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Abstract

Heavy rain events and flash floods, such as those in July 2021 in the Geul catchment, are projected
to increase in both severity and frequency. In addition to traditional grey measures (e.g., dikes and
reservoirs), rural nature-based solutions (NbS) that enhance the sponge function of the soil are being
considered. However, the effectiveness of rural NbS during extreme events remains contested.

This study simulates the potential of rural nature-based solutions for flood mitigation under extreme
rainfall, with a focus on river peak flows in the Geul during the July 2021 event. To this end, the com-
bination of a physics-based plot-scale model (SWAP) and a conceptual distributed catchment model
(wflowg,,,) is used. The work proceeds by: (i) comparing soil-water process representations in both
models ; (ii) performing sensitivity analyses of soil parameters; (iii) designing a rural NbS scenario by
modifying soil-hydraulic parameters; and (iv) evaluating the effects of these scenarios on flood hydro-
graphs at the catchment outlet.

SWAP results show that simulated infiltration and overland flow are most sensitive to saturated water
content (6,,.) and saturated hydraulic conductivity (Ks,;)- A two meter sandy soil column would have
accommodated the entire July 2021 rainfall, resulting in negligible overland flow. In wflowg,,,, sensi-
tivity analysis indicated that simulated flood hydrographs are most influenced by KsatVer, 6,, and 6.
Adjusting 6, and 6, in downstream subcatchments could significantly improve the model’s ability to
match the observed hydrographs.

Scenario simulations in wflowg,,, reveal spatially dependent effects. Downstream interventions have a
damping effect on peak flow magnitude, whereas interventions in the upstream part of the Netherlands
can increase it. A catchment-wide rural NbS scenario reduces the downstream peak by approximately
50% and delays the peak by approximately two hours relative to the default model. This modelled delay
lies within the observed five-hour offset between the Geul and Meuse peaks in July 2021, suggesting
such measures are unlikely to increase flood risk at the confluence via peak synchronization.

Keywords: Flood mitigation ; July 2021 flood ; Geul catchment ; sponge landscape ; water storage
capacity, hydraulic conductivity ; SWAP ; wflowg,,,, ; infiltration ; overland flow ; river peak flow ; vertical
unsaturated flow ; nature-based solutions ; rural hydrology






Contents

Preface iii
Abstract \'
1 Introduction 1
1.1 Researchmotivation . . . . . . . . . . . . . . ... 1
1.2 Problem statement and knowledgegap. . . . . . . . . . ... oL 2
1.3 Researchobjective. . . . . . . . . . 2
T4 SCOPE . . . . . e s 2
1.5 Researchquestions . . . . . . . . . . . L 3

2 Study Area 5
21 Meusebasincontext . . . . . . .. 5
2.2 Topographyandclimate . . . . . . . . . . . ... 6
2.3 Hydrogeologyandsoils . . . . . .. . . . . . .. ... 7
2.4 Streamcharacteristics . . . . . . . . . e 8
2.5 Landuseand humaninfluence . . . .. . . ... .. ... .. ... 9
26 Floodriskmanagement . . . . . . .. . 9
2.7 Summary of catchment key characteristics . . . . . . .. .. ... ... ... ... 10

3 Conceptual Framework 1"
3.1 The concept of rural NbS and primary sponge function . . . . . ... ... ........ 11
3.2 Soil-water processes governing the primary sponge function . . . . . . .. ... ... .. 12
3.3 Soil-water processes withintheusedmodels. . . . . . ... ... ... ... ....... 12
3.3.1 SWAPmodel . . . . . . . . e 12

3.32 WflowSBM . . . . . . . e 14

3.3.3 Comparison of the soil-waterprocesses . . . . .. ... ... ... ........ 15

4 Methodology 17
41 Researchframework . . . . . . . . . .. 17
42 SWAP, plot-scale . . . . . . . . . e 17
421 Modelsetup. . . . . . . . e 17

4.2.2 Sensitivityanalysis . . . . . . .. .. e 18

4.3 Wflow SBM, catchment-scale . . . . . . . . . . . . . . ... ..o 18
4.3.1 Hydrograph sensitivity analysis . . . . . ... ... ... o o oo 20

4.3.2 Rural-NbS scenariodevelopment . . . . . . ... .. ... ... . L. 21

4.3.3 Rural-NbS scenarioassessment . . . . . .. .. .. ... ... ... .. ... 21

5 Results 23
51 SWAP, plot-scale . . . . . . . . . . . . e 23
5.1.1 Sensitivityanalysis . . . . . . . .. 23

5.2 Wilow SBM, catchment-scale. . . . . . . . . . . . . . . .. ... ... 24
5.2.1 Sensitivity of simulated flood hydrographs . . . . . ... ... ... ........ 25

5.2.2 Rural NbS-scenario applied in subcatchments . . . . . . ... ... ... ..... 28

5.2.3 Rural NbS-scenario applied catchment-wide . . . . . ... ... ... ....... 30

6 Discussion 31
6.1 Discussionoftheresults. . . . . . . . .. . ... ... 31
6.2 Limitations modelling with SWAP . . . . . . . . . . . .. ... .. . 31
6.3 Limitations used literature for the validation of the parameter mapping . . . . . . . . . .. 32
6.4 Limitations modelling withwflow SBM. . . . . . . . . ... .. ... ... .. ... ... 32
6.5 Broader system-scale effect of flood peakdelay . . . . . ... .. ... ... ... ... 32
6.6 Practical perspective on catchment-wide scenario . . . . . . .. . ... ... ... .... 33

Vi



viii Contents

7 Conclusion and Recommendations 35
7.1 Conclusion . . . . . . . e e e 35
7.1.1 Recommendations for futurework. . . . . . . . . ... ... ... ... L. 36

A Study Area 41
B Method 45
C Comparison table SWAP and wflow SBM 51
D Sensitivity analysis in SWAP 53
E Sensitivity analysis in wflow SBM 57



Introduction

1.1. Research motivation

During July 2021, several European countries, including the Netherlands, experienced severe flood-
ing. The Geul catchment in South Limburg was the most affected region in the Netherlands, where
extreme rainfall led to record discharges and widespread damage. The Intergovernmental Panel on
Climate Change (IPCC) warns that such extreme weather events are likely to become more frequent
and intense in the coming decades ((IPCC), 2023). This highlights the urgency of developing innovative
solutions that improve water storage in the catchment and attenuate river peak flows in this catchment.

In the Geul catchment, a large portion of precipitation did not contribute to rapid runoff towards the river
network. A model study by Deltares found that during the 2021 event, only about 45 mm of the 145
mm of precipitation became river discharge (Deltares, 2023). This indicates that the soil acted as a
substantial buffer, highlighting the potential of using the soil and its soil-water processes to attenuate
river peak flows and complement traditional grey infrastructure measures for flood mitigation in this
area.

The Geul catchment is not unique in this regard. Globally, there is increasing attention toward al-
ternative and complementary approaches to mitigate hydrologic extremes, commonly referred to as
nature-based solutions (NbS) (Kumar et al., 2021). While traditional grey infrastructure measures are
typically designed with the sole objective of flood protection, NbS represent an integrated approach that
delivers more benefits. The European Commission defined NbS as measures that are cost-effective,
inspired and supported by nature, and aimed at addressing environmental, social and economic chal-
lenges while simultaneously providing services such as carbon storage, improved water quality, im-
proved groundwater recharge and increased biodiversity, thereby contributing to long-term resilience
(European Commission, 2014; European Commission, 2015).

In the domain of river hydraulics, NbS include river remeandering and floodplain restoration (Goure-
vitch et al., 2020). Such measures improve floodplain storage capacity and promote natural regulation
of flow dynamics, thereby reducing flow velocity and attenuating peak discharges during heavy rainfall
events (Kumar et al., 2021; Baptist et al., 2004; Ruangpan et al., 2020; Penning et al., 2023).

In the field of (geo)hydrology, NbS include measures such as wetland preservation and land use
changes including afforestation, agroforestry, and hedgerows. These interventions create so-called
“sponge landscapes,” enhance soil infiltration capacity (Wang et al., 2015), increase water retention,
and slow runoff generation. As a result, they can contribute to attenuating river peak flows and miti-
gating downstream flood impacts (Penning et al., 2023; Calder et al., 2003). Because these measures
are implemented predominantly in rural areas, this study adopts the term rural nature-based solutions.
Given that South Limburg is not that urbanized and largely agricultural (de Moor et al., 2008), the region
provides a relevant setting to evaluate the effectiveness of such measures for (complementary) flood
mitigation.
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1.2. Problem statement and knowledge gap

Despite growing interest in rural NbS for flood mitigation, their quantitative effectiveness on the catch-
ment scale remains highly uncertain. Rogger et al., 2017 highlighted the need for more process-based
and quantitative assessments at this scale, as existing studies on rural NbS and runoff generation of-
ten reach contradictory conclusions (Calder et al., 2007; Bernsteinova et al., 2015; Alila et al., 2009
; Andréassian, 2004). This uncertainty makes it difficult to assess the actual potential of rural NbS to
reduce flood risk, especially under extreme rainfall conditions.

Assessing the quantitative effectiveness of rural nature-based solutions requires modelling approaches
that operate at the relevant model complexity and spatial scale. This study uses the conceptual wflow
Simple Bucket Model (wflow,,,,), which has already been calibrated for the Geul catchment (Klein,
2022). This enables the focus on testing scenarios rather than setting up and calibrating the model from
scratch. However, a reliable simulation of flood hydrographs depends on an accurate representation
of soil hydraulic properties. Plot-scale models such as SWAP (Heinen et al., 2024) provide a detailed
physics-based description of these properties, with particular emphasis on unsaturated flow. Translat-
ing SWAP’s parameterizations into a conceptual distributed model such as wflow,,,, could therefore
improve distributed modelling in a more physically based manner. Although both SWAP and wflowg,,
have been widely applied in agricultural (Li and Ren, 2019) and hydrological research (Bouaziz, 2021),
no studies have systematically compared their representation of soil-water processes in the context of
flood mitigation.

In addition, existing studies that use distributed hydrological models to assess the impact of rural NbS
mainly focus on land use-land cover changes (Overhoff and Slager, 2024). These studies typically
involve modifying model parameters that reduce the proportion of compacted surfaces, increase in-
filtration at the soil surface, and increase surface roughness (Kwadijk et al., 2022 ; Deltares, 2023).
However, they rarely consider how these changes in land use affect the hydraulic properties within
the soil column itself (Overhoff and Slager, 2024). This aspect is crucial, as rural NbS are expected
to enhance soil permeability (Brown et al., 2005 ; Andréassian, 2004; Alaoui et al., 2011), and overall
water storage capacity (Alila et al., 2009). Addressing these gaps is essential for applying wflow,,
reliably as a tool to evaluate the flood mitigation potential of rural NbS.

A further knowledge gap concerns the broader system-scale effects of implementing rural NbS. While
the prevailing hypothesis is that rural NbS delay and reduce peak river discharges (Zeiger and Hubbart,
2018), this effect is not universally beneficial. If delayed runoff leads to the synchronization of peak
flows at the downstream confluence point, it can amplify the flood peaks and counteract the intended
protective function (Saghafian et al., 2008; Yang et al., 2025). Evaluating the potential coincidence of
flood peaks between the upstream catchment and its receiving basin is therefore critical to determine
whether rural NbS reduce or unintentionally amplify flood risk at their confluence.

