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Abstract 

Coastal areas are highly biodiverse but vulnerable systems. With predicted sea level rise (SLR) due to 

climate change, there is an increasing need for coastal adaptation to protect coastal systems from 

flooding and erosion. Conventional coastal engineering solutions are increasingly challenged by SLR 

and the constant maintenance that is needed to keep up with the changing conditions. Because of their 

natural adaptability, Nature-based Solutions (NbS) have been recognised as alternative ways for coastal 

protection. In the Wadden Sea in the Netherlands several NbS for coastal protection are present, for 

example, salt marshes, seagrasses and oyster reefs. However, the Wadden Sea is a low-lying and 

continually changing coastal area which is particularly vulnerable to climate change and SLR. 

Therefore, this thesis aims to identify to what extent NbS can contribute to coastal protection in the 

Dutch Wadden Sea in the current situation and with SLR by the year 2100. A depth-averaged 

hydrodynamic model, the Delft3D Flexible Mesh Flow module, was used to simulate the effect of NbS 

on coastal protection. Within this model the trachytope functionality with the Baptist (2007) method 

was used to model how the presence of salt marsh (Spartina anglica), seagrass (Zostera marina and 

Zostera noltii), and oyster (Ostrea edulis) species influences the flow velocity, water depth and level of 

erosion. NbS were studied in the Uithuizerwad and Groningerwad area, and the hydrodynamics were 

modelled for the whole Ems-Dollard estuary. The bed shear stress was studied as a proxy for the level 

of erosion. Furthermore, different Representative Concentration Pathway (RCP) SLR scenarios were 

simulated by 2100. The results show that the salt marsh and seagrass species decrease the daily peak 

flow velocity by 70%, the peak water depth by 6-34% (depending on location) and the bed shear stress 

by 80-90% at the coast. The oyster reefs resulted in a decline of 12% in the peak flow velocity, 5-8% in 

the water depth and 40-60% in the bed shear stress. This indicates that seagrass and salt marsh species 

are more effective in buffering hydrodynamic forces in front of the coast than oyster reefs. The height 

of the NbS was found to be the determining factor for the coastal protection potential, while the density 

and drag coefficient to a lesser extent. With SLR, the NbS decreased the flow velocity, but only a small 

decrease in the peak water level was found. Furthermore, the period of inundation increased. This 

indicates that NbS can help with coastal protection in the Dutch Wadden Sea, but their effectiveness is 

dependent on their properties and the hydrodynamic conditions they are present in. Therefore, a hybrid 

approach to coastal protection, by combining NbS with conventional coastal engineering solutions, 

seems to be the best way forward for the Wadden Sea. Further research is needed to determine how SLR 

and the increased inundation period will impact NbS and the coastal protection they provide.  
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1. Introduction 

1.1. General background 

Coastal systems are highly dynamic and biodiverse systems, but are being threatened by multiple 

anthropogenic pressures (Agardy et al., 2005). Coastal systems are near-shore areas on land and in the 

sea, and areas where fresh- and saltwater mix (e.g., estuaries). Coastal areas are home to highly 

productive and biodiverse ecosystems, such as mangroves, salt marshes and reefs. These ecosystems 

offer a disproportionately high amount of ecosystem services compared to other systems; which are 

contributions society receives from natural systems (Agardy et al., 2005; Haines-Young & Potschin, 

2017). Nearly 40% of the global population lives within 100 km from the shoreline (Agardy et al., 2005). 

The continually increasing population is enhancing the pressures on coastal ecosystems. Such pressures 

include overexploitation of ecosystems, urbanisation, pollution and climate change (Agardy et al., 2005; 

Wong et al., 2014).  

Climate change is increasing the vulnerability of coastal systems. The main pressure from climate 

change on coastal zones is sea level rise (hereafter SLR), with adverse impacts such as coastal flooding, 

submergence, and erosion (Pörtner et al., 2019; Wong et al., 2014). Moreover, increasing ocean 

temperatures and acidification are also affecting coastal ecosystems (Wong et al., 2014).  

With 26% of its landmass already below sea level, and a more than 500 km long coastline, the 

Netherlands is a country highly susceptible to SLR (Pieterse et al., 2009). If greenhouse gas emissions 

are not reduced, it has been estimated that SLR at the Dutch coast can reach up to 1.2 m by 2100 

compared to the 1995-2004 mean (KNMI, 2021). Therefore, coastal protection and adaptation to the 

rising sea levels is crucial in the Netherlands.  

As the vulnerability of coastal areas increases with climate change, so does the need for adaptation. The 

Intergovernmental Panel on Climate Change (IPCC) defines adaptation as “the process of adjustment to 

actual or expected climate change and its effects” (Barros et al., 2014, p. 1758). Here the focus lies on 

climate adaptation through the implementation of coastal protection measures against SLR. For the 21st 

century, the benefits of coastal adaptation against SLR were found to outweigh the social and economic 

costs of inaction (Wong et al., 2014). Two distinct types of coastal adaptation can be distinguished: 

‘hard’ technical measures and ‘soft’ nature-based solutions. 

In the Netherlands, coastal protection focused on ‘hard’ engineering solutions after the North Sea flood 

in 1953, such as seawalls, dams, dikes and breakwaters (van Slobbe et al., 2013). A prime example is 

the Eastern Scheldt storm surge barrier (Oosterscheldekering), which is a nine-kilometre-long series of 

dams and storm surge barriers to protect against flooding from the North Sea. Even though such 

technical solutions can be highly effective, they are costly to build and maintain, can cause coastal 

erosion or damage in adjacent areas, can lead to ecological degradation and fail (Chiu et al., 2021; 

Moraes et al., 2022; Stancheva et al., 2011). Moreover, these structures decrease the natural capacity of 

coastlines to adapt and need continuous heightening and widening to keep up with SLR (Temmerman 

et al., 2013). Because of these detrimental effects, the Dutch government applied the national policy of 

dynamic preservation of the coastline in 1990 (Rijkswaterstaat, 1990), which led to a paradigm shift to 

also include more ‘soft’ solutions in Dutch coastline management (Brière et al., 2017). 

‘Soft’ solutions, so called Nature-based Solutions (NbS), take a more natural approach to coastal 

protection. Here I define coastal NbS as: management options for coastal protection that include 

elements and processes of coastal ecosystems. Other terms, such as Building with Nature and Ecosystem-

based coastal defence are also used for such measures (de Vriend et al., 2014; Temmerman et al., 2013). 

Because NbS use natural systems for coastal protection, they leave room for natural adaptation of the 

coastal system to pressures such as climate change (Hale et al., 2009). This means that, NbS are self-

regulative measures that take a proactive approach to coastal protection (de Vriend et al., 2014; Jordan 
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& Fröhle, 2022). NbS can function as coastal defences by attenuating and dissipating waves, 

accumulating sediments, and slowing or halting coastal erosion (Jordan & Fröhle, 2022). Apart from 

coastal protection NbS also other ecosystem services, such as carbon sequestration, space for recreation, 

water quality improvement and habitat provision(Temmerman et al., 2013). Examples of coastal 

ecosystems that are used in the Netherlands as coastal NbS are salt marshes, seagrasses and oyster reefs. 

Salt marshes are areas vegetated by salt-tolerant plants, which are exposed to periodic flooding due to 

fluctuating tidal water levels (Adam, 1990; van Loon-Steensma, 2015). Salt marshes form a vegetated 

transition zone between land and water and have been found to dampen incoming waves to coastlines 

(Anderson & Smith, 2014; Christie et al., 2018; van Loon-Steensma, 2015). Salt marshes were found to 

attenuate waves by up to 50% in summer and 10% in winter periods (Schoutens et al., 2019). As waves 

are dampened, the height of dikes can be decreased and less reinforcements are needed at coasts with 

salt marshes (Penning et al., 2016). The risk of dike breaching was also found to be lowered when salt 

marshes are present (Zhu et al., 2020). Furthermore, due to the reduced wave intensity, salt marshes 

decrease the amount of coastal erosion (Barbier et al., 2011).  

Seagrasses are flowering plants that are present in marine environments. Seagrass species have been 

demonstrated to increase coastal protection through attenuating waves and stabilising sediments in 

shallow coastal areas (Bos et al., 2007; Ondiviela et al., 2014; van Katwijk et al., 2016). Wave heights 

were found to be reduced by up to 70% by seagrass vegetation (Hansen & Reidenbach, 2012). By 

influencing their environment, seagrasses function as ecosystem engineers (Bos et al., 2007). However, 

it is dependent on the characteristic of the ecosystem how effective seagrasses or salt marsh are in 

protecting coasts (Twomey et al., 2020, 2022).  

Oyster reefs, aggregation of oysters that form colonial communities, have also been found to dissipate 

waves and reduce coastal erosion (Cheong et al., 2013; Scyphers et al., 2011; Thomas et al., 2022). 

Oyster reefs act as natural breakwaters in front of coasts and are important ecosystem engineers in 

intertidal and subtidal coastal areas (Cobacho et al., 2020; Fivash et al., 2021). Oyster reefs were found 

to attenuate up to 95% of waves, depending on height and width of the reef (Cheong et al., 2013). 

However, due to overexploitation and the construction of dams, their establishment and survival rate 

has decreased (Beck et al., 2011; Christianen et al., 2018). Estimates show that globally 85% of oyster 

reefs have been lost (Beck et al., 2011). Therefore, recently artificial oyster reefs have been constructed, 

which have an important function as coast stabilisers (Fivash et al., 2021; Walles et al., 2015, 2016). In 

addition, oyster reefs have the ability to grow with increasing sea-levels both vertically and laterally 

over time, thereby increasing their climate adaptation capability (Fivash et al., 2021). 

The habitats introduced above that function as NbS for coastal protection are all present in the Dutch 

Wadden Sea. The Wadden Sea is an intertidal coastal landscape, which means that it is an area between 

high and low tide. The Wadden Sea has been recognised as a unique, ecologically rich and diverse 

ecosystem with outstanding natural value, and has received the UNESCO World Heritage site status 

(Hofstede & Stock, 2018; Walsh, 2018). Furthermore, it performs a key function in protecting the land 

from flooding, due to its vegetation, the barrier islands, and intertidal flats (van Loon-Steensma, 2015). 

However, as a low-lying and gradually changing coastal area, it is particularly vulnerable to climate 

change and SLR (Walsh, 2018). 

1.2. Research gap 

The recognition and application of NbS for coastal protection has increased, with an increase in the 

research on these solutions (e.g., Bos et al., 2007; Cobacho et al., 2020; van Loon-Steensma, 2015). 

When NbS are present in an area, the bed roughness is increased as the NbS create obstacles to the flow 

(Figure 1). Thereby there is a higher resistance to the flow over the NbS and the flow velocity is reduced. 

This could consequently decrease the water level that reaches the coast. However, the research on salt 

marshes, seagrasses and oyster reefs has mainly focused on the wave dissipation effect of these NbS 
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(e.g., Christie et al., 2018; Pinsky et al., 2013; Salatin et al., 2022; Twomey et al., 2020). However, the 

effect that these NbS have on the water depth and flow velocity are also important indications for the 

coastal protection service of NbS. For example, the decreased flow velocity and water level can decrease 

the bed shear stress and thereby the amount of erosion in an area. All these pathways decrease the amount 

of hydrodynamic forces that reach the coast and can consequently protect the coast from inundation and 

erosion (Figure 1).  

 
Figure 1. The pathway for how different NbS can influence coastal protection. The dashed lines are studied in this thesis, as 

these have been understudied compared to wave dissipation effect of NbS. 

In addition, a key uncertainty is whether the NbS will protect coasts from future SLR caused by climate 

change, especially if worst-case climate change scenarios will become reality. Marijnissen et al. (2020) 

and van Loon-Steensma (2015) found that salt marshes are effective ways for coastal protection with 

future SLR in the Dutch Wadden Sea. However, the results of Best et al. (2018) predict that salt marshes 

will initially be resistant and able to adapt to SLR, but after 50-60 years will start to drown and lose their 

coastal protection function. Therefore, there is an uncertainty in the scientific literature whether coastal 

ecosystems will be able to protect the coastline with SLR due to future climate change. 

The effect of NbS are researched in different locations, which makes the comparison between the 

effectiveness of NbS alternatives difficult. So far, to my knowledge, no comparison has been made 

between the effectiveness of salt marshes, seagrasses and oyster reefs in the same setting. As the 

Uithuizerwad and Groningerwad area, which lie within the Wadden Sea region (Figure 2), are home to 

all of these habitats, it is an ideal location for the comparison of the different NbS. 

