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Coastal vegetation dampens waves which can provide benefits to the local area, 

but existing literature shows large variations in the degree of wave height attenuation 

depending on plant properties and wave conditions. Better knowledge of how to predict 

the wave height decay accurately in different types of vegetation may help to evaluate the 

ecosystem services provided by coastal vegetation. This thesis presents two manuscripts 

which evaluate and improve existing analytical and numerical models for predicting 

wave height attenuation in vegetation through comparison with small-scale and 

prototype-scale experiments with artificial and natural vegetation, respectively. 

The first manuscript used a quarter scale physical model experiment and a phase 

resolving numerical model (FUNWAVE) to evaluate random wave attenuation through 

two types of synthetic vegetation. Measurements were made for a control channel, each 

vegetation type separately, and the two vegetation types combined. The wave height 

attenuation was modeled with existing equations and gave an average root mean square 

error of 1.5%. The linear combination of the attenuation coefficients obtained from the 

individual plants provided a good prediction of the attenuation coefficient for the cases of 

the combined, heterogeneous vegetation. FUNWAVE was used to model wave 

attenuation for the individual and combined tests using a bottom friction factor calibrated 

for each run. The numerical attenuation followed the same trends as the measured data, 

with an average root mean square error of 1.7%. Similar to the physical model study, it 



 

was found that the linear combination of the calibrated model friction factors for the 

cases of the individual plants reasonably predicted the wave height attenuation for the 

cases of the combined vegetation with an average root mean square error of 3.2%. 

The second manuscript used a large wave flume and a numerical model to 

investigate wave height attenuation caused by emergent coastal vegetation. The 

experiments used threesquare bulrush (Schoenoplectus pungens) and tested regular and 

irregular waves typical of conditions in a coastal estuary. The attenuation curves were fit 

to existing equations to determine the drag coefficient, Cd. The drag coefficients were fit 

as functions of the Reynolds number (Re) and Keulegan Carpenter number (KC) with R
2
 

values ranging from 0.31 to 0.67 for the Re number and from 0.38 to 0.77 for the KC 

number, indicating that either Re or KC can be used to predict Cd. The measured 

attenuation was modeled with SWAN-VEG, a phase averaged spectral wave model 

which includes a module to account for attenuation due to vegetation with a tunable 

coefficient, Cd. Cd was determined two ways. First, Cd was estimated from the Re and KC 

values using the empirical equations tuned to the measurements. For this case, the model 

produced root mean square errors ranging from 6.8% to 8.0%. Second, Cd was calibrated 

directly with the observations for each case. For this method, the model produced root 

mean square errors ranging from 1.4% to 5.9%, indicating that the model accuracy could 

be improved if the empirical equations to predict Cd based on Re or KC could be 

improved. Finally, the observed and predicted spectra were compared. In the frequencies 

near the peak energy, the modeled spectra matched most cases with good agreement, but 

the model was less accurate at higher frequencies near the second harmonic.  



 

 

 

 

 

 

 

 

©Copyright by Philip James Blackmar 

June 4, 2013 

All Rights Reserved 

  



 

Experimental and Numerical Modeling of Wave Height Attenuation by Emergent Coastal 

Vegetation 

 

 

by 

Philip James Blackmar 

 

 

A THESIS 

submitted to 

Oregon State University 

 

in partial fulfillment of 

the requirements for the 

degree of 

 

Master of Science 

 

 

Presented June 4, 2013 

Commencement June 2013 

  



 

Master of Science thesis of Philip James Blackmar presented on June 4, 2013. 

 

APPROVED: 

 

 

Major Professor, representing Civil Engineering 

 

 

Head of the School of Civil and Construction Engineering 

 

 

Dean of the Graduate School  

 

I understand that my thesis will become part of the permanent collection of Oregon State 

University libraries. My signature below authorizes release of my thesis to any reader 

upon request. 

 

 

 

Philip James Blackmar, Author 

  



 

ACKNOWLEDGEMENTS 

I would like to express my sincere appreciation to everyone who made this thesis 

possible. This project was funded by the National Science Foundation under Grant No. 

0828549. I want to thank all of the people involved in designing and conducting the full-

scale experiment at the O. H. Hinsadale Wave Research Laboratory and Wei-Cheng Wu 

for his assistance with the quarter-scale experiment and the FUNWAVE modeling. 

Thank you to my committee members, Dan Cox, Peter Ruggiero, Tuba Ozkan-

Haller, and John Simonsen for their help and support through the development of my 

thesis. I would like to especially thank Dan Cox for his continuous guidance and support 

throughout my entire graduate experience and for his advising in all aspects of this thesis 

and the manuscripts we have submitted. Also, to Dennis Albert and Todd Lemein for 

their guidance in the ecological aspects of this work. 

I would also like to thank my friends, fellow graduate students, and family; 

especially my wife. I am extremely fortunate to be surrounded by such a supportive and 

encouraging group. 

  



 

CONTRIBUTION OF AUTHORS 

 For the first manuscript, Dan Cox provided guidance in the experiment design and 

overall analysis, as well as aiding in the readability of the manuscript. Wei-Cheng Wu 

helped with conducting the experiment and performed the numerical modeling. 

 For the second manuscript, Dan Cox helped with designing and conducting the 

experiment, provided guidance in the analysis, and aided with the readability of the 

manuscript. Dennis Albert provided plant expertise for the experiment including the 

harvesting, transportation, and setup of the vegetation. He also provided stem counts and 

plant measurements, and was involved in conducting the experiment. Heather Smith and 

Nobuhito Mori were both involved in conducting the experiment. 

  



 

TABLE OF CONTENTS 

Page 

Introduction ......................................................................................................................... 1 

Laboratory Observations and Numerical Simulations of Wave Height Attenuation in 

Heterogeneous Vegetation .................................................................................................. 2 

Abstract ........................................................................................................................... 3 

1.0 Introduction ............................................................................................................... 4 

2.0 Experiment Setup ...................................................................................................... 9 

3.0 Experiment Results and Discussion ........................................................................ 11 

4.0 Phase-Resolving Numerical Model ......................................................................... 14 

5.0 Conclusions ............................................................................................................. 18 

Acknowledgments ......................................................................................................... 19 

Figures ........................................................................................................................... 20 

Tables ............................................................................................................................ 32 

References ..................................................................................................................... 38 

Full-scale Experiment and Numerical Model Investigation of Wave Height Attenuation 

through Emergent Vegetation (Schoenoplectus pungens) ................................................ 42 

Abstract ......................................................................................................................... 43 

1.0 Introduction ............................................................................................................. 44 

2.0 Methods and Materials ............................................................................................ 50 

3.0 Experiment Drag Coefficients ................................................................................. 52 

4.0 Phase-Averaging Numerical Model ........................................................................ 55 

5.0 Conclusions ............................................................................................................. 59 

Acknowledgements ....................................................................................................... 61 

Figures ........................................................................................................................... 62 

Tables ............................................................................................................................ 73 

References ..................................................................................................................... 76 

  



 

LIST OF FIGURES 

Figure                                                                                                                             Page 

Manuscript 1: Wave Height Attenuation in Coastal Vegetation: Developing Prediction 

Methodologies and Modeling Techniques 

1. Figure 1. Schematic of wave flume. ........................................................................... 20 

2. Figure 2. Experiment vegetation layouts showing Plant 1 (stars) and Plant 2 (circles) 

for half of the length of the vegetated region. ............................................................. 21 

3. Figure 4. Water depth and vegetation height comparisons for Case D, Density 2 with 

h=7.5 cm (a), h=10 cm (b), and h=12.5 cm (c) with the dashed line representing the 

waterline. ..................................................................................................................... 23 

4. Figure 5. Measured and predicted attenuation due to vegetation for Tp=0.6 s, Density 

1 and h=7.5 cm (a), h=10.0 cm (b), and h=12.5 cm (c) with the solid and dashed lines 

representing the fitted curves for the Dalrymple at al. (1984) and Kobayashi et al. 

