed for
the ProMaIDes model. To improve the accuracy of the model, calibration of the rough-
ness parameters within the model is recommended (see also Horn and Hurkmans (2022)).
As evidenced by its impact on the HKV model, this calibration process can lead to im-
proved model results.

Validate DEM of floodplain grids: The accuracy of the Digital Elevation Model (DEM)
used in the ProMaIDes model is important. To ensure precise modelling results, it is
recommended to consider checking and improving the DEM by verifying the inclusion
of structures based on observations or other hydrodynamic models of the Rur. This en-
hancement will contribute to more accurate flood simulations.
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A
MODEL CONFIGURATIONS

A.1. HydroMT
The Wflow_SBM models are built using the HydroMT framework consisting of the hydromt
(core) and hydromt_wflow Python packages. First, the model (named model_a) is gen-
erated using the following command:

hydromt build wflow "./ models / model_a "
-r"{’subbasin ’: [5.988550 ,51.185190] ,

bounds ’: [5.9650 , 50.4017 , 6.7042 , 51.1983] ,
’strord ’: 8}"

-i "./ configs / model_base .ini"

The model build depends on the region settings (-r). A subbasin is generated for the
given outlet coordinates [5.988550,51.185190] (in the WGS84 coordinate system), a
bounding box is defined to reduce computation times and a threshold Strahler order of 8.
Furthermore, a configuration file (*.ini) is parsed after -i, which contains the source
files and settings for the several methods used to build the model. An overview and
description of these methods and source files are provided in table A.1, and additional
settings are listed in table A.2.
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hydromt_wflow
method

Generated maps Source

setup_basemaps Catchment boundary, elevation
map, flow direction map, slope,
stream order

Yamazaki et al. (2019)

setup_rivers River map, river width, river depth,
river slope, hydrologically condi-
tioned elevation map

Lin et al. (2019) and
Gewässerstationierungskarte
des Landes Nordrhein-
Westfalen (n.d.)

setup_floodplains Floodplain volume map for multi-
ple water depths

Yamazaki et al. (2019)

setup_reservoirs Reservoir maps WVER (2017a, 2017b,
2017e, 2017f)

setup_lulcmaps Land use maps, vegetation maps European Environment
Agency (2019)

setup_laimaps Leaf area index climatology per
month

Myneni et al. (2015)

setup_soilmaps Soil maps including, among oth-
ers, soil thickness, vertical saturated
conductivity, average saturated soil
water content, and average residual
water content

Hengl et al. (2017) and
Geodienst NRW (2023a)

Table A.1: An overview of the methods used by the HydroMT model builder, the related Wflow_SBM maps
and the sources used to create these maps.
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setup_basemaps
upscale_method ihu Iterative Hydrography Upscaling method

to upscale flow direction map
res 0.00833 model resolution in degrees

setup_rivers

river_upa
5.0 (full) minimum upstream area threshold for a
100 (reduced) river cell

rivdph_method powlaw power law function used to compute river
depth from bankfull discharge

min_rivdph 2.5 threshold value for river depth
min_rivwth 3.0 threshold value for river width
slope_len 2000.0 slope length used to derive river slope from

subgrid elevation difference
smooth_len 5000.0 length used for averaging missing values

for the river depth
river_routing local-inertial /

kinematic-wave
used to enable/disable conditioning of the
bankfull elevation map

setup_floodplains
floodplain_type 1d derive a floodplain profile for every river

cell
flood_depths [0.5, 1.0, 1.5, 2.0,

2.5, 3.0, 4.0, 5.0]
flood depths at which a volume is derived

setup_soilmaps
ptf_ksatver brakensiek Use PTF for calculating vertical saturated

conductivity from Brakensiek et al. (1984)

setup_temp_pet_forcing
press_correction True Correct using elevation lapse rate
temp_correction True
pet_method debruin Method to compute reference evapotran-

spiration from De Bruin and Lablans
(1998)

setup_constant_pars
EoverR 0.11 Gash interception model parameter
InfiltCapPath 5 infiltration capacity of the compacted ar-

eas
InfiltCapSoil 600 soil infiltration capacity
rootdistpar -500 controls how roots are linked to the water

table

Table A.2: Most relevant tettings parsed to the HydroMT model builder in the *.ini file.



A

4 A. MODEL CONFIGURATIONS

A.2. Wflow_SBM
Table A.3 lists the settings used in the Wflow_SBM models. These settings are parsed
using a *.toml file and may vary per model type (e.g. reservoirs, river routing). Specific
settings such as the start date, references to filenames, variable mapping, and output
settings are not included, as they either vary per model or are trivial and can be found in
the Wflow_SBM documentation (Deltares, 2022).

