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The understanding and prediction how coastal wetland vegetation attenuates wave 

action has received renewed attention with global climate change impacts and 

increasing populations on coastlines. Conventional attenuation models utilize 

empirical drag coefficients, but these coefficients exhibit a wide range of values, and 

there is some uncertainty in the relative importance of plant flexibility, wave 

nonlinearity, and vertical density variations of the above ground biomass.  Better 

knowledge of how to predict wave attenuation accurately considering wave 

nonlinearity, biomechanical properties, and vertical density variations will improve 

parameterizations to evaluate the ecosystem services provided by coastal vegetation. 

This dissertation focuses on three core aspects that evaluate and improve existing 

analytical and numerical models for predicting wave attenuation by vegetation: (a) 

effects of wave steepness and relative water depth on wave attenuation by emergent 

vegetation, (b) effects of vertical variation in vegetation density on wave attenuation, 

and (c) modeling wave attenuation induced by the vertical density variations of 

vegetation. 

Chapter 2 presents a quarter scale physical model experiment to investigate the 

effects of wave nonlinearity on the attenuation of irregular waves propagating 

through a stand of uniform, emergent vegetation in constant water depth. The 

experimental conditions spanned relative water depths from near shallow to near deep 



 

 

water waves (0.45 < kh <1.49) and wave steepness from linear to nonlinear conditions 

(0.03 < ak < 0.18). The wave height to water depth ratios were in the range 0.12 < 

Hs/h < 0.34, and the Ursell parameter was in the range 2 < Ur < 68. Frictional losses 

from the side walls and bottom were estimated and removed from the wave 

attenuation in the vegetated cases to isolate the influence of the vegetation. The 

normalized wave height attenuation for each case was fit to the decay equation of 

Dalrymple et al. (1984) to determine the damping factor α, which was then used to 

calculate the bulk drag coefficient CD. This paper shows that the damping factor is 

dependent on the wave steepness ak across the range of relative water depths from 

shallow to deep water and that the damping factor can increase by a factor of two 

when the wave steepness ak approximately doubles. In turn, this causes the drag 

coefficient CD to decrease on average by 23%. The drag coefficient can be modeled 

using the Keulegan-Carpenter number using the horizontal orbital wave velocity 

estimated from linear wave theory as the characteristic velocity scale. Alternatively, 

the Ursell parameter can be used to parameterize CD to account for the effect of wave 

nonlinearity, particularly in shallow water, for vegetation of single stem diameter.  
Chapter 3 uses a physical model experiment to investigate irregular wave 

attenuation through emergent vegetation with variations in stem heights to mimic the 

variations of above ground biomass found in nature. The experiment was conducted 

with six peak periods, six incident wave heights, and two schemes of vegetation with 

different heights over a constant water depth. This paper details the influence of 

height characteristics where short waves are more sensitive to a layered vegetation 

scheme and highlights limitations of the Dalrymple et al. (1984) approach when there 

are significant variations in stem height. In addition, this chapter highlights that the 

effect of vertical biomass distributions has shown the order of magnitude in CD about 

140% to 280% change between uniform height vegetation and varying height 

vegetation from the shallow water condition to deep water condition in contrast to the 

23% change in CD due to nonlinear effects in Chapter 2. This experiment shows that 

recalibrating the vegetation drag coefficient, CD, can account for variations in stem 

height only in an ad-hoc manner. 



 

 

Chapter 4 uses the physical model experiment from Chapter 3, a phase-averaged 

spectral wave model, SWAN, and a phase-resolving RANS-type numerical model, 

NHWAVE, to investigate the attenuation of irregular waves propagating over 

emergent vegetation with variations in stem heights. The physical model data were 

used to calibrate the drag coefficients for SWAN and NHWAVE, which includes 

separate, calibrated coefficients for frictional and vegetated drag. This chapter details 

the influence of vertical variation in plant morphology characteristics where short 

waves are more sensitive to a layered vegetation scheme and highlights the benefit of 

the vertical layer schematization of vegetation density in NHWAVE compared to 

SWAN when there are significant variations in stem height. The most important 

finding is that NHWAVE does not need to vary CD between the two treatments of 

vegetation with uniform density of vegetation (Type A) and vertical density 

variations of vegetation (Type B), whereas SWAN required changes to CD when there 

were changes to the vertical distribution of biomass. The NHWAVE model was used 

to estimate the vertical structure of vegetation-induced turbulent kinetic energy 

budget. It is found that the turbulence is reduced near the edge vegetation and has 

higher turbulent kinetic energy at the top of the canopy in the vertical variations of 

vegetation.  
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1. Introduction 

1.1 Background 

With global climate change impacts and increasing populations on coastlines, there is a need 

to understand and predict how existing wetlands can attenuate wave action (Fonseca and Cahalan, 

1992; Mendez and Losada, 2004; Nepf, 2004; Ward et al., 1984). Most of the early wave 

attenuation models for vegetation were simplified using four main assumptions: (1) rigid 

vegetation, (2) regular waves, (3) linear waves, and (4) uniform vegetation. A typical approach is 

to consider the vegetation as an array of rigid cylinders and estimate the dissipation by 

integrating the resulting force (Dalrymple et al., 1984; Kobayashi et al., 1993; Asano et al., 1992; 

Dubi and Tørum, 1994; Vo-Luong and Massel, 2008). Dalrymple et al. (1984) used the 

conservation of energy by integrating the force on a rigid vertical cylinder for monochromatic 

waves within the vegetated zone. Kobayashi et al. (1993) estimate the energy dissipation using 

the conservation of momentum considering vegetation-induced forces and showed that wave 

height decays exponentially. These approaches provided a reasonable prediction of wave 

attenuation compared with artificial kelp experiment conducted by Asano et al. (1988). 

Since the development of these early models, researchers have investigated the assumption of 

rigid versus flexible vegetation. Asano et al. (1992) continued the solution of Kobayashi et al. 

(1993) to consider wave and vegetation interaction with flexible vegetation. The solutions were 

found by a linearized damping coefficient determined through an iterative method. Dubi and 

Tørum (1994) extended the work of Asano et al. (1992) and used the velocity to determine the 

linear relationship of the damping force without iteration. Mendez et al. (1999) extended the 

analytical solution for monochromatic waves to irregular waves taking into account vegetation 

motion compared with the experimental data given by Asano et al. (1992) and Dubi and Tørum 

(1994). Augustin et al. (2009) conducted a laboratory experiment to measure wave height decay 

through both rigid and flexible synthetic dowels for emergent and nearly emergent cases. 

Although there was a fairly wide scatter in the drag coefficients, they parameterized their 

observed drag coefficients using both the Reynolds number and Keulegan-Carpenter number.  

However, they found that “little difference between attenuation, and CD, by flexible and rigid 

plant elements within the range of flexibilities tested.” Later, they compared their results to a 
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time-dependent wave propagation model based on the modified Boussinesq equations (Lynett et 

al., 2002) with adjustable bottom friction factor to account for the energy loss due to the 

vegetation.  The bottom friction factor was determined by matching the model results to the 

experimental data, and they showed that the friction factor could be parameterized by the Ursell 

parameter for the range of 10 < Ur < 45. Bradley and Houser (2009) and Paul and Amos (2011) 

showed that wave attenuation over sea grass has a dependence on plant characteristics and 

hydrodynamic conditions in a field. Mullarney and Henderson (2010) derived an analytical 

model to predict wave attenuation with varying flexibility of vegetation by tuning a single 

parameter from Young’s modulus. Riffe et al. (2011) compared their field results with the 

theoretical model derived from Mullarney and Henderson (2010). They measured wave height 

attenuation over a salt marsh vegetated area and used Mullarney and Henderson's (2010) theory 

considering stem motion. Both models resulted in a good fit to the measured attenuation after 

choosing optimal drag coefficients, although the fitted drag coefficient in the rigid vegetation 

model was below the expected range by a factor of 2. The flexible model provides a reasonable 

prediction of drag coefficients by natural vegetation motion. They showed that wave dissipation 

for flexible vegetation was 50% of the dissipation for rigid vegetation, which indicates that the 

flexible plants may be important when modeling wave attenuation rates. However, it was unclear 

to what extent this change in attenuation would affect the drag coefficient. Ozeren et al. (2014) 

investigated wave attenuation by rigid and flexible vegetation under regular and irregular waves, 

and comparisons in their paper show that the CD changes by less than 10% due to plant 

flexibility when all other factors (wave condition, water depth, plant density) are held constant.  

In summary, although there have been several investigations into the effects of plant flexibility 

on wave attenuation, controlled laboratory experiments indicate that there is a relatively small 

effect (10% or less) of flexibility on the drag coefficient used to model wave attenuation. 

In addition to extending models to account for the flexibility of the vegetation, there have 

been several studies to investigate the second assumption regarding regular versus irregular 

waves. Mendez and Losada (2004) presented an empirical model for wave transformation of 

regular waves or random waves, including wave damping and wave breaking over vegetation 

fields at variable depths. Hrms, the root-mean-square wave height, was used to estimate the 

damping factor α. Lowe et al. (2007) showed that wave energy would dissipate more efficiently 

within submerged rigid canopies due to the enhanced in-canopy flow increased by higher 
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frequency wave motions. Anderson and Smith (2014) studied wave attenuation by artificial 

vegetation in a controlled laboratory focusing on stem density, submergence, and the shape of 

the input wave spectrum.  They found that wave attenuation increases as the submergence ratio 

(ratio of stem length to water depth) increases for the uniform vegetation tested. 

In addition to extending models to account for random waves, the third assumption of wave 

nonlinearity has also been considered. In a nearshore wave study in the absence of vegetation, 

Guza and Thornton (1980) considered Ursell numbers to show that nonlinearity may cause 

significant energy transfer cross spectral frequencies and that nonlinearity amplified the 

harmonics in higher frequencies especially in shallow water conditions. More recently, Kaihatu 

et al. (2007) used a nonlinear wave model to study the effects of nonlinear waves damped over 

viscous mud. Since vegetation is another form of wave damping, we might expect that nonlinear 

waves may play an important role in wave energy dissipation caused by vegetation. Jadhav et al. 

(2013) applied a spectral energy dissipation model to rigid vegetation in order to study spectral 

drag coefficient dependence on the frequency domain instead of the integral drag coefficient. 

They found that the spectral drag coefficient was frequency dependent and varied over a range of 

KC numbers. However, they did not explain the physical mechanism for these observations.  

Suzuki et al. (2012) described an implementation of wave attenuation by vegetation in the 

SWAN model considering a two-layer vegetation which requires calibration with laboratory or 

field observations. The model has been shown to calculate the wave dissipation over vegetation 

fields under waves including a vertical layer schematization for vegetation. Blackmar et al. (2014) 

used a small scale physical model study to show that the attenuation coefficients estimated for 

two different vegetation stands can be combined linearly when a heterogeneous stand of the two 

vegetation types are considered.  They also showed that a time-resolving wave propagation 

model can also be used to predict the attenuation through a heterogeneous stand using a linear 

combination of the attenuation coefficients for each stand calculated separately. Overall, there 

has been little work on the effects of the vertical variation of the vegetation density (or lateral 

obstruction) compared to vegetation fluctuation and irregular waves.  

There has been little work on the fourth assumption regarding the uniform density of the 

plants with respect to water depth i.e. how variations in vegetation height (or lateral obstruction) 

affect attenuation when compared to vegetation flexibility and irregular waves. Neumeier (2005) 

characterized the vertical biomass distribution and the lateral obstruction ratio with binary 
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pictures. He has shown there is significant vertical variation in plant structure. Vo-Luong and 

Massel (2008) developed a theoretical predictive model, which solves a full boundary value 

problem for wave propagation through a non-uniform forest in arbitrary water depths. The 

numerical results of the model validated that the effect of breaking waves and wave-trunk 

interaction are dominant dissipation mechanisms when the vegetation density is sparse. Suzuki et 

al. (2012) implemented SWAN with only calibrated bulk drag coefficients since physical 

processes within the vegetation considered the diameter, density, and height of vegetation 

extended by Mendez and Losada (2004). The model calculated wave dissipation due to a vertical 

layer schematization of vegetation fields by adjusting the vegetation factor including breaking 

and diffraction of random waves. The vegetation factor is function of diameter, density and bulk 

drag coefficient of vegetation into layers model, but calibrating the bulk drag coefficient for each 

layer is hard to obtain. Blackmar et al. (2014) showed that they can combined linearly the 

attenuation coefficients estimated from two different vegetation stands to represent a 

heterogeneous stand of the two vegetation types. They also showed that a phase-resolving wave 

propagation model could be used to predict wave attenuation through a heterogeneous stand 

using a linear combination of the attenuation coefficients for each stand reasonably. Li and 

Zhang (2010) also used a non-hydrostatic wave-resolving model including the Spalart and 

Allmaras (1994) turbulence model, which considers vegetation-induced turbulence production. 