(1993) equations respectively. P1 and P2 correspond to Plant 1 and Plant 2, 

respectively. ................................................................................................................ 24 

5. Figure 6. Measured attenuation coefficients from combined vegetation Case D versus 

sum of measured attenuation coefficients from Case B and Case C fitted using the 

Dalrymple et al. (1984) equation for low (open symbol) and high (solid symbol) 

density for three water depths h = 7.5 cm (circle), 10.0 cm (square) and 12.5 cm 

(diamond).  Solid line indicates perfect agreement. ................................................... 25 

6. Figure 7. Measured and predicted attenuation due to vegetation for combined 

vegetation case using the sum of the fitted attenuation coefficients from the individual 

plants for Tp=0.6 s, Density 1 and h=7.5 cm (a), h=10.0 cm (b), h=12.5 cm (c). Solid 

and dashed lines respresent the curves for the Dalrymple et al. (1984) and Kobayashi 

et al. (1993) equations, respectively. .......................................................................... 26 

7. Figure 8. FUNWAVE model domain and simulated free surface elevation for 

approximately half of the domain. .............................................................................. 27 

8. Figure 9. Modeled and measured total wave height attenuation comparisons for 

Tp=0.8 s, density 1 and h=7.5 cm (a), h=10 cm (b), and h=12.5 cm (c). Symbols 

represent measured data and solid lines represent model results. ............................... 28 

9. Figure 10. FUNWAVE vegetation friction factor from combined vegetation Case D 

versus sum of friction factors from Case B and Case C calibrated using the measured 

attenuation. Symbols are the same as for Figure 6. Dashed line shows linear fit to 

data. ............................................................................................................................. 29 



 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

10. Figure 11. Model sensitivity to vegetation friction factor for h=12.5 cm, TP=0.8 s, 

Density 2, Case D. ...................................................................................................... 30 

11. Figure 12. Calibrated FUNWAVE vegetation friction factor versus fitted vegetation 

attenuation coefficient using the Dalrymple et al. (1984) equation for Case A (circle), 

B (triangle), C (square), and D (diamond) and three water depths h = 7.5 cm (open), 

10.0 cm (gray) and 12.5 cm (black). Dashed line indicates best fit (R
2
 = 0.823). ...... 31 

Manuscript 2: Full-Scale Experiment and Numerical Model Investigation of Wave Height 

Attenuation through Emergent Vegetation (Schoenoplectus pungens) 

12. Figure 1. Schematic of wave flume. x’ is the origin of flume measurements and x 

marks the beginning of the vegetation. ....................................................................... 62 

13. Figure 2. Vegetation channels and wave gauge locations looking in the negative x 

direction. ..................................................................................................................... 63 

14. Figure 3. Photograph of profile view of vegetation. ................................................... 64 

15. Figure 4. Wave gauge locations. Coordinate in meters with x = 0 m at the start of the 

vegetation. ................................................................................................................... 65 

16. Figure 5. Representative time series of wave attenuation through the vegetation for 

Case 18, Channel C. The measurement location is indicated in the upper right corner 

of the figure panels, and the panels to the right highlight a smaller portion of the time 

series. .......................................................................................................................... 66 

17. Figure 6. Representative total transmission coefficient in control channel (Case 18, 

Channel A) and vegetation transmission coefficient in Channel C for all irregular 

wave cases. .................................................................................................................. 67 

18. Figure 7. Observed Cd as a function of KC number. Solid line represents the best fit 

using all data (Eq. 7) and the dotted line was modified to fit the irregular wave data 

(Eq. 8). ........................................................................................................................ 68 

19. Figure 8. Observed Cd as a function of Re number. Solid line represents the best fit 

using all data (Eq. 10) the dotted line was modified to fit the irregular wave data (Eq 

11), and the dashed line represents the equation presented in Kobayashi et al. (1993).

..................................................................................................................................... 69 

20. Figure 9. Measured attenuation and modeled attenuation using Cd calculated from Eq. 

8 (solid line), Eq. 11 (dotted line), and Eq. 9 (dashed line). ....................................... 70 



 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

21. Figure 10. Observed Cd measured in experiments versus calibrated model Cd. Solid 

line indicates perfect agreement.................................................................................. 71 

22. Figure 11. Observed and modeled spectra attenuation. Panels a and e show the 

attenuation in the cross-shore, panels b and f show the measured (solid) and modeled 

(dashed) spectra at different locations, panels c and g show the normalized 

attenuation as a function of frequency for section S1 (as shown in panels a and e), and 

panels d and h show the normalized attenuation as a function of frequency for section 

S2 (as shown in panels a and e). Case number and channel are indicated in the top 

right corner of the upper panels. ................................................................................. 72 

  



 

LIST OF TABLES 

Table                                                                                                                               Page 

Manuscript 1: Wave Height Attenuation in Coastal Vegetation: Developing Prediction 

Methodologies and Modeling Techniques 

1. Table 1. Summary of experiment parameters. ............................................................ 32 

2. Table 2. Root mean square error fitting the measured data to the Dalrymple et al. 

(1984) equation. .......................................................................................................... 33 

3. Table 3. Root mean square error fitting the measured data to the Kobayashi et al. 

(1993) equation. .......................................................................................................... 34 

4. Table 4. Root mean square error between measured and predicted data for the cases 

of the combined vegetation using the sum of the fitted attenuation coefficients from 

the individual plant cases. ........................................................................................... 35 

5. Table 5. Root mean square error between modeled and measured wave height 

attenuation. .................................................................................................................. 36 

6. Table 6. Root mean square error between measured and modeled attenuation for the 

cases of combined vegetation using the sum of the friction factors from the individual 

plant cases. .................................................................................................................. 37 

Manuscript 2: Full-Scale Experiment and Numerical Model Investigation of Wave Height 

Attenuation through Emergent Vegetation (Schoenoplectus pungens) 

7. Table 1. Experiment parameters and representative wave parameters measured in 

Channel A (no vegetation). For the irregular wave cases, Hi and T represent Hrms, i and 

Tp, respectively. ........................................................................................................... 73 

8. Table 2. SWAN-Veg errors using Cd calculated with Equation 10. ........................... 74 

9. Table 3. SWAN-Veg errors using Cd calculated with indicated equations. ............... 75 

 

 



Experimental and Numerical Modeling of Wave Height Attenuation by Emergent 

Coastal Vegetation 

Introduction 

 Erosion and storm surge are major hazards to coastal communities around the 

world and are likely to increase in severity with global sea level rise and climate change. 

Furthermore, coastal populations are growing at a rapid rate, increasing the number of 

livelihoods at risk. Coastal scientists and engineers must work to find solutions to 

increase the strength and resiliency of these coasts. Traditionally these hazards have been 

confronted with hard engineering structures such as breakwaters, dikes, and seawalls. 

Recent studies have shown that the presence of coastal vegetation can dampen waves and 

may be capable of providing additional strength to a shoreline. Day et al. (2007) showed 

that earthen levees fronted by vegetation were less damaged during Hurricane Katrina 

and Rita. There is a large potential for benefits of coastal vegetation, but currently the 

interaction of waves and vegetation is not fully understood. 

 Existing methodologies for predicting wave height attenuation use a single set of 

vegetation parameters including stem length and stem density. This is problematic 

because these plant dimensions vary in natural vegetation fields and thus it is difficult to 

describe these fields with a single set of parameters. Therefore, a small-scale experiment 

and numerical modeling effort were used to extend methods for predicting wave height 

decay in a vegetation field to include the effects of multiple plant types. 

 Furthermore, most of the existing methodologies require the calibration of a 

single drag coefficient. Literature typically tries to relate this term to a number of 

dimensionless parameters that describe the wave and plant conditions, but it is not clear 

which of these relationships works best. A full-scale experiment with natural emergent 

vegetation was used to create an additional data set of drag coefficients and investigate 

the drag coefficients’ relationship with the dimensional parameters. The experiment was 

also used to evaluate the applicability of a numerical model which can be used to model 

the nearshore wave environment including the effects of vegetation.  
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Abstract 

 Quarter scale physical model experiments and a phase resolving numerical model 

(FUNWAVE) were used to evaluate random wave attenuation through two types of 

synthetic vegetation. The experiment was performed with two peak periods, three water 

depths, and two stem densities. For each combination of parameters, free surface time 

series were collected at 7 locations throughout the vegetation field and 1 location seaward 

of the vegetation. Each combination of wave conditions was evaluated for four different 

cases: Case A with no vegetation, Case B and C with short and long specimens, 

respectively, and Case D with mixed vegetation. The wave height attenuation for each 

case was modeled with existing equations and gave an average root mean square error of 

1.5%. The linear combination of attenuation coefficients obtained from the cases of the 

individual plants provided a good prediction of the attenuation coefficient for the cases of 

the combined, heterogeneous vegetation. FUNWAVE was used to model wave 

attenuation for the individual and combined tests using a bottom friction factor calibrated 

for each run. The numerical attenuation followed the same trends as the measured data, 

with an average root mean square error of 1.7%.  Similar to the physical model study, it 

was found that the linear combination of the calibrated model friction factors for the 

cases of the individual plants reasonably predicted the wave height attenuation for the 

cases of the combined vegetation with an average root mean square error of 3.2%.  
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1.0 Introduction 

As trends in global climate change and coastal population projections are realized, 

the nation's coastal margins including our wetlands will experience significant 

development pressures (US Commission on Ocean Policy 2004). The need to develop 

strategies for maintenance of sustainable ecological systems has been recognized for over 

a decade (Lubchenco et al. 1991), but faces many challenges in coastal wetland 

environments. For example, the services provided by coastal wetlands, including wave-

energy reduction and erosion control, sediment and nutrient accumulation, and habitat 

functions that support commercial and sport fish, shellfish, and water fowl, as well as 

overall biological diversity, have not regularly been calculated in economic and 

development models (e.g., Mitsch and Gosslink 2000). Day et al. (2007) summarized 

some early lessons learned from hurricanes Katrina and Rita in the context of restoring 

the Mississippi Delta.  For example, they observed that earthen levees fronted by 

extensive wetlands escaped extensive damage, suggesting that the ecological engineering 

of wetlands can provide a self-sustaining complement to the built infrastructure in 

reducing the risk to coastal hazards. Day et al. (2007) highlighted that wave erosion is an 

increasingly important factor in the loss of wetlands, and they indicate that the processes 

of wave-sediment-vegetation interaction are not well understood. 