Wflow_SBM settings

type sbm wflow framework model type
masswasting false lateral snow transport
snow false vertical snow modeling
reinit false (warm), start with cold or warm state

true (cold)
reservoirs false include reservoir modeling

true
lakes false include lakes in model
glacier false include glaciers in model

river_routing
kinematic-wave

river routing scheme(Wflow-KW)
local-inertial

land_routing kinematic-wave land routing scheme (using "local-
inertial" enables 2D-modelling)

thicknesslayers [ 100, 300, 800,] specify the number of soil layers and
thickness

min_streamorderriver 6 minimum stream order to delin-
min_streamorder_land 5 eate subbasins (for multi-threading

computing purposes)
kin_wave_iteration true solve the kinematic-wave equation

iteratively
kw_river_tstep 900 fixed sub-timestep for iterations of

flow calculations
kw_land_tstep 3600

floodplain_1d
false (Wflow-LI) include or exclude 1D floodplain

schematizationtrue (Wflow-FP)
inertial_flow_alpha 0.7 coefficient for model stability
froude_limit false limit flow to subcritical-critical ac-

cording to Froude number
h_thresh 0.001 water depth threshold

Table A.3: Most relevant settings parsed to the Wflow model in the *.toml file.

A.3. ProMaIDes
Table A.4 lists the settings used in the ProMaIDes models. These settings are parsed
using a *.ilm file and may vary by model type (PM-1D, PM-2D). Specific settings such
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as the start date, references to filenames, output settings, or river-model and floodplain-
model information are not included, as they vary per model or are trivial and can be
found in the ProMaIDes documentation (HS Magdeburg, 2022).

Time settings

TSTEP 3600 output timestep size
TNOF 120 number of timesteps
NOFITS 120 number of internal (synchronisation)

timesteps

Model settings

NOFFP 0 (PM-1D) number of floodplain models
5 (PM-2D)

NOFRV 1 (hindcast, forecast) number of river models
2 (regular)

Integration settings

MAXNUMSTEPS 200000 Maximum number of solver steps to
reach the next timestep

MAXSTEPSIZE 3000 Maximum solver step size
INISTEPSIZE 0 Initial step size for the solver

Tolerance settings

RTOL 1e-6 relative tolerance
ATOL 1e-5 absolute tolerance

Table A.4: Most relevant settings parsed to the ProMaIDes model in the *.ilm file.





B
CALIBRATING THE Wflow_SBM

MODEL

B.1. MODELLING THE RUR RESERVOIR SYSTEM

B.1.1. CALIBRATION APPROACH
As inflow, outflow, and storage data are available for the Rur, Urft, and Olef reservoirs, the
calibration process can be performed outside of Wflow_SBM . To this end, the algorithm
to simulate reservoirs in Wflow_SBM is extracted from the Julia source code and trans-
lated into a separate Python script1. As a result, the reservoir response can be simulated
without running an entire Wflow_SBM model. It saves computing time and allows the
use of WVER inflow data as forcing of the reservoir.

The calibration process is divided into three parts. First, the free room in the operation
plan is discretised by simulating the whole system as a linked reservoir system. Second,
a constant storage of the Olef reservoir is assumed and optimised, which unlinks the
reservoir system. Finally, the performance of the reservoir system is evaluated inside the
final Wflow_SBM model and compared to WVER observations from 2012 to 2020. This
approach is summarised in Figure B.1.

B.1.2. CALIBRATION RESULTS

CALIBRATING FREE OPERATION ROOM Q1 AND Q2

The Urft and Rur reservoirs are combined as a single reservoir in Wflow_SBM as ex-
plained in the Appendix D.2.2 and a volume-discharge relationship has been derived
from the Olef-Urft-Rur operation plan, which can be found in the Appendix E.1. This
plan shows that the outflow at Heimbach is discretised for low- and high-flow regimes,
summarised as Qlow and Qhi g h in Figure B.3. In between these regions, the reservoir

1This code has been published as a Python package under the name reservoirs_wflow and can be installed via
Pip.
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Figure B.1: Approach for calibrating the Rur reservoir system for the Wflow_SBM model. P indicates that the
process takes place in an isolated Python script, and W indicates that the Wflow_SBM model is used.

operator is free to vary the outflow based, for example, on specific demands from down-
stream industry.

