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Summary 

Climate change is leading to increased frequency and severity of extreme weather events worldwide, 

including intense rainfall and prolonged droughts. These events disrupt water systems, cause significant 

economic losses and threaten communities worldwide. In Europe, the devastating floods of July 2021 
caused widespread damage and fatalities, while recurrent droughts, such as in 2018 and 2022, have 

severely affected agriculture and water availability. These extremes highlight the urgent need for 
measures to mitigate the negative impacts of high flows, such as flooding and erosion, and low flows, 

such as water scarcity. Nature-based solutions (NBS) have emerged as a promising alternative to 

traditional infrastructure, leveraging natural processes to reduce flood risk and increase resilience to 
drought. However, large-scale testing of NBS is often impractical, and modelling their effects using 

hydrological models remains challenging. 

This study focuses on quantifying the effects of nature-based solutions on high and low flows in the 

Vecht catchment, which is located in Germany and the Netherlands. This was done using the distributed 
hydrological model LISFLOOD-OS, which was calibrated and validated using historical weather and 

discharge data. Afforestation and soil improvement measures were then parameterised, and potential 

implementation scenarios were developed based on their feasibility in the Vecht catchment. Finally, 
their effects on high and low flows were evaluated through changes in flow indicators and water balance 

components. 

Although certain limitations were evident, the LISFLOOD-OS model showed acceptable performance in 

simulating high and low flows in the Vecht catchment. Calibration was guided by a multi-objective 

function that included the weighted Nash-Sutcliffe efficiency for high flows, the inverse Nash-Sutcliffe 
efficiency for low flows, and the relative volume error (RVE), targeting the total water balance, 

respectively. The model performed better for simulating high flows, while low flows were less accurately 
represented. Deviations in RVE highlighted inconsistencies in the water balance simulation, with over- 

or under-estimation varying between sub-catchments. Performance was significantly better in the less 

regulated German part of the catchment than in the more managed Dutch part. 

The simulation of 11 different NBS scenarios in the LISFLOOD-OS model demonstrated clear potential 

for NBS to mitigate the effects of extreme hydrological events in the Vecht catchment. Afforestation, 
as parametrised by adjustments to land use, vegetation, and soil parameters in the model, significantly 

reduced peak flows, particularly during summer rainfall, due to increased infiltration and interception 
capacity. However, its effectiveness according to the LISFLOOD-OS model was highly dependent on 

the scale of implementation, with significant reductions observed only when applied over large areas, 

in contrast to current policy plans to increase forest cover by 10% of the existing forest area. Measures 
targeted at agricultural land, such as soil aeration and conservation tillage, offered more practical 

potential given the extensive availability of farmland. These measures, parameterised by adjusting soil 
hydraulic properties, effectively increased infiltration and reduced surface runoff during high-intensity 

rainfall events, making them a promising option. Despite these benefits, afforestation and soil 

improvement measures showed minimal impact on low flows, with only slight increases in baseflow due 

to limited contributions from deeper soil layers. 

Future research should address the uncertainties inherent in the parameterisation of NBS and their 
representation in hydrological models. Incorporating realistic climate change scenarios in future 

modelling efforts is also crucial to assess the long-term effectiveness of NBS. While cross-model 
comparisons can provide valuable insights into the sensitivity of results to model frameworks and 

assumptions, going a step further with a multi-model ensemble approach could help to leverage the 

strengths of different models. Such an approach would provide a more robust and comprehensive 
understanding of the impacts of NBS, thereby contributing to the refinement of implementation 

strategies and enhancing decision-making processes for integrated water resources management. 

Keywords: Nature-based solutions, LISFLOOD-OS, Vecht, hydrological modelling, flood risk mitigation, 

drought resilience, climate change adaptation, hydrology 
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1. Introduction 

1.1. Problem Context 

Climate change is altering weather patterns worldwide, increasing the frequency of extreme events 

such as heavy rainfall and prolonged droughts (Bessembinder et al., 2023). These events cause extreme 
high and low river flows, disrupting water systems and posing significant challenges to communities 

worldwide. Such extremes have also been observed in north-western Europe in recent years, with the 

floods of July 2021 being one of the most devastating natural disasters in the region’s recent history 
(European Centre for Disease Prevention and Control, 2021). Multiple countries, including Germany, 

Belgium, the Netherlands, and Luxembourg, were severely impacted by the floodwaters, resulting in 
extensive destruction. Homes, buildings, roads, bridges, and other crucial infrastructure were 

completely washed away or damaged. Furthermore, the flood resulted in over 200 casualties and forced 
thousands of individuals out of their homes, leaving them without shelter or basic necessities (Koks et 

al., 2022). 

The July 2021 flood event was not the sole extreme hydroclimatic event that Western Europe has faced 
recently. In 2018 and 2022, the region experienced significant droughts that had severe consequences 

(Beillouin et al., 2020; Toreti et al., 2022). These droughts resulted in substantial water shortages, 
particularly in agricultural areas, leading to crop failures and declining food production. The impact on 

water supply led to certain regions implementing water usage restrictions (Joint Research Centre, 

2022).  

The July 2021 flood resulted in approximate damages of 32 billion euros (Mohr et al., 2023). The 

consequences for businesses have been severe, as many now face financial challenges due to the direct 
and indirect harm caused. The economic effects of extreme droughts, such as reduced crop yields, 

remain uncertain (Beillouin et al., 2020). From 1980 to 2020, weather- and climate-related incidents, 
such as floods and droughts, led to cumulative economic losses totalling 450-520 billion EUR across the 

32 member countries of the European Environment Agency (EEA), with the most severe 3% of events 

contributing to 60% of the damages (European Environment Agency, 2022). Evaluations conducted in 
various countries concerning these events emphasised the requirement for enhanced water 

management strategies, as well as measures for disaster preparedness and response measures.  

Extreme weather events have shown the importance of effective water resource management in the 

Netherlands and other European countries (Slager & Kwadijk, 2023). Recent research suggests that 

climate changes in Europe are happening faster than the global average (Copernicus & World 
Meteorological Organization, 2022), and highlights a lack of preparedness in our societies (Berrang-

Ford et al., 2021). Adapting to these changes will require considerable time. Scientists and the EU stress 
the need for enhanced cooperation among researchers, practitioners, and policymakers to speed up 

the adaptation process. This has reignited the call for a more integrated approach to managing river 

basins at national and regional levels (Slager & Kwadijk, 2023). 

It is crucial for the countries involved to adjust and prepare for the changes as effectively as possible. 

There are various options for adapting to the changing climate and its impacts on the environment 
(Haasnoot & Diermanse, 2022). The focus of possible solutions is shifting from the traditional grey 

infrastructure, such as dikes and dams, to more integrative strategies that not only offer protection but 
also enhance biodiversity and ecosystem services (Van Zanten et al., 2023). These measures are 

referred to as “nature-based solutions” (NBS). It is essential to ensure that these NBS offer protection 

against the effects of climate change. However, because of the large scale at which these measures 
generally must be applied to have an impact and the potential risks involved in implementing such 

measures, it is impossible to test them at the scale of a river basin. To determine whether NBS have 
the desired effect on hydrological processes within a catchment, including runoff, their effects must be 

simulated. This involves using hydrological models to replicate how these measures affect hydrological 

processes in a river basin. Such modelling helps to understand whether NBS can provide the desired 

protection against floods and alleviate the adverse effects of prolonged drought and low flows. 
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1.2 State-of-the-art 

1.2.1. Nature-based solutions 

The United Nations define nature-based solutions as “actions to protect, conserve, restore, sustainably 

use and manage natural or modified terrestrial, freshwater, coastal and marine ecosystems, which 

address social, economic and environmental challenges effectively and adaptively, while simultaneously 
providing human well-being, ecosystem services and resilience and biodiversity benefits” (United 

Nations Environment Programme, 2022). From this definition, it already becomes clear that the term 
“nature-based solutions” is an umbrella term, being broad and vague. Van Zanten et al. (2023) refer 

to NBS for climate resilience as integrative strategies to reduce climate risks while at the same time 
enhancing biodiversity and ecosystem services. They can include various measures to prevent or adapt 

to hazards like flooding, heat stress, droughts, landslides, and erosion. Table 1 shows an overview of 

groups of NBS identified by Raška et al. (2022). Within each group, multiple types of measures and 

interventions for adaptation and disaster risk reduction are reported in the literature. 

Table 1: Groups of nature-based solutions identified in literature; adapted from Raška et al. (2022). 

Nature-based solution groups 

Floodplain retention and polders Wetlands 

River restoration Nature-based river dams 

Spatial water retention in urban areas Channel alterations and diverging flows 

Improving soil conditions Small retention ponds, pools and lakes 

Urban water sensitive buildings Coastal measures 

Improving policies for NBS coordination and planning Land use & land cover changes 

Nature-based solutions face several barriers that limit their use in flood risk management. A significant 
challenge is the uncertainty of their effectiveness, as the results of NBS vary widely depending on local 

conditions such as topography, vegetation, soil, and spatial layout (Raška et al., 2022). Conflicting 
research findings for measures such as improving soil conditions and land use change, add to this 

uncertainty. For example, while some studies highlight the role of afforestation in reducing flood risks, 

others show limited effects or significant variation due to factors such as rainfall interception and soil 
permeability (Bezak et al., 2021; Danáčová et al., 2020; Dunn et al., 2011; Zabret & Šraj, 2015). These 

uncertainties make it difficult to predict the performance of NBS in different environments, discouraging 

investment and planning. 

Institutional and financial issues, along with the limitations in resources, land and physical capability, 

further hinder the uptake of NBS. High costs and a lack of financial incentives discourage stakeholders, 
especially when flood recovery schemes do not cover adaptive measures (Slavíková et al., 2021). In 

addition, the need for extensive land areas for measures such as river restoration or afforestation poses 
challenges in densely populated regions, where landowners may resist changes that reduce productive 

land use. Complex institutional frameworks, unclear responsibilities and limited support for co-designing 

NBS with communities also limit progress (Snel et al., 2020; Han & Kuhlicke, 2019). 

1.2.2. Quantifying effects of nature-based solutions  

Overcoming the challenge of uncertainty in the effectiveness of NBS requires robust methods to 

quantify their impacts on high and low flows. This requires incorporating these measures into model 
data and parameters, though a standardised methodology remains lacking (Kumar et al., 2021). Kumar 

et al. (2021) reviewed tools for assessing NBS effectiveness in mitigating hydro-meteorological risks 
and emphasised that model selection depends on factors such as NBS typology, scale, data availability, 

and project resources. The scale of NBS is crucial in model choice, as high-resolution models are 

essential for small-scale interventions but are often less suited for large-scale, catchment-level 

assessments. 
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Effective modelling of NBS impacts requires simulating runoff generation influenced by interaction 
between vegetation, meteorological conditions, groundwater, and surface water (Ávila et al., 2022; 

Trautmann et al., 2021). To assess the effects of NBS under drought conditions, it is essential that the 
models can adequately simulate the interaction between unsaturated and saturated flows, as well as 

the influence of underground water on NBS to maintain subsurface water flows (Ávila et al., 2022). As 

droughts typically occur at the catchment scale, the models should be capable of evaluating the 

performance of NBS implemented for drought risk at this scale (Kumar et al., 2021). 

Based on his literature review, Cazemier (2024a) has identified several hydrological models that he 

believes are suitable for modelling nature-based solutions. Recommended hydrological models include: 

Wflow sbm (Deltares, 2021), VIC (University of Washington Computational Hydrology Group, 2021), 

LISFLOOD-OS (De Roo et al., 2000), Dynamic TOPMODEL (Beven & Freer, 2001) and WRF-Hydro 

(Gochis et al., 2020).  

1.2.3. Hydrological models  

A hydrological model is a simplified representation of real-world hydrological systems, crucial for 

predicting hydrologic responses in water resource management, flood control, and water quality 

assessment (Yoosefdoost et al., 2022). As such, these models can be valuable for assessing the 

potential impacts of NBS on hydrological processes. This study focuses on rainfall-runoff models, a type 

of hydrological model that simulates the transformation of rainfall into runoff in a catchment (Sitterson 

et al., 2018). In a rainfall-runoff model, the catchment characteristics are described by the model 

parameters. Hydro-climatic time series, including data on precipitation, potential evapotranspiration 

and temperature, are the primary forcing data.  

Hydrological models vary in complexity, scalability, and spatial representation. They are commonly 

categorised by their structure, which describes the extent to which they incorporate physical processes: 

empirical, conceptual or physically based (Dwarakish & Ganasri, 2015). Empirical models rely on data 

without considering physical processes, providing quick runoff estimates but limited transparency 

regarding the physical processes (Jaiswal et al., 2020). Conceptual models use simplified 

representations of hydrological processes, balancing ease of calibration with more accurate process 

descriptions (Yoosefdoost et al., 2022). Physically-based models simulate hydrological processes using 

detailed physical relationships and can incorporate spatial and temporal variability, though they require 

extensive site-specific data and calibration (Yoosefdoost et al., 2022).  

Models also differ in spatial representation: lumped, semi-distributed, and fully distributed approaches 

(Sitterson et al., 2018). Lumped models treat the catchment as a single unit, averaging inputs across 

the entire area, which allows quick computations but limits spatial accuracy, especially over large areas. 

Semi-distributed models account for regional variability by distributing lumped parameters across sub-

catchments, enhancing accuracy but still averaging within each region. Fully distributed models divide 

the catchment into grid-cells, capturing detailed spatial variability, though they demand significant data 

and computation time (Yoosefdoost et al., 2022). 

1.3. Research Gap 

The July 2021 floods were not an isolated event, and due to climate change, the likelihood of extreme 

weather events is increasing worldwide (Chen et al., 2023). The shift in focus from traditional grey 
measures to nature-based solutions is leading to a demand from policymakers for clarity on the effects 

of such measures (Van Zanten et al., 2023). The previous discussion has shown a wide range of possible 
NBS, but there are still several barriers that make implementation difficult in practice. One of the most 

important barriers is the fact that the exact effects are uncertain (Raška et al., 2022). Existing literature 

tends to focus on assessing the impact of small-scale NBS instead of the implementation of NBS on a 

larger scale (Ruangpan et al., 2020).  

In addition, much of the literature focuses on the role of NBS in reducing flood risks, while their potential 
to mitigate the impacts of droughts is less well studied (Ruangpan et al., 2020). This imbalance is 

increasingly problematic given climate projections that indicate an increasing likelihood of both extreme 
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high and low flow events (Bessembinder et al., 2023). A scoping study for the Vecht basin highlighted 
the importance of investigating catchment-scale measures to improve sponge functioning and mitigate 

both floods and droughts (Klein & Van der Vat, 2024). However, understanding how these measures 
affect hydrological processes at this scale remains a major challenge. A further challenge lies in 

accurately representing NBS in hydrological models (Jeuken et al., 2023). Successfully implementing 

large-scale NBS within hydrological models to quantify their effectiveness can help policymakers in 

making better-informed choices.   

In summary, there is a need for more research into the quantitative effectiveness of nature-based 
solutions at the catchment scale using hydrological models. This includes assessing their role in flood 

and drought risk reduction and enhancing the accuracy of their representation in models. Addressing 

these gaps is essential to support the implementation of NBS in water management strategies.  

1.4. Research Aim 

This study aimed to quantify the effects of the nature-based solution groups land use & cover changes 
and improving soil conditions[1] on high and low stream flows[2] in the Vecht catchment under extreme 

wet and dry conditions[3], using the LISFLOOD-OS distributed hydrological model[4].  

[1] Of the groups of NBS within the scope of this study, river restoration, land use & cover changes, 
and improving soil quality hold significant promise for this research (Leegwater, 2024). Within the time 

frame for this research, it was unfeasible to model and quantify the impacts of all these groups of NBS. 
For the land use & cover change and soil improvement groups, it is clear that they can be broadly 

applied to plots in rural areas. Therefore, only measures within the NBS groups land use & cover 

changes and improving soil conditions are investigated. 

[2] For the quantification of the impacts of nature-based solution measures, both high and low stream 

flows are considered. It is evident that extreme weather events, including very wet and dry periods, 
will occur more frequently (Adnan et al., 2023), leading to a higher occurrence of extreme high and 

low stream flows in the Vecht catchment. Hence, it is crucial to consider not only average discharge 

rates but also a wider range of possible hydroclimatic conditions (Ji et al., 2023).  

[3] Historical weather and discharge data are used to assess the effects of nature-based solutions on 

high and low stream flows in the Vecht catchment. However, the increasing likelihood of extreme events 
due to climate changes means that assessing the effectiveness of NBS in a changing climate is crucial. 

Therefore, this study evaluates the performance of NBS under a range of extreme hydroclimatic 

conditions, representing both intense rainfall and prolonged dry periods. 

[4] For this study the spatially distributed hydrological model LISFLOOD-OS (De Roo et al., 2000) is 

used. The LISFLOOD-OS model is a grid-based hydrological rainfall-runoff-routing model that is capable 
of simulating the hydrological processes that occur in a catchment (Joint Research Centre, 2024c). It 

was selected for this study because of its open-source nature, extensive public documentation, and 
lack of special licensing requirements, which made it relatively easy to install and access. In addition, 

LISFLOOD-OS was chosen because of existing examples of its use in modelling land use changes and 
simulating their effects. In his literature review Cazemier (2024a) concluded that LISFLOOD-OS is a 

widely used model in Europe capable of implementing nature-based solutions and simulating their 

effects. Given the need to simulate extended periods for drought analysis, the model is applied with a 

daily time step to balance computational efficiency and temporal resolution. 

1.5.  Research Questions 

To achieve this research aim, the following research questions were formulated: 

The first research question evaluated the LISFLOOD-OS model performance by investigating how well 

it simulates historical extreme events in the Vecht catchment, characterized by high and low flows.  

1. What is the performance of the LISFLOOD-OS model in simulating high and low flows in the 

Vecht catchment during historical extreme events?  

The second research question focused on identifying how measures within the NBS groups land use & 

cover changes and improving soil conditions affect hydrological processes in the Vecht catchment. Their 

effects were then parameterised for integration into LISFLOOD-OS. 
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2. How can measures within the NBS groups land use & cover changes and improving soil 

conditions be integrated into the LISFLOOD-OS hydrological model?  

Finally, the third research question focused on evaluating the effects of NBS on high and low flows in 

the Vecht catchment through different implementation scenarios.    

3. What are the effects of nature-based solutions on high and low flows in the Vecht catchment 

according to LISFLOOD-OS under extreme wet and dry conditions?  

1.6. Research Scope 

This study aims to quantify the impact of NBS measures in the Vecht catchment. Not all NBS measures 
are suitable for application in the Vecht catchment, nor is it possible to evaluate all feasible measures 

within the time frame of this study. Since this thesis is part of the large-scale transboundary JCAR-

ATRACE research programme, the focus is on measures that address catchment-wide issues that 
regulate river discharge by enhancing water retention, infiltration, and groundwater recharge to reduce 

the risk of high and low flows.   

Based on the literature review by Leegwater (2024), river restoration, improving soil conditions and 

land use & cover changes are identified as the most promising NBS groups for this study due to their 

potential to reduce high flows and retain water during low flow periods. Other groups, such as floodplain 
retention, nature-based river dams, and channel alterations, are less suitable for this study because 

their effects are more focused on hydraulic processes, which are better represented in hydraulic models 
than in hydrological models. In addition, river restoration measures are primarily linked to areas near 

the river, and measures in this group have a greater impact on hydraulic processes in the river, which 
are not well represented in hydrological models. Therefore, the river restoration group falls beyond the 

scope of this study. The focus of this study is thus on the NBS groups land use & cover changes and 

soil improvement measures.  

Although climate change is an important driver influencing the hydrological behaviour of river basins, 

this study does not simulate extensive climate change scenarios. Instead, the analysis relies on historical 

meteorological data and artificial rainfall events. 
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2. Study area, model and data description 

2.1. Study area 

The catchment area of the river Vecht is 4,192 km², with 2,157 km² located in Germany and the other 

half in the Netherlands (2,035 km2). Figure 1a gives an overview of the Vecht catchment area and its 
location. The Vecht river enters the Netherlands close to Emlichheim and flows into the Zwarte Water. 

From the Zwarte Water, the water flows into the Zwarte Meer, finally leading to the IJsselmeer 

(Waterschap Drents Overijsselse Delta, 2021). Figure 1b shows an overview of land use in the Vecht 
basin, which is based on the CORINE land cover dataset (Büttner & Kosztra, 2011). Land use within a 

river basin plays an important role in shaping hydrological processes. Different types of land use, 
including agricultural land, forests and urban areas, interact differently with rainfall. These interactions 

influence how water is absorbed, retained and transported across the landscape. The dominant land 
use in the study area is agriculture (38%), followed by meadows (32%), forests (18%), urban (10%) 

and water (3%) (Klein & Van der Vat, 2024). 

 

Figure 1: Vecht catchment area, including the border between Germany and the Netherlands (a);  
  Land use in the Vecht basin (CORINE land cover 2018) (b).  

Figure 2a divides the Vecht catchment into distinct sub-catchment areas, each corresponding to a 
discharge station used in this thesis. The included table provides an overview of the sub-catchments 

and their respective surface areas. Archem is the largest sub-catchment with an area of 1200 km2, with 

the Regge river flowing through and originating from this sub-catchment. Together, the sub-catchments 
of Lage Gesamt and Gronau form the catchment of the river Dinkel. Figure 2b shows the elevation 

differences within the Vecht catchment. The Vecht has an elevation difference of 70 meters and a slope 
of 0.4 ‰. The most significant differences in elevation are in the German part of the catchment, while 

the differences in elevation are minimal in the Dutch part.  
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Figure 2: Sub-catchments and corresponding areas; derived using HydroMT-wflow based on the outlet discharge station 
of sub-catchments (a); Digital Elevation Map (Yamazaki et al., 2019) (b). 

The study area has a temperate maritime climate with moderate temperatures. The average annual 

rainfall in the catchment area is about 835 mm, and there is no clear seasonal pattern. Yearly potential 
evapotranspiration in the area is about 555 mm (Klein & Van der Vat, 2024). Due to climate change, 

the adverse effects of low flows during droughts are expected to increase. The same holds for the 
expected increase in heavy rainfall events with higher precipitation levels leading to increased surface 

runoff and increased risk of river flooding (Klein & Van der Vat, 2024).  

