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Summary 

Coastal defense mechanisms are an integral part in the safety of infrastructure and 

communities residing on coastlines around the globe. In long temporal and spatial 

scales, traditional “hard structures” for coastal defense can become infeasible. 

Incorporation of soft engineering methods for coastal defense can then be a viable 

solution. Vegetation belts along the coasts can be a prominent soft engineering 

application.         

Many previous studies have been done to identify the protection offered by coastal 

vegetation. This thesis aims to identify mangrove vegetation interactions under 

hazardous wave conditions. Moreover, the study includes a comprehensive parameter 

space by accommodating the variation in wave climate, vegetation and bathymetry 

observed in the field.  

The hydrodynamic-mangrove interactions are analyzed from the perspective of coastal 

hazard mitigation by vegetation. The study focuses on wave attenuation, setup variation 

and runup reduction by mangroves.  

The investigations are carried out using a numerical modeling scheme, XBeach-Surfbeat. 

Mangrove vegetation can substantially mitigate the effects of coastal hazards by waves 

(wave energy, wave induced flooding) faced in the hinterland. However, the level of 

mitigation depends on several factors. The most important factors are, vegetation 

density, mangrove forest width, wave height and water level.  

Denser mangrove vegetation and wider forests increases the wave attenuation while 

deeper water depths in mangrove forests reduces the attenuation capacity.   

The improved understanding of the hydrodynamic-vegetation interactions gained in 

this study can be used as a foundation for a Bayesian network. A better understanding 

of the effect of the different parameters on flood mitigation can then be attained.            
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1 Introduction  

1.1 Background 

The coast has been at the center of human activities for millennia (Martínez et al., 2007). 

The vast economic and social benefits that are provided by the coastal area as well as 

the oceans have been a major reason for the coastal zones to become such an integral 

element of human civilization (Costanza ,1999).  Due to the benefits offered, the coastal 

regions are inhabited by a large portion of the world’s population. Small & Nicholls 

(2003) identified that within the 100km region from the coastline, the population 
density is almost three times the average population density of the planet.  

However, with the increase of activity in the coastal zone, the losses due to coastal 

hazards have increased as well. In 2012, the US incurred a damage valued at $160 

billion due to natural disasters out of which a substantial fraction have been due to 

coastal hazards (Sutton-Grier, Wowk, & Bamford, 2015).                    

Coastal defense mechanisms have been at the forefront in reducing coastal hazards. 

Over the last decade, there has been an increasing interest for the use of “soft” 

engineering applications for coastal defense rather than “hard” structural solution 

(Borsje et al., 2011). Soft protection methods vary in a wide range from the use of sand 

banks, dunes, ecological engineering and use of vegetation belts (e.g. Hanley et al., 2014; 

Lamberti & Zanuttigh, 2005; Sutton-Grier et al., 2015). 

The advantages of soft engineering methods over the traditional hard structural 

applications become more apparent in large spatial and temporal scales. When the 

hinterland needs to be defended over long spatial scales, use of hard structures will 

become expensive and impractical. The traditional engineering applications are over-

dimensioned and static. Due to climate change and increasing hazard levels, the capacity 

of the hard structures will eventually be overwhelmed (Borsje et al., 2011). The soft 

engineering applications are relatively inexpensive and the dynamic interactions of the 

system will allow the soft application to adopt to new conditions (e.g. accreting sand 

dunes and salt marshes). These qualities emphasize the benefits of using soft 

engineering applications especially at large spatial and temporal scales.             

Coastal vegetation can be a prominent soft engineering application. The mitigation 

offered by vegetation to coastal hazards have been of interest as long back to the 1960s 

when the United States Army Corps of Engineers reports on the correlation between 

storm surge levels and saltmarsh widths in Louisiana between 1909 -1957 (Shepard et 

al., 2011). The benefits of vegetation in the coastal area became even more apparent 

after the major devastation from the Indian ocean tsunami (2004) (Tanaka et al., 2007; 

Das & Vincent, 2009). The result of these events is that the use of vegetation as a 
mitigation method for the coastal hazards has become an important area of research.  
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1.2 Problem description  

The level of mitigation offered by vegetation varies in a wide range and will depend on a 

range of factors ( Horstman et al. 2014 ; Mendez & Losada ,2004 ; Möller, 2006). These 

factors include vegetation properties (e.g. vegetation type, vegetation height, stem 

diameter, density drag coefficient and vegetation width), hydrodynamic properties 

(wave height, wave period, water depth, wave direction) and bed profile. Vegetation 

interaction with the hydrodynamics will govern the level of mitigation provided by 
vegetation. 

Many studies have been conducted by previous researchers to assess the effect of 

vegetation on hydrodynamics. However,  most of the field studies conducted focuses on 

low energy environments (Anderson et al., 2011). The previous studies also do not 

contain analysis of cases with a systematic variation in the hydrodynamic and 

vegetation parameters that are important to the level of mitigation offered by 

vegetation.             

 

1.3 Objective 

The objective of this thesis is to analyze the effects of coastal hazards on mangroves 

coasts. This is done by performing a numerical model study with XBeach-Surfbeat on 

mangrove vegetation with hazardous hydrodynamic environments. The study will focus 

on the factors that may affect the hydrodynamic interactions with mangrove vegetation. 

 

1.4 Research question  

The primary research question to achieve the objective of the study is:  

What is the effect of mangrove vegetation on hydrodynamics and how do the different 

wave and vegetation factors affect these interactions?     

The vegetation effects on hydrodynamic will be analyzed pertinent to the mitigation 

characteristics of vegetation on coastal hazards. Hence the analysis of the mangroves 

effect on hydrodynamic will be done under the following sub questions.  

A. Variations in wave setup due to interactions with mangrove vegetation.    

B. Attenuation of wave height/wave energy propagation (short wave & long wave) 

due to mangrove vegetation. 

C. Effect on wave run up in the hinterland due to mangrove vegetation.      
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1.5 Research approach and report structure 

An outline of the thesis is provided within this section.   

After identifying the research objective and the research question to be answered, a 

thorough review of the research background on themes that are central to the current 
project was carried out. The research background section is provided in chapter 2.     

In order to analyze the hydrodynamic interaction with the vegetation, sufficient data 

covering the entire parameter space should be generated. Application of a numerical 

model was chosen for the generation of output needed for the project. The selection of 

the numerical model, setting up and details of the modeling scheme implemented are 

provided in chapter 3.  

The generated model data was then processed and analyzed focusing on the areas that 

were deemed important in regard to the interaction of vegetation and hydrodynamics. 

These sections include wave setup, wave height attenuation, wave energy propagation 
and runup. The analysis section is presented in chapter 4.  

The discussion in chapter 5 provides the strengths and weaknesses of the project. The 

conclusions of the research are provided under two headings, conclusion towards 

research objective and conclusions towards research questions. Chapter 6 contains the 

conclusions of the research project.   

Recommendations and next steps that can be implemented to improve the 

understanding and application of mangroves as a mitigation method are provided in 

chapter 7.  
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2  Research background    

The research background chapter can be divided under two main headings. First, analysis 

of previous work carried out by researchers into areas that are pertinent to the current 

research. Second, introduction to process based numerical models to model vegetation-

hydrodynamic interactions.  

The analysis of previous work starts with a brief overview of the coastal vegetation around 

the globe. Then the importance of mangroves from a standpoint of protection offered is 

discussed. The rest of the section focuses on the hydrodynamic interaction with vegetation. 

This section is divided into three primary areas. Wave attenuation, wave setup variation 

and wave runup variation. Each of these sections provides details of the status quo in 

research.               

The second half of the chapter explains the process based numerical models used to model 

vegetation effects on hydrodynamics, specifically XBeach. The governing equations for 

vegetation-hydrodynamic interactions and the empirical equations used during the 
analysis are presented.  
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2.1 Global coastal vegetation 

Global coastal vegetation can be categorized under two main vegetation types: 

mangroves and salt marshes.  The distribution of mangrove forests are mostly confined 

to tropical and subtropical regions with the largest percentage of these vegetation 

observed between 5oN and 5oS latitude (Giri et al., 2011). Saltmarsh vegetation also 

occurs on the intertidal region of a coast similar to mangroves. Unlike mangroves, 

saltmarsh vegetation can originate on any latitude in the world. However, in the tropical 

regions, mangroves dominate over saltmarsh (Songy, 2016). Figure 2.1 depicts global 

distribution of mangrove forests and saltmarsh.   

 

Figure 2.1: Global distribution of saltmarsh (black) and mangrove forests (red). (D’odorico et al., 2013) 

Using satellite imagery and image classifications Giri et al. (2011) determined that the 

total mangrove cover in the year 2000 was 137,760 km2, spread between 118 countries. 
However, 75% of the mangroves are found in just 15 countries (Figure 2.2). 

 

 

Figure 2.2:  Global mangrove forest distribution (Giri et al., 2011). The green color shows the 
mangrove areas  

 There are three dominant mangrove types: Red, Black and White mangroves. Red 

mangroves or Rhizophora can be identified by the prop roots that originate from the 
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stem. Black mangroves can be identified by their cone shaped roots (Figure 2.3). White 

mangroves are observed more landward compared to red and black mangroves.  

 

 

 

 

 

 

 

From analyzing a wide range of previous studies performed on mangroves, Janssen, 

(2016) provides values for 𝑉𝑓𝑎𝑐(section 2.5)  for the different mangrove vegetation. 

Table 2.1 provides the 𝑉𝑓𝑎𝑐 and height (ℎ𝑣) for Red and Black mangroves. ℎ𝑣 is defined 

as the height from the ground level to the respective layer (Figure 2.4).   

Table 2.1: Variation in vegetation factor (𝑉𝑓𝑎𝑐) and height(ℎ) of medium dense Red and Black 

mangroves at three layers 

Mangrove type 
Roots Stem Canopy 

𝑉𝑓𝑎𝑐(𝑚−1)   ℎ𝑣 (𝑚)   𝑉𝑓𝑎𝑐(𝑚−2)   ℎ𝑣 (𝑚) 𝑉𝑓𝑎𝑐(𝑚−2)   ℎ𝑣(𝑚) 

Red Mangroves 0.9 0.50 0.27 5 1.1 12 
Black Mangroves 1.2 0.40 0.10 3 0.5 11 

A zonation of mangroves in the intertidal region is common. In the Indo-Pacific region, 

black mangroves are mostly dominant on the lowest and the highest intertidal zones 

while the mid sections of the forests are dominated by red mangroves.  Another 

common zonation configuration is that the red pioneers are located at the lower parts of 

the intertidal zone and black mangroves are found in the rest of the intertidal zone. 

In the present study, red mangrove properties are taken to represent mangrove 

vegetation in the numerical model implementation.   

 

2.2 Importance of coastal vegetation 

Coastal wetlands have been recognized to have two main benefits. First, the 

stabilization effects of the vegetation improves sedimentation and reduce erosion on 

the coasts (Gedan et al., 2011). Second, the protection against storms (Sutton-Grier et 

al., 2015). The protection of coastal communities becomes even more important with 

the increase in population within the coastal zone (Small & Nicholls, 2003). In this 

thesis, the focus is towards the protection (reduction of wave setup, attenuation of wave 
energy and reduction in flooding) offered to the hinterland by coastal vegetation.  

Figure 2.3: Dense prop root structure of Red mangroves (left) and cone shaped pneumatophores roots 
of Black mangroves (right) (Janssen, 2016) 
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However, it should be noted that the reduction in erosion and improvement of 

sedimentation by vegetation is utmost importance to attenuation of storms by 

vegetation. These aspects become more important with sea level rise. The 

sedimentation induced by vegetation enables the vegetation to adapt to the new 

hydrodynamic conditions (dynamic system) whereas the hard structures (e.g. 

revetments) cannot adopt (static system) (Borsje et al. ,2011) .  

Identifying the importance of vegetation, some countries implement specific vegetation 

policies. One of such policy is the preservation of areas for the protection of coastal 

hinterland, so-called greenbelt zones (Janssen, 2016). The policies behind such green 

belts differ according to zone and country. For example, from 1984-1990 Indonesia 

maintained an averaged greenbelt width of 200 m with a minimum of 100 m (Brown, 

2007). In Sri Lanka, the forest conservation and the coast conservation departments 

rehabilitate coastal forests and shelterbelts within the prescribed setback lines 

(Samaranayake, 2006).  In the Philippines and other South-East Asian countries 

consider a 50-100 m mangrove belt to be sufficient (Janssen, 2016).  

However, concerns regarding the level of protection offered by the coastal vegetation 

have also been raised. These concerns mainly focus on the level of protection offered by 

vegetation in  extreme events such as tsunamis (Gedan et al. ,2011; Feagin et al. ,2010). 

These studies also acknowledge that coastal vegetation provide a protective role but 

emphasize that it is not a “silver bullet “for all coastal protection problems.     

 

2.3 Hydrodynamic and vegetation interactions 

Numerous studies have been carried out with regard to hydrodynamic interactions with 

vegetation. These studies include field observations, physical model tests and numerical 

modeling.  Most of these studies focus on one or more of the following themes.  

a) Wave attenuation by vegetation 

b) Setup variation due to vegetation  
c) Runup variation due to vegetation  

Bellow we consider all three.  

 

2.3.1   Wave propagation and attenuation due to vegetation  

As waves propagate through vegetation, they lose energy. The reduction of energy 

results in an attenuation of the wave heights (Anderson et al., 2011). The degree of 

attenuation depends on vegetation properties (geometry, buoyancy, density, stiffness, 

and spatial coverage) and hydrodynamic characteristics (incident wave height, period, 

and direction)  (Mendez & Losada, 2004 ; Möller, 2006). 

Several field studies have been conducted to identify the capability of mangrove 

vegetation to attenuate waves. However, most of the studies relating to wave 

attenuation have been done in low energy environments (Anderson et al., 2011). 

Janssen (2016) succinctly provides wave attenuation rates observed in the different 
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study sites of mangrove vegetation. The results are tabulated in Table 2.2 according to 

the wave attenuation rate calculation proposed by Mazda et al., (2006) (equation 2.1).  

 𝑟 =
Δ𝐻

𝐻Δ𝑥 
 (2.1) 

Where  Δ𝐻 is the wave height reduction observed after a distance of Δ𝑥 propagation and 

𝐻 is the initial wave height. 

Table 2.2: Wave attenuation rates observed at different mangrove field observations sites.   

Source Vegetation type 
Wave height 
H(cm) Wave 
period T(s) 

Wave attenuation  
(m-1) 

Mazda et al. 
(1997) 

Sparse Red mangroves (1/2 
year old) 

H= -, T=5-8 r=1x10-4 ⎼ 1x10-3 

Dense Red mangroves (2-3 
years old), up to 0.5m high 

H= -, T=5-8 r=8x10-4 ⎼ 1.5x10-3 

Dense Red mangroves (5-6 
years old), up to 1m high 

H= -, T=5-8 r=1.5x10-3⎼ 2.2x10-3 

Mazda et al. 
(2006) 

 

Black mangroves 
H=11-16 
T=8-10 

r=2x10-3⎼ 6x10-3 

No vegetation 
H=11-16 
T=8-10 

r=1x10-3⎼ 2x10-3 

Vo-Luong & 
Massel (2008) 

Mixed Black and Red 
mangroves 

H=35-40 
T= - 

Energy reduction 
factor =0.5-0.7 over 

20m 

Quartel et al. 
(2007) 

Red mangroves 
H=15-25 

T=4-6 
r=4x10-3⎼ 1.2x10-2 

No vegetation 
H=15-25 

T=4-6 
r=5x10-3⎼ 2x10-3 

Bao (2011) 
 

Mixed vegetation H=15-27, T=- r=5.5x10-3⎼ 1x10-2 

Mixed vegetation H=55 T=- r=1.7x10-2 

Brinkman 
(2006) 

Red mangroves H=8-15 T=4 
Energy transfer factor 

0.15-0.75 over 40m 
Zhang et al. 