1.3. Purpose  

The aim of this thesis is to identify how different NbS can help with coastal protection. More 

specifically, the effect of salt marshes, seagrass meadows and oyster beds are studied, which are 

important coastal habitats in the Wadden Sea. To understand the effects of these different NbS, an area 

where all three NbS are present is studied within the Wadden Sea, the Groningerwad and Uithuizerwad 

area (Figure 2). 

The main research question of this thesis is:  

To what extent can Nature-based Solutions contribute to coastal protection in the Groningerwad and 

Uithuizerwad areas in the Dutch Wadden Sea? 

This main research question breaks down into the following sub-research questions: 

• What is the coastal protection potential of salt marshes, seagrasses, and oyster beds in the 

Groningerwad and Uithuizerwad areas? 
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• How does the coastal protection potential of salt marshes, seagrasses and oyster beds differ from 

each other? 

• What is the coastal protection potential of NbS for different SLR scenarios in 2100? 

• What parameter defines the coastal protection potential of the NbS? 

The coastal protection potential is studied by looking at the difference in the water depth, flow velocity 

and the degree of erosion. It is expected that the water depth, degree of erosion and flow velocity 

decrease when NbS are present. This is important, as this would mean that lower hydrodynamic forces 

reach the coastline in the Groningerwad and Uithuizerwad and that less ‘hard’’ engineering solutions 

need to be taken. These three indicators for coastal protection were studied as these were identified to 

be pathways for NbS to influence coastal protection (Figure 1) and have been understudied compared 

to the effect on the wave height. 

First, in Section 2, the methods that were used for this thesis are described, with a description of the 

study area, the model setup, the implementation of NbS in the model and the scenario analysis. The 

sensitivity analysis is also described, which was used to determine the parameter that defines the coastal 

protection potential of the NbS. In section 3 the results are described to give answers to the research 

questions. In section 4, these results are discussed, put into context with the findings of other studies 

and limitations and uncertainties of this thesis are mentioned. Lastly, in section 5, conclusions are drawn 

from the findings of this thesis and recommendations for further research are made. 
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2. Methods 

2.1. Study area 

The study area is located in the Wadden Sea in the Netherlands and includes the Groningerwad and 

Uithuizerwad intertidal zones (Figure 2). It lies north of the coast of the Groningen province and south 

of the Schiermonnikoog, Rottumerplaat and Borkum islands and their inlets. It has a size of 34163 ha 

and has a coastal length of 39 km. Using the Amersfoort RD New coordinate system (EPSG: 28992), 

the study area has a minimum longitude of 212.44 km and latitude of 601.08 km, and a maximum of 

249.73 and 620.11 km. The area is characterised by a wide expanse of mudflats, sandbars and salt 

marshes that are exposed during low tide and flooded during high tide. Due to these dynamic conditions, 

the area is home to a rich variety of species, including salt marsh species, seagrasses, and bivalves. 

 
Figure 2. Study area (red) including the Groningerwad and Uithuizerwad. With the locations that were used to observe 

outputs from the model: observation points with their names (white points) and cross sections (white lines). 

One of the most dominant salt marsh species in the Wadden Sea region, including the study area, is 

Spartina anglica, the common cordgrass (Nehring & Hesse, 2008). It was introduced to the Wadden Sea 

in the early 20th century to stabilise mudflats and prevent erosion (Wolff, 2005). Since then it has 

outcompeted some native species and has become an important part of the plant community in the 

Wadden sea (Nehring & Hesse, 2008). It is mostly present at the seaward side of salt marshes, where it 

forms an almost monotypic belt (Nehring & Hesse, 2008). 

The two main seagrass species that are found in the Wadden Sea are Zostera marina (eelgrass) and 

Zostera noltii (dwarf eelgrass). Many Z. marina beds have disappeared from the Dutch Wadden sea 

during the last century, for example, a 65-150 km² bed was lost in the 1930s due to a wasting disease 

(Van Katwijk & Hermus, 2000). Although in smaller bed extents, the species is still present in the Ems-

Dollard estuary (de Jonge et al., 2000). Restoration projects are also taking place with, for example, four 

ha of Z. marina sowed in the study area in 2015 (Govers et al., 2018). Most of the seagrass occurring in 

the Wadden Sea belongs to the perennial species Z. noltii. Currently, the total seagrass bed extent in the 

Dutch Wadden Sea is only 11.3 hectares in total of these two species (Govers et al., 2022). Many 

attempts to restore seagrass meadows are currently in progress (Van Katwijk et al., 2016).  
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Ostrea edulis, the European flat oyster, is a native species to the Wadden sea. However, its population 

went extinct due to overfishing and bottom trawling in the 20th century (Smaal et al., 2015). Since 2015 

it has reappeared in the Dutch Wadden Sea (Christianen et al., 2018; Jacobs et al., 2020). Subsequently, 

reintroduction projects of the species have started (Smaal et al., 2015). Furthermore, the non-native 

Crassostrea gigas (Pacific oyster) is also abundantly present in the Wadden Sea (Jacobs et al., 2020). 

These two oyster species are often found to co-exist, with the native oyster being attached to the hard 

shell substrate of the invasive oyster (Christianen et al., 2013).  

The above-mentioned species were studied as NbS in the Groningerwad and Uithuizerwad area. The 

salt marsh was represented by parameters of S. anglica, the oyster bed by O. edulis and C. gigas, and 

the seagrass fields by Z. marina and Z. noltii. The impacts on the water regime of these different species 

were studied in a numerical model. 

2.2. Model set-up 

2.2.1. Model description 

A model developed by Schrijvershof et al. (2023) in the Delft3D Flexible Mesh (FM) model suite was 

used to study the effect of the different NbS. The Delft3D-FM (v. 2023.01) suite is a process-based, 

numerical, open-source model developed by Deltares with several modules (Schrijvershof et al., 2023; 

Vermeersen et al., 2018). Here, the hydrodynamic Flow module (D-Flow) is used to look at the influence 

of NbS on the hydrodynamics within the study area. As depth-averaged two-dimensional models were 

found to capture similar and reliable results in tidal basins as three-dimensional models (Horstman et 

al., 2015; Lokhorst et al., 2018), a two-dimensional model was used.  

As the model extent the whole Ems-Dollard estuary was studied (Figure 3), rather than only the 

Uithuizerwad and Groningerwad area. By modelling the whole Ems-Dollard estuary, hydrodynamic 

processes present at a larger scale than the Groningerwad and Uithuizerwad could be taken into account. 

The estuary includes the Ems river (from the Ems-Dollard estuary up to an 86 km upstream weir), the 

intertidal zone of the Wadden Sea in front of the Ems-Dollard estuary (from the Schiermonnikoog to 

the Norderney islands), and a 32 km strip of the North sea in front of these islands (Figure 3). The model 

area has a size of 5557 ha, and a minimum longitude of 176.46 km and latitude of 562.04 km, and a 

maximum of 295.20 and 665.64 km.  

 
Figure 3. The modelled Ems-Dollard estuary (red) and the study area (black) with the initial bathymetry (m compared to 

NAP). 
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The D-Flow module of the Delft3D-FM model was used to model the hydrodynamic conditions in the 

Ems-Dollard estuary (Deltares, 2022). This numerical hydrodynamic modelling system computes non-

steady flow and transport processes that are a result of tidal and meteorological forcings (Deltares, 

2022). Three main depth-averaged unsteady shallow water equations are used within this model: (1) the 

continuity equation, (2) the horizontal equation of motion (momentum equation), and (3) the transport 

equation of conservative constituents (vertical velocity). These equations are described in Appendix C. 

By using these equations, the following assumptions are made in the hydrodynamic model: mass 

conservation within the system, shallow water conditions (vertical depth assumed to be much smaller 

than the horizontal scale of depth), and the Boussinesq assumption (vertical variation in the fluid velocity 

assumed to be much smaller than the horizontal velocity).  

Within the water equations the flow velocity, water level and bed shear stress are described, which were 

used as measures for the coastal protection within this study. For the flow velocity the magnitude of the 

depth-averaged velocity (|U|) variable was studied (m s-1), which is calculated by: 

      |𝑈| = √𝑢2 + 𝑣2     Eq. 1 

u and v are the horizontal depth averaged flow velocities (m s-1) in x- and y-directions. The bed shear 

stress (τ; Pa) is described by the quadratic friction law (Deltares, 2022): 

τ =
𝑝0𝑔𝑈|𝑈|

𝐶2𝐷
2      Eq. 2 

Where P0 is the initial density (kg m-3), g is the gravitational acceleration (m³ kg-1) and U is the depth-

averaged velocity (m s-1). C2D is the roughness coefficient, which was calculated by the Manning 

formulation (Manning, 1891) for this research:  

𝐶2𝐷 =
√𝑅
6

𝑛𝑚
     Eq. 3 

Where R is the hydraulic radius, which is in case of the here applied depth-averaged model the water 

depth, and nm the Manning’s roughness value (m1/3 s-1).  

2.2.2. Boundary and initial conditions 

Different boundary and initial conditions were used in the model of Schrijvershof et al. (2023). Here the 

grid, bathymetry, bed roughness and water level are described. Additionally, the timeframe of the model 

and the observation points and cross sections that were used for the model outputs are introduced. 

Grids of varying density were used in the model (Figure A 1). The offshore area has a large grid size 

(up to 1 km) with grids becoming progressively smaller towards the study area and the upward part of 

the river Ems (up to 30 m). In the study area the grids have a size around 300 m. By using grids of 

varying sizes, smaller scale processes could be considered more accurately in the river and study area, 

while computational time did not have to increase significantly. The flexible mesh property of the 

Delft3D-FM model made this variability in grids possible.  

An initial bathymetry was prescribed to the model (Figure 3). This bathymetry was based on 

echosounding observations from 2014 in the area (van Prooijen et al., 2020). These observations have 

been made publicly accessible by the Dutch Directorate-General for Public Works and Water 

Management (Rijkswaterstaat, n.d.). The initial bathymetry for the model was set up by Schrijvershof 

et al. (2023). 

A spatially varying initial bed roughness was used for the Ems-Dollard estuary. The Manning’s 

roughness value was used as a measure for the roughness of the bed, with higher values indicating 

rougher and lower values smoother beds. The roughness varied between a Manning’s roughness value 

of 0.019 m1/3 s-1 at the sea and the mouth of the river, to 0.011 m1/3 s-1 at the upstream end of the river. 

A smoother bed roughness was set up in the river bed by Schrijvershof et al. (2023) in order to prevent 
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overestimation of the dampening of the tide of the Ems river (Schrijvershof et al., 2023). This spatially 

variable bed roughness was applied for this study as well to prevent this overestimation.  

Water level boundary conditions were used for the open boundaries of the model area. Open boundaries 

are present at the seaward side and the upper sections of the rivers, while impermeable boundaries are 

present at the coasts and riverbanks of the model. For the water levels at the seaward side, outputs from 

the North-Western European Shelf hydrodynamic model (3D DCSM-FM) developed by Zijl et al. 

(2021) were used from 2018 to 2019. For the upstream end of the Ems river a time-varying river 

discharge derived from observations was used (varying between 30-300 m³ s-1; Schrijvershof et al., 

2023). For three other locations where small rivers flow into the Ems river, river discharges were used: 

Delfzijl (Old Ems channel), Leer (Leda) and Nieuwe Statenzijl (Westerwoldse Aa).  

The model was run for a time period of 127 days from the 25th of December 2018 till the 1st of May 

2019 (Figure 4). The 1st of January 2000 was used as a reference date, which is an arbitrary t=0 point 

for all the time series used and simulated by the model (Deltares, 2022). This means that all the output 

files are specified as seconds after this reference time. The user time step was set to five minutes, which 

is the interval with which the meteorological forcings are updated, as well as the computational time 

step that is used in the model (Deltares, 2022). A nodal time step of six minutes was used for the 

astronomic boundary conditions. For the time series output data from the model a time step of one hour, 

while for the map output data one day was used. For the outputs, a one-week period at the beginning of 

the simulation is excluded from the analysis in order for the modelled system to arrive at hydrological 

equilibrium conditions. 

 
Figure 4. Timeframe and timesteps used in the model.  