The river Vecht is characterised by its rainfed nature and has a length of 182 km. The average discharge 
at Dalfsen is 30 m³/s, ranging from 5 m³/s at low flow up to 250 m³/s at high flow. Due to the rain-

fed characteristic of the river, its flow dynamics depend on precipitation volumes and water extraction 
during the summer period. The Vecht's water is discharged rapidly, resulting in notably low base flow 

during dry periods, which causes a water supply deficit for nature and agriculture (Klein & Van der Vat, 

2024). Figure 3 shows the contributions of lateral flows to the discharge at Dalfsen. One-third of the 
water originates from the Vecht, and the other two-thirds enter the Vecht via the Regge, Dinkel, 

Afwateringskanaal and Ommerkanaal.  

 

Figure 3: Lateral flows in the Vecht basin under normal conditions compared to discharge observed at Dalfsen.  

Human interventions in the study area strongly affected the geohydrology of the region. Historically, 
the natural flow of groundwater from high to low areas was strongly delayed. However, human activities 

such as drainage, groundwater abstraction for various purposes (e.g. drinking water, irrigation) and 
changes in land use have affected both groundwater and surface flow, leading to changes in water 

levels, flow patterns, and overall hydrological dynamics. In both the Netherlands and Germany, the 
region has been and continues to be extensively drained to optimise agricultural productivity (Klein & 

Van der Vat, 2024). 
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2.2. LISFLOOD-OS hydrological model 

The LISFLOOD-OS hydrological model is a distributed rainfall-runoff hydrological model capable of 

simulating hydrological processes at the catchment scale. The model consists of several modules that 

simulate surface and subsurface processes at the grid scale (Joint Research Centre, 2024c). The model 
is designed to be applied across a wide range of spatial and temporal scales. Applications to date have 

employed grid-cells with sizes ranging between 100 meters (for medium-sized catchments) up to 55 
km (for modelling at the global scale). Long-term water balances can be simulated using daily or sub-

daily time steps, as can individual flood events using hourly (or smaller) time intervals (Joint Research 

Centre, 2024a).  

2.2.1. Model overview 

The standard model setup includes the following components (Joint Research Centre, 2024c): 

• a 3-layer soil water balance sub-model (superficial, upper & lower soil layer); 

• sub-models for the simulation of groundwater and subsurface flow (using 2 interconnected 
groundwater zones, each consisting of a linear reservoir); 

• a sub-model for the routing of surface runoff to the nearest river channel; 

• a sub-model for the routing of channel flow. 

The model is driven by meteorological forcing data (precipitation, temperature, potential 
evapotranspiration, and evaporation rates for open water and bare soil surfaces). At every time step 

and for every grid-cell, LISFLOOD-OS calculates a complete water balance. The list of simulated 

processes for each grid-cell includes: interception and leaf evaporation, evapotranspiration, evaporation 
from soil surface and open water, snow melt, soil freezing, surface runoff, infiltration, preferential flow 

(bypassing the soil layer), redistribution of soil moisture within the soil profile, sub-surface runoff, 
drainage of water to the groundwater system, groundwater storage, and groundwater base flow (Joint 

Research Centre, 2024a). Figure 4 provides a first overview of the processes included in LISFLOOD-OS.  

 

Figure 4: Structure of the processes included in LISFLOOD-OS; adapted from Joint Research Centre (2024a).  

The hydrological processes included in LISFLOOD-OS are to some extent modelled using physically 

based approaches. However, LISFLOOD-OS balances accuracy with computational efficiency. While fully 
physically based models can be complex and data-intensive, LISFLOOD-OS uses process descriptions 

that make use of available data, minimising the need for calibration without adding unnecessary 

complexity (van der Knijff et al., 2010). In Appendix A, each individual process is described in more 

detail.  
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2.2.2. Sub-grid variability 

The Joint Research Centre originally developed LISFLOOD-OS to support large-scale hydrological 

applications such as the European Flood Awareness System (EFAS) (Copernicus Emergency 
Management Service, 2023). The model was designed to handle the coarse spatial resolution required 

for continent-wide simulations. At the same time, it can effectively model sub-grid variability in land 

cover, ensuring that land use heterogeneity is reflected in hydrological processes. 

In LISFLOOD-OS, a number of parameters are directly linked to land cover classes. To account for the 

sub-grid variability of land use, the within-grid variability is modelled. In each grid-cell, the spatial 
distribution and frequency of each class is defined as a percentage of the total represented area of the 

new grid-cell. This is known as the Hydrological Response Unit (HRU) concept, where land cover classes 

are combined and modelled to better capture the non-linear rainfall-runoff processes over different 
surfaces. This approach is used in models such as SWAT (Arnold & Fohrer, 2005) and PREVAH (Viviroli 

et al., 2009) and has been adapted to a sub-grid scale in LISFLOOD-OS, as shown in Figure 5 (Joint 

Research Centre, 2024a).  

 

Figure 5: LISFLOOD-OS land cover aggregation by modelling aggregated land use classes separately; adapted from Joint 
Research Centre (2024a).  

In LISFLOOD-OS, built-up areas within a pixel affect the pixel’s water balance. The "direct runoff 
fraction" (𝑓𝑑𝑟) parameter defines the impervious portion of a pixel. 

For impervious areas, LISFLOOD-OS assumes: 

• Precipitation and snowmelt fill a depression storage, which is emptied by evaporation. 

• Excess water contributes directly to surface runoff. 

• There is no soil moisture or groundwater storage. 

For open water areas (e.g., lakes, rivers), the "water fraction" (𝑓𝑤𝑎𝑡𝑒𝑟) parameter defines the water-

covered fraction of a pixel. In these water-covered areas: 

• Actual evaporation is equal to potential evaporation on open water. 

• There is no soil moisture or groundwater storage. 

For forests (𝑓𝑓𝑜𝑟𝑒𝑠𝑡), irrigated agriculture (𝑓𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑒𝑑), or other land cover (𝑓𝑜𝑡ℎ𝑒𝑟 = 1 − 𝑓𝑓𝑜𝑟𝑒𝑠𝑡 −

𝑓𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑒𝑑 − 𝑓𝑑𝑟 − 𝑓𝑤𝑎𝑡𝑒𝑟), all soil- and groundwater-related processes (evaporation, transpiration, 

infiltration, and groundwater flow) apply. Although the modelling framework is the same for forests, 

irrigated agriculture, and other land cover types, they each use distinct map sets for leaf area index, 
soil characteristics, and soil hydraulic properties. This approach accounts for the non-linear behaviour 
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of rainfall-runoff processes, leading to more accurate results than averaged parameter values (Joint 

Research Centre, 2024a). Table 2 summarises the profiles for these four land cover types. 

Table 2: Summary of hydrological properties per category; adapted from Joint Research Centre (2024a). 

Category Evapotranspiration Soil Runoff 
Forest High level of 

evapotranspiration (high 
Leaf area index) 
seasonally dependent 

Large rooting depth Low concentration 
time 

Impervious surface Not applicable  Not applicable Surface runoff but 
initial loss and 
depression storage, 
fast concentration 
time 

Inland water Maximum evaporation Not applicable Fast concentration 
time 

Irrigated agriculture Evapotranspiration lower 
than for forest but still 
significant 

Rooting depth lower than for 
forest but still significant 

Medium 
concentration time 

Other (agricultural areas, 
non-forested natural 

area, pervious surface of 
urban areas) 

Evapotranspiration lower 
than for forest but still 
significant 

Rooting depth lower than for 
forest but still significant 

Medium 
concentration time 

2.3. Data description 

2.3.1. Meteorological data 

Meteorological conditions are a key driver of hydrological processes. LISFLOOD-OS uses the following 

meteorological input variables: precipitation, potential (reference) evapotranspiration, potential 
evaporation from open water surfaces, potential evaporation from bare soil surfaces and mean daily 

temperature. Various precipitation datasets, including those from the Koninklijk Nederlands 

Meteorologisch Instituut (KNMI), the International Radar Composite (IRC), E-OBS & ERA5 from 
Copernicus, and RADOLAN from the Deutsche Wetter Dienst, were evaluated for their suitability in a 

similar study for the Vecht by Cazemier (2024b). Based on this evaluation, E-OBS was selected as the 
most suitable dataset. E-OBS is a high-resolution, daily gridded dataset for several climate variables, 

including precipitation and minimum, maximum and mean surface temperatures, derived from 
measurements that are part of the European Climate Assessment & Dataset project (Cornes et al., 

2018).  

Daily gridded time series of temperature and potential evapotranspiration were obtained from ERA5. 
ERA5 provides hourly estimates for a wide range of atmospheric, land and oceanic climate variables, 

with daily and monthly aggregates also available from the hourly data fields (Hersbach et al., 2024). 
Table 3 provides an overview of the meteorological datasets that were used to set-up the LISFLOOD-

OS model for the Vecht basin and their corresponding resolution.  

Table 3: Meteorological datasets used to set-up the LISFLOOD-OS model for the Vecht basin. 

Maps Dataset Resolution 
Precipitation E-OBS ~7 km 
Potential 
evapotranspiration 

ERA5 ~17 km 

Temperature ERA5 ~17 km 
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2.3.2. Discharge data 

Historical discharge measurements for the Vecht river basin were requested from the following 

authorities: Deltares, Rijkswaterstaat, Waterboard Vechtstromen, Waterboard Drents Overijsselse Delta 
(WDOD), Niedersächsischer Landesbetrieb für Wasserwirtschaft, Küsten- und Naturschutz (NLWKN) 

and the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV NRW). In 

Appendix B, an overview of all the discharge data that was gathered, along with corresponding sources, 
is provided. Daily measurements were used, and the time series were checked and corrected for 

inconsistencies or gaps. Negative discharge values were adjusted to zero, while extreme outliers — 
flows exceeding 1000 m³/s — were set to NaN to exclude them from the performance metrics 

calculations and other analyses. All measurement series from the various monitoring stations in the 

Vecht river basin have been compiled, and the data availability since 1997 is mapped in Figure 6.  

 

Figure 6: Availability of daily discharge measurements in the Vecht catchment between 1997 and 2024. 
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3. Methods 

An overview of the methods used to investigate the effects of nature-based solutions on high and low 

flows in the Vecht catchment using LISFLOOD-OS is shown in Figure 7.  

 

Figure 7: Overview of methodology. The frames indicate to which research question (RQ) each step belongs. 

The LISFLOOD-OS model was calibrated and validated to assess its performance in simulating high and 
low flows during extreme events (RQ1), as described in section 3.1. Specific measures within the NBS 

groups land use & cover changes and improving soil conditions were then selected, their effects on 
hydrological processes identified and their parameterisation integrated into the LISFLOOD-OS model 

(RQ2). Sections 3.2.1 & 3.2.2 present all the steps taken to address RQ2. Finally, the methods for 

evaluating the impact of the implemented NBS scenarios on high and low flows under different 
meteorological conditions, using flow indicators and water balance components, are presented in 

sections 3.2.3 & 3.2.4 (RQ3). 

3.1. Determination of the LISFLOOD-OS model performance  

Answering the first research question required four steps. First a LISFLOOD-OS model for the Vecht 

basin was set up, for which static input maps were collected. The second step was selecting extreme 
historical weather events for model calibration and validation. The third step included a sensitivity 

analysis of the model parameters, after which the model was calibrated. The fourth and final step is 

validating the final model to assess the model performance.  

3.1.1. Model set up  

LISFLOOD-OS requires a considerable number of static input maps and meteorological forcings. To 
build a LISFLOOD-OS model for a catchment such as the Vecht, a schematisation of the catchment is 

created by integrating static maps of topography, soil properties, land cover, channel geometry and 
vegetation. Maps must have consistent resolution and orientation to ensure accurate calculations and 

must be in NetCDF or PCRaster format to ensure model compatibility. Maps of temperature, 

precipitation and evaporation are added as meteorological forcing. Finally, the LISFLOOD-OS code links 

all these maps and inputs to enable the model to simulate hydrological processes. 

For the implementation of NBS on agricultural lands it is desirable to have a grid resolution high enough 
to be able to implement measures on these plots. Average plot sizes of German farms range between 

4 and 6 hectares (Heinrichs et al., 2021) and for Dutch farms this is even smaller. Therefore, a grid 

resolution of approximately 100-200 meters would be preferable. Ultimately, a grid resolution of 200 
meters was chosen instead of 100 meters to balance the need for spatial detail with manageable 

computation times.  
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General maps 

The general maps in the hydrological model include the following: area and land use mask maps and 

grid-cell length and area maps. Area and land use mask maps in the hydrological model determine 
where computations should occur and where grid-cells should be skipped. Both are Boolean maps 

defining model boundaries and the land use calculation domain. To create the mask maps, source data 

such as elevation or flow direction was reclassified to '1'. Grid-cell length and area maps are used in 
LISFLOOD-OS to accurately compute areal sums, such as the upstream river area or rainfall over specific 

grid-cells. The grid-cell area was calculated using the ee.Image.pixelArea() function in Google Earth 
Engine, which considers the Earth's curvature and applies the required grid resolution (e.g., 1 and 3 

arc minutes) along the longitude in meters. The grid-cell length was then determined by dividing the 

area by its longitudinal resolution in meters.  

Other static maps 

Topography, land use, land use-dependent parameters, soil hydraulic properties, channel geometry, 
and leaf area index maps were sourced partly from the European Flood Awareness System (EFAS) 

(Joint Research Centre, 2024d) and partly from MERIT Hydro (Yamazaki et al., 2019). The EFAS maps 
that originally covered all European countries were clipped to the catchment area of the Vecht and have 

a spatial resolution of 1 arc min (approximately 1.5 km). A complete overview of all static maps, 

including descriptions, units, ranges, and sources, is provided in Appendix C. 

The high-resolution model with a grid size of 200 metres primarily uses interpolated EFAS static maps 

(Joint Research Centre, 2024d). To prepare the high-resolution EFAS maps, two different interpolation 
methods were used: cubic and nearest neighbour. The cubic interpolation method (Figure 8) was used 

for continuous data, as it provides smooth transitions between values while maintaining accuracy, 

making it suitable for variables such as slope gradient. This method offers a balance between producing 
natural results and maintaining computational feasibility without introducing unnecessary complexity 

as seen with more advanced methods such as Kriging. In contrast, the nearest-neighbour interpolation 
method (Figure 9) was applied for maps with discrete data, such as forest fraction per grid-cell, as it 

preserves the original values without introducing new ones, which is essential for maintaining the 

integrity of these categorical datasets. The interpolation method per static input map can be found in 

Appendix C.  

 

Figure 8: Slope gradient in Vecht catchment. 

 

Figure 9: Forest fraction in Vecht catchment. 

The local drain direction map and the channel length map could not be interpolated from the EFAS 

maps; therefore, static maps from MERIT Hydro (Yamazaki et al., 2019), were used. Additionally, it 

was found that both the EFAS and Wflow sbm maps provided unrepresentative estimations for the 
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channel bottom and floodplain width maps. Figure 10 shows the EFAS map for channel bottom width, 
highlighting these inaccuracies. To address these issues, channel bottom width and floodplain width 

maps were manually generated using the Strahler stream order method (Strahler, 1952), which resulted 
in the bottom width map shown in Figure 11. This method assigns stream orders based on the 

hierarchical branching of rivers and is commonly used in hydrological modelling to estimate channel 

characteristics (Ghorai et al., 2022). 

 

Figure 10: EFAS channel bottom width map. 

 

Figure 11: User-defined bottom width map using Strahler 
method. 

3.1.2. Selecting periods with extreme events 

To effectively assess the model performance during high and low flow conditions, calibration and 

validation were carried out using periods representing high flow and low flow events. This approach 

allowed for a thorough evaluation of the model's ability to simulate both flood peaks and baseflow 

during periods of prolonged drought. 

For the selection of dry periods, the analysis focused on the months from March through October. First, 
discharge data from each station was examined to exclude years where more than 25% of the summer 

measurements were missing due to insufficient data. For the remaining years, the total water volume 
for each summer was calculated. The four summers with the lowest total water volumes were selected 

to represent dry years, ensuring that the model performance during low flow conditions could be 

evaluated. Figure 12 provides an example of how the selection procedure was applied, with the selected 

years of lowest flow volumes highlighted in red. 

 

Figure 12: Example of the selection procedure of years with extreme dry periods. 

For the selection of years with extreme flood peaks, discharge data from each station was analysed to 
identify the years with the highest daily peak events. Specifically, for each station, the five years with 

the highest daily peak discharges were selected. These peak years were then compared across stations 
to identify the years in which most stations experienced one of their top five daily peak events. The 

three years where the most stations recorded one of their five highest peak discharges were selected 
for calibration and validation as years with significant peak events. The procedure is illustrated by an 

example in Figure 13, with blue indicating the years containing one of the five highest single-day peak 
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discharges at each station, and red highlighting the years with the most common peak years across 

stations. 

 

Figure 13: Selection procedure of years with extreme peak discharges.  

Figure 14 provides an overview of the years selected for peak discharges and low flows in the Vecht 
river basin. The selected years for peak discharge events, highlighted in blue, are 1998, 2010, and 

2023. These years represent the periods with the most significant peak discharges across the majority 
of monitoring stations. For extreme droughts, the selected years, marked in red, are 2011, 2012, 2013, 

and 2018. These years had the lowest total water volumes during the summer months, reflecting low 

flow conditions. Additionally, Figure 14 indicates the data availability for each station in the selected 
years, allowing for a clear understanding of which stations contributed to the analysis during these 

critical periods.  

 

Figure 14: Selected peak flow (blue) and dry (red) years for calibration and validation, including data availability per 
station. 

The years chosen for sensitivity analysis and calibration are 2010 and 2011, as they provide consecutive 
years with both a high flow event and a dry summer period, allowing a balanced calibration across 

different flow conditions. Similar calibration durations have been successfully used in previous 
LISFLOOD-OS studies, such as Feyen (2005) for the Meuse basin. A five-year warm-up period (2007-

2011) was used to initialise the model and applied consistently throughout the calibration and validation 

periods. 

3.1.3. Sensitivity analysis 

After setting up the model with all the necessary input data, a sensitivity analysis of the model 
parameters was conducted. This analysis provided valuable insights into the influence of different 

parameters on the simulated discharges. This information was then used to calibrate the model, which 

was the next step in the process. 
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The LISFLOOD-OS model includes 14 parameters that can be calibrated. An overview of these 

parameters, including their default, maximum, and minimum values, is provided in Table 4. A univariate 

sensitivity analysis was performed for 10 of these parameters, as not all 14 parameters are relevant to 

the LISFLOOD-OS model of the Vecht catchment. The 4 parameters excluded from the sensitivity 

analysis were: Cm, α, AdjLn and ResMultQnorm. These parameters affect hydrological processes related 

to snow, lakes, and reservoirs, none of which are significant in the Vecht catchment. Furthermore, 

because there are no large lakes or reservoirs within the Vecht catchment, the lakes and reservoirs 

modules in LISFLOOD-OS were deactivated.   

Table 4: Overview of  LISFLOOD-OS calibration parameters with description, influenced fluxes, minimum, maximum and 
default values; adapted from Joint Research Centre (2024b).  

Parameter Description Flux Min Max Default 
Cm Snow melt rate in degree day model 

equation [mm/(C day)] 𝑀 2.5 6.5 4 

b Exponent in Xinanjiang equation for 
infiltration capacity of the soil [-] 𝐼𝑁𝐹𝑎𝑐𝑡  0.01 5 0.5 

Cpref Exponent in the empirical function 
describing the preferential flow  (i.e. 
flow that bypasses the soil matrix 
and drains directly to the 
groundwater) [-] 

𝐷𝑝𝑟𝑒𝑓,𝑔𝑤  0.01 8 4 

UpperZone-TimeConstant Time constant for upper groundwater 
zone [days] 𝑄𝑢𝑧  0.01 40 10 

GWperc Maximum percolation rate from 
upper to lower groundwater zone 
[mm/day] 

𝐷𝑢𝑧,𝑙𝑧  0.01 2 0.8 

LowerZone-TimeConstant Time constant for lower groundwater 
zone [days] 𝑄𝑙𝑧  40 10,000 100 

LZthreshold Threshold to stop outflow from lower 
groundwater zone to the 
channel [mm] 

𝑄𝑙𝑧  0 30 10 

GWloss Maximum loss rate out of lower 
groundwater zone expressed as a 
fraction of lower zone outflow 
[mm/day] 

𝑄𝑙𝑧  0 0.5 0 

QsplitMult Multiplier to adjust discharge 
triggering floodplains flow [-] 𝑄𝑐ℎ  0 20 2 

CalChanMan1 Multiplier for channel Manning's 
coefficient n for riverbed [−] 𝑄𝑐ℎ  0.5 2 1 

CalChanMan2  
Multiplier for channel Manning's 
coefficient n for floodplains [−] 
 

𝑄𝑐ℎ  0.5 5 1 

Cm Snow melt rate in degree day model 
equation [mm/(C day)] 𝑀 2.5 6.5 4 

AdjLn Multiplier to adjust reservoir normal 
filling (balance between lower and 
upper limit of reservoir filling). [-] 

𝑄𝑟𝑒𝑠  0.01 0.99 0.8 

ResMultQnorm Multiplier to adjust normal reservoir 
outflow [−] 𝑄𝑟𝑒𝑠  0.25 2 1 

α Multiplier to adjust lake outflow [−] 𝑄𝑙𝑎𝑘𝑒  0.5 2 1 

For the 10 parameters in the sensitivity analysis, five runs were performed for each parameter using 

the minimum, maximum, default, and intermediate values as specified in Appendix D1.  
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3.1.4. Calibration 

The next step in the methodology was to calibrate the LISFLOOD-OS model to ensure that it accurately 

reflects the hydrological conditions of the Vecht river basin. The default model settings, as determined 
for EFAS, may not capture the specific characteristics of the sub-catchments in the Vecht basin, so 

calibration is required to fine-tune the parameters. In this study, a multi-objective function was used 

to optimise both high flow and low flow scenarios to ensure a balanced performance under different 
hydrological conditions. An objective function provides a clear quantitative measure to guide the 

parameter adjustments, making it very useful during model calibration to improve accuracy. The 
selection of appropriate performance criteria is crucial, as it ensures the model is evaluated against 

meaningful indicators that reflect its capacity to simulate different hydrological behaviours effectively 

(Pushpalatha et al., 2012).  

