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Abstract

Flash floods in rivers pose a significant threat to society and investigating measures to miti-
gate flood risk is therefore of vital importance. Nature-based solutions (NBS) are a novel ap-
proach to flood risk mitigation but research on the effects of NBS is still scarce. This research
focuses on investigating the effects of different afforestation scenarios in the Geul catch-
ment, a small cross-border catchment in the Netherlands, Belgium and Germany. The study
uses the SFINCS hydrodynamic model to model the effects of the different afforestation sce-
narios on discharge and flood extent during the July 2021 extreme precipitation event, as
well as several lighter (artificial) rainfall events (80% and 50% of the precipitation during
the 2021 event). Results show that afforestation reduces the discharge largely proportional
to the amount of forest cover added. However, results show only a limited effect on peak
discharge for the more realistic afforestation scenarios (-0.7% to -2.6%). A delay in the peak
discharge was also modelled; ranging from less than ten minutes for a lighter afforestation
scenario to four and a half hours for a full afforestation scenario during the 2021 event. This
could be useful for policymakers and/or flood preparedness in case of an event. A major
flaw in the model arose when assessing the effect of afforestation on flood extent. In most
scenarios, an increase of up to 8.8% was observed, where a decrease would be expected.
This problem occurred because of the use of the curve number method for estimating runoff
directly from precipitation. When using this method, water cannot infiltrate after the initial
subtraction from the precipitation forcing, which results in an underestimation of the effec-
tiveness of afforestation in the flood plain. Ultimately, SFINCS proved effective in modelling
the flood extent of the July 2021 event at a low computation time, but using this model for
investigating the implementation of nature-based solutions is not recommended.
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Chapter 1

Introduction

The Geul catchment is a small transboundary river catchment that covers parts of the border
region of the Netherlands, Belgium, and Germany. The river has an average discharge of
4 m3/s and acts as a tributary to the much larger Meuse river, which it enters in the town
of Voulwames. In recent years, most notably in 2021, the Geul has been subjected to flash
flooding (Slager et al., 2022; Van Heeringen et al., 2022). The 2021 flood event in partic-
ular has resulted in significant damages and a renewed interest in research on flood risk
reduction measures to avoid situations like these in the future (Mohammed, 2022; Van Dijk,
2023; Middendorp, 2023; Idsinga, 2024), especially with respect to the expected increase in
riverine flood risk due to climate change (Arnell and Gosling, 2016).

This chapter will discuss these flash floods, the event that occurred in July 2021, and how
these floods are expected to increase in frequency and magnitude under climate change.
Next, flood risk reduction methods, and in particular, nature-based solutions, will be dis-
cussed. This will then lead to the problem formulation and research question.

1.1 Flash floods in small rivers

Flash floods are a big concern in hydrology and hazard management because of the large
number of people affected by them and the fact that they often result in fatalities (Marchi
et al., 2010). These floods are caused by short, small-scale, but very intense rainfall events
(Bloschl et al., 2015). The runoff response to these rainfall events is often less than six hours,
and they mostly occur in small river catchments. The rapid response time makes these
events particularly challenging from an early warning perspective, as the short lead time
means that forecasting these events must strongly rely on meteorological forecasts (Brauer
etal., 2011). Aside from the intensity of the rainfall, response dynamics are also influenced
by various other factors, such as initial soil moisture conditions, topography and geology
(Klein, 2022). An interplay of these factors resulted in floods in the various areas that were
hit during the July 2021 event.

1.2 The July 2021 flood event

In the period from 12 to 15 July 2021, an extreme rainfall event took place in the border
regions of Belgium, the Netherlands, Germany, and Luxembourg (Fig. 1.1). The intense
rainfall led to floods in these regions, resulting in over 200 casualties and extensive in-
frastructural damage (Tradowsky et al., 2023). The rainfall itself was the result of a large
low-pressure system over Central Europe that supplied warm and humid air masses to the
region that was hit during this event. In the Geul catchment as a whole, this resulted in rain-
fall with a return period of roughly 500 years but in parts of the Ardennes, return periods
exceeded 2500 years locally (Van Heeringen et al., 2022). In the Geul, the unprecedented
amount of rainfall resulted in flash flooding conditions, and in the broader region there was
severe flooding in North Rhine-Westphalia and Rhineland-Palatinate in Germany and along
the river Meuse in Belgium and the Netherlands (Kreienkamp et al., 2021).
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FIGURE 1.1: 48-hour (13 July 00:00 UTC - 15 July 00:00 UTC) and 24-hour
precipitation sums over Central Europe for the extreme precipitation event.
Taken from: Tradowsky et al. (2023).

1.3 Climate change

With a rise in global temperature, the hydrological cycle is expected to experience an inten-
sification (Kundzewicz, 2008). This intensification is caused by the increase in evaporation
of water under higher temperatures, which subsequently results in more rainfall too. This
increase in rainfall is believed to result in more (extreme) floods as well (Milly et al., 2002).
This is mostly true for rivers that are primarily fed by rainwater, as snowmelt-dominated
catchments show a decrease in flood magnitude (Madsen et al., 2014). Because of climate
change, events like the one in 2021 can occur more often; in 2050, these events can occur
three times more often, and in 2085 up to six times more often (Asselman et al., 2022).

1.4 Flood risk reduction measures

This prospect has made research on measures to mitigate or reduce flood risk more relevant
than ever. Traditionally, this field of study is focused on hard engineering or "grey" solu-
tions. These measures include the construction of pipe networks, storage tanks, and flood
walls/dikes (Kapetas & Fenner, 2020). However, the implementation of these measures is
often costly and can lead to a technical lock-in.

A more novel approach to flood risk management is the implementation of so-called
nature-based solutions (NBS). Nature-based solutions can be defined as “solutions that are
inspired and supported by nature, which are cost-effective, and simultaneously provide
environmental, social and economic benefits and help build resilience.” (European Com-
mission, 2024). Within the fields of engineering and flood risk management, these types of
solutions have garnered a lot of attention in recent years (Hartmann et al., 2019; Gottwald et
al., 2021; Raska et al., 2022; Hugtenburg et al., 2023). A good example of this approach in the
Netherlands is the Room for the River project. This project was initiated in 2007 and aims
to reduce the flood risk in the large rivers of the Netherlands by literally giving the rivers
more space by, for example, moving the dikes more inland (Rijke et al., 2012). By combining
these measures with more traditional grey measures, the expected increase in flood risk due
to climate change and population growth can be reduced more effectively.
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1.5 Nature-based solutions

A variety of different nature-based solutions for flood risk mitigation exist, such as afforesta-
tion/reforestation to enhance evaporation and storage (Nadal-Romero et al., 2023), wetland
restoration for more upstream storage (Gutman, 2019), and re-meandering to slow down
discharge (Della Justina et al., 2019). Additionally, smaller-scale interventions have also
been proposed as nature-based solutions, such as turning agricultural fields into natural
grassland, creating infiltration strips, removing drainage pipes, and increasing the amount
of green space in urban areas (Hugtenburg et al., 2023).

This research will focus on afforestation as a flood risk reduction measure. The increase
in forest cover is thought to increase infiltration and evaporation, which reduces the amount
of water that ends up in streams. Previous research has suggested that an increase in forest
cover can reduce the flood risk (Bhattacharjee and Behera, 2018; Carrick et al., 2019; Buechel
et al.,, 2022). Additionally, more forest cover can have a slowing effect on water, delaying
the peak discharge but not always reducing the peak flow. It has also been suggested that
the type of forest can have a major impact on its flood mitigation effectiveness. Tembata et
al. (2020) suggest that deciduous and mixed forests have a flood mitigation effect, whereas
forests with coniferous trees do not have a significant effect. Most research on the topic states
that although afforestation can aid in reducing flood risk, it should be used in combination
with traditional hard structural approaches (Calder & Aylward, 2006). This is especially true
for more significant flood events as forest cover tends to have a limited effect on peak flows
during extreme flood events (Bathurst et al., 2017; Xiao et al., 2022).

