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Summary

Coastal defens mechanisns are an integral part in the safety ofinfrastructure and
communities residing on coastlines around the globe. In long temporal and spatial
OAAT AOh OOAAEOQEIT 1 Al aginE AdieAse carndiedmed hidakine
Incorporation of soft engineering methods for coastal defensean then bea viable
solution. Vegetation belts along the coastxan be a prominent soft engineering

application.

Many previous studies have been done to identify the protection offered by coastal
vegetation. This thesis aims to identify mangrove vegetation interactions under
hazardous waveconditions. Moreover, thestudy includes a comprehensive parameter

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

The hydrodynamicmangrove interactions are analyzedrom the perspective of coastal
hazard mitigation by vegetaton. The study focuses on wave attenuation, setup variation
and runup reduction by mangroves.

The investigations are carried out using a numerical modeling scheme, XBeaShrfbeat.

Mangrove vegetation can substantially mitigate the effects of coastal hadarby waves
(wave energy, wave induced flooding)faced in the hinterland. However, the level of
mitigation depends on several factors The most important factors are vegetation
density, mangrove forestwidth, wave height and water level.

Denser mangrovevegetation and wider forests increases the wave attenuation while
deeper water depthsin mangroveforests reduces the attenuationcapacity.

The improved understanding of the hydrodynamic-vegetation interactions gained in
this study can be used as a fouration for a Bayesian network. A betterunderstanding
of the effect of the different parametes on flood mitigation can then be attained.
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1 Introduction

1.1 Background

The coasthasbeenat the center of human activities for millennia(Martinez et al., 2007)

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

the oceans have been a major reason for the coastal zones to become such an integral
element of human civilization(Costanza,1999). Due to the benefits offered, the coastal

OACEI T O AOA ETEAAEOAA A Us pdpuldtichGQA &NICOBET T T 4
(2003) identified that within the 100km region from the coastline, the population

density is almost three times theaveragepopulation density of the planet.

However, with the increase of activity in the coastal zone, the losses due to coastal
hazards have increased as well. In 2012he US incurred a damage valued at $160
billion due to natural disasters out of which a substantialfraction have been due to
coadal hazards(Sutton-Grier, Wowk, & Bamford, 2Q5).

Coastal defense mechanisms have beex the forefront in reducing coastal hazards.

/| OAO OEA 1 A0GO0 AARAAAAAh OEAOA EAO AAAT Al E
AT CET AAOET ¢ ADPDPI EAAOEIT T O A& O shuictéd Gddution A A EAT C
(Borsje et al., 2011) Soft protection methods varyin a wide range from the use of sand

banks, dunes, ecologicangineering and use of vegetation beltée.g.Hanley et al, 2014;

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

The advantages of aft engineering methods over the traditional hard structural
applications become more apparent in large spatial and temporal scale¥/hen the
hinterland needs to be defended over long spatial scales, use of hard structures will
become expensive and impractical. The traditional engineering applications arver-
dimensioned and staticDue to climate change and increasing hazard levels, the capacity
of the hard structures will eventually be overwhelmed (Borsje et al., 2011) The soft
engineering applications are relativey inexpensive and the dynamic interactions of the
system will allow the soft application to adopt to new conditions (e.g. accreting sand
dunes and salt marshes).These qualities emphasizethe benefits of using soft
engineering applicationsespecially at large spatial and temporal scales.

Coastal vegetationcan be a prominent soft engineering application. The mitigation
offered by vegetation to coastal hazards have been of interest as long back to the 1960s
when the United States Army Corps of Ejineers reports on the correlation between
storm surge levels and saltmarsh widths in Louisiana between 19094957 (Shepard et

al, 2011). The benefits of vegetation in the coastal area became even more apparent
after the major devastationfrom the Indian ocean tsunami (2004)(Tanaka et al, 2007;
Das & Vincent 2009). The result of these events is that the esof vegetation as a
mitigation method for the coastal hazards has become an important area of research.



1.2 Problem description

The level of mitigation offered by vegetation vaiesin a wide range and will depend ora

range of factors( Horstman et al. 2014; Mendez & Losadg2004 ; Moéller, 2006). These

factors include vegetation properties (e.g.vegetation type, vegetation height, stem
diameter, density drag coefficient and vegetation width), hydrodynamic properties
(wave height, wave period, waterdepth, wave direction) and bed profile. Vegetation

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

vegetation.

Many studies have been conducted by previous researchers to assess the effect of
vegetation on hydrodynamics. However, mostfdhe field studies conducted focuses on
low energy environments (Anderson et al, 2011). The previous studies al® do not
contain analysis of cases with a systematic variation in the hydrodynamic and
vegetation parameters that are important to the level of mitigation offered by
vegetation.

1.3 Objective

The djective of this thesisis to analyze the effects of coastal hazards on mangroves
coasts. This is done byerforming a numerical model studywith XBeachSurfbeat on
mangrove vegetation with hazardous hydrodynamic environment. The study will focus
on the factors that may affect the hgrodynamic interactions with mangrove vegetation.

1.4 Research question

The primary research queston to achievethe objective of the study is

What is the effect oimangrove vegetation orhydrodynamicsand how do the different
wave and vegetatiorfactors affecttheseinteractions?

The vegetation effects on hydrodynamicwill be analyzedpertinent to the mitigation
characteristics of vegetation on coastal hazards. Hence thenalysis of themangroves
effect onhydrodynamic will be done under the following sub questions.

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

B. Attenuation of wave height/wave energypropagation (short wave & long wave)
due to mangrove vegetation.

C. Effect on wave runup in the hinterland due to mangrove vegetation.



1.5 Research approaclkand report structure

An outline of the thesisis provided within this section.

After identifying the researchobjective and the research question to be answerech
thorough review of the research ba&kground on themes that are central to thecurrent
project was caried out. The research backgroundectionis provided in chapter 2.

In order to analyze the hydrodynamic interaction with the vegetation, sufficientdata
covering the entire parameter spaceshould be generated. Application of a numerical
model was choserfor the generation of outputneeded for the project The séection of
the numerical model,setting up and details of the modeling scheme implementedare
provided in chapter 3.

The generated model data was theprocessed and analyzedocusing onthe areas that

were deemed important in regard to the interaction of vegetation and hydrodynamics.
These sections include wave setup, wave height attenuatipwave energy propagation

and runup. The analysis section is presented in chaptdt

The discussionin chapter 5 provides the strengths and weaknesss of the project. The
conclusions of the research are provided under two headings, conclusion towards
research objective and conclusios towards research questionsChapter 6 contains the
conclusions of the research project.

Recommendations and next steps that can beimplemented to improve the
understanding and application of mangroves as a mitigation methodre provided in
chapter?7.



2 Research background

Theresearch backgrounathapter can be divided under two main headings. First, analysis
of previous workcarried out by researchers into areas that are pertinent to the current
research.Second, introduction to process based numerical models to model vegetation
hydrodynamic interactions.

The analysis of previous worstarts with a brief overview of the coastal vegetation around
the globe. Then the importance ehangrovesfrom a standpoirt of protection offered is
discussed. The rest of tlsectionfocuseson the hydrodynamic interaction with vegetation.
This section is divided into threprimary areas. Wave aenuation, wave setup variation
and wave runup variation. Each of these sectiopsovides details of the statusquo in
research.

The second half of the chapter explains the process based numerical models used to model
vegetation effects on hydrodynamics, specifically XBeach. The governing equations for
vegetationrhydrodynamic interactions and the empirical equations used during the
analysis are presented.



2.1 Global coastal vegetation

Global coastal vegetation can be categorized under two main vegetation types
mangroves and salt marshes. The distribution of mangrove forests are mostly confined
to tropical and subtropical regions with the largest percentage of these vegetation
observed between N and S latitude (Giri et al., 2011) Saltmarshvegetation also
occurs on the intertidal region of a oast similar to mangroves. Unlike mangroves,
saltmarsh vegetation can originate on any latitude in the world. However, in the tropical
regions, mangroves dominate over saltmarsh(Songy, 2016). Figure 2.1 depicts global
distribution of mangrove forests andsaltmarsh.
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Figure 2.1: Global distribution of saltmarsh (black) and mangrove forests (fed).( D6 odor i co et

Using satellite imagery and image classification&iri et al. (2011) determined that the
total mangrove cover in the year 2000 was 137,760 k& spreadbetween 118 countries.
However, 75% of the mangrovesare found in just 15 countries (Figure 2.2).

NORTH
AMEIUC.-\_ ASTA
3 Yz

eX
3 'z
YR ATL AN ¢ 5 gzoam . X
} i 3 e e ' 0
e Sy AFRICA s
P
{

A7
s
s

- SOUTH
AMERICA { i >k

! o \
v OCEAN ¢ AUSTRALIA &
‘ ) )

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

There are three dominant mangrove typesRed, Black and White mangroves. Red
mangroves or Rhizophoracan be identified by the prop roots that originate from the

al .



stem. Black mangroves can be identified by their cone shaped rodqigure 2.3). White
mangrovesare observed more landward compared to red and black mangroves.
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Figure 2.3: Dense prop root structure of Red mangroves (left) and cone shaped pneumatophores roots
of Black mangroves (right) (Janssen, 2016)

From analyzing a wide range ofprevious studies performed on mangroves Janssen,
(2016) provides values forw (section 2.5) for the different mangrove vegetation.

Table 2.1 provides thew and height 'Q for Red and Black mangrovesQ is defined
as the height from the groundevel to the respective layer Figure 2.4).

Table 2.1: Variation in vegetation factor @ and height "Q of medium dense Red and Black
mangroves at three layers

Roots Stem Canopy
Mangrovetype o« ¢ 4 o a4 Qa ® & 0Qa
Red Mangroves 0.9 0.50 0.27 5 1.1 12
Black Mangroves 1.2 0.40 0.10 3 0.5 11

A zonation of mangroves in the intertidal region is common. In the Ind@acific region,
black mangroves are mostly dominant on the lowest and the highest intertidal zones
while the mid sections of the forests are dominated by red mangroves. Another
commonzonation configuration is that the red pioneers are located at the lower parts of
the intertidal zone and black mangroves are found in the rest of the intertidal zone.

In the present study, red mangrove properties are taken to represent mangrove
vegetation in the numerical model implementation.

2.2 Importance of coastal vegetation

Coastal wetlands have been recognized to have two main benefits. First, the
stabilization effects of the vegetation improves sedimentation ah reduce erosion on
the coasts(Gedanet al.,2011). Second, the protection against storméSutton-Grier et
al., 2015) The protection of coastal communities becomse even more important with
the increase in population within the coastal zongSmall & Nicholls, 2003) In this
thesis, the focus is towardsthe protection (reduction of wave setup attenuation of wave
energy and reduction inflooding) offered to the hinterland by coastal vegetation.



However, it should be noted that thereduction in erosion and improvement of
sedimentation by vegetation is utnbst importance to attenuation of storms by
vegetation. These aspects become more important withsea level rise. The
sedimentation induced by vegetation enables the vegetation to adat to the new
hydrodynamic conditions (dynamic system) whereas the hard stictures (e.qg.
revetments) cannot adopt (static system)Borsje et al.,2011) .

Identifying the importance of vegetation, some countries implement specific vegetation
policies. One of such policy is the preservation @ireas for the protection of coastal
hinterland, so-called greenbelt zones(Janssen 2016). The policies behind such green
belts differ according to zone and country. For example, from 1984990 Indonesia
maintained an averaged greenbelt width of 200 m with a minimum of 100 n{Brown,
2007). In Sri Lanka, the forest conservation and the coast conservation departments
rehabilitate coastal forests and shelterbelts witin the prescribed setback lines
(Samaranayake, 2006) In the Philippines and other SouthREast Asian countries
consider a 56100 m mangrove belt to be sufficien{Janssen, 2016)

However, concernsregarding the level of protection ofered by the coastal vegetation
have also been raised. These concerns mainly focus on the level of protection offered by
vegetation in extreme events such as tsunam(&edan et al,2011; Feagin et al,2010).
These studies also acknowledge that coastal vegetation provide a protective role but
emphaszethatitis notaO OE 1 O AAaAd@astal brdtection probems.