In contrast to the wave-sediment-vegetation interaction, considerable progress has 

been made in the areas of flow dynamics in aquatic environments for unidirectional flow 

environments of vegetated rivers and tidal estuaries.  Laboratory observations of the 

effects of artificial vegetation with rigid stems (e.g., Nepf 1999, Fairbanks 1998) and 

flexible stems (e.g., Ikeda and Kanazawa 1996, Nepf and Vivoni 2000, Wilson et al. 

2003, Ghisalberti and Nepf 2002, 2006) on the steady flow and unsteady turbulent flow 

structures have led to a deeper understanding of the transport and mixing of sediments 

and other scalars related to ecosystem health. Ghisalberti and Nepf 2002, for example, 

showed that the monami, or large-amplitude waving of plants (Ackerman and Okubo 

1993), is a response to strong oscillations in streamwise velocity associated with coherent 

structures originating from Kelvin-Helmholtz instabilities in the shear layer.  Wilson et 
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al. (2003) presented detail scaling of the biomechanical properties of the plants and 

explore the effects of two forms of flexible vegetation on the turbulence structures. 

Fairbanks (1998) was one of the few works that included a mobile bed for the last part of 

his study and identified the importance of the horseshoe vortex in understanding the local 

scour patterns. There have also been significant field studies of the mean flow in tidally 

dominated estuaries and estimates of the canopy drag resistance (e.g., Peterson et al. 

2004). 

There have been a number of studies on the attenuation of waves by vegetation, 

many of which considered idealized, homogenous vegetation, and a brief review is 

provided here. Two commonly used analytical equations for predicting wave height 

attenuation were developed by Dalrymple et al. (1984) and Kobayashi et al. (1993). 

Dalrymple et al. (1984) used a conservation of energy approach to develop the following 

algebraic decay equation for waves propagating through an array of rigid cylinders: 

  ( )

  
 

 

       
 (1)  

where  ( ) is the wave height at a distance   into the vegetation,    is the incident wave 

height, and      is an attenuation coefficient. Kobayashi et al. (1993) determined waves 

to decay exponentially following a conservation of momentum approach: 

  ( )

  
         (2)  

where   is once again the distance into the vegetation and      is the attenuation 

coefficient. Each of these papers provides a means for calculating the attenuation 

coefficients as functions of the wave characteristics, a calibrated drag coefficient, and 

vegetation parameters including the stem diameter, stem length, and stem density. These 

methodologies offer simple procedures for predicting wave height attenuation. However, 

both methodologies were originally developed for the idealized case of rigid 

homogeneous cylinders in monochromatic waves. Kobayashi et al. (1993) compared their 
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solution to the experimental work of Asano et al. (1988) using artificial kelp, and they 

concluded that their solution reasonably predicted the attenuation. 

Despite the assumptions in the Dalrymple et al. (1984) and Kobayashi et al. 

(1993) equations, they have provided a base for numerous research projects that attempt 

to extend the equations to more realistic conditions. Asano et al. (1992) extended the 

Kobayashi et al. (1993) methodology to include the vegetation motion. They developed 

an iterative solution for a linearized damping coefficient which is used to relate the 

vegetation motion to the wave equations. Asano et al. (1992) tested their methodology 

against the experiment performed by Asano et al. (1988) and concluded that their solution 

better predicts the wave height decay than the Kobayashi et al. (1993) method and their 

equation uses a more realistic drag coefficient. Dubi and Torum (1994) extended the 

work of Asano et al. (1992), using a linear relationship between the damping force and 

the velocity, and developed a solution for the vegetation motion which does not require 

iteration. Mendez et al. (1999) further extended these works to include random waves as 

well as evanescent modes. Their model was validated for regular waves using the 

experimental data from Asano et al. (1988) and for irregular waves using the data of Dubi 

(1995). Both comparisons of decay showed good agreement between the model and the 

experimental results. Furthermore, the model showed a modulation of wave height decay 

which is caused by reflection from the vegetation, creating a partial standing wave. It is 

seen that this modulation is more pronounced in regular waves, but still exists to a 

smaller degree in random waves. Mendez and Losada (2004) addressed the shortcoming 

of previous methodologies being developed for horizontal bottoms and develop an 

empirical model for waves attenuating in vegetation fields as they shoal and break. The 

authors used the Dubi (1995) experiment for validation and conclude that their model 

reasonably predicts the wave transformation. Mullarney and Henderson (2010) used 

cantilever beam theory to derive a model to predict the vegetation motion due to wave 

forcing. Their theory was compared with motions of a specific species of sedge in a 

natural salt marsh and was shown successful with the tuning of a single parameter. They 

also derived a formula for wave height attenuation that includes the vegetation motion. 
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Based on the formula they conclude that vegetation of moderate flexibility attenuated the 

wave height 70% less than the attenuation from a rigid stem vegetation. The theory for 

predicting wave height dissipation from Mullarney and Henderson (2010) was tested in a 

field experiment performed by Riffe et al. (2011). The experiment measured wave height 

attenuation through natural salt marsh vegetation and applied the Mullarney and 

Henderson (2010) formulation in two forms: one considering the vegetation motion and 

the other assuming rigid vegetation. Both of the models were able to predict the wave 

height attenuation well, but the drag coefficients fit in the rigid vegetation model were 

below the range of expected values. The model considering the vegetation motion yielded 

more reasonable drag coefficients. 

Augustin et al. (2009) performed a hydraulics experiment to measure the wave 

height decay through both rigid and flexible cylindrical dowels. They used the Dalrymple 

et al. (1984) methodology to evaluate the wave height decay in a vegetation field of three 

different densities, varying along the direction of wave propagation. The results from 

their experiment showed that the wave height attenuation can be evaluated in a piecewise 

fashion by analyzing the three densities separately and combining the results. 

Furthermore, the numerical model COULWAVE was used with the friction factor 

calibrated to minimize the error between the total modeled and total measured 

attenuation.  The calibrated values are then used to empirically derive equations for 

determining friction factors in COULWAVE as a function of the stem density and Ursell 

number. De Oude (2010) discussed the methodology of the phase-averaged model 

SWAN-VEG. The model considers the vegetation to be cylindrical obstacles, resulting in 

a drag force that is translated into an energy dissipation term. The energy dissipation term 

in the model is developed based on the Dalrymple et al. (1984) and Kobayashi et al. 

(1993) equations, as well as the work by Mendez and Losada (2004). The model allows 

the user to specify different vegetation characteristics at different elevations in the water 

column, although these characteristics are still based on a single stem diameter. De Oude 

(2010) performed a sensitivity analysis with the model and determined the model to 

generally agree with theory for wave periods larger than 2 seconds. De Oude (2010) also 
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used a flexible vegetation experiment performed by Penning et al. (2009) to attempt to 

determine one value of the vegetation drag coefficient for each of several vegetation 

types, but found the drag coefficient dependent on wave parameters as previous research 

suggests.  

In addition to the model development and lab experiments using artificial 

vegetation, several researchers have performed either lab experiments using natural 

vegetation or field experiments looking at wave height attenuation. Fonseca and Cahalan 

(1992) performed a laboratory experiment measuring wave energy reduction over one 

meter in four different plant species: Halodule wrightii, Syringodium filiforme, Thalassia 

testudinum, and Zostera marina. The authors found that energy reduction increased as 

water depth decreased and that the energy reduction became negligible with water depths 

greater than twice the average stem length.  Möller et al. (1999) measured wave heights 

at the beginning and end of a salt marsh and compared the data to measurements at the 

beginning and end of a salt flat. The authors compared wave spectra from the two 

locations and found a reduction in wave heights at all frequencies. These data were then 

used to develop an equation for attenuation based solely on friction factors for different 

local parameters. Tschirky et al. (2000) performed a three year monitoring program of 

bulrush in the Great Lakes measuring waves, water levels, and substrate conditions while 

regularly monitoring the plant geometries and plant densities. Their field experiment was 

coupled with a laboratory experiment using vegetation collected at the field site. They 

developed empirical equations to predict the wave height attenuation using both the field 

and experimental data, but the field equation failed to predict the attenuation in the 

experiment and vice versa. Bradley and Houser (2009) performed a study in a seagrass 

meadow in Florida to evaluate both the wave height decay and vegetation motion under 

low energy wave conditions. They observed the wave height attenuated exponentially, 

with the decay coefficient related to the Reynolds number. Furthermore, they observed 

that the vegetation would sway with the fluid flow under low energy conditions, but 

approached a rigid state when the conditions increased in energy. This led to the 
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conclusion that there was a frequency dependence in the wave attenuation, with higher 

frequency waves attenuated more than lower frequency waves. 