Aside from the reduction in flood risk, nature-based solutions like afforestation have a
host of co-benefits. For example, converting agricultural land to forest can reduce soil ero-
sion, nitrogen deposition, and pollution from pesticides, and it can also act as a carbon sink
(Plantinga & Wu, 2003). It can also reduce the urban heat island effect when implemented
in and around cities, while also improving water quality and increasing biodiversity. For
humans, it can also create recreational areas and improve public health (Dittrich et al., 2019;
Chakraborty et al., 2022). However, there are also potential trade-offs to implementing af-
forestation measures. One main downside is that it requires large amounts of land, which
can come at the expense of, for example, agricultural land (Doelman et al., 2020). Addi-
tionally, other research has suggested that afforestation can also increase the vulnerability
to droughts of downstream communities due to the heightened water consumption (Ward
etal., 2020).

1.6 Problem statement and research objective

These challenges related to nature-based solutions, and afforestation in particular, highlight
the importance of investigating where and to what extent afforestation can be implemented.
However, research on the effectiveness of afforestation as a flood mitigation measure is still
relatively scarce. Therefore, this research will focus on implementing different nature-based
solutions in the form of afforestation scenarios into the hydrodynamic model SFINCS. Sub-
sequently, the effectiveness of these measures will be assessed. This has not been done
previously in this model, so part of the research will focus on how nature-based solutions
can be implemented and whether it is viable for this type of model.
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The main research question of this research is: how can the 2D hydrodynamic model
SFINCS be used to simulate the effects of implementing nature-based solutions in the
Geul catchment to reduce flood risk?

Additionally, several subquestions have been formulated to help answer this research ques-
tion:

1. Is it possible to reproduce the flood situation in the Geul catchment during the July
2021 event with the SFINCS model?

2. How can the effects of nature-based solutions/afforestation be implemented into the
SFINCS model?

3. What are the hydrological effects of implementing afforestation measures?

4. Is SFINCS a good model choice for this type of research?

Chapter 2 of this research will discuss the various aspects of the research area, after which
the SFINCS model and the methodology will be discussed in Chapter 3. Subsequently, the
results will be described in Chapter 4 and discussed in Chapter 5. Finally, the conclusions
will be described in Chapter 6.
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Research area

The case study for this research focuses on the Geul catchment. The Geul is a transboundary
river whose catchment area covers parts of the Netherlands, Belgium, and Germany (Fig.
2.1). The total catchment area is roughly 340 km?, of which 52% is located in the Netherlands,
42% in Belgium, and 6% in Germany. The Geul is a tributary of the much larger Meuse river,
which it joins north of the city of Maastricht in the Netherlands.

FIGURE 2.1: Location and catchment boundaries of the Geul catchment. The measuring loca-
tions are station locations of the water board, which are also used for validation in this research.

2.1 Topography

Figure 2.2 shows an elevation map of the Geul catchment. The elevation within the catch-
ment varies between roughly 40 m and 370 m +NAP (Uhe et al., 2022). In the downstream
part of the catchment, the river is deeply incised into the surrounding plateaus with steep
slopes around the valley’s edges. In the upstream part of the catchment, the river/tributaries
are not as deeply incised into the plateaus, and the area is characterised by more gentle
slopes. The stream gradient of the river itself is 4.3 m/km on average, but it should be
noted that the stream gradient is significantly higher upstream of Gulpen when compared
to downstream of Gulpen (Van Heeringen et al., 2022).
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FIGURE 2.2: Elevation map of the Geul catchment.

2.2 Climate and hydrology

The Geul has an average discharge of approximately 4 m®/s and it is a rainfed river. This
means that the discharge can vary significantly depending on the rainfall conditions. In dry
periods, the discharge can get lower than 1 m?/s and in wet periods the discharge can reach
up to dozens of m3/s. The discharge is distributed throughout the year fairly evenly, which
can be attributed to the release of water from the extensive chalk and limestone aquifers
in the catchment area (Tu, 2006). The catchment is situated in a temperate oceanic climate
(Cfb) according to the Koppen-Geiger climate classification (Kottek et al., 2006). This climate
is characterised by a lack of significant differences in precipitation between seasons. How-
ever, the rainfall intensity is generally higher during the summer months. Average annual
precipitation varies between 800 and 925 mm/year in the Dutch part of the catchment for
the period 1991-2020, with the annual precipitation increasing towards the more elevated
regions of the catchment (KNMI, 2024). The generally even distribution of precipitation
and discharge throughout the year means that extreme discharges are generally caused by
a combination of different factors. These factors include high precipitation, wet antecedent
conditions, snow melt, and low evaporation/transpiration (Klein, 2022).

2.3 Geology

The geology in the south of Limburg is vastly different from the rest of the Netherlands.
It is one of the few areas in the Netherlands where bedrock can be found this close to
the surface, which greatly influences the hydrology in the area as well. Geologically, the
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area belongs to the northern extensions of the Ardennes and the Eifel low mountain ranges
(Hendrix & Meinardi, 2004). Within the catchment, significant variations in geology oc-
cur. In the most upstream (Belgian) part of the catchment, the oldest rock formations can
be found at the surface, stemming from the Devonian and Carboniferous periods. These
formations mostly consist of impermeable sandstones, slates, and hard limestones. Further
downstream, younger rock formations from the Cretaceous period can be found. These in-
clude more permeable (clayey) sandstones and softer limestones. Younger deposits include
sands and clays, of which the older Tertiary deposits can be compacted and impermeable.
The youngest deposits in the area include loess deposits from the ice ages (mostly in the
Dutch part of the catchment) and riverine deposits that were deposited by the Geul and its
tributaries (Hugtenburg et al., 2023). Appendix B contains a map of the surface lithology in
the region.

2.4 Land use

Table 2.1 shows the land cover distribution in the Geul catchment; a detailed land cover
map can be found in Appendix B. Note that these land cover statistics were calculated using
the ESA WorldCover 2021 v200 data set (Zanaga et al., 2022). Different land cover data sets
will produce different results, as illustrated in Klein (2022). Throughout the history of the
human settlement in the South of Limburg (roughly 7000 years), the landscape has changed
drastically (De Moor et al., 2008). The most significant impact humans have had on the area
is that of deforestation, often with the intent of creating arable land. Different deforestation
phases were accompanied by an increase in soil erosion on the plateaus and slopes and
more accumulation in the valleys. Over time, the landscape developed into a patchwork
of woodland, pasture, and agricultural land, a so-called bocage landscape. In places where
farmers left strips of woodland (at pasture edges for example), "graften" (escarpments) and
"hollow roads" developed. The forest protected parts of the hills from erosion, creating
lines along which the slope suddenly changes and, if roads went through these hedge-like
woodlands, endeepened roads (Wallis de Vries, 2010).

TABLE 2.1: Land cover distribution in the Geul catchment.
Data source: Zanaga et al. (2022)

Land Cover Class Percentage of Total Area
Tree cover 30.3%
Grassland 43.8%
Cropland 18.5%
Built-up 7.2%

Permanent water bodies 0.1%
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Methodology

3.1 The SFINCS model

The SFINCS (Super-Fast INundation of CoastS) model is a two-dimensional hydrodynamic
model developed by Deltares (Leijnse et al., 2021). The model solves the Simplified Shallow
Water Equations (SSWE) with the aim of simulating compound flooding events. Compound
flood events are, for example, events in coastal areas where the interaction of high sea levels,
large river discharges, and local precipitation causes (extreme) flooding (Wahl et al., 2015).
SFINCS was therefore initially developed with the aim of modelling coastal flood scenarios
but it has since been applied to riverine flood scenarios as well. In fact, the model has been
applied to various flooding scenarios since its initial development, such as urban flooding,
riverine flooding, compound flooding, and tsunami modelling (Leijnse, 2024). One of the
most useful features of the SFINCS model is the option to run the model in subgrid mode. In
this mode, the flux calculations are carried out on a pre-defined, coarser, grid. The resulting
water levels are then overlain on a finer resolution Digital Elevation Model (DEM) (Fig.
3.1). In doing so, computational times are decreased significantly while still using higher-
resolution topographic data.

FIGURE 3.1: Representation of subgrid features. Flux computations are calculated on a coarser grid
(blue) but water levels are updated on a finer resolution (grey). Source: Leijnse (2024)
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Equations 3.1 and 3.2 show how the volumetric flow rate at the interface between adjacent
cells is calculated in the x-direction and y-direction respectively. In these equations, g/ ™! is
the volumetric flow rate at the next time step, ¢’ is the volumetric flow rate at the previous
time step, g is the gravitational constant, h' is the average water depth of the two adjacent
cells, Az is the water level difference between the cells, adv is the advective term, T, is the
wind shear stress, py, is the density of water, and 7 is Manning friction coefficient. Further
information on how some of the terms in these equations are calculated can be found in
Leijnse et al. (2021).

