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Abstract 
The study of mangroves as a coastal protection measure has become a topic of great research interest 

in the last two decades in light of the consequences that climate change could bring and the wave 

attenuating abilities that these forests have. The main analytical models used to study the wave 

attenuation capacity of mangroves originates from Dalrymple et al., (1984), where trees are 

represented as individual cylinders. Further modifications by Mendez & Losada, (2004) and Suzuki et 

al., (2012) have made it possible to implement the model for irregular waves and introduce variations 

in vegetation properties along the water column. This thesis seeks to provide insights into how we can 

more efficiently advance our understanding of mangroves as a coastal flood protection measure with 

quantitative information. This is done by performing quantitative analyses with the extended version 

of the model by Dalrymple et al., (1984) to study the contributions of different (vertical) components 

of mangrove trees to short-wave attenuation during storm surges.  

In this study, quantitative analyses focusing on the mangrove, Rhizophora sp. (R sp.), have been 

conducted to understand the 1) effect of the choice of bulk drag coefficient, CD, on the wave 

attenuation results, 2) sensitivity of the wave attenuation model to the complex root system of R sp. 

at various water levels, and 3) contribution analyses of the root, trunk, and canopy of R sp. tree to 

wave dampening.  

At the scale of a laboratory experiment, it is shown that given the same physical conditions, CD is not 

transferable between numerical models of the same physical vegetation model. At the forest scale, 

results indicate that the magnitudes of error can be high when CD is approximated to 1 for short cross-

shore distance (forest width < 350m). For larger forests (forest width > 350m), error is insignificant if 

the actual CD values is greater than 1. CD is likely to be greater than or close to 1 if the surge does not 

flow through much of the canopy layer. On the other hand, depending on how much smaller the actual 

CD value is from 1, error produced by the model where CD=1 can still be significant for large forests.  

The sensitivity analysis of the root model shows that the complex roots of R sp. do contribute 

significantly to wave attenuation even at extremely high water levels (h0=10m). At low water levels, 

the wave attenuation model is sensitive to the errors due to the resolution and (lack of) accuracy in 

the total frontal area in the root models. At water levels significantly higher than the root layer, the 

resolution of the vegetation model has almost no influence over the results of wave attenuation.  

Lastly, the contribution analysis of R sp. forest shows that the canopy can contribute to wave 

attenuation more than the root layer in certain high water conditions. A maximum contribution of 23% 

by the canopy layer is observed in this study. This value may vary depending on the height of the trees 

and how the frontal area of the canopy is calculated and distributed along the trunk.  

The results of these analyses are then used to craft recommendations that can guide future research.  

 

Keywords: short-wave attenuation, mangrove, Rhizophora, sensitivity analysis, storm, extreme 

conditions, bulk drag coefficient, canopy, root 
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1. Introduction 
Coastal flooding threatens hundreds of million people and multi-billion dollars’ worth of assets 

globally (Kirezci et al., 2020; Kulp & Strauss, 2019). This exposure is projected to increase with rising 

sea levels, and the frequency and severity of storms as a result of climate change (Kirezci et al., 2020; 

Kulp & Strauss, 2019). Global vulnerability to coastal flooding is also expected to increase with rapid 

population growth and urbanization along the coastlines, especially in the tropics (Neumann et al., 

2015). Mangroves have the capacity to reduce the impact of waves and winds during storm events 

and provide co-benefits that contribute to the United Nations Sustainable Development Goals (SDGs). 

Thus, these forests are promoted globally as coastal protection measures (Gijsman et al., 2021; van 

Wesenbeeck et al., 2022). As a consequence, the study of mangroves as a coastal protection measure 

has become a topic of great research interest in the last two decades. Studies that investigated the 

coastal protection functions of mangroves against storms tend to focus on the surge and wave 

attenuation capacity of mangroves (e.g., Montgomery et al., 2018; Suzuki et al., 2012; Wang et al., 

2022; Zhang et al., 2012), integration of mangroves into coastal protection measures (van Zelst et al., 

2021), and the ability of mangroves to resist (Doyle et al., 2009; Krauss & Osland, 2019; Paling et al., 

2008; Swales et al., 2015) and recover (Cahoon et al., 2003; Steinke & Ward, 1989; Vogt et al., 2012) 

from extreme events and adapt to sea level rise (Furukawa & Wolanski, 1996; S. Li et al., 2015; 

Mogensen et al., 2018).   

Studies showed that immensely large areas of mangrove forests are required for surge reduction 

(Krauss et al., 2009; Montgomery et al., 2018; Montgomery et al., 2019; Zhang et al., 2012). Depending 

on the absence or presence of channels and creeks within the forest, field studies suggest that surges 

can be attenuated at a rate of 4cm to 50cm per km of mangrove forests (Krauss et al., 2009; Mclvor, 

Spencer, et al., 2012; Montgomery et al., 2018). Channels and creeks would reduce the surge 

attenuation effect of mangroves (Montgomery et al., 2018). Hence, mangroves are limitedly effective 

for surge attenuation.  

Mangroves have been observed to be effective in short-wave attenuation (Mclvor, Möller, et al., 2012). 

Although mangroves alone are unable to lower inundation levels due to surges, these forests can 

reduce flood damage by reducing the incoming wave energy. More importantly, mangroves have been 

found to reduce the cost of flood protection when they are implemented in combination with dikes 

(van Zelst et al., 2021). In such mangrove-dike systems, forests are situated in front of the dikes and 

wave attenuation function of mangroves reduces wave impact and run-up (van Zelst, 2018; van Zelst 

et al., 2021). Consequently, this limits the required freeboard of the dike, thereby lowering the cost 

of construction and maintenance (van Zelst et al., 2021). The implementation of such systems requires 

quantitative information on the short-wave attenuation function of mangroves at high water levels. 

Studies of wave-mangrove interactions involve the collection of field measurements (eg., Brinkman, 

2006; Quang Bao, 2011; Quartel et al., 2007; etc.), laboratory experiments (e.g., Maza et al., 2019; van 

Wesenbeeck et al., 2022; Wang et al., 2022; etc), and analytical, empirical and numerical modelling 

(e.g., Dalrymple et al., 1984; Mendez & Losada, 2004; Suzuki et al., 2012, 2019; van Wesenbeeck et 

al., 2022; Wang et al., 2022). Data collected in the field and laboratory complement the development 

of models (Wang et al., 2022). Numerical models are becoming increasingly valuable tools in the study 

of wave attenuation by mangroves (Suzuki et al., 2019), but systematic evaluation of models, 

modelling parameters and collection of in situ data on mangrove characteristics is lacking behind. 

Observational and experimental data collection can be very resource intensive. This is even more so 

for study of storm conditions where their occurrences are much fewer and less predictable (Marois & 

Mitsch, 2015), and their conditions are more expensive to recreate in laboratories. The accuracy and 
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reliability of modelling results, depend strongly on the representation of mangrove characteristics in 

the models and calibration and validation during the modelling process (Wang et al., 2022). It is, thus, 

valuable for future research to know which components of the model require more information, and 

which areas require less. This allows more efficient allocation of resources for data collection and 

modelling.  

1.1 Research Framework 
The objective of this study is to provide insights into how we can more efficiently advance our 

understanding of mangroves as a coastal flood protection measure with quantitative information. The 

output of this thesis should inform future studies on the relevant knowledge gaps in short wave-

mangrove interaction research for storm surge conditions. More specifically, this thesis aims to 

understand the influence of the individual vertical components of a mangrove on the modelling of 

wave attenuation, especially for high water conditions. To this end, the following research questions 

are being explored in this study. 

Main research question 

• What are the contributions of different (vertical) components of a mangrove tree to wave 

attenuation during storm surges? 

Sub questions 

• Is short-wave attenuation sensitive to the root system at high water levels? Above what water 

levels are the effects of wave attenuation by the root system negligible? 

• How sensitive is modelled short-wave attenuation to the complexity of the schematized root 

system? 

• How much uncertainty does the choice of bulk drag coefficient, CD, contribute to wave 

attenuation results? 

• How much do canopies contribute to wave attenuation during high water levels? 

General approach 

A widely used wave-mangrove interaction model was adapted for the purpose of this study. The model 

is an extension of model developed by Dalrymple et al., (1984) by Mendez & Losada, (2004) and Suzuki 

et al., (2012) (Chapter 2.2). The model is implemented using Python, and validated with existing 

studies by van Wesenbeeck et al., (2022) and Wang et al., (2022). The effect of different CD values on 

the results of wave attenuation modelling is also explored using these papers. Finally, a hypothetical 

model – with parameter values informed by global data, current literature, and expert interviews – is 

built for exploring the sensitivity of mangrove-wave attenuation model to various input parameters, 

and estimating the contribution of various tree components to wave attenuation in the context of 

storm surges.  
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2 Literature Review 

2.1 Mangrove and Storms 

 

Figure 2.1 Map of mangrove and storm tracks from Krauss & Osland, 2019 based on data from Giri et al., 2011 and Knapp 
et al., 2010 

Mangroves are a group of halophytic, temperature sensitive tree and shrub species that are found 

along the coastlines within 32° north and 38° south of the Equator (Figure 2.1) (Krauss et al., 2008). 

Being situated in the intertidal zones, mangrove forests serve as barriers between the open water 

bodies and the settlements behind them. Depending on their location, mangrove forests are exposed 

to ocean waves of different periods, from gravity to trans-tidal waves (Bosboom & Stive, 2021; 

Gijsman et al., 2021) (Figure 2.2). Mangroves located outside 5° north and south of the Equator – such 

as the forests in Australia, Mexico, Myanmar, the Philippines, Bangladesh, the Bahamas, Guadeloupe 

– may be influenced by tropical storms which can result in storm surges (Krauss & Osland, 2019) 

(Figure 2.1).  

 

 

Figure 2.2 A classification of ocean waves based on the wave periods and the respective relative amounts of energy 
(Bosboom & Stive, 2021 after Munk (1950) and Kinsman (1965)). 
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Mangroves attenuate waves by directly providing additional drag against the incoming flow through 

their root systems, trunks, and – during high water levels – the canopies (Mazda et al., 2006). As such, 

the tree species, root structure, stem density, stem diameter, and tree height of mangroves are 

important factors that determine the amount of wave attenuation (Gijsman et al., 2021). Mangrove 

species largely influence wave dissipation because different species can have vastly different root 

systems, pneumatophores, trunks, and canopies. Other than the characteristics of mangrove trees, 

growing literature in wave-mangrove interaction indicate that the functionality of a mangrove forest 

for wave attenuation depends on the combination of various hydrodynamic and physical factors. 

These factors include inundation depth, wave height, wave period, flow velocity, intertidal topography, 

the forest cross-shore width, and the presence of drainage channels within the forests (Gijsman et al., 

2021). Field measurements at mangrove forests in Thailand, Vietnam, Japan, and Australia, for low 

water conditions have reported wave attenuation rates between 0.0001m-1 and  0.017m-1 (Table 2.1) 

(Horstman et al., 2014).  

Location-mangrove type  
(publication) 

Vegetation Reduction 

Tong King Delta, Vietnam – 
Fringing mangroves (Mazda 

et al., 1997a) 

Sparse Kandelia candel seedlings to 
dense Kandelia candel, up to 1 m high 

0.01 – 0.22 per 100m 

Vinh Quang, Vietnam – 
Fringing mangroves (Mazda 

et al., 2006) 

Sonneratia sp. 0.002-0.006m-1 

Do Son, Vietnam – Fringing 
mangroves (Quartel et al., 

2007) 

Kandelia candel bushes and small trees 0.004-0.012m-1 

Red River Delta, Vietnam – 
Fringing (?) mangroves 

(Bao, 2011) 

Mixed vegetation 0.0055 – 0.01 m-1 

Can Gio, Vietnam – 
Fringing (?) mangroves 

(Bao, 2011) 

Mixed vegetation 0.017m-1 

Trang Province, Thailand – 
fringing mangroves 

(Horstman et al., 2014) 

Front Avicennia and Sonneratia (sparse)  
Back Rhizophora (dense) 

0.002m-1 
0.012m-1 

Table 2.1 Wave height reduction per unit length reported by various studies. (Adapted from Horstman et al., 2014). 

 

2.1.1 Hydrodynamic conditions during storms 
Storm surges happen due to low atmospheric pressures and strong winds (Wells, 1997). A storm surge 

can be understood as a combination of two components: a temporary increase in still sea water level 

(SWL) – the surge – and stronger wind-generated waves, which can propagate further landwards due 

to the larger water depths (Bosboom & Stive, 2021; Lowe et al., 2001). Increase in SWL due to reduced 

atmospheric pressure can last between hours to days (Bosboom & Stive, 2021; Marois & Mitsch, 2015) 

(Figure 2.2). On the other hand, waves generated by strong winds have a period up to 5 minutes 

(Bosboom & Stive, 2021)(Figure 2.2). The severity of a storm surge depends on the timing of the storm 

occurrence relative to tidal cycles, direction and strength of the wind, and shape of the coastline 

(Bosboom & Stive, 2021).  

Estimated peak water levels during storm surge events for areas around mangroves have been 

reported to be up to 9m (Dasgupta et al., 2017; Krauss et al., 2009; Montgomery et al., 2019; K. Zhang 
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et al., 2012). Most wind-driven wave height measurements are made during normal conditions, or 

during high tide conditions at best. The ranges of these wave heights are between 0.2m and 0.7m 

(Brinkman, 2006; Quang Bao, 2011; Vo-Luong & Massel, 2008). The only reported wind-driven wave 

height that is recorded during a typhoon event is 0.4m by Mazda et al., (2006) at Vinh Quang in 

Northern Vietnam. 

2.1.2  Mangrove  
There are 45 species of mangrove trees found globally (The Ocean Portal Team, 2018), with nine 

principal genera – Avicennia, Laguncularia, Lumnitzera, Nypa, Bruguiera, Ceriops, Kandelia, 

Rhizophora, and Sonneratia (Tomlinson, 1986). These trees have developed coping mechanisms to 

adapt to the harsh environment of the intertidal zone – such as high temperatures, low relative air 

humidity, high and changing salt concentrations, and hypoxia – where they are found (Srikanth et al., 

2016). 

Mangrove forests can exhibit clear zonation based on a combination of factors including salinity, soil 

conditions, tidal inundation levels, and interspecific competition (Ng & Sivasothi, 2001). For example, 

it is noted that in Southeast Asia, monospecific zonation parallel to the coastline can be observed in 

relatively undisturbed forests. Avicennia and Sonneratia are commonly found to occupy the seaward 

edge of the forests, followed by Rhizophora further inland. Bruguiera and Ceriops are found in the 

most inland part of the forests (Ng & Sivasothi, 2001). On the other hand, it was found that Rhizophora 

dominated the coastal fringes while Avicennia and Laguncularia were found further inland of Calabash 

Cay, Belize (Piou et al., 2006). In disturbed forests, however, such zonation may not be noticeable (Ng 

& Sivasothi, 2001). Furthermore, reforested or afforested areas may consist of only single species of 

mangroves (e.g. Villamayor et al., 2016).  

At the global scale, the height distribution of mangroves depends on three main factors: temperature, 

precipitation, and the frequency of storm events (Figure 2.3a) (Simard et al., 2019). The tallest 

mangroves are found within ±10° of the equator where temperature and precipitation rates (Figure 

2.3b, blue lines) are generally high, while the frequency of cyclones are low (Figure 2.3, grey bars). 