However, it is difficult to include this variability in a Wflow_SBM model driven by a
volume-discharge-based approach, especially since the observed average daily outflow
shows a large spread centred around 5-6 m3/s (as shown in Figure B.2). Therefore, the
free operating room is divided into a lower and upper section with a discretised outflow,
Q1 and Q2 respectively, where Q2 > Q1. The division of these regimes is based on the tar-
get reservoir volume indicated with the green line in Figure B.3 and Appendix E.1.

The modelled outflow of the reservoir is compared with the observed outflow to He-
imbach, which consists of the sum outflow of the Rur reservoir and the power station
outflow. Figure B.4 indicates that lower values for Q1 and Q2 result in a more accurate
approximation of the exit. These lower flows also result in a lower error for modelled
reservoir storage measured by relative bias (Figure B.4). The best results are obtained for
Q1 = 5 m3/s and Q2 = 8 m3/s. It should be noted that Q1 < max(Qlow ) = 6 m3/s, which
seems contradictory. However, the analysis of the frequency of the average daily out-
flows of the reservoirs (Figure B.2) indicates that outflow below 6 m3/s occurs often for
the Rur reservoir system, and therefore can be applied.

UNLINKING THE RESERVOIRS AND DALIBRATING SOl e f

As a next step, a constant volume is assumed for the Olef reservoir, resulting in an un-
linked reservoir system. Figure B.5 indicates that assuming low storage at the Olef reser-
voir results in a higher NSE score for the Urft-Rur outflow, with the best score for SOl e f =
2 Mm3. However, observations show that storage values for which SOl e f < 8 Mm3 oc-
cur rarely, and that the average storage fluctuates around SOl e f = 10 Mm3. Therefore, a
trade-off has been made and a storage level of SOl e f = 6 Mm3is chosen.
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Figure B.2: Relative frequency of daily reservoir outflow.

Figure B.3: Schematization of the Olef-Urft-Rur volume-based operation plan. A distinction is made between
low-flow and high-flow regime (Qlow and Qhi g h ), the free operation room (Q1 and Q2) and the target volume
(green line).

IMPLEMENTATION IN Wflow_SBM MODEL

Finally, volume-based operation rules have been implemented in the Wflow-KW model
using discretization of the free operation room and constant storage of the Olef reser-
voir. This results in the volume-based operation plans shown in Figures E.1a and E.1b
showing the resulting volume-based operation plans. The performance of the Wflow-
KW model is addressed by investigating the NSE scores of stations located downstream
of the Olef, Urft, and Rur reservoirs.
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Figure B.4: NSE score for the reservoir outflow during calibration of Q1 and Q2.

Figure B.5: NSE score and relative bias for the reservoir during calibration of SOl e f .

First, a comparison between observed and modelled outflow and storage of the Rur
reservoir system and the Olef reservoir shows a strong resemblance, particularly in terms
of simulating storage of the reservoir (Figure B.6). Correctly simulating outflow is more
difficult, especially for the Rur reservoir system where high peak outflows are underesti-
mated. A possible explanation may be the assumption of SOl e f = 6 Mm3which, in high
flow conditions, is an underestimation of the volume of the Olef reservoir, resulting in a
lower outflow from the Rur reservoir system.

Moreover, the effects of integrating the reservoir system into the Wflow_SBM model on
the hydrographs at the gauge stations in the Rur catchment are investigated. Generally,



B.1. MODELLING THE RUR RESERVOIR SYSTEM

B

11

Figure B.6: Simulated and observed reservoir storage and outflow using Wflow-KW.

results improve for the stations located in Rur downstream of the Rur reservoir system
(Figure B.7). However, the NSE score decreases at Zerkall 1, which is the gauge station
closest to Heimbach where the reservoir outlet is located.

However, the hydrographs at Zerkall 1, Selhausen, and Altenburg 1 (Figure B.8) show that
the base flow at these stations is better captured by including reservoirs in the model.
The low NSE score may be attributed to the underestimation of the peaks in Zerkall 1.
These peaks in the reservoir outflow are driven by the operating rules of a high-flow
regime, which is located in the narrow upper band in Figure E.1a. Therefore, a small
deviation in the modelled storage may result in a large difference in the outflow. Fur-
thermore, the absence of Heimbach and Obermaubach reservoirs in Wflow_SBM can
decrease the precision of the results of the Wflow_SBM model.