This paper extends the existing work for predicting wave height attenuation to 

include heterogeneous vegetation. The design of the experiment and the methods used for 

collecting the data are discussed first. Following, the data are fit using the Dalrymple et 

al. (1984) and Kobayashi et al. (1993) decay equations, and the results are used to 

consider methods for predicting the attenuation in heterogeneous vegetation. The next 

section describes the basics of the numerical model used in this research. The results 

from the physical experiment were used to calibrate the numerical model’s friction factor. 

The calibrated friction factors are then used to determine methods for predicting 

attenuation in heterogeneous vegetation using this numerical model. Finally, a summary 

and conclusion are given. 

 

2.0 Experiment Setup 

The experiment was conducted in a small scale wave flume at Oregon State 

University. The flume was 483 cm long, 32 cm high, and 10.4 cm wide. Waves were 

generated using a piston-type wavemaker capable of making monochromatic, irregular, 

and solitary waves. The wavemaker software allowed users to save and repeat the time 

series for irregular waves, providing consistency among tests. The vegetation was placed 

approximately 60 cm from the wavemaker, extended 180 cm cross-shore and occupied 

the full width of the flume. A beach slope was positioned immediately shoreward of the 

vegetation, with a horse hair damping material at the waterline to help minimize 

reflection. A schematic of the experiment flume is shown in Figure 1. 

The free surface time series during the experiment were recorded using two 

acoustic wave gauges (Banner Engineering S18U). The time series were recorded at 8 

locations: 10 cm seaward of the vegetation, and throughout the vegetation at 10 cm, 20 

cm, 40 cm, 60 cm, 100 cm, 140 cm, and 180 cm from the seaward edge of the vegetation 
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to approximate an exponential spacing. Each experimental configuration was repeated 4 

times to collect time series from the 8 locations using only two wave gauges. 

Time series for random waves based on a JONSWAP spectrum were developed, 

and a total of 42 scenarios consisting of 3 water depths, 2 spectral peak periods, and 2 

plant densities were tested. The significant wave height was varied for each of the water 

depths tested so that there was no wave breaking in the tank. Each combination of water 

depth, wave condition and plant density was tested for four cases: Case A with no 

vegetation, Case B and C with short and long specimens, respectively, and Case D with 

mixed vegetation (Figure 2). For Cases B, C and D, the less dense layout will be referred 

to as Density 1 and Density 2 will refer to the denser layout.  

The experiment was conducted using two types of flexible artificial vegetation. 

The first vegetation type, Plant 1, had 25 stems per plant, each approximately 10 cm in 

length and 1 mm in diameter. The other vegetation type, Plant 2, had 5 stems per plant, 

each approximately 23 cm in length and 5 mm in diameter. Tests were conducted using 

the 10.0 cm water depth with comparable wave conditions to determine the horizontal 

plant motion at the still water line relative to the horizontal orbital excursion length at the 

still water line predicted from linear wave theory. For Plant 1, the relative plant excursion 

ranged from 11.8% to 46.0% with a median value of 26.0% and Plant 2 ranged from 

2.4% to 59.0% with a median value of 24.9%.  Although the details of the plant 

characteristics were not measured and the movement of the individual stems was not 

uniform across all the plants, the relative excursion of the plants was approximately 25% 

of the water particle excursion at the still water line. These two plants are shown in 

Figure 3. Each plant was epoxied to a cylindrical LEGO brick, and LEGO boards were 

attached to two steel plates 90 cm in length, approximately 6 mm in height and spanning 

the width of the flume. In this way, it was easy to manipulate the positioning of the plants 

for different densities. The LEGO bases were included in the Case A runs to account for 

the additional drag. Table 1 shows a summary of the scenarios tested. 
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The three water depths in the experiment were chosen to evaluate the wave height 

attenuation under different submergence ratios. It was expected that the submergence 

ratio would have an effect on the wave height attenuation (Fonseca and Cahalan, 1992), 

especially in the FUNWAVE modeling, where the vegetation is considered a bottom 

friction. Figure 4 shows the water level relative to the two vegetation types under the 

three water depths tested. Plant 2 remained emergent in all of the water depths. Plant 1 

varies from emergent to near emergent to submerged as the water depth increased from 

7.5 to 10.0 cm to 12.5 cm, respectively. 

The plant properties and wave conditions for this experiment were based on 

observations of Schoenoplectus pungen (Albert et al., 2013) commonly found in bays and 

estuaries of the Pacific Northwest and Great Lakes regions of the United States. The 

geometric scale for the plant and wave parameters was 1:4 and the corresponding 

kinematic scale was 1:2 based on Froude similitude. The plant diameter used in the 

experiment was not scaled geometrically so that a reasonable range of Reynolds numbers 

could be maintained between model and prototype. This parameter has been shown to be 

important in the calibration of drag coefficients for determining      and      

(Dalrymple et al, 1984; Kobayashi et al., 1993; Augustin et al., 2004). The Reynolds 

numbers ranged from 100 to 900 in the model and 200 to 1,700 in the prototype. 

  

3.0 Experiment Results and Discussion 

 The experimental data were analyzed to determine the applicability of the wave 

height decay equations developed by Dalrymple et al. (1984) and Kobayashi et al. (1993). 

The data were post-processed to remove sampling errors and inspected visually to ensure 

accuracy. Time series from Gauge 1 for all of the cases in a given combination of water 

depth, peak period, and plant density were checked for repeatability. A spectral analysis 

was performed on the time series collected at all gauges to determine the spectral wave 

heights, Hmo. The attenuation of the spectral wave heights throughout this paper is 

referred to according to a transmission coefficient,   ( ): 
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  ( )  

   ( )

      
 (3)  

where the subscript t refers to the total transmission coefficient including vegetation and 

frictional losses,    ( ) is the spectral wave height at a distance   into the vegetation, 

and       is the incident spectral wave height measured at Gauge 1.  

 The attenuation in the experiment was fit to the Dalrymple et al. (1984) and 

Kobayashi et al. (1993) equations using an unconstrained nonlinear optimization to 

minimize the root mean square error. To eliminate the effects of bottom and sidewall 

friction, the two equations were first fit to the Case A runs without vegetation but with 

the attachment base in place. The resulting fits for Case A were subtracted from the 

measured attenuation in the Case B, C, and D runs providing a transmission coefficient 

specific to the vegetation,   ( ). It is noted that   ( ) differs slightly depending on 

which equation is fit to the frictional losses and subtracted out. However, these 

differences were small (less than 0.5%) and the figures in this paper only show the   ( ) 

corresponding to the Dalrymple et al. (1984) equation. The Dalrymple et al. (1984) and 

Kobayashi et al. (1993) equations were then fit to the vegetation transmission coefficients 

for Case B, C, and D.  

 Figure 5 shows the measured and predicted attenuation due to vegetation for a 

representative combination of peak period and plant density for the three plant 

configurations in each of the three of the water depths for the lower plant density. The 

symbols indicate the   ( ) values obtained at the wave gauges after using the Dalrymple 

et al. (1984) equation to subtract out the friction losses.  The solid and dashed lines 

represent the fitted curves using the Dalrymple et al. (1984) and Kobayashi et al. (1993) 

equations, respectively. The figure shows that both equations followed the trends 

reasonably well for all plant configurations and water depths for this combination of 

wave height and period. This figure is consistent with the attenuation measured for other 

wave height and periods and with the higher plant density.  The root mean square errors 

(RMSE) ranged from 0.3% to 4.6%. A summary of the curve fitting error is presented in 
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Table 2 for the Dalrymple et al. (1984) equation and Table 3 for the Kobayashi et al. 

(1993) equation. Figure 5 also shows the variation in the effectiveness of wave height 

attenuation for the two plant types for different water depths. Comparing Case B and 

Case C in Figure 5a shows the short and long vegetation (Case B and Case C, 

respectively) producing nearly the same degree of attenuation. This is likely due to both 

plant types occupying the entire water column, thus producing a similar projected area. 

However, it can be seen in Figure 5b and 5c that as the water depth increases, the 

attenuation from the short plant decreases, supporting an inverse relationship between the 

water depth and wave height attenuation. This decrease in attenuation is not seen for 

Plant 2, likely because the plant is emergent in all three of the water depths.  

 Tables 2 and 3 summarize the curve fitting errors for the experiment data. Both 

equations fit the measured wave attenuation equally well. The tables show that there is no 

distinguishable trend in the error for the different water depths, but the error does 

increase incrementally from Case A to Case D. Referring to Figure 5, the attenuation also 

increases incrementally from Case A to Case D for all of the water depths except 7.5 cm. 

Therefore, the equations seem to become slightly less accurate in areas of high 

attenuation although, under the conditions tested, the errors remained low. 

One of the main purposes of this investigation was to determine an attenuation 

coefficient for the heterogeneous vegetation when the coefficients for the individual 

plants are known. As a first approximation, we propose that the linear combination of the 

individual coefficients provides a reasonable estimate for the attenuation in the 

heterogeneous case.  Figure 6 compares the fitted coefficients for the combined plants 

cases to the sum of the fitted coefficients for the cases with the individual plants. For this 

figure, the Dalrymple et al. (1984) equation is used, and the Kobayashi et al. (1993) 

equation produced similar results and are not included for brevity. The subscripts B, C, 

and D in the axis labels refer to the coefficients fitted for Cases B, C, and D respectively. 