Over latitudes where the frequencies of cyclones are relatively high i.e. 10° to 30° north and south of 

the equator, the 95th percentile of maximum mangrove canopy heights range from around 7m to 

17.5m (Figure 2.3a).  
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Figure 2.3 a) Black line: distribution of maximum canopy height (green dots) against latitude calculated based on the 95th 
percentile of the maximum canopy heights in every 5° latitude (red dots). Grey histogram: frequency of tropical cyclones. b) 
Latitudinal trends of precipitation (blue lines), sea surface salinity (red lines), cyclone frequency (grey bars), and maximum 
mangrove canopy height (green bars) for various regions around the world.  

In the context of wave attenuation, Rhizophora is one of the better studied genera of mangroves. As 

such, Rhizophora will be the focus of this thesis. There are 8 species of Rhizophora: R. apiculata, R. 

lamarckii, R. mangle, R. mucronata, R. racemosa, R. samoensis, and R. stylosa. R. mangle is found in 

the Americas, while R. apiculata, R. mucronate, and R. stylosa are common in Asia, Africa, and 

Australia (Tomlinson, 1986). When the species of Rhizophora is not identifiable, or if data of a 

Rhizophora forest is conflated, the species is referred to as R. sp (Tomlinson, 1986).  

 

 

 

 

 

 



7 
 

Publication Location Reported Nv (trees/m
2

) DBH (cm) 

Ong et al., 1995 

Clough et al., 1997 

Matang Matang Forest Reserve, 
Malaysia 

0.3 15 

Mazda et al., 1997 
Nakama Gawa, Japan 

Coral Creek, Australia 

1.0 

0.8 

5.7 

8.6 

Tanaka et al., 2007 
Sri Lanka & Thailand (various 

locations) 
0.25-1 10-15 

Alongi et al., 2008 Mekong Delta, Vietnam 0.04 – 2 2.2 – 24.3 

Narayan 2009 Various sources 0.5 - 1.7 15 – 40 

Tusinski 2012 Various sources 0.3 - 0.35 15 – 70 

Horstman et al. 2014 Trang Province, Thailand 0.06 - 0.15 -* 

Table 2.2 Summary on R sp. forest density and DBH from past studies. *The number of elements (i.e. trunk+roots) and 
average diameter at different heights above the ground were provided instead of the average DBH. 

Depending on the type (e.g. managed, pristine, 

disturbed, reforested) and age of mangrove 

forests, the forest densities (Nv) and diameter 

at breast heights (DBH) of the trees can differ. 

Table 2.2 shows the values of Nv and DBH for R 

sp. forests from past studies.  

There have been papers that reported the 

inverse relationship in Nv and DBH among 

mangrove forests (Alongi, 2008; Rovai et al., 

2021; Tanaka et al., 2007). In general, Nv and 

DBH of a forest evolve over time due to 

processes such as thinning, where some trees 

are naturally or artificially removed to allow 

the growth of other trees. As such, as the trees 

in a forest grow larger over time, the density 

of the forest itself reduces. Figure 2.4 shows 

how Nv and density of R sp. forest in the 

Mekong delta evolve with age (Alongi, 2008).  

Vertical structure of mangroves 

Mangroves have vertical layering which 

segments the tree into three different sections: 

the root system, trunks, and canopy. The aerial 

roots that are developed to cope with the 

unstable, soft soils and hypoxic environment 

of the intertidal zone contribute to the wave 

attenuation function of mangroves, especially 

at shallow waters (Srikanth et al., 2016). There are many types of specialized roots among mangroves: 

buttress roots, fly buttresses, surface roots, prop roots, stilt roots, spreading roots, cable roots with 

pneumatophores, knee roots, pencil roots, and cone roots (Srikanth et al., 2016). At shallow waters, 

Figure 2.4 Relationship between forest density and diameter at 
breast height with age of R sp. forest in the Mekong Delta, 
Vietnam (Alongi, 2008). 
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the different geometries, size, and flexibility of these roots and pneumatophores can influence wave 

attenuation significantly (Wang et al., 2022).  

R sp. trees have prop roots (Figure 2.5). Field studies have been carried out in various sites around the 

globe to quantify various morphological parameters of the R. sp root system. Mazda et al., (1997), in 

their attempt to quantify drag force on tidal currents in mangrove swamps, took measurements of R. 

stylosa in Nakama-Gawa, Japan and Coral Creek, Australia (Figure 2.5). Ohira et al., (2013) collected 

morphological data of a mix of R. apiculata and R. mucronata. In addition to the parameters that were 

measured by Mazda et al., (1997), Ohira et al., (2013) measured the angle between the root and shoot 

point, and the distance between the trunk and the edge of the root. Lastly, on top of the parameters 

shown in Figure 2.5, X. Zhang, (2014) applied the Strahler ordering scheme to the root system of R. 

stylosa in Berlayer Creek, Singapore; the diameter of stilt roots from different orders were measured. 

He also found that the bending strength of the prop roots to be approximately 83 MPa and concluded 

that the roots behave like “massive and rigid structures”.   

 

 

Figure 2.5 Morphological parameters of R. stylosa collected in Nakama-Gawa, Japan and Coral Creek, Australia. e1: 
diameter at breast height (DBH), e2: height of root, e3: diameter of root, e4: spread of secondary root, e5: distance of 

secondary root from the trunk 

Trunks are also crucial wave attenuating elements, especially at higher water levels (Wang et al., 2022). 

The shape, diameter, and height of trunks are some physical characteristics that are known to 

significantly affect wave dissipation (Vo-Luong & Massel, 2008).  

Finally, at extremely high water levels, currents and waves may go through the canopy of mangrove 

forests. The crown form – shapes and sizes of canopies – of R sp. trees can show significant differences 

(Tomlinson, 1986). For example, due to the availability of light, trees in (matured) closed canopy forest 

are likely to be tall and have narrow crowns, while trees in open mudflats are likely to be shorter and 

have broader crowns. More extreme variations in crown shape can also result from injury e.g. broken 

branches. The significant plasticity in form of R sp. trees is due to reiteration. Reiteration is the most 

usual response of a mangrove tree to environmental stresses and perturbation, where the tree 

partially or fully repeats the architecture of the trees (Tomlinson, 1986). In R sp. this comes in the form 

of reorienting its axis such that an existing branch now grows to become the “new” crown on the side 

of the tree (Figure 2.6). This process is, however, only prominent in the sapling stage of the trees. All 

in all, the crown shape of R sp. is a “result of deterministic and opportunistic processes”.  
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In the context of wave attenuation, the height at which the canopy begins is an important parameter 

for developing the vegetation model. However, limited publications regarding the start-height of the 

canopy has been found. Only two publications by J.-E. Ong et al., (1995) and B. Clough et al., (1997), 

based on the systematically managed Matang Matang Forest Reserve, provided some information. 

The age of the R. apiculata stand at the forest reserve at the time of data collection were estimated 

to be 20 and 22 years old by J.-E. Ong et al., (1995) and B. Clough et al., (1997) respectively. J.-E. Ong 

et al., (1995) reported that no leaves were found below 10m depth from the top of the 21m high 

canopy. On the other hand, B. Clough et al., (1997) measured the leaf area index (LAI) of four 0.25m x 

0.25m quadrats from a 22m tall tower (Figure 2.7). Based on their results, it seems that the canopy of 

trees within a closed forest usually starts at a depth of 6m from the top of the forest, and with some 

branches found as low as 14m from the top (Figure 2.7).  

 

Figure 2.7 Vertical profile of leaf area index (LAI) for four 0.25m x 0.25m quadrats taken down through the canopy from the 
top of a 22m tall tower (Clough et al., 1997) 

Even though most studies do not account for wave dissipation through the canopy, it is believed that 

canopies can efficiently attenuate waves due to the high density of branches and leaves (Burger, 2005).   

2.2 Wave-Mangrove Interaction Models 
Numerical wave-vegetation interaction models are increasingly valuable to the understanding and 

estimation of wave propagation through coastal wetlands (Borsje et al., 2011; Suzuki et al., 2012, 

2019). Earlier models accounted for wave dissipation by vegetation as added bottom friction in the 

energy conservation equation e.g., Hasselmann, 1968; Möller et al., 1999 (Suzuki et al., 2019). 

Dalrymple et al. (1984) represented vegetation as rigid vertical cylinders, and attributed the 

attenuation of regular waves to the drag force exerted by the vegetation cylinders on the flow, 

expressed in terms of the Morison equation (Morison et al., 1950). The schematization of vegetation 

Figure 2.6 Image illustrating the reiteration process of reorientation in Rhizophora. Right: Normal conditions 
where tree conforms its architectural model. Left: Reorientation of existing branch in response to external 

environmental changes to form a reiterated crown. (Tomlinson, 1986) 
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as cylinders has since been adopted and implemented in most wave-vegetation interaction models. 

Based on the controlling physical equation, these models can be categorized into two groups: energy 

conservation models and momentum conservation models (Table 2.3) (Suzuki et al., 2019). 

Source Control Equation Vegetation schematization 

Dalrymple et al., 1984; Losada et al., 
2016; Mendez & Losada, 2004 

Energy conservation 
equation 

Rigid vertical cylinders 

Suzuki et al., 2012 Spectral action 
balance equation  

Rigid vertical cylinders 

 Cao et al., 2015; Tang et al., 2015 Mild slope equation Rigid vertical cylinders 

Augustin et al., 2009; Huang et al., 2011; 
Iimura & Tanaka, 2012; Karambas et al., 

2016; Yang et al., 2018 

Boussineq equations Rigid vertical cylinders 

Li & Yan, 2007; Ma et al., 2013; Maza et 
al., 2013, 2016 

RANS equations Rigid vertical cylinders 

Kobayashi et al., 1993; Liu et al., 2015; 
Mei et al., 2011; Suzuki et al., 2019 

Shallow water 
equations 

Rigid vertical and horizontal 
cylinders 

Table 2.3 Numerical models for wave attenuation (Suzuki et al., 2019) 

In energy-conservation models, wave-vegetation interaction is modelled as work done by the waves 

against vegetation. These include the original model by Dalrymple et al. (1984), and the extended 

versions of it presented by Mendez & Losada (2004) and Losada et al. (2016), where irregular waves, 

wave breaking, and wave-current interactions are accounted for. The effect of vegetation on wave 

attenuation were also modelled by a spectral-action balance equation model (Suzuki et al., 2012) and 

mild-slope equation models (Cao et al., 2015; Tang et al., 2015). 

On the other hand, momentum-conservation models of wave-vegetation interaction quantify wave 

attenuation by calculating the loss of momentum in the flow due to vegetation (Suzuki et al., 2019). 

These models use equations such as the shallow water, Boussineq-type, and Reynolds-averaged 

Navier Stokes (RANS) equations, which are based on momentum conservation (Suzuki et al., 2019) 

(Table 2.3). In exchange for higher computational time compared to energy-conservation models, 

momentum-conservation models provide information on velocity structure with intra-wave 

resolutions on top of wave-field information (Suzuki et al., 2019). This additional information is 

essential for interpreting wave propagation and sediment transport within wetlands (Suzuki et al., 

2019).  

Of the existing models, two models with varying complexity in the schematization of mangrove 

structure have been identified for the purpose of this research. These are the extended models of 

Dalrymple et al. (1984) by Mendez & Losada, (2004) and Suzuki et al. (2019), which will be referred to 

as the Dalrymple model from hereon. In this study, energy-conservation models will be used for the 

analysis of wave attenuation.  

2.2.1 Quantification of Energy Dissipation by Vegetation 
The force acting on vegetation, FV, can be described by the Morison equation (Eq. 1). This equation is 

one of the key cornerstones to studying wave attenuation by mangroves.  

𝐹𝑣 =
1

2(𝜂+ℎ)
𝐶𝐷 ∫ 𝑢|𝑢|𝑑𝐴(𝑧)

𝜂

−ℎ
+

1

(𝜂+ℎ)
𝐶𝑀 ∫

∂u

∂t
𝑑𝑉(𝑧)

𝜂

−ℎ
   (Eq. 1) 

where 𝜂 is the free surface elevation, ℎ the water depth, 𝑢 the horizontal wave orbital velocity, 𝐶𝑀is 

the inertia coefficient, 𝐴(𝑧) and 𝑉(𝑧) the vertical variation of frontal area and submerged volume of 

mangroves.   
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The model by Dalrymple et al. (1984) has been applied in numerous studies of wave-vegetation 

interaction, and this includes the study of mangrove on wave attenuation (e.g., He et al., 2019; Kelty 

et al., 2022; Suzuki et al., 2012; van Wesenbeeck et al., 2022; Wang et al., 2022). In this model, 

vegetation is represented as rigid vertical cylinders with a diameter of bv. Energy dissipation by a 

vegetation field is calculated by integrating the work done by the drag forces over a wave period, for 

a vegetation field with density Nv with the assumption of the linear wave theory. This was expressed 

in Mendez & Losada, (2004) in the following form. 

𝜀𝑣 =  
2

3𝜋
𝜌𝐶𝐷𝑏𝑣𝑁𝑣(

𝑔𝑘

2𝜎
)3 sinh3 𝑘𝛼ℎ+3 sinh 𝑘𝛼ℎ

3𝑘 cosh3 𝑘ℎ
𝐻3     (Eq. 2) 

where 𝜀𝑣 is the time-averaged rate of energy dissipation per unit horizontal area by vegetation, k is 

the wave number, bv is the diameter of a vegetation cylinder, Nv is the number of vegetation cylinders 

per unit area,  g is the gravitational acceleration, 𝜎 is the wave angular velocity, and H is the wave 

height. 

By introducing Equation 2 into the energy balance equation (Eq. 3). Wave height decay through the 

vegetation field was then obtained by solving the energy balance equation (Eq. 3) while assuming the 

linear wave theory and that the effect of vegetation on the surrounding flow field is negligible 

(Dalrymple et al., 1984; Mendez & Losada, 2004). This results in an exponential wave decay function 

(Eq. 4), which depends on a wave damping factor, 𝛽, given by Equation 5: 

𝜕(𝐸𝑐𝑔)

𝜕𝑥
= −𝜀𝑣     (Eq. 3) 

where 𝐸 =
1

2
𝜌𝑎2 is the wave energy per unit area, and 𝑐𝑔 is the wave group velocity. 

𝐻 =
1

1+𝛽𝑥
𝐻0     (Eq. 4) 

where 𝛽 =  
𝐴0𝐻0

2
=

4

9𝜋
𝐶𝐷𝑏𝑣𝑁𝐻0𝑘

sinh3 𝑘𝛼ℎ+3 sinh 𝑘𝛼ℎ

(sinh 2𝑘ℎ+2𝑘ℎ) sinh 𝑘ℎ
   (Eq. 5) 

where H0 is the wave height at x=0, ℎ is the water depth, and 𝛼 is the ratio of the height of the 

(submerged part) of the vegetation to h, the height of the water.  

Equation 2 was also modified by Mendez and Losada (2004) for the estimation of wave height decay 

of a narrow band of random waves (Eq. 6). 