No calibration is needed for the Olef reservoir as its operation plan is fully explicit (see
also Appendix E.2). However, performance at the stations downstream of the Olef reser-
voir does not show significant improvement when implemented in the Wflow_SBM
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Figure B.7: NSE score for stations downstream of the Rur reservoir system with and without reservoir modelling
in Wflow-KW.

model, as confirmed by the hydrographs in Figure B.9.

Similarly, an operation plan is derived for the Wehebach reservoir based on the written
operation plan. In this plan, three outflow regimes are defined: low flow (Q = 0.1 /mm-
m/s), high flow (Q = 0.2 /mmm/s) and maximum flow (Q = 0.2 /mmm/s). These flow
conditions are mainly based on the inflow to the Wehebach reservoir and not strictly on
the volume of the reservoir. As a result, it remains difficult to improve the hydrograph at
Luchem, located downstream of the Wehebach reservoir (Figure B.10). This is especially
challenging as the reservoir and the gauge station are both located near the lignite mine
where, in this stage of the calibration process, no leakage has yet been applied (appendix
B.3). Further improvement of calibration of the Wehebach reservoir is not considered
as the magnitude of the outflow is limited compared to the Olef reservoir and the Rur
reservoir system, and no detailed inflow, outflow and storage data was available for the
Wehebach reservoir.
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Figure B.8: Hydrographs at gauge stations downstream of Rur reservoir system.
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Figure B.9: Hydrographs at gauge stations downstream of Olef reservoir.

Figure B.10: Hydrographs at gauge station downstream of Wehebach reservoir.
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B.2. ksathorfrac
B.2.1. VERTICAL AND HORIZONTAL CONDUCTIVITY
Section 3.1.1 describes the geohydrological characteristics of the Rur catchment and
how the subsurface is modelled by Wflow_SBM . To this end, the BK50 (Geodienst NRW,
2023a) and HÜK250 maps (Geodienst NRW, 2023b) are used to improve the modelling of
subsurface flow, which is strongly dependent on the vertical conductivity of the soil, de-
termining how much water infiltrates the soil, and the horizontal conductivity, which
governs the subsurface flow itself. To this end, the map KsatVer in Wflow_SBM is
updated using values for saturated vertical conductivity from BK50, and the parameter
ksathorfrac is calibrated.

B.2.2. CALIBRATION APPROACH
The calibration of the parameter ksathorfrac is performed based on the geohydrolog-
ical characteristics of the catchment, since the parameter describes the ratio of the ver-
tical saturated conductivity of the soil (which is given) and the horizontal saturated con-
ductivity (which is calculated). To this end, the HÜK250 geohydrological map of North
Rhine-Westphalia (NRW) (Figure 3.4a) is used to divide the catchment into six zones with
expected horizontal hydraulic conductivity similar to that shown in Figure B.11.

Figure B.11: Regions for the calibration of ksathorfrac based on the HÜK250 map.

Calibration begins in the upstream regions of the catchment and continues in the down-
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stream direction. Therefore, the calibration is performed first for regions 5 and 6, then
for 2 and 4, and finally for 1 and 3. The results are evaluated using the NSE score based
on the E-OBS dataset (2012-2020).

B.2.3. CALIBRATION RESULTS
The results for regions 5 and 6 are shown in Figure B.12. It is clear that the stations in
the Eifel region are all sensitive to variations in the ksathorfrac parameter, and that
a high value for this parameter is favoured, resulting in a better NSE score. The Eifel
streams are relatively steep and small and respond quickly to precipitation. Therefore,
the separation between base flow and peak flows is governed by the ksathorfrac, as a
high horizontal conductivity feeds the base flow which, due to the high steepness, can
become significant. The optimal results were obtained with ksathorfrac being 500 for
region 5 and 1000 for region 6.

Figure B.12: Calibration result for ksathorfrac in regions 5 and 6.

The results of several stations in regions 2 and 4 show very poor NSE scores compared
to stations in the other regions, even with three stations with very poor performance left
out (figure B.13). These stations at Honsdorf, Luchem, and Welz show very low runoff
coefficients (0.05, 0.13 and 0.07 respectively) and Wflow_SBM results strongly overesti-
mate the volume of water passing along these stations. Improvements in modelling the
flow at these stations using the MaxLeakage parameter are described in the Appendix
B.3. Furthermore, it is known that the stations in Herzogenrath 1 and 2 are influenced
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by flows from the sewage system in Aachen that strongly affect the baseflow at these
stations, resulting in a low NSE score.

Figure B.13: Calibration result for ksathorfrac in regions 2 and 4.