The figure shows that the method of summing the coefficients provides a reasonable 

prediction of the fitted coefficient for the heterogeneous vegetation. The symbols in the 
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figure are separated by water depth and plant density, but there does not seem to be much 

variation in the applicability of this method for these variables. The symbols do illustrate, 

however, that increasing the density increased the fitted attenuation coefficients which 

represents an increase in wave attenuation.  

Figure 7 shows the measured attenuation due to vegetation for Case D, and the 

predicted transmission coefficient using the sum of the coefficients found for Cases B 

and C using the equations of Dalrymple et al. (1984) (solid line) and Kobayashi et al. 

(1993) (dashed line). Consistent with Figure 6, the prediction using the linear 

combination of the individual plant attenuation coefficients fits the measured data 

reasonably well for all of the water depths. 

Table 4 summarizes the error between the measured and predicted values and 

shows that using the sum of the coefficients for the individual plants predicts the wave 

height attenuation in the combined vegetation cases reasonably well. Recall that Tables 2 

and 3 show an average RMSE of 1.7% and 2.6% for the Dalrymple et al. (1984) and 

Kobayashi et al. (1993) equation, respectively.  Table 4 shows that the RMSE increases 

only slightly on average and is 2.0% and 2.9%, respectively, when using the summation 

of the individual attenuation coefficients. It is possible that the linear combination is 

neglecting some nonlinear effects in this process, but the scatter in the fitted data makes it 

difficult to determine these effects. Within the scatter of this data, the linear combination 

methodology reasonably predicts the wave height attenuation in heterogeneous 

vegetation. 

  

4.0 Phase-Resolving Numerical Model 

The experiments were modeled in the numerical model FUNWAVE to evaluate 

the model’s ability to predict wave height attenuation in heterogeneous vegetation. 

FUNWAVE is a phase resolved model for studying wave propagation based on 

Boussinesq-type equations. Original Boussinesq-type equations lacked applicability to 
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intermediate and deep water depths due to an assumption of weak frequency dispersion. 

Wei et al. (1995) developed a new set of equations which can be applied to intermediate 

water depths as well as highly nonlinear waves because of the inclusion of additional 

nonlinear dispersive terms (Kirby et al., 1998). The governing equations of the numerical 

model are: 

           (   )             (4)  

                              (5)  

where    is the horizontal velocity evaluated at a reference level,   is the free surface 

elevation,  H.O.T. is the numerous dispersive terms characteristic of the Boussinesq 

model  (e.g., Lynett et al., 2002), and    is a frictional dissipation term. FUNWAVE 

models the dissipation as a quadratic bottom friction using    given by: 

 
    

  |  |

   
 (6)  

where    is the instantaneous horizontal orbital particle velocity at the bottom, h is the 

water depth,   is the free surface elevation with respect to the still water line, and f is a 

friction factor. Augustin et al. (2009) used COULWAVE, a numerical with the same 

governing equations, to test the applicability of altering the bottom friction to predict 

wave height attenuation. This experiment tests the use of this form of numerical model on 

heterogeneous vegetation. 

The FUNWAVE model domain was designed to simulate the test region of the 

physical experiment. To ensure boundary effects did not contaminate the wave data in the 

vegetation region the domain was 12 m long with the wavemaker in the center. A 3 m 

long sponge layer was placed at each end of the model domain to help absorb wave 

energy and eliminate reflection. Figure 8 shows the portion of the model domain over 

which the results were evaluated. The time series used in the numerical model were based 

on the same time series used in the experiment with a small amplification across all 

frequencies so that the numerical output matched that of the data at the seaward boundary 
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of the vegetation (Gauge 1). Two separate friction factors were used in the model: the 

first, ff, represented the frictional losses from the tank bottom and sidewalls and the 

second, fv, simulated the vegetation. The vegetation friction factor, fv, started 32 cm from 

the wavemaker and extended to the sponge layer and the other friction factor was 

specified throughout the entire model domain.  

Figure 9 compares the cross-shore wave height attenuation results from 

FUNWAVE to the measured attenuation data shown previously in Figure 5. The friction 

factors in the model were calibrated to minimize the difference between the modeled and 

measured wave height attenuation at the final gauge. Differences of 2% or less were 

considered acceptable. The friction factor outside the vegetation, ff, was calibrated using 

the Case A (no vegetation) data for each combination of water depth and peak period. 

The vegetation friction factors, fv, for the remaining cases were then calibrated while 

holding ff constant at the predetermined value for the corresponding water depth and peak 

period. The figure shows that the model predicted the wave attenuation well throughout 

the vegetation area with a maximum RMSE of 3.4%.  

Table 5 summarizes the error between the modeled and measured attenuation 

where the RMSE was calculated for each run using the data at each of the wave gauges 

throughout the vegetation. It can be seen that the model matches the measured wave 

attenuation with approximately the same accuracy as the Dalrymple et al. (1984) and 

Kobayashi et al. (1993) equations. Since the model considers the vegetation as a bottom 

roughness, it was expected that the results for the most emergent cases would have the 

highest error, but these cases had the lowest errors. This could possibly be because none 

of the water depths tested submergence of both of the plants, thus never physically 

representing bottom friction. As seen in the experiment results, the model became less 

accurate from Case A to Case D, which once again follows an increase in wave 

attenuation. However, the errors remained low in the conditions tested. 

Similar to the earlier analysis, we seek to determine whether the numerical model 

can predict the attenuation through heterogeneous vegetation when the calibration factors 
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for the different vegetation types are known.  Figure 10 compares the sum of the 

calibrated vegetation friction factors for the individual plant cases with the calibrated 

vegetation friction factor for the cases of the combined vegetation. The figure shows the 

summation slightly over-predicting the calibrated friction factor for the combined cases 

with reasonable consistency. A linear fit to the data is represented in the figure with a 

dashed line and indicates that a potential reduction factor could be applied to the 

summation. The resulting friction factors from this summation methodology were 

modeled in FUNWAVE, and the errors between the predicted and modeled values are 

shown in Table 6. The figure symbols are separated according to water depth and plant 

density, but no trends are evident with respect to these parameters. 

Table 6 summarizes the error between the measured and modeled attenuation for 

the cases of combined vegetation using the sum of the friction factors from the individual 

plant cases.  The error using this method is small and similar in magnitude to the error 

seen for the calibrated coefficients, demonstrating that this methodology predicts the 

wave height attenuation in heterogeneous vegetation reasonably well given calibrated 

friction factors for the individual plants. The table shows an increase in error for this 

methodology as the density is increased. The error is smallest for the middle water depth, 

10.0 cm. 

Additional analysis evaluated the sensitivity of the model to the vegetation 

friction factor when predicting the wave height attenuation. Figure 11 shows the root 

mean square error between the modeled and measured attenuation versus the friction 

factor for a representative combination of water depth, peak period, and density.  The 

calibrated vegetation friction factor is indicated by the star symbol in the figure and is 

shown to produce the smallest RMSE. The figure also shows that over the range of 

friction factors tested (± 0.3 from the calibrated value) the total RMSE only increased 

from 2% to 3% signifying that the model is only moderately sensitive to this term. 

The relationship between the calibrated vegetation friction factors and fitted 

vegetation attenuation coefficients was evaluated. Figure 12 shows the calibrated 
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vegetation friction factors versus the fitted vegetation attenuation coefficients for the 

Dalrymple et al. (1984) equation. The figure shows a linear relationship between the 

values with a coefficient of determination (R
2
) of 0.823. A similar figure (not shown) 

based on the Kobayashi et al (1993) equation gave similar results. 

 

5.0 Conclusions 

Quarter scale experiments were performed to evaluate random wave attenuation 

through two types of synthetic vegetation. The experiment was performed with two peak 

periods, three water depths, and two stem densities. For each combination of parameters, 

free surface time series were collected at 7 locations throughout the vegetation field and 1 

location seaward of the vegetation. The wave height decay due to vegetation was fit to 

the Dalrymple et al. (1984) and Kobayashi et al. (1993) equations. Based on the curve 

fitting analysis, the following conclusions can be made: 

1. The wave height decay equations from Dalrymple et al. (1984) and Kobayashi et 

al. (1993) fit the measured data reasonably well. The error between the predicted 

and measured attenuation increased with increasing attenuation, but the errors 

never became large in the conditions tested. 

2. Given attenuation coefficients for two individual plant types, the linear 

combination of the coefficients could be used to reasonably predict the wave 

attenuation in a field of heterogeneous vegetation.  

The experiment measurements were used to calibrate the numerical model 

FUNWAVE. The calibration iterated the friction factor to minimize the RMSE between 

the experiment and model at the shoreward edge of the vegetation. Based on these 

calibrations, the following additional conclusions can be made: 

3. Modeling wave damping due to vegetation with friction factors in FUNWAVE 

provides reasonable results. As seen with the experiment data, the error in the 
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model increases with greater attenuation, but the errors remained small for the 

conditions tested. 