Objective function 

The multi-objective function used in this study combines different performance metrics to provide a 
more comprehensive assessment of model performance. In this study, high flows are evaluated using 

a metric that emphasises peak flow accuracy, while low flows are evaluated using a metric that focuses 
on base flow representation. This combination ensures that the model is not only calibrated to handle 

one extreme (e.g., flooding), but is also robust in simulating low flow conditions. The objective function 

used in this study, inspired by the approach outlined by Akhtar et al. (2009), follows the implementation 
described by Ten Berge (2024) and is defined in Equation 1. A perfect simulation would result in an 
𝑁𝑆𝑤 and 𝑁𝑆𝑖𝑛𝑣 of 1, and an 𝑅𝑉𝐸 of 0, leading to a 𝑦𝑐𝑜𝑚𝑏 value of 1. If the score for 𝑦𝑐𝑜𝑚𝑏 is 0 or lower, 

it indicates that the model performs no better than simply predicting the long-term average flow, 

offering little to no improvement over basic estimates. 

𝑦𝑐𝑜𝑚𝑏 =
𝑁𝑆𝑤 + 𝑁𝑆𝑖𝑛𝑣

2(1 + |𝑅𝑉𝐸|)
 [Eq. 1] 

In this objective function, 𝑁𝑆𝑤 represents the Nash-Sutcliffe efficiency weighted for high flows 

(Hundecha & Bárdossy, 2004). A weight based on the observed discharge is applied to emphasise peak 
flows, ensuring the model captures extreme events accurately. Discrepancies between high observed 
and simulated flows are penalised more heavily, improving peak flow simulation. 𝑁𝑆𝑤  ranges from -∞ 

to 1, with 1 indicating a perfect match. 𝑁𝑆𝑤 is computed as described by Equation 2.  

𝑁𝑆𝑤 = 1 −
∑ [𝑤𝑖(𝑄𝑠𝑖𝑚

𝑖 − 𝑄𝑜𝑏𝑠
𝑖 )

2
]𝑛

𝑖=1

∑ [𝑤𝑖(𝑄𝑜𝑏𝑠
𝑖 − 𝑄𝑜𝑏𝑠

̅̅ ̅̅ ̅̅ )
2

]𝑛
𝑖=1

 𝑤𝑖𝑡ℎ 𝑤𝑖 = 𝑄𝑜𝑏𝑠
𝑖  [Eq. 2] 

  𝑄𝑠𝑖𝑚
𝑖 ∶ Simulated discharge at day i 

  𝑄𝑜𝑏𝑠
𝑖 ∶ Observed discharge at day i  

  𝑄𝑜𝑏𝑠
̅̅ ̅̅ ̅̅ ∶  Mean observed discharge over n days 

  𝑛 ∶ Total number of timesteps 

 

𝑁𝑆𝑖𝑛𝑣 is the inverse Nash-Sutcliffe efficiency as introduced by Le Moine (2008), which focuses on low 

flows by giving more weight to baseflow conditions (lowest 20% of flows), ensuring that the model 
performs well during periods of low discharge. 𝑁𝑆𝑖𝑛𝑣  also ranges from -∞ to 1, with 1 indicating a 

perfect match. 𝑁𝑆𝑖𝑛𝑣 is computed as described by Equation 3.  

𝑁𝑆𝑖𝑛𝑣 = 1 −
∑ (𝑞𝑠𝑖𝑚

𝑖 − 𝑞𝑜𝑏𝑠
𝑖 )

2
 𝑛

𝑖=1

∑ (𝑞𝑜𝑏𝑠
𝑖 − 𝑞𝑜𝑏𝑠̅̅ ̅̅ ̅)

2𝑛
𝑖=1

 𝑤𝑖𝑡ℎ 𝑞𝑖 =
1

𝑄𝑖
 [Eq. 3] 

𝑅𝑉𝐸 is the Relative Volume Error (Equation 4), which measures the discrepancy between the observed 

and simulated total discharge volumes, thus reflecting the accuracy of the water balance in the system. 
By incorporating |𝑅𝑉𝐸|, the function penalises deviations between the observed and simulated total 

discharge volumes, ensuring that the overall water balance is accurately represented. The 𝑅𝑉𝐸 can 

range from -∞ to ∞, with a perfect water balance at a 𝑅𝑉𝐸 of 0. 

𝑅𝑉𝐸 =
∑ (𝑄𝑠𝑖𝑚

𝑖 − 𝑄𝑜𝑏𝑠
𝑖 )𝑛

𝑖=1

∑ (𝑄𝑜𝑏𝑠
𝑖 )𝑛

𝑖=1

  [Eq. 4] 
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Calibration parameter selection and range definition 

It was important to focus on the most sensitive parameters to streamline the calibration process. The 

sensitivity analysis results were examined to assess how variations in different parameters affected the 
objective function. Parameters that resulted in significant changes in the objective function were 

considered sensitive and were selected for calibration. These parameters influence model performance 

the most, making them crucial for optimising the objective function. 

Reducing the number of parameters involved in the calibration makes the process less computationally 

demanding and more targeted. Parameters that showed little to no effect on the objective function 
were deemed less essential and kept at their default values, which were taken from the EFAS model 

(Joint Research Centre, 2024d). This allowed the focus to remain on the parameters that most impacted 

the model's ability to simulate high and low flows. 

Selecting appropriate ranges for each parameter was equally important. Defining ranges that are too 

broad could make the calibration less efficient and optimisation more difficult. Therefore, the parameter 
ranges were also chosen based on the sensitivity analysis results. This approach ensured that the 

calibration process was efficient and effective in improving the model’s representation of hydrological 

conditions. 

Calibration procedure 

After determining the parameters and ranges for calibration based on the sensitivity analysis, the next 
step was systematically calibrating the model for each sub-catchment from upstream to downstream. 

This approach is common in hydrological modelling, as upstream sub-catchments influence downstream 
conditions. By calibrating the upstream areas first, the downstream catchments can be adjusted based 

on already optimised upstream parameters, ensuring that the cumulative effects of flows are effectively 

accounted for.  

The calibration process was structured into five sub-catchment groups, proceeding sequentially from 

upstream to downstream, as shown in Figure 15. This approach ensured that upstream processes were 
accurately calibrated before proceeding downstream, as errors in upstream sub-catchments can 

propagate and affect downstream results. 

 

Figure 15: Sub-catchments division per calibration round. 
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The calibration process started with parameters affecting deeper fluxes, such as groundwater 
processes, because these parameters set the baseline hydrological conditions. Once these deeper 

processes were calibrated, the focus shifted to parameters affecting surface fluxes, representing more 
rapid hydrological responses. This sequence ensured that the calibration of surface fluxes did not mask 

errors in the representation of deeper fluxes. 

For each parameter, 15 calibration runs were carried out, varying the parameter values equally between 
their minimum and maximum ranges. The optimised value for each parameter in a sub-catchment was 

then fixed and used in the following calibration steps. Dependencies between parameters were 
considered by following this sequential approach, ensuring adjustments to one parameter did not 

overwrite earlier calibration steps. The sequence of parameter calibration is further detailed in the 

results section. 

3.1.5. Validation 

Validation evaluates the performance of the LISFLOOD-OS model using the same multi-objective 
function as during calibration but applied to independent periods not used in the calibration process. 

This approach assesses the ability of the model to simulate hydrological conditions beyond the 
calibration period. The validation periods were selected based on extreme events, as shown in Figure 

14, capturing both high and low flow conditions to test the model's performance under different 

hydrological conditions thoroughly. These periods are briefly described below. 

In October 1998, the Vecht basin experienced extremely high discharges due to prolonged rainfall. For 

the German part of the basin, sufficient data is available. The validation period for this event extends 

from 1 January 1998 to 28 March 1999. 

The years 2011, 2012 and 2013 were characterised by prolonged dry conditions, making them valuable 

for assessing the performance of the model during prolonged low flow periods. To assess this, the 
period from 1 January 2012 to 28 September 2014 was selected to cover several dry years with 

sufficient data across the basin. This timeframe allows a detailed analysis of the ability of LISFLOOD-

OS to simulate prolonged low flows. 

In 2018, another exceptionally dry year occurred due to a significant rainfall deficit, resulting in 
extremely low flows across the basin. However, data availability for this period was limited, so the 

assessment could only focus on sub-catchments with sufficient data coverage. The validation period for 

this year was set from 1 January to 31 December 2018. 

Finally, in 2023, heavy rainfall in the Vecht basin during Christmas led to extremely high river flows. 

This made it an interesting event to test the performance of the model in simulating peak discharges 
under high flow conditions. The validation period for this event runs from 1 October 2023 to 28 March 

2024, covering the peak discharge event and the following months. 
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3.2. The effects of NBS in the Vecht catchment using LISFLOOD-OS  

This section addresses research question 2: How can measures within the NBS groups land use & cover 
changes and improving soil conditions be integrated into the LISFLOOD-OS hydrological model?  and 

research question 3: What are the effects of the nature-based solutions on high and low flows in the 
Vecht catchment according to LISFLOOD-OS under extreme wet and dry conditions? To answer these 

questions, Figure 16 outlines the steps and the sections in which they are described. 

 

Figure 16: Overview of methodology RQ2 and RQ3, including corresponding sections describing each step. 

First, the selected NBS were parameterised by identifying their effects on hydrological processes, 

reviewing findings from the literature and implementing these effects in the LISFLOOD-OS model 

(3.2.1). Next, nature-based solution scenarios were defined by determining their spatial distribution 

and areas of implementation within the Vecht catchment (3.2.2). Subsequently, meteorological 

scenarios, including artificial rain events and the extreme rainfall event Limburg 2021, were set up to 

evaluate the NBS under wet and dry conditions (3.2.3). Finally, the impact of the NBS on hydrological 

dynamics was assessed by analysing its effects on flow indicators and water balance components 

(3.2.4). Each of these steps is further explained in the following sections. 

3.2.1. Parametrisation of land use & cover changes and improving soil conditions in 
LISFLOOD-OS 

This section describes the parameterisation of nature-based solutions (NBS) within the LISFLOOD-OS 
hydrological model. The aim is to translate the hydrological effects of these NBS into model adjustments 

that allow their simulation in the Vecht catchment. In section 3.2.1.1, the NBS to be investigated are 
selected from the broader categories, and the hydrological processes in LISFLOOD-OS that are expected 

to be affected are identified. In addition, this subsection examines how these processes can be linked 

to LISFLOOD-OS parameters. In section 3.2.1.2, a literature review provides insight into the 
documented impacts of the selected NBS on hydrological processes. This knowledge forms the basis 

for determining parameter adjustments that reflect these impacts. Finally, section 3.2.1.3 summarises 
the findings from the previous subsections and details the specific parameter changes and model 

adjustments made to simulate the selected NBS in LISFLOOD-OS. 
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3.2.1.1. Selection of NBS and identification of effects on hydrological processes in 
LISFLOOD-OS 

To assess the effects of land use & cover changes and soil improvement on hydrological processes in 
the Vecht catchment, a subset of measures from these NBS categories was selected for further analysis. 

Table 5 presents the selected NBS, grouped into the two NBS categories. A complete list of all potential 

NBS considered for both categories is provided in Appendix F1.  

Table 5: Selected NBS for further scenario development. 

Land use & cover changes Improving soil conditions 
(Re-) forestation Soil aeration and subsoiling 
 Conservation tillage 
 Stocking density 

The hydrological processes in LISFLOOD-OS expected to be affected by these measures have been 
identified. These processes are crucial for understanding how NBS can be represented in LISFLOOD-

OS. The identified hydrological processes are: 

- Interception: Rainfall intercepted by vegetation and subsequently evaporated before 

reaching the ground. This process can significantly reduce direct runoff and infiltration. 
- Soil evaporation: Water returning to the atmosphere from the soil, playing a crucial role in 

balancing soil moisture availability. 

- Transpiration: Evaporation of water from plant leaves, driven by water uptake through roots 
and atmospheric conditions. 

- Infiltration: The process by which water enters and moves down the soil profile, influenced 
by soil structure and surface conditions. 

- Surface runoff: The portion of precipitation flowing over land or through rivers. Runoff rates 

are controlled by land cover, slope, and surface roughness. 

These processes were used to identify the appropriate LISFLOOD-OS parameters that could be adjusted 

to represent the effects of the NBS. The following subsections describe the implementation framework, 
detailing how parameter adjustments can be implemented to simulate the expected effects of the NBS 

on these hydrological processes. 

Land use change 

As described in Section 2.2.1, the LISFLOOD-OS model accounts for the distinct hydrological properties 

of different land uses, particularly regarding evapotranspiration, rooting depths, and runoff generation. 
These properties are critical for capturing the unique behaviour of various land cover types within the 

model framework. 

In the case of reforestation and improving soil condition measures, land use fractions within affected 

cells can be adjusted to reflect their dominant land cover class. This ensures that all hydrological 

calculations within these cells are based entirely on the properties associated with their respective land 
cover type. A key example of this adjustment is the incorporation of the Leaf Area Index (LAI), which 

influences evapotranspiration. The LAI values used in the model are derived from separate NetCDF 
files, which provide 10-day averaged LAI values specific to the dominant land cover type in each grid-

cell. 

Table 6 provides an overview of the parameters in LISFLOOD-OS that are influenced by adjustments 

to land use fractions. 
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Table 6: parameters influenced by changing land use fractions. 

Land use depending maps Leaf area index maps 
Crop coefficient LAI for forest 
Crop group number LAI for irrigated crops 
Manning’s coefficient LAI for other 
Soil depth  

Soil hydraulic properties maps 
Theta saturated Genu Alpha 
Theta residual K saturated 
lambda  

Surface roughness changes 

The LISFLOOD-OS model uses Manning’s roughness coefficients to account for the resistance to water 

flow across different land uses, particularly influencing surface runoff. Adjustments to Manning’s 

roughness coefficient can be applied to account for changes in hydraulic resistance. In LISFLOOD-OS, 
surface roughness is parameterised separately for different land use fractions within each grid-cell. 

Cells with a high forest fraction are assigned roughness values representative of dense vegetation and 
ground cover, while cells dominated by the "other" land use fraction (typically agricultural or open land) 

are assigned lower roughness values. River cells are also treated distinctly, with Manning’s coefficients 

reflecting the hydraulic properties of the river channel. 

Enhancing infiltration 

Infiltration in LISFLOOD-OS is mainly influenced by input maps with soil hydraulic properties, including 
saturated hydraulic conductivity and soil moisture content. These parameters are crucial for 

representing the effects of NBS on infiltration and their subsequent impacts on surface runoff and soil 
water retention. NBS aimed at improving soil hydraulic properties can be implemented by modifying 

these maps. Specifically: 

- Saturated hydraulic conductivity (ksat in LISFLOOD-OS) reflecting changes in infiltration rates. 
- Saturated soil moisture content (thetas in LISFLOOD-OS) reflecting changes in the water-

holding capacity of the soil. 

Soil layer representation 

The LISFLOOD-OS model divides the soil profile into three layers, each contributing differently to 

infiltration and soil water dynamics. The model captures variations in water retention and flow 

behaviour across the following three soil depths: 

- Layer 1: 0 – 5 cm depth. 
- Layer 2: 5 – ±140 cm depth. 

- Layer 3: ±140 – ±2800 cm depth. 

The model uses separate input maps for each layer, including for parameters such as saturated 
hydraulic conductivity and saturated soil moisture content. Adjustments to these soil property maps 

should be made separately for each layer, considering the varying effects of the NBS at different depths. 

3.2.1.2. Literature review on the effects of NBS  

This section summarises the reported effects of the selected NBS on the hydrological processes in 

LISFLOOD-OS. The synthesis focuses on the relationships between the identified hydrological 
processes, the relevant LISFLOOD-OS parameters and the findings from the literature. An overview of 

these relationships is given in Table 7. 

The complete literature review, including specific studies and their reported effects, is provided in 

Appendix F2.  

(Re-) forestation 

Forestation enhances infiltration and transpiration through improved saturated hydraulic conductivity 

and soil water-holding capacity reported in forested soils compared to agricultural land. Increased 
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interception is driven by the tree canopy intercepting rainfall, while the deeper root systems improve 
water uptake. The dense vegetation and ground cover slow down the overland flow, reflected in the 

increased Manning's roughness in the model. This increased hydraulic resistance and increased 

infiltration rates contribute to reduced surface runoff. 

Soil aeration and subsoiling 

By mechanically breaking up compacted soils, soil aeration and subsoiling significantly increase 
saturated hydraulic conductivity in the upper soil layers, allowing higher infiltration rates. These 

practices improve soil permeability and water retention while reducing surface runoff. However, their 
effects on interception, soil evapotranspiration and transpiration are negligible because they target soil 

physical properties rather than vegetation dynamics. 

Conservation tillage 

Conservation tillage modestly increases saturated hydraulic conductivity and soil water-holding 

capacity, leading to improved infiltration and reduced surface runoff. However, its effects are typically 
smaller than those of soil aeration or subsoiling. Changes in interception, soil evapotranspiration and 

transpiration are negligible as this measure does not significantly alter vegetation or canopy structure. 

Stocking density 

Reducing livestock grazing reduces soil compaction, which increases saturated hydraulic conductivity, 

allowing higher infiltration rates. This practice helps to reduce surface runoff but has a negligible effect 

on interception, soil evaporation and transpiration. 
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Table 7: Nature-based solutions and their reported effects on hydrological processes. 

Nature-based solution Description In
te

rc
ep

tio
n 

So
il 

ev
ap

or
at

io
n 

Tr
an

sp
ira

tio
n 

In
fil

tr
at
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Su
rf
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e 
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ff 

Sources 

(Re-) forestation Planting trees in deforested 
or non-forested areas  ++ + ++ + - 

(Zimmermann et al., 2006) (Ferreira 
et al., 2021) (Lozano-Baez et al., 
2019) (Yao et al., 2015) (Horel et al., 
2015) (Eliasson & Larsson, 2006) 
(Li et al., 2019)  

Soil aeration and subsoiling Breaking up compacted soils 0 0 0 ++ -- 
(Smith, 2012) (Penning et al., 2024) 
(Drewry et al., 2000) (Burgess et al., 
2000)  

Conservation tillage Minimizing soil disturbance  0 0 0 + - (He et al., 2009) (Maulé & Reed, 

1993) (Fér et al., 2020)  

Stocking density Decrease livestock grazing  0 0 0 + - (McCullough et al., 2001) (Dormaar 
et al., 1989) (Daniel et al., 2002) 
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3.2.1.3. Implementation of nature-based solutions in LISFLOOD-OS 

This section combines the findings from Sections 3.2.1.1 and 3.2.1.2 and summarises how the 

hydrological processes influenced by the selected NBS were converted into parameter changes in 

LISFLOOD-OS. Table 8 summarises these adjustments, specifying the parameters influenced by each 
measure and the applied changes. These adjustments represent how the hydrological processes in 

LISFLOOD-OS were influenced by implementing specific NBS. Figure 17 complements the table by 
illustrating where the affected parameters are situated within the LISFLOOD-OS model structure. This 

figure helps contextualise how the selected NBS measures influence different soil layers. 

Multiplication factors were used to modify the soil hydraulic properties maps. Instead of directly 
replacing values, the existing values in each grid-cell were multiplied by a factor. This approach 

accounted for the fact that soil hydraulic properties depend not only on the NBS but also on the 

underlying soil characteristics, which are modified rather than completely transformed by the NBS. 

Table 8: NBS and their corresponding parameter changes. 

 

 

Figure 17: Overview of LISFLOOD-OS soil layer structure and parameters adjusted based on NBS.  

3.2.2. Nature-based solution scenarios 

To assess the potential impacts of NBS in the Vecht catchment, 11 distinct NBS scenarios were defined. 

To define these NBS scenarios, adjustments were made to specific areas (and their corresponding grid-
cells) based on the parameter changes determined in the previous step. These areas, including their 

spatial distribution and total hectare coverage, are summarised in Section 3.2.2.3. The scenarios were 

designed to reflect realistic interventions in the Vecht catchment by following two main principles: 

  

New value
fracforest fracother frac(all other) ksat1_f ksat2_f ksat1_o ksat2_o thetas1_o thetas2_o mannings_f

Land use & cover changes
(Re-) forestation 1 0 0 3 1,5 - - - - 0,14

Improving soil conditions
Soil aeration and subsoiling 0 1 0 - - 3 1,4 1,2 1,05 -

Conservation tillage 0 1 0 - - 1,5 1,05 1,1 1,02 -
Stocking density 0 1 0 - - 2 1,02 - - -

New fraction Multiplication factor
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Aligning with current land use 

The scenarios have been tailored to be consistent with the existing land use in the Vecht catchment by 

taking into account the following factors:  

- Exclusion of Urban Areas: Adjustments were not applied to grid-cells classified as built-up 

or urban, as it can be assumed that such interventions are unfeasible given the practical 

challenges and socio-economic implications of altering established urban areas. 
- Agricultural Land Use Differentiation: Within agricultural areas, a distinction was made 

between grasslands (typically used for livestock farming) and arable lands. This differentiation 
helped to determine which NBS were suitable for specific types of agricultural land. 

- Avoiding Redundancy: Adjustments were avoided in grid-cells where the intended NBS 

change already aligned with the current land use type, ensurin no unnecessary modifications 

were made. 

Aligning with regional policies 

Spatial plans and environmental policies from governmental sources were consulted to identify areas 

where NBS changes were feasible and realistic within the socio-political context. This ensured the 

scenarios were consistent with existing land use plans and ecological goals.  

By combining these two principles, the defined NBS scenarios represent plausible land use changes that 

consider both the regional context and practical feasibility, ensuring that parameter adjustments align 

with the characteristics and policies of the Vecht catchment. 

3.2.2.1. Afforestation scenarios 

The first set of scenarios focused on afforestation. These include a sensitivity analysis to evaluate the 

potential impacts of different afforestation levels (25%, 50%, and 75%) and targeted afforestation in 

specific locations, such as upstream and downstream forested areas. Additionally, three afforestation 
strategies were developed based on a realistic 10% increase in forest area, guided by governmental 

objectives.  

Overijssel and Drenthe have outlined afforestation strategies that align with the national goal of the 

Netherlands to increase forest coverage by 10% of the existing forest area by 2030 (Provincie Drenthe, 

2021; van Dijk & van Wijk, 2022). This target is based on the forest area as it was in 2020 as described 
by the Ministry of Agriculture, Nature and Food Quality (Ministerie van Landbouw; Natuur en 

Voedselkwaliteit, 2020). The province of Overijssel’s approach, which first determines the currently 
existing forest area and then adds 10% extra forest, was adopted for this study. Due to the lack of 

specific afforestation goals for Niedersachsen and Nordrhein-Westfalen in the German literature, the 

same 10% increase strategy was applied across all regions. 