(2014) 
Red mangroves (fully 

grown) 
H=100, T=- r=6x10-4 

A large spread in the observed degree of attenuation is visible which is due to the 

variation in many different conditions. From the studies done by Quartel et al. (2007) 

and Mazda et al. (2006) it can be seen that the vegetation is capable of attenuating the 
waves at a much higher rate than of no vegetation conditions.   

Previous studies have been also been conducted into identify the pattern of wave 

reduction in vegetation. Knutson et al.,(1982) found that there was an exponential 

reduction in the wave height and a rapid reduction occurring at the start of the 

vegetation. A reduction rate of 20% per m within the first 2.5m was observed in this 

study. Möller & Spencer, (2002) also made similar observation in early rapid dissipation 

of wave energy in vegetation.      
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Laboratory studies have also been performed to identify wave attenuation by 

vegetation (e.g. Fonseca & Cahalan (1992) ; Lovas & Torum (2001); Augustin et al. 
(2009)).  

Tschirky et al. (2001) was able to identify several trends in wave attenuation.  

i) Total attenuation increased with wider vegetation beds  

ii) Higher density of vegetation resulted in greater reduction of waves 

iii) Larger incident wave heights produced marginally high levels of attenuation  

iv) lower water depths provided more attenuation  
v) No clear pattern was visible with incident wave period and wave attenuation.   

The wave attenuation can also be discussed according to the frequency of waves as well. 

There are significant differences to the propagation of high frequency sea waves and 

low frequency swell waves. In a  study  Jadhav et al. (2013) found that high frequency 

waves dissipated in the leading section of the vegetation however low frequency waves 

propagated to subsequent sections of the vegetation. Horstman et al. (2014) in a study 
on mangroves also made similar observations.   

Apart from the above dependencies in wave attenuation, in study by Wu et al. (2016) 

found that the wave steepness also had an effect on the dissipation of energy. The study 

found the damping factor can increase two-fold when the wave steepness 

approximately doubles.  

 

2.3.2 Setup variation due to vegetation  

Wave induced setup is defined as the mean water level above the still water level 

(Nielsen, 1989). Setup is a key factor to consider in the vegetation environment.  By 

applying linear wave theory in the shallow water limits Dean & Bender, (2006) showed 

that wave setup due to wave breaking is reduced by a factor of 2/3 in the presence in 

vegetation relative to a no vegetation case. Furthermore, the study also showed that for 

milder slopes the setup will be lower. 

In a numerical model study on setup variation in vegetation was carried out by van 

Rooijen et al. (2016) using XBeach. An overall reduction of setup was observed. In the 

study, numerical model results obtained are validated using a laboratory study. The 

importance of the different force components acting on the water column is discussed. 

It was found that the wave induced vegetation force which occurs due to the orbital 

velocity component of the waves plays a crucial role in accurately predicting the setup 

level within the vegetation. 

 

2.3.3 Runup variation due to vegetation  

Wave runup height is defined as the vertical difference between the highest point of 

wave runup and the still water level (Schüttrumpf, Van der Meer, Kortenhaus, Bruce, & 

Franco, 2010). Tang et al. (2017) showed in a numerical model study the runup levels 

significantly reduced by due to the presence of vegetation. The study performed a series 

of test with varying vegetation diameters. The tests found the runup decreased with 
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increasing vegetation diameter and/or vegetation density. A maximum runup reduction 

of 87% compared to the bare slope was observed. Tang et al (2017) found that wave 

runup in the presence of vegetation is sensitive to the variation of the incident wave 

period. However, the study concluded that the attenuation of wave runup does not 
increase or decrease monotonically with incident wave period.  

van Gent (2001) provided an empirical formula based on the surf similarity number to 

calculate the wave runup on a slope of a breakwater. The study found that the data were 

more in agreement with the formulae when the wave period was determined on the 

negative spectral moments (𝑇𝑚−1,0) instead of 𝑇𝑚,01. The negative spectral moments 

give more weight to the lower frequency energy bands. van Gent (2001) reasons that 

runup will be governed by lower frequency wave motion than compared to the high 

frequency motion.  

 

2.4 Process based numerical models for vegetation-hydrodynamic interactions    

There are few numerical models which can model vegetation interaction with 

hydrodynamics. Those like Dynveg can model highly flexible vegetation interaction with 

hydrodynamics (Dijkstra & Uittenbogaard, 2010). SWAN-SL and SWAN-ML have also 
been used effectively to model vegetation (Wu et al., 2016).   

For the numerical modeling section of the thesis, it was decided to use XBeach-surfbeat. 

The primary reason to use XBeach is because it is a time domain model which solves the 

non-linear shallow water (NLSW) equations. The importance of a time domain model is 

that it can simulate the low frequency waves which have been found to be important in 

wave propagation in vegetation (Phan, Vries, & Stive, 2011). Furthermore, XBeach has 

been successful in modeling vegetation interaction with hydrodynamics in previous 

studies (e.g. van Rooijen et al. (2015); van Rooijen et al. (2016); Songy (2016); Phan et 
al. (2011)).  

A 1D (transect) model is incorporated in the XBeach for the present study. Use of a 1D 

domain will neglect effects of wave direction and non-uniform long-shore profile and 

vegetation. These factors will affect the wave heights and currents which will change 

the hydrodynamic interactions with vegetation. However, with the time constraints and 

parameter space to be covered a 1D model is the best option. 

 

2.4.1 Introduction into XBeach and the governing equations  

XBeach was initially developed as a phase averaged model that resolves the wave 

amplitude on the wave group scale (XBeach-surfbeat). The variation in the amplitude 

over space and time drives the low frequency (long wave) motions (van Rooijen et al., 

2016). In the model, the low frequency motions are resolved using the non-linear 

shallow water equations (NLSWE). The short wave propagation is performed via a 

wave-action balance in which energy dissipation is possible due to wave breaking, bed 

friction and effects of vegetation.  
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A non-hydrostatic (phase resolving) mode was also developed for XBeach where 

continuity and conservation of momentum equations are used to resolve all wave 

motions (including the short waves) within the shallow water equations (Smit et al., 

2014). The downside of XB-NH is it is much more computationally expensive compared 
to XB-Surfbeat. 

Vegetation can be modeled both in the surfbeat and the non-hydrostatic mode. For the 

non-hydrostatic mode, vegetation is included within the shallow water equations as a 

force (𝐹𝑣, equation 2.8).  In the surfbeat version of XBeach, vegetation is included both in 

the wave-action balance (𝐷𝑣 , equation 2.5) and in the included within the NLSWE 

equations as a force (𝐹𝑣 , equation 2.8). A wave shape predictor is needed to accurately 

model the vegetation interactions in XBeach-surfbeat (van Rooijen et al. 2016). It was 

decided to use the surfbeat mode for the modeling due to the computational time 

saving.  

In the following section, the governing equations in relation to vegetation effects on 

hydrodynamics in XBeach-surfbeat mode are discussed.   

 

2.4.1.1 Short wave action balance  

The wave forcing in the shallow water momentum equation (equation 2.8) is obtained 

from a time dependent version of the wave action balance equation (Roelvink et al., 

2015). The propagation of short waves in the model domain will be calculated using this 

equation as a propagation of energy.  For a 1D model the action balance equation can be 

presented as,  

 
𝜕𝐴

𝜕𝑡
+

𝜕𝐶𝑔𝑥𝐴

𝜕𝑥
= −

𝐷𝑤 + 𝐷𝑣

𝜎
 (2.2) 

 𝐴 =
𝑆𝑤(𝑥, 𝑡)

𝜎(𝑥, 𝑡)
 (2.3) 

Where 𝑆𝑤 is the wave energy density, 𝜎 is the intrinsic wave frequency obtained as, 

 𝜎 = √𝑔𝑘𝑡𝑎𝑛ℎ(𝑘ℎ) (2.4) 

ℎ is the water depth, 𝑘 is the wave number and 𝐶𝑔𝑥 is the group velocity obtained using 

liner dispersion relation. Two energy dissipation mechanisms for short waves are 

applied in the model. 𝐷𝑤, dissipation due to breaking and 𝐷𝑣, dissipation due to 

vegetation.  

Within the vegetation, dissipation of energy due to vegetation becomes much more 

prominent over the dissipation due to wave breaking. A field study by Horstman et al. 

(2014) found the wave attenuation due to mangroves was predominantly due to the 

vegetation drag, and the dissipation of wave energy due to bottom friction and viscous 

dissipation was significantly lower than the effect of vegetation.  

The dissipation due to vegetation (𝐷𝑣) is calculated according to Dalrymple et al (1984) 

The derivation of the equation is given in (Appendix A) 
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 𝐷𝑣 = (
𝑘𝑔

2𝜎
)3

𝜌𝐶𝐷𝑏𝑣𝑁𝑣𝑠𝑖𝑛ℎ3𝑘ℎ𝑣 + 3𝑠𝑖𝑛ℎ𝑘ℎ𝑣

6√𝜋 𝑘𝑐𝑜𝑠ℎ3𝑘ℎ
𝐻𝑟𝑚𝑠

3  (2.5) 

Where 𝐻𝑟𝑚𝑠 is the root mean square of short wave height,  𝜌 is the water density, 𝐶𝐷 is 

the drag coefficient, 𝑏𝑣 is the vegetation stem width, 𝑁𝑣 is the vegetation density. The 

vertical variation in the vegetation is also taken into account in the model using the 
method proposed by Suzuki et al. (2011)  

 𝐷𝑣 = ∑ 𝐷𝑣,𝑖

𝑛𝑣

𝑖=1

 (2.6) 

𝐷𝑣,𝑖 is the dissipation by vegetation by the 𝑖th layer.  

 

2.4.1.2 Shallow water equations  

To solve the low frequency waves and the mean flows, the model uses the shallow water 

equations. The shallow water equations consist of two equations, the continuity 

equation (equation 2.7) and momentum conservation equation (equation 2.8). The 

equations are based on Lagrangian velocities (𝑈𝐿) which is defined as the distance a 

water particle travels within a wave period (Roelvink et al., 2015). For a 1D model 

domain the equations can be presented as, 

 
𝜕𝜂

𝜕𝑡
+

𝜕𝑈𝐿ℎ

𝜕𝑥
= 0 (2.7) 

 
𝜕𝑈𝐿

𝜕𝑡
+ 𝑈𝐿

𝜕𝑈𝐿

𝜕𝑥
= −𝑔

𝜕𝜂

𝜕𝑥
+

−𝜏𝑏𝑥 + 𝐹𝑤 + 𝐹𝑣

𝜌ℎ
 (2.8) 

Where 𝜂 is the water surface elevation, 𝑈𝐿 is the depth averaged Lagrangian 

velocity, 𝜏𝑏𝑥 is the bed shear stress, 𝐹𝑤 is the wave force due to the radiation stress 

variations and 𝐹𝑣  is the wave averaged force due to vegetation.  

The bottom friction (𝜏𝑏𝑥) is calculated using the approach in Ruessink et al. (2001). 

Where the bed shear stress for a 1D model is calculated as,  

 𝜏𝑏𝑥
𝐸 = 𝑐𝑓√(1.16𝑢𝑜𝑟𝑏)2 + 𝑢𝐸

2  (2.9) 

Where 𝑢𝑜𝑟𝑏 is the orbital velocity of the waves and  𝑢𝐸  is the depth averaged Eulerian 

velocity. The wave force 𝐹𝑤 in the cross shore direction is calculated for a 1D model 

using the variation in radiation stress variation is cross-shore direction (Longuet-
Higgins & Stewart, 1964).   

 𝐹𝑤 = −
𝑑𝑆𝑥𝑥

𝑑𝑥
 (2.10) 

Where 𝑆𝑥𝑥 is the radiation stress in cross shore direction, obtained from the wave action 
equation.  

As the waves propagate through vegetation, a drag force is exerted by the waves on the 

vegetation. Due to the exerted force, an equal and opposite force acts on the water 
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column. The force induced by the vegetation is modeled using a Morison type formula. 

Dalrymple et al. (1984) presents the equation as,  

 𝐹𝑣 =
1

2
𝜌𝐶𝐷𝑏𝑣𝑁𝑣𝑢|𝑢| (2.11) 

The energy dissipation by vegetation 𝐷𝑣  (equation 2.5) is based on the drag force 

(equation 2.11). The cumulative force due to vegetation over the submerged depth is,  

 𝐹𝑣 = ∫
1

2
𝐶𝐷

−ℎ+ℎ𝑣𝑒𝑔

−ℎ

𝑏𝑣𝑁𝑣|𝑢|𝑢𝑑𝑧 (2.12) 

ℎ𝑣𝑒𝑔, is the submerged depth of vegetation. The vegetation force exerted can be divided 

into two main components, the mean drag force (𝐹𝑣,𝑚) and wave-induced force due to 

emergent vegetation and/or nonlinear waves (𝐹𝑣,𝑤). Both components are based on 

(equation 2.12) with different velocity components.  

The mean drag force induced by vegetation (𝐹𝑣,𝑚) is due to sea-swell phase averaged 

time scale (mean flow). The flows include undertow and unsteady infragravity (IG) 

currents (van Rooijen et al., 2016).  𝐹𝑣,𝑚 is calculated using the Eulerian velocities (𝑈𝐸).  

The wave-induced force due to emergent vegetation and/or nonlinear waves (𝐹𝑣,𝑤) is 

due to the sea-swell wave orbital motion scale. Since, XBeach-surfbeat is phase 

averaged model, the incident wave phase data is lost. To circumvent the issue, an 

empirical wave shape model is implemented (van Rooijen et al., 2016). Using the wave 
shape model, net 𝐹𝑣,𝑤is calculated over a wave period.  

 

2.5 Modeling of vegetation in XBeach  

XBeach can be set up to model the effect of vegetation. XBeach allows the vegetation to 

have horizontal and vertical variations in vegetation parameters. The vertical variation 

in vegetation is especially important in mangroves where a significant vertical variation 
in trees is observed (Janssen, 2016). 

Due to the differences in vegetation characteristics in mangroves over the vertical, a 

layering of mangroves in the vertical was proposed by Suzuki et al. ,(2012). The vertical 

layers are divided as the roots, stem and the canopy where there is significant variation 

in characteristics. A vegetation factor (𝑉𝑓𝑎𝑐) can be defined as in equation 2.1,  

 𝑉𝑓𝑎𝑐,𝑖 = 𝑏𝑣,𝑖𝑁𝑖 (2.1) 

Where 𝑏𝑣,𝑖 is the diameter of the vegetation and 𝑁𝑖 is the number of trees/stems in a 

square meter (𝑚−2)  on the 𝑖𝑡ℎ layer.   The 𝑉𝑓𝑎𝑐 values changes with the layer and with 

the type of mangrove.  