4. Given calibrated friction factors for the individual plants, the linear combination 

of the friction factors provides a reasonable result for heterogeneous vegetation. 

5. FUNWAVE was only moderately sensitive to the friction factor, and thus small 

errors in determining this value resulted in small increases to the error. 

Wave attenuation through vegetation continues to be an important area of research.  

Future research should consider observations to understand the attenuation relating to 

complex arrangements of heterogeneous vegetation, vertical variations in homogenous 

vegetation, plant motion. Additional work is needed to parameterize these conditions for 

phase-resolving and phase-averaged models of wave height decay and to consider 

realistic multi-directional waves. 
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Figures 

 

Figure 1. Schematic of wave flume.  
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Figure 2. Experiment vegetation layouts showing Plant 1 (stars) and Plant 2 (circles) for 

half of the length of the vegetated region.  
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Figure 3. Artificial plants used in experiment. Plant 1 (left) and Plant 2 (right).  
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Figure 4. Water depth and vegetation height comparisons for Case D, Density 2 with 

h=7.5 cm (a), h=10 cm (b), and h=12.5 cm (c) with the dashed line representing the 

waterline.  
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Figure 5. Measured and predicted attenuation due to vegetation for Tp=0.6 s, Density 1 

and h=7.5 cm (a), h=10.0 cm (b), and h=12.5 cm (c) with the solid and dashed lines 

representing the fitted curves for the Dalrymple at al. (1984) and Kobayashi et al. (1993) 

equations respectively. P1 and P2 correspond to Plant 1 and Plant 2, respectively. 
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Figure 6. Measured attenuation coefficients from combined vegetation Case D versus 

sum of measured attenuation coefficients from Case B and Case C fitted using the 

Dalrymple et al. (1984) equation for low (open symbol) and high (solid symbol) density 

for three water depths h = 7.5 cm (circle), 10.0 cm (square) and 12.5 cm (diamond).  

Solid line indicates perfect agreement. 
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Figure 7. Measured and predicted attenuation due to vegetation for combined vegetation 

case using the sum of the fitted attenuation coefficients from the individual plants for 

Tp=0.6 s, Density 1 and h=7.5 cm (a), h=10.0 cm (b), h=12.5 cm (c). Solid and dashed 

lines respresent the curves for the Dalrymple et al. (1984) and Kobayashi et al. (1993) 

equations, respectively. 
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Figure 8. FUNWAVE model domain and simulated free surface elevation for 

approximately half of the domain. 
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Figure 9. Modeled and measured total wave height attenuation comparisons for Tp=0.8 s, 

density 1 and h=7.5 cm (a), h=10 cm (b), and h=12.5 cm (c). Symbols represent 

measured data and solid lines represent model results. 
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Figure 10. FUNWAVE vegetation friction factor from combined vegetation Case D 

versus sum of friction factors from Case B and Case C calibrated using the measured 

attenuation. Symbols are the same as for Figure 6. Dashed line shows linear fit to data. 
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Figure 11. Model sensitivity to vegetation friction factor for h=12.5 cm, TP=0.8 s, 

Density 2, Case D. 
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Figure 12. Calibrated FUNWAVE vegetation friction factor versus fitted vegetation 

attenuation coefficient using the Dalrymple et al. (1984) equation for Case A (circle), B 

(triangle), C (square), and D (diamond) and three water depths h = 7.5 cm (open), 10.0 

cm (gray) and 12.5 cm (black). Dashed line indicates best fit (R
2
 = 0.823). 
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Tables 

Table 1. Summary of experiment parameters. 

Case  Vegetation Density 

(stems/m
2
) 

h  

(cm) 

Nominal Tp 

(s) 

Nominal Hmo 

(cm) 

A None NA 7.5, 10, 12.5 0.6, 0.8  1.8, 2.4, 3.0 

B Plant 1 (short) 2778, 4167 7.5, 10, 12.5 0.6, 0.8 1.8, 2.4, 3.0 

C Plant 2 (long) 556, 833 7.5, 10, 12.5 0.6, 0.8 1.8, 2.4, 3.0 

D Mixed 3333, 5000 7.5, 10, 12.5 0.6, 0.8 1.8, 2.4, 3.0 
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Table 2. Root mean square error fitting the measured data to the Dalrymple et al. (1984) 

equation. 

h RMSE (%) 

(cm) Case A Case B Case C Case D Average 

  7.5 0.7 1.0 1.8 1.6 1.3 

10.0 1.5 1.4 1.2 1.3 1.3 

12.5 0.7 0.8 2.0 2.3 1.4 

Average 1.0 1.1 1.6 1.7 
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Table 3. Root mean square error fitting the measured data to the Kobayashi et al. (1993) 

equation. 

h RMSE (%) 

(cm) Case A Case B Case C Case D Average 

  7.5 0.5 1.4 2.1 2.5 1.6 

10.0 1.4 1.4 1.4 2.2 1.6 

12.5 0.7 0.8 2.6 3.1 1.8 

Average 0.9 1.2 2.0 2.6 
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Table 4. Root mean square error between measured and predicted data for the cases of the 

combined vegetation using the sum of the fitted attenuation coefficients from the 

individual plant cases. 

h RMSE (%) 

(cm) Dalrymple et al. (1984) Kobayashi et al. (1993) Average 

  7.5 1.7 2.9 2.3 

10.0 1.9 2.4 2.1 

12.5 2.5 3.3 2.9 

Average 2.0 2.9 
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Table 5. Root mean square error between modeled and measured wave height 

attenuation. 

  h RMSE (%) 

 (cm) Case A Case B Case C Case D Average 

  7.5  1.4 1.2 1.6 2.1 1.6 

 10.0  1.7 1.7 2.0 2.1 1.9 

 12.5  1.1 1.2 2.3 2.2 1.7 

Average 1.4 1.4 1.9 2.1 
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Table 6. Root mean square error between measured and modeled attenuation for the cases 

of combined vegetation using the sum of the friction factors from the individual plant 

cases. 

  h RMSE (%) 

 (cm) Density 1 Density 2 Average 

  7.5  3.2 4.2 3.7 

 10.0  1.8 2.6 2.2 

 12.5  3.2 4.0 3.6 

Average 2.7 3.6 
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Abstract 

A large wave flume and numerical model were used to investigate wave height 

attenuation caused by emergent coastal vegetation. The experiments used three square 

bulrush (Schoenoplectus pungens) and tested regular and irregular waves typical of 

conditions in a coastal estuary. Wave heights were measured at the seaward edge of the 

vegetation and at a number of locations through the vegetation. The sidewall and bottom 

friction losses were measured in a control channel and subtracted from the attenuation in 

the vegetated channels to isolate the vegetation affects. The resulting attenuation curves 

were fit to existing equations to determine the drag coefficient, Cd. The drag coefficients 

were fit as functions of the Reynolds number (Re) and Keulegan Carpenter number (KC) 

with R
2
 values ranging from 0.31 to 0.67 for the Re number and from 0.38 to 0.77 for the 

KC number, indicating that either Re or KC can be used to predict Cd. The measured 

attenuation was modeled with SWAN-VEG, a phase averaged spectral wave model 

which includes a module to account for attenuation due to vegetation with a tunable 

coefficient, Cd. Cd was determined two ways. First, Cd was estimated from the Re and KC 

values using the empirical equations tuned to the measurements. For this case, the model 

produced root mean square errors ranging from 6.8% to 8.0%. Second, Cd was calibrated 

directly with the observations for each case. For this method, the model produced root 

mean square errors ranging from 1.4% to 5.9%, indicating that the model accuracy could 

be improved if the empirical equations to predict Cd based on Re or KC could be 

improved. Finally, the observed and predicted spectra were compared. In the frequencies 

near the peak energy, the modeled spectra matched most cases with good agreement, but 

the model was less accurate at higher frequencies near the second harmonic. 
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1.0 Introduction 

 Coastal populations face constant challenges including erosion, sea level rise, and 

frequent storms. As coastal populations grow and as global climate change threatens to 

increase the severity of these risks, it is imperative that coastal engineers and local 

communities seek viable options to protect the coast. Coastal vegetation has been shown 

to dampen waves, which can provide benefits to the local area, including promoting 

accretion while providing habitats for local organisms and retaining a natural 

environment (Fonseca and Cahalan, 1992; Ward et al., 1984; Kastler and Wiberg, 1996; 

Nepf, 2004). Furthermore, a study by Day et al. (2007) illustrated that earthen levees 

fronted by extensive wetlands escaped extensive damage during hurricanes Katrina and 

Rita, suggesting that the ecological engineering of wetlands can provide a self-sustaining 

complement to the built infrastructure by reducing the risk to coastal hazards. However, 

existing literature shows large variations in the degree of wave height attenuation 

depending on plant properties and wave conditions.  