The existing forest cells in each province and state were counted, and 10% of the current forest area 

was randomly added to agricultural areas within each region. Table 9 summarises each region's existing 

forest coverage and corresponding afforestation targets. 

Table 9: Forest coverage in 2018 and afforestation targets per region. 

Province / State Existing forest [ha] + 10 % afforestation [ha] 
Overijssel 4,400 440 

Drenthe 18,200 1,820 
Niedersachsen  14,000 1,400 

Nordrhein-Westfalen 6,100 610 
3.2.2.2. Agricultural soil improvement scenarios 

The second set of scenarios examines the application of soil improvement measures within agricultural 

areas. Each measure is applied to a specific type of agricultural land: 

- Soil aeration and subsoiling: applied across all agricultural land. 

- Conservation tillage: targeted to arable lands. 

- Stocking density optimisation: focused on livestock grazing areas. 



3 - Methods 

27 

 

Table 10 provides an overview of the proportion of arable and livestock grazing areas within each 
province or state in the Vecht catchment. These percentages were used to determine the extent of 

agricultural cells where each NBS measure was applied. In the absence of specific spatial data on 
agrarian use per cell, the designated percentage of random agricultural cells in each region was 

adjusted to reflect the proportion of arable or livestock areas indicated in the table. 

Table 10: Proportion of arable and livestock grazing areas as a percentage of the total agricultural area per region. 

Province / State Arable Livestock Source 
Overijssel 11% 89% (Centraal Bureau Statistiek, 2024) 

Drenthe 44% 56% (Centraal Bureau Statistiek, 2024) 
Niedersachsen 72% 28% (Landesamt für Statistik Niedersachsen, 2023) 

Nordrhein-Westfalen 72% 28% (Information und Technik Nordrhein-Westfalen, 2024) 
3.2.2.3. Overview of scenario locations and areas 

The selected areas for each scenario, including their spatial distribution and total hectare coverage, are 
summarised in Table 11. Visual representations of the areas impacted by eight of these scenarios are 

provided in Figure 18. Scenarios 6, 7 and 8 are not visualised due to the small number of affected cells, 

which are difficult to distinguish in a compact figure.  

Table 11: Overview of developed NBS scenarios. 

Scenario nr.  Description Area type Coverage [ha] 
1 25% afforestation Forest ± 100,000 
2 50% afforestation Forest ± 200,000 
3 75% afforestation Forest ± 300,000 
4 Large upstream forest 50% Forest ± 200,000 
5 Large downstream forest 50% Forest ± 200,000 
6 German afforestation strategy Forest 2,000 
7 Dutch afforestation strategy Forest 2,300 
8 Combined afforestation strategy (GE & NL) Forest 4,300 
9 Soil aeration and subsoiling All agricultural land 322,480 

10 Conservation tillage Arable area 143,630 
11 Stocking density Livestock area 178,850 
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Large downstream forest 50% 
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Conservation tillage 

 

Stocking density 

 

Figure 18: Areas impacted by the different NBS scenarios. 

3.2.3. Meteorological scenarios 

Two types of meteorological scenarios were used to assess the impact of the NBS: artificial rain events 

including uniform rainfall events of varying intensity and the Limburg 2021 extreme rainfall event 

adapted to the Vecht catchment. 

3.2.3.1. Artificial rain events 

A series of spatially uniform rainfall events were designed to evaluate the effectiveness of NBS under 

varying rainfall conditions, following a methodology similar to Penning et al. (2024). Three rainfall 
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scenarios of varying intensities were simulated (80 mm, 150 mm, and 200 mm over two days). These 
rainfall events were applied under both summer and winter conditions to assess the seasonality of NBS 

performance.  

The rainfall scenarios include three distinct events designed to assess the effectiveness of NBS under 

varying intensities. The 80 mm scenario represents a 1 in 50-year rainfall event for an average Dutch 

Waterboard catchment area (Beersma et al., 2019). The 150 mm and 200 mm scenarios are based on 
stress test protocols developed by Deltares to evaluate extreme and exceptionally intense rainfall events 

(Bruijn de & Maas, 2023), providing insight into the maximum potential impact of NBS. Penning et al. 
(2024) emphasise the significant influence of initial conditions on the hydrological response to rainfall 

events. Therefore, each rainfall event was applied under both summer (July) and winter (March) 
conditions to account for seasonal variations. A summary of the rainfall events, including their timing 

and sources, is provided in Table 12. 

Table 12: Artificial rain events placed on the Vecht catchment in 2017. 

Rainfall intensity 
[mm/day] 

Total volume 
[mm] 

Duration 
[days] 

Start peak 
event winter 

Start peak event 
summer 

Source 

40 80 2 1-3-2017 1-7-2017 
(Beersma et al., 

2019) 

75 150 2 1-3-2017 1-7-2017 (Bruijn de & Maas, 
2023) 

100 200 2 1-3-2017 1-7-2017 (Bruijn de & Maas, 
2023) 

To assess the performance of NBS during low flows, the meteorological data from the dry year 2018 
was repeated for four consecutive years. This repetition of a dry year allowed for an evaluation of the 

cumulative impacts of NBS on low flow conditions over an extended period. 

A warm-up period using meteorological data from 2016 to 2021 was used to establish stable initial 

conditions. Following this warm-up, the simulation period consisted of two years of historical data 

(2016–2017) with the rainfall events implemented in 2017, followed by the repeated dry year scenarios 
(2018a–2018d). Figure 19 illustrates the timeline of the simulation setup, including the placement of 

the summer and winter rainfall events and the repetition of the dry year for low flow analysis. 

 

Figure 19: Concept of rainfall series for artificial rain events; 2016 and 2017 are historical series with the peak rain 
event implemented in 2017; 2018a, b, c and d are repetitions of the dry year 2018 (Cazemier, 2024b). 

3.2.3.2. Limburg 2021 rainfall event 

To further evaluate the effects of NBS scenarios on high flows, the rainfall data from the severe flooding 
event in Limburg in July 2021 was applied to the Vecht basin. As highlighted by Bruijn de & Slager 

(2021), such events could occur elsewhere in the Netherlands due to the increasing frequency and 

intensity of extreme rainfall driven by climate change (Tradowsky et al., 2023). Using this realistic 
rainfall scenario helps to estimate the potential effects of NBS under conditions resembling past extreme 

events. 

The RADFLOOD21 precipitation dataset was used for this analysis, which consists of weather radar 

measurements merged with validated rain gauge data (Journée et al., 2023). This dataset provides 

precipitation data at an original temporal resolution of 5 minutes for the six days from July 12th to 

17th, 2021. To adapt the dataset for use in LISFLOOD-OS, the following modifications were made: 

- The coordinate system was adjusted to align with the Vecht catchment. 
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- Daily precipitation sums were calculated from the high-resolution data. 

- The precipitation unit was converted from 0.1 mm to mm. 

To account for spatial variability within the catchment, the peak rainfall event (14 July) was centred on 
three sub-catchments of the Vecht: the Regge (Figure 20a), the Dinkel (Figure 20b) and the main Vecht 

at Emlichheim (Figure 20c). This placement allows the assessment of NBS effects in different parts of 

the catchment with varying rainfall intensities. 

 

(a) Above Regge 

 

(b) Above Dinkel 

 

(c) Above Emlichheim 

 

Figure 20: Locations of 2021 Limburg peak rainfall event; Precipitation in millimetres on July 14th. 

The simulation setup used the same initial state and warm-up period (2016-2021) as used in the stress 
tests, ensuring consistent conditions for comparison. The adjusted RADFLOOD21 dataset was then used 

in the simulation during the first six days of July (Figure 21).  

 

Figure 21: Concept of rainfall event Limburg 2021 evaluation (Cazemier, 2024b).  

3.2.4. Evaluation of the effects on high and low flows 

This section outlines the methodology used to evaluate the effects of the defined NBS scenarios on 

high and low flows in the Vecht catchment. The analysis focuses on two main aspects: flow indicators 
and water balance components. Flow indicators quantify how NBS affect hydrological extremes, such 

as floods and droughts. Meanwhile, water balance components show what drives these changes. NBS 
affect water retention and release within the catchment by changing processes like infiltration and 

evapotranspiration, which directly relate to flow extremes. This connection ensures a comprehensive 

understanding of how NBS influence both hydrological processes and flow behaviour in the Vecht 

catchment. 

3.2.4.1. Flow indicators 

The following flow indicators are used to assess the impact of NBS on high, low and average flows in 

the Vecht catchment:  

Annual maximum daily discharge 

The annual maximum daily discharge refers to the highest flow rate recorded in the river during a single 

day for that year, expressed in m³/s. This indicator evaluates how NBS influence high flow peaks, which 
directly relate to flood risk. By analysing the annual maximum daily discharge, it is possible to assess 

how much water NBS can store or delay before it reaches the river, providing insight into their potential 

for flood mitigation (Ruangpan et al., 2020). 
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Minimum 7-day average discharge (MAM7) 

The Minimum 7-day Average Discharge (MAM7) captures the lowest average discharge (m³/s) over any 

consecutive seven-day period during the simulation (Smakhtin, 2001). This low flow statistic is used to 
assess drought conditions and water availability during dry periods. By examining MAM7, the 

effectiveness of NBS in improving water availability during droughts in the Vecht catchment can be 

assessed. 

Average discharge 

The average discharge represents the average flow rate (m³/s) over the simulation period and is a 
general indicator of the catchment’s hydrological response to NBS. It indicates how NBS may influence 

overall water distribution (Ferreira et al., 2021).  

3.2.4.2. Water balance components   

To assess the impact of the NBS scenarios on hydrological processes, the water balance components 

simulated by the LISFLOOD-OS model were analysed. The components considered include actual 
evapotranspiration, surface runoff, subsurface flow from the upper zone and baseflow from the lower 

zone. These components provide insights into the effectiveness of the NBS by illustrating their influence 

on different aspects of the hydrological cycle, an approach similarly taken by Mosbahi et al. (2023) and 
Hoang & Hughes (2024), who highlight the importance of water balance analysis in assessing land use 

changes.  

Actual evaporation 

Evaporation returns water to the atmosphere, reducing soil moisture availability. NBS, such as 

afforestation, can increase evaporation due to higher vegetation cover, potentially reducing surface 
runoff and altering the water balance. Therefore, analysis of evaporation is essential for understanding 

the interplay between vegetation dynamics and water availability. 

Surface runoff 

Surface runoff is the precipitation that flows directly into streams without infiltrating the soil. NBS, such 

as afforestation or conservation tillage, can reduce surface runoff by enhancing soil infiltration capacity. 
Examining surface runoff reveals the extent to which NBS can reduce rapid drainage of water and 

improve catchment water retention. 

Sub-surface flow from the upper zone 

Sub-surface flow refers to water infiltrating the soil and moving through the upper zone without 

percolating into the lower groundwater zone. The amount of sub-surface flow is indirectly affected by 
the soil hydraulic properties, which are modified by the NBS. Analysing sub-surface flow provides 

insights into how NBS enhance temporary soil water storage and contributes to delayed water release 

into streams, helping to reduce peak flows. 

Baseflow from the lower zone 

Baseflow represents the steady release of groundwater from the lower zone into streams. Improving 
groundwater recharge through the implementation of NBS could potentially increase resilience to 

droughts. Evaluating the baseflow provides insight into how effective NBS are in increasing groundwater 

recharge, ensuring long-term water availability and supporting low flows. 
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4.  Results 

4.1. Determination of the LISFLOOD-OS model performance 

4.1.1. Sensitivity analysis  

The most sensitive parameters were b, GWperc, Cpref and GWloss. These parameters play a critical role in 

the hydrological processes simulated by LISFLOOD-OS: 

- b [-] is an empirical, non-dimensional shape parameter that influences the infiltration capacity 

of the soil. 

- GWperc [
𝑚𝑚

𝑑𝑎𝑦
] represents the maximum percolation rate from the upper to the lower groundwater 

zone.  

- Cpref [
𝑚𝑚

𝑑𝑎𝑦
] is an empirical shape parameter that influences the amount of preferential bypass 

flow towards the upper groundwater zone.  

- GWloss [
𝑚𝑚

𝑑𝑎𝑦
] defines the maximum percolation rate from the lower groundwater zone to areas 

beyond the catchment boundaries or to deeper groundwater systems.  

b has the most significant influence on both high and low flows, significantly affecting how water 

infiltrates into the soil and the ability of the model to simulate flow dynamics under varying conditions. 

This is clearly illustrated in Figure 22, which shows the objective function values and cumulative 
discharges at Emlichheim for the five b runs, highlighting the strong influence of this parameter. GWperc 

strongly influences groundwater flow, especially base flow during low flow periods, while Cpref plays a 
key role in the rapid movement of water through the system during high flow events. Finally, GWloss 

shows considerable sensitivity in controlling baseflow by influencing groundwater storage losses. 

 

Figure 22: Objective function values and cumulative discharges at Emlichheim for varying b values. 

Parameters such as QSplitMult, Tuz and Tlz show a moderate effect on model performance. These 

parameters influence specific hydrological processes such as floodplain flow, groundwater discharge 

and long-term groundwater storage and release but did not cause significant variations in objective 

function values compared to the more sensitive parameters mentioned earlier.  

Meanwhile, parameters such as LZthreshold, CalChanMan1 and CalChanMan2 (Manning's coefficients for 
riverbed [1] and floodplain [2]) had the least influence, with minimal impact on the overall model 

results. Detailed results for all parameters, including their respective objective function values and 

cumulative discharge plots, can be found in Appendix D. 

Based on these findings, calibration efforts included the most sensitive parameters - b, GWperc, Cpref and 

GWloss - to improve the model's representation of both high and low flows. The calibration procedure 
was carried out according to a structured approach as described in detail in Section 3.1.4. Calibration 

began with GWloss to account for groundwater losses, followed by GWperc to refine groundwater 

percolation. Next, Cpref was calibrated to optimise preferential flow within the soil profile, and finally, b 

was adjusted to improve the partitioning between surface runoff and infiltration.  
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4.1.2. Calibration  

Table 13 presents the final calibrated values for each sub-catchment, showing only the parameters 

included in the calibration: GWloss, GWperc, Cpref, and b.  

Table 13: Calibrated parameter values for each sub-catchment. 

Sub-catchment  GWloss [mm/day] GWperc [mm/day] Cpref  [-] b [-] 
Wettringen GE 0.56 0.8 2.07 1.39 

Bilk GE 0.63 0.73 5.21 0.54 
Gronau GE 0.63 0.8 4.04 0.97 

Ohne GE 0.88 0.37 0.89 0.015 
Neuenhaus GE 0.56 0.49 3.64 0.015 

Lage Gesamt GE/NL 0.56 0.73 0.5 0.015 
Osterwald GE 0.38 0.8 2.46 1.07 

Emlichheim GE 0.19 0.73 2.46 0.015 
De Haandrik GE 0.46 0.8 1.68 0.015 

Ane Gramsbergen GE/NL 0 0.8 2.07 2.5 
Ommen GE/NL 0.46 0.8 1.68 0.015 

Ommerkanaal NL 0 2 0.5 0.015 
Archem TOT NL 0.56 0.49 3.25 0.015 

Dalfsen NL 0.46 0.8 1.68 0.015 

The calibration results for each station are summarised in Table 14. No observed discharge data for 

station Dalfsen was available for the calibration period. Therefore, it is omitted from this overview. 

Table 14: Performance metric scores per station for calibrated model.  

Station  NSinv NSw RVE OF 
Wettringen GE 0.36 0.84 - 36 % 0.44 

Bilk GE 0.14 0.70 - 49 % 0.28 
Gronau GE 0.25 0.63 - 40 % 0.31 

Ohne GE 0.47 0.82 - 40 % 0.46 
Neuenhaus GE 0.49 0.16 - 42 % 0.23 

Lage Gesamt GE 0.15 0.39 - 29 % 0.21 
Osterwald GE -0.16 0.65    21 % 0.20 

Emlichheim GE 0.39 0.28 - 28 % 0.26 
De Haandrik NL -0.14 0.23 - 28 % 0.03 

Ane Gramsbergen NL 0.00 0.59    65 % 0.18 
Ommen NL -0.14 0.50      2 % 0.18 

Ommerkanaal NL -0.01 0.44    41 % 0.15 
Archem TOT NL 0.54 0.38 - 13 % 0.41 

The performance of the model, as evaluated by the multi-objective function (OF), ranges from 0.20 to 

0.46 for the German stations and from 0.03 to 0.41 for the Dutch stations. Overall, the performance of 
the model in the German part of the catchment can be considered satisfactory, while it is generally less 

reliable in the Dutch part, with most stations showing unsatisfactory results with scores below 0.2. 

In general, the scores for NSinv (which evaluates low flows) are lower than those for NSw (focused on 

high flows), indicating that the model struggles more with accurately simulating low flow conditions 

compared to high flow events. This difference is particularly evident in the Dutch part of the basin, 
where NSinv scores are generally lower. Additionally, there are significant variations in RVE scores, with 
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most stations showing a substantial deviation in total flow volume, indicating either over- or 

underestimation of discharge volume over the calibration period. 

The OF scores also reveal some patterns: the German stations generally perform better, with higher 
OF scores, than those in the Dutch section of the basin. A notable exception is the Archem TOT station, 

which performs well compared to other Dutch stations, achieving a higher OF score. This may be related 

to the fact that Archem TOT aggregates data from two discharge stations, which could introduce 

uncertainties or inaccuracies in the observed time series, although the exact reason remains unclear. 

To illustrate the differences in performance between high-scoring stations, Figure 23 and Figure 24 
present hydrographs for Archem TOT and Ohne, respectively, both of which achieved relatively high 

OF scores but for different reasons. The hydrographs of the calibration period for all stations can be 

found in Appendix E. 

 

Figure 23: Observed and simulated discharges from 2010-2011 at station Archem TOT.  

 

Figure 24: Observed and simulated discharges from 2010-2011 at station Ohne. 

Archem TOT benefits from a relatively lower RVE value, contributing to its balanced objective function 

score. The absence of extremely low flows near zero results in a more moderate NS inv score, as there 
are less discrepancies in low flow simulation. However, the 2010 peak event is less accurately simulated 

at Archem TOT, reflected in a lower NSw score. This suggests that while total volume and low flow 
conditions are reasonably represented, the model struggles to capture peak discharge events at this 

station.  

The model achieves a high NSw  score at Ohne, as the significant peak discharge event in 2010 is well 
simulated. However, RVE shows a larger value, with the model either over- or underestimating total 

discharge volume over the period. The NSinv  score is also lower compared to Archem TOT, likely due 
to the inaccuracies in simulating extremely low flows close to zero. Finally, it results in a higher objective 

function score due to the more accurate representation of the 2010 peak flow despite the issues with 

low flow and total volume accuracy. 
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These results show that although the German stations tend to score higher on average, there are 

individual exceptions. The variation in OF scores between stations reflects different strengths in 

simulating peak flows versus maintaining an accurate water balance, as seen at Archem TOT and Ohne. 

The differences between the performance metrics highlight the challenges of achieving consistent 

accuracy with the model in both high and low flow conditions across the catchment.  

4.1.3. Validation  

Table 15 presents the OF scores for each station during the validation years and the calibration scores 

for easy comparison. Overall, the validation results show considerable variation between stations, with 

some showing relatively stable performance over both calibration and validation years, while others 

show more pronounced fluctuations. Stations like Wettringen and Emlichheim show relatively stable OF 

values over different periods, suggesting robust model performance at these sites under varying 

hydrological conditions. In contrast, stations like Bilk and Gronau show larger fluctuations in their 

scores, including some negative values in certain years (e.g. Bilk in 2012 and 2018), indicating 

challenges in accurately capturing the low flows.  

Table 15: Objective function values per station for validation periods and calibration. 

Station  1998 2012-2013 2018 2023 Calibration 
Wettringen GE 0.26 0.22 0.17 0.31 0.44 

Bilk GE 0.18 -0.14 -0.24 0.15 0.28 
Gronau GE 0.27 0.16 -0.09 0.22 0.31 

Ohne GE 0.26 0.23 - 0.33 0.46 
Neuenhaus GE 0.24 0.09 - 0.16 0.23 

Lage Gesamt GE 0.28 0.22 - - 0.21 
Osterwald GE 0.21 0.22 - -0.01 0.20 

Emlichheim GE 0.27 0.27 0.34 0.43 0.26 
De Haandrik NL - 0.07 -0.03 0.23 0.03 

Ane Gramsbergen NL - 0.12 - 0.69 0.18 
Ommen NL - 0.25 0.11 0.45 0.18 

Ommerkanaal NL - 0.13 0.03 0.01 0.15 
Archem TOT NL 0.51 -0.75 - 0.70 0.41 

Dalfsen NL 0.09 0.22 0.23 0.48 - 

For a closer look at model performance in both German and Dutch sub-catchments, Figure 25 presents 
hydrographs for Archem TOT (NL) and Ohne (GE) in the validation period 2012-2013, allowing for a 

comparison with the calibration results. Although Ohne achieves a higher overall OF score (0.23) 
compared to Archem TOT (-0.75) in this period, this difference is primarily due to the poor NSinv score 

at Archem TOT (-2.05) compared to Ohne (0.38), indicating significant challenges in simulating low 

flows at this station. The hydrographs of the validation periods for all stations can be found in Appendix 

E, together with all performance metric scores per station and validation period.  
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Figure 25: Observed and simulated discharges for dry years 2012-2013 at station Archem TOT and Ohne. 

In the 2012-2013 validation period, the model performance varies significantly between Archem TOT 

and Ohne. During this period, Archem TOT struggles with accurately simulating low flows during the 

summer periods, contributing to a notably low OF score. This poor fit in the low-flow periods suggests 
limitations in the model’s ability to capture baseflow dynamics at Archem TOT. In contrast, Ohne 

performed more consistently during both high and low flows in 2012-2013. The OF score for Ohne 
reflects relatively good performance, mainly due to better baseflow simulation during low flow periods 

compared to Archem TOT. However, the hydrograph shows notable discrepancies in the simulation of 
peak flows, indicating limitations in capturing high-flow dynamics. The better representation of baseflow 

at Ohne contributes to its relatively higher OF score. 

4.2. The effects of NBS in the Vecht catchment using LISFLOOD-OS 

First, the results for the afforestation scenarios are presented, starting with the artificial rain events, 

followed by the Limburg 2021 extreme rain event, and ending with the water balance components. The 

results for the soil improvement scenarios are then discussed in the same order.  

4.2.1. Afforestation 

4.2.1.1. Artificial rain events 

The artificial rain events evaluated the impact of various afforestation scenarios under uniform rainfall 

events in summer and winter conditions, with results highlighting differences in peak discharge 

behaviour between seasons and rainfall intensities. 