2.3 Hydrodynamic and vegetation interactions

Numerous studies have been carried owvith regard to hydrodynamic interactions with
vegetation. These studies include field observations, physical model tests and numerical
modeling. Most of these studiesfocus on one or more of the following themes.

a) Wave attenuation by vegetation
b) Setupvariation due to vegetation
¢) Runup variation due to vegetation

Bellow we consider all three.

2.3.1 Wave propagation and attenuation due to vegetation

As waves propagate through vegetation they lose energy. The reduction of energy
results in an attenuation of the wave heights(Anderson et al., 2011) The degree of
attenuation depends on vegetatio properties (geometry, buoyancy, density, stiffness,
and spatial coverag¢ and hydrodynamic characteristics {ncident wave height, period,

and direction) (Mendez & Losada2004 ; Mdller, 2006).

Several field studies have beerconducted to identify the capability of mangrove
vegetation to attenuate waves However, most of the studies relating to wave
attenuation have been done in low energy environment§Anderson et al.,, 2011)
Janssen(2016) succinctly provides wave attenuation rates observed in tle different



study sites of mangrove vegetation.The results are tabulated inTable 2.2 according to
the wave attenuation rate calculation proposed bWazda et al.(2006) (equation 2.1).

30
Where 3'Ois the wave height reduction observed after a distance afwpropagation and
"Ois the initial wave height.

i (2.)

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

Waveheight Wave attenuation
Source Vegetation type H(cm) Wave )
: (m1)
period T(s)
Sparse Red mangroves (& H=- T=58 =1x104 1x103
year old)
Mazda et al. | Dense Red mangrovesX-3 R _ 4 3
(1997) years old), up to 0.5m high H=-, T=58 r=8x10% 1.5x10
Dense Red mangroves6 |\ 155 | (2154103 2.2x103
years old), up to 1m high
H=11-16 _ ] ]
Mazda et al. Black mangroves _ r=2x103 6x10-3
T=8-10
(2006) H=11-16
i e = -3 -3
No vegetation T=8-10 r=1x103 2x10
Vo-Luong & Mixed Black and Red H=35-40 Energ_y reduction
— factor =0.5-0.7 over
Massel(2008) mangroves T=-
20m
H=15-25
= -3 2
Quartel et al. Redmangroves T=4-6 r=4x103 1.2x10
(2007) No vegetation H_?iASrES r=5x103 2x103
Bao(2011) Mixed vegetation H=15-27, T= r=5.5x103 1x102
Mixed vegetation H=55T= r=1.7x102
Brinkman _ _ Energy transfer factor
(2006) Red mangroves H=8-15T=4 | "1, 15.0.75 over 40m
Zhang et al. Redmangroves (fully _ _ _ 4
(2014) grown) H=100, T= r=6x10

A large spread in the observed degree of attenuation is visible which is due to the
variation in many different conditions. From the studies done byQuartel et al.(2007)
and Mazda et al.(2006) it can be seen that the vegetation is capable of attenuating the
waves at a much higher rate than of no vegetation conditions

Previous studies have been also been conductddto identify the pattern of wave
reduction in vegetation. Knutson et al.(1982) found that there was an exponential
reduction in the wave height and a rapid reductionoccurring at the start of the
vegetation. A reduction rate of 20% per m within the first 2.5m was observedn this
study. Mdller & Spencer (2002) also made similar observation in earlyrapid dissipation
of wave energyin vegetation.



Laboratory studies have alsobeen performed to identify wave attenuation by
vegetation (e.g. Fonseca & Cahalar{1992) ; Lovas & Torum (2001); Augustin et al.
(2009)).

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

i) Total attenuation increased with wider vegetation beds

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

iii) Larger incident wave heights producedmarginally high levels ofattenuation
iv) lower water depths provided more attenuation

V) No clear pattern was visible with incident wave periodand wave attenuation

The wave attenuation can also be discussed according to the frequencywafves as well.
There are significant differences to the propagation of high frequency sea waves and
low frequency swell waves. In a studyJadhav et al(2013) found that high frequency
waves dissipated in the leading s&tion of the vegetation howeverlow frequency waves
propagated to subsequent sections of the vegetatioirorstman et al.(2014) in a study
on mangroves also made similar observations.

Apart from the above dependencies in wave attenuationnistudy by Wu et al.(2016)
found that the wave steepness also had an effeah the dissipation ofenergy. Thestudy
found the damping factor can increasetwo-fold when the wave steepness
approximately doubles.

2.3.2 Setup variation due to vegetation

Wave induced etup is defined as tle mean water level above the still water level
(Nielsen, 1989) Setup isa key factor to consider in the vegetation environment. By
applying linear wave theory in the shallow water limitsDean & Bender(2006) showed
that wave setup due to wave breaking is reduced by factor of 2/3 in the presence in
vegetation relativeto a no vegetation case Furthermore, the study also showed that for
milder slopes the setup will be lower.

In a numerical model studyon setup variation in vegetation wascarried out by van
Rooijen et al.(2016) using XBeach An overall reduction of setup wasobserved In the
study, numerical model results obtained are validated using a laboratory study.The
importance of the different force components acting on the water column idiscussed.
It was found that the wave induced vegetationforce which occursdue to the orbital
velocity component of the waveslays a crucial role inaccurately predicting the setup
level within the vegetation.

2.3.3 Runup variation due to vegetation

Wave runup height is defined as the vertical difference between the highest point of
wave runup and the still water level(Schittrumpf, Van der Meer, Kortenhaus, Bruce, &
Franco, 2010) Tang et al.(2017) showed in anumerical model study the runup levels
significantly reduced by due to the presencef vegetation. The study performed a series
of test with varying vegetation diameers. The tests found the runupdeceased with
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increasing vegetation diameterand/or vegetaion density. A maximum runup reduction
of 87% compared to the bare slope was observedang et al 017) found that wave
runup in the presence ofvegetation is sensitive to the variabn of the incident wave
period. However, the study concluded that the attenuation of wave ruap does not
increase or decreasenonotonically with incident wave period.

van Gent(2001) provided an empirical formula based on the surf similarity number to
calculate the wave rumup on a slopeof a breakwater. The study found that the d&a were
more in agreement with the formulae when the wave period was determined on the
negative spectral moments Y ) instead of Y, . The negative spectral moments
give more weight to the lower frequerty energy bandsvan Gent(2001) reasons that
runup will be governed by lower frequency wave motion than comared to the high
frequency motion.

2.4 Process basedhumerical modelsfor vegetation-hydrodynamic interactions

There are few numerical models which can model vegetation interaction with
hydrodynamics. Thoselike Dynveg can model highly flexible vegetation interaction with
hydrodynamics (Dijkstra & Uittenbogaard, 2010). SWANSL and SWAMNL have also
been used effectively to model vegetatiofWu et al., 2016)

For the numerical modeling section of the thesigt was decided to use XBeachurfbeat.
The primary reason to useXBeach idecause it isatime domain modelwhich solves the
non-linear shallow water (NLSW)equations. The importance of a time domain model is
that it can simulate the low frequency waves which have been found to be important in
wave propagation in vegetation(Phan, Vries, & Stive, 2011)Furthermore, XBeach has
been successful in modeling vegetation interaction with hydrodynamicsn previous
studies (e.g.van Rooijen et al(2015); van Rooijen et al(2016); Songy(2016); Phan et
al. (2011)).

A 1D (transect) model is incorporated in the XBeach for the prgent study. Use of alD
domain will neglect effects of wave direction and nomniform long-shore profile and
vegetation. These factors will affect the wave heights and currents which will change
the hydrodynamic interactions with vegetation. However, vith the time constraints and
parameter space to be covered a 1D model is the best option.

2.4.1 Introduction into XBeach andthe governing equations

XBeach was initially developed as a phase averaged model that resolves the wave
amplitude on the wave group scale XBeachsurfbeat). The variation in the amplitude
over space and time drives the low frequency (long wave) motion&/an Rooijen et al.,
2016). In the model, the low frequency motions are resolved using the ndimear
shallow water equations (NLSWE). The short wave propagation is performed via a
wave-action balance in which energy dissipation is possible due to wave breaking, bed
friction and effects ofvegetation.
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A non-hydrostatic (phase resolving) mode was also developed for XBeach where
continuity and conservation of momentum equations are used to resolve all wave
motions (including the short waves) within the shallow water equations(Smit et al.,
2014). The downside of XBNH is itis much more computationally expensive compared
to XB-Surfbeat.

Vegetation can be modeled both in the surfbeat and the nédrydrostatic mode. For the
non-hydrostatic mode, vegetation is included within the shallow water equations as a
force (‘Ohequation 2.8). In the surfbeat version of XBeaghegetation is included both in
the wave-action balance © hequation 2.5) and in the included within the NLSWE
equations as a force "Ohequation 2.8). A wave shape predictoiis needed to accurately
model the vegetation interactionsin XBeachsurfbeat (van Rooijen et al. 2016)It was
decided to use the surfbeat mode for the modeling due to the computational time
saving

In the following section, the governing equationsin relation to vegetation effects on
hydrodynamics in XBeachsurfbeat modeare discussed.

2.4.1.1 Short wave action balance

The wave forcing in the shallow water momentum equation (equatior2.8) is obtained
from a time dependent version of the wave action balance equatiofRoelvink et al.,
2015). The propagation of shortwaves in the modeldomain will be calculatedusing this
equation as a propagabn of energy. Fora 1D model the action balance equatiocan be
presented as

—a

070 O (0] (@)

To T \
-
R

Where"Y is the wave energy density, is the intrinsic wave frequencyobtained as,

(2.2)

b (2.3)

, "QQOGDEN (2.4

"Qis the water depth,Qis the wave numberand é is the group velocity obtained using
liner dispersion relation. Two energy dissipation mechanisms for shortvaves are
applied in the model. O , dissipation due to breaking and O, dissipation due to
vegetation.

Within the vegetation, dissipation of energy due to vegetation becomes much more
prominent over the dissipation due to wave breakingA field study byHorstman et al.
(2014) found the wave attenuation due to mangrovesvas predominantly due to the
vegetation drag and the dissipation of wave energy due to bottom friction and viscous
dissipation was significantly lower than the effect of vegetation.

The dissipation due to vegetation'Q ) is calculated according tdDarymple et al (1984)
The derivation of the equation is given iAppendix A
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Where O is the root mean square of shortvave height, ” is the water density, 0 is
the drag coefficient,w is the vegetation stem width,0 is the vegetation density The

vertical variation in the vegetation is also taken into account in the model usinthe
method proposed bySuzuki et al(2011)

] §O) (2.5)

0 (of (2.6)

O j, is the dissipation by vegetation by thé® layer.

2.4.1.2 Shallow water equations

To solve the low frequency waves and the mean flowthe model uses the shallow water
equations. The shallow water equations consist of two equations, thecontinuity
equation (equation 2.7) and momentum conservation equation (equation2.8). The
equations are based on Lagrangian velocitiesY ) which is defined as the distance a
water particle travels within a wave period (Roelvink et al., 2015) For a 1D model
domain the equatons can be presenteas,

r-rro o 2.7)
o T o

'Y .1Y 1- t "0 O

o T o C}‘w 0 (2.8)

Where — is the water surface elevation,”Y is the depth averaged Lagangian
velocity, t is the bed shear stress]O is the wave force due to the radiation stress
variations and "Ois the wave averaged force due to vegetation.

The bottom friction (T ) is calculated using the approach irRuessink et al.(2001).
Where the bed shear stress for a 1D model is calculated as,

T 0 pdo 6 (2.9)
Where 6 is the orbital velocity of the wavesand 6 is the depth averagedEulerian
velocity. The wave force™O in the cross shore direction is calculatedor a 1D model
using the variation in radiation stress variation is cross-shore direction (Longuet
Higgins & Stewart, 1964)
avY
Qw
Where™Y is the radiation stress in cross shore directionobtained from the wave action
equation.