Az T,
E— ght —= + adv, — w’x>At
At I (g T Ax * Pw
i 14 gAtn?q/ (h})7/3

qy — <gh§§z + adv, — Tw’y> At
ghdt = Yy Pw (3.2)
v 1+ gAtn?ql,/ (h})7/3

The SFINCS model can use various input files and settings and produce different outputs.
In its most basic form, the model uses an input DEM and a type of forcing (water levels, dis-
charge, or precipitation) to perform the flux calculations. The different input and output op-
tions will be discussed in more detail in the sections below. Additionally, the Python-based
command-line way of using SFINCS (HydroMT-SFINCS) and Snakemake will be discussed,
which were used to run the model for this research.

3.1.1 Model input

Figure 3.2 shows the various input files for the SFINCS model. The input can be divided into
four categories: the files to set up the model domain, the model settings, the forcing files,
and the structure files. For setting up a basic SFINCS model, few input files are required,
but other input options exist for modelling more complex events. The choice of input files
is dependent on the research at hand.

* Model domain: setting up the model domain is done using an input DEM and a file
containing the outline of the research area. The DEM is then clipped to this outline.
Other files are needed to specify the cell indexation (active, inactive, boundary, and
outflow cells), this will be discussed in further detail in the section on HydroMT be-
cause this is done automatically in the setup used for this model. Further (optional)
input files include land cover and curve number files to incorporate spatially varying
roughness and infiltration, respectively. Finally, observation points and lines can be
set up to record water depth and discharge respectively at specific points in the re-
search area. Different resolutions are available for these input files, depending on the
modeller’s choice of data set but it should be noted that all of these data sets are re-
sampled to the subgrid resolution. This means that a 30-meter DEM will be resampled
to a 100-meter resolution to perform the flux calculations if this is the resolution that
the subgrid is set to.

* Model settings: further model settings, like the time and output options, can be set
separately. There are also several numerical parameters that can be adjusted to im-
prove model stability, depending on the research at hand. All these settings can be
changed in the overall input file (sfincs.inp).
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* Forcing: forcing of the model is done using one of three types of forcing, or a com-
bination of different forcing types. The main categories of forcing are water levels,
discharges, and meteoric forcing. For this research, only gridded precipitation is used
as forcing, but because SFINCS was originally developed as a (coastal) compound
flooding simulator, additional forcing options exist for waves, air pressure, and wind.

¢ Structures: finally, options exist for incorporating several types of man-made struc-
tures into the model domain. These structures can be used to divert or block the flow
of water, and can therefore be used to simulate flood hazard reduction methods (Lei-
jnse, 2024). Three types of structures currently exist for use in the model: thin dams,
weirs, and drainage pumps and culverts. These structures are snapped to the model
grid and influence how the water flows. Thin dams and weirs can block water flow.
Thin dams block all water flow (“unlimited height’) whereas weirs block water flow
up to a certain height. Pumps and culverts can divert water from one cell to the other.
Pumps do so with a fixed discharge and culverts do so based on the water level gradi-
ent (but still with a maximum discharge). All of these structures represent traditional
‘grey’ infrastructure and therefore they will not be used in this model because the focus
is on nature-based solutions.

FIGURE 3.2: Overview of input files for SFINCS with an indication of whether
they are required (green) or not (orange). Adapted from: Leijnse (2024)

3.1.2 Model output

The output of the SFINCS model consists of one or two NetCDF files that contain the model
results: sfincs_map.nc and sfincs_his.nc. The SFINCS map file contains the global output of
the model, including water depths and flow velocities at each time step, as well as maximum
water levels for each previously defined time period. The (optional) sfincs_his file contains
model results for specific locations. It contains similar outputs to the global output file,
but now for the various point objects in the model domain, such as the discharge through
pumps and culverts and the water levels and discharges at the defined observation points
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and lines. Postprocessing of the output files and visualisation of the results can be done
using a programming language such as Python and/or a geographic information system
(GIS) of choice.

3.1.3 HydroMT and Snakemake

Several options exist for setting up a SFINCS model: the Delft Dashboard Graphical User In-
terface (GUI), the Matlab-based Open Earth Toolbox (OET), or the Python-based HydroMT-
SFINCS. For this research, HydroMT (Hydro Model Tools) was used. HydroMT is a Python
package that can be used to automate the building and analysis of geoscientific models (Ei-
lander et al., 2023). The model-specific plugin HydroMT-SFINCS can be used to set up
the SFINCS model by creating Python scripts that can automate many of the model pre-
processing, model building, model running, and postprocessing steps. Using HydroMT-
SFINCS, various model setup steps are completed for this research. For example, one of
the main input files, the mask file (mskfile, Fig 3.2), is created by combining the catchment
outline and river centerlines. This file specifies the model domain and outflow points of the
catchment (for coastal models it has the additional function of setting water level boundary
cells). Using the HydroMT-SFINCS package, scripts were created for building the model,
implementing the forcing, running the model, postprocessing the results, and calculating
model performance (Fig. 3.3).

To automate this workflow from pre-processing to calculating the model performance,
Snakemake was used. Snakemake is a workflow management system that allows for a rule-
based execution of the various scripts in a workflow (Molder et al., 2021). By using this
Snakemake setup, running the various scripts can be done in a more automated and repro-
ducible way. It does so by having different 'rules’ that break down the workflow into var-
ious smaller steps, which in this case correspond with the different scripts. When changes
are made to a script or input file, the Snakemake workflow will detect these changes and
run the workflow again starting from this point. This speeds up the workflow execution
and reduces the risk of workflow errors.

3.2 Setting up the model for the 2021 event

Because this research concerns the headwater area of an inland river catchment, several
components could be omitted from the model. Forcing consisted only of precipitation, as
opposed to the multiple types of forcing in a compound flood event or an inland river catch-
ment not located in the headwater area. Additionally, no structures such as dams and weirs
were incorporated into the model because of the small scale of the catchment. Figure 3.3
shows the different scripts that were used in the Snakemake workflow, as well as the vari-
ous input files that were used in the SFINCS model for this research.

3.2.1 Input data

The sections below will discuss the various data sets that were used to set up the model
for the July 2021 event. Additionally, some of the data sets went through or were used for,
pre-processing steps in Python or QGIS, these steps will also be discussed below.



Chapter 3. Methodology 12

FIGURE 3.3: Overview of the different scripts and input
files used to run the model for the Geul catchment.

3.2.1.1 Digital Elevation Model

For the topography of the catchment, the FABDEM data set was used. This is a global
elevation data set derived from the Copernicus Digital Elevation Model where buildings
and forests were removed using machine learning (Hawker et al., 2022). The data set has a
1 arc second resolution (~30 m at the equator) and the mean absolute vertical error is 1.12 m
in built-up areas and 2.88 m in forests. Note that the model sub(grid) settings influence the
final resolution in the model. For a 100 m grid resolution and 20 m subgrid resolution (used
in this model), the DEM is resampled to these resolutions for the flux calculations and final
water depth calculations respectively.

3.2.1.2 Land cover

For the land cover information of the catchment, the ESA WorldCover 10 m 2021 v200 data
set was used. This data set provides a global land cover map for 2021 at a 10 m resolution
based on Sentinel-1 and Sentinel-2 data (Zanaga et al., 2022). The data set is divided into 11
different land cover classes based on the Food and Agriculture Organization (FAO) of the
United Nations” Land Cover Classification System (Di Gregorio, 2005). The land cover data
set has been independently validated and was found to have a global overall accuracy of
76.7% (Tsendbazar et al., 2021), which should be considered when evaluating the model re-
sults. In the model itself, the 10 m resolution of the data set is resampled to a 20 m resolution
in the subgrid mode.
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This land cover data is used in the model to implement spatially varying surface roughness
into the model. This is done by including a conversion table (Table 3.1) for converting the
land cover classes to their corresponding Manning roughness coefficients, which represent
surface roughness in s/m. These values are integrated into the momentum equations that
SFINCS uses to calculate flow rates between grid cells (Equation 3.1 and 3.2). Note that
Manning values for different land cover types vary throughout literature, so the choice of
Manning values may influence the model results (Kalyanapu et al., 2009; Nyaupane et al.,
2018).