Different observation points and cross sections were added to the model (Figure 2), which are the 

locations for which model outputs were generated. Two observation points were added to the 

Groningerwad and Uithuizerwad coast, as well as to a transect along the intertidal zone. One cross 

section was added along the coast and three parallel to the coast along the study area. At the observation 

points the water depth and bed shear stress were studied, while at the cross sections the flow velocity 

was observed. 

2.3. Implementation of NbS  

The effects of the NbS were implemented in the model through parameterising their characteristics and 

quantifying the shear stress that they exert on the passing flow. Thereby a relationship between the 

presence and the spatial distribution of the NbS on the flow resistance could be considered. The shear 

stress that the NbS have on the flow was calculated by the method of Baptist et al. (2007; section 2.3.1). 

The flow resistance exerted by the NbS was resolved in the D-Flow module by applying the trachytope 

functionality (section 2.3.2; Deltares, 2022). 

2.3.1. Baptist method  

The Baptist et al. (2007) method calculates the resistance that vegetation exerts on the flow. The 

equations of Baptist et al. (2007) combine the resistance on the flow inside the vegetation with the 

logarithmic profile above the vegetation (Baptist et al., 2007). Thereby they consider the flow through 
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and over the NbS and can be used for both submerged and non-submerged conditions (Baptist et al., 

2007; Deltares, 2022). The equations use an analytical solution for the resistance induced by NbS in the 

momentum balance (Deltares, 2022). This includes the water depth dependency, which makes the two-

dimensional depth-averaged modelling of the three-dimensional NbS possible. The equations proposed 

by Baptist et al. (2007) represent NbS as rigid cylinders which exert resistance on the flow (van 

Leeuwen, 2008). Because of this, the NbS can be represented by three parameters: the height of the NbS 

(hv), the density of the NbS (n) and the drag coefficient (Cd) (for the list of variables with units see Table 

B 1).  

With the NbS parameters, a representative bed roughness (C), the so called Baptist roughness predictor, 

is calculated with the following equation for when the NbS are submerged (Baptist, 2005; Deltares, 

2022): 

𝐶 = 𝐶𝑏 +
√𝑔

κ
𝑙𝑛

ℎ

ℎ𝑣

√1 +  
𝐶𝐷𝑛ℎ𝑣𝐶𝑏

2

2𝑔
 

    Eq. 4 

With Cb being the bed roughness (Chèzy roughness) without NbS present (m0.5 s-1), κ the Von Kármán 

constant (-), h the water depth (m) and hv the height of the NbS (m). The Cb value is calculated with:  

𝐶𝑏 = 18 log(12ℎ/𝐷90)     Eq. 5 

Where D90 is the 90th percentile of the grain size, meaning that 90% of the sediment in the area is smaller 

than this value. For the study area a grain size of 500 μm and a typical depth of 5 m was used (Barua, 

2020; Reef et al., 2018). These conditions are typically found in tidal basins and are also present in the 

Wadden Sea region (Best, 2017; Zeiler et al., 2014). With these values a Cb value of 83 m0.5 s-1 was 

calculated.  

The representative bed roughness consequently affects the flow resistance (λ) of the NbS in the 

submerged conditions: 

λ = 𝐶𝐷𝑛
ℎ𝑣𝐶𝑏

2

ℎ𝐶2
 

      Eq. 6 

In case of non-submerged NbS, which means that h<hv, the flow resistance and bed roughness can be 

separated (Eq. 7-8). 

𝐶 = 𝐶𝑏       Eq. 7 

λ = 𝐶𝐷𝑛      Eq. 8 

The effect of the NbS on the hydrodynamics is thereby parameterised in a bed roughness, which 

consequently affects the bed shear stress. The representative bed roughness is incorporated in the flow 

momentum equation (Eq. 22-23) through the following loss term due to bed friction (van Leeuwen, 

2008): 

−
𝑔 𝑈 𝑢

𝐶2ℎ
       Eq. 9 

Where u is the depth averaged velocity (m s-1) and U is the absolute magnitude of velocity (m s-1; Eq. 

1). Furthermore, the flow resistance of the NbS is subsequently included as a sink term in the momentum 

equation (Eq. 22-23; Deltares, 2022; Van Veelen et al., 2010): 

−
λ

2
𝑢2      Eq. 10 
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By including the flow resistance exerted by the NbS and not only the bed roughness, it is prevented that 

an increased bed roughness automatically leads to an excessively high bed shear stress and large 

sediment transport rate (Deltares, 2022). Other methods do make this overestimation in the bed shear 

stress (e.g. Klopstra et al., 1996).  

2.3.2. Trachytope functionality 

The Baptist et al. (2007) equations were implemented in the model through the trachytope functionality 

of the Delft3D-FM model. This functionality allows the specification of the bed roughness and flow 

resistance on a sub-grid level by the use of land use or roughness/resistance classes (Deltares, 2022). 

The term trachytope comes from the Greek word τραχυτης, which means roughness (Deltares, 2022).  

The trachytopes were included in the model through a trachytope definition file (.ttd file) and a spatial 

distribution file (.arl file). The definition file includes the parameters hv, n and Cd per NbS, to which a 

trachytope number is added. The method, in this case Baptist et al. (2007), and Cb value are also specified 

in this file. The spatial distribution file contains: (1) coordinates of the flow links, which are midpoints 

of the netlink that connects two flow nodes, (2) trachytope numbers, and (3) an area fraction of the NbS 

(fi) to determine the distribution of the NbS within the model area. Thereby the trachytope number 

connects the distribution with the definition file. When the fraction is less than one, the background 

roughness is used, which has a Manning’s value of 0.019 m1/3 s-1. The trachytopes were converted in the 

model into the representative bed roughness (C) and the linear flow resistance coefficient (λ) per velocity 

point (index j) with an update interval of 10 minutes. The C and λ values were accumulated 

proportionally to the surface area fraction (fi) as defined in the spatial distribution file (Eq. 12-13). 

𝐶𝑎𝑟𝑒𝑎 = ∑ 𝑓𝑖𝐶𝑖

 

𝑖

 

      Eq. 11 

λ = ∑ 𝑓𝑖λ𝑖

 

𝑖

 

       Eq. 12 

The total bed roughness of the area was then calculated by accumulating the inverse of the squared 

Chèzy value (Eq. 14) 

1

𝐶𝑡𝑜𝑡𝑎𝑙
2 =

1

𝐶𝑎𝑟𝑒𝑎
2  

       Eq. 13 

Because of the relatively short time of simulation (five months), the impacts that the hydrodynamics 

have on the growth and mortality of the NbS are not considered in the model.  

2.3.3. NbS parameterisation 

The different NbS were represented in the model using the parameters hv, n and Cd (Eq. 4-11;Table 1). 

The NbS had to be parameterised because the vegetation and oysters are smaller than the model grid 

and therefore not explicitly solved on the grid level. The parameters for the NbS were defined by using 

data from earlier studies, which will be introduced in the following paragraphs. The studies were 

selected to have similar habitat and environmental conditions as in the study area when possible. By 

representing the NbS by these parameters several assumptions were made: (1) uniform height of the 

NbS within the canopy, (2) uniform density, and (3) a constant drag coefficient per NbS. 
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Table 1. The different parameters for the NbS indicated with the sources from which they were found. 

Species Parameter 
 

Value Unit Source 

Zostera 

noltii 

vegetation height hv 0.3 m (Familkhalili & Tahvildari, 2022; Valle, 2014) 

shoot density p  3669.5 m-² (Polte et al., 2005; Schanz & Asmus, 2003; 

Valle, 2014; Zipperle et al., 2009) 

leaves per shoot m 3 [-] (Schanz & Asmus, 2003) 

leaf width D 0.002 m (Borum et al., 2004; Luhar et al., 2010) 

n (density) n 22.017 m-1 
 

drag coefficient Cd 1.54 [-] (Familkhalili & Tahvildari, 2022; Ondiviela et 

al., 2014; Paul & Amos, 2011; Twomey et al., 

2020) 

Zostera 

marina 

vegetation height hv 0.45 m (Borum et al., 2004; Bostrom & Bonsdorff, 

2000; Laugier et al., 1999) 

shoot density p  1451.37 m-² (Borum et al., 2004; Bostrom & Bonsdorff, 

2000) 

leaves per shoot m 5 [-] (Laugier et al., 1999) 

leaf width D 0.005 m (Bostrom & Bonsdorff, 2000; Jacobs et al., 

2008; Nienhuis & De bree, 1980; Olesen & 

Sand-Jensen, 1994) 

n (density) n 36.28 m-1 
 

drag coefficient Cd 0.755 [-] (Follett et al., 2019) 

Spartina 

anglica  

vegetation height hv 0.5 m (Basismonitoringwadden, 2020) 

shoot density p  1190 m-² (Vuik et al., 2018) 

leaves per shoot m 7 [-] 
 

stem diameter D 0.0035 m (Vuik et al., 2018) 

density n 29.155 m-1 
 

drag coefficient Cd 0.7 [-] (Willemsen et al., 2022) 

Oyster bed oyster bed height hv 0.0495 m 
 

number of oysters p 230 m-² 
 

oyster diameter D 0.066 m (Christianen et al., 2018) 

density  n 15.18 m-1 
 

drag coefficient Cd 0.031 [-] (Kitsikoudis et al., 2020) 

bed level change 
 

0.05 m (Walles et al., 2015) 

The vegetation height of the Z. noltii seagrass species was set to 0.3 m, based on the value calculated 

for a modelling study (Familkhalili & Tahvildari, 2022). For the Z. marina species a vegetation height 

of 0.45 m was used, based on measured leaf lengths (Borum et al., 2004; Bostrom & Bonsdorff, 2000) 

and a deflected leaf height (Laugier et al., 1999). The density was calculated with the following equation:  

𝑛 = 𝑝𝑚𝐷      Eq. 14 

Where p is the shoot density (shoots m-2), m is the number of leaves per shoot and D is the leaf width 

(m). The shoot density for Z. noltii and Z. marina were calculated from a range of values measured in 

different studies (Table 2). The average shoot density value for Z. noltii was found to be 3669.5 shoots 

m-² and for Z. marina 1451.37 shoots m-². The number of leaves per shoot for Z. noltii was found to be 

three and for Z. marina five (Laugier et al., 1999; Schanz & Asmus, 2003). The leaf width was found to 

be two and five mm for Z. noltii and Z. marina respectively (Borum et al., 2004; Bostrom & Bonsdorff, 

2000; Luhar et al., 2010). From these values an n value of 22.02 and 36.28 m-1 was calculated for the Z. 

noltii and Z. marina species (Table 1). 
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Table 2. The shoot density of the Z. marina and Z. noltii species as calculated by different studies. With the mean, minimum 

and maximum density indicated. 

 Shoot density  

Species mean  min max Source 

Z. noltii 3500 2000 5000 Schanz & Asmus, 2003 

 6544 1088 12000 Polte et al., 2005 

 1634 426 2842 Zipperle et al., 2009 

 3000 4000 2000 Valle, 2014 

Z. marina 1480 390 2570 Jacobs et al., 2008 

 2125.5 651 3600 Olesen & Sand-Jensen, 1994 

 1950 300 3600 Nienhuis & De bree, 1980 

 250 50 500 Bostrom & Bonsdorff, 2000 

A Cd value of 1.54 for the Z. noltii species was calculated from an average of a range of studies shown 

in Table 3. For Z. marina a non-rigid blade Cd value of 0.755 was used, based on a range calculated by 

Follett et al. (2019).  

Table 3. The drag coefficient of the Z. noltii species as defined by different studies. 

Cd Source 

1.58 Familkhalili & Tahvildari, 2022 

1.1 Twomey et al., 2020 

1.8 Maza et al., 2012 

1.67 Paul & Amos, 2011 

The height of the salt marsh vegetation (0.5 m) was determined by measurements of the vegetation in 

different plots measured by a Dutch salt marsh organisation (Basismonitoringwadden, 2020). For the 

shoot density a maximum stem density for the S. anglica species of 1190 stems per m² was used, which 

was calculated by Vuik et al. (2018) in the Western Scheldt estuary. The stem diameter was set to 3.5 

mm (Vuik et al., 2018). With an assumed seven stems per plant, the n parameter for the salt marsh 

vegetation was calculated to be 29.15 m-1. For the Cd a value of 0.7 was used, which takes into account 

different conditions and vegetation ages of the S. anglica species (Willemsen et al., 2022).  