Figure 26 illustrates the simulated hydrographs for the Regge sub-catchment at the Archem TOT station 

under a uniform two-day rainfall event of 100 mm/day (200 mm total) under summer (a) and winter 

(b) conditions.  

 

(a) 

 

(b) 

Figure 26: Hydrographs at Archem TOT for afforestation scenarios under summer (a) and winter (b) conditions with a 
uniform 2-daily rain event of 100 mm/day. 
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The hydrographs demonstrate a higher peak discharge in winter compared to summer (20 m³/s higher). 
The elevated soil moisture levels in winter are likely to be the reason that the soil cannot take up as 

much of the precipitation, resulting in increased discharge to the river. Despite this difference, 
afforestation scenarios consistently reduce the heights of peak flows, demonstrating their influence on 

runoff reduction. Furthermore, during winter, relatively high river discharges tend to persist for longer, 

whereas in summer, the river flow decreases more rapidly to lower levels following the rainfall event.  

Additionally, station-specific effects were observed, with notable variations in afforestation impacts 

across locations. For instance, at station Emlichheim (Appendix G1), the impact of afforestation was 
considerably smaller during the winter peak, reflecting the spatial variability in runoff dynamics across 

the Vecht catchment. This variation is probably due to the location of station Emlichheim, where higher 
winter baseflows from upstream sub-catchments reduce the relative impact of afforestation compared 

to Archem TOT.  

Figure 27 quantifies the effects of afforestation on peak discharge reduction, minimum 7-day average 
discharge (MAM7), and mean discharge for two rainfall intensities (80 mm and 200 mm) in both summer 

and winter. 

 

 

Figure 27: Modelled effects of afforestation scenarios at Dalfsen under summer (top) and winter (bottom) conditions for 
2 different rain events; peak daily discharge is based on the discharge waves caused by the 2-daily rain events at the 
beginning of July (summer) and March (winter); MAM 7 and mean discharge are based on the period 2017 and 2018. 

Realistic afforestation strategies, such as the 10% combined afforestation strategy for Germany (GE) 

and the Netherlands (NL), demonstrated negligible effects on the flow indicators. The largest simulated 
reduction in peak discharge for this strategy was less than 0.5%, observed during the summer 80 mm 

rainfall scenario. Since separate strategies targeting only GE or NL individually showed even smaller 

effects, these were excluded from further figures. 

Afforestation had the most significant impact on reducing peak discharges, particularly under summer 

conditions. For example, the 75% afforestation scenario resulted in a peak flow reduction of nearly 
30% during the 80 mm summer event, compared to a 20% reduction under the same rainfall intensity 

in winter. These results highlight the potential of large-scale afforestation to mitigate flood peaks. 
However, the impact of afforestation on low flows, as measured by the minimum 7-day average 

discharge (MAM7), was negligible across all scenarios, with changes consistently below 0.5%. This 

suggests that the additional water infiltrating into the soil under afforestation does not contribute 

significantly to base flow during dry periods. 

The effects of afforestation on average discharge were consistent across rainfall scenarios, showing 
reductions of nearly 5% for the 25% afforestation scenario and up to 12% for the 75% afforestation 

scenario. However, variations in the effectiveness of afforestation were observed depending on rainfall 
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intensity. In scenarios characterised by higher rainfall (200 mm), the overall effectiveness of 
afforestation generally declined compared to the 80 mm rainfall events. An exception to this trend was 

observed for the upstream forest scenario, where effectiveness slightly increased under the 200 mm 
event. This discrepancy is likely due to localised, unrealistically simulated hydrological dynamics in the 

sub-catchment Ane Gramsbergen. 

In summary, while large-scale afforestation shows potential for reducing peak discharges, realistic 
afforestation strategies, such as the 10% catchment coverage scenario for Germany and the 

Netherlands combined, are insufficient to produce meaningful reductions in high flows or increases in 

low flows. 

4.2.1.2. Limburg 2021 event 

To evaluate the effects of afforestation on high flows during a realistic extreme rainfall event, the 
precipitation data of the extreme event in Limburg 2021 was applied to the Vecht catchment. The 

rainfall event was centred on three sub-catchment areas (Regge, Dinkel, and De Haandrik). 
Hydrographs are shown for two locations: the 2021 event centred on the Dinkel sub-catchment is 

shown for station De Haandrik (Figure 28a), and the 2021 event centred on the Regge sub-catchment 
is shown for station Archem TOT (Figure 28b). The simulation for the 2021 event centred on the De 

Haandrik sub-catchment was excluded due to extremely high discharge estimations from the Ane 

Gramsbergen sub-catchments, which distorted the results." 

The dashed yellow, orange, and red lines in the figures represent the first, second, and third warning 

levels. The warning levels have different meanings at the different stations because they are obtained 
through different organisations with each their own policies on these warning levels. However, they 

provide a general indication of the severity of peak discharges. 

 

(a)  

 

(b)  

Figure 28: Hydrographs during the 2021 rain event for afforestation scenarios; (a) with peak rain event in Dinkel sub-
catchment & (b) with peak rain event in Regge sub-catchment; dashed yellow, orange and red lines are first, second and 

third warning levels. 

At De Haandrik (Figure 28a), a clear trend is visible across the afforestation scenarios. Downstream 
forest had the least impact, as it lies outside the contributing area upstream of the station. Scenarios 

with 25%, 50%, and 75% afforestation exhibited progressively larger peak flow reductions, with the 

upstream forest scenario achieving the most significant modelled reduction of nearly 50 m³/s. Beyond 
the immediate peak, afforestation scenarios also reduced elevated discharges during the following days, 

highlighting their influence on moderating high flow conditions. 

At Archem TOT (Figure 28b), the effects of the afforestation scenarios were more comparable. The 

50% afforestation and upstream forest scenarios resulted in similar peak reductions, while the 75% 

afforestation and downstream forest scenarios achieved slightly larger reductions. The differences 
between scenarios were less pronounced than at De Haandrik, and the influence of afforestation on 

elevated discharges in the days following the event was more limited. 
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The Limburg 2021 event analysis demonstrates the potential of afforestation to reduce peak flows, 
primarily when implemented upstream of critical locations. However, the magnitude of the effect varies 

between sub-catchments and discharge stations, reflecting the spatial dynamics of afforestation effects 

in the Vecht catchment. 

4.2.1.3. Water balance components 

Figure 29 presents the annual totals (mm/year) for the modelled water balance components across the 
reference and afforestation scenarios. These totals are calculated for all grid-cells upstream of the 

Dalfsen station, covering the period from 2017 to 2018d. The results are based on the meteorological 

scenario involving a 2-daily rainfall event of 40 mm/day during summer.  

The choice of summer or winter scenarios and the intensity of rainfall events had minimal influence on 

the annual water balance components. However, surface runoff and upper zone outflow in 2017 showed 
some sensitivity to larger rainfall events. That year, larger rainfall events led to higher surface runoff 

values and increased upper zone outflow, reflecting the direct relationship between precipitation 
intensity and these components. This effect persisted slightly into 2018a but diminished in subsequent 

years. This pattern is illustrated in Appendix G2 as well, which presents the same results for an 

alternative meteorological scenario. 

 

Figure 29: Annual totals of modelled water balance components per afforestation scenario; computed for area upstream 
of Dalfsen. 

Across all afforestation scenarios, the modelled actual evaporation increased compared to the reference 
scenario, reflecting the additional vegetation and associated evapotranspiration demands. This increase 

was relatively consistent across years, with a slight decrease over time, likely due to decreasing water 

availability in the later years of the simulation. 

The annual totals of the modelled surface runoff showed a pronounced decrease in the afforestation 

scenarios with respect to the reference, especially in 2017, a year characterised by the 80 mm rainfall 
event. This reduction can be attributed to increased infiltration and interception capacity introduced by 

the afforestation measures. In the subsequent dry years (2018a–2018d), surface runoff showed a 

repetitive pattern in line with the repeated meteorological conditions of 2018. 

The modelled upper zone outflow showed the largest decreases over the simulation period, influenced 
by both the NBS and the meteorological conditions. In 2017, the modelled outflow reached over 100 

mm, but by 2018d, this had reduced to approximately 30 mm. This significant decline is largely due to 

the cumulative effect of successive dry years reducing water availability in the upper zone, exacerbated 
by increased evaporation associated with afforestation. This decrease was more pronounced than in 

the modelled outflow of the lower zone, which decreased from around 100 mm in 2017 to approximately 
85 mm in 2018d. An interesting anomaly was observed between 2018a and 2018b, where upper zone 

outflow differed significantly between these years, a pattern not reflected in the lower zone outflow. 

This discrepancy may indicate variations in short-term water availability in the upper soil layers, which 

appear to be sensitive to immediate meteorological conditions. 
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Figure 30 illustrates the relative changes (%) in water balance components for the afforestation 

scenarios compared to the reference scenario, calculated for 2017–2018d.  

 

Figure 30: Modelled relative change in water balance components due to afforestation; computed for area upstream of 
Dalfsen; multiple dots represent percentage change in 2017 – 2018d. 

The modelled actual evaporation consistently increased across all scenarios, with the highest increase 

of 7% observed under 75% afforestation. Each 25% increase in afforestation contributed approximately 
2.5% additional evaporation, reflecting the role of vegetation in transpiration and water exchange with 

the atmosphere. 

The modelled surface runoff shows significant reductions, ranging from 15% in the 25% afforestation 

scenario to 40% in the 75% afforestation scenario. This result highlights the effectiveness of increased 
vegetation cover in reducing direct runoff by increasing infiltration and evapotranspiration. Surface 

runoff showed the most significant response to afforestation among the water balance components. 

Modelled outflow from the upper zone also decreased across all afforestation scenarios. However, there 
was considerable variability from year to year, with reductions becoming less pronounced during drier 

years. Under these conditions, less water is available in the upper zone so that runoff returns closer to 
the levels observed in the no afforestation scenario. This suggests that the influence of afforestation 

on the upper soil zone decreases as water availability declines. In contrast, modelled lower zone outflow 

showed negligible relative changes across all scenarios. This suggests that afforestation had limited 
effects on deeper groundwater contributions to streamflow, highlighting the minimal interaction 

between surface processes and the lower groundwater zone. 

In summary, the afforestation scenarios significantly altered the distribution of water within the 

catchment, primarily by increasing actual evaporation and reducing surface runoff. Upper zone outflow 
showed significant changes, with a pronounced decline under drier conditions, largely driven by the 

cumulative impact of consecutive dry years. This effect was enhanced by the additional evaporation 

caused by afforestation. The effect on lower zone runoff remained minimal, suggesting that deeper 

hydrological components were unaffected by afforestation. 

4.2.2. Improving soil conditions 

4.2.2.1. Artificial rain events 

The hydrographs in Figure 31 illustrate the impact of soil improvement scenarios at station Archem TOT 

for summer (a) and winter (b) peaks caused by a 2-day uniform rain event of 40 mm/day (totalling 80 

mm). 
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(a) 

 

(b) 

Figure 31: Hydrographs at Archem TOT for soil improvement scenarios under summer (a) and winter (b) conditions with 
a uniform 2-daily rain event of 40 mm/day. 

The results show that soil aeration and stocking density scenarios lead to similar reductions in peak 

discharge, with modelled decreases of approximately 12 m³/s in summer and slightly lower reductions 
of 10 m³/s in winter. Conservation tillage has a negligible effect at this station, which aligns with its 

primary influence in the German part of the catchment, as observed at Emlichheim (Appendix G1). 

The pattern of seasonal differences is consistent with the afforestation scenarios: summer peaks drop 

more quickly, while winter discharges remain elevated for longer periods. In addition, the effect of soil 
improvement measures on flows following subsequent rain events is more pronounced in summer than 

in winter, probably because the winter soil remains saturated, further reducing infiltration potential. 

Figure 32 presents the effects of soil improvement scenarios on peak flow reduction, minimum average 
7-day discharge (MAM7), and average discharge under summer (left) and winter (right) conditions for 

a 2-day rain event totalling 200 mm (100 mm/day). 

 

Figure 32: Modelled effects of soil improvement scenarios at Dalfsen under summer (left) and winter (right) conditions 
for 2-daily rain event of 100 mm/day. 

Similar to the afforestation scenarios, the peak flow reduction shows the most significant response. The 
percentage increase in MAM7 for soil improvement scenarios is slightly larger compared to afforestation 

scenarios. However, the changes are minimal in absolute terms due to the low baseflow conditions. For 

example, the most significant increase in MAM7 is 2.8%, equal to only 0.3 m³/s. 

Seasonal differences persist, with soil aeration and subsoiling showing effects on peak flow reduction 

nearly 10% greater in summer than in winter. The 80 mm and 150 mm rainfall events follow the same 

trends and are therefore not shown. 

4.2.2.2. Limburg 2021 event 

Figure 33 presents hydrographs at station De Haandrik for a peak event in the Dinkel sub-catchment 

(Figure 33a) and at station Archem TOT for a peak event in the Regge sub-catchment (Figure 33b).  
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(a)  

 

(b)  

Figure 33: Hydrographs during 2021 rain event for soil improvement scenarios; with peak rain event in Dinkel sub-
catchment (a) & with peak rain event in Regge sub-catchment (b); dashed yellow, orange and red lines are first, second 

and third warning levels. 

At the De Haandrik station (Figure 33a), conservation tillage achieved a modelled peak flow reduction 
of approximately 25 m³/s, while soil aeration and subsoiling achieved a much larger reduction of 45 

m³/s. The effect of reduced stocking density was minimal at this site as this measure is mainly applied 

in the Dutch part of the catchment. Notably, the impact of soil aeration was comparable to the peak 
reductions observed in the 75% afforestation scenario. The measures also contributed to small 

reductions in flow during the higher flows observed in the days following the peak event. 

The results varied at the Archem TOT station (Figure 30b) according to where the measures were 

implemented. Conservation tillage showed minimal impact, reflecting its focus on the German parts of 

the catchment. Both stocking density and soil aeration & subsoiling reduced modelled peak flows by 
about 30 m³/s, with no significant difference between these measures. Similar to De Haandrik, the 

effects of these measures persisted over the following days, slightly reducing the discharges from 

subsequent rainfall events. 

The Limburg 2021 event showed that soil improvement measures can reduce peak flows during extreme 
rainfall, but their performance varies across the catchment. Despite differences in implementation and 

regional focus, these measures contribute to flood mitigation. 

4.2.2.3. Water balance components 

Figure 34 presents the annual totals (mm/year) for the reference and soil improvement scenarios. 

These results are based on the same meteorological scenario as the afforestation analysis, which 

includes a 2-day rain event of 40 mm/day during the summer. 

 

Figure 34: Annual totals of modelled water balance components per soil improvement scenario; computed for area 
upstream of Dalfsen. 
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The results show minimal differences in the modelled actual evaporation across the scenarios, with 
slight decreases over the years. Modelled surface runoff shows the most significant differences between 

scenarios, consistently lower in all soil improvement scenarios and stabilising after 2017 due to the 
repetition of 2018's meteorological conditions. In contrast to the afforestation scenarios, soil 

improvement scenarios show slightly higher modelled upper and lower zone outflow compared with the 

reference scenario. Upper zone outflow decreases after 2017, but soil improvement measures maintain 
slightly higher outflow in drier years. Lower zone outflow also decreases in the drier years but shows 

modest increases compared to the reference during periods of low water availability. This contrasts 

with the patterns observed under afforestation. 

Figure 35 highlights the relative changes (%) in water balance components for the soil improvement 

scenarios compared to the reference scenario.  

 

Figure 35: Modelled relative change in water balance components as a result of soil improvement measures; computed 
for area upstream of Dalfsen; multiple dots represent percentage change in years 2017 – 2018d. 

A slight increase is observed in modelled actual evaporation, reflecting the limited influence of soil 

improvement measures on evapotranspiration. The most significant reductions are seen in modelled 
surface runoff, with up to 40% decreases for soil aeration and subsoiling. Stocking density and 

conservation tillage result in smaller reductions, with decreases of approximately 23% and 17%, 

respectively. On the other hand, the modelled outflow from the upper zone increases by 3% to 7%, 

likely due to enhanced infiltration allowing more water to infiltrate into the upper zone. 

The modelled lower zone outflow shows the most substantial increase under soil aeration measures, 
with a maximum of approximately 3%. Conservation tillage and stocking density measures exhibit 

smaller increases in lower zone outflow, ranging from 0% to 2%. 

  



5 - Discussion 

44 

 

5. Discussion 

This chapter discusses the limitations of the data, model, and methods used in this study and their 

potential impact on the results. The results are interpreted in the context of the existing literature, 

highlighting how they align or differ from previous research. 

5.1. Limitations in data, model and methods 

5.1.1. Limitations in data 

Precipitation data were derived from the E-OBS raster dataset, which interpolates station-based 
observations to create spatially distributed data. While E-OBS is a relatively reliable source, its 

interpolation process can under-represent localised rain events, particularly when these occur between 

stations. Such gaps can lead to inaccuracies in discharge simulations for events with high spatial 
variability. Precipitation measurements differed from E-OBS data, probably due to data processing. 

Nevertheless, rainfall data from the Vecht basin are unlikely to be incomplete due to its dense network 
of stations (Cornes et al., 2018). Previous comparisons by Cazemier (2024b) with alternative datasets, 

such as ERA-5 and RADOLAN, further support the suitability of E-OBS for this region despite its 

limitations. 

This study relied on observed discharge data from various measurement stations in the Vecht basin to 

calibrate and validate the LISFLOOD-OS model. However, discrepancies in the recorded discharge 
values across different stations introduced uncertainties in the analysis. For example, despite De 

Haandrik being located downstream of Emlichheim, discharge values at De Haandrik were often 

recorded as lower than those at Emlichheim. In this case, the observed discharges at Emlichheim were 
considered more reliable, as they aligned better with the cumulative flows from upstream stations. Such 

inconsistencies indicate potential errors in measurement or data handling that could affect the reliability 
of the model's performance metrics. Additionally, stations such as Archem TOT and Lage Gesamt 

combine data from several stations, which may introduce errors. This data aggregation increases 

uncertainty, especially if stations malfunction or have errors not immediately identified. 

5.1.2. Limitations in model 

Although LISFLOOD-OS incorporates spatially distributed and partially physically-based process 
representations (van der Knijff et al., 2010), its process representations often fall short of fully capturing 

the complexities of hydrological systems. Van der Knijff et al. (2010) highlights that the model uses 
simplified descriptions to balance computational efficiency and data availability, leading to compromises 

in physical accuracy. For example, while the physically based nature of the model is beneficial for 

simulating the effects of nature-based solutions, the limited physical detail required workarounds to 
represent certain NBS effects adequately. This limitation reduces the reliability of simulations involving 

detailed hydrological interventions as introduced by the NBS. 

LISFLOOD-OS does not simulate upward vertical soil moisture movement (capillary rise) or deep 

groundwater systems. Using the percolation loss flux (GWloss) as a calibration parameter to correctly 

simulate lower zone discharge rates introduces additional uncertainty. Although it was necessary to 
include GWloss in the calibration to align baseflow simulations with observed discharges, it may 

inaccurately represent actual baseflow generation processes, as there is no evidence of significant 

groundwater losses in the Vecht catchment. 

The relatively coarse resolution of the input data is also a limitation. The static input maps were primarily 
derived from the EFAS database at 1.5 km resolution, while the meteorological inputs were derived 

from the 7 km resolution E-OBS dataset. Although these maps were interpolated to a finer 200 m × 

200 m grid for use in the model, this process cannot fully capture the spatial variability within smaller 
areas, particularly for heterogeneous land use patterns. While this may affect runoff generation or 

infiltration at smaller scales, the effect on overall discharges is unlikely to be significant. 

LISFLOOD-OS models only the natural hydrological response of the catchment, excluding contributions 

from non-natural sources such as canals and sewage treatment plants. While this exclusion has minimal 

impact during high flow winter periods, it will likely lead to an underestimation of discharges during low 
flow summer periods when human-induced water inputs can be a significant proportion of the total 

flow. 
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The daily time step used in this study has limitations in capturing peak discharge dynamics during high 
flow events. Hourly discharge data often show higher peaks than daily averages, particularly in sub-

catchments with rapid hydrological responses. This discrepancy is most evident during intense rainfall 
events and can lead to an underestimation of peak flow magnitudes. However, this limitation is less 

critical during low flow periods as flow tends to be relatively stable throughout the day.  

The calibrated model performed better in simulating the more natural flow regime of the German part 
of the Vecht catchment than the heavily regulated Dutch sections. This limitation is consistent with the 

findings of Dankers et al. (2007), who analysed LISFLOOD-OS simulations of the 2002 flood event in 
the Danube at Bratislava. Their study revealed a systematic overestimation of peak flows. Van der Knijff 

et al. (2010) attributed this overestimation to the inability of LISFLOOD-OS to account for hydraulic 
structures such as sluices, weirs, and artificial channels, which significantly alter the natural flow regime. 

The results of this study for the regulated Dutch Vecht may not fully capture the potential effects of 

NBS due to the model's reduced accuracy in simulating the local discharge dynamics. 

5.1.3. Limitations in methods 

The calibration of LISFLOOD-OS was performed manually, resulting in acceptable values for the multi-
objective function. However, manual calibration has inherent limitations in the systematic optimisation 

of parameters. Automatic calibration methods could overcome the challenges of manual calibration. 

They streamline parameter optimisation and reduce resource requirements, achieving greater accuracy 
in hydrological model calibration (Nandi & Janga Reddy, 2021). LISFLOOD-OS includes an automated 

calibration tool that uses a genetic algorithm (DEAP) to optimise parameters across inter-station regions 
systematically. While this tool was not used in this study, it might have improved calibration efficiency 

and simulation accuracy. The observed underestimation of peak flows in the used reference scenarios 

is considered to have affected the assessment of the impact of NBS on absolute peak flows. 

The model calibration process used a multi-objective function with three performance metrics: NSw, 

NSinv and RVE. This approach aimed to balance the performance of the model for both high and low 
flows. However, greater emphasis on RVE during calibration may have been more appropriate as it 

directly reflects the accuracy of the water balance - including key processes such as infiltration, 

evaporation and runoff - which are central to assessing the impact of NBS. 

The calibration and validation results showed significant deviations in the RVE, with average errors of 

±30% and outliers exceeding 70%. These large discrepancies indicate potential inaccuracies in 
representing the water balance across the catchment. As a result, the ability to assess absolute flow 

changes due to NBS is reduced, and the results primarily reflect trends rather than precise values of 

flow extremes. 

