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abstract 

 
Mangrove forests are a very important ecosystem in protected coastal zones. 
These forests provide food and habitat for numerous species and have an 
important role in the coastal stabilization, trapping sediments and reducing 
erosion. They also contribute to wave attenuation, which might add to the 
safety of a coastal environment. 
Although the importance of mangrove forests in wave attenuation is widely 
recognized, the amount of comprehensive studies to understand the 
quantitative effect of the mangroves in the attenuation of wave energy is still 
insufficient. 
 
This thesis aims to increase knowledge on wave attenuation in mangroves by 
studying this process in the field. Results are presented of a fieldwork 
campaign executed in the Trang province, Thailand, between November 2010 
and May 2011. It is the first known study that includes quantitative information 
on the vegetation in the field, presenting rates of vegetation density along the 
studied transects. 
 
Two different transects were chosen in Trang province – Kantang and Palian – 
showing differences in slopes and vegetation. Measurements included surface 
elevation, vegetation density and pressure fluctuations. After the 
measurements, the pressure data was carefully selected and analyzed using 
spectral analysis and wave linear theory concepts. The entire procedure is 
described in this thesis in order to provide a good basis for future studies in the 
field. 
The results show the presence of waves with periods mostly exceeding 5 
seconds. At Kantang most of the waves have periods between 10 and 20 
seconds. Wave attenuation is found to be about 2.5 J/m

2
 in 100 meters of 

mangrove forest at Palian and 0.8 J/m
2
 per 100 meters of mangroves at 

Kantang. This difference can be explained by a more accentuated slope, a 
denser forest and the presence of higher frequency waves that are easily 
attenuated at Palian. 
In general, the wave attenuation reaches values around 60% attenuation along 
the transects. 
 
Comparison with other studies shows that the results in this thesis resemble 
the findings of previous researches. The wave attenuation in mangroves was 
also compared to wave attenuation in salt marshes and it was concluded that 
the salt marshes have better wave attenuating capacity if the water depth is not 
too high, but with increasing water depths they rapidly loose this capacity, in 
contrary to mangroves. 
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resumo 

 
As florestas de mangue são um ecossistema muito importante em zonas de 
costa protegida. Estas florestas fornecem alimento e habitat a inúmeras 
espécies e têm um papel importante na estabilização costeira, retendo 
sedimentos e reduzindo a erosão. Estas florestas também influenciam a 
atenuação das ondas, contribuindo para a segurança costeira. 
Embora seja amplamente reconhecida a importância das florestas de mangue 
na atenuação da energia das ondas, constata-se que a bibliografia sobre este 
tema é ainda insuficiente. 
 
Esta tese tem como objetivo aumentar o conhecimento sobre este fenómeno. 
Para tal, são analisados os dados relativos a um trabalho de campo executado 
na província de Trang, Tailândia, entre Novembro de 2010 e Maio de 2011. 
Este é o primeiro estudo a incluir informação quantitativa sobre a vegetação na 
zona em análise, apresentando valores para a densidade da vegetação ao 
longo dos trajetos estudados. 
Foram selecionados dois trajetos distintos na província de Trang – Kantang e 
Palian. Estes locais apresentam diferenças na inclinação do terreno e na 
densidade da vegetação. As medições realizadas incluem levantamento o 
topográfico do terreno, a densidade da vegetação e as variações de pressão 
ao longo do trajeto. Após as medições, os dados relativos à sobre a variação 
de pressão foram cuidadosamente selecionados e analisados usando análise 
espectral e conceitos da teoria de onda linear. Todo o procedimento é descrito 
nesta tese de modo a proporcionar uma boa base para futuros estudos na 
área. 
Os resultados mostram, na sua maioria, a presença de ondas com períodos 
superiores a 5 segundos. Em Kantang, a maior parte das ondas têm períodos 
entre os 10 e 20 segundos. A atenuação da energia hidrodinâmica num 
percurso de 100 metros de floresta é estimada em cerca de 2,5 J/m

2
 em Palian 

e 0,8 J/m
2
 em Kantang. Esta diferença pode ser explicada pela mais 

acentuada inclinação do terreno, uma maior densidade de vegetação e pela 
presença de ondas com períodos menores (que são mais facilmente 
atenuadas) em Palian. 
Em geral, a atenuação das ondas atinge valores de cerca de 60% ao longo 
dos trajetos. 
 
A comparação com outros estudos mostra que as conclusões retiradas nesta 
tese são semelhantes às conclusões de pesquisas anteriores. A atenuação da 
energia hidrodinâmica em florestas de mangue também foi comparada com a 
atenuação em pântanos salgados. Conclui-se que estes ecossistemas têm 
maior capacidade de atenuação se o nível do mar for baixo, mas que com 
maiores profundidades esta capacidade reduz-se rapidamente, ao contrário 
das florestas de mangue. 
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1. INTRODUCTION 

In this first chapter, the topic of this thesis is introduced by a general context. Then, 

motivation for this research is described. The third section establishes the primary and 

secondary objectives of this thesis and finally, a detailed description of the report is presented. 

1.1. General context 

As stated in Alongi (2009), mangrove forests (Figure 1) are crucial occupiers of the boundary 

between land and sea, being key ecosystems along many tropical and subtropical coastlines. 

Their ability to survive in saline environments makes them very special ecosystems, with 

great biodiversity, providing food and shelter to a wide range of sea life, such as fish, shrimps, 

crabs and shellfish, as well as a nesting site for many shore birds and a home to crab eating 

monkeys, fishing cats, lizards and sea turtles (Burger, 2005). Moreover, the importance of 

mangroves as an ecosystem is greater than the habitat they provide. They also serve as a 

protection for coral reefs, sea-grass beds and shipping lanes by entrapping upland runoff 

sediments. Mangroves are also very important in soil formation, shoreline protection and 

stabilization (NOAA and Cleveland, 2010) as they provide protection against the effects of 

wind, waves, water currents and even tsunamis. They may also play an important role in 

water quality improvement and they have some economic values and uses (NOAA and 

Cleveland, 2010). 

 

Figure 1. Mangrove forest near Ban Koh Kiam, Trang province, Thailand. 
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Mangroves worldwide cover an approximate area of 240 000 km
2
 (Figure 2) of sheltered 

coastlines in the tropics and subtropics (NOAA and Cleveland, 2010), which is divided over a 

total of 124 countries and areas containing one or more mangrove species. Of this total area, 

65 % is found in just 10 countries, with Indonesia being the country with the largest share 

(around 19 %). In Thailand, the most recent estimate counts about 240 000 ha (FAO, 2007) 

and these mangroves are located in 23 coastal provinces, with mangroves that may grow to a 

height of 20-30 meters. 

The study sites referred to in this thesis are located at the coast of Trang province, in Southern 

Thailand. This coast is part of the Thai Andaman coast, that hosts about 80 % of the 

mangrove area in Thailand, due to the many embayments and islands that offer a perfect 

habitat to mangroves (Horstman, 2010). 

Among the many features of mangroves, the wave attenuation will be the focus of this 

research. Wave attenuation is an important process, because it forms a boundary condition for 

sedimentation and erosion and hence for the stability of the coast. It interferes with biological 

activities and it depends on vegetation (parameters such as trunk diameter, density and 

vegetation height) as well as on hydraulic conditions (e.g. wave characteristics and water 

depth) (Burger, 2005). 

 

Figure 2. Extend of mangrove area worldwide, 2005 (FAO, 2007). 
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1.2. Motivation 

Despite the unquestionable value of mangroves as an ecosystem, due to increasing human 

interventions, deforestation of mangroves has been widespread. Mangrove cutting is mostly 

related to firewood and timber harvesting, land reclamation, agriculture, pasture, salt 

production and mariculture (NOAA and Cleveland, 2010). High levels of pollution also play 

an important role in the gradual loss of these habitats, making them weaker and susceptible to 

natural disasters such as cyclones, tsunamis, floods or diseases (FAO, 2007). 

All these threats have led to the disappearance of approximately 50 % of the world’s 

mangrove forests over the past half century (Alongi, 2002). In Thailand, 55 % of the 

mangrove cover has been lost over about 25 years (NOAA and Cleveland, 2010). 

Ironically, the disappearance of mangrove forests showed their value, both in economic and 

ecological sense. This has led to the growth of the awareness of these values and the 

implementation of new legislation that allows for a better protection and management of the 

mangrove resources. Also restoration or re-expansion of mangrove areas are being 

implemented in some countries nowadays (FAO, 2007). 

Measures for the protection and restoration of mangroves are being implemented and positive 

signs are starting to show up, but still there is much to be done. Knowledge about mangrove 

forests and their functioning, although already extensive, is still lacking quantitative 

comprehensiveness. Improved understanding of their physics is needed in order to help 

discovering the proper path for this subject and to alert to the importance of the mangroves in 

coastal protection and sedimentation. 

Because of this search for more knowledge, the Singapore-Delft Water Alliance (SDWA) 

started the study program “Relating Ecosystem Functioning and Ecosystems Services by 

Mangroves: a Case Study on Sediment Dynamics” where a spectrum of measurements is 

performed with the objective to derive empirical relations on the impacts of coastal 

mangroves on short-term hydrodynamics and morphodynamics (SDWA). This thesis is part 

of this bigger picture and will focuses on the hydrodynamic energy attenuation in these 

environments. 

1.3. Objectives 

The main objective of this thesis is to determine the attenuation of wave energy caused by 

mangrove trees in a coastal zone. To accomplish this objective, field data collected in Trang 

province, Thailand, will be used. This data contains observed water pressures along two 
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selected transects. A comprehensive study of these field-data should create insight into the 

development of all relevant wave parameters along the different transects: e.g. wave energy, 

wave period, frequency or wave height. Outcomes will be compared to previous studies, in 

order to put this particular research in a wider context. 

To achieve the main objective, some minor objectives were proposed, structuring this 

research. First, it will be necessary to gain general knowledge about mangrove forests. As was 

already mentioned, mangroves are an important and complex ecosystem, and it seems 

important to have a more profound understanding of its characteristics, functions and threats. 

Next, wave linear theory and spectral analysis also need to be studied in order to develop a 

successful process to analyze the field data using Fourier techniques, the second objective in 

the research process. 

After successfully accomplishing the second objective, it is possible to proceed to the main 

objective of this study, which starts with quantifying the amount of wave energy in the 

available data and its attenuation along transects through mangroves. Patterns and trends in 

the observed wave attenuation are looked for as to understand the behavior of the process. For 

that, it also appears necessary to carefully select the available field data, since some of the 

data retrieved is not completely coherent and hence not fully reliable. 

Finally, with the main objective achieved, the more indirect objective to alert to the 

importance of mangroves in coastal protection and sedimentation, already referred to in the 

motivation section, can be pursued. 

During the development of the research, it was noticed that there is in fact a lack of studies 

into this area (wave attenuation in mangroves) and only a limited amount of information is 

available about the subject, mainly consisting of literature that marginally explains the 

procedures and factors that should be taken into account. So a side objective of this thesis is to 

describe the process of studying wave attenuation in mangroves thoroughly, so it could serve 

like a guideline for future projects in the same area. 

1.4. Report structure 

This first chapter starts presenting a general introduction to the discussed theme. The thesis is 

contextualized, the motivations for this study are explained and objectives and sub-objectives 

are settled. 

In the second chapter, the entire theoretical framework needed for a better understanding of 

this research is presented. A detailed description of mangroves, as a tree and as an ecosystem, 
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is given, following topics such as its geomorphology, functions and threats. An explanation 

about wave linear theory and all the parameters that will be important for wave attenuation in 

mangroves are presented as well. Then a description is given on how the procedure of the 

spectral analysis was applied in this study. The explanation does not pretend to be detailed 

and exhaustive, but it will include the main steps necessary for an accurate analysis of a time 

series using this method. Finally, a quick review of the available studies on wave attenuation 

in mangroves is presented. 

The third chapter of this thesis is dedicated to the field campaign in Thailand. The study areas 

where the field data have been collected and the measuring methods used for gathering the 

relevant data for this thesis are described. 

In the fourth chapter, information about the collected data is presented. First, both transects 

are described meticulously. The vegetation densities, as well as the type of vegetation along 

each transect, and the position and elevation of each sensor are presented. The collected data, 

such as the number of deployments, the date, duration and number of sensors in each 

deployment is described as well. In the last two sections, it is explained what data was 

selected for the analysis in this study and why it has been selected, and, at last, how the data 

has been processed, besides the spectral analysis process. 

Subsequently, the research results are presented. In the introductory section of the fifth 

chapter, a general analysis of the processed field data is presented (e.g. general information on 

the waves analyzed, the range of dominant frequencies and the usual values of total energy 

found). A detailed description of the findings for each transect follows. For both transects the 

same amount of data has been analyzed and outcomes are presented separately. Three specific 

high tides are analyzed for each transect, and the wave energy density spectra before, during 

and after the high tide are presented and discussed. Next, mean spectra of all the selected data 

are shown, with the objective of a more comprehensive observation of the characteristic wave 

energy density spectra along each transect. The total wave energy at the survey points along 

the transects is also analyzed, with specific graphs for the bursts analyzed before and for the 

means of the transects. This information is directly compared with the vegetation densities 

observed along the transects, in order to identify a relation between these parameters. At the 

end, the findings for both transects are compared. This comparison discusses the wave 

characteristics at each transect and the total energy attenuated along the transects. 

The second last chapter presents a discussion, putting the findings of the study at hand in a 

wider perspective. First, the study is compared to other researches that also address wave 

attenuation in mangroves. The kind of waves present in each study and the attenuation rates 
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are compared to the ones presented in this thesis. The conclusions presented in each research 

are also evaluated taking into account the results obtained in the present study. The same 

scheme is used in the second section, but the results are evaluated against the low-latitude 

equivalent ecosystem of mangroves, salt marshes. 

Besides that comparison, the sixth chapter also contains a discussion on the value of the data 

presented and the uncertainties in these results. 