They not only predicted instantaneous free surface elevation but also 3D flow structures and 

turbulence. Marssoli and Wu (2014) used 3D RANS model including vegetation-induced forces 

with Volume-of-Fluid (VOF) to capture the free surface and a mixing length for turbulence 

closure model. They modeled the wave attenuation and vertical profiles of velocity through 

submerged vegetation. However, the detailed vertical structure of turbulent kinetic energy under 

waves induced by vertical density variations of vegetation was not captured yet. 

1.2 Research statements 

This literature review indicates that significant progress has been made in wave height 

attenuation by vegetation. However, there still exists wide scatter in the drag coefficients and 

some uncertainty in the relative importance of wave flexibility, lateral obstruction, and wave 

nonlinearity. No attempt has been made to investigate the importance of wave nonlinearity on 

the attenuation by vegetation and height varying characteristics of vegetation density on wave 
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attenuation in a field setting under comparable hydrodynamic conditions.  

Existing methodologies for predicting the interaction of waves and vegetation use linear 

wave theory. This is problematic since how coastal vegetation dampens wave height variations in 

coastal wetland depends on wave steepness and relative water depth. It is important to quantify 

nonlinear wave height dissipation rates across frequency through vegetation and investigate the 

relationship between drag coefficients and dimensionless parameter kh, Re, KC and Ur. 

Therefore, we used uniform heights of rigid vegetation with uniform cross-section over the 

vertical using the same idealization of Mendez and Losada (2004) and earlier authors and study 

the effect of wave nonlinearity on attenuation of waves by emergent vegetation.  We conducted 

physical model tests with control of the incident significant wave height Hs,1, spectral peak 

period Tp, and water depth h to explore a range of relative water depths from near shallow to near 

deep water wave conditions and wave steepness from nearly linear to highly nonlinear conditions. 

The measured wave heights throughout the vegetation are reduced to determine a damping factor 

α and bulk drag coefficient CD following Mendez and Losada (2004).  

In addition, a common approach to model wave attenuation by vegetation is to use uniform 

heights of plants. However, from an ecological aspect, a study of the above ground biomass of 

salt marsh vegetation shows variable vertical distributions of lateral obstruction (e.g., Neumeier, 

2005; Lemein et al., 2015). Variations in stem height may play an important role since the 

velocity profile for gravity waves is not uniform over depth for the range of water depths and 

wave conditions in coastal estuaries with emergent vegetation. Moreover, the conventional field 

method of determining the number of plants per unit area, which is a parameter in wave 

attenuation models, considers all plants in the given area, regardless of stem height or stem 

diameter.  To investigate these possible differences, we designed a uniform stand of vertically 

varying rigid vegetation with the same cross-sectional area in the laboratory. Then, we conduct 

physical model tests while controlling the significant wave height Hs, spectral peak period Tp, 

and water depth h to explore a range of relative water depths (0.52 < kh < 3.04) from nearly 

shallow and nearly deep water conditions. Then, a small-scale experiment and numerical 

modeling effort were used to model wave damping rates and to calibrated the drag coefficient 

including the effects of vertical variation of density on wave attenuation. 

Theoretical and numerical developments have been carried out in conducting wave 

attenuation due to uniform vegetation. For example, SWAN requires a variable CD for a given 
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wave condition depending on the lateral obstruction. There is little information about analytical 

and numerical solutions considering the relationship between drag coefficients and 

characteristics of vertical density variations of vegetation. Also, vegetation-induced turbulent 

kinetic energy may influence sediment transport and nutrient mixing mechanisms in ecological 

cycle. Chapter 4 focuses on predicting the wave attenuation and vertical turbulence profiles due 

to vertical density variations of vegetation. A three-dimensional non-hydrostatic wave-resolving 

RANS-type model NHWAVE (Ma et al., 2012) implemented a nonlinear k – ε model (Lin and 

Liu, 1998a,b; Ma et al., 2013) were used to calibrate modeled drag coefficients with the 

measured data. Then, the effect of vertical density variations of vegetation density on wave 

attenuation and the vertical structure of turbulent kinetic energy budget were discussed.  
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2. Effects of wave steepness and relative water depth on wave attenuation by 

emergent vegetation1 

2.1 Abstract 

A physical model experiment was conducted to investigate the effects of wave nonlinearity 

on the attenuation of irregular waves propagating through a stand of uniform, emergent 

vegetation in constant water depth. The experimental conditions spanned relative water depths 

from near shallow to near deep water waves (0.45 < kh <1.49) and wave steepness from linear to 

nonlinear conditions (0.03 < ak < 0.18). The wave height to water depth ratios were in the range 

0.12 < Hs/h < 0.34, and the Ursell parameter was in the range 2 < Ur < 68. Frictional losses from 

the side wall and bottom were estimated and removed from the wave attenuation in the vegetated 

cases to isolate the influence of the vegetation. The normalized wave height attenuation for each 

case was fit to the decay equation of Dalrymple et al. (1984) to determine the damping factor α, 

which was then used to calculate the bulk drag coefficient CD. This paper shows that the 

damping factor is dependent on the wave steepness, ak, across the range of relative water depths 

from shallow to deep, and that the damping factor can increase by a factor of two when the wave 

steepness approximately doubles. In turn, this causes the drag coefficient CD to decrease on 

average by 23%. The drag coefficient can be modeled using the Keulegan-Carpenter number 

using the horizontal orbital wave velocity estimated from linear wave theory as the characteristic 

velocity scale. Alternatively, the Ursell parameter can be used to parameterize CD to account for 

the effect of wave nonlinearity, particularly in shallow water, for vegetation of single stem 

diameter. 

2.2 Introduction 

The need to explore sustainable approaches to maintain coastal ecological systems has been 

widely recognized for decades. (Ward et al., 1984; Fonseca and Cahalan, 1992; Nepf 1999; 

Mendez and Losada 2004) These systems face a number of challenges due to global climate 

                                                
1 Wu, W.-C., Cox, D. T. “Effects of wave steepness and relative water depth on wave attenuation 
by emergent vegetation,” Estuarine, Coastal, and Shelf Science. Submitted 13 October 2014; 
revised 18 January 2015; resubmitted 9 March 2015. 
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change and patterns in coastal population growth. Submerged aquatic vegetation and emergent 

vegetation in estuaries and coastlines can provide ecosystem services, including wave-energy 

reduction and erosion control (Kastler and Wiberg, 1996; Bartholdy et al., 2004; Möller 2006, 

Guannel et al., 2014). Numerous studies of wave attenuation by vegetation have examined a 

variety of numerical and analytical methods to describe the wave energy dissipation. A common 

approach is to consider the vegetation as an array of rigid cylinders and estimate the dissipation 

due to the resulting force (Dalrymple et al., 1984; Kobayashi et al., 1993; Asano et al., 1992; 

Dubi and Tørum, 1994; Vo-Luong and Massel, 2008). Dalrymple et al. (1984) used conservation 

of energy principles by integrating the force on a rigid vertical cylinder for monochromatic 

waves within the vegetated zone. Kobayashi et al. (1993) estimated the energy dissipation due to 

rigid vegetation induced forces using conservation of momentum for regular waves whose wave 

height decays exponentially. The analytical solution was compared with the artificial kelp 

experiment conducted by Asano et al. (1988) and predicted wave attenuation reasonably well.  

Most of the early wave attenuation models for vegetation were simplified using four main 

assumptions: (1) rigid plants, (2) regular waves, (3) uniform emergent vegetation, and (4) linear 

wave theory. Since the development of these early models, there have been several investigations 

that consider the flexibility of vegetation. Asano et al. (1992) extended the solution of Kobayashi 

et al. (1993) to include the interaction between waves and vegetation motion. The iterative 

solutions were connected by a linearized damping coefficient determined by an iterative 

approach. Dubi and Tørum (1994) extended the analytical solution of Asano et al. (1992) to 

allow the linear relationship of the damping force with velocity to be calculated effectively 

without iteration. Mendez et al. (1999) extended the analytical solution for regular waves to 

irregular waves considering vegetation motion compared with the experimental data given by 

Asano et al. (1992) and Dubi and Tørum (1994). Mullarney and Henderson (2010) derived an 

analytical model to predict the transfer function between the water wave and stem motion after 

tuning with a single calibration parameter. Based on the analytical model, they predicted that the 

frequency-dependent wave dissipation was about 30% of the rate of wave dissipation for rigid 

vegetation. Riffe et al. (2011) used the theoretical model derived from Mullarney and Henderson 

(2010) to compare with their field experiment. They measured the wave height attenuation over a 

salt marsh vegetated area and employed the theory of Mullarney and Henderson (2010) for rigid 

and flexible vegetation motion. Both models resulted in a good fit to the measured attenuation 
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after fitting the drag coefficients, although the fitted drag coefficient in the rigid vegetation 

model was below the expected range. The model provided a reasonable prediction of drag 

coefficients by natural vegetation motion. Augustin et al. (2009) conducted a laboratory 

experiment to measure wave height decay through both rigid and flexible synthetic dowels for 

emergent and nearly emergent cases. Although there was a fairly wide scatter in the drag 

coefficients, they parameterized their observed drag coefficients using both the Reynolds number 

and Keulegan-Carpenter number.  Later, they compared their results to a time-dependent wave 

propagation model based on the modified Boussinesq equations (Lynett et al., 2002) with 

adjustable bottom friction factor to account for the energy loss due to the vegetation.  The bottom 

friction factor was determined by matching the model results to the experimental data, and they 

showed that the friction factor could be parameterized by the Ursell parameter for the range of 10 

< Ur < 45. However, they found that rigid and flexible vegetation gave similar friction factors 

under the same conditions in the range 3000 < Re < 9000.  On the other hand Riffe et al. (2011) 

showed that drag coefficients calibrated with the rigid-vegetation model were below the expected 

range and that wave dissipation for flexible vegetation was 50% of the dissipation for rigid 

vegetation, which indicates that the flexible plants may be important when modeling wave 

attenuation rates. However, considering the flexibility of plants, the drag coefficient reduced 27% 

in their flexible-vegetation model. 

In addition to extending models to account for the flexibility of the vegetation, there have 

been several studies to extend earlier work from regular to irregular waves.  Mendez et al. (1999) 

and Mendez and Losada (2004) presented an empirical model for wave transformation of regular 

waves or random waves, including wave damping and wave breaking over vegetation fields at 

variable depths. Hrms, the root-mean-square wave height was used to estimate the damping factor 

α. Because wave attenuation varies with density, height, stiffness of the plant and wave 

conditions, the variability of wave height attenuation through vegetation is difficult to quantify 

universally. Lowe et al. (2007) showed that wave attenuation would dissipate more efficiently 

within submerged rigid canopies due to the enhanced in-canopy flow increased by higher 

frequency wave motions. Bradley and Houser (2009) and Paul and Amos (2011) showed that 

higher frequencies had higher attenuation in the case of natural vegetation under random waves. 

Jadhav et al. (2013) applied a spectral energy dissipation model to rigid vegetation in order to 

study spectral drag coefficient dependence on the frequency domain instead of the integral drag 
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coefficient. They found that the spectral drag coefficient was frequency dependent and varied 

over a range of KC numbers. However, they did not explain the physical mechanism for these 

observations.  

There has been some research to investigate the third assumption regarding the uniform 

density of the plants with respect to water depth (i.e. uniform array of cylinders vs. a natural 

stand of vegetation).  Neumeier (2005) characterized the vertical biomass distribution and the 

lateral obstruction ratio using optical methods and has shown that there is significant vertical 

variation in plant structure. Suzuki et al. (2012) described an implementation of wave attenuation 

by vegetation in the SWAN model considering a two-layer vegetation which requires calibration 

with laboratory or field observations. The model has been shown to calculate the wave 

dissipation over vegetation fields under waves including a vertical layer schematization for 

vegetation. Blackmar et al. (2014) used a small scale physical model study to show that the 

attenuation coefficients estimated for two different vegetation stands can be combined linearly 

when a heterogeneous stand of the two vegetation types are considered.  They also showed that a 

time-resolving wave propagation model can also be used to predict the attenuation through a 

heterogeneous stand using a linear combination of the attenuation coefficients for each stand 

calculated separately. Overall, there has been little work on the effects of the vertical variation of 

the vegetation density (or lateral obstruction) compared to vegetation fluctuation and irregular 

waves.  

Similarly, there has been little work focused on the fourth assumption of simple wave 

attenuation models, wave linearity. In a nearshore wave study in the absence of vegetation, Guza 

and Thornton (1980) considered Ursell numbers to show that nonlinearity may cause significant 

energy transfer cross spectral frequencies and that nonlinearity amplified the harmonics in higher 

frequencies especially in shallow water conditions. More recently, Kaihatu et al. (2007) used a 

nonlinear wave model to study the effects of nonlinear waves damped over viscous mud. Since 

vegetation is another form of wave damping, we might expect that nonlinear wave-wave 

interaction processes may play an important role in wave energy dissipation caused by 

vegetation.  