1.3. Research objective

This research aims to simulate the potential of rural nature-based solutions for flood mitigation under
extreme rainfall conditions, with a specific application to river peak flows in the Geul during the heavy
rainfall event of July 2021.

1.4. Scope
This is an event-based model study and is structured around the following:

+ Comparing the approaches and process-level differences in soil-water modelling between SWAP
and wflowgp, .

+ Identifying the most influential soil parameters on infiltration and overland flow generation in
SWAP, and the parameters to which flood hydrographs are most sensitive in wflowg,,,,,.
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» Designing rural nature-based solution scenarios in wflowg,,,, by modifying soil hydraulic param-
eters as a proxy.

* Quantifying the effects of these model scenarios on river peak discharge magnitude and timing
during the July 2021 heavy rainfall event.

1.5. Research questions

Based on the defined objective and scope, this research is structured around four research questions.
These questions translate the aim of understanding the hydrological soil processes in the two modelling
frameworks and to simulate the potential of rural nature-based solutions to attenuate river peak flows
into actionable steps.

1. Which soil parameters most strongly influence the simulated infiltration and overland flow in
SWAP under the July 2021 conditions?

2. To which soil parameters in wflow,,,, are the simulated flood hydrographs most sensitive under
the July 2021 conditions?

3. How can soil parameter modifications in wflow,,,, be used as a proxy for rural nature-based
solutions?

4. How do these rural nature-based solution scenarios in wflowg,,,, affect the magnitude and timing
of the simulated peak flow of the Geul catchment during the July 2021 event?






Study Area

This chapter introduces the Geul catchment, the case study area of this research, and outlines the
characteristics of the July 2021 flood event. Understanding the geological and hydrological setting of
the catchment is essential for designing and interpreting the modelling results that follow. The Geul, as
an upstream tributary of the transboundary Meuse River, exerts a hydrological influence on its receiving
basin. Its location, land use, and complex hydrogeology make it a suitable setting to explore how rural
nature-based solutions can influence flood peak magnitude and timing.
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Figure 2.1: Location of the Geul catchment. (Left) Position of the Geul within the Meuse River basin in northwestern Europe.
(Right) Outline of the Geul catchment with its stream network.

2.1. Meuse basin context

The Geul catchment is part of the larger Meuse basin. The Meuse river springs in France and will
eventually flow into the sea in the Netherlands. The basin covers parts of France, Belgium, Germany,
and the Netherlands.
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Figure 2.2: Introducing the Meuse basin with its upstream/tributary catchments (Rongen et al., 2023). The outlet of the Geul
catchment is indicated at point 9 and the larger version of the figure can be found in Appendix A.

Peak discharges in the Meuse occur mainly in the winter season, when the rainfall event has a long
duration, the actual evaporation is small, and snowmelt can contribute to the discharge. During these
peak events, the soil is often already saturated (Ashagrie et al., 2006). The travel time for the peak
discharge of the Maas is relatively short. It takes approximately 16 hours from the Belgium border
(point 2 in Figure 2.2) to the Dutch border (Borgharen in Figure 2.2) (de Wit, 2008). In case of an
extreme rainfall event, the Meuse peak can reach the Dutch border at Borgharen even quicker. The
interesting thing is that the tributaries downstream of Chooz react faster to a rainfall event than the
French tributaries (upstream of Chooz) (Rura Arnhem, 2018). Slowing down the river runoff of the
downstream tributaries relative to Chooz, can therefore lead to peak synchronization and increase the
total peak discharge in the main river (Saghafian et al., 2008).

2.2. Topography and climate

The Geul river is a relatively small subcatchment of the Meuse river with a catchment size of 340 km?.
The catchment is partly located in Belgium (Walloon Region - 42%), where the Geul originates in Licht-
enbusch, the Netherlands (South Limburg - 52%) and Germany (6%) (Klein, 2022). After a flow path
of 56 km, the Geul joins the Meuse at Meerssen, around 7 km north of the city of Maastricht. The main
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tributaries are the Gulp, Eyserbeek, and Selzerbeek, Figure A.2 of Appendix A illustrates that the three
tributaries all join the Geul relative close to each other.

The Geul catchment has a distinctive hilly landscape with topographical features that are unique for the
Netherlands. The river itself descends from approximately 360 meters at its source to 50 meters at its
confluence with the Meuse. With an average slope of 3%, the Geul is considered a fast-flowing river
by Dutch standards. As shown in Figure A.2, the gradient is not uniform. The river is steeper in the
upstream area (0.02 m/m) than near the outlet (0.0015 m/m)(van Winden et al., 2014). The Belgian
part is situated on a plateau and the river is less incised in the area compared to the Dutch part. In the
Netherlands, the Geul valley is deeply incised in the surrounding plateaus. The valley is asymmetrical,
with steep slopes on the eastern side and more gentle slopes on the western side (de Moor and Ver-
straeten, 2008). The floodplains are relatively large, with a width between 200 and 400 meters.

According to the Képpen-Geiger climate classification system, the area has a temperate oceanic cli-
mate of Cfb (Peel et al., 2007). This climate is characterized by the absence of a dry season, moderate
temperatures, and warm summers (Van de Westeringh, 1980). The catchment is described as energy
limited, which means that evaporation is limited by the available energy (e.g., from sunlight) and not
by the availability of water (Gerrits et al., 2009). The average annual precipitation ranges from 720
mm near Meerssen (downstream) to 940 mm near Vaals (upstream part of the Netherlands). On aver-
age, the highest rainfall occurs in August (approximately 90 mm/month), while April receives the least
precipitation (approximately 45 mm/month). Although rainfall intensity peaks during summer, flooding
occurs predominantly in winter due to higher soil saturation (Klein, 2022)
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Figure 2.3: Rainfall during the 2021 event based on KNMI reanalysis radar data ; potential evapotranspiration during the 2021
event based on ERAS radar data

The total rainfall during the 2021 event (13—15 July) was exceptionally high - cumulative precipitation
over these three days exceeds the total monthly rainfall typical observed in the wettest month of the
year. In contrast, potential evapotranspiration values are extremely small compared to precipitation,
indicating that evaporation played an almost negligible role in the water balance during this event.

2.3. Hydrogeology and soils

In the Belgian and the southern part of the Netherlands, the Geul River is incised into rocks, such as
sandstones, slates, and limestones. In the Dutch part downstream, the river is mainly cut into Creta-
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Figure 2.4: Geological overview of the Geul catchment. The map on the left shows a coarse classification of geological soil
types according to their permeability (note that this refers to the parent material). The map on the right presents the distribution
of geological formations by era (adapted from Bureau Stroming, 2022)

ceous lime and sandstones (de Moor and Verstraeten, 2008). Then a large part of the catchment is
covered with fertile loess (silt-sized sediment), which was deposited during the Pleistocene (Bureau
Stroming, 2022). In the Dutch part, soils are thick and characterized by moderate permeability, re-
sulting in high water storage capacity and no Hortonian overland flow (Bouaziz, 2021). In contrast, in
the Belgium part, soils are thinner and laying on impermeable rock and therefore can store less water
(Bureau Stroming, 2022). The plateaus are defined by coarse silty(loess in Figure 2.4) or sandy soil
texture, whereas the river valleys and floodplains have a loamy texture with higher clay content in the
subsoil (Van de Westeringh, 1980).

Klein, 2022 found that during the 2021 flood event, groundwater monitoring wells in the catchment
showed different response times and drainage behaviors, indicating high lateral porosity and matrix
flow and the existence of complex hydrogeology in the catchment with significant groundwater storage
in a deep aquifer system.

2.4. Stream characteristics

The Geul is one of the few rivers in the Netherlands without a stabilized riverbed, which allows it to
meander freely through the landscape. In the past, parts of the river were straightened, which led to
higher peak discharges (Van de Westeringh, 1980 ; Penning et al., 2024). More recently, meanders
have been restored to increase natural water storage capacity. The drainage network is well devel-
oped in the upstream Belgian section, with a drainage density of about 13.5 m/ha, indicating a rapid
hydrological response (de Moor et al., 2008). In contrast, the network is poorly developed in the lower
Geul catchment and its tributaries (Gulp, Eyserbeek, Selzerbeek), with an average density between 4
and 5.6 m/ha (de Moor et al., 2008). This pattern suggests a good surface infiltration and water storage
capacity in the Dutch part.

The average discharge of the Geul is approximately 2.8 m3/s, however as the Geul is a rain-fed river
the discharge is highly variable ranging from 1 m3/s during dry periods to more than 40 m3/s after a
storm event (Klein, 2022).
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Figure 2.5: Stream network of the Geul catchment and its surrounding area (van Winden et al., 2014)

2.5. Land use and human influence

Land use in the catchment is largely determined by the topography of the terrain. The river valley
consists mainly of grasslands, while the gentle slopes are a mix of grasslands and arable land. Steep
slopes are covered with mixed forests and plateaus are used mainly for pastures. As shown in Figure
2.6, urban areas are concentrated around Kelmis, in the Eyserbeek tributary, and in Valkenburg and
Meerssen.
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Figure 2.6: Land use in the Geul catchment (Slager et al., 2022)

The catchment area is the most densely populated in the Dutch region. Pastures dominate in the
upstream catchments (Boven Geul Belgié, Beneden Geul Belgi€, and Boven Geul Nederland), while
arable land is more common downstream. The Geul catchment area serves multiple functions, includ-
ing providing ecological environments, reservoirs for local drinking water, and flood control retention
areas (de Moor et al., 2008). Tourism is a major industry for cities and villages in the river valley,
particularly for Valkenburg.

2.6. Flood risk management

As the river is largely free to meander within its wide floodplains, only near the cities of Valkenburg
and Meerssen is the riverbed stabilized, where a levee system locally confines the channel. In the
Netherlands, the primary flood defenses along the major rivers are managed by Rijkswaterstaat and
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financially supported by the government with safety standards ranging from 1/ 100 to 1/10 000 year
failure probability (Ministerie Infrastructuur en Waterstaat, 2022). For tributaries, flood defenses are
often not present or have significantly lower protection standards. In the urban areas of South Limburg,
protection standards have a failure probability of 1 in 25 years (Strijker et al., 2023). In the past 20 years,
the Water Board of Limburg has constructed several rainwater buffers, which are often integrated into
the landscape, such as in valleys or tributaries of the Geul, dry valleys (valleys without permanent
streams), and on slopes in the higher elevated areas (Deltares, 2023)

2.7. Summary of catchment key characteristics

Characteristic Description / Value

Catchment area ~ 340 km?

Main river length ~ 56 km

Source location Lichtenbusch (Belgium—Germany border)
Outlet Confluence with the Meuse River at Meerssen
Tributaries Gulp, Selzerbeek and Eyserbeek

Elevation range 50-360m

Dominant land use Agricultural (pastures and arable land)
Discharge regime Pluvial

Mean annual precipitation ~ 720-940 mm/year

Mean discharge ~ 2.8 m3/s at Meerssen

Peak discharge (July 2021 event) ~ 135 m3/s at Meerssen (Strijker et al., 2023)
Soil and geology Mostly loess and clay covering sandstone and limestone formations

Table 2.1: Summary of catchment key characteristics



Conceptual Framework

This chapter provides the theoretical background necessary to understand the research approach pre-
sented in this thesis. Introducing the concept of rural nature-based solutions and, more specifically,
the primary sponge function that is central in this study. Next, the dominant hydrological processes
that control the primary sponge function are briefly described, with an emphasis on how soil hydraulic
properties affect infiltration, available storage, and flow in the unsaturated zone. Finally, the chap-
ter explains how these processes are represented in the two used hydrological models, providing a
knowledge foundation for the event-based model study described in the methodology in Chapter 4.