The parameterisation of the effects of NBS was based on literature that primarily focused on field 

experiments and small-scale studies. While these studies provided valuable insights into the effects of 
measures such as afforestation and soil improvement on soil properties, their results showed 

considerable variability. This variability was particularly evident in saturated hydraulic conductivity and 
soil water-holding capacity, which often differed significantly between studies. In addition, the depth 

of the soil layers considered in these studies was limited. For afforestation, effects were generally only 
measured to a depth of 1 m, while for soil improvement measures, measurements rarely exceeded 20 

cm. However, in LISFLOOD-OS, the soil layers are divided into three depths, with the second layer 

extending to a depth of 140 cm. Due to the lack of data for deeper layers, adjustments for saturated 
hydraulic conductivity and soil moisture content were extrapolated from surface level results. This 

extrapolation is subject to uncertainty as the actual effect of NBS at these depths remains unclear. 
Furthermore, during the parameterisation process, adjustments were consistently made to the same 

parameters—such as saturated hydraulic conductivity—regardless of the specific NBS being 

implemented. This raises the question of whether such uniform adjustments adequately reflect the 

varying impacts of different NBS. 
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5.2. Interpretation of results 

The results of this study are interpreted and compared to existing literature to provide context and 

evaluate their implications for understanding the effects of nature-based solutions on high and low 

flows. 

5.2.1. Model performance 

Performance of LISFLOOD-OS for the Vecht  
The LISFLOOD-OS model showed mixed performance in simulating discharges within the Vecht 

catchment. During calibration, the NSw was above 0.5 on average across stations, which is in the 

"satisfactory" range (Motovilov et al., 1999). However, inverse Nash-Sutcliffe efficiencies were often 
below 0.36, indicating 'unsatisfactory' performance at low flows. The RVE showed large variations, 

averaging ±30%, reflecting significant inaccuracies in the water balance simulation.  

During validation, performance varied between different validation periods. In years with extreme peak 

discharges like 1998 and 2023, NSinv scores improved, with some stations scoring above 0.6. In contrast, 
performance for dry years like 2018 severely decreased, with many stations scoring NSinv below 0. This 

highlights the model's limited ability to simulate low flows during dry periods while performing 

reasonably well for high flow dynamics in wet conditions. 

Comparison with other LISFLOOD-OS applications 
In most studies, different performance metrics are used, making direct comparisons with the results of 
this study challenging. Therefore, the performance of LISFLOOD-OS for the Vecht catchment was 

evaluated using Nash-Sutcliffe efficiency (NSE) as a common benchmark and compared to other studies 

that applied the model in different catchments. For example, van der Knijff et al. (2010) reported 
average NSE scores of around 0.7 for the Elbe catchment, while Silva Peixoto et al. (2024) achieved 

similar results for the Madeira catchment. These scores are significantly higher than the NSw and NSinv 
scores in this study. In contrast, Gai et al. (2019), who applied LISFLOOD-OS to the Wei River 

catchment in China, reported a wider range of NSE values, including some negative values and averages 

closer to 0.5. This variability is more in line with the performance observed for the Vecht catchment. 

 
Comparison with Wflow sbm in the Vecht catchment 
The performance of LISFLOOD-OS was compared with that of the Wflow sbm model applied to the 

same Vecht catchment in a parallel study by Cazemier (2024b). Table 16 shows the observed and 

simulated average discharges and the objective function (OF) values for both models during the 
calibration period. Wflow sbm consistently achieved higher OF values at most stations, reflecting better 

overall model performance. For example, at the Emlichheim station, Wflow sbm achieved an OF of 0.76 
compared to 0.26 for LISFLOOD-OS. In addition to higher OF values, Wflow sbm generally simulated 

average discharges closer to the observed values, whereas LISFLOOD-OS tended to underestimate 

flows at most stations. This suggests that LISFLOOD-OS may under-represent the runoff generation in 
the catchment. This trend of better performance of Wflow sbm was also observed during the validation 

periods, where it consistently achieved higher OF values than LISFLOOD-OS. 

Table 16: Observed and simulated average discharges and objective function values over calibration period for both 
LISFLOOD-OS and Wflow sbm at all stations. Green indicates better model performance compared to other model, red 

indicates worse, and orange indicates equal performance. 

Station Average discharge [m3/s] Objective function value 
 Observed LISFLOOD-OS Wflow sbm LISFLOOD-OS Wflow sbm 

Wettringen 1.9 1.2 1.9 0.44 0.54 
Bilk 2.1 1.1 2.2 0.28 0.58 

Gronau 1.9 1.2 2.2 0.31 0.51 
Ohne 4.4 2.7 4.5 0.46 0.73 

Neuenhaus 7.6 4.4 7.5 0.23 0.60 
Lage Gesamt 7.2 5.3 6.2 0.21 0.66 

Table continues on the next page 



5 - Discussion 

47 

 

Station Average discharge [m3/s] Objective function value 
 Observed LISFLOOD-OS Wflow sbm LISFLOOD-OS Wflow sbm 

Osterwald 1.3 1.6 2.1 0.20 -0.27 
Emlichheim 18.0 13.1 17.3 0.26 0.76 
De Haandrik 17.3 13.3 17.4 0.03 0.38 

Ane 
Gramsbergen 

5.1 8.3 5.0 0.18 0.28 

Ommen 23.8 24.8 25.8 0.18 0.49 
Ommerkanaal 2.4 3.5 1.4 0.15 0.22 

Archem TOT 9.7 8.7 13.6 0.41 0.15 
Dalfsen - 37.5 41.7 - - 

 

5.2.2. Effects of nature-based solutions on high and low flows 

Afforestation 
The effects of afforestation on peak flow reduction reported in this study are consistent with the existing 

literature but show different magnitudes. The modelled peak discharge reductions in this study are 
consistent with the findings of Penning et al. (2024), who reported reductions of up to 60-70% for 

frequent, less extreme events but only 30% for more extreme events with 80% afforestation. Gai et 

al. (2019) documented a 14% reduction in peak flows in a forested scenario, which is less pronounced 
than the results found in this study for larger-scale afforestation scenarios. In contrast, the impact of 

afforestation on low flow (MAM7) is negligible in this study, with changes consistently below 0.5%. 
These results are in contrast to the findings of Farley et al. (2005) and Gai et al. (2019), who observed 

decreases in low flows of up to 60% in pine plantations and 85% in afforestation scenarios, respectively. 

Such differences highlight the dependence of the low-flow effects on the type and age of the forest 
and the model structure. The 12% average streamflow reductions for 75% afforestation is more in line 

with the Gai et al. (2019) average, demonstrating afforestation's potential. However, Buechel et al. 
(2022) observed smaller reductions, suggesting effects may vary. 

The effects of afforestation on water balance components in this study are consistent with findings in 
the wider literature, particularly concerning increases in evapotranspiration and reductions in surface 

runoff. In the Vecht catchment, afforestation scenarios led to consistent increases in modelled actual 

evaporation. Similar trends are observed by Hoang & Hughes (2024), where evapotranspiration 
increased between 22% and 48% following significant land use conversion to pine plantations. The 

reductions in surface runoff modelled in this study, ranging from 15% to 40%, are comparable to the 
findings by Farley et al. (2005), who observed reductions of up to 50% in 20-year-old forest plantations. 

However, other studies show more variable results. Buechel et al. (2022) report seasonal differences, 

with runoff reductions occurring mainly in winter, spring and autumn but with potential increases in 

summer due to higher soil saturation. 

Regarding subsurface hydrology, this study found that afforestation decreased upper zone outflow 
significantly, particularly in wetter years, while impacts on lower zone outflow were minimal. In contrast, 

Hoang & Hughes (2024) reported an increase in lateral flow and a consistent but uncertain decrease in 

groundwater flow. While the results differ in the direction of changes in shallow subsurface flow, both 
studies highlight that afforestation predominantly affects surface and shallow subsurface hydrological 

processes, with minimal and less consistent effects on deeper groundwater dynamics. 

Soil aeration and subsoiling 
This study demonstrated that soil aeration and subsoiling significantly reduced peak discharges, with 
reductions of approximately 24% in summer and 17% in winter under a 200 mm rainfall scenario. 

These reductions are consistent with findings in the literature, which consistently highlight the ability 

of aeration to increase infiltration and reduce surface runoff. For example, DeLaune et al. (2013) 
reported runoff reductions of up to 57% after aeration. Soil aeration and subsoiling resulted in a 2.8% 

increase in low flow. This aligns with the increased infiltration and soil water storage capacity reported 
by Smith (2012) who documented increases in soil water storage capacity, showing the potential of 

aeration to enhance subsurface flow. 
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The reduction in surface runoff observed in this study illustrates the potential of soil aeration to improve 
water retention and reduce annual runoff volumes. This is consistent with the findings of DeLaune et 

al. (2013) and Douglas et al. (1998), who highlighted the role of aeration in improving soil structure 
and macropore connectivity. However, as noted in the literature, these effects can vary significantly 

depending on site-specific conditions and are often short-lived. For example, DeLaune et al. (2013) 

reported that runoff volumes returned to baseline within six weeks due to sediment accumulation and 
natural re-compaction of soils. It is important to note that these temporal effects are not represented 

in this study, as the parameter settings in LISFLOOD-OS remain static over time. The small increases 

in subsurface outflow are consistent with the literature on increased infiltration and water redistribution.  

Conservation tillage 
This study found that conservation tillage reduced peak discharges by up to 9% in summer under a 
200 mm rainfall scenario. This is consistent with the findings of He et al. (2009), who reported improved 

infiltration rates and macroporosity in no-till systems, leading to better water retention and slower 
runoff generation.  However, some studies suggest that the effects of conservation tillage may be 

inconsistent. For example, Deasy et al. (2014) found that minimum tillage can increase runoff and peak 
flow generation in certain contexts, particularly during intense rainfall events. 

The potential of conservation tillage to improve soil water retention and reduce annual runoff is 

illustrated by the reduction in surface runoff observed in this study. These results are consistent with 
those of Fér et al. (2020), who demonstrated higher soil water retention capacity under no-till systems 

compared to conventional tillage. While this study found slight increases in upper and lower zone 
outflow, suggesting increased subsurface water movement, these changes were modest. The observed 

modest increases in subsurface outflow lack direct support from the literature, indicating a gap in 

understanding the effects of conservation tillage on subsurface hydrology.  

Stocking density 
The reduction in peak flows observed in this study is consistent with findings in the literature 
emphasising the benefits of reduced grazing pressure on infiltration and surface runoff. Heathwaite et 

al. (1990) demonstrated that heavily grazed grasslands produced almost 12 times more runoff than 

ungrazed fields, highlighting the significant role of grazing pressure on runoff dynamics. Similarly, 
Marshall et al. (2014) observed that ungrazed plots had shallower rising limbs and smaller runoff peaks 

than grazed plots. 

The increase in subsurface outflow observed in this study is supported by studies reporting increased 

infiltration associated with reduced grazing (Daniel et al., 2002). While direct comparisons are difficult 
due to variability and site-specific conditions, the literature shows that reduced grazing intensity can 

improve infiltration and reduce peak runoff. 

5.2.3. Cross-model evaluation of NBS: LISFLOOD-OS and Wflow sbm in the Vecht 
basin 

Parametrisation of nature-based solutions 
The exact parameterisation of NBS differs between LISFLOOD-OS and Wflow sbm due to differences in 
model structure and land use representation. In LISFLOOD-OS, each grid-cell can contain multiple land 

use types represented as fractions, whereas Wflow sbm assigns a single dominant land use type to 
each grid-cell. Both models link dominant land use types to hydrological processes. Cells with dense 

vegetation in both models emphasise the importance of evaporation and transpiration, but how these 
processes are parameterised differs.  

A key difference lies in the treatment of Leaf Area Index (LAI): LISFLOOD-OS uses 10-day average LAI 

values that vary by land use fraction and includes this only for the forest, irrigated agriculture and 
'other' land use fractions. In contrast, Wflow sbm uses monthly LAI values specific to all included land 

use types. 

The representation of soil structure also varies substantially. Wflow sbm assumes a single 2-meter soil 

layer of uniform depth across the catchment. At the same time, LISFLOOD-OS incorporates three 

distinct soil layers of variable depth, allowing for differential parameter adjustment over depths of up 
to 28 meters. This layered structure in LISFLOOD-OS allows a more detailed parameterisation of NBS 

effects on processes such as infiltration, which vary with soil depth. Finally, the adjustment of Manning's 
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roughness coefficients in forested areas highlights another difference. LISFLOOD-OS uses a maximum 
roughness of 0.14 s m-1/3 in forested areas, while Wflow sbm uses significantly higher values, ranging 

from 0.4 to 0.6 s m-1/3. This difference reflects the models' different approaches to representing surface 

roughness and its influence on surface runoff. 

Comparison of afforestation effects in LISFLOOD-OS and Wflow sbm 
Figure 36 a & Figure 36 b highlight the key differences between the discharge waves generated by 
LISFLOOD-OS (a) and Wflow sbm (b).  

 

(a) (b) 

Figure 36: Hydrographs at Archem TOT for afforestation scenarios under winter conditions with a uniform 2-daily rain 
event of 100 mm/day in LISFLOOD-OS (a) and Wflow sbm (b). 

A significant difference is observed in the magnitude of the simulated peak discharges between the two 

models. In the reference scenario, LISFLOOD-OS simulates a peak discharge of approximately 140 m³/s 
at Archem TOT, while Wflow sbm estimates a substantially higher peak of around 220 m³/s. This 

discrepancy of ±70 m³/s represents approximately 50% of the LISFLOOD-OS peak discharge. This 

difference highlights the tendency of LISFLOOD-OS to underestimate discharges in the Vecht 

catchment, as also observed during the calibration and validation phases. 

In LISFLOOD-OS, the peak discharge decreases rapidly, while in Wflow sbm, the high flows persist for 
several days before gradually decreasing. This difference is probably due to the different flow routing 

methods used by the two models. Wflow sbm uses the local inertial method, which accounts for 
backwater effects (influence of downstream conditions on upstream flow) and flood wave attenuation 

(reduction of flood peak magnitude as it moves downstream). In contrast, LISFLOOD-OS uses the 

kinematic wave approach, simplifying flow routing by neglecting these effects, resulting in faster peak 

dissipation. 

For smaller rainfall events, such as the 80 mm scenario, the relative reductions in peak discharge are 
comparable between the models. For heavier rainfall events or during wet winter conditions, the 

reduction in peak discharge is less pronounced in Wflow sbm compared to LISFLOOD-OS. This trend 

suggests that soil saturation occurs earlier in Wflow sbm, probably due to differences in how the two 

models parameterise the soil layers.  

When examining changes in average discharge, both models show similar trends, with comparable 
relative reductions across afforestation scenarios. These consistent trends indicate that both models 

effectively capture the effect of afforestation on average discharges, primarily driven by increased 
evaporation in forested areas. There is a notable difference when examining the impact on minimum 

7-day average discharge. Wflow sbm shows a more pronounced relative increase in low flows than 

LISFLOOD-OS. Nevertheless, the absolute increases in MAM7 remain small in both models, with 
maximum increases of less than 0.25 m³/s in all afforestation scenarios. This underscores the limited 

impact of afforestation on enhancing baseflow.  
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6. Conclusion and Recommendations 

6.1. Conclusion 

RQ1 -  What is the performance of the LISFLOOD-OS model in simulating high and 
low flows in the Vecht catchment during historical extreme events? 

The LISFLOOD-OS model exhibited acceptable performance in the simulation of high and low flows in 

the Vecht catchment. Calibration results showed satisfactory performance for high flows, as indicated 

by the relatively higher NSw scores, but relatively poor performance for low flows, reflected in low NSinv 
scores. Large deviations in RVE (±30% on average, with some outliers >70%) indicate problems in 

representing the water balance, which undermines the ability to simulate absolute discharge volumes 
reliably. Validation showed better performance during wet years, but further limitations emerged for 

dry periods and low flows. The model performed notably better in the less-regulated German part of 

the catchment than in the Dutch part, where human interventions added complexity that was 
challenging to capture through calibration. Compared to other applications of LISFLOOD-OS in larger 

catchments, performance was significantly lower in the Vecht catchment. 

RQ2 -  How can measures within the NBS groups land use & cover changes and 
improving soil conditions be integrated into the LISFLOOD-OS hydrological 
model? 

A limited set of NBS was considered suitable for application in the Vecht catchment and modelling with 

LISFLOOD-OS. Afforestation and soil improvement measures such as soil aeration, conservation tillage 
and reduced stocking density were selected based on their feasibility and hydrological relevance at the 

catchment scale. These NBS were integrated into LISFLOOD-OS by parameterising changes in soil 

hydraulic properties, surface roughness and land use fractions. Uncertainties in the character and exact 
values of the parameters modified to model the NBS introduce variability in the hydrological effects of 

the NBS, thereby affecting the accuracy and reliability of the modelled results. 

RQ3 -  What are the effects of the nature-based solutions on high and low flows in 
the Vecht catchment according to LISFLOOD-OS under extreme wet and dry 
conditions? 

Realistic afforestation scenarios, such as 10% afforestation in the Dutch and German parts of the 

catchment, showed minimal hydrological effects, highlighting that substantial effects require large-scale 
implementation. Larger afforestation scenarios showed significant reductions in peak flows, particularly 

during summer events, due to increased infiltration and evapotranspiration. However, the benefits of 

afforestation for low flows were negligible in all scenarios, suggesting that while large-scale 
afforestation is effective in mitigating high flow events, its contribution to improving drought resilience 

is limited. 

Soil improvement measures, which are more feasible for widespread implementation on agricultural 

land, had notable effects on both high and low flows. These measures, particularly soil aeration and 

subsoiling, reduced peak flows by increasing infiltration through improved soil structure. Compared to 
afforestation, these measures also showed slightly greater benefits for low flows, reflecting their 

influence on subsurface water retention and outflow. Conservation tillage and stocking density 
adjustments showed smaller but meaningful effects, highlighting their potential as complementary 

strategies in agricultural areas. 

Aim - To quantify the effects of the nature-based solution groups land use & cover 
changes and improving soil conditions on high and low stream flows in the 
Vecht catchment under extreme wet and dry conditions, using the 
LISFLOOD-OS distributed hydrological model. 

This study has shown that NBS can influence extreme flow conditions in the Vecht catchment. Still, the 

magnitude of the effect is highly dependent on the scale and location of implementation. Afforestation 
and soil improvement measures both showed significant potential to reduce high flows. While 

afforestation had minimal impact on low flows, soil improvement measures showed slightly greater 

benefits, highlighting their potential to address both high and low flow challenges. 
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However, practical limitations such as the feasibility of large-scale implementation, uncertainties in 
parameterisation and the limited accuracy of the LISFLOOD-OS model, especially for simulating low 

flows, limit the applicability of the results. The results highlight the importance of balancing ambitious 
measures such as afforestation with more pragmatic and scalable measures such as soil improvement 

strategies to increase hydrological resilience in the Vecht catchment. 

6.2. Recommendations 

6.2.1. Practical recommendations  

Discrepancies between observed discharges at various stations in the Vecht catchment, together with 

missing discharge measurements, introduced uncertainties that affected model calibration and 
validation in this study. Ensuring robust and standardised discharge datasets would improve model 

calibration and validation, thereby indirectly enhancing the reliability of model outputs and providing a 
more solid foundation for evaluating NBS. It is recommended that standardised protocols for discharge 

measurements are implemented across the catchment to ensure accuracy and consistency across 
stations and time periods. In addition, while the EFAS maps used in this study provided a reasonable 

basis for modelling, higher quality datasets tailored to the study area could further improve the reliability 

of the simulations. Investment in more detailed input data, such as high-resolution soil maps, would 
allow more accurate assessments of NBS effects. Furthermore, the LISFLOOD-OS model for the Vecht 

catchment does not currently include inputs from non-natural sources, such as canal discharges and 
wastewater flows. Including these would improve the accuracy of the simulations, especially during low 

flow conditions. 

Calibration of the model to balance accurate simulation of discharges with a more appropriate 
representation of water balance components could improve the reliability of results. Metrics such as 

infiltration, evaporation, and runoff generation should be prioritised during calibration while ensuring 
the model reproduces observed high and low flows reliably. Therefore, it is recommended to prioritise 

the RVE during calibration, as this metric provides critical insights into the water balance and can help 
address discrepancies in the simulated flow volumes. In addition, moving from a daily to an hourly 

timestep could significantly improve the simulation of short-duration peak flows during extreme events. 

While the daily timestep is fine for general trends, high flow events often occur over hours. Moving to 

finer temporal resolutions would help to represent such events. 

Expanding the range of NBS that can be represented in hydrological models requires dynamic land use 

representation and higher spatial resolutions. Dynamic land use maps would allow models to capture 

temporal variations, critical for accurately simulating long-term NBS effects. Similarly, improving the 

spatial resolution will ensure that localised interventions such as buffer strips or small-scale afforestation 

can be effectively modelled. Field measurements are also crucial to better understand the impact of 

NBS in specific regions. It is recommended that local measurements are taken to better parameterise 

NBS measures and reduce reliance on overly generalised assumptions. Finally, it is recommended to 

couple LISFLOOD-OS with hydrodynamic or groundwater models, as this would allow a better 

assessment of how NBS affect surface hydrology and subsurface dynamics, providing a more 

comprehensive perspective on catchment-scale water management strategies. 

6.2.2. Recommendations for future research 

This study assessed the impact of nature-based solutions on high and low flows using simplified 

meteorological scenarios, including uniform 2-day rainfall events and a historically dry year. While these 
scenarios provided valuable insights, future research should adopt more realistic approaches that reflect 

potential future climate conditions. Investigating the effectiveness of NBS under climate change 

scenarios, such as those outlined in the KNMI'23 framework (Bessembinder et al., 2023), could provide 
critical insights into their ability to mitigate the impacts of heavier rainfall and prolonged droughts. 

Examining shifts in seasonal rainfall patterns and changes in the intensity and frequency of events will 

help to assess the long-term resilience of NBS in the face of climate variability. 

The comparison of LISFLOOD-OS with Wflow-sbm provided a clearer understanding of model strengths 
and limitations in simulating the effects of NBS. Additional cross-model evaluations can identify 

discrepancies in simulated impacts and assess the robustness of results between different modelling 
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frameworks. This can guide the selection of the most appropriate modelling approach for specific 
catchments or research objectives, thereby increasing confidence in hydrological predictions. Beyond 

model comparisons, a multi-model ensemble approach could be used to simulate NBS effects, 
combining the strengths of different models to provide a more comprehensive and reliable 

representation of hydrological impacts. 