This literature review indicates that significant progress has been made in wave height 

attenuation by vegetation. However, there still exists wide scatter in the drag coefficients and 

some uncertainty in the relative importance of wave flexibility, lateral obstruction, and wave 
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nonlinearity. No study has, thus far, systematically investigated the importance of wave 

nonlinearity on the attenuation by vegetation; and this is the central aim of this paper. Using the 

same idealization of Mendez and Losada (2004) and earlier authors, we consider only a uniform 

stand of rigid vegetation with uniform cross-section over the vertical to isolate the effect of wave 

nonlinearity.  We conduct physical model tests with control of the incident significant wave 

height Hs,1, spectral peak period Tp, and water depth h to explore a range of relative water depths 

from near shallow to near deep water wave conditions and wave steepness from nearly linear to 

highly nonlinear conditions. Measured wave heights throughout the vegetation are used to 

determine a damping factor α and bulk drag coefficient CD following Mendez and Losada (2004). 

Then, subsequent section describe the effect of incident wave nonlinearity on the attenuation by 

vegetation by observing the evolution of wave spectra. Finally, a discussion and conclusions are 

given. 

2.3 Experimental Design 

Following Dalrymple et al. (1984), wave height decay can be modeled as, 

          

Hs (x)
Hs,1

= 1
1+α x

 (1) 

where H(x) is the wave height at a distance x through the plant bed, Hs,1 is the total significant 

wave height at the leading edge of the vegetation using Hs = 4.004 𝑚! where m0 is variance of 

the free surface time series, and α is a damping factor. The attenuation of the significant wave 

height due to the presence of vegetation relative to the incident wave height is referred to as the 

vegetation transmission, Kv(x) 

          
Kv(x) =

Hs (x)
Hs,1

 (2) 

where the subscript v is used to denote vegetation. 

Following the work of Dalyrmple et al. (1984) for regular waves, the random wave 

attenuation for a flat bottom by Mendez and Losada (2004) is expressed as, 

           (3) 

where CD is a bulk drag coefficient, N is the vegetation density, or number of plant stems per unit 

vegetation field (stems/m2), D is the plant stem diameter, s is the submerged stem height, and 

3
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Hrms is the root-mean-square wave height estimated as Hs = 1.416 Hrms using the Rayleigh 

distribution (Goda, 2010).   The purpose of this paper is to investigate how the attenuation α and 

drag coefficient CD are affected by wave nonlinearity as measured by ak where a is the 

characteristic wave amplitude defined as a = Hs/2 and k is the wave number over a range of 

relative water depths kh where h is the still water depth.   

At each value of kh, four values of wave steepness were chosen spanning the range shown 

Fig. 2.1. When running the steep wave conditions, care was taken to limit Hs so that no wave 

breaking was observed in the flume for the larger waves to assure that the dominate mechanism 

for wave energy loss was due to the vegetation. 

 

 
Fig. 2.1. Wave steepness plotted as a function of relative water depth for the test matrix 
following Le Mehaute (1969) where circles denote Case a (lowest nonlinearity), triangles denote 
Case b, squares denote Case c, and diamonds denote Case d (highest nonlinearity).  Shading is 
used to differentiate shallower conditions (darker symbols) to deeper conditions (lighter 
symbols). 
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Fig. 2.2 shows the test matrix with the wave steepness ak plotted versus the relative water 

depth kh. Note that the wave heights were chosen such that they formed nearly constant values of 

Hs/h, 0.13, 0.19, 0.26 and 0.31 for cases a, b, c, and d, respectively. Two exceptions were Cases 

1c and 1d, which had a lower value Hs to avoid occasional wave breaking at the start of the 

vegetation. The cases were grouped by five values of kh (kh = 1.49, 0.99, 0.76, 0.56, 0.45) for 

Case 1 – 5, respectively, spanning from nearly deep water to nearly shallow water, for a total of 

20 cases as listed in Table 2.1. The entire test matrix was repeated without vegetation to quantify 

the effects of sidewall and bottom friction and remove these effects from our study.  

Table 2.1 lists the still water depth h which was held constant at h = 12.0 cm for all cases; the 

peak period Tp and significant wave height Hs measured at the start of the vegetation; the 

dimensionless values of ak, Hs/h, and kh from Fig. 2.1 and Fig. 2.2; the maximum horizontal 

wave orbital velocity at the still water level estimated using linear wave theory u; and the 

Reynolds number, Re, the Keulegan Carpenter number, KC, and the Ursell parameter, Ur, which 

will be used for parameterization of the drag coefficient as explained later; and α and CD 

determined from the laboratory observations using Eq. 1 and 3, respectively. 

 



 

 14 

 
Fig. 2.2. Wave steepness ak plotted as a function of relative water depth kh for test cases.  Lines 
indicate general trends from lower steepness (solid) to higher steepness (dash-dot). Symbol 
characteristics are the same as Fig. 2.1.  
 

2.4 Experimental Methods 

The laboratory experiments were conducted in a 480 cm long by 10.4 cm wide, wave flume 

with a water depth h = 12 cm as shown in Fig. 2.3. The facility was also used by Blackmar et al. 

(2014) but with different vegetation. For this study, the uniform vegetation was modeled using 

from plastic strips, 5 mm wide by 1 mm thick cut to uniform lengths of 14 cm and attached to a 

6.4 mm thick metal sheet using a cylindrical LEGO block 8 mm in diameter and 10 mm in height 

as shown in Fig. 2.4. The vegetation was attached to the 180-cm-long metal sheet in a uniform 

arrangement with a density of N = 2100 stems/m2 and a plant spacing of x = 2.1 cm. The start of 

the vegetated field was located 130 cm from the wavemaker, and a 1:8 porous rock slope was 

installed at the far end of the flume to minimize the reflection of wave energy back into the test 

section.  
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Table 2.1 Experimental wave conditions.  
Case h Tp Hs ak Hs/h kh u Re KC Ur α CD 𝐸(2𝑓)

𝐸(𝑓)  No. (cm) (s) (cm)    (m/s)    (1/m)  

1a 12 0.6 1.4 0.09 0.12 1.49 0.08 400 10 2 0.49 3.53 0.13 
1b 12 0.6 2.1 0.13 0.18 1.49 0.12 620 15 3 0.65 3.04 0.16 
1c 12 0.6 2.7 0.17 0.22 1.49 0.15 770 19 4 0.70 2.60 0.14 
1d 12 0.6 3.0 0.18 0.25 1.49 0.17 860 21 4 0.79 2.62 0.14 
2a 12 0.8 1.5 0.06 0.13 0.99 0.08 390 12 5 0.37 2.74 0.22 
2b 12 0.8 2.3 0.09 0.19 0.99 0.12 590 19 8 0.51 2.46 0.24 
2c 12 0.8 3.1 0.13 0.26 0.99 0.16 800 26 10 0.70 2.49 0.23 
2d 12 0.8 3.8 0.16 0.32 0.99 0.20 980 31 13 0.76 2.21 0.20 
3a 12 1.0 1.5 0.05 0.13 0.76 0.07 370 15 9 0.35 2.66 0.19 
3b 12 1.0 2.2 0.07 0.18 0.76 0.11 540 21 13 0.45 2.34 0.19 
3c 12 1.0 3.2 0.10 0.26 0.76 0.16 780 31 18 0.57 2.09 0.23 
3d 12 1.0 3.8 0.12 0.32 0.76 0.19 930 37 22 0.64 1.92 0.23 
4a 12 1.3 1.6 0.04 0.14 0.56 0.08 390 20 17 0.31 2.18 0.25 
4b 12 1.3 2.5 0.06 0.21 0.56 0.12 590 30 26 0.42 1.93 0.31 
4c 12 1.3 3.3 0.08 0.28 0.56 0.16 790 41 35 0.55 1.89 0.33 
4d 12 1.3 4.2 0.10 0.35 0.56 0.20 990 51 43 0.68 1.87 0.39 
5a 12 1.6 1.6 0.03 0.13 0.45 0.07 370 24 26 0.31 2.23 0.25 
5b 12 1.6 2.4 0.05 0.20 0.45 0.11 560 36 39 0.45 2.12 0.33 
5c 12 1.6 3.3 0.06 0.28 0.45 0.15 770 49 54 0.56 1.95 0.37 
5d 12 1.6 4.1 0.08 0.34 0.45 0.19 960 62 68 0.61 1.62 0.40 

 
Acoustic wave gages (Banner Engineering S18U, Banner Engineering Corporation, 

Minneapolis, Minnesota) were used to record the free surface time series at 100 Hz at an 

approximate exponential spacing at 1.30, 1.40, 1.50, 1.70, 1.90, 2.30, 2.70, 3.10 m from the 

wavemaker denoted G1 to G8 as shown in Fig. 2.3. Prior to the start of the experiment, G8 and 

EG were used at the toe of the 1:8 slope to measure the wave reflection.  Using the technique of 

Goda and Suzuki (1976) to resolve incident and reflected wave spectra, we measured a reflection 

of 4% or less for the range of conditions tested and conclude that reflection from the far end of 

the flume was negligible.  The technique of Goda and Suzuki (1976) was also used with the gage 

pair SG-G1 to resolve in the incident and reflected waves at the start of the vegetation.  Similar 

to the porous slope, we found that the reflection from the vegetation was less than 4%, so we 

used the total measured water surface elevation and G1 as the incident wave height. 
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Fig. 2.3. Schematic of wave flume with emergent vegetation, wave gages, and dissipative beach. 

 

A piston-type wavemaker was used to generate irregular waves based on a JONSWAP target 

wave spectrum (Hasselmann et al., 1973). Each time series contained approximate 200 

individual waves to provide a reasonable estimate of the significant wave height Hs and peak 

period Tp.  The raw voltage time series were converted to a free surface time series using a linear 

calibration constant and despiked using the same method as described in Blackmar et al. (2014). 

Standard wave spectral analysis (e.g., Goda, 2010) was performed on each measured times series 

to determine Hs and Tp.  

 
Fig. 2.4. Detail of vegetation model in flume. 
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2.5 Results 

Following Guza and Thornton (1980), who showed the increasing importance of 

nonlinearities in shallow water, we compare the ratio of the second harmonic of the wave 

spectrum to first harmonic. Fig. 2.5 shows the wave energy spectra for Case 5c with Hs = 3.3 cm, 

Tp = 1.6 s and ak = 0.06.  The solid line is measured at the start of the vegetation (G1) and the 

dashed-dot line is measured at the end (G8). The x-axis is normalized by the peak frequency fp = 

1/Tp so that the first harmonic appears at f/fp = 1.0 and the second harmonic at f/fp = 2.0. Fig. 2.5 

shows the overall decay in wave energy from G1 to G8, and it shows the second-harmonic 

spectral peak at both the start and end of the vegetation field. To quantify the nonlinearity for all 

20 cases, Table 2.1 lists 𝐸(2𝑓)/𝐸(𝑓) are the ratio of the second of the wave spectrum to first 

harmonic at G1 in the front edge of the vegetated field. Table 2.1 shows that 𝐸(2𝑓)/𝐸(𝑓) 

increase with nonlinearity in all wave conditions, especially in the shallow water condition of 

Case 5. In deeper water for Cases 1, 2, and 3, 𝐸(2𝑓)/𝐸(𝑓) showed only small differences as ak 

increased. However, in the shallower water for Cases 4 and 5, 𝐸(2𝑓)/𝐸(𝑓)  increased 

significantly as ak increased.  For Case 5a to 5d, for example, the energy ratio increases by a 

factor 1.6 when the value of ak is doubled.  Taken together, Table 2.1 and Fig. 2.5 show that 

there is a systematic variation in the energy of the second harmonic at the leading edge of the 

vegetation, indicating that our test matrix is adequate for investigating the effects of wave 

nonlinearity on wave attenuation by vegetation. 
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Fig. 2.5. Energy spectrum in shallow water condition for Case 5c: Hs = 3.3 cm, Tp = 1.6 s, h = 12 
cm at G1 (solid) and G8 (dash-dot). 

 

Next, we investigate frequency dependence on wave attenuation for a given wave condition. 

Fig. 2.6 shows the spectral energy dissipation Kv,S defined  around the 

peak frequency f/fp = 1 for Case 5 a – d in shallower water. The figure shows that dissipation is 

frequency dependent for each of the shallow water cases, and that dissipation is higher for f > fp 

and lower for f < fp. Moreover, Fig. 2.6 shows Kv,S  is larger for Case 5a than for Cases b, c, d 

across all frequencies, indicating that the overall rate of energy dissipation increases as 

nonlinearity increases.  We note that frequency dependence was observed only for shallower 

water cases (Case 4, 5) and that Kv,S was uniform across the peak frequency for the deeper water 

cases (Case 1, 2, 3).  On the other hand, the trend that the energy dissipation increases as 

nonlinearity increases was observed across all relative water depths. 

v,S (G8) / (G1)K S S=
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Fig. 2.6. Kv,S as a function of frequency for Case 5 with 5a (solid), 5b (dashed), 5c (dash-dot) and 
5d (dotted). 