The stations less affected by leakage and sewage water show a distinction in the mod-
elling results, where the downstream stations show a constant performance and the up-
stream stations show a strong improvement for a larger ksathorfrac. Optimal results
were found for a value of 1000, which is chosen as the optimal value.

The calibration of the stations in regions 1 and 3 similarly shows an increase in the re-
sults with an optimum at ksathorfrac = 1000 (figure B.14). Flow at upstream stations
(Selhausen and Altenburg 1) is governed by the reservoir outflow and therefore less af-
fected by variations in this parameter, and the effect of varying the parameter increases
in the downstream direction.

Figure B.14: Calibration result for ksathorfrac in regions 1 and 3.

The final results of the calibration of ksathorfrac are listed in table B.1 with a compar-
ison to the horizontal conductivity described by Geodienst NRW (2023b).
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Region Description Horizontal conductivity (Geodienst NRW, 2023b) ksathorfrac [-]
1 Lower Rur (NL) medium to high 1000
2 Industrial high 1000
3 Middle Rur (GE) medium 1000
4 Industrial high, strongly variable 1000
5 Eifel high 500
6 Eifel low 1000

Table B.1: Overview of the calibration results for the six geohydrological zones in the Rur catchment.

B.3. MaxLeakage
B.3.1. LIGNITE MINING AND RURSCHOLLE MODEL
Sections 2.5.1 and 3.1.3 describe in greater detail how lignite mining can affect the hy-
drology of the catchment. This section describes the approach and the results of the
calibration of this parameter using the results of the Rurscholle groundwater model by
Bachmann et al. (2005).

B.3.2. CALIBRATION APPROACH
The leakage from the saturated zone occurs in all cells in the Wflow_SBM model as
part of the vertical processes. Therefore, it is expected and confirmed that the leakage
itself is identical for the Wflow-KW, Wflow-LI, and Wflow-FP models. Similarly to the
reservoirs and ksathorfrac, the calibration of the parameter MaxLeakage is executed
using Wflow-KW models. The E-OBS dataset is used during calibration, and the model
is run at a daily timestep from 2012 to 2020.

Figure B.15: Average recharge in the Rurscholle model Bachmann et al. (2005).
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Several combinations of Lmax,1 and Lmax,2 are tested, where Lmax,1 ≤ Lmax,2 as this fol-
lows from the recharge distribution derived from the Rurscholle model. In general, the
Rurscholle recharge rates vary from 0 to 6 l/(km2s) in region 1, and from 6 to 12 l /(km2s)
in region 2, as shown in Figure B.15. These ranges correspond respectively to 0 to 0.5184
mm/day and 0.5184 to 1.0368 mm/day. Based on these values, combinations for Lmax

are chosen from the set [0.4, 0.6, 0.8, 1.0] mm/day, producing a total of 9 combinations,
and the Rurscholle model area is divided into two leakage zones to be applied to the
Wflow_SBM model (Figure B.16).

Figure B.16: Regions for the calibration of ksathorfrac based on the Rurscholle model.

B.3.3. CALIBRATION RESULTS
The NSE scores are calculated for the stations located in the watersheds that overlap the
Rurscholle and are shown in figure B.17. Generally, model results improve as leakage
increases, especially at stations located on the Wurm (Randerath) or its tributary (Hons-
dorf). This also improves the score at Stah, as this is the only station downstream of the
Wurm and Rur confluence. The NSE score decreases at Altenburg 1 for all combinations
of leakage parameters, but it should be noted that the flow at the station is dominated by
the outflow of the reservoir, which in itself is difficult to correctly model.

The combinations of Lmax,1 and Lmax,2 and their respective annual leakage are shown
in figure B.19. Annual leakage shows variations which may depend on climatological
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Figure B.17: NSE score for combinations of Lmax,1 and Lmax,2.

Figure B.18: Reported yearly recharge in Rurscholle by Bachmann et al. (2005).

conditions such as, for example, the soil is less saturated during a dry year, resulting
in a lower annual leakage. Overall, combinations of MaxLeakage show annual leakages
between the margins of the reported Rurscholle recharge at 125 and 250 million m3/year
(figure B.18).

The combination of Lmax,1 = 0.4 and Lmax,2 = 0.8 mm/day shows significant improve-
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Figure B.19: Yearly total leakage for combinations of Lmax,1 and Lmax,2.

ments in terms of NSE scores compared to results without leakage, and the total leak-
age is still conservative compared to the reported recharge. Therefore, this combina-
tion is chosen as the optimal results for the MaxLeakage parameter in the Wflow_SBM
model.

