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Abstract

Coastal flooding is often driven by the combined action of storm surges and waves, which co-occur
along more than half of the world’s coastlines. Vegetation such as mangroves and salt marshes pro-
vides natural protection in these events by attenuating surges, dissipating wave energy, and reducing
wave setup. While advanced process-based models (e.g. XBeach) can capture such interactions, their
high computational demands limit their use for large-scale or scenario-based simulations. In contrast,
reduced-physics models (e.g. SFINCS–SnapWave) enable efficient simulations under combined coastal
forcing, but their ability to represent vegetation–hydrodynamic interactions remains limited. This thesis
improves the SFINCS–SnapWavemodel by incorporating vegetation-induced drag due to nonlinear wave
shape (Fv,w). Model performance was evaluated against laboratory flume data and benchmarked with
the process-based XBeach surfbeat model (XBeach-SB). Results show that adding Fv,w substantially
improves predictions of mean water levels in vegetated foreshores, reducing setup errors at the land-
ward end by an average of a factor of six compared to the baseline model across all scenarios. This
improvement arises because Fv,w represents a vegetation drag component that counteracts wave-
breaking forcing, thereby correcting the excessive setup otherwise produced by dissipation-only for-
mulations. Significant wave height predictions remained accurate, and computational efficiency was
preserved due to the empirical wave-shape approach. These findings underline the importance of veg-
etation in wave-driven flooding. Further improvements—such as incorporating mean-flow vegetation
drag and validating against field-scale data—are recommended to extend model reliability. With these
extensions, the enhanced SFINCS–SnapWave has the potential to serve as a robust and efficient tool for
simulating multi-driver flooding in vegetated coasts.

Keywords: coastal flooding, compound events, vegetation, mangroves, wave setup, flood modelling,
SFINCS, SnapWave, XBeach-SB
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1
Introduction

1.1. Background
Over half of the world’s population currently resides within 100 km of the coastline, and this population
is expected to grow further. However, these coastal areas are particularly vulnerable to flooding (Se-
bastian 2022). It is estimated that 0.8- 1.1 million people are impacted by coastal flooding globally per
year, which has a considerable impact on society (Sanne Muis et al. 2016). In economic terms, global
average annual losses were estimated at $6 billion in 2005, and it was projected that the figure could
rise to $52 billion by 2050 solely due to socio-economic changes (Hallegatte et al. 2013).

Coastal flooding can be driven by coastal drivers (i.e., storm surges, waves, tides) as well as inland
drivers (i.e., river discharge and rainfall). When these drivers occur simultaneously, their combined
effects may exacerbate flood severity, a phenomenon commonly referred to as compound flooding.
Such co-occurrence often results from shared physical forcing mechanisms, such as synoptic weather
systems like tropical cyclones. Tropical cyclones can generate high storm surges and waves, together
with extreme rainfall that increases river discharge (Couasnon et al. 2020). This physical dependency
raises the likelihood of multiple extremes occurring at the same time, thereby contributing to compound
flooding.

Focusing on the coastal driver contribution, extreme water levels depend not only on the intensity of
forcing but also on the local coastal settings. In regions not influenced by river discharge, extremes are
primarily driven by coastal processes (i.e., tides, storm surges, and wave setup). Storm surges elevate
water levels through reduced atmospheric pressure and wind-driven piling, in addition to the regular
tidal oscillation. Waves can further contribute by inducing a mean water level increase, known as wave
setup. While open coasts are often more exposed to incoming waves (Marcos et al. 2019), this is not
always the case; many mangrove coasts are associated with low wave energy, but wave effects can
become more prominent during tropical cyclones.

Coastal vegetation, such as mangroves and tidal marshes, serves as a natural defence against coastal
flood drivers by attenuating waves and storm surges. Wave energy is reduced through increased
drag and bottom friction (Temmerman et al. 2023). Vegetation can also lower wave setup—or even
cause setdown—and modify infragravity (IG) wave propagation (van Rooijen et al. 2016). In addition,
vegetation influences storm surge dynamics: as surges propagate, vegetation and elevated bed levels
exert drag on the flow, slowing propagation and reducing peak water levels both within and behind
vegetated areas (Temmerman et al. 2023).

Despite the known mitigation role of vegetation in coastal flooding, most studies often focus on its
effects on a single flood driver (i.e wave or storm surge-only). However, in reality, there is a clear spatial
overlap between mangrove ecosystems and tropical cyclone tracks (Figure 1.1), which highlights the
relevance of these ecosystems in regions exposed to multiple flood drivers. Incorporating vegetation
effects into multi-driver flooding simulations is therefore an important step toward understanding and
rightly accounting for the protective role of natural ecosystems in such events.

1



1.2. Problem statement 2

Figure 1.1: Global distribution of tropical cyclone storm tracks categorised by the Saffir–Simpson scale Knapp et al. (2010).
Mangrove distribution is shown in blue shading (Giri et al. 2010). Figure originally from Krauss and Osland (2020).

1.2. Problem statement
To date, limited studies have considered the influence of coastal vegetation under the combined action
of multiple flood drivers. While some research has explored the role of mangroves in surge–river com-
pound flooding (Pelckmans et al. 2024), studies addressing co-occurring coastal-driven components—
specifically storm surge and waves—remain scarce. However, such events are relatively common:
Marcos et al. (2019) found that extreme waves and storm surges tend to co-occur along 55% of the
global coastline. This highlights the need to assess the flood mitigation potential of vegetation under
combined coastal forcing.

Vegetation provides coastal flood mitigation benefits by attenuating storm surges, dissipating wave
energy, and reducing wave setup (Temmerman et al. 2023; van Rooijen et al. 2016). To adequately
reproduce these processes, flood models should include the combined effects of multiple flood drivers
and vegetation interactions. Advanced models such as XBeach can represent detailed hydrodynamic
and vegetation processes; however, their high computational demands make them less suitable for
large-scale or scenario-based simulations covering domains of hundreds to thousands of kilometres.

In contrast, reduced-physics models such as SFINCS offer the computational efficiency needed for large-
scale flood simulations involving multiple flood drivers (T. Leijnse et al. 2021). However, vegetation
effects in SFINCS are typically represented using a simplified bed roughness formulations, which may
not adequately capture key vegetation characteristics and associated drag forces. To include wave-
induced processes, SFINCS could be coupled with a wave-resolving module, such as SnapWave (D.
Roelvink et al. 2025). While the coupled SFINCS–SnapWave model enables efficient large-scale simu-
lations under combined coastal forcing, its ability to represent vegetation–hydrodynamic interactions
under these conditions has not been thoroughly evaluated.

Therefore, this study explores how well a reduced-physics flood model, such as SFINCS–SnapWave,
captures vegetation-influenced water levels under coastal-driven forcing. By evaluating its current ca-
pabilities and implementing improvements, this research aims to enhance the water level prediction by
incorporating key vegetation processes in the model.

1.3. Research objectives
This study aims to improve the accuracy of a computationally efficient flood model by incorporating
essential vegetation effects, thereby enhancing predictions of water levels under coastal forcing. To
achieve this, the following objectives are formulated:

1. Evaluate the capability and limitations of the model in predicting vegetation-influenced water lev-
els under coastal forcing.

2. Implement and validate improvements to incorporate key vegetation-related physical processes
while maintaining computational efficiency.
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1.4. Research questions
To achieve the objectives, several key questions will guide the research:

Main Research Question:

To what extent can vegetation-hydrodynamic interactions be accurately represented in a
computationally efficient flood model under coastal forcing?

To address this main question, five sub-research questions are formulated:

1. What are the essential physical processes in vegetation–hydrodynamic interactions that influence
water level predictions?

2. How well does the initial model reproduce wave transformation and water levels in vegetated
conditions?

3. Which limitations in vegetation representation affect the accuracy of the model prediction on water
levels?

4. To what extent does the improved model enhance the accuracy of water level and wave transfor-
mation predictions?

5. What is the impact of the model improvements on computational time?

1.5. Scope
This research consists of two main components: (i) model evaluation and (ii) model improvement. The
model used to perform this study is the coupled SFINCS-SnapWave model.

First, the initial model is evaluated to assess its ability to represent vegetation-induced hydrodynamic
processes. The evaluation focuses on key variables, including significant wave height, infragravity
(IG) wave, and water levels. Second, the model is improved to better capture the influence of vege-
tation, particularly by enhancing the representation of vegetation-induced forces. Both evaluation and
improvement steps are performed by validating the model results against laboratory measurements
and a benchmark model.

Several simplifications and assumptions are adopted to keep focus on hydrodynamics. The simulations
are conducted under morphostatic conditions (i.e., fixed bed levels), and vegetation is represented as
rigid cylinders. Vegetation growth, flexibility, and sediment–vegetation feedbacks are not included. Ad-
ditionally, the scope is limited to laboratory-scale validation, and no field-scale application is performed
in this study.

1.6. Report Outline
This thesis is structured comprising literature review, methods, results, discussion, and conclusion with
recommendations. Table 1.1 summarises the structure and provides a brief chapter description.

Chapter Title Description
Chapter 2 Literature review Overview of multi-driver flooding and vegetation relevance, global man-

grove characteristics, vegetation–hydrodynamic interactions, and hy-
drodynamic models with vegetation effects.

Chapter 3 Methods Present the model selection and approach of the study in order to
achieve the objectives.

Chapter 4 Model evaluation and
improvement

Present the model evaluation and improvement results by validating
them with laboratory measurement data and a benchmark model.

Chapter 5 Discussion Discuss the limitations and uncertainties of the improved model, as well
as assess real-world applicability.

Chapter 6 Conclusion and recom-
mendations

Summarises the main findings and provides recommendations for fu-
ture research.

Table 1.1: Thesis reporting structure



2
Literature review

This chapter begins by discussing the relevance of multi-driver flooding and coastal vegetation, using
a specific example of the mangrove ecosystem. Next, the global mangrove characteristics are de-
scribed, including their distribution and classification. Then, the influence of vegetation on individual
flood drivers, focusing on wave height attenuation, storm surge reduction, and wave setup modification,
is explained. Lastly, the chapter then reviews approaches for hydrodynamic–vegetation interactions
in computational models and closes with a comparison between XBeach-SB and SFINCS–SnapWave in
implementing vegetation effects.

2.1. Multi-driver flooding and coastal vegetation influence
Coastal flooding can arise from multiple flood drivers, including coastal drivers (storm surges, wave
action, and high tides) and inland drivers (river discharge, rainfall). When these drivers co-occur, often
called compound flooding, their combined impact can be more severe than the sum of individual effects
(Gori et al. 2020; Radfar et al. 2024). For example, the interactions between the coastal drive and inland
flood drivers can slow down water drainage into the sea, leading to a piling up of water levels along
the coast (Bevacqua et al. 2019). Such events are often triggered by the same meteorological system,
such as a tropical cyclone, which can produce both intense rainfall and extreme sea levels. Although
there are various definitions of compound flooding (Green et al. 2025), this study adopts the commonly
used definition involving the co-occurrence of coastal and inland flood drivers. Figure 2.1 shows the
illustration of compound flooding events.

Figure 2.1: Compound flooding due to inland flood drivers (rain and river discharge) and coastal flood drivers (storm surge,
wind wave, and tides). Picture adapted from Cascadia CoPes Hub (2025).

4



2.1. Multi-driver flooding and coastal vegetation influence 5

Figure 2.2: Map showing the spatial filtering steps for selecting representative mangrove transects. The black dots indicate all
transects in the global dataset. Grey dots represent transects located along open coast typologies, and red dots indicate

transects with a high wave–surge dependency (χ > 0.5). This layered visualisation demonstrates the progressive refinement
toward physically relevant locations for wave-surge multi-driver flood analysis.

The mechanism of compound flooding and drivers’ dominance depends strongly on the coastal setting.
In estuaries and deltas, inland drivers such as river discharge often dominate. In contrast, open-coast
environments, with limited or no river influence, are more strongly governed by coastal drivers such as
tides, storm surges, and wave action. Local factors such as topography, bathymetry, morphology, and
land use can further modulate this dominance and severity of the flooding (Green et al. 2025).

Natural ecosystems, particularly coastal vegetation, form important local factors influencing flooding
processes. Vegetation such as mangroves can increase flow resistance, dissipate wave energy, and
attenuate storm surges (Temmerman et al. 2023). While these effects on individual flood drivers
are widely explored, their role in compound flooding events or even multi-driver coastal flooding—
particularly the combined effects of waves and storm surges—remains less explored. One reason is
that hydrodynamic models often simplify vegetation effects (e.g., as spatially varying bed roughness) to
keep computational costs low (Radfar et al. 2024). Identifying where such multi-driver coastal flooding
coincides with vegetated regions is therefore important toward understanding their protective role.

Potential regions of multi-driver coastal flooding in vegetated settings can be identified using available
global datasets. For example, offshore hydrodynamic conditions (Hs, Tp, and storm tide) along global
mangrove coasts are provided by van Zelst et al. (2021). These transects can be further refined based
on mangrove typology (Worthington et al. 2020) and on wave–surge extreme dependency (Marcos et
al. 2019). Filtering for open-coast transects relevant to wave–surge flooding, and retaining only those
with high dependency between extremes (χ > 0.5), highlights the global hotspots where wave–surge
multi-driver flooding is most relevant in mangrove regions (Figure 2.2).

Real-world cases
Compound flooding has been observed in several real-world situations. In southern and eastern Africa,
countries such as South Africa, Mozambique, and Madagascar experience compound flooding due to
tropical cyclones, particularly during the austral summer. Similarly, in Asia, compound flooding tends
to be most frequent in the south, southeast, and east regions, such as India and Bangladesh (Bay
of Bengal), Indonesia (North Natuna Sea), and China. Co-occurring extremes are most prominent in
the wet monsoon season in East Asia, while in general, most compound flooding in Asia occurs from
summer to late autumn, corresponding with tropical cyclone seasonality (Green et al. 2025).

The previously mentioned global regions, such as some parts of Africa and Asia, which are prone to
tropical cyclones and compound flooding, also possess abundant natural ecosystems, such as man-
grove forests, that can be utilised for flood mitigation. Mangroves are well known for providing natural
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flood protection and can directly influence the physical processes of flooding, by attenuating wave and
surge (Temmerman et al. 2023). Furthermore, many regions worldwide share similar conditions: high
exposure to tropical cyclones, which can lead to compound flooding, and the presence of mangrove
belts as natural defences. As shown in Figure 1.1, mangrove belts frequently overlap with areas of
intense tropical cyclone activity, positioning them as valuable natural assets in regions vulnerable to
compound flooding.

However, most studies on vegetation–hydrodynamic interactions focus on single flood drivers (e.g.,
waves or surges) rather than their combined action in multi-driver or compound flooding events (Rad-
far et al. 2024). This gap underscores the importance of advancing research on how vegetation influ-
ences flooding under multiple coastal drivers, and ultimately in compound flooding, to fully capture the
protective role of natural ecosystems.

2.2. Global mangrove characteristics
This section discusses the global distribution of mangroves, the ecosystems in which they are found,
and the general classification of mangrove species, including the typical bed slopes where mangroves
thrive. Mangroves are highly relevant to this study’s simulation scope, in which vegetation is repre-
sented as rigid structures. Understanding global mangrove characteristics is crucial as the basis for
examining the vegetation-hydrodynamic interaction that leads to flooding.

2.2.1. Mangrove distribution and ecosystem
Mangroves are coastal habitats found in tropical and subtropical regions, in contrast to salt marshes,
which typically occur in temperate climate zones along mid-latitude coasts. Mangroves are primarily
distributed between 25° north and south latitude, with the largest extent located in Asia (42%), followed
by Africa (20%), North and Central America (15%), Oceania (12%), and South America (11%). Indone-
sia has the largest mangrove area in the world, accounting for about 22% of the global total, followed
by Australia and Brazil, each with around 7% (Giri et al. 2011). Figure 2.3 shows the global distribution
of mangroves around the world.

Figure 2.3: Global distribution of mangrove swamps and salt marshes (Bosboom and Stive 2023).

Mangroves can grow in certain abiotic conditions, and one of them is that the vegetation requires calm
and silty conditions. Those variables are closely related - the silty conditions can only be established
in a calm, sheltered area that allows the finer particles to settle. In contrast, the vegetation finds it
difficult to colonise areas with high wave energy (Bosboom and Stive 2023; Kathiresan 2021). As
mangroves do occur in low day-to-day wave energy environments, they are typically found in a variety
of coastal settings, such as deltas, estuarine deltas, estuaries, estuarine lagoons, lagoons, and coastal
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fringes. The deltas and estuaries that were formed by the deposition of fine sediment from the river
mouth could be colonised by mangroves. In this coastal setting, the coastal environment is often tide-
dominated, where mangroves are often frequently formed by tidal washing and grow on over-washed
small islands in front of the delta. Further upstream, riverine mangrove forests can be found along rivers
and creeks. They can get flooded daily by floods and are influenced by a large amount of freshwater
and nutrients. Mangroves can also thrive along coastal fringes with low wave energy. This type of
mangrove is sensitive to erosion and exposure to waves and tides. Lastly, lagoons typically formed
behind barrier islands also allow less wave action in the area and could be a suitable place for mangrove
growth (Kathiresan 2021). Moreover, Worthington et al. (2020) present the global mangrove biophysical
typology based on the 2016 extent, which is distributed as follows: Deltaic (40.5%), estuarine (27.5%),
open coast (21%), and lagoon (11%). Figure 2.4 illustrates the typical coastal settings of mangrove
forests and their detailed types.

Figure 2.4: Coastal settings of mangrove forests and functional types of mangrove forests. Cross section (A): Fringe
ecosystem, (B): Riverine ecosystem, and (C): Over-wash ecosystem. Picture adapted from Kathiresan (2021).

2.2.2. Mangrove classification and zonation
Global mangrove habitats are highly diverse. The Eastern Hemisphere (Indo-West Pacific region),
which contains 57% of the global mangrove area, is rich in biodiversity with 63 species. In contrast, the
Western Hemisphere (Atlantic East Pacific region) holds 43% of the global mangrove area but has only
19 species (Kathiresan 2021). Here, we focus only on two common mangrove species groups based
on their root structure: red mangroves (i.e. Rhizophora sp.) and black mangroves (i.e. Avicennia sp.
and Sonneratia Alba sp.) (Romañach et al. 2018). This selection is based on the nature of the physical
obstacles these root systems present to incoming waves.

Mangrove classification
Red mangroves. Red mangrove species (i.e. Rhizophora sp.) have distinctive prop roots that form
a dense network above the ground. These roots offer considerable resistance to water flow, especially
in shallow water. Above the root zone, the tree trunks present fewer obstacles, allowing waves to pass
more easily. As a result, wave attenuation is highest at shallow depths where roots are concentrated,
and decreases in deeper water where the wave interacts more with a trunk and less with the roots
(McIvor et al. 2012).
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Black mangroves. Black mangrove species (i.e. Avicennia sp. and Sonneratia Alba sp.) possess
pneumatophores, which are the narrow roots that project vertically from the ground to support gas
exchange. These roots typically reach heights 20 to 30 cm. Like prop roots of Rhizophora sp., these
aerial roots function as physical obstacles to water movement at shallow depths, enhancing wave atten-
uation. As water levels increased and rose above the root structures, the attenuation effect decreased
until wave interaction with branches and leaves became more substantial (McIvor et al. 2012). Figure
2.5 below shows the different root structures of these species.

Figure 2.5: Root structures of different mangrove species. Left: Prop roots of red mangroves (Rhizophora sp.), which form
dense networks above the substrate and cause strong wave attenuation at shallow depths. Right: Pneumatophores of black
mangroves (Sonneratia Alba sp.), which also act as obstacles to wave motion at low water levels. Picture from Wikipedia

contributors (2024).

Mangroves zonation
Mangroves are salt-resistant vegetation which thrives in the intertidal zones, typically between Mean
Sea Level (MSL) and Mean High Water Spring (MHWS). Seaward of mangroves, mudflats are com-
monly found, usually with gentle slopes of 1:1000. Landward, the slope typically becomes steeper
where mangroves are found. They exhibit characteristic zonation, with different species occupying dis-
tinct elevation ranges (Bosboom and Stive 2023). Figure 2.6 illustrates a schematic cross-section of
a typical mangrove forest, showing species zonation across elevation gradients (Bosboom and Stive
2023). Comparable patterns, with Avicennia/Sonneratia, Excoecaria, andCeriops occurring at different
tidal elevations, have also been documented by J. C. Ellison (2000).

Figure 2.6: Schematic cross-section of a typical mangrove forest illustrating species zonation along an elevation gradient.
Species abbreviations: (T): Thespesia, (E): Excoecaria, (H): Heritiera, (B): Bruguiera, (R): Rhizophora, (C): Ceriops, (A):
Avicennia. Tidal datums: (MHWS): Mean High Water Spring, (MSL): Mean Sea Level, (LLWS): Lowest Low Water Spring.

Picture adapted from Bosboom and Stive (2023).

Local factors, such as flood regimes, tidal amplitude, sediment composition, salinity, and nutrient avail-
ability, jointly shape mangrove distribution, often in interdependent ways. Spier et al. (2016) study the
impact of flood regime on the distribution of mangrove species and salt marshes in the subtropical coast
of Brazil, called Paranaguá Estuarine Complex (PEC). In this particular case study, it is presented that
the flood regime is the most important factor in the distribution of mangrove ecosystems. Mangrove-
associated species were subject to a similar pattern of submergence and emergence, despite the vari-
ability in tide amplitude, salinity, and sediment composition. It is found that mangroves grow between
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the mean sea level and slightly above the mean high tide, so they are flooded less than 50% of the time
on average. Limited flooding is important because too much water reduces oxygen around the roots,
which harms mangrove growth and functions. If tidal flows are altered, such as by dikes, mangroves
can become stressed. Therefore, effective management and restoration should keep or restore the
natural flooding cycle.

Typical bed slopes. E.M. Horstman et al. (2014) reported bed slopes of approximately 1:150 and
1:300 at the seaward edge of the mangrove transects in Kantang and Palian, Thailand, where the
vegetation is dominated by Avicennia sp. and Sonneratia sp.. In contrast, Rhizophora sp. were more
commonly found toward the landward side of the transects. Additionally, Das et al. (2011) identified a
typical range of bed slopes between 1:100 and 1:500 at the mangrove forest fringe that were used in
their study. Furthermore, vanWesenbeeck, van Zelst, et al. (2025) used three representative foreshore
slopes, 1:500, 1:750, and 1:1000, in their recent study, based on a review of relevant literature.

Study Location / Context Bed Slope Range
E.M. Horstman et al. (2014) Study site: Kantang and Palian, Thailand 1:150 to 1:300
Das et al. (2011) Representative coastal topography for numerical simulations 1:100 to 1:500
van Wesenbeeck, van Zelst, et al. (2025) Representative foreshore bed slope for numerical experiment 1:500 to 1:1000

Table 2.1: Reported bed slopes at mangrove transects from the literature.

2.2.3. Mangrove loss and recovery
Global mangrove coverage has declined significantly. In the past 50 years, between 20–35% of man-
grove areas have been lost worldwide (Polidoro et al. 2010). This decline is driven by both human
activities and natural events. According to Goldberg et al. (2020), from 2000 to 2016, anthropogenic
drivers accounted for about 62% of global mangrove loss, while natural factors contributed the remain-
ing 38%.