"0 (2.10)

As thewaves propagate throughvegetation, a drag force is exertedby the waves on the
vegetation. Due to the exerted force, an equal and opposite force acts on the water
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column. The force induced by the vegetation is modeled using a Mson type formula.
Dalrymple et al.(1984) presents the equation as,

O g" 60 60S (2.11)
The energy dissipation by vegetationO (equation 2.5) is based on the drag force
(equation 2.11). The cumulative force due to vegetationover the submergeddepth is,

O gé o0 DD Q& (2.12)

"Q , is the submerged depth of vegetationThe vegetation forceexerted can be divided
into two main components the mean drag force ', ) and waveinduced force due to
emergent vegetationand/or nonlinear waves ("G, ). Both components are based on
(equation 2.12) with different velocity components.

The mean drag force induced by vegetation'Q; is due to seaswell phase averaged

time scale (mean flow) The flows include undertow and unsteadyinfragravity (IG)
currents (van Rooijen et al., 2016)"Q; is calculated using the Eulerian velocitiesy ).

The waveinduced force due to emergent vegetatiorand/or nonlinear waves ("Q; ) is
due to the seaswell wave orbital motion scale Since, XBeacisurfbeat is phase
averaged model, the incident wave phase data is lost. To circumvent the issue, an
empirical wave shape model is implementeqvan Rooijen et al., 2016)Using the wave
shape mode]net "Q;, is calculated over a wave period.

2.5 Modeling of vegetation in XBeach

XBeach can be saip to model the effect of vegetation. XBeach allows the vegetation to
have horizontal and vertical variations in vegetation parameters. The vertical variation
in vegetdion is especially important in mangroves where a significant vertical variation
in trees is observed(Janssen, 2016)

Due to the differences in vegetation characteristics in mangwves over the vertical, a
layering of mangroves in the vertical was proposed b$uzuki et al.,(2012). The vertical
layers are divided as the rots, stem and the canopy where there is significant variation
in characteristics. A vegetation factorww  can be defined asn equation 2.1,

@ 5 Q0 (2.1

Where @, is the diameter of the vegetation and) is the number of trees/stems in a
square meter & on the'Q layer. Thew values changes with the layer and with
the type of mangrove.

XBeach essentially treats the vegetation as rigid cylinders. The physical parameters
(height of the vegeation ('Q), stem diameter (), number of tree stems in a square
meter (0 ) and the drag coefficient § )) of these cylinders can be changed accordingly
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to represent vegetation (section3.2.2). Figure 2.4 provides a schematic drawing of how
the vegetation is represented in XBeach.

A
/

\
.{\

M
[”/} h\m

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

2.6 Empirical formulas
2.6.1 Runup calculation hinterland of the vegetation

In XBeachsurfbeat mode, the model alculated runup levels only considers the long
waves and will not include the contribution to runup due to the short wavesNeglecting

the contribution from the short waves will lead to an underprediction of the runup

levels.

Hence the rurup is calculated using an empirical formula proposed byan Gent(2001).

This specific method is used because; the runup formulation isbased on wave
parameters at the toe of thestructure. Whereasother runup formulations use wave
parametersin the offshore. Due to the vegetation, there are significant diffences inthe

wave climate inthe offshore and end of the vegetation.

Oostelo,(2015) was able tosuccessfullymodel the empirical results for runup obtained
by van Gent(2001) using XBeach.

Due to the stochasticnature of the incoming waves each wave will have a different
runup level (Schittrumpf et al., 2010). Similar to many runup formulae, thevan Gent
(2001) method calculates the runupas the wave runup level exceeded by 2% ofcident

waves @ , relative to still water level. The runup formulation proposed can be
presented as,

p R

0 , Qe 1N (2.13)
o p 5 0 ol f 014
) ’ €1 N (2.14)
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(2.16)

3

Where 1y is defined as;j —— and & p& udé @ T&O is the significant wave

height at the toe of the structure| the reduction factors for roughness and wave angle.
, Is surf similarity parameter and ¢ is the slope of the structure For the calculation of
the surf similarity number , ,the wave lengthis calculated as,

ay i (2.17)
-
The wave period used in the calculation is”Y f(section 2.3.3). The calculation
procedure used to obtain the runup for the models are given in sectidh4.

O
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3 Model setup

The model setup chapter presentbe selection of parameters to implement in the
numerical model. The parameter selection comprises mainly of hydrodynamic and the
vegetationparameters.After the selection of parametersetting up of the model domain;
selection of profile; grid resolution and modeling time sections are discussedihe
computational setup section providegprocess used irKBeach to generate the outputs.
Finally, procedure of calculatiomf wavespectra andtotal wave for the runup calculation

is provided.
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3.1 Model selection

The data for analysis can be collected either by field observations, physical model tests
or numerical model implementation. Field observationgnto the area of hydrodynamic
vegetation (mangrove) interactions have been carried out byprevious researchersin
different environments and under different conditions (Table 2.2). However, it was
noted that, most of the studies carried out are done in low energy environments and
interactions during extreme events are less commarAs this research isconcerned with
extreme events and due to reduced control over thgparameter variations, use of
previous field observations will not be suitable.

Physicalmodeling to identify wave interaction with vegetation hasalso been performed
successfullyby previous researches €.g.Wu & Cox(2015); Augustin et al, (2009);
Moller et al.(2014) ; Lovas & Torum (2001)). Since the research project aims to cover a
large parameter space (sectior8.2) physical model testing will be infeasible.This leads
numerical modeling to be themost viable option.

Numerical modeling of hydrodynamic and vegetation interaction has been performed
successfully in the pastwith good accuracy(e.g. van Rooijen et al. (2016); Augustin et
al., (2009); Phan et al., (2011) Songy(2016)).

Due to the aforementioned reasons and previous success in research carried out using
XBeach to model vegetation effects (sectioh4), it was decided touse XBeacksurfbeat
for the numerical modeling.

3.2 Parameter selection

The ultimate goal of the modeling work in Beach is b generate a synthetic data set of
hydrodynamic forcing, vegetation and bedcharacteristics, and wave and water level
that will represent reality. The parameters to be incorporated in the models wilthus
have to be chosen to represent the actual ground scenarios. The input needed for the
models can be broadly categorized under hree main sections hydrodynamic,
vegetation and bed geometric parameters.

3.2.1 Hydrodynamic forcing parameters

The wave climate is a significant driver for the hydrodynamic process within the
environment. The interaction between waves and vegetation will degnd on

hydrodynamic parameters sich as wave height, wave period and wavelirection

(Mendez & Losada, 2004)

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

Offshore wave data dewed from the ERAInterim (ERA-l) database, linked to the
Dynamic Interactive Vulnerability Assessment (DIVA) points around the globe were
used as wave climate source. The wave data was filtered by location to provide the wave
data for global mangrove areasSince the focus of this thesis is on effect of vegetation on
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coastal hazards during the extreme events, the 10@ear return period events were
chosen to represent the wave climates of the models.

Figure 3.1 provides the global distribution of mangroves according to USG®iri et al.,
2011). The point locations on the map portray the locations where the data for the
hydrodynamic inputs were extracted.The extraction points are selected to represent
the global variation.

The found wave climate parameters are varied throughout the models to derive
different sets of input conditions. To make sure implausible combinations of offshore
wave heights andwave periods are not consideredin the models wave steepness
derived from the data was used as an input parametenstead of using wave period as a
direct input. By usingwave steepness, thavave period will be calculated according to
the wave height. Theresulting wave periods will then simulate short wind waves up to
long swell wave conditions appropriately. AJONSWARspectrum with the significant
wave height and the corresponding peak period obtained from wave steepness was
applied at the boundary.The other parameter values needed for the implementation of
the JONSWAP spectrum wer&ept at the default values apart from the directional
spreading coefficient i which was set 10,000 (Appendix B which correspond to no
directional spreading.

The wave climate parameter ranges for mangrove areas from the data are tabulated in
Table3.1.

Data extraction points
Global Mangrove Distribution (USGS)

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

Wave parameter Range
Significant wave height [m 1-7
Wave Steepness [-] 0.02-0.05
Storm surge [m] 1-45

Highestastronomical tide [m] 0.5-3.5

3.2.2 Vegetation and bed geometriparameters

The vegetation input parameters required by XBeach are given in secti¢h5. These
parameters vary along the vertical significarly for plants like mangroves. The vertical
variation in vegetation is very important and needs to be accountefibr.

The vertical variation in vegetation densitywas taken irto consideration by dividing the
mangrove vegetation into three main segments over the verticalhe three segments
are root system, stem and canopy.

Jansser(2016) summarized the characteristic parameters of mangroves undeplant
type and vegetation density (Table 3.2). In this thesis, a constant nhominal drag
coefficient of 0.6 was appliedover the entire height of the tree.

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

Roots Stem Canopy

Density 0 @ Q v @ 0 o Q
[roots/m 2] [cm] [m] [stems/mZ2] [cm] [m] [m-1]  [m]
Sparse 15 1 0.3 0.3 20 2 0.1 10
Medium 45 2 0.5 0.6 45 5 1.1 12
Dense 70 3 1.0 0.9 75 8 4.5 12

In order to reduce the number of input parameters forXBeach, vegetation factorw
was then varied for the different model runs.

Mangrove vegetation is mostly foundn areas where the ground slope is very mild-or
an example in the Mekong delta the sea bed slope is in the order of 1/508lbers, San,
& Schmitt, 2013) Within the numerical model implementations, the profiles slope
ranging between 1/300 and 1/1000 were considered.

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

Suzuki et al.(2011) ). The width of the intertidal zone will be a function of the profile
slope ard the highest astronomical tide (HAT). Hence the resultant mangrove
vegetation widths were calculated for each model according to thprofile slope and
HAT. The resulting mangrovedorest widths were in the range of 150m-3500m.
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3.3 Computational setup for the model

Computational setup needs to be configured fahe numerical model to be implemented
in XBead. The computational setup of the model is threefold,

1. Configuration of grid geometry and boundary conditios
2. Selection of grid resolution
3. Choosing a model runtime and spirup duration.

Appendix B provides the procedure, tests and the analysis conducted to configure the
said components of the computational setup.

From the results obtained in Appendix B, a grid geometry of profileontaining a profile
break located at 12.5m depth and a truncated slope of 1/300 is used in the analysis. The
grid will be a non-equidistant grid with a minimum grid resolution of 1m. A schematic
diagram of the configured computational grid setup and inputsre provided in Figure
3.2.

Four observation points are located within the model domain for theextraction of high
frequency point output. The first observation point Obs 1} is located offshore at a depth
of 17.5m and will representthe offshore wave climate offshore of thevegetation. The
second observation point Obs 2 is located just in front ofthe mangrove vegetation. The
point also coincides with the MSL as well. Observation point ps 3 and Observation
point (Obs 4 are located at the middle and the end of the vegetation respectivel.run-
up gauge is also used to find the runp over theslope behind the vegetation.

KF Surge Height

Vegetation width

0bs 1

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

The hydrodynamic input parameters (section 3.2.1) were divided into bins. For
example, the offshore significant wave height Qi) varies between 1m7m (section
3.2.1) and was dividedinto 4 equal bins of 144 unique uniformly distributed values
within each bin. The other parameters were also divided into such bins. Thalues on
each bin werethen matched with the other parameter values to create a unique set of
576 input permutations.

Figure 3.3 provides the hydrodynamic input values for each of the model runs. The
values inthe model runs are paired from each input parameter to create the input
conditions for the model.

This hydrodynamic set of model runs wasthen imposed on different vegetation
densities (dense vegetation, medium dense and sparse vegetation) and on a base case of
without vegetation. Each counterpart model run has the same input signého wave
randomness) Thus, anymodel output variation is the result of thedifferences from the
vegetation.

The runup for the models was calculated using an empirical formula (sectigh6.1). For

the calculation, a 1/10 slope was considered justehind the vegetation br all models.
The slope was considered smooth. This slope section was not included in the XBeach
model.
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Figure 3.3: Hydrodynamic input parameter s for each of the model runs. In order get the input of a
specific model run, the corresponding parameter values for each model run number should be paired
together.
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3.4 Calculation of wave spectrumand outputs for the empirical runup formula

Total wave height and the wave period at the toe of the structure amequired as input
conditions for the runup formula presented. These input conditions came derived
from wave spectra.