Finally, the seventh and last chapter presents the conclusions of the present study and 

suggestions for future developments. 
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2. THEORETICAL FRAMEWORK 

This chapter starts with some basic information on mangroves and waves, an introduction to 

the topic of this thesis, helping to create a framework for the work that is presented in this 

thesis. After the characterization of waves in mangroves, it will be explained how spectral 

analysis can be applied to study waves in mangroves. Finally, a short overview is given of the 

research done so far on the subject at hand. 

2.1. Mangroves 

According to Duke (1992), a mangrove is a tree, shrub, palm or ground fern, generally 

exceeding 1.5 meters in height, which normally grows above mean sea level in the intertidal 

zone of marine coastal environments, or estuarine margins. However, the term “mangrove” is 

often used for the whole ecosystem of mangrove forests, e.g. by Augustinus (1995), defining 

mangroves as tidal forest ecosystems in sheltered saline to brackish environments.
 

2.1.1. Mangrove geomorphology 

Mangroves colonize protected areas along the coast such as deltas, estuaries, lagoons, and 

islands. They can establish and grow under a relatively wide range of flooding and salinity 

conditions but are generally restricted to the intertidal zone where there is less competition 

with freshwater plants (NOAA and Cleveland, 2010). The mangroves growth is depends 

mostly of the temperature, but variation in rainfall, tides, waves and river flow also influence 

the extent and biomass of mangroves. According to Blasco et al. (1996), mangroves grow 

where the water temperature exceeds 24 ºC, and the monthly air temperature in winter is 

above 20 ºC (Blasco et al., 2005). 

Hence, mangroves are present in subtropical and tropical latitudes. There are 9 orders, 20 

families, 27 genera and around 70 species of mangroves (Alongi, 2009). The Indo-west 

Pacific is the region with most diversity. Indonesia, Brazil, Nigeria and Australia account for 

about 41 percent of all mangrove area and 60 percent is found in just ten countries, which 

have a total area of around 15 million hectares. The more recent and reliable mangrove area 

estimate shows that Thailand has 244.085 ha of mangrove forest (FAO, 2007). 
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Figure 3. Mangrove root systems. From left to right: pneumatophores, knee roots and 

stilt roots (de Vos, 2004). 

The most common mangrove species are the genera of Rhizophora, Avicennia and Sonneratia 

(Figure 5) (Blasco et al., 2005). The root systems are important as well, because they have a 

significant above-ground component applying a drag force on the water. The most common 

root-types are pneumatophores, knee roots and stilt roots (Figure 3). Pneumatophores are 

vertical roots growing out of horizontal roots underneath the surface. Knee roots are 

horizontal growing roots beneath the surface that periodically form loops above the surface. 

Stilt roots arise from the trunk and grow away from the three down to the surface. Avicennia 

and Sonneratia have pneumatophores and Rhizophora has tilt roots (van den Berg, 2011). 

 

Figure 4. Mangrove forest types (Lugo and Snedaker, 1974). 

There are different types of mangrove forests. Lugo and Snedaker (1974) developed a 

classification of different types of mangrove forests in South Florida. Based on that 

classification, Cintron and Novelli (1984) distinguishes three generic types of mangrove 

forests (Figure 4) – fringe, riverine and basin mangroves. A fringe forest borders protected 

shorelines, canals and lagoons, and is inundated daily by tides. A riverine forest flanks the 

estuarine reaches of a river channel and is periodically flooded by nutrient-rich fresh and 

brackish water. Behind the fringe, interior areas of mangroves harbor basin forests, 

characterized by stagnant or slow-flowing water (NOAA and Cleveland, 2010). Dwarf, scrub 
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and hammock mangroves are recognized as special sub-types responding to localized 

geologic or edaphic conditions (Cintron and Novelli, 1984). Zonation can also occur because 

different species have their own optimal circumstances to thrive, causing some species to 

occur more often towards the sea, as others occur more inland (van den Berg, 2011). 

2.1.2. Mangrove functioning and threats 

Mangroves are very important in soil formation and shoreline protection and stabilization. 

The mangrove forest’s extensive, above-ground root structures act as a filter, reducing current 

velocities and shear, and enhancing sedimentation and sediment retention (Carlton, 1974). 

This effect reduces the risk of erosion, especially under high-energy conditions such as 

tropical storms. Mangroves also absorb and reduce the impacts of strong winds, tidal waves 

and floods, thereby protecting the uplands from more severe damage (Tomlinson, 1986). 

Besides, mangroves provide habitat and food for a diverse animal community that inhabits 

both the forest interior and the adjacent coastal waters (Yåñez-Arancibia et al., 1988). 

There are many products obtained from mangroves. The wood is used as a source of fuel and 

as the primary material for the construction of boats, houses, furniture, etc. Mangrove bark 

has traditionally been used as a source of tannins, which are used as a dye and to preserve 

leather. Other mangrove extracts are used to produce synthetic fibers and cosmetics, and are 

also a source of food (mangrove-derived honey, vinegar, salt, and cooking oil) and drinks 

(alcohol, wine). Mangroves are important for medicinal uses as well, giving relieve for all 

kinds of health problems (Bandaranayake, 1998). 

Despite the ecological and economic importance of mangroves, human-caused pollution and 

deforestation are present in these habitats. The pollution in mangrove ecosystems includes 

thermal pollution, heavy metals, agrochemicals, nutrient pollution and oil spills (van der 

Velde, 2001). The deforestation is related to firewood and timber harvesting, land reclamation 

for human establishment, agriculture, pasture, salt production and mariculture (Twilley, 

1989). Many laws were established for mangrove protection, but unregulated exploitation and 

deforestation still happens. In Thailand, 55 % of the mangrove cover has been lost over about 

25 years (NOAA and Cleveland, 2010). 
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Figure 5. Common mangrove species at Kantang: a) Sonneratia; b) Avicennia; c) 

Rhizophora.  
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2.2. Waves in mangrove forests 

Waves are fluctuations of the water level, accompanied by local current accelerations and 

pressure fluctuations. Their simplest form is sinusoidal (Figure 6), and this form is used to 

describe the majority of the wave properties. The vertical distance between a wave crest and a 

wave trough is the wave height, H. The distance over which the wave pattern repeats itself is 

the wave length, L. The water depth is defined by the letter d, and z defines the coordinate in 

the vertical plane, relative to the mean water level (the bottom is located at z = -d). The waves 

propagate with velocity, c, and the time that is required for a wave to pass a particular location 

is the wave period, T (L/c). The inverse of the wave period is the wave frequency, f 

(Kamphuis, 2000). 

 

Figure 6. Basic nomenclature of wave parameters (Kamphuis, 2000). 

Waves play a major role in stirring up sediments from the sea bed, as well as giving rise to 

steady current motions such as longshore currents, undertow, and mass-transport velocities, 

which transport sediments. Waves may be generated either locally due to the effect of local 

winds blowing over the sea for a certain distance and time; or as swell, which results from 

distant storms and typically shows longer periods and less spreading in period and direction 

than a locally-generated sea (Soulsby, 1997). According to Munk (1950), waves can be 

classified according to their wave period (Figure 7). 
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Figure 7. Wave classification by frequency (Munk, 1950). 

The energy of one wave is the sum of two distinct components: waves contain potential 

energy (1) due to the variation of the water depth, and they contain kinetic energy (2) because 

of the movement of the water particles. Adding up these two energy components results in the 

total wave energy (3). 
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Because the waves propagate, the wave energy flux represents the transport rate of that wave 

energy, and is defined by (4). In shallow water, due to the influence of the sea-bed, the 

propagation velocity of the waves (c) is about the same as the group velocity (cg). 

cHgcEcEP g  2

8

1
  (4) 

One concept that should be present in this work is shoaling, giving rise to increasing wave 

heights when waves propagate into shallower water without changing direction. This increase 

happens because, in very shallow water, the group speed, expressed by (5), is independent of 

the frequency and decreases with the water depth. These waves are therefore called "non-

dispersive". In the absence of energy dissipation, the total transport of wave energy is not 

affected, so that the rate of change along the path of the wave is zero (6). 
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hgcg   (5) 

  0Ec
ds

d
g  (6) 

Where s is the coordinate in the direction of the wave propagation. In order to maintain a 

constant wave energy flux, the decrease of the group velocity is corresponding to an increase 

of the wave height. Therefore, assuming this conservation of energy transport, the wave 

height can be determined by (7) (WMO, 1998). 
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However, the wave energy decreases because of the friction caused by the bottom and, in this 

particular case, the vegetation. According to Quartel et al. (2007), in a mangrove 

environment, the friction caused by the vegetation is very much higher than the bottom 

friction and therefore it is possible to ignore the bottom friction. 

In order to determine the water depths and wave spectra, sensors were deployed in the field 

measuring water pressure variations, including both static and dynamic pressure. In equation 

(8), k  is the wave number,   is the wave angular frequency and pk  is the pressure response 

factor given by (9), which corrects the pressure fluctuations detected by the bottom-mounted 

sensors for the water depth. It is necessary to correct the pressure fluctuations because, with 

the increase of the water depth, pressure fluctuations observed near the bed get more 

attenuated. Without this factor, the variation of the pressure measured at the bed does not 

resemble the real fluctuations at the water surface, which would result in smaller waves. 
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2.3. Spectral analysis 

In order to properly analyze the attenuation of hydrodynamic energy in mangrove forests, it is 

necessary to use spectral analysis, which can provide, from a time series like the water 

pressure variance, auto-spectra representing the variance of the time series as a function of 

frequency. 

Spectral analysis has been widely employed in geomorphic studies to examine the frequency 

constituents of time series including studies of oscillatory currents, swash motion, river 

meanders, annual temperature variations, topographic variability, and, of course, ocean 

waves. 

Spectral analysis is based on the Fourier transform, which is computationally efficient, robust 

and yields reliable results for a large class of time series. Consequently, this technique has 

become one of the most popular methods for the examination of frequency components in a 

time series (Hegge and Masselink, 1996). 

The Fourier transform is a mathematical operation that expresses a mathematical function of a 

time series as a function of frequency, and its representation is given by (10). 

    dtetxfX tfi 



 

2  (10) 

Where  tx  is the time series and  fX  is the function expressed in the frequency domain. 

But the equation (10) is only applicable to continuously sampled, infinite time series, which, 

in practice, is impossible to obtain. This factor leads to the formulation of the discrete Fourier 

transform (DFT). 

The discrete Fourier transform of a finite time series  nx  of length N , sampled at a uniform 

sampling frequency may be expressed as (11). 

    1,...,1,0,/2
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However, the direct use of the DFT is particularly inefficient and several methods have been 

developed to increase efficiency (Hegge and Masselink, 1996). 

The fast Fourier transform (FFT) algorithm is a computational procedure that determines the 

Fourier coefficients directly from the time series by exploiting the binary notation employed 

in digital computers. This algorithm works most efficient when the length of the time series is 

an integer power of 2. The FFT procedure is significantly faster than the indirect 
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autocorrelation method and remains the workhorse of modern spectral analysis (MATLAB, 

1990). 

To properly calculate the auto-spectrum of the wave energy, a Matlab routine was built, based 

on the steps presented by Hegge and Masselink (1996): 

1. Plot the time series: Plotting the time series enables a visual identification of any trend or 

long-period oscillations in the mean or variance of the series. It is also possible to easily 

recognize glitches or other outliers in the data that are not consistent with the rest of the time 

series. 

2. Detrend: To satisfy the assumption of stationarity it is necessary to remove any long-term 

trend from the time series. The resulting time series will have a mean of zero and detrending 

will ensure that the value of the first Fourier coefficient does not dominate the resulting 

periodogram. 

3. Apply a taper: An appropriate taper is applied to the detrended time series so that leakage 

of spectral density from large peaks to adjacent frequency bins is minimized. The Hann taper 

is applied in this study (12). 
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4. Calculate the discrete Fourier transform: Determine the Fourier coefficients from the 

detrended and tapered time series using the FFT command in Matlab. 

5. Apply the pressure response factor: It is now possible to calculate and apply the pressure 

response factor, which was introduced by equation (9), because this factor is based on the 

period. Applying this factor increases the elevation of high frequency components of the wave 

signal. 

6. Correct for tapering: A correction factor (13) must be applied to each spectral estimate in 

the periodogram to account for the effect of the applied taper. This correction must satisfy 

Parseval’s theorem (14). 
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7.  Bin-averaging: In order to facilitate the interpretation of the periodogram, it is necessary to 

smoothen it. The simplest way to accomplish this is by averaging estimates over adjacent 

frequency bins. The periodogram will lose resolution, reducing its spikes and simplifying the 

interpretation (Figure 8). 

 

Figure 8. Example of bin-averaging; on the left the periodogram before the bin-

averaging, on the right after the bin-averaging (Hegge and Masselink, 1996). 

8. Plot the resulting periodogram: The periodogram shows the spectral density of the time 

series as a function of the frequency. 

The Matlab scripts deployed for the spectral analysis are presented in annex A. 

2.4. Previous researches 

There are some researches available on wave attenuation in mangroves. The first known study 

is the one by Mazda et al. (1997), who studied the wave reduction in a mangrove reforestation 

site close to aquaculture ponds in the Tong King delta, in Vietnam. They concluded that a six-

year-old mangrove strip of 1.5 km wide reduces 1 m high waves at the open sea to 0.05 m at 

the coast, which represents around 20 % reduction in 100 m of mangroves. Due to the high 

density of the vegetation distributed throughout the whole water depth, they also concluded 

that the effect of wave reduction is constant even when the water depth increases. 

Massel et al. (1999) presented a theoretical attempt to predict the attenuation of wind-induced 

random surface waves in mangrove forests. Examples of numerical calculations and 

preliminary results from observations of wave attenuation through mangrove forests at 

Townsville (Australia) and Iriomote Island (Japan) were also given. Burger (2005) applied the 

adapted SWAN model with a dissipation term. The observed data of wave attenuation in 
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mangrove forests were collected at Thuy Hai coast and Vinh Quang coast, northern Vietnam. 