TABLE 3.1: Land cover classes from the ESA WorldCover
data set and corresponding Manning values used in SFINCS.

Land cover class Manning roughness (N)
10 - Tree cover 0.120
20 - Shrubland 0.050
30 - Grassland 0.034
40 - Cropland 0.037
50 - Built-up 0.100
60 - Bare / sparse vegetation 0.023
70 - Snow and Ice 0.010
80 - Permanent water bodies 0.020
90 - Herbaceous wetland 0.035
95 - Mangroves 0.070
100 - Moss and lichen 0.025
0 - No data -999

3.2.1.3 Curve numbers

Implementing infiltration into the model domain can be achieved in several ways. In more
basic models, flat infiltration values or spatially varying infiltration values can be used.
A slightly more involved method is the use of curve numbers (Cronshey, 1986). The Soil
Conservation Service (SCS), now National Resources Conservation Service (NRCS), Curve
Number (CN) method is an empirical method that describes the relationship between direct
runoff volume and rainfall. The method was developed by the United States Department of
Agriculture (USDA) (Singh and Mishra, 2003; Leijnse et al., 2021).

Curve numbers vary between different regions and are dependent on land cover, soil,
treatment, and hydrologic conditions of the area. Look-up tables have been developed that
give the curve numbers for various combinations of land cover and hydrologic soil group
(HSG). These hydrologic soil groups were created for the curve number method and consist
of soil classifications into four distinct groups: A, B, C, and D, which correspond to soils
with low, moderately low, moderately high, and high runoff potential, respectively (Cron-
shey, 1986). Curve numbers vary between 30 (low runoff potential) and 100 (high runoff
potential). Curve numbers are first converted to an S-value, which is the potential maxi-
mum soil moisture retention after runoff begins (Eq. 3.3). In this equation, CN is the curve
number. The S-value is also used to determine the initial abstraction I,, which are all water
losses before runoff begins (Eq. 3.4). These include water retained in surface depressions,
interception by vegetation, evaporation, and infiltration (Cronshey, 1986). These terms are
then used to calculate the runoff (Eq. 3.5). The equation denotes that runoff is only gener-
ated when the initial abstraction value is exceeded. Note that all these equations use units
of inches.
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By default, SFINCS uses curve number maps from the GCN250 data set (Jaafar et al., 2019),
which has a spatial resolution of 250 m and is based on gridded hydrologic soil groups at
a 250 m resolution and land cover data at a 300 m resolution. For investigating the influ-
ence of afforestation on flood risk, a 300 m land cover map would not suffice. Therefore,
a new curve number map was created for this research. The most detailed data set on hy-
drologic soil groups available for Europe is the HYSOGs250m data set, which was also used
to create the GCN250 data set. For land cover, the ESA WorldCover data set was used but
this leads to a problem because look-up tables for curve numbers only exist for the United
States National Land Cover Database (NLCD). Therefore, the land cover classes from the
ESA Worldcover data set were linked to corresponding land cover classes in the NLCD 2019
data set (Wickham et al., 2023) as shown in Table 3.2.

Because of the high spatial resolution of the ESA WorldCover data set, most "Built-up"
areas in the catchment fall under the "Developed, High Intensity" classification of the NLCD
2019 data set (Wickham et al., 2023). Therefore, these curve numbers were taken for the built-
up area part of the catchment. For forests, detailed land cover maps of the Netherlands
show a mixed distribution of deciduous and coniferous forests in the area (Hazeu et al.,,
2023). Therefore, the values for "Mixed Forest" were taken for this land cover type. This
assumption can influence the final results, and this should therefore be taken into account
when evaluating the model results.

Finally, QGIS was used to combine the land cover data (ESA WorldCover 2021), hy-
drologic soil groups (HYSOGs), and look-up table to create a curve number map for the
research area, which was subsequently incorporated into the SFINCS model. Like with the
land cover map, the 10 m resolution of the data set is resampled to a 20 m resolution in the
subgrid mode.

TABLE 3.2: Curve numbers for various land cover data sets and for
different hydrologic soil groups. Adapted from: HEC-HMS (2023)

ESA Worldcover 2021 NLCD 2019 HSG
Land cover Land cover A B C D
80 - Permanent water bodies 11 - Open Water 98 98 98 98
50 - Built-up 21 - Developed, Open Space 49 69 79 84
22 - Developed, Low Intensity 57 72 81 86
23 - Developed, Medium Intensity 61 75 83 87
24 - Developed, High Intensity 81 88 91 93
60 - Bare / sparse vegetation 31 - Barren Land (Rock/Sand/Clay) 78 86 91 93
10 - Tree cover 41 - Deciduous forest 45 66 77 83
42 - Evergreen Forest 25 55 70 77
43 - Mixed Forest 36 60 73 79
20 - Shrubland 52 - Shrub/Scrub 55 72 81 86
30 - Grassland 71 - Grassland /Herbaceous 50 69 79 84
81 - Pasture/Hay 49 69 79 84
40 - Cropland 82 - Cultivated Crops 67 78 85 89
90 - Herbaceous wetland 90 - Woody Wetlands 30 58 71 78

95 - Emergent Herbaceous Wetlands 30 58 71 78
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3.2.14 Precipitation

The model was forced using gridded precipitation data. Two different forcing data sets were
initially used in the model to analyse the differences in model results:

e ERA5-Land: ERA5-Land is the fifth generation reanalysis of global land variables from
1950 onwards (Mufioz-Sabater et al., 2021), developed by the ECMWF (European Cen-
tre for Medium-Range Weather Forecasts). It contains gridded climate data with a 0.1°
x 0.1° spatial resolution (~9 km) and a 1-hour temporal resolution.

¢ KNMI Reanalysis: the KNMI Reanalysis was developed by the KNMI (Royal Dutch
Meteorological Institute) for the event and it covers the 48 hours from July 13 10:00
to July 15% 10:00 in 2021. It contains hourly data with a 100 x 100 m spatial resolu-
tion. It was created by combining rainfall measurements and radar measurements and
should therefore more accurately represent the situation during the July 2021 event
(Van Heeringen et al., 2022).

In the final model, the ERA5-Land data set was used (Fig. 3.4), despite the fact the KNMI
Reanalysis is technically more accurate in terms of total precipitation. This choice will be
discussed in more detail in Chapter 5.

FIGURE 3.4: ERA5-Land rainfall intensity in the model period.

3.2.1.5 River centerlines and GloFAS

It is possible to ‘burn’ the river bathymetry into the subgrid to aid the routing of the wa-
ter in subgrid mode. In the model for the Geul, the MERIT-Basins data set was used for
the river centerlines. MERIT-Basins is a global vector hydrography database (P. Lin et al.,
2019) derived from the 90-m MERIT-Hydro product (Yamazaki et al., 2019). To burn these
centerlines into the subgrid, a width and depth must be assigned to the centerlines first.
According to Ahmed and Eslamian (2022), the bankfull discharge occurs, on average,
every 1.5 years, but it may vary between a recurrence interval of 1 to 32 years. Based on the
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bankfull discharge, the dimensions of a channel may be calculated. This requires discharge
data for the stream at hand and for this research, the GIoFAS-ERA5 data set was used. This
is a global gridded dataset of river discharge with a horizontal resolution of 0.1° at a daily
time step from 1979 until the present (Harrigan et al., 2020). This data set allows for the cal-
culation of return periods using a generalized extreme value (GEV) distribution. From this
GEV distribution, the discharge with a return of 2 years was selected (Sampson et al., 2015),
which was then used to calculate the bankfull discharge. This discharge is then used to cal-
culate the channel width using Equation 3.6, taken from Leopold and Maddock (1953). In
this equation, w is the channel width, Q the discharge, and a4 and b numerical constants (7.2
and 0.5 respectively in this research). The calculated widths can then be used to estimate the
depth (Sampson et al., 2015) using Manning’s equation (Eq. 3.7). In this equation, Q is the
discharge, A is the channel cross-sectional area, 7 is the Manning coefficient of roughness,
R is the hydraulic radius (cross-sectional area divided by wetted perimeter), and S is the
hydraulic gradient or channel slope. The calculated width and depth for each river section
are then added to the MERIT-Basins centerlines and burnt into the subgrid.

w = aQ’ (3.6)
Q=A- (iR2/3s“2> (3.7)

3.3 Modelling afforestation effects

After a working model for the July 2021 event in the Geul has been created, various af-
forestation scenarios will be explored. This measure will be implemented by changing the
input land cover maps and creating new curve number maps using the previously described
method. Changing these input files will simulate the change in land cover type by changing
the surface roughness and infiltration. Land cover and curve number maps for each scenario
can be found in Appendix C and D respectively.