XBeach surfbeat calculates the long wave surface elevation and the shadve height
separately. Hence, the high frequency (short wayespectrum and the low frequency
(long wave) spectrumare calculated separately. The total spectrum is then obtained by
addition of the spectral density values in the two spectra in thecorresponding
frequencies

3.4.1 Calculation of the high frequency (shortvave) spectrum.

XBeach provides the shorivave height as a point output. The time series of the short
wave height at the observation points were used to calculate roohean-square wave
height 'O . The calculated©  was then converted to sigificant short wave height
‘O using,

(o) V'O (3.1

XBeach surfbeat does not calculate a change in the wave period for the short wave
height. Hence, the input peak wave perio@Y combined with the calculatedO is used

to calculate a JONSWAP spectrumhile keeping the other parameters same as the
input.

3.4.2 Calculation of the low frequency (long wave) spectrum

Long wave surface elevation time series at the observation points were used to calculate
the long wawe spectrum. First the water surface elevation signal wade-trended. The
frequency resolution at which the spectral density is calculatedvas kept at 0.001Hz.
The wave signal was thensplit into smaller overlapping sections using the Welch
method with a maximum overlap of 50%. The Welch method reduces the noise in the
spectrum in exchange for reducing the frequency resolution. The split segments were
then windowed using a Hann window.

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

The total wave height of the model at a point will be due to both the long wave and the
short wave height. The significant short wave height at a point can be by the equation
3.1. The long wave height at an observation point can be obtained by the variani the
long wave time series as follows,

O T 0OFO (3.2)

WhereO is the long wave height and- 0 is the wave elevation time series.

23



The total wave heightO can be obtained bycalculating thewave energy at eactband
and equating the energy values to the total energy at a point. The resultieguation for

(3.3)

'O can be provided as,
() O ©
The wave period was obtained from the calculated total wave spectrum by using the
spectral moments. The spectral momend is defined as,
a Qi "QQQ (3.9
Where i "Q is the spectral density atfrequency’Q The wave period”Y | can be
calculated as,
N a

Figure 3.4 provides the total spectrum derived from the high frequency, low frequency
r at observation point 2 for an

wave spectra and the corresponding wave period’Y

example model run.
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Figure 3.4: Total wave spectrum and the wave period found via the combination of the high

frequency and low frequency wave spectra
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3.4.4 Splitting the incoming and reflected wave signal

The spectra calculation at the toe of the structureas given abovewas performed
considering both the incoming and reflected wave signahs most of the reflection was
observed before the vegetationHowever, n order to calculate the attenuation of the
long waves due to vegetdon, the incoming component should be split from the
reflection component.

The splitting of the signals is performed using the GLM velocity and the watégvel
signal at the observation points. The method is based @buzaget al, (1984):

-® 0 26
- TS (3.6)
~—® 0 2
B R &7
Where — and — are the incoming and the refleted wave signals respectively.

0 &Qwhere 6 is the velocity and'Qs the water depth.

The long wave height andvave period at the start of the vegetationare calculated in a
similar manner as given in sectior8.4.3
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4 Analysis

The Analysis chapter presentbe investigation of the outputslerived from the XBeach
models The areas of interest werevave setup, wavdransformation, energy propagation
/dissipation and runup.

The wave setup section starts by looking into the governing equationgl da find the
dominant processethat affect setup.

Wave height variationwithin vegetation section igiscussedunder three main sections.
The high frequency, short wavdransformation (‘O ), the low frequency longwave
transformation ('O ) and thetotal wave transformation (O ). The'O andO sections
start with analyzing the governing equations which affect the waveansformation.
Relationships are then made between the different parameters that affect the
propagation/dissipation.

The wave enegy section primarily focuses on the energy variation of wavesreagbtiency
as waves pass through theegetation

Finally, wave runup is analyzed at the end of the vegetation using an empirical formula
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4.1 WaveSetupdue to vegetation
4.1.1 Analysis of forces affecting the wave setup

Setup is the increase of the mean water level due to the hydrodynamic action on the
profile. In the model setup tested an initial storm surge level is prescribedséction
3.2.1). Hence thesetup 3—) referred here is the increase in the mean water level above
the initial surge level (still water level (SWL)) 6— - "Yw )

The water level variations in the model donain are governed by the nonlinear shallow
water equations(NLSWE)Roelvink et al.,2015) (equation 2.7 & 2.8)

The model results are analyzed only after the model has reachadtationary condition.
Hence, it can be assumed that there is no variatioof parametersin time. The time
varying parameters in equation2.7 and 2.8 can then be neglected.

The setup due to vegetation will be dependent on the forces actimg the water column.
The forces inthe water column are balanced by the pressue gradient due to the
increasedwater level. The equation2.8 can then be rewritten &s,

. C}: t "0 O (4.1)
) TQ

Initial results showed that the bed shear stress is significantly lower within the
vegetation where the wave forces "0O) and the vegetation induced drag force Q)
dominate. The observation is confirmed byHorstman et al. (2014) where in a field
study on mangrowesfound similar results. Hence, the effect of bed shean the variation
in setup can be neglected.

The shortwave energy of the waves starts to dissipate as it encounters the vegetation
(equation 2.5). The attenuation of energy results in the reductionof radiation stress
The radiation stress gradient generated resultsin an onshore directed force "O)
(equation 2.10). The magnitude of the force will depend on the short wave dissipation
rate. Dense vegetation will induce a higher wave force due to the increased dissipation
compared to sparser vegetationThe positive "O force will result in a positive water
level gradient (equation4.1) which will result in a setup.

The vegetation induced érce on the water columnis composed ofa combination of
different processes.The force exerted on the water column by vegetation'@) during
wave propagation irrespective of the procesds given in (equation2.12). The velocity
used in the equation wil vary according to the different processes. The components of
the vegetation force can be discussed dallows,

The vegetation force can be divided into two main components, the mean drag force
("G, ) and waveinduced force due to emergent vegetatin ('G; ).

The mean drag force 'O, ) on the vegetation isfrom the mean currents due to
undertow and infragravity (IG) currents. The IG current induced force can be
considered within the mean drag force as the IG wave orbital excursions are much
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larger than the spacing between the vegetatiorfvan Rooijen et al., 201p. The total
vegetation induced force "O can thus be provided as,

0 G G (4.2)

In the numerical model scheme the undertow-induced force is calculated using the
Eulerian velocities (Y ). The IG currents induced force is calculatedusing the
Lagrangian velocities {Y).

The waveinduced force (G ) is due to the orbital velocity of the waves. Under linear
waves, the orbital velocitiesaveragedover a wave period will be zero. Thus, the wave
induced force will become zero. However, in the instances of emergent vegetation or
nonlinear (skewed) waves the time averaged force will not be zerfvzan Rooijen et al.,
2016). In shallow waters, the waves will be skewed. Furthermore, due to the mangrove
tree heights, the \egetation will be emergent as well. Hence the wave induced orbital
motion scale forces become important.

For the calculation of the waveinduced force "Q; ) an empirical wave shape model is
used asXBeachSurfbeatis a phase averaged model

The behavor of the wave setup is directly affected by the force calculation on the water
column. Neglecting the bed shear stress, the forces acting on the water column will be
balanced by thepressure gradient (wave setup).

Wave setup will vary significantly if certain parts of the vegetation force areneglected.
To understand the importance of the different components of the vegetation force to
wave setup, set of model runs were conducted for a fixed input condition by turning
on/off the different vegetation force components. No other parameters were changed
between the models. From the output data, the various vegetation forcing can be
derived. Since the wave force™O is dependent onthe short wave energy dissipaion
(radiation stress gradient), "O will be not affected by the changes in the vegetation force
exerted on the water column. The Figure 4.1 shows the variation in the setup with
different components of the vegetation force.

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

water column in the onshore direction(red line). The positive "Gy will result in a

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

The waveinduced force (Q; ) acts in the offshore direction (purple line) of the wave
propagation (offshore direction). The negative fore will result in a setdown (van
Rooijen et al., 2016)The direction of the infragravity current related force (G, ) in the
given model(blue line) actson the onshore direction.

The difference in setup due to the components 6®can be observed irFigure 4.1. The
black line provides the setup variation considering all thdorces.
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Figure 4.1: Variation in water level across the vegetation width (to p plot) according to the different
vegetation force components acting on the water column (bottom plot) (for one example model run)

29



Figure 4.2 provides the setup variation within the vegetation for an examplemodel run
considering all vegetation forces It can be noted that initially, there is an increase in
setup. The increase can be associated to the onshore directed wave force and the
vegetation force component. A decrease of setup can also be noted. The set down
corresponds to the negative vegetation force due to the offshore directed™G;

component.
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Figure 4.2: Setup variation within vegetation (t op plot) and the corresponding forces acting on the
water column. Depth averaged wave force due to radiation stress (middle plot) and vegetation force

(bottom plot) (for one example model run).

The total force applied on the water column will be theaddition of the wave force and
the vegetation force. Equation 4.1 was derived from simplifying the momentum
equation. The equation can be further reduce@within vegetation) by neglecting the bed

shear stress. The equation is then reduced to,

TF 0 0 i
(b ” "Q ( . )

If the above made assumptions are correct, the equatiom.) should be able to
correctly model the water level variation within the vegetation. The hypothesis can be
checked for its validity by calculating the water level at thered of the vegetation due to
the cumulative action of the forces and comparing the predicted value with the water

level modeled by XBeach.
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The cdculation was done as follows.Water level variation within a grid cell (from
equation 4.3);

o o O .
Y= —— YW (4.9

Where Yo is the grid resolution "Qwater depth and"O wave force and’O vegetation
force at a given grid cell

Total variation in the water level within in vegetation;

) o

V- V- (4.5

¢ is the number of grid cells within the vegetation.The XBeach modeled water level
variation can be taken as

y- @i Wi (4.6)
Figure 4.3 provides the graph between Y- and Y- . A satisfactory fit of the

hypothesis can be observed for dense and medium dense vegetaticases RMSE 08.4
mm, 9.2 mm and 16.8mm for densemedium and sparsevegetation respectively).

0.25
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Medium dense
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perfect fit line 9
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XBeach modelled water level difference (Az;XB) [m]

Figure 4.3: XBeach modeled water level difference vs. the Predicted water level difference across the
vegetation (results for three mangrove densities and all model runs). The points above the dashed line
corresponds to a setup and points below to a set down compared to the water level at the start of the
vegetation.
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It can be observed that the XBeacimodeled water level and the predicted water &vel
using the hypothesis agreesatisfactorily. Hence, it can be concluded the wave setup
within vegetation can be explained byO and Q.

A deviation from the hypothesis is observed for models where a set down is
experienced. The deviation is such that the predicte(calculated) water level is over
predicting the reduction. One reason for the daation was found to be as very shallow
water depths at the calculation point. Since the forces are depth averaged, atrye
shallow water depths, the forces calculated will increase considerablpver predicting
the reduction. Since sparse vegetation shows more reductian the water level as the
wave propagates (Figure 4.5), results for sparse vegetation arenore susceptible for the
deviation.

4.1.2 Effect of vegetation on setup

From the findings of the previous sectionjt can be concluded thatthe water surface
elevation variation within the vegetation will be governed predominantly by thewave
force and the vegetation force. Since the different force componenare dominant at
different locations the water level variation will change across thevegetation. The
forces are also highly influenced by the vegetation density.

Figure 4.4 provides an example model resultsof setup variation across the vegetation
for different vegetation densities. Thefigure also providesthe wave force ("O) and the

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

The denser vegetation has a larger positive force due to the higher short wave
dissipation (equation 1.5). The wave force reduces vih the decreasing vegetation
density. The resultantincrease in setup within the less densevegetation can also be
noticed to be smaller than the denser vegetatian

Figure 4.4 also provides the water level variation for the nonvegetated caseln the non-
vegetated case,the setup depends on the dissipation of energy due to wave breaking
and the bed shear stressDue to wave breaking induced radiation stress gradient, a
setup in the nonvegetated case can be observed.