XBeach essentially treats the vegetation as rigid cylinders. The physical parameters 

(height of the vegetation (ℎ𝑣), stem diameter (𝑏𝑣), number of tree stems in a square 

meter (𝑁𝑣) and the drag coefficient (𝐶𝐷)) of these cylinders can be changed accordingly 
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to represent vegetation (section 3.2.2). Figure 2.4 provides a schematic drawing of how 

the vegetation is represented in XBeach.     

 

Figure 2.4: Representation of vegetation in XBeach (including vertical layering) for two different 
submergence levels (Janssen, 2016).  

 

2.6 Empirical formulas  

2.6.1 Runup calculation hinterland of the vegetation 

In XBeach-surfbeat mode, the model calculated runup levels only considers the long 

waves and will not include the contribution to runup due to the short waves. Neglecting 

the contribution from the short waves will lead to an under prediction of the runup 

levels.  

Hence the runup is calculated using an empirical formula proposed by van Gent (2001). 

This specific method is used because; the runup formulation is based on wave 

parameters at the toe of the structure. Whereas other runup formulations use wave 

parameters in the offshore. Due to the vegetation, there are significant differences in the 
wave climate in the offshore and end of the vegetation. 

Oosterlo,(2015) was able to successfully model the empirical results for runup obtained 
by van Gent, (2001) using XBeach.  

Due to the stochastic nature of the incoming waves, each wave will have a different 

runup level (Schüttrumpf et al., 2010). Similar to many runup formulae, the van Gent 

(2001) method calculates the runup as the wave runup level exceeded by 2% of incident 

waves (𝑧2%) relative to still water level. The runup formulation proposed can be 

presented as,  

 
𝑧2%

𝛾𝐻𝑠
= 𝐶0𝜉 𝑓𝑜𝑟  𝜉 ≤ 𝑝 (2.13) 

 
𝑧2%

𝛾𝐻𝑠
= 𝐶1 −

𝐶2

𝜉
 𝑓𝑜𝑟  𝜉 ≥ 𝑝 (2.14) 
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𝜉 =

𝑡𝑎𝑛𝜑

√
𝐻𝑠

𝐿0

 
(2.15) 

 𝐶2 =
0.25𝐶1

2

𝐶0
 (2.16) 

Where 𝑝 is defined as, 𝑝 =
0.5𝑐1

𝑐0
  and 𝑐0 = 1.35 𝑎𝑛𝑑 𝑐1 = 4.7,𝐻𝑠 is the significant wave 

height at the toe of the structure, 𝛾 the reduction factors for roughness and wave angle. 

𝜉 is surf similarity parameter and 𝜑 is the slope of the structure. For the calculation of 

the surf similarity number(𝜉), the wave length is calculated as, 

 
𝐿0 =

𝑔𝑇𝑚−1,0
2

2𝜋
 

(2.17) 

The wave period used in the calculation is 𝑇𝑚−1,0(section 2.3.3). The calculation 

procedure used to obtain the runup for the models are given in section 3.4.  
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3 Model setup  

The model setup chapter presents the selection of parameters to implement in the 

numerical model. The parameter selection comprises mainly of hydrodynamic and the 

vegetation parameters. After the selection of parameters, setting up of the model domain; 

selection of profile; grid resolution and modeling time sections are discussed. The 

computational setup section provides process used in XBeach to generate the outputs. 

Finally, procedure of calculation of wave spectra and total wave for the runup calculation 
is provided.         
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3.1 Model selection  

The data for analysis can be collected either by field observations, physical model tests 

or numerical model implementation. Field observations into the area of hydrodynamic- 

vegetation (mangrove) interactions have been carried out by previous researchers in 

different environments and under different conditions (Table 2.2). However, it was 

noted that, most of the studies carried out are done in low energy environments and 

interactions during extreme events are less common. As this research is concerned with 

extreme events and due to reduced control over the parameter variations, use of 

previous field observations will not be suitable.       

Physical modeling to identify wave interaction with vegetation has also been performed 

successfully by previous researches (e.g. Wu & Cox (2015);  Augustin et al., (2009); 

Möller et al. (2014) ; Lovas & Torum, (2001)). Since the research project aims to cover a 

large parameter space (section 3.2) physical model testing will be infeasible. This leads 

numerical modeling to be the most viable option.  

Numerical modeling of hydrodynamic and vegetation interaction has been performed 

successfully in the past with good accuracy (e.g. van Rooijen et al. (2016) ; Augustin et 
al., (2009); Phan et al., (2011) ; Songy (2016)). 

Due to the aforementioned reasons and previous success in research carried out using 

XBeach to model vegetation effects (section 2.4), it was decided to use XBeach-surfbeat 

for the numerical modeling.  

 

3.2 Parameter selection  

The ultimate goal of the modeling work in XBeach is to generate a synthetic data set of 

hydrodynamic forcing, vegetation and bed characteristics, and wave and water level 

that will represent reality. The parameters to be incorporated in the models will thus 

have to be chosen to represent the actual ground scenarios.  The input needed for the 

models can be broadly categorized under three main sections: hydrodynamic, 

vegetation and bed geometric parameters.  

 

3.2.1 Hydrodynamic forcing parameters 

The wave climate is a significant driver for the hydrodynamic process within the 

environment. The interaction between waves and vegetation will depend on 

hydrodynamic parameters such as wave height, wave period and wave direction 

(Mendez & Losada, 2004).  

The hydrodynamic forcing parameters of interest are wave height, wave period, highest 
astronomical tide and storm surge level.      

Offshore wave data derived from the ERA-Interim (ERA-I) database, linked to the 

Dynamic Interactive Vulnerability Assessment (DIVA) points around the globe were 

used as wave climate source. The wave data was filtered by location to provide the wave 

data for global mangrove areas. Since the focus of this thesis is on effect of vegetation on 



 

18 
 

coastal hazards during the extreme events, the 100-year return period events were 

chosen to represent the wave climates of the models.  

Figure 3.1 provides the global distribution of mangroves according to USGS (Giri et al., 

2011). The point locations on the map portray the locations where the data for the 

hydrodynamic inputs were extracted. The extraction points are selected to represent 
the global variation.    

The found wave climate parameters are varied throughout the models to derive 

different sets of input conditions. To make sure implausible combinations of offshore 

wave heights and wave periods are not considered in the models, wave steepness 

derived from the data was used as an input parameter instead of using wave period as a 

direct input. By using wave steepness, the wave period will be calculated according to 

the wave height. The resulting wave periods will then simulate short wind waves up to 

long swell wave conditions appropriately. A JONSWAP spectrum with the significant 

wave height and the corresponding peak period obtained from wave steepness was 

applied at the boundary. The other parameter values needed for the implementation of 

the JONSWAP spectrum were kept at the default values apart from the directional 

spreading coefficient (𝑠) which was set 10,000 (Appendix B), which correspond to no 
directional spreading.          

The wave climate parameter ranges for mangrove areas from the data are tabulated in 

Table 3.1. 

      

Figure 3.1: Global distribution of mangroves vegetation (USGS) (Giri et al., 2011) overlaid with the 
locations where the hydrodynamic data were extracted for the input parameters.   
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Table 3.1: 100-year return period offshore wave parameter range for global mangrove forest 
distribution  

Wave parameter Range 

Significant wave height  [m] 1 - 7 

Wave Steepness [-] 0.02 - 0.05 

Storm surge  [m] 1 - 4.5 

Highest astronomical tide [m] 0.5-3.5 

 

3.2.2 Vegetation and bed geometric parameters  

The vegetation input parameters required by XBeach are given in section 2.5. These 

parameters vary along the vertical significantly for plants like mangroves. The vertical 
variation in vegetation is very important and needs to be accounted for. 

The vertical variation in vegetation density was taken into consideration by dividing the 

mangrove vegetation into three main segments over the vertical. The three segments 

are root system, stem and canopy.  

Janssen,(2016) summarized the characteristic parameters of mangroves under plant 

type and vegetation density (Table 3.2). In this thesis, a constant nominal drag 

coefficient of 0.6 was applied over the entire height of the tree. 

Table 3.2: Vertical variation of red mangrove parameters for different densities (Janssen, 2016)   

Density 
Roots Stem Canopy 

𝑁𝑣 
[roots/m2] 

𝑏𝑣 
[cm] 

ℎ𝑣 
[m] 

𝑁𝑣 
[stems/m2] 

𝑏𝑣 
[cm] 

ℎ𝑣 
[m] 

𝑉𝑓𝑎𝑐 

[m-1] 
ℎ𝑣 

[m] 

Sparse 15 1 0.3 0.3 20 2 0.1 10 

Medium 45 2 0.5 0.6 45 5 1.1 12 

Dense 70 3 1.0 0.9 75 8 4.5 12 

 

In order to reduce the number of input parameters for XBeach, vegetation factor (𝑉𝑓𝑎𝑐) 

was then varied for the different model runs.  

Mangrove vegetation is mostly found in areas where the ground slope is very mild. For 

an example in the Mekong delta the sea bed slope is in the order of 1/500 (Albers, San, 

& Schmitt, 2013). Within the numerical model implementations, the profiles slope 
ranging between 1/300 and 1/1000 were considered.  

Mangrove forests are found in the intertidal zone of the coastlines.( Giri et al. (2011); 

Suzuki et al. (2011) ). The width of the intertidal zone will be a function of the profile 

slope and the highest astronomical tide (HAT). Hence the resultant mangrove 

vegetation widths were calculated for each model according to the profile slope and 
HAT. The resulting mangrove forest widths were in the range of 150m-3500m.   
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3.3 Computational setup for the model  

Computational setup needs to be configured for the numerical model to be implemented 

in XBeach. The computational setup of the model is threefold,  

1. Configuration of grid geometry and boundary conditions 

2. Selection of grid resolution  

3. Choosing a model runtime and spin-up duration.    

Appendix B provides the procedure, tests and the analysis conducted to configure the 

said components of the computational setup.  

From the results obtained in Appendix B, a grid geometry of profile containing a profile 

break located at 12.5m depth and a truncated slope of 1/300 is used in the analysis. The 

grid will be a non-equidistant grid with a minimum grid resolution of 1m. A schematic 

diagram of the configured computational grid setup and inputs are provided in Figure 

3.2. 

Four observation points are located within the model domain for the extraction of high 

frequency point output. The first observation point (Obs 1) is located offshore at a depth 

of 17.5m and will represent the offshore wave climate offshore of the vegetation. The 

second observation point (Obs 2) is located just in front of the mangrove vegetation. The 

point also coincides with the MSL as well. Observation point 3 (Obs 3) and Observation 

point (Obs 4) are located at the middle and the end of the vegetation respectively. A run-
up gauge is also used to find the run-up over the slope behind the vegetation.       

 

 

Figure 3.2: Schematic setup of the numerical model setup applied in XBeach   
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3.3.1 Generation of Input combinations  

The hydrodynamic input parameters (section 3.2.1) were divided into bins. For 

example, the offshore significant wave height (𝐻𝑠) varies between 1m-7m (section 

3.2.1) and was divided into 4 equal bins of 144 unique uniformly distributed values 

within each bin. The other parameters were also divided into such bins. The values on 

each bin were then matched with the other parameter values to create a unique set of 
576 input permutations.      

Figure 3.3 provides the hydrodynamic input values for each of the model runs. The 

values in the model runs are paired from each input parameter to create the input 
conditions for the model. 

This hydrodynamic set of model runs was then imposed on different vegetation 

densities (dense vegetation, medium dense and sparse vegetation) and on a base case of 

without vegetation. Each counterpart model run has the same input signal (no wave 

randomness). Thus, any model output variation is the result of the differences from the 

vegetation.  

The runup for the models was calculated using an empirical formula (section 2.6.1). For 

the calculation, a 1/10 slope was considered just behind the vegetation for all models. 

The slope was considered smooth. This slope section was not included in the XBeach 
model.    



 

22 
 

 

Figure 3.3: Hydrodynamic input parameters for each of the model runs. In order get the input of a 
specific model run, the corresponding parameter values for each model run number should be paired 
together.       
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3.4 Calculation of wave spectrum and outputs for the empirical runup formula 

Total wave height and the wave period at the toe of the structure are required as input 

conditions for the runup formula presented.  These input conditions can be derived 
from wave spectra.  

XBeach surfbeat calculates the long wave surface elevation and the short wave height 

separately. Hence, the high frequency (short wave) spectrum and the low frequency 

(long wave) spectrum are calculated separately. The total spectrum is then obtained by 

addition of the spectral density values in the two spectra in the corresponding 

frequencies. 

 

3.4.1 Calculation of the high frequency (short wave) spectrum.  

XBeach provides the short wave height as a point output. The time series of the short 

wave height at the observation points were used to calculate root-mean-square wave 

height (𝐻𝑟𝑚𝑠). The calculated  𝐻𝑟𝑚𝑠 was then converted to significant short wave height  
(𝐻𝑠𝑤) using,  

 𝐻𝑠𝑤 = √2𝐻𝑟𝑚𝑠 (3.1) 

XBeach surfbeat does not calculate a change in the wave period for the short wave 

height. Hence, the input peak wave period (𝑇𝑝) combined with the calculated 𝐻𝑚0is used 

to calculate a JONSWAP spectrum while keeping the other parameters same as the 

input.  

 

3.4.2      Calculation of the low frequency (long wave) spectrum 

Long wave surface elevation time series at the observation points were used to calculate 

the long wave spectrum. First the water surface elevation signal was de-trended. The 

frequency resolution at which the spectral density is calculated was kept at 0.001Hz. 

The wave signal was then split into smaller overlapping sections using the Welch 

method with a maximum overlap of 50%.  The Welch method reduces the noise in the 

spectrum in exchange for reducing the frequency resolution. The split segments were 

then windowed using a Hann window.  

 

3.4.3 Calculation of the wave period and total wave height from the spectra  

The total wave height of the model at a point will be due to both the long wave and the 

short wave height. The significant short wave height at a point can be by the equation 

3.1. The long wave height at an observation point can be obtained by the variance in the 
long wave time series as follows,  

 𝐻𝑙𝑤 = 4√𝑣𝑎𝑟(𝜂(𝑡)) (3.2) 

Where 𝐻𝑙𝑤 is the long wave height and 𝜂(𝑡) is the wave elevation time series.          
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The total wave height 𝐻𝑡𝑜𝑡 can be obtained by calculating the wave energy at each band 

and equating the energy values to the total energy at a point. The resulting equation for 

𝐻𝑡𝑜𝑡  can be provided as,  

 𝐻𝑡𝑜𝑡 = √𝐻𝑠𝑤
2 + 𝐻𝑙𝑤

2  (3.3) 

The wave period was obtained from the calculated total wave spectrum by using the 

spectral moments. The spectral moment 𝑚𝑘 is defined as,  

 𝑚𝑘 = ∫ 𝑓𝑘𝑠(𝑓)𝑑𝑓

∞

𝑓=0

 (3.4) 

Where 𝑠(𝑓) is the spectral density at frequency𝑓. The wave period 𝑇𝑚−1,0 can be 

calculated as, 

 𝑇𝑚−1,0 =
𝑚−1

𝑚0
 (3.5) 

Figure 3.4 provides the total spectrum derived from the high frequency, low frequency 
wave spectra and the corresponding wave period (𝑇𝑚−1,0) at observation point 2 for an 

example model run.   