Mangrove loss
The primary human-driven cause of mangrove loss is the conversion of mangrove areas into aquacul-
ture and agriculture, with Southeast Asia identified as amajor hotspot. A well-known example is Demak,
North Java, Indonesia, where large-scale mangrove deforestation and conversion to aquaculture trig-
gered severe coastal erosion, with shoreline retreat rates reaching 100 m/yr (Winterwerp, Albers, et al.
2020) and even reaching a maximum of 250 m/yr (Gijón Mancheño 2022). Mangrove loss disrupted
the balance between natural erosion and sediment deposition. Once mangroves were removed, the
coast became exposed to greater wave and current action, intensifying sediment resuspension. As
erosion deepened the nearshore zone, larger waves were able to propagate further inland, creating a
positive (self-reinforcing) feedback loop of coastal retreat (Gijón Mancheño 2022). This indeed results
in worse coastal flooding in the area. Figure 2.7 presents the degradation of mangrove triggered by
changes of land use to aquaculture, leading to worse coastal flooding.

Extreme weather events, such as cyclones, droughts, heatwaves, and extreme floods, are one of
the main causes of mangrove loss due to natural factors (Goldberg et al. 2020). In particular, tropical
cyclones (TC) represent a substantial threat to mangroves, responsible for 97% of the storm-related risk
of damage to these ecosystems, particularly the most intense storms (Category 4–5) (Mo et al. 2023).
Referencing the report Herrera-Silveira et al. (2022), mangrove storm damage can be classified into
two main categories:

Direct damage: Changes in structure, composition and biomass of mangroves. Strong storm
winds can cause direct damage to mangroves by stripping leaves (defoliation), breaking branches, and
uprooting trees. The severity of these impacts depends on the age and size of the tree community.
Mature, larger trees often suffer from broken branches or trunks due to reduced flexibility, while uproot-
ing can lead to either partial or complete tree mortality. Changes in environmental conditions, such
as flooding duration, salinity, and sediment deposition, also affect tree survival post-storm. Structural
changes may reduce forest complexity, shifting species dominance or creating clearings, as mature
trees decline and younger, more resilient ones take hold.
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Figure 2.7: Stages of mangrove degradation in Demak: (a) healthy mangroves, (b) mangroves are cleared for shrimp ponds,
(c) breached bunds expose ponds to tidal and wave erosion, worsened by subsidence. Picture from Gijón Mancheño (2022).

Indirect damage: Changes in topography, hydrology, and sediment characteristics. Coastal
storms can deposit large amounts of sediment, reshaping the landscape and altering the natural hy-
droperiod of mangroves. Storm surges and currents transport sediment along coasts, while intense
rainfall may erode inland areas, depositing sediment downstream. This reshaping may result in new
outlets, barrier breaches, and blocked channels, impacting mangroves by:

• Raising elevation, which reduces water flow and can alter salt and nutrient exchange, leading to
changes in sediment chemical characteristics. Disruptions in water flow due to sediment changes
may lead to hypoxia (oxygen deficiency). Additionally, storm-induced sediment deposition can
raise soil elevation, potentially burying propagules and hindering mangrove recolonisation.

• Lowering elevation, which increases flood depth and frequency, potentially hindering seedling
survival. Greater inundation frequency also leads to increased salt stress that affects mangrove
health.

• Creating new outlets alters salinity levels, water flows, and sediment transport within mangrove
forests, further impacting their resilience.

This highlights that during real-life tropical cyclone-induced flooding, including compound flooding, the
presence and condition of mangroves can change dynamically, leading to more complex interactions
between hydrodynamics and vegetation that alter flooding outcomes.

Mangrove recovery
Mangroves can regenerate naturally after hurricane impacts, but this process may take several years,
leaving forests vulnerable to further storm damage. Active restoration can accelerate recovery and
enhance resilience (Herrera-Silveira et al. 2022). In contrast, mangrove loss from human activities—
such as aquaculture conversion in Demak—requires more intensive interventions. Yet, replanting often
shows low success rates, making large-scale rehabilitation difficult (Friess et al. 2019).

To address these challenges, nature-based solutions are increasingly promoted. Winterwerp, Bayney,
et al. (2025) highlight that effective recovery often depends on restoring the physical and hydrody-
namic conditions that support mangroves, rather than planting alone. For example, restoring hydrology
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Figure 2.8: Types of mangrove damage. Picture from Herrera-Silveira et al. (2022)

through the reopening of tidal channels can improve flushing and reduce salinity stress, allowing natural
seedling recruitment. In other cases, mangrove habitat can be created in combination with coastal de-
fence structures, such as groynes or permeable breakwaters, which trap sediments and build intertidal
mudflats suitable for colonisation. Offshore sand ridges, or artificial cheniers, may also be constructed
to attenuate wave energy and promote mud deposition behind them, providing a stable substrate for
mangroves. Finally, managed coastal setbacks—where dykes are relocated inland—can create new
intertidal areas that quickly fill with mud and are naturally recolonised. Together, these approaches
show that enabling the right environmental conditions is often more effective for mangrove recovery
than direct replanting.

2.3. Coastal vegetation influence on flood drivers
Coastal vegetation interacts with waves, surges, and water levels in multiple processes. Vegetation
attenuates incoming wave energy through drag, reduces storm surge peaks by impeding large-scale
water motion, and modifies wave setup and setdown through local momentum exchanges. These
processes operate through different mechanisms, but together they contribute to the role of vegetation
as natural flood defences. This section reviews how vegetation influences wave height reduction, storm
surge attenuation, and wave setup, followed by a concluding discussion on the importance of mangrove
forest width. To support the fundamental understanding of these processes, the basic theory of ocean
waves is provided separately in Appendix A.

2.3.1. Wave height reduction
Vegetation reduces wave height primarily by exerting drag on its structures, which dissipates wave
energy as waves propagate through wetlands. A large body of experimental and field evidence demon-
strates that coastal vegetation substantially reduces wave heights as they propagate inland. For salt
marshes, Möller et al. (2014) showed in large-scale flume experiments that submerged vegetation
reduced wave heights by up to 60% under storm surge conditions. Field observations confirm this
effect: Jadhav et al. (2013) and Vincent Vuik et al. (2016) reported that short wind waves were re-
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duced by about 50% within the first 30–50 m of marsh vegetation, even during energetic conditions.
For mangrove systems, attenuation has also been observed at larger scales. E. M. Horstman (2014)
showed strong attenuation within mangrove fringes in Southeast Asia. More recently, van Wesen-
beeck, Wolters, et al. (2022) demonstrated in large-scale experiments that emergent trees reduced
wave heights by 5–25% over a 40 m transect for significant wave heights of 1.5 m. Across different
environments, reported attenuation rates generally range between 0.1 and 4% per meter (Gedan et al.
2011; Narayan et al. 2016). These attenuation rates are illustrated in Figure 2.9 transect 1. Variation of
wave attenuation depends on vegetation properties, hydrodynamic conditions, and their interactions.

Figure 2.9: Schematic of contrasting length, timescales, and attenuation rates of wind wave (transect 1) vs. storm surge
attenuation (transects 2 and 3). Here, r denotes wave attenuation rate and T the wave period. Picture from Temmerman et al.

(2023)

Vegetation properties effects. Vegetation dissipation depends on structural parameters such as
frontal area and canopy density. For woody species, Kalloe et al. (2022) showed that the projected
frontal area (Av), which accounts for complex branch structures, provides a more reliable predictor
of wave attenuation than a single representative stem diameter and density. Similarly, Etminan et al.
(2019) demonstrated that canopy density influences drag primarily through blockage effects, with dense
canopies enhancing resistance and sparse canopies behaving more like isolated stems. Beyond these
structural parameters, wave dissipation rates are known to depend on vegetation properties, hydrody-
namic conditions, and their interactions, which can vary significantly across environments (Temmerman
et al. 2023). For example, in mangrove forests, Mazda et al. (2006) and Quartel et al. (2007) observed
that attenuation rates increased with water depth as denser canopy sections became submerged. In
contrast, for fully submerged marsh vegetation, lower attenuation rates have been reported at increas-
ing water depths due to reduced drag from both stems and the bed (Garzon et al. 2019; Schoutens et al.
2019). These studies highlight that frontal area, canopy density, and water depth-biomass distribution
collectively shape the effective wave dissipation capacity of vegetated foreshores.
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Frequency-dependent dissipation. Vegetation dissipates different wave components unevenly. Short
waves are rapidly attenuated within relatively narrow belts, while long-period infragravity waves pen-
etrate much further into the forest (Phan et al. 2015; van Rooijen et al. 2016). Consequently, the
protective function of mangroves depends on forest width relative to the dominant wave frequencies
during extreme events. Observations also show that dissipation patterns vary across the frequency
spectrum: Anderson and J. M. Smith (2014) found that high-frequency wind waves (above the spectral
peak) were preferentially dissipated. In contrast, Riffe et al. (2011) demonstrated that both high and low
frequencies were more strongly dissipated by vegetation. Much less is known about vegetation effects
on infragravity waves (periods 25–250 s), although Norris et al. (2021) showed that infragravity waves
in mangroves are substantially less attenuated than shorter-period waves, consistent with theoretical
predictions of Henderson, Norris, et al. (2017). These findings highlight that frequency-dependent dissi-
pation is complex and site-specific, and that attenuation rates depend on both vegetation characteristics
and the spectral composition of incident waves (Temmerman et al. 2023).

2.3.2. Storm surge reduction
Storm surges are large-scale elevations of the sea surface caused by intense storm systems. They re-
sult from a combination of low atmospheric pressure and strong winds, with spatial and temporal scales
similar to those of the storm itself (Resio and Westerink 2008; Bosboom and Stive 2023). Typically,
storm surges have slightly shorter periods and wavelengths than tides. As they move toward the coast,
the water accumulates, potentially leading to severe coastal flooding (Temmerman et al. 2023).

As storm surge propagates through a vegetated area, the water motion experiences drag, which limits
the water exchange and reduces the peak water level reached within and often behind the wetland,
depending on local geomorphology. This process is called storm surge attenuation. Some models of
surge propagation are typically based on the shallow-water equations, where the vegetation drag is
implemented in the momentum equation. The drag force by vegetation due to storm surge propagation
is similar to that stated in equation 2.9 (Temmerman et al. 2023).

Mechanisms. There are two general mechanisms of storm surge attenuation by vegetation (or wet-
lands): The within-wetland attenuation (e.g Montgomery et al. (2019)) and the along-channel atten-
uation (e.g Smolders et al. (2015)), as reviewed by (Temmerman et al. 2023). The within-wetland
attenuation is surge attenuation within vegetation in the wetland, basically driven by pressure differ-
ence balance with friction by the vegetation. Therefore, this mechanism is also known as the friction
effect. The along-channel attenuation is the mechanism by which storm surge propagates through the
channel, and the water spreads laterally through the wetland, causing attenuation. This mechanism
is called the storage effect due to the water stored in the wetland as it propagates along the channel.
Figure 2.9 illustrates the difference in the within-wetland attenuation and along-channel attenuation, as
well as the wind wave attenuation.

Study evidence. Model studies consistently show that storm surge attenuation depends strongly on
larger-scale landscape settings (Temmerman et al. 2023). Wide, continuousmarshes andmangroves—
extending tens of kilometres—can induce significant within-wetland attenuation, with simulated rates
ranging from 2–16 cm/km in the Mississippi Delta (Resio and Westerink 2008; Wamsley et al. 2010).
In addition, along-channel attenuation has been found to be especially effective when wetlands are
located farther inland along narrow, funnel-shaped estuaries (Fairchild et al. 2021; Smolders et al.
2015). By contrast, wetlands adjacent to wide open bays or back-barrier lagoons contribute much less
to surge reduction (Marsooli et al. 2017). These results highlight that the contribution of vegetation to
storm surge attenuation, and thus to reducing flooding in the hinterland, depends not only on vegetation
drag processes but also on the width, continuity, and setting of the wetland landscape.

2.3.3. Wave setup reduction
Besides attenuating wave heights, vegetation also influences mean water levels at the coast by modify-
ing wave setup. Wave setup arises from gradients in radiation stress as waves shoal and break, leading
to an onshore increase of the mean water level. When vegetation dissipates wave energy, these cross-
shore radiation stress gradients are altered, generally resulting in a reduction of wave setup (Buckley
et al. 2016).
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Additionally, Dean and Bender (2006) demonstrated that vegetation can generate a net opposing force
on the water column due to two mechanisms: (i) variation in the submerged vegetation height over a
wave cycle in the case of emergent vegetation, and (ii) nonlinear intrawave drag forces under skewed
waves. Both effects produce a wave-averaged drag that counteracts the radiation stress gradient,
thereby reducing setup. These findings were later confirmed experimentally by Wu et al. (2011), who
observed reduced wave setup up to eight times, and even led to set-down, in flume experiments with
vegetation on both flat and sloping bottoms compared to scenarios without vegetation (see Appendix D).
Moreover, other studies have also identified mean drag forces components associated with mean flow
(Sigrid M. Løvås and Tørum 2001; Luhar et al. 2010) as contributing to vegetation–setup interactions.

Overall, while the effect of vegetation on wave setup has been less frequently quantified than wave
attenuation, existing evidence suggests that it can significantly reduce coastal water levels during en-
ergetic wave events. This mechanism is therefore relevant for flood risk assessments, yet it is often
overlooked in current practice.

2.3.4. Influence of forest width: Mangrove case studies
The extent to which vegetation can influence waves, surges, and setup depends strongly on forest width.
Narrow belts may attenuate short waves but generally have a limited impact on surges or infragravity
waves, while wide forests can substantially reduce multiple flood drivers simultaneously. However,
the definition of “effective” width varies across studies depending on the target outcome—whether
shoreline stability, wave attenuation, surge reduction, or economic loss mitigation. This subsection
reviews reported thresholds of effective mangrove widths and their implications for coastal defence.
Here, we focus on mangrove forest width as the core of the discussion.

Global mangrove forest width. van Wesenbeeck, van Zelst, et al. (2025) study provides the global
map of mangrove width based on a global dataset. Figure 2.10 shows the global map of mangrove
width, with mangrove width classes represented in different colours: purple indicates widths of 0–100
meters, yellow represents 100–500 meters, and green corresponds to widths greater than 500 meters.
Pie charts illustrate the distribution of these width classes across each IPCC AR6 region. The legend
includes the total number of transects within each class.

Figure 2.10: Global distribution of mangrove forest widths, based on the dataset from van Wesenbeeck, van Zelst, et al.
(2025). Mangrove width classes are shown in purple (0–100 m), yellow (100–500 m), and green (>500 m). Pie charts indicate

the proportion of each class within IPCC AR6 regions. The legend presents the total number of transects per class.

Economic impact. A large-scale assessment using remote sensing of nighttime luminosity shows
that wider mangrove belts are associated with lower economic losses from cyclones (Hochard et al.
2019). Additionally, a full mitigation effect has been observed for mangrove belts wider than 1000
m (Valle et al. 2020). Related to hydrodynamics, different mangrove widths correspond to different
capacities for flood risk reduction, particularly throughmechanisms such as wave attenuation and storm
surge reduction.

Wave attenuation. A recent study by van Wesenbeeck, van Zelst, et al. (2025) assessed the wave
attenuation capacity by running 216,000 numerical models under realistic conditions. The results show
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that mangrove forests wider than 500 meters dissipate approximately 75% of incoming wave energy
regardless of the local conditions. In contrast, wave attenuation in forests narrower than 500 meters
is strongly dependent on local water levels, wave characteristics, and forest density. These findings
suggest that the recommended mangrove belt width, which is currently set between 50 and 200 m in
several countries, should be increased to at least 500 m. Furthermore, Maza et al. (2019) shows that
the front-edge trees often bear the highest loads, due to wave shoaling at the seaward slope, which
increases wave steepness and forces at the forest front, before significant decay occurs inside the
forest. This explains the mechanism of the vegetation force exerted in the mangrove forest.

Shoreline stability. In addition, Phan et al. (2015) analysed the Mekong Delta, where mangrove
forests are increasingly squeezed into narrow strips, sometimes as narrow as 100 m, due to sea-dike
construction and land reclamation. In such settings, dikes prevent inland migration of mangroves while
shoreline erosion reduces the seaward edge, leaving only a narrow band of vegetation. Their study
demonstrated a critical minimum width of around 140 m, not in terms of coastal defence efficiency,
but as an ecological threshold to sustain healthy mangroves capable of promoting sedimentation and
supporting seedling survival. They also highlighted that while short wind waves are attenuated rapidly,
long infragravity waves penetrate much deeper into the forest, which may disturb sediment deposition
and seedling establishment, thereby linking mangrove width directly to ecosystem stability. Comple-
mentary experimental work by Austin (2021) also demonstrated that wider mangrove stands provide
greater shoreline stabilisation under varying tidal water levels, with minimal forest widths still offering
some erosion protection, but wider root systems being required to resist retreat during extreme high-
water conditions. Together, these studies underscore the critical role of mangrove width in maintaining
both ecological functioning and shoreline stability.

Storm surge attenuation. In the context of the storm surge attenuation, wider wetland widths are
required compared to those needed by the waves (Temmerman et al. 2023). A numerical modelling
study by De Dominicis et al. (2023) shows the effectiveness of mangrove forests as coastal defences in
the Pearl River Delta, China. During Typhoon Hato (2017), a mangrove belt 600 meters wide reduced
the maximum coastal surge level by half. A belt width of 900 meters effectively eliminated the surge at
the coast. However, a narrower width of 300 meters had a limited or negligible impact on peak surge
levels. These results are influenced by the vegetation drag, with higher-drag vegetation leading to more
effective reduction of surge peaks.

Table 2.2 presents a summary of critical or effective mangrove widths and their associated key findings,
highlighting that different studies define width thresholds based on different indicators.

Study Effective
Width

Indicator / Focus Key Findings

Temmerman et al.
(2023)

>1000 m Economic impact Remote-sensing analysis shows full mit-
igation of cyclone losses when belts ex-
ceed 1000 m; narrower belts provide only
partial protection.

van Wesenbeeck,
van Zelst, et al.
(2025)

>500 m Wave attenuation Global modelling (216,000 runs) indicates
forests wider than 500 m dissipate ∼75%
of incoming wave energy regardless of lo-
cal conditions.

Phan et al. (2015) ∼140 m Ecological stability Minimum width needed to sustain healthy
mangroves in the Mekong Delta. Narrow
strips (< 100 m) fail to maintain sedimen-
tation or seedling survival.

De Dominicis et al.
(2023)

600–900 m Surge attenuation Modelling of Typhoon Hato (2017) in the
Pearl River Delta: 600 m belt halves
surge; 900 m eliminates surge. Narrow
belts (∼300 m) have negligible impact.

Table 2.2: Summary of effective mangrove widths reported in recent studies, based on different indicators (ecological stability,
wave attenuation, surge reduction, economic impact).
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2.4. Modelling of hydrodynamics-vegetation interactions
Floodmodels can generally be grouped into three categories: simple, full-physics, and reduced-physics.
Simple models, such as the static bathtub approach, overlay extreme water levels onto a Digital Eleva-
tion Model (DEM) and neglect processes like flow routing, tidal amplification, and vegetation-induced
friction. They are computationally cheap but oversimplified and therefore not relevant for this study
(Sanders et al. 2024). Full-physics models, such as XBeach and Delft3D-FLOW, solve detailed hy-
drodynamic equations (e.g., nonlinear shallow-water or Reynolds-averaged Navier–Stokes), capture
multiple flood drivers, and explicitly represent vegetation, but at high computational cost (T. Leijnse
et al. 2021). Reduced-physics models offer a middle ground by retaining the essential hydrodynamics
while remaining computationally efficient, making them well-suited for large-scale flood scenarios. We
therefore focus on full-physics and reduced-physics models, which can represent the relevant physical
processes with different levels of detail and computational demand.

In this context, coastal flood drivers are typically modelled with two complementary equations: (i) a
wave energy balance for sea–swell waves (with dissipation by breaking, bottom friction, and vege-
tation), and (ii) the depth-averaged momentum and continuity equations for mean flows (tide/surge,
return flow/undertow) and mean water levels (setup/setdown). Vegetation consistently enters these
formulations as a quadratic drag term that depends on plant geometry and flow velocity.

2.4.1. Wave dissipation by vegetation
Wave dissipation due to vegetation has been explored by many studies. Some studies approach the
wave dissipation by representing vegetation as an increased bottom friction coefficient, such as Has-
selmann and J. Collins (1968). In contrast, other studies represent vegetation as vertical cylinders,
considering its force on the structures, such as Dalrymple et al. (1984). The structure approach is then
preferred because of its relation of wave attenuation to plant geometry (height, diameter, and density).

Dalrymple et al. (1984) presented an analytical solution for wave height evolution through a vegetation
field on a flat bottom subject to regular waves. Using the time-averaged energy balance, wave energy
dissipation due to vegetation (Dv) is defined by the work done by waves on the vegetation integrated
over the submerged vegetation height. By incorporating wave dissipation due to breaking (Db) as well
(Thornton and Guza 1983), the wave dissipation formula is defined as:

∂
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where E is wave energy per unit area, cg is wave group velocity, B and γb are adjusting parameters, fp
is average frequency corresponding to the peak period (Tp), Hrms is root-mean square wave height, ρ
is fluid density, g is gravity acceleration, h is water depth, h′

v is submerged vegetation height, and Fx

is force on vegetation.

The Morison equation gives the force on the vegetation (Fx) (Morison et al. 1950), which is actually
composed of two components: drag force and internal force. For vegetation, the Morison equation is
commonly reduced to the drag term only, since slender stems in drag-dominated flow contribute little
inertia; the inertia force is out of phase with velocity and therefore negligible compared to the drag
component (Kalloe et al. 2022). Furthermore, if the water level reaches the canopy, the densities are
usually low enough that porosity effects (blockage and sheltering) can be neglected as well (Etminan
et al. 2019). Thus, the vegetation drag force (Fx) is defined as a function of flow velocity (u) and
vegetation parameters as follows:

Fx ≈ FD = 1
2ρCDbvNu|u|. (2.4)
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Two decades later, Mendez and Losada (2004) extend the application of Dalrymple et al. (1984) to take
into account sloping beds and irregular waves. The wave dissipation term (Dv) thus defined as:

Dv =
1

2
√
π
ρCD bv N

(
kg

2σ

)3
sinh3(kh′

v) + 3 sinh(kh′
v)

3k cosh3(kh)
H3

rms, (2.5)

where k is the wave number. Lately, Suzuki et al. (2012) further adapted Mendez and Losada (2004)
wave dissipation term to take into account varying vegetation parameters along the vertical structure,
as illustrated in Figure 2.11. This layering approach has been used in some phase-averaged wave
models, such as SWAN.

Layering vegetation structure parameters
Vegetation can be represented as a vertical layering schematization to simplify its real form, as has
been done by Suzuki et al. (2012) to quantify wave dissipation by vegetation. Additionally, van Wesen-
beeck, van Zelst, et al. (2025) also used the same approach on mangrove schematization for numerical
modelling to determine the representative mangrove frontal surface area (fv). Because of its variabil-
ity along the heights, mangroves are often schematized as three vertical layers: root (layer 1), trunk
(layer 2), and canopy (layer 3). Figure 2.11 shows this simplified representation, which allows for the
integration of vegetation effects in numerical wave models.