The combined effects of different NBS on hydrological processes and their feasibility for large-scale 
implementation require further investigation. While studies often analyse individual measures, the 

combination of measures can lead to synergistic benefits or unforeseen conflicts. Understanding these 
interactions at different scales could optimise the design of NBS strategies. In addition, future research 

should integrate socio-economic considerations such as land use conflicts, financial constraints and 
stakeholder priorities. By addressing both hydrological and practical implementation challenges, more 

actionable NBS strategies can be developed. 
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Appendices 

Appendix A – Hydrological processes in LISFLOOD-OS 

The following sections give a detailed description of each individual process included in LISFLOOD-OS. 

Meteorological forcing 

LISFLOOD-OS is driven by the following meteorological variables: precipitation intensity (𝑃 [
𝑚𝑚

𝑑𝑎𝑦
]), 

potential evapotranspiration of a closed canopy (𝐸𝑇0 [
𝑚𝑚

𝑑𝑎𝑦
]), potential evaporation from bare soil 

(𝐸𝑆0 [
𝑚𝑚

𝑑𝑎𝑦
]), potential evaporation from open water (𝐸𝑊0 [

𝑚𝑚

𝑑𝑎𝑦
]), and average 24-hour temperature 

(𝑇𝑎𝑣𝑔 [°𝐶]). 𝐸𝑇0, 𝐸𝑆0, and 𝐸𝑊0 are calculated externally, and a pre-processing application (LISVAP) is 

available to compute these values from standard meteorological data (van der Knijff et al., 2010). 

Snow melt and frost 

In LISFLOOD-OS, when the average daily temperature falls below 1°C, all precipitation is considered 

snow, accumulating on the soil surface until it melts. While LISFLOOD-OS can calculate snow 
accumulation and snowmelt, these processes are not highly relevant to the study area, so their detailed 

description is omitted from this report. 

Interception  

Interception is estimated using the storage-based approach of Aston (1979) and Merriam (1960), using 

two parameters (Equation 5).   

𝐼𝑛𝑡 = 𝑆𝑚𝑎𝑥 ∙ [1 − 𝑒
−𝑘∙𝑅∙∆𝑡

𝑆𝑚𝑎𝑥 ] [Eq. 5] 

Where 𝐼𝑛𝑡 [𝑚𝑚] is the interception per time step,  𝑆𝑚𝑎𝑥  [𝑚𝑚] is the maximum interception, 𝑅 [
𝑚𝑚

𝑑𝑎𝑦
] is 

the rainfall intensity and the factor 𝑘[−] accounts for the density of the vegetation. 𝑆𝑚𝑎𝑥 is calculated 

using empirical Equation 6 (Von Hoyningen-Huene, 1981), where 𝐿𝐴𝐼 [
𝑚2

𝑚2] is the average Leaf Area 

Index of each pixel.   

{
𝑆𝑚𝑎𝑥 = 0.935 + 0.498 ∙ 𝐿𝐴𝐼 − 0.00575 ∙ 𝐿𝐴𝐼2

𝑆𝑚𝑎𝑥 = 0 
  

[𝐿𝐴𝐼 > 0.1] 
[𝐿𝐴𝐼 ≤ 0.1] 

[Eq. 6] 

And 𝑘 is related to 𝐿𝐴𝐼 following Equation 7.  

𝑘 = 0.046 ∙ 𝐿𝐴𝐼 [Eq. 7] 

The interception at each timestep cannot exceed the rainfall amount. It can also not exceed the 
interception storage capacity defined as the difference between 𝑆𝑚𝑎𝑥 and the accumulated amount of 

water that is stored as interception, 𝐼𝑛𝑡𝑐𝑢𝑚 [𝑚𝑚].  

Evaporation of intercepted water 

The evaporation of water intercepted by vegetation, 𝐸𝑊𝑖𝑛𝑡  [𝑚𝑚], occurs at the same rate as it would 

from an open water surface, 𝐸𝑊0 [
𝑚𝑚

𝑑𝑎𝑦
]. However, the maximum amount of evaporation during each 

time step 𝐸𝑊𝑚𝑎𝑥  [𝑚𝑚] is proportional to the fraction of the pixel covered by vegetation as described in 

Equation 8 (Supit et al., 1994).  

𝐸𝑊𝑚𝑎𝑥 = 𝐸𝑊0 ∙ [1 − 𝑒−𝜅𝑔𝑏∙𝐿𝐴𝐼] ∙ ∆𝑡 [Eq. 8] 

Where the constant 𝜅𝑔𝑏[−] is the extinction coefficient for global solar radiation. The actual amount of 

evaporation 𝐸𝑊𝑖𝑛𝑡 is limited by the amount of water stored on the leaves 𝐼𝑛𝑡𝑐𝑢𝑚 (Equation 9).  

𝐸𝑊𝑖𝑛𝑡 = min (𝐸𝑊𝑚𝑎𝑥 ∙ ∆𝑡, 𝐼𝑛𝑡𝑐𝑢𝑚) [Eq. 9] 

Water that is not lost as evaporation from the interception storage falls to the soil because of leaf 

drainage, which is modelled as a linear reservoir (Equation 10).   
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𝐷𝑖𝑛𝑡 =
1

𝑇𝑖𝑛𝑡

∙ 𝐼𝑛𝑡𝑐𝑢𝑚 ∙ ∆𝑡 [Eq. 10] 

Where 𝐷𝑖𝑛𝑡  [𝑚𝑚] is the amount of leaf drainage per timestep and 𝑇𝑖𝑛𝑡  [𝑑𝑎𝑦𝑠] is a the residence time 

constant of the interception store. 

Water available for infiltration and direct runoff 

In the permeable fraction of each pixel, the amount of water available for infiltration, 𝑊𝑎𝑣  [𝑚𝑚] is 
calculated using Equation 11 (Supit et al., 1994).  

𝑊𝑎𝑣 = 𝑅 ∙ ∆𝑡 + 𝑀 + 𝐷𝑖𝑛𝑡 − 𝐼𝑛𝑡 [Eq. 11] 

Where 𝑅 [
𝑚𝑚

𝑑𝑎𝑦
] is rainfall and 𝑀 [𝑚𝑚] is snowmelt. No infiltration takes place in the ‘direct runoff fraction’ 

of each cell. Therefore, the direct runoff 𝑅𝑑 [𝑚𝑚] per timestep is calculated as described by Equation 

12.   

𝑅𝑑 = 𝑓𝑑𝑟 ∙ (𝑅 ∙ ∆𝑡 + 𝑀 − 𝐼𝑛𝑡𝑒𝑟𝑐𝑆𝑒𝑎𝑙𝑒𝑑) + 𝑊𝑎𝑡𝑒𝑟𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∙ (𝑅 ∙ ∆𝑡 + 𝑀 − 𝐸𝑊0) [Eq. 12] 

Where 𝐼𝑛𝑡𝑒𝑟𝑐𝑆𝑒𝑎𝑙𝑒𝑑 [𝑚𝑚] is the water retained by the depressions of the impervious surfaces and not 

immediately available to generate direct runoff. It is important to note that the water available for 
infiltration, 𝑊𝑎𝑣, is only valid in the permeable fraction of each cell, whereas the direct runoff, 𝑅𝑑, is 

computed for the full pixel (permeable + direct runoff areas).  

Water uptake by plant roots and transpiration 

Water uptake and transpiration by vegetation and direct evaporation from the soil are two separate 
processes in the model. This section describes the computation of the roots water uptake to support 
plant transpiration. The maximum transpiration per timestep 𝑇𝑚𝑎𝑥  [𝑚𝑚] is described by Equation 13.  

𝑇𝑚𝑎𝑥 = 𝑘𝑐𝑟𝑜𝑝 ∙ 𝐸𝑇0 ∙ [1 − 𝑒−𝜅𝑔𝑏∙𝐿𝐴𝐼] ∙ ∆𝑡 − 𝐸𝑊𝑖𝑛𝑡 [Eq. 13] 

Where 𝑘𝑐𝑟𝑜𝑝 [−] is a crop coefficient describing the ration between the potential evapotranspiration rate 

and the potential evaporation rate of a specific crop. 𝐸𝑇0 [
𝑚𝑚

𝑑𝑎𝑦
] is the potential evapotranspiration rate. 

The actual transpiration rate is dependent on the amount of available soil moisture. The model uses a 
reduction factor to simulate this effect, this 𝑅𝑊𝑆 is computed as described by Equation 14.   

𝑅𝑊𝑆 =
𝑤1 − 𝑤𝑤𝑝1

𝑤𝑐𝑟𝑖𝑡1 − 𝑤𝑤𝑝1

 [Eq. 14] 

Where 𝑤1[𝑚𝑚] is the amount of soil moisture in the superficial and upper soil layers, 𝑤𝑤𝑝1 [𝑚𝑚] is the 

amount of soil moisture at wilting point and 𝑤𝑐𝑟𝑖𝑡1 [𝑚𝑚] is the critical amount of soil moisture. When 

soil moisture levels reach lower levels than the critical point the plants start closing their stomata and 
water uptake is reduced. The value of 𝑤𝑐𝑟𝑖𝑡1 is dependent on soil and crop types and computed as 

described by Equation 15.   

𝑤𝑐𝑟𝑖𝑡1 = (1 − 𝑝) ∙ (𝑤𝑓𝑐1 − 𝑤𝑤𝑝1) + 𝑤𝑤𝑝1 [Eq. 15] 

Where 𝑤𝑓𝑐1 [𝑚𝑚] is the amount of soil moisture at field capacity, and 𝑝 is the soil water depletion 

fraction. The actual transpiration 𝑇𝑎 [𝑚𝑚] is now computed as described by Equation 16. The amount 

of moisture in the superficial soil layer 1a and the upper soil layer 1b are updated after computing the 

actual transpiration.  

𝑇𝑎 = 𝑅𝑊𝑆 ∙ 𝑇𝑚𝑎𝑥 [Eq. 16] 

Evaporation from the soil surface 

The maximum amount of evaporation from the soil surface is equal to the maximum evaporation from 
a shaded soil surface, 𝐸𝑆𝑚𝑎𝑥  [𝑚𝑚] which is computed as (Equation 17):   

𝐸𝑆𝑚𝑎𝑥 = 𝐸𝑆0 ∙ 𝑒
(

−𝜅𝑔𝑏∙𝐿𝐴𝐼

∆𝑡
)
 [Eq. 17] 
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Where 𝐸𝑆0 [
𝑚𝑚

𝑑𝑎𝑦
] is the potential evaporation rate from bare soil surface. The actual evaporation from 

the soil depends on soil moisture availability near the soil surface, with decreasing evaporation rates as 

the topsoil is drying. The model simulates this using a reduction factor, which is a function of the 
number of days since the last rain storm, as described by Equation 18 (Stroosnijder, 1987) & 

(Stroosnijder, 1982).  

𝐸𝑆𝑎 = 𝐸𝑆𝑚𝑎𝑥 ∙ (√𝐷𝑠𝑙𝑟 − √𝐷𝑠𝑙𝑟 − 1) [Eq. 18] 

Where 𝐷𝑠𝑙𝑟  [𝑑𝑎𝑦𝑠] is the number of days since the last rain event. The actual evaporation from the soil 

is always the smallest value out of Equation 18  and the available amount of moisture in the soil. The 
actual soil evaporation is extracted from the superficial soil layer and, subsequently, from the upper 

soil layer. The amount of moisture in in the superficial and upper soil layers is then updated.  

Preferential bypass flow 

During extreme rainfall events, the model simulates preferential flow, where water bypasses the soil 

matrix and drains directly into the groundwater. At each time step, a portion of the water available for 
infiltration 𝑊𝑎𝑣 bypasses the soil matrix. It goes directly to the groundwater, following a power function 

based on the saturation level of the superficial and upper soil layers. This results in an equation that is 

somewhat similar to the excess soil water equation as used in the HBV model (Lindström et al., 1997) 

The amount of preferential flow per timestep, 𝐷𝑝𝑟𝑒𝑓,𝑔𝑤  [𝑚𝑚], is computed as (Equation 19):  

𝐷𝑝𝑟𝑒𝑓,𝑔𝑤 = 𝑊𝑎𝑣 ∙ (
𝑤1

𝑤𝑠1

)
𝑐𝑝𝑟𝑒𝑓

 [Eq. 19] 

Where 𝑐𝑝𝑟𝑒𝑓  [−] is an empirical shape parameter, and at increasing values for 𝑐𝑝𝑟𝑒𝑓 the percentage of 

preferential flow is decreasing. Preferential flow is only simulated in the permeable fraction of each 

pixel and becomes increasingly important as the soil gets wetter.  

Infiltration capacity 

The infiltration capacity of the soil is estimated using the Xinanjiang model (Zhao & Liu, 1995), which 
assumes that the fraction of a grid-cell contributing to surface runoff is related to the total amount of 

soil moisture, and that this relationship can be described by a non-linear distribution factor. The 
saturated fraction 𝐴𝑠 of the permeable fraction of each pixel is computed as described by Equation 20.   

𝐴𝑠 = 1 − (1 −
𝑤1

𝑤𝑠1

)
𝑏

   [Eq. 20] 

Where 𝑤𝑠1 [𝑚𝑚] and 𝑤1 [𝑚𝑚] are the maximum and actual amounts of moisture in the superficial and 

upper soil layers. 𝑏 [−] is an empirical non-dimensional shape parameter. The potential infiltration 

capacity 𝐼𝑁𝐹𝑝𝑜𝑡 [𝑚𝑚] is a function of 𝑤𝑠1 and 𝐴𝑠 as described by Equation 21.  

𝐼𝑁𝐹𝑝𝑜𝑡 =
𝑤𝑠1

𝑏 + 1
∙ (1 − 𝐴𝑠)

𝑏+1
𝑏

  [Eq. 21] 

Actual infiltration and surface runoff 

The actual infiltration 𝐼𝑁𝐹𝑎𝑐𝑡  [𝑚𝑚] is now calculated as described by Equation 22.  

𝐼𝑁𝐹𝑎𝑐𝑡 = min(𝐼𝑁𝐹𝑝𝑜𝑡 , 𝑊𝑎𝑣 − 𝐷𝑝𝑟𝑒𝑓,𝑔𝑤) [Eq. 22] 

The amount of actual infiltration is added to the superficial and upper soil layers. Finally, the surface 
runoff 𝑅𝑠 [𝑚𝑚] is computed as (Equation 23):   

𝑅𝑠 = 𝑅𝑑 + (1 − 𝑓𝑑𝑟) ∙ (𝑊𝑎𝑣 − 𝐷𝑝𝑟𝑒𝑓,𝑔𝑤 − 𝐼𝑁𝐹𝑎𝑐𝑡)  [Eq. 23] 

Where 𝑅𝑑  [𝑚𝑚] is the direct runoff generated in the pixel’s ‘direct runoff fraction’ (𝑓𝑑𝑟). After the 

infiltration calculations the amount of moisture in the upper soil layer is updated.   

Soil moisture redistribution 

The moisture fluxes out of the subsoil and between the upper and lower soil layers are based on the 

simplifying assumption that the flow of soil moisture is entirely gravity-driven. Starting from Darcy’s law 
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for 1-D vertical flow rate, where 𝑞 [
𝑚𝑚

𝑑𝑎𝑦
] is the flow rate out of the soil (e.g. superficial, upper or lower 

soil layer) as described by Equation 24.  

𝑞 = −𝐾(𝜃) ∙ [
𝜕ℎ(𝜃)

𝜕𝑧
− 1]  [Eq. 24] 

Where 𝐾(𝜃) [
𝑚𝑚

𝑑𝑎𝑦
] is the hydraulic conductivity as a function of the volumetric moisture content of the 

soil 𝜃 [
𝑚𝑚

𝑑𝑎𝑦
], and 

𝜕ℎ(𝜃)

𝜕𝑧
 is the matric potential gradient. Hydraulic conductivity and soil moisture status is 

further described by the Van Genuchten equation (van Genuchten, 1980). Here, Equation 25 describes 

the Van Genuchten equation in terms of mm water slice instead of volume fractions.  

𝐾(𝑤) = 𝐾𝑠 ∙ √(
𝑤 − 𝑤𝑟

𝑤𝑠 − 𝑤𝑟

)  ∙ {1 − [1 − (
𝑤 − 𝑤𝑟

𝑤𝑠 − 𝑤𝑟

)

1
𝑚

]

𝑚

}

2

 [Eq. 25] 

Where 𝐾𝑠  [
𝑚𝑚

𝑑𝑎𝑦
] is the saturated conductivity of the soil, and 𝑤, 𝑤𝑟 and 𝑤𝑠 are the actual, residual and 

maximum amounts of soil moisture in the soil respectively (all in [mm]). Parameter 𝑚 is calculated from 

the soil texture-related pore size index, 𝜆. The computation of 𝑚 is done as described by Equation 26.  

𝑚 =
𝜆

𝜆 + 1
 [Eq. 26] 

Subsurface flow 

LISFLOOD-OS simulates groundwater storage and flow using two parallel linear reservoirs, following a 
method similar to the HBV-96 model (Lindström et al., 1997). The upper reservoir represents faster 

runoff, which includes rapid groundwater and subsurface flow through large soil pores, while the lower 
reservoir represents slower groundwater movement that contributes to base flow. The outflow from 
the upper zone to the channel, 𝑄𝑢𝑧 [𝑚𝑚], is calculated as described by Equation 27.  

𝑄𝑢𝑧 =
1

𝑇𝑢𝑧

∙ 𝑈𝑍 ∙ ∆𝑡 [Eq. 27] 

Where 𝑇𝑢𝑧 [𝑑𝑎𝑦𝑠] is the reservoir constant of the upper zone, and 𝑈𝑍 [𝑚𝑚] the amount of water that 

is stored in the upper zone. The amount of water stored in the upper zone is computed as follows 

(Equation 28):  

𝑈𝑍 = 𝐷𝑙𝑠,𝑢𝑧 + 𝐷𝑝𝑟𝑒𝑓,𝑢𝑧 − 𝐷𝑢𝑧,𝑙𝑧 [Eq. 28] 

Where 𝐷𝑙𝑠,𝑢𝑤  [𝑚𝑚] is the flux from the lower soil layer to the groundwater, 𝐷𝑝𝑟𝑒𝑓,𝑢𝑧 [𝑚𝑚]  is the amount 

of preferential flow and 𝐷𝑢𝑧,𝑙𝑧 [𝑚𝑚] is the amount of water that percolates from the upper to the lower 

zone. Outflow from the lower zone to the channel is then computed by (Equation 29): 

𝑄𝑙𝑧 =
1

𝑇𝑙𝑧

∙ 𝐿𝑍 ∙ ∆𝑡 [Eq. 29] 

Where 𝑇𝑙𝑧 [𝑑𝑎𝑦𝑠] is the reservoir constant of the lower zone, and 𝐿𝑍 [𝑚𝑚] the amount of water stored 

in the lower zone. The amount of water stored in the lower zone is computed as follows (Equation 30):  

𝐿𝑍 = 𝐷𝑢𝑧,𝑙𝑧 − 𝑇𝑜𝑡𝑎𝑙𝐴𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐹𝑟𝑜𝑚𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 − 𝐷𝑙𝑜𝑠𝑠 [Eq. 30] 

Where 𝑇𝑜𝑡𝑎𝑙𝐴𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐹𝑟𝑜𝑚𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 [𝑚𝑚] is the water abstracted from the lower zone to 

comply with domestic, industrial, irrigation and livestock demand. 𝐷𝑙𝑜𝑠𝑠  [𝑚𝑚] is percolation from the 

groundwater zone, this water never rejoins the channel and is lost beyond the catchment boundaries 

or to deep groundwater systems.  

Surface- and subsurface runoff routing 

Routing in LISFLOOD-OS takes place in two stages. First, the runoff generated in each pixel is routed 

to the nearest downstream channel. Surface runoff is routed using a four-point implicit finite difference 
method based on the kinematic wave equations (Chow et al., 1988). Subsurface runoff, including water 

from the upper and lower groundwater zones, is routed to the nearest downstream channel pixel within 
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one time step. Finally, the water in each channel pixel is routed through the channel network, again 
using the four-point implicit finite-difference solution of the kinematic wave equations. The basic 

equations used are the equations of continuity (Equation 31) and momentum (Equation 32). 

𝜕𝑄𝑠𝑟

𝜕𝑥
+

𝜕𝐴𝑠𝑟

𝜕𝑡
= 𝑞𝑠𝑟 [Eq. 31] 

Where 𝑄𝑠𝑟  [
𝑚3

𝑠
] is the surface runoff, 𝐴𝑠𝑟 [𝑚2] is the cross-sectional area of the flow and 𝑞𝑠𝑟  [

𝑚2

𝑠
] is the 

amount of lateral inflow per unit flow length.  

𝜌 ∙ 𝑔 ∙ 𝐴𝑠𝑟 ∙ (𝑆0 − 𝑆𝑓) = 0 [Eq. 32] 

Where 𝜌 [
𝑘𝑔

𝑚3] is the density of the flow, 𝑔 [
𝑚

𝑠2] is the gravity acceleration, 𝑆0 is the topographical gradient 

and 𝑆𝑓 is the friction gradient.   
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Appendix B – Discharge data 

Table B 1: Discharge station data availability and corresponding sources. 