The n parameter of the oyster reef was calculated from the oyster diameter and the number of oysters 

per m². An oyster diameter of 6.6 cm was used, based on the average of shell widths of O. edulis 

measured at the North Sea coast in the Netherlands (Christianen et al., 2018). It was assumed that oysters 

occupy the whole bed where they are present. So, the density was calculated with the diameter, and 

found to be 230 oysters m-². From these values an n parameter of 15.18 m-1 was calculated. The hv of 

the oyster bed was assumed to be 1.5 times the thickness of an O. edulis oyster, and was therefore set to 

0.0495 m. From the literature, no Cd value was found for either the O. edulis or the C. gigas species. 

Therefore, a Cd of the C. virginica oyster species was used, which was found to be 0.031 (Kitsikoudis 

et al., 2020). Furthermore, because sedimentation takes place in oyster reefs, the bed level was increased 

by 0.05 m. This is based on elevation measurements of C. gigas reefs compared to reference areas in the 

Eastern Scheldt estuary (Walles et al., 2015). The bed level was changed in the model through increasing 

the values of the initial bathymetry in the study area.  

2.3.4. Model runs 

The model was first run separately for the different NbS. The NbS were assumed to be present in the 

whole study area, due to which a density factor of one was used for the study area and zero outside of 

the study area. However, different density fractions (n) as defined during the parameterisation were used 

in the definition file. The definition files that were used for the models are shown in Table 4.  
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Table 4. The parameters used in the definition files (ttd.) for the NbS in the trachytope functionality 

 

Trachytope 

number 

Method 

number hv n Cd Cb 

S. anglica 1 154 0.5 29.155 0.7 83 

Z. noltii 2 154 0.3 22.017 1.54 83 

Z. marina 3 154 0.45 36.28 0.755 83 

O. edulis 4 154 0.0495 15.18 0.031 83 

Subsequently, a model with a combination of NbS present in the study area was run. Different 

distributions were used for the NbS (Figure 5) and the assumption was made that the whole study area 

is covered by NbS. The distribution was based on the current as well as potential extent of the different 

NbS. For the salt marsh the distribution from a data collection of Wadden Sea maps (Waddenviewer) 

was used (Basismonitoringwadden, 2020), as well as a map of the distribution in 2004 (Dijkema et al., 

2013). For the seagrass distribution the same maps as well as a map for their potential distribution was 

used (Basismonitoringwadden, 2020; de Jong et al., 2005; Dijkema et al., 2013). For the oyster beds a 

map with areas of high potential for O. edulis occurrence and the current occurrence of C. gigas oysters 

was used to determine their potential distribution in the study area (Didderen et al., 2022). The same 

parameters were used for the NbS as in the separate runs (Table 4). However, for the seagrass beds it 

was assumed that the two species showed a 0.5 and 0.5 fraction. The bed level was increased by 0.05 m 

where the oyster beds were present in the study area.  

 
Figure 5. Distribution of the different NbS used for the combined model run and scenarios. 

2.4. Scenarios 

The future hydrodynamic conditions in the Wadden Sea depends on two main factors: the relative SLR 

and the sedimentation in the basin (Vermeersen et al., 2018). Furthermore, the vertical movement of the 

basin, due to natural processes and anthropogenic activities such as mining and gas extraction, also 

influence the future dynamics of the system (Fokker et al., 2018). Therefore, scenarios were 

implemented until 2100, to investigate the response of the system to the changes in SLR, sedimentation 

and subsidence in the basin. Furthermore, the effect of NbS on coastal protection was studied in these 

changed hydrodynamic conditions. 

2.4.1. Sea level rise 

For the SLR three Representative Concentration Pathway (RCP) scenarios were used: RCP8.5, RCP4.5 

and RCP2.6. Projections for the Wadden Sea region from Vermeersen et al. (2018) were used for the 

SLR scenarios. In these scenarios projections are made for the relative SLR, which is the change in the 

difference between the ocean surface and the ocean floor (Vermeersen et al., 2018). The scenarios are 

based on the IPCC AR5 climate change projections (Church et al., 2013), and are also compared to 
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updates derived from more recent literature (Vermeersen et al., 2018). Regional projections (Cannaby 

et al., 2016) and records (e.g. paleo-records and tide-gauge observations) from the Wadden Sea region 

are incorporated in the scenario projections (Vermeersen et al., 2018). The total projected change in 

SLR between 2018 and 2100 is shown in Table 5. 

Table 5. Sea level rise (m) in the Wadden Sea region by 2100 from Vermeersen et al. (2018) for the different RCP climate 

change scenarios. The average for the whole Wadden Sea region is shown with a 5-95% uncertainty range.  

Scenario Sea level rise (m) Uncertainty (5-95%) 

RCP2.6 0.41 0.25 

RCP4.5 0.52 0.27 

RCP8.5 0.76 0.36 

The SLR scenarios were implemented in the model through changing the boundary conditions. The open 

boundary conditions at the seaward side of the model were increased for different model runs with the 

amount of SLR projected by the three RCP scenarios. Because the incoming river discharges are very 

small compared to the tidal prism in the Ems-Dollard estuary (Schrijvershof et al., 2023), no change in 

the river discharge was applied. 

2.4.2. Sedimentation 

Changes in sedimentation were not considered in the SLR scenarios, and were therefore separately 

incorporated into the model. Wang et al. (2018) found that the long-term averaged sedimentation rate in 

the Dutch Wadden Sea area is 4.5 mm yr-1 (Wang et al., 2018). This rate was calculated from 

observations between 1926 and 2015 in the Wadden Sea region (Wang et al., 2018). This sedimentation 

rate was extrapolated for this study from 2018 to 2100 (Figure 6), to determine the total sedimentation 

in the area during this period. The total sedimentation between 2018 and 2100 was found to be 0.37 m. 

 
Figure 6. Linearly extrapolated total sedimentation (m) for the Wadden Sea region from 2018 to 2100 based on a 

sedimentation rate calculated by Wang et al., (2018). 

The sedimentation was implemented in the model through changing the initial bathymetry. The 

bathymetry file, which was used as an initial condition in the model run in 2020, was increased by 

0.3735 m in the study area. For the 2100 model, a spatially homogeneous sedimentation was assumed 

in the study area. 

2.4.3. Subsidence  

Another process influencing the Wadden Sea region is the vertical movement of the basin due to natural 

and anthropogenic processes. The three main natural processes that result in a vertical movement of the 

region are compaction, postglacial isostasy and plate tectonics (Fokker et al., 2018; Kooi et al., 1998). 

These natural processes act on timescales of thousands of years. For example, for the Ems-Dollard 

estuary it was estimated that in the 20th century a natural subsidence of less than 0.1 mm yr-1 took place 

in the area (Kooi et al., 1998). Human induced subsidence in the Wadden Sea region is mainly caused 
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by gas production and salt mining (Fokker et al., 2018). In the study area salt mining is not a relevant 

contributor to subsidence (Fokker et al., 2018). However, due to gas production the average subsidence 

rate in the Ems-Dollard tidal basin was found to be 1 mm yr-1 with an uncertainty of ± 0.5 mm in 2018 

(Fokker et al., 2018; NAM, 2016). Furthermore, projections from 2018 to 2030 indicate an average 

subsidence of 14 ± 7 mm (Fokker et al., 2018). From 2018 until 2050 the average subsidence is estimated 

to be 40 ± 20 mm (Fokker et al., 2018). Based on these estimations, the overall average subsidence from 

2018 projected until 2100 was estimated to be 101.5 ± 50.75 mm (Figure 7). 

 

Figure 7. Average subsidence projections of the Ems-Dollard tidal basin from 2018 to 2100 (red) with confidence intervals 

(orange) extrapolated from estimates by Fokker et al. (2018). 

The subsidence of the basin was implemented in the model through changing the bathymetry file of the 

model run in 2100. The total amount of subsidence used for the study area is 0.10 m. As the amount of 

subsidence was based on averages for the whole basin, a spatially homogeneous subsidence was 

assumed. Combining the effects of the sedimentation and subsidence, the initial bathymetry of the Ems-

Dollard estuary was increased by 0.26 m. 

2.4.4. NbS in the scenarios 

To the different SLR scenarios NbS were added in the study area. This was done to determine the effect 

of the NbS on the coastal protection potential with changed hydrodynamic conditions due to SLR. A 

combination of NbS, as used for the model run in 2018, was used for the SLR scenarios (section 2.3.4). 

For this, the same distribution and fraction was used as for the combined model run (Figure 5). Thereby 

it was assumed that the distribution of NbS did not change over time. In the oyster beds the bed level 

was not increased as was done in the 2018 model, as a high level of sedimentation was already 

considered in the scenarios. 

2.5. Sensitivity analysis 

A sensitivity analysis was performed to determine how the parameters that are used in the trachytope 

functionality to represent the NbS determine their coastal protection potential. Different values for the 

hv, n, Cd and Cb parameters were used while keeping the other parameters constant (Table B 2). These 

runs were then compared with a reference model run. For the hv value a range of 0.25 to 1 m was used 

with 0.25 m intervals, as it is unrealistic for the studied NbS to reach heights above 1 m. For the density 

value (n) a range from 1 to 1000 was used, to also look at how extremely low and high densities can 

influence the coastal protection potential of NbS. For the Cd parameter a range between 0.5 and 2 was 

used, as Cd parameters from other studies were found to range between these values for the NbS (Follett 

et al., 2019). For the Cb parameter a range between one to 90 m0.5 s-1 with 30 m0.5 s-1 intervals was used 

to find how the background roughness influences the coastal protection potential of NbS. The sensitivity 

analysis models were run for a shorter time period, for 17 days from the 25th of December 2018 until 

the 10th of January 2019.  
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3. Results 

3.1. NbS and flow velocity 

A lower peak flow velocity was found for the different NbS compared to the reference model with no 

NbS present. At the coast of the study area, when looking at the daily trend of the flow velocity on the 

30th of April 2019, lower amplitudes were found for the seagrass and salt marsh species, while the oyster 

bed showed a similar trend to the reference model (Figure 8). Further from the coast of the study area 

similar velocity trends were found for all the NbS, but with lower amplitudes than the reference model.  

 
Figure 8. Flow velocity (m s-1) for the different NbS at the cross sections on the 30th of April 2019. Sea 1 is the closest and 

Sea 3 is the furthest away from the coast (Figure 2). 

When looking at the daily maximum velocity over the whole study period lower velocities were found 

for the NbS (Figure 9). The reference model showed an average daily peak velocity of 0.24 m s-1 (SD: 

0.04) at the coast from January till May 2019 (Table 6). The oyster bed had the highest peak velocity 

average (0.21 m s-1, SD: 0.038) of the NbS, while the Z. noltii seagrass bed had the lowest (0.06 m s-1, 

SD: 0.02). The Z. marina, S. anglica and combined model run had similar mean peak velocity values as 

the Z. noltii species (Figure 9). The seagrass and salt marsh species showed a decline of about 70% in 

the peak flow velocity, while the oyster reef showed a decline of 12.5%. For the cross sections at the 

sea similar results were found, only here the combined model had closer peak values to the oyster bed 

than the other NbS species (Figure 9).  

Table 6. Average peak velocity (m s-1) for the different model runs at the cross sections from January to May 2019. The 

standard deviations are shown in Table B 3. 

 Reference S. anglica Z. marina Z. noltii Oyster Combined 

Coast  0.237 0.079 0.064 0.063 0.210 0.072 

Sea 1 0.337 0.195 0.176 0.172 0.310 0.287 

Sea 2 0.503 0.381 0.358 0.353 0.485 0.475 

Sea 3 0.528 0.394 0.370 0.364 0.504 0.482 

 



21 

 

 

Figure 9. Daily peak velocity at the cross sections over the model period for the different NbS. 

3.2. NbS and water depth 

The water depth changed when NbS were present in the study area. When looking at the daily trend of 

the water depth on the 26th of April (Figure 10), the water depth increased during the high tide and 

decreased during the low tide. The high tide peak water depth value was lower for the NbS than the 

reference model. At the coast it is dependent on location which NbS shows a lower peak water depth 

value. At the Uithuizerwad 1 observation point the combination of NbS showed the highest peak values, 

while the salt marsh species showed the lowest peak values (Figure 10). At the other coastal locations, 

the oyster bed showed the highest peak value and the S. anglica the lowest. Not only the maximum 

water depth, but also the minimum water depth changed when NbS were present. The duration of dry 

periods at the coast decreased for the NbS compared to the reference model, except for the oyster bed 

(Figure 10).  

 
Figure 10. Water depth (m) for the NbS at the coastal observation points in the Uithuizerwad (A-B) and Groningerwad (C-D) 

for the 26th of April 2019. 