Figure 2.11: Schematization of mangrove vegetation using three vertical layers: root, trunk, and canopy, as used in wave
dissipation models. Picture adapted from Burger (2005).

Based on this schematisation, Janssen (2016) summarised key physical parameters of mangrove struc-
tures for each vertical layer. Aligned with the mangrove classification discussed earlier, the focus is on
red and black mangrove species. The primary structural parameters include Nv (vegetation density),
bv (vegetation width), and hv (vegetation height). Lastly, a commonly used parameter is the frontal
surface area (fv), defined as the product of vegetation width and density for each layer:

fv,i = bv,i ·Nv,i (where i is the layer number).

Table 2.3 provides a detailed overview of these parameters for varying forest densities. Due to a lack
of data, the canopy layer only contains the fv and hv parameters.
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Figure 2.12: Frontal surface area (fv) along plant height (hv) for red and black mangroves based on datasets from van
Wesenbeeck, van Zelst, et al. (2025). The right panel shows offshore water level in the mangrove environment (van Zelst et al.

2021).

Type Density Layer 1: Root Layer 2: Trunk Layer 3: Canopy
Nv (r/m2) bv (cm) fv (m−1) hv (m) Nv (s/m2) bv (cm) fv (m−1) hv (m) fv (m−1) hv (m)

Red
S 15 1 0.2 0.30 0.3 20 0.06 2 0.1 10
M 45 2 0.9 0.50 0.6 45 0.27 5 1.1 12
D 70 3 2.1 1.00 0.9 75 0.68 8 4.5 12

Black
S 45 0.5 0.2 0.15 0.1 10 0.01 1 0.5 9
M 120 1 1.2 0.40 0.4 25 0.10 3 0.5 11
D 240 4 9.6 0.80 1.1 70 0.77 8 7.7 13

Table 2.3: Physical mangrove parameters for different vegetation densities (S = sparse, M = medium, D = dense), including
root (r) and stem (s) characteristics. Data from Janssen (2016).

Moreover, van Wesenbeeck, van Zelst, et al. (2025) established a graph that links mangrove structural
parameters and hydrodynamic exposure using global data (n=15,773). In their extreme value analysis,
they used return periods of 2, 5, 10, and 25 years to fit a probability distribution of offshore water levels.
From this distribution, they derived key percentile values (P5, P50, and P95), which were visualised
to represent typical and extreme water level conditions. Figure 2.12 presents the mangrove structural
parameters alongside the global distribution of offshore water levels.

Bulk drag coefficient CD

The bulk drag coefficient (CD) is a key parameter describing vegetation-induced resistance under vary-
ing hydraulic conditions. It captures complex hydrodynamic–vegetation interactions such as skin fric-
tion, pressure differences, and stem swaying. Because of this complexity, many studies calibrate CD

against laboratory or field measurements, often by relating it to hydraulic dimensionless numbers. The
Reynolds number (Re = Ucd/ν) expresses the ratio of inertial to viscous forces and indicates whether
flow around vegetation is laminar or turbulent, while the Keulegan–Carpenter number (KC = UcT/d)
represents the ratio of fluid particle excursion length over a wave cycle to obstacle size, distinguishing
drag-dominated from inertia-dominated regimes. A decrease in bulk drag coefficient with increasing
KC has been consistently observed (Kalloe et al. 2022): at low KC, flow separation around stems is
limited and the vegetation exerts relatively stronger resistance, leading to higher CD; whereas at high
KC, larger particle excursions promote more complete vortex shedding and a reduced bulk CD.

For mangroves, Maza et al. (2019) experimentally analysed wave attenuation and drag forces in a real-
istic fringeRhizophora forest at scale 1:6, reportingCD values between 0.5 and 1.5. They found thatCD

derived from wave attenuation formulations can overestimate drag forces if other dissipation sources
(e.g., bed or sidewall friction) are not excluded, underscoring the need for careful calibration. Similarly,
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Hendriks (2014) derived parameterisations for mangroves using field data collected in Thailand by E.
Horstman et al. (2012) and E. M. Horstman (2014), yielding empirical relations between CD and KC.
Under extreme hydraulic conditions, van Wesenbeeck, Wolters, et al. (2022) investigated rigid woody
vegetation (willow), offering relevant analogies for mangroves due to their structural similarities.

Flexibility effects. Vegetation flexibility plays a critical role in wave dissipation, primarily through its
effect on the bulk drag coefficient (CD). Flexible stems bend and sway with the flow, reducing their
effective frontal area compared to rigid vegetation. Consequently, both drag forces and energy dissipa-
tion are typically lower under the same hydraulic conditions (Sumer and Fredsøe 1998). Experimental
work by van Veelen et al. (2020) showed that wave damping by flexible vegetation can be up to 70%
lower than for rigid vegetation due to this swaying motion. Moreover, rigid vegetation was observed to
modify the velocity structure by generating a mean current in the direction of wave propagation and am-
plifying horizontal particle velocities directly above the canopy, while flexible vegetation did not exhibit
such effects. These findings highlight flexibility as a key parameter in wave–vegetation interactions,
suggesting that dissipation rates derived from rigid-vegetation formulations may overestimate energy
losses for flexible species such as salt marsh grasses. The difference in CD values between rigid and
flexible vegetation, as observed by van Veelen et al. (2020), is shown in Figure 2.13.

Figure 2.13: Comparison of drag coefficient (CD) values between rigid and flexible vegetation based on the experiments of
van Veelen et al. (2020).

Storm condition uncertainty. Most relationships for the bulk drag coefficient (CD) are derived from
laboratory experiments or field observations under mild wave conditions. These results cannot be di-
rectly extrapolated to storm conditions, where larger wave heights, greater water depths, and enhanced
turbulence happen (Temmerman et al. 2023). For example, Pinsky et al. (2013) noted that extending
Re-based parameterisations of CD to storm conditions may lead to significant overestimations of wave
attenuation. Only a limited number of studies have explored vegetation performance under such ex-
treme conditions. In addition to the work of van Wesenbeeck, Wolters, et al. (2022) in willow trees,
flume experiments by Möller et al. (2014) showed that submerged salt marsh vegetation reduced wave
heights effectively during storm surge conditions (water depths of 2 m and incident waves ofH = 0.9m),
with approximately 60% of the attenuation attributed to the vegetation. Another key source of uncer-
tainty is the potential for vegetation breakage and uprooting during storms, for which empirical data
remain scarce and limited to very few species (V. Vuik et al. 2018).
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2.4.2. Mean water level influenced by vegetation
This subsection addresses the increase (set-up) and decrease (set-down) of the mean water level
induced by waves and currents. These processes result from the momentum carried by the waves, the
associated radiation stress, and the resulting wave-induced forces. Additionally, storm surges might
also add flow that alters the mean flow velocity. A detailed discussion of the underlying wave theory
is provided in Appendix A; here we focus on how vegetation modifies these processes through cross-
shore momentum balance and mass balance.

Cross-shore momentum balance
We consider a simplified case of an alongshore-uniform coast, consistent with the assumptions in
Appendix A. In the cross-shore direction, the shoaling of waves increases the radiation stress (posi-
tive gradient), resulting in offshore-directed forces that lower the mean water level (set-down). After
wave breaking, radiation stress decreases (negative gradient), producing onshore-directed forces that
raise the mean water level (set-up). This behaviour can be described with a 1D momentum balance
(Eq. A.18). Under stationary conditions, neglecting surface stress, velocity gradients, and horizontal
mixing, the simplified momentum equation becomes

g
∂η

∂x︸︷︷︸
Water level slope

=
Fx

ρh︸︷︷︸
External force

+
τbx
ρh︸︷︷︸

Bed shear stress

, (2.6)

where Fx here represents only the wave-induced force. Following van Rooijen et al. (2016), it is con-
venient to decompose the external forces into wave-induced and vegetation-induced contributions,
Fx = Fw + Fv. The cross-shore momentum balance can then be written as:

g
∂η

∂x︸︷︷︸
Water level slope

=
1

ρh

(
Fw︸︷︷︸

Wave-induced force

+ Fv︸︷︷︸
Vegetation drag force

+ τbx︸︷︷︸
Bed shear stress

)
(2.7)

In the following, we discuss how vegetation influences each force component and thereby modifies
wave-induced set-up and set-down.

Wave-induced force (Fw) influenced by vegetation drag. Vegetation alters wave transformation
processes such as shoaling and breaking, thereby modifying the cross-shore radiation stress gradient
profile, resulting in reduced wave force (Fw). Without vegetation, the radiation stress gradient is bal-
anced by bed shear stress and pressure gradient. With the presence of vegetation, radiation stress
gradients often get larger in relatively deep water and smaller in shallow water. This typically results
in a reduced wave force (Fw) and hence a reduction in wave setup (van Rooijen et al. 2016). Similar
effects have been reported in other rough coastal systems; for instance, Buckley et al. (2016) found
that large bottom roughness elements on fringing reefs modified radiation stress gradients and conse-
quently influenced setup dynamics, consistent with the principle that additional roughness alters the
force balance driving wave setup.

Vegetation drag force (Fv). Besides the alteration of wave-induced force Fw, the vegetation also
introduces its own drag force acting in the water column. The vegetation force can be divided into two
components: Fv,m and Fv,w. The term Fv,m represents the vegetation force related to mean (undertow)
and unsteady (IG wave) currents. On the other hand, Fv,w denotes the intrawave vegetation force.

Fv = Fv,m + Fv,w (2.8)

1. Mean drag force due to mean flow (Fv,m): The vegetation presence has an effect on the mean
flow, resulting in a vegetation drag force. The mean current is typically directed offshore (under-
tow) for a wave-dominated case, which causes the force acting on the vegetation stems, resulting
in the opposite (onshore). Consequently, due to the vegetation force onshore directed, the wave
setup could be expected to increase due to an increase in this force component. Additionally, it is
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also appropriate to include IG waves in the vegetation force because their orbital motion is usually
much larger than the distance between vegetation stems, so they act like unsteady currents.

In contrast, for surge- or tide-dominated cases, this component is expected to produce offshore
forcing due to surge currents propagating onshore. Thus, in this case, the water level is expected
to be lower (set-down) due to the decrease of this forcing component. Equation 2.9 presents the
formulation of this component, where ρ is water density, CD is the drag coefficient, and bv, Nv,
and h′

v are stem diameter, density and height of the submerged vegetation, and uE is the Eulerian
velocity. Figure 2.14 panel A illustrate the process of this vegetation force.

Fv,m =
1

2
ρCDbvNvh

′
v uE |uE | (2.9)

2. Wave-induced force due to emergent vegetation and wave skewness (Fv,w): The intrawave-
related vegetation force components have twomain causes: wave-induced force due to emergent
vegetation and due to skewed waves. First, in fully emergent vegetation, the submerged vege-
tation height (h′

v) is varied over a wave cycle, equal to the instantaneous water depth. In case
of partly emergent vegetation, the submerged vegetation height is determined by the minimum
of the vegetation height itself and the local water depth. In case of fully submerged vegetation,
the submerged vegetation height is simply equal to the vegetation height itself. Thus, over one
wave cycle, the emergent vegetation has the variation of the (h′

v) and thus contributes to the
Fv,w formula in equation 2.10 below. However, the fully submerged vegetation does not give any
variation of h′

v over a wave cycle, thus, no contribution to Fv,w.

Second, due to nonlinear (skewed) waves, even for fully submerged vegetation, there is an ad-
ditional effect that contributes to the Fv,w. In skewed waves, the depth-averaged velocity profile
over one wave cycle shows a sharper peak in the propagation direction and a flatter trough. Thus,
due to this nonlinearity, the variation of orbital velocity uw over a wave period contributes to the
vegetation force Fv,w in equation 2.10. In the equation, Trep is the representative wave period and
uw is the depth-averaged orbital velocity over one wave cycle. In practice, the nonlinearity effect
of uw is often estimated by a separate empirical model, called the wave shape model (Rienecker
and Fenton 1981). The description of this model can be found in Appendix B.

Fv,w =

∫ Trep

0

1

2
ρCDbvNvh

′
v uw |uw| dt (2.10)

Figure 2.14 panel B-D shows the illustration of Fv,w generation due to emergent vegetation (vari-
ation of h′

v over a wave cycle) and nonlinearity of the waves (skewed profile of uw over a wave
cycle).

Cross-shore mass balance
In an alongshore-uniform coast, the cross-shore mass balance requires that the net depth-integrated
flow is conserved. In stationary conditions, this implies that the depth-averaged cross-shore current
must vanish, since water cannot continuously pile up against the coast or drain seaward. The onshore-
directed mass flux in the upper part of the water column is therefore compensated by an offshore-
directed return flow at lower elevations, such that the net transport across any cross-shore section is
zero.

∂η

∂t︸︷︷︸
Local change of surface

+
∂(Uh)

∂x︸ ︷︷ ︸
Advection of volume

= 0 (2.11)

Equation 2.11 represents the classical continuity relation for an unobstructed water column, where
the full cross-sectional area h is available for flow. In vegetated systems, however, part of this cross-
section is occupied by stems and roots. This can be expressed by introducing a porosity factor ϕ (the
ratio of open flow area to total area), leading to an effective term (ϕh) instead of h in the continuity
equation. As stem density increases, ϕ decreases and pore velocities (Up = U/ϕ) rise for the same
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discharge. These elevated velocities amplify vegetation drag forces, meaning that resistance depends
not only on stem-scale geometry but also on canopy density. Laboratory experiments with emergent
rigid cylinders by Tanino and Nepf (2008) confirmed that the bulk drag coefficient (CD) decreases with
increasing Reynolds number but increases with vegetation density (ϕ). This highlights that drag formu-
lations based solely on stem geometry, such as the Morison equation, may underestimate resistance
in dense canopies. Moreover, under extreme conditions, additional processes such as stem breakage,
uprooting, flexibility, and debris transport further affect the effective drag, underscoring the need for
careful parameterisation in flood models.

Figure 2.14: Illustration of wave-vegetation interaction and resulting forces on the water column. (a) Vegetation reduces wave
force (Fw) through radiation stress gradients and introduces a mean vegetation drag force (Fv,m). Panels (b–d) show

intrawave velocity (uw), submerged height (h′v), and vegetation force (Fv,w) for linear and nonlinear waves with submerged
or emergent vegetation. Net vegetation forces (Fv,w) are shown by colored arrows. Figure from van Rooijen et al. (2016).
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2.5. XBeach vs. SFINCS-SnapWave
Hydrodynamic models simulate flooding by capturing the physics of hydrodynamic processes and
their interactions with vegetation. In this section, we discuss two models: XBeach, which serves as
a full-physics benchmark, and SFINCS-SnapWave, a reduced-physics model that will be used in this
study. This comparison is useful because XBeach provides detailed, process-based simulations, while
SFINCS-SnapWave offers computational efficiency for large-scale flood scenarios.

XBeach is a full-physicsmodel capable of simulating both hydrodynamic andmorphodynamic processes,
with extensions that explicitly include vegetation effects. It can be run in three hydrodynamic modes:
stationary wave, surfbeat (phase-averaged), and non-hydrostatic (wave-resolving) (J. A. Roelvink et
al. 2009; XBeach Manual 2025). The stationary mode efficiently solves wave-averaged equations but
neglects infragravity (IG) waves. The surfbeat mode includes short-wave group variations, resolving IG
waves associated with groupiness. The non-hydrostatic mode combines the nonlinear shallow-water
equations with a pressure-correction term, enabling the resolution of individual waves.

SFINCS (Super-Fast INundation of CoastS) is a reduced-physics hydrodynamic model developed for
efficient simulation of compound flooding from fluvial, pluvial, tidal, wind-, and wave-driven processes
(T. Leijnse et al. 2021). SnapWave is a stationary spectral wave model designed to propagate offshore
conditions to the nearshore, capturing refraction, shoaling, and dissipation on unstructured grids (D.
Roelvink et al. 2025), and infragravity wave energy balance formulations (T. W. B. Leijnse et al. 2024).
Recently, SnapWave has been extended with a vegetation module to provide vegetation dissipation
terms. The coupled SFINCS-SnapWave model can therefore reproduce nearshore flooding dynamics,
including wave transformation and vegetation-induced dissipation.

While the stationary mode of XBeach is conceptually closer to the wave-averaged formulation of SFINCS-
SnapWave, we use the surfbeat mode (XBeach-SB) as a benchmark, since its inclusion of time-varying
infragravity motions and phase-averaged hydrodynamics provides a more detailed process reference
for assessing the performance of SFINCS-SnapWave.

2.5.1. XBeach-SB mode
The XBeach-SB mode describes hydrodynamics based on three main processes: wave transformation,
infragravity and mean flow dynamics, and vegetation effects. These are briefly explained below, fol-
lowed by a description of the source code implementation of vegetation processes. Version that is used
in this thesis is XBeach v1.24 Halloween.

Wave transformation
The XBeach-SB mode solves the time-dependent sea-swell wave action balance on the scale of wave
groups. These wave groups generate both steady (mean flow) and unsteady (IGwave) motions through
radiation stress gradients in the nonlinear shallow-water equations (NLSWE). The wave action balance
equation is given by Phillips (1977):

∂A

∂t
+

∂cgA

∂s
+

∂cgA

∂θ
= −Dw +Dv

σ
, (2.12)

where A = Ew

σ is the wave action, Ew the sea-swell wave energy, σ the intrinsic wave frequency, and
cg,x the wave group velocity in the x-direction. Dw and Dv represent energy dissipation due to wave
breaking and vegetation, respectively. Wave breaking dissipation (Dw) follows J. A. Roelvink (1993),
while vegetation dissipation (Dv) builds on the formulations of Mendez and Losada (2004) and the
vertical layering scheme of Suzuki et al. (2012):

Dv =

nv∑
i=1

Dv,i, (2.13)

Dv,i = Av ·
ρCD,i bv,i Nv,i
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Av =
sinh3(kαih)− sinh3(kαi−1h) + 3 (sinh(kαih)− sinh(kαi−1h))

3k cosh3(kh)
, (2.15)

where CD,i is the bulk drag coefficient, bv,i is stem diameter, Nv,i the stem density, and αi the rela-
tive vegetation height (hv/h) for layer i. This approach links wave dissipation explicitly to vegetation
geometry.

IG waves and water levels
The steady (mean setup, undertow, longshore currents) and unsteady (IG waves) motions on the scale
of wave groups are solved using the depth-averaged NLSWE:

∂η

∂t
+

∂(uLh)

∂x
= 0 (2.16)

∂uL

∂t
+ uL

∂uL

∂x
= −g

∂η

∂x
+

τb,x + Fw + Fv

ρh
, (2.17)

where η is water surface elevation, uL the depth-averaged Lagrangian velocity, h the total water depth,
τb,x the bed shear stress, Fw the radiation-stress-driven wave force, and Fv the vegetation force. These
are consistent with the mechanisms of wave setup and vegetation drag described in Section 2.4.2, here
embedded within the XBeach-SB framework.

It is noted that in the standard XBeach-SB formulation, porosity effects are ignored in the continuity and
momentum equation. An optional porous in-canopy flow module is available, where porosity modifies
in-canopy velocities and thus the drag force.

Vegetation influence on water level
Vegetation effects on water level are captured through two pathways: modification of the wave-induced
force (Fw) via vegetation dissipation (Dv), and direct vegetation drag forces (Fv). The latter includes
both the mean-flow drag (Fv,m) and the wave-related force (Fv,w). The orbital velocity uw used in Fv,w

is reconstructed using an empirical wave shape model. XBeach also offers formulations for porous
canopy flow, broadening its application for more complex cases.

Source code implementation. In the XBeach source code, vegetation processes are implemented
in the module vegetation.f90, which contains seven subroutines (Figure 2.15). The mean-flow drag
force (Fv,m) and nonlinear wave drag force (Fv,w) are computed in the momeqveg subroutine, with non-
linear orbital velocity uw provided by the swvegnonlin routine implementing the wave shape model.
Both forces are then passed to the momentum solver to update water levels.

2.5.2. SFINCS-SnapWave coupling model
This subsection describes three main processes in the SFINCS-SnapWave framework: wave transforma-
tion, infragravity (IG) and mean flow dynamics, and vegetation effects, followed by an overview of the
source code implementation. The version applied in this thesis is v2.2.1-alpha col d'Eze-branch:143.

Wave transformation
SnapWave solves the stationary wave energy balance, a simplified form of the wave action balance un-
der negligible currents. The model uses a single representative frequency near the spectral peak, with
a fixed directional resolution and sector, to ensure computational efficiency. This allows SnapWave to
simulate nearshore wave transformation processes such as shoaling, refraction, breaking, and dissi-
pation at low cost, while providing wave forcing for SFINCS.

∂E

∂t
+ Cg

∂E

∂s
= −D, (2.18)

where E is the wave energy density, Cg the group velocity, and D the total dissipation. The dissipation
consists of wave breaking (Dw) (Baldock et al. 1998), bottom friction (Db), and vegetation-induced
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Figure 2.15: Implementation of vegetation processes in XBeach through the vegetation.f90 module.

dissipation (Dv). In this latest version, vegetation dissipation is computed using the vertical layering
approach of Suzuki et al. (2012), consistent with the implementation in XBeach (see equations 2.13–
2.15).

IG waves and water levels
After resolving incident-band energy, SnapWave estimates IG wave evolution through a separate IG
wave energy balance. Energy transfer is represented by a source term Sig, acting as a sink in the
incident-band balance and a source in the IG balance (T. W. B. Leijnse et al. 2024):

∂cgEinc

∂x
+

∂cθEinc

∂θ
+Dw,inc +Db,inc − Sig = 0, (2.19)

∂cgEig

∂x
+

∂cθEig

∂θ
+Dw,ig +Db,ig + Sig = 0, (2.20)

where Einc and Eig are the incident and IG wave energy densities, and Dw, Db represent breaking and
bottom friction dissipation. The transfer term is parameterised through a shoaling coefficient aig:

Sig = aig
√

Eig
cg
h

∂Sxx

∂x
, (2.21)

with Sxx = (2n − 1
2 )Einc the incident wave radiation stress. The coefficient aig depends on local bed

slope b and relative wave height γ = Hrms,inc/h, calibrated against XBeach datasets (T. W. B. Leijnse
et al. 2024). The corresponding IG wave height is given by

Hig =
√

8Eig

ρg . (2.22)
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Water levels. For water levels and flooding, the wave forcing terms (Dw, Db, Dv) computed in
SnapWave are passed to the SFINCS momentum equations. Importantly, setup in SFINCS is based only
on dissipation-derived forcing, not on radiation stress gradients. This means wave setup is represented,
but set-down is not explicitly captured.

The governing depth-averaged continuity and momentum equations in SFINCS are:

ζt+∆t
m = ζtm +

[
qt+∆t
x,m+1 − qt+∆t

x,m
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]
∆t, (2.23)
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7/3
x

, (2.24)

where hx is water depth, τw,x wind stress, advx nonlinear advection, Fw wave forcing from SnapWave,
and n Manning’s coefficient.