3.1. The concept of rural NbS and primary sponge function

NbS are defined as “actions that protect, sustainably manage, and restore natural or modified ecosys-
tems to address societal challenges effectively and adaptively, simultaneously providing human well-
being and biodiversity” (IUCN, 2022). Although widely applied in urban stormwater management
(Muishout, 2023), their catchment-scale flood mitigation potential is less frequently quantified and is
frequently based on expert judgment rather than process-based modeling (Rogger et al., 2017).

.etal Cha\\e @

Figure 3.1: The concept of nature-based solutions incorporated by the European Commission (European Commission, 2015).

As stated in Section 1.1, this study focuses on rural NbS that enhance the sponge function of the soil
column. Because the term ’sponge function’ remains broad, here the emphasis is on the ability of the

11
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soil to absorb and temporarily retain water, called the primary sponge function . Increasing this function
means that a greater portion of rainfall infiltrates into the soil and is stored within it, thereby reducing
and delaying runoff towards the stream network.

Several rural NbS can enhance the primary sponge function, including agroforestry, reforestation, cover
cropping, reduced tillage, and wetland restoration. Agroforestry, for example, increases infiltration and
water storage capacity by improving soil structure through root development(Calder et al., 2003) and
by adding organic matter from leaf litter and surface residues (lIstedt et al., 2016; Muys et al., 2021).
Similarly, reforestation and cover cropping protect the soil surface, reduce compaction, and enhance
porosity, while wetland restoration promotes temporary water storage and groundwater recharge. Col-
lectively, these measures strengthen the primary sponge function of rural landscapes and thereby
improve resilience to hydrological extremes (Ruangpan et al., 2020).

3.2. Soil-water processes governing the primary sponge function

) > ec & ’
3 Water storage capacity

Vertical unsaturated flow

Figure 3.2: Focused soil-water processes

The primary sponge function of soil - defined by its pore structure, organic matter content, and hydraulic
properties - controls how much rainfall contributes to immediate runoff versus delayed subsurface flow
to the stream network. Rural NbS enhance this function by improving soil permeability, increasing
organic matter, and creating deeper and more connected pore spaces. These changes result in greater
vertical unsaturated flow and thereby infiltration and an increased water storage capacity within the soil
column. Consequently, this study focuses on the infiltration rate, vertical unsaturated flow, and total
water storage capacity as key soil-water processes to represent the effects of rural NbS.

3.3. Soil-water processes within the used models

In this study, hydrological models were used to investigate processes and scenarios. Given the event-
based nature of this study, modelling is the only viable method to investigate and quantify the influence
of soil-water processes on flood generation and mitigation. In addition to this, hydrological models
make it possible to study the underlying processes that cannot be observed easily at the catchment
scale. In this research, the plot-scale SWAP model is used to study detailed soil-water processes
and its underlying soil hydraulic properties, while the distributed wflowg,,, model is used to simulate
catchment-wide responses.

3.3.1. SWAP model

General

The Soil-Water—Atmosphere—Plant (SWAP) model is a physically based, one-dimensional model. SWAP
is an integrated model that describes the unsaturated zone and in part in the upper groundwater (Soil-
Water) in relation to meteorological (climate) data (Atmosphere) and crop uptake and crop growth
(Plant). It was developed by Wageningen University in the Netherlands and is used for a variety of
applications, including irrigation management (Jiang et al., 2016), land use planning (Bonfante and
Bouma, 2015), and modelling overland flow (Gusev et al., 2011). The SWAP model takes into account
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various soil properties (texture and structure) and soil hydraulic properties, as well as plant character-
istics, such as root growth and water uptake (Heinen et al., 2024). A summary of the input data used
by the SWAP model can be found in Appendix B.

Precipitation  Irrigation

Atmosphere l
l transpiration

'jmercepr-‘on

Overtand i
Pla nt soii-eva,porar.-'onr' vertana fiow
Surface

Soil water
Water

drainage/
G roun d subsurface
wa te r infiltration

Figure 3.3: Swap model domain and the different fluxes (Adjusted from Kroes et al., 2017)

Soil module in SWAP
The core of the SWAP-model pertains to the water balance in the unsaturated — saturated top part of
the sail. It solves the Richards equation (Richards, 1931) given here as

200(ht) _ @ <K(h, £) (% * 1>) .

Jat 0z

where h is the pressure head with h 20 when the soil is saturated and h < 0 when it is unsaturated (cm), 6 is the volumetric water
content (cm3/cm?), K is the hydraulic conductivity (cm/d), z is the vertical coordinate (cm ; positive upward), the term 1 accounts
for gravity (cm/cm), and t is the time (d).

The Richards equation is solved numerically for specific boundary conditions at the top (determined by
the atmosphere) and at the bottom, for given relationships between h, 6, and K. The three variables
h, 8, and K are related to each other. The relationship 8(h) is the water retention function and K(h) is
the hydraulic conductivity function. These functions can be determined by measuring it on the field by
using a tension infilirometer or other equipment (Allaban, 2025) . But it appears that such data can be
well described by analytical expressions. SWAP uses the relationships given by van Genuchten, 1980
for the water retention function, given by

S(h) = (3.2)

Hsat - eres

O(h) — Ores _ 1, 0<h
|+ |ah™™, h<0

Based on the hydraulic conductivity theory of Mualem, 1976 ; van Genuchten, 1980 derived the follow-
ing expression for hydraulic conductivity

Ksat 0<h
K(h) = nym_|gpn-1)° 3.3
( ) Ksat (((1+|05h| )" lah] 1) >, h<O0 ( )

(1+|ah|n)m(Lexp +2)

where S is the effective degree of saturation (dimensionless; [0 - 1]), 8,5 is an asymptotic residual water content (cm3/cm3),
B54¢ is 6 at saturation (cm3/cm?), Ksat is K at saturation (cm/d) and a (cm), n, m and, Lexp (all three dimensionless) are shape
parameters.
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van Genuchten Water Retention Curve
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Figure 3.4: Water retention curves for three different soil types based on the analytical 'van Genuchten’ expression

Mualem-van Genuchten Hydraulic Conductivity Curve
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Figure 3.5: Hydraulic conductivity curves for three different soil types based on the analytical 'van Genuchten’ expression (that
is based on the Mualem expression)

Both relationships are shown in Figure 3.4 and 3.5. Showing the resulting curve for different soil types,
thus different soil hydraulic properties. These relationships have been implemented in SWAP, for each
soil layer the corresponding parameters 6,.., Osq¢, Ksqr, @, N @nd Ly, should be supplied to run the
model.

3.3.2. Wflowy,,,
General

The wflowg,,, model is a distributed, grid-based hydrological model implemented in Wflow.jl. It repre-
sents water movement using bucket-type mass balance formulations for the unsaturated zone, ground-
water, and surface runoff components. The wflow hydrological model framework was developed by the
Deltares institute in the Netherlands. There are several models under the wflow shell, like wflowp,y,,,,
WHOW o6 r1ex @Nd WilOw,,, (Schellekens, 2011). SBM stands for simple bucket model and the soil part
of the wflowg,,,,model has its roots in the Topogsg,, model (Vertessy and Elsenbeer, 1999). Wflow_sbm
is used for water resources management (Seizarwati and Syahidah, 2021), flood estimation (Laverde-
Barajas et al., 2020), and ecohydrology impact assessments (Eulderink, 2019). The wflow,, is a
conceptual model that simulates the movement of water through a catchment using a combination of
sub-models. These sub-models include the soil sub-model, a snow and glaciers sub-model, a rainfall
interception by vegetation sub-model, a kinematic wave routing for surface and subsurface flow sub-
model and a reservoirs and lakes sub-model. The schematic representation of the storages and fluxes
within the different sub-models for an area without snowmelt and glaciers is shown in Figure 3.6a.
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2011).

Figure 3.6: Wflowgy,, structure (left) and soil module (right)

Soil module in wflowg,,
Vertessy and Elsenbeer, 1999 gave a detailed description of the Topogsg,, model. The soil is consid-
ered as a bucket with a certain depth z; (mm), divided into a saturated store S (mm) and an unsaturated
store U (mm). The top of the S storage forms a pseudo-groundwater table at depth z;(mm) such that
the value of S is given by

S = (2 —2)(0s — 6;) (3.4)

where 6, is 6, at are the saturated and residual soil water contents, respectively.

The unsaturated store U is subdivided into storage U and deficit U,. All infiltrating water enters the U
store first, which is controlled by the InfiltCapSoil infiltration parameter (mm/d).

Ug=(6s—6)z;—U

3.5
Us=U-U; (3.5

The saturation deficit for the soil profile as a whole is defined as:
Sa=(0s—0)ze =S (3.6)

The unsaturated layer is split-up in different layers, by providing the thickness (mm) of the layers. Using
a unit head gradient, the transfer of water st (mm/d) from a U store to another U store layer is controlled
by the vertical saturated hydraulic conductivity KsatVer mm/d at depth z (bottom layer) or z; (the depth
of the pseudo-groundwater table), the effective saturation degree of the layer and the Brooks-Corey
power coefficient (Brooks and Corey, 1964):

0—6,\°
st = KsatVer (93 — 9r> (3.7)
C based on the pore size distribution (Brooks and Corey, 1964). Brooks—Corey and van Genuchten are
equivalent parametric descriptions of soil hydraulic behavior. They both use a shape parameter for the
pore-size distribution to reproduce a 8(h)- curve. In wflowg,,,, only the Brooks-Corey power coefficient
is used.

3.3.3. Comparison of the soil-water processes
Table 3.1 outlines the fundamental differences between SWAP and wflowg,,, in their approach to
modelling soil-hydrological processes. SWAP relies on physical expressions including those by van
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Genuchten-Mualem (VGM) to calculate soil water retention and conductivity curves, and solving Richards
in a continuous manner (Heinen et al., 2024). In contrast, wflowy,,, is based on a mass balance ap-
proach in combination with a Brooks—Corey power coefficient (Van Verseveld et al., 2024), offering a
different depiction of vertical unsaturated flow.

Hydrologic Approach in SWAP Parameters in | Approach in | Parameters in

process SWAP wflow, ., wflow, .,

Infiltration Upper boundary of | VGM-parameters | Controlled by soil ra- | InFiltCapSaoil, Infilt-

Richards’ equation tio and empirical infil- | CapPath, PathFrac

tration parameter

Vertical unsatu- | Richards’ equation VGM-parameters | Brooks—Corey equa- | KsatVer, 6,, 65, £ , c

rated flow tion

Groundwater Bottom boundary of | VGM-parameters | Controlled by leak- | KsatVer, 0,, 6, c,

recharge Richard’s equation with Ksat,exp age parameter and | MaxLeakage
Brooks—Corey transfer

Table 3.1: Summary of approaches and linked parameters in SWAP and wflowg,,, regarding the focused soil-related fluxes and
storage. The full table is shown in Appendix C.