The implementation of nature-based solutions into hydrodynamic models is not com-
mon in this specific context. However, previous research has modelled an increase in green
area by changing the land cover type, which then changes the underlying factors it influ-
ences, like the surface roughness, storage depth, infiltration rate, and runoff coefficient (E.
Lin et al., 2016; Glenis et al., 2018; Lu and Sun, 2023). When it comes to using hydrody-
namic models, the implementation of coastal vegetation is more common in literature. Such
research often focuses on the implementation of mangroves, salt marsh vegetation, or sea-
grasses. They are usually implemented by changing vegetation parameters such as the stem
diameter, stem height, vegetation density, drag coefficients, and frontal width (Niazi et al.,
2021; van Zelst et al., 2021; Bennett et al., 2023; Chen et al., 2024). This level of detail in imple-
menting vegetation is not possible in SFINCS, and therefore changing the surface roughness
and curve numbers are the only two parameters that can represent the land cover change
to forest cover. Curve numbers represent the land cover change to forest by reducing the
fraction of the rainfall that turns into runoff. This represents the increased water loss to in-
filtration, interception, and evaporation. This method was chosen because it accounts for the
intensity of the rainfall, as opposed to a flat infiltration rate. Another method that SFINCS
can use is the Horton method (Leijnse, 2024), but the use of this method is not explored in
this research. The Manning roughness increases when the land cover type is changed to tree
cover. This means that water is slowed down more as it flows through the model domain,
which could delay the peak discharge.
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The sections below will discuss the various afforestation scenarios that will be implemented.
Table 3.3 contains the tree cover and increase in tree cover in each scenario.

TABLE 3.3: Forest cover and increase in forest cover in the
Geul catchment for each of the afforestation scenarios.

Scenario Fraction tree cover Increase in tree cover
Baseline scenario 30.3% -

Full afforestation 92.7% +62.4%
Upstream afforestation 56.9% +26.7%
Downstream afforestation 66.0% +35.7%

Policy scenario 31.1% +0.8%
Riparian forests 38.4% +8.2%
Hedges 34.7% +4.4%

3.3.1 Full afforestation

In this scenario, the land cover in the entire Geul catchment will be converted to forest, ex-
cept for the built-up area. This is a very unrealistic scenario, but it serves as an indication
of the overall effect that afforestation can have. By exploring this scenario first, the maxi-
mum possible effectiveness of afforestation can be gauged first because previous research
has suggested that afforestation can only have a limited effect on flood risk (Slager et al.,
2022).

3.3.2 Upstream afforestation and downstream afforestation

These two scenarios are very similar to the first scenario, but in the upstream scenario, only
the Belgian part of the catchment is converted to forest, and in the downstream scenario
only the Dutch and German parts of the catchment are converted to forest. Like in the full
afforestation scenario, the built-up area is left untouched during the conversion of the input
maps. These scenarios serve to explore the difference between afforestation in the upstream
and downstream parts of the catchment. Additionally, policy related to flood risk reduction
often occurs on a national level, so these scenarios could show what is possible within the
main countries in the Geul catchment.

3.3.3 Policy scenario

In reality, afforestation projects are often limited in size and extent. The province of Limburg
in the Netherlands plans to expand the existing forest area in the province by 10% or 3,500
hectares by 2030 (Limburg, 2023). Accounting for the area of the Geul catchment located
within the province of Limburg, this would amount to roughly 380 hectares of afforestation.
Exact locations are not yet known for the forest expansion and therefore these 380 hectares
of afforestation in Limburg have been selected at random. This should be taken into account
when evaluating the results of this scenario. It is also not certain whether there will be 380
hectares of afforestation in the Geul catchment, this is based on an assumption. Instead, this
scenario serves to see whether planned afforestation practices will already affect flood risk.
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3.3.4 Riparian forests

Riparian buffer zones or forests serve a multitude of purposes. Most notably, they can store
water and reduce floods, but they can also increase biodiversity, stabilize riverbanks, and
improve water quality (Anderson, Masters, et al., 1992; Graziano et al., 2022). In this sce-
nario, these zones are introduced by adding a buffer of 100 meters on both sides of the
stream network in the entire catchment (excluding built-up area).

3.3.5 Hedges

Hedges or forest strips can act as infiltration zones by capturing and infiltrating water flow-
ing on the surface of slopes. Hugtenburg et al. (2023) suggest implementing 10-20 meter
wide infiltration zones parallel to elevation contour lines in cropland and grassland. For
this research, 20-meter-wide hedges were implemented on grasslands throughout the Geul
catchment. These hedges were implemented at a 15-meter elevation increment. Although
this measure, like the policy scenario, does not add much forest area to the catchment, it
might still have a delaying effect on the peak of the flow.

3.4 Different rainfall scenarios

The aforementioned scenarios will be run with the ERA5-Land data set for the precipitation
forcing. In addition to these seven scenarios (the baseline scenario and six afforestation
scenarios), the same scenarios will be run for different rainfall scenarios by changing the
ERA5-Land forcing file. The additional rainfall scenarios are created by subtracting 20% and
50% from the rainfall in the ERA5-Land data set. This creates less extreme rainfall scenarios
to assess the effects of afforestation. This choice was made because research suggests that
factors like land cover do not influence the runoff as significantly during extreme rainfall
events (Johnen et al., 2020; Cheng et al., 2021; Manes et al., 2024). The final model scenarios
are displayed in Table 3.4.

TABLE 3.4: The different model scenarios in this research.

Run number ERA5S ERA5-20% ERA5-50%

1,2,3 Baseline scenario Baseline scenario Baseline scenario
4,5,6 Full afforestation Full afforestation Full afforestation
7,8,9 Upstream afforestation Upstream afforestation Upstream afforestation
10,11, 12 Downstream afforestation Downstream afforestation Downstream afforestation
13, 14,15 Policy scenario Policy scenario Policy scenario
16,17,18 Riparian forests Riparian forests Riparian forests

19, 20, 21 Hedges Hedges Hedges

3.5 Validation of model performance

The performance of the model for the July 2021 event will be validated before implementing
the various afforestation scenarios. This evaluation is done by comparing the observed flood
extent (Slager et al., 2021) with the modelled flood extent in SFINCS. This evaluation is done
in a validation region within the Geul catchment that was created by creating a 100-meter
buffer around part of the observed flood extent (Fig. 3.5). It should be noted that the data set
by Slager et al. (2021) might not be fully accurate in displaying the maximum flood extent
either, which should be considered when evaluating the model performance using this data
set.
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FIGURE 3.5: The validation region in which the performance metrics are calculated.

The performance itself is quantified by calculating various performance metrics within the
validation region (Sampson et al., 2015; Oruc Baci et al., 2024) :

* Hit rate (H): this metric calculates the ratio between the overlap of the observed and
simulated flood extent (B) and the total observed flood extent (A U B). This metric
varies between 0 (no observed flood accurately predicted) and 1 (all observed flood
accurately predicted). It is only able to detect an underestimation in the modelled

flood extent.
B

H=-——
AUB

(3.8)

¢ False alarm rate (F): this metric calculates the ratio between the modelled flood extent
outside the observed flood extent (C) and the total modelled flood extent (B U C). This
metric varies between 0 (no false alarms) and 1 (all false alarms). It is only able to
detect overestimation in the modelled flood extent; the higher the value, the more
overestimation in the modelled flood extent.