Numerous studies have attempted to determine an analytical solution to describe 

wave height attenuation due to vegetation. The conservation of energy and conservation 

of momentum are two approaches used to address this problem, with most efforts 

following one of the two. Dalrymple et al. (1984) used the conservation of energy 

approach to determine an algebraic decay equation for regular waves propagating through 

an array of rigid cylinders: 

  ( )

  
 

 

    
 (1)  

where H(x) is the wave height at a distance x from the seaward edge of the vegetation, Hi 

is the incident wave height at the seaward edge of the vegetation, and   is a damping 

factor given by: 
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where g is the acceleration due to gravity, N is the vegetation density or number of stems 

per unit area, D is the vegetation diameter, k is the wavenumber given by 2𝜋  , L is the 

wave length, lv is the vegetation length or water depth, whichever is less, h is the water 

depth, cg is the wave group velocity, c is the wave celerity, and Cd is the drag coefficient 

of the vegetation. Mendez and Losada (2004) extended this approach to include wave 

height attenuation in irregular waves: 

  𝑟 𝑠( )

 𝑟 𝑠  
 

 

  𝛽 
 (3)  

where Hrms is the root mean square (RMS) wave height, Hrms,i is the incident RMS wave 

height, and 𝛽 is the damping factor: 

 
𝛽  
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 (4)  

Mendez and Losada (2004) also extended the work to include a bottom slope and 

breaking waves. They used an experiment performed by Dubi (1995) to validate their 

methodology for irregular waves and found the equation to work well with calibration of 

Cd.  

The dimensionless parameters Reynolds number (Re) and Keulegan-Carpenter 

Number (KC) are related to the Cd when using the Morrison Equation (e.g, Sarpkaya and 

Issacson, 1981) and therefore literature has attempted to relate these parameters to Cd in 

Equation 2 and 4. The Reynolds number describes the ratio of the inertial forces to 

viscous forces: 

 
   

𝑢𝐷

𝜈
 (5)  

where u is the horizontal particle velocity calculated at the still water surface (z = 0) using 

linear wave theory with the incident value of H for regular waves or Hrms for irregular 

waves and the period T for regular waves or Tp for irregular waves , D is the vegetation 
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diameter, and 𝜈 is the kinematic viscosity. The Keulegan-Carpenter number (KC) 

represents the importance of the drag force relative to the inertial force: 

 
 𝐶  

𝑢𝑇

𝐷
 (6)  

Mendez and Losada related Cd with Re number and KC and found their data to correlate 

with KC better than Re. 

Mullarney and Henderson (2010) focused on predicting the vegetation motion 

using cantilever beam theory. Their theory was compared with motions of a form of 

bulrush in a natural salt marsh and was shown successful with the tuning of a single 

parameter. They also derived a formula for wave height attenuation similar to the 

Dalymple et al. (1984) methodology that includes the vegetation motion. Based on the 

formula they conclude that vegetation of moderate flexibility attenuated the wave height 

70% less than the attenuation from rigid stem vegetation. The theory for predicting wave 

height dissipation from Mullarney and Henderson (2010) was tested in a field experiment 

performed by Riffe et al. (2011). The experiment measured wave height attenuation 

through natural salt marsh vegetation and applied the Mullarney and Henderson (2010) 

formulation in two forms: one considering the vegetation motion and the other assuming 

rigid vegetation. Both of the models were able to predict the wave height attenuation 

well, but the drag coefficients fit in the rigid vegetation model were below the range of 

expected values. The model considering the vegetation motion yielded more reasonable 

drag coefficients.  

Augustin et al. (2009) performed a hydraulics experiment to measure the wave 

height decay through both rigid and flexible cylindrical dowels for emergent and near 

emergent cases. They used the Dalrymple et al. (1984) methodology to determine Cd 

values and found Cd to correlate best with the Re number for emergent cases and the KC 

number for near emergent cases. Augustin et al. (2009) also made wave height 

measurements through a vegetation field with varying density in the direction of wave 

propagation and showed that such cases could be evaluated for each density section 



47 

individually and combined in a piecewise fashion. Furthermore, the numerical model 

COULWAVE based on modified Boussinesq-type equations was used with the friction 

factor calibrated to minimize the error between the total modeled and total measured 

attenuation. The calibrated values were then used to empirically derive equations for 

determining friction factors in COULWAVE as a function of the stem density and Ursell 

number. 

 Kobayashi et al. (1993) used a conservation of momentum approach to determine 

an exponential decay for regular waves in rigid vegetation. This exponential decay 

required a damping factor similar to Equation 2, which also required a calibrated Cd. 

Kobayashi et al. (1993) compared their equation to an experiment performed by Asano et 

al. (1988) and concluded that their solution reasonably predicted wave height attenuation 

and that their Cd values correlate best with the Re number. Asano et al. (1992) extended 

the Kobayashi et al. (1993) methodology to include the vegetation motion. They 

developed an iterative solution for a linearized damping coefficient, which is used to 

relate the vegetation motion to the wave equations. Asano et al. (1992) tested their 

methodology against the experiment performed by Asano et al. (1988) and concluded that 

their solution for flexible vegetation better predicted the wave height decay than the rigid 

vegetation model by Kobayashi et al. (1993) and that their equation used a more realistic 

drag coefficient. Dubi and Torum (1994) extended the work of Asano et al. (1992), using 

a linear relationship between the damping force and the velocity, and developed a 

solution for the vegetation motion which does not require iteration. Mendez et al. (1999) 

further extended these works to include random waves as well as evanescent modes. 

Their model was validated for regular waves using the experimental data from Asano et 

al. (1988) and for irregular waves using the data of Dubi (1995). Both comparisons of 

decay showed good agreement between the model and the experiment results and the 

correlation between the Cd and Re improved from Kobayashi et al. (1993). Furthermore, 

their model showed a modulation of wave height decay which was caused by reflection 

from the vegetation, creating a partial standing wave. It was seen that this modulation is 

more pronounced in regular waves, but still exists to a smaller degree in random waves. 
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 Several researchers have performed either lab experiments using natural 

vegetation or field experiments looking at wave height attenuation. Fonseca and Cahalan 

(1992) performed a laboratory experiment measuring wave energy reduction over one 

meter in four different plant species: Halodule wrightii, Syringodium filiforme, Thalassia 

testudinum, and Zostera marina. The authors found that energy reduction increased as 

water depth decreased and that the energy reduction became negligible with water depths 

greater than twice the average stem length.  Möller et al. (1999) measured wave heights 

at the beginning and end of a salt marsh and compared the data to measurements at the 

beginning and end of a salt flat. The authors compared wave spectra from the two 

locations and found a reduction in wave heights at all frequencies. These data were then 

used to develop an equation for attenuation based solely on friction factors for different 

local parameters. Tschirky et al. (2000) performed a three year monitoring program of 

bulrush in the Great Lakes measuring waves, water levels, and substrate conditions while 

regularly monitoring the plant geometries and plant densities. Their field experiment was 

coupled with a laboratory experiment using vegetation collected at the field site. They 

developed empirical equations to predict the wave height attenuation using both the field 

and experimental data, but the field equation failed to predict the attenuation in the 

experiment and vice versa. Bradley and Houser (2009) performed a study in a seagrass 

meadow in Florida to evaluate both the wave height decay and vegetation motion under 

low energy wave conditions. They observed the wave height attenuated exponentially, 

with the decay coefficient related to the Re number. Furthermore, they observed that the 

vegetation would sway with the fluid flow under low energy conditions, but approached a 

rigid state when the conditions increased in energy. This led to the conclusion that there 

was a frequency dependence in the wave attenuation, with higher frequency waves 

attenuated more than lower frequency waves. 

More recent efforts have begun using numerical models in the prediction of wave 

height attenuation. Suzuki et al. (2011) describes the implementation of a spectral form of 

the Mendez and Losada (2004) in the model SWAN. The model was checked with a 

comparison to the Mendez and Losada (2004) theory and then applied to a flume 
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experiment conducted by Løvås (2000) with the vegetation on a slope with breaking 

waves. For the comparison with the flume experiment, Cd was found using the 

relationship between Cd and the Keulegan-Carpenter number (KC). New Cd values were 

calculated at each grid point through the flume and the model results generally agreed 

with the experiment. Suzuki et al. (2011) also checked the models sensitivity to the 

peakiness of the spectrum and the directional spreading of the spectrum and the effects 

were minimal. Finally, Suzuki et al. (2011) modeled a field site in which they were able 

to predict a suitable wave height profile through the calibration of the vegetation terms. 

De Oude (2010) presented similar work to Suzuki et al. (2011) with a sensitivity analysis 

of the model, a comparison to a flume experiment performed by Penning et al. (2009), 

and the modeling of a field site. For the flume experiment, De Oude (2010) attempted to 

determine a single Cd for specific vegetation but found that Cd needed to vary depending 

on wave conditions and plant properties. The field site modeling in De Oude (2010) 

illustrated the models use in a two-dimensional domain with an assumed Cd based on 

expertise, but lacked comparisons to measured data. 