< 𝜀𝑣 > =
1

2𝜋
𝜌�̃�𝐷𝑏𝑣𝑁(

𝑔𝑘𝑝

2𝜎𝑝
)3 sinh3 𝑘𝑝𝛼ℎ+3 sinh 𝑘𝑝𝛼ℎ

3𝑘𝑝 cosh3 𝑘𝑝ℎ
𝐻𝑟𝑚𝑠

3   (Eq. 6) 

where < 𝜀𝑣 > is the time time-averaged rate of energy dissipation per unit horizontal area of an 

random waves with a Rayleigh distribution, and �̃�𝐷 is the calibrated drag coefficient. The subscript p 

refers to values associated with the peak period. Hrms is the root-mean-square height of the irregular 

waves. 

Subsequently, Suzuki et al., (2012) adapted Equations 2 and 6 to model vertical differences in 

vegetation characteristics (Figure 2.8). Equation 7 calculates the total energy dissipated individual 

layers for regular waves, while Equation 8 considers irregular waves 

< 𝜀𝑣,𝑖 >=  
2

3𝜋
𝜌𝑖𝐶𝐷𝑏𝑣,𝑖𝑁𝑖(

𝑔𝑘

2𝜎
)3 (sinh3 𝑘𝛼𝑖ℎ− sinh3 𝑘𝛼𝑖−1ℎ) +(3 sinh 𝑘𝛼𝑖ℎ−3 sinh 𝑘𝛼𝑖−1ℎ)

3𝑘 cosh3 𝑘ℎ
𝐻3  (Eq. 7) 

< 𝜀𝑣,𝑖 >=  
1

2𝜋
𝜌𝑖𝐶𝐷𝑏𝑣,𝑖𝑁𝑖(

𝑔𝑘𝑝

2𝜎𝑝
)3 (sinh3 𝑘𝑝𝛼𝑖ℎ− sinh3 𝑘𝑝𝛼𝑖−1ℎ) +(3 sinh 𝑘𝑝𝛼𝑖ℎ−3 sinh 𝑘𝑝𝛼𝑖−1ℎ)

3𝑘𝑝 cosh3 𝑘𝑝ℎ
𝐻𝑟𝑚𝑠

3 (Eq. 8) 
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Where i refers to the horizontal layers in the model, 𝛼𝑖 refer to the ratio of the top of the layer, and 

𝛼𝑖−1 refers to bottom of layer i (Figure 2.8). 

 

Figure 2.8 Schematization of mangrove tree using cylinders in a common modelling software, SWAN (adapted from Suzuki 
et al., 2012) 

2.2.2 Modelling approach and limitations 
The energy dissipation models described in section 2.2.1 have been applied in many mainstream wave 

models such as SWAN and xBeach. In the study of wave energy dissipation by vegetation, such models 

are used to calculate the wave height along the defined cross-shore direction by propagating the wave 

energy, defined by offshore boundary conditions, inland (e.g. Suzuki et al., 2012; van Wesenbeeck et 

al., 2022; Vuik et al., 2016). The application of the Dalrymple model (Eq. 4-6) and its extensions (Eq. 7 

- 8) require knowledge of the bulk drag coefficient, CD. CD can be understood as the bulk parameter 

for quantifying the mean drag force asserted on the flow by the vegetation field (Ozeren et al., 2014; 

Wang et al., 2022). These models implicitly assumes CD as the only calibration parameter to account 

for the assumptions made (Jacobsen et al., 2019; Wang et al., 2022). Calibration is often done using 

field or experimental measurements of wave heights (e.g. Ozeren et al., 2014; van Wesenbeeck et al., 

2022; Wang et al., 2022).  

Aside from calibrating the CD values directly with measurements, many studies also proposed using 

empirical formulas to derive CD. The goal is to have a universally applicable formular for CD so that the 

accuracy of wave-attenuation models is not as sensitive to data availability, alleviating the data 

dependency in this area of study. Two main parameters – the Reynold’s number (Re) and Keulegan-

Carpenter number (KC) – are used to predict CD (van Wesenbeeck et al., 2022; Wang et al., 2022). 

Published empirical formulas are usually in the form of Equation (9) and Equation (10). As of now, 

there is still a lack of agreement in these derived formulas (Wang et al., 2022).  

𝐶𝐷 = (
𝑚

𝑅𝑒
)𝑘 + 𝑛      (Eq. 9) 

𝐶𝐷 = (
𝑚

𝐾𝐶
)𝑘 + 𝑛     (Eq. 10) 

where m, n, and k are fitted parameters 
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2.3 Applications of the Dalrymple model 

2.3.1 Mild Conditions 
The study of wave attenuation by mangroves is usually conducted for mild water conditions. The 

papers that apply the Dalrymple model in their study include include field (S. V. et al., 2019; Y. Zhang 

et al., 2020), laboratory experiments (Maza et al., 2019; Wang et al., 2022), and numerical modelling 

studies (Burger, 2005; Cao et al., 2015). Field studies have been conducted in forests with mixed 

mangrove species such that the structure of the forest is spatially variable. With collected field 

measurements used to validate the results of the Dalrymple model, S. V. et al., (2019) aimed to 

quantify the amount of attenuation off the coast of Mumbai, India. Y. Zhang et al., (2020) focused on 

studying the non-linear behaviour of wave attenuation across vegetation structure and time. The 

laboratory experiments by Wang et al., (2022) and Maza et al., (2019) seek to understand the wave 

attenuation effect of the R sp. complex root better. In both studies, scaled-down R sp. root models  – 

which was empirically developed by Ohira et al., (2013) – were applied in the experiments. The results 

of these studies show that calculations of drag forces and wave attenuation from the analytical model 

compare well with measurements from the experiments. The thesis by Burger, (2005), attempted to 

model wave attenuation by mangrove forests using the Dalrymple model for different wave and tidal 

boundary conditions. Cao et al., (2015) used the work by Mendez and Losada (2004) and SWAN to 

validate their implementation of the vegetation-induced wave dissipation component in a numerical 

wave model based on the extended mild-slope equation.  

Scaled down flume experiment with R sp. root models 

 

 

Figure 2.9 Flume experiment set up in (Wang et al., 2022) 

Wang et al., 2022 carried out a series of laboratory experiments to explore wave-attenuation by 

mangrove roots under various water levels. 1:20 models of Rhizophora sp. roots and stems, as 

proposed by Ohira et al., (2013), were positioned in staggered arrangements along a wave flume for 

this study. The wave flume has a dimension of 60.0m x 1.2m x 1.3m. Aside from the complex models 

of R. sp roots, experiments were also carried out with uniform cylinders. The results from these 

experiments were compared to study the contribution of complex roots to wave attenuation. 

For each experiment, the mangrove models were placed along 10m of the flume, 25m away from the 

wave generator (Figure 2.9). 10 wave gauges, with sampling rates of 50Hz, were placed near and long 

these tree models.  

The wave measurements were then fitted to the model by Dalrymple et al., (1984), where β from 

Equation 5 is calibrated. This indirectly calibrates for Cd. Within this analytical model, the submerged 

part of the vegetation model is represented by a uniform cylinder of representative diameter d*. This 

means that the total frontal area of the uniform cylinder is the same as that of the complex root model.   
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The results of this study show that the complex roots contribute significantly to wave attenuation, and 

that representing the R sp. root-trunk system with only a single cylinder would introduce considerable 

error into the wave attenuation model. A new CD formula was also introduced, where KCrv – the KC 

parameter calculated using the average pore velocity and vegetation-related hydraulic radius – was 

used to correlate with CD instead of the KC or Re. It was, however, noted that only a small range of 

conditions were used to derive this formula and more data will be required to improve the parameter 

space.  

2.3.2 Storm Conditions 
As of now, only a few publications were found to directly tackle the topic of storm surge attenuation, 

most of which were on the study of surge height reduction (Krauss et al., 2008; Montgomery et al., 

2018, 2019; Xu et al., 2010; K. Zhang et al., 2012). On the other hand, there were no field studies found 

on short-wave attenuation. Other than a few small-scale experiments (e.g., He et al., 2019; Maza et 

al., 2019), the only relevant large-scale experiment of wave attenuation at extreme water levels with 

aquatic trees was by van Wesenbeeck et al., (2022), where wave attenuation by willows were 

measured for high water levels of 3.0m to 4.5m. The analytical model used to study short-wave 

attenuation during storm surges (He et al., 2019; Maza et al., 2019; van Wesenbeeck et al., 2022) are 

the same as those used to study mild conditions. 

Large scale flume experiment with willow trees 

 

Figure 2.10 Flume experiment set up in (van Wesenbeeck et al., 2022) 

Van Wesenbeeck et al., (2022) conducted experiments with 15 years old willows in a 330m long, 5.0m, 

and 9.5m deep flume to study the effect of wave attenuation and reduction in dike run-up by willows 

in storm surge conditions. A total of 32 willow trees were arranged in 16 rows of 2 along the flume to 

make up the willow forest (Figure 2.10). Three sets of trees with differing canopy density were used 

in various runs of the experiment. Water depths of 3m and 4.5m, and irregular waves of Hs = 0.2m to 

1.5m and steepness of 0.02 to 0.06 were applied in this study. The dike runup, and wave height in 

front and behind of the willow forest were measured to study the energy dissipation effect of the 

willows. 

The wave measurements were used to calibrate the SWAN model. In the model, the willow trees were 

represented by the total frontal area per unit volume per vertical elevation, dFA (Kalloe et al., 2022; 

van Wesenbeeck et al., 2022). Comparing to the equations in Chapter 2.2.1, dFA of the canopy layer 

is equivalent to the multiplication of the average branch diameter and density of branches in a tree, 

bvNv. The model of the willow trees – developed by Kalloe et al., (2022) – was based on a single 

representative willow tree, where all the branches at breast height that were greater than 3mm were 

counted and measured. The final model was derived after applying a branching model to the 

measurements (Figure 2.11).  
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Figure 2.11 Frontal area of a willow tree developed by Kalloe et al., (2022). A) Measured frontal area of sample willow tree 
with 95% confidence interval. B) Willow tree model with lower vertical resolution developed using data from A.  

The calibrated CD values were found to fit well with the relationship between CD and KC proposed by 

Keulegan & Carpenter, (1958) (Figure 2.12). KC is defined as in Equation 11 below. 

𝐾𝐶 =
𝑢𝑠𝑇𝑝

𝑏𝑣
     (Eq. 11) 

where 𝑇𝑝 is the peak period, 𝑏𝑣 is the diameter of the stem, and 𝑢𝑠 =
𝐻𝑠

2

2𝜋

𝑇𝑝

𝑐𝑜𝑠ℎ(𝑘𝑝𝛼ℎ)

𝑠𝑖𝑛ℎ(𝑘𝑝ℎ)
 is the 

maximum horizontal velocity of the oscillation 

 

Figure 2.12 Observed relationship between KC and CD (van Wesenbeeck et al., 2022) 

Overall, this large-scale study found that short wave attenuation for high water levels are around 22% 

over a distance of 40m for a canopy with leaves and 20% for canopy without leaves. Wave attenuation 

was observed to be 5% to 7% less when the canopy density was reduced.  
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2.4 Mangrove tree modelling: Rhizophora sp. 
Information of mangrove morphology that are relevant wave attenuation modelling are limited. 

Among the 45 true mangrove species, Rhizophora sp. is one of the better studied species. Much 

attention has been given to this family of mangroves especially since the 2004 Indian Ocean Tsunami, 

when the studies of tsunami damage behind R sp. forests brought to light the possible wave 

attenuation effect of these forests (Ohira et al., 2013). As of now, most research that looks at the 

modelling of R sp. for studying wave attenuation focuses primarily on the stilt roots of this trees (Maza 

et al., 2013, 2019; Ohira et al., 2013; Wang et al., 2022). Results of these studies are based on 

measurements of real R sp. trees. On the other hand, few attempts have been made to model the 

canopy of R sp. data (Janssen, 2016; Narayan, 2009). The developed canopy models from these studies, 

however, are largely based on arbitrary assumptions of a typical mangrove tree due to the lack of data 

(Janssen, 2016; Narayan, 2009). 

Aside from coastal engineering researches that look at the characterization of the morphology of 

mangroves for wave attenuation modelling, ecological studies on allometric relationships in 

mangroves also provide insights for developing the vegetation models. Allometric equations are tools 

that are used for estimating total above-ground biomass of trees. These equations, which are usually 

species specific, statistically relate the above-ground biomass to various dendrometric variables such 

as tree height and diameter at breast height (DBH)(Daba & Soromessa, 2019). Allometric equations 

for estimating the total biomass and biomass of specific components (i.e. root, trunk, canopy etc.) of 

R sp. various species have been developed (Clough & Scott, 1989; Cole et al., 1999; Gevana & Im, 2016; 

Ong et al., 1995).  

2.4.1 Rhizophora sp. root 
Ohira et al., (2013) developed an empirical model of roots of the R sp. based on a total of 18 R apiculata 

and R mucronata trees from Muang Kluang and Thung Maphrap mangrove forest, Thailand. Field 

measurements of DBH, root height, number of roots, root diameter, the angle of root at the shoot 

point, and the spread of the root from the trunk were taken. The final root model consists of a 

combination of allometric equations that were developed to relate the various root morphological 

factors of the primary roots to DBH.  

Maza et al., (2019) adapted the model by Ohira et al., (2013) to build a 1:6 physical model of a R sp. 

root. This model was designed considering a mature R sp. tree, with a DBH of 0.20m. Based on this 

physical model, the frontal area of the root is calculated (Figure 2.13) 

 

Figure 2.13 Left: superposition of 8 pictures of the 1:6 scale root model at different angles. Right: calculated frontal area 
with variability due to the rotating angle represented by the error bars. 
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2.4.2 Allometric equations 
Multiple allometric equations have been developed for specific species of Rhizophora trees such as R 

apiculata , R mucronata, and R stylosa, and for R sp. in general (Aken et al., 2021; Clough & Scott, 

1989). These equations can be developed to estimate the total above-ground biomass of the trees 

(Abdul-Hamid et al., 2022; Aken et al., 2021), or to account for biomass in specific parts of the tree 

such as the stilt roots, trunks, branches, and leaves (Clough & Scott, 1989; Ong et al., 1995, 2004). 

With the use of wood density information (e.g. Tobias et al., 2017), these equations can be used to 

estimate the volume of various tree components.   

3. Methodology 

3.1 Wave attenuation modelling and validation 
The extended models of Dalrymple et al., (1984) by Mendez & Losada, (2004) and Suzuki et al., (2012) 

(Eq. 7 and 8) have been implemented in Python for the analyses. 

Validation of the implemented models are done using published laboratory experiments by Vuik et al., 

(2016), van Wesenbeeck et al., (2022) and Wang et al., (2022). These studies focus on the wave 

attenuation effect of seagrasses, willow trees in storm conditions, and the root system of R sp. 

respectively. Vuik et al., (2016) and van Wesenbeeck et al., (2022) obtained CD values for the collected 

field data and experimental results by calibration in SWAN; Wang et al., (2022) obtained the CD by 

fitting Equation 4 to the experimental results.  

The first two publications are used to validate the irregular wave model, while the last study is used 

to validate the regular wave model. These studies were validated for the following reasons. First, the 

studies by van Wesenbeeck et al., (2022) and Wang et al., (2022) are used to explore the sensitivity of 

the wave attenuation model to the choice of CD values (described in Chapter 3.2). Second, the 

implemented irregular wave model will be used to conduct further analysis with a hypothetical R sp. 

forest model (described in Chapter 3.3).  

Validation of the model is done by comparing the calculated kt values (Eq. 12) to the reported values 

of the studies. The error is then calculated at the points for which data is available (Eq. 13).  