When looking at locations further from the coast (Figure 11), lower peak water depth values were 

observed for the NbS compared to the reference model. Furthermore, the minimum water depth values 
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at low tide did not reach zero for the seagrass and salt marsh species at the location furthest from the 

coast in the study area (Figure 11).This means that the intertidal zone remains flooded for a longer period 

of time. On the other hand, for the combination and oyster reefs dry periods were present, but for a 

shorter period than the reference model (Figure 11). 

 
Figure 11. Water depth (m) for the different NbS at the observation points in the Wadden Sea from the 24th of April till the 1st 

of May 2019. 

Because higher peak values and lower minimum values were found for the daily trend of the water 

depth, these values were studied over the whole study period (Figure 12). Over the whole study period 

the reference model had an average daily peak water depth value of 1.05 m (SD: 0.37) in the 

Uithuizerwad and 0.59 m (SD: 0.35) in the Groningerwad (Table B 4). In the Uithuizerwad from the 

different model runs the combination of NbS had the highest mean peak water depth value (1.02 m, SD: 

0.4), while Z. noltii had the lowest average peak water depth value (0.91 m, SD: 0.45). For the 

Groningerwad, the oyster bed resulted in the highest peak water depth value (0.55 m, SD: 0.35) and the 

Z. noltii seagrass bed in the lowest (0.4 m, SD: 0.43). Furthermore, the difference in the peak values of 

the NbS compared to the reference model were dependent on the magnitude of the peak value. At peaks 

higher than 1.5 m there was a slight to no difference between the NbS and reference model, while at 

peaks lower than one metre NbS had lower peak values (Figure 12). 

 
Figure 12. Daily maximum water depth (m) for the NbS at the Uithuizerwad and Groningerwad coast from January to May 

2019. 
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The reference model had an average daily minimum water depth value of zero at the coastline in the 

study area (Figure 13; Table B 5). The oyster reef showed this same trend. However, the other NbS 

resulted in a higher minimum water depth over the studied period (Figure 13). At the Uithuizerwad the 

combined model had the highest daily average minimum water depth (0.16 m, SD: 0.05), while at the 

Groningerwad the salt marsh species had the highest (0.05, SD: 0.05; Table B 5). Further from the 

coastline dry periods were present for the reference, oyster bed and combined model (Figure A 2). 

However, at the location furthest from the coast in the study area no dry periods were present for the 

seagrass and salt marsh species (Figure A 2), and therefore the study area remained inundated during 

the whole study period. 

 
Figure 13. Daily minimum water depth (m) at the Uithuizerwad and Groningerwad coast for the different models from 

January till May 2019. 

3.3. NbS and erosion  

The bed shear stress gives an indication of the locations which are most susceptible to erosion, with 

higher values showing susceptibility to erosion and low values areas where sedimentation takes place. 

It was found that the range of bed shear stress values in the x- and y-direction at the observation points 

decreased when NbS were present (Figure 14). The oyster reef showed the lowest decline in the range 

of shear stress values compared to the reference model, while the seagrass and salt marsh species showed 

the highest decline in the range (Figure 14).  

 
Figure 14. Bed shear stress (Pa) x- and y-component for the different NbS for the whole model period at the Groningerwad 1 

coastal observation point. 



24 

 

The daily bed shear stress peak values were lower for the NbS than the reference model (Figure 15). At 

the observation points in the Uithuizerwad area lower maximum peak shear stress values were reached 

than in the Groningerwad (Figure 15). The reference model had an average peak value of 0.09 Pa (SD: 

0.04) in the x-direction for the Uithuizerwad observation points, while the Groningerwad 0.38 Pa (SD: 

0.19; Table B 6). In the y-direction this was 0.13 and 0.18 Pa respectively (Table B 7). The oyster reef 

had the highest daily mean peak values from the NbS over the study period (Table B 6).  

 
Figure 15. Daily peak bed shear stress (Pa) values of the x-component at the coastal observation points for the different NbS. 

The y-component peak values are shown in Figure A 3. 

Spatially the bed shear stress showed higher magnitudes in areas with a high water depth (Figure 16). 

Therefore, the highest bed shear stress values were reached in the deep channel at the eastern side of the 

study area.  

 
Figure 16. Bed shear stress magnitude (Pa) on the 30th of April 2019 in the study area for the different NbS. Darker values 

indicate areas with higher bed shear stress values and therefor higher susceptibility to erosion. 

3.4. Scenario analysis 

When looking at the daily trend of the flow velocity (Figure A 4), an increase in the peak velocity was 

found for the SLR scenarios, with the RCP8.5 scenario showing the highest increase. When a 

combination of NbS was present in the study area the peak velocity decreased (Figure 17). Between the 

scenarios with and without a combination of NbS present, a difference in the mean peak velocity of 0.15 

m s-1 at the coast and 0.03 m s-1 in the Wadden Sea was found (Table B 8). Therefore, the effect of NbS 

on the flow velocity was larger at the coast than at locations further away from the coast (Figure 17).  
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Figure 17. Daily peak velocity (m s-1) for the different scenarios with and without NbS at the cross sections from January to 

May 2100. 

The increased SLR resulted in an increase in the peak water depths at the coast, with the highest water 

depths for the RCP8.5 scenario (Figure A 5). The presence of NbS resulted in lower peak water depth 

values at the Groningerwad coast (Figure 18; Table B 9). The NbS decreased the peak water depth with 

12% for the RCP2.6 scenario, while only with 3% for the RCP8.5 scenario. For the Uithuizerwad, a 

slight to no difference was found in the peak water depth values when NbS were present, but a decrease 

in the length of time that the peak values were reached was observed (Figure 18). Additionally, the NbS 

resulted in higher minimum water depths (Figure 19). For the scenarios with no NbS present dry periods 

were present at the coastal points. However, when NbS were added, the coastal zone stayed inundated 

during the whole study period.  

 
Figure 18. Water depth (m) for the SLR scenarios with and without NbS at the Uithuizerwad and Groningerwad coast on the 

29th of April 2100. 
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Figure 19. Maximum and minimum daily water depth for the SLR scenarios with and without NbS at the Uithuizerwad and 

Groningerwad coast from January till May 2100. 

The bed shear stress peak values increased for the SLR scenarios (Figure 20), indicating that higher 

levels of erosion took place at the coast with increased water levels. However, the presence of NbS 

decreased the bed shear stress peak values, from a range of 0.8-0.1 Pa when no NbS were present to 

0.01 Pa when NbS were present in the study area (Figure 20).  

 
Figure 20. The maximum daily bed shear stress (Pa) x-component for the different scenarios at the different coastal 

observation points from January till May 2100. 

3.5. Sensitivity analysis 

Peak flow velocities decreased with increased heights (hv), densities (n) and drag coefficients (Cd) of the 

NbS (Figure 21). When no NbS were present the flow velocity had an average peak velocity of 0.27 m 

s-1 (SD: 0.03). Hv resulted in the largest decrease in the peak velocities (0.03 m s-1, SD: 0.02; Table B 

10). With very high densities (n=1000) the peak velocity averaged at 0.04 m s-1 (SD=0.02; Table B 11), 

while for large drag coefficients (Cd=2) they averaged at 0.06 m s-1 (SD: 0.02; Table B 12). The different 

Cb values did not decrease the peak velocity of the model, only an unrealistically low Cb value (Cb=1) 

had an impact on the peak velocities (Table B 13). Therefore, the peak flow velocity was found to be 

most sensitive to the height of the NbS and least to the background roughness parameter.  
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Figure 21. Flow velocity (m s-1) for different height (hv), density (n), background roughness (Cb) and drag coefficient (Cd) 

parameter values to represent NbS in the model, from 1-10 January 2019 at the coast of the study area. 

The peak water depth also decreased with increased hv, n and Cd values (Figure 22).When no NbS were 

present in the study area, water depths peaked at an average of 0.93 m (SD: 0.27) from the first till the 

10th of January. When NbS of one metre were present the peak water depths only reached 0.43 m (SD: 

0.03; Table B 10). With high Cd values peak water depths of 0.66 m were reached (SD: 0.06; Table B 

12). With an extreme density (n=1000) peak water depths increased compared to lower densities (n=25-

100), from 0.66 m (SD: 0.02) to 0.71 m (SD: 0.02; Table B 11). The Cb only influenced the peak water 

depth values when very low values were present (Cb=1; Table B 13). Furthermore, the very low Cb 

increased the water depth when no peaks were present (Table B 13). Consequently, peak water depths 

were most sensitive to the height of the NbS and drag coefficient, while they were less sensitive to the 

density and background roughness parameters. 

 
Figure 22. Water depth (m) for different heights of NbS (hv), densities (n), background roughness (Cb) and drag coefficients 

(Cd) values from 1-10 January 2019 at the Uithuizerwad 2 observation point. 
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4. Discussion 

This thesis aimed to identify whether the implementation of coastal NbS can increase the coastal 

protection of intertidal zones. For this the interaction of seagrass meadows (Z. noltii and Z. marina), salt 

marshes (S. Anglica) and oyster beds (O. edulis) with the hydrodynamics were schematised in the 

Delft3D-FM Flow model in the Ems-Dollard estuary. The results indicate that, through increasing the 

bed roughness, the presence of NbS in the Groningerwad and Uithuizerwad area decrease the peak flow 

velocity and water levels that reach the coastline. Furthermore, the study demonstrates that salt marsh 

and seagrass species decrease the daily peak flow and water levels more than oyster beds do. The bed 

shear stress peak values also decrease with the presence of NbS, indicating that the period with elevated 

levels of erosion decreases. These results confirm the hypotheses that NbS decrease the flow velocity, 

water depth and level of erosion. With future SLR, the flow velocities and water levels increase at the 

coast, enhancing the need for a reduction in the peak levels by NbS. The NbS were found to decrease 

the increased peak values with SLR, but the question remains whether this will be sufficient to protect 

the coast from flooding with future climate change. 

4.1. Coastal protection potential of NbS 

When NbS are present, the peak flow velocity was found to decline by 70% at the coast when salt marsh 

and seagrass meadows are present, while only by 12% when oyster beds are present. Other studies also 

found a reduction in the flow velocity when NbS are present. Van Veelen et al. (2010) found a reduction 

in the depth-averaged flow velocity when salt marshes were present in an estuary modelled by Delft3D-

FM (van Veelen et al., 2019). From measurements in salt marsh vegetation, flow velocities were found 

to be a magnitude lower than those in surrounding mudflats in the Western Scheldt estuary (Bouma et 

al., 2005). For the Spartina alterniflora salt marsh species, a 50% reduction of flow velocity was found 

in the canopy (Leonard & Croft, 2006). For the Z. marina seagrass, a 70-90% reduction in the near-

bottom flow velocity was measured in a coastal bay in Virginia (Hansen & Reidenbach, 2012). For 

oyster reefs only a small reduction in the peak flow velocity was found in this study, however, others 

found a reduction of up to 40% in the mean horizontal flow profile of healthy oyster reefs (Kitsikoudis 

et al., 2020). Furthermore, when NbS are present, the vertical component of the flow was found to be 

attenuated more strongly than the horizontal component (Leonard & Croft, 2006). However, the vertical 

component of the flow is not considered in the depth-averaged model used for this research as the 

Boussinesq assumption is made. By using a depth-averaged model, there is also an underestimation 

present in the effect of NbS on the near-bed currents (Keyzer et al., 2020), while these were found to be 

attenuated most when NbS are present (Hansen & Reidenbach, 2012).  

The NbS were found to decrease the peak water depth at the coast. The salt marsh and seagrass species 

resulted in a decrease of 6-34% (depending on the location), while the oyster reef resulted in a 5-8% 

decrease in the peak water depth at the coast compared to when no NbS were present in the 

Groningerwad and Uithuizerwad area. This indicates that the tidal amplitude is decreased at the coast 

by the presence of NbS. Best et al. (2018) also found that when salt marsh vegetation is present in an 

area the tidal amplitude decreases (Best et al., 2018). By decreasing the peak velocity and water depth, 

NbS reduce the water force that reaches the coast. Consequently, the dikes that are present in the 

Groningerwad and Uithuizerwad are exposed to less hydrodynamic forces. This indicates that the need 

for maintenance of the dikes can be reduced by the presence of NbS in the foreshore.  