It can also be observed that the location of the maximum setup varies for the different
vegetation (Figure 4.2). As the denser vegetation dissipates the wave energy at a higher
rate, the shortwave energy will reduce quickly. The resulting wave force only astalong

a small distance. As the vegetation becomeless dense, the dissipation rate per unit
length will be less. The reduced dissigeon rate of energy will result in short waves
propagating further into the vegetation. Thus, the wave forcevill prevail for a longer
distance in sparser vegetation compare to dense vegetation. The difference in the wave
force action length consequently affects the setup. Higher density vegetation has the
maximum setup forming more at the front of the vegetation compared to less dense
vegetation.
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Figure 4.4: Variation of wave setup across the vegetation (top plot) and the corresponding wave force
"O (middle plot), vegetation force "O (bottom plot) acting on the vegetation for the different
vegetation densities. The green shade shows the width of the vegetation (for one example model run).
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The short wave energy dissipation becomes small (smalléD) as the wave propagates
through the vegetation. Hencethe waveinduced vegetation force 'Q; becomes
dominant reducing the water elevation. Comast to the wave force,sparse vegetation

shows a higher G; , resulting in a larger reduction in water level.

In cases where the increased setup due to rapid short wave energy dissipation by
vegetaion will not reduce, a higher water level than the notvegetated case can occlat
the end of the vegetation This increased water level at the red of the vegetation is an
undesirable outcome when using vegeta&n to reduce coastal hazardsFigure 4.5
provides the setup values for all model runs at the end of vegetation relative to
corresponding nonvegetated case. 50% of the models in dense vegetation case results
in a lower setup compared to the nofvegetation case. For the medium and sparse
vegetation, the percentage stands &9% and83% respectively.
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Figure 4.5: Comparison of the setup at the end of vegetation of each model compared with the
corresponding non-vegetated case(all model cases) The data points above the black line refers to
cases with higher setup than the non-vegetated model and points below the line shows the models
where the setup is lower than the non-vegetated case.

It is observed that for sparse vegetation a reduced setup echievedfor most of the
models. Denser vegetationfails to reduce the setup compared to the sparse vegetation.
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The setup is reduced due to'Q, . From Figure 4.4 it can be observed that the irless
dense vegetation a larger'Q; force is induced on the water columrcomparedto dense
vegetationthus reducing the setup

"0, occurs due to the orbital velocity induced drag on the vegetation. The wave orbital
velocity will be a function of the short wave height, wave period and the water depth
(van Rooijen et al., 2016)Figure 4.6 presents the total force and short wave height
variation across an example model run for all three vegetation densities. It cde
observedthe total force changes direction (becomesegative) for less dense vegetatio
at a higher short wave height compared to dense vegetation.

The onshore directed force (positive component) comprises of the wave for¢® and
"Q, .70 depends on the radiation stresgyradient due to vegetation (equationl.5). For
the same hydodynamic input conditions, denser vegetation will inducea larger "O
force."Q; depends on the undertow currentmagnitude (Y ). Similar to the wave force
denser vegetation will provide a higher'Q, (equation 1.11) for the same undertow
current.
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Figure 4.6: Variation of depth averaged "O (top plot) and short wave height (bottom plot) across the
vegetation for three densities of mangrove vegetation (for one example model run).

Since derse vegetation induce higher positive forcesQ, cannot become dominant in
the total forcing as the comparative magnitude ofQ; is much smaller than the other
forces (Figure 4.1). Thus, in denser vegetation, for the’Q; become dominant the short
wave height has to reduce a lotQ, is also a function of the short wave heightEven
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when "Q; start to dominate the total force, asthe wave height issmall "Q; will be low
in magnitude.

In lesser dense vegetation,as the "Oand "Q; induced by the vegetation will be
comparatively small, "Q; will start to dominate at larger wave heights Figure 4.6).

Since’Q; is dominating at higher wave heights'Q; will be large. Larger 'Q; will then

lead to a lowered vegetation setup.

From all the model runs, the short wave height at the point where the total wave force
changes direction was obtained.The mean wave heightat direction change for all
models for dense vegetation stood at 0.17m while the wave height for medium dense
and sparse vegetation was at 0.2m and 0.61m respectively.

From the results obtained, the setup due to thesegetation reduceswith reducing
vegetation density. However, as the vegetation density reduces even further, the setup
should trend back to the nonvegetated model results.

Figure 4.7 provides the setup variation across the vegetation for increasing sparseness
in vegetation.0 of the vegetation is changed in thenodels (Table 4.1) while keeping all
the other parameters constant.The density of vegetation used in the models runare
provided in Table4.1.
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Figure 4.7: Wave setup variation across vegetation width for increasing sparseness in density of
vegetation. The green shade represents the vegetation forest width
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Table 4.1: vegetation density in increasing sparse vegetation

Vegetation 0
sparse vegetation ¢riginal) 13
sparse 10
sparse 5
sparses 1

It can be observed that, as the vegetation density reduces even further, the setup trends
back to the nonvegetated model result. Hence it can be concluded that the wave setup
reduction in sparse vegetation reaches a maximum at a certain density and thelMimit
back to the nonvegetated setip with increasing sparseness.

The initial surge level within the vegetation will have an effect on the propagation of the
short wave within vegetation (section 4.2.1). Higher water depth will have a lower
dissipation compared to lower water depths. Hencat deeper water depthsfor the total
force to change direction (Q; become dominant) the waveswill have to propagate
further into the vegetation.

4.2 Wavetransformation through vegetation

Transformation of waves through vegetation can be discussed undethree main
headings the transformation of short waves,transformation of long wavesand the total
wave height transformation. There are fundamental differences in theory for the
growth, transformation and dissipation of the short and long waves.

4.2.1 Transformation of short waves

From equation 1.10 It can be noted that the other than the vegetation parameters, the
vegetation dissipation is also a function of wave height, wave period and theater
depth. The variation in'O with wave height and water depth is presented inFigure 4.8.
As expected theenergy dissipationincrease wih short wave height O ¢ 'O . Water
depth also plays a significant role in energy dissipation. For a giveshort wave height,a
shallower water depth inducesa higher dissipation of energyby vegetation and vice
versa for deeper water depths
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Figure 4.8: Variation in dissipation of energy due to vegetation for dense vegetation case with short
wave height and the depth of water (dissipation values measured at observation point 2 for all
models).

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

The dissipation of energy within the vegetation will govern the wave height through the
vegetation. Figure 4.9 provides short wave height (O ) variation across thevegetation
for one of the model runs As expected, the dense vegetation shows the largest
attenuation in wave height and sparse vegetation shows the lowesthe non-vegetated
model showsan almostlinear reduction in wave height which @n be associated with
wave breaking. An interesting observation is that most of thewave attenuation occurs
within few meters of the vegetation. This observation is also backed by field studies
done byKnutson et al.(1982) and Moéller & Spencer(2002).
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Figure 4.9 : Short wave height variation across the vegetation width for different vegetation densities
(for one example model run). The bottom plot shows the SWL and the bed profile.

The rate of short wave attenuation across the vegetation can be calculated as the
reduction in short wave height 8O ) as a ratio of the vegetation width rguired for the
reduction (&) (equation 2.1). Figure 4.10 provides rate of short wave attenuation
achieved by the models according to the wave height and the water deptiThe
attenuation rate is calculated by the wave height attenuation observed witn the first
100 m of the vegetation The short wave height at the start of the vegetation is taken as
a proxy to the wave height variation across the vegetatiort should be noted that the
wave attenuation rates will change significantly(the pattern will not change)with the
chosen distance for the calculation due to the nonlinear wave attenuation pattern
within the vegetation (Figure 4.9).

The attenuation rate ingease with the wave height due to the increase in energy
dissipation by vegetation at larger wave heightgequation 1.5). The water depth also
has a clear effect where deeper watedepths show a reduced attenuation while
shallower depth shows a largerattenuation rate. The observation isconsistentwith the
results in the energy dissipation Figure 4.8). Similar pattern ofwave attenuationcan be
observed for medium dense and sparse vegetation with lower attenuation rates
compared to denser vegetationfigure 4.11).
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Figure 4.10: Rate of short wave attenuation across the dense vegetationas a function of the wave
height and water depth for all model runs.

Table 2.2 provided wave attenuation rates observed in field studies for mangroves.
Since exact mangrove densities and wave conditions are not known in these field
studies, direct comparison of valuesannot be made. However, it can be noticed that the
attenuation rates found in the numerical model is larger than values observed in the
field. For example, in the study byMazda et al.(1997) a attenuation rate varying from
1.5x103 m1 - 2.2x103 m'1 was observed for dense vegetation over 100m. In the
numerical model, the range stands at 4.0x1®m-1 - 2.2x102m-1. In the same field study,
sparse vegetation also provided lower dissipation rates than the numerical model.

However, the dense mangrove vegetation in the field study is much shorter with a
height of only of 1m whereas the numerical model study the vegetatiowas taller
(Table 3.2) which leads to a higher attenuation Furthermore, the observations in the
field studies provided inTable2.2 are made at low wave heights (order of centimeters)
The wave heights applied in the numerical model is higher than the field observations
which will also lead to a larger attenuatiorrate compared to the field studies.
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Figure 4.11 Rate of short wave attenuation across the medium and sparse dense vegetation as a
function of the wave height and water depth for all model runs.

Figure 4.12 provides the vegetation width needed forattenuation of short wave energy
by 90% for the dense vegetation case. Contrary to the observations made earlier,
majority of the model outputs showan increase in propagation distance with increasing
wave height.

Results in Figure 4.12 show that caseswhich have a deeper water depth propagates
further into the vegetation for a given wave heightlt can be assumed that the shorter
wave propagationdistancesobservedin the lower wave heightsoccurs due the shallow
water depths which increases attenuation Figure 4.10).

To check the assumption a new set of model runs were performed with tB same
incident wave heights and wave periodsas the current model runs The slope and the
storm surge level were made constant for all the input conditions. A slope of 1/500 and
a surge level of 3.5nwere used. By making the slope and the surge level constant, the
water level variation across the model was madée samefor all runs. The dissipation
distance required in the short wave energyfor the new set of model runs were also
analyzed. The resulting distances aregiven in Figure 4.13. A significant difference inthe
propagation/ attenuation of the short waves can beobserved between the two sets of
results. Figure 4.13 shows a drastic reduction in distance of propagation as theave
height increases. The resultalsosuggest influence of the wave perioth the dissipation
distance is small

From the difference between the results of the two sets of model runs it can be
concluded that thereason for the reduced wave propagatiomistancein the lower short
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wave heights is due to theshallow water depths. Attenuation of short wave energy is
pronounced at low water depths which would hamper the propagation of the wave
within the vegetation.
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Figure 4.12: Vegetation width needed for attenuation of short wave energy by 90% (for all dense
vegetation model cases). The point colors represent the water depth.

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

in wave transformation through vegetation. A reduction in energy attenuation by
vegetation (increase in propagation distance) was also observed with increasing water
depths in studies performed by Horstman et al. (2014) and Tschirky et al.
(2001).Through field and laboratory observations, the studiesfound a reduction in
wave attenuation with increasing water depths.
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Figure 4.13. Vegetation width needed for dissipation short wave energy by 90%. Results for the
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4.2.2 Transformation of longwaves

Transformation of long waves are important n the vegetation context as they become
prominent over the short wave after certain distance of propagation within the
vegetation (Horstman et al., 2014). The increase in longvave energy over the short
wave energy can also be observed section4.4.

The long wave surface elevation due to forced long waves a uniform depth is
provided by LonguetHiggins & Stewart (1964) which has been approximated by
Battjes et al.(2004) as ,
Y (4.7)
T f
Where, "Y is radiation stress and , the wave frequency andQthe water depth. It
should be noted that the equation 4.7 is only valid for a uniform depth sea bed.