Vegetation influence on water level
Vegetation influences wave setup in SFINCS-SnapWave only throughDv in SnapWave. Hence, vegetation
alters the dissipation-derived wave forcing (Fw), but does not exert a direct drag force on the mean flow
(Fv). This limitation means vegetation’s effect on setup is represented, while its role in mean-flow drag
remains absent.

Source code implementation. In the current version, vegetation dissipation is implemented in snapwave_
solver.f90, following Suzuki et al. (2012). The resulting wave force, computed from dissipation rather
than radiation stress divergence, is passed via sfincs_snapwave.f90 into the SFINCSmomentum equa-
tions. This framework, illustrated in Figure 2.16, allows vegetation-modified setup to be captured but
omits direct Fv contributions.

Figure 2.16: Simplified framework of the SFINCS-SnapWave coupling model including vegetation effects.

2.5.3. Remarks on XBeach-SB vs. SFINCS-SnapWave
Both the XBeach-SB and the SFINCS-SnapWave framework follow a similar principle of coupling wave
processes with shallow-water flow equations to model wave-driven coastal flooding. In both cases,
wave transformation and energy dissipation determine forces that drive mean flow and setup.
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The key distinction lies in how the wave forcing (Fw) is generated. XBeach-SB explicitly solves a
time-dependent wave action balance and directly computes spatial gradients of radiation stresses (i.e.,
∂Sxx/∂x), which enter the momentum equations as forcing terms. This allows XBeach to capture both
wave setup and setdown due to shoaling, as well as dynamic infragravity (IG) motions.

In contrast, SFINCS does not solve wave equations itself. Instead, it relies on SnapWave for a stationary
wave energy calculation. Here, the wave forces (Fw) are computed based purely on local energy dissi-
pation (from breaking, bottom friction, and vegetation), rather than radiation stress gradients. As such,
the default SFINCS-SnapWave implementation only represents dissipation-based setup and does not
resolve setdown or dynamic IG motions. Nevertheless, recent work has demonstrated that nearshore
IG wave boundary conditions estimated by SnapWave can be applied in SFINCS using its wavemaker
boundary option, thereby enabling SFINCS to dynamically resolve IG wave runup and flooding (T. W. B.
Leijnse et al. 2024). This distinction underlines that while SFINCS-SnapWave offers computational effi-
ciency, it includes fewer internal wave-process details compared to XBeach-SB.

Finally, regarding vegetation, XBeach-SB incorporates vegetation effects both bymodifying wave energy
dissipation (affecting wave forcing Fw) and by applying a direct vegetation drag force (Fv). In contrast,
SFINCS-SnapWave includes vegetation effects solely through their influence on wave dissipation and
the resulting dissipation-based wave forcing (Fw).

A summary of the comparison between XBeach-SB and SFINCS-SnapWave is presented in Table 2.4.

Table 2.4: Summary of wave setup and vegetation processes in XBeach-SB and SFINCS-SnapWave

Process XBeach-SB SFINCS SnapWave

Wave transformation Wave action balance
(Eq. 2.12) including veg-
etation dissipation term Dv

– Wave energy equation
(Eq. 2.18) including vegeta-
tion dissipation term Dv

Wave force (Fw) Derived from radiation stress
gradients

– Computed from wave energy
dissipation only

Vegetation force (Fv) Fv = Fv,m + Fv,w (Eq. 2.8);
Fv,m is due to mean flow
(Eq. 2.9); Fv,w due to wave
nonlinearity (Eq. 2.10) via
wave shape model

– –

IG waves Dynamic infragravity mo-
tions resolved via wave-
group forcing

Can resolve dynamic IG
runup only when forced with
nearshore IG boundary con-
ditions (wavemaker option)

Estimates stationary
nearshore IG wave heights
via energy balance and pro-
vides boundary conditions
for SFINCS

Momentum equation NLSWE (Eq. 2.17) with Fw

and Fv

SSWE with discharge up-
date (Eq. 2.24) including
pressure, friction, and Fw

–



3
Methods

3.1. Model selection
Water level predictions are influenced by many factors, but hydrodynamics and vegetation are among
the most critical. Vegetation can mitigate flooding by attenuating waves and storm surges (Temmerman
et al. 2023) and by altering wave setup (even set down) (van Rooijen et al. 2016). However, vegetation–
hydrodynamic interactions are complex and are often neglected or oversimplified in flood models. For
example, large-scale flooding simulations commonly represent vegetation only as enhanced bed rough-
ness (Radfar et al. 2024). While this reduces computational cost, it may also introduce substantial
inaccuracies. Thus, there is a clear need for a computationally efficient flood model that can capture
vegetation–hydrodynamic effects without the heavy cost of full-physics modeling.

A recent reduced-physics model is SFINCS (Super-Fast INundation of CoastS), which efficiently simu-
lates compound flooding events (fluvial, pluvial, tidal, and surge-driven) with limited computational cost
and good accuracy. It solves the Simplified Shallow Water Equations (SSWE), including advection in
the momentum equation (T. Leijnse et al. 2021). Vegetation effects, however, are currently included
only through enhanced bed roughness coefficients.

To resolve wave-driven processes, SFINCS requires external forcing from a wavemodel (T.W. B. Leijnse
et al. 2024), as it does not include wave transformation internally. A recently developed stationary
spectral model, SnapWave, addresses this by solving the wave action balance in an efficient manner
(D. Roelvink et al. 2025). SnapWave captures essential nearshore physics such as refraction, shoaling,
and dissipation, and now also incorporates vegetation-induced dissipation following the vertical layering
approach of Suzuki et al. (2012).

The coupled SFINCS-SnapWave model therefore offers an efficient framework to simulate large-scale,
multi-driver flooding with vegetation influence. Its current limitation is that vegetation acts only through
dissipation in SnapWave, without explicit vegetation drag in SFINCS. This thesis applies SFINCS-SnapWave
to evaluate its ability to reproduce vegetation effects on coastal flooding and proposes improvements
to enhance vegetation representation while maintaining computational efficiency.

3.2. Approach
To address the research objectives formulated in Chapter 1, a stepwise approach is designed, consist-
ing of two main parts: (i) model evaluation and (ii) model improvement. This structure allows the current
SFINCS-SnapWave framework to be validated against existing benchmark models and laboratory data,
followed by targeted enhancements to improve vegetation representation. The workflow is illustrated
in Figure 3.1.

3.2.1. Model evaluation
In the evaluation step, the SFINCS-SnapWave model is configured to reproduce the laboratory flume
experiments of Wu et al. (2011), previously modelled with XBeach-SB by van Rooijen et al. (2016).
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Start

Model setup
Configuration based on the 1D XBeach simu-
lations of van Rooijen et al. (2016) and labo-
ratory flume experiments of Wu et al. (2011).

Model evaluation
Validate SFINCS-SnapWave outputs (Hs, HIG, and water
levels) against XBeach-SB results and laboratory data.

Validation output
Quantitative comparison of wave transforma-
tion, infragravity waves, and water levels. Iden-

tification of missing vegetation processes.

Model improvement
Implement additional vegetation drag formula-
tions (Fv) to improve wave setup predictions.

Improved model
Enhanced representation of vegetation effects on

water levels while maintaining computational efficiency.

End

Legend:
Start/End
Process Step

Data/Input/Output

Figure 3.1: Workflow for evaluation and improvement of the SFINCS-SnapWave model to capture vegetation effects on wave
setup.

The configuration consists of a bed slope with vegetation in a flume scale, induced by wave forcing
with varying offshore significant wave height (Hs) and peak period (Tp). The model performance is
assessed by comparing significant wave heights (Hs), infragravity wave heights (HIG), and mean wa-
ter levels (wave setup) along the cross-shore transect against both experimental observations and
XBeach-SB simulations. This step identifies the extent to which SFINCS-SnapWave can reproduce ob-
served vegetation–wave interactions and highlights missing processes that limit its accuracy.

3.2.2. Model improvement
The model evaluation highlights a key limitation of SFINCS-SnapWave: vegetation effects are currently
included only via energy dissipation (Dv), without explicit vegetation drag forces (Fv). As shown in
Chapter 2, the vegetation drag force is crucial for accurately reproducing wave setup, especially the
nonlinear wave drag component Fv,w (van Rooijen et al. 2016). Therefore, the proposed improvement
strategy in this study focuses on extending the SFINCS-SnapWave framework by explicitly incorporating
Fv.

The vegetation drag force consists of two components:

• Fv,w: vegetation drag due to nonlinear wave orbital velocities,
• Fv,m: vegetation drag due to mean (undertow) and infragravity flows.

In wave-dominated conditions, Fv,w is expected to dominate over Fv,m, and is therefore prioritised in
this implementation. The Fv,m contribution can partly be approximated by enhanced bed roughness,
but Fv,w is entirely absent in the current model. The improvement framework is illustrated in Figure 3.2.
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Figure 3.2: Proposed improvement of SFINCS-SnapWave coupling framework including explicit vegetation drag forces.

Implementation of Fv,w in SnapWave
The nonlinear wave drag force Fv,w depends only on wave parameters and vegetation geometry,
making it suitable to implement within the SnapWave module. Two new subroutines are proposed in
snapwave_solver.f90:

• swvegnonlin: computes the nonlinear orbital velocity (unl) using the wave shape model.
• momeqveg: computes Fv,w from unl, vegetation parameters (CD, bv, Nv, hv), and water density.

The computedFv,w is then integrated into the existing solve_energy_balance2Dstat subroutine, where
it enters the wave forcing F (k). This approach mirrors the structure of XBeach while remaining compu-
tationally efficient. Figure 3.3 summarises this proposed implementation.

Implementation of Fv,m in SFINCS
The mean-flow vegetation drag Fv,m directly depends on depth-averaged flow velocity and is therefore
implemented inside the SFINCS solver. Within sfincs_momentum.f90, the compute_fluxes subroutine
already evaluates forcing terms such as pressure gradients, wind stress, and bed shear. Here, Fv,m

is added as an additional quadratic drag term, allowing explicit computation of vegetation drag rather
than being implicitly absorbed into bottom friction. Figure 3.4 shows the proposed structure. Due to the
focus of this study on implementing the Fv,w component, this proposed Fv,m implementation is indeed
important to be applied for future model enhancement.

Summary
By implementing Fv,w in SnapWave and Fv,m in SFINCS, the improved model captures both nonlinear
wave drag and mean-flow drag effects of vegetation. This enhancement addresses a key gap in the
current SFINCS-SnapWave framework. This improvement is expected to enhance the water level pre-
diction due to coastal forcing while maintaining computational efficiency, and thus can be applied for
large-scale multi-driven coastal flooding simulations.
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Figure 3.3: Proposed Fv,w vegetation effect implementation in snapwave_solver.f90.

Figure 3.4: Proposed Fv,m vegetation effect implementation in sfincs_momentum.f90.



4
Model evaluation and improvement

This chapter presents the results of the SFINCS-SnapWave model evaluation and improvement using
version v2.2.1-alpha col d'Eze-branch:143. First, the configuration of the model and the scenar-
ios are described, including parameter selection and assumptions following the modelling study of
van Rooijen et al. (2016). Next, the results of the model evaluation are presented by validating the
SFINCS-SnapWave outputs against laboratory flume data (Wu et al. 2011) and XBeach-SB results (van
Rooijen et al. 2016), for both with-vegetation and without-vegetation cases. After identifying themodel’s
main limitation related to vegetation effects on water levels, improvements are introduced, producing
a new version called v2.2.1-alpha col d'Eze-branch:143_veg_fvw. This improved model is then
validated against the same benchmark data as in the previous evaluation stage. For clarity, the current
version of SFINCS-SnapWave is referred to as the ”baseline model”, while the modified one is called the
”improved model”.

4.1. Model configuration and scenarios
The laboratory experimental setup of Wu et al. (2011) consisted of a wave flume measuring 20.6 m in
length, 0.69 m in width, and 1.22 m in depth. A ramp with a slope of 1/7 is installed in front of the wave
generator, extending from x = 0 to x = 2 m. However, in the XBeach-SB model by van Rooijen et al.
(2016), this ramp was excluded, and the model domain started from x = 2 m. To ensure comparability
between models, the SFINCS-SnapWave model also adopts this configuration. A horizontal false floor
was installed at elevation z = −0.4 m, transitioning into a 1/21 sloping bed starting at x = 7.2 m. The
still water level was maintained at elevation z = 0 m.

Vegetation elements were introduced in the flume between x = 11.5m and x = 15.1m, represented by
rigid cylinders with a height (hv) of 0.20 m, a diameter (bv) of 3.2 mm, and a density (Nv) of 3182 stems
per square meter. The drag coefficient (CD) was set to 1.7, consistent with van Rooijen et al. (2016)
study. The experimental layout is shown in Figure 4.1.

The SFINCS-SnapWave model was configured with boundary conditions to replicate both the flume ex-
periment and the previous XBeach-SB model. A water level boundary (Dirichlet B.C.) of η = 0 m was
applied at the left edge (representing the start of the flume), while an outflow boundary condition (Neu-
mann B.C.) was applied elsewhere. Due to differences in default settings between XBeach-SB and
SFINCS-SnapWave, several parameters required adjustment. First, the bed roughness was converted
from Chezy (C = 51.6, with cf = 0.003) to Manning (n ≈ 0.015). Second, regarding wave breaking,
since XBeach applies Hmax = γh while SnapWave approximates Hmax ≈ 0.88γh in shallow water, we
set γsnapwave = γxbeach/0.88 to ensure equivalent breaking thresholds.

A total of twelve validation scenarios were simulated with varying significant wave height (Hs), peak
wave period (Tp), and vegetation presence. In the XBeach-SB simulations of van Rooijen et al. (2016),
wave forcing was applied using a JONSWAP spectrum with a peak enhancement factor (γjsp) of 3.3. In
contrast, the SnapWave model used a stationary wave solver with a parameterised frequency spectrum
represented by a single frequency close to the peak frequency (D. Roelvink et al. 2025).

32
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Figure 4.1: Schematic of the experimental setup used in the wave flume study of Wu et al. (2011), adapted from van Rooijen
et al. (2016). The setup shows the wave generator (left boundary), the sloping beach, the false floor, and the vegetated section.

The dots along the x-axis indicate wave gauge positions.

Table 4.1 presents the variation of offshore Hs and Tp for each scenario. The outputs of these simu-
lations are significant wave height (Hs), infragravity-band wave height (HIG), external force (Fx), and
mean water level (η), plotted along the cross-shore profile.

Scenario Hs (cm) Tp (s) Vegetation
S1–S2 3.7 1.2 Without / With
S3–S4 4.7 1.6 Without / With
S5–S6 5.4 1.2 Without / With
S7–S8 5.5 1.8 Without / With
S9–S10 7.4 1.6 Without / With
S11–S12 6.7 2.4 Without / With

Table 4.1: Wave setup scenarios based on Wu et al. (2011) and van Rooijen et al. (2016).

4.2. Model evaluation
In this section, scenarios S11 (without vegetation) and S12 (with vegetation) are discussed individually
as representative examples to understand the physics of wave transformation, wave force generation,
and water-level changes. These particular scenarios are explained extensively in van Rooijen et al.
(2016), which facilitates a more detailed analysis of the model results in this study. The comparison
results are presented in Figure 4.2, comparing the results of SFINCS-SnapWave baseline model and
XBeach-SB against the measurements of Wu et al. (2011). For assessing overall performance across
all scenarios, statistical evaluation using bias and scatter index is performed by plotting model results
and measurements along the flume in Figure 4.4. Lastly, Appendix D shows the supplementary results
that provide more detailed modelling results across all scenarios.

4.2.1. Measurement data description
This subsection describes the measurement data of Wu et al. (2011), which contains significant wave
height and mean water level. In the case without vegetation (black dots in Figure 4.2), the measured
wave height shows cross-shore transformation: shoaling followed by energy dissipation due to breaking
as the local water depth decreases. The measured mean water level shows a somewhat noisy pattern
between x = 8 m and x = 14 m. However, the general behaviour is clear: a slight decrease of water
level (set-down) in the shoaling zone, followed by a sharp rise (set-up) in the breaker zone.
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Figure 4.2: Cross-shore evolution from XBeach-SB (left) and SFINCS-SnapWave (right) for non-vegetated (black line) and
vegetated (orange line) cases. Panels (A–B): Hm0 [cm]; (C–D): IG-band Hm0 [cm]; (E–F): wave force Fx [Nm−2]; and (G–H):
mean water level η [mm]. Wu et al. (2011) data are shown as black circles (non-veg) and grey squares (veg). The vegetated

zone is shaded green.

In the case with vegetation (grey dots in Figure 4.2), the measured wave height is dissipated earlier
by vegetation, before the breakpoint is reached. This results in much lower wave heights already in
relatively deeper water. The measured mean water level is much lower than in the non-vegetated case,
with a gradual set-down in the shoaling region and hardly any set-up after the breaker zone.

4.2.2. Baseline model comparison
The performance of the SFINCS-SnapWave model is assessed in comparison to the measurements
and the XBeach-SB results. The comparison is presented in two parts: without-vegetation and with-
vegetation cases.
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Without vegetation. In the case without vegetation (black lines in Figure 4.2), the significant wave
height (first row) is slightly overestimated in the surf zone by both SFINCS-SnapWave and XBeach-SB.
Nevertheless, both models capture the breaking location reasonably well compared to the measure-
ments. At the end of the domain, SFINCS-SnapWave shows an unrealistic sharp drop of wave height to
zero, whereas XBeach-SB reproduces a smoother decay. The IG wave height (second row) is very sim-
ilar between SFINCS-SnapWave and XBeach-SB, increasing from about 0.8 cm to a peak of around 3.2
cm. Note that there are no measurement data for IG wave height; hence, only inter-model comparison
is possible.

The wave force (third row) shows the expected gradual increase around the breaking point, with simi-
lar peak magnitudes of about 3 Nm−2 for both models. However, XBeach-SB captures more detailed
processes, such as negative (offshore-directed) wave force in the shoaling zone. This is physically ex-
pected as the radiation-stress gradient increases during shoaling. SFINCS-SnapWave does not capture
this because its wave force is computed from wave dissipation only, which reflects negative energy
gradients, whereas XBeach-SB explicitly computes radiation stresses. This difference in wave-force
formulation may also affect the mean water level.

The mean water level (fourth row) in XBeach-SB exhibits the typical set-down in the shoaling zone and
set-up in the breaker and surf zones. In contrast, SFINCS-SnapWave does not capture the set-down
during shoaling because its wave forcing derives only from local dissipation, not from the gradient of
radiation stress. Additionally, it yields a milder nearshore set-up than both the measurements and
XBeach-SB.

With vegetation. In the case with vegetation (orange lines in Figure 4.2), the SFINCS-SnapWavemodel
shows good agreement with the measured significant wave height (first row), reproducing the shoaling
and breaking zones as well as the cross-shore variation. This supports the reliability of SnapWave in
simulating wave transformation over vegetated foreshores under these experimental conditions. It is
noted that the XBeach-SB simulations here show a slight reduction in wave height already at the offshore
boundary, possibly due to temporal averaging of Hm0, whereas SnapWave provides a stationary solu-
tion. Overall, SnapWave agrees well with the measurements, while XBeach-SB is used as a qualitative
reference.

For IG waves (second row), XBeach-SB clearly shows vegetation influence, with a reduction in the peak
by approximately 50% relative to the non-vegetated scenario, indicating substantial attenuation of IG
energy within the model framework. In contrast, SFINCS-SnapWave does not capture this peak reduc-
tion. A plausible explanation is that SnapWave primarily estimates incoming IG energy without resolving
reflected components and vegetation–IG interactions. To approximate this effect for this particular case,
a manual calibration was carried out by reducing the incident wave energy transferred to the IG wave
height and reducing the multiplication factor for the IG shoaling source/ sink term. As illustrated by the
dotted orange line in Figure 4.2 (D), these adjustments enable the model to better replicate the peak
IG wave height reduction observed in the XBeach-SB simulations. Nevertheless, this calibration may
not be generally applicable to all cases, due to limited measurement data. Furthermore, the under-
standing of the influence of vegetation in attenuating IG wave is still limited, thus this might need more
attention in separate study. Thus, in this study, the broader influence of vegetation on IG waves in
SFINCS-SnapWave still cannot be reliably captured.

Wave force (third row) in the vegetated case shows similar patterns between SFINCS-SnapWave and
XBeach-SB, with a rapid increase at the start of the vegetated field, as expected due to the sharp de-
crease in wave height (and thus energy) there. However, as in the non-vegetated case, SFINCS-SnapWave
does not capture the offshore-directed force in the shoaling zone. Consequently, the peak wave force
in SFINCS-SnapWave (about 4.5 Nm−2) is higher than in XBeach-SB (about 3.1 Nm−2).

For themeanwater level, both SFINCS-SnapWave and XBeach-SB considerably overpredict the nearshore
values. While the measurements indicate hardly any wave setup, both models produce substantial
setup up to about 4 mm (nearly four times too high in this case). This discrepancy arises because
the models do not account for nonlinear wave-shape effects on vegetation force (Fv,w) in these runs,
even though vegetation energy dissipation is included in the wave force. The vegetation-related force
component Fv,w in Equation 2.8—which is expected to add an offshore-directed contribution and thus



4.2. Model evaluation 36

Figure 4.3: XBeach-SB mean water level based on van Rooijen et al. (2016). When the wave-shape model is activated, the
nearshore setup becomes much lower than in the XBeach-SB runs of this study, likely due to model-version differences.

reduce setup—is not represented.

In XBeach-SB, however, there is an option to include this effect via wave shape model, which represents
the impact of nonlinear waves on vegetation drag. When activated, the model yields a much closer
prediction of the nearshore mean water level. This is illustrated in Figure 4.3, where the estimated
water level in the vegetated case agrees far better with the measurements, showing very low setup
(and in places, mainly set-down). Attempts to reproduce the XBeach-SB wave-shape simulation results
were made, but the outcomes did not perfectly match the original paper, likely due to version differences
and exploring XBeach-SB versions is beyond the scope of this study. Nevertheless, this underlines the
importance of the vegetation drag force due to nonlinear wave shape (Fv,w) in simulating wave setup.
Unfortunately, SFINCS-SnapWave presently lacks a similar capability to incorporate this vegetation force
contribution.

4.2.3. Baseline model statistical performance
To evaluate overall performance across all scenarios, statistical evaluation is performed using two met-
rics: the scatter index (SI) and bias. The SI quantifies the relative spread of model predictions around
the observations, normalised by the mean of the observed values, while the bias indicates system-
atic over- or underestimation. Figure 4.4 shows the comparison between model results and laboratory
measurements of significant wave height and mean water level, evaluated along the flume (at locations
indicated by black dots in Figure 4.1) and across all scenarios in Table 4.1.

Overall, the statistical results demonstrate that SFINCS-SnapWave accurately reproduces significant
wave height (Hm0) under both non-vegetated and vegetated conditions. For the non-vegetated cases,
SFINCS-SnapWave yields a very low SI of 0.09 and a small positive bias of 0.21, indicating close agree-
ment with the measurements. Under vegetated conditions, the model also shows very low scatter (SI
= 0.07) and a slight overestimation (bias = 0.04). These values are comparable to the performance of
XBeach-SB.