An unexpected result for the water depth with the presence of salt marsh and seagrass meadows was 

that the intertidal zone stayed inundated for a longer period of time. Although water depths did reach 

low levels of about 10 cm during low tide, the coastal zone stayed flooded. Temmerman et al. (2005) 

also observed that when water levels were low, vegetated areas flooded more than unvegetated areas 

(Temmerman et al., 2005). More specifically, they observed that when the water level was below the 

top of the vegetation, flow routing took place from unvegetated to vegetated tidal marsh areas 
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(Temmerman et al., 2005). As water depths observed here during low tides were lower than the height 

of the NbS, flow routing could have been the explaining factor. With an increase in the length that the 

area stays flooded, inundation stresses on the NbS increase. Consequently, this could lead to a decrease 

in the quality of the Uithuizerwad and Groningerwad area as a habitat for the salt marsh and seagrass 

species, decreasing the coastal protection potential of these NbS. However, this is without taking into 

consideration the effect of NbS on the amount of sedimentation. 

The salt marsh and seagrass species resulted in a reduction in the bed shear stress peak values at the 

coast of 80-95%, while the oyster reef 40-60%. This reduction indicates that the system may have shifted 

from an erosional environment to one that promotes the deposition of suspended sediments. As the 

amount of suspended sediment decreases, more light is able to reach the vegetation and promote growth 

(Paul, 2018), which could lead to a positive feedback loop for the growth of NbS. Other studies also 

found that seagrass species reduce the bed shear stress and thereby stabilise sediments (Christianen et 

al., 2013; Hansen & Reidenbach, 2012; Paul, 2018; Widdows et al., 2008). Furthermore, the bed shear 

stress was found to decrease below the critical shear stress when NbS are present (Hansen & Reidenbach, 

2012; Widdows et al., 2008). The critical shear stress is the bed shear stress value above which sediments 

are mobilised and below which they are stabilised. For the Z. marina species an 80% reduction was 

found in the bed shear stress compared to an unvegetated area (Hansen & Reidenbach, 2012). The 

critical shear stress (0.4 Pa) was not exceeded for 80% of the time in the eelgrass meadow (Hansen & 

Reidenbach, 2012). If this critical shear stress is used for the results of this study, the shear stress for Z. 

marina stays below the critical shear stress value during the entire studied period. For a Z. noltii meadow 

in Sylt, Germany, the bed shear stress was also found to stay below the critical shear stress (0.1-1 Pa) 

and increased with higher shoot densities (Widdows et al., 2008). When using the lowest critical shear 

stress found in this study (0.1 Pa; Widdows et al., 2008), the critical shear stress was not exceeded by 

the shear stress values observed for Z. noltii in this study either. Furthermore, the depth averaged model 

used in this study was found to slightly overestimate the bed shear stress, as it does not resolve the 

enhanced reduction of velocity by the vegetation that is observed near the bed (Horstman et al., 2015). 

The combination of NbS did not increase the coastal protection more than when one NbS was present 

in the study area. This was due to the spatial separation of the NbS and not considering interactions 

between the NbS. For example, the same density was assumed for the NbS as when they were separately 

present, however synergies between the NbS could lead to an increase in their density. For example, the 

habitable range of oysters was found to increase by the presence of salt marshes in the Western and 

Eastern Scheldt estuary (Fivash et al., 2021). Furthermore, oyster reefs were found to reduce the erosion 

of salt marshes and increase the growth of the vegetation (Paul, 2018; Ysebaert et al., 2018). Seagrasses 

were found to increase the water quality, thereby increasing the habitat quality of oysters (Kobayashi et 

al., 2021). This indicates that a combination of NbS can increase their extent and quality, and thereby 

their coastal protection potential. For example, Keyzer et al. (2020) indicate that the interdependence 

between NbS is a key factor in the resilience of the system to SLR. However, more research is needed 

to determine the extent to which a combination of NbS can increase their coastal protection potential by 

taking the synergies between NbS into account. 

By implementing the NbS in the Delft-3D-FM Flow model through the trachytope functionality, the 

roughness in the study area was increased. This was consequently found to decrease the flow velocity 

and the water depth peak values. By partly implementing drag by NbS in the momentum balance, the 

trachytope functionality decreased the bed shear stress, indicating a decrease in the rate of erosion in the 

area. Although the model is a limited representation of the real-life situation, measurements at seagrass, 

salt marsh and oyster beds found the here simulated coastal protection effects by NbS to be present as 

well (e.g., Bouma et al., 2005; Hansen & Reidenbach, 2012; Ysebaert et al., 2018).  
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4.2. SLR scenarios and NbS 

The SLR scenarios increased the peak flow velocity and water depth, which were subsequently reduced 

by the presence of NbS. Nevertheless, the question remains whether this decrease is sufficient to protect 

the coast from flooding. With the highest SLR scenario (RCP 8.5) the peak velocity decreased from 0.27 

to 0.09 m s-1, which is lower than the modelled value without NbS in 2019. However, the peak water 

depth only decreased with 2-12% at the coast when NbS were present in the future SLR scenarios. Thus, 

the RCP8.5 scenario for 2100 still reached 50 cm higher peak values at the coast than the model for 

2019. This indicates that if high levels of climate change will be reached by 2100, NbS can help with 

coastal protection, but additional measures will need to be taken to ensure the safety of the coastline.  

A key effect of the NbS is the increase in the bed level they result in, as this determines whether NbS 

can keep up with future SLR. However, in the model used for this study the changes in geomorphological 

processes were not taken into account. Best et al. (2018) did take geomorphological processes into 

account in a Delft3D-FM model for salt marshes (Best et al., 2018). They found that the rate at which 

the bed level increases is insufficient to keep up with the SLR predicted with the RCP8.5 scenario by 

2100 (Best et al., 2018). However, as the increase in bed level is dependent on the sediment supply, it 

could be increased by adding external sediments to the system (Best et al., 2018; Wang et al., 2018). For 

example, artificial sand nourishment can increase the capacity of the system to keep up with the rising 

sea levels (Stronkhorst et al., 2018).  

With the presence of NbS in SLR scenarios, permanent coverage of water was found at the coastline. 

This indicates that the area has shifted from an intertidal to a subtidal system. Other studies have also 

observed this transition in the Wadden Sea system with future SLR (Becherer et al., 2018; Dissanayake 

et al., 2012; Wang et al., 2018). With the RCP2.6 scenario a 3.5% loss, while with the RCP8.5 a 38% 

loss was found of tidal flats in the Wadden Sea (Wang et al., 2018). This will potentially have dramatic 

consequences on the ecosystem present in the Wadden Sea (Wang et al., 2018), and could decrease the 

effectiveness of the proposed NbS. For example, the zonal sequence of salt marshes is dependent on the 

duration and frequency of inundations, and have been found to shift landwards where SLR takes place 

(Metzing, 2010; Willemsen et al., 2022). However, this landward retreat of NbS is limited in the Wadden 

Sea by the presence of dikes. Furthermore, with rising temperatures caused by climate change, a shift in 

species coastwards and northwards is predicted in the Wadden Sea, which will change the species 

composition and biotic interactions in the ecosystems (Metzing, 2010). It is therefore important for 

future research that study the effectiveness of NbS for coastal protection with SLR, to also consider the 

effect of the higher sea levels on the NbS and the effect that an increase in the duration and frequency 

of inundation has on the system.  

The findings of this thesis indicate that NbS can help with coastal protection, by reducing the water level 

and flow velocity reaching the coast in the Uithuizerwad and Groningerwad. However, to ensure the 

highest flood safety, a hybrid coastal protection approach is suggested. A hybrid approach means that 

NbS are combined with civil-engineered structures (van der Nat et al., 2016). For example, in the 

Uithuizerwad and Groningerwad area, salt marsh, seagrass and oyster reefs can be used as a foreshore 

coastal protection option. The NbS thereby function as a buffer to the incoming hydrodynamic forces 

and reduce the forces that reach the coastline. But next to these NbS, dikes are still needed to ensure 

maximal safety from flooding. By taking a hybrid approach, the resilience of the coastal system to SLR 

is also increased.  

Therefore, the cooperation of multiple disciplines and actors is needed for coastal protection. For 

example, there is a need for both ecological and engineering knowledge in the design of coastal 

protection measures. Ecologists can help with the design of the NbS, to ensure their ecological quality 

and thereby coastal protection potential, while hydraulic engineers can help with the design of the civil-

engineered structures. Furthermore, a broader range of stakeholders need to be involved within the 

design process, to ensure that societal values are considered in the coastal protection measure.  
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4.3. Sensitivity analysis 

The results of the sensitivity analysis revealed that the flow velocity and water depth were most sensitive 

to the height of the NbS, from the parameters used for the NbS in the model. The density of the NbS 

and the drag coefficient also influenced coastal protection, but to a lesser degree. The background 

roughness had no to a very little effect. As the oyster reefs were parameterised to have the smallest 

height, this could explain why they were found to have lower coastal protection effects than the salt 

marsh and seagrass vegetation. Temmerman et al. (2005) also found that vegetation height is the 

controlling factor for the water depth over salt marshes (Temmerman et al., 2005). Furthermore, the 

effect of vegetation density was found to be more clearly visible at low density ranges (0-10% coverage) 

than high densities (Temmerman et al., 2005). Bouma et al. (2010) also found that the drag force exerted 

by the vegetation on the flow, is independent of the vegetation density and relatively constant in space, 

but is a species-specific characteristic (Bouma et al., 2010). However, Karamouz et al. (2022) found that 

the drag coefficient is the determining factor for the drag force of mangrove and kelp vegetation in the 

Delft3D model. Therefore, when parameterising NbS in hydrodynamic models, special attention must 

be paid to determining the height of the NbS. 

4.4. Other uncertainties and limitations  

The main assumption that was made for this study is that the whole Uithuizerwad and Groningerwad 

area are covered by NbS. In reality, the NbS need specific conditions to colonise an area and form 

healthy systems. For example, oyster reefs need hard substrates to settle on (e.g. shells or artificial 

structures), sufficient water quality, and shallow water conditions (Fivash et al., 2021; Smaal et al., 

2015). Furthermore, O. edulis has a very rare occurrence in the Wadden Sea (Smaal et al., 2015), due to 

which significant restoration efforts need to be taken. The density that is reached with restoration 

projects of NbS is often very low. For example, for O. edulis only 0.6-6.8 oysters per m² were present 

in the North sea (Christianen et al., 2018). For the Z. marina species a maximum density of 1.8 plants 

per m² was achieved by a restoration project in the Uithuizerwad area (Govers et al., 2018), which is 

significantly lower than the density used for this study (1451.37 shoots per m²). More established NbS 

were also found to have a lower density than the density used for this study. For example, the shoot 

density of a Z. marina meadow in the Ems Estuary was found to peak at 7.8 flowering shoots per m² 

(Erftemeijer et al., 2008). Therefore, it is more realistic to assume that lower ranges and densities will 

be reached by NbS in the Uithuizerwad and Groningerwad area by future restoration projects.  

Another assumption which was made is that the NbS do not change over time. Although the trachytope 

functionality in the Delft3D-FM model does allow for spatial heterogeneity in the vegetation, it is not 

possible to make the NbS temporally variable. Due to this, the effect that the hydrodynamic conditions 

have on the NbS were not considered. To do so, a Dynamic Vegetation Model could be coupled to the 

model. Such a model is currently under development for the Delft3D-FM model (Dijkstra, 2022). By 

coupling the hydrodynamic model with a Dynamic Vegetation Model, the parameters of the vegetation 

can be calculated based on changing environmental conditions. For example, the observed elevated 

water depths could be coupled with a decrease in light availability and thereby mortality of the NbS.  

By making the NbS temporally variable and dependent on the hydrodynamic conditions, their coastal 

protection potential will also change over time. This is important, because the effectiveness of the coastal 

protection of seagrasses and salt marshes has been found to change over time (Koch et al., 2009; 

Ondiviela et al., 2014). For example, the density, aboveground biomass and height of seagrasses has 

been found to be low during winter, decreasing their coastal protection potential (Koch et al., 2009; Paul 

& Amos, 2011). However, during winter the most extreme hydrodynamic conditions are present in the 

Wadden Sea, with coastal protection therefore being the most important during this time. Even though 

the winter period was simulated in this study, a healthy ecosystem was assumed to be present, thus 

leading to an overestimation in the coastal protection potential of seagrasses and salt marshes. For future 

research on NbS it would therefore be an important aspect to consider the temporal variability of NbS 

by, for example, coupling a hydrodynamic model with a Dynamic Vegetation Models.  
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Another aspect which was assumed to be constant over time, is the drag coefficient of NbS. This is an 

oversimplification as it neglects the stem behaviour of salt marshes and seagrasses under different 

hydrodynamic conditions (Familkhalili & Tahvildari, 2022). For example, the drag coefficient was 

found to increase with water depths and decrease with the steepness in wave conditions (He et al., 2018). 