The amount of dissipated wave energy was expressed in terms of vegetation characteristics 

and wave reduction due to the drag force of one mangrove species, Sonneratia. 

Brinkman (2006) developed two theoretical approaches to investigate and model the 

attenuation of wave energy in mangroves. He also executed fieldwork, in order to compare 

the theoretical results to field data. He concluded that it is possible to numerically model the 

dominant energy dissipation processes and thus predict attenuation of surface wave height 

within mangrove forests. 

Lowe et al. (2007) developed a theoretical model to predict how flow attenuation within a 

canopy varies among the different wave components and predicts that shorter-period 

components (i.e. higher frequency waves) are generally more effective at driving flow within 

a canopy than longer period components. They also conducted a field experiment in order to 

evaluate the model performance. Quartel et al. (2007) also did research in the Red River delta, 

Vietnam, with the objective of quantifying the wave reduction and wave energy dissipation in 

two areas, a tidal flat and a contiguous mangrove area, incorporating the vegetation as an 

extra drag force. They concluded that the wave height reduction over a sandy surface layer on 

the mudflat is mainly caused by bottom friction of shoaling waves and can be well computed 

with a wave energy decay model based on Battjes and Janssen (1978), but cannot be used in 

mangroves where the wave reduction is significant higher (5 to 7.5 times larger) and the 

friction caused by the vegetation mainly determines the wave energy dissipation. 

Finally, Vo-Luong and Massel (2008) developed a predictive model of wave propagation 

through non-uniform forest of changing depth. It is possible to consider different species at 

different locations in terms of forest density, root dimensions and mangrove forest biological 

composition. The model combines the energy dissipation due to the interaction of mangrove 

forest elements with wave motion and to wave breaking in the mangrove area. The model was 

applied to real conditions at a selected study site of Can Gio Mangrove Biosphere Reserve, 

South Vietnam, and gives good agreement with the measured wave data. 
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3. FIELDWORK DESCRIPTION 

This chapter describes the fieldwork that was done in Trang Province, Thailand, between 

November 2010 and May 2011. The two research areas are introduced, as well as the 

measuring methods for the data collected. The information in this chapter is fully presented in 

Horstman (2010) and van den Berg (2011), who executed the fieldwork. 

3.1. Research areas 

There are different types of mangrove trees and forests. In order to gain better system 

understanding of wave attenuation in mangroves, two field sites (Figure 9), with different 

hydrodynamic, morphodynamic and ecological characteristics, were chosen: Kantang and 

Palian, both located in the southwest of Thailand. 

 

Figure 9. Study sites locations for wave transects. From left to right: Andaman coast of 

Thailand; Trang province; study site A, near Kantang; study site B, near Palian 

(Horstman, 2010). 

The Kantang transect was chosen because the net transport of sediment towards this transect 

is presumably positive, as indicated by an accreting shoreline, whereas at the Palian transect 

the net transport of sediment is neutral, as indicated by a stable coastline. The different 

vegetation was another reason to choose these transects. In both transects a zone with 

Avicennia and Sonneratia occurs at the front of the forest and a zone with Rhizophora more 

inland, but these zones show distinct differences. At Kantang, the vegetation density increases 

gradually. In the Avicennia and Sonneratia zone, the vegetation has around the same density 
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in both transects. However, while the vegetation density increases more gradually at Kantang, 

at Palian an abrupt increase is noticed at the boundary between the zones.  

3.2. Measuring methods 

3.2.1. Waves 

Wave sensors were used to measure the wave heights indirectly by measuring water pressure 

(Figure 10). MacroWave sensors (by Coastal Leasing Inc.) were used, which are robust 

sensors and can measure up to five weeks without any interference, depending on battery and 

internal memory. Six sensors were deployed during periods of two to four weeks at a time.  

 

Figure 10. MacroWave pressure sensors were deployed for retrieving data on fluctuations 

of the water level (left). These wave sensors were fixed to bamboos (middle) and 

deployed along cross-shore transects (right) (Horstman, 2010). 

The sensors were placed on the transects with around the same spacing between them, the 

first one in front of the vegetation and the last one in the last vegetation zone. The deployment 

and retrieval of the sensors was always planned close to spring tides due to the accessibility of 

especially the lower parts of the mangroves. Before each deployment, the wave sensors were 

connected to the computer to set their clocks and define the settings, and, after the 

deployment, they had to be cleaned thoroughly, to have the batteries replaced and the pressure 

sensors cleaned and refilled with silicon fluid, since the tubes of the pressure sensors tended 

to lose silicon fluid and accumulate sediments. Also zinc-oxide ointment was applied to the 

upper parts of the equipment in order to avoid barnacle growth. At the deployment itself, the 

wave sensors were partly buried until the top plate was about 7 cm above the bed in order to 

enable measurements in low water depths and at the same time preventing too high sediment 
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concentrations blocking the sensor.  The deployments were executed between November 

2010 and May 2011 and during each deployment, the sensors collect 4096 (2
12

) samples, with 

a sampling frequency of 10 Hz. The interval between the start of two sampling bursts was set 

to 20 minutes. 

3.2.2. Surface elevation 

The surface elevation was measured using a Trimble Total Station. In Kantang, the 

coordinates and elevations of 82 points were measured. In Palian, 98 points were measured. 

After the measurements, data have been interpolated and graphs were derived presenting the 

topography of each transect, with the point that is located most towards the sea being 

considered the origin of the graph. 

3.2.3. Vegetation density 

The vegetation density was measured by selecting various representative plots of 20 by 20 

meters along the survey transects. In Palian, two plots were analyzed, one plot within the zone 

with Avicennia and Sonneratia trees and the other plot in the zone with Rhizophora trees. In 

Kantang, vegetation showed some more variation and 4 plots were analyzed: two plots of 

Avicennia and Sonneratia and two plots of Rhizophora.  In each plot, Avicennia and 

Sonneratia were sorted into groups. The trunk or stem diameter was measured at breast 

height, or when the tree was too low, at one third of the height of the tree. These diameters 

were categorized into five groups: 0-10 mm, 10-25 mm, 25-100 mm, 100-200 mm and more 

than 200 mm. Per group of trees, the stem diameter was measured of one representative tree, 

at 10, 50, 100, 150 and 200 cm above the ground. All the Rhizophora trees in the 20 by 20 

meters plots are divided into three size classes (small, medium and large) and counted. The 

diameter of all the roots has been measured of one small tree, one average tree and one large 

tree at 10, 50, 100 and 200 cm above the ground. Seedlings are counted separately per plot 

and the diameter of one average seedling is given at 50 cm above the ground. 

Pneumatophores are included in the vegetation survey as well. Within each plot, three 

subplots of 50 by 50 cm have been determined with sparse, average and dense pneumatophore 

densities. In each of these subplots, numbers of pneumatophores have been counted and 

height and diameter have been measured of 25 random pneumatophores. Calculation of 

vegetation densities is presented in annex B. 
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4. DATA COLLECTION AND PROCESSING 

This chapter presents all the relevant data that has been collected in the field and is available 

for this research. Both transects are described, followed by an overview of the data that is 

available and how it was selected. The last section of this chapter presents the relevant aspects 

about the processing of these data. 

4.1. Description of the transects 

4.1.1. Palian transect 

This transect is almost 500 meters long, and shows three distinct zones: a mudflat in front of 

the mangroves, a zone with open vegetation and the last one with dense vegetation. During 

spring high tides, the whole transect is submerged. On contrary, at spring low tide, all transect 

gets completely dry. 

 

Figure 11. Topography, zonation and measurement locations along the Palian transect. 

The first zone – colored pale green in Figure 11, before the first sensor – is a mudflat, without 

any vegetation and a relatively flat surface (Table 1). The second zone – bright green in 

Figure 11 – is vegetated by Avicennia and Sonneratia trees. In this zone the vegetation is not 

very dense, and the majority of the trees are old and very large. There are also some smaller 

trees and seedlings growing in this zone. Pneumatophores and some dead trees and branches 

cover the surface. The third zone – dark green – is a very densely vegetated zone (Table 2) 

vegetated by Rhizophoras and the surface is covered with some roots, pneumatophores and 

seedlings. 
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Table 1. Zones of the Palian transect. 

Zone Elevation change (m) Length (m) Slope (%) 

Mudflat (1
st
 zone) 1.75 397.28 0.44 

Avicennia and Sonneratia (2
nd

 zone) 0.71 43.82 1.62 
Rhizophora (3

rd
 zone) 0.54 52.60 1.03 

Table 2. Vegetation densities at Palian (annex B). 

Zone Density (‰) 

Avicennia and Sonneratia 4.5 
Rhizophora 19.9 

 

Six wave sensors are located at different positions along the transect (Table 3). The first one is 

located in the beginning of the second zone, the second and third are inside the second zone, 

the fourth is at the border between the second and third zone, and the last two are inside the 

third zone (Figure 11). 

Table 3. Sensor locations with respect to the offshore end of the Palian transect. 

 Height (m) Distance (m) 

Sensor 1 1.63 388.23 
Sensor 2 1.87 404.03 
Sensor 3 2.27 424.90 
Sensor 4 2.46 442.39 
Sensor 5 2.69 463.12 
Sensor 6 3.00 493.70 

 

4.1.2. Kantang transect 

The Kantang transect measures around 530 meters in cross shore direction and is, in general, 

less sloped than the Palian transect. Like Palian, the whole transect is submerged during 

spring high tides and falls completely dry at spring low tide. 

 

Figure 12. Topography, zonation and measurement locations along the Kantang transect. 
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The transect can be divided into the same zones as the Palian transect (Figure 12). The first is 

a mudflat – pale green in Figure 12 –, almost horizontal and without any vegetation (Table 4). 

The second zone – bright green – contains some Avicennia and Sonneratia vegetation, which, 

along the transect, becomes denser. The surface has a little more slope and is covered by 

pneumatophores and seedlings. The last zone mainly contains Rhizophora, and, like the 

previous zone, becomes denser along the transect. Instead of the 2 plots at Palian, along this 

transect the density of 4 plots of vegetation was surveyed (Table 5), which allows for a better 

analysis of how the vegetation density changes along the transect. 

Table 4. Zones of the Kantang transect. 

Zone Elevation change (m) Length (m) Slope (%) 

Mudflat (1
st
 zone) 0.58 327.44 0.18 

Avicennia and Sonneratia (2
nd

 zone) 0.56 104.80 0.53 
Rhizophora (3

rd
 zone) 0.56 100.06 0.56 

Table 5. Vegetation densities at Kantang (annex B). 

Zone Density (‰) 

Avicennia and Sonneratia 4.6 
Avicennia and Sonneratia 4.8 
Rhizophora 6.0 
Rhizophora 10.4 

 

Along the transect six wave sensors were deployed (Table 6). The first was located on the 

mudflat, the second at the beginning of the second zone, the third was deployed in the middle 

of the second zone, the fourth in front of the border between the second and third zone, and 

the last two were deployed within the third zone (Figure 12). 

Table 6. Sensor locations with respect to the offshore end of the Kantang transect. 

 Height (m) Distance (m) 

Sensor 1 0.49 288.21 
Sensor 2 0.57 327.44 
Sensor 3 0.87 381.00 
Sensor 4 1.15 432.24 
Sensor 5 1.41 483.23 
Sensor 6 1.68 532.28 
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4.2. Data collection 

Like it was referred in section 3.2.1, the waves were monitored using MacroWave pressure 

sensors. Each transect was subjected to three deployments, and, due to the lack of sensors – 

there were only 6 of them available –, it was only possible to do one deployment at a time. 

On the Kantang transect, the first deployment started at January 26 and the sensors were 

retrieved on March 5. By this time, none of the sensors were still retrieving data, causing 

variable lengths of the data sets that each sensor collected, depending of the life time of the 

batteries. The second deployment started on March 7 with only 5 sensors since one was not 

working anymore. The sensors were retrieved on March 20. Finally, the third deployment, 

also with only 5 sensors, started March 24 and finished at April 14. During this period, serious 

storms occurred in the area, and the 4
th

 sensor stopped retrieving data on March 29. 

The first deployment at Palian transect started at November 25. Four sensors were deployed 

that day and the other two on November 26. The sensors were retrieved on December 5. The 

second deployment started three days later, on December 8, and finished on January 19, with 

all the sensors except one retrieving data until that day. The last deployment was executed 

after the deployments of Kantang, starting at April 17 and ending at May 2. All the 

deployments, starting and ending dates, and number of sensors deployed are summarized in 

Table 7. 

These raw data have subsequently been processed by the MacroWave Wizard software, which 

was included in the wave sensors, to ASCII files, showing the measured pressure data in 

pound force per square inch (psi), as well as the start of each burst, including date and time. 

The available field data also includes start and end dates for deployments, locations of the 

sensor, and height of the sensor before and after the deployment.  

Table 7. Start and end dates and number of sensors on each deployment. 

Start Date End Date Transect Nº of sensors 

25-11-2010 05-12-2010 Palian 6 
08-12-2010 19-01-2011 Palian 6 
26-01-2011 01-03-2011 Kantang 6 
07-03-2011 20-03-2011 Kantang 5 
24-03-2011 14-04-2011 Kantang 5 
17-04-2011 02-05-2011 Palian 6 
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4.3. Data selection 

Subsequently, it is necessary to select the most suitable data for the analysis. Not all the data 

is of sufficient quality to give good and realistic results, due to many factors such as climate 

conditions, condition of the sensors or even disturbances due to the environment itself. 

Beginning with the Kantang transect, although there was data from three deployments, only 

data from two of them were used. The data from the deployment that occurred between 

January 26 and February 9 shows a rather significant amount of high frequency peaks, that, 

combined with the pressure response factor used to take into account the attenuation of 

pressure fluctuations with the water depth, give rise to spectra where these high frequencies 

have much more influence than the lower frequencies that actually represent the wind waves, 

and therefore, these spectra are considered unrealistic. 