This conceptual difference is reflected in the parameterization: SWAP requires direct input of soil hy-
draulic parameters such as 6.5, 0s4¢, @, n, and K, for the VGM-functions, while wflowg,,, uses
pedotransfer functions to link gridded soil- and land use-land cover maps to parameters such as In-
filCapSoil, KsatVer, 6, and 6. In addition, wflow,,,, uses 'black box’ parameters for calibration. For
example, the depth decay parameter f_ governs the exponential reduction of the saturated hydraulic
conductivity with depth. The factor KSHF (shown in Table C.1) is a dimensionless multiplier that con-
verts vertical saturated hydraulic conductivity to its horizontal counterpart for lateral groundwater flow.
Both f_ and KSHF are not measurable soil properties; rather, they are effective parameters that are
usually estimated by calibration to match the simulated to the observed discharge.

Rural NbS modify soil and land cover properties, thereby altering hydrological stores and fluxes in
addition to the targeted soil-water processes. These include interception, lateral subsurface flow, and
overland flow. For the overall knowledge foundation, the approaches of the models are compared for
these fluxes as well. Table C.1 provides a concise comparison of how all processes regarding the soil
column are conceptualized in SWAP and wflowg,,,, and the parameters that govern their behavior.



Methodology

This study combined a physics-based plot-scale model (SWAP) and a distributed catchment-scale
model (wflowg,,,) to investigate soil-water processes and the potential effects of rural NbS on flood
mitigation. The methodology consisted of four main parts: (1) A parameter sensitivity analysis using
SWAP to identify key soil-water parameters , (2) a hydrograph sensitivity analysis using wflowg,, (3)
a rural NbS scenario development and (4) a rural NbS scenario assessment using wflowg,,,,,.

4.1. Research framework

The workflow implements a two-model chain that links plot-scale processes to catchment-scale re-
sponses for July 2021. This coupling propagates process understanding from local dynamics to catchment-
scale river discharge modelling. All outputs are annotated with the corresponding research questions

of section 1.5.

Hydraulic

Meteorology  Soil profile S

Initial state Forcing Cyclicmaps Staticmaps  Initial state

RQ3
Parameter
mapping
R4 RQ2
- =
5 SRS 5 Eew  Een
5 AT AT E river river
o - storage change 8 discharge discharge
plot-scale catchment-scale

Figure 4.1: Methodology flowchart

4.2. SWAP, plot-scale

4.2.1. Model setup

The meteorological forcing consisted of precipitation, temperature, and potential evapotranspiration
data from the Maastricht weather station for July 2021. In the model, no slope was imposed to mimic
the topography of the plateaus. This resulted in a vertical water balance that focused on infiltration,

17
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percolation, storage change, and overland flow generation.

The SWAP simulations used three representative soil profiles to capture the main soil types present in
the Geul catchment: clay, sand, and loess (DinoLoket, 2025). Each profile was divided into two layers:
a top layer representing the rooting zone and a sub-layer representing the sub soil. For clay, sand,
and loess respectively, the (B11, B2, B14)-toplayer and (013, 02, O14)-sublayer were chosen from
the Staringreeks data.

All hydraulic properties - used for the VGM-equations (van Genuchten, 1980 ; Mualem, 1976) - were
assigned to the top- and sublayer. Staringreeks data, which provide default soil hydraulic parameters
per soil type (Heinen et al., 2022) were used. This setup allowed SWAP to simulate the dynamics of
infiltration and soil moisture for the three types of soil and to evaluate how variations of the VGM pa-
rameters (Ores, Osat, Ksar, @, @nd L, ) affect the partition of infiltration-overland flow under the extreme
rainfall event of July 2021.

4.2.2. Sensitivity analysis
An univariate sensitivity analysis was performed by scaling key soil parameters over realistic ranges to
assess their effect on infiltration and overland flow generation. Specifically:

* Oress Osats Ksarr @, and Ly, were varied between 0.5-1.5 times its default value.

+ To mimic the soil profile’s lower boundary, two bottom-boundary conditions were simulated: (i) free
drainage implemented as a unit hydraulic gradient, and (ii) an impermeable base implemented as
a zero-flux lower boundary . The free drainage scenario represents the deep groundwater tables
(Klein, 2022) that are present in the catchment. The impermeable scenario represents the low-
permeability sandstone layers below the top- and subsoil that are also present in the catchment
(de Moor and Verstraeten, 2008).

» The resulting cumulative infiltration, soil moisture storage, and overland flow after one month (1-
31 July 2021) were analyzed by magnitude and to identify the most influential VGM-parameters.

The SWAP results of the free drainage scenario were also used to derive soil parameters that served
as a proxy for the rural NbS, which were later mapped to the wflow,,,,, model (see Figure 4.1).

4.3. Wflow,,,,, catchment-scale

A pre-calibrated wflowy,,,, model for the Geul catchment (Klein, 2022) was used as the default model.
The overview of all the possible states, fluxes and parameters of the simple bucket model are listed in
Appendix B.

Initial conditions

The model needs a file which provides the model’s state initial conditions. The file was generated by
running a spin-up simulation from 2019 until 1 July 2021, ensuring that the model state variables (e.g.,
saturated soil store, unsaturated soil store) were in equilibrium before the start of the main simulation
period.

Spin-up period

The choice of timestep for the spin-up period proved to be crucial. Initial tests using a 6-hourly timestep,
resulted in a soil profile that was significantly less saturated at the start of July 2021. This is illustrated
in Appendix B, where the unsaturated storage of the hourly spin-up is visibly lower compared to the
6-hourly spin-up. The difference is likely caused by a large rainfall event that occurred at the end of
June 2021 (Figure 4.2). At a 6-hour resolution, rainfall peaks may not have been represented with suf-
ficient temporal detail, reducing infiltration and leading to an unrealistic dry catchment. Using an hourly
timestep for the spin-up period resulted in a more realistic and spatially heterogeneous distribution of
soil moisture states at the start of the simulation period.



4.3. Wflow SBM, catchment-scale 19
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Figure 4.2: (Cumulative) Rainfall during last year of spin-up period (left) ; Zoomed-in on the last days before the beginning of the
simulation period

Cyclic forcing

The cyclic input contains the hourly forcing data consisting of precipitation, potential evapotranspiration,
and temperature. ERA5 is the fifth generation ECMWF (European Center for Medium-Range Weather
Forecasts) reanalysis for global climate and weather. The original 0.25 ° x 0.25 ° (approximately 31
km?) hourly precipitation data set has been scaled up ) to match the grid size of the model of ~ 0.57
km? (Hersbach et al., 2020).

The Static input

The static input for the model includes the Digital Elevation Model, river gridcells, land use - land cover
map (LULC) and all the static parameters. The (LULC) that was used for these simulations is the
Corine Land Cover Map 2018, which has a 300 m? resolution. Some static parameters that have their
influence on the soil column are shown in Figure 4.3.
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Figure 4.3: Spatial distribution of static soil variables used in the wflowg,,, model for the Geul catchment.
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Subcatchments and discharge stations in wflowsp, model
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Figure 4.4: Setup of the subcatchments and discharge stations in the model ; Gulp, Selzerbeek and Eyserbeek being the
tributaries.

Model structure

The wflowg,,,, model has been set up with a resolution of 0.00833 ° (or approximately 600m x 925 m).
Nine discharge gauges —Kelmis, Sippenaeken, Cottessen, Hommerich, Gulp, Selzerbeek, Eyserbeek,
Schin op Geul, and Meerssen — were included on the static maps. Subcatchments were delineated
automatically from the digital elevation model using the local drainage direction network, assigning one
outlet per gauge and resulting in nine subcatchments (Figure 4.4). It was run with time steps of an
hour, to get the temporal variations of the rainfall and be able to analyze the temporal variations of the
discharge.

4.3.1. Hydrograph sensitivity analysis

A parameter sensitivity analysis was performed to identify the soil-related model parameters that most
strongly influence the simulated river peak flows during the flood event. The parameters considered
in the analysis are shown in Figure 4.3 and summarized in Table 4.1. Each parameter was scaled
between 0.5 and 1.5 times its baseline value to assess its effect on the model output.

Parameter Unit Model Value Range Mean Model Value Scale Factor New SWAP-Based Value
InfiltCapSoil mm/d 600 600 05-1.5 125

KsatVer mm/d 48 — 552 151 05-1.5 127

f_ parameter - 0.0008 —0.004 0.0012 05-15 -
KsatHorfrac - 250 — 1000 747 05-1.5 -

O m/m 04-0.5 0.43 05-1.5 0.42

0, m/m 0.1-0.3 0.15 0.5-1.5 0.02

Table 4.1: Overview of key soil parameters used in the model, including their ranges, mean values, applied scale factors for
sensitivity anal, and new values used in sensitivity analysis.

The effect of each parameter adjustment was assessed by analyzing the resulting hydrographs and
evaluating:

» Peak discharge magnitude: change in maximum simulated discharge relative to the default
model.

» Timing of peak discharge: difference between simulated peak timing and default model.

* Fit to observations: visual comparison of simulated and observed hydrographs at the gauge
stations.
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This step allowed the identification of the most influential parameters controlling flood peak magnitude
and timing under the 2021 July conditions and one-by-one comparison between the SWAP-based value
and the default model’s value. This is directly related to research question 2.

4.3.2. Rural-NbS scenario development

Using the insights gained from the SWAP results from section 5.1, the hydraulic soil properties of sand
were combined to represent rural NbS. All wflow parameters that could be mapped by a SWAP-value
were modified, and thereby answering research question 3. This resulted in modifications of the four
combined key parameters listed in Table 4.2, ensuring a realistic representation of infiltration capacity,
vertical unsaturated flow, and effective water storage capacity. The mapping conversions were as
follows:

* InfiltCapSoil [mm/day] = topsoil Ksat [cm/day] x 10
» KsatVer [mm/day] = subsoil Ksat [cm/day] x 10
¢ 05 = Osqae
* 0r = Ores

Parameter Unit Default model value range Mean default model value Rural NbS scenario

InfiltCapSoil mm/d 600 600 125
KsatVer mm/d 48 — 552 151 127
O m/m 04-0.5 0.43 0.42
0, m/m 0.1-0.3 0.15 0.02

Table 4.2: The modified model parameters that combined result in the rural NbS scenario.

4.3.3. Rural-NbS scenario assessment
These were implemented in wflow,,,,, in three spatial scenario types:

» Single-subcatchment scenarios: Modified parameters were applied to the Boven Geul and
Beneden Geul subcatchments individually to evaluate spatial variability in hydrological response.

+ Catchment-wide scenario: Modified Parameters were applied to all unpaved areas to represent
a theoretical upper bound for the implementation of rural NbS in the catchment.

Overview of Modified areas for the Different Scenarios

Rural NbS - '‘Boven Geul' subcatchment Rural NbS - 'Beneden Geul' subcatchment Rural NbS - catchment-wide

Meerssen (catchment outlet) Meerssen (catchment outlet) Meerssen (catchment outlet)

Figure 4.5: Overview of grid cells where soil hydraulic parameters were modified for the three rural NbS scenarios: (a) Boven
Geul subcatchment, (b) Beneden Geul subcatchment and (c) catchment-wide. The displayed modifications only affect model
results in grid cells classified as unpaved in the static maps.

The effect of each scenario was evaluated from the hydrographs by assessing peak magnitude, peak
timing, and total runoff volume, thereby directly addressing Research Question 4.






Results

This section presents the results of the analyses conducted in this research. The results are organized
into four parts: (1) A parameter sensitivity analysis performed with SWAP to identify the most influential
VGM-parameters, (2) a hydrograph sensitivity analysis to soil parameters in wflowg,,,, (3) the effect
of a rural NbS scenario applied in subcatchments, and (4) the effect of a catchment-wide rural NbS
scenario on flood hydrographs with wflowg,, .