For larger forcing (higher short waves) at a certain depth the forced long waves will be
higher. The wave frequency also affects the amplitude of the wave with larger wave
periods resulting in higher wave heights.

The growth/shoaling of the longwave amplitude across a sloping bottoms a function
of 'Q where wdepends on the normalized bed slopgvan Dongeren et al, 2007). The
normalized bed slope is defined as,
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Where, "Qis the bed slope] is the radial frequency of the long wavesand Qis the
characteristic depth.van Dongeren et al(2007) uses the wave breaking depth as the
characteristic depth. Values of 1@ corresponds to a strong growth of the long
waves.Since the bed slopes used in this study are very mild (1/304/1000) all models
in this thesis fall into this category.

f

van Dongeren et al.(2007) found that wreduced with increasing' . Hence, growth of the
shoaling long waves will increage with increasing] (steeper slopes and longer wave
periods).

4.2.3 Attenuation of long waves due to vegetation

Figure 4.14 provides an example model run of long wavdransformation across a
vegetation patch. Even though the incoming wave signal is equal in all four cases
presented (3 vegetation densities and notvegetated case), & increaseof wave heights
before the vegetation can be observefbr the vegetatedmodels.

The increasecan be associated with the refldton generated due to the vegetation.

Variation in long wave height offshore of the vegetatiormelative to a no vegetation case
was also observed in a study byfang et al.(2017). The study claimed the variation
occurred due to the phase differences in incoming and reflected wavehie to the

vegetation.
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Figure 4.14: Long wave height (total) variation across a vegetation patch for different vegetation
densities and no-vegetation case. The bottom plot provides the bed profile at the location (for one
example model run).
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The model outputlong wave signal is split at the start of the vegetation in ordeto
identify the long wave height of the incoming wave as given isection 3.4.4. Figure 4.15
provides the split reflected and the incoming wave signals for the total output wave
signal given inFigure 4.14. The attenuation of the incoming wave signal heighs the
wave passeghrough the vegetation can be observed.

The reflected wave height increases in the offshore direction due to the accumulation of
reflection signals A quick increase in reflected wave height can be observed near the
start of the vegetation. The increase is higher for dense vegetation and reduces with
vegetation density.
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Novegin
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Cross shore distance [m] %104

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

Similar to the attenuation ofthe short waves within the vegetation, an attenuation of the
long waves is also observed.

For denser vegetation, a greater attenuation of the wave height is observed compared to
lesser dense vegetation. The observation is similar to the short wave attertian.

The attenuation of long wave heightcan be associatedvith the energy dissipation due
to bottom friction, wave breaking and dissipation due to vegetatiorfvan Dongeren et al.
2007). Dissipation due to wave breaking is much more significant thagissipation due
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to bottom friction. A comparison between theattenuation due to vegetation (focus of
the study) and other attenuation mechanisms can beperformed by analyang the
attenuation in the incoming long wave for the nonvegetated case and the vegated
case

Since all counterpart models have the same input conditions any increasattenuation
observed in the vegetation models over the norvegetated models should be due to
dissipation induced by vegetation.

In order to quantify the effect of the vegtation induced attenuation of long waves, the
reduction in incoming long wave height the models were comparedIit was found that

vegetated models were incurring a higher wave attenuation compared to the
unvegetated models

The short wave height variation across theregetation can be described using the short
wave action balance provided in equation 2.2. The variation of the long waves across
the vegetation is governed by the nonlinear shallow water equations (equation 2.7 &
2.8). However, the long wave height is not intrinsically presenteavithin the NLSW
equations. Hence to explain and understand the long wave heigiriation across the
vegetation, the following methodis used.

The effect ofthe vegetation within the numerical model isapplied in asimilar manner to

a frictional element (use of Morison type equation to model vegetation induced force
equation 1.11). Hence it can be assumed that the energy dissipation due to vegetation
will actin a comparable way to frictim. The energy dissipatiornof long waves due to
bottom friction is presented byHenderson,(2002) as follows,

2 Tm . w0 o »
Qw Q w v

Where, 'O j long wave height, 'O  short wave height and "Q is the friction
coefficient.

To adjust the equationin order to model the energyattenuation by vegetation,a factor

0 instead of the friction coefficientis substituted. Factor 0 will take into account the
vegetation density, varying the energyattenuation according to the vegetationDue to
the very mild slopes the variation inh will be small. Hence assuminghe wave celerity

( "CX) to be a constant the equatior.9 can berewritten as,

~ o P b"W O ..
30 Q 0 0 ) 8|7|JJ m N w (4.10)
Where 30 is the energy attenuation due to vegetation The left-hand side (LHS)of
equation 4.10 presents the XBeach modeled energytenuation. TheLHS can be found
by the output long wave height energy variation within the vegetationThe right-hand
side (RHS) of equation 4.1(presents the predicted energy attenuation, which can be
calculatedfrom the parameters in the equation.
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The constant factorv can be found byplotting a best fit line between the XBeach
modeled and the predictedreduction values.Half of the total number of model runs was
randomly selected to calculate theactor 0. The found values foru varied from 0.362,
0.136 and 0.032 respectively for dense, medium and sparse vegetation.

In order to validate the found formula between the predicted energy attenuation and
XBeach modeled energy attenuation, the remaining half of model run results were used.
Figure 4.16 provides predicted and the XBeach modeledenergy attenuation for the
different model runs at different vegetation densities Dense vegetation shows a good
correlation (Y 1@ @ between the modeled and the predicted valuesA reduction of
correlation can be observed as he vegetation density reduces (medium dense
vegetation, 'Y T1@& o and sparse vegetationY T ¢ The increased energy
reduction by mechanisms other than vegetation as the vegetation density reduces was
discussed previously. The reduction in correlation to lie proposed equation can be
associated with the other dissipation mechanism gaining prominence in sparse
vegetation. In general, it can be concluded that equatiort.10 will be suitable to
understand and explain the long wave attenuation within the vegetain.
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4.2.4 Transformation of longwaves across the vegetation

Figure 4.17 provides the longwave transformation across the vegetation for all model
runs. Thelong wave height represented is normalized by the wave height at the start of
the vegetation.

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

Dense vegetation

0 50 100 150 200 250 300 350 400 450 500
Medium dense vegetation
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()]
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0.8
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Propagation distance [m]

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

Even though the general patterns of increased propagatiodistance with lower wave
heights are observed, variations to the pattern can also be observed. Thariation to
the pattern suggestsother factors suchas the water depthalso affect the propagation of
the waves across the vegetation.

Similar to the short wave analysis, a rate of attenuation for the long wave heights can be
calculated by taking the ratiobetween attenuated waveheight (YO for a vegetation
width of @ p mdr (equation 2.1). Figure 4.18 provides the rate of long wave
attenuation observed for'O .
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Figure 4.18: Long wave attenuation rate in dense vegetation (all model runs) as a function of the long
wave height and the water depth.

Similar to short wave attenuation, an increased attenuation rate is observed for larger
‘O . The effectof the water depth on the waveheight attenuation is similar to that of
short waves

The energyreduction rates in long waves are predicted by equationgguation 4.10).
The formula suggeststhe energyattenuation rate should increase with the long wave
height, short wave height andshould decrease withwater depth. The dependence of
short wave propagation with water depth was such that, deeper water depths will have
a lower attenuation (Figure 4.10 and Figure 4.12).

Figure 4.19 provides the vegetation width required for the dense vegetation case to
attenuate 50% of the long wave energy. The propagation distance reduces with
increasing long wave heigt. For a given vave height considerable deviation in
propagation distance is observed. The variation in distance of propagation is due to the
water depth and the short wave height.

From Figure 4.19, it can be observed that the scatter in points can be explained by the
water depth. At a giveriO value, shallower water depth results in lower propagation
distancewithin the vegetation (higher reduction rate).
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Figure 4.19: Vegetation width required to attenuate incoming long wave energy by 50% (for dense
vegetation case). The point colors represent thewater depth

4.3 Total wave propagation within vegetation

The total wave height 'O of the domain can be found byHhe total energy of the
system (equation3.3). The variation of the total wave height will indude the combined
aspectsof both short and long wavesDue to the differencesn dissipation of energy of
the short and longwaves,contribution to the total wave height at different locations of
the vegetation from the two wave componentswill be different. Figure 4.20 provides
the total wave height variation across the vegetation

In Figure 4.10 and Figure 4.18 it was observed that for both short and long wave
attenuation increased with increasing wave heightln a given wave, the short wave
height will be larger than thelong wave height. Hencefor a givenwave, theattenuation
rate of short wave is greater than of the long wave attenuation rateinduced by
vegetation. Due to the reduced attenuation rate, the long wave starts to dominate after
some distance of propagationln Figure 4.20 the variation in long wave contribution to
the 'O at different propagation distancesis provided.

Figure 4.20 (bottom plot) provide s the long wave contribution with water depth. At
shallower water depths, the long wave starts to dominate quickly as the wave
propagates within the vegetation Due to depth induced breaking theshort wave height
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is limited by water depth. Hence,for shallow water depths the wave height will be
small. The long wave height growthpredominantly depends on the profile slope, wave
period and short wave forcing. Thus, the long wave height can lm®mparatively high
compared to short wavesAs the water depth increases short wave height will increase,
furthermore deeper water depths will reduce energy dissipationdue to vegetation
Hence at deeper water depths the short waves will dominate for longer distances
compared to shallower waters.
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Figure 4.20: Top plot; Example variation in composition of total wave height across densevegetation.
Bottom plot; percentage long wave contribution to total wa ve height 'O ¥O  within the vegetation
(dense vegetationmodel runs).

Figure 4.21 provides the total wave height variation across the vegetation for different
vegetation densties. The reduction inattenuation with lower densities is apparent. The
mean vegetation width required to hdve the initial wave height of the wavesis
approximately 50 m for dense vegetation and 150m300m for medium dense and
sparse vegetation respectiely. Thus, it can be observed that he width required to
attenuate waves are vary according to the vegetation density. Less dense vegetation
will require a wider mangrove forest to archive the same attenuation levels provided by
a much narower dense mangrove forest.
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Figure 4.21: Total wave height "O  variation across the vegetation for different vegetation densities
(all model runs) . The color represents the normalized total wave height

4.4 Energy variation through the vegetation

Wave energy propagation of short waves and long waves were provided in sectidr2.1

& 4.2.2 Within this section the energyvariation in terms of frequency is discussed.
Figure 4.22 providesthe wave spectra for the different vegetation densities at start, mid
and end of the vegetation for an example model run. As the waves propagate through
the vegetation, the reduction in the spectral energy (area of the spectra) can be
observed. The reductionis larger at higher frequencies than at lowerfrequencies. It
should be noted that thereduction in the unvegetated case is due twave breaking.

The difference rate in energy dissipation between short waves and long waves was
observed before (sectiod.2.1& 4.2.2). The observation can be more clearly studied by
splitting the waves by the frequencyWaves can be classifietby their frequency into
groups. Table 4.2 provides classification of waves by frequencyPearson, 2016)

Table 4.2: Classification of waves by frequency

Wave chssification Frequency [Hz] T [s]
‘O Sea/Swell(SS) 0.04-1.0 1-25
O Infragravity (IG) 0.004-0.04 25-250

'O Very Low Frequency(VLF)  0.001-0.004 250-1000
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Figure 4.22: Spectral energy variation across vegetation according to the vegetation density for an
example model run. Top plot; observation point 2 - start of vegetation. Middle plot; observation point
3- middle of vegetation and bottom plot; observation point 4 - end of vegetation.

Figure 4.23 provides the composition of the total wave energy according to the wave
band frequency at the different observation points within vegedtion. The short wave
energy component of the total energy reduceat a higher rate than the 1G and VLF band
energy composition. Hence, an increased contribution from the IG and VLF components
to the total wave energy can be observedas the waves propagatethrough the

vegetation.
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Figure 4.23: Average composition of total wave energy within each band as waves propagate through
the vegetation. Results for all medium dense vegetation model cases.