Station name From  Until  Source(s) 

Bilk  GE 1975-01-11 2024-05-31 Deltares (1975-2017), NRW (1996-2024) 

Wettringen  GE 1975-01-11 2024-05-31 Deltares (1975-2017), NRW (1996-2024) 

Ohne  GE 1968-01-02 2024-04-30 Deltares (1968-2017), FEWS (2019-2024) 

Gronau  GE 1996-01-11 2024-05-31 NRW (1996-2024) 

Lage I  GE 1963-01-03 2017-12-31 NLWKN 

Lage II  GE 1963-01-03 2017-12-31 NLWKN 

Lage III  GE 1972-01-04 2017-12-31 NLWKN 

Lage Gesamt  GE 1963-01-03 2017-12-31 NLWKN 

Dinkel  GE 2020-01-05 2023-11-06 FEWS (2020-2023) 

Neuenhaus GE 1950-01-01 2024-05-31 NLWKN, FEWS (2020-2024) 

Osterwald GE 1963-01-11 2024-05-31 NLWKN, FEWS (2020-2024) 

Emlichheim GE 1950-01-01 2024-05-31 NLWKN, FEWS (2017-2024), Waterboard 
Vechtstromen (Christmas 23/24) 

De Haandrik NL 2007-01-01 2024-05-28 Waterboard Vechtstromen 

Ane 
Gramsbergen 

NL 2005-07-15 2024-05-31 Deltares (2005-2016), FEWS (2020-2024), 
Waterboard Vechtstromen (Christmas 23/24) 

ST Hardenberg NL 1997-07-01  Deltares 

ST Marienberg NL 1997-07-01  Deltares 

ST Junne NL 1989-01-01  Deltares 

Ommen NL 2001-10-14 2024-05-31 Deltares (2001-2015), RWS (2015-2024), 
Waterboard Vechtstromen (Christmas 23/24) 

Ommerkanaal NL 2001-10-14 2024-05-31 Deltares (2001-2015), RWS (2015-2024), 

Waterboard Vechtstromen (Christmas 23/24) 

Archem TOT NL 1996-01-01 2017-12-04 Deltares (1996-2017), FEWS (2022-2024) 

DM Dalfsen NL 2012-12-06 2024-05-13 Waterboard Drents Overijsselse Delta  
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Appendix C – Static maps in LISFLOOD-OS model 

All EFAS maps were retrieved from the Joint Research Centre open database (Joint Research Centre, 

2024d). Wflow sbm maps for the Vecht were retrieved from MERIT Hydro (Yamazaki et al., 2019).  

Table C 1: Overview of static maps used in LISFLOOD-OS model. 

Map name Description Units; range 
Interpolation 
method Source 

General maps     

Mask map Boolean map that defines 
model boundaries 

Units: -; 
Range: NoData or 1 

 User-defined 

Land use mask Boolean map for land use 
calculations 

Units: -; 
Range: NoData or 1 

 User-defined 

Pixel length Map with grid-cell (pixel) 
length along the latitude 

Units: -; 
Range: >0 

 User-defined 

Pixel area Map with grid-cell (pixel) 
area 

Units: m2; Range: >0  User-defined 

Topography 
maps 

    

Local drain 
direction map 

Local drain direction map - 
flow directions from each 
grid-cell to its steepest 
downslope neighbour; 

Units: -; 
Values: 
1,2,3,4,5,6,7,8,9 

- Wflow sbm 

Gradient map Slope gradient Units: -; Range: >0 Cubic EFAS  

Elevation 
standard 
deviation 

Standard deviation of 
elevation (altitude 
difference elevation within 
a grid-cell) 

Units: -; 
Range: >=0 

Cubic EFAS 

Land use maps     

Fraction of inland 
water 

Inland water fraction for 
each grid-cell  

Units: -; 
Range: [0-1] 

Nearest-
neighbour 

EFAS 

Fraction of sealed 
surfaces 

Urban surface fraction for 
each grid-cell 

Units: -; 
Range: [0-1] 

Nearest-
neighbour 

EFAS 

Fraction of forest Forest fraction for each 

grid-cell 

Units: -; Range: [0-1] Nearest-

neighbour 

EFAS 

Fraction of 
irrigated crops 

Irrigated crop (except 
rice) fraction for each 
grid-cell 

Units: -; 
Range: [0-1] 

Nearest-
neighbour 

EFAS 

Fraction of rice Irrigated rice fraction for 
each grid-cell 

Units: -; 
Range: [0-1] 

Nearest-
neighbour 

EFAS 

Fraction of other 
land use type 

Other (e.g. agricultural 
areas, non-forested 
natural areas, pervious 
surface of urban areas) 
land cover type (not 
mentioned above) fraction 
for each grid-cell 

Units: -; 
Range: [0-1] 

Nearest-
neighbour 

EFAS 

Land use 
depending 

maps 

    

Crop coefficient Averaged (by time and 
ecosystem type) crop 
coefficient for forest/ 
irrigated crops/ other land 
cover type 

Units: -; 
Range: 0.20 .. 1.08 

Cubic EFAS 

Crop group 
number 

Averaged (by time and 
ecosystem type) crop 
group number for forest/ 
irrigated crops/ other land 
cover type 

Units: -; 
Range: 1 .. 5 

Cubic EFAS 

Table continues on the next page 
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Map name Description  Units; range 
Interpolation 
method Source 

Continuation of 
Land use 

depending 
maps 

    

Manning’s 
coefficient 

Averaged (by ecosystem 
type) Manning’s 
roughness coefficient for 
forest/ irrigated crops/ 
other land cover type 

Units: m1/3 s-1; 
Range: 0.015 .. 0.200 

Cubic EFAS 

Soil depth Forested/ other (non-
forested) area soil depth 
for soil layer 1 (surface 
layer)/ 2 (middle layer)/ 3 
(bottom layer) 

Units: mm; 
Range: ≥ 50** 

Cubic EFAS 

Soil hydraulic 
properties 

maps 

    

Theta saturated Saturated volumetric soil 
moisture content for 
forested/non-forested 
(others) areas 

Units: m3/m3; 
Range: > 0.000 & < 
1.000 

Cubic EFAS 

Theta residual Residual volumetric soil 
moisture content for 
forested/non-forested 
(others) areas 

Units: m3/m3; 
Range: > 0.000 & < 
1.000 

Cubic EFAS 

lambda Pore size index (λ) for 
forested/non-forested 
(others) areas 

Units: - ; 
Range: > 0.000 & ≤ 
0.42 

Cubic EFAS 

Genu Alpha Van Genuchten parameter 
(𝛼) for forested/non-

forested (others) areas 
soil 

Units: cm-1 ; 
Range: > 0.000 & ≤ 
0.055 

Cubic EFAS 

K saturated Saturated conductivity for 

forested/non-forested 
(others) areas 

Units: mm/day ; 

Range: > 0.000 

Cubic EFAS 

Channel 
geometry maps 

    

Channel mask Boolean map that 
identifies the channel grid-
cells 

Units: -; 
Range: NoData or 1 

- EFAS 

Side slope Channel side slope Units: m; Range>0 - EFAS 

Channel length Channel length (value can 
exceed grid size, to 
account for meandering 
rivers) 

Units: m; 
Range>0 

- Wflow sbm  

Channel gradient Channel longitudinal 
gradient 

Units: m/m; 
Range: [0-1] 

Cubic EFAS 

Manning’s 
roughness 
coefficient 

Channels Manning’s 
roughness coefficient 

Units: m1/3 s-1 Cubic EFAS 

Bottom width Channel bottom width Units: m; Range>0 - User-defined 

Floodplain Width of the area where 
the surplus of water is 
distributed when the 
water level in the channel 
exceeds the bankfull 
channel depth 

Units: m; 
Range>0 

- User-defined 

Bankfull channel 
depth 

Bankfull channel depth Units: m; 
Range>0 

Cubic EFAS 

Table continues on the next page 
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Map name Description  Units; range 
Interpolation 
method Source 

Leaf area index 
maps 

    

LAI for forest 10-day average (36 maps 
in total) Leaf Area Index 
for closed forested areas 
(forest fraction per grid-
cell ≥ 0.7) 

Units: -; Range: 0 ..7 Cubic EFAS 

LAI for irrigated 
crops 

10-day average (36 maps 
in total) Leaf Area Index 
for irrigated crop areas 
(irrigated crop fraction per 
grid-cell ≥ 0.7) 

Units: -; Range: 0 ..7 Cubic EFAS 

LAI for other 10-day average (36 maps 
in total) Leaf Area Index 
for mainly other land 
cover type areas (other 

land cover type fraction 
per grid-cell ≥ 0.7) 

Units: -; Range: 0 ..7 Cubic EFAS 
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Appendix D – Sensitivity analysis 

Appendix D1: Parameter values in sensitivity analysis 

Table D 1: Parameter values included in sensitivity analysis. 

Parameter name Unit Min  Default  Max 
Cm mm/(C day) - - - - - 

b  - 0.01 0.255 0.5 2.75 5 
Cpref - 0.5 2.25 4 6 8 

Tuz days 0.01 5.005 10 25 40 
GWperc mm/day 0.01 0.405 0.8 1.7 2 

Tlz days 40 70 100 550 10000 
LZthreshold mm 0 5 10 20 30 

GWloss - 0 0.125 0.25 0.375 0.5 
QSplitMult - 0 1 2 11 20 

CalChanMan1 - 0.5 0.75 1 1.5 2 
CalChanMan2 - 0.5 0.75 1 3 5 

AdjLn - - - - - - 
ResMultQnorm - - - - - - 

α - - - - - - 

Appendix D2: Sensitivity analysis results 

 

Figure D 1: Objective function values and cumulative discharges at Emlichheim for varying Cpref values [-]. 
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Figure D 2: Objective function values and cumulative discharges at Emlichheim for varying GWperc values [mm/day]. 

 

Figure D 3: Objective function values and cumulative discharges at Emlichheim for varying Tuz values [days]. 

 

 

Figure D 4: Objective function values and cumulative discharges at Emlichheim for varying Tlz  values [days]. 
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Figure D 5: Objective function values and cumulative discharges at Emlichheim for varying LZthreshold values [mm]. 

 

 

Figure D 6: Objective function values and cumulative discharges at Emlichheim for varying GWloss values [mm/day]. 

 

 

Figure D 7: Objective function values and cumulative discharges at Emlichheim for varying QSplitMult values [-]. 
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Figure D 8: Objective function values and cumulative discharges at Emlichheim for varying CalChanMan1 values [-]. 

 

 

Figure D 9: Objective function values and cumulative discharges at Emlichheim for varying CalChanMan2 values [-]. 

  



Appendices 

74 

 

Appendix E – Calibration and validation 

Appendix E1: Calibration hydrographs 
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Appendix E2: Hydrographs validation 1998 
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Appendix E3: Hydrographs validation 2012-2013 
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Appendix E4: Hydrographs validation 2018 
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Appendix E5: Hydrographs validation 2023 
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Appendix E6: Performance metric scores validation periods 

Table E 1: Performance metric scores per station for validation period 1998. 

  1998 
Station  NSinv NSw RVE OF 

Wettringen GE 0.39 0.28 - 27 % 0.26 
Bilk GE 0.43 0.08 - 39 % 0.18 

Gronau GE 0.28 0.37 - 22 % 0.27 
Ohne GE 0.42 0.25 - 30 % 0.26 

Neuenhaus GE 0.52 0.14 - 39 % 0.24 
Lage Gesamt GE 0.34 0.34 - 24 % 0.28 

Osterwald GE -0.04 0.59   27 % 0.21 
Emlichheim GE 0.30 0.36 - 25 % 0.27 
De Haandrik NL     

Ane Gramsbergen NL     
Ommen NL     

Ommerkanaal NL     
Archem TOT NL 0.44 0.60 2 % 0.51 

  

Table E 2: Performance metric scores per station for validation period 2012-2013. 

  2012-2013 
Station  NSinv NSw RVE OF 

Wettringen GE 0.29 0.27 - 31 % 0.22 
Bilk GE -0.51 0.07 - 51 % -0.14 

Gronau GE 0.11 0.32 - 33 % 0.16 
Ohne GE 0.38 0.23 - 35 % 0.23 

Neuenhaus GE 0.16 0.08 - 41 % 0.09 
Lage Gesamt GE 0.10 0.39 - 14 % 0.22 

Osterwald GE -0.13 0.70   27 % 0.22 
Emlichheim GE 0.32 0.34 - 21 % 0.27 
De Haandrik NL -0.07 0.25 - 24 % 0.07 

Ane Gramsbergen NL -0.05 0.66 150 % 0.12 
Ommen NL -0.12 0.69   15 % 0.25 

Ommerkanaal NL 0.00 0.44   76 % 0.13 
Archem TOT NL -2.05 0.26 - 20 % -0.75 
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Table E 3: Performance metric scores per station for validation period 2018. 

  2018 
Station  NSinv NSw RVE OF 

Wettringen GE -0.11 0.49 - 13 % 0.17 
Bilk GE -0.98 0.29 - 45 % -0.24 

Gronau GE -0.62 0.36 - 36 % -0.09 
Ohne GE     

Neuenhaus GE     
Lage Gesamt GE     

Osterwald GE     
Emlichheim GE 0.16 0.61 - 15 % 0.34 
De Haandrik NL -0.66 0.59      8 % -0.03 

Ane Gramsbergen NL     
Ommen NL -0.46 0.69   12 % 0.11 

Ommerkanaal NL -0.30 0.44 108 % 0.03 
Archem TOT NL     

 

Table E 4: Performance metric scores per station for validation period 2023 

  2023 
Station  NSinv NSw RVE OF 

Wettringen GE 0.61 0.21 - 30 % 0.31 
Bilk GE 0.53 -0.10 - 41 % 0.15 

Gronau GE 0.61 0.00 - 39 % 0.22 
Ohne GE 0.71 0.15 - 31 % 0.33 

Neuenhaus GE 0.39 0.06 - 37 % 0.16 
Lage Gesamt GE     

Osterwald GE -0.45 0.42 108 % -0.01 
Emlichheim GE 0.67 0.38 - 20 % 0.43 
De Haandrik NL 0.23 0.33 - 19 % 0.23 

Ane Gramsbergen NL 0.68 0.72     1 % 0.69 
Ommen NL 0.48 0.56 - 14 % 0.45 

Ommerkanaal NL -0.04 0.07 - 21 % 0.01 
Archem TOT NL 0.67 0.74     2 % 0.70 
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Appendix F – Selection and literature review of NBS 

Appendix F1: Selection of nature-based solutions 

Table F 1 provides an overview of NBS within the groups land use & cover changes and improving soil 

conditions that have been assessed for feasibility and compatibility with the LISFLOOD-OS model. 

Table F 1: Nature-based solutions within groups land use & cover changes and improving soil conditions; adapted from 
Raška et al. (2022) and Burges-Gamble et al. (2018). 

Land use & cover changes Improving soil conditions 
(Re-) forestation Increasing soil organic matter 
Agroforestry Supporting deep infiltration 
Grassing Reducing soil erosion by vegetation cover 
Vegetation filter strips Soil aeration and subsoiling 
Supporting woodland buffer zones and riparian forests Conservation tillage 
Delimiting agricultural floodable land Stocking density 
Multifunctional agriculture Crop rotation 
Landscape features such as hedges and buffer strips Early sowing winter crops and cover crops 

Feasibility in the Vecht catchment was assessed based on the applicability of the measures to current 

land use practices. Given the large proportion of agricultural land in the catchment (38%), the selected 

NBS primarily target interventions that can be applied effectively on farmland.  

Compatibility with the LISFLOOD-OS model was determined by evaluating whether the effects of the 
measures could be adequately parameterised within the modelling framework. The spatial resolution 

of 200 m x 200 m limits the implementation of small-scale, highly localised interventions such as 

vegetation filter strips. Furthermore, the static nature of the input maps in LISFLOOD-OS means that 

time-variable measures such as crop rotation could not be incorporated into the scenarios. 

Appendix F2: Literature review on the effects of the selected NBS 

(Re-) forestation 

The parameter adjustments for reforestation were guided by various studies that compared forested 

areas to pastures, croplands, and other land uses. Reported effects on saturated hydraulic conductivity 
(ksat in LISFLOOD-OS) varied between studies depending on soil depth, vegetation type, and land use 

history. Zimmermann et al. (2006) found that ksat in forested areas was 8 times higher than in pastures 
at 12.5 cm depth and 4 times higher at 20 cm. Similarly, Lozano-Baez et al. (2019) reported a 10-fold 

increase in ksat for the 0–5 cm layer in forests compared to pastures, while Yao et al. (2015) observed 

a 3.5-fold increase in ksat across the top 100 cm in pine and poplar forests relative to farmland. Horel 
et al. (2015) found that ksat of the topsoil in forests was approximately twice as high as in grazing or 

cropland areas, and Eliasson & Larsson (2006) noted a 1.8-fold increase in ksat for forested soils versus 
croplands. Additionally, Li et al. (2019) observed ksat increases of 5.4, 2, and 2 times at 20, 60, and 

85 cm depths, respectively, in forested soils compared to agricultural areas. 

Considering these findings, the following adjustments were applied to the ksat values for newly forested 

cells: 

- ksat in the first soil layer (0–5 cm) was multiplied by a factor of 3, reflecting significant 
improvements in infiltration observed in new forested areas. 

- ksat in the second soil layer (5–140 cm) was multiplied by a factor of 1.5, acknowledging 

moderate but consistent effects extending into deeper soil. 

For Manning’s roughness (mannings_f), adjustments were based on the observed maximum roughness 

in already forest-dominated cells. The maximum roughness value in these cells was 0.14, which was 
adopted as the new value for all forested cells. This included both existing forest cells with roughness 

below 0.14 and newly created forest cells. This adjustment to existing forest cells was necessary 
because the interpolated Manning’s roughness values derived from EFAS maps sometimes 

underestimated roughness in fully forested areas.  
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Soil aeration and subsoiling 

Soil aeration and subsoiling are targeted practices for compacted agricultural soils, aiming to enhance 

infiltration and soil permeability. Subsoiling breaks up compacted soil at greater depths, enhancing 
infiltration, while grass aeration targets the topsoil to improve surface drainage with minimal 

disturbance to the grassland. Figure F 1 illustrates the machinery used for both practices. 

 

Figure F 1: Schematics and photographs of grassland aerator (left) and subsoiler (right); adapted from Smith (2012) 
and Agriculture and Horiculture Development Board (2024). 

Studies highlight notable effects on saturated hydraulic conductivity (ksat) and saturated soil moisture 
content (thetas). Drewry et al. (2000) reported that subsoiling increased ksat by a factor of 4 at 5 cm 

depth and 5.3 at 25 cm depth, while Burgess et al. (2000) observed a 6.8-fold increase in ksat at 15–

20 cm depth in aerated soils compared to non-aerated soils. Smith (2012) found that the effects of soil 
aeration on soil water storage capacity vary widely, with changes ranging from negligible to increases 

of up to 100%. These findings underscore the variability in impacts but consistently highlight 

improvements in soil permeability and moisture retention following aeration and subsoiling practices. 

Based on these findings, parameter adjustments were determined as follows: 

- ksat in the first layer (0–5 cm) was multiplied by a factor of 3 to reflect the significant 

mechanical disruption in this layer. 

- ksat in the second layer (5–140 cm) was multiplied by a factor of 1.4, accounting for changes 
observed up to 25 cm depth and considering that the machinery typically does not penetrate 

deeper than approximately 40 cm. 
- Saturated soil moisture content (thetas) in the topsoil layer was multiplied by a factor of 1.2, 

representing a conservative estimate between negligible effects and the maximum reported 

increases. 
- For the second soil layer, thetas was multiplied by a factor of 1.05, reflecting minor changes 

while ensuring realistic adjustments based on current values. 

Conservation tillage 

Conservation tillage, which includes practices like reduced ploughing, is designed to minimize soil 

disturbance, improving soil permeability and infiltration capacity over time. The literature highlights 
moderate effects on saturated hydraulic conductivity (ksat) and slight increases in soil moisture content 

(thetas). He et al. (2009) reported a 1.2-fold increase in ksat at 0–15 cm depth and a 4-fold increase 
at 15–30 cm depth under no-tillage practices compared to conventional tillage, along with increases in 

thetas by factors of 1.07 at 0–5 cm, 1.05 at 5–10 cm, and 1.11 at 20–30 cm. Similarly, Maulé & Reed 
(1993) observed a 4.5-fold increase in ksat at 0–10 cm depth and a 2-fold increase at 10–30 cm under 

no-tillage systems. Fér et al. (2020) further highlighted a 1.4-fold increase in thetas at 5 cm depth 
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between tillage and conventional tillage practices, emphasizing the positive effects of conservation 

tillage on soil moisture retention and permeability. 

Considering these findings, parameter adjustments were determined as follows: 

- ksat in the first soil layer (0–5 cm) was multiplied by a factor of 1.5, reflecting improvements 

due to reduced soil compaction and enhanced infiltration. 

- ksat in the second layer (5–140 cm) was multiplied slightly by a factor of 1.05, acknowledging 
minimal but notable effects extending into deeper soil. 

- thetas in the first layer was multiplied by a factor of 1.1, reflecting modest gains in soil moisture 
retention. 

- thetas in the second layer was adjusted minimally, with a multiplication factor of 1.02, as the 

impacts of conservation tillage diminish with depth. 

These parameter adjustments account for the cumulative benefits of conservation tillage practices while 

maintaining a realistic representation of their hydrological impacts. 

Stocking density 

Adjustments to stocking density aim to mitigate the effects of soil compaction caused by livestock 
grazing. McCullough et al. (2001) observed a 7.5-fold increase in ksat at 15 cm depth after nine months 

in a highly compacted feedlot, highlighting the substantial effects of extreme grazing intensity. Dormaar 

et al. (1989) reported a 1.4-fold increase in ksat at 0–6 cm depth when comparing ungrazed areas to 
short-duration grazing systems. Daniel et al. (2002) examined varying stocking densities and found 

ksat values 4.1 to 5.3 times lower in low- to high-intensity grazing systems (12.5–50 cows/ha) 

compared to ungrazed areas. 

Considering these findings, the following parameter adjustments were applied: 

- ksat in the first soil layer (0–5 cm) was multiplied by a factor of 2, reflecting moderate 
improvements in infiltration due to reduced compaction from optimized stocking density. This 

adjustment is higher than for conservation tillage, as grazing impacts are more distributed 
across the field, whereas tillage primarily affects the wheel tracks. 

- ksat in the second layer (5–140 cm) was multiplied slightly by a factor of 1.02, acknowledging 

the minimal effects of livestock weight at deeper depths. 

These parameter adjustments align with previous adjustments made for other NBS measures, 

maintaining consistency across the LISFLOOD-OS model and reflecting hydrological improvements 

reported in the literature. 
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Appendix G – Hydrographs and water balance components 

Appendix G1: Hydrographs at Emlichheim 

 

(a)  

 

(b)  

Figure G 1: Hydrographs at Emlichheim for soil improvement scenarios under summer (a) and winter (b) conditions with 
a uniform 2-daily rain event of 100 mm/day. 

 

(a)  

 

(b) 

Figure G 2: Hydrographs at Emlichheim for soil improvement scenarios under summer (a) and winter (b) conditions with 
a uniform 2-daily rain event of 40 mm/day. 
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Appendix G2: Water balance components 

 

Figure G 3: Modelled water balance components yearly totals per afforestation scenario; computed for 2-daily summer 
rain peak of 100 mm/day and for area upstream of Dalfsen. 
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