𝑘𝑡 =
𝐻𝑥

𝐻𝑖
      (Eq. 12) 

where 𝐻𝑥 is the wave height at point x (points along the cross-shore direction) and  𝐻𝑖 is the initial 

wave height directly in front of the vegetated domain. 

𝑒𝑟𝑟𝑜𝑟𝑥 = 𝑘𝑡,𝑚𝑜𝑑𝑒𝑙,𝑥 − 𝑘𝑡,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡,𝑥   (Eq. 13) 

Specific details about the validation with Wang et al., (2022) and van Wesenbeeck et al., (2022) – both 

of which are experiments that are used for further analysis of the parameter CD – can be found in the 

Appendix (A1).  

3.2 Analysis of errors in kt due to approximations in CD 
A brief analysis pertaining the bulk drag parameter, CD, is performed using the inputs and results of 

van Wesenbeeck et al., (2022) and Wang et al., (2022). The first study looks at the transferability of 

calibrated CD values across vegetation models representing the same physical tree or tree model. The 

second analysis is conducted to quantify the range of errors when CD is approximated to 1. The former 

and latter study are conducted using Wang et al., (2022) and van Wesenbeeck et al., (2022) studies 

respectively. 
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The transferability of CD across vegetation models used to represent the same physical experiment is 

first done by producing a two-layered root-trunk model of the physical complex root model that Wang 

et al., 2022 used in their study. The diameters of the 2-layered model’s root and trunk layers are 

calculated based on the total frontal areas of these respective layers of the physical model reported 

in the study. The final 2-layered model has the same submerged frontal area as the single-layered 

models that are used for calibration (Figure 3.1).  

 

Figure 3.1 Left: Sketch of the physical complex root model relative to the tested water levels (Wang et al., (2022). Right: 
Final two layered model that represents the physical complex root model 

Wave attenuation is then performed using the original single-layered model and the developed two-

layered model. The kt values produced by the two models are compared with each other, and with 

the measurements of the flume experiments.  

Next, the study of how errors would vary when CD = 1 is conducted by comparing the results of kt when 

CD=CD,experiment and CD=1 are applied to the same physical conditions. The length of the physical 

experiment by van Wesenbeeck et al., (2022) was 40m. In this study, however, modelling were 

performed for a forest width of 2900m wide, the largest forest width considered in the hypothetical 

R sp. forest model (described in Chapter 3.3). This provides insights to how the errors due to fixing the 

CD at 1 would vary for the range of forest widths that is explored in the root sensitivity analysis and 

wave attenuation analysis for a R sp. forest (described in Chapter 3.3).  

3.3 Analyses with hypothetical R sp. forest 
Two main groups of analyses are conducted using hypothetical R sp. forest models. The first group of 

analyses focuses on understanding how different types of errors within the R sp. root model influence 

wave attenuation wave modelling results. The second group of analyses look the potential wave 

attenuation capacity of R sp. forests, including how different components of R sp. trees contribute to 

wave attenuation. This chapter will first provide an overview of the model set up, before describing in 

detail how the various root and tree models are developed. Finally, the approach to analysing the 

modelling results is described.  

3.3.1 Overview of model set-up 
The analyses pertaining to the R sp. complex roots and full tree models are conducted using one model 

set-up (Figure 3.2). This wave attenuation model starts where the hypothetical forest begins, and it is 

assumed that waves approach the forest at a perpendicular angle to the shoreline (Figure 3.2). The 

input variables of the wave attenuation model can be split into three groups: forest properties, 

hydrodynamic characteristics, and tree models. The input values were selected to provide a realistic 

range of conditions for the study. Table 3.1 presents the summary of the input forest and 
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hydrodynamic parameters for the sensitivity analysis of root models and contribution analysis of R sp. 

trees to wave attenuation. 

 

 

Figure 3.2 schematic of model used for the sensitivity analyses. Top: cross-sectional view of model. Bottom: Bird’s eye view 
of model. 

Parameter type Parameters SA of root model R sp. contribution analysis 

Forest 

xVeg (m) 50, 125, 325, 950, 2900 

Nv (trees/m2) 0.06, 0.1, 0.25 

s 1/2000 

Hydrodynamic 

h0 (m) 2, 3, 4, …, 10 6, 7, 8, …, 10 

Wave 
steepness (%) 

1 to 3 3 

Tp0 (s) 8, 10, 12, 15, 17  
Table 3.1 Summary of forest and hydrodynamic input parameters for sensitivity analyses of root model, and R sp. forest 

wave attenuation and contribution analysis 

Forest characteristic 

The input variables related to the forest properties are the cross-shore width of the forest (xVeg), 

slope of the forest (𝑠 =
𝑛

𝑚
) and vegetation density (Nv). The values of xVeg and s were selected based 

on global wetland transect data by van Zelst, (2018), which have been filtered to only include 

mangrove areas (Figure 3.3)(Bellinga, 2022). As the focus of this study is wave attenuation in storm 

surge conditions, only mangroves located outside 5° north and south of the equator are considered. 
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Figure 3.3 Histograms of global mangrove forest widths and foreshore slope based on data be van Zelst, (2018) 

Five forest width values are selected as input for xVeg in the sensitivity analyses: they are the modal 

value, 25th, 50th, 75th, and 90th percentile of the dataset. This corresponds to 50m, 125m, 325m, 950m, 

and 2900m.  

The modal value of m=2000 (s=1/2000) is chosen as the only input for the analyses (Figure 3.3). 

Nv values of 0.06 trees/m2, 0.10 trees/m2, and 0.25trees/m2 are chosen considering the DBH of the 

trees that would be modelled (Chapter 3.3.2), relationship between the diameter at breast height 

(DBH) and stem density shown in Figure 2.4, and expert opinion.  It should be noted that other than 

the selection of Nv input values, the inverse relationship between Nv and DBH is not taken into account 

in this study. This means that the analyses (Chapter 3.3.3 and 3.3.4) will consider all combinations and 

permutations of DBH and Nv instead of only having one Nv per DBH. 

Hydrodynamic parameters 

 

Figure 3.4 Distribution of peak wave periods in mangrove areas for wave conditions of different return period 

The hydrodynamic input values were selected based on the filtered data set of van Zelst, (2018) from 

(Bellinga, 2022) (Figure 3.4). The peak wave period, Tp0, and surge water levels, h0, of three return 

periods – 10, 100, and 1000 years – were considered in this study. Based on Figure 3.4, Tp0 of 8s, 10s, 

12s, 15s, and 17s and h0 of 2m to 8m were selected. In addition, it is known that ERA5 model – the 

model used to define the wave characteristic and update water level conditions in this set of data by 

van Zelst, (2018) – underestimate the effect of cyclones on storm surges. As such, the analyses will 

extend the range of h0 to 10m; the input values for h0 are 2m to 10m, with an interval of 1m. Putting 

the selected Tp0 and h0 values together, two types of water conditions are considered in this study: 

shallow (
ℎ

𝜆
<

1

20
, with h=water level and 𝜆=wavelength) and intermediate (

1

20
<

ℎ

𝜆
<

1

2
). The general 
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expressions for the dispersion equation (Eq. 14), horizontal velocity profile (Eq. 15) and group celerity 

(Eq. 16), which are applicable for both shallow and intermediate water conditions, are applied for this 

study.  

𝜔2 = 𝑔𝑘2ℎ     (Eq. 14) 

Where 𝜔 is the 
2𝜋

𝑇
, where T is the wave period, g is the gravitational acceleration, k is the wave 

number, and h is water depth. 

𝑢 = 𝜔𝑎
cosh 𝑘(𝑧+ℎ)

sinh 𝑘ℎ
sin(𝜔𝑡 − 𝑘𝑥)   (Eq. 15)  

Where u is the horizontal particle velocity, a is the wave amplitude, z is the vertical coordinate with 

upward as the positive direction and the water level as the origin, t is time, and x is the direction of 

propagation. 

𝑐𝑔 =
1

2
𝑐(1 +

2𝑘ℎ

sinh 2𝑘ℎ
)                   (Eq. 16) 

Where cg is the group velocity, and 𝑐 =
𝜆

𝑇
 is the phase speed 

The maximum wave steepness considered in this study is 3%, and Hs0 is calculated based on the needs 

of the analyses. This is further elaborated in subsections 3.3.3 and 3.3.4.  

3.3.2 Root and tree models 
The roots and full-tree models of R sp. are built with a combination of information from literature 

review, field data, and expert opinion. This chapter will first describe how the models for the sensitivity 

analysis of the root layer are developed before presenting the methodology used to develop the full-

tree and tree-component models that are applied in the R sp. forest analyses. Table 3.2 provides the 

general inputs used to develop the vegetation models. It should be noted that frontal area (FA) and 

frontal area per unit volume per vertical elevation (dFA) are used to describe the tree models instead 

of the average diameter of roots/branches multiplied density of branches (bvNv). This is because bvNv 

assumes that the roots and branches are uniform in diameter, which is not the case.  

 htree (m) DBH (m) Components 

Root Models - 0.2 
Root-Trunk 
Trunk only 

Tree Models 

10.6 0.11 Full tree 
Root-Trunk 

Canopy-Trunk 
Trunk only 

13.2 0.15 

17.5 0.21 

Table 3.2 Summary of the general inputs to the vegetation models. It should be noted that the values of htree and DBH for 
the tree models are fixed to each other i.e. one htree has only one value of DBH. 

Root models for sensitivity analysis of the root layer 

Maza et al., (2019) created scaled down models of R sp. trees using the equations proposed by Ohira 

et al., (2013). The root models used in this study are based on the calculated frontal area of these 

scaled down models (Maza et al., 2019) (Figure 2.13). Two sets of models were developed for 

sensitivity analyses (Table 3.3). The first set, Root-Layered, consists of four models of different 

resolutions: 1) Root-1L: the total frontal area of the root system is uniform over the entire height of 

the root layer, 2) Root-3L: the frontal area is distributed into three layers – where the dFA/dz = 0 within 

each layer, 3) Root-5L: the frontal area is distributed into five layers, and 4) Root-HR: the frontal area 

is distributed along the vertical as in Maza et al., (2019) (Figure 3.5). The second set, Root-FA, consists 
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of six models with the same resolution, but differing total root frontal area as Maza et al., (2019). The 

total frontal areas of these models are ±2%, ±5%, and ±10% of the original model (Figure 3.6). A trunk-

only model (Root-TO), which omits the complex root system, is developed for this study (Figure 3.5). 

Application Group name Model names 

Control Root-HR 

Trunk-only Root-TO 

SA of vertical resolution Root-Layered Root-1L, Root-3L, Root-5L 

SA of total submerged frontal area Root-FA 
Root-2Neg, Root-5Neg, 
Root-10Neg, Root-2Pos, 
Root-5Pos, Root-10Pos 

Table 3.3 Root models for the sensitivity analysis of root layer. These models have the same DBH of 0.2m. 

 

Figure 3.5 Root models for studying the sensitivity of wave attenuation to the vertical resolution of dFA of root models. The 
trunk extends uniformly up until the water level, h, for which the analysis is carried out. 

 

Figure 3.6 Root models for studying the sensitivity of wave attenuation to the errors in submerged frontal area of the root 
layer. The trunk extends uniformly up until the water level, h, for which the analysis is carried out. 
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Full-tree models for wave attenuation and component analyses 

The approach to developing the full-tree models in this study can be grouped into three general steps. 

First, the height and DBH of the trees to be modelled have to be selected. Next, the high resolution 

root model by Maza et al., (2019) is scaled to the sizes of the tree models. Finally, models of the canopy 

are developed based on allometric equations and field data. The trunk is represented by a single 

cylinder of uniform diameter. 

General characteristics of the tree models 

The height of the tree models are first decided based on global maximum mangrove distribution with 

respect to tropical cyclone occurrence by Simard et al., (2019) in Figure 2.3. Three heights were 

selected: 17.5m, 13.2m, and 10.6m (Table 3.2). A height of 17.5m selected because that is the 

maximum tree heights that are found between 10° north and south of the equator where there is a 

high frequency of cyclones in the region. The second value is chosen because Simard et al., (2019) 

reported that half of the world’s forest have a maximum tree height of less than 13.2m. Finally, the 

value of 10.6m was chosen arbitrarily to study the influence of shorter trees that will still be emergent 

at the maximum h0 (10m) water level considered in this study.  

The diameters at breast height (DBH) are then calculated using the empirical relationship between 

DBH and tree height that has been collected from the field (A3) and literature (Figure 3.7). The DBH 

corresponding to the descending tree heights are 11.0cm, 14.9cm and 21.4cm (Table 3.2). The trunk 

is assumed to have a uniform diameter that equals to the DBH. 

 

Figure 3.7 Empirical relationship between DBH and tree heights in R sp. compiled from various sources (Clough et al., 1997; 
Cole et al., 1999; Gevana & Im, 2016; Lum, unpublished) 

Root models 

The original root model calculated by Maza et al., (2019) is scaled to the size of the tree models using 

the following procedure. First, the height from which of the highest root extend out from the trunk is 

calculated according to Equation 17 proposed by Ohira et al., (2013).  

𝐻𝑅_𝑚𝑎𝑥 = 7.56(𝐷𝐵𝐻) + 0.500    (Eq. 17) 

The ratio 
𝐻𝑅𝑚𝑎𝑥,𝑚𝑜𝑑𝑒𝑙

𝐻𝑅𝑚𝑎𝑥,0.2𝐷𝐵𝐻
, where 𝐻𝑅𝑚𝑎𝑥,0.2𝐷𝐵𝐻 refers to the height from which the highest root extends 

from the trunk of the root model with DBH=0.2m developed by Maza et al., (2019), is calculated. The 

root models for the trees are obtained by scaling the height and frontal area per unit height (dFA) of 

the original root model with the calculated ratio. 



24 
 

Canopy model 

Two sets of canopy models were developed using different approaches. The first approach is based 

on allometric equations, while the second method relies on analysing an image of a full R sp. canopy. 

The former approach applies the allometric relationship between DBH and above-ground biomass 

proposed by Clough & Scott, (1989) (Eq. 18), the wood density of R. sp as reported in (Tobias et al., 

2017), and field estimations of average branch diameter of R. sp in Chek Jawa Wetland Reserve, 

Singapore (A4).  

log 𝑀𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 = −1.8953 + 2.6844 log(𝐷𝐵𝐻)   (Eq. 18) 

First, the canopy mass, Mbranches is calculated using Equation 18. The volume of branches, Vbranches, is 

then estimated by 𝑉𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 =
𝑀𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠

𝜌𝑤𝑜𝑜𝑑
, where 𝜌𝑤𝑜𝑜𝑑 is the wood density. 𝜌𝑤𝑜𝑜𝑑 of R sp. is reported 

to be approximately 0.840g/cm3 (Tobias et al., 2017). Next, the number of branches is given by 

𝑁𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 =
𝑉𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠

𝜋(
𝐷𝑏𝑟𝑎𝑛𝑐ℎ

2
)

2
𝐿
, where 𝐷𝑏𝑟𝑎𝑛𝑐ℎ  is the estimated branch diameter (Table 3.4), and L is an 

arbitrary length. Finally, the total frontal area of branches in the canopy is calculated by 𝐹𝐴𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 =

𝑁𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 ∗ 𝐷𝑏𝑟𝑎𝑛𝑐ℎ ∗ 𝐿. It should be noted that the value of L does not influence the final value of 

FAbranches nor the shape of the canopy model.  