    

Figure 3.4: Total wave spectrum and the wave period found via the combination of the high 
frequency and low frequency wave spectra    
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3.4.4 Splitting the incoming and reflected wave signal  

The spectra calculation at the toe of the structure as given above was performed 

considering both the incoming and reflected wave signal, as most of the reflection was 

observed before the vegetation. However, in order to calculate the attenuation of the 

long waves due to vegetation, the incoming component should be split from the 

reflection component.   

The splitting of the signals is performed using the GLM velocity and the water level 
signal at the observation points. The method is based on Guza, et al, (1984): 

 𝜂𝑖𝑛 =  
𝜂𝑐𝑜𝑢𝑡 + 𝑄

𝑐𝑖𝑛 + 𝑐𝑜𝑢𝑡
 (3.6) 

 𝜂𝑜𝑢𝑡 =  
𝜂𝑐𝑜𝑢𝑡 − 𝑄

𝑐𝑖𝑛 + 𝑐𝑜𝑢𝑡
 (3.7) 

Where 𝜂𝑖𝑛 and 𝜂𝑜𝑢𝑡 are the incoming and the reflected wave signals respectively. 

𝑄 = 𝑢ℎ where 𝑢 is the velocity and ℎ is the water depth.  

The long wave height and wave period at the start of the vegetation are calculated in a 
similar manner as given in section 3.4.3.   
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4 Analysis  

The Analysis chapter presents the investigation of the outputs derived from the XBeach 

models. The areas of interest were wave setup, wave transformation, energy propagation 
/dissipation and runup.  

The wave setup section starts by looking into the governing equations and to find the 

dominant processes that affect setup.  

Wave height variation within vegetation section is discussed under three main sections. 

The high frequency, short wave transformation (𝐻𝑠𝑤), the low frequency long wave 

transformation (𝐻𝑙𝑤) and the total wave transformation (𝐻𝑡𝑜𝑡). The 𝐻𝑠𝑤 and 𝐻𝑙𝑤 sections 

start with analyzing the governing equations which affect the wave transformation. 

Relationships are then made between the different parameters that affect the 

propagation/dissipation. 

The wave energy section primarily focuses on the energy variation of waves in frequency 
as waves pass through the vegetation.     

Finally, wave runup is analyzed at the end of the vegetation using an empirical formula.    
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4.1 Wave Setup due to vegetation  

4.1.1 Analysis of forces affecting the wave setup   

Setup is the increase of the mean water level due to the hydrodynamic action on the 

profile. In the model setup tested an initial storm surge level is prescribed (section 

3.2.1). Hence the setup(Δ𝜂) referred here is the increase in the mean water level above 
the initial surge level (still water level (SWL)) (Δ𝜂 = �̅� − 𝑆𝑊𝐿).      

The water level variations in the model domain are governed by the nonlinear shallow 

water equations(NLSWE) (Roelvink et al., 2015) (equation 2.7 & 2.8)  

The model results are analyzed only after the model has reached a stationary condition.  

Hence, it can be assumed that there is no variation of parameters in time.  The time 

varying parameters in equation 2.7 and 2.8 can then be neglected.  

The setup due to vegetation will be dependent on the forces acting on the water column. 

The forces in the water column are balanced by the pressure gradient due to the 
increased water level. The equation 2.8 can then be rewritten as,  

 
𝑔

𝜕𝜂

𝜕𝑥
=

−𝜏𝑏𝑥 + 𝐹𝑤 + 𝐹𝑣

𝜌ℎ
 

(4.1) 

Initial results showed that the bed shear stress is significantly lower within the 

vegetation where the wave forces (𝐹𝑤) and the vegetation induced drag force (𝐹𝑣) 

dominate. The observation is confirmed by Horstman et al. (2014) where in a field 

study on mangroves found similar results. Hence, the effect of bed shear in the variation 

in setup can be neglected.  

The short wave energy of the waves starts to dissipate as it encounters the vegetation 

(equation 2.5). The attenuation of energy results in the reduction of radiation stress. 

The radiation stress gradient generated results in an onshore directed force (𝐹𝑤) 

(equation 2.10). The magnitude of the force will depend on the short wave dissipation 

rate. Dense vegetation will induce a higher wave force due to the increased dissipation 

compared to sparser vegetation. The positive 𝐹𝑤 force will result in a positive water 
level gradient (equation 4.1) which will result in a setup. 

The vegetation induced force on the water column is composed of a combination of 

different processes. The force exerted on the water column by vegetation (𝐹𝑣) during 

wave propagation, irrespective of the process is given in (equation 2.12). The velocity 

used in the equation will vary according to the different processes. The components of 

the vegetation force can be discussed as follows,     

The vegetation force can be divided into two main components, the mean drag force 
(𝐹𝑣,𝑚) and wave-induced force due to emergent vegetation (𝐹𝑣,𝑤).  

The mean drag force (𝐹𝑣,𝑚) on the vegetation is from the mean currents due to 

undertow and infragravity (IG) currents. The IG current induced force can be 

considered within the mean drag force as the IG wave orbital excursions are much 
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larger than the spacing between the vegetation (van Rooijen et al., 2016). The total 

vegetation induced force (𝐹𝑣) can thus be provided as, 

 𝐹𝑣 = 𝐹𝑣,𝑚 + 𝐹𝑣,𝑤 (4.2) 

In the numerical model scheme, the undertow-induced force is calculated using the 

Eulerian velocities (𝑈𝐸). The IG currents induced force is calculated using the 

Lagrangian velocities (𝑈𝐿).  

The wave-induced force (𝐹𝑣,𝑤) is due to the orbital velocity of the waves. Under linear 

waves, the orbital velocities averaged over a wave period will be zero. Thus, the wave 

induced force will become zero. However, in the instances of emergent vegetation or 

nonlinear (skewed) waves the time averaged force will not be zero (van Rooijen et al., 

2016).  In shallow waters, the waves will be skewed. Furthermore, due to the mangrove 

tree heights, the vegetation will be emergent as well. Hence the wave induced orbital 
motion scale forces become important.  

For the calculation of the wave-induced force (𝐹𝑣,𝑤) an empirical wave shape model is 

used as XBeach-Surfbeat is a phase averaged model. 

The behavior of the wave setup is directly affected by the force calculation on the water 

column.  Neglecting the bed shear stress, the forces acting on the water column will be 
balanced by the pressure gradient (wave setup). 

Wave setup will vary significantly if certain parts of the vegetation force are neglected. 

To understand the importance of the different components of the vegetation force to 

wave setup, set of model runs were conducted for a fixed input condition by turning 

on/off the different vegetation force components. No other parameters were changed 

between the models. From the output data, the various vegetation forcing can be 

derived. Since the wave force (𝐹𝑤) is dependent on the short wave energy dissipation 

(radiation stress gradient), 𝐹𝑤 will be not affected by the changes in the vegetation force 

exerted on the water column.  The Figure 4.1 shows the variation in the setup with 
different components of the vegetation force.   

The undertow currents will be offshore directed which will induce an offshore directed 
force on the vegetation. Hence an equal and opposite force (𝐹𝑣,𝑢𝑛𝑑𝑒𝑟𝑡𝑜𝑤) will act on the 

water column in the onshore direction (red line). The positive 𝐹𝑣,𝑢𝑛𝑑𝑒𝑟𝑡𝑜𝑤 will result in a 

positive water level gradient, setup (van Rooijen et al., 2016).  

The wave-induced force (𝐹𝑣,𝑤) acts in the offshore direction (purple line) of the wave 

propagation (offshore direction). The negative force will result in a set down (van 

Rooijen et al., 2016). The direction of the infragravity current related force (𝐹𝑣,𝐼𝐺) in the 

given model (blue line) acts on the onshore direction.    

The difference in setup due to the components of 𝐹𝑣 can be observed in Figure 4.1. The 

black line provides the setup variation considering all the forces. 
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Figure 4.1: Variation in water level across the vegetation width (top plot) according to the different 
vegetation force components acting on the water column (bottom plot) (for one example model run) 
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Figure 4.2 provides the setup variation within the vegetation for an example model run 

considering all vegetation forces. It can be noted that initially, there is an increase in 

setup. The increase can be associated to the onshore directed wave force and the 

vegetation force component. A decrease of setup can also be noted. The set down 
corresponds to the negative vegetation force due to the offshore directed 𝐹𝑣,𝑤 

component.  

 

Figure 4.2: Setup variation within vegetation (top plot) and the corresponding forces acting on the 
water column. Depth averaged wave force due to radiation stress (middle plot) and vegetation force 
(bottom plot) (for one example model run). 

The total force applied on the water column will be the addition of the wave force and 

the vegetation force. Equation 4.1 was derived from simplifying the momentum 

equation. The equation can be further reduced (within vegetation) by neglecting the bed 

shear stress.  The equation is then reduced to,   

 𝑔
𝜕𝜂

𝜕𝑥
=

𝐹𝑤 + 𝐹𝑣

𝜌ℎ
 (4.3) 

If the above made assumptions are correct, the equation (4.3) should be able to 

correctly model the water level variation within the vegetation. The hypothesis can be 

checked for its validity by calculating the water level at the end of the vegetation due to 

the cumulative action of the forces and comparing the predicted value with the water 

level modeled by XBeach.       
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The calculation was done as follows. Water level variation within a grid cell (from 

equation 4.3); 

 ∆𝜂𝑖 =
(𝐹𝑤𝑖 + 𝐹𝑣𝑖)

𝜌𝑔ℎ𝑖
 ∆𝑥𝑖 (4.4) 

Where  ∆𝑥𝑖 is the grid resolution ℎ𝑖  water depth and 𝐹𝑤𝑖  wave force and 𝐹𝑣𝑖  vegetation 

force at a given grid cell (𝑖). 

Total variation in the water level within in vegetation; 

 ∆𝜂𝑝𝑟𝑒𝑑𝑖𝑐𝑡 = ∑ ∆𝜂𝑖

𝑛

𝑖=1

 (4.5) 

𝑛 is the number of grid cells within the vegetation. The XBeach modeled water level 

variation can be   taken as  

 ∆𝜂𝑋𝐵 = 𝑍𝑠𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 − 𝑍𝑠𝑒𝑛𝑑 𝑜𝑓 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 (4.6) 

Figure 4.3 provides the graph between  ∆𝜂𝑝𝑟𝑒𝑑𝑖𝑐𝑡 and  ∆𝜂𝑋𝐵. A satisfactory fit of the 

hypothesis can be observed for dense and medium dense vegetation cases (RMSE of 8.4 

mm, 9.2 mm and 16.8mm for dense, medium and sparse vegetation respectively).  

 

Figure 4.3: XBeach modeled water level difference vs. the Predicted water level difference across the 
vegetation (results for three mangrove densities and all model runs). The points above the dashed line 
corresponds to a setup and points below to a set down compared to the water level at the start of the 
vegetation.    
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It can be observed that the XBeach modeled water level and the predicted water level 

using the hypothesis agree satisfactorily. Hence, it can be concluded the wave setup 
within vegetation can be explained by 𝐹𝑤 and 𝐹𝑣 . 

A deviation from the hypothesis is observed for models where a set down is 

experienced. The deviation is such that the predicted (calculated) water level is over 

predicting the reduction.  One reason for the deviation was found to be as very shallow 

water depths at the calculation point. Since the forces are depth averaged, at very 

shallow water depths, the forces calculated will increase considerably, over predicting 

the reduction. Since sparse vegetation shows more reduction in the water level as the 

wave propagates (Figure 4.5), results for sparse vegetation are more susceptible for the 

deviation.    

 

4.1.2 Effect of vegetation on setup  

From the findings of the previous section, it can be concluded that the water surface 

elevation variation within the vegetation will be governed predominantly by the wave 

force and the vegetation force. Since the different force components are dominant at 

different locations the water level variation will change across the vegetation. The 
forces are also highly influenced by the vegetation density.  

Figure 4.4 provides an example model results of setup variation across the vegetation 

for different vegetation densities. The figure also provides the wave force ( 𝐹𝑤) and the 

vegetation force ( 𝐹𝑣) acting on the water column. Significant differences in water level 
for the different vegetation densities can be observed.  

The denser vegetation has a larger positive force due to the higher short wave 

dissipation (equation 1.5). The wave force reduces with the decreasing vegetation 

density. The resultant increase in setup within the less dense vegetation can also be 

noticed to be smaller than the denser vegetation.     

Figure 4.4 also provides the water level variation for the non-vegetated case. In the non-

vegetated case, the setup depends on the dissipation of energy due to wave breaking 

and the bed shear stress. Due to wave breaking induced radiation stress gradient, a 

setup in the non-vegetated case can be observed.        

It can also be observed that the location of the maximum setup varies for the different 

vegetation (Figure 4.2). As the denser vegetation dissipates the wave energy at a higher 

rate, the short wave energy will reduce quickly. The resulting wave force only acts along 

a small distance. As the vegetation becomes less dense, the dissipation rate per unit 

length will be less. The reduced dissipation rate of energy will result in short waves 

propagating further into the vegetation. Thus, the wave force will prevail for a longer 

distance in sparser vegetation compared to dense vegetation. The difference in the wave 

force action length consequently affects the setup. Higher density vegetation has the 

maximum setup forming more at the front of the vegetation compared to less dense 
vegetation.     
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Figure 4.4: Variation of wave setup across the vegetation (top plot) and the corresponding wave force 
(𝐹𝑤) (middle plot), vegetation force (𝐹𝑣) (bottom plot) acting on the vegetation for the different 
vegetation densities. The green shade shows the width of the vegetation (for one example model run).  
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The short wave energy dissipation becomes small (smaller 𝐹𝑤) as the wave propagates 
through the vegetation. Hence, the wave-induced vegetation force (𝐹𝑣,𝑤) becomes 

dominant reducing the water elevation. Contrast to the wave force, sparse vegetation 
shows a higher 𝐹𝑣,𝑤, resulting in a larger reduction in water level.    

In cases where the increased setup due to rapid short wave energy dissipation by 

vegetation will not reduce, a higher water level than the non-vegetated case can occur at 

the end of the vegetation. This increased water level at the end of the vegetation is an 

undesirable outcome when using vegetation to reduce coastal hazards. Figure 4.5 

provides the setup values for all model runs at the end of vegetation relative to 

corresponding non-vegetated cases. 50% of the models in dense vegetation case results 

in a lower setup compared to the non-vegetation case. For the medium and sparse 

vegetation, the percentage stands at 59% and 83% respectively. 

 

Figure 4.5: Comparison of the setup at the end of vegetation of each model compared with the 
corresponding non-vegetated case (all model cases). The data points above the black line refers to 
cases with higher setup than the non-vegetated model and points below the line shows the models 
where the setup is lower than the non-vegetated case.   

It is observed that for sparse vegetation a reduced setup is achieved for most of the 

models.  Denser vegetation fails to reduce the setup compared to the sparse vegetation.  
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The setup is reduced due to 𝐹𝑣,𝑤. From Figure 4.4 it can be observed that the in less 

dense vegetation a larger  𝐹𝑣,𝑤 force is induced on the water column compared to dense 

vegetation thus reducing the setup.  