 

Next, we investigate wave attenuation through vegetation to estimate the damping factor, α. 

Fig. 2.7 shows the normalized significant wave height transmission Kv(x) (closed symbols) and 

modeled (lines) for Case 5a to 5d, including the control cases (upper family of curves).  By 

comparing the upper and lower family of curves, Fig. 2.7 shows that the vegetation is the 

dominant mechanism for energy loss compared to bottom and sidewall friction. The attenuation 

rate for bottom and sidewall friction is independent of wave steepness within the accuracy of the 

measurements.  We note that the sidewall and bottom frictional losses were removed when using 

Eq. (1) and Eq. (2) to estimate the damping factor due to the vegetation. Fig. 2.7 shows that Eq. 

(1) adequately models the wave attenuation and, more importantly, that the wave steepness has a 

significant effect on the attenuation rate. 



 

 20 

 
Fig. 2.7. Measured attenuation for Case 5.  The upper family of curves is for the control case 
without vegetation, the lower family of curves is for vegetation.  Solid symbols indicate 
measurements defined for Fig. 2.1, and lines represent the curves fitted by Eq. 1.    

 

Fig. 2.8 shows the damping factor α plotted as a function of kh for all 20 cases.  The figure 

shows that α is dependent on the wave steepness across the range of relative water depths from 

shallow to deep water and that α can increase by a factor of two when the value of ak 

approximately doubles. Fig. 2.8 shows that the wave height may attenuate more efficiently 

among the shorter period wave motions due to the enhanced flow between the plants (Lowe et al., 

2007; Bradley and Houser 2009). Furthermore, the damping factor α increased with increasing 

relative water depth kh for the same density and emergence. 
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Fig. 2.8. The damping factors as a function of kh estimated from Eq. 3  same symbols as Fig 2.1. 
 

With α determined from the observations, Eq. 3 is used to estimate the bulk drag coefficient 

CD and is listed in Table 2.1 and plotted in Fig. 2.9.  Borrowing from steady flow around 

submerged objects, it is common to model CD for oscillatory flow using the Reynolds number, 

Re, (e.g., Kobayashi et al., 1993; Mendez et al., 1999) calculated as 

          
 (4) 

where  is the kinematic viscosity of water, D is the characteristic length taken as the plant 

diameter, and u is the characteristic velocity taken as the horizontal orbital wave velocity 

estimated at the still water surface (z = 0) from linear wave theory and defined as 

          
 (5) 

For oscillatory flow around cylinders, the Keulegan-Carpenter number (KC) is used to 

represent the importance of the drag force compared to the inertial force for oscillatory flow, that 

is,  

Re uD
υ

=

υ

s 2 1
2 tanhp

Hu
T kh
π=
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(6)

It is also common to use the Ursell number, Ur, to characterize the balance between the wave 

steepness ak and the relative water depth kh (e.g., Guza and Thornton,1980) and can be written  

          
 (7) 

Fig. 2.9 investigates a relationship between CD and the dimensionless parameters kh, Re, KC, 

and Ur for each of the 20 cases listed in Table 2.1. Fig. 2.9a shows that CD increases with 

increasing kh, similar to the damping factor α shown in Fig. 2.8.  However, for a given kh, CD 

decreases as ak increases, consistent with Eq. 3 and highlighting the effect of wave nonlinearity 

on the drag coefficient. Overall, the drag coefficient decreases on average by 23% when the 

wave steepness approximately doubles over the range of conditions tested. 

Although Reynolds number has been used to parameterize CD for wave attenuation in 

vegetation, Fig. 2.9b shows a fairly high scatter when CD is modeled as a function of Re for this 

data set, and the data are sorted by both kh and ak. This suggests that Re poorly accounts for 

relative water depth or wave steepness for wave attenuation by vegetation. On the other hand, 

Fig. 2.9c shows that the CD values approximately collapse to a line, at least relative to the scatter 

in Fig. 2.9a and b, when plotted against KC, indicating that the Keulegan-Carpenter number is a 

better parameter for CD than Re and accounts for the wave nonlinearity in this data set.  Similarly, 

the Ur is also a reasonable parameter for CD (Fig. 2.9d) and accounts for the wave nonlinearity 

about as well as the KC number. 

KC puT
D

=

2
3Ur 8

( )
ak
kh

π=



 

 23 

 
Fig. 2.9. Comparisons of drag coefficient CD with kh, Re, KC, and Ur.  Same symbols as Fig. 
2.1. 
 

2.6 Discussion 

Our experiments have demonstrated two trends in Fig. 2.6: (1) that in shallower water, there 

is a strong frequency dependence on the damping with higher damping rates above the peak 

frequency than below and (2) that the damping increased as wave steepness increased.  We noted 

that the first trend was not observed in the deeper water conditions, and that the second trend was 

observed. Similarly, Bradley and Houser (2009) found that a mixed seagrass bed under low 

energy conditions appears to have frequency-dependent dissipation with a higher rate of spectral 

wave energy attenuation in higher frequencies, and this is similar to what we observe. Jadhav et 

al. (2013) found that the normalized energy dissipation is dependent of frequency strongly at 

higher KC numbers, that is, higher KC numbers caused a steeper decline on the frequency 

distribution. This understanding of the frequency dependent nature of damping in this paper and 
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other works, would be relevant, for example, for spectral wave models like SWAN (Suzuki et al., 

2012) which include damping mechanisms to account for wave attenuation due to vegetation but 

may not  account for frequency-dependent damping in shallow water.   

In addition to the frequency-dependent damping in shallow water, our study shows that the 

bulk wave transmission coefficient Kv through the vegetation (Fig. 2.7) and the damping factor α 

(Fig. 2.8) are also affected by wave nonlinearity across the range of relative water depths tested. 

Although it is straight forward to estimate the damping factor and corresponding CD based on 

laboratory or field data, it is desirable to have a parameterization of CD for use in wave 

attenuation models based on known environmental conditions such as wave height, period, water 

depth, and vegetation properties such as stem density and diameter. Although the relationships 

between Re and CD are well known for steady flow, works that have related Re and CD for 

oscillatory flow in vegetation have given mixed results.  The work of Kobayashi et al. (1989), for 

example, show a general trend for Re and CD; however, the vegetation was not emergent and, 

more importantly, the Reynolds number was in the rage 4 x 103 < Re < 1.6 x 104 about an order 

of magnitude larger than Re in this study. On the other hand, Mendez and Losada (2004) plotted 

the drag coefficient using both Re and KC number and showed KC was a better predictor of CD. 

Bradley and Houser (2009) found little difference when using either Re or KC to parameterize 

CD, and Sánchez-González et al. (2011) found that CD was better correlated to KC than Re for 

their laboratory observations of submerged vegetation. More recently, Anderson and Smith 

(2014) investigated the relationship between CD and both Re and KC for both emergent and 

submerged vegetation. While they found that Re gave a slightly better prediction compared to 

KC for the submerged vegetation cases, the emergent cases had higher CD values by about 50%.  

In our study, we found that Re did not account for the effects of wave nonlinearity and that KC 

was a better predictor than Re. 

The variation in CD among the studies may be related to the four main assumptions used to 

initially derive Eq. 3, namely (1) regular waves, (2) linear wave theory, (3) rigid vegetation, and 

(4) no vertical variation in the plant density.  While there have been several studies to look at 

rigid vs. flexible vegetation and submerged vs. emergent vegetation, few studies have considered 

wave nonlinearity directly. Augustin et al. (2009) used a time-dependent Boussinesq model with 

a frictional factor calibrated to their laboratory experiments and then used Ur to parameterize the 

friction factor. Although parameterization worked reasonably well for their data, their 
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relationship showed that the friction factor decreased with decreasing Ur which is essentially the 

opposite of our observations (Fig. 2.9d). In our study, we found that CD can be modeled 

reasonably well using KC or Ur. An advantage to using Ur is that ak and kh are explicit (Eq. 7), 

however Ur does not include a characteristic length scale to account for the stem diameter, and 

so it would only be valid for plant species with a narrow range of stem diameters.  Overall for 

this study, it appears that CD decreases on average by 23% when ak approximately doubles over 

the range of conditions tested. 

2.7 Conclusions 

This paper presents a small-scale laboratory study of wave attenuation through emergent 

vegetation using a test matrix to investigate the role of wave nonlinearity (ak) over a range of 

relative water depths (kh).  For these experiments, we used irregular wave and a uniform stand of 

vegetation with constant cross section.  We repeated all tests without the vegetation to remove 

effects of bottom and side walls friction, and we limited the wave heights so that there was no 

dissipation by wave breaking.  From this study, we draw the following conclusions: 

1. For the shallower water cases, the wave damping was frequency-dependent with higher 

damping above the peak frequency and lower damping below the peak (Fig. 2.6).  This 

trend was not observed in the deeper water cases. 

2. We observed that damping factor increased as wave steepness increased and as relative 

water depth increased (Fig. 2.8), indicating that wave nonlinearity affects wave 

attenuation through vegetation.  In general, the damping factor doubled when ak was 

doubled over the range of kh values tested. 

3. When modeling the drag coefficient using Eq. 3, we found that the drag coefficient 

decreased by approximately 23% when ak was approximately doubled over the range of 

kh values tested.   

4. We found that KC and Ur were better predictors of the drag coefficient compared to Re 

when considering wave nonlinearity across a range of relative of water depths. 

Although we found that variations in the drag coefficient on the order of 20% can be 

explained by wave nonlinearity, other studies with live vegetation have shown variations of 50% 

or more in CD for a given Re or KC value within the same data set.  We anticipate that while 

wave nonlinearity may explain some of this variation, it is possible that variations in above 
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ground biomass may have additional contributions to these discrepancies and can be investigated 

further. 
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Symbol Descriptions Unit 
a Wave amplitude L 
c Wave speed L/T 
CD Bulk drag coefficient - 
D Plant diameter L 
f Wave frequency 1/T 
fp Peak wave frequency 1/T 
g Gravitational acceleration L/T2 

Hs Significant wave height L 
Hs,1 The total significant wave height at G1 L 
Hrms Root-mean-square wave height L 
h Water depth L 
KC Keulegan-Carpenter number - 
Kv Vegetation transmission - 
Kv,S Spectral energy dissipation - 
k Wave number 1/L 
N Plant density 1/L2 

Re Reynolds number - 
Tp Peak wave period T 
Ur Ursell number - 
α Damping factor 1/L 
ν Kinematic viscosity L2/T 

    



 

 29 

3. Effects of vertical variation in vegetation density on wave attenuation2 

3.1 Abstract 

A physical model experiment was to investigate irregular wave attenuation through emergent 

vegetation with variations in stem heights. The experiment was conducted with six peak periods, 

six incident wave heights, and two schemes of vegetation with different heights over a constant 

water depth. Losses due to sidewall and bottom friction effects were estimated and removed 

from the wave attenuation in the vegetated cases to isolate the influence of vegetation. The 

normalized wave height attenuation for each case was fit to the decay equation of Dalrymple et 

al. (1984) to determine the difference of vegetation transmission coefficients Kv, damping factor 

α, and drag coefficients CD. This paper details the influence of height characteristics where short 

waves are more sensitive to a layered vegetation scheme and highlights the limitations of the 

Dalrymple et al. (1984) approach when there are significant variations in stem height. This study 

shows that recalibrating the vegetation drag coefficient, CD, can account for variations in stem 

height only in an ad-hoc manner. 

3.2 Introduction 

Chapter 2 provides a detailed literature review considering wave attenuation studies, 

particular for rigid versus flexible vegetation and for regular versus irregular waves.  However, 

there has been little work on how variations in vegetation height (or lateral obstruction) affect 

attenuation when compared to vegetation flexibility and irregular waves. Neumeier (2005) 

characterized the vertical biomass distribution and the lateral obstruction ratio with binary 

pictures. He has shown there is significant vertical variation in plant structure. Lemein et al. 