Between the two sets of data remaining, preference was given to the last deployment, due to 

the fact that a storm passed by during the period. Therefore, these data were expected to result 

in some high wave energy spectra that could give a clear view of the influence of the 

mangroves. Unfortunately, during this deployment, the 3
rd

 sensor never collected data, and the 

4
th

 sensor stopped collecting data 4 days after the initiation of the deployment, and even the 

data collected for the two days before it stopped shows values that are much bigger than the 

values of the first sensors, indicating that it is unreliable data. Despite all the problems, this 

data set was used, taking into account the 1
st
, 2

nd
, 5

th
 and 6

th
 sensor only. 

The data from the deployment starting at March 7 did not show any problems, with data 

retrieved from all the 6 sensors and without any unrealistic or unreliable trends in the results. 

On the Palian transect, also only two of the three deployments were chosen to be included in 

the analysis. The data set from the deployment of November 25 was excluded due to its short 

duration – only 10 days – and due to the fact that the main objective of this deployment was to 

run a first trial. For the remaining two deployments, only the one from December 8 was used 

for the analysis of individual bursts, since the deployment of April did not yield information 

for the first sensor, and the amount of information collected from sensor 3 is much less than 

the others – there is only information until March 3 and there are some gaps in the existing 

data. Moreover, the information is a lot less accurate, with values of wave energy that do not 

correspond to the reality. 

The selection of the individual bursts was made with the purpose of having distinct water 

depths in each burst, in order to evaluate the influence of this factor in the wave energy and its 

attenuation. 
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4.4. Processing 

The selected data subsequently has to be processed to retrieve information on the attenuation 

of hydrodynamic energy along the wave transects. 

The main part of the processing has already been explained in chapter 2.3, where it is 

described how to apply spectral analysis to transform a time series in a periodogram. Some 

aspects specific to the analysis at hand, however, were not included in this general 

description. First, like it was already mentioned, each burst consists of 4096 values, with a 

frequency of 10 Hz. The resulting periodograms then have a frequency range between 0 and 5 

Hz (i.e. up to half the frequency of the data collection). Furthermore, because this range of 

frequencies is considered too large, including frequencies that belong to tides (i.e. very long 

periods) and ultra-gravity waves or other phenomena (i.e. periods < 1 s), it was decided to 

restrict the periodograms to frequencies between 0.04 and 0.67 Hz, which correspond to 

periods between 1.5 and 25 seconds. This way, although the range of frequencies is still quite 

large in order not to miss some important parts of the spectra, it is possible to have a higher 

confidence about the results obtained and that the values obtained actually belong to the 

waves of interest. Another reason to limit the frequencies to this interval is the pressure 

response factor. Because this factor depends on the frequency, for values higher than the ones 

considered, it becomes really small, having a much greater influence on the spectrum than it 

should have. 

In order to smoothen the periodograms for easy interpretation, the resulting data were 

bin-averaged in groups of 2. This is a small average, that does not smoothen the graph as 

much as desired, but after some trials, beginning with averaging over 8 values and then 4, it 

was concluded that, although definitely smoother, the graphs also lose a substantial part of 

their original shape. Therefore it was considered that it is better to still have a high resolution 

and a more truthful spectrum than the other way around. This means that every periodogram 

corresponding to a single burst consists of 2048 data points and a frequency bin width of 

0.00488 Hz. 

Moreover, some of the periodograms obtained show some excessive peaks at the higher 

frequency ends of the spectra, even in the sensors in front of the forest. These peaks could 

have been caused by turbulence at the bottom. This was tested by another analysis of the 

available data, running the same concept of spectral analysis, but for one time series related to 

the observed flow velocities. The results are shown in Figure 13 and Figure 14. Flow 

velocities at 7, 15 and 50 centimeters above the bottom were measured and analyzed for some 
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position within the sparse mangrove vegetation at both transects. If some kind of turbulence 

near the bottom were present, the higher frequencies of the graphs of the 7 centimeter velocity 

information should present some spikes at the higher frequencies. 

 

 

Figure 13. Spectral analysis regarding to the flow velocities in Kantang transect. 

Checking the graphs, this cannot be confirmed, with all graphs showing spikes at the same 

frequencies. This indicates that the peaks at higher frequencies presented by some spectra are 

not related to near-bed turbulence. Curiously, on the periodogram of 50 centimeters in Palian, 

there is noted some turbulence, but being half a meter over the bottom, this cannot be 

considered near-bed turbulence. 

 

 

Figure 14. Spectral analysis regarding to the flow velocities in Palian transect. 
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However, these periodograms are only representative for one period during the deployment at 

the outer part of both sections. Therefore, although these results do not show the influence of 

turbulence in the transects, it is not possible to ensure that this conclusion remains true 

through all the deployments. 

 

After calculating the wave spectra,  nfS , and with the frequency bins, f , it is possible to 

obtain the most relevant wave parameters from the signal measured by the pressure sensors: 

the mean period, significant (16) and root-mean-square (17) wave heights and total wave 

energy (15) (Moeller et al., 1996). 
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5. RESULTS 

In this chapter, the results from the analysis described in the previous chapters are presented. 

It is shown how the hydrodynamic energy behaves at the different transects at different times, 

how this energy is attenuated, and how vegetation influences that attenuation. 

5.1. General analysis 

The techniques explained before, in chapters 2 and 4, allow the presentation and 

corresponding interpretation of the obtained results. Both transects show similarities as well 

as differences. Due to their proximity, in general, both transects are exposed to the same wave 

climate, the same meteorological conditions and should have, more or less, the same 

biological activity. However, slope and vegetation density are different. Some general 

observations of the results of the data analysis will be presented first. 

First, the majority of the waves has frequencies below 0.2 Hz. In other words, most of the 

registered waves have a period exceeding 5 seconds, being considered as swell. There are 

observations of higher frequency waves as well, mainly at the Palian transect, but observing 

the mean periodograms, one can state that they represent a minority in this data collection. 

The mean significant wave height ranges between 4 and 7 centimeters in both transects, but 

some events show waves higher than 10 centimeters. The mean values and corresponding 

standard deviation indicates that the total energy observed at the monitoring locations varies 

between values very close to 0 to about 8 J/m
2
. 

Some incongruities are observed such as increasing energies along the transects or 

periodograms where the amplitudes of the sensors located inside the forest are bigger than the 

ones in front of the forests. These problems are inherent to field observations and will be 

explained the best way possible further on in this thesis. 

Some distinct characteristics, corresponding to other studies that use computed wave spectra, 

can be identified in these data as well. The first one, already mentioned, is that both total 

energy and wave (energy) amplitudes are reduced along the transects. The second general 

characteristic, despite some events that are the exception, is the preferential attenuation of the 

shorter waves over the longer waves. Finally, it is found that the increasing water depths are 

also related to higher total wave energies. In the end of this chapter, Table 16 provides the 

statistical data that supports these previous observations. 
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5.2. Palian transect 

The following figures – Figure 16, Figure 17 and Figure 18 – show the development of the 

wave energy spectra before, near and after high tide in three different events along the Palian 

transect, on 9
th

 and 28
th

 of December 2010 and 2
nd

 of January 2011. Although there were 

various deployments for this transect, the periods chosen belong all to the same deployment, 

because this is the only time that data have been collected by all six sensors (see section 4.3).  

 

Figure 15. Water depths corresponding to the periods of the periodograms in Figure 16, 

Figure 17 and Figure 18. 

The events were selected based on the water depth (Figure 15). Although the variation of 

water depths is not that large, it is the largest difference possible in order to have data from all 

the sensors along the transect up to and including the last sensor. At December 9, one of the 

highest water levels within the deployment was observed – the water depth reaches 2.30 

meters at the first sensor – and also the highest wave amplitudes have been obtained. The 

wave spectra show a well-defined group of waves during all three phases of the tide, between 

0.10 and 0.15 Hz (7-10 seconds). The energy density amplitudes before high tide reach 

0.06 m
2
/s, but after one hour, on high tide, it decreases with around half the value. At 2 p.m. 

the waves with higher frequencies disappear, with only one peak observed at 0.1 Hz, with 

around the same amplitude at high tide. The mean period (Table 8) along the transect is longer 

than the average, and it is slowly increasing, which means that the higher frequency waves are 

the first to be attenuated, being coherent with the theoretical expectation. 

Table 8. Mean Period (seconds) on December 9, between 00:00 and 02:00. 

Time TP1 TP2 TP3 TP4 TP5 TP6 

00:00 7.98 8.20 8.40 8.32 8.40 8.15 
01:00 7.28 7.95 8.32 8.35 8.26 8.16 
02:00 8.11 8.47 8.72 8.58 8.47 8.31 
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The second event, on the dawn of the 28
th

 of December, corresponds to a water level that 

reaches 1.6 meters at the first sensor, about the lowest for which it is still possible to obtain 

data without losing data from the last sensor. The spectra from this deployment have much 

lower amplitudes, with a maximum around 0.002 m
2
/s, and with a bigger range of frequencies 

compared to December 9. Due to these low amplitudes, which could also be caused by 

turbulences created through the environment, it is not possible to clearly observe the decrease 

of wave energy in the spectrum. However, it is possible to conclude that the waves, although 

spread out over a frequency band, have frequencies around 0.1 Hz, as was observed on 

December 9. The higher values observed during this event are observed during high tide, with 

the periodograms corresponding to the situations before and after high tide being very similar 

to each other. Due to the wider range of frequencies, the mean period (Table 9) on the first 

and second sensors is lower than on the 9
th

 of December, but along the transect, the mean 

period suffers a considerable increase, reaching values of the previous event. Again this 

corroborates the rapid attenuation of high frequency waves along the transect. 

Table 9. Mean Period (seconds) on December 28, between 02:40 and 04:40. 

Time TP1 TP2 TP3 TP4 TP5 TP6 

02:40 6.02 6.78 8.04 7.47 7.29 7.62 
03:40 6.44 7.81 8.90 8.11 8.21 7.86 
04:40 5.19 6.18 8.31 7.80 7.58 - 

 

On January 2, the amplitudes of the periodograms show even lower values, with a maximum 

wave energy density of 0.0015 m
2
/s only at high tide. Despite that, it is possible to observe the 

attenuation of the waves at high tide, between frequencies of 0.05 and 0.10 Hz. On the other 

periodograms it is also possible to observe a peak within this frequency range. However, the 

decrease of the wave amplitudes along the transect is not clear, with the periods observed at 

the last sensors being much bigger than those of the first sensors. Once more, the more active 

environment inside the forest can be the reason for these higher amplitudes. 

Table 10. Mean Period (seconds) on January 2, between 21:40 and 23:40. 

Time TP1 TP2 TP3 TP4 TP5 TP6 

21:40 3.47 4.61 7.03 6.22 6.85 6.42 
22:40 4.11 5.00 5.87 5.86 6.14 5.71 
23:40 4.67 5.89 10.35 8.49 9.92 8.80 

 

Despite some high mean periods (Table 10) before the high tide, in general the mean periods 

during this tide are lower than during the other two tides, due to some high frequency peaks of 

small amplitudes, caused by the turbulence on the surrounding. These high frequency peaks 
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are not shown in the periodograms in order to improve the observation of the meaningful part 

of the spectrum. These high frequency peaks only show up in some of the spectra, but, as can 

be seen later (Figure 19), these peaks do not influence the general results as they disappear 

when wave energy density spectra are averaged over more burst. 

 

Figure 16. Wave energy density at Palian transect on December 9, 2010. 
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Figure 17. Wave energy density at Palian transect on December 28, 2010. 
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Figure 18. Wave energy density at Palian transect on January 2, 2011. 
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Taking into account Figure 19, that shows the mean periodograms in all the sensors at Palian 

transect (averaged over all data available from the selected deployments, see section 4.3), the 

decrease of hydrodynamic energy along the transect becomes clearer. There are some 

frequencies where the inner sensors (e.g. sensor 4 and 5) observed higher wave energy than 

the one in front. In general, however, it is possible to note a gradual decrease in the energy 

density spectra as the waves propagate into the forest. 

It is also much easier now to identify the sea and the swell waves, represented by the two 

spikes below and above 0.1 Hz. 

The mean periods and frequencies corresponding to the mean spectra are shown in Table 11. 

The periods are relatively small, which can be explained by the presence of some high 

frequency peaks, which are not included in the periodgrams. As is theoretically expected, the 

mean period increases along the transect, suggesting the more effective attenuation of high 

frequency waves in the first place. 

Table 11. Mean Frequencies and Periods correspondent to Figure 19. 

Sensor Frequency (Hz) Period (s) 

1 0.289 3.46 
2 0.285 3.51 
3 0.248 4.03 
4 0.251 3.97 
5 0.229 4.38 
6 0.220 4.54 

 

 

Figure 19. Mean wave energy densities at Palian transect. 
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Regarding the total wave energy and its attenuation along the transect, Figure 20 shows (a) 

the development of the total wave energy along the transect of the various events analyzed 

before, (b) the mean and standard deviation of the energy spectra calculated for all the data 

available, as well as (c) the corresponding vegetation densities along the transect. The first 

graph of the figure shows that there is a huge difference of the observed total energy between 

the event of December 9 and the other two events. This is in concordance with the 

periodograms previously observed, since, despite the apparent absence of smaller and higher 

frequency waves on the 9
th

 of December, the amplitudes are around 30 times larger compared 

to the other two events. Taking a closer look at the data of December 9, it can be concluded 

that in general the amount of energy is decreasing along the transect, except between the 2
nd

 

and 3
rd

 sensor before and during the high tide, when a slight increase in the total energy has 

been observed in between. It is also important to note that the period with higher observed 

energy values is before the high tide and not during it, despite the higher value of the water 

depth. At 2 p.m. the trend is almost linear, with around the same amount of energy being 

dissipated along the transect. During the other two events, due to the low energies present, it 

is more difficult to identify a clear trend on the attenuation of the energy. However, some 

notes are important to take, like the structural increase of the energy observed between sensor 

3 and 4, which can indicate a more active biology in the area, and the prominence of the 

periodograms corresponding to the high tide over the others. 