Due to the plasticity of crown form R sp. (see Chapter 2.1.2), the height and shape of the tree model 

are decided arbitrarily. The frontal area of branches is distributed along the top half of the tree as an 

isosceles triangle (Figure 3.8A). The frontal area per unit height in the canopy is given by 𝑑𝐹𝐴𝑐𝑎𝑛𝑜𝑝𝑦 =

𝑑𝐹𝐴𝑡𝑟𝑢𝑛𝑘 + 𝑑𝐹𝐴𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠. As the analytical distribution of canopy FA is arbitrarily decided, a vertical 

resolution of 1m was chosen for the model for the sake of computation. The total FA of canopy was 

preserved in the process of reducing the resolution. As such, the final canopy model used for wave 

attenuation modelling is given by subplot B in Figure 3.8.  

 

Figure 3.8 A) Analytical model of canopy developed from allometric equations. B) Model of canopy with vertical resolution 
of one meter, which is used in the wave attenuation modelling process. 
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Table 3.4 below summarises the values obtained for the analytical canopy model using the 

allometric approach.  

Height DBH 𝑀𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 𝑉𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠  𝐷𝑏𝑟𝑎𝑛𝑐ℎ  L 𝑁𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 𝐹𝐴𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 Max 𝑑𝐹𝐴𝑐𝑎𝑛𝑜𝑝𝑦 

10.6m 11.0cm 8.0kg 0.0095m3 5cm 3m 1.62 0.243m2 0.232m 

13.2m 14.9cm 18.0kg 0.0213m3 6cm 3m 2.51 0.456m2 0.250m 

17.5m 21.4cm 47.3kg 0.0563m3 9cm 3m 2.95 0.796m2 0.281m 
Table 3.4 Summary of values of the canopy models obtained using the allometric approach 

The image-analysis approach begins with taking an undistorted photograph of a R sp. tree. This photo 

is then processed by hand to extract the silhouette of the tree roots, trunk, and thicker branches 

(Figure 3.9). Next, through raster analysis, the number of cells is calculated to obtain the required 

information for relating the DBH of the tree to frontal area of the canopy without its leaves. Figure 

3.10 shows the vertical distribution of pixels along the vertical.  

 

Figure 3.9 A) Picture of R sp. taken at Check Jawa Wetlands, Singapore. B) Silhouette of the middle tree overlayed that is 
used for raster analysis 
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Figure 3.10 Distribution of cells with height of silhouette of R sp. in Figure 3.7B 

The shape of the dFA(z) in the tree model is simplified to that shown in Figure 3.11. By summing the 

number of pixels and measuring the height of the canopy section, and measuring the DBH, the 

maximum dFA is calculated. Figure 3.10 shows where the canopy is defined to begin, and from where 

the value for DBH is obtained. The ratio of dFA to the DBH is then calculated to be 2.3. Subsequently, 

this value is applied to create the canopy models for trees of height and DBH as defined at the 

beginning of this chapter. As in the allometric approach, the canopy is assumed to start halfway down 

the height of the tree. However, unlike in the allometric approach where dFAcanopy is obtained by 

adding the dFAbranch and dFAtrunk, there is no separation between the frontal area of trunks and 

branches in this approach. This means that the smallest dFA, which occurs at the top of the canopy, is 

0 (Figure 3.11A) instead of dFAcanopy=dFAtrunk as in the allometric method (Figure 3.8A).  It should be 

noted that this method assumes that the maximum width of the canopy, instead of the total FA, scales 

directly with the DBH. This causes the total FA to scale exponentially with DBH. The ratio of the length 

of the canopy to the total height of the tree was not considered in this model as this value is dependent 

on where the canopy begins, which is in turn influenced by the many factors that were discussed in 

Chapter 2.1.2. As in the case of the allometric approach, the vertical resolution of the model used for 

computation is 1m, and the total FA of the canopy was preserved in the process of reducing the 

resolution (Figure 3.11B).  
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Figure 3.11 A) Calculation of max dFAcanopy based on information extracted from image 3.8 B) Parameters used to develop 
the canopy model for trees of various DBH and height. C) Canopy model with a resolution of 1m used for wave attenuation 

modelling 

Final tree models 

A total of 18 models were developed to study the total wave attenuation by full R sp. trees, and 

contributions of the different tree components to wave dampening in storm surge conditions (Table 

3.5). The models are developed for trees of heights 10.6m, 13.2m, and 17.5m (Table 3.2). Four groups 

of models are made by combining the trunk models with the root and canopy models. The trunk-only 

models are represented by a single cylinder of uniform diameter that is equivalent to the tree’s DBH. 

Application Model group Model names 

Wave attenuation by R sp. 
forest 

Full tree models 
FT-Allo-106, FT-Allo-132, FT-
Allo-175, FT-Pic-106, FT-Pic-

132, FT-Pic-175 

Contribution analysis 

No-root models 
NR-Allo-106, NR-Allo-132, NR-
Allo-175, NR-Pic-106, NR-Pic-

132, NR-Pic-175 

No-canopy models NC-106, NC-132, NC-175 

Trunk-only models T-106, T-132, T-175 
Table 3.5 Tree models developed for wave attenuation and contribution analysis of R sp. tree 

Figure 3.13 presents the full-tree models. The no-root models consist of the canopy and trunk sections 

shown in Figure 3.12, with the root section replaced by extensions of the trunk. Similarly, the canopy 

sections of the no-root models are replaced by the trunk. Lastly, the trunk-only models are 

represented by a single cylinder of uniform diameter that is equivalent to the tree’s DBH. 
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Figure 3.12 Vertical distribution of frontal area of R sp. root models for trees of different DBH. 

 

Figure 3.13 Full tree models for the various defined tree heights and DBH, with the initial water levels, h0, that were applied 
in the sensitivity analyses for comparison. 

3.3.3 Sensitivity analysis of root models 
The sensitivity analysis of the root models is conducted with the root models developed in subsection 

3.3.2 - Root models. This study focuses on analysing how the errors in kt vary with different input 

parameters and root models. The errors are defined in relation to the model by Maza et al., (2019). 

More specifically, three types of errors in the root model are analysed in this process (Eq. 19, 20, and 

21). First, by comparing trunk-only models with the model of Maza et al., (2019), the errors that are 

produced as a result of omitting the complex root layer of an R sp. tree is studied. Next, the effect of 

the root model’s vertical resolution on the generated errors are explored. Finally, this analysis looks 

at how errors in the total frontal area of the root layer would propagate into errors in kt. 

𝐸𝑟𝑟𝑜𝑟 = 𝑘𝑡,𝑚𝑜𝑑𝑒𝑙 − 𝑘𝑡,𝑅𝑜𝑜𝑡_𝐻𝑅      (Eq. 19) 

𝐸𝑟𝑟𝑜𝑟𝑎𝑏𝑠 = |𝑘𝑡,𝑚𝑜𝑑𝑒𝑙 − 𝑘𝑡,𝑅𝑜𝑜𝑡_𝐻𝑅|    (Eq. 20) 
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𝐸𝑟𝑟𝑜𝑟𝑟𝑒𝑙 =
|𝑘𝑡,𝑚𝑜𝑑𝑒𝑙−𝑘𝑡,𝑅𝑜𝑜𝑡𝐻𝑅

|

𝑘𝑡,𝑅𝑜𝑜𝑡_𝐻𝑅
     (Eq. 21) 

where  𝑘𝑡,𝑚𝑜𝑑𝑒𝑙 and 𝑘𝑡,𝑅𝑜𝑜𝑡_𝐻𝑅 are arrays of 𝑘𝑡 values along the cross-shore (x) direction of the wave 

attenuation model, produced by the model of interest and root model by Maza et al., (2019) 

respectively.  

The full range of h0 and Nv described in section 3.3.1, and four sets of wave conditions are applied to 

this analysis. The first three sets of wave conditions are defined by the Tp values described in section 

3.3.2 and have wave steepness of 1%, 2%, and 3%. These values are used to explore how wave 

attenuate with respect to changing wave heights. The fourth set of wave conditions were designed to 

study the effect of changing periods on wave attenuation, while holding wave height constant. The 

wave heights for each water level were calculated with the assumption that the wave steepness is 3%, 

and Tp is 8s. 

3.3.4 Wave attenuation by R sp. trees 
In this section, wave attenuation is analysed in terms of wave height reduction, R (Eq 22).  

𝑅 = (1 −
𝐻𝑥

𝐻𝑖
) × 100% = (1 − 𝑘𝑡) × 100%   (Eq. 22) 

In the contribution analysis, where the contributions to wave attenuation by the root, trunk, and 

canopy were calculated, the contribution by each section is defined by Equations 23, 24, and 25.  

𝐶𝑟𝑜𝑜𝑡 = 𝑅𝑓𝑢𝑙𝑙_𝑡𝑟𝑒𝑒 − 𝑅𝑛𝑜_𝑟𝑜𝑜𝑡𝑠     (Eq. 23) 

𝐶𝑐𝑎𝑛𝑜𝑝𝑦 = 𝑅𝑓𝑢𝑙𝑙_𝑡𝑟𝑒𝑒 − 𝑅𝑛𝑜_𝑐𝑎𝑛𝑜𝑝𝑦     (Eq. 24) 

𝐶𝑡𝑟𝑢𝑛𝑘 = 1 − 𝑅𝑛𝑜_𝑟𝑜𝑜𝑡𝑠 − 𝑅𝑛𝑜_𝑐𝑎𝑛𝑜𝑝𝑦       (Eq. 25) 

This study is conducted for 6m<h0<10m, with the same wave conditions and forest parameters that 

were used in the root model sensitivity analysis. The analysis aims to study how R sp. Forests affects 

wave height reduction and how the contribution by the different components of the tree changes with 

varying size of the tree (height and DBH), initial water levels and density of the forest.  
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4. Results 
The results of the model validation process show that wave attenuation model for this study has been 

implemented well, with the magnitude of the errors well within reasonable ranges. A more detailed 

description of the results can be found in Appendix (A1). The following sections will present the results 

from the sensitivity analysis of the root layer (described in 3.3.3) and the wave attenuation and 

contribution analysis of the hypothetical R sp. forests (described in Chapter 3.3.4).  

4.1 Sensitivity analysis of CD  

4.1.1 Validation with scaled down flume experiment with R sp. root models 

 

Figure 4.1 Comparison of kt between the original (1-layered) model used for calibration in Wang et al., (2022) and 2-layered 
model when the reported CD values are used. A) Attenuation of shorter waves, where T0 was fixed at 1s for these 
experiments. B) Attenuation of longer waves, where T0 of the experiments are, from left to right, 1.4s, 1.6s, 1.8s, 1.8s. 

Two groups of four experiments from Wang et al., (2022) are used to study if the reported CD values, 

which were calibrated using a single-layered model, can be applied to a two-layered model with the 

same total submerged frontal area. The experiments were grouped according to the similarity of the 

wave period and wave height (Figure 4.1). It is found that with increasing water levels, the discrepancy 

between the single-layered and two-layered models increases (Figure 4.1: red and blue lines). The 

magnitude of the differences between the single-layered and two-layered models are observed to be 

greater for shorter waves (Figure 4.1B) than longer waves (Figure 4.1B). 
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4.1.2 Large scale flume experiment with willow trees 
 

 

Figure 4.2 Comparison of kt values produced by models using CD values from van Wesenbeeck et al. (2022) i.e. 
CD=CD,experiment, and CD=1. A) kt when CD=CD,experiment is applied in the model. B) kt when CD=1 is applied. C) The error: 

difference between kt values when CD= CD,experiment and CD= CD=1 i.e. plot B minus plot A 

Figure 4.2 shows the wave transmission, kt, and error when the reported CD values from van 

Wesenbeeck et al., (2022), CD=CD,experiment, and CD=1 are applied in the wave attenuation model. The 

results of kt and error from this study can be separated into three groups based on the CD,experiment 

values: CD,experiment smaller than 1 (Figure 4.2, blue lines), CD,experiment larger than but close to 1 (Figure 

4.2, green lines), and CD,experiment significantly greater than 1 (CD,experiment>1.7) (Figure 4.2, red lines). 

From here on, these results will be referred to using the colours of their lines i.e. blue group, green 

group, and red group.  

Overall, the magnitude of the errors in all three groups of results are observed to increase 

exponentially from x=0 and peak before x=350m (Figure 4.2C). The location of the maximum absolute 

error is observed to shift inland with lower CD,experiment and seaward with increasing CD,experiment. Negative 

errors or underestimations of wave dampening are produced by the model of CD=1 for the blue group 

experiments where CD,experiment<1; positive errors or overestimations of wave attenuation are produced 

for the green and red group experiments where CD,experiment > 1. The maximum absolute error is 0.11 at 

x=338m, 0.05 at x=25m, and 0.17 at x=8m for the blue, green, and red group respectively. The errors 

are correspondingly produced by the model of CD=1, when CD,experiment=0.64, 1.24, 2.02. These errors 

in kt translate to absolute errors of 0.11Hs0, 0.05Hs0, and 0.17Hs0 in terms of wave height prediction. 

For experiments where CD,experiment > 1, the error decreases asymptotically towards zero after peaking 

(Figure 4.2C, red and green lines). The width between x=0 and the point where the plateau of the 

curve begins (i.e. when ErrorCD≈1 after the peak error) is greater for larger CD,experiment values (Figure 

4.2C, red and green lines). On the other hand, the gradients of errors for experiments where CD,experiment 

< 1 are observed to be gentler than that when CD,experiment > 1, and the errors do not reach zero within 

the range of the forest widths that is applied in this study (Figure 4.2C, blue lines). Within the blue 

group, the final error values at x=2900m are greater for smaller CD,experiment.   

4.2 Sensitivity analysis of the root layer 
This section presents results of the sensitivity analyses of the wave attenuation model to the 

representation of frontal area in the root models. CD is kept constant at 1 for the entire analysis. Two 

groups of analyses pertaining to how the errors, absolute, and relative errors (Eq.  19, 20, 21 in Chapter 
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3.3.3) at the end of forests of vary widths (xVeg), vary with different parameters were conducted. First, 

the results of comparing a trunk-only model (Root-TO) and the complex-root model (Root-HR) is 

presented in chapter 4.2.1. In Chapter 4.2.2, the findings of the how wave attenuation modelling 

results are impacted by errors in the complex root model will be presented. In this section, the 

mathematical representation of the different types of errors – Error, Errorabs, and Errorrel – are used, 

while “errors” refers to them in general.  

4.2.1 Sensitivity of wave attenuation to the absence of the complex root in the vegetation 

model 

Variation of errors with h0 

 

Figure 4.3 The range of Errors that results from omitting the complex root of R sp. in the vegetation model for the entire 
range of parameters (Table 3.1) that were tested in this study 

 

Figure 4.4 The range of relative errors that results from omitting the complex root of R sp. in the vegetation model for the 
entire range of parameters (Table 3.1) that were tested in this study 
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The analyses of the wave attenuation model to the root layer begins with exploring how the wave 

dissipation effect of the stilt roots vary with water levels. Figure 4.3 and Figure 4.4 provide an overview 

of the how the Error and Errorrel vary with h0 at the end of forests with different widths. Overall, the 

maximum Errors are observed to decrease with increasing water levels and forest widths. The 

minimum Errors, however, do not have such a consistent trend. Subplots D and E of Figure 4.3 show 

that the minimum Errors increase before decreasing again with the water levels. A comparison 

between the two subplots also show that the Errors for a forest of 950m width is greater than that for 

one with a width of 2900m. There is no consistent trend regarding the range of Errors observed. On 

the other hand, a consistent trend in the minimum, maximum, and range of Errorrel can be observed 

in Figure 4.4. These values increase consistently with decreasing water levels and forest widths.  