(2015) conducted a study of the above ground biomass distribution of salt marsh vegetation, 

threesquare bulrush (Schoenoplectus pungens) and found significant vertical variations with the 

largest density near the water-sediment interface and decreasing approximately linearly to zero at 

the maximum height of the vegetation. Vo-Luong and Massel (2008) developed a theoretical 

predictive model, which solves a full boundary value problem for wave propagation through a 

                                                
2 Wu, W.-C., Cox, D. T. “Effects of vertical variation in vegetation density on wave attenuation,” 
Journal of Waterway, Port, Coastal and Ocean Engineering. Submitted 15 January 2015; 
revised 13 April 2015; resubmitted 5 May 2015. 
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non-uniform forest in arbitrary water depths. The numerical results of the model validated that 

the effect of breaking waves and wave-trunk interaction are dominant dissipation mechanisms 

when the vegetation density is sparse. Suzuki et al. (2012) implemented SWAN with only 

calibrated bulk drag coefficients since physical processes within the vegetation considered the 

diameter, density, and height of vegetation extended by Mendez and Losada (20014). The model 

calculated wave dissipation due to a vertical layer schematization of vegetation fields with by 

adjusting the vegetation factor including breaking and diffraction of random waves. The 

vegetation factor is function of diameter, density and bulk drag coefficient of vegetation into 

layers model, but calibrating the bulk drag coefficient for each layer is hard to obtain. Blackmar 

et al. (2014) used a small scale physical model to show that the attenuation coefficients estimated 

for two different vegetation stands can be combined linearly to represent a heterogeneous stand 

of the two vegetation types. They also showed that a time-resolving wave propagation model can 

predict attenuation through a heterogeneous stand using a linear combination of the attenuation 

coefficients for each stand.  
Significant progress has been made in studying wave attenuation due to vegetation. However, 

the drag coefficients still exhibit a wide range of values, and there is some uncertainty in the 

relative importance of plant flexibility, wave nonlinearity, and lateral obstruction estimated from 

field and laboratory observations. No study has systematically investigated the importance of 

height varying characteristics of vegetation density on wave attenuation in a field setting under 

comparable hydrodynamic conditions, which is the central aim of this study. Variations in stem 

height may play an important role since the velocity profile for gravity waves is not uniform over 

depth for the range of water depths and wave conditions in coastal estuaries with emergent 

vegetation. This paper aims to predict the wave attenuation due to lateral obstruction. The design 

of the experiment using a uniform stand of vertically varying rigid vegetation with the same 

cross-sectional area and the method of Mendez and Losada (2004) are discussed first. Then, we 

conduct physical model tests while controlling the significant wave height Hs, spectral peak 

period Tp, and water depth h to explore a range of relative water depths (0.52 < kh < 3.04) from 

nearly shallow and nearly deep water conditions. Next, the data are fit based on Dalrymple et al. 

(1984) wave attenuation equation, and the results were used to determine a damping factor α and 

bulk drag coefficient CD following Mendez and Losada (2004). Then, the subsequent section 
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describes the effect of vertical variations of vegetation density on wave attenuation. Finally, a 

discussion and a conclusion are given. 

 

3.3 Experimental Design 

The experimental data were analyzed to determine the wave height decay equations 

developed by Dalrymple et al. (1984), who used the conservation of energy equation and regular 

waves to determine the wave decay through an array of rigid cylinders. The attenuation of the 

significant wave heights throughout this paper is referred to as the decay equation due to the 

presence of vegetation, that is, the sidewall and bottom friction effects are removed  

  (1) 

where H(x) is the wave height at a distance x through the start of the vegetation field, Hs is the 

significant wave height measured at the start of the vegetation field using Hs = 4.004 𝑚! where 

m0 is variance of the free surface elevation time series, and α is a damping factor. For this paper, 

the attenuation of the significant wave height in the presence of vegetation relative to the 

incident wave height is referred to the vegetation transmission, Kv(x) 

  (2) 

where the subscript v is used to stand for vegetation. The random wave transformation model for 

a flat bottom by Mendez and Losada (2004) is given by  

  (3) 

where CD is a bulk drag coefficient of the plants, N is the vegetation density, or number of plant 

stems per unit area (stems/m2), D is the plant stem diameter, s is the submerged stem height, Hs = 

1.416Hrms is the root-mean-square wave height using the Rayleigh distribution (e.g., Goda, 2010). 

The variable k is the wave number over a range of relative water depths kh where h is the still 

water depth. The purpose of this paper is to investigate how the attenuation a and drag 

coefficient CD are affected by variations in plant stem heights.  

Following the work of Neumeier (2005) and Albert et al. (2013), Lemein et al. (2015) 

conducted a study of the above ground biomass distribution of salt marsh vegetation, threesquare 
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bulrush (Schoenoplectus pungens). Fig. 3.1(a) shows a binary black and white image of the 

lateral obstruction based on images taken from that study, and Fig. 3.1(b) shows the resulting 

percent cover following the same optical method developed from that study. Fig. 3.1(b) shows 

there is a nearly linear distribution of the above ground biomass with higher density near the 

bottom and much lower density near the top. Other types of vegetation have different vertical 

distributions as shown in Neumeier (2005) and bring into question the role that the height 

variation plays in wave attenuation, particularly with respect to the relative water depth since the 

horizontal wave velocity is nearly uniform in shallow water and with much larger velocity near 

the surface and decreasing exponentially in deep water. The wave height decay equations used 

by Dalrymple et al. (1984) for regular waves and Mendez and Losada (2004) for irregular waves 

assumed that the vegetation is uniform over the vertical. 

 

 

Fig. 3.1. (a) The photo of lateral obstruction vegetation converted to a binary black and white 
image; (b) Curve of percent cover of white pixels from the ground to the maximum height of 
lateral obstruction vegetation. (figure courtesy of Todd Lemein) 
 

In this study, we compare two stands of vegetation. Type A was a uniform stand of emergent 

vegetation with a stem height of 14 cm and width of 5 mm. Type B was a vertically varying 

stand of vegetation with heights that varied 2, 4, 6, 8, 10, and 12 cm, all with the same 5 mm 
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width. These values were chosen so that the total lateral obstruction for Type A was 

approximately twice as large as the total lateral obstruction for Type B for the same number of 

stems. For example, six stems of Type A would have a total obstructed area of 42 cm2 and six 

stems of Type B (assuming one of each height) would have a total obstructed area of 21 cm2. A 

total of 150 and 300 plastic strips were used for Type A and Type B to give a stem density of NA 

= 1618 (stems/m2) and NB = 3236 (stems/m2), respectively. With this experimental design, the 

total obstructed area over the vertical is constant between Type A (uniform) and Type B 

(vertically varying). 

Six cases were chosen as shown in Fig. 3.2 and as listed in Table 3.1. The water depth was 

held constant at h = 12 cm for the six cases. At a geometric scale of 1:4, this would correspond to 

prototype water depths of 48 cm, and this is a typical depth for salt marsh vegetation such as 

Schoenoplectus pungens. The spectral peak wave periods, Tp, were chosen to range from 0.4 < Tp 

< 1.4 s so that the relative water depth, kh, would range from deep (Case 1) to somewhat shallow 

(Case 6) conditions as shown in Fig. 3.2. Physical limitations of the equipment prevented testing 

at longer wavelengths. Assuming Froude similitude at 1:4 geometric scale, the prototype periods 

would range 0.8 < Tp < 2.8 s which is reasonable for salt water marshes. The significant wave 

heights measured at the start of the vegetation field ranged from 1.49 < Hs < 3.42 cm (6 ~ 14 cm 

prototype) and were selected to be as large as possible without steepness limited or depth limited 

wave breaking to assure that the dominant mechanism for wave attenuation was due to 

dissipation by the vegetation.  
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Fig. 3.2. Distribution of test matrix following Le Mehaute (1969) where stars denote test runs in 
various wave heights and peak periods in a constant depth. 
 

Table 3.1 lists the dimensionless quantities for related water depth, kh; wave steepness, ak; 

Reynolds number, Re = uD/ν; Keulegan-Carpenter number, KC=uTp/D; and Ursell parameter, 

Ur = 8π2ak/(kh)3. For Re and KC, the stem width D is used as the characteristic length. For this 

experiment, we used 5 mm wide by 1 mm thick plastic strips (commonly referred to as ‘zip ties’). 

The width of these plastic strips was chosen because it was similar to the prototype diameter of 

Schoenoplectus pungens. In other words, we did not scale the plant dimensions as this would 

have decreased Re by a factor of 4. The values of Re listed in Table 3.1 are similar to what 

would be observed for Schoenoplectus pungens under prototype conditions (e.g., Ozeren et al., 

2014).  
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Table 3.1 Wave conditions for experiments. 

Case  T Hs   Re KC Ur 

No. (cm) (s) (cm)      

1 12 0.4 1.49 3.04 0.19 590 10 1 

2 12 0.6 1.87 1.49 0.12 540 13 3 

3 12 0.8 2.32 0.99 0.10 600 19 8 

4 12 1.0 2.82 0.76 0.09 690 28 16 

5 12 1.2 3.13 0.61 0.08 750 36 27 

6 12 1.4 3.42 0.52 0.07 810 45 42 

 

3.4 Experimental Setup 

The laboratory experiments were conducted in a 480 cm long by 10.4 cm wide, small-scale 

wave flume (Fig. 3.3), which was also used by Blackmar et al. (2014) for their study on 

heterogeneous vegetation and for experiment in Chapter 2.  We repeat the description of the 

experimental setup here for completeness. For this study, the two model stands of vegetation 

(Type A and Type B, Fig. 3.4) were constructed of the 5 mm wide by 1 mm thick plastic strips 

attached to 90 cm long by 10 cm wide by 6.4 mm thick metal sheet using cylindrical LEGO 

blocks 8 mm in diameter and 10 mm in height. The vegetated field started at 100 cm from the 

wavemaker, and the 1:14 sloping beach was installed at the end of the flume to diminish the 

reflection of wave energy into the test region. Random waves were generated with a piston-type 

wavemaker based on a JONSWAP target wave spectrum (Hasselmann et al., 1973) whose γ = 3.3, 

minimum frequency = 0.2 and maximum frequency = 2.0 and each times series contained 

approximately 200 individual waves to estimate the significant wave height and peak period 

reasonably. Four acoustic wave gauges (Banner Engineering S18U, Banner Engineering 

Corporation, Minneapolis, Minnesota) were used to record the free surface time series at 100 Hz 

at an approximate exponential spacing of 1.0, 1.2, 1.5, 1.9 m from the wavemaker, denoted G1 to 

G4 in Fig. 3.3. The raw voltage time series were converted to free surface time series using a 

linear calibration constant and despiked using MATLAB code (Blackmar et al., 2014). Standard 

wave spectral analysis (e.g., Goda, 2010) was performed on each measured times series to 

determine Hs, and Tp. Eighteen trials in total were run: 6 each for Type A, Type B and the control 

h kh ak
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case (with no vegetation) to remove the effects of bottom and side wall friction (e.g., Blackmar 

et al., 2014). 

 

 

Fig. 3.3. Schematic of wave flume with emergent uniform and lateral obstruction vegetation, 
wave gauges, and sloping beach. 
 

 

Fig. 3.4. Schematic of vegetation stem configurations in flume. 
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3.5 Results 

Fig. 3.5 shows a portion of the irregular waves recorded at four gauges over the vegetation 

field for Type A (Fig. 3.5 (a)-(d)) and Type B (Fig. 3.5 (e)-(h)) for Case 2. Comparison of Fig. 

3.5 (a) and Fig. 3.5 (e) illustrates that the measured free surface at the start of the vegetation is 

essentially the same for the two cases with only minor variations of less that 1% between the 

tests for all six cases. The control case was similar and is not shown for brevity. Fig. 3.5 also 

shows that the free surface amplitudes decay along the tank, and the decay is larger for Type A 

(Fig. 3.5 (a)-(d)) with uniform height vegetation than for Type B (Fig. 3.5 (e)-(h)) for vertical 

vegetation density variations. 

 

 

Fig. 3.5. Time series of wave attenuation through vegetation from the beginning of vegetation to 
the end of vegetation for Case 2, Type A (left panels) and Type B (right panels).  

 

Fig. 3.6 shows the observed vegetation transmission Kv defined in Eq. 2 for Case 2 (Fig. 3.6a) 

and Case 5 (Fig. 3.6b). The sidewall and bottom frictional losses are shown with stars, and they 
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were removed when using Eq. (1) from the attenuation in Type A (square) and Type B (circle) to 

isolate the vegetation effects. The symbols represent the measured data, and the predicted results 

for Type A (solid line) and Type B (dashed line) are fitted using the damping factor α appearing 

in Eq. 1 (Dalrymple et al., 1984) by minimizing the root-mean-square error. Fig. 3.6 shows that 

Eq. (1) models the wave attenuation and, more importantly, that the height varying vegetation 

has an observable influence on the damping factor. Note that the difference of the vegetation 

transmission coefficients Kv in the nearly deep water condition (Case 2) between Type A and 

Type B is greater than that in the nearly shallow water condition (Case 5). This is one of the most 

important results of this paper and can be explained as follows.  In shallow water, the orbital 

wave velocity is nearly uniform over depth.  Since the vegetation treatments in Type A and Type 

B were designed to have the same projected area, the energy losses from the wave-induced 

velocity are the same and the attenuation curves (Fig. 3.6b) are nearly the same.  However, in 

deep water, the wave-induced velocity profile is not uniform, with much larger velocity at the 

surface and decreasing exponentially.  Because Type A and Type B have different density 

distributions, the treatment with a proportionally larger amount of vegetation at the bottom (Type 

B, dashed line in Fig. 3.6a) will interact less with the wave-induced velocity and, therefore, have 

a lower attenuation rate compared to the treatment with a more uniform variation (Type A, solid 

line in Fig. 3.6a). 