5.1. SWAP, plot-scale

5.1.1. Sensitivity analysis

To better understand how the Van Genuchten—Mualem (VGM) parameters influence the primary sponge
function of soils — expressed as the infiltration-to-overland flow ratio — a sensitivity analysis was con-
ducted under the meteorological forcing of July 2021. The 3x3 subplot presents results for three soil
types (Clay, Loess, Sand; rows) and three cumulative processes (Infiltration, Overland flow, Storage
change; columns). For each type of soil, the parameters 6,.., Os4¢, Ksar, @, and L.y, were multiplied
by factors of 0.5 and 1.5 relative to the empirical values for each type of soil. The dots indicate the
cumulative values simulated after one month, while the dotted lines connect paired perturbations of the
same parameter. Figure 5.1 illustrates the relative influence of the VGM soil hydraulic parameters on
the water infiltration-overland flow ratio under free drainage conditions at the bottom boundary of the
soil column.

In the simulations, the infiltration and overland flow processes were found to be more sensitive to the
saturated water content 6;,, and the saturated hydraulic conductivity K, for the three types of soil. An
increase in either parameter strongly enhanced infiltration and reduced overland flow, while a reduction
had the opposite effect. In contrast, the cumulative storage change of sand and loess was particularly
sensitive to the inverse of the air-entry value a, which controls the steepness of the soil water retention
curve (van Genuchten, 1980).

In this scenario, the sand effectively absorbs all the rainfall minus evaporation, preventing any overland
flow. This observation is logical, as the model lacks any topographical gradient, resembling a scenario
where a significant amount of water is simply poured onto the sand. Under real-world conditions, the
water would similarly just infiltrate the sand.

The scenario with an impermeable layer beneath the topsoil is presented in Figure D.2 (Appendix D). In
general, its parameter sensitivities are comparable to those of the free-drainage scenario; the only no-
table deviation is the van Genuchten a parameter, which exhibits a distinctly different sensitivity pattern.
This makes sense as : Under free drainage conditions, the soil column can transmit infiltrated water
downward without restriction, making the a parameter (air-entry value) influential because it governs
the vertical redistribution of water (Mualem, 1976). However, when an impermeable bottom boundary
is imposed, infiltration becomes limited by the storage capacity of the soil rather than its redistribution
dynamics. In this case, 6,,; dominates the storage change, as it directly determines how much water

23



24 5. Results

Sensitivity to VGM-parameters
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Figure 5.1: Sensitivity analysis of Van Genuchten—Mualem parameters on cumulative infiltration, overland flow, and storage
change in the soil column, simulated with the SWAP model under free drainage conditions (July 2021).

can be stored. Although Ksat also determines the dynamics of redistribution, it is still influential here ,
as it still influences the infiltration rate on the soil surface.

In both free drainage and impermeable bottom boundary scenarios, sandy soil exhibits the same be-
havior: it absorbs all rainfall (minus evaporation), leaving infiltration, overland flow, and storage change
unaffected by parameter variations. Using sand’s hydraulic properties can enhance cumulative infil-
tration by approximately 87.5% compared to Loess (which is a dominant soil layer in the catchment).
This magnitude is consistent with published field studies and meta-analyses on rural NbS/land-use
change: for example, a meta-analysis reports a = 84.17% increase in steady infiltration when cropland
is converted to agroforestry (Sun et al., 2018), with comparable gains documented in a meta-analysis
for cover crops (Cergioglu et al., 2025) and alternative agricultural practices (Basche and DelLonge,
2019). Consequently, the resulting SWAP-derived parameter set is transferred to wflowg,,, to simulate
rural NbS as a proxy, as discussed in Sections 5.3.2-5.3.3.

5.2. Wflow,,,, , catchment-scale

To gain a better understanding of how the default wflow,,,,,, model represents the hydrological response
of the Geul catchment under the extreme conditions of July 2021, flood hydrographs were generated for
all nine subcatchments. These simulated hydrographs were compared with observed discharge data
obtained from Waterschap Limburg (2025) and plotted alongside the spatially distributed precipitation
input for each subcatchment. Both simulated and observed discharges were normalized to facilitate
direct comparison with the precipitation forcing, allowing a clearer assessment of the rainfall-runoff
response.
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Figure 5.2: Simulated discharge from the default wflowg,, model (normalized) compared with observed discharge for each
subcatchment during the July 2021 flood event, shown alongside subcatchment precipitation forcing.

Figure 5.2 shows the comparison between simulated discharge from the default wflowg,,,, model and
the observed discharge data for the July 2021 flood event, together with precipitation forcing per sub-
catchment. In general, the model reproduces the timing and magnitude of the flood wave reasonably
well in the upstream subcatchments and the tributaries(Selzerbeek, Gulp and Eyserbeek). However, in
the middle and downstream subcatchments (e.g., Meerssen), simulated peaks tend to occur too early
and are often overestimated. This behavior suggests that the current parameterization underestimates
the natural retention capacity — the “primary sponge function” — of the soils in these areas, resulting
in a flood wave that is too sharp and timed too early. The observed hydrographs indicate that the
catchment already exhibits a strong natural buffering capacity downstream of Cottessen, which is not
fully captured by the current model setup.

Consequently, when evaluating rural NbS scenarios that aim to improve infiltration and soil water stor-
age, the location of implementation becomes critical. Understanding how the model’'s baseline infil-
tration and storage parameters influence the hydrological response of each subcatchment is therefore
a crucial step before interpreting scenario results. Therefore, the following section systematically as-
sesses the sensitivity of the simulated flood hydrographs to the key soil-water parameters described in
Section 4.4.3.

5.2.1. Sensitivity of simulated flood hydrographs

Because the default model tended to overestimate peak flows in several subcatchments, this sec-
tion examines the sensitivity of simulated hydrographs to soil-water parameterization. Key parameters
were multiplied by factors of 0.5 and 1.5, and — where possible — replaced with values mapped from
SWAP to wflowg,,,,. Together, these analyses highlight the key parameters most strongly controlling
flood magnitude and timing.

Because the default infiltration capacity (InfiltCapSaoil) in wflow,,,, was set very high to avoid generating
Hortonian overland flow outside urbanized areas (Bouaziz, 2021), the simulated hydrographs show little
sensitivity to changes of + 50% (see Figure 5.3). The saturated hydraulic conductivity (Ksat) of the
topsoil in SWAP is considerably lower than the default InfiltCapSoil used in wflow,,,,,. Consequently,
setting it to the SWAP-based value (125 mm/d) results in higher simulated peak discharges. But only
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Sensitivity to Infiltration Capacity of Soil - Discharge and Precipitation per Subcatchment (13-17 July 2021)
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Figure 5.3: Simulated discharge sensitivity to infiltration capacity (InfilCapSoil) for nine subcatchments during the July 2021 flood
event. Shown are the default model (purple), scenarios with InfilCapSoil x 0.5 (blue dashed), x 1.5 (red dashed), and set to 125
mm /d (green), with precipitation forcing (bars, right axis) and observed discharge (grey) where available.

for the Gulp it results in a substantial difference in discharge.

Sensitivity to KsatVer - Discharge and Precipitation per Subcatchment (13-17 July 2021)
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Figure 5.4: Simulated discharge sensitivity to saturated vertical conductivity (KsatVer) for nine subcatchments during the July
2021 flood event. Shown are the default model (purple), scenarios with KsatVer x 0.5 (blue dashed), x 1.5 (red dashed), and
set to 127 mm /d (green), with precipitation forcing (bars, right axis) and observed discharge (grey) where available.

Scaling KsatVer shows a much stronger impact on the simulated hydrographs (Figure 5.4). Reducing
KsatVer by half (blue dashed) substantially increases the simulated peak discharge in the downstream
part and the tributaries. In contrast, increasing KsatVer by 50% (red dashed) lowers the flood peak and
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even changes its shape.

Because KsatVer is highly heterogeneous across the catchment, replacing its default distribution with
SWAP-derived values produces a spatially variable effect. In the Eyserbeek and Selzerbeek subcatch-
ments, the default model uses relatively low KsatVer values, which limit infiltration and generate higher,
quicker peaks. The SWAP-based values (127 mm/d) are higher in these areas, allowing more infiltra-
tion and resulting in lower and more attenuated peak discharges — particularly improving the fit for
Selzerbeek. This local reduction in peak flows propagates downstream, leading to a slightly attenu-
ated flood hydrograph at the catchment outlet (Meerssen, green line). Interestingly, this outcome is
somewhat counterintuitive, as the SWAP-based KsatVer is actually lower than the mean of the default
model (=151 mm/d).

Sensitivity to Saturated Water Content - Discharge and Precipitation per Subcatchment (13-17 July 2021)
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Figure 5.5: Simulated flood hydrograph sensitivity to saturated water content (6) for nine subcatchments during the July 2021
flood event. Shown are the default model (purple), scenarios with 8 % 0.5 (blue dashed), x 1.5 (red dashed), and set to 0.42 m
/m (green), with precipitation forcing (bars, right axis) and observed discharge (grey) where available.

Unlike KsatVer, which had localized effects due to its heterogeneity, changes in 6, shift the overall
water balance more uniformly, affecting all subcatchments similarly Increasing 6, by 50% (red dashed
line) significantly lowers simulated peak discharges, especially at the more upstream subcatchments.
While decreasing it by 50% (blue dashed line) produces unrealistically high peaks across almost all
subcatchments. This confirms that 6, strongly controls the available storage capacity and thus the
runoff generation.

As shown in Figure 5.5, applying the SWAP-mapped 6, affects the simulation differently across the
catchment. While the SWAP-derived value (green line) generally increases the simulated flood peaks
and leads to a poorer fit with observed discharges at most locations, it improves the agreement in trib-
utaries such as the Eyserbeek and Gulp.

Another soil parameter assessed for its influence on the flood hydrograph was 6,., the residual water
content. As can be seen in Figure 5.6, this parameter shows a considerable effect on the shape of
the flood hydrograph when scaled relative to its default value. However, further reductions in 6, below
0.07 m/m do not resultin significant changes. Notably, the flood hydrograph obtained using the SWAP-
based value of 0.02 m/m is almost identical to that produced by 6, x 0.5. Overall the plots suggest
that lowering 6, could be beneficial to fit the simulated hydrograph to the observations downstream of
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Sensitivity to Residual Water Content - Discharge and Precipitation per Subcatchment (13-17 July 2021)
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Figure 5.6: Simulated flood hydrograph sensitivity to saturated water content (8,.) for nine subcatchments during the July 2021
flood event. Shown are the default model (purple), scenarios with 6, x 0.5 (blue dashed), x 1.5 (red dashed), and set to 0.02
m/m (green), with precipitation forcing (bars, right axis) and observed discharge (grey) where available.

Cottessen.

In addition to the four key parameters discussed above (0, 6,, KsatVer, and InfiltCapSoil), the sen-
sitivity analyses for the scaling parameter f and the multiplier KSHF are presented in Appendix E.
These parameters were not included in the main discussion because their default values are already
extremely low (f ) or high (KSHF), meaning that even substantial relative changes (+50%) resulted in
very small differences in the simulated hydrographs. For completeness, the full set of 3 x 3 subplots
for both parameters are provided in the Appendix.