For the mean water level in the non-vegetated cases, SFINCS-SnapWave shows reasonable agreement
(SI = 1.25; bias = 0.45), comparable to XBeach-SB (SI = 0.98; bias = -0.12), although SFINCS-SnapWave
has a slightly higher positive bias. This arises from overprediction in deeper regions and the inability
to capture set-down during shoaling. This pattern is evident from the absence of values below zero on
the SFINCS-SnapWave mean-water-level axis.

Under vegetated conditions, both models deviate more from the measurements. SFINCS-SnapWave
shows SI = 3.52 and bias = 0.70, similar to XBeach-SB without the wave-shape model (SI = 4.07; bias
= 0.70), indicating a strong overprediction of mean water level. Incorporating the wave-shape model in
XBeach-SB substantially reduces both SI and bias (as reported by van Rooijen et al. (2016): SI = 0.072;
bias = 0.179), emphasising the importance of accounting for nonlinear wave effects when predicting
setup in vegetated conditions.
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Figure 4.4: Scatter plots comparing modelled and measured significant wave height (Hm0) and mean water level along the
wave flume across all scenarios. Top panels show Hm0 for XBeach-SB (left) and SFINCS-SnapWave (right); the lower panels

show mean water level. Black, orange, and blue markers indicate non-vegetated, vegetated, and wave-shape cases,
respectively. Legends report SI and bias; the dashed line represents perfect agreement (1:1).

4.2.4. Baseline model limitations
There are at least four important SFINCS-SnapWave limitations, based on the validation results and
literature, that may affect water-level prediction under coastal flooding in vegetated regions.

First, SFINCS-SnapWave strongly overpredicts mean water level in vegetated areas (Figure 4.2H) with
a bias of 0.70 across all scenarios (Figure 4.4). This is expected due to the missing vegetation-force
contribution from wave nonlinearity (Fv,w). The pattern mirrors XBeach-SB without the wave-shape
option and improves substantially when Fv,w is included. Hence, Fv,w is a particularly important process
in these wave-dominated experimental settings.

Second, SFINCS-SnapWave cannot capture the set-down that occurs when waves begin shoaling. The
lowest mean water level in SFINCS-SnapWave is always zero in all cases (see Figure 4.4, bottom right).
In reality, set-down is expected during shoaling prior to breaking, and this is captured by XBeach-SB.
SFINCS-SnapWave does not capture this because wave forcing stems only from energy dissipation, not
from radiation-stress gradients. Thus, when waves gain energy while shoaling, there is no offshore-
directed wave force yet, and no set-down is produced. Wave force appears only once dissipation starts,
which then drives set-up.

Third, SFINCS-SnapWave neglects the vegetation drag force due to mean flow (Fv,m). In this wave-
dominated experiment, the effect of Fv,m is not evident because mean flows are very small. Neverthe-
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less, this absence is important for broader applications, such as surge-dominated cases. Optionally,
higher bed roughness can be used to represent additional drag.

Lastly, IG waves produced by SFINCS-SnapWave do not capture vegetation effects. While the under-
standing of vegetation–IG interactions is still limited, SFINCS-SnapWave hardly introduces any IG atten-
uation due to vegetation, whereas XBeach-SB does. This is because the IG-wave estimate in SnapWave
depends on the IG and incident energy balance and only accounts for incoming waves as the boundary
condition in SFINCS.

Evaluating these limitations from both the literature and the validation, the vegetation force due to wave
nonlinearity (Fv,w) emerges as the most important process to include in SFINCS-SnapWave when waves
are present. Neglecting this effect can overestimate mean water level in vegetated areas by up to a
factor of four in S12. This component is currently absent from the model yet is demonstrably important
in wave-dominated settings. The next section discusses the implications of implementing Fv,w in the
improved SFINCS-SnapWave model.

4.3. Model improvement
To enhance the prediction of water levels influenced by vegetation, the SFINCS-SnapWave model is
improved by implementing the vegetation force due to wave nonlinearity (Fv,w) using the approach
presented in Chapter 3. In this section, the rationale for the improvement is explained. Next, the
results of the improved model are presented, followed by an evaluation of the statistical performance
across all scenarios.

4.3.1. Improvement implementation
To include the vegetation force due to wave nonlinearity (Fv,w) in SnapWave, two processes are added.
First, computation of the vegetation force Fv,w itself as expressed in Equation 2.10. Second, application
of the wave-shape model to compute the nonlinear wave orbital velocity (uw). These two processes
are implemented as separate subroutines inside the snapwave_solver.f90 module, as presented in
Figure 3.3.

Computation of Fv,w

The computation of Fv,w is applied in a subroutine called momeqveg. This subroutine solves Equa-
tion 2.10 and assesses the contribution per vertical layer. The detailed coding documentation can be
found in Appendix C.1. For completeness, the formula for Fv,w is:

Fv,w =

∫ Trep

0

1

2
ρCD bv Nv h

′
v uw(t) |uw(t)| dt. (4.1)

The constant vegetation parameters (CD, bv, and Nv) can be used directly as defined in SnapWave;
however, two variables—nonlinear wave orbital velocity (uw) and effective submerged vegetation height
(h′

v)—are not yet defined. The vegetation height (hv) is defined, but it does not account for water depth.
Therefore, the submerged vegetation height (h′

v) is estimated as the minimum of vegetation height (hv)
and still-water depth (h):

h′
v = min(hv, h). (4.2)

Using the above approach, the effect of vegetation emergence in h′
v is not considered. In reality, if

vegetation is emerged, the submerged vegetation height (h′
v) varies over the wave cycle due to free-

surface oscillation. This is expected to add an offshore-directed contribution to Fv,w, as explained in
Chapter 2.4.2. As a comparison, XBeach-SB also implements this emergence effect. The approach is:

h′
v(t) = min

(
hv, ηw(t) + h

)
. (4.3)

In this study, Equation 4.2 is chosen not only for simplicity, but also to remain conservative. It is found
that applying Equation 4.3 mainly underestimates the water levels (see Appendix D). This is later dis-
cussed in Chapter 5.
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Thus, to obtain Fv,w, computation of nonlinear wave orbital velocity (uw) over a wave period is essential.
Reconstruction of uw is implemented in a separate subroutine by applying the wave-shape model.

The wave-shape model application
The wave-shape model is applied in subroutine swvegnonlin. It is used to account for the nonlinear
wave orbital velocity (uw) required for the Fv,w calculation. Similar to the approach of Vries (2009), this
method builds on the wave-shape description of Rienecker and Fenton (1981) and applies the empirical
formulation by Ruessink et al. (2012) to reconstruct depth-averaged orbital-velocity time series (uw)
over a wave period. The detailed coding implementation can be found in Appendix C.4, following the
XBeach-SB approach.

Following Rienecker and Fenton (1981), the sea–swell wave shape is reconstructed as a weighted sum
of eight sine and cosine harmonics:

uw(t) =

8∑
i=1

[
wAi cos(iωt) + (1− w)Ai sin(iωt)

]
, (4.4)

where uw is the orbital velocity, Ai is the amplitude of the i-th harmonic, ω is the angular frequency, and
w is a weighting function.

The harmonic amplitudes Ai are determined using a precomputed Rienecker–Fenton (RF) lookup ta-
ble developed from stream-function wave theory (Rienecker and Fenton 1981). This table provides
near-bed velocity amplitudes Ai for a range of nondimensional wave heights (H0 = Hrms/h) and
nondimensional periods (T0 = Tp

√
g/h).

The weighting function (w) follows an empirical relationship that accounts for wave nonlinearity as a
function of the Ursell number (Ur) and phase ϕ based on Ruessink et al. (2012):

w = 1− ϕ

π
, (4.5)

ϕ =
π

2

(
1− tanh

(
0.815

U0.672
r

))
, (4.6)

Ur =
3

8

Hm0 k

(kh)3
. (4.7)

Given that SnapWave resolves the significant wave height (Hm0) and peak period (Tp), this approach
can be used to reconstruct the nonlinear orbital velocity (uw). Moreover, it can be extended to obtain
the free-surface oscillation (ηw) and thereby determine the effective submerged vegetation height h′

v(t)
in Equation 4.3, using:

ηw(t) = uw(t)
√
h/g. (4.8)

4.3.2. Improved model results
To evaluate the improved model, we compare against the Wu et al. (2011) measurements. Figure 4.5
shows SFINCS-SnapWave results for significant wave height, the decomposed external forcing (wave
force Fw and vegetation force due to wave nonlinearity Fv,w), and mean water level, for both non-
vegetated and vegetated cases. IG-wave results are omitted here, as the focus is on how Fv,w modifies
the mean water level. Consistent with the baseline evaluation, scenarios S11 and S12 are discussed
individually, while the aggregate performance over all scenarios is quantified with statistical indices
later.

The improved SFINCS-SnapWavemodel introduces the forcing Fv,w alongside the existing Fw forcing. As
outlined in Chapter 2, Fw is primarily onshore-directed (driving set-up), whereas Fv,w adds an offshore-
directed contribution (driving set-down). The magnitude and sign of Fv,w follow the nonlinearity of
the wave orbital velocity uw(t) (Equation 2.10): for a symmetric (non-skewed) waveform the wave-
cycle integral vanishes, but as waves shoal and become skewed, the reconstructed uw(t) from the
wave-shape model results a net Fv,w. In Figure 4.5D, this appears as a blue dashed curve opposing
the orange dashed Fw. Near the vegetation front, rapid dissipation increases Fw, while the strong
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nonlinearity of uw simultaneously increases Fv,w in the opposite direction; further shoreward, both the
orbital velocity and the effective submerged plant height decrease with depth, so Fv,w weakens. Their
sum gives the total external force Fx (red line).

Figure 4.5: Cross-shore evolution from SFINCS-SnapWave, with the left column showing the non-vegetated case and the right
column the vegetated case with Wu et al. (2011) observations (black circles: non-veg; grey squares: veg). Panels (A–B) show
significant wave height Hm0 [cm]. Panels (C–D) give the external force Fx [Nm−2]. Specifically, panel (D) decomposes the
vegetated-case force into wave force Fw (orange dashed), vegetation force due to wave nonlinearity Fv,w (blue dashed), and
their sum Fw+Fv,w (red solid). Panels (E–F) show mean water level η [mm] with observations. The vegetated zone is shaded

green.

The reduced net forcing translates into a lower wave setup throughout the vegetated field. From the
1D momentum balance (Equation 2.6), the water-level slope scales with Fx and inversely with depth.
Cross-shore towards the end of the vegetated zone, two tendencies compete: (i) Fx decreases (which
would flatten or lower the setup), while (ii) the water depth also decreases (which would steepen the
setup). In the improved run, the first effect dominates early in the vegetated section, yielding a much
milder rise than in the baseline; thereafter the two effects nearly balance, producing a nearly constant
mean water level across the vegetation (Figure 4.5F, red). This lower setup feeds back into the wave
field: when SFINCS passes the updated water level to SnapWave, the slightly reduced depth increases
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bottom-friction dissipation and marginally lowers Hm0 in the vegetated region. The coupled change in
depth and wavenumber also affects the vegetation dissipation term (Equation 2.3) via the shallow-water
dispersion relation.

A slight overestimate of wave setup remains near the landward end because the current solver does
not generate set-down during shoaling (the radiation-stress gradient is not represented). This limitation
was acknowledged, as some physical processes were simplified to achieve a more computationally
efficient model for compound flooding. The quantitative comparison in Table 4.2 illustrates how the
baseline model systematically overestimates the mean water level relative to Wu et al. (2011), while
the improved formulation reduces these values by a factor of three to ten.

Scenario Wu et al. (2011) [mm] Baseline model [mm] Improved model [mm] Ratio
S2 0.27 1.13 0.32 3.59
S4 0.00 1.81 0.19 9.57
S6 0.47 1.81 0.61 2.96
S8 -0.25 2.31 0.25 9.31
S10 0.09 3.29 0.81 4.08
S12 -0.33 3.51 0.59 5.91

Average – – – 5.90

Table 4.2: Comparison of mean water level at the landward end for Wu et al. experiments and SFINCS-SnapWave model
variants. Values are in millimetres. The ratio indicates how many times larger the baseline model result is compared to the

improved model.

Runtime tests confirm that the improvement does not introduce additional computational cost: the
baseline model averaged 19.54 s (≈ 0.33 min), while the improved model averaged 19.55 s (≈ 0.33
min). These differences are negligible and within the variability expected from hardware conditions
(e.g., charging state), indicating that the reconstruction of nonlinear orbital velocity using the empirical
wave-shape model keeps computational demand low. Computational efficiency tests were performed
on a laptop equipped with an Intel Core i7-13700H (13th Gen) processor and 16 GB of RAM, running
Microsoft Windows 11 Home (Version 10.0.26100, Build 26100). All simulations were executed while
the laptop was connected to power, as runtimes were found to vary slightly between charging and
battery conditions.

Overall, including Fv,w substantially reduces the overestimation of wave setup. On average across all
scenarios, the setup at the landward end of the domain decreases by nearly a factor of six relative to the
baseline, bringing the profile much closer to the measurements (Figure 4.5F). The resulting pattern—
a small increase near the vegetation front followed by an almost constant level—is consistent with
the XBeach-SB simulations that include the wave-shape model (van Rooijen et al. 2016) (Figure 4.3)
and with the flume data of Wu et al. (2011). In short, the Fv,w implementation improves the physical
consistency of the setup response in vegetated conditions while preserving the computational efficiency
of the coupled model.

4.3.3. Improved model statistical performance
Across all scenarios (evaluated along the flume), the improved model significantly reduces the scatter
index (SI) and bias compared to the baseline. Figure 4.6 shows the comparison between measured
mean water level and the improved SFINCS-SnapWave results, with associated SI and bias, for all sce-
narios. The improved model (blue dots) produces substantially lower SI and bias than the baseline,
with SI decreasing from 3.52 to 1.50 and bias from 0.70 to 0.15. This indicates a more physically
consistent behaviour, particularly the relatively constant water level within the vegetated region, which
aligns more closely with the measurements. A more detailed discussion of these findings is presented
in Chapter 5.
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Figure 4.6: Model performance comparison against laboratory observations for all vegetated cases. The left panel shows
significant wave height (Hm0), and the right panel shows mean water level (MWL). Orange markers represent the baseline

SFINCS-SnapWave model (vegetation-induced wave dissipation only). Red markers indicate the improved model with nonlinear
vegetation force (Fv,w). Dashed lines denote 1:1 reference. Scatter index (SI) and bias are shown in the legends.



5
Discussion

This study set out to evaluate and improve water-level predictions influenced by vegetation in SFINCS–
SnapWave, using wave flume experiments and comparison with XBeach-SB as benchmarks. The inclu-
sion of the nonlinear vegetation force (Fv,w) proved to be a good advancement: it substantially reduced
the wave-setup bias in wave-dominated conditions, avoiding overestimation by a factor of six averaged
across all scenarios measured in the landward end, while keeping runtime effectively unchanged. Build-
ing on these findings, this chapter reflects on the limitations of the improved model, its uncertainties,
and the implications for broader application.

5.1. Model limitations and uncertainties
While the additional Fv,w formulation improves vegetation–water level interaction in the model, sev-
eral limitations remain. These are caused by both the underlying hydrodynamic formulations and the
simplified representation of vegetation. The subsections below examine the most critical sources of
uncertainty, their underlying causes, and their implications for predictive skill.

5.1.1. Inability to capture wave set-down during shoaling
The model fails to capture the set-down of the mean water level during wave shoaling. This is due
to the SnapWave module calculating wave-induced forces solely from wave energy dissipation by bot-
tom friction, wave breaking, and vegetation, which are then transferred to SFINCS to drive hydrody-
namic responses. Unlike XBeach-SB, which computes wave forces from radiation stress gradients,
SFINCS-SnapWave only generates forces where energy dissipation occurs—typically after wave break-
ing. As a result, it does not resolve the wave set-down that develops during shoaling, a process asso-
ciated with energy redistribution rather than dissipation. While this limitation does not directly influence
the vegetation processes, it affects the general output of the water level prediction. This limitation
reflects the core formulation in the SnapWave source code, where the wave force is defined as:

F(k) = (Dw(k) + Dveg(k)) * kwav(k) / sig(k) / rho / depth(k)

5.1.2. Vegetation parameterisation and inputs
The selection of representative vegetation input and parameters is challenging. This becomes one of
the sources of the model’s uncertainties. For example, in reality, the vegetation parameters (bv, hv, and
Nv) of one vegetation region compared to another might differ spatially, while taking one representative
value for the whole region might lead to inaccurate results. In this model, vegetation is applied via an
elevation-based mask, which restricts the choice of vegetation parameters. Additionally, vegetation-
hydrodynamic interaction here is mainly accommodated by one bulk drag coefficient (CD). For instance,
a lower value might be applicable for more flexible vegetation and a higher value for the rigid one. Thus,
the complex process of vegetation-hydrodynamic is highly simplified in this one parameter. Sensitivity
analyses for these parameters are recommended for real-case applications. Lastly, indeed, in this
model, we neglect entirely the dynamics of vegetation (breakage, uprooting, etc.) during flooding by
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keeping the vegetation parameters constant over time. This introduces another uncertainty for real-
world applications.

5.1.3. Vegetation force due to wave nonlinearity (Fv,w)
A central advancement of this study was the inclusion of the nonlinear vegetation force Fv,w. While
this addition clearly reduced wave-setup bias, its present formulation also carries assumptions that
introduce uncertainties. These concern how vegetation is represented vertically, how emergence ef-
fects are treated, and the applicability of the wave-shape model used to reconstruct nonlinear orbital
velocities.

Vertical representation. Vegetation force due to wave nonlinearity (Fv,w) is currently computedwith a
single vegetation layer in the improvedmodel. Amulti-layer approach (varying bv,Nv, andCD vertically)
would better represent vertical heterogeneity and could change the partitioning between set-down and
set-up. This is indeed an important component, especially for simulating vegetation that has high
variability in vertical structures, such as mangroves. Thus, Appendix C.3 provides the adapted code
that can be applied to take into account the layering computation approach in Fv,w.

Emergence effect. In the improved model, the effective submerged vegetation height (h′
v) is taken

conservatively as the minimum value of vegetation height (hv) and still water depth (h) (see equation
4.2), which means not considering free-surface oscillation (emergence) effects, as explained in Chapter
4. In contrast, XBeach-SB provide a more detailed approach, by taking into account the free-surface
oscillation (emergence) effects (see equation 4.3).

However, when we enable the emergence variant in SFINCS–SnapWave, themodel tends to overestimate
the reduction of mean water level by vegetation across scenarios (Figure D.1). A plausible explanation
is that the vegetation force due to the mean flow (Fv,m) is still absent in our current implementation— it
is expected to increase the water level slightly. Under breaking waves, an offshore-directed undertow
develops, and the associated vegetation drag acts in the opposite (onshore) direction, partly offsetting
the offshore-directed contribution from Fv,w. A simple post-processed estimate of Fv,m is presented
in Appendix B, and the results are consistent with this reasoning, showing that Fv,m contributes an
onshore-directed force that partly counteracts the offshore effect of Fv,w. Moreover, discrepancies
may also stem from differing assumptions between XBeach–SB and SFINCS–SnapWave. A deeper inter-
comparison is therefore needed to understand how the emergence effect is applied in both models.
For future work, Appendix C.3 provides the code that enables emergence in the Fv,w computation and
can be used to advance the model.

Consequently, in the main results we do not represent the emergent effect, i.e. the temporal variation in
water level due to wave action that periodically exposes or submerges vegetation. In reality—especially
during compound flooding—the water level can vary due to storm surge or the interaction of river dis-
charge and waves, producing a time-varying submerged vegetation height. This variability affects the
vegetation drag force Fv,w, including intra-wave variations within each cycle. This limitation should
therefore be considered a priority for future model development.

Wave-shape model applicability. The wave-shape reconstruction to compute the nonlinear waves’
orbital velocity (uw) and free-surface oscillation (ηw) was derived from a dataset of field observations
of wave skewness and asymmetry from the coast without vegetation (Vries 2009). Thus, this might
lead to an additional source of uncertainty, as to whether the reconstructed orbital velocity is completely
applicable for vegetated regions. Therefore, in the future, if any other new empirical relation is available
for a vegetated region, this may serve as a basis for further advancing the model.

5.1.4. Vegetation force due to mean flow (Fv,m)
The vegetation force due to mean flow drag (Fv,m) is still unavailable in the improved model. Even
though the (Fv,m) does not give a substantial effect in this particular simulation setting (see Appendix
B), these results should not be generalised to all scenarios. For example, in surge- or tide-dominated
events, the mean flow can exceed the wave influence, and the vegetation drag may act in different
directions depending on the flow. Such long-wave propagation towards vegetation induces a more
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significant drag force. Thus, the incorporation of Fv,m into the model is considered important to be able
to capture the whole vegetation effects.

While the Fv,m component is still missing, there is another way to incorporate a similar effect into the
model. In practice, users sometimes emulate mean-flow drag via increased Manning’s n within vege-
tated areas, especially for large-scale simulation to maintain low computational demand (Radfar et al.
2024). Some studies show a range of values of Manning’s n to be applied as a vegetation representa-
tive, such as Noarayanan et al. (2012). However, this bulk roughness might not represent vegetation
parameters explicitly, and its equivalence to Fv,m is unverified. Bed roughness influences only bottom
drag and does not account for vertical vegetation structure or dynamic responses to changing wave con-
ditions. Moreover, a single roughness parameter is insufficient to capture vegetation properties such
as height, density, and stem diameter. Since Fv,m directly depends on flow velocity and vegetation
properties, adding it is expected to improve accuracy—especially for current-related cases.

Lastly, the Fv,m is indeed related to IG waves as the long waves tend to generate more currents. In
the improved model, IG-band wave heights are not yet influenced by vegetation. Currently, the model
overestimates IG wave energy in vegetated cases, failing to capture the observed 50% reduction re-
ported by XBeach-SB. This discrepancy underscores the inability of SFINCS-SnapWave to represent IG
wave–vegetation interactions due to its simplified, boundary-driven IG formulation. Moreover, the un-
derstanding of vegetation-IG interaction remains limited as well. Dedicated validation with data that
resolves IG attenuation in vegetation is needed and further used as the basis to improve the model.

5.2. Real-world applicability
Beyond the technical model formulations, it is equally important to reflect on how the results transfer to
real-world conditions. Laboratory flume experiments and one-dimensional simulations provide valuable
insights, but they do not fully capture the complexity of natural coastal environments. The following
section discusses the limitations of the present validation framework and outlines the steps needed for
broader applicability.

Validation data and test scale. While this study validates the improved SFINCS-SnapWave model
using small-scale wave flume laboratory data from Wu et al. (2011), some uncertainties arise when
applying these results to real-scale coastal environments. It is known that scaled tests might introduce
different results from real-scale tests. For example, laboratory flume studies often represent vegetation
as rigid cylinders and produce bulk drag coefficients that have not yet been validated under extreme,
field-scale conditions. Scale effects arise because vegetation flexibility, surface complexity, and viscous
stresses are not reproduced accurately at small scales, which can lead to overestimated drag values
compared to large-scale or field observations (van Wesenbeeck, Wolters, et al. 2022). Thus, it is
important to validate this improved model using available data from real-scale experiments.