𝐹𝑣,𝑤 occurs due to the orbital velocity induced drag on the vegetation. The wave orbital 

velocity will be a function of the short wave height, wave period and the water depth 

(van Rooijen et al., 2016). Figure 4.6 presents the total force and short wave height 

variation across an example model run for all three vegetation densities. It can be 

observed the total force changes direction (becomes negative) for less dense vegetation 
at a higher short wave height compared to dense vegetation.   

The onshore directed force (positive component) comprises of the wave force 𝐹𝑤 and  

𝐹𝑣,𝑚 . 𝐹𝑤 depends on the radiation stress gradient due to vegetation (equation 1.5). For 

the same hydrodynamic input conditions, denser vegetation will induce a larger 𝐹𝑤 

force. 𝐹𝑣,𝑚 depends on the undertow current magnitude (𝑈𝐸). Similar to the wave force 

denser vegetation will provide a higher 𝐹𝑣,𝑚(equation 1.11) for the same undertow 

current.   

 

Figure 4.6: Variation of depth averaged 𝐹𝑡𝑜𝑡 (top plot) and short wave height (bottom plot) across the 
vegetation for three densities of mangrove vegetation (for one example model run).     

Since dense vegetation induce higher positive forces, 𝐹𝑣,𝑤 cannot become dominant in 

the total forcing as the comparative magnitude of 𝐹𝑣,𝑤is much smaller than the other 

forces (Figure 4.1). Thus, in denser vegetation, for the 𝐹𝑣,𝑤become dominant the short 

wave height has to reduce a lot. 𝐹𝑣,𝑤 is also a function of the short wave height. Even 
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when 𝐹𝑣,𝑤 start to dominate the total force, as the wave height is small  𝐹𝑣,𝑤 will be low 

in magnitude.  

In lesser dense vegetation, as the 𝐹𝑤and 𝐹𝑣,𝑚 induced by the vegetation will be 

comparatively small, 𝐹𝑣,𝑤 will start to dominate at larger wave heights (Figure 4.6). 

Since 𝐹𝑣,𝑤 is dominating at higher wave heights, 𝐹𝑣,𝑤 will be large. Larger 𝐹𝑣,𝑤 will then 

lead to a lowered vegetation setup.  

From all the model runs, the short wave height at the point where the total wave force 

changes direction was obtained. The mean wave height at direction change for all 

models for dense vegetation stood at 0.17m while the wave height for medium dense 

and sparse vegetation was at 0.25m and 0.61m respectively.    

From the results obtained, the setup due to the vegetation reduces with reducing 

vegetation density. However, as the vegetation density reduces even further, the setup 
should trend back to the non-vegetated model results.  

Figure 4.7 provides the setup variation across the vegetation for increasing sparseness 

in vegetation. 𝑁𝑣 of the vegetation is changed in the models (Table 4.1) while keeping all 

the other parameters constant. The density of vegetation used in the models runs are 

provided in Table 4.1. 

 

Figure 4.7: Wave setup variation across vegetation width for increasing sparseness in density of 
vegetation. The green shade represents the vegetation forest width.    
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Table 4.1: vegetation density in increasing sparse vegetation  

Vegetation 𝑁𝑣 
sparse vegetation (original) 13 
sparse1 10 
sparse2 5 
sparse3 1 

 

It can be observed that, as the vegetation density reduces even further, the setup trends 

back to the non-vegetated model result. Hence it can be concluded that the wave setup 

reduction in sparse vegetation reaches a maximum at a certain density and the will limit 
back to the non-vegetated setup with increasing sparseness.  

The initial surge level within the vegetation will have an effect on the propagation of the 

short wave within vegetation (section 4.2.1). Higher water depth will have a lower 

dissipation compared to lower water depths. Hence at deeper water depths, for the total 

force to change direction (𝐹𝑣,𝑤 become dominant) the waves will have to propagate 

further into the vegetation.  

 

4.2 Wave transformation through vegetation   

Transformation of waves through vegetation can be discussed under three main 

headings; the transformation of short waves, transformation of long waves and the total 

wave height transformation. There are fundamental differences in theory for the 

growth, transformation and dissipation of the short and long waves.  

 

4.2.1 Transformation of short waves  

From equation 1.10 It can be noted that the other than the vegetation parameters, the 

vegetation dissipation is also a function of wave height, wave period and the water 

depth. The variation in 𝐷𝑣 with wave height and water depth is presented in Figure 4.8. 

As expected the energy dissipation increase with short wave height(𝐷𝑣 ∝ 𝐻3) . Water 

depth also plays a significant role in energy dissipation. For a given short wave height, a 

shallower water depth induces a higher dissipation of energy by vegetation and vice 

versa for deeper water depths.   
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Figure 4.8: Variation in dissipation of energy due to vegetation for dense vegetation case with short 
wave height and the depth of water (dissipation values measured at observation point 2 for all 
models).    

A relationship with wave period and the energy dissipation was also observed where 
longer wave periods induced higher energy dissipation.  

The dissipation of energy within the vegetation will govern the wave height through the 

vegetation.  Figure 4.9 provides short wave height (𝐻𝑠𝑤) variation across the vegetation 

for one of the model runs. As expected, the dense vegetation shows the largest 

attenuation in wave height and sparse vegetation shows the lowest. The non-vegetated 

model shows an almost linear reduction in wave height which can be associated with 

wave breaking.  An interesting observation is that most of the wave attenuation occurs 

within few meters of the vegetation. This observation is also backed by field studies 
done by Knutson et al. (1982) and Möller & Spencer (2002).  
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Figure 4.9 : Short wave height variation across the vegetation width for different vegetation densities 
(for one example model run). The bottom plot shows the SWL and the bed profile.     

The rate of short wave attenuation across the vegetation can be calculated as the 

reduction in short wave height (Δ𝐻𝑠𝑤) as a ratio of the vegetation width required for the 

reduction (𝑥) (equation 2.1). Figure 4.10 provides rate of short wave attenuation 

achieved by the models according to the wave height and the water depth. The 

attenuation rate is calculated by the wave height attenuation observed within the first 

100 m of the vegetation. The short wave height at the start of the vegetation is taken as 

a proxy to the wave height variation across the vegetation. It should be noted that the 

wave attenuation rates will change significantly (the pattern will not change) with the 

chosen distance for the calculation due to the nonlinear wave attenuation pattern 

within the vegetation (Figure 4.9).  

The attenuation rate increase with the wave height due to the increase in energy 

dissipation by vegetation at larger wave heights (equation 1.5). The water depth also 

has a clear effect where deeper water depths show a reduced attenuation while 

shallower depth shows a larger attenuation rate. The observation is consistent with the 

results in the energy dissipation (Figure 4.8). Similar pattern of wave attenuation can be 

observed for medium dense and sparse vegetation with lower attenuation rates 

compared to denser vegetation (Figure 4.11). 
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Figure 4.10: Rate of short wave attenuation across the dense vegetation as a function of the wave 
height and water depth for all model runs.     

Table 2.2 provided wave attenuation rates observed in field studies for mangroves. 

Since exact mangrove densities and wave conditions are not known in these field 

studies, direct comparison of values cannot be made. However, it can be noticed that the 

attenuation rates found in the numerical model is larger than values observed in the 

field. For example, in the study by  Mazda et al., (1997) a attenuation rate varying from 

1.5x10-3 m-1 - 2.2x10-3 m-1 was observed for dense vegetation over 100m. In the 

numerical model, the range stands at 4.0x10-3 m-1 - 2.2x10-2 m-1. In the same field study, 
sparse vegetation also provided lower dissipation rates than the numerical model. 

However, the dense mangrove vegetation in the field study is much shorter with a 

height of only of 1m whereas the numerical model study the vegetation was taller 

(Table 3.2) which leads to a higher attenuation. Furthermore, the observations in the 

field studies provided in Table 2.2  are made at low wave heights (order of centimeters). 

The wave heights applied in the numerical model is higher than the field observations 
which will also lead to a larger attenuation rate compared to the field studies.  
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Figure 4.11 Rate of short wave attenuation across the medium and sparse dense vegetation as a 
function of the wave height and water depth for all model runs.     

Figure 4.12 provides the vegetation width needed for attenuation of short wave energy 

by 90% for the dense vegetation case. Contrary to the observations made earlier, 

majority of the model outputs show an increase in propagation distance with increasing 
wave height. 

Results in Figure 4.12 show that cases which have a deeper water depth propagates 

further into the vegetation for a given wave height. It can be assumed that the shorter 

wave propagation distances observed in the lower wave heights occurs due the shallow 

water depths which increases attenuation (Figure 4.10).  

To check the assumption, a new set of model runs were performed with the same 

incident wave heights and wave periods as the current model runs. The slope and the 

storm surge level were made constant for all the input conditions. A slope of 1/500 and 

a surge level of 3.5m were used. By making the slope and the surge level constant, the 

water level variation across the model was made the same for all runs.  The dissipation 

distance required in the short wave energy for the new set of model runs were also 

analyzed.  The resulting distances are given in Figure 4.13. A significant difference in the 

propagation/attenuation of the short waves can be observed between the two sets of 

results. Figure 4.13 shows a drastic reduction in distance of propagation as the wave 

height increases. The results also suggest influence of the wave period in the dissipation 
distance is small.  

From the difference between the results of the two sets of model runs it can be 

concluded that the reason for the reduced wave propagation distance in the lower short 



 

42 
 

wave heights is due to the shallow water depths. Attenuation of short wave energy is 

pronounced at low water depths which would hamper the propagation of the wave 
within the vegetation.    

 

Figure 4.12: Vegetation width needed for attenuation of short wave energy by 90% (for all dense 
vegetation model cases). The point colors represent the water depth. 

Finally, it can be concluded that the water depth within the vegetation is a crucial factor 

in wave transformation through vegetation. A reduction in energy attenuation by 

vegetation (increase in propagation distance) was also observed with increasing water 

depths in studies performed by Horstman et al. (2014) and Tschirky et al. 

(2001).Through field and laboratory observations, the studies found a reduction in 

wave attenuation with increasing water depths.  
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Figure 4.13: Vegetation width needed for dissipation short wave energy by 90%. Results for the 
models with same profile slope and surge level. Data point color provides the wave period.       
  

4.2.2 Transformation of long waves  

Transformation of long waves are important in the vegetation context as they become 

prominent over the short wave after certain distance of propagation within the 

vegetation (Horstman et al., 2014) . The increase in long wave energy over the short 

wave energy can also be observed in section 4.4.  

The long wave surface elevation due to forced long waves in a uniform depth is 

provided by Longuet-Higgins & Stewart (1964) which has been approximated by  

Battjes et al. (2004) as , 

 
𝜂𝑙𝑤 ≅ −

𝑆𝑥𝑥

𝜌𝜎2ℎ2
 

(4.7) 

Where, 𝑆𝑥𝑥 is radiation stress and  𝜎 the wave frequency and ℎ the water depth. It 

should be noted that the equation 4.7 is only valid for a uniform depth sea bed. 

For larger forcing (higher short waves) at a certain depth the forced long waves will be 

higher. The wave frequency also affects the amplitude of the wave with larger wave 

periods resulting in higher wave heights.  

The growth/shoaling  of the long wave amplitude across a sloping bottom is a function 

of ℎ−𝑎 where 𝑎 depends on the normalized bed slope (van Dongeren et al., 2007). The 

normalized bed slope is defined as,  
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𝛽 =

ℎ𝑥

𝜔
√

𝑔

ℎ
  

(4.8) 

Where, ℎ𝑥is the bed slope, 𝜔 is the radial frequency of the long waves and ℎ is the 

characteristic depth. van Dongeren et al. (2007) uses the wave breaking depth as the 

characteristic depth. Values of 𝛽 < 0.3 corresponds to a strong growth of the long 

waves. Since the bed slopes used in this study are very mild (1/300 -1/1000) all models 

in this thesis fall into this category. 

van Dongeren et al., (2007) found that 𝑎 reduced with increasing 𝛽. Hence, growth of the 

shoaling long waves will increase with increasing 𝛽 (steeper slopes and longer wave 

periods). 

 

4.2.3 Attenuation of long waves due to vegetation 

Figure 4.14 provides an example model run of long wave transformation across a 

vegetation patch. Even though the incoming wave signal is equal in all four cases 

presented (3 vegetation densities and non-vegetated case), an increase of wave heights 

before the vegetation can be observed for the vegetated models. 

The increase can be associated with the reflection generated due to the vegetation. 

Variation in long wave height offshore of the vegetation relative to a no vegetation case 

was also observed in a study by Tang et al. (2017). The study claimed the variation 

occurred due to the phase differences in incoming and reflected waves due to the 

vegetation.  

 

Figure 4.14: Long wave height (total) variation across a vegetation patch for different vegetation 
densities and no-vegetation case. The bottom plot provides the bed profile at the location (for one 
example model run).   
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The model output long wave signal is split at the start of the vegetation in order to 

identify the long wave height of the incoming wave as given in section 3.4.4. Figure 4.15 

provides the split reflected and the incoming wave signals for the total output wave 

signal given in Figure 4.14. The attenuation of the incoming wave signal height as the 
wave passes through the vegetation can be observed.  

The reflected wave height increases in the offshore direction due to the accumulation of 

reflection signals. A quick increase in reflected wave height can be observed near the 

start of the vegetation. The increase is higher for dense vegetation and reduces with 

vegetation density.    

 

Figure 4.15: Incoming and reflected long wave height variation across the vegetation for different 
vegetation densities and no-vegetation case. The solid lines show the incoming wave height and the 
dashed line shows the corresponding reflected wave height. 

Similar to the attenuation of the short waves within the vegetation, an attenuation of the 

long waves is also observed.  

For denser vegetation, a greater attenuation of the wave height is observed compared to 

lesser dense vegetation. The observation is similar to the short wave attenuation. 

The attenuation of long wave height can be associated with the energy dissipation due 

to bottom friction, wave breaking and dissipation due to vegetation (van Dongeren et al. 

2007). Dissipation due to wave breaking is much more significant than dissipation due 
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to bottom friction. A comparison between the attenuation due to vegetation (focus of 

the study) and other attenuation mechanisms can be performed by analyzing the 

attenuation in the incoming long wave for the non-vegetated case and the vegetated 

case. 

Since all counterpart models have the same input conditions any increased attenuation 

observed in the vegetation models over the non-vegetated models should be due to 

dissipation induced by vegetation. 

In order to quantify the effect of the vegetation induced attenuation of long waves, the 

reduction in incoming long wave height the models were compared.  It was found that 

vegetated models were incurring a higher wave attenuation compared to the 

unvegetated models.  

The short wave height variation across the vegetation can be described using the short 

wave action balance provided in equation 2.2. The variation of the long waves across 

the vegetation is governed by the nonlinear shallow water equations (equation 2.7 & 

2.8). However, the long wave height is not intrinsically presented within the NLSW 

equations. Hence to explain and understand the long wave height variation across the 
vegetation, the following method is used.   