The maximum Errorrel due to the absence of the root layer are produced when Nv=0.25, Tp0=17s, and 

wave steepness=3%. The corresponding input values that produce the minimum Errors are 

Nv=0.06tree/m2, Tp0=8s, and wave steepness=1%. These observations hold true for the range of water 

levels and forest widths that are applied in this study.  

At lower water levels (h0=2m), the maximum Errors as a result of omitting the complex roots can be 

higher than 0.4 (Figure 4.3, subplot D and E), and the calculated kt can be 4 times larger than that of 

the actual value (Figure 4.4, subplot E). When these values are translated to actual wave heights, an 

Error of 0.4 would result in a predicted Hs that is 0.4H0 greater than the Hs that is calculated with a 

complex root model, and a Errorrel of 4.0 gives a predicted Hs that is five times greater than the root 

model. 

At extremely high water levels (h0=10m), the Error and Errorrel can be as high as 0.14 and 0.62 

respectively (Figure 4.3 and Figure 4.4, subplot E). These means that the trunk-only model can produce 

wave heights that are 0.14H0 larger, or 1.62 times the wave height predicted by the complex root 

model. 

Variation of errors with Hs0 and Tp0 

An analysis on how the errors vary with the hydrodynamic parameters of initial wave height, Hs0, and 

wave period, Tp0, is also performed. Figure 4.5 and Figure 4.6 show how the Errors and Errorrel vary 

with wave height. These values were obtained by holding the parameters of Nv and Tp0 constant, while 

the magnitude of Hs0 is defined using the wave steepness – the steeper the wave, the greater the value 

of Hs0. On the other hand, Figure 4.7 and Figure 4.8 were derived by holding Hs0 constant for each 

water level (refer to Chapter 3.3.3).   

In Figure 4.5, it is observed that Error increases with wave height in shorter forests for all h0 (subplot 

A and B). For medium sized forests (subplot C and D), the opposite trend is observed for low h0. The 

trend is then totally flipped in a large forest of 2900m width (subplot E). In contrast, the trends of the 

Errorrel remain consistent across all forest widths, with taller waves producing greater Errorrel (Figure 

4.6). Errorrel produced by different Hs0 are observed to converge at higher water levels (Figure 4.6).  
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Figure 4.5 Variation of Error generated by different root models against h0 when Hs0 (wave steepness) is varied, while Tp0=8s 
and Nv=0.1tree/m2. 

 

Figure 4.6 Variation of Errorrel generated by different root models against h0 when Hs0 (wave steepness) is varied, while 
Tp0=8s and Nv=0.1tree/m2. 

Figure 4.7 show that Error increases with longer Tp0, with sensitivity increasing with h0 and forest width 

(diverging lines). On the other hand, Tp0 has almost no effect on Errorrel, with only minimal divergence 

that can be observed for larger forests (Figure 4.8, subplot D and E). Error and Errorrel due of missing 

root layer are less sensitive to Tp0 than wave height and water level. 



35 
 

 

Figure 4.7 Variation of Error generated by different root models against h0 when Tp0 is varied, while Hs0 is kept constant per 
Tp0 per h0, and Nv=0.1tree/m2. 

 

Figure 4.8 Variation of Errorrel generated by different root models against h0 when Tp0 is varied, while Hs0 is kept constant 
per Tp0 per h0, and Nv=0.1tree/m2.  
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4.2.2 Sensitivity of wave attenuation to errors in the complex root model 
The sensitivity of wave attenuation to the choice of root models is studied by analysing the errors 

produced by the Root-Layered and Root-FA models (Table 3.3). The errors are defined relative to the 

results of Root-HR (Eq. 19, 20, 21). 

The maximum and minimum Errorabs and Errorrel produced by various root models for the range of 

tested forest parameters and hydrodynamic conditions (Table 3.1) are shown in Table 4.1 and Table 

4.2 below. Overall, model Root-1L and Root-2Neg produce the largest and smallest errors respectively.  

An analysis of the input parameters that result in the maximum and minimum errors produced by 

each root model has also been done. The runs that produced the maximum errors have the following 

input parameters: h0=2m, Tp0=8s, and wave steepness=1%. With the exception of model Root-5L, 

where Nv=0.1 tree/m2 for the run that produced the maximum error, Nv=0.06 tree/m2 for the rest of 

the models. On the other hand, the inputs corresponding to the minimum errors are given by h0=10m, 

Tp0=17s, and wave steepness=3% for all models. The Nv values of these runs with the Root-Layered 

and Root-FA models are 0.25 tree/m2 and 0.06 tree/m2 respectively.  

Errorabs 
Root- 

1L 3L 5L 2Neg 5Neg 10Neg 2Pos 5Pos 10Pos 

Min (10-2) 0.0055 ≈0 ≈0 0.092 0.46 0.93 0.19 0.46 0.92 

Max (10-2) 3.72 0.66 0.33 0.27 1.36 2.30 0.52 1.29 2.52 
Table 4.1 Summary of the minimum and maximum absolute errors produced by the Root-Layered and Root-FA models 

Errorrel 
Root- 

1L 3L 5L 2Neg 5Neg 10Neg 2Pos 5Pos 10Pos 

Min (10-2) 0.038 ≈0 ≈0 0.13 0.65 1.30 0.26 0.64 1.28 

Max (10-2) 26.2 2.41 1.17 1.00 5.23 11.0 1.95 4.74 9.05 
Table 4.2 Summary of the minimum and maximum relative errors produced by the Root-Layered and Root-FA models 

 

Variation of errors with h0 

 

Figure 4.9 The range of Errors produced by R sp. models with respect to water levels, at the end of forests of different 
widths, for the entire range of parameters (Table 3.1) that were tested in this study 
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With the exception of the forest of width 2900m, the magnitude of Error produced by inaccuracies 

within the root model decreases with water level and increase with width of the forest (Figure 4.9). 

The maximum and minimum Error are produced by Root-10Neg and Root-10Pos respectively in these 

cases where 50m≤xVeg≤950m (Figure 4.9). As a whole, the Root-xNeg models (i.e. Root-2Neg, Root-

5Neg, Root-10Neg) would result in positive errors while the Root-xPos i.e. Root-2Pos, Root-5Pos, Root-

10Pos) models would result in negative errors. This is because the reduction (addition) in total frontal 

area in the root layer in Root-xNeg (Root-xPos) – relative to the control model, Root-HR – means that 

wave dampening is underpredicted (overpredicted). As such, the final kt produced by Root-xNeg 

(Root-xPos) is larger (smaller) than the results of Root-HR. 

At 2900m from the shoreline, the maximum Error for h0=2m is observed to be much higher than what 

the trend would predict, while the magnitude of the minimum Error at this point is smaller than 

expected (Figure 4.9, subplot E). The maximum Error is produced by Root-2L, while the minimum error 

is produced by Root-10Pos.  

A further analysis is done to compare the how the errors produced by the different models compare. 

Figure 4.10 shows how the Error from individual models vary with distance for different waters levels, 

when Tp0=12s, Nv=0.1trees/m2, and wave steepness is 3%. Two main observations can be made from 

this. First, the errors produced by the Root-Layered and Root-FA models vary differently with distance. 

Second, at high water levels (h0>4m), the errors generated by the Root-FA models are significantly 

larger than that by the Root-Layered models.  

The Error of the Root-FA models have consistent pattern across all water levels (dashed lines in Figure 

4.10). The magnitude of Error is observed to increase sharply at the beginning of the forest. A 

maximum is reached before the Error decrease for the rest of the distance. The slopes of the Error 

become gentler, and the peak Error reduces, as water level increases. On the other hand, the Error 

produced by Root-Layered models vary differently across h0 (solid lines in Figure 4.10). At h0=2m 

(Figure 4.10A), where the entire flow only passes through the 2.01m root layer, Error is mostly positive 

and wave attenuation is underestimated. The Error by all three models increase then decrease with 

gentler slopes compared to the Root-Layered models. At h0=3m (Figure 4.10B), the Error generated 

by Root-3L and Root-5L are similar and are almost zero. Root-1L, however, slightly overpredict 

damping shorter distances. The magnitude of the Error increases moderately before decreasing over 

a gentle slope. At a point slightly after 2000m, a kink is observed and the gradient of the Error increases 

significantly (Figure 4.10B, blue solid line). From h0≥4m, the Error by Model_3L and Model_5L are 

similar to that in h0=3m, while the kink and increase in gradient that was observed when h0=3m is not 

observed in Model_1L’s Error (Figure 4.10C–F). 
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Figure 4.10 Variation of Error produced by different root models with respect to distance for varying water levels. 

 

Figure 4.11 The range of relative Errorabs produced by R sp. models with respect to water levels, at the end of forests of 
different widths, for the entire range of parameters (Table 3.1) that were tested in this study 

As opposed to the trends seen in the Error, Errorrel consistently decrease over increasing h0 and 

increases over the width of the forest (Figure 4.11). The only anomaly is at x=2900m when h0=2m 

where the maximum Errorrel is much higher than what the trend would have predicted. 

Variation of errors with Hs0 and Tp0 

Figure 4.12 and Figure 4.13 show how Error and Errorrel vary with h0 when wave height changes while 

the rest of the input parameters remain constant. Wave height is varied through the wave steepness 

parameter; steeper waves give larger Hs0. There are two main takeaways from these plots. First, Error 

decreases and relative Errorabs increases with increasing wave heights (Figure 4.12 and Figure 4.13 
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respectively). Second, the errors are more sensitive to h0 than variation in wave height. This conclusion 

was made by observing the relatively small the differences across the subplots of Figure 4.12 and 

Figure 4.13, compared to the differences in Error for different water levels. 

 

Figure 4.12 Variation of Error generated by different root models against h0 when wave height (wave steepness) is varied, 
while Nv=0.1tree/m2 and Tp0=8s for a 950m wide forest. 

 

Figure 4.13 Variation of absolute Errorrel generated by different root models against h0 when wave height (wave steepness) 
is varied, while Nv=0.1tree/m2 and Tp0=8s for a 950m wide forest. 

An analysis of how errors varies with Tp0 is also performed. In Figure 4.14 and Figure 4.15, it can be 

observed that Error and absolute Errorrel almost do not change with Tp0. The same is seen in forests of 

different widths (A2). As such, errors due to the inaccuracies in representation of the root layer is not 

sensitive to Tp0 for the range (Table 3.1) that is applied in the study.  
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Figure 4.14 Variation of Error generated by different root models against h0 when Tp0 is varied, while Nv=0.1tree/m2 and 
Tp0=8s for a 950m wide forest. 

 

Figure 4.15 Variation of absolute Errorrel generated by different root models against h0 when Tp0 is varied, while 
Nv=0.1tree/m2 and Tp0=8s for a 950m wide forest. 
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4.3 Wave attenuation by R sp. trees  

4.3.1 Wave attenuation by full tree models  
The analysis of wave attenuation by R sp. forests is done with only two varying hydrodynamic 

parameters: h0 and Tp0. The wave steepness is kept constant at 3% (Table 3.1). Figure 4.16 shows the 

range of wave height reduction by forests of different densities and widths for 6m<h0<10m. It is 

observed that wave attenuation increases monotonically, with decreasing gradients, over the range 

of forests widths that have been studied. The maximum attenuation obtained for all forest densities 

and widths are produced by FT-Allo-175 and FT-Pic-175 in the following hydrodynamic conditions: 

h0=6m and Tp0=17s. FT_Digi_106 gives the least wave attenuation when h0=10m and Tp0 = 8s, while 

FT-Allo-106 produces the smallest amount of dampening when h0≤9m and Tp0 = 8s 

 

Figure 4.16 Summary of wave attenuation by R sp. forest for varying densities and width. Reduction is calculated based on 
Equation 22 (subsection 3.3.4) 

The differences between the maximum and minimum wave height reduction by forests of varying 

densities are seen to increase then decrease over distance (Figure 4.17). The peak differences 

between the maximum (minimum) wave attenuation occur after distance of 1590m (209m) from the 

shoreline (Figure 4.17). Given the conditions that result in maximum wave attenuation i.e. htree=17.5m, 

h0=6m, Tp0=17s, a forest of Nv=0.25trees/m2 can result up to 34.6% and 22.7% more wave height 

reduction than Nv=0.06trees/m2 and Nv=0.10trees/m2 forests respectively (Figure 4.17, red lines). In 

wave conditions that lead to minimum wave attenuation i.e. forest with trees similar to FT_Digi_106, 

h0=10m an Tp0=8s, a high density forest can reduce wave heights by a maximum 34.4% and 22.6% 

more than medium and low density forests respectively (Figure 4.17, blue lines).  
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Figure 4.17 Differences between the (maximums and minimums) wave height reduction by R sp. forests of different 
densities 

A further analysis is done to study the ranges of wave height reduction by forests of different densities 

in varying initial water depth, h0. Figure 4.18 shows that for constant Tp0 and wave steepness, wave 

attenuation reduces with increasing h0. The range of wave height reduction is also observed to 

decrease with increasing h0 (Figure 4.18).  

The tree models that correspond to the maximum and minimum wave attenuation at x=50m, 125m, 

325m, 950m, and 2900m, are also identified. Holding Tp0 and wave steepness constant, FT-Allo-175 

and FT-Pic-175 are found to produce the maximum wave attenuation for 6m ≤ h0 ≤ 8m across all three 

forests densities. For h0 ≥ 9m, FT-Pic-175 gave the largest amount of wave reduction. This change is 

due to the difference in canopy frontal area between FT-Allo-175 and FT-Pic-175; the frontal area of 

FT-Pic-175 is larger than FT-Allo-175 between a height of 8.75m to 10m (Figure 3.13). The minimum 

wave attenuation for 6m ≤ h0 ≤ 9m is produced by FT-Allo-106. For h0 = 10m, FT-Pic-106 resulted in 

the least wave height reduction. Similarly, this change in models producing the minimum wave 

attenuation is due to the vertical distribution of frontal area in FT-Allo-106 and FT-Allo-106 between 

at a height of 9m and 10m (). 

 

Figure 4.18 Range of reduction for different water levels when Nv=0.1trees/m2 and Tp0=8s 

Finally, an analysis is done to compare the amount of wave attenuation produced by the different full-

tree models. This is done by keeping all other parameters, except h0, constant. Wave attenuation by 

taller tree models is observed to be greater than shorter models across the range of h0 that were 
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tested (Fig. 4.19). The difference in wave height reduction by trees of different heights decreases with 

increasing water depths.  

 

Figure 4.19 Wave height reduction by R sp. forests of different heights for varying water levels.  

4.3.2 Wave attenuation by different components of a R sp. forest  
The minimum and maximum contribution values by each tree layer are extracted for different forest 

widths and tree models (Figure 4.20). The results show that the trunks usually produce the most wave 

attenuation, followed by the roots, and then the canopy. The contribution by the trunks increases with 

the width of the forest, while the opposite occurs for the root and canopy layer.  