Looking at the global attenuation of energy, the values are, more or less, between the values 

observed at the 9
th

 of December and the two later events, and the standard deviation indicates 

that the total energy is spread over a large range of values, reaching energies corresponding to 

maxima and minima of graph (a), which indicates that the events analyzed before correspond 

to extreme (high and low) situations along the transect. It is also important to note that the 

slight increase between the 3
rd

 and 4
th

 sensor remains present, which indicates that the trend 

observed at December 28 and January 2 is also present in many other events during the 

analyzed deployments. In general, along a distance of around 100 meters (i.e. the length of the 

transect), the total energy decrease is around 2.5 J/m
2
. 

The relation between the vegetation and the decrease of wave energy can be also observed. At 

the part of the transect where a minor vegetation density is present, the decrease of 

hydrodynamic energy is small (in some cases it is even increasing). With the increase of the 

vegetation density, wave energy attenuation is increasing with the highest decrease of wave 

energy between the 4
th

 and 6
th

 sensor, around 1.90 J/m
2
 in 50 meters, which corresponds to 

nearly 4 J/m
2
 in 100 meters. 



Results 

 

39 

 

Figure 20. Attenuation of total wave energy with distance into the forest: (a) for the bursts 

analyzed in Figure 16, Figure 17 and Figure 18; (b) for the mean of all bursts measured; 

and (c) respective vegetation density; at Palian transect. 
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5.3. Kantang transect 

Figure 22, Figure 23 and Figure 24 show the wave energy spectra before, near and after high 

tide during three periods of inundation – 16 and 31 March and 5 April, respectively – along 

the Kantang transect. The measurements were executed during different deployments, which 

allows for having the data from different sensors (ensuring that observations are not 

dependent of structural errors in data collection), and with different water depths (Figure 21), 

in order to analyze the influence of the water depth in the wave energy attenuation. 

 

Figure 21. Water depths corresponding to the periods of the periodograms in Figure 22, 

Figure 23 and Figure 24. 

On March 16, the maximum amplitude of the spectrum is around 0.012 m
2
/s, and there are 

two main peaks observed in the spectra of this tide; around wave periods of 10 seconds and 

for wave periods between 2 and 3 seconds. The water depth has a significant impact on the 

wave spectrum, mainly on the 10 second waves that have much higher amplitudes at 9 p.m. 

during high tide. The graph of 10 p.m. shows that the long period waves almost do not have 

any influence after the high tide. On the other hand, the short period waves maintain almost 

the same amplitude (i.e. contain as much energy) as at 9 p.m. The mean period over the 

transect (Table 12) is, in general, decreasing during the observations of March 16, only with a 

clear increase between the 4
th

 and 5
th

 sensor. This could be explained by the reduction of the 

amplitude of the long period waves, allowing them to mix with the higher frequency waves, 

increasing the influence of this kind of waves. 

Table 12. Mean Period (seconds) on March 16, between 20:00 and 22:00. 

Time TK1 TK2 TK3 TK4 TK5 

20:00 5.31 4.78 4.24 4.10 4.83 
21:00 4.42 4.64 3.43 3.42 4.21 
22:00 3.66 4.56 3.89 4.19 5.54 
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At 31 March, the water depth is about the same as on March 16, but the measurements were 

done in different deployments. The maximum amplitude of the periodograms is around 

0.008 m
2
/s only, which means the observed waves are lower (as they contain less energy), and 

the density is much more spread out over the spectra. At 20:40, it is possible to distinguish 

three main groups, between 0.05 and 0.10 Hz (10 - 20 seconds), at 0.2 Hz (5 seconds), and 

between 0.3 and 0.5 Hz (2-3 seconds). One hour later, near the high tide, the influence of the 

small period waves is smaller, and it is possible to identify two groups, between 10 and 20 

seconds and, although spread out by a reasonable range of frequencies, between 2 and 10 

seconds. After high tide, the spectra are much less spread out, with the major presence of the 

longer period waves (between 3 and 10 seconds). Despite the variability of the resulting 

periodograms, the increase of the mean period (Table 13) over the transect suggests that the 

smaller waves are, in fact, most attenuated. The mean period of the waves observed shows an 

increasing trend along the transect this time, with some minor fluctuations. This increase 

could be attributed to the potential of longer waves to penetrate deeper into the forest, as they 

dissipate less energy. So the relative contribution of these longer waves increases while short 

waves ate getting attenuated along the transect. It can also be observed from the periodograms 

that the long waves (10-20 s) lose less energy along the transect than the smaller waves do, as 

low-frequency peaks show a smaller decrease between the different sensors than the higher-

frequency parts of the periodograms. 

Table 13. Mean Period (seconds) on March 31, between 20:40 and 22:40. 

Time TK1 TK2 TK5 TK6 

20:40 3.84 4.06 5.28 - 
21:40 4.61 4.59 6.27 7.19 
22:40 5.14 5.08 5.45 - 

 

At the 5
th

 of April, the periodogram reveals only one dominant range of frequencies, between 

0.05 and 0.10 Hz, which corresponds to waves with periods between 10 and 20 seconds.  

Table 14. Mean Period (seconds) on April 5, between 11:00 and 13:00. 

Time TK1 TK2 TK5 TK6 

11:00 8.69 9.03 8.78 9.35 
12:00 10.31 10.41 9.99 10.87 
13:00 11.65 11.12 9.93 9.86 

 

Also here it is possible to see that the amplitude is much higher at high tide, corresponding to 

the largest water depth. The maximum amplitude is around 0.04 m
2
/s, almost 4 times larger 

than the wave energy densities observed in the previous deployments, which can also show 
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the influence of the water depth on the amplitude of the spectrum, since the water depth is 

overall larger on April 5. The mean period during this burst do not show a clear trend, 

remaining in values around 10 s. The apparent absence of high frequency waves could explain 

this fact, since if there is no high frequency wave to be attenuated in first place, the mean 

period is going to remain stable. 

 

Figure 22. Wave energy density at Kantang transect on March 16, 2011. 
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Figure 23. Wave energy density at Kantang transect on March 31, 2011. 
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Figure 24. Wave energy density at Kantang transect on April 5, 2011. 
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One April 5, the mean period (Table 14) along the transect remains around the 10 seconds in 

all sensors, which could indicate that the waves in all ranges of periods are attenuated at the 

same rate, something that is not possible to observe on March 16 and 31, due to the higher 

frequency waves present at that periods. 

Figure 25 presents the mean spectra of all the data available for the Kantang transect, showing 

a much clearer graph, and making it possible to draw more accurate conclusions. 

At this transect, like it was said already in the general analysis, 10-20 s swell waves represent 

most of the spectrum, with only one small peak representing the sea waves (< 10 s). 

Looking at the mean periods of the spectrum, that are summarized together with the 

frequencies, in Table 15, it is also possible to note that, despite some irregularities between 

sensor 2 and 3, the wave period increases along the transect, which once more represents the 

natural behavior and supports the theoretical content on this issue. 

Table 15. Mean Frequencies and Periods correspondent to Figure 25. 

Sensor Frequency (Hz) Period (s) 

1 0.232 4.31 
2 0.227 4.40 
3 0.259 3.85 
4 0.238 4.20 
5 0.202 4.93 
6 0.184 5.41 

 

 

Figure 25. Mean wave energy densities at Kantang transect. 
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Regarding the total energy contained by all waves and its attenuation, Figure 26 (a) shows the 

development of the total wave energy along the transect for the tides described above as well 

as the corresponding vegetation densities (c). It is possible to observe that, in fact, the total 

energy of the 5
th

 of April is, in general, higher than at the 16
th

 and 31
st
 of March, although the 

total energy at 20:40 of March 31
st
 is the highest, due to the large share of smaller waves at 

that time. It is also observed that the attenuation rate is not always positive along the transect. 

The pattern in April 5
th

 provides the clearest example of this observation; all three bursts 

show an increase of wave energy between sensors 1 and 2, and between 5 and 6. 

The increase between 1 and 2 is easily explained by the shoaling effect described in the 

theoretical framework, because the water depth is relatively small, and there is almost no 

wave dissipation in this part of the transect, due to the absence of mangroves. The increase 

between 5 and 6 is more difficult to explain, but factors like the wave reflection, near bed 

roots and turbulence at the bottom can have an important role in this increase. Notice that at 

March 31, there is in fact attenuation between the 5
th

 and 6
th

 sensor, as it was initially 

expected. It is also important to note that the absence of data of the sensors 3 and 4 in the 

April deployment, makes the analysis in the middle of the transect less detailed. 

Figure 26 (b) shows the mean total energy of all the bursts measured during the selected 

deployments. Compared with the bursts analyzed before, the values are considerably lower, 

suggesting the dominance of lower energy periodograms. It is also important to note that the 

increase of wave energy at certain parts of the transect disappears for this meta-analysis. The 

standard deviation is relatively small and maintains the decreasing trend of the wave energy 

attenuation, which gives confidence in the obtained results. Considering the entire transect, 

waves entering the forest lose around 2 J/m
2
 in 250 meters, which represents 0.8 J/m

2
 per 100 

meters. But if the section between the 1
st
 and 2

nd
 sensor is excluded, where there is no 

vegetation, and the section between the 5
th

 and 6
th

 sensor is excluded as well, where the 

results are not reliable due to other phenomena such as vegetation induced turbulence or wave 

reflection, the attenuation rises to around 1.30 J/m
2
 per 100 meters. 

With the increase of the vegetation density, the response of the wave energy attenuation is not 

linear. It is possible to note that, in fact, the zone with highest vegetation density is the only 

zone where it is not possible to observe a structural decrease of energy. This trend is not 

exactly as expected, but due to the huge number of variables in this study, it is plausible that 

the results obtained do not completely represent the relation between the two parameters. As 

an example, the increase of energy that occurred in the last section of the transect is also the 

zone with highest vegetation density. This high density could be responsible for the increase 
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of energy, promoting phenomena such as local wave reflection or turbulence, which gives rise 

to a local increase of hydrodynamic energy. 

 

Figure 26. Attenuation of total wave energy with distance into the forest: (a) for the bursts 

analyzed in Figure 22, Figure 23 and Figure 24; (b) for the mean of all bursts measured; 

and (c) respective vegetation densities; at Kantang transect. 
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5.4. Comparison of the two transects 

Comparing the results for both transects, a considerable number of differences is noted. 

Starting with the transects themselves; the Kantang transect is more than two times longer 

than Palian, but it has a lower slope since the elevation difference between the first and the 

last sensor is more or less the same in both transects. This factor can already suggest that the 

bottom at Palian has more impact than in Kantang, due to the more accentuated slope. 

The vegetation density is another factor that differentiates the transects; while Kantang has 

four different regions in which the density of the forest gradually increases, in Palian the 

vegetation is not very abundant at the beginning, but, at a certain point the vegetation density 

rises to values that are exceeding those observed in Kantang.  This rise, like it was already 

mentioned in section 5.2, helps to identify the influence of the vegetation on the energy 

attenuation, something that is not that clearly visible along the Kantang transect. 

 

Figure 27. Wave energy spectrum on the 1
st
 sensor for both transects. 

The kind of waves that reach the transects is another difference between the two transects. 

Like it can be seen in Figure 27, that represents the mean wave spectra of the first sensors of 

both transects, it is clear that waves with periods above 10 seconds, so swell waves, are the 

main component of the waves that hit the Kantang transect. On the other hand, the Palian 

transect absorbs the energy of higher frequency waves, with the major peak of the energy 

density spectrum located below 0.1 Hz, meaning that the majority of the waves are sea-

generated waves, and the spectrum remains higher for the tail of the energy density spectrum 

frequencies, which induces a more irregular wave climate, or a more noticeable disturbance 

by vegetation. This irregularity at the Palian transect remains visible in Figure 28, where the 
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values of the standard deviation of observed energy density spectra along the Palian transect 

are much larger, indicating that the values of the total energy at this transect show many 

fluctuations. 

It is also possible to conclude that the Palian transect contributes more significantly to the 

energy attenuation. In a shorter transect, it manages to attenuate more energy than at the 

Kantang transect. Like it was said before, the Palian transect attenuates around 2.5 J/m
2
 per 

100 meters, while Kantang transect has an attenuation ratio of 0.8 J/m
2
 per 100 meters, which 

is three times smaller than at Palian. This difference in the attenuation is due to the factors 

mentioned above such as the presence of higher frequency waves at Palian that get attenuated 

easier than lower frequency waves, or because of the vegetation, since almost all of the energy 

at Palian transect is attenuated between the 4
th

 and the 6
th

 sensor, where the vegetation density 

is much higher than at the Kantang transect. In fact, like it was also stated before, if only those 

parts of the transects covered by vegetation are considered, the attenuation rate of Palian turns 

into around 4 J/m
2
 per 100 meters and Kantang’s rate increases to 1.30 J/m

2
 per 100 meters, 

raising the difference to attenuation rates in Kantang being almost 4 times smaller than those 

in Palian. 

 

Figure 28. Total wave energy attenuation on both transects. The mid line represents the 

mean values, while the upper and lower lines represent the standard deviation. 

Figure 29 presents the relation between the vegetation density of each zone and the respective 

wave energy attenuation. The values for the energy attenuation are calculated for intervals of 

100 meters. The coefficient of determination (R
2
), which is a statistical measure of how good 

a regression line fits the data points, is 0.04 for the presented linear regression. This value 

represents a very week relation of the data. However, it is important to note that the linear 
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regression was based on analysis of all available bursts in the selected data (around 2700), so 

it was to be expected that the value of R
2
 does not show a good relation as natural fluctuations 

and uncertainties in measured values (see section 6.3) cause quite some variance in the found 

wave attenuation rates. If linear regression was applied only to the mean energy attenuation 

observed for each vegetation density, the value of R
2
 increases to 0.41, showing a good 

relation between the attenuation and the vegetation density. For each section of the transects, 

Figure 29 also shows the mean value and the corresponding standard deviations, indicating 

the accuracy of the results in each section. 