C

F=— .
BUC (39)

e Critical Succes Index (CSI): this metric calculates the ratio between the overlap of
the observed and simulated flood extent (B) and the total flooded area obtained in
both the model and the observations (A U B U C). It varies between 0 (no correlation
between modelled and observed flood extent) and 1 (perfect match between model

and observations).
B

CSI=20B0c

(3.10)
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* Error bias (E): this metric gives information about the tendency of the model to over-
estimate or underestimate the flood extent. It is the fraction between flood extent only
in the observations (A) and the flood extent only in the model (C). If E = 1, there is no
bias; if E > 1, there is an overestimation; if E < 1, there is an underestimation.

E=— (3.11)

Additionally, the observed water levels at Meerssen and the observed discharge at Sippe-
naeken will be compared to the modelled water levels and discharge at these locations (Fig.
2.1). This should provide more insight into the model behaviour. It should be noted that
the discharge and water levels at specific locations are not a primary output of the SFINCS
model because it was primarily developed as a flood model. Therefore, these metrics might
not be as accurate as in other models.

3.6 Analysis of afforestation effects

After the evaluation of the model performance, this model will be used as a baseline to
analyse the effects of the various afforestation scenarios. After implementing a new forest
scenario, the discharge at Meerssen in the baseline scenario will be compared to the dis-
charge in the new scenarios. The effects on the peak discharge (expected reduction) and the
timing of the peak (expected delay) will be assessed. A similar approach will be taken when
looking at the modelled total flood extent. By comparing the baseline scenario with the af-
forestation scenarios (expected decrease in flood extent), their effectiveness will be assessed.
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Chapter 4

Results

4.1 Model performance

This section will discuss the model performance by calculating the previously described
performance metrics on flood extent. Additionally, the observed water levels at Meerssen
and the discharge at Sippenaeken will be compared to their simulated counterparts.

4.1.1 Flood extent

Figure 4.1 shows the observed flood extent and modelled flood extent in the validation re-
gion. As shown in the figure, the model tends to underestimate the flooded area in parts of
the validation region, especially around parts of the main channel. This is confirmed by the
performance metrics (displayed in Fig. 4.1); the error bias of 0.61 and hit rate of 0.80 indicate
an underestimation of the observed flood extent in the model. Conversely, the false alarm
rate of 0.14 indicates that there is little overestimation in the model. A CSI of 0.85 hints at
a generally good performance of the model in matching the observed flood extent (Hocini
etal., 2021).

FIGURE 4.1: The observed and simulated flood extent.
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4.1.2 Discharge

Figure 4.2 shows the modelled and observed discharge at Sippenaeken in the period 02-
07-2021 to 18-07-2021. The figure shows that the model performs poorly at displaying the
base flow. Instead, the discharge remains mostly 0 m®/s until the very intense rainfall event
around 13-15 July. This might be a result of the fact that SFINCS does not start with a base
flow but instead starts with a completely dry catchment.

The peak event of the event also looks very different from the observations. The rising
limb occurs around the same time, but the falling limb occurs sooner (the model returns to
baseflow much more quickly). The peak of the discharge is also much higher than expected
at 82.9 m3/s. This is closer to the estimated discharge at Meerssen of 87.5 m?3/s, which is
much further downstream (Van der Veen & Agtersloot, 2021).

FIGURE 4.2: Observed and modelled discharge at Sippenaeken (left)
and observed and modelled water levels at Meerssen (right).

4.1.3 Water levels

As seen in Figure 4.2, there is a large discrepancy between the observed and modelled water
level at Meerssen in the period, with poor performance regarding the RMSE and NSE as
a result. This discrepancy is likely caused by a difference in elevation between the model
and reality in this location. The river depth calculated using the method from Leopold and
Maddock (1953) is only 0.45 m, which is burned into the DEM. However, high-resolution el-
evation data (AHN, 2024) shows that the river bank is over two meters deep in this location.
This means that the model setup underestimates the bed elevation of the river significantly
in this location: the bed elevation in the model is 45.62 m, whereas the bed elevation in re-
ality is at least 43.17 m. This difference explains the discrepancy between the modelled and
observed water levels. The shape of the figure is also different. For example, the increase
in water level is not as significant, which is likely caused by the river overflowing into the
floodplain more quickly in the model. The water level also starts to rise more quickly than
in the observations, which suggests that the water is routed through the catchment more
quickly in the model than in reality.
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4.2 Afforestation effects

This section presents the results of the different afforestation scenarios and rainfall scenarios.
The first part will focus on the modelled peak discharge at Meerssen and how it changes
under different afforestation and precipitation scenarios. The second part will focus on the
total modelled flood extent in the catchment and how it changes under those same scenarios.

4.2.1 Discharge at Meerssen

In Figure 4.3 the discharge for each of the afforestation scenarios is plotted, along with the
percentage of decrease from the baseline scenario. Note that the SFINCS model grossly
overestimates the discharge at Meerssen as well, with a peak discharge of 195.5 m®/s at
Meerssen. This is much higher than the estimated peak discharge of 87.5 m®/s in Van der
Veen and Agtersloot (2021).

In terms of afforestation effects, the reduction in peak discharge is largely proportional
to the amount of forested area that is added in each scenario. In the full afforestation sce-
nario, the reduction in peak discharge is 32.7%. This is a significant effect and it shows that
increasing the forest cover can have an influence on the discharge. For the scenarios that
add less forest to the catchment, the discharge reduction is lower. This can be seen in the
upstream, downstream, and riparian forests scenarios. However, riparian forests have a
more significant effect on discharge when compared to the forest area it adds to the catch-
ment. It adds 8.2% forest cover, compared to the 26.7% and 35.7% increase in the upstream
and downstream scenario respectively, but its effect on the peak discharge is roughly simi-
lar in the ERA5 and ERA-20% precipitation scenarios. The policy scenario and the hedges
scenario have a very limited effect on the peak discharge (-0.7% to -2.6%), which is likely the
result of the limited increase in forest cover in these scenarios.

In the different precipitation scenarios, the signal is mostly similar for the different af-
forestation scenarios. The relative effect on discharge reduction is more significant for the
lighter ERA5-20% scenario, which hints at a greater sponge effect under these lighter rain-
fall conditions. For the ERA-50% scenario, the signal is slightly different. Here, the effect
of downstream afforestation (-45.6%) is closer to that of full afforestation (-52.5%), and the
effect of upstream afforestation is much more limited (-7.0%). The more realistic policy and
hedges scenarios have a more significant, but still limited, effect under these lighter rainfall
conditions. Discharge plots for each precipitation scenario can be found in Appendix E.

FIGURE 4.3: Peak discharge at Meerssen in each of the model scenarios.
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Table 4.1 shows the timing of the discharge peak for each of the scenarios. For almost every
scenario, the increase in forest cover leads to a delay in the peak discharge. Note that the
SFINCS output is in increments of 10 minutes, so changes smaller than this increment can-
not be observed in these results. The results seem to indicate that a higher increase in forest
cover also leads to a greater increase in lag time. The high forest cover in the more extreme
afforestation scenarios results in the water being slowed down more as it flows through the
catchment. However, this is not true for the upstream afforestation scenario. This indicates
that the location of afforestation plays a big role as well. The riparian forests scenario sug-
gests this as well, with it having a significant effect in delaying the peak, despite the more
limited extent of afforestation. The table also shows that hedges delay the peak by less than
10 minutes in the ERA5 precipitation scenario, whereas it does show a delaying effect in the
lighter rainfall scenarios. This could suggest that this measure is more effective during less
extreme rainfall scenarios.

TABLE 4.1: Time of peak discharge in the baseline scenario for each precipita-
tion scenario and the respective delay for each afforestation scenario.

ERA5 ERA5-20% ERA5-50%
Baseline 15-7-2021 03:00 15-7-2021 04:10 15-7-2021 07:10
Full afforestation +04:30 +07:30 +10:20
Upstream afforestation +00:20 +00:40 +00:00
Downstream afforestation +04:00 +05:00 +10:00
Policy scenario +00:20 +00:20 +00:40
Riparian forests +02:40 +03:40 +05:00
Hedges +00:00 +00:10 +00:10

4.2.2 Flood extent

Figure 4.1 shows the total flood extent in the Geul catchment for all the different scenarios.
Note that cells only count as flooded in the model when the water depth exceeds 0.05 meters.
This means that changing this threshold would influence the modelled flood extent. Overall,
the change in modelled flood extent is not in line with expectations.