The effect of the vegetation within the numerical model is applied in a similar manner to 

a frictional element (use of Morison type equation to model vegetation induced force 

equation 1.11). Hence it can be assumed that the energy dissipation due to vegetation 

will act in a comparable way to friction.  The energy dissipation of long waves due to 

bottom friction is presented by Henderson, (2002) as follows,  

 
𝑑 (√𝑔ℎ

1
8 𝜌𝑔𝐻𝑟𝑚𝑠,𝑙𝑜

2  )

𝑑𝑥
= 𝑓𝑐𝑤𝜌 (

𝑔

ℎ
)

3
2 𝐻𝑟𝑚𝑠

√8
 
𝐻𝑟𝑚𝑠,𝑙𝑜

2

8
 (4.9) 

Where, 𝐻𝑟𝑚𝑠,𝑙𝑜 long wave height, 𝐻𝑟𝑚𝑠 short wave height and 𝑓𝑐𝑤 is the friction 

coefficient.  

To adjust the equation in order to model the energy attenuation by vegetation, a factor 

(𝑣) instead of the friction coefficient is substituted. Factor 𝑣 will take into account the 

vegetation density, varying the energy attenuation according to the vegetation. Due to 

the very mild slopes the variation in h will be small. Hence assuming the wave celerity 

(√𝑔ℎ) to be a constant the equation 4.9 can be rewritten as,  

 Δ𝐸 = 𝑑 (
1

8
𝜌𝑔𝐻𝑟𝑚𝑠,𝑙𝑜

2  ) =
𝑣𝜌𝑔

ℎ2
.
𝐻𝑟𝑚𝑠

√8
 
𝐻𝑟𝑚𝑠,𝑙𝑜

2

8
. 𝑑𝑥 (4.10) 

Where Δ𝐸 is the energy attenuation due to vegetation.  The left-hand side (LHS) of 

equation 4.10 presents the XBeach modeled energy attenuation.  The LHS can be found 

by the output long wave height energy variation within the vegetation. The right-hand 

side (RHS) of equation 4.10 presents the predicted energy attenuation, which can be 

calculated from the parameters in the equation.    
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The constant factor 𝑣 can be found by plotting a best fit line between the XBeach 

modeled and the predicted reduction values. Half of the total number of model runs was 

randomly selected to calculate the factor 𝑣.  The found values for 𝑣 varied from 0.362, 

0.136 and 0.032 respectively for dense, medium and sparse vegetation. 

In order to validate the found formula between the predicted energy attenuation and 

XBeach modeled energy attenuation, the remaining half of model run results were used.   

Figure 4.16 provides predicted and the XBeach modeled energy attenuation for the 

different model runs at different vegetation densities. Dense vegetation shows a good 

correlation (𝑅2 = 0.86) between the modeled and the predicted values. A reduction of 

correlation can be observed as the vegetation density reduces (medium dense 

vegetation, 𝑅2 = 0.83 and sparse vegetation 𝑅2 = 0.76). The increased energy 

reduction by mechanisms other than vegetation as the vegetation density reduces was 

discussed previously. The reduction in correlation to the proposed equation can be 

associated with the other dissipation mechanism gaining prominence in sparse 

vegetation.  In general, it can be concluded that equation 4.10 will be suitable to 

understand and explain the long wave attenuation within the vegetation.   
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Figure 4.16: Predicted energy dissipation vs. the XBeach modeled energy attenuation of long waves 
due to vegetation. Plots for the three vegetation densities.  The black lines in plots represent predicted 
attenuation= XBeach modeled attenuation.     
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4.2.4 Transformation of long waves across the vegetation  

Figure 4.17 provides the long wave transformation across the vegetation for all model 

runs. The long wave height represented is normalized by the wave height at the start of 

the vegetation.   

Higher propagation distance (less attenuation) of long wave height across the 
vegetation is observed compared to short waves in the presence of vegetation.  

 

Figure 4.17: Long wave height variation across the vegetation for three densities of vegetation. The 
wave heights are normalized by the 𝐻𝑙𝑤at the start of the vegetation. The color represents the 
normalized wave height (for all model runs).    

Even though the general patterns of increased propagation distance with lower wave 

heights are observed, variations to the pattern can also be observed. The variation to 

the pattern suggests other factors such as the water depth also affect the propagation of 

the waves across the vegetation.      

Similar to the short wave analysis, a rate of attenuation for the long wave heights can be 

calculated by taking the ratio between attenuated wave height (∆𝐻𝑙𝑤) for a vegetation 

width of 𝑥 = 100 𝑚 (equation 2.1). Figure 4.18 provides the rate of long wave 

attenuation observed for 𝐻𝑙𝑤.   
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Figure 4.18: Long wave attenuation rate in dense vegetation (all model runs) as a function of the long 
wave height and the water depth.   

Similar to short wave attenuation, an increased attenuation rate is observed for larger 

𝐻𝑙𝑤. The effect of the water depth on the wave height attenuation is similar to that of 

short waves.  

The energy reduction rates in long waves are predicted by equation (equation 4.10). 

The formula suggests, the energy attenuation rate should increase with the long wave 

height, short wave height and should decrease with water depth. The dependence of 

short wave propagation with water depth was such that, deeper water depths will have 
a lower attenuation (Figure 4.10 and Figure 4.12).  

Figure 4.19 provides the vegetation width required for the dense vegetation case to 

attenuate 50% of the long wave energy. The propagation distance reduces with 

increasing long wave height. For a given wave height considerable deviation in 

propagation distance is observed. The variation in distance of propagation is due to the 
water depth and the short wave height. 

From Figure 4.19, it can be observed that the scatter in points can be explained by the 

water depth. At a given 𝐻𝑙𝑤 value, shallower water depth results in lower propagation 

distance within the vegetation (higher reduction rate).  
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Figure 4.19: Vegetation width required to attenuate incoming long wave energy by 50% (for dense 
vegetation case). The point colors represent the water depth  

 

4.3 Total wave propagation within vegetation 

The total wave height (𝐻𝑡𝑜𝑡) of the domain can be found by the total energy of the 

system (equation 3.3). The variation of the total wave height will include the combined 

aspects of both short and long waves. Due to the differences in dissipation of energy of 

the short and long waves, contribution to the total wave height at different locations of 

the vegetation from the two wave components will be different. Figure 4.20 provides 

the total wave height variation across the vegetation.  

In Figure 4.10 and Figure 4.18 it was observed that for both short and long wave 

attenuation increased with increasing wave height. In a given wave, the short wave 

height will be larger than the long wave height. Hence, for a given wave, the attenuation 

rate of short wave is greater than of the long wave attenuation rate induced by 

vegetation. Due to the reduced attenuation rate, the long wave starts to dominate after 

some distance of propagation. In Figure 4.20  the variation in long wave contribution to 
the 𝐻𝑡𝑜𝑡at different propagation distances is provided.  

Figure 4.20 (bottom plot) provides the long wave contribution with water depth. At 

shallower water depths, the long wave starts to dominate quickly as the wave 

propagates within the vegetation. Due to depth induced breaking the short wave height 



 

52 
 

is limited by water depth. Hence, for shallow water depths the wave height will be 

small. The long wave height growth predominantly depends on the profile slope, wave 

period and short wave forcing. Thus, the long wave height can be comparatively high 

compared to short waves. As the water depth increases short wave height will increase, 

furthermore deeper water depths will reduce energy dissipation due to vegetation. 

Hence at deeper water depths the short waves will dominate for longer distances 
compared to shallower waters.  

 

Figure 4.20: Top plot; Example variation in composition of total wave height across dense vegetation. 
Bottom plot; percentage long wave contribution to total wave height (𝐻𝑙𝑤/𝐻𝑡𝑜𝑡) within the vegetation 
(dense vegetation model runs). 

Figure 4.21 provides the total wave height variation across the vegetation for different 

vegetation densities. The reduction in attenuation with lower densities is apparent. The 

mean vegetation width required to halve the initial wave height of the waves is 

approximately 50 m for dense vegetation and 150m, 300m for medium dense and 

sparse vegetation respectively. Thus, it can be observed that the width required to 

attenuate waves are vary according to the vegetation density.  Less dense vegetation 

will require a wider mangrove forest to archive the same attenuation levels provided by 

a much narrower dense mangrove forest. 

 

 



 

53 
 

 

Figure 4.21: Total wave height( 𝐻𝑡𝑜𝑡) variation across the vegetation for different vegetation densities 
(all model runs). The color represents the normalized total wave height    

 

4.4 Energy variation through the vegetation  

Wave energy propagation of short waves and long waves were provided in section 4.2.1 

& 4.2.2. Within this section the energy variation in terms of frequency is discussed.  

Figure 4.22 provides the wave spectra for the different vegetation densities at start, mid 

and end of the vegetation for an example model run. As the waves propagate through 

the vegetation, the reduction in the spectral energy (area of the spectra) can be 

observed. The reduction is larger at higher frequencies than at lower frequencies. It 

should be noted that the reduction in the unvegetated case is due to wave breaking.  

The difference rate in energy dissipation between short waves and long waves was 

observed before (section 4.2.1 & 4.2.2 ). The observation can be more clearly studied by 

splitting the waves by the frequency. Waves can be classified by their frequency into 

groups.  Table 4.2 provides classification of waves by frequency (Pearson, 2016).  

Table 4.2: Classification of waves by frequency 

Wave classification Frequency [Hz] T [s] 
𝐻𝑠𝑠      Sea/Swell (SS) 0.04-1.0 1-25 

𝐻𝐼𝐺      Infragravity (IG) 0.004-0.04 25-250 

𝐻𝑉𝐿𝐹    Very Low Frequency (VLF) 0.001-0.004 250-1000 
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Figure 4.22: Spectral energy variation across vegetation according to the vegetation density for an 
example model run. Top plot; observation point 2- start of vegetation. Middle plot; observation point 
3- middle of vegetation and bottom plot; observation point 4- end of vegetation.     

Figure 4.23 provides the composition of the total wave energy according to the wave 

band frequency at the different observation points within vegetation. The short wave 

energy component of the total energy reduces at a higher rate than the IG and VLF band 

energy composition. Hence, an increased contribution from the IG and VLF components 

to the total wave energy can be observed as the waves propagate through the 
vegetation.  
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Figure 4.23: Average composition of total wave energy within each band as waves propagate through 
the vegetation. Results for all medium dense vegetation model cases.     

 

4.5 Wave runup at hinterland of vegetation  

The wave runup value for each model was calculated just after the vegetation from the 

procedure given in section 3.4. The runup was calculated for a uniform slope of 1/10 

using wave characteristics obtained after the vegetation.  As for the formula, a higher 

runup is predicted for larger wave heights and longer wave periods. Increased runup in 

larger wave heights are due to the high energy presence in the system. A longer wave 

period will suggest the system contain a high percentage of low frequency energy. The 

long waves (low frequency) was found to increase the run up (van Gent, 2001). Figure 

4.24 provides the runup variation with wave height and wave period. The increase in 

runup with wave height can be observed. For a given wave height the runup also 

increase with wave period. As the formula is applied after the vegetation, the pattern in 

the runup change with wave inputs will be similar irrespective of the vegetation 

density, and only will change in runup magnitude.   

In section 4.2.1 and 4.2.2 it was observed that the wave energy was dissipated by the 

vegetation. A lower wave height would imply a reduced wave runup. Since the wave 

period also affect the runup strongly, the change in the wave period for wave 

propagation through the vegetation is important. Figure 4.25 provides the variation in 
𝑇𝑚−1,0 as the waves propagate across the model domain. In general, the wave period 

increases due to the higher attenuation in short waves compared to the long waves.  
Very large wave periods will suggest the energy of the system is almost fully dissipated.  
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Figure 4.24: Runup variation with the wave height and the wave period (𝑇𝑚−1,0) at the toe. Results for 

the non-vegetated model runs.  

 

Figure 4.25: Variation in the wave period(𝑇𝑚−1,0) at observation points for the different vegetation 

densities (all model runs). The plot provides the median wave period and the interquartile range.   
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The runup calculations from the empirical equation provide runup levels from the still 

water level. However, due to the differences in setup generation, the still water level will 

be different from the initial mean water level. The setup/set down level should also be 

considered for the total runup level. Hence the setup/set down water heights were 

added to the runup values calculated from the empirical formula. However, the setup/ 

set down heights are much smaller compared to the runup heights.   

Figure 4.26 provides the runup comparison between the vegetated models and the base 

case of non-vegetated case. Points below the solid line present cases where the runup is 

lower than the non-vegetated model cases. As observed in section 4.3 all vegetated 

models provide an attenuation of wave energy. The degree of wave attenuation has a 

strong effect on the runup reduction. Higher reduction in the wave height results in a 

substantial reduction in runup height. Thus, dense vegetation shows the most runup 

reduction followed by medium dense vegetation.   

Mangrove forest width also effects the runup reduction observed in the models. Larger 

forest widths are capable of increasing the runup attenuation. Figure 4.27 provides the 

increase in runup attenuation with forest width for medium dense mangrove cases. The 

runup attenuation rates are calculated relative to the corresponding no-vegetation 

model cases. Dense and sparse vegetation also provide a similar variation in runup 

attenuation with mangrove forest width. 

The mean relative runup attenuation rates observed for dense vegetation is 87%. The 
rates for medium dense and sparse vegetation is 76% and 44% respectively.      

Even though wave energy is attenuated for all vegetated models, a few model results 

show an increase runup compared to the non-vegetated models. After propagation of 

wave across the vegetation, the wave period increased due to higher short wave 

dissipation relative to the long wave dissipation (Figure 4.25). Even though energy is 

attenuated, in some instances the runup formula predicts a larger wave runup 
compared to the non-vegetated models.  

The increase in wave period can result in a larger wave runup prediction. Figure 4.28 

provides the wave spectra at the end of the vegetation for an example case where the 

vegetated model provides a higher runup (4.79m) than the unvegetated model (4.52m). 

From Figure 4.28, it can be observed that the high frequency energy in the vegetated 

model is considerably lower than the unvegetated model, while the low frequency 

energy difference is much smaller. Due to the uneven attenuation in the low frequency 

and high frequency energy the wave period shift will be different.  The wave period  

(𝑇𝑚−1,0) for the unvegetated case is 17s while the vegetated model is 24s, prompting a 

higher runup for the case with higher wave period. Since, an energy transfer from high 

frequency to low frequency during propagation is not seen in the spectra, the runup 

should be lower in the vegetated model due to lower energy. The contrary result from 

the runup formula can thus be due to the runup formula been not valid for such cases of 
wave height/periods.   
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Figure 4.26: Comparison of the runup between vegetated (dense, medium and sparse densities) and 
non-vegetated models. The point colors provide the wave attenuation at observation point 4. The 
solid line presents Runup non-vegetated = Runup vegetated.    

 

Figure 4.27 Runup attenuation (relative to no-vegetation cases) variation with mangrove forest width 
for medium dense mangrove model cases  



 

59 
 

 

  

Figure 4.28 Wave spectra for a model case where the vegetated model runup > corresponding 
unvegetated model runup.   
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5 Discussion  

The model study performed considers a comprehensive parameter space with varying 

input conditions. By accounting for parameters in a wide range, a broad set of 

combinations that can be expected in the field is taken into consideration. Hence, the 

results will portray the trends and the spread expected in real life cases. Due to the 

substantial number of model runs to be carried out certain simplifications and 

assumptions had to be made.   