4.5 Waverunup at hinterland of vegetation

The wave runup value for each model was calculatgdst after the vegetationfrom the
procedure given in section3.4. The runup was calculated for a uniform slope of 1/10
using wave characteristicsobtained after the vegetation. A for the formula, a higher
runup is predicted for larger wave heights andonger wave periods. hcreasedrunup in
larger wave heights are due to the hig energy presence in the system. Ahger wave
period will suggest the system contain a high percentage of low frequency energy. The
long waves (low frequency) was found to increase the run ufvan Gent, 2001) Figure
4.24 provides the runup variation with wave height and wave period. The increase in
runup with wave height can be observed. For a given wave height the runup also
increase with wave period.As the formula is applied after the vegetation, the pattern in
the runup change with wave inputs will be similar irrespective of the vegetation
density, and only will changein runup magnitude.

In section4.2.1and 4.2.2it was observed that the wave energy was dissipated by the
vegetation. A lower wave height would imply a reduced wave runup. Since the wave
period also affect the runup strongly, thechange in the wave period for wave
propagation through the vegetation is important.Figure 4.25 provides the variation in
Y  as the waves propagate across the rmdel domain. In general, the wave period
increases due to the higher attenuation in short waves compared to the long waves.
Very large wave periods will suggest the energy of the system is almost fully dissipated.
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The runup calculations from the empirical equation providerunup levels from the still
water level. However, due to the differences in setup generation, the still water level will
be different from the initial mean water level. The setup/set down level should also be
considered for the total runup level. Hence the setup/set down water heights were
added to the runup valuescalculated from the empirical formula.However, the setup/
set down heights are much smaller compared to the runup heights.

Figure 4.26 provides the runup comparison between the vegetated models and the base
case of nonvegetated casePoints below the solid line presentcases where the runup is
lower than the nonvegetated nodel cases. As observed in sectiod.3 all vegetated
models provide an attenuation of wave energyT'he degree of wave attenuation has a
strong effect on therunup reduction. Higher reduction in the wave height results in a
substantial reduction in runup height. Thus, dense vegetation shows the most runup
reduction followed by medium dense vegetation.

Mangrove forestwidth also effects the runup reduction obgrved in the models.Larger
forest widths are capable of increasing the runup attenuatiori-igure 4.27 provides the
increase in runup attenuation with forest width for medium dense mangrove cases. The
runup attenuation rates are calculated relative to the corresponding neegetation
model cases. Dense and sparse vegetation also provide a similar variation in runup
attenuation with mangrove forest width.

The meanrelative runup attenuation rates observed for dense vegetation is 87%lhe
rates for medium dense and sparse vegetatis 76% and 44% respectively.

Even though wave energy isattenuated for all vegetated models,a few model results
show an increase runupcompared to the nonvegetated models.After propagation of
wave across the vegetation, the wave period increased due to higher short wave
dissipation relative to the long wave dissipation Figure 4.25). Even though energy is
attenuated, in some instances he runup formula predicts a larger wave runup
compared to the nonvegetated models.

The increase in wave period camesult in a larger wave runup prediction. Figure 4.28
provides the wave spectra at the end of the vegedian for an example case where the
vegetated model provides a higher runup (4.79m) than the unvegetatedodel (4.52m).
From Figure 4.28, it can be observed that the high frequency energy in the vegetated
model is considerably lower than the unvegetated model, while the low frequency
energy difference is meh smaller. Due to the uneven attenuation in the low frequency
and high frequency energythe wave period shift will be different. The wave period
Y  for the unvegetatal case is 17s while the vegetated model is 24grompting a
higher runup for the case with higher wave periodSince,an energy transfer from high
frequency to low frequency during propagationis not seen in the spectra, the runup
should be lower in the vegetated model due to loweenergy. The contrary result from
the runup formula can thus bedue to the runup formula beennot valid for such case®f
wave height/periods.
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5 Discussion

The model study performed considers a comprehensive parameter space witlarying

input conditions. By accounting for parameters in a wide range a broad set of
combinations that can be expected irthe field is taken into consideration. Hence the

results will portray the trends and the spread expected in real life casedDue to the
substantial number of model runs to be carried out certain simplifications and
assumptionshad to be made

A 1D model domainwas selected nainly due to the low computational time required,
data availability and simplicity in modeling. To use a 1D model certain aspects that may
influence the results had to be neglected. These include wave directioand the
assumption ofuniform longshore bathymetry. The neglected parameters will influence
the wave hydrodynamic forcing on the vegetation.However, most of the main
parameters that effect the wavevegetation interactions (wave height, period, water
level, vegetation width, vegetation type, densityand profile slope) were considered
within the study. The profile used in the 1D model wassimplified to a uniform sloping
bed. Since the studyconsider parameters over awide range extracted from a global
viewpoint, a uniform sloping bed was taken taepresent the general variation in the sea
bed of a mangrove coast

The hydrodynamic conditions were selected fronthe ERAI dataset for extreme wave
events (return period 100 years). The data gathered were used as the offshore
boundary condition of the model. Mangroves are more commonly found in sheltered
areas rather than open coasts. Hence, direct propagation of offshore wave climate to the
mangrove coast is a limitation of the studyFurthermore, the application of a single
peaked JONSWAP spectruto represent a storm will also deviate from reality.

Since the tests were run on an idealized 1D model and hydrodynamic conditions, the
results may not be directly apgpicable for design of a mangrovdorest/restoration as a
mitigation method where the neglected parameters and bathymetric conditions will
change the forcing on the vegetationHowever, the study can be used to identify the
influence of parameters(wave height, water depth, vegetation density and forest width)
on wave attenuation. Furthermore range of wave and runup attenuationobserved in
study will help in a preliminary stage of a design for a mangrove forest for wave hazard
mitigation.

The numerical model used (XBeacBurfbeat) will also introduce some limitations. Since
the model propagdes short wave as energy, reflection of short wawe from the
vegetation isnot included in the modelwhich can be an important factor.

The energy dissipationinduced by vegetation incorporated in the model does not
consider a maximum thresholdwhich the trees will be able to resistIn reality, the trees
will break or uproot under very high forcing (Janssen, 2016)The monotonic increase of
energy dissipation with wave height wil be a deviation from thereality and can be
identified as a limitation of the model.
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The mangrove characteristics were selected from data accumulated from previous
studies. The vegetation parameters of interest were diameter of the trees, height,
density (number of trees per square meter) and drag coefficienfThree densities of
mangroves (dense, medium and sparse)were selected in the study to represent
variation in the mangrove vegetation.The use of three distinct densities meanthe
vegetation characteristics were all increased/decreased proportionally (e.g. Taller
mangrove trees with larger stem sizes denser root system, shorter mangrove trees with
smaller stem sizesand less dense root system)Even though thegeneral pattern in
vegetation isas above, there is a significant spread in the vegetation characteristics (e.g.
Tall mangrove tree with a small stem size and vice versa(Janssen, 2016) Not
considering such vegtation can be considered a limitation.

The mangroves showa distinctive variation in parameters over the vertical of the tree.
The vertical variation was included in the models by providing vegetation parameters in
three layers (roots, sttem and canopy). In reality, avariation of vegetation is also seen
across the cross section of a mangrove forest which was not included in the numerical
model. All modeled mangrove vegetation in the study are emergent. Hence the effect of
the height of the vegetation itself cannot be separated which is a limitation of the
current study.

Current study results show tte trends observed in the findings of previous researchers
The increase in wave attenuation with increasing wave height (sectiod.2, (Horstman
et al., 2014), variation of wave attenuation rate across a vegetated forest (section
4.2.1), reduction in wave attenuation with increasing water depth (section 4.2.1).
However, the attenuation rates observed in previous filed studies and the current model
study show differences. Field studies show lower attenuation rate compared with the
results obtained in the current study (sectior4.2.1). The variation can be attributed to
the lower wave heights and lower densities of the mangroves at the fileabservations
sites.

A difference in setup variation in the current model and previous studies were also
witnessed. The current study shows an increase of setup for denser vegetation and
reduction in setup for sparser vegetation which is not observed in @vious studies.
Numerical modeling preformed with XBeachNon-hydrostatic also show a difference
from the obtained results. Further investigations will be needed to understand the
reasons for the deviation.
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6 Conclusions

The conclusion section is presented under twomain areas.; Conclusion towards
research objective and conclugins towards research questions.

6.1 Conclusions towards research objective

Mangrove vegetation is useful inattenuating wave energy. The mitigation apacity of
the vegetation depends on many different criteria, chief among which is theedsity of
the vegetation. Densevegetation was the most efficient in reducing wave energy.
Reducing vegetation density results in further propagation of waves. Mangroverest
width also play a major role in wave attenuation. However, the forest width required to
achieve a certain level of wave attenuation will depend on the density of the vegetation.
E.g. a narrow dense mangrove forest will provide the same attenuatioas a wider
sparse mangroveforest.

Wave height attenuation for long and short waves was proportional to the wave height.
Moreover, water depth plays a major role in energy propagation. Wave energy
propagation increased with increasing water depth.

Wave-driven setup attenuation differs on the vegetation density. Foexample, dense
vegetation, the wave setup increased compared to neregetated models, specifically
for narrow widths. Sparse vegetation with sufficient widthwas capable of reducing the
setup.

Mangroves are capable of reducing the runup levels due to the reduction in wave
energy. Dense vegetation reduced runup levels the most due to higher energy
dissipation.

Finally, it can be concluded that mangroves are an effective method of mitigating coastal
hazards by reducing the wave energy and runuplhe level of mitigation will mainly
depend on vegetation density, vegetation width, wave height and the water depth.

6.2 Conclusions towards research questions

The objective of the project wasachieved by answering three main sub questions
(section 1.4). This section provides the caclusions derived for each question.

6.2.1 Setup variation due to mangrove vegetation

Wave force 'O and mean vegetation force due to undertow'Q; assist the setup
while wave-induced vegetation forces "Q; reduce the setup. The bed shear stress
t  was found to be negligible in most model case®© is a direct outcome of the short
wave dissipation by vegetation and was confined towards the front of the vegetation
"G, is much smallerin magnitude compared to other forces and will become dominant
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towards the back of the vegetation due to lack of other force componentéd/ater level
variation within the vegetation was found to besatisfactorily explained by the use of
simplified momentum equation using the above said forces

The forcesinduced on the water column varied with hydrodynamic conditions and
vegetation. Dense vegetation induced a largéO force due to the rapid reduction in
short wave energy. The large wave force inducedesults in a quick increase in the
water level. Due to the more gradual reduction in short wave energyni the sparse
vegetation,the setupwithin the vegetation increasesgradually.

From comparison with the non-vegetated model cases, it was found that some model
runs with vegetation induced a higher setup than thenon-vegetated models. The
increase in the setupcan be associated witHO and "G, forces. The increase of setup
was mostly found in dense vegetation cases while sparse vegetation models resulted in
a lower setup.

The reason for the differencas explained as follows,

In dense vegetation, almosall the wave energy is dissipatedn the front section of the
vegetation increasing the setupThe forcesthat can reduce thesetup is'Q; . However,
"Q, is induced by the wave orbital motion. Since there is very little short wave energy
present, "C, will be very small. Hence,it will be unable to reduce the setup. Iitontrast,
for sparse vegetation, the increase in setup due t® will be small and asthe wave
propagates,’Q; will have enough energy to domimate and reduce the wave setup.

Higher dissipation combined with a narrowvegetation width will result in an increased
setup. For vegetation to bring down the initial increased setup the vegetatiomust be
sufficiently wide. The increased setup that may oao due to the vegetation isan
adverse outcome of using vegtation as a mitigation method.

6.2.2 Short wave propagation through vegetation

Mangrove \egetation was found to attenuateghe short wave enegy efficiently. The rate
of attenuation varied mainly with initial short wave height, depth of water and
vegedation density. The wave height reductionwas a direct function of the short wave
height 'O . Higher 'O leads to more attenuation. The rate of dissipatiorreduced as
the waves propagate inwards of the vegetation (due to the lower wave height).

The range ofshort wave height attenuation rates(calculated according to equation 2.1)
observed in the mangrove vegetatin within the first 2100m considering all the model
results is provided in Table6.1.