B.4. BANKFULL DEPTH AND WIDTH
The accuracy of the river routing schemes depends on the availability of data describing
the bankfull river depth and width. The river width affects the flow velocities in the river
cells, and the bankfull river depth helps model inundation using the local-inertial ap-
proach. River width information was found using the GSK3E dataset from LANUV, but
no source was found for the bankfull depth. As a result, the bankfull depth was set to an
unrealistic high value (10 m) to avoid inundation when using the local-inertial method,
as the river flow is forced to stay within the river. However, the bankfull depth and width
for the Rur River could be derived using the detailed profiles from the hydrodynamic
ProMaIDes model.

As a result, an algorithm was developed that determined the bankfull depth dbank f ul l

based on the height difference between the lowest point in the cross-section and the
highest point on the lower side of the main channel. Then the area Abank f ul l of the
profile was determined using a trapezoidal integration method, resulting in a bankfull
width Abank f ul l /dbank f ul l . This results in detailed information on the bankfull width
and depth of each profile.

For simple geometries, this approach is straightforward. However, asymmetrical and
flat geometries are challenging to map and may result in erroneous values for the cross-
sectional area and, consequently, the bankfull depth. Therefore, the definition of the
main channel was extended to include the first two points of the embankment to ac-
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count for flat and skewed main channel geometries, and a minimum bankfull depth of
0.5 metres was assumed to address unrealistic values, based on varying these values and
observing how it improved model results.

For burning the Rur river map values, HydroMT is used, which, in turn, uses the ras-
terise method of rasterio.features module. It is important to note that this method
uses the ’painter’ algorithm, which means that the geometries are handled in order and
can thus overwrite each other. Both the kinematic wave and local-inertial river routing
schemes in the hydrological model depend on the width of the river cell to determine
the flow velocity. The width profiles of the Rur River vary as a result of river meander-
ing, canalisation of the Rur in urban areas and the presence of lakes and floodplains in
the river profile, and the grid cells in the hydrological model have a 550 by 1000 metre
resolution, while the river profiles from the ProMaIDes model are typically separated
by 100 metres. Therefore, arbitrariness in mapping the width to the river cell can in-
fluence the flow velocity and the arrival time of the flood wave. A moving average is
applied to account for this effect, including the twenty profiles neighbouring points on
each side.

The final results are shown in Figures B.20 and B.21. In particular, the bankfull depth
and width increase in German areas with wide floodplains, where the cross-sections are
discretised wide and deep in the ProMaIDes river model.

Figure B.20: Bankfull river depth in the Wflow_SBM model after including ProMaIDes cross-sectional infor-
mation.
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Figure B.21: Bankfull river width in the Wflow_SBM model after including ProMaIDes cross-sectional infor-
mation.





C
ADJUSTING THE ProMaIDes

MODEL

C.1. WATER DEPTHS IN RIVER CROSS-SECTIONS
The downstream boundary condition is given by the water level of the Meuse River. This
is necessary because ProMaIDes use the diffusive wave approach, and the flow in the
river is assumed to be subcritical. Therefore, excluding the downstream boundary con-
dition would result in an ill-posed problem.

The water level measurements in ’Roermond Boven’ were provided by RWS and used
to calculate the depth of the downstream water (Rijkswaterstaat, 2022). The water level
at this gauge station was applied to the boundary conditions without correcting for the
inclination of the water level since the station was only 1.5 km from the Hambeek outlet.
An additional check was performed by comparing the ProMaIDes river profiles at these
locations with profiles from a D-HYDRO model of the Rur used by Deltares and HKV,
which confirmed that their position relative to the Meuse was indeed correct.

C.2. HAMBEEK AND RUR IN ROERMOND
The Rur river splits into two upon entering Roermond at the bellow weir (in Dutch: ’Bal-
gstuw’) Hoge Bat. It continues its flow through the Hambeek in the south and Rur in the
north, both ending in the Meuse River. This final part of the Rur contains two flood gates
(Figure C.1) that close for water levels exceeding +19 metres NAP, resulting in the full
flow being diverted to the Hambeek (T. Geertsema & Asselman, 2022; Horn & Hurkmans,
2022).