Finally, Figure 5.7 summarizes the effect of individually applying SWAP-based parameter values on
the simulated discharge for the entire catchment. The figure clearly demonstrates that not all SWAP-
based parameters attenuate the flood peak, and the magnitude of their influence varies considerably.
Among all soil parameters, 65 (saturated water content) and 6, (residual water content) have the most
pronounced effects under extreme rainfall conditions. Reducing the mean 6, by only 0.01 m/m leads
to a substantially higher simulated flood peak and a 13% increase in the total event runoff volume.
Conversely, lowering 8, significantly reduces peak discharge and decreases the total runoff volume
by almost 49%. In particular, 6, is the only parameter that significantly alters both the shape of the
hydrograph and the timing of the peak. This strong response is partly explained by the relatively low
SWAP-based value compared to the mean value of the default model. These findings are consistent
with the sensitivity analyses presented earlier, which also highlighted 8, and 6, as key controls on the
downstream subcatchments.

5.2.2. Rural NbS-scenario applied in subcatchments

Because the Boven Geul subcatchment contains a large proportion of agricultural land that could po-
tentially be converted to a sponge landscape, this area was selected for the first scenario analysis.
SWAP-based parameter values were applied as a proxy for rural NbS to assess their effect on the
timing and magnitude of discharge at the subcatchment outlet (Figure 5.8). The result indicates that
a slight increase is observed in the overall simulated discharge. Although the result differs from the
initially desired outcome, the findings are consistent with the sensitivity analysis, which showed that the
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Figure 5.7: Simulated discharge at the catchment outlet (Meerssen) under default conditions and with individual SWAP-derived
parameter values applied across the catchment. Each line represents the effect of adjusting a single parameter

spatial location of parameter changes strongly influences their effect on the flood hydrograph. Con-
verting all agricultural fields in the ‘Boven Geul area to a rural NbS would therefore not mitigate flood
peaks, but enhance the flood peak at the outlet. Given that the Boven Geul represents only about
28 km? (8% of the total catchment area), the net impact is limited.
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Figure 5.8: Simulated discharge when applying all the SWAP-values to mimic agroforestry for the '‘Boven Geul’ subcatchment

The second scenario applies the same parameter changes, but then applied in the Beneden Geul sub-
catchment. Here, the rural NbS produces the anticipated dampening effect on the flood hydrograph,
although the impact remains very modest. The simulated peak flow is reduced by less than 2 m3/s
and occurs at approximately the same time as in the default scenario (Figure 5.9). The Beneden Geul
covers about 50.5 km? (approximately 15% of the total catchment area), but because it is relatively
urbanized, the potential for large-scale soil alterations is limited. Over the entire event, the total dis-
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Figure 5.9: Simulated discharge when applying all the SWAP-values to mimic agroforestry for the ‘Beneden Geul’ subcatchment

charge volume is reduced by roughly 100,000 m?3.

5.2.3. Rural NbS-scenario applied catchment-wide
To assess the effect of large-scale implementation, SWAP-based parameters were applied to all per-
meable areas of the model, effectively converting them to sponge landscapes. Figure 5.10 shows that
this scenario results in a pronounced decrease in the flood peak, but only a delay of two hours in tim-
ing. In addition, the total discharge volume leaving the catchment decreases by nearly 50%. These
results suggest that, under a catchment-wide implementation scenario, creating sponge landscapes by
implementing rural NbS can substantially reduce flood peak magnitude, but has only limited influence

on peak timing in the Geul catchment.

Outlet discharge at Meerssen: Catchment-wide Rural NbS scenario
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Figure 5.10: Simulated discharge when applying all the SWAP-values to mimic agroforesty for the whole catchment



Discussion

This chapter reflects on the findings of this study and places them in a broader hydrological and practical
context. First, the most counterintuitive findings are discussed, followed by the limitations of the models
and literature. Next, the potential implications of peak timing delay, as a result of large-scale rural NbS
implementation, are explored for the confluence area. Finally, the practical feasibility and challenges
of implementing such large-scale land-use changes are considered.

6.1. Discussion of the results

Overall, the results were consistent with my hypothesis. However, the rural NbS scenarios applied in
subcatchments are a notable exception. In these cases, the differences relative to the default model
were very small. For the Boven Geul, the simulated flood peak even increases rather than showing the
expected attenuation. The explanation is probably methodological: the scenarios were simulated by
lumping the modified parameters over the subcatchment, which removed much of the spatial hetero-
geneity that is particularly important in the Boven Geul (strong contrasts in soil types and hydrological
connectivity). By smoothing the parameters, localized reductions in runoff generation are averaged out
and their benefits could be muted. These findings motivate a more detailed assessment of the water
storage capacity of the soil in this area. For the Beneden Geul, the limited effect likely reflects the high
degree of urbanization and the relatively small distance to the outlet of the catchment.

6.2. Limitations modelling with SWAP

The SWAP model simulations used in this study represent a simplified approximation of the real-world
water balance. An important limitation is that the simulations did not account for interflow as an explicit
outward flux. This is a relevant process in the sloping terrain of the Geul catchment, where unsaturated
lateral subsurface flow can occur. As a result, the simulated partitioning between infiltration, overland
flow, and storage change may not fully reflect actual catchment behavior, and the model is likely to
overestimate the storage change in the soil profile.

A second limitation is the absence of slope representation in the SWAP model setup. The simulations
were conducted under flat-surface assumptions, which means no overland flow was used as model
input. While this setup may represent the plateau areas of Zuid-Limburg, it does not capture the hydro-
logical response of the many steep slopes present in the catchment. Consequently, the model results
do not reflect processes such as slope-driven overland flow.

A third limitation concerns the meteorological forcing data used to drive the model. The simulations
relied on precipitation and climate data from the Maastricht weather station, which recorded lower
rainfall totals than were observed in the Geul catchment during the July 2021 flood event. This likely
resulted in a conservative representation of soil-water dynamics and leading to an underestimation of
the cumulative infiltration and overland flow.

31
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6.3. Limitations used literature for the validation of the parameter
mapping

Although the literature suggests a large increase in infiltration in rural NbS, comparing the results di-
rectly to the SWAP—wflowg,,, mapping does not seem completely justified. The meta-analysis by Sun
et al., 2018, used in part to validate the SWAP-based parameter values as a proxy for agroforestry,
does not focus on extreme rainfall events. Although it synthesizes many datasets and distinguishes be-
tween initial and steady-state infiltration, much of the underlying evidence was collected under rainfall
intensities and experimental conditions that differ markedly from those in this study. Therefore, values
from the literature should be regarded primarily as qualitative ranges.

6.4. Limitations modelling with wflow SBM

In this section, the limitations of the model structure, parameters, and observation data are discussed.
The items are numbered for clarity, but the order does not indicate prioritization.

1. Model calibration: The default wflowg,,, model used in this study, was previously calibrated
by Klein, 2022 for soil thickness and the KSHF parameter. However, further calibration is likely
required, particularly because soil thickness strongly influences the simulated flood hydrographs.

2. Observation quality: The reliability of discharge observations during the July 2021 flood event
is limited. In many subcatchments, complete records were unavailable, and the extreme flooding
caused the river to overtop its 'banks’, particularly near Valkenburg. As a result, the stage—
discharge (Q-h) relationship downstream of Valkenburg is highly uncertain. This may explain the
flat rising limb of observed hydrographs in the Meerssen subcatchment (Figure 5.2).

3. Downstream discharge simulation: The model has not been linked to a hydraulic model. As
a result, backwater effects, floodplain inundation, and river routing peak propagation are not fully
captured downstream, which may affect the timing and attenuation of simulated peak discharges.
This contributes to the overestimating of the flood peak at Meerssen of the wflowy,,,, model.

4. Groundwater storage representation: The wflow_sbm model does not include a separate deep
groundwater bucket. Deep groundwater flow is treated as leakage that permanently leaves the
model domain, which may lead to an underestimation of baseflow contributions and a simplified
representation of long-term storage changes.

5. Model resolution: The model used in this study had a grid size of 0.00833° (approximately
600 m x 925 m). While this resolution is adequate for general runoff simulation, a finer and
locally calibrated model (subcatchment scale) might be necessary for assessing detailed land-
use effects, as small-scale processes may be smoothed out at coarser resolutions.

6. Choice of parameters for the mapping: In this study, only parameters related to the "primary
sponge function” of the soil were adjusted. However, real-world implementation of rural NbS
would also influence parameters linked to 'secondary sponge function’, such as Manning’s rough-
ness coefficient of the surface (N). Tree litter may increase surface roughness, so theoretically
afforestation, agroforestry, and hedgerows could all increase N.

7. Evapotranspiration neglected Planting additional trees represents a significant hydrological in-
tervention, as trees influence processes such as evaporation and transpiration. So if the rural
nature-based solution includes trees, the measure will affect the model forcing input. This was
not taken into account in the model simulations. However, under extreme rainfall conditions, the
contribution of evaporation to the overall water balance is relatively small, and therefore its effect
on simulated flood peaks is expected to be limited.

6.5. Broader system-scale effect of flood peak delay

Assessing the potential synchronization of flood peaks between the upstream catchment and its receiv-
ing basin is essential for determining whether rural NbS achieve effective flood mitigation or instead
lead to an unintended ampilification of flood risk at their confluence. This research gap was addressed
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by comparing the timing of the simulated flood peak of the catchment-wide Rural NbS scenario to the
timing of observed water levels in Meerssen and Borgharen during the flood event, as reported by
(Strijker et al., 2023). The timing of the measured flood heights (Figure 6.1) shows that, assuming
the simulated peak timing is realistic, the simulated two-hour delay remains within the five-hour timing
window observed (Figure 6.1). Although the model predicts the flood peak somewhat earlier than the
observatons, the results suggest that the two hour delay introduced by the Rural NbS scenario would
not critically shift the coincidence of peak flows at the Geul-Meuse confluence.
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Figure 6.1: Timing and height of the peak water levels along the Geul. The pink dot (number 1) represents the location of the
catchment outlet of the wflow_sbm model. The black dot indicates the moment and height of the water level at the measuring
station in Meuse (Borgharen) close to the confluence (Strijker et al., 2023)

6.6. Practical perspective on catchment-wide scenario

From a practical standpoint, the catchment-wide scenario explored in this study should be viewed as
a theoretical upper bound rather than a realistic policy strategy. Converting all unpaved agricultural
land to sponge landscapes is unlikely to be feasible, as it would require extensive changes in land
use and maybe farming practices throughout the catchment. Such a large-scale intervention would
face social, economic and political challenges, including limited farmer willingness, potential reduc-
tions in agricultural productivity, the need for financial compensation, and significant policy support.
In practice, the implementation of rural NbS would likely follow a more targeted approach, prioritizing
the locations where measures are logistically and socially feasible over the locations with the highest
potential hydrological impact.






Conclusion and Recommendations

7.1. Conclusion

This research aimed to evaluate how soil-water processes influence flood peak generation and mitiga-
tion in the Geul catchment under the extreme rainfall conditions of July 2021. By comparing process
representation between SWAP and wflowy,,,, performing sensitivity analyses, and running rural NbS
scenarios, several key conclusions were drawn. The following points directly address the research
questions presented in Section 1.5:

1.

Differences between SWAP and wflowy,,,: SWAP and wflow,,,, are fundamentally different
in their soil-water process representation. SWAP solves the Richards equation over the full soil
profile, allowing direct specification of measured soil hydraulic properties. In contrast, wflowg,,,
uses mass-balance formulations and pedotransfer functions, resulting in parameter values that
are less directly tied to measurable soil properties and often calibrated to match discharge obser-
vations.