  



 

 39 

 

 

 

Fig. 3.6. Observed and fitted vegetation transmission coefficient Kv for Case 2 (a) and Case 5 (b) 
with Type A (square), Type B (circle), and No Vegetation (star). Lines are drawn from Eq. 1 
with fitted damping factor α for Type A (solid), Type B (dashed). 
 

Fig. 3.7 shows the representative damping factor α and drag coefficient CD versus the 

relative water depth kh. The sidewall and bottom friction are subtracted from Type A and Type B 

to isolate the effects of the vegetation. We use the fitted damping factor α to compare the wave 

attenuation for all cases as shown in  Fig. 3.7 (a) for Type A (square) and Type B (circle). For 

uniform height vegetation (Type A), α decreases as kh decreases from approximately 0.8 in 

deeper water to 0.4 in shallower water. This decrease in α is consistent with Fig. 3.6 and is 

reasonable since we expect less damping with longer waves. For non-uniform height vegetation 

(Type B), there is a much weaker decrease in α as kh decreases. Moreover, for a given kh, α for 

Type B is much less than α for Type A in deeper water than in shallow water, consistent with 

Fig. 3.6. Fig. 3.7 (a) shows that the wave height decay may enhance efficiency among the shorter 

period wave motions due to the intensified flow between vegetation stems (Lowe et al., 2007; 

Bradley and Houser 2009). The bulk drag coefficient CD is estimated using the fitted α and Eq. 

(3) and is shown in Fig. 3.7 (b) for the two vegetation fields. CD decreases in both the uniform 

height (square) and non-uniform height (circle) vegetation from kh ~ 1.5 to shallower conditions 
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at kh ~ 0.5. CD values remain consistent as the relative water depth increases from kh ~ 1.5 to 

deeper conditions at kh ~ 3.  

 
 

 

Fig. 3.7. Representative (a) damping factors α and (b) drag coefficients CD from the shallow 
water to deep water conditions where square symbols shows Type A (uniform height vegetation) 
and circle symbols represent Type B (height varying vegetation) separately. 
 

Fig. 3.8 shows the ratios of α and CD for Type A to Type B defined as 𝛾! = αA/αB and 𝛾!!= 

(CD)A/(CD)B plotted as a function of relative water depth kh. Fig. 3.8 shows that 𝛾! decreases as 

kh decreases and trends toward 𝛾! = 1 in the shallow water limit as kh approaches zero. This 

shows that, in the shallow water limit, wave damping depends only on the total lateral 

obstruction and is not affected by the distribution of the above ground biomass as would be 

expected if the flow were uniform over depth. However, as kh increases, the wave orbital 

velocity is no longer depth-uniform and the vertical distribution of biomass becomes important. 

In deep water (kh ~ 3) where the wave orbital velocity is greatest near the surface, the damping 

by the non-uniform vegetation is less effective by approximately a factor of 2 even though the 

total lateral obstruction is the same. The ratio of the drag coefficients follows a similar trend with 

𝛾!! decreasing as kh decreases. However, Fig. 3.8 shows that the ratio trends to 𝛾!!= 2 in the 

shallow water limit as kh approaches zero. This is because of the factor N in Eq. 3 and the choice 
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of NB = 2NA to obtain the same lateral obstruction for the two types of vegetation stands. The 

ratio of 𝛾!!becomes larger as kh increases to nearly a factor 4 at kh ~ 3.  

 

 

Fig. 3.8. Representative effective drag coefficients 𝛾!! (stars) and effective damping factors 𝛾! 
(triangles) from deep water to shallow water conditions. Fitted lines have regression values of R2 
= 0.97 and R2 = 0.95 for 𝛾!! and 𝛾! respectively. 
 

Table 3.2 Comparison of observed coefficients for Type A and Type B. 

Case  Observed  

No. 
                           α 

     A             B           
𝛾!  

                          CD 

     A             B           
𝛾!! 

1 0.81 0.44 1.86 3.34 0.88 3.78 

2 0.61 0.39 1.55 3.74 1.21 3.08 

3 0.56 0.38 1.47 3.16 1.15 2.74 

4 0.52 0.41 1.26 2.53 1.04 2.44 

5 0.46 0.37 1.24 2.21 0.88 2.52 

6 0.44 0.35 1.25 1.81 0.74 2.46 
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3.6 Discussion 

In Fig. 3.6, the predicted attenuation matched the observed attenuation reasonably well for all 

types of configurations. Fig. 3.6 is consistent with attenuation observed for other cases and also 

indicates that uniform height vegetation produces more attenuation than vegetation with varying 

heights for all wave conditions because the uniform vegetation occupies the entire water column.  

In deep water, the damping factors increase more in comparison to shallow water conditions. The 

uniform vegetation consistently caused more wave dissipation than vertical vegetation density 

variations. In addition, when kh increases, the difference in damping factors becomes larger. The 

physical explanation is that in shallow water uniform vegetation occupies the entire water 

column and dissipates wave propagation. However, when the vegetation height varies, the plants 

do no occupy entire water column, resulting in less wave attenuation, especially in deep water 

conditions. The experimental data show the range of damping factor α for various wave 

conditions is 6% to 150% per wavelength in Table 3.2. Augustin et al. (2009) indicate that wave 

attenuation is 50% to 200% greater per wavelength for emergent plants than for under near-

emergent plants, which is supported by the results of this study. 

 In Fig. 3.7, the deep water cases correspond to higher damping factors (3.7a) and also larger 

drag coefficients (3.7b) than for cases with shallow water conditions. Dubi and Tørum (1996) 

showed that the damping factor increases gradually as wave periods become shorter. Suzuki et al. 

(2011) supported that wave attenuation decreases as wave periods increase with constant water 

depth. Hrms decreases slowly as wave conditions transform from deep water to shallow water 

conditions through the vegetation region, following the trend of the damping factor shown in 

Type A and Type B. As Fig. 3.7 shows, our study supports the hypothesis that deep water 

conditions correspond to larger damping factors compared to shallow water conditions. The 

reason is that in shallow water the energy is relatively uniform from the water surface to the 

bottom, while the energy in the deep water column is quite different. The results in Fig. 3.7 

illustrate that height variations of the projected area are important and these variations may be 

observably different depending on the vegetation type, and the effect of vertical biomass 

distributions can result in having a 140% to 280% change in CD. This is in contrast to the 23% 

change in CD due to nonlinear effects and the less than 10% change in Cd due to plant flexibility 

observed in controlled laboratory settings (Augustin et al., 2009; Ozeren et al., 2014). 
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The parameter γ   represents the effectiveness of the biomass structure of the height varying 

vegetation, which varies from shallow water to deep water conditions. The representative 

effective damping factor 𝛾! and effective drag coefficients 𝛾!! from deep water to shallow water 

show that with short waves, both uniform vegetation and vertical variations vegetation have 

higher effective damping factors and effective drag coefficients than in shallow water conditions 

(Fig. 3.8). In other words, the effective damping factor approaches the value 1 because the 

orbital motion is uniform from the surface to the bottom if the cross-sectional area is the same. In 

shallow water conditions, as the vegetation density is doubled for Type B, the relevant drag 

coefficient is halved. On the other hand, the effective drag coefficient nears the value 2 in 

shallow water waves. 

3.7 Conclusion 

This paper presents a small-scale laboratory study of wave attenuation through emergent 

vegetation using a uniform stand of vegetation and height varying stand of vegetation with the 

same cross-sectional area to investigate the role of vertical variations in vegetation density over a 

range of relative water depth (kh). We repeated all cases without vegetation to remove the effects 

of bottom and sidewall friction of the flume and no breaking waves were allowed to assure that 

wave attenuation was due to vegetation. From this study, the following conclusions can be drawn: 

1. Uniform height vegetation (Type A) produces more wave attenuation than vegetation 

with varying heights (Type B) as Fig. 3.6 shows. The physical phenomenon behind the 

difference between Fig. 3.6 (a) and 3.6(b) is that water waves have the same energy from 

the water surface to all the way down to the bottom of the flume due to the same 

projected area in shallow water conditions. Hence, the difference of vegetation 

transmission coefficients Kv is small for shallow water waves in Fig. 3.6 (b). 

2. Damping factor α was best fitted by the experimental data using Dalrymple’s equation. 

We observed that the damping factor increased as relative water depth increased (Fig. 

3.7a), indicating that vegetation with varying heights affects wave attenuation. Especially, 

in nearly deep water, the damping factor for uniform height vegetation is twice that for 

vegetation with varying heights. 
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3. The effect of vertical biomass distributions can result in having an order of magnitude in 

CD about 140% to 280% change between uniform height vegetation and varying height 

vegetation from the shallow water condition to deep water condition (Fig. 3.7b).  

Wave attenuation through vegetation with varying heights is an important area of research. 

Additional research is needed to consider the variations in vegetation height density with phase-

resolving models and 3D turbulent kinetic energy models, focusing on the turbulent structure 

through the vegetation. 
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4. Modeling wave attenuation induced by the vertical density variations of 
vegetation3 

4.1 Abstract 

The physical model experiment from Chapter 3, a phase-averaged model, SWAN, and a 

phase-resolving RANS-type numerical model, NHWAVE, were applied to investigate the 

attenuation of irregular waves propagating over emergent vegetation with variations in stem 

heights. The physical model was conducted with two schemes of vegetation with different 

heights over a constant water depth for irregular wave conditions. The physical model was used 

to calibrate NHWAVE, which includes separate, calibrated coefficients for frictional and 

vegetated drag. The normalized wave height attenuation for each case was fit to the decay 

equation of Dalrymple et al. (1984) to determine the difference of vegetation transmission 

coefficients Kv, damping factor α, and bulk drag coefficients CD. This paper details the influence 

of vertical variation in plant morphology characteristics where short waves are more sensitive to 

a layered vegetation scheme and highlights the benefit of the vertical layer schematization of 

vegetation density in NHWAVE compared to SWAN when there are significant variations in 

stem height. The bulk drag coefficients were calibrated with experimental data and the vertical 

structure of vegetation-induced turbulent kinetic energy, eddy viscosity and dissipation rate were 

investigated numerically. 

4.2 Introduction 

To understand and predict how existing coastal wetland vegetation attenuates wave action 

has received renewed attention with global climate change impacts and increasing populations on 

coastlines (Fonseca and Cahalan, 1992; Mendez and Losada 2004; Nepf, 2004; Ward et al., 1984; 

Pinsky et al., 2013; Guannel et al., 2014). A detailed literature review was provided in earlier 

chapters, and is not repeated here for brevity.  In addition to the earlier literature review, we note 

that Li and Zhang (2010) also used non-hydrostatic wave-resolving model including the Spalart 

and Allmaras (1994) turbulence model, which considers vegetation-induced turbulence 

production. They not only predicted instantaneous free surface elevation but also 3D flow 
                                                
3 Wu, W.-C., Ma, Gangfeng and Cox, D. T. “Modeling wave attenuation induced by the vertical 
density variations of vegetation,” Coastal Engineering. (in preparation, to be submitted June 12, 
2015) 
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structures and turbulence. Marssoli and Wu (2014) used 3D RANS model including vegetation-

induced forces with Volume-of-Fluid (VOF) to capture the free surface and a mixing length for 

turbulence closure model. They modeled the wave attenuation and vertical profiles of velocity 

through submerged vegetation. However, the detailed vertical structure of turbulent kinetic 

energy under waves induced by vertical density variations of vegetation was not captured yet.  

Theoretical and numerical developments have been carried out in conducting wave 

attenuation due to rigid vegetation. However, the drag coefficients still exhibit a wide range of 

values by various vegetation characteristics and hydrodynamic conditions (Pinsky et al., 2013) 

and there is some uncertainty in the relative concern of flexible plants, nonlinear waves, and 

vertical density variations of vegetation estimated from field and laboratory observations. No 

study has systematically considered the characteristics of vertical density variations of vegetation 

density on wave attenuation and vertical structure of turbulent kinetic energy in a field setting 

under comparable hydrodynamic conditions, which is the pivotal aim of this study. Vertical 

density variations of vegetation density may play an important role since the orbital velocity for 

gravity waves is not identical over depth for the range of water depths and wave conditions in 

coastal estuaries with aquatic vegetation. This paper focuses on predicting the wave attenuation 

and vertical turbulence profiles due to vertical density variations of vegetation. We review two 

numerical models:  the phase-averaged spectral model SWAN (Booij et al., 1999) that has been 

modified to account for vegetation effects and is called SWAN-VEG (Suzuki et al., 2011); and a 

three-dimensional non-hydrostatic wave-resolving RANS-type model NHWAVE (Ma et al., 

2012) implemented using a nonlinear k – ε model (Lin and Liu, 1998a,b; Ma et al., 2013). Both 

SWAN and NHWAVE are calibrated using the data introduced in Chapter 3.  Then, the 

subsequent section describes the effect of vertical density variations of vegetation density on 

wave attenuation and the vertical structure of turbulent kinetic energy budget. The conclusions 

are finally given. 
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4.3 Numerical model 

4.3.1 SWAN 

The third generation spectral wave SWAN was used to model the random waves over a 

vegetated field. The evolution of the wave spectrum is described for Eulerian coordinates based 

on the spectral action balance equation by Booij et al. (1999) 
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where the first term is the local rate of the action density spectrum N, the second and third terms 

represent wave speed cx and cy propagation along x and y directions. The fourth term represents 

the shifting of relative frequency while the fifth term represents refraction due to depth. The right 

hand term S is the energy source term including generation, dissipation and non-linear 

interactions between waves (Booij et al., 1999). To include wave damping due to vegetation, a 

spectral version of the vegetation dissipation model of Mendez and Losada (2004) can be 

expanded to include frequencies and directions as the following formulation of Suzuki et al. 