The ProMaIDes model contains the bifurcation of the Hambeek and Rur, which is mod-
elled as a diversion channel with a weir. However, the model does not support a straight-
forward approach to implementing the closing of the flood gates in the Rur, and model
results with no adjustment show inundation for relatively low discharges near the city

25
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Figure C.1: The Hambeek and Rur rivers with the locations of the flood gates.

centre of Roermond from this part of the Rur. Therefore, an adjustment is made to the
ProMaIDes model for the forecast of the flood event in which the Rur section down-
stream of the bifurcation is removed from the model. For lower discharges, the original
model for the Rur River, which includes the bifurcation, continues to be used.

C.3. TRIBUTARY INFLOWS
The Rur River model begins at the Obermaubach dam, forming the upstream bound-
ary condition. To this end, the discharge at this point is derived using a hydrological
Wflow_SBM model. The Obermaubach dam can regulate outflow and is therefore in
practise a reservoir. However, the choice was made to simplify the hydrological model
by only considering the three largest reservoirs in the catchment (see also Section D.2.2).
As a result, flow regulation at the Obermaubach dam is not included in these simula-
tions, and the inflow of the ProMaIDes model will mainly be governed by the outflow of
the Rur reservoir upstream of Obermaubach.

In addition, tributaries are included in the model and discretised as point inflows in se-
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lected river profiles. These inflows are also computed using a Wflow_SBM model. To
this end, the Wflow_SBM river map (generated using HydroMT ) is compared with a
detailed GSK3E river map of the catchment provided by LANUV (to do: find citation),
which allowed the identification of tributaries flowing into the Rur River. The river map
generated by Wflow_SBM differs from the observed river network for three reasons: 1)
it is generated based on a hydrologically conditioned DEM, 2) the Wflow_SBM model is
limited to O (1km) resolution, and 3) Wflow_SBM does not support bifurcations. In to-
tal, 17 tributaries are identified and included as a lateral inflow in the ProMaIDes model
as listed in table C.1

The mapping of the Wflow_SBM tributary to the ProMaIDes profile is performed mainly
based on the location of the confluence, but also considers the deviations from the ac-
tual river network and their locations relative to the gauge stations. As a result, inflow
locations with strong deviations are manually corrected to ensure that modelled obser-
vations at the gauge stations include the correct upstream tributaries. Finally, lateral in-
flow (e.g. surface runoff or precipitation) and outflow (e.g. infiltration and evaporation)
are not included in the ProMaIDes model.

An overview of typical values for the simulated discharge at these inflow locations is also
given in Table C.1. These values are the result of Wflow-FP simulations using the E-OBS
dataset for the period 2010-2022. The results of the Wflow-KW and Wflow-LI models
produced similar statistical results with larger maxima. Table C.1 confirms in fact that
these are the most important flows of the Rur river. The model with the reduced river
network contains only the inflows of the Wurm and Inde tributaries, and the upstream
inflow boundary condition at the Obermaubach dam.
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Table C.1: Tributary inflows included in the ProMaIDes model. Statistical values are based on E-OBS 2011-
2022 precipitation data using a Wflow-FP model with the full river network (UPA = 5 km2) and the reduced
network (UPA = 100 km2).
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CHARACTERISTICS

D.1. LANUV GAUGE STATIONS
The data for the observations at the gauge station in the Rur catchment are provided
by LANUV via the ELWAS-WEB portal (ELWAS-WEB, 2023). In this thesis, average daily
discharges are used from the 1st of October 2011 to the 30th of September 2020. Detailed
information on these measurements is given in Table D.1. Furthermore, the hourly water
levels for the year 2021 have been provided by LANUV via e-mail. A graphical overview
of the gauge stations is provided in Figure D.1.

Furthermore, gauge stations located on the Rur were compared with the cross sections
of river profiles available in the ProMaIDes model at these locations. Not all cross sec-
tions could be matches to their corresponding gauge station as cross-sectional data did
not match gauge station’s characteristics such as the water level reference point of the
station. Only the stations at Stah and Selhausen matched a river profile and the model
results matched observations in regular flow conditions generated using the RADCLIM
database.
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Figure D.1: Map of LANUV gauge stations in the Rur catchment.
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Table D.1: LANUV gauge stations located in the Rur catchment. Statistical values are based on 2011-2022
period.
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D.2. WVER RESERVOIRS
This section elaborates on the information given in Section 3.1.2. It provides details on
the reservoirs located in the Rur catchment and describes how the Rur reservoir system
operates.

D.2.1. RESERVOIR CHARACTERISTICS
Table D.2 highlights the main characteristics of the six reservoirs managed by WVER in
the Rur catchment. This overview shows that flood protection is an important function
of reservoirs and that the flood retention capacity is greatest during the winter period.
The locations of these reservoirs are shown in Figure D.2.