Additionally, Wu et al. (2011) laboratory experiments use uniform and rigid vegetation without any ver-
tical layering, which does not represent the structural variation and flexibility of natural vegetation. In
reality, mangroves, for example, are relatively rigid but have clear vertical layering, with varying stem
density and diameter from bottom to top. In contrast, salt marshes are more uniform but highly flexi-
ble. Thus, while the improved model seems valid for this particular experiment data, it is better to be
validated against a wide range of different vegetation characteristics.

Forcing configuration. The Wu et al. (2011) experiment, which served as the basis for this model
validation, was limited to scenarios involving wave-driven cases. Although it may produce a wave-
induced current, it is expected to make a small contribution. Thus, this particular experiment’s data
might not be suitable for testing the future inclusion of the vegetation force due to the mean flow Fv,m

in the model or for studying the effect of different bed roughness on the vegetation drag. Thus, for
broader application, current-only or even wave-current experiment data, such as done by Yin et al.
(2020), can be used to further validate the model while exploring the contribution of vegetation force
due to the mean flow Fv,m. Additionally, to validate the influence of IG wave attenuation, experimental
data by S. M. Løvås (2000) might be useful.
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The use of global data. One approach to further explore the sensitivity of this model based on real-
istic input is by using global data. Appendix E presents the simulation configuration and scenarios that
can be performed to explore mangroves’ influence on the wave-surge driven flooding, building upon
global data. The proposed 1D simulation framework is appropriate for idealised open coast settings,
while filtering location with high dependency on wave-surge extreme events. This exploration might
give additional insight into the contribution of wave-only, current-only, and wave-current interactions in
mangrove areas.

2D real-case applications. The controlled nature of laboratory and one-dimensional (1D) model se-
tups is useful for isolating key hydrodynamic processes and understanding vegetation–flow dynamics
in simplified conditions. However, such configurations cannot fully capture the complexity of real-world
multi-driven coastal flooding, where interactions between waves, storm surge, and river discharge—as
well as lateral processes in estuaries, deltas, and lagoons—play a significant role. To enhance the re-
liability of the model for large-scale and realistic coastal applications, future validation and exploration
should therefore be extended to two-dimensional (2D) field-based settings.



6
Conclusion and recommendation

6.1. Conclusion
This study set out to enhance the physical representation of vegetation processes in a computationally
efficient flood model, with the aim of improving water-level predictions under coastal forcing. The base-
line SFINCS–SnapWave model was evaluated against laboratory flume data and a benchmark process-
based model XBeach-SB, its key limitations were identified, and a targeted improvement was imple-
mented and tested. The conclusions to the five guiding sub-research questions are as follows:

1. What are the essential physical processes in vegetation–hydrodynamic interactions that
influence water-level predictions?

Three force contributions are most relevant for coastal-driven water levels over vegetated re-
gions: (i) the wave-induced force Fw (linked to short-wave energy dissipation and radiation-stress
effects), (ii) the vegetation force associated with nonlinearity of the waves Fv,w, and (iii) the vege-
tation force associated with mean flow Fv,m. Together, these terms set the sign and magnitude of
the net external forcing and thus determine the setup/set-down through the momentum equation.

2. How well does the initial model reproduce wave transformation and water levels in vege-
tated conditions?

The baseline SFINCS–SnapWave reproduced significant wave heights well in both vegetated and
non-vegetated cases, showing low SI and small bias. However, it substantially overestimated
nearshore mean water levels in the vegetated scenarios, with an overall bias of 0.70 across all
scenarios and up to nearly four times higher in S12 when validated against Wu et al. (2011) and
compared with XBeach–SB (van Rooijen et al. 2016). In particular, the model failed to reproduce
the wave-induced set-down that normally occurs during shoaling, because water level variations
in the baseline formulation arise solely from local wave energy dissipation (by breaking or vege-
tation) and not from cross-shore gradients in radiation stress that drive set-down.

3. Which limitations in vegetation representation affect the accuracy of the initial model pre-
diction on water levels?

Four limitations were identified: (i) the absence of Fv,w (vegetation drag due to nonlinear wave
shape), (ii) the absence of Fv,m (vegetation drag due to mean flow), (iii) a dissipation-only wave–
force formulation that cannot generate offshore-directed forcing during shoaling (hence no set-
down), and (iv) the lack of vegetation effects on IG-wave heights. These omissions collectively
bias water-level predictions in the vegetated runs. For the present wave-dominated flume condi-
tions, Fv,w can be identified as the dominant missing process: the baseline SFINCS–SnapWave and
XBeach–SB without the wave-shape option produced comparable overestimates, while the inclu-
sion of the wave-shape formulation in XBeach–SB (representing Fv,w) yielded markedly improved
agreement with the measurements.
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4. To what extent does the improved model enhance the accuracy of water level and wave-
transformation predictions?

Implementing Fv,w via a wave-shape reconstruction reduced the net external force within the
vegetation field and produced a near-constant mean water level across the regions, in line with
measurements and XBeach–SB (with wave-shape). On average across all scenarios, themodelled
wave setup at the landward end decreased by roughly a factor of six relative to the baseline.
Aggregated statistics over all vegetated scenarios showed improvement in mean water level: SI
decreased from 3.52 to 1.50 and bias from 0.70 to 0.15. Significant wave heights remained in good
agreement throughout the scenarios.

This improvement is explained by the role of Fv,w: it captures the net vegetation force due to
skewed waves, which opposes the wave-breaking forcing. In the baseline model, this force com-
ponent is still absent. Adding Fv,w therefore corrects the excessive setup and brings predictions
in line with data.

5. What is the impact of the model improvements on computation time?

The improvement had almost no impact on runtime. The baseline and improved models com-
pleted in 19.54 s and 19.55 s, respectively, corresponding to a difference of only 0.07%. This
confirms that the computational efficiency of the model is preserved.

6.2. Recommendation
The following recommendations are proposed for future research and for enhancing vegetation repre-
sentation in SFINCS–SnapWave:

1. Add vegetation force due to mean flow (Fv,m) components. The current implementation fo-
cuses on the wave-induced vegetation force (Fv,w). Incorporating the mean flow drag force (Fv,m)
is recommended, especially for models applicable to surge- or tide-dominated events where long-
wave flow contributes significantly to vegetation resistance.

2. Validate the model against wave-current driver. Once Fv,m components are incorporated into
the model, it is recommended to validate it against current-related experiment data. Isolating the
wave and current effects is recommended to identify the contribution of each driver. Furthermore,
this approach may help to better understand the representation of vegetation by comparing it with
bed roughness (Fv,m vs. bed roughness).

3. Validate and improve vegetation effects on IG waves. The present validation Wu et al. (2011)
does not include IGwavemeasurements, so IG attenuation could not be assessed. As a next step,
the model could be tested against experiments that report IG wave energy in vegetated settings—
e.g., S. M. Løvås (2000), as referenced by van Rooijen et al. (2016)—to quantify attenuation and
calibrate relevant parameters. This would provide a first targeted evaluation of the model’s IG–
wave performance in vegetated regions.

4. Validate against field-scale measurements. While small-scale laboratory data were useful for
controlled validation, their simplification introduces uncertainty when applied to real-world cases.
Field-scale measurements that capture real vegetation structures, layering, and flow complexity
are needed for more robust model validation.

5. Extend the model to 2D applications. The 1D simulation performed in this study is useful for
idealised scenarios, but cannot capture lateral hydrodynamic interactions. For applications in
estuaries, deltas, or lagoons, real case 2D model configurations are recommended to simulate
more complex interactions of multi-driver coastal flooding, validated against field validation data.

6. Explore vegetation-specific wave shape models. The current wave shape model relies on
empirical relations derived from non-vegetated coasts. Developing or adopting empirical relations
that account for vegetation effects on wave skewness and asymmetry would improve the accuracy
of intrawave velocity reconstruction.
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A
Theoretical background on ocean

waves

A.1. Introduction to ocean waves
Ocean waves are defined as all sea surface variations that are generated in the oceans on different
timescales (Bosboom and Stive 2023). A simple way to represent wave motion is using a sine or
cosine function, which can describe either spatial variation at a fixed time or temporal variation at a
fixed location. These two perspectives are illustrated in Figure A.1.

Figure A.1: Left: spatial variation of the water surface elevation along the wave propagation direction at a fixed time. Right:
temporal variation of the water level at a fixed location (location 2). Figure from Bosboom and Stive (2023).

The wave height H is the vertical distance between the wave crest and trough, and equals twice the
amplitude a for a sinusoidal wave: H = 2a. The wave period T is the time between successive crests
passing a fixed point, with its inverse being the frequency f = 1/T . The wavelength L is the distance
between successive crests along the direction of propagation x, and it represents the distance a wave
travels in one period. The wave steepness is defined as the ratio H/L.

The surface elevation η of a sinusoidal wave can be described as:

η(x, t) = a sin(ωt− kx)

where ω is the angular frequency and k is the wave number, defined as:

k =
2π

L
, ω =

2π

T

The units of ω and k may be expressed as 1/s and 1/m. The wave speed c is given by:

c =
L

T
=

ω

k

Ocean waves can be classified depending on their disturbing force (i.e., their mechanism of genera-
tion), restoring force (i.e., their mechanism that dampens wave motions), and length (represented by
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wavelength or wave period) (Bosboom and Stive 2023). Figure A.2 shows the classification as a func-
tion of their wave period and energy level. Based on the primary disturbing force, we will focus on two
wave types: wind waves and storm surges.

Figure A.2: Sketch showing the relative energy distribution of ocean waves as a function of wave period. The top section
classifies waves by wavelength, the middle by generating force, and the bottom by restoring force. Figure adapted from

Bosboom and Stive (2023).

A.2. Wind waves
Wind-generated gravity waves are classified as waves with periods ranging from 0.25 to 30 seconds.
They are driven by wind and restored by gravity. Local winds produce short, irregular waves known as
’sea’. As these waves travel away from their origin, they undergo frequency dispersion and damping,
gradually forming longer, lower, faster, and more regular waves called ’swell’. In wind waves, infragrav-
ity waves are often generated by groups of waves in shallow water, producing oscillations such as surf
beat. They are long-period gravity waves with durations ranging from 30 seconds to 5 minutes, which
is comparable to the length of a wave group.

This section elaborates thoroughly on the basic concept of wind waves. The primary reference of this
section is based on the Coastal Dynamics book by Bosboom and Stive (2023).

A.2.1. Wave characteristics
In the real world, the wind wave indeed has an irregular character as opposed to the single sine signal
as shown in Figure A.1. These irregular waves can be described statistically over short time periods and
are therefore treated as a random stationary process. There are two main approaches to characterize
wave records: time series analysis and spectral analysis.

A commonly used parameter for wave characterization is the significant wave height, denoted as H1/3

orHs, which represents the average height of the highest one-third of all waves occurring in a particular
time period (McIvor et al. 2012). In spectral analysis, this is given by Hs = H1/3 = 4

√
m0, where m0

is the zeroth moment of the wave spectrum (i.e., the area under the variance density spectrum). The
root-mean-square wave height is defined as Hrms = 2

√
2
√
m0 in spectral terms.

Wave energy is another key parameter. For a regular wave, the mean wave energy per unit surface
area is E = 1

2ρga
2 = 1

8ρgH
2, where a is the wave amplitude. For an irregular wave field, the energy is

expressed as E = ρgm0 = 1
8ρgH

2
rms (Bosboom and Stive 2023). Wave attenuation occurs when they

lose energy, resulting reduction in wave height (McIvor et al. 2012).
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A.2.2. Wave transformation
Waves are transforming as they approach the shore. The effect of the sea bed, changing from deep
into intermediate and shallow water, affects the waves’ attributes, such as their height, length, and
direction, until they finally break and lose their energy. We consider a linear wave propagation in this
process, in which the local wave characteristics are described by linear wave theory. In this part, we
will only focus on a certain wave transformation process that is relevant to the topic, called shoaling
and wave breaking.

Figure A.3: Normally incident waves with parallel depth contours. Figure from Bosboom and Stive (2023).

First, understanding the fundamentals of energy balance is important. Wave transformation is com-
monly described using the spectrally integrated energy balance, which provides insight into how wave
properties evolve. In the absence of currents, wave energy is conserved, and the energy balance ap-
plies. However, when currents are present, energy is exchanged between waves and flow, and wave
action (E/ω) becomes the conserved quantity. For conceptual clarity, Box 1 explains the energy bal-
ance without currents. Equation A.1 shows that the dissipation term D accounts for processes like
wave breaking, bottom friction, and interactions with vegetation such as mangroves.

Box 1: Energy balance equation

In the absence of currents, wave energy is conserved and evolves according to:

∂E

∂t︸︷︷︸
change of energy

+
∂

∂x
(Ecg cos θ)︸ ︷︷ ︸

import of energy in x-direction

+
∂

∂y
(Ecg sin θ)︸ ︷︷ ︸

import of energy in y-direction

= S −D︸ ︷︷ ︸
gain of energy

(A.1)

Here, E = 1
8ρgH

2
rms is the wave energy, cg the group velocity, and θ the wave direction. S repre-

sents wind input (often negligible nearshore), while D includes dissipation from wave breaking,
bottom friction, or vegetation.
Under stationary wave and simple alongshore uniform coast conditions, the equation simplifies
along a wave ray s to:

d

ds
(Ecg) = −Df −Dw (A.2)

where Df is near-bed shear stress induced by wave orbital motion dissipation (generally very
small) and Dw represents wave dissipation due to breaking.

As waves enter shallower water, the shoaling process begins, which increases the wave height (H) as
they travel. However, there is a certain limit at which the shoaling process ends - the wave breaking.
As wave height (H) increases, the decrease in water depth leads to a lower wave celerity, hence
its wavelength (L). Therefore, wave steepness (H/L) increases, and often this breaking condition is
described by a crest angle of about 120°. In addition to that, wave particle velocity near the surface
also increases as the wave height increases. The waves break when the horizontal particle velocity
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near the surface of the waves exceeds the wave celerity. Box 2 presents the detailed explanation of
shoaling and wave breaking process, as well as the related formulation.

Box 2: Shoaling and Wave Breaking

Shoaling
As waves approach shallower regions (Figure A.3), their energy flux is conserved in the absence
of breaking or dissipation:

U = Ecg = Enc = constant (A.3)

U is the wave power per unit width [J/(m∙s)], E is the wave energy density [J/m²], cg and c are
the group and phase velocities [m/s], and n = cg/c.

Wave shoaling—an increase in wave height due to decreasing depth—is described by:

H2

H1
=

√
n1c1
n2c2

(A.4)

Wave Breaking
As wave steepness increases in shallow water, breaking occurs when a critical wave height-to-
depth ratio is exceeded. The maximum value is given by Miche (1944) for a regular wave:

γ =

(
H

h

)
max

=
Hb

hb
≈ 0.88 (A.5)

Assuming Rayleigh-distributed (irregular) waves (Hmax ≈ 2Hs), this translates to:

γ =
Hs

h
≈ 0.4−0.5 (A.6)

Effect of Bed Slope
The Iribarren number, defined as:

ξ =
tanα√
H0/L0

, (A.7)

Irribaren number captures the influence of bed slope tanα relative to deep-water wave height
H0 and wavelength L0. Based on this parameter, waves can be classified as:

Iribarren Number ξ Breaker Type Breaker Index γ

ξ < 0.5 Spilling γ ≈ 0.6−0.8

0.5 < ξ < 3.3 Plunging γ ≈ 0.8−1.2

ξ > 3.3 Collapsing or surging minimal or no
breaking

A.2.3. Wave asymmetry and skewness
After considering linear wave propagation and wave transformation processes such as shoaling and
breaking, we now examine the non-linear transformation of wave shapes. As waves propagate toward
the shore, shoaling occurs, leading not only to an increase in wave height but also to typical non-
linear modifications of the wave shape. To describe them, non-linear wave theories such as Stokes,
cnoidal, and Boussinesq formulations are used (Bosboom and Stive 2023). This results in two primary
asymmetry effects: skewness and asymmetry. The Ursell parameter U = HL2/h3 can be used as a
skewness and asymmetry indicator.
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Skewness
Skewness is described as a gradual peaking of the wave crest and flattening of the trough, representing
asymmetry relative to the horizontal axis of the wave signal. For example, the skewed wave profile can
be described by a sum of sinusoidal components with higher harmonics, such as in Stokes’ second-
order theory as written in equation A.8. Here, the higher harmonic remains phase-locked to the primary
wave, resulting in sharper crests and flatter troughs (i.e., positive skewness).

η = η̂1 cos(ωt− kx) + η̂2 cos
(
2(ωt− kx)

)
(A.8)

Asymmetry
Asymmetry refers to a pitched-forward wave shape due to the steepening of the wave face as it ap-
proaches breaking, representing asymmetry relative to the vertical axis of the wave signal. This wave
shape arises when the wave crest moves faster than the trough, as described by the propagation
speeds of shallow water waves: ccrest =

√
g(h+ a) and ctrough =

√
g(h− a). This causes the wave

face to steepen relative to the back, producing a sawtooth-like shape. Such asymmetry requires a
phase shift between the harmonics (for example, a second harmonic that is forward phase-shifted rela-
tive to the primary). This type of asymmetry cannot be captured by standard Stokes waves. As shown
in Figure A.4, the left panel illustrates wave skewness, while the right panel shows asymmetry due to
phase shifts.

Figure A.4: Wave skewness and asymmetry illustrated using higher harmonics. Left: A second-order Stokes wave with
phase-locked harmonics (η̂2/η̂1 = 0.2) shows crest-trough asymmetry (skewness). Right: An asymmetric wave with the

second harmonic phase-shifted by 90◦, producing a pitched-forward profile (time asymmetry). Illustration from Bosboom and
Stive (2023).

A.2.4. Wave orbital velocity
Beneath the wave surface, fluid particles follow orbital paths associated with the motion of the water
surface. According to linear wave theory, these orbits are nearly circular in deep water (h/L > 0.5), with
diameters that decrease with depth. In intermediate water depths, the orbits become ellipses that flatten
toward the seabed, resulting in predominantly horizontal motion near the bottom. Figure A.5 describes
the water particle movement in intermediate water depth. In shallow water (h/L < 1/20), the vertical
displacement becomes negligible, while the horizontal motion remains nearly uniform throughout the
depth. The horizontal orbital velocity is described by the equations A.9 and A.10.
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Figure A.5: Illustration of water particle orbits beneath a wave in intermediate water depth. The paths become elliptical and
flatten toward the bottom, indicating predominantly horizontal motion near the seabed. Figure from Bosboom and Stive (2023).

u(t) = û(z) cos(ωt) (A.9)

û(z) =
ωa cosh k(h+ z)

sinh kh
(A.10)

with:

• ω = angular frequency = 2π/T (rad/s),
• a = wave amplitude (m),
• k = wavenumber = 2π/L (rad/m),
• h = water depth (m),
• z = vertical coordinate (positive upward, z = 0 at still water level).

Figure A.6 illustrates the vertical profiles of amplitude velocity û.

Figure A.6: Vertical profiles of horizontal orbital velocity amplitude û(z) under linear wave theory, showing decay with depth. In
shallow water, û(z) remains nearly uniform over depth. Figure from Bosboom and Stive (2023).

A.2.5. Wave set-up and set-down process
The explanation of how wave set-up and set-down proceed is presented here. The increase (set-up)
and decrease (set-down) of the mean water level due to waves are related to the momentum carried
by the waves, the resulting radiation stress, and the wave-induced forces that are thus produced. The
following paragraphs present the explanation of the processes.
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Wave-induced momentum. Propagating waves not only carry energy, but also momentum. Mo-
mentum is defined as the product of mass and velocity, which means that the mass in motion brings
momentum. The total amount of momentum or mass flux (q) of the wave per unit surface area is ob-
tained by integration over the depth of the mass density (ρ) between wave trough and wave crest, and
velocity (u). In the surf zone, it is assumed that the mass flux (q) consists of two parts: due to the
progressive character of the waves and due to the surface roller in breaking waves. This formula is
described in equation A.11. In the case of a closed boundary, such as a coastline, there can be no net
mass transport across the vertical boundary — otherwise, water would accumulate along the shore.
This means that any onshore mass flux above the wave trough must be balanced by a compensating
flow below the trough level: a return current. As a result, the cross-shore depth-averaged velocity
below the wave trough is described in equation A.12. Figure A.7 shows the process of return current.

qdrift = qnon-breaking + qroller =
E

c
+

αEr

c
(A.11)

Ubelow trough = −
qdrift,x
ρh

= −(
E

ρhc
+

αEr

ρhc
) (A.12)

Figure A.7: Illustration of undertow: the compensating seaward-directed flow below the wave trough that balances the
onshore mass transport above the trough in the surf zone. Figure from Bosboom and Stive (2023).

Radiation stress. Radiation stress is the depth-integrated and wave-averaged flux of momentum
due to waves. When there is a spatial change in this wave-induced momentum flux, wave forces act
on the water, affecting mean currents and water levels. These forces cause set-down (a lowering of the
mean water level in the shoaling zone) and set-up (a rise in the surf zone). According to linear wave
theory, under alongshore uniform conditions, the radiation stress components for waves travelling at
an angle θ are given in equations A.13 to A.15, where Sxx and Syy are the normal components, Sxy

and Syx are the shear components, n is the ratio of group velocity to phase velocity, and E is the wave
energy density. Figure A.8 illustrates the radiation stress components and their formula as well.

Sxx =

(
n− 1

2
+ n cos2 θ

)
E, (A.13)

Syy =

(
n− 1

2
+ n sin2 θ

)
E, (A.14)

Sxy = Syx = n cos θ sin θ E, (A.15)
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Figure A.8: Radiation stress components according to linear wave theory. Situation sketch for an alongshore uniform coast
with depth contours parallel to the y-axis. ‘A’ indicates the pressure contribution; ‘B’ the contribution due to advection by the

horizontal particle velocity. Figure from Bosboom and Stive (2023).

Wave-induced forces. Horizontal gradients in radiation stress give rise to wave-induced forces on
the water, which can lead to mean water level changes such as set-up and set-down. The net force
in the x-direction is described by equation A.16. For an alongshore uniform coastline, there are no
gradients in the y-direction, so this reduces to equation A.17. In this study, we focus only on the x-
direction (cross-shore) component, as it is most relevant to our analysis.

Fx = −
(
∂Sxx

∂x
+

∂Sxy

∂y

)
(A.16)

Fx = −dSxx

dx
(A.17)

Figure A.9: In the shoaling zone, increasing Sxx drives offshore forces, lowering the mean water level (set-down). In the surf
zone, decreasing Sxx leads to onshore forces, raising the water level toward the shore (set-up). Figure from Bosboom and

Stive (2023).

Cross-shore momentum balance: wave set-up and set-down. For an alongshore uniform coast,
equation A.17 applies, and the cross-shore forces and momentum balance each other. As waves shoal,
the increasing radiation stress (positive gradient) leads to offshore-directed forces, lowering the mean
water level (set-down). After breaking, the decreasing radiation stress (negative gradient) results in
onshore-directed forces, raising the water level (set-up). This can be described by the 1D momentum
equation A.18, which simplifies under stationary conditions, with no surface stress, bed friction, velocity
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gradients, or horizontal mixing, to equation A.19. The water level gradient thus directly reflects the
direction of external forces. The illustration of this process is shown in Figure A.9.

∂U

∂t︸︷︷︸
Local acc.

+ U
∂U

∂x︸ ︷︷ ︸
Advective acc.