The flow velocity also impacts the drag coefficient, by causing a sway in the vegetation (Paul & Amos, 

2011; Zeller et al., 2014). By the sway in vegetation the frontal area, height of the vegetation, and thereby 

the drag exerted on the flow decreases. The Baptist et al. (2007) method in the Delft3D-FM model 

assumes rigid vegetation and thereby does not consider the flexibility of the vegetation. Furthermore, a 

linear relation between the drag force and the square of velocity is assumed, while for flexible plants a 

linear increase between the drag force and flow velocity is observed (Armanini et al., 2005). Several 

studies have shown that by the coupling of a Dynamic Vegetation Model (Familkhalili & Tahvildari, 

2022; Karamouz et al., 2020) or making the drag coefficient value dependent on wave conditions 

(Christie et al., 2018; Losada et al., 2016), a more realistic drag on the flow by flexible vegetation can 

be simulated. Therefore, for future research the incorporation of the stem flexibility by a variable drag 

coefficient is important for modelling the effect of salt marsh and seagrasses on the hydrodynamics. 

Another suggestion for further research is to determine the properties of the NbS and hydrodynamics in 

the Uithuizerwad and Groningerwad area through a field study. For this thesis, assumptions were made 

in the parameterisation of the NbS by not taking measurements at location. Parameters that were 

determined in other studies were used. However, the specific conditions present at the Uithuizerwad and 

Groningerwad could result in different heights, densities and drag coefficients of the NbS. For some of 

the parameters, values from different species had to be used, because of a limitation in data availability 

for the studied species. By performing measurement on location, the spatial heterogeneity of the NbS 

could be taken into account in the model environment. This way the assumption of uniform height, 

density and drag coefficient which was made in this study would not have to be made. Measurements 

would also allow the NbS within the model to be calibrated and validated against local data. 

Additionally, the critical bed shear stress could be measured with field observations.  

Another uncertainty lies within the parameters that were used for the scenarios by 2100. For the RCP8.5 

scenario the SLR projections have a 5-95% uncertainty of 0.36 m, which indicates that SLR could 

increase to 1.12 m instead of the here applied 0.76 m (Vermeersen et al., 2018). Uncertainties in the 

SLR scenarios lie within uncertainties in the internal climate variability (e.g., ENSO), emission 

pathways, climate models and potential ice-mass loss from Antarctica and Greenland (Haasnoot et al., 

2020; Vermeersen et al., 2018). For the sedimentation rate an extrapolation was made from the 1926-

2015 average, however, this is highly dependent on the sediment availability and transport rate within 

the area and is spatially variable. The subsidence rate projections also had a 50% uncertainty and are 

highly dependent on uncertain human induced processes in the area (e.g., gas extraction). Furthermore, 

other effects of climate change which could affect the hydrodynamic conditions (e.g., storm surges, river 

discharge, precipitation) were not considered in this study.  

Another important factor of NbS which was not considered in this research, is the ecosystem services 

they provide in addition to coastal protection. For example, all the NbS studied here have been found to 

increase the carbon storage of an area (Duarte et al., 2013; Thomas et al., 2022). By storing carbon, the 

NbS help with climate change mitigation in addition to adaptation. Globally, salt marshes and seagrasses 

were estimated to bury between 50 to 200 Tg carbon yr-1 (Duarte et al., 2013). Furthermore, other 

ecosystem services that the studied NbS can provide are: water purification, nitrogen cycling, food 

provision and recreation (Kobayashi et al., 2021; Moraes et al., 2022; Rozema et al., 2002).  
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5. Conclusion and Recommendations 

This research found that salt marshes (S. Anglica), seagrasses (Z. marina and Z. noltii) and oyster reefs 

(O. edulis) can decrease the peak flow and water level that reaches the coast. By increasing the bed 

roughness through the Delft3D-FM Flow model trachytope functionality in the Uithuizerwad and 

Groningerwad area (Dutch Wadden Sea), drag force on the flow increased, decreasing the peak velocity 

and water that reached the coast. Furthermore, the peak levels of the bed shear stress, which is a proxy 

for the amount of erosion, also decreased. However, the intertidal zone was found to stay inundated for 

a longer period of time when NbS were present, which could decrease the habitat suitability of the area 

for the NbS. Salt marsh and seagrass species were found to have comparable coastal protection 

potentials, while oyster beds had a lower potential. The parameter that mostly defines the coastal 

protection potential is the height of the NbS, with the density and drag force having a lower influence. 

With increasing sea level rise scenarios, NbS also decreased the peak flow velocity, water depth and 

rate of erosion. However, the decrease by NbS in the water level is insufficient to protect the coast from 

inundation with SLR by 2100. Therefore, with high levels of climate change, the NbS analysed here can 

help with coastal protection, but additional measures need to be taken to ensure the safety of the 

coastline. A hybrid approach to coastal protection is suggested, by combining the positive effects of 

NbS with conventional coastal engineering solutions. Furthermore, sand nourishment can be applied to 

the here introduced NbS, to ensure that the bed level increases at a rate that is able to keep up with future 

sea level rise. To conclude, this thesis found that NbS can help with coastal protection, but the amount 

is dependent on the type of NbS and the hydrodynamic conditions present.  

Recommendations for further research are to: 

• Make the representation of NbS in models temporally and spatially variable and dependent on 

environmental conditions (e.g., coupling of hydrodynamic models with Dynamic Vegetation 

Model). 

• Investigate what the effect of rising sea levels and temperatures are on NbS. 

• Use field data to determine the properties of the NbS for the specific location that is modelled. 

• Determine and model the interdependencies that are present between NbS, and how this 

influences their coastal protection potential. 

• Consider the effect of a higher sea level on the NbS in addition to the effect of NbS on the water 

level. 

• Use a 3D model to also consider the effect of NbS on the vertical component of the flow and 

prevent the underestimation of the reduction in the near-bed flow velocity. 

• Consider the limits of implementing NbS in coastal areas. 

• Look whether with an artificial supply of sediment, NbS can keep up with high amounts of sea 

level rise. 

• Determine the combined coastal protection potential of NbS and coastal engineering solutions. 

• Consider and quantify the additional ecosystem services that NbS provide on top of coastal 

protection.  
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Appendices 

Appendix A. Additional Figures 

 
Figure A 1. Grid cells used in the Delft3D-FM Flow model with varying sizes, 1 km offshore to 30 m upstream the Ems river. 

 
Figure A 2. Daily minimum water depth (m) levels at observation locations in the sea for the different NbS from January till 

May 2019. 
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Figure A 3. Daily maximum bed shear stress (Pa) values for the y-component for the different NbS at the coastal observation 

points from January till May 2019. 

 
Figure A 4. Flow velocity (m s-1) for the different scenarios with and without NbS at the cross sections in the study area on 

the 30th of April 2100. 
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Figure A 5. Water depth level (m) for the different RCP SLR scenarios at the coastal observation points from January till 

May 2100. 
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Appendix B. Additional Tables 

Table B 1. List of symbols used for different variables in this study with their units  

Symbol Name  Units 

hv Height of NbS m 

p  Shoot or oyster density m-² 

m Leaves per shoot [-] 

D Leaf or oyster diameter m 

n Density m-² 

Cd Drag coefficient [-] 

Cb Chèzy background bed roughness  m0.5 s-1 

C Baptist roughness predictor [-] 

g Gravitational acceleration m3 kg-1 

κ Von Kármán constant [-] 

λ Flow resistance coefficient of the NbS [-] 

fi Surface area fraction of the NbS [-] 

Q Overall flow m s-1 

t Time s 

h Water depth m 

U, V  Depth averaged velocity in x- and y-

direction 

m s-1 

u, v, w  Velocity components in x-, y- and z-

directions 

m s-1 

vv  Vertical eddy viscosity coefficient m s-1 

p0 Initial density of the fluid kg m-³ 

pd Density of the fluid kg m-³ 

P Pressure Pa 

Mx, My External sources and sink of momentum s-1 

Fx, Fy Forces representing the unbalance of 

horizontal Reynold stresses 

Pa 

qin, qout Local sources and sinks of water s-1 

pd  Density of liquid g m L-1 

g Gravitational acceleration m3 kg-1 

nm Manning’s roughness coefficient m1/3 s-1 

R Hydraulic radius - 

τ Bed shear stress Pa 

 

Table B 2. Parameters used for the different sensitivity runs, with different height (hv), density (n), drag coefficient (Cd) of 

NbS and background roughness (Cb) values.  
 

hv n Cd Cb 

ref 0.5 25 1 83 

hv1 0.25 25 1 83 

hv2 0.75 25 1 83 

hv3 1 25 1 83 

n1 0.5 1 1 83 

n2 0.5 10 1 83 

n3 0.5 50 1 83 

n4 0.5 100 1 83 
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n5 0.5 1000 1 83 

Cd1 0.5 25 0.5 83 

Cd2 0.5 25 1 83 

Cd3 0.5 25 1.5 83 

Cd4 0.5 25 2 83 

Cb1 0.5 25 1 1 

Cb2 0.5 25 1 30 

Cb3 0.5 25 1 60 

Cb4 0.5 25 1 90 

Table B 3. Mean peak velocity (m s-1) standard deviations for the different NbS at the cross sections from January till May 

2100.  

Mean Reference S. anglica Z. marina Z. noltii Oyster Combined 

Coast  0.041 0.017 0.017 0.020 0.038 0.017 

Sea 1 0.067 0.038 0.035 0.034 0.061 0.056 

Sea 2 0.101 0.079 0.074 0.073 0.098 0.097 

Sea 3 0.102 0.078 0.073 0.072 0.098 0.093 

 

Table B 4. Water depth (m) daily maximum peak values mean and standard deviation for the different NbS at the observation 

points from January till May 2019. 

Mean Reference S. anglica Z. marina Z. noltii Oyster Combined 

Uithuizerwad 1 1.055 0.988 0.936 0.915 0.995 1.026 

Uithuizerwad 2 0.637 0.499 0.417 0.398 0.583 0.503 

Groningerwad 1 0.594 0.489 0.415 0.397 0.546 0.450 

Groningerwad 2 0.594 0.489 0.415 0.397 0.546 0.450 

Sea 1 1.481 1.459 1.446 1.441 1.427 1.431 

Sea 2 1.982 1.965 1.954 1.951 1.929 1.936 

Standard deviation       

Uithuizerwad 1 0.371 0.392 0.432 0.445 0.370 0.401 

Uithuizerwad 2 0.361 0.437 0.448 0.449 0.361 0.434 

Groningerwad 1 0.348 0.406 0.424 0.425 0.347 0.413 

Groningerwad 2 0.348 0.406 0.424 0.425 0.347 0.413 

Sea 1 0.380 0.380 0.380 0.381 0.379 0.377 

Sea 2 0.397 0.389 0.387 0.387 0.396 0.393 

 

Table B 5. Water depth (m) daily minimum peak values mean and standard deviation for the different NbS at the observation 

points from January till May 2019. 

Mean Reference S. anglica Z. marina Z. noltii Oyster Combined 

Uithuizerwad 1 0.003 0.137 0.149 0.129 0.002 0.157 

Uithuizerwad 2 0.013 0.075 0.062 0.053 0.009 0.073 

Groningerwad 1 0.006 0.055 0.047 0.038 0.004 0.047 

Groningerwad 2 0.006 0.055 0.047 0.038 0.004 0.047 

Sea 1 0.007 0.029 0.033 0.027 0.006 0.006 

Sea 2 0.036 0.208 0.260 0.257 0.030 0.032 

Standard deviation       

Uithuizerwad 1 0.002 0.045 0.068 0.071 0.001 0.053 

Uithuizerwad 2 0.005 0.048 0.052 0.048 0.004 0.046 

Groningerwad 1 0.003 0.050 0.057 0.052 0.002 0.051 



47 

 

Groningerwad 2 0.003 0.050 0.057 0.052 0.002 0.051 

Sea 1 0.049 0.058 0.063 0.063 0.044 0.046 

Sea 2 0.136 0.118 0.117 0.121 0.127 0.129 

 

Table B 6. Daily maximum bed shear stress (Pa) mean and standard deviation in the x-direction for the different NbS at the 

observation points from January till May 2019. 