 

Figure 29. Relation between vegetation density and wave energy attenuation. 

In order to give quantitative information about the relation between water depth and total 

wave energy or wave energy attenuation, Figure 30, Figure 31, Figure 32 and Figure 33 are 

included. Like it was expected, Figure 30 shows that, with the increase of water depth, also 

increasing wave energies are observed. The relation is around the same in both transects, but 

it is important to note the much better relation (and hence a smaller variation) in the data 

sample at Kantang (R
2 

= 0.26). 
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Figure 30. Relation between water depth and total wave energy (the equation outlined at 

black is related with the total data). 

Figure 31, Figure 32 and Figure 33 are focusing on the relation between the attenuation and 

the water depth. The first graph shows a more general approach, comparing transects and the 

total data available. The trend is the same for both transects and it confirms the decrease of 

energy attenuation when the water level rises. This effect occurs due to the larger vegetation 

density in the lower layer of the forests. 

 

 

Figure 31. Relation between water depth and wave energy attenuation (the equation 

outlined at black is related with the total data). 
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However, observing Figure 32, which divides the data according to vegetation zones at 

Palian, the decrease of attenuation rates with increasing water depth is only noticed in the 

Rhizophora zones. The other two zones – mudflat and Avicennia – present in fact an increase 

of attenuation with the water depth. This increase could be explained by effects of shoaling in 

that zones where the vegetation is absent or relatively sparse and the fact that observed 

attenuation rates start negative with lower depths in these zones. The decrease in energy 

attenuation in the Rhizophora zones could be related to the enormous variance of vegetation 

density with height. The energy attenuation is dependent of the drag force, which, by its turn, 

is related to the vegetation density. In Rhizophora trees, the vegetation density of the tree 

decreases with the increase of height, reducing the drag force. Consequently, with higher 

water depths, the wave energy attenuation should be smaller. This fact is not observed for 

Avicennia and Sonneratia trees, since they usually only have one trunk, being the vegetation 

density more constant with the increase of height. 

However, at Kantang (Figure 33), the increases of attenuation with water depth do not appear, 

showing only the expected decrease of attenuation with increase of water depth. 

 

Figure 32. Relation between water depth and wave energy attenuation divided by zone 

types at Palian. 
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Figure 33. Relation between water depth and wave energy attenuation divided by zone 

types at Kantang. 

Table 16 gives a short overview of all the data collected and analyzed. For every location at 

each transect it presents the mean value, the standard deviation, the minimum and the 

maximum of four different parameters as found by the analysis of all selected data: total 

energy, significant wave height (i.e. the mean wave height of the highest third of the waves), 

root mean square wave height (i.e. another common statistical wave parameter), and the mean 

wave period. It is possible to confirm all the trends pointed so far, such as the decrease of 

energy and the increase of the mean period along the transects. It is also possible to compare 

both transects, concluding the points already mentioned, like the greater mean period at 

Kantang (indicating the presence of longer waves), or the bigger fluctuation of observations at 

the Palian transect (confirmed by the values of the standard deviation on the total energy and 

wave parameters). Note that relative changes on the right side of the table are not based on the 

left side values. Relative differences of relevant parameters between sensors were calculated 

for each single burst separately first and then these changes were averaged over all bursts 

within the selected data sets. This is why the calculated relative changes do not comply with 

the changes observed in the averaged values of the same parameters.  
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Table 16. Statistics of various parameters for the Kantang and Palian transects. 

Kantang Transect 
 Etot (J/m

2
) Change in Etot (%) 

Sensor TK1 TK2 TK3 TK4 TK5 TK6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 3.41 3.30 2.29 1.99 1.28 1.32 -0.06 6.55 10.84 35.25 -21.34 62.89 
Std 2.36 2.25 1.14 0.95 0.73 0.84 22.76 22.61 16.74 17.06 72.64 18.38 
Maximum 14.22 13.86 8.03 7.31 5.61 4.55 55.51 46.10 47.36 71.96 70.65 92.46 
Minimum 0.71 0.61 0.55 0.47 0.24 0.41 -87.58 -83.35 -38.97 -10.93 -309.89 6.09 

  

 Hs (m) Change in Hs (%) 

Sensor TK1 TK2 TK3 TK4 TK5 TK6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 0.071 0.070 0.059 0.055 0.044 0.045 0.60 3.98 5.99 20.25 -5.70 40.91 
Std 0.022 0.022 0.014 0.013 0.012 0.013 11.27 11.29 8.84 10.75 31.15 14.89 
Maximum 0.152 0.151 0.115 0.109 0.096 0.086 33.30 26.59 27.45 47.05 45.82 72.54 
Minimum 0.034 0.032 0.030 0.028 0.020 0.026 -36.96 -35.41 -17.89 -5.32 -102.46 3.09 

  

 Hrms (m) Change in Hrms (%) 

Sensor TK1 TK2 TK3 TK4 TK5 TK6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 0.050 0.050 0.042 0.039 0.031 0.031 0.60 3.98 5.99 20.25 -5.70 40.91 
Std 0.016 0.015 0.010 0.009 0.009 0.009 11.27 11.29 8.84 10.75 31.15 14.89 
Maximum 0.108 0.106 0.081 0.077 0.068 0.061 33.30 26.59 27.45 47.05 45.82 72.54 
Minimum 0.024 0.022 0.021 0.020 0.014 0.018 -36.96 -35.41 -17.89 -5.32 -102.46 3.09 

            

 T (s) T shift (s) 

Sensor TK1 TK2 TK3 TK4 TK5 TK6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 7.43 7.54 7.03 7.33 7.93 8.64 -0.11 -0.27 -0.31 -0.48 -0.56 -0.13 
Std 2.26 2.25 2.22 2.22 1.79 1.50 0.86 0.79 0.54 0.76 0.92 1.57 
Maximum 12.10 12.64 13.19 12.64 11.91 11.61 2.76 1.96 1.31 1.68 1.17 2.90 
Minimum 2.96 2.80 2.88 3.07 2.93 5.07 -3.97 -2.81 -2.28 -2.75 -3.56 -4.19 

Palian transect 
 Etot (J/m

2
) Change in Etot (%) 

Sensor TP1 TP2 TP3 TP4 TP5 TP6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 3.51 2.47 2.35 2.89 1.99 1.01 15.16 58.63 -262.76 19.66 11.48 46.12 
Std 4.66 4.94 3.60 3.54 2.06 1.06 18.69 34.86 1426.94 20.16 28.65 20.86 
Maximum 48.96 44.00 34.10 27.33 12.16 5.72 86.09 99.74 30.57 74.60 69.56 90.63 
Minimum 0.11 0.10 0.00 0.08 0.07 0.08 -61.66 -49.42 - -79.70 -100.91 -30.94 

  

 Hs (m) Change in Hs (%) 

Sensor TP1 TP2 TP3 TP4 TP5 TP6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 0.066 0.051 0.049 0.059 0.051 0.037 8.50 41.32 -60.44 11.06 7.12 28.11 
Std 0.037 0.037 0.038 0.035 0.026 0.017 10.63 26.39 102.75 11.16 15.05 14.84 
Maximum 0.283 0.268 0.236 0.211 0.141 0.097 62.70 94.90 16.67 49.61 44.82 69.40 
Minimum 0.013 0.013 0.001 0.012 0.011 0.012 -27.14 -22.24 - -34.05 -41.74 -14.43 

  

 Hrms (m) Change in Hrms (%) 

Sensor TP1 TP2 TP3 TP4 TP5 TP6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 0.047 0.036 0.035 0.042 0.036 0.026 8.50 41.32 -60.44 11.06 7.12 28.11 
Std 0.026 0.027 0.027 0.024 0.018 0.012 10.63 26.39 102.75 11.16 15.05 14.84 
Maximum 0.200 0.190 0.167 0.149 0.100 0.068 62.70 94.90 16.67 49.61 44.82 69.40 
Minimum 0.009 0.009 0.001 0.008 0.008 0.008 -27.14 -22.24 - -34.05 -41.74 -14.43 

            

 T (s) T shift (s) 

Sensor TP1 TP2 TP3 TP4 TP5 TP6 1-2 2-3 3-4 4-5 5-6 Total 

Mean 5.88 6.13 7.60 7.13 7.56 7.59 -0.74 -1.56 0.47 -0.43 -0.14 -2.19 
Std 1.79 1.80 2.02 2.03 2.04 1.97 0.74 1.35 0.97 0.59 0.60 1.36 
Maximum 12.42 12.32 14.08 13.39 14.15 12.60 1.43 1.42 5.25 1.29 2.03 0.62 
Minimum 2.24 2.23 2.73 2.64 2.79 3.20 -3.69 -5.51 -2.43 -2.71 -2.24 -6.48 
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6. DISCUSSION 

In this chapter, the obtained results are discussed. The results of this research are compared to 

other studies and uncertainties in both data and outcomes are evaluated. The first section 

focuses on studies resembling the present one, i.e. studies addressing wave attenuation in a 

mangrove environment. Compared are the characteristics of the waves, the energy attenuation 

and the conclusions presented in each study. In the second section, the same comparison is 

made for present results in relation to studies on wave attenuation in salt marshes. This way, it 

is possible to compare wave attenuation in both environments. The third section presents the 

uncertainties in the results presented, reflects about their causes and suggests ways to improve 

data collection. Finally, in the last section of this discussion chapter, some possible uses for 

the data presented are described. 

6.1. Comparison with other mangrove studies 

As mentioned in section 2.4, before this research some other studies already addressed wave 

attenuation in mangroves. They were executed in different contexts and with different 

objectives, such as the validation of models. They were also executed in different areas, most 

of them in East Asia and Oceania (Japan, Vietnam and Australia). But the addressed 

processes, in most cases, were the same, which allows a comparison between these studies 

and the present research and helps to create a wider perspective on the researches about wave 

attenuation in mangroves. 

In the Tong King delta, Vietnam, Mazda et al. (1997) studied wave reduction in mangroves of 

waves with periods between 5 and 8 seconds and concluded that the wave height decreases 

from 1 m to 5 cm along a transect of 1.5 km, which means a wave reduction of 20 % per 

100 m. The study is not very specific about the method used for the measurements but the 

absence of wave spectra may indicate that spectral analysis was not applied. Although the 

frequency range was smaller than in this thesis, the periods analyzed coincide with the most 

dominant waves presented, mostly in Palian, where the highest peak of the wave energy 

density spectra is situated in the same interval of periods as in Mazda et al. (1997). However, 

the waves presented in this research are much smaller. The significant wave height for the 

first sensor at Palian is around 6 cm. This means that the wave energy present in the Tong 

King delta is much higher than in this thesis. Considering Table 16, it is possible to conclude 
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that the significant wave height decreases around 40 % along the Palian transect (which is 

around 100 meters long). This value is twice as large as the reduction found by Mazda et al. 

(1997), which could be explained by the almost absent bottom friction due to its low slope or 

it could be due to a hypothetically less dense forest (there is no information). The final 

conclusion of Mazda et al. (1997) is that the wave reduction remains constant with the 

increase of the water depth. This conclusion contradicts the majority of the studies that state 

that the wave attenuation decreases with the water depth, which was also the general 

conclusion in this thesis. However, the explanation for this contradiction relies on the type of 

tree present in the Tong King Delta and it has the same principle that the one used to explain 

the increases of wave attenuation in Figure 33. The Kandelia candel shows an increasing 

density with the increase of height, due to its great amount of branches and leafs at the upper 

part of the tree. This fact implies the raising the drag force, and consequently the attenuation 

with the increase of water depth. 

Massel et al. (1999) study two field sites (Cocoa Creek, Australia, and Iriomote Island, 

Japan). The method used for measurements and analysis of the data was the same as in this 

thesis. Data was recorded in bursts every 20 minutes with a frequency of 2 Hz. The results 

were presented based on periods instead of frequencies, and only waves with periods between 

1 and 5 seconds (i.e. 0.2-1 Hz frequencies) were analyzed. Therefore, the waves presented in 

this study had a much lower period, with the dominant period being around 2 seconds for both 

transects. Both transects present very similar results, with amplitudes in the order of 10
-5

 m
2
.s, 

which is around the same spectral amplitudes found in this research. By observation of the 

figures in the paper, it is possible to understand that the energy attenuation is rather different 

between each section of the transect, depending also of the water depth. But, in general, 

around 75 % of the energy is attenuated over a transect of 250 meters at Cocoa Creek, which 

is higher than the attenuation found in this thesis. The fact that the waves have much shorter 

period can explain this bigger attenuation, since shorter waves tend to get attenuated more 

easily. The water level amplitude ranges from 0 to a water depth of 1.5 meters, allowing 

similar conclusions about the influence of this parameter as in this thesis. The increase of 

water depth is accompanied by an increase of wave energy, and, due to smaller vegetation 

density with increasing elevation, the drag force is lower, allowing the wave energy to 

propagate further into the forest. 

Brinkman (2006) also used Cocoa Creek and Iriomote as field sites, as well as another one, 

Oonoonba, also in Australia. The procedure for data collection was similar, using different 

instrument types and measuring bursts of 4096 points with a sampling frequency of 4 Hz. The 
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burst interval was also set to 20 minutes. The way the results are presented is quite similar to 

the presentation by Brinkman (2006). The same parameters were presented, with the same 

units, and in the same type of graphs and tables, helping the comparison between both. 

The range of analyzed wave periods in the periodograms varied according to the field sites, 

with periods at Oonoonba being larger than the others, reaching up to 16 seconds while waves 

up to 5 seconds were analyzed for the other transects, like in Massel et al. (1999). The 

amplitudes in Cocoa Creek and Iriomote are comparable to this study, with values in the order 

of 10
-5

 m
2
.s and the dominant wave period is 2 seconds, as was already seen in Massel et al. 