=
∂

∂x

(
Dh

∂U

∂x

)
︸ ︷︷ ︸
Horizontal mixing

+
τsx
ρh︸︷︷︸

Surface stress

+
τbx
ρh︸︷︷︸

Bed shear

− g
∂η

∂x︸︷︷︸
Water level slope

+
Fx

ρh︸︷︷︸
External force

(A.18)

g
∂η

∂x︸︷︷︸
Water level slope

=
Fx

ρh︸︷︷︸
External force

(A.19)

A.3. Infragravity (IG) waves
As described in Figure A.2, the IG waves are low-frequency waves with periods from 30 seconds to 5
minutes, much longer than the typical wind waves and quite comparable to the length of a wave group.
IG waves are often generated by the groupiness of the short-waves, producing oscillations such as surf
beat. Based on its mechanism approaching the shoreline, there are two types of IG waves: the bound
long waves and the free long waves.

A.3.1. Bound long waves
Wave groups cause variations in radiation stress, leading to local set-downs under high waves and
set-ups under low waves. This surface response, directly linked to the wave group pattern, is called
bound long waves. As waves move onshore, their amplitude scales roughly as ηlb ∼ h−5/2, meaning
long-wave height increases strongly as depth decreases (Schipper 2024). These incoming bound long
waves happen as long as there is groupiness of the short waves, which appear stronger before they
break.

Figure A.10: Illustration of bound long waves: wave groups induce variations in radiation stress, creating a set-down under
high waves and a set-up under low waves. Figure from Bosboom and Stive (2023).

A.3.2. Free long waves
When wave breaking occurs in the surf zone, the wave groups that sustain bound long waves diminish,
releasing these bound long waves as free long waves. Breaking reduces wave groupiness, making
short waves more uniform and eliminating the varying radiation stress that previously governed the
bound long waves. As a result, short waves no longer determine the long-wave surface elevation,
and the free long waves propagate independently at their own frequency and speed. Free long waves
travel at c =

√
gh, typically faster than the group speed of bound long waves, cg = nc, with 0.5 < n < 1.

As they move into shallower water, free long waves shoal according to ηlf ∼ h−1/4 (Green’s law),
meaning decreasing depth leads to higher wave amplitudes, though with a relatively weak dependence
compared to bound long waves. Unlike bound long waves, which consist only of incoming components
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tied to wave groups, free long waves include both incoming and outgoing (reflected) parts (Schipper
2024).

Figure A.11: Depth dependence of bound and free long waves: incoming bound long waves amplify rapidly nearshore
(∼ h−5/2), while reflected free long waves show weaker scaling (∼ h−1/4). Near the shoreline, long-wave action is dominated
by incoming waves; at intermediate depths, reflected waves prevail. Figure adapted from Schipper (2024) after Henderson,

Guza, et al. (2006).



B
Post-processing approach for

vegetation force estimation

This section presents the inclusion of Fv,m and Fv,w into the SFINCS-SnapWavemodel results through a
post-processing approach. The initial wave setup results from Chapter 4 will be corrected by explicitly
adding the effects of vegetation-induced wave forces. Similar to the previous chapter, this section
focuses on a single representative case, S12, with Hs = 6.7 cm and Tp = 2.4 s.

The wave shape model is employed to approximate the wave orbital velocity and compute the vegeta-
tion force due to nonlinear wave orbital motion, Fv,w. Additionally, the vegetation force due to mean
flow, Fv,m, is also included by estimating the mean flow velocity using the undertow formula within the
vegetated area. The result of this approach indeed would not be accurate enough as there are no cou-
pling feedback between momentum equation and wave energy balance. This approach is performed
to explore the possible quantity of the vegetation force effect on water levels.

B.1. Fv,w estimation
As shown in equation 2.10, the calculation of Fv,w primarily requires the time series of the depth-
averaged wave orbital velocity, uw. The nonlinearity of uw is critical: if the velocity were purely lin-
ear and symmetric over time, the integral over a wave period would vanish since the other variables
are constant. This highlights the necessity of accounting for wave nonlinearity as waves propagate
through vegetation, modifying the shape of the velocity signal and thus the drag force. The following
steps outline the procedure to compute uw using the wave shape model, consistent with van Rooijen
et al. (2016), as well as the final result of Fv,w.

B.1.1. Reconstruction of the nonlinear wave orbital velocity
First, the theory behind the wave shape model is explained. According to van Rooijen et al. (2016), the
wave shape model is used to account for the effects of nonlinear sea-swell waves, ultimately enabling
the calculation of the vegetation-induced force Fv,w. This approach is similar to the model proposed
by Vries (2009), which builds upon the wave shape description of Rienecker and Fenton (1981) and
applies the empirical formulation by Ruessink et al. (2012) to reconstruct a depth-averaged orbital
velocity time series over a wave period.

It is important to note that the wave shape model was originally developed using data from non-
vegetated coastal environments. As such, its application in vegetated settings introduces some un-
certainty. Nevertheless, van Rooijen et al. (2016) demonstrated that the model can still accurately
reproduce wave setup in vegetated conditions. Therefore, this approach is considered appropriate for
use in the present study.

Following the parameterisation by Rienecker and Fenton (1981), the shape of sea-swell waves is re-
constructed as a weighted sum of eight sine and cosine harmonics:
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uw(t) =

8∑
i=1

[wAi cos(iωt) + (1− w)Ai sin(iωt)] (B.1)

where uw is the wave orbital velocity, Ai is the amplitude of the i-th harmonic, ω is the angular wave
frequency, and w is a weighting function.

The weight function (w) follows an empirical relationship that accounts for wave nonlinearity as a func-
tion of the Ursell number and phase ϕ based on the formulation of Ruessink et al. (2012). It is expressed
as:

w = 1− ϕ

π
(B.2)

ϕ =
π

2

(
1− tanh

(
0.815

Ur0.672

))
(B.3)

Ur =
3

8

Hm0k

(kh)3
(B.4)

The harmonic amplitudes Ai are determined using a precomputed lookup table from Rienecker and
Fenton (RF table), developed from stream function wave theory (Rienecker and Fenton 1981). This
table provides near-bed velocity amplitudes Ai for a range of nondimensional wave heights (H0 =
Hrms/h) and nondimensional wave periods (T0 = Tp ∗

√
g/h).

Given this workflow, we indeed need to extract the SFINCS-SnapWavemodel initial output: the significant
wave height (Hm0), peak period (Tp), and water depth (h). These are then used to calculate the angular
frequency (ω), wave number (k), and Ursell number (Ur). Lastly, the weight function (w) is computed,
which is essential for constructing the time series of uw. Figure B.1 presents the summary of the
computation result.
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Figure B.1: Computation results of the model output

Once we have the wave function parameter (w), we only need to find the other parameter: Ai, to finally
reconstruct the equation B.1. Ai can be determined by doing bilinear interpolation on the precomputed
Rienecker-Fenton (RF) table. Combining these amplitudes with the cosine and sine series adjusted
by the weights, it calculates the full time series of uw(t). Figure B.2 shows the reconstructed nonlinear
velocity over the wave period at selected locations along the flume.
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Figure B.2: Reconstructed nonlinear velocity uw(t) at three representative locations: (1) near the start of the flume, (2) just
before the vegetated area, and (3) inside the vegetated area. The figure also includes grey lines showing the velocity time

series at other cross-shore locations for context.

B.1.2. Computation of Fv,w and its contribution to water level changes
The vegetation-induced wave drag force due to nonlinear wave shape Fv,w is computed as:

Fv,w =
1

Trep

∫ Trep

0

1

2
ρCDbvNvhv uw |uw| dt (B.5)

where the division by Trep provides the time-averaged force over a wave period. The parameter hv

would be constant (not changing over time) by selecting the minimum value of the initial water depth
and the vegetation height. The resulting unit of Fv,w is [kg/(m∙s2)]. As a note, the Fv,w sign is negative
due to the direction of the force against the incoming wave.

The corresponding water level gradient can be obtained from a simplified momentum balance:

∂η

∂x︸︷︷︸
Water level slope

=
1

ρgh
Fv︸︷︷︸

Vegetation drag force

(B.6)

Accordingly, the water level change induced by Fv,w can be determined by integrating the slope along
the cross-shore direction:

η(x) =

∫
Fv(x)

ρgh(x)
dx+ η0 (B.7)

By applying Equation B.7 to the computed Fv,w distribution along the flume, the corresponding water
level contribution ηv,w can be obtained. This additional set-down is then superimposed on the initial
wave setup ηinitial to evaluate the combined effect of vegetation-induced drag on the total water level.
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The result allows for a direct comparison between the modelled setup with and without the inclusion of
Fv,w, and is also plotted against laboratory measurements, which is shown in Figure B.3.

Figure B.3: Comparison of wave setup profiles with and without the effect of vegetation-induced force Fv,w . The initial wave
setup ηinitial (blue line) is adjusted using the computed contribution from ηv,w due to Fv,w (green line). The red dashed line

shows the modified water level after incorporating Fv,w , while the grey markers represent laboratory measurements in
vegetated conditions from Wu et al. (2011).

B.2. Fv,m estimation
The vegetation-induced wave drag force due to mean flow Fv,m can be computed as:

Fv,m =
1

2
ρCDbvNvhv uE |uE | (B.8)

The resulting unit of Fv,m, similar to Fv,w in the previous section, is [kg/(m∙s2)]. In this case, we need
to approximate the uE to obtain Fv,m. Ideally, uE has to consist of two components: the mean flow
and IG flow. Even though the SnapWave could estimate the incoming IG wave, it does not solve the IG
wave explicitly, and thus, no IG flow dynamics are solved. Due to this limitation, we consider the uE by
approximating it with the undertow velocity (uu) formula. This force may add to the water level at the end
of the domain due to its nature that flows back to offshore, hence the force directed on shore (positive
sign). Thus, we may expect additional setup due to this Fv,m component. The undertow velocity uu is
estimated from momentum considerations:

uu = − E

ρhc
(B.9)

E is the wave energy, ρ is the water density, h is the local depth, and c is the phase speed. Using the
same approach with Fv,w, the estimate of water level is obtained by integrating the water level slope
along the cross-shore direction as shown in equation B.7. Figure B.4 shows the result of the water level
due to Fv,m contribution, compared to the initial water level and laboratory measurements. Compared
to Figure B.3, it is clearly shown that the influence of Fv,m is much less than Fv,w on the water level in
this case.
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Figure B.4: Comparison of wave setup profiles with and without the effect of vegetation-induced force Fv,m. The initial wave
setup ηinitial (blue line) is adjusted using the computed contribution from ηv,m due to Fv,m (orange line). The red dashed line

shows the modified water level after incorporating Fv,m, while the grey markers represent laboratory measurements in
vegetated conditions from Wu et al. (2011).

B.3. Total water level results
Figure B.5 presents the total wave setup resulting from the combined effects of vegetation-induced
drag forces. Three key observations can be drawn from this figure:

1. The nonlinear wave-induced vegetation drag force (Fv,w) has a substantial influence on the re-
sulting wave setdown. This finding is consistent with previous studies, such as van Rooijen et al.
(2016), which emphasize the importance of Fv,w in altering wave-driven water levels.

2. In contrast, the contribution of the mean flow drag force (Fv,m) to the total setup is relatively
minor. In this case, Fv,m is computed using the undertow velocity, which is directed offshore
and thus tends to reduce setup. Ideally, the mean flow component induced by infragravity (IG)
wave motions should also be incorporated for a more complete representation. However, due to
limitations in the model output, this component could not be resolved in the present analysis.

3. When both Fv,w and Fv,m are accounted for, the modified water level profile shows a closer
agreement with the observed laboratorymeasurements, particularly due to the dominant influence
of Fv,w in reducing the wave setup. This improvement highlights the importance of including
vegetation-wave interactions in wave setup predictions.
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Figure B.5: Comparison of wave setup profiles showing the individual and combined effects of vegetation-induced drag forces.
The initial wave setup ηinitial (blue dashed line) is progressively modified by the contributions from the nonlinear wave-induced
drag force Fv,w (green dashed line, ηv,w) and the mean flow drag force Fv,m (orange dashed line, ηv,m). The resulting total
modified wave setup (solid red line) is the sum of all components. Experimental measurements from Wu et al. (2011) are

included for comparison (grey markers with error bars).



C
Source code: Improvement

implementation of vegetation force in
SnapWave

This appendix presents the key subroutines implemented in the SnapWave source code to account for
vegetation-induced wave force (Fv,w). The source code is written in Fortran, modifying the module of
snapwave_solver.

Three versions of momeqveg are provided to compute the vegetation-induced nonlinear wave force Fv,w,
and two versions of swvegnonlin to reconstruct the orbital velocity time series uw (and, optionally, the
free-surface oscillation ηw):

• momeqveg v1 (Listing C.1): one-layer vegetation. This is the version used for the main results in
this thesis; no vertical layering and no emergence over the wave cycle.

• momeqveg v2 (Listing C.2): multi-layer vegetation without emergence. Each vertical section con-
tributes according to its submerged thickness under still-water depth.

• momeqveg v3 (Listing C.3): multi-layer vegetation with time-varying emergence, using ηw(t) to
compute the instantaneous submerged thickness per section.

• swvegnonlin v1 (Listing C.4): reconstructs uw(t) from the wave-shape model; no computation of
ηw.

• swvegnonlin v2 (Listing C.5): as v1, but additionally returns ηw(t) (etaw) for use in the emergence-
enabled momeqveg v3.

Listing C.1: Subroutine momeqveg to compute Fv,w in SnapWave. This version is used for this thesis result. Only applicable for
one layer vegetation.

1 .....
2 .....
3 subroutine momeqveg(no_nodes, no_secveg, veg_ah, veg_bstems, veg_Nstems, veg_Cd, depth, rho,

H, Trep, unl, Fvw)
4 ! INput: no_nodes, no_secveg, veg_ah(k,:), veg_bstems(k,:), veg_Nstems(k,:), veg_Cd(k,:),

depth(k), rho, H(k), Tp(k), unl(k,:), Fvw(k)
5 !
6 implicit none
7 !
8 ! Inputs
9 integer, intent(in) :: no_nodes, no_secveg
10 real*4, intent(in) :: depth ,rho, H, Trep
11 real*4, dimension(no_secveg), intent(in) :: veg_ah, veg_bstems, veg_Nstems, veg_Cd
12 real*4, dimension(50), intent(in) :: unl
13 !
14 ! Output
15 real*4, intent(out) :: Fvw
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16 !
17 ! Local variables
18 integer :: m, t
19 real*4 :: dt, hvegeff, Fvgnlt, integral
20 real*4 :: Cd, b, N
21 !
22 !write(*,*)'Started momeqveg'
23

24 ! Initialize output force
25 !
26 Fvw = 0.0
27 !
28 ! Time step within wave period
29 !
30 dt = Trep / 50.0
31 !
32 ! Loop over vertical vegetation sections
33 do m = 1 , no_secveg
34 ! Effective submerged height of vegetation section
35 hvegeff = min(veg_ah(m), depth)
36 ! Read vegetation parameters
37 Cd = veg_Cd(m)
38 b = veg_bstems(m)
39 N = veg_Nstems(m)
40 ! Integrate vegetation drag over wave period using unl
41 integral = 0.0
42 do t = 1, 50 !50=PPWL
43 integral = integral + (0.5 * Cd * b * N * hvegeff * unl(t) * abs(unl(t) ) ) * dt
44 enddo
45 ! Convert to force per unit mass and sum
46 Fvgnlt = -integral / depth / Trep !> units match with F(k) m/s2
47

48 Fvw = Fvw + Fvgnlt
49 enddo
50 !write(*,*)'Ended momeqveg'
51

52 end subroutine momeqveg

Listing C.2: Subroutine momeqveg to compute Fv,w in SnapWave. This adapted version is applicable for layering vegetation,
without emergence effect.

1 .....
2 .....
3 subroutine momeqveg(no_nodes, no_secveg, veg_ah, veg_bstems, veg_Nstems, veg_Cd, depth, rho,

H, Trep, unl, Fvw)
4 ! INput: no_nodes, no_secveg, veg_ah(k,:), veg_bstems(k,:), veg_Nstems(k,:), veg_Cd(k,:),

depth(k), rho, H(k), Tp(k), unl(k,:), Fvw(k)
5 !
6 implicit none
7 !
8 ! Inputs
9 integer, intent(in) :: no_nodes, no_secveg
10 real*4, intent(in) :: depth ,rho, H, Trep
11 real*4, dimension(no_secveg), intent(in) :: veg_ah, veg_bstems, veg_Nstems, veg_Cd
12 real*4, dimension(50), intent(in) :: unl
13 !
14 ! Output
15 real*4, intent(out) :: Fvw
16 !
17 ! Local variables
18 integer :: m, t
19 real*4 :: dt, hvegeff, Fvgnlt, integral
20 real*4 :: aht, ahtold
21 real*4 :: Cd, b, N
22 !
23 !write(*,*)'Started momeqveg'
24

25 ! Initialize output force
26 !
27 Fvw = 0.0
28 !
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29 ! Time step within wave period
30 !
31 dt = Trep / 50.0
32 !
33 ahtold = 0.0
34 ! Loop over vertical vegetation sections
35 do m = 1 , no_secveg
36 aht = veg_ah(m)
37 ! Effective submerged height of vegetation section
38 hvegeff = max(depth - ahtold, 0.0)
39 ! Read vegetation parameters
40 Cd = veg_Cd(m)
41 b = veg_bstems(m)
42 N = veg_Nstems(m)
43 ! Integrate vegetation drag over wave period using unl
44 integral = 0.0
45 do t = 1, 50 !50=PPWL
46 integral = integral + (0.5 * Cd * b * N * min(hvegeff, aht - ahtold) * unl(t) *

abs(unl(t) ) ) * dt
47 enddo
48 ! Convert to force per unit mass and sum
49 Fvgnlt = -integral / depth / Trep !> units match with F(k) m/s2
50

51 Fvw = Fvw + Fvgnlt
52

53 ahtold = aht
54 enddo
55 !write(*,*)'Ended momeqveg'
56

57 end subroutine momeqveg

Listing C.3: Subroutine momeqveg to compute Fv,w in SnapWave. This adapted version is applicable for layering vegetation
with emergence effect.

1 .....
2 .....
3 subroutine momeqveg(no_nodes, no_secveg, veg_ah, veg_bstems, veg_Nstems, veg_Cd, depth, rho,

H, Trep, unl, etaw, Fvw)
4 ! INput: no_nodes, no_secveg, veg_ah(k,:), veg_bstems(k,:), veg_Nstems(k,:), veg_Cd(k,:),

depth(k), rho, H(k), Tp(k), unl(k,:), Fvw(k)
5 !
6 implicit none
7 !
8 ! Inputs
9 integer, intent(in) :: no_nodes, no_secveg
10 real*4, intent(in) :: depth ,rho, H, Trep
11 real*4, dimension(no_secveg), intent(in) :: veg_ah, veg_bstems, veg_Nstems, veg_Cd !

veg_ah = TOP of each layer wrt bed (cumulative)
12 real*4, dimension(50), intent(in) :: unl, etaw
13 !
14 ! Output
15 real*4, intent(out) :: Fvw
16 !
17 ! Local variables
18 integer :: m, t
19 real*4 :: dt, Fvgnlt, integral
20 real*4 :: Cd, b, N
21 real*4 :: aht, ahtold
22 real*4 , dimension(50) :: hvegeff
23 !real*4 :: etaw_val
24 !
25 !write(*,*)'Started momeqveg'
26

27 ! Initialize output force
28 !
29 Fvw = 0.0
30 !
31 ! Time step within wave period
32 !
33 dt = Trep / 50.0
34 !
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35 ! Loop over vertical vegetation sections
36 ahtold = 0.0
37 do m = 1 , no_secveg
38 aht = veg_ah(m)
39 ! Effective submerged height of vegetation section
40 !hvegeff = min(veg_ah(m), depth)
41 ! Read vegetation parameters
42 Cd = veg_Cd(m)
43 b = veg_bstems(m)
44 N = veg_Nstems(m)
45

46 write(*,*) "shape␣of␣etaw␣=", shape(etaw)
47 ! effective vegetation height over wave cycle
48 do t = 1, 50
49 hvegeff(t) = max( etaw(t) + depth - ahtold , 0.0 )
50 !etaw_val = etaw(t)
51 !write(*,'(A,F12.5)') "etaw =", etaw_val
52 enddo
53

54 ! Integrate vegetation drag over wave period using unl
55 integral = 0.0
56 do t = 1, 50 !50=PPWL
57 integral = integral + (0.5 * Cd * b * N * min(hvegeff(t), aht - ahtold) * unl(t)

* abs(unl(t) ) ) * dt
58 enddo
59 ! Convert to force per unit mass and sum
60 Fvgnlt = -integral / depth / Trep
61

62 Fvw = Fvw + Fvgnlt
63

64 ! save top of current section for next loop
65 ahtold = aht
66

67 enddo
68 !write(*,*)'Ended momeqveg'
69

70 end subroutine momeqveg

Listing C.4: Subroutine swvegnonlin to reconstruct uw using the wave shape model without computing etaw for emergence
effect.