Comparing across the same tree model of different heights, the fraction of wave attenuation by the 

canopy layer decreases as htree increases, while it increases in the case of the root layer (Figure 4.20). 

The root layer of a 10.6m FT_Allo model is found to contribute up to 23% to 15% of the total wave 

height reduction for a 50m and 2900m wide forest respectively. These values decrease to 20% and 8% 

when htree=13.2, and 2% and almost 0% when htree=17.5m.  

It is observed that when htree=10.6m, the canopy layer can contribute significantly more than the root 

layer to wave attenuation for both the FT_Allo and FT_Pic models (Figure 4.20). The maximum 

contribution to wave attenuation of the 13.2m FT_Pic model’s canopy layer is more than its root layer, 

and that of the FT_Allo model. The differences between canopies’ contributions are due to the 

differences in the total frontal area of, and distribution of frontal area within the canopy. When 

htree=10.6m, the maximum water level of 10m – which results in the highest contribution by the canopy 

layer – would pass through most of its canopy. Given the relatively small difference in submerged part 

of the canopy structure between the two models, the differences in contribution by the canopy layer 

is small for both models of 10.6m. However, when the tree models have a height of 13.2m, a surge of 

10m would pass through only the bottom half of the canopy. FT_Pic has significantly more frontal area 

in the lower half of the canopy compared to FT_Allo. As such, the contribution of FT_Pic’s canopy is 

much greater than FT_Allo. Lastly, when htree=17.5m, the flow only goes through a small portion of the 

canopy. The small difference in contribution by the canopies of the two models is due to the 

discrepancy in submerged frontal area between the height of 8.75m and 10m.  
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Figure 4.20 Range of contribution to wave attenuation by different components of R sp. tree of varying heights. Top: Results 
produced by tree models with canopy developed using the allometric method (refer to Chapter 3.3.2). Bottom: Results 

produced by tree modesl with canopy developed using the image processing approach (refer to Chapter 3.3.2). 
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A deeper analysis on how contribution by the three components vary with water level is presented in 

Figure 4.21. For a given tree model, the fraction of wave attenuation by the canopy and trunk 

components increase with water levels. The opposite trend is observed in the case of the root layer 

(Figure 4.21).  

 

 

 

Figure 4.21 Variability in contribution by different components of the R sp. trees of varying height when 6m < h0 < 10m. Top: 
R sp. tree model of htree=10.6m, Middle: R sp. tree model of htree=13.2m, Bottom: R sp. tree model of htree=17.5m 
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5. Discussion 

5.1 The relevance of R sp. root models to wave attenuation modelling 
The analysis of how errors and absolute errors, which are produced by omitting the complex root 

system, vary with water levels show that they reduce greatly with increasing water levels. However, 

even when this is so, the maximum error and absolute error for extremely high-water levels of 10m is 

still significant. For example, at h0=10m with incoming waves of 17s and a steepness of 3%, the trunk-

only model (Root-TO) would produce an Error and Errorrel of 0.09 and 0.53 at the end of a 2900m 

forest of 0.1tree/m2. This translates to a difference of 0.44m in wave height between the trunk-only 

and complex root model (Root-HR). For the same physical conditions, the Error produced by a 

narrower forest is smaller; forests of xVeg=50m and xVeg=125m produce errors in kt of 0.03 and 0.06 

respectively. This translates to errors of 0.15m and 0.30m in wave height. It should also be noted that 

the root model used in this study only considers the primary roots. As such, the calculated errors are 

underestimated. As a whole, other than being sensitive to changes in h0, the absolute Errorrel are found 

to increase significantly with the width of the forests, and moderately with wave height. As such, it is 

expected that these values are larger for lower water depths, wider forests, and taller waves. 

The effect of two types of errors within the root model – vertical resolution and error in total frontal 

area of the root layer – were also investigated in this study. Compared to the errors produced by the 

absence of the aerial roots, the errors in kt due to the errors in details within the root model is much 

less significant. The maximum Error that resulted from the omission of the model is larger than 0.4, 

while the maximum magnitude of the Error produced by errors in details of the root model is a 

magnitude smaller. Delving deeper, this study also found out that for water levels significantly higher 

than the root layer (which is this study is h0>3m), the wave attenuation model is much more sensitive 

to the errors in frontal area than the errors due to the resolution of the vegetation model (Figure 4.12 

and A2). Furthermore, it was observed that the errors produced by the model with a three-layered 

root layer (Root-3L) and five-layered root layer (Root-5L) are similar (Figure 4.12 and A2). These 

findings suggest that it is more important to collect information on the total frontal area of the root 

layer than it is to represent the vertical distribution of frontal area in the layer for high water levels. 

At lower water levels, when h0<hroot, the wave attenuation model is observed to be significantly more 

sensitive to the resolution of the root model, especially for wider forests (xVeg>950m) (Figure 4.12 

and A2).  

5.2 Wave attenuation by R sp. forest 
The ranges of reduction in wave height, rHs, (A3, Table 0.4) for xVeg>350m are comparable with the 

values of wave height reduction reported by Horstman et al., (2014) for the Rhizophora back forest in 

Trang province, Thailand. Field measurements by Horstman et al., (2014) – which were taken within 

the first few hundred meters from the shoreline – show that the back forest with R sp. of variable sizes 

and density between 0.006 to 0.15 trees/m2 produce a general wave height reduction of 0.012m-1. 

This value fit within the range of rHs that is calculated for forests of widths less than 325m (A3, Table 

0.4). It should be noted that the measurements in Horstman et al., (2014) were done for relatively low 

water levels (h<2m). There are no measurements of wave attenuation by mangroves to compare the 

results of the models for high water levels. 

The R sp. models that are applied in this study do not account for drag by leaves. This decision was 

made based on the results by Van Wesenbeeck et al., (2022) where they reported that the leaves of 

the willow tree only contributed to less than 4% of the total wave attenuation. Assuming that the 

developed tree models represent the R sp. trees sufficiently well, the results of the study indicate that 

regardless of the water level, the taller and broader R sp. trees attenuate short waves better than 
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shorter and smaller trees. This indicates that the additional frontal area due to the shorter tree’s 

canopy provide less drag than the additional frontal area the larger tree has in its root and trunk layer. 

This situation may not hold true when the intervals between the heights and DBH of the modelled 

trees are smaller. It should be noted that this analysis did not consider the inverse relationship 

between Nv and DBH. Based on Chapter 2.1.2, it is unlikely for a dense forest to support trees with 

large DBH. As such, further analysis that accounts for this relationship should be done to better 

understand the capacity of mangrove forest to attenuate waves. 

Next, the wave attenuation analysis is done assuming that CD=1 for the entire tree. Based on the 

analysis in Chapter 4.1.2 with results from van Wesenbeeck et al., (2022), the error due to 

approximating CD=1 should be relatively small in the R sp. forest wave attenuation and contribution 

analysis for water levels lower than the canopy and especially for xVeg>300m (Error<0.05) (Figure 4.2). 

This conclusion is made assuming that CD≥1 for the root and trunk layers of R sp.. On the other hand, 

it is expected that the canopy has a smaller CD due to the flexibility of the branches. This mechanical 

property of the canopy has not been accounted for in this model. As such, the overall CD value for 

water levels that go through majority of the canopy would likely be less than 1. As such, the error due 

to approximating CD=1 could still be significant for large xVeg (Figure 4.2).  

The study by van Wesenbeeck et al., (2022) was selected for this analysis because of its scale. The 

calibration of CD inherently bridges the assumptions made in the wave attenuation model and physical 

measurements. This means that the parameter depends on complex physics, such as skin friction, 

pressure differences, turbulence etc. (van Wesenbeeck et al., 2022), and some of these effects may 

not be replicated in scaled-down laboratory experiments. In this analysis, the only relevant parameter 

to the error analysis that is varied is CD – NV (0.16trees/m2) and the vertical distribution of frontal area 

of the vegetation model (Figure 2.11) are held constant. It should, however, be noted that these two 

input parameters will also influence how errors vary with cross-shore distance, x, given the same 

hydrodynamic conditions. For example, if CD,experiment>1, a denser forest and broader trees (i.e. larger 

dFA or diameter) would result in larger maximum error that occur closer to the shoreline (i.e. at 

smaller x). 

5.3 CD, velocity profile, and distribution of frontal area 
The results of comparing the single layered model – which Wang et al., (2022) used in their calibration 

of the CD values – and the introduced two-layered model show that CD values are specific to the 

vegetation model that is applied in the wave attenuation model. This is illustrated by the variability in 

differences between predicted kt values produced by the calibrated single-layered vegetation model 

and the two-layered model, with water depth, when the same CD was applied (Chapter 4.1.1) (Figure 

5.1). At a low water level of 0.2m, where the flow only goes through the root layer, the vertical 

distribution of submerged frontal areas of both models are the same. As such, with the same CD values, 

the two-layered model produced the same result as the single-layered model. With increasing water 

levels, the vertical distribution of frontal area becomes increasingly different between the two 

vegetation models. As such, the CD value calibrated on the single-layered model becomes less suitable 

for the two layered model. Additionally, the kt produced by the two-layered model is observed to 

increase monotonically in the positive direction relative to the single-layered model (Figure 4.1).  

This means that at higher water levels, damping is underestimated, and the reported CD values – which 

are calibrated on the single-layered model – are smaller than what would be obtained should the 

parameter be calibrated with the two-layered model. This is due to the interaction between the 

hypothetical vertical velocity profile assumed in linear wave theory and the distribution of the model’s 

frontal area over the water column. The Dalrymple formular (Eq. 2) can be expressed as given by 
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Equation 26 and 27 below. The term to the left of the integral in Equation 26, where the vegetation 

parameters are included, are constant for each point along the cross-shore direction and within the 

vertical layers. |u|3 follows a logarithmic shape, with the minimum horizontal velocity starting at the 

bottom, and the highest at the top (Figure 5.1). As such, the frontal area of the vegetation model near 

the top of the water column has a greater “weight” compared to the lower portions. The root section 

of the two-layered model is significantly larger than its trunk. Therefore, for the same physical 

experiments (i.e. same physical vegetation model and hydrodynamic conditions), if a height-averaged 

CD value is calibrated for the vegetation model, the calibrated CD for a two-layered model of a R sp. 

root would be greater than a single layered model.  

𝜀𝑣,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =  
∑ 𝜌𝐶𝐷,𝑖𝑏𝑣,𝑖𝑁𝑖∆𝑧𝑖

𝑛
𝑖=0

2𝑇
∫ |𝑢|3𝑑𝑡

𝑇

0
   (Eq. 26) 

∫ |𝑢|3𝑑𝑡
𝑇

0
= |ω𝑎

cosh 𝑘(𝑑+𝑧)

sinh 𝑘𝑑
|3 ∫ | sin(ω𝑡 − 𝑘𝑥) |3𝑑𝑡

𝑇

0
   (Eq. 27) 

 

Figure 5.1 Vertical profile of |u|3 compared with a 2-layered and single layered model with the same total submerged 
frontal area 

 

The large differences in the Error variation with water level by the Root-Layered models observed in 

Chapter 4.1.2 are due to two reasons: 1) the interaction between the vertical velocity profile and the 

vertical distribution of frontal area of the root models, and 2) the difference in total submerged frontal 

areas for the low water level models (h0=2m, 3m). First, when a low-resolution model is used to 

represent the root layer in low water conditions, the error in vertical distribution of frontal area is 

“magnified” compared to that in high water levels. This is because at low water levels, the relative 

gradient of |u|3 at the root level is greater than that in high water levels (Figure 5.2 and Figure 5.3). 

Second, at h0=2m, the total submerged area of Root-1L, Root-3L, and Root-5L at the start of the forest 

are respectively 1%, 0.6%, and 0.5% smaller than that of Root-HR. These errors in submerged frontal 

area increase with distance due to the slope of the forest (1/2000). The slope of the forest also results 

in such errors when h0=3m; the water depth for x>1976m is lower than the height of the root layer.  
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Figure 5.2 Cube of the absolute velocity profile for h=2m compared to tree model 

 

Figure 5.3 Cube of the absolute velocity profile for h=10m compared to tree model 
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5.4 Expectation vs the results of the developed tree models 
An initial hypothesis prior to developing the canopy model is that models produced using the 

allometric method would overestimate the frontal area of an R sp. tree, while those created based on 

analysing the picture of an R sp. tree would underestimate the frontal area. The reason for this is 

because the allometric method does not account for the position of the branches around the tree, 

and it assumes that the branches as all arranged such that they result in maximum dissipation of the 

incoming waves. On the other hand, the image-processing method can only extract the 2D projection 

of the branches from the angle the image was taken, and hence, it neglects the fact that branches 

within the canopy may overlap in space. The expected outcomes of the canopy models, however, is 

not observed in the final models (Figure 3.13). There are two reasons that can possibly explain for this.  

First, the allometric equation – which relates the DBH of the tree to the biomass of the branches in 

the canopy – that is used in this study, was developed based on the measurements taken in a closed 

canopy forest (0.08 trees/m2). On the other hand, the R sp. tree sample for which its picture was 

analysed grew in an open mudflat with access to plenty of sunlight. The depth at which the canopy of 

a mangrove tree begins, and hence the total frontal area of the canopy, depends on the tree’s access 

to light. As such, the frontal area of the canopies of trees found in different environment can be 

significantly different.  

Second, the approach taken to scale the frontal area of the canopy to the DBH of the tree in the models 

developed from image analysis may not be representative of the relationship between the DBH and 

canopy area in real trees. This could lead to an overestimation of the frontal area especially in the 

taller tree models. The relationship between the projected area of the canopy and DBH may be 

explored further by analysing more images of R sp. from different environments. This, however, could 

be challenging when studying closed forests with tall trees as it is important to obtain an undistorted 

image where the main branches of the trees are visible.  

Aside from the models of the canopy that has been developed in this study, it should also be noted 

that it could be valuable to study the trunk layer in greater detail too. R sp. have extreme plasticity in 

their morphology that is dependent on their physical environments and past experiences (Tomlinson, 

1986). In the field, especially in a natural mangrove forest, it is not uncommon to spot trees with two 

main trunks (e.g. Figure 5.4). Given that the trunk layer contributes the most to wave attenuation, 

further studies on such occurrences may be beneficial to understanding of wave attenuation by this 

species of mangroves. A possible approach to do such studies would be counting the occurrences of 

such trees within mangrove forests. If these trees account for a significant portion of the forest, the 

relationship between the DBH (of each trunk), height of the trees, and area of the canopy should be 

compared with the single-trunk trees. The additional frontal areas contributed by the “extra” trunks 

(and canopy) can then be added to the model. 
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Figure 5.4 R sp. tree from Chek Jawa Wetland Reserve with two main trunks. 

Finally, it should be noted that the root model by Ohira et al., (2013) and Maza et al., (2019) that is 

adapted for this study only considers the primary roots. Therefore, there the total frontal area of the 

root layer in this study is likely an underestimation.  
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6. Conclusion 
Is short wave attenuation sensitive to the root system at high water levels? Above what water levels 

are the effects of wave attenuation by the root system negligible? 

The sensitivity analyses of the root model show that the root layer does contribute quite significantly 

to wave attenuation even for water levels as high as 10m. Even as wave attenuation becomes less 

sensitive to the root layer with increasing water levels, the magnitude of the error and relative error 

in kt due to omitting the complex root layer can be as high as 0.14 and 0.62. The magnitude of the 

errors generally increases with the forest width, while relative error is larger for higher waves (i.e. 

larger Hs0). 