Table 6.1 Short wave height attenuation rates observed in mangrove vegetation

i -3
Vegetation density Rate of short wave attenuationx10-3)

[m-1]

Dense 6-22

Medium 3-16
Sparse 1-7
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Due to the variation in dissipation, the egetation width required to reduce theO
changes with vegeation density. For the model runs conducted on average,dense
vegetation was able to reduce théO energy by 50% within 20m while for medium
dense and sparse vegetation the widthequired was 50m and 125m respectively.

The water depth plays a major role in short wave propagation. Deeper water depth
enabled the waves to propagate further inside the vegetation due to lower dissipation.
Short wave height at the start of the vegetatia is depth limited due to breaking.Deeper
water depths will be able to accommodatelarger wave heights. Even though the
dissipation will be higher for larger wave heights, the increased water depth will
override the dissipation by a certain extentincreasing the propagation. In the context of
coastal hazard mitigationthis will be a disadvantage.

The propagation of the short waves was not found to be a function of the profile slope.
Hence no effect of profile slope oattenuation was found on propagationof short waves
in vegetation.

6.2.3 Long wave propagation through vegetation

Long wave propagationacross the vegetationwas found to be more complex than the
short wave propagation. Anenergy attenuation formula by bed friction in the long
waves was changedaccordingly to understand the long wave height transformation
within the vegetation. The equationwas calibrated and satisfactorily validated from the
output results of the model runs.

Similar to the short waves, energyattenuation by the long waves incrased with
increasing long waveheight 'O . 'O growth over the profile is dependent on the
profile slope and the wave period. Steeper slopeand longer wave periods produce
larger long wave heights.Thus, the effect of slope and the wave period in the energy
attenuation of long wave is absorbed withinO 8

The attenuationrate of longwaves was found to besmaller than of the short waves.The
reduced attenuationresults in long waves becoming the donmant component of the
total wave height after certain distance of propagation.As expected the dense
vegetation attenuateslong wave energy more effectively comared to less dense
vegetation.Deeper water depths increased the propagation similar to shomwaves.

6.2.4 Runup after the vegetation

Runup levels were calculated for the models just after the vegetation using an empirical
formula. In general, ahost all models resulted in a lower runup compared tanon-
vegetated models. The reduction isattributed to the reduction in wave energy. Dense
vegetation model provides the highest attenuation in runup. The runup was calculated
with the addition of setup/set down induced by vegetation.The ranges ofthe relative
runup attenuations observedincreased with mangrove forest width. A breakdown of
the empirical formula prediction of runup was observed for few sparse dense models.
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7 Recommendations

The research provides analysis of the vegetatiechydrodynamic interactions in order to
understand the processes that are important. Building upon the findings of this research
a Bayesiannetwork can be constructed to improve the understanding of how several
factors interact in mitigation of coastal hazards by mangrovesihe Bayesian network
can be complementedvith more mangrove densities as well.

The current research project had several limitations The zonation of mangroves in the
cross shore was not taken into considerationSimulating the variation of mangroves in

such zones (as seen in the field) will prade more applicability of the results obtained

from the numerical modeling.

The Bayesian network will be able to quantify the expected mitigation dfooding by a
mangrove forest under certain conditions. Use of a validated Bayesian network to
measure the attenuation of actual mangrove forests around the globe will be an
interesting recommendation.

For a design of a mangrove forest at a certain locatiprthe outputs of a Bayesian
network can be used. To refine theesigns,it is recommendedto use a numercal model

including the bathymetric variations of the specific location and longshore components
that were neglected in the current study.

Finally, field studies to validate the results areimportant. Studies into mangrove
attenuation in hazardous wave timates are sarce. Improved data from field studies
looking into wave height variation, water elevation variationand spectral variation
wave energy under different vegetation densitieswill enable to calibrate and validate
the numerical model also which will increase the confidence in the model.
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A. Equation formulation

A.1Short wave energy dissipation by vegetation

The short wave energy dissipation equation is based on worlkdendez& Losada(2004)
and the derivations can be presented as follows.

Wave energy is lost during propagation through vegetation due to work carried out by
vegetation. Assuming linear wave theory is valid and considering shore normal incident
waves, the enggy conservation equationis presentedas,
106 (A
T o
Where Ois the energy density0 is the group velocity,- is the time-averaged rate of
energy dissipation per unit horizontal area induced by vegetation.

The energy dissipation by a given vegetation can be provided as,

(A.2)
. "06 Q&

"Qis the water depth and | "Qis the mean vegetation height/tO "OHO is the force
acting on a unit volume6  6h) is the velocity. The force componenfrom "Ocan be
neglected. Neglecting swaying motion and inertial forces from the plaanhduced force
acting onvegetation,"Ocan be expressed using a Morisetype equation.

p

0 26 b0 ows (A3

Where u is the horizontal velocity® F) are depth averaged dragorce, plantarea
per unit height and number of plant strands per unit area respectively.

Using liner wave theorysubstituting for the velocity, the energy dissipation by wave can
be providedas,

C .. . QQi @A o @XQ, (A.4)
o 2% 0B QD
The formula is adjusted for random waves as,
QQ"6 OO | WQ o WEQ o (A5
G, O @ £DT0
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B.Model setup procedure

B.1 Grid geometry and boundary conditions

For the numerical implementation of the bathymetry of mangrove coasts in XBeach
following offshore boundary conditions must be fulfilled. i) Significant wave height to
the water depth ciiteria. ii) Wave group velocity to wave celerity ratio. The satisfactory
conditions required by XBeach in these requirements are provided iRigure B.1

Wave height to water depth ratio (Hs/h) Wave group velocity to wave celerity ratio (n = cg/c)
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Significant wave height HS (m) Wave period Tm_1 0~ Tp/1 A(s)

Figure B.1: Satisfactory conditions for the implementation of XBeach (Roelvink et al., 2015) Left plot
provide s the water wave height-water depth condition. Right plot provides the wave period -water
depth condition. Green color depicts satisfactory conditions of application.

As for the selected input parameter space, the maximum significant wave height at
boundary is 7m (section 3.2.1) thus a minimum depth of 21m is required at the
boundary (wave height/water depth condition). The maximum wave period of the
incoming waves is at 14s (sectior8.2.1) hence for the implementation of the model a
minimum boundary water depth of 30 m is required(group velocity /wave celerity
condition).

To satisfy both these conditions an offshore boundary depth of 35m was used. The
onshore boundaryis located 500 m after the end of vegetation. Both boundaries are set
to absorbing-generating (keyword: abs1d)(Roelvink et al., 2015)

Due to the very mild slopes, the computational domain extends for many kilometers
(e.q., a bed slope of 1/1000 will result in a grid length of 35 km from the offshore
boundary up to the vegetaton). Long crossshore model domains result in a large
computational effort. In order to reduce the computational time, the grid can be
truncated (cut-off at a certain depth).

The truncation was performed at a certain depth by using a steeper slope. Sirtbe grid
resolution criteria is based on CFL condition and points per wave length, deeper
sections of the grid results in coarser grid cells thus reducing the number of grid points
and the model simulation time. The truncation of the grid, results in a deation in the
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outputs compared to the conventional grid. The depth of truncation and truncated steep
slope determines the model run time and the deviation of the outputs.

1T O1 BOEIT Al COEAid which tbd deviathoAs frdm tiieodyinal grid ae
minor, but the model run time is considerably less. In order to find such an optimal grid
several grid geometries were considered. Initial model results showed that there was a
significant variation in time with different profile break points but only minor time
saving with different truncation slopes. Hence, crosshore profiles with a series of
profile breaks (-3 m,-5 m,-8 m,-12.5 m, 15 m,-20 m,-25 m,-30 m) and a truncated
slope of 1/300 was used for the analysisFigure B.2 depicts an example of the cross
shore computational domains chosen.

Conventional grid
Profile break = -5m
0 Profile break = -12.5m
Profile break = -20m

Bed level [m]
o
T

-20 -

-25 1

-30

.35 1 / 1 1 1 1 | ]
0 0.5 1 1.5 2 2.5 3 3.5
Cross-shore distance [m] «10%

Figure B.2: Example of a conventional grid and truncated grids, truncation at -5m -12.5m and -20m
with a slope of 1/300

A set of 32 model runs was used for each model domain. The input parameters were
selected such that it covers the entire parametespace (section3.2) that will be used.
The same offshore signal was used for each of counterpart the model runs. Wasatup,
mean short wave height and mean long wee height were considered for the
comparison between the different grid geometries. The output results of these
parameters were compared at the start of the vegetation. A percentage deviation
between the truncated grid and the conventional grid was calcutad for each of the
three parameters according toequation B.1.

73



4 001 AQ@EAMOO# 101 OAT Oéé)&@(‘%i O (B.1)

- #1 1 OAT O6@ABODI O

Box plot diagrams are used to show the spread of the error observed for the different
profile breaks. Figure B.3 provides the boxplots for the error in short wave heght,
water level and long wave height. A similar pattern of the deviation can be observed in
all three outputs. The deviation in the results reduces as the profile break is situated in
deeper water (left to right of the x axis inFigure B.3, the truncation of profile is located
at deeper depths.). The deviations in mean setup and mean shortwave height for
models are almost negligible with a mean deviation near zero ¢te the difference in
scale of the y axis betweerkrigure B.3 top/middle plot and the bottom plot). A much
larger deviation in the results is observed for the long wave heights.

The deviation in long wave height can be associated to the differencethre shoaling of
waves under different grid geometries. Deeper profile breaks will have a lesser effect on
the waves as they will not feel the bottom variations compared to grid geometries
where the profile break is at much shallower depths. From further imestigation into the
deviations it was observed that the incident wave period was of major importance
governing the deviation percentage. For higher wave periods the deviation increased,
since the effect of the bottom topography will be larger due to longzave lengths.

Figure B.4 shows the variation in the long wave propagation with the wave period. For
the larger wave periods, the variations from the conventional gridare apparent

throughout the profile while for the lower wave period the longwave wave height

varies only at shallower water depths. Thus, to minimize the variations from the
conventional grid profile, the profile break should be situated at a sufficierdepth.

Figure B.5 provides the distribution of the observed deviation in the results for the long
wave height over the incidence peak wave period (Tp) and varying pfile breaks. The
distribution of error across the profile break is as anticipated with the deviation
reducing as the profile break is situated in deeper water. The deviation in terms of wave
period is more confined to wave periods between 7.5 10s. Compratively a lower
deviation is observed for both lower and higher periods over the above range. The low
deviations observed for low wave periods were explained previously Higure B.4)
where the bottom variation is not felt by the shoaling wave thus reducing the deviation.
The higher wave period waves will shoal more pronouncedly but the infragravity waves
start to break before reaching the vegetation. The breaking ohé wave results in an
equal long (and short) wave height at the observation point lowering the deviation. The
mid-range wave period waves will shoal just the right amount to create large deviations
in the results.

In the selection of the appropriag grid geometry, the model run time should also be
considered.Figure B.6 provides the deviation observed as a function of the model time.

The Model time increases ashe deviation reduces. The mean model run time for the
conventional grid was 27 minutes on one computational core. The optimal grid
geometry is selected for a percentage deviation is less than 5%. Thus, according to
Figure B.6, the grid geometry with a profile break at-12.5 m (and a truncated slope of
1/300) is chosen as the model domain.
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In the grid geometry selection, all grids were constructedvith a minimum grid size of
2m. During the selection of the minimum grid resolution, a 1m grid resolution was
chosen for the final grid. Due to the lower minimum grid resolution in the final grid
compared to the grid resolution used in the test, the time saving from the trumation
will be much larger compared to a conventional grid with a minimum grid resolution of
Im.

Variation in the short wave height
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Figure B.3: Percentage deviation between the conventional grid results (shortwave height. Water level
and long-wave height) and the truncated grid results for the different truncation depths.
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Figure B.4: Variation of long wave height variation with incidence wave period. Model outputs for
Tp=8s (top plot) and Tp=12s (bottom plot)
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