1 .....
2 .....
3 subroutine swvegnonlin(no_nodes, kwav, depth, H, g, Trep, unl)
4 ! input= no_nodes, kwav, H, depth, g, Tp, unl(k,:)
5 !
6 ! Based on Deltares' XBeach SurfBeat' subroutine: swvegnonlin
7 use snapwave_RFtable
8 !
9 implicit none
10 !
11 integer :: no_nodes, k
12 integer :: irf, ih0, it0, jrf, ih1, it1
13 integer , save :: nh , nt !TL: NOTE - NOT familiar with THIS_IMAGE 'save' statement, for

now keep
14 real*4 :: p ,q , f0 , f1 , f2 , f3
15 real*4, save :: dh , dt
16 real*4, dimension(no_nodes) :: kmr , Urs , phi , w1 , w2
17 real*4, dimension(8) , save :: urf0
18 real*4, dimension(50) , save :: urf2 , urf
19 real*4, dimension(50 ,8), save :: cs , sn , urf1
20 real*4, dimension(:), save , allocatable :: h0, t0
21 real*4, dimension(no_nodes, 50),intent(out) :: unl ! NOTE - TL: we don't use 'etaw0' in

the end?
22 !
23 real*4 :: pi = 4.*atan(1.0)
24 real*4, intent(in) :: g
25 real*4, dimension(:), intent(in) :: kwav, depth, H, Trep ! depth = the 'hh' of XBeach
26

27 real*4, dimension(:,:,:), allocatable :: RFveg
28 real*8, dimension(:), allocatable :: RFvegtmp



76

29 !
30 allocate(RFveg(11,18,20))
31 !
32 ! Compute net drag force due to wave skewness based on Rienecker & Fenton (1981)
33 !
34 write(*,*)'Started␣swvegnonlin'
35 !
36 ! Load RFtable:
37 !
38 call load_RFtable(RFveg)
39 !
40 ! Prepare interpolation of RF table
41 if (.not. allocated(h0)) then
42 allocate(h0(no_nodes))
43 allocate(t0(no_nodes))
44 dh = 0.03
45 dt = 1.25
46 nh = floor(0.54/ dh)
47 nt = floor(25 / dt )
48 do irf =1 ,8
49 do jrf =1 ,50
50 cs ( jrf , irf ) = cos (( jrf * 2 * pi / 50) * irf )
51 sn ( jrf , irf ) = sin (( jrf * 2 * pi / 50) * irf )
52 enddo
53 enddo
54 endif
55 !
56 !write(*,*)'Done with - Prepare interpolation of RF table)'
57 h0 = min(nh * dh, max(dh, min(H, depth) / depth) )
58 t0 = min(nt * dt, max(dt, Trep * sqrt (g / depth) ) )
59 !
60 ! Initialize
61 urf0 = 0
62 urf1 = 0
63 urf2 = 0
64 urf = 0
65 w1 = 0
66 w2 = 0
67 phi = 0
68 Urs = 0
69 kmr = 0
70 !
71 ! Compute phase and weights for Ruessink wave shape
72 kmr = min(max(kwav, 0.01), 100.0)
73 Urs = H / (kmr * kmr * (depth **3) )
74 phi = pi /2 * (1 - tanh (0.815/(Urs **0.672) ) )
75 w1 = 1 - phi /( pi /2)
76 w2 = 1 - w1
77 !
78 !write(*,*)'Done with - Compute phase and weights for Ruessink wave shape'
79

80 ! Interpolate RF table and compute velocity profiles
81 do k =1, no_nodes
82 !
83 ih0 = floor( h0(k) / dh)
84 it0 = floor( t0(k) / dt)
85 ih1 = min(ih0 + 1, nh)
86 it1 = min(it0 + 1, nt)
87 p = ( h0(k) - ih0 * dh) / dh
88 q = ( t0(k) - it0 * dt) / dt
89 f0 = (1 - p) * (1 - q)
90 f1 = p * (1 - q)
91 f2 = q * (1 - p)
92 f3 = p * q
93 !
94 do irf = 1, 8
95 urf0(irf) = f0 * RFveg(irf + 3, ih0, it0) + f1 * RFveg(irf + 3, ih1, it0) + f2 *

RFveg(irf+3, ih0, it1) + f3 * RFveg(irf + 3, ih1, it1)
96 enddo
97 !
98 do irf = 1, 8
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99 urf1(:, irf) = urf0(irf)
100 enddo
101 !
102 urf1 = urf1 * (w1(k) * cs + w2(k) * sn )
103 urf2 = sum(urf1, 2)
104 unl(k,:) = urf2 * sqrt(g * depth(k) )
105 !etaw0(k,:) = unl0 (i ,j ,:) * sqrt (max( depth(k ) ,0 ) / g ) #TL: not used in case

of SnapWave
106 enddo
107 !
108 write(*,*)'Ended␣swvegnonlin'
109

110 end subroutine swvegnonlin
111

112 end module snapwave_solver

Listing C.5: Subroutine swvegnonlin to reconstruct uw using the wave shape model with computing etaw for emergence
effect.

1 .....
2 .....
3 subroutine swvegnonlin(no_nodes, kwav, depth, H, g, Trep, unl, etaw)
4 ! input= no_nodes, kwav, H, depth, g, Tp, unl(k,:)
5 !
6 ! Based on Deltares' XBeach SurfBeat' subroutine: swvegnonlin
7 use snapwave_RFtable
8 !
9 implicit none
10 !
11 integer :: no_nodes, k
12 integer :: irf, ih0, it0, jrf, ih1, it1
13 integer , save :: nh , nt !TL: NOTE - NOT familiar with THIS_IMAGE 'save' statement, for

now keep
14 real*4 :: p ,q , f0 , f1 , f2 , f3
15 real*4, save :: dh , dt
16 real*4, dimension(no_nodes) :: kmr , Urs , phi , w1 , w2
17 real*4, dimension(8) , save :: urf0
18 real*4, dimension(50) , save :: urf2 , urf
19 real*4, dimension(50 ,8), save :: cs , sn , urf1
20 real*4, dimension(:), save , allocatable :: h0, t0
21 real*4, dimension(no_nodes, 50),intent(out) :: unl ! NOTE - TL: we don't use 'etaw0' in

the end?
22 real*4, dimension(no_nodes, 50), intent(out) :: etaw ! <--- NEW
23 !
24 real*4 :: pi = 4.*atan(1.0)
25 real*4, intent(in) :: g
26 real*4, dimension(:), intent(in) :: kwav, depth, H, Trep ! depth = the 'hh' of XBeach
27

28 real*4, dimension(:,:,:), allocatable :: RFveg
29 real*8, dimension(:), allocatable :: RFvegtmp
30 !
31 allocate(RFveg(11,18,20))
32 !
33 ! Compute net drag force due to wave skewness based on Rienecker & Fenton (1981)
34 !
35 write(*,*)'Started␣swvegnonlin'
36 !
37 ! Load RFtable:
38 !
39 call load_RFtable(RFveg)
40 !
41 ! Prepare interpolation of RF table
42 if (.not. allocated(h0)) then
43 allocate(h0(no_nodes))
44 allocate(t0(no_nodes))
45 dh = 0.03
46 dt = 1.25
47 nh = floor(0.54/ dh)
48 nt = floor(25 / dt )
49 do irf =1 ,8
50 do jrf =1 ,50
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51 cs ( jrf , irf ) = cos (( jrf * 2 * pi / 50) * irf )
52 sn ( jrf , irf ) = sin (( jrf * 2 * pi / 50) * irf )
53 enddo
54 enddo
55 endif
56 !
57 !write(*,*)'Done with - Prepare interpolation of RF table)'
58 h0 = min(nh * dh, max(dh, min(H, depth) / depth) )
59 t0 = min(nt * dt, max(dt, Trep * sqrt (g / depth) ) )
60 !
61 ! Initialize
62 urf0 = 0
63 urf1 = 0
64 urf2 = 0
65 urf = 0
66 w1 = 0
67 w2 = 0
68 phi = 0
69 Urs = 0
70 kmr = 0
71 !
72 ! Compute phase and weights for Ruessink wave shape
73 kmr = min(max(kwav, 0.01), 100.0)
74 Urs = H / (kmr * kmr * (depth **3) )
75 phi = pi /2 * (1 - tanh (0.815/(Urs **0.672) ) )
76 w1 = 1 - phi /( pi /2)
77 w2 = 1 - w1
78 !
79 !write(*,*)'Done with - Compute phase and weights for Ruessink wave shape'
80

81 ! Interpolate RF table and compute velocity profiles
82 do k =1, no_nodes
83 !
84 ih0 = floor( h0(k) / dh)
85 it0 = floor( t0(k) / dt)
86 ih1 = min(ih0 + 1, nh)
87 it1 = min(it0 + 1, nt)
88 p = ( h0(k) - ih0 * dh) / dh
89 q = ( t0(k) - it0 * dt) / dt
90 f0 = (1 - p) * (1 - q)
91 f1 = p * (1 - q)
92 f2 = q * (1 - p)
93 f3 = p * q
94 !
95 do irf = 1, 8
96 urf0(irf) = f0 * RFveg(irf + 3, ih0, it0) + f1 * RFveg(irf + 3, ih1, it0) + f2 *

RFveg(irf+3, ih0, it1) + f3 * RFveg(irf + 3, ih1, it1)
97 enddo
98 !
99 do irf = 1, 8
100 urf1(:, irf) = urf0(irf)
101 enddo
102 !
103 urf1 = urf1 * (w1(k) * cs + w2(k) * sn )
104 urf2 = sum(urf1, 2)
105 unl(k,:) = urf2 * sqrt(g * depth(k) )
106 etaw(k,:) = unl (k,:) * sqrt (max( depth(k ), 0.0 ) / g ) !<--- NEW: free-surface

oscillation [m]
107 enddo
108 !
109 write(*,*)'Ended␣swvegnonlin'
110

111 end subroutine swvegnonlin



D
Supplementary results

This appendix compiles (i) per–scenario cross-shore comparisons and (ii) statistical performance skill
plots for the vegetated cases. Figure D.1 shows the full set of six scenario pairs (S1–S12) for significant
wave height and mean water level, including the SFINCS-SnapWave baseline, the improved model with
Fv,w, and the improved model including the emergence effect. Figure D.2 summarizes performance
against the laboratory gauges over all vegetated scenarios, with 1:1 reference lines and legends re-
porting the scatter index and bias for each model configuration.
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Figure D.1: Cross-shore evolution for all six scenario pairs (rows: S1–S2, S3–S4, S5–S6, S7–S8, S9–S10, S11–S12). Left
column: significant wave height Hm0 [cm]; right column: mean water level η [mm]. Lines: SFINCS-SnapWave non-vegetated

(black), vegetated baseline (orange), vegetated improved with Fw+Fv,w (red), and vegetated improved with emergence (blue,
dotted). Symbols: Wu et al. (2011) non-vegetated (black circles) and vegetated (grey squares). The vegetated zone is shaded

green.
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Figure D.2: Model skill for vegetated scenarios (S2, S4, S6, S8, S10, S12). Left: Hm0 [cm]; right: mean water level η [mm].
Colors: baseline vegetated model (orange), improved Fw+Fv,w (red), and improved Fw+Fv,w with emergence (blue). The

dashed line is the 1:1 reference; legends report the scatter index (SI) and bias for each series.



E
Model application

After evaluating and improving the performance of SFINCS-SnapWave in capturing more accurate water
levels with vegetation presence, the model simulation can be conducted to further explore the influence
of mangroves on total water levels due to the combination of waves and storm surges forcing. In this
section, the potential application of the model is presented. Here, the global hydrodynamic data used
is the one that was presented in Chapter 2.

E.1. Global data and model applicability
Global datasets allow us to identify where such events are most likely to occur, as presented in Chapter
2, and could be useful to develop representative simulation scenarios. Using consistent large-scale
datasets ensures that simulations are grounded in physically realistic conditions and globally applicable.
This section demonstrates the applicability of global data in developing a simulation framework model
that can be used to examine the role of mangrove in storm surge-wave combined forcing.

Hydrodynamic global data processing
The hydrodynamic dataset used for this study refers to the updated version of offshore hydrodynamic
input at mangrove coasts corresponding to van Zelst et al. (2021). The dataset consists of offshore
significant wave height (Hs) and its peak periods (Tp), as well as the extreme water level above Mean
Sea Level (MSL) resulting from the combination of storm surge and tide (storm tide) for corresponding
nine return periods (2, 5, 10, 25, 100, 250, 500, 1000 years). This dataset originates from ERA-Interim
offshore wave data and the Global Tide and Surge Reanalysis (GTSR). The return period that will be
used for the data processing will be 100 years for all datasets, to balance the physical relevance and
capture impactful extreme events such as tropical cyclones.

Due to the known limitations of the GTSR dataset in representing tropical cyclone-induced extremes
(SanneMuis et al. 2016), we adopt an improved dataset for the storm tide. COAST-RP (Coastal Dataset
of Storm Tide Return Periods) values are used for the storm tide data, which better reflect the impact
in tropical cyclone regions (Dullaart, S. Muis, Bloemendaal, et al. 2021). Furthermore, COAST-HG
(Coastal Dataset of Storm Tide Hydrographs) are used for extracting the duration of the storm surge
(Dullaart, S. Muis, Moel, et al. 2023). Table E.1 shows the summary of the variables and corresponding
data source that will be used, and Figure E.1 illustrates the data processing flowchart.

Transect selection
Our primary dataset, although already specific to global mangrove regions, comprises a large number of
transects (63926 transects). In order to better represent our modelling setup approach and our study
interest in compound flooding, the dataset is filtered by selecting only the representative transects.
There are two steps of the transect filtering: based on the mangrove typology and based on the wave-
surge extreme dependency.

First, the dataset is filtered by the global mangrove biophysical typology, using the global data by Wor-
thington et al. (2020). The data comprises the class of global typology of mangroves, such as open
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Start

Hydrodynamic dataset of offshore wave, period,
and storm tide from van Zelst et al. (2021)

Typology Filter:
Select only transects classified as
Open Coast using global mangrove
typology (Worthington et al. 2020).

Wave–Surge Dependency Filter:
Retain only transects with depen-

dency χ > 0.5 (Marcos et al. 2019).

Peak Storm Tide Extraction:
Extract RP100 storm tide height
from COAST-RP dataset (Dullaart,
S. Muis, Bloemendaal, et al. 2021).

Storm Surge Duration Extraction:
Derive surge duration from COAST-HG hy-
drographs using threshold-based detec-
tion (Dullaart, S. Muis, Moel, et al. 2023).

Final dataset of filtered transects with RP100
Hs, Tp, storm tide height, and surge duration.

End

Legend:
Start/End
Processing Step

Data/Input/Output

Figure E.1: Workflow diagram showing the data processing steps from global hydrodynamic datasets to the final filtered
transects used in this study.

coast, delta, estuary, and lagoon. In this study, our primary dataset will be filtered to select only the
open coast typology, allowing our 1D modelling setup to be better represented. The other typologies
are expected to have big alterations of offshore hydrodynamic data due to their local condition (topog-
raphy, bathymetry, sheltered area), which makes it more challenging to find the representative values.
In this first filter, the dataset transect number was reduced to 9439 transects. The reduction in transect
number results from a conservative filter that retains only transects directly intersecting ”OpenCoast”
polygons, ensuring accurate classification and consistent typology for reliable analysis.

Second, the dataset is further filtered based on the dependency between waves and storm surge ex-
tremes, which indicates a higher likelihood of wave-surge compound flooding happening in the region.
Marcos et al. (2019) provides global data on the dependency between waves and storm surges that is
quantified by χ, a metric indicating the strength of dependence. χ values range from 0 to 1, with values
closer to 1 indicating higher dependency (stronger likelihood of occurrence). In this study, a value of χ
greater than 0.5 will be our threshold for representing their dependence. A threshold of χ > 0.5 implies
that there is at least a 50% chance that an extreme in one variable (e.g., storm surge) is accompanied
by an extreme in the other (e.g., wave height), which is a meaningful indicator of compound flood risk.
Figure 2.2 illustrates the result of the transect filtering process.
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Variable Description Data Source

Significant wave height and
peak period (Hs, Tp)

Offshore significant wave height and
peak period for various return periods

ERA-Interim (processed
by van Zelst et al., 2021)

Storm tide height Extreme water level above MSL due to
tide + surge at return period 100 years

COAST-RP (Dullaart, S.
Muis, Bloemendaal, et al.
2021)

Storm tide duration Duration of elevated water level above
threshold around storm event

COAST-HG (Dullaart, S.
Muis, Moel, et al. 2023)

Table E.1: Summary of hydrodynamic variables and their data sources

Storm tide data extraction
The COAST-RP (Dullaart, S. Muis, Bloemendaal, et al. 2021) and COAST-HG (Dullaart, S. Muis, Moel,
et al. 2023) datasets are used to obtain the storm tide peak and duration data for all filtered transects.
The peak water levels are taken from the COAST-RP dataset using the 100-year return period. To
determine the duration, the average storm tide time series from COAST-HG is analysed by identifying
when the water level rises above (upward crossing) and falls below (downward crossing) a threshold,
which is based on the peak of the tide reference. Figure E.2 shows examples of the extracted storm
tide durations for three representative transects.

Final datasets
After the full filtering process, the final dataset consists of representative transects located along open
coasts with high wave–surge dependency (χ > 0.5). For each transect, key hydrodynamic variables
with a return period of 100 years are extracted: the significant wave height (Hs), peak wave period (Tp),
storm tide height, and storm surge duration. These parameters form the basis for scenario generation
in the next modelling simulation.

Figure E.3 shows the distribution of each variable across all selected transects, visualised using smoothed
density estimates (KDE) and histograms. These distributions show the variability of forcing conditions
globally in the filtered areas.

Simulations
Using the final datasets of filtered global hydrodynamic data in the mangrove environment, the sim-
ulation scenarios enable targeted simulations to explore how mangroves can mitigate extreme water
levels in realistic wave-surge events. It includes wave-only scenarios varying bed slope and vegeta-
tion extent, surge-only scenarios varying surge height, duration, and vegetation extent, and combined
wave-surge scenarios adjusting both surge and vegetation extent. Water level is evaluated behind the
mangrove regions. Other parameter selections, such as bed slopes, mangrove width, and vegetation
characteristics, can be found in Chapter 2. Figure E.4 illustrates the model setup to be applied in this
proposed simulation. A detailed explanation of the scenarios is provided in the next section.

Figure E.4: Illustration of the model setup for simulation scenarios. Inspired by van Wesenbeeck, van Zelst, et al. (2025) study.
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Figure E.2: Example hydrographs illustrating the extraction of storm tide characteristics at three representative transects. The
coloured window highlights the surge duration (green shading), while the magenta star marks the surge peak and the dashed

red line denotes the tide-based threshold used for detection.

E.2. Scenarios
To investigate the influence of mangrove presence on total water levels under the combined effects of
waves and storm tide, a series of one-dimensional simulation scenarios is developed. These scenarios
are grouped into five series. The first four series isolate the effects of waves and storm tide separately,
while the fifth series explores their combined impact.

E.2.1. Series 1: Variation of wave heights (wave-only)
In this series, the influence of mangroves on wave setup (which contributes to total water levels) is
assessed by varying the wave heights (Hs) and their peak periods (Tp), along with the mangrove width.
This series aims to investigate the sensitivity of various wave characteristics to different mangrove
extents. To represent realistic wave conditions, the offshore hydrodynamic dataset processed in the
previous section is used. The K-means clustering method is applied to the Hs and Tp values to identify
five representative wave conditions, with the cluster centroids selected as input scenarios. Figure E.5
shows the scatter plot of significant wave height (Hs) and peak wave period (Tp) from the processed
dataset. On the other hand, the mangrove characteristics will be decided based on literature data from
Chapter 2. To explore the effect of mangrove width, five uniform values are chosen: 0, 100, 250, 400,
and 500 meters.
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Figure E.3: Distribution of final dataset variables across all filtered transects. Each panel shows the kernel density estimate
(KDE) and histogram for: (a) significant wave height (Hs), (b) peak wave period (Tp), (c) storm tide height, and (d) storm surge

duration.

Figure E.5: Scatter plot of Hs vs. Tp from the processed dataset. The black X markers denote the five selected centroids
based on K-means clustering, representing the most representative wave conditions for scenario design.

To provide a conceptual overview of the expected results, Table E.2 presents an expectation matrix
based on the combination of five wave conditions and five mangrove widths. The highest wave setup
is expected for the largest waves without mangroves, while the lowest setup is expected for the smallest
waves combined with the widest mangrove extent.
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Table E.2: Expectation matrix for Series 1 scenarios. The highest wave setup is expected for the largest waves and no
mangroves, while the lowest setup is expected for the smallest waves and the widest mangroves.

Wave ↓ Mangrove width [m] →
Hs [m] Tp [s] 0 100 250 400 500

6.8 14.1 Highest
5.5 9.8
4.3 12.4
3.4 11.6
2.6 9.5 Lowest

E.2.2. Series 2: Variation of bed slopes (wave-only)
This series investigates the influence of bed slope steepness on wave setup across different man-
grove extents. By varying both the bed slope and mangrove width, the scenarios aim to explore how
the interaction between topography and vegetation affects wave attenuation. Five representative bed
slopes ranging from steep (1/100) to gentle (1/1000) are selected based on values found in Chapter 2,
along with uniform mangrove widths of 0, 100, 250, 400, and 500 meters. The wave characteristics
imposed in this series are fixed to HS = 5.5 meters and Tp = 9.8 seconds (corresponding to one of the
representative clusters in Series 1).

The expected outcomes are summarised in Table E.3, where the steepest slope without mangroves is
expected to produce the highest setup, and the gentlest slope with the widest mangroves is expected
to yield the lowest.

Table E.3: Expectation matrix for Series 2 scenarios. The steepest bed slope with no mangroves is expected to give the
highest wave setup, while the gentlest slope with the widest mangrove belt should yield the lowest setup.

Bed slopes ↓
Mangrove width [m] →

0 100 250 400 500

1/100 Highest
1/250
1/500
1/750
1/1000 Lowest

E.2.3. Series 3: Variation of storm-tide peak amplitude (storm-tide-only)
This series isolates the effect of storm-tide peak height on wave setup while keeping the surge duration
constant at 40 h. Five representative surge peaks (1, 2, 3, 4, 5 m) are chosen from the global dataset
by applying K-means clustering to events within the fixed-duration window. Figure E.6 shows the dis-
tribution of surge peaks versus duration, with the selected centroids marked by black X symbols. Each
peak height is then combined with five mangrove widths (0–500 m) to quantify attenuation across a
realistic range of vegetated foreshores. The qualitative expectations are summarised in Table E.4.
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Figure E.6: Scatter plot of surge peak versus duration (40± 2 h window). Black X markers denote the five representative surge
peaks selected with K-means clustering.

Table E.4: Expectation matrix for Series 3. The largest surge peak with no mangroves is expected to give the highest setup,
whereas the smallest peak with the widest mangrove belt should give the lowest.

Surge peak [m] ↓ Mangrove width [m] →
0 100 250 400 500

5.0 Highest
4.0
3.0
2.0
1.0 Lowest

E.2.4. Series 4: Variation of storm duration (storm tide-only)
This series explores how the duration of a storm surge affects wave setup, under the assumption of
a fixed surge peak height. A constant surge amplitude of 2 m is used, and five representative surge
durations (30, 35, 40, 55, and 60 hours) are selected from the global dataset using K-means clustering.
Figure E.7 shows the selection process in a scatter plot of surge peak versus duration, where the black X
markers indicate the chosen centroids. The effect of varying mangrove widths (0 to 500 meters) is also
examined in combination with the different durations. Table E.5 summarises the expected influence on
wave setup.
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Figure E.7: Scatter plot of storm duration versus surge height for fixed surge amplitude (2 m). Black X markers indicate five
representative durations selected using K-means clustering.

Table E.5: Expectation matrix for Series 4 scenarios. Highest setup is expected for the longest surge with no mangroves, while
the lowest setup is expected for the shortest surge with the widest mangroves.

Duration [h] ↓ Mangrove width [m] →
0 100 250 400 500

60 Highest
55
40
35
30 Lowest

E.2.5. Series 5: Combined variation of surge peak and wave heights
This series investigates the combined effect of storm surge and wave forcing on wave setup, as well
as the mitigating role of mangroves under compound conditions. The wave conditions are fixed at
Hs = 5.5 m and Tp = 9.8 s, while the surge duration is kept constant at 40 hours. The main variable
of interest is the relative intensity of the surge compared to the wave height, represented as the surge-
to-wave ratio (Surge/Hs). Five representative values (0, 0.25, 0.5, 0.75, and 1.0) are selected based
on the global dataset around a fixed wave height (Hs ≈ 5.0 m). Figure E.8 shows the scatter plot of
the surge-to-wave ratio and the range of the values. The expected outcome pattern is summarised in
Table E.6.
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Figure E.8: Scatter plot of Surge/Hs values for Hs ≈ 5.0± 0.2 m.

Table E.6: Expectation matrix for Series 5 scenarios. Highest setup is expected for the largest surge-to-wave ratio with no
mangroves, while the lowest setup is expected for the smallest surge-to-wave ratio with the widest mangroves.

Surge/Hs ↓
Mangrove width [m] →

0 100 250 400 500

1.0 Highest
0.75
0.50
0.25
0.0 Lowest
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