(2011) 
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where E is the wave energy, σ is the wave frequency, θ  the wave direction, 𝑘 is the mean wave 

number, 𝜎 is the mean wave frequency. The numerical results obtained from the random wave 

cases were used to investigate the ability of the spectral wave model to predict wave attenuation 

by vegetation with varying heights.  

The calculation domain was set up to model attenuation due to vegetation as measured in the 

experiment. The SWAN model calculation grid was uniformly set to 0.1 cm in the wave 

propagation direction. There was a 10 m long flat, un-vegetated smooth region seaward of the 

vegetation for waves to develop correctly. The topography of the slope is the same as the 

experiment although there was no reflection enabled in the model. The uni-directional narrow-

banded random waves in SWAN were achieved by a JONSWAP frequency spectrum with the 

measured incident significant wave height, Hs and peak period Tp from corresponding cases. The 

model runs were performed with non-breaking random waves enabled in a one-directional mode.  

The SWAN model accounts for energy dissipation from a number of physical processes 

including bottom friction and vegetation. The friction coefficients were calibrated to the no 
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vegetation case for each run through iteration to minimize the RMSE. The friction coefficient 

was used with the corresponding case to clarify the vegetation effects. We note that “SWAN-

VEG” is often used in the literature, but we use “SWAN” for brevity including the 

implementation of vegetation dissipation (Eq. 5). 

4.3.2 NHWAVE 

A three-dimensional non-hydrostatic wave-resolving RANS model NHWAVE (Ma et al., 

2012) was used to simulate the random wave propagation over a vegetation canopy. The time 

and volume averaged continuity and momentum equations for vegetated flow are written as 

(Ayotte et al., 1999; Ma et al., 2013)  

  (6)

 (7) 

where 

 (8) 

where  and  are position and velocity vectors in the Cartesian coordinate system,  is the 

double-averaged velocity,  is the double-averaged pressure,  is water density, gi = -gdi3 is 

the gravitational body force. The kinematic momentum flux tensor includes the conventional 

turbulent and viscous stresses and a dispersive flux term , which is negligible for 

uniform vegetation (Ayotte et al., 1999). The form drag fFi and viscous drag fVi arise from the 

spatially heterogeneity of the velocity field, which are typically modeled together in NHWAVE 

as 

 (9) 

where a = NkD is the projected plant area per unit volume, Nk represents the vertical density 

variation of biomass (stems/m2). The vertical density variations of vegetation density (Fig. 4.3) 

were captured by 12 vertical layers in NHWAVE. A terrain-following sigma coordinate system 

was applied to capture free surface and bathymetry accurately.  We note that the vegetation 
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heights did not follow the sigma coordinate so that the height of each vegetation did not change, 

consistent with the physical model experiment described in Chapter 3. 

 
Fig. 4.1 Vertical density variations of vegetation setup Nk, k=1~6 in NHWAVE. 

 

The turbulent flow is simulated by a nonlinear k – ε model (Lin and Liu, 1998a,b), which has 

been implemented into NHWAVE (Ma et al., 2013). Considering vegetation-induced turbulence 

production, the k – ε equations in the conservative form are given by 
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where H(x,y,t)=h(x,y)+η(x,y,t), h is water depth, η is surface elevation and , ,  C1ε,  C2ε,  Cµ 

are empirical coefficients (Rodi, 1987) and given as 

. (12) 

 

The turbulent eddy viscosity is calculated by  
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and the shear production Ps is defined as 
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where the Reynolds stress  is obtained by a nonlinear model presented by Lin and Liu 

(1998), 

 

 (15) 

where Cd, C1, C2, and C3 are empirical coefficients given as follows: 

 (16) 

where  and . 

Pv is the turbulence production due to vegetation only considering the drag force given by 

 (17) 

4.3.3 NHWAVE model setup 

The computational domain was designed to mimic the physical experiment. To avoid the 

boundary effects on wave processes in the vegetation field, the domain was set to be 7 m long 

with the internal wavemaker located at 2 m from the left boundary (Fig. 4.4). A 2-m-long sponge 

layer was placed at each end to absorb wave energy and to avoid wave reflection. The domain 

was discretized by 700 × 1× 12 grid cells with uniform grid size in the horizontal directions. The 

leading edge of the vegetation canopy was 1 m away from the internal wavemaker to allow 

waves to be fully developed. The uni-directional narrow-banded random waves in NHWAVE 
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Fig. 4.2 NHWAVE computational domain: simulated phase-resolved elevation and turbulent 
kinetic energy due to vegetation contour.  The model domain is consistent with the physical 
model experiments described in Chapter 3. 

 

The wave energy dissipation over the vegetated water column is induced by both bottom 

friction and vegetation. In the NHWAVE simulations, bottom friction coefficient was calibrated 

using the measurements in the no-vegetation cases from the data collected in Chapter 3. Using 

the same data in Chapter 3 for the two treatments of vegetation (Type A, Uniform; Type B 

Vertically varying), the drag coefficients in different cases with vegetation canopies were 

evaluated by a trial-and-error method to obtain the minimum root-mean-square errors (RMSE) of 

the predicted wave transmission coefficients, as illustrated in Fig. 4.5, which shows the RMSE of 

the wave transmission coefficients versus drag coefficients for a representative case with h = 12 

cm and Tp = 0.8 (Type A). The calibrated drag coefficient was chosen to produce the smallest 

value of RMSE. For this case, the RMSE increased from 0.4 to 1.8% over the range of drag 

coefficients tested (± 0.4 from calibrated value), indicating that the model is only moderately 

sensitive to the drag coefficient. 
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Fig. 4.3 Model sensitivity of drag coefficients for h = 12 cm and Tp = 0.8 s (Type A). 
 

4.4 Results 

4.4.1 Bulk drag coefficient 

Fig. 4.4 shows the comparisons of measured and modeled vegetation transmission 

coefficients Kv defined in Eq. 2 for twelve cases. The bottom friction effects on wave attenuation 

were removed when using Eq. 2 for both Type A (uniform; square) and Type B (vertically 

varying; circle) to identify the vegetation effects. The symbols represent the measured data, and 

the modeled results are given in solid lines for Type A cases and dashed lines for Type B cases. 

We can see that the predicted wave attenuation rates match well with the measurements for all 

types of configurations. Vegetation with vertically uniform density consistently produces more 

wave attenuation than that with vertically varying density for all wave conditions. A reasonable 

physical explanation is that uniform vegetation occupies the entire water column and thus 
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attenuates more wave heights in shallow water condition. However, varying vegetation does not 

occupy the entire water column, resulting in less wave attenuation, especially in deep water 

conditions. In experiments, uniform height vegetation has shown more attenuation compared to 

realistic salt-marsh plants which have vertical variations in stem heights. 

Fig. 4.4 also shows that the varying vegetation density has a more significant sensitivity on 

deep-water waves. The difference of the vegetation transmission coefficients Kv in the nearly 

deep water condition (Case 1 ~ Case 3) between Type A and Type B is greater than that in the 

nearly shallow water condition (Case 4 ~ Case 6). Suzuki et al. (2011) implemented vegetated 

dissipation in a 2D spectral model including the layer model, but they lacked comparisons to 

measured data. They showed that the effectiveness of the layer schematization for deep water 

waves is more sensitive to vertical vegetation density variations compared to shallow water 

waves, which is confirmed by current study. The results in Fig. 4.4 illustrate that height 

variations of the projected area are important and these variations may be significantly different 

depending on the vegetation type.  
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Fig. 4.4 Vegetation transmission coefficient evolution through uniform vegetation (Type A, solid 
line) and vertical variation vegetation (Type B, dashed line) in NHWAVE where symbols 
represent observed Kv; circle symbols: Type A measurements; square symbols: Type B 
measurements.  

 

Fig. 4.5 investigates a relationship between drag coefficient CD and the dimensionless 

parameters kh, KC and Ur for both Type A and Type B in NHWAVE and SWAN numerical 

comparison. Here we do not show the Eq.3 results since SWAN formulation is based on Eq. 3 

and the result from Eq. 3 as similar as that from SWAN listed in Table 4.1. Moreover, when we 

modeled CD as a function of Re for this data set and found Re is a poor predictor accounting for 

wave attenuation by vertical density variations of vegetation. Also, Fig. 4.5 shows a fairly scatter 

when that CD is modeled as a function of kh, KC and Ur using SWAN considering vertical 

variation of vegetation density. Ozeren et al. (2014) showed that CD depends vertical variation of 

plant density and CD values can be modeled with as a function of KC to predict wave attenuation 

for engineering practice. Fig. 4.5 shows that CD values approximately to collapse to a line against 
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KC and Ur in NHWAVE, indicating that Keulegan-Carpenter number and Ursell number in 

NHWAVE are a better parameter for CD than those in SWAN and account for the vertical 

density variations of vegetation in this data set.  

 

 
Fig. 4.5 Comparisons of drag coefficient CD with kh, KC and Ur. Solid symbols: NHWAVE; 
open symbols: SWAN; square symbols: Type A; circle symbols: Type B. 

 

Fig. 4.6 shows the most significant influence of the biomass structure of the height varying 

vegetation resulting in the ratio of Type A to Type B drag coefficients in Eq. 3 which varies from 

shallow water to deep water conditions. The ratio of Type A to Type B drag coefficients defined 

as γ CD
= (CD)A/(CD)B versus the relative water depth kh. Fig. 4.6 represents that the ratio of Type 

A to Type B drag coefficients estimated from Eq. 3 (star symbols) decreases as kh decreases and 

trends toward observed γ CD
= 2 in the shallow water limit as kh approaches zero. In shallow 

water conditions, as the vegetation density N is doubled for Type B to obtain the same lateral 
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obstruction for the two types of vegetation stands in Eq. 3, the relevant drag coefficient is halved. 

On the other hand, the ratio of Type A to Type B drag coefficient using Eq. 3 approaches 2 for 

shallow water waves. This shows that drag coefficient depending only on the total lateral 

obstruction is not affected in the shallow water limit as would be expected if the flow were 

uniform over depth. However, as kh increases, the wave orbital velocity is no longer depth-

uniform and the vertical variations of biomass becomes important. The ratio of observed 

becomes larger as kh increases to nearly a factor 4 at kh ~ 3.  

It is instructive to see whether SWAN can predict the same wave attenuation through 

uniform height and non-uniform height emergent vegetation with the appropriate selection of a 

drag coefficient, (CD)model. SWAN was run with the same input conditions listed in Table 3.1 for 

the six cases of Type A and Type B, and (CD)model was tuned to match the measured attenuation 

shown, for example, in Fig. 3.6. The tuned coefficients are listed in Table 3.2. The drag 

coefficient needed by SWAN matches the data follows similar trends to CD obtained directly 

from the experiments. Similar to the observations in Fig. 3.8, for the SWAN modeling exercise, 

the ratio of the drag coefficients (last column in Table 3.2) trended toward (𝛾!!)model ~ 2.0 as kh 

decreased to the shallow water limit. As kh increased, the drag coefficient ratio increased, 

highlighting the difficulty in modeling wave attenuation by vegetation with a non-uniform height 

distribution of vegetation. 
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Fig. 4.6 Representative the ratio of Type A to Type B drag coefficients in SWAN (stars) and 

the ratio of Type A to Type B drag coefficients in NHWAVE (diamond symbols) from deep 

water to shallow water condition. Solid line: the R2 of the regression line is 0.97; dashed line: the 

extended regression line to shallow water condition, kh = 0; dotted line: the mean value of the 

ratio of Type A to Type B in NHWAVE. 