FIGURE 4.4: Total flood extent in the Geul catchment for each scenario.
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As previously discussed, an increase in forest cover should lead to more infiltration, thus
reducing the flooded area. However, the model results show an increase in flood extent in
almost every scenario. Most notably, the riparian forest scenario shows the largest increase
in each of the precipitation scenarios (+7.8% to +8.8%). A decrease in flood extent only
occurs for some of the afforestation scenarios in the less extreme rainfall scenarios. Even
then, the reductions in flood extent are not large (-0.1% to -2.5%). The explanation for this
outcome can be found in a combination of two factors. These factors are the way infiltration
is implemented into the model and the way the channel dimensions are calculated. This will
be discussed in more detail in Chapter 5.
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Chapter 5

Discussion

5.1 Model input and setup

Various choices were made for the input files. The resolution of the DEM and other input
files can influence the output, but this is also largely dependent on the subgrid settings. In
the current setup, the flux calculations were calculated on a 100-meter grid and then overlain
on a 20-meter subgrid. Changing these settings (subgrid size and number of subgrid cells)
influences the model output. Different combinations were tried for the model but the current
combination proved effective in terms of model results and computation time.

An unexpected result was found when changing the model period. When the model was
run between 11-7-2021 and 18-7-2021 instead of 2-7-2021 to 18-7-2021, the model severely
underestimated the discharge at Meerssen. Changing the starting date only removes some
relatively minor rainfall events, but the longer period leading up to the large event around
13-15 July acts as a spin-up period for the model. This is especially important because the
model starts with a catchment that is essentially devoid of water at the start of the modelled
period. It is important to keep this in mind when analysing the results or when setting up
a model for a similar situation where precipitation is the only type of forcing. No previous
research has used SFINCS for a headwater catchment like this, so it is unknown if this cor-
responds with other research. Instead, rivers are often forced with discharge or water level
time series (Nederhoff et al., 2024) or reservoir releases (Sebastian et al., 2021).

5.1.1 Forcing data

The choice of forcing data also proved to have a significant influence on the results. The
KNMI Reanalysis should provide a more accurate representation of the rainfall in the model
domain during the July 2021 event. However, using this data set led to an even larger
overestimation of discharge than is already the case. At Meerssen, the modelled peak dis-
charge was over 250 m?/s; more than three times the estimated discharge by Van der Veen
and Agtersloot (2021). Because of this, the choice was made to use the ERA5-Land data
set, which results in lower peak discharges. The cause for this overestimation (which is
still present when using ERA5-Land) is likely an underestimation of certain processes in
SFINCS. For example, infiltration and evaporation are only implicitly represented through
the curve number method, but using this method leads to an overestimation of the runoff.
Which could suggest that some of these processes might be underestimated. The drawbacks
of using this method will be discussed in more detail later in this chapter. The model also
does not include a groundwater component, which might influence the model results over
longer periods. Having a groundwater flow or storage component can result in a more ac-
curate representation of the baseflow through the slow release of water from the ground to
the streams (like in the Geul catchment with the chalk and limestone aquifers).
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5.1.2 Calculating channel dimensions

The previous chapter already discussed the observed gap in the observed and modelled
water levels at Meerssen. The calculated channel bed elevation of 45.62 m is much higher
than the observed bed elevation of at least 43.17 m. This leads to problems when measuring
the water levels but it can also cause the channel to overflow more quickly in the model than
in reality. This is partially compensated by the fact that the calculated river width tends to
overestimate the actual river width: the observed channel width near Meerssen is around
10-12 m but the calculated width using Leopold and Maddock (1953) is 21 m. This still
leads to an underestimation of the channel cross-sectional area, causing it to overflow more
quickly in the model. This would not influence the results much when modelling extreme
events, but it does lead to additional uncertainties when modelling the lighter precipitation
events.

Further research could focus on improving the estimations of channel dimensions for
this catchment. This can be done by changing the numerical parameters in Equation 3.6
or by increasing the return period of the discharge that is used to calculate the channel
dimensions. Alternatively, measurements of the channel dimensions for the Geul could be
added to the model. This might improve results for the Geul but it makes the workflow less
applicable to other catchments, especially in catchments where measurements of channel
dimensions are not available.

5.1.3 Manning values and curve numbers

The land cover dictates the Manning roughness and curve numbers in the model. Litera-
ture shows a broad range in Manning values for different land cover types (Kalyanapu et
al., 2009; Nyaupane et al., 2018). Investigating the sensitivity of the model to the Manning
roughness for different land cover types could be interesting in further research. For the
curve numbers, this would be even more important because the model currently overes-
timates the total runoff. Previous research has shown that changes of 15-20% in the curve
numbers can double or half the total estimated runoff (Boughton, 1989). Ponce and Hawkins
(1996) also suggest the method’s sensitivity to the curve number as a potential disadvantage,
as well as its varying accuracy in different biomes. They also mention the lack of clear guid-
ance on determining the antecedent moisture conditions, which is also a major influence on
the curve numbers. The variation in curve number values might not play a large role dur-
ing more extreme rainfall events, as suggested by Bondelid et al. (1982). They note that the
effects of curve number variation on estimated runoff decrease for larger storm events. This
could suggest that varying the curve numbers could play a significant role in the less ex-
treme ERA5-20% and ERA5-50% rainfall scenarios. The use of curve numbers for this type
of research will be discussed in more detail later in this chapter.

5.2 Model validation

The model for the July 2021 event in the Geul performed well when looking at flood extent
as a proxy for model performance. The CSI of 0.85 indicates that the flood extent could
be simulated with the model fairly well, although there was an underestimation of the ob-
served flood extent. As mentioned in Chapter 4, there is also an uncertainty in the observed
flood extent, which is why a decision was made to look at a validation region within this
data set instead of at the whole catchment.

Because of the uncertainty in the observed flood extent, the modelled discharge at Sip-
penaeken and modelled water levels at Meerssen were also compared to their observed
counterparts. For the water levels at Meerssen, a gap of roughly 2.7 m was found between



Chapter 5. Discussion 28

the modelled and observed water levels. This gap likely is caused by the low resolution of
the DEM combined with the significant underestimation of the river depth from using the
Leopold and Maddock method. Subtracting 2.7 m from the modelled water levels brings it
closer to the observed water levels but the modelled peak is still a very poor fit (Fig. 5.1),
which is also suggested by the Nash-Sutcliffe efficiency of 0.11 of this corrected water level.

This is similar to the results for modelled discharge at Sippenaeken. The model does
not manage to capture the finer details or dynamics in water levels and discharge. One
explanation for this might be the fact that modelling discharge and water levels in small
inland catchments like the Geul is not what SFINCS was originally developed for.

48
—— Modelled water level
Observed water level
47 1+ —— Modelled water level, corrected
=
g
= 46
E
W
1:3 45
g
£
a4 RMSE: 1.07 m
NSE: 0.11
43 1
T T T T T T T T
" s e, I he] o A &
N s % hy" N " s N
Q‘\ 6\ 6\ 5}'\ 6\ 6\ Q‘\ 6\

FIGURE 5.1: Modelled and observed water levels at
Meerssen including the corrected modelled water level.

5.3 Afforestation results

The goal of this research was to investigate the implementation of nature-based solutions in
the form of afforestation scenarios into the SFINCS model. The results show some expected
outcomes (decreased peak discharge) but also some unexpected results (increased flood ex-
tent). This section will discuss these results and attempts to explain why they might not be
in line with expectations.

5.3.1 Effects on discharge

A reduction in discharge was modelled for each of the afforestation scenarios (Table 5.1).
Generally, we can see a higher reduction in peak discharge when more forest area is added.
A notable exception is the riparian forests scenario, which results in a greater reduction in
peak discharge than the upstream afforestation scenario, despite adding less forest area. The
policy scenario is also more effective at reducing peak discharge than hedges, even though
the hedges scenario adds more forest area to the catchment. This suggests that the spatial
distribution of the afforestation also influences its effectiveness. However, it must be noted
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that the spatial distribution of the rainfall can also influence these results. If more rainfall
occurs over forested areas in the model, less runoff will be generated.