(1999). In Oonoonba, the spectra show higher characteristic values (10
-3

 m
2
.s) and a dominant 

period between the 4 and 8 seconds, although not well defined. Due to these higher values, the 

total wave energy at Oonoonba appears to be much higher than at the other sites, reaching a 

maximum of 34 J/m
2
. The other two sites are comparable to this research, with maximum 

values of 6.9 J/m
2
 at Iriomote and 0.7 J/m

2
 at Cocoa Creek. However, considering the mean 

values, the wave energy measured by Brinkman (2006) is smaller, which is related with a 

much larger range of wave periods considered in this thesis. The wave attenuation, like in this 

thesis, shows a general decrease with some irregularities such as a local increase of energy in 

some sections. The overall decrease is comparable to the one found in this thesis, with values 

of around 70 % attenuation along the transects, except for Oonoonba which shows an 

incredible rate of 95 % of energy attenuation. The key observations made by Brinkman (2006) 

converge to the ones found by other researchers and presented in this thesis: there is a strong 

influence of mangroves in wave attenuation; the energy transmission into the forest increases 

with an increase in water depth; and shorter period waves are easier being attenuated within 

mangrove forests. 

The Red River Delta was revisited in Quartel et al. (2007). The measurements were done 

during approximately one month. A total of 94 bursts were analyzed in this paper with 1024 

data points collected with a sampling frequency of 2 Hz. The periodograms show a frequency 

range between 0 and 0.5 Hz, which corresponds to waves with periods longer than 2 seconds, 

about the same as considered in this thesis. 

An overall look over the time series in Quartel et al. (2007) shows that most of the wave 

heights fall between 0.15 and 0.3 meters, which is higher than the values in this thesis – the 

mean is around 5 cm. The mean periods are similar values to the ones found in this research. 

The amplitudes of the spectra are higher than in this thesis – maximum amplitude of 0.14 m
2
.s 

– with a well-defined dominant frequency of 0.2 Hz (5 seconds) in all the bursts presented. 
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The main focus on the results analysis in Quartel et al. (2007) is the influence of the water 

depth on the wave attenuation. At this topic, in line with Mazda et al. (1997) but opposing to 

other researches, and the findings of this thesis, it is stated that the drag force increases with 

the increase of the water depth. This conclusion is related with the type of trees in Red River 

Delta. The Kandelia cadel, which represents around 90 % of the trees present at the site, is a 

tree with a single trunk, and with increasing of height, a very dense canopy branches of the 

tree trunk, increasing the drag force with higher water depths. The wave energy itself is not 

much emphasized in this paper, but observing the decrease of the wave height along the 

transect, it is possible to conclude that the decrease is constant in most bursts, with a reduction 

of around 30 % along the entire transect of 350 meters. 

6.2. Comparison to salt marsh studies 

Like mangrove forests, salt marshes are an environment in the upper part of the intertidal zone 

between land and salt or brackish waters (Adam, 1990). They are found throughout the world 

on protected shorelines and on the edges of estuaries where freshwater mixes with seawater. 

The amount of halophytic plants (salt-tolerant) in these environments is also considerable, 

making salt marshes environments with great influence on wave attenuation (Weis and Duffy, 

2010). In order to compare the effectiveness of wave attenuation between these two 

environments, some studies are presented in this section. 

The first comprehensive quantitative investigation of wave attenuation over an European 

saltmarsh was executed by Moeller et al. (1996). The site chosen was Stiffkey at the North 

Norfolk coast, England. The fieldwork was executed between September 1994 and May 1995. 

A total of 54 pressure records of 19 minutes were measured, split between near, at and after 

high tide. The sampling frequency was 5 Hz. 

The research presents periodograms, but due to different units along the vertical axis, it is 

difficult to make a direct comparison. It is also difficult to identify a dominant period from 

these results. The peaks are spread out over the entire spectra, although a slight dominance of 

the frequencies between 0.13 and 0.24 Hz (4 and 8 seconds) is noticed. 

It is the summary of the wave characteristics that allows for a more substantial comparison 

between the two researches. First, the incident wave energy is much higher at Stiffkey than in 

Trang province. The mean value of 70 J/m
2
 represents a significant difference. This difference 

can be also noticed in the wave height parameters. Secondly, despite the high energy waves 

that hit the transect, wave attenuation is rather effective, with a mean value of 84 % for the 
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entire transect. Finally, the mean period of the waves is much smaller than the wave periods 

registered in this thesis. It is also not possible to notice any increase of the mean period along 

the transect, indicating the preferential attenuation of the higher frequency waves like it was 

shown in this research. 

In the Yangtze estuary, China, Ysebaert et al. (2011) performed a study to compare the wave 

attenuation in two differently vegetated salt marshes. The measurements were done during 

five consecutive days (5 until 9 September 2005). The sampling frequency was 20 Hz and the 

data was divided in series of 5 minutes each. The significant wave height was the parameter 

chosen to study both plots and, due to strong winds, waves reached a maximum of 0.64 

meters. Regarding the comparison of different vegetation types, one type of plant, Spartina 

alterniflora, proved to be much more effective in wave attenuation than the other plant, 

Scirpus mariqueter (around 2.5 times more effective). 

In general, the wave attenuation in these salt marshes could reach 80 % along a transect of 

less than 50 meters. However, these rates only happen when the water depth is small (less the 

0.5 meters). When the water depth increases and exceeds the vegetation layer (when it 

exceeds 1.5 meters for example), it is possible to observe attenuation rates of 10 % or even 

less. In some rare cases, due to shoaling, it was even possible to notice an increase of wave 

height, like it was observed in this thesis. 

Table 17. Comparison of parameters between this thesis, Brinkman (2006) and Moeller 

et al. (1996). 

Researches Location 
Etot 1

st
 sensor 

(J/m
2
) 

Decrease Etot 
(%) 

Hs 1
st
 sensor 

(m) 
Decrease Hs 

(%) 

Narra (2012) 
Kantang 3.41 62.89 0.07 40.91 

Palian 3.51 46.12 0.07 28.11 

Brinkman 
(2006) 

Cocoa Creek 0.37 63.66 0.04 49.93 

Oonoonba 15.78 94.67 0.18 75.38 

Iriomote 3.96 70.74 0.11 53.64 

Moeller et al. 
(1996) 

Stiffkey 70.72 83.80 0.30 63.53 

 

Another study in the Yangtze estuary, by Yang et al. (2012), corroborates with the results of 

Ysebaert et al. (2011). It is shown by this study that the wave attenuation can reach values of 

80 % on a transect of around 80 meters. They emphasize the importance of the vegetation 

height for wave attenuation and it is stated that it is possible to apply models to predict the 

wave attenuation in salt marshes. However, it would be essential to derive a suitable empirical 

drag coefficient, with respect to local plant characteristics, and hydrological and topographical 
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conditions. On the contrary, according to Brinkman (2006), although it is possible to calculate 

the drag force based on the vegetation, the degree of complexity of mangrove forests implies 

the necessity to make numerous assumptions. 

In order to have a quick overview to the results obtained in the various studies discussed 

above, Table 17 provide some parameters for this thesis, Brinkman (2006) and Moeller et al. 

(1996). These two researches were chosen because they directly presented these data in the 

papers. With this table, it is possible to compare the results of this thesis with a mangrove 

research and a salt marsh research. 

6.3. Uncertainties in results presented 

In order to evaluate the accuracy of the conducted research, it is required to identify the 

uncertainties that occur during the processes of data collection and processing. Walker et al. 

(2003) identified three different dimensions for uncertainty: location, level and nature of 

uncertainty. In this thesis, due to the complexity of the field measurements and the lack of 

information regarding how to process the data, some of the procedures have a considerable 

amount of uncertainty. 

Mangrove forests are complex environments, with a great biomass, which makes the task of 

measuring its amount incredibly difficult. In order to get a grasp of the vegetation densities, 

vegetation has been mapped in only 6 plots of 20 by 20 meters, which were quite 

representative for the concerning parts of the transects. For these measurements, the trees 

were categorized in groups and one representative tree was measured for each category, 

which adds uncertainty to the vegetation density. Subsequently, in the calculations to define 

the vegetation densities, assumptions were made such as: every pneumatophore is 5 

centimeters high (which was only their average height) and the percentage of large, average 

and small trees is defined. These assumptions are necessary, but they also add a certain level 

of uncertainty. 

Regarding the measurements of water pressure, the recorded data showed some inconsistent 

measurements. The sensors are sensible instruments that can be disturbed easily by numerous 

factors, such as sediments in suspension clogging up the pressure sensor tubes. Next, some 

sensors stopped working much before the planned end time of data collection and some 

retrieved data was not consistent with the expected. 

The measured water pressure itself is uncertain to a certain degree as well, since any 

perturbation in the water can deflect the measurement from its original value. With the place 
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where the measurements are performed being a populated ecosystem, it is easy to face these 

kinds of perturbations. Due to these uncertainties, data have been carefully selected. But the 

amount of data corresponds to months of measurements, whereby it is difficult to ensure that 

some of the bursts analyzed do not correspond to inaccurate data. At least they did not affect 

the trends in the graphs presented in this thesis. 

In the processing of the data, the lack of detailed information, such as previous researches that 

actually explain how the wave processing was executed, lead to a certain degree of 

uncertainty as well. Finally, all the processing procedures were supported by credible 

information, but some parameters were not explained well enough to prevent for 

interpretation. This results in some decisions that were made based on the available 

knowledge and information. The pressure response factor, for example, which is used to take 

into account the attenuation of pressure fluctuations with the water depth, becomes too 

influential in the data with increasing frequencies. The literature does not specifically state 

until what frequency the pressure response factor should be included, leading to a possible 

amount of energy that does not correspond to the reality for some higher frequency waves. 

The choices and assumptions described above add in fact a degree of uncertainty to the results 

obtained. But in the end all these choices and assumptions were made well-informed and 

deliberately, so they did not affect the findings of this research and allowed to continue the 

development of it. 

6.4. Use of the data presented 

The presented data shows, in line with previous studies, that mangrove forests have, in fact, a 

great influence on wave attenuation. Having this information, it is now possible to help the 

reforestation of destroyed mangrove forests, helping not only the ecosystems itself, but also 

the protection and stabilization of shores and even protection of the population itself. 

Unfortunately, due to the specific conditions for mangrove development, it is not possible to 

use the gained knowledge to introduce mangroves at other parts of the globe. 

These data also contribute to the insight of the functioning of mangrove forests, and, in 

particular, the mangroves in Thailand, since this is the first known study in this country. It is 

now possible to compare this research with others, looking at differences in mangrove types, 

kinds of waves present, wave attenuation effects and other parameters. 
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Finally, the development of a model, in order to predict the attenuation in these types of 

ecosystems, is the next objective in this research, using the data processed in this thesis as the 

basis for the model calibration. 
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7. CONCLUSIONS & FUTURE DEVELOPMENT 

In this last chapter, a summary and conclusions are presented and recommendations for future 

developments are pointed. 

7.1. Conclusions 

Mangroves are tidal forest ecosystems in sheltered saline to brackish environments. They 

colonize protected areas along the coast such as deltas, estuaries, lagoons and islands. The 

temperature is the main factor that influences the growth of mangroves. They grow where the 

water temperature exceeds 24 ºC and where the air temperature in winter is above 20 ºC. So, 

most of the mangroves are present in subtropical and tropical latitudes. 

Mangrove ecosystems are very important in soil formation and shoreline protection and 

stabilization. They also protect the coasts from wind waves, tidal waves or floods and provide 

habitat and food for a diverse animal community. However, the great amount of products that 

can be obtained from mangroves, pollution and deforestation are a threat to these ecosystems. 

 

In order to increase the knowledge of mangroves and, with that knowledge, contribute to the 

protection and reforestation of such environments, this research was performed. A direct 

relation between vegetation density and wave attenuation is pursued, with this research being 

the first with quantitative data about vegetation density in mangroves. 

The fieldwork was performed between November 2010 and May 2011, in Trang province, 

Thailand. Two field sites were chosen – Kantang and Palian – taking into account different 

slope, length, vegetation density and location. Measurements included surface elevation, 

water pressure fluctuations and vegetation density along each transect. 

Spectral analysis was used to process the data retrieved from the fieldwork. This method is 

based on the Fourier transform, and provides, from a time series, a spectrum which represents 

the variance of the time series as a function of its frequency. With this information, it is 

possible to identify various characteristics of observed pressure signals, such as dominant 

wave period, wave height or total wave energy. 

First of all, in order to test the influence of near-bed turbulence in the data, spectral analysis 

was applied to data of flow velocities at different water depths. At all depths, the energy 

density spectra looked quite comparable and it was concluded that near-bed turbulence should 



Attenuation of wave energy in mangrove forests 

 

64 

not be of significant importance at these locations, although the data only refers to a specific 

burst in an outer part of both transects. 

The analysis of the obtained wave spectra after processing the available field data showed that 

the majority of the waves in both transects have periods exceeding 5 seconds. The dominant 

period in Palian is between 6 and 10 seconds, while in Kantang, waves with periods from 10 

to 20 seconds are most common. The observed wave height is low. The mean significant 

wave height only varies between 4 and 7 centimeters at both transects. The mean value of 

total wave energy is around 3.5 J/m
2
, reaching a maximum of 48 J/m

2
 during one event at 

Palian, due to the storm that occurs during one of the deployments. 