A 1D model domain was selected mainly due to the low computational time required, 

data availability and simplicity in modeling. To use a 1D model certain aspects that may 

influence the results had to be neglected. These include wave direction and the 

assumption of uniform longshore bathymetry. The neglected parameters will influence 

the wave hydrodynamic forcing on the vegetation. However, most of the main 

parameters that effect the wave-vegetation interactions (wave height, period, water 

level, vegetation width, vegetation type, density and profile slope) were considered 

within the study. The profile used in the 1D model was simplified to a uniform sloping 

bed. Since the study consider parameters over a wide range extracted from a global 

viewpoint, a uniform sloping bed was taken to represent the general variation in the sea 

bed of a mangrove coast.  

The hydrodynamic conditions were selected from the ERA-I dataset for extreme wave 

events (return period 100 years). The data gathered were used as the offshore 

boundary condition of the model. Mangroves are more commonly found in sheltered 

areas rather than open coasts. Hence, direct propagation of offshore wave climate to the 

mangrove coast is a limitation of the study. Furthermore, the application of a single-

peaked JONSWAP spectrum to represent a storm will also deviate from reality.     

Since the tests were run on an idealized 1D model and hydrodynamic conditions, the 

results may not be directly applicable for design of a mangrove forest/restoration as a 

mitigation method where the neglected parameters and bathymetric conditions will 

change the forcing on the vegetation. However, the study can be used to identify the 

influence of parameters (wave height, water depth, vegetation density and forest width) 

on wave attenuation. Furthermore, range of wave and runup attenuation observed in 

study will help in a preliminary stage of a design for a mangrove forest for wave hazard 

mitigation.    

The numerical model used (XBeach-surfbeat) will also introduce some limitations. Since 

the model propagates short wave as energy, reflection of short waves from the 

vegetation is not included in the model which can be an important factor.    

The energy dissipation induced by vegetation incorporated in the model does not 

consider a maximum threshold which the trees will be able to resist. In reality, the trees 

will break or uproot under very high forcing (Janssen, 2016). The monotonic increase of 

energy dissipation with wave height will be a deviation from the reality and can be 
identified as a limitation of the model.   
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The mangrove characteristics were selected from data accumulated from previous 

studies. The vegetation parameters of interest were diameter of the trees, height, 

density (number of trees per square meter) and drag coefficient. Three densities of 

mangroves (dense, medium and sparse) were selected in the study to represent 

variation in the mangrove vegetation. The use of three distinct densities meant the 

vegetation characteristics were all increased/decreased proportionally (e.g. Taller 

mangrove trees with larger stem sizes denser root system, shorter mangrove trees with 

smaller stem sizes and less dense root system). Even though the general pattern in 

vegetation is as above, there is a significant spread in the vegetation characteristics (e.g. 

Tall mangrove tree with a small stem size and vice versa) (Janssen, 2016).  Not 
considering such vegetation can be considered a limitation.                  

The mangroves show a distinctive variation in parameters over the vertical of the tree. 

The vertical variation was included in the models by providing vegetation parameters in 

three layers (roots, stem and canopy). In reality, a variation of vegetation is also seen 

across the cross section of a mangrove forest which was not included in the numerical 

model.  All modeled mangrove vegetation in the study are emergent. Hence the effect of 

the height of the vegetation itself cannot be separated which is a limitation of the 
current study.  

Current study results show the trends observed in the findings of previous researchers; 

The increase in wave attenuation with increasing wave height (section 4.2, (Horstman 

et al., 2014)), variation of wave attenuation rate across a vegetated forest (section 

4.2.1), reduction in wave attenuation with increasing water depth (section 4.2.1). 

However, the attenuation rates observed in previous filed studies and the current model 

study show differences. Field studies show lower attenuation rate compared with the 

results obtained in the current study (section 4.2.1).  The variation can be attributed to 

the lower wave heights and lower densities of the mangroves at the filed observations 

sites.  

A difference in setup variation in the current model and previous studies were also 

witnessed. The current study shows an increase of setup for denser vegetation and 

reduction in setup for sparser vegetation which is not observed in previous studies. 

Numerical modeling preformed with XBeach-Non-hydrostatic also show a difference 

from the obtained results. Further investigations will be needed to understand the 

reasons for the deviation.    
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6 Conclusions 

The conclusion section is presented under two main areas.; Conclusion towards 

research objective and conclusions towards research questions. 

 

6.1 Conclusions towards research objective  

Mangrove vegetation is useful in attenuating wave energy. The mitigation capacity of 

the vegetation depends on many different criteria, chief among which is the density of 

the vegetation. Dense vegetation was the most efficient in reducing wave energy. 

Reducing vegetation density results in further propagation of waves. Mangrove forest 

width also play a major role in wave attenuation. However, the forest width required to 

achieve a certain level of wave attenuation will depend on the density of the vegetation. 

E.g. a narrow dense mangrove forest will provide the same attenuation as a wider 
sparse mangrove forest.       

Wave height attenuation for long and short waves was proportional to the wave height. 

Moreover, water depth plays a major role in energy propagation. Wave energy 
propagation increased with increasing water depth.   

Wave-driven setup attenuation differs on the vegetation density. For example, dense 

vegetation, the wave setup increased compared to non-vegetated models, specifically 

for narrow widths. Sparse vegetation with sufficient width was capable of reducing the 

setup. 

Mangroves are capable of reducing the runup levels due to the reduction in wave 

energy. Dense vegetation reduced runup levels the most due to higher energy 
dissipation.  

Finally, it can be concluded that mangroves are an effective method of mitigating coastal 

hazards by reducing the wave energy and runup. The level of mitigation will mainly 

depend on vegetation density, vegetation width, wave height and the water depth.   

 

6.2 Conclusions towards research questions 

The objective of the project was achieved by answering three main sub questions 

(section 1.4).  This section provides the conclusions derived for each question.  

 

6.2.1 Setup variation due to mangrove vegetation 

Wave force (𝐹𝑤) and mean vegetation force due to undertow (𝐹𝑣,𝑚) assist the setup 

while wave-induced vegetation forces (𝐹𝑣,𝑤) reduce the setup. The bed shear stress 

(𝜏𝑏𝑥) was found to be negligible in most model cases. 𝐹𝑤 is a direct outcome of the short 

wave dissipation by vegetation and was confined towards the front of the vegetation. 

𝐹𝑣,𝑤 is much smaller in magnitude compared to other forces and will become dominant 
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towards the back of the vegetation due to lack of other force components. Water level 

variation within the vegetation was found to be satisfactorily explained by the use of 
simplified momentum equation using the above said forces. 

The forces induced on the water column varied with hydrodynamic conditions and 

vegetation. Dense vegetation induced a large 𝐹𝑤 force due to the rapid reduction in 

short wave energy. The large wave force induced, results in a quick increase in the 

water level. Due to the more gradual reduction in short wave energy in the sparse 
vegetation, the setup within the vegetation increases gradually. 

From comparison with the non-vegetated model cases, it was found that some model 

runs with vegetation induced a higher setup than the non-vegetated models. The 

increase in the setup can be associated with 𝐹𝑤 and 𝐹𝑣,𝑚 forces. The increase of setup 

was mostly found in dense vegetation cases while sparse vegetation models resulted in 
a lower setup.  

The reason for the difference is explained as follows, 

In dense vegetation, almost all the wave energy is dissipated in the front section of the 

vegetation increasing the setup. The forces that can reduce the setup is 𝐹𝑣,𝑤. However, 

𝐹𝑣,𝑤 is induced by the wave orbital motion. Since there is very little short wave energy 

present,  𝐹𝑣,𝑤 will be very small. Hence, it will be unable to reduce the setup. In contrast, 

for sparse vegetation, the increase in setup due to 𝐹𝑤 will be small and as the wave 
propagates, 𝐹𝑣,𝑤 will have enough energy to dominate and reduce the wave setup. 

Higher dissipation combined with a narrow vegetation width will result in an increased 

setup. For vegetation to bring down the initial increased setup the vegetation must be 

sufficiently wide. The increased setup that may occur due to the vegetation is an 

adverse outcome of using vegetation as a mitigation method. 

 

6.2.2 Short wave propagation through vegetation 

Mangrove vegetation was found to attenuate the short wave energy efficiently. The rate 

of attenuation varied mainly with initial short wave height, depth of water and 

vegetation density. The wave height reduction was a direct function of the short wave 

height (𝐻𝑠𝑤 ). Higher 𝐻𝑠𝑤 leads to more attenuation. The rate of dissipation reduced as 
the waves propagate inwards of the vegetation (due to the lower wave height). 

The range of short wave height attenuation rates (calculated according to equation 2.1) 

observed in the mangrove vegetation within the first 100m considering all the model 
results is provided in Table 6.1. 

Table 6.1 Short wave height attenuation rates observed in mangrove vegetation 

Vegetation density 
Rate of short wave attenuation (x10-3) 

[m-1] 
Dense  6-22 

Medium  3-16 
Sparse 1-7 
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Due to the variation in dissipation, the vegetation width required to reduce the 𝐻𝑠𝑤   

changes with vegetation density. For the model runs conducted, on average, dense 

vegetation was able to reduce the 𝐻𝑠𝑤 energy by 50% within 20m while for medium 

dense and sparse vegetation the width required was 50m and 125m respectively. 

The water depth plays a major role in short wave propagation. Deeper water depth 

enabled the waves to propagate further inside the vegetation due to lower dissipation.  

Short wave height at the start of the vegetation is depth limited due to breaking. Deeper 

water depths will be able to accommodate larger wave heights. Even though the 

dissipation will be higher for larger wave heights, the increased water depth will 

override the dissipation by a certain extent, increasing the propagation. In the context of 

coastal hazard mitigation this will be a disadvantage. 

The propagation of the short waves was not found to be a function of the profile slope. 

Hence no effect of profile slope on attenuation was found on propagation of short waves 

in vegetation.    

 

6.2.3 Long wave propagation through vegetation 

Long wave propagation across the vegetation was found to be more complex than the 

short wave propagation. An energy attenuation formula by bed friction in the long 

waves was changed accordingly to understand the long wave height transformation 

within the vegetation. The equation was calibrated and satisfactorily validated from the 

output results of the model runs. 

Similar to the short waves, energy attenuation by the long waves increased with 

increasing long wave height (𝐻𝑙𝑤 ).  𝐻𝑙𝑤  growth over the profile is dependent on the 

profile slope and the wave period. Steeper slopes and longer wave periods produce 

larger long wave heights. Thus, the effect of slope and the wave period in the energy 

attenuation of long wave is absorbed within  𝐻𝑙𝑤 . 

The attenuation rate of long waves was found to be smaller than of the short waves. The 

reduced attenuation results in long waves becoming the dominant component of the 

total wave height after certain distance of propagation. As expected the denser 

vegetation attenuates long wave energy more effectively compared to less dense 

vegetation. Deeper water depths increased the propagation similar to short waves.   

 

6.2.4 Runup after the vegetation  

Runup levels were calculated for the models just after the vegetation using an empirical 

formula. In general, almost all models resulted in a lower runup compared to non-

vegetated models. The reduction is attributed to the reduction in wave energy. Dense 

vegetation model provides the highest attenuation in runup. The runup was calculated 

with the addition of setup/set down induced by vegetation. The ranges of the relative 

runup attenuations observed increased with mangrove forest width. A breakdown of 
the empirical formula prediction of runup was observed for few sparse dense models.  
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7 Recommendations  

The research provides analysis of the vegetation-hydrodynamic interactions in order to 

understand the processes that are important. Building upon the findings of this research 

a Bayesian network can be constructed to improve the understanding of how several 

factors interact in mitigation of coastal hazards by mangroves. The Bayesian network 

can be complemented with more mangrove densities as well.  

The current research project had several limitations. The zonation of mangroves in the 

cross shore was not taken into consideration. Simulating the variation of mangroves in 

such zones (as seen in the field) will provide more applicability of the results obtained 
from the numerical modeling.  

The Bayesian network will be able to quantify the expected mitigation of flooding by a 

mangrove forest under certain conditions. Use of a validated Bayesian network to 

measure the attenuation of actual mangrove forests around the globe will be an 
interesting recommendation. 

For a design of a mangrove forest at a certain location, the outputs of a Bayesian 

network can be used. To refine the designs, it is recommended to use a numerical model 

including the bathymetric variations of the specific location and long-shore components 

that were neglected in the current study.  

Finally, field studies to validate the results are important. Studies into mangrove 

attenuation in hazardous wave climates are scarce. Improved data from field studies 

looking into wave height variation, water elevation variation and spectral variation 

wave energy under different vegetation densities will enable to calibrate and validate 
the numerical model also which will increase the confidence in the model.             
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A. Equation formulation 

A.1 Short wave energy dissipation by vegetation 

The short wave energy dissipation equation is based on work Mendez & Losada (2004) 
and the derivations can be presented as follows.   

Wave energy is lost during propagation through vegetation due to work carried out by 

vegetation. Assuming linear wave theory is valid and considering shore normal incident 
waves, the energy conservation equation is presented as, 

 𝜕𝐸𝐶𝑔

𝜕𝑥
= −𝜀𝑣 

(A.1) 

Where 𝐸 is the energy density, 𝐶𝑔 is the group velocity, 𝜀𝑣 is the time-averaged rate of 

energy dissipation per unit horizontal area induced by vegetation.  

The energy dissipation by a given vegetation can be provided as,  

 
𝜀𝑣 = ∫ 𝐹𝑢𝑑𝑧

−ℎ+𝛼ℎ

−ℎ

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 

(A.2) 

ℎ is the water depth and  𝛼ℎ is the mean vegetation height. 𝐹 = (𝐹𝑥 , 𝐹𝑧) is the force 

acting on a unit volume. 𝑢 = (𝑢, 𝑤) is the velocity. The force component from 𝐹𝑧 can be 

neglected. Neglecting swaying motion and inertial forces from the plant-induced force 
acting on vegetation, 𝐹𝑥 can be expressed using a Morison-type equation.  

 
𝐹𝑥 =

1

2
𝜌𝐶𝐷𝑏𝑣𝑁𝑣𝑢|𝑢| 

(A.3) 

Where u is the horizontal velocity, 𝐶𝐷 , 𝑏𝑣,𝑁𝑣  are depth averaged drag force, plant area 

per unit height and number of plant strands per unit area respectively.  

Using liner wave theory substituting for the velocity, the energy dissipation by wave can 
be provided as,  

 
𝜀𝑣 =

2

3𝜋
𝜌𝐶𝐷𝑏𝑣𝑁𝑣(

𝑘𝑔

2𝜎
)3

𝑠𝑖𝑛ℎ3𝑘ℎ𝑣 + 3𝑠𝑖𝑛ℎ𝑘ℎ𝑣

3 𝑘𝑐𝑜𝑠ℎ3𝑘ℎ
𝐻3 

(A.4) 

The formula is adjusted for random waves as,  

 
𝜀𝑣 = (

𝑘𝑔

2𝜎
)3

𝜌𝐶𝐷𝑏𝑣𝑁𝑣𝑠𝑖𝑛ℎ3𝑘ℎ𝑣 + 3𝑠𝑖𝑛ℎ𝑘ℎ𝑣

6√𝜋 𝑘𝑐𝑜𝑠ℎ3𝑘ℎ
𝐻𝑟𝑚𝑠

3  
(A.5) 
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B. Model setup procedure    

B.1 Grid geometry and boundary conditions  

For the numerical implementation of the bathymetry of mangrove coasts in XBeach 

following offshore boundary conditions must be fulfilled.  i) Significant wave height to 

the water depth criteria. ii) Wave group velocity to wave celerity ratio. The satisfactory 
conditions required by XBeach in these requirements are provided in Figure B.1 

 

Figure B.1: Satisfactory conditions for the implementation of XBeach (Roelvink et al., 2015). Left plot 
provides the water wave height-water depth condition. Right plot provides the wave period-water 
depth condition. Green color depicts satisfactory conditions of application.     