How sensitive is modelled short-wave attenuation to the complexity of the schematized root system? 

At low water levels, when the flow goes through the root layer, the resolution of the root model has 

relatively significant effects the results of the wave attenuation model. A maximum Error in kt of 0.037 

is produced by the single cylinder model when h0=2m at x=2900m. Comparatively, the errors of the 

three-layered (Root-3L) and five-layered (Root-5L) models were significantly smaller at Error=0.002, 

and Error=0.001 respectively at this location. For such water levels, the errors due to model resolution 

may be greater than the errors due to inaccuracies in the total frontal area of the complex roots, 

especially at larger cross-shore widths. 

At high water levels, when h0 is significantly higher than the height of the root layer, the accuracy of 

the total frontal area of the root layer is more important than the resolution of the root model. At 

h0>6m, the errors due to the resolution of the root model is almost 0, while comparatively significant 

errors can produced due to errors in the total frontal area of the root layer.  

How much uncertainty does the choice of CD contribute to the results of wave attenuation? 

The errors in predicted kt when CD is approximated to 1 can be as high as 0.17 in short willow forests 

with moderate tree densities (Nv=0.16tree/m2). This error decreases for forests with greater cross-

shore widths. In an R sp. forest of similar density, the maximum error could be slightly higher assuming 

that the total submerged frontal area of a R sp. tree of the same height would be larger than that for 

the willow trees. The variation of error with cross-shore distances also differ for cases where the actual 

CD<1 and CD>1. When the true CD is more than one, the error is observed to approach zero for x>1500m. 

On the other hand, the magnitude of the error does not attenuate to zero when the true CD is less 

than one for forests widths as large as 2900m. Similar behavior in error can be expected in R sp. forests 

of similar densities (as the willow forest).  

Through the analysis with Wang et al., (2022), it is found that the CD values calibrated on a specific 

vegetation model is not transferable to another model with a different vertical resolution, even if they 

are representing the same vegetation. The magnitude of error due to applying a mismatched pair of 

CD and vegetation model for full-scale forest has not been studied, but preliminary analysis show that 

such error is expected to increase with increasing water levels (relative to the heights of the vegetation 

model layers).  

How much do canopies contribute to wave attenuation during storm surges? 

The amount of contribution by canopies to wave attenuation depends much on the relative height of 

the storm surge to that of the tree. It is found that canopies of R sp. can contribute more to wave 

attenuation than the aerial roots for certain conditions. For the range of tree heights and water levels 

tested in this study, it was found that the canopy can contribute as much as 23% to wave attenuation 
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(htree=10.6m, h0=10m). This value can change significantly depending on the frontal area and 

distribution of the frontal area of the canopy in the vegetation model. The maximum contribution to 

wave attenuation by canopies is generally expected to increase with decreasing tree height and start 

height of the canopy, so long as the trees are emergent from the water i.e. htree>h0.  
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7. Recommendations 
This section consists of three parts. The first part addresses the problem of the transferability of CD, 

the second looks at future data collection and modelling of the R sp. root system, and the last focuses 

on the need to produce more information surrounding the canopy.  

Choice of CD values 
Based on the analysis of CD with the studies by van Wesenbeeck et al., (2022) and Wang et al., (2022), 

it is recommended for the choice of CD values to be informed by the aim of the study.  

First, based on the analysis with Wang et al., (2022), it is found that the CD values calibrated for a 

specific vegetation model is not transferable to another model that represents the same plant. 

Furthermore, the problem of the transferability of CD values across experiments is also a known 

problem within this field; empirical formulas of CD that are derived in one experiment does not agree 

with the results in another. A possible step to make CD more transferable could be for future studies 

to consider the idea of vertically distributed CD. This suggestion is made based on the proposed 

empirical relationship between CD and the KC and Reynold’s number (Burger, 2005; Mendez & Losada, 

2004; van Wesenbeeck et al., 2022). The KC number varies with velocity and the diameter of the 

vegetation, and hence, along the vertical of the water column. Today, it is still common for studies to 

calibrate one CD per experiment regardless of the number of layers present in the physical and 

numerical model. This, however, would mean that the calibrated CD would be only applicable for the 

parameters it was calculated for. The calibration of multiple CD per experiment and then deriving 

empirical formulas based on these results would, hopefully, allow greater generalisation of the 

parameter. CD can be understood as the bridge that connects the complex physical conditions in the 

real world to the simplified analytical model proposed by Dalrymple et al., (1984). For example, should 

the vegetation model be well represented in the analytical model, the calibrated CD for the different 

layers would describe the discrepancies between the theoretical velocity profile based on linear wave 

theory, and the actual one.  In this case of R sp., assuming that the flow reaches part of the canopy, 

there should be three calibrated CD values – one for the root layer, one for the trunk, and one for the 

submerged portion of the canopy.  

Second, based on chapter 4.1.2 and 5.2, if the objective of a particular study is to estimate the amount 

of wave attenuation at the end of a thick and dense forest such that the surge does not flow through 

majority of the canopy, then CD can be approximated to 1. Assuming that the R sp. trees in the forest 

of interest have similar or greater submerged frontal area compared to the willows in van Wesenbeeck 

et al., (2022), and that the R sp. forest has similar or greater tree density than the willow forest where 

Nv=0.16 trees/m2, then the predicted kt values when CD=1 would decrease with x for x>350m (Figure 

4.2). If Error<0.1 is acceptable for the study, then it should be alright to approximate CD = 1 for x>350m. 

Finally, if the forest of interest is relatively sparse and thin (i.e. small xVeg), and a higher level of 

accuracy in kt prediction is required, then creating a vegetation model and calibrating the CD with 

measurements would be the most ideal solution. However, field measurements and large scale flume 

experiments (as in van Wesenbeeck et al., (2022)) are expensive, time consuming, and not always a 

viable option. In such cases – acknowledging the other uncertainties due to various other factors such 

as the scale and hydrodynamic conditions of the experiments/field measurements – it is 

recommended to consider applying a tree model for which the CD was calibrated on, and the empirical 

formular of CD derived from the set of experiments. For example, if the empirical formular for CD 

proposed by Wang et al., (2022), then a single-cylinder model should be used to represent the 

vegetation in the wave attenuation model – since they calibrated the CD values and derived the 

empirical formular assuming a single-cylinder model.  
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Modelling R sp. root level for high water levels  
The results of the sensitivity analysis of the root layer shows that even at extremely high water levels, 

the complex roots of R sp. still contribute significantly to wave attenuation. This means that the 

vegetation model used to study wave height reduction by R sp. at high water levels have to account 

for these roots. These root models, however, do not need to be highly detailed at such high water 

levels. Chapter 4.2.2 has shown that the results of the wave attenuation model are slightly sensitive 

to the errors in total root frontal area, while it is not sensitive to the vertical resolution of the root 

model – the errors produced by a three- and five-layered model is almost the same and they are 

negligible. This means that if there is a need to obtain high accuracy wave attenuation results, more 

effort should be used to accurately measure the frontal area of the R sp. roots than to model the 

vertical distribution of the frontal area in detail. 

Canopy modelling 
The contribution analysis of the different tree layers (Chapter 4.3.2) has shown that at high water 

levels, the canopy can contribute up to 23% of wave attenuation. It also shows that, given certain 

conditions, the canopy can contribute more to wave attenuation than the root layer (Figure 4.20). This 

value can increase depending on the height of the tree and the relative height of the water level to 

the tree. As of now, there is little information that can be directly used for modelling the canopy of R 

sp. (and other species of mangroves). Prior to this study, known models of mangrove canopies are 

generally based on assumptions – such as having a maximum frontal area per unit volume and using 

a factor to scale this maximum value to different trees – which have not been validated with real-

world measurements. Given that the canopy can contribute to wave attenuation as much as, if not 

more than the root layer, there should be more effort invested to characterise this layer.  

The vertical distribution of frontal area of the canopy can significantly influence the results of 

contribution and wave attenuation (refer to Chapter 4.3.2). The characterization of mangrove 

canopies is important to develop accurate models of the canopy and this process can be challenging, 

especially in the case of R sp.. There are many reasons for this. One of which is the inaccessibility of 

this layer. The canopy of R sp. can be as high as 30m, as such, physically measuring the branches can 

be difficult in the field. In addition, given how tall these trees can be, obtaining an undistorted image 

of the entire tree requires technical expertise. Next, the canopies of mangroves (and R sp.) can be 

extremely dense. This makes it almost impossible to extract any information of the branches from 

pictures alone. Finally, the crown shape of mangroves – specifically R sp. – can come in all sorts of 

forms. This is not just limited to the range at which the canopy starts (discussed in Chapter 2.1.2), but 

also the shape of the crown. The variety of forms and shapes of the canopy makes it tricky to 

characterize this layer. Given the challenges in characterizing the canopy of mangroves, which 

morphology can be influenced by many environmental factors, it would be beneficial to have more 

collaborations with mangrove ecologists to work on developing canopy models. There is much 

knowledge in the field of ecology that would be extremely helpful in this process. 
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Appendix 
A1.1 Validation with scaled down flume experiment with R. sp root models 
Validation for the regular-wave model is performed with the results from Wang et al., (2022), where 

the complex root models of R. sp were studied. The performance of the model is evaluated by 

comparing kt values for nine points – WG2 to WG10 – along the flume (Fig. 2.9). 
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Figure 0.1 Plots of experiment measurements and wave attenuation model results. Blue dots: Measurements of 
experiments (E1-E8) with different hydroynamic conditions. Orange line: Obtained modelling results when a single-cylinder 

model is used for wave attenuation modeeling. 

 E1 E2 E3 E4 E5 E6 E7 E8 

RMS (10-2) 1.23 0.329 0.489 1.37 0.544 1.26 0.597 0.728 

Error (10-2) -1.39 -0.407 -0.473 -0.024 0.0992 0.455 -0.568 0.462 
Table 0.1 Sum of error and root mean square error of the modelling results when validated against Wang et al., (2022) 

experiments (E1-E8) (refer to Fig. 0.1) 

A1.2 Validation with large scale flume experiment with willow trees 
The model developed for studying irregular waves is validated with the flume experiment results by 

van Wesenbeeck et al., (2022). The inputs into model are summarized in Table 0.2 below. Specific 

experiments were intentionally omitted from this validation process as there were run-ups that were 

measured in the respective control experiments. These run-ups are caused by processes within the 

flumes which the implemented model is unable to account for. The distribution of frontal area of the 

model tree used in this validation exercise is based on the model of willow trees that was developed 

by Kalloe et al., (2022) for this specific experiment (Fig. 2.11).  

The performance of the model is evaluated by comparing kt,end, the kt value at the end of the willow 

“forest” (Fig. 2.10). In order to isolate the effect of the flume on wave attenuation, kt,end of the 

experiment is given by equation x below. 

𝑘𝑡,𝑒𝑛𝑑 =
𝐻𝑠,𝑒𝑛𝑑,𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐻𝑠,𝑒𝑛𝑑,𝑤𝑖𝑙𝑙𝑜𝑤𝑠

𝐻𝑠,𝑖,𝑤𝑖𝑙𝑙𝑜𝑤
    (28) 

Where 𝐻𝑠,𝑒𝑛𝑑 is the significant wave height at the radar wave gauge behind the forest, and 𝐻𝑠,𝑖is the 

significant wave height at the radar wave gauge in front of the forest.   

 Vegetation Hydrodynamic condition 

Test 
Index 

Nv (trees/m) Dv Cd (trunk) Cd (canopy) h (m) Hs (m) Tp (s) 

1 

0.16 
Figure 

x 
1.2 

1.85 3 0.42 0.44 

2 1.07 3 0.92 0.95 

3 1.91 3 0.45 0.45 

7 2.02 3 0.43 0.43 

8 1.17 3 0.90 0.93 

9 1.78 3 0.46 0.43 

10 1.24 3 0.92 0.97 

11 0.77 4.5 1.38 1.40 

12 0.94 4.5 1.41 1.44 
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Table 0.2 Conditions in which the model is validated for, against experimental results of van Wesenbeeck et al., (2022). 
Trunk is defined for the area from z=0m to z=1m; the canopy is defined for z>1m. 

The model’s kt values at the end of the willow forest compares well with experiments where h=3m 

van Wesenbeeck et al., (2022), with absolute error values of kt ranging between 0.008 to 0.077 (Table 

0.3). Significant deviation between the model and experimental results, however, are observed for 

experiments where h=4.5m.  

Test Index h (m) Δ Hs,control Error 

1 3 0.027 0.057 

2 3 0.012 -0.07 

3 3 0.012 0.077 

7 3 0.027 0.008 

9 3 0.012 0.005 
Table 0.3 Validation results with van Wesenbeeck et al., (2022)
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A2 Additional results from the sensitivity analysis of root models 

 

 

 

 

Figure 0.2 Variation of Error with water depth at the end of R sp. forest of various widths for varying wave heights, when 
Nv=0.1 and Tp0=8s. Results for xVeg = 950m have been presented in Figure 4.12.   

xVeg = 50m 

xVeg = 125m 

xVeg = 325m 

xVeg = 2900m 
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Figure 0.3 Variation of absolute Errorrel  with water depth at the end of R sp. forest of various widths for varying wave 
heights, when Nv=0.1 and Tp0=8s. Results for xVeg = 950m have been presented in Figure 4.13. 
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Figure 0.4 Variation of Error with water depth at the end of R sp. forest of various widths for varying Tp0, when Nv=0.1 and 
Hs0 is constant for each water level. Results for xVeg = 950m have been presented in Figure 4.14. 
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Figure 0.5 Variation of absolute Errorrel with water depth at the end of R sp. forest of various widths for varying Tp0, when 
Nv=0.1 and Hs0 is constant for each water level. Results for xVeg = 950m have been presented in Figure 4.15.

xVeg = 325m 

xVeg = 2900m 
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A3 Maximum and minimum rHs values for difference forest widths 
The wave height reduction per unit length, rhs, for the reduction values obtained in Chapter 4.3.1 have 

been calculated for comparison with results from Horstman et al., (2014) . The equation for rHs given 

in Horstman et al., (2014) as in Equation 29. 

 𝑟𝐻𝑠 =
𝐻𝑥−𝐻𝑖

∆𝑥∙𝐻𝑖
=

1

∆𝑥
(1 − 𝑘𝑡)    (Eq. 29) 

Where Hx is the wave height at point x along the cross-shore direction, Hi is the initial wave height, 

∆𝑥 is the distance between the shoreline and x.  

xVeg (m) 50 125 325 950 2900 

Min rHs (m-1) 0.0022 0.0021 0.0021 0.0019 0.0014 

Max rHs (m-1) 0.0545 0.0388 0.0219 0.0093 0.0033 
Table 0.4 Range of rHs values for forests of varying widths that are obtained in the R sp. wave attenuation analysis (Chapter 

4.3.1) 

 

A4 Tree measurements from Chek Jawa Wetland Reserve, Singapore 

Tree sample Height (m) DBH (cm) 
Branch diameter 

(cm) 
Est. number of 

branches 

1 19 23 6 - 10 10-16 

2 22.5 26.2 6 - 11.5 18-19 

3 8 - 4 - 
Table 0.5 Table of field measurements from Chek Jawa Wetland Reserve, Singapore 

 

 

 