The timing of the peak discharge as presented in the previous chapter suggests that
small increases in forest cover can already result in a delayed discharge peak in light rainfall
scenarios. In the policy scenario, a 20-minute (ERA5) to 40-minute (ERA5-50%) delay was
modelled in the peak discharge. These relatively small delays can already be significant
during extreme events. In combination with good early warning systems, these delays can
allow for more preparation or evacuation time, which could reduce economic damages or
even save lives (Najafi et al., 2024).

TABLE 5.1: Reduction in peak discharge in each scenario. The afforestation
scenarios are sorted from highest to lowest amount of forest area added.

ERA5 ERA5-20% ERA5-50%

Full afforestation -32.7% -42.5% -52.2%
Downstream afforestation -17.9% -23.3% -45.6%
Upstream afforestation -14.4% -20.0% -7.0%
Riparian forests -16.4% -21.7% -25.7%
Hedges -0.7% -0.9% -1.2%
Policy scenario -1.2% -1.7% -2.6%

5.3.2 Effects on flood extent

The modelled flood extent shows the most unexpected results. For nearly all scenarios, an
increase in flood extent was modelled (Table 5.2). This highlights one of the underlying
problems with the way the model was set up. The main reason for this is the use of the
curve number method to determine infiltration. The curve number estimates the runoff
directly from the precipitation falling on a cell. This means that there is no way for water
to infiltrate when it is flowing through the catchment afterwards. This is not a problem
when it comes to discharge because the discharge shows a clear signal when more forest
is added (reduction in peak discharge), but it becomes more complicated when looking at
the flood extent. When there is a lot of forested area in a floodplain, there is generally more
infiltration, thus reducing the flood extent when the river overflows into the floodplain. This
process does not happen in the SFINCS when the curve number method is used. Therefore,
slowing down the water is the only effect the forest cover has in this case (higher Manning
roughness coefficient). The slowing down of the water means that the water is routed out
of the catchment less quickly, which means that the water flows into the floodplain further.
This comes back in the model output as an increase in the flood extent for scenarios with
more forest cover.

TABLE 5.2: Change in flood extent for each scenario. The afforestation scenar-
ios are sorted from highest to lowest amount of forest area added.

ERA5 ERA5-20% ERA5-50%

Full afforestation +7.1% +4.7% -1.7%
Downstream afforestation +5.9% +6.3% +0.8%
Upstream afforestation +1.0% -1.8% -2.5%
Riparian forests +8.8% +8.8% +7.8%
Hedges +0.4% +0.3% -0.1%

Policy scenario +0.5% +1.1% +1.5%
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Overall, this suggests that the curve number method is not the best choice when trying to
model the effects of NBS/afforestation on flood extent. It can be effectively used to model
the effect of afforestation on discharge (Waterloo & Gevaert, 2023), but when investigating
where the water is going spatially it is not the best choice.

5.4 Using SFINCS for research on NBS

The results suggest that SFINCS can be used to model the effects of afforestation when look-
ing at discharge to assess its effectiveness. However, the major flaws with the curve number
method mean that measuring its effect on flood extent is not possible. Several alternative
options exist for incorporating infiltration into SFINCS, such as a spatially varying flat in-
filtration rate and the Horton method (Leijnse, 2024). Further research could investigate
how these methods perform when investigating the effects of land cover changes on flood
extent. However, SFINCS lacks a certain complexity that can be incorporated into other
(hydrologic) models. For example, the model essentially starts with a dry catchment, which
means it needs a "spin-up" period when running it for research like this, but research would
need to be carried out first to determine the minimum required spin-up time. Additionally,
other models can often incorporate more information about the subsurface (soil, geology;,
groundwater, organic matter content) or information about the vegetation (bulk density,
canopy cover, transpiration). Some of these factors make these models more fit for investi-
gating nature-based solutions and their hydrological effects because it allows for much more
freedom when incorporating (different types) of nature-based solutions into the model.

For a more complete understanding of the effects of nature-based solutions, research
would also need to be done on the effect of these measures during dry periods. This is
not directly possible in SFINCS because this is beyond the purpose of what the model was
developed for. This makes hydrologic or combined hydrologic-hydrodynamic models a
better choice because they can more effectively paint a complete picture of the effects of
nature-based solutions.
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Chapter 6

Conclusions

This research has shown that it is possible to reproduce the July 2021 floods in SFINCS quite
well with a CSI of 0.85. One of the great strengths of the model is the subgrid mode, which
allowed the model to run fast while still producing accurate results. This has shown that
SFINCS can be effectively used in small inland river catchments, despite the model being
originally developed for coastal compound flooding. Further research might reach even
better results, for example by using more realistic channel dimensions. Exploring the use
of different infiltration methods and Manning roughness coefficients would also be an in-
teresting topic for further research. The infiltration (method) and the choice of precipitation
forcing require more research, especially because the model still overestimates the discharge
significantly in the current setup (by around 120% near the outlet of the catchment).

Problems arise when trying to apply to the model to researching the effects of afforesta-
tion in the catchment. These land cover changes are implemented through changes in the
Manning roughness coefficients and curve numbers (which determine the runoff based on
the precipitation intensity). These land cover changes result in a reduction in peak discharge
that is mostly proportional to the amount of forest area that is added. However, the mod-
elled flood extent consistently increases when more forest area is added. This is caused by
the fact that the use of the curve number method does not allow for infiltration of water
after the curve number calculation has been performed. This means that more forest area in
the floodplains does not lead to more infiltration when the river overflows from the chan-
nel onto the floodplain. Instead, the water is only slowed down, resulting in a larger flood
extent.

Further research can be done using the SFINCS model by, for example, testing different
infiltration methods. However, for a more complete understanding of the effects of nature-
based solutions, other models might be a better choice. Models that can accurately model
evaporation/transpiration have an edge in this type of research (SFINCS does not contain a
way to implement evaporation at all, instead it is only implicitly included in the curve num-
ber method). Being able to model both types of weather extremes (floods and droughts) is
important when assessing the effects of nature-based solutions. This is necessary because
policymakers need to know the full effect of implementing measures like these. If this is
not known, unexpected negative effects can arise after measures have already been imple-
mented.

To conclude, SFINCS has proven to be a useful tool in modelling the flood extent in small
river catchments like the Geul at a fraction of the computational time that other models
might require. However, it has proven to be a poor model choice when it comes to assessing
the effects of nature-based solutions.
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Software, hardware, and run times

A.1 Used software and hardware

32

Used desktop for all processes was a single 8 GB RAM, 2 cores, 4 logical processors, 2.50
GHz, Intel(R) Core(TM) i5-7200U CPU. For SFINCS, the SFINCS v2.0.3 Cauberg release was
used. Model runs were performed using HydroMT-SFINCS in Visual Studio Code (v1.90.2).
In Visual Studio Code, Python v3.10.13 was used with the Miniforge3 installer. For QGIS,

the QGIS 3.34.3 Prizren release was used.

A.2 Model run times

TABLE A.1: SFINCS run time in minutes and seconds for each model scenario.

ERA5 ERA5-20% ERA5-50%
Baseline 21m42s  18m06s 13m17s
Full afforestation 17m45s 16m13s 14m43s
Downstream afforestation 19m24s  17m32s 14m23s
Upstream afforestation 19m32s  17m35s 14m42s
Riparian forests 17m59s 15m24s 12m39s
Hedges 17m36s  15m32s 11m28s
Policy scenario 18m43s 15m40s 13m34s
Average 18m57s 16m35s 13m32s




Appendix B

Geology and land cover
B.1 Geology

FIGURE B.1: Map of the surface geology/lithology in the region. Data from: EGDI (2016).

B.2 Land cover

FIGURE B.2: Map of the land cover in the region. Data from: Zanaga et al. (2022).
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Appendix C

Land cover maps

FIGURE C.1: Map of the land cover for each of the afforestation scenarios.
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Appendix D

Curve number maps

FIGURE D.1: Map of the curve numbers for each of the afforestation scenarios.
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Appendix E

Discharge plots

E.1 Forcing: ERA5

FIGURE E.1: Discharge for each afforestation scenario with the ERA5 forcing.

E.2 Forcing: ERA5-20%

FIGURE E.2: Discharge for each afforestation scenario with the ERA5-20% forcing.
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Appendix E. Discharge plots
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E.3 Forcing: ERA5-50%

FIGURE E.3: Discharge for each afforestation scenario with the ERA5-50% forcing.
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