As for the selected input parameter space, the maximum significant wave height at 

boundary is 7m (section 3.2.1) thus a minimum depth of 21m is required at the 

boundary (wave height/water depth condition). The maximum wave period of the 

incoming waves is at 14s (section 3.2.1) hence for the implementation of the model a 

minimum boundary water depth of 30 m is required (group velocity /wave celerity 
condition).    

To satisfy both these conditions an offshore boundary depth of 35m was used. The 

onshore boundary is located 500 m after the end of vegetation. Both boundaries are set 
to absorbing -generating (keyword: abs1d) (Roelvink et al., 2015).     

Due to the very mild slopes, the computational domain extends for many kilometers 

(e.g., a bed slope of 1/1000 will result in a grid length of 35 km from the offshore 

boundary up to the vegetation). Long cross-shore model domains result in a large 

computational effort. In order to reduce the computational time, the grid can be 

truncated (cut-off at a certain depth).  

The truncation was performed at a certain depth by using a steeper slope. Since the grid 

resolution criteria is based on CFL condition and points per wave length, deeper 

sections of the grid results in coarser grid cells thus reducing the number of grid points 

and the model simulation time. The truncation of the grid, results in a deviation in the 
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outputs compared to the conventional grid. The depth of truncation and truncated steep 

slope determines the model run time and the deviation of the outputs.  

An “optimal grid” would be a set-up in which the deviations from the original grid are 

minor, but the model run time is considerably less. In order to find such an optimal grid 

several grid geometries were considered. Initial model results showed that there was a 

significant variation in time with different profile break points but only minor time 

saving with different truncation slopes. Hence, cross-shore profiles with a series of 

profile breaks (-3 m, -5 m, -8 m, -12.5 m, 15 m, -20 m, -25 m, -30 m) and a truncated 

slope of 1/300 was used for the analysis. Figure B.2 depicts an example of the cross-

shore computational domains chosen.         

    

 

Figure B.2: Example of a conventional grid and truncated grids, truncation at -5m -12.5m and -20m 
with a slope of 1/300 

A set of 32 model runs was used for each model domain. The input parameters were 

selected such that it covers the entire parameter space (section 3.2) that will be used. 

The same offshore signal was used for each of counterpart the model runs. Wave setup, 

mean short wave height and mean long wave height were considered for the 

comparison between the different grid geometries. The output results of these 

parameters were compared at the start of the vegetation. A percentage deviation 

between the truncated grid and the conventional grid was calculated for each of the 
three parameters according to equation B.1.    
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% deviation =

 (Truncated grid result − Conventional grid result)

Conventional grid result  
 % 

(B.1) 

Box plot diagrams are used to show the spread of the error observed for the different 

profile breaks. Figure B.3 provides the boxplots for the error in short wave height, 

water level and long wave height. A similar pattern of the deviation can be observed in 

all three outputs. The deviation in the results reduces as the profile break is situated in 

deeper water (left to right of the x axis in Figure B.3, the truncation of profile is located 

at deeper depths.).  The deviations in mean setup and mean shortwave height for 

models are almost negligible with a mean deviation near zero (note the difference in 

scale of the y axis between Figure B.3 top/middle plot and the bottom plot). A much 

larger deviation in the results is observed for the long wave heights.   

The deviation in long wave height can be associated to the difference in the shoaling of 

waves under different grid geometries. Deeper profile breaks will have a lesser effect on 

the waves as they will not feel the bottom variations compared to grid geometries 

where the profile break is at much shallower depths. From further investigation into the 

deviations it was observed that the incident wave period was of major importance 

governing the deviation percentage. For higher wave periods the deviation increased, 
since the effect of the bottom topography will be larger due to long wave lengths.  

Figure B.4 shows the variation in the long wave propagation with the wave period. For 

the larger wave periods, the variations from the conventional grid are apparent 

throughout the profile while for the lower wave period the long-wave wave height 

varies only at shallower water depths. Thus, to minimize the variations from the 
conventional grid profile, the profile break should be situated at a sufficient depth.  

Figure B.5 provides the distribution of the observed deviation in the results for the long 

wave height over the incidence peak wave period (Tp) and varying profile breaks. The 

distribution of error across the profile break is as anticipated with the deviation 

reducing as the profile break is situated in deeper water. The deviation in terms of wave 

period is more confined to wave periods between 7.5s – 10s. Comparatively a lower 

deviation is observed for both lower and higher periods over the above range. The low 

deviations observed for low wave periods were explained previously (Figure B.4) 

where the bottom variation is not felt by the shoaling wave thus reducing the deviation. 

The higher wave period waves will shoal more pronouncedly but the infragravity waves 

start to break before reaching the vegetation. The breaking of the wave results in an 

equal long (and short) wave height at the observation point lowering the deviation. The 

mid-range wave period waves will shoal just the right amount to create large deviations 

in the results.         

In the selection of the appropriate grid geometry, the model run time should also be 
considered. Figure B.6 provides the deviation observed as a function of the model time.  

The Model time increases as the deviation reduces. The mean model run time for the 

conventional grid was 27 minutes on one computational core. The optimal grid 

geometry is selected for a percentage deviation is less than 5%. Thus, according to 

Figure B.6, the grid geometry with a profile break at -12.5 m (and a truncated slope of 

1/300) is chosen as the model domain.  
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In the grid geometry selection, all grids were constructed with a minimum grid size of 

2m. During the selection of the minimum grid resolution, a 1m grid resolution was 

chosen for the final grid. Due to the lower minimum grid resolution in the final grid 

compared to the grid resolution used in the test, the time saving from the truncation 

will be much larger compared to a conventional grid with a minimum grid resolution of 

1m.    

     

Figure B.3: Percentage deviation between the conventional grid results (shortwave height. Water level 
and long-wave height) and the truncated grid results for the different truncation depths.  
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Figure B.4: Variation of long wave height variation with incidence wave period. Model outputs for 
Tp=8s (top plot) and Tp=12s (bottom plot) 
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Figure B.5: Distribution of percentage deviation of the long-wave wave height over the different 
profile breaks and the incidence wave period Tp  

      

 

Figure B.6: Mean deviation in long wave height vs. model time, maximum observed deviation in 
setup and shortwave height at front of vegetation. The annotations on the graph provide the profile 
break at the corresponding data point.     
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B.1.1 Equilibrium bound long wave at boundary  

During the analysis of results in the grid geometry, a peculiar increase in long wave 

height close to the offshore model boundary was observed. This boundary issue is 

visible in the long wave height propagations given Figure B.4. 

To identify the reasons for the issue a set of model runs were done using an 

equidistance grid with a flat profile with a depth of 35m and a length of 30km. Similar to 

the main model setup. the other input parameters were varied.  

The reason to use a flat profile was to exclude any growth that might occur on a sloping 

profile due to shoaling of the wave. The output results of the test showed that in fact 
there was an initial increase in the long wave height (𝐻𝑙𝑤).  

Figure B.7 provides an example of 𝐻𝑙𝑤 increase with distance for three different input 

conditions. The growth in the wave height indicates a mismatch between the prescribed 

equilibrium long wave at boundary and the actual equilibrium long wave of the model.     

 

Figure B.7: Increase in 𝐻𝑙𝑤  at the boundary along a flat profile for three different input conditions. The 
dashed line represents the mean equilibrium wave height for each model.  

One reason for the mismatch was postulated to be the directional spreading parameter 
(𝑠) in XBeach which has a default value of 10. The bound long wave signal is calculated 

by considering the wave interaction (wave number and wave frequency). A directional 

spreading value (𝑠) of 10 would mean there is significant spread of the waves in 

different directions. Due to the directional spreading considered the interactions 

between the waves will be lower compared to unidirectional waves. The lower 
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interactions will result in a lower wave height at the boundary. Since the actual model 

domain is a 1D model, the actual wave interactions in the model domain will be higher 
than the calculated boundary signal, resulting in an increase in the wave height.  

The same flat profile test was done again for an increased 𝑠 value (𝑠=10,000). It was 

then observed that the boundary calculated wave height did indeed increase with the 

reduced directional spreading. However, the model still showed an increase in long 

wave height to reach the equilibrium. 

The distance of propagation from the boundary to reach the equilibrium wave height is 

important, because if the appropriate distance to reach equilibrium is not given, and 

there is a profile variation within the distance needed for equilibrium, the initial 

variations can be amplified due to shoaling of waves.  

In the analysis, it was noted that the distance required by the waves to reach 

equilibrium height strongly correlate to the wave number 𝑛 (𝑛 = 𝑐𝑔/𝑐). Waves with 

higher 𝑛 values needed longer distance for equilibrium and vise-versa for smaller n 

values.  Figure B.8 presents the Longwave height (𝐻𝑙𝑤) at a given place as a ratio of the 

equilibrium long wave height (𝐻𝑙𝑤,𝑒𝑞𝑚).  

The distance required for the waves to reach equilibrium increase with increasing 𝑛. A 

maximum propagation distance of about 1500 m was needed to reach 90% of the 

equilibrium long wave height. Hence a minimum distance of about 1500m should be 
provided at the start of the XBeach profile for the long waves to reach equilibrium. 

 

Figure B.8:  Distance required for the waves to reach equilibrium wave height. The values represent 
the deviation from the equilibrium. Value of 1 represent the wave has reached equilibrium wave 
height.    



 

80 
 

B.2 Selection of the optimum grid resolution  

A spatially varying grid size is applied to satisfy both the satisfactory runtimes and 

acceptable results in the onshore region. A MATLAB-based function to create non-

equidistance grid with the grid resolution varying according to the CFL condition and 

the grid points per wave length is used. Under these conditions, a non-equidistance grid 
with an increasing resolution towards shoreward is generated.  

 The grid resolution varies from a given maximum grid length to a minimum grid length. 

As the grid resolution approaches shallower water, the grid resolution will opt to the set 

minimum grid resolution.  Finding the optimum minimum grid length will be important 

as the interaction of vegetation will occur in the shallow water region. Furthermore, the 

minimum grid length will determine the number of grid cells and therefore will also 

affect the computational effort of the models. A set of tests were done to identify the 

minimum grid resolution to satisfy both computational efficiency and accuracy of 
results. 

Figure B.9 provides grid resolution variation across the model domain for one of the 

model runs where maximum grid resolution is set to infinity and the minimum grid 

resolution is set to a certain value. According to the CFL condition and points per wave 

length, the maximum grid resolution will be set automatically.  

 

Figure B.9: Variation of grid resolution across the model domain for different minimum grid 
resolutions prescribed 

In order to determine the minimum grid resolution, tests were performed for minimum 

grid resolutions of 0.5m, 1m, 2m, 4m and 8m. Minimum grid resolution of 0.5m was 

taken as the benchmark value to compare the other minimum grid resolution grid 

outputs. The deviations of outputs were calculated in a similar manner. 
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% deviation =

( output for min  grid rsl 𝑚 − output for min grid rsl 0.5𝑚)

output for min grid rsl 0.5𝑚  
 % 

(B.2) 

The output results that compared were short wave height, long wave height and mean 

setup at the start of the vegetation. The mean wave force over the vegetation widths 

were also compared. Figure B.10 provides boxplot diagrams of the percentage deviation 

in the outputs considered. In all outputs, an increase in deviation with increasing grid 

length is apparent.  Deviation in model results is assumed to negligible if the variations 
compared to a minimum grid resolution of 0.5 meter is less than 5%. 

 

Figure B.10: Percentage deviation of results from minimum the grid resolution 0.5m for shortwave 
height, long wave height, setup at the start of the vegetation and mean wave force within the 
vegetation. 
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Figure B.11: Mean deviation of long wave height, short wave height and wave force vs. model 
runtime, observed for different minimum grid resolutions. The annotations on the graph provide the 
minimum grid resolution at the corresponding data point.     

Figure B.11  provides the model time and deviation relationship for the grid resolution. 

First it can be noticed that the model time is very much influenced by the minimum grid 

resolution. The computational time required reduces considerably with coarser grid. 

However, the deviation also increases rapidly. Taking the significant deviation level to 

be 5% and deviations less than that can be neglected, minimum grid resolution of 1m is 

chosen for the grid.       
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B.3 Model spin up and run time 

For analysis of model data, it is imperative that the model has a reached stationary 

condition. A model is considered to have reached the stationary state if the model 

results (time averaged) for a given location does not change with time.   Due to the very 

long grid domains (O (10 km)) sufficient time should be allowed for the models to reach 
the stationary state.   

The time required to reach this state is checked using the time taken for the short waves 
to reach the shoreline and the setup buildup. 

 A series of test models were run for duration of 5 hours. The shortwave heights (𝐻𝑠𝑤) 

and setup (Δ𝜂) at the start of the vegetation was then analyzed.   

 The outputs were averaged over a several 30-mintue bursts. The burst means was then 

normalized by the final burst mean value of each model (Δ𝜂̅̅̅̅  𝑎𝑛𝑑 𝐻𝑠𝑤
̅̅ ̅̅ ̅). A model was 

considered to be stationary when the normalized value of setup and shortwave height is 

larger than 0.95 ( 
Δ𝜂

Δ𝜂̅̅ ̅̅
≥ 0.95 𝑜𝑟 

𝐻𝑠𝑤

𝐻𝑠𝑤̅̅ ̅̅ ̅̅̅̅ ̅̅ ̅̅ ≥ 0.95 ). The time required for the model to reach 

this condition is defined as the spin-up time. 

Figure B.12 presents setup at the start of the vegetation for one of the model runs. An 

initial increase and a leveling off the setup can be observed. The spin-up time required 

for this specific model will be 120 minutes.   

 The spin-up time is a function of the model domain, since longer profiles will need 

more time for the propagation of the waves from the offshore boundary. The domain 

length is a function of the profile slope. Figure B.13 provides the distribution of the 

normalized burst mean values for all model runs at different time values for the 

different model slopes. The increase in time to reach the stationary condition with 

milder slopes is apparent.  

From the analysis, an average spin-up time of 70 minutes based on the setup criteria 
and 90 minutes according to mean short waves criteria was obtained.  

As a conservative measure accounting for the variation in spin-up time observed 

between models, a constant spin-up time of 120 minutes was used for all the models. 

However, certain model runs need more spin-up time (Figure B.13). Therefore, in a 

post-processing step stationary of all model results is double checked and bursts which 

are not stationary were discarded.    
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Figure B.12: Output results for spinup calculation. Instantaneous and burst mean variation with time. 
Top plot: instantaneous setup variation and burst mean setup. Bottom plot: instantaneous short wave 
height and corresponding burst mean variation    
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Figure B.13: Variation in burst mean setup and shortwave height at observation point 2 over time. The 
burst mean setup and wave height values have been normalized by the final burst mean value. The 
dark blue color represents the normalized values which are larger than 0.95 (stationary condition)         

The total model run time is 240 minutes and includes at least 120 minutes of spinup. 

The 120 minutes of actual model runtime is divided into 4 bursts of 30 minutes to 

acquire time averaged results from XBeach.    

 

 

 