Soil-water parameter sensitivity in SWAP: SWAP simulations revealed that infiltration and
overland flow processes are most sensitive to the saturated water content (6,;) and the sat-
urated hydraulic conductivity (K,;). For a sandy soil column with a depth of 2 m, all rainfall from
the July 2021 event could infiltrate, resulting in no overland flow generation.

. Soil-water parameter sensitivity in wflow,,,,,: The sensitivity analysis of wflowg,,, showed

that simulated flood hydrographs are most sensitive to KsatVer, 6,, and 6;. Adjusting 8, and
6, in the downstream subcatchments particularly could improve the model’s ability to reproduce
observed flood peaks, confirming that the soil’s effective water storage capacity is a key control
on downstream flood response.

Representation of rural NbS in wflow,;,,: SWAP-based sandy soil parameters were success-
fully transferred to wflowg,,,, to act as a proxy for multiple rural NbS. Scenario simulations demon-
strated that the effect of these interventions is spatially dependent: downstream implementation
had a different influence on river peak flow than upstream implementation, highlighting the im-
portance of spatial targeting when designing rural NbS measures.

Catchment-wide scenario impacts: The catchment-wide rural NbS scenario produced a down-
stream flood peak reduction of approximately 50% and a two-hour delay in peak timing compared
to the default model. Comparison with water level data from Strijker et al., 2023 showed that this
delay still falls within the observed five-hour separation between the peaks of the Geul and the
Meuse during the July 2021 event. This suggests that a catchment-wide implementation of 'im-
proved soil’ is unlikely to cause synchronization of peak flows at the Geul-Meuse confluence
under similar extreme rainfall events.

In conclusion, this research demonstrated that soil-water processes in a distributed hydrological model
have a significant influence on the simulated river peak flows. The results confirmed that the soil’s
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water storage capacity plays a key role in flood peak mitigation within the Geul catchment. Further-
more, well-located small rural NbS, can contribute to reducing peak discharges without increasing flood
risk at the confluence. However, the reduction in peak flow achieved by these measures is relatively
small, suggesting that they should be implemented in combination with traditional grey flood mitigation
measures to achieve a truly flood-resilient catchment.

7.1.1. Recommendations for future work
Although this study provides valuable information on the role of soil-water processes and rural NbS in
simulated river peak flows, several opportunities remain for further research:

* Model refinement: Conduct a more extensive calibration of wflow,;,,, particularly for the soil
thickness. The soil depth may be the most important for saturation excess overland flow (Rogger
et al.,, 2017; Rawlins et al., 1997). Next to this, consider coupling the wflow,,, model with a
hydraulic model to better represent floodplain inundations and attenuation of the peak flow when
propagating downstream (Paiva and Lima, 2024).

» Higher spatial resolution: Test the impact of using a finer grid resolution to capture small-scale
rural NbS effects and heterogeneity in soil properties that may be smoothed out at coarser reso-
lutions.

+ Dynamic vegetation representation: Include parameter changes in the land use-land cover(LULC)
map, such as the leaf area index (LAl), the rooting depth, and Manning’s roughness coefficient to
better represent the full hydrological effects of rural nature-based solutions in a modelling frame-
work.

* Improve soil data: Future research should focus on measuring actual hydraulic conductivity and
water retention curves for soils in the catchment, rather than relying on the default soil grid and
the SWAP data. Using catchment-specific measurements, especially for the Boven Geul area in
the Netherlands, would improve the reliability of simulated flood hydrographs.

» Use projected forcing: Evaluate the methodology with projected forcing rather than relying on
a single event. This will test NbS performance across a wider range of different climatic and
hydrological conditions and reduce event-specific biases.

» Application other upstream catchments: Future research could apply this methodology to
energy-limited catchments, where evapotranspiration plays a more dominant role in the water
balance. This would help to assess whether the findings regarding soil-water parameter sensitivity
hold under different climatic and hydrological conditions. In addition, machine learning parameter
calibration approaches could be explored to caibrate parameter sets more efficiently (Kapoor et
al., 2023), which would facilitate the transferability of this modelling setup to other catchments.

» Stakeholder analysis: Combine hydrological modelling results with stakeholder analysis to eval-
uate farmer and other landowners willingness, and policy incentives to pinpoint potential areas to
really implement large-scale rural nature-based solutions.
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A. Study Area
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Figure A.1: Map of the Meuse basin with its upstream /tributary (Rongen et al., 2023)
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Figure A.2: Length and height profile of the Geul and its main tributaries: Gulp, Eyserbeek and Selzerbeek (van Winden et al.,
2014).
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B. Method

Main input file (*_swp)
» Goneral sechion
- Environment
- Timing of simulation period
- Timing of bommdary condifions
- Processes which should be simmlated
- Optional output files

» Mereorology section
- Mame of file with metsorological data
- Rainfall intensity

s Crop section
- Crop rotatdon scheme (calendar and Sles)
- Crop data input fila
- Caloulated imgation inpuat Gle
- Crop emergence snd harvest
- Fixed trigation parameters (Amount and quality of
prescribed tmigstion applications)

& Soil water section
- Initiz]l maisture condition
- Ponding
- Soil evaporation
- Vertical discrefization of soil profile
- 5oil bydraulic functions
- Hysteresis of soil water retention function
- Maximum rooting depth
- Similar media scaling of soil hydranlic fimctions
- Preferential flow due to soil volomes with immohbile
water
- Preferential flow due to macre pores
- Snow and frost
- Numerical soluton of Bichards' equation

» Lateral draingge sechion
- {optional) name of Gle with drainage inpat data
- (optional) name of Sle with mnon input data

» Borrom Boundary seciion
- {optional) name of fle with bottoomn bowmdary
conditions
- selaction out of § optons

& Haar flow seciion
- caloulaton method

& Solute transport section

- Specify whether simmlation inclades solute transport
or not

- Top boundary and mitial condifion

- Diffusion dispersion, and sohite upiake by roois

- Adsorption

- Decomposition

- Transfer between mobile and imonobile water
vohmnes (if present)

- Solute residence in the sanirated zone

File with daly metearological data (*_yyv)

- Fadistion, temperanme, vapour pressure, wind speed,
rainfall and'or reference evapotranspiration,
- raimfall infensities

File with Detailed crop growth (*.crp) #
* Crop section

- Crop beight

- Crop development

- Imirial valuas

- (Gresn surface arss

- Assimilation

- Assimilates conversion Info biomass
- Maintensnce respiration

- Diry matter partidoning

- Dieath rates

- Crop water use

- Salt siress

- Imterception

- Buoot growth and density distmbution

o Colcwlated Irvigation section

- Zeneral
- Irrigation time CTitesia
- Imigation depth crotena

File with Simple crop growth (*.crp)
* Crop section

- Crop development

- Light extinction

- Leaf area index or soil cover faction

- crop factor of crop height

- rooting depth

- vield responss

- soll water exfraction by plant roots

- salt stress

- ImfeTCEptlon

- Bipot density distribution and root growth

o Colcwlated Irrigaiion Seciion

- Feneral
- Irmigation time cTitena
- Irmigation depth criteria

File with drainage data (*.dra) #
» Basic drainage section

- Table of drainage flux - groumdwater level
- Dirainage formula of Hooghondt or Emst
- Drainage and infiliration resistances

# Extended dratnage seciion

- Dirainage characteristics

- Surface water level of primary andior secondary
Sy 5iam

- Simulatden of surface water level

- Weir characteristics

Figure B.1: Summary of input data for the used SWAP model (Kroes et al., 2017)
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Symbol Description Unit Wiflow.jl name
Scanopy Canopy storage mm canopystorage
Ssnow Snow storage mm snow

Ssnow,liquid Amount of liquid water in the snowpack mm snowwater
Solacier Glacier storage mm glacierstore
Sunsat, n Amount of water in the unsaturated zone, for layer n mm ustorelayerdepth
Ssat Amount of water in saturated store mm satwaterdepth
Stes Storage of reservoir volume

Slake Lake storage storage

Higke Water level lake m waterlevel

P Precipitation mm¢~! precipitation
Iiotal Total interception mm:~!  inte rception
Pihroughfall Throughfall mm ! throughfall
Favailable Infiltration rate of available water mm¢~!  avail_ forinfilt
Fexcess Infiltration excess water rate mms~!  infiltexcess
Fexcess, sat Rate of water that cannot infiltrate due to saturated soil mms~!  waterexcess
Fact Actual infiltration rate mms~!  actinfilt
Rexfilt, sat Water exfiltrating under saturation excess conditions m¢! exfiltwater
Rexfilt, unsat Water exfiltrating from unsaturated store because of change in water table mm¢~! exfiltustore
Riiver Runoff from river fraction mm¢~!  runoff river
Ropen water Runoff from open-water fraction (excluding rivers) mms~!  runoff_land
Eopen water Evaporation from open waterbodies (excluding rivers) mm7~! ae_openw_1
Efiver Evaporation from rivers mm:~! ae_openw_r
Eact, sat Soil evaporation from the saturated store mm:~!  soilevapsat
Eact, soil Soil evaporation from the unsaturated store mm:~! -

Etrans, sat Transpiration from the saturated store mmt~!  act evapsat
Z;"zl Etrans, unsat, »  Transpiration from the unsaturated store for m unsaturated soil layers mm:~!  ae_ustore

Cact Actual capillary rise mms~!  act capflux

L Leakage mm¢ ! actleakage
Rinput Net recharge to the saturated store mms~!  recha rge
Qsubsurface Subsurface flow m3d-!  ssf

Otransfer, act, m Transfer of water from unsaturated soil layer m to saturated store mm:~!  transfer

0 Surface flow in the kinematic wave m3s~! g av*

Qin, 1ake Lake inflow m3 ¢! inflow

Qout, lake Lake outflow m3 ¢! totaloutflow
Plake Lake average precipitation mmt~!  precipitation
Elake Lake average evaporation mm:~! evaporation
Qin, res Reservoir inflow m3 ¢! inflow

Qout, res Reservoir outflow m3¢! totaloutflow
Pres Reservoir average precipitation mm¢~! precipitation
Epot, res Reservoir average evaporation mm¢~! evaporation

Figure B.2: Overview of the state variables and fluxes used in the wflow_sbm model. The table lists the symbol, description,
unit, and corresponding variable name in the Wflow.jl implementation (Van Verseveld et al., 2024).
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B. Method

Symbol Description Unit Wflow.jl name Default value

I4 Precipitation mm¢~! precipitation -

Epot, total Potential evapotranspiration mm¢~! potential_evaporation -

air Mean air temperature °C temperature -

Zsoil Soil depth mm soilthickness 2000.0

O Saturated soil water content mmmm™! O 0.6

6 Residual soil water content mmmm™! 6; 0.01

fpaved Fraction of compacted soil (or paved) - pathfrac 0.01

fopen water Open-water fraction (excluding rivers) - waterfrac 0.0

Sriver River fraction - riverfrac -

Cinfiltration, unpaved  Infiltration capacity of non-compacted soil mm¢~! infiltcapsoil 100.0mmd=!

Cinfiltration, paved Infiltration capacity of compacted soil mm¢~! infiltcappath 10.0mmd=!