Mean Reference S. anglica Z. marina Z. noltii Oyster Combined 

Uithuizerwad 1 0.142 0.028 0.023 0.022 0.086 0.027 

Uithuizerwad 2 0.037 0.001 0.001 0.001 0.012 0.001 

Groningerwad 1 0.375 0.010 0.005 0.004 0.109 0.005 

Groningerwad 2 0.375 0.010 0.005 0.004 0.109 0.005 

Sea 1 0.102 0.007 0.004 0.004 0.037 0.055 

Sea 2 0.201 0.007 0.004 0.004 0.061 0.027 

Standard deviation       

Uithuizerwad 1 0.054 0.012 0.011 0.011 0.035 0.009 

Uithuizerwad 2 0.019 0.001 0.001 0.001 0.007 0.002 

Groningerwad 1 0.186 0.013 0.008 0.007 0.060 0.009 

Groningerwad 2 0.186 0.013 0.008 0.007 0.060 0.009 

Sea 1 0.042 0.004 0.003 0.003 0.018 0.016 

Sea 2 0.069 0.002 0.001 0.001 0.021 0.010 

 

Table B 7. Daily maximum bed shear stress (Pa) mean and standard deviation in the y-direction for the different NbS at the 

observation points from January till May 2019. 

Mean Reference S. anglica Z. marina Z. noltii Oyster Combined 

Uithuizerwad 1 0.247 0.016 0.008 0.007 0.152 0.013 

Uithuizerwad 2 0.018 0.000 0.000 0.000 0.007 0.000 

Groningerwad 1 0.188 0.003 0.002 0.002 0.072 0.002 

Groningerwad 2 0.188 0.003 0.002 0.002 0.072 0.002 

Sea 1 0.071 0.006 0.004 0.003 0.033 0.018 

Sea 2 0.260 0.012 0.008 0.007 0.069 0.025 

Standard deviation       

Uithuizerwad 1 0.038 0.005 0.003 0.002 0.022 0.005 

Uithuizerwad 2 0.011 0.001 0.000 0.000 0.005 0.000 

Groningerwad 1 0.057 0.002 0.001 0.001 0.023 0.001 

Groningerwad 2 0.057 0.002 0.001 0.001 0.023 0.001 

Sea 1 0.035 0.002 0.001 0.001 0.013 0.003 

Sea 2 0.060 0.002 0.002 0.001 0.015 0.012 

 

Table B 8. Maximum daily flow velocity (m s-1) mean and standard deviation for the different scenarios at the cross sections. 

For the reference model from January till May 2019 and the scenarios the same months in 2100. 

Mean Ref. RCP2.6 RCP4.5 RCP8.5 RCP2.6-

nbs 

RCP4.5-

nbs 

RCP8.5-

nbs 

Coast  0.24 0.25 0.26 0.27 0.08 0.08 0.09 

Sea 1 0.34 0.34 0.34 0.34 0.29 0.29 0.29 

Sea 2 0.50 0.50 0.50 0.50 0.47 0.47 0.47 

Sea 3 0.53 0.53 0.54 0.54 0.49 0.49 0.50 
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Table B 9. Maximum daily water depth (m) mean and standard deviation for the different scenarios at the cross sections. For 

the reference model from January till May 2019 and the scenarios the same months in 2100. 

 

 

Table B 10. Average daily maximum and minimum water depth (m) and velocity (m s-1) for different NbS height values (Hv) 

with standard deviation (SD) for 1-10 January 2019. The water depth was measured at the Uithuizerwad 2 observation point 

and the velocity at the whole coast of the study area. 

Water depth 
     

 
No NbS hv=0.25 hv=0.5 hv=0.75 hv=1 

Max. 0.926 0.782 0.660 0.555 0.426 

Min. 0.015 0.085 0.078 0.072 0.037 

Max. SD. 0.413 0.546 0.603 0.598 0.606 

Min. SD. 0.006 0.043 0.070 0.088 0.032 

Velocity 
 

    
Max. 0.268 0.098 0.071 0.049 0.033 

Min.  -0.162 -0.038 -0.019 -0.012 -0.012 

Max. SD. 0.029 0.017 0.017 0.022 0.023 

Min. SD. 0.011 0.035 0.032 0.019 0.010 

 

Table B 11. Average daily maximum and minimum water depth (m) and velocity (m s-1) for different NbS density (n) values 

with standard deviation (SD) for 1-10 January 2019. The water depth was measured at the Uithuizerwad 2 observation point 

and the velocity at the whole coast of the study area. 

Water depth 
      

 
 

No NbS n=1 n=10 n=25 n=50 n=100 n=1000 

Max. 0.926 0.779 0.676 0.660 0.660 0.665 0.711 

Min. 0.015 0.022 0.052 0.078 0.102 0.130 0.248 

Max. SD. 0.413 0.547 0.597 0.603 0.601 0.596 0.556 

Min. SD. 0.006 0.017 0.052 0.070 0.082 0.091 0.096 

Velocity 
 

      

Max. 0.268 0.117 0.081 0.071 0.064 0.059 0.044 

Min.  -0.162 -0.055 -0.023 -0.019 -0.018 -0.017 -0.017 

Standard deviation        

Coast  0.04 0.04 0.05 0.05 0.02 0.02 0.02 

Sea 1 0.07 0.07 0.07 0.07 0.06 0.06 0.06 

Sea 2 0.10 0.10 0.10 0.11 0.10 0.10 0.10 

Sea 3 0.10 0.10 0.11 0.11 0.10 0.10 0.10 

Mean Ref. RCP2.6 RCP4.5 RCP8.5 RCP2.6-

nbs 

RCP4.5-

nbs 

RCP8.5-

nbs 

Uithuizerwad 1 1.06 1.21 1.31 1.55 1.19 1.31 1.55 

Uithuizerwad 2 0.64 0.79 0.89 1.13 0.68 0.83 1.11 

Groningerwad 1 0.59 0.74 0.85 1.08 0.62 0.76 1.05 

Groningerwad 2 0.59 0.74 0.85 1.08 0.62 0.76 1.05 

Standard deviation        

Uithuizerwad 1 0.01 0.01 0.01 0.01 0.08 0.10 0.15 

Uithuizerwad 2 0.01 0.01 0.01 0.01 0.08 0.10 0.15 

Groningerwad 1 0.01 0.01 0.01 0.01 0.08 0.10 0.15 

Groningerwad 2 0.01 0.01 0.01 0.01 0.08 0.10 0.15 
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Max. SD. 0.029 0.019 0.016 0.017 0.018 0.018 0.020 

Min. SD. 0.011 0.047 0.037 0.032 0.030 0.027 0.020 

 

Table B 12. Average daily maximum and minimum water depth (m) and velocity (m s-1) for different drag coefficient values 

(Cd) with standard deviation (SD) for 1-10 January 2019. The water depth was measured at the Uithuizerwad 2 observation 

point and the velocity at the whole coast of the study area. 

Water depth 
     

 
No NbS Cd=0.5 Cd=1 Cd=1.5 Cd=2 

Max. 0.926 0.671 0.660 0.659 0.660 

Min. 0.015 0.057 0.078 0.091 0.102 

Max. SD. 0.413 0.599 0.603 0.603 0.601 

Min. SD. 0.006 0.056 0.070 0.077 0.082 

Velocity 
 

    
Max. 0.268 0.079 0.071 0.067 0.064 

Min.  -0.162 -0.022 -0.019 -0.018 -0.018 

Max. SD. 0.029 0.017 0.017 0.017 0.018 

Min. SD. 0.011 0.035 0.032 0.031 0.030 

 

Table B 13. Average daily maximum and minimum water depth (m) and velocity (m s-1) for different background roughness 

values (Cb) with standard deviation (SD) for 1-10 January 2019. The water depth was measured at the Uithuizerwad 2 

observation point and the velocity at the whole coast of the study area. 

Water depth 
      

 
No NbS Cb=1 Cb=30 Cb=60 Cb=83  Cb=90 

Max. 0.926 0.680 0.661 0.660 0.660 0.660 

Min. 0.015 0.145 0.078 0.078 0.078 0.078 

Max. SD. 0.413 0.586 0.603 0.603 0.603 0.603 

Min. SD. 0.006 0.079 0.070 0.070 0.070 0.070 

Velocity 
      

Max. 0.268 0.060 0.071 0.071 0.071 0.071 

Min.  -0.162 -0.018 -0.019 -0.019 -0.019 -0.019 

Max. SD. 0.029 0.019 0.017 0.017 0.017 0.017 

Min. SD. 0.011 0.027 0.032 0.032 0.032 0.032 
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Appendix C. Flow module equations 

The continuity equation assumes mass conservation within the system. This means that there is an 

integration of the flow over the total depth, considering the kinematic boundary conditions at the water 

surface and the bed level (Eq. 16). 

𝑄 =  
𝜕ℎ

𝜕𝑡
+

𝜕𝑈ℎ

𝜕𝑥
+

𝜕𝑉ℎ

𝜕𝑦
      Eq. 15 

where Q is the overall flow (m s-1), t is time (s), h is the water depth (m), U and V are the depth 

averaged velocities (m s-1), and x and y are the directions. 

For the momentum equation in horizontal directions the Navier-stokes equations are used for an 

incompressible fluid. For these equations, the shallow water assumption and the Boussinesq 

assumption are made. The shallow water assumption is made because the depth is assumed to be much 

smaller than the horizontal scale of length (Deltares, 2022). The Boussinesq assumption is made as the 

variable density is only taken into account in the pressure term (Deltares, 2022). The following 

equations in x and y directions are used: 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
− 𝑓𝑣 = −

1

𝑝0

𝜕𝑃

𝜕𝑥
+ 𝐹𝑥 +

𝜕

𝜕𝑧
(𝑣𝑉

𝜕𝑢

𝜕𝑧
) + 𝑀𝑥  Eq. 16 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
− 𝑓𝑢 = −

1

𝑝0

𝜕𝑃

𝜕𝑦
+ 𝐹𝑦 +

𝜕

𝜕𝑧
(𝑣𝑉

𝜕𝑢

𝜕𝑧
) + 𝑀𝑦  Eq. 17 

u, v, w: velocity components in x-, y- and z-directions (m s-1) 

vv :   vertical eddy viscosity coefficient (m s-1) 

p0:  initial density (kg m-³) 

∂P/∂x, ∂P/∂y: pressure gradients with other density variations being neglected 

Fx, Fy:  forces representing the unbalance of horizontal Reynold stresses (Pa) 

Mx, My:  contribution of external sources or sinks of momentum (s-1)  

Within the model the Reynold stresses are modelled with the eddy viscosity concept (Rodi, 1984) and 

were set to 0.1. 

The vertical velocities were modelled with the transport equation for conservative constituents (Eq. 

19). 

𝜕ℎ

𝜕𝑡
+

𝜕𝑢ℎ

𝜕𝑥
+

𝜕𝑣ℎ

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= ℎ(𝑞𝑖𝑛 − 𝑞𝑜𝑢𝑡)    Eq. 18 

Where qin and qout are the local sources and sinks of water per unit of volume (s-1). By making the 

shallow-water assumption it is assumed that the vertical accelerations are sufficiently small to be 

neglected. Consequently, the vertical momentum equation can be reduced to the hydrostatic pressure 

equation (Eq. 20). 

𝜕𝑃

𝜕𝑧
= −𝑝𝑑𝑔ℎ      Eq. 19 

With P the pressure (Pa), pd the density of the liquid (kg m-³), g the gravitational acceleration (m³ kg-1) 

and h the water depth (m).  

By elaborating the viscous stresses in the momentum equation and substituting the hydrostatic 

equation, the following equations can be derived (Willemsen et al., 2022): 

𝜕ℎ

𝜕𝑡
+

𝜕𝑢ℎ

𝜕𝑥
+

𝜕𝑣ℎ

𝜕𝑦
= 0      Eq. 20 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑔

𝜕ℎ

𝜕𝑥
− 𝑣 +

1

𝑝0
(

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑥𝑦

𝜕𝑦
+  

𝜕𝜏𝑏𝑥

ℎ
) = 0   Eq. 21 
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𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑔

𝜕ℎ

𝜕𝑦
− 𝑢 +

1

𝑝0
(

𝜕𝜏𝑦𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+  

𝜕𝜏𝑏𝑦

ℎ
) = 0   Eq. 22 

Where τ represents the bed shear stress in different directions. 

 