Regarding the wave energy attenuation in Palian, the decrease of energy was not completely 

regular along the transect, showing even an increase between sensor 3 and 4. However, in the 

sections corresponding to the densest forest, the highest attenuation rates of the present 

research were observed. In general, along the transect (which is around 100 meters long), the 

total energy decrease is 2.5 J/m
2
. If only the section between the 4

th
 and 6

th
 sensor is counted 

corresponding to the more dense vegetation, the rate of energy attenuation raises to nearly 

4 J/m
2
. 

In Kantang, the energy of the individual bursts analyzed was generally bigger than in Palian, 

presenting an increase of energy between sensor 1 and 2, which can be explained due to 

shoaling effect, and between sensor 5 and 6, which could be related to turbulence and wave 

reflection in an inner part of the forest. However, observing the general analysis, these 

increases of energy are not visible anymore. At this transect, the overall decrease of energy is 

around 0.8 J/m
2
 per 100 meters. If the first and last sections, where the decrease of energy is 

barely noticed, were discounted, the attenuation reaches a mean value of 1.30 J/m
2
 per 100 

meters. 

The difference of the attenuation rates can be related to several facts. The more accentuated 

slope of the Palian transect, the more denser forest, mostly on the last two sections, and the 

presence of small period waves that are easily attenuated can be the main explanation for the 

higher attenuation rate at the Palian transect. 

In general, it can be conclude that the vegetation density increases the attenuation of wave 

energy. It was also proved that the water depth also has influence on the total wave energy, 

due to the existence of longer waves with higher water depths, and in the wave attenuation, 

due to effects of shoaling and the usual decrease of vegetation density with the increase of 

height. 
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Comparing this research with other studies, it can be concluded that the results obtained are 

consistent with previous results. The rates of attenuation are around the same values in most 

studies, as well as other parameters such as dominant wave periods and maximum amplitudes 

of the spectra observed. Most of the measurements follow the same procedure as the ones 

described in this thesis and general conclusions such as the influence of the water depth and 

the easier attenuation of smaller waves were also found in previous researches. 

The comparison with salt marshes showed that these environments have a high influence in 

wave attenuation, reaching rates of 80 % in transects of less than 100 meters length, which 

represents values slightly higher than the ones found in this thesis for mangrove forests. 

However, the importance of the water depth for the wave attenuation is emphasized, since in 

salt marsh environments the vegetation is relatively lower. With higher water depths, the drag 

force becomes insufficient, lowering the rates to values around 20 % only, or even no 

attenuation at all in some cases. 

7.2. Future development 

This thesis increases knowledge of the attenuation of hydrodynamic energy in mangroves, 

including, for the first time, quantitative data about the vegetation density in the mangroves. 

With this data, it is now recommended to calibrate models, already capable of predicting 

wave attenuation in vegetated environments, in order to accurately predict the wave 

attenuation in mangrove forests. Models can then be used to calculate the added value of 

existent mangroves and the benefits of reforestation of the damaged zones. 

According to other researches, due to its complex structure, modeling wave attenuation in 

these ecosystems is hard to perform. To improve future models even further, more 

comprehensive investigations are needed, covering new sites, exposed to different conditions, 

since most of the studies were done in the same zone of the globe. 

By collecting new information in new places, it is possible to increase the knowledge of the 

functioning of mangroves in general. Which species are more effective and what waves are 

most effectively attenuated are a few examples that could be addressed in these future studies. 

For future researches, it is recommended to further improve the means available for the 

fieldwork, allowing more accurate measurements. Compared to this study, a larger number of 

employees would help in the measurements of vegetation densities, and more available 

sensors could prevent for problems with these devices and could also facilitate concurrent 

deployment at more transects, allowing for a more straightforward intercomparison. 
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ANNEX A: MATLAB SCRIPTS 

The process of the data was performed based on 4 Matlab functions. These functions are 

triggered by a script called “run.m”. The inputs are the file with the raw data, the beginning 

date of the deployment and the height of the sensor. In turn, the outputs are the vectors 

frequency (f) and period (T); the matrix with the spectra for all the bursts (SDM) and the 

mean spectrum of all these bursts (MSD); and the matrix TK, which gives a list of 15 

different parameters for each burst. The parameters for each column are: number of burst; 

year; month; day; hour; minute; second; duration in matlab time; mean water depth; flow 

velocity; mean wave period; total wave energy; significant wave height; root mean square 

wave height and wave energy flux. The script for the deployment of March 24 at Kantang is 

presented below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

clc 
clear all 
warning ('OFF') 
tic 

  
[TK1 SDM1 f T MSD1] = masterscript('0830661B.txt','24-MAR-2011 

18:00:00',0.07); 

  
[TK2 SDM2 f T MSD2] = masterscript('0830672B.txt','24-MAR-2011 

18:00:00',0.06); 

  
[TK4 SDM4 f T MSD4] = masterscript('0830301B.txt','24-MAR-2011 

18:00:00',0.06); 

  
[TK5 SDM5 f T MSD5] = masterscript('0830564B.txt','24-MAR-2011 

18:00:00',0.06); 

  
[TK6 SDM6 f T MSD6] = masterscript('0830287B.txt','24-MAR-2011 

18:00:00',0.06); 

  
toc 
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The “run.m” script runs the function “masterscript.m”, which, by its turn, manage the other 

three functions used for the processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

function [output SpecDensityMatrix Freq Period MeanSpecDensity] = 

masterscript(filename,startdate,h_device) 

  
limit = instrumentheight(h_device); 

  
input(:,2) = load (filename); 
input(:,1)=1:length(input); 

  
time = datenum(startdate); 

  
input(:,2) = airtowaterpressure(input(:,2),limit); 

  
for i=1:ceil(((length(input))/4096)-1) 

     
    

[output(i,9),output(i,10),output(i,11),output(i,12),output(i,13),output(i

,14),output(i,15),SpecDensity(i,:),Freq(1,:),Period(1,:)] = 

DataAnalysis(input(((i*4096)-4095):(i*4096),:),10,h_device); 

    
    output(i,8)= addtodate(time,(i*20)-20, 'minute'); 

      
end 

  
output(:,1)=1:length(output); 
output(:,2:7)= datevec(output(:,8)); 

  
SpecDensityMatrix(:,1)=1:length(SpecDensity(:,1)); 
SpecDensityMatrix(:,2)=output(:,8); 
SpecDensityMatrix(:,3)=output(:,9); 
SpecDensityMatrix(:,4:length(Period)+3)=SpecDensity; 
SpecDensityMatrix(isnan(SpecDensityMatrix(:,3))==1,:) = []; %delete the 

unhelpful data 

  
MeanSpecDensity=mean(SpecDensityMatrix(:,4:end)); 

  
output(isnan(output(:,9))==1,:) = []; %delete the unhelpful data 
end 
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The first of these three functions is the “instrumentheight.m”. This function transforms the 

height of the sensor in a pressure value. It was set a minimum water depth of 20 centimeters 

in order to do not consider results with water levels below this height. 

 

 

 

 

 

 

 

 

 

 

 

Next, the raw pressure data will be transformed into water levels using the 

“pressuretowaterdepth.m”. This function will use the pressure calculated in the 

“instrumentheight.m” to set as a minimum pressure considered valid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

function minimumvalue =instrumentheight(h_device) 
minimum = 0.2;     % minimum water depth [m] 
Patm1 = 1008;      %Atmospheric pressure [hPa] 
rhoT = 1.00177;    %relative volume of water at 20 deg C temperature 
rhoS = 0.97466;    %relative volume of water at 35 ppt salinity 

  
K = 0.703242 * rhoT * rhoS; 
Patm2 = Patm1 / 68.948;       %Atmospheric pressure [PSIA] 
minimumvalue = ((minimum - h_device) / K)+ Patm2; 
end 

function waterdepth = pressuretowaterdepth(sensordata,minimum) 

  
sensordata(logical(sensordata <= minimum)) = NaN; 

  
waterdepth = ((sensordata - 14.619713407205431) * 0.686635044390464) + 

0.075; 

  
end 
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Finally, to transform the water levels of each burst into spectra, it is used the function 

“DataAnalysis.m”. This function performs all the steps described in section 2.3 and also 

calculate the parameters that can be obtained with the spectra (see section 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

function [h c Tm Etot Hs Hrms P SD f T] = DataAnalysis(data,fs,h_device) 

  
%Outputs: 
%  1 Mean Water Depth 
%  2 Current Velocity 
%  3 Mean Period 
%  4 Total Energy 
%  5 Significant Wave Height 
%  6 Root Mean Square Wave Height 
%  7 Wave Energy Flux 
%  8 Density Spectrum 
%  9 Energy Spectrum 
% 10 Frequency Vector 
% 11 Period Vector 

  
N = length(data(:,2)); 
t = ((0:N-1)/fs)'; 
h = mean(data(:,2)); % 1 Mean Water Depth 
c = (9.81*h)^(1/2); % 2 Current Velocity 

  
% Remove the any trend from the data - Detrend: 

  
pol=polyfit(t,data(:,2),2); 
cwd=polyval(pol,t); 
clean_data=data(:,2)-cwd; 

  
% Tapering: 

  
for n=1:N 
    w(n,1)=0.5*(1-cos(2*pi*n/(N-1))); 
end 

  
tapering_data = clean_data.*w; 

  
C = N / sum(w.^2); 

  
% Calculate the discrete fourier transform: 

  
for i=1:N/2 
    Freq(i,1) = i.*fs/N; % 10 Frequency Vector 
end 

  
Period = 1./Freq; % 11 Period Vector 

  
X=fft(tapering_data); 
X=X(1:N/2); 
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%Pressure Response Factor 

  
for i=1:length(Period); 
    L(i,1) = 

(9.80665/(2*pi))*(Period(i,1))^2*(tanh((4*pi^2/Period(i,1)^2)*(h/9.80665)

)).^(1/2); %wave length; 
end 

  
k = (2*pi)./L; % Wave Number 

  
for i=1:length(k); 
    if Period(i,1)>1; 
        Kp(i,1) = cosh(k(i,1)*h_device)/cosh(k(i,1)*h); % Pressure 

Response Factor 
    else Kp(i,1) = 1; 
    end 
end 

  
% Calculate the periodiogram: 

  
for i=0,N/2; 
    SpecDensity = (abs(X)./Kp).^2/(fs*N); 
end 
for i=1:N/2-1; 
    SpecDensity = 2*(abs(X)./Kp).^2/(fs*N); 
end 

  
% Correct for tapering: 

  
SpecDensityC = SpecDensity*C; % 8 Density Spectrum 

  
% Bin-averaging 

  
for i=1:1024 
    SD(i)=mean(SpecDensityC(i*2-1:i*2)); 
end 

  
for i=1:1024 
    f(1,i)=(Freq(i*2-1)+Freq(i*2))/2; 
end 

  
for i=1:1024 
    T(1,i)=(Period(i*2-1)+Period(i*2))/2; 
end 
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% Delete the unhelpful data: 

  
SD(138:end)=[]; 
T(138:end)=[]; 
f(138:end)=[]; 

  
SD(9)=0; 
SD(137)=0; 

  
SD(1:8)=[]; 
T(1:8)=[]; 
f(1:8)=[]; 

  
SpecDensityC(275:end)=[]; 
Period(275:end)=[]; 

  
SpecDensityC(1:16)=[]; 
Period(1:16)=[]; 

  
% wave parameters: 

  
EnergySpec = (SpecDensityC)*998.2071*9.80665; % 9 Energy Spectrum 

  
Etot = sum(EnergySpec)*(fs/N); % 4 Total Energy 

  
Tm = sum(SpecDensityC.*Period)/sum(SpecDensityC);    % 3 Mean Period 

  
Hs = 4*(Etot/(998.2071*9.80665))^(1/2); % 5 Significant Wave Height 

  
Hrms = 2*(2)^(1/2)*(Etot/(998.2071*9.80665))^(1/2); % 6 Root Mean Square 

Wave Height 

  
P = Etot*c; % 7 Wave Energy Flux 
end 
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ANNEX B: VEGETATION DENSITY 

In this thesis, the vegetation density is calculated taking into account the volume of roots up to 

1 meter above the ground. Three vegetation layers are distinguished subsequently: (i) from the 

bed up to 5 cm height, vegetation was accounted for the tree data collected at 10 centimeters 

plus the pneumatophores; (ii) between 5 and 30 cm height vegetation was represented by the 

tree data obtained at 10 centimeters; and (iii) between 30 cm and 1 m, the tree data collected 

at 50 centimeters was supposed to be representative. 

Table 18. Area, volume and rate of vegetation per plot (20 by 20) at Palian. 

 Avicennia/Sonneratia Rhizophora 

Area 0-5 cm (m
2
) 7.768 15.508 

Area 5-30 cm (m
2
) 1.784 15.508 

Area 30-100 cm (m
2
) 1.361 4.701 

   
Volume 0-5 cm (m

3
) 0.388 0.775 

Volume 5-30 cm (m
3
) 0.446 3.877 

Volume 30-100 cm (m
3
) 0.953 3.290 

   
Per thousand (‰) 4.467 19.857 

 

With all the diameters of trees, seedlings and pneumatophores known, the total area of this 

vegetation is calculated per elevation level. The assumption made is that a cross-section of all 

roots and stems is a circle. For the distribution of Rhizophora trees it is assumed that 20 % of 

the total trees are small, 60 % are average and 20 % are large trees. For the pneumatophores, 

the same percentages are applied to the percentage of the plots covered by sparse, average and 

dense pneumatophores. Combining the calculated surfaces of the cross sections of vegetation 

at every level with the height of the layers, the volume of biomass per cubic meter can be 

calculated. 

Table 19. Area, volume and rate of vegetation per plot (20 by 20) at Kantang. 

 Avicennia/Sonneratia 
(1) 

Avicennia/Sonneratia 
(2) 

Rhizophora (1) Rhizophora (2) 

Area 0-5 cm (m
2
) 9.038 6.659 5.824 6.168 

Area 5-30 cm (m
2
) 1.582 1.906 4.028 5.611 

Area 30-100 cm (m
2
) 1.408 1.572 1.549 3.479 

     
Volume 0-5 cm (m

3
) 0.452 0.333 0.291 0.308 

Volume 5-30 cm (m
3
) 0.396 0.477 1.007 1.403 

Volume 30-100 cm (m
3
) 0.986 1.100 1.084 2.435 

     
Per thousand (‰) 4.583 4.775 5.957 10.366 
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