Zrooting Rooting depth mm rootingdepth 750.0

ﬁ’;‘(‘ Gash interception model parameter - er 0.1

LAI Leaf area index m2 m—2 leaf_area_index -

Steaf Specific leaf storage mm sl -

Scanopy, max Canopy storage capacity mm cmax 1.0

Jeanopygap Canopy gap fraction - canopygapfraction 0.1

wood, max Storage capacity, woody parts of vegetation mm swood -

Extinction coefficient - kext -

Crd Model parameter controlling the sigmoid function, for the frac-  mm™! rootdistpar —500.0
tion of wet roots

Zcap, maxdepth Critical water depth beyond which capillary rise ceases mm cap_hmax 2000.0

Ncap Empirical coefficient controlling capillary rise - cap_n 2.0

Ky Vertical saturated hydraulic conductivity at the soil surface mm ¢~ kvo 3000.0mmd~!

fKv Scaling parameter for vertical saturated hydraulic conductivity mm™! f 0.001

cn Brooks—Corey power coefficient - c 10.0

hy Air entry value cm hb 10.0

Lax Maximum allowed leakage mm¢ ! maxleakage 0.0mmd~!

JKno Multiplication factor applied to Ko (for lateral subsurface - - 1.0
flow)

SfKv,n Multiplication factor (correcting vertical saturated hydraulic - kvfrac 1.0
conductivity)

Sddf Degree-day-melt factor snow mm¢~!ec! cfmax 3.75653 mmd~! °C~!

Sfall, T threshold Temperature threshold for snowtfall °C tt 0.0

Sfall, T interval Temperature threshold interval for snowfall °C tti 1.0

Smelt, T threshold Temperature threshold for snowmelt °C ttm 0.0

Swhe Water-holding capacity of snow - whe 0.1

&melt, T threshold Temperature threshold for glacier melt °C g_tt 0.0

gddf Degree-day-melt factor glacier mm¢~!ec~! g_cfmax 3.0mmd=!°c-!

Salacier Fraction covered by a glacier - glacierfrac 0.0

Sglacier Glacier storage mm glacierstore 5500.0

Zsnow to firn Fraction of snow that is converted into firn ! g_sifrac 0.001d~!

Wgoil Weighting coefficient for near-surface soil temperature ! w_soil 0.1125d~!

Jred, frozen Controlling infiltration reduction factor - cf_soil 0.038

Cland slope Slope of the land surface mm™! B -

Criver slope Slope of river mm~! sl -

Ares Reservoir area m?2 area -

Omin req. Minimum flow requirement downstream of the reservoir m3s~! demandrelease -

Omax, res Maximum release capacity spillway m3s~! maxrelease -

Stes, max Maximum storage of the reservoir m’ maxvolume -

fres, min Target minimum storage fraction - targetminfrac -

fres, max Target maximum storage fraction - targetmaxfrac -

Alake Lake area m? area -

Hy, jake Water level lake threshold (below this threshold no outflow oc-  m threshold -
curs)

Higge Water level lake m waterlevel -

Aake Lake rating curve coefficient ms~ 1@, m% sTI0) g -

Plake Lake rating curve exponent - e -

Nland Manning’s roughness (overland flow) N m_% n 0.072

Nyiver Manning’s roughness (river flow) sm~1/3 n 0.036

Xriver River length m d1 -

Wriver River width m width -

hpankfull River bankfull depth m bankfull_depth 1.0

Figure B.3: Overview of the forcing variables and model parameters used in the wflow_sbm model. The table lists each variable
or parameter along with its symbol, description, unit, Wflow.jl name, and default value where applicable. Forcing variables include
meteorological inputs such as precipitation, potential evaporation, and temperature. Model parameters cover soil, vegetation,
snow, reservoir, and river properties that control hydrological processes in the model (Van Verseveld et al., 2024).
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Figure B.4: Comparison of spin-up scenarios. Top: 6-hourly saturated state results. Second: Hourly saturated state results.
Third: 6-hourly unsaturated state results. Bottom: Hourly unsaturated state results.
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Hydrologic process

Approach in SWAP

Parameters in SWAP

Approach in wflow SBM

Parameters in wflow SBM

Interception

Infiltration

Vertical unsaturated flow

Unsaturated lateral flow
Groundwater recharge

Saturated lateral flow

Overland flow

Analytical Gash model and
Von Hoyningen-Hine &
Braden equation
Upperboundary
equation

Richard’s

Richard’s equation

Coupled drainage model
Modified VGM equation with
Ksat,exp

Coupled drainage model

Only runoff generation (no
routing)

LAl in coupled crop model

All VGM parameters

All VGM parameters

Drainage method
Ksat at bottom boundary

N in coupled drainage model

Analytical Gash model

Controlled by
allocation and
model parameters
Divided intro three mass
buckets and transfer based
on Brooks-Corey equation

(empirical)
infiltration

Controlled by leakage pa-
rameter and Brooks—Corey
equation

Gradient-based with verti-
cal conductivity multiplica-
tion factor

Kinematic wave approach

LAI
InFiltCapSoil, InfiltCapPath,
PathFrac

KsatVer, 6, 6., f, C

MaxLeakage

KSHF

Nland

Table C.1: Detailed comparison of hydrologic processes working on the soil cover and column as approached in the SWAP and wflow,y,,, modelling frameworks.
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54 D. Sensitivity analysis in SWAP

IMITIALLY PRESEMT RESULTS
Soil water [em] Funoff [cm]  Infiltration [cm] Exfiltration [em]  Downeard Seepage [em storage change [om)
Scenarios

Soil type Changing parameter 4 Ratio Walue

Sand [B2102) - 2695 0,00 198 338 121 729
Sand Ores 20,00 040(- - - - - -

Sand Ores 150 2833 0,00 198 338 119 T4
Sand Ores 050 26,56 0,00 1,98 3,38 122 738
Sand Oizat 150 2904 0,00 198 338 139 721
Sand Os=at 050 14,86 0,00 1,98 3,38 218 B4z
Sand Oizat 220 0,95 El40 0,00 198 338 161 598
Sand K=at 180 26,95 0,00 1,98 3,38 156 704
Sand kzat 050 2695 0,00 198 338 078 785
Sand K=at 0,26 26,95 121 10,77 3,38 0,48 B934
Sand K=at 0,33 26,95 045 152 3,38 0,56 768
Sand Alfa 150 2092 0,00 198 338 0.2 822
Sand Alfa 050 40,96 0,00 1,98 3,38 E23 237
Sand Mpar 150 10,66 0,00 198 337 0,49 a2
Sand Tpar 0E7 1m TE.7E 70z 491 0,76 312 103
Sand Lesp 150 2695 0,00 198 338 114 TA4E
Sand Lesp 050 26,95 0,00 1,98 3,38 128 732
Sand Lesp 2400 2500 2695 0,00 198 2.3 3228 -22EG
Sand Lesp -24,00 26,00 26,95 0,23 n7e 193 0,00 9,85
Sand Llfaw 150 2695 0,00 198 338 121 729
Sand Alfaw 050 26,95 0,00 1,98 3,38 121 739
Sand Llfaw 26,00 100 2695 0,00 198 338 121 729
Sand Hentry -40,00  -40,00 33,86 0,00 11,98 3,38 5,58 302
Clay [B1'O13] - 100 - EELE 3Rl 236 3,36 013 481
Clay Ores 40,00 040 10,23 489 T8 338 1Al 260
Clay Ores 180 93,77 364 23 3,36 013 477
Clay Ores 050 99,64 362 834 i3 012 480
Clay Os=at 180 150,35 303 893 3,36 019 5,38
Clay Oizat 050 50,75 428 TET 338 AT 4,15
Clay Os=at 160 0,95 184,71 293 3,03 3,36 019 548
Clay kzat 150 99,68 284 912 i3 0,26 550
Clay K=at 050 9368 5,80 15 3,38 0,10 2,70
Clay kzat 022 100 99,68 TE2 432 3 0,08 0,94
Clay K=at 221,00 1000,00 9368 0,00 1,98 3,38 14,00 -540
Clay Alfa 150 96,58 3TE EAL 338 Al 47
Clay Alfa 050 104,55 32 884 3,36 0,4 5,07
Clay Mpar 150 4321 0,00 2629 2,69 1437 did not zolve
Clay Tpar 360 4,00 340 0,00 1,99 0,60 1468 did not solve
Clay Lesp 150 99,68 34 2868 i3 0,24 495
Clay Lesp 050 9368 384 812 3,38 014 462
Clay Lesp 420 2500 99,68 246 350 337 123 440
Clay Lesp -420  z&00 9368 4,74 722 248 0,m 473
Clay Llfaw 150 99,68 361 8365 i3 012 431
Clay Alfaw 050 9368 361 8356 3,36 013 481
Clay Llfaw 5128 100 99,68 361 8365 i3 012 431
Clay Hentry -40,00  -40,00 104,60 0,00 11,98 3,38 12,73 -4.13
Silt [B14/ON4] - 100 - ETET 5,60 B35 3,38 .03 4,09
Sile Ores 40,00 040 a4 1212 346 492 501 222
Silt Ores 180 E7.94 564 B3 3,38 .03 4,08
Sile Ores 050 E7.54 5.5g BT 338 T2 -410
Silt Os=at 180 01,37 4,86 710 3,36 T34 -421
Sile Oizat 050 cick: Ty 558 [y 338 568 -3E3
Silt Os=at 230 0,95 164,76 402 794 337 9,08 448
Sile kzat 150 ETET 452 745 i3 9,49 -5
Silt K=at 050 ETET B45 5,00 3,38 4,29 -2E3
Sile kzat 0,25 ETET T 413 3 252 173
Silt K=at 126 100,00 ETET 0,00 1,98 3,38 40,58 3198
Sile Alfa 150 E204 520 AL 338 4,22 =208
Silt Alfa 050 7383 5,00 [:%:13 3,36 10,70 Al
Sile Mpar 150 E3ED 126 0,72 338 1447 T2
Silt Tpar 077 1m 789 nm 0,90 0,54 0,08 0,3
Sile Lesp 150 ETET BED E35 338 T2 -421
Silt Lesp 050 ETET 5,60 B35 3,38 E37 348
Sile Lesp 1280 2500 ETET 0,00 198 338 46,81 -3zl
Silt Lesp -1250 26,00 ETET 710 4,85 258 1,06 124
Sile Llfaw 150 ETET BED E35 338 .03 -409
Silt Alfaw 050 ETET 5,60 B35 3,38 .09 -4,09
Sile Llfaw 196,00 100 ETET BED E35 338 .03 -409
Silt Hentry -40,00  -40,00 E3.EE 1,74 10,23 3,37 11,42 -4.5E

Figure D.1: Parameter sensitivity analysis for SWAP



55

Sensitivity to VGM-parameters
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Figure D.2: Sensitivity analysis of Van Genuchten—Mualem soil hydraulic parameters on cumulative infiltration, overland flow,
and storage change in the soil column, simulated with the SWAP model with an impermeable layer underneath (July 2021).
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58 E. Sensitivity analysis in wflow SBM

Sensitivity to f_-variable - Discharge and Precipitation per Subcatchment (13-17 July 2021)
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Figure E.1: Simulated flood hydrograph sensitivity to the f parameter for nine subcatchments during the July 2021 flood event.
Shown are the default model (purple), scenarios with f x 0.5 (blue dashed), x 1.5 (red dashed), with precipitation forcing (bars,
right axis) and observed discharge (grey) where available.
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Figure E.2: Simulated flood hydrograph sensitivity to KSatHorFrac (KSHF) for nine subcatchments during the July 2021 flood
event. Shown are the default model (purple), scenarios with KSHF x 0.5 (blue dashed), x 1.5 (red dashed), with precipitation
forcing (bars, right axis) and observed discharge (grey) where available
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