Figure D.2: Map showing the six reservoirs in the Rur catchment and the Obersee.
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D.2.2. RUR RESERVOIR SYSTEM
The Rur reservoir system consists of a network of reservoirs and dams that regulate the
flow of the Rur, of which the Urft and Rur reservoirs are the largest. Figure D.3 gives an
overview of the main features of the reservoir system. The Obersee functions as a forebay
(in German: ’Vorsperre’) of the Rur reservoir, facilitating easier water quality control. As
such, the Obersee is connected to external reservoirs via an underground canal, resulting
in an additional outflow (Homann, 2021a).

The main sources of inflow are the Urft and Rur rivers, but smaller streams, such as the
Eiserbach and Weidenbach, and overland runoff also contribute to the reservoir inflow.
The reservoir system has two objectives related to flow regulation: flood protection by
reducing peak outflow to 60 m3/s at Heimbach, and low-water enrichment by providing
a minimum discharge of 5 m3/s at Obermaubach (Kufeld, 2013; Homann, 2021a) (see
also Section E.1).

In addition, the water from the reservoir is used for hydropower and water supply, both
for drinking water and for industrial purposes. Hydropower is of minor importance to
the reservoir system, but almost all the water released by the Urft reservoir flows through
the underground hydropower channel. At Heimbach, a power plant receives water di-
rectly from the Urft reservoir, thus surpassing the Rur reservoir. During floods, this con-
nection can prevent the Urft reservoir from overflowing into the Rur reservoir, reaching
a maximum discharge of 18 m3/s (Kufeld, 2013; Homann, 2021a). A schematic overview
of the Rur reservoir system is given in Figure D.4.

Figure D.3: Map showing the most important features of the Rur reservoir system.

This system is simplified in order to make it compatible with reservoir modelling in
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Wflow_SBM . To this end, the Urft and Rur reservoirs have been combined into a sin-
gle reservoir, and all other reservoirs have been removed, as schematised in Figure D.4.
The outflow at Heimbach is determined by the Olef-Urft-Rur operation plan, which is
still applicable when the Obersee and Heimbach reservoirs are removed, as they only
depend on the storage at the (combined) Urft and Rur reservoirs. However, the flood re-
tention capacity of the Heimach and Obermaubach reservoirs is lost in the model, and
the hydrograph at Obermaubach will become a smoother version of the simulated out-
flow at Heimbach as it is not actively managed. However, the simplification provides
sufficient results for the objective of this thesis.

Figure D.4: Schematic overview of the complete Rur reservoir system and the simplified system implemented
in Wflow_SBM.
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Table D.2: Characteristics of the six reservoirs in the Rur catchment operated by WVER (WVER, 2017a, 2017b,
2017c, 2017d, 2017e, 2017f)
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E.1. OLEF-URFT-RUR RESERVOIRS OPERATION PLAN
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E.2. OLEF RESERVOIR OPERATION PLAN
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E.3. IMPLEMENTATION OF THE OPERATION PLANS IN Wflow_SBM

(a)

(b)

Figure E.1: Implementation of the volume-based operation plans of the Rur reservoir system and the Olef
reservoir in Wflow_SBM.
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F.1. GEOLOGICAL MAP OF THE RUR CATCHMENT

Figure F.1: Geological map of the Rur catchment. Obtained from Bogena, Pütz, et al. (2005).



F.2. INUNDATION MAPS OF THE PM-2D HINDCAST

F

45

F.2. INUNDATION MAPS OF THE PM-2D HINDCAST

Figure F.2: Inundation map of floodplain grid 0 using the PM-2D model with additional reservoir release and
RADFLOOD21.
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Figure F.3: Inundation map of floodplain grid 1 using the PM-2D model with additional reservoir release and
RADFLOOD21.
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Figure F.4: Inundation map of floodplain grid 2 using the PM-2D model with additional reservoir release and
RADFLOOD21.
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Figure F.5: Inundation map of floodplain grid 3 using the PM-2D model with additional reservoir release and
RADFLOOD21.
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Figure F.6: Inundation map of floodplain grid 4 using the PM-2D model with additional reservoir release and
RADFLOOD21.
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F.3. RUNOFF COEFFICIENT FOR LANUV GAUGE STATIONS

Figure F.7: Runoff coefficients for the LANUV gauge stations in the Rur catchment. Created using E-OBS data
for precipitation and LANUV data for discharge.
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