 

Fig. 4.6 and Table 4.1 show the ratio of Type A to Type B drag coefficient using SWAN and 

NHWAVE models, herein we did not present the ratio of Type A to Type B drag coefficient 

using Eq. 3 in Fig. 4.6 because SWAN is similar based on the same Eq. 3. It is instructive to 

check if NHWAVE can model wave attenuation through vegetation with uniform and vertical 

varying heights using appropriate drag coefficients. NHWAVE was run with the same input 

conditions listed in Table 3.1 for six cases of Type A and Type B, and the drag coefficients in the 

model were tuned to match the measured attenuation rates shown in Fig. 4.4. The tuned 

coefficients are listed in Table 4.1. It shows that modeled (diamond symbols) is nearly the same 

in shallow-water and deep-water conditions because the drag coefficient in the model is a 
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physics-based coefficient accounting for the drag forces acting on the vegetation stems per unit 

length. This is an important finding that we could use a suitable bulk drag coefficient in 

NHWAVE with the value of the diameter and vertical variations of vegetation density to 

calculate the wave attenuation by non-uniform vegetation. 

 

Table 4.1 Comparison of modeled using Eq. 3, SWAN, NHHWAVE drag coefficients for Type 
A and Type B. 
 
Case α CD CD CD   γ  

 Eq. 1 Eq. 3 SWAN NHWAVE α Eq. 3 SWAN NHWAVE 
No.     Α                       Β       Α                    Β          Α                       Β             Α                         Β     

1 0.81 0.44 3.34 0.88 6.0 1.8 6.83 6.06 1.86 3.78 3.33 1.13 
2 0.61 0.39 3.74 1.21 4.4 1.4 4.50 3.48 1.55 3.08 3.14 1.29 
3 0.56 0.38 3.16 1.15 3.6 1.3 3.73 3.00 1.47 2.74 2.77 1.24 
4 0.52 0.41 2.53 1.04 2.9 1.2 3.00 2.80 1.26 2.44 2.42 1.07 
5 0.46 0.37 2.21 0.88 2.5 1.05 2.86 2.70 1.24 2.52 2.38 1.06 
6 0.44 0.35 1.81 0.74 2.25 0.95 2.63 2.59 1.25 2.46 2.37 1.02 

 

4.4.2 Turbulent kinetic energy 

Fig. 4.7 shows vertical structures of wave-averaged turbulent kinetic energy (TKE) at x = 20, 

50, 90 cm in the longitudinal direction within the vegetation canopy in NHWAVE for Case 2 and 

Case 5 with Type A and Type B. TKE decreases as the distance from the leading edge of the 

canopy increases for all cases and vegetation types, indicative of the reduction of turbulence and 

flow velocity by vegetation. Fig. 4.7 shows the turbulence eddy viscosity with spatial variation 

due to vegetation in NHWAVE was investigated as well. Fig. 4.8 shows vertical structures of 

wave-averaged turbulence eddy viscosity at x = 20, 50, 90 cm in the longitudinal direction within 

the vegetation canopy in NHWAVE for Case 2 and Case 5 with Type A and Type B. Turbulence 

eddy viscosity decreases turbulent mixing immediately as the distance x increases in deep water 

condition for both Type A and Type B, but turbulence eddy viscosity has spatially varying 

reduction in the longitudinal direction in shallow water condition for both Type A and Type B. 

The vegetation-induced wave-averaged production of turbulence Pv, shear production Ps, and 

viscous dissipation ε over the vertical structure for Case 2 and Case 5 with Type A and Type B 

are illustrated in Fig. 4.9. Fig. 4.9 shows the turbulence production due to vegetation Pv and the 

dissipation rate ε   has different characteristics in between deep water and shallow water condition 

for Type A and Type B. In addition, mean shear production Ps is higher in Type B than that in 
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Type A for both Case 2 and Case 5 since near the top of vertical density variations of vegetation 

produces stronger shear stress and tend to produces vortices developing Kelvin-Helmholtz (KH) 

instabilities (Ghisalberti and Nepf, 2002; Marsooli and Wu, 2014). 

 

 
Fig. 4.7 Numerical vertical structures of turbulent kinetic energy within spatial variation in the 
vegetation field in NHWAVE for Case 2 and Case 5 with Type A and Type B. Solid line: x = 20 
cm; dashed line: x = 50 cm; dash-dotted line: x = 90 cm. 

4.5 Discussion 

Fig. 4.7 shows the turbulent kinetic energy reduction is more significant in deep water 

condition for both Type A and Type B, indicating that turbulent dissipation is prevailed by short-

wave forces as shown in Fig. 4.7a and Fig. 4.7b (Dubi and Torum, 1995; Suzuki et al., 2011; 

Pinsky et al., 2013; Guannel et al., 2014). On the other hand, TKE decreased gradually in the 

longitudinal direction in shallow water condition. Fig. 4.7 shows TKE has larger values for 
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vertical density variations of vegetation compared to that for uniform vegetation because near the 

top shear turbulence production is generated locally due to less density of vegetation. Note that 

vegetation with varying heights may play an important role since near the shear layer at the top 

region corresponds a vertical exchange zone where vertical turbulence exchange is dynamically 

crucial to the sediment deposition/retention and deepens into the vegetation as the height of 

vegetation decreases (Nepf and Vivoni, 2000; Moller, 2006; Ma et al., 2013). In other words, the 

reduced turbulence near the vegetation edge and high turbulence at the top of canopy may 

produce deposited sedimentation (Neumeier, 2007). 

Fig. 4.8 shows that the eddy viscosities were decreased extremely in the longitudinal 

direction in deep water condition both for Type A and Type B and the eddy viscosity for Type B 

is higher than that for Type A (Fig. 4.8a and Fig. 4.8b). Note that the reduced velocity greatly as 

wave periods become shorter, that is, the relationship between the reduced velocity and reduced 

eddy-scale should reduce the turbulence diffusivity related to less vegetation (Nepf, 1999; 

Worcester, 1995; Ackerman and Okubo, 1993). The eddy viscosity is nearly reduced to zero for 

Type A in shallow water condition (Fig. 4.8c) despite the turbulence intensity may be increased 

within vegetation field (Nepf, 1999) and Fig. 4.8d shows the eddy viscosity varies spatially in 

shallow water condition for Type B. 
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Fig. 4.8 Numerical vertical structures of turbulence eddy viscosity with spatial variation due to 
vegetation in NHWAVE for Case 2 and Case 5 with Type A and Type B. Solid line: x = 20 cm; 
dashed line: x = 50 cm; dash-dotted line: x = 90 cm. 

 

Within the plants, turbulence production Pv is the dominant source of turbulence and is an 

order of magnitude greater than the shear production Ps, indicating turbulence intensities with a 

vegetation array dominates the turbulence production (Nepf et al., 1997) as shown in Fig. 4.9. In 

addition, mean shear production Ps is very small and turbulent transport is negligible for uniform 

vegetation. The maximum turbulence production due to vegetation Pv occurs near the top the 

vegetation for uniform vegetation for all wave condition. However, the characteristic vertical 

structure of Pv for vertical density variations of vegetation is greatest near the top then decrease 

gradually to the ground in nearly deep water (Fig. 4.9b) and Pv is uniform all the way down to 

the bottom in nearly shallow water condition (Fig. 4.9d). Fig. 4.9c and Fig. 4.9d show that the 

turbulence production due to vegetation Pv is balanced by the dissipation rate ε in nearly shallow 
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water condition both for uniform vegetation and vertical density variations of vegetation, 

momentum and turbulence exchange through longitudinal advection (Nepf and Vivoni, 2000; Ma 

et al., 2013). However, the turbulence production due to vegetation Pv is not comparable to the 

dissipation rate ε   in deep water limit (Fig. 4.9a and Fig. 4.9b). This should have a balance 

between turbulence production due to vegetation Pv and the dissipation rate ε  such as pressure 

transport, which is not included in NHWAVE. 

 

  
Fig. 4.9 Numerical vertical profiles of turbulence production Pv (solid line) accounting for 
vegetation, shear production (dashed line) and the dissipation rate ε (dashed line) in NHWAVE 
for Case 2 and Case 5 with Type A and Type B. 
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4.6 Conclusions 

This chapter shows the model results for two different types of numerical models.   We 

calibrated the bulk drag coefficient for each model using experimental data of Chapter 3 using 

two different treatments of vegetation (uniform, vertically varying). In this study, we show that 

both models require changes to the drag coefficient as a function of relative water depth (kh) and 

that this change can be modeled empirically, for example, using the Keulegan-Carpenter number 

or the Ursell parameter.  This is not surprising and is consistent with observations in the 

literature.  However, it is necessary to recalibrate SWAN for a given kh (or given KC or Ur 

parameter) if the vegetation changes from uniform to vertically varying.   This is problematic 

since it shows that SWAN can not account for changes in vegetation density which have been 

observed in nature.  On the other hand, it is not necessary to recalibrate NHWAVE for a given kh 

value when the vertical distribution of vegetation changes.  This study shows conclusively that 

the layered scheme in NHWAVE has a significant advantage over simplified models such as 

SWAN when dealing with the interaction of waves and vegetation when considering realistic 

changes in the vertical distribution of the above ground biomass. 

 Additional research may be needed to understand the complex structure of the turbulent 

kinetic energy for regions with wave-vegetation interaction, including field observations, 

laboratory experiments, and numerical modeling. 
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Symbol Descriptions Unit 
a Wave amplitude L 
c Wave speed L/T 
CD Bulk drag coefficient - 
D Plant diameter L 
f Wave frequency 1/T 
fp Peak wave frequency 1/T 
g Gravitational acceleration L/T2 

 The ratio of Type A to Type B damping factor - 
 The ratio of Type A to Type B drag coefficient - 

H Total fluid depth L 
Hs Significant wave height L 
Hs,1 Significant wave height at G1 L 
Hrms Root-mean-square wave height L 
h Water depth L 
KC Keulegan-Carpenter number - 
Kv Vegetation transmission - 
k Wave number 1/L 
N Plant density 1/L2 

Re Reynolds number - 
ΔSa Mean spacing between plants L 
Tp Peak wave period T 
Ur Ursell number - 
α Damping factor 1/L 
ν Kinematic viscosity L2/T 

 

γ α

γ CD
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5. General conclusions 

The effects of wave nonlinearity and vertical density variations of vegetation on wave 

attenuation were investigated. The main objectives were to understand nonlinear waves of 

attenuation by emergent vegetation and to delve non-uniform vegetation-induced waves of 

attenuation associated with vertical of structure of turbulent kinetic energy. The bulk drag 

coefficients were discussed in analytical and various numerical models to give valuable 

parameterizations for engineering practice. First of all, the background of wave attenuation by 

vegetation and research statements were introduced in Chapter 1. Secondly, a small-scale 

laboratory study of wave attenuation through emergent vegetation using a test matrix to 

investigate the role of wave nonlinearity (ak) over a range of relative water depths (kh) was 

presented in Chapter 2. For these experiments, we used irregular wave and a uniform stand of 

vegetation with constant cross section.  We repeated all tests without the vegetation to remove 

effects of bottom and side wall friction, and we limited the wave heights so that there was no 

dissipation by wave breaking. Thirdly, Chapter 3 presented a small-scale laboratory study of 

wave attenuation through emergent vegetation using a uniform stand of vegetation and height 

varying stand of vegetation with the same cross-sectional area to investigate the role of vertical 

variations in vegetation density over a range of relative water depth (kh). We repeated all cases 

without vegetation to remove the effects of bottom and sidewall friction of the flume and no 

breaking waves were allowed to assure that wave attenuation was due to vegetation.  

Table 5.1 shows a comparison of the relative importance of plant flexibility (Augustin et al., 

2009 and Orezen et al., 2014), wave nonlinearity (Chapter 2), and vertical variation of vegetation 

(Chapter 3) for wave attenuation coefficient α and the bulk drag coefficient CD.  

 

Table 5.1 Comparisons of plant flexibility, wave nonlinearity, and plant vertical variations in 
wave attenuation and bulk drag coefficient. 
 

 Plant 

Flexibility 

Wave 

Nonlinearity 

Plant 

Vertical variations 

α − 60%~90% 50%~80% 

CD 0%~7% 20%~35% 140%~280% 
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Although plant flexibility has received significant attention as indicated in the literature 

review in Chapter 1, laboratory studies under controlled conditions to isolate the plant flexibility 

have shown that the flexibility accounted for less than 10% change in the drag coefficient 

(Augustin et al., 2009 and Orezen et al., 2014).  In contrast, we found that variations in the drag 

coefficient on the order of 20%~35% can be explained by wave nonlinearity (Chapter 2).   More 

importantly, vertical density variations of vegetation has shown the order of magnitude in drag 

coefficient about 140%~280% (Chapter 3).  

Lastly, modeling wave attenuation induced by the vertical density variations of vegetation 

compared with a small-scale laboratory experiment was demonstrated in Chapter 4. We 

calibrated the bulk drag coefficient with experimental data and the vertical structure of turbulent 

kinetic energy, eddy viscosity and dissipation rate were investigated numerically.  