In summary, there has been significant progress in the understanding and 

predictive capabilities for the attenuation of waves by vegetation.  Still, existing methods 

and models require a calibrated coefficient to predict wave height attenuation in coastal 

vegetation and the relation between these calibration coefficients and parameters readily 

available to engineers is not certain. To improve our understanding, this paper presents 

results of a prototype scale laboratory investigation using live plants harvested from an 

estuary and with water levels and wave conditions typical of that estuary.  These 

measurements provide the basis for evaluating capabilities of the numerical model 

SWAN to predict the attenuation for a range of random waves.  The paper is outlined as 

follows.  First, the experiment is described, followed by the calculation of the drag 

coefficients and their relationship with dimensionless parameters. Next, the foundation of 

the numerical model SWAN is discussed, followed by the application of the previously 

determined Cd relationships in the model. The model is then evaluated in the frequency 

domain using calibrated Cd values. 
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2.0 Methods and Materials 

Schoenoplectus pungens, or threesquare bulrush is found throughout the Great 

Lakes, Pacific Northwest, and the Gulf of Mexico and is recognized for its ability to 

thrive in high energy areas (Albert et al., 2013). Samples of threesquare bulrush were 

harvested from Tillmook Bay, Oregon in the late spring of 2009, one year prior to the 

start of the laboratory experiments. Blocks of the bulrush stems with the root mats intact 

were removed from portions of the bay receiving low to moderate wave forcing. The 

vegetation samples were transported back to Oregon State University by truck where they 

were replanted in twelve specially constructed boxes 2.44 m long, 65 cm wide, and 58 cm 

deep. In eight of boxes the root mats were carefully replanted to approximate natural 

vegetation conditions and in four of the boxes the root mats were planted in a staggered 

pattern typical of restoration practices. The specimens were allowed to grow outdoors 

under natural light conditions for approximately one year till the start of the experiment 

in June 2010. 

The experiments were performed in the Large Wave Flume at the O.H. Hinsdale 

Wave Research Laboratory (HWRL) at Oregon State University. The flume was 84.5 m 

long, 4.6 m deep, 3.7 m wide and equipped with a hydraulic ram wavemaker capable of 

generating regular and irregular waves. The floor of the flume was adjusted as follows to 

accommodate the vegetation. With the wavemaker’s rest position as x’=0, a false floor 

was added starting at x’=21.4 m. The false floor rose with a 1:12 slope to an elevation of 

3.3 m at x’=58.0 m. Here, the false floor was lowered 0.6 m to allow the placement of the 

vegetation with the sand and fluid interface level with the surrounding false floor. This 

lowered floor continued to x’=69.0 m where the floor was raised back to 3.3 m elevation. 

The false floor remained at this elevation until x’=76.3 m where another 1:12 slope began 

to minimize reflection. The final slope terminated at x’=84.5 m. A schematic of the flume 

is shown in Figure 1. A second coordinate system (x and z) is shown with x = 0 at the 

seaward edge of the vegetation and z = 0 at the still water level to describe measurements 

in the remainder of this paper. 
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The vegetation boxes were used to construct four partitioned channels, each 65 

cm wide and 9.75 m long. Channel A was a control channel with no vegetation and 

Channels B, C and D had stem densities of 1256 stems/m
2
, 999 stems/m

2
, and 1219 

stems/m
2
,
 
respectively. The flume channels and wave gauges are shown in Figure 2. The 

average stem diameter, D, was approximately 5 mm and the majority of the stem lengths, 

lv, ranged from 50 to 70 cm. Figure 3 shows a photograph of the profile view of the 

vegetation.   

The testing plan called for a number of experiments to study the interaction of 

waves and vegetation in five sub-categories: wave height attenuation, velocity 

kinematics, mixing properties, sediment suspension, and survivability (Yoon et al., 2011). 

This paper focuses on wave height attenuation. Water depths and wave parameters were 

chosen to approximate conditions typical to an estuary such as Tillamook Bay, Oregon. 

Most tests were conducted with a water depth of 40 cm such that most of the stems were 

emergent. In some cases 60 cm water depth was used. Regular and irregular waves were 

run with wave periods ranging from 1.0 s to 3.0 s and wave heights ranging from 2.8 cm 

to 13.3 cm. The irregular wave time series were generated using a JONSWAP spectrum. 

Table 1 shows the measured and calculated experiment parameters in Channel A for each 

of the cases. In looking at the joint distribution of Re and KC for this experiment from 

Column 11 and 12 of Table 1, there is a general increase in KC with increase in Re 

(figure not shown) except for the steep wave cases (3, 6 and 10). 

Wave heights were measured with surface piercing wire-resistance wave gauges. 

A wave gauge array was placed seaward of the false floor to ensure quality control of the 

offshore parameters. In this offshore array, one acoustic wave gauge was placed beside a 

surface piercing wire-resistance wave gauge to check the wave gauge calibrations for 

each run. Along the centerline of each channel, one wave gauge was installed on a 

stationary beam at the seaward edge of the vegetation (x = 0.0 m) and another wave 

gauge was installed on a mobile cart to allow measurements at locations throughout the 

vegetation region as shown in Figure 4 with more dense sampling at the start of the 
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vegetation. The wave conditions listed in Table 1 were repeated with the same 

wavemaker time series for each of the mobile cart locations.  

Figure 5 shows an example of time series recorded at four locations through the 

vegetation for an irregular wave case. The free surface elevation is shown on the vertical 

axis and time on the horizontal axis, and the panels on the right show a detailed section of 

the time series. The figure shows the amplitude of the waves decreasing as the distance 

into the vegetation increases, as is expected. For the irregular wave cases, a Fourier-based 

analysis was performed on each measured time series to determine the spectral wave 

height, Hmo, and peak period, Tp. The spectral wave height was converted to a root-mean-

square-wave height (Hrms) by assuming a Rayleigh distribution, Hrms = 0.706Hmo. For the 

regular wave cases, a zero up-crossing routine was used to determine the mean wave 

height, H, and corresponding period, T. 

 

3.0 Experiment Drag Coefficients 

The wave height attenuation measured in Channel A without vegetation was used 

to account for losses due to sidewall and bottom friction.  The wave height decay in 

Channel A was fitted using Eq 1 and 3 for regular and irregular waves, respectively, and 

then subtracted from Channels B, C, and D.  For this paper, the local transmission 

coefficient is defined as the ratio of the measured wave height to the incident wave 

height, K(x) = H(x)/Hi.  Kt(x) refers to the total transmission coefficient, that is, the wave 

height ratio including the effects of sidewall and bottom friction, and Kv(x) refers to the 

transmission coefficient due to the presence of the vegetation, with the sidewall and 

bottom friction effects removed. 

 Figure 6 shows the cross shore variation of the measured total attenuation, Kt(x), 

in Channel A (no vegetation) for Case 18 and the attenuation due to vegetation, Kv(x), in 

Channel C for all of the irregular wave cases.  The symbols represent the measured data 

and the solid lines are the best fit using Equation 3. The figure shows that with the 
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friction losses removed, the attenuation in Channel C is still larger than the losses in the 

control channel, indicating that the effect of the vegetation is larger than the bottom and 

sidewall friction combined. The attenuation from the vegetation varies for the different 

cases as is expected because of the different wave conditions. Furthermore, Case 17 

attenuated the least which is also expected as the water depth was deepest of all the cases 

shown. The figure also shows that Equation 3 fits the attenuation well.  For all cases 

in the experiment, the average RMS error using Equations 1 and 3 to fit the wave height 

attenuation was 2.73%. 

 Figure 7 shows the calculated drag coefficients as a function of the KC number 

for regular (solid square) and irregular (open circle) cases. The solid line shows the 

equation fitted using both the regular and irregular wave data given by (R
2
 = 0.77): 
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The dotted line shows the best fit equation using only the irregular wave data (R
2
 = 0.38): 
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Figure 8 shows the Cd values as a function of the Re number for both regular 

(solid square) and irregular waves (open circles) with the data from Kobayashi et al. 

(1993).  It is noted that the range of Reynolds numbers for the work of Kobayashi et al. 

(1993) is higher than those observed for the prototype-scale experiments on natural 

bulrush with wave conditions typical of estuarine conditions. The dashed line in the 

figure shows the equation given in Kobayashi et al. (1993): 
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The best fit for the regular and irregular wave data for the present data set is shown by the 

solid line (R
2
 = 0.70):  
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The dotted line shows the best fit equation using only the irregular wave data (R
2
 = 0.31): 
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In fitting Eq. 10 and 11, the constant 0.07 was chosen to agree with Equation 9 for 8000 

< Re < 20000. Equations 10 and 11 fit the data in this experiment and the majority of the 

data from the Kobayashi et al. (1993) experiment, indicating they can be used for a wider 

range of Reynolds numbers, particularly for low Re conditions that are more like to exist 

for natural vegetation in estuaries.    

 Drag coefficients presented in Sarpkaya and Isaacson (1981) indicate that for 

higher Re values, the Cd is less sensitive to KC ranging from 10 to 100, suggesting that Cd 

should be related to Re, however, the Re values for their work are one to two orders of 

magnitude higher than values seen for vegetation. Figures 7 and 8 and the corresponding 

equations show that neither Re nor KC is highly superior in determining Cd. These 

results, as well as literature, suggest that while these relationships can be used for 

determining Cd they will incur error and more work should be done to refine these 

relationships. Future research may consider new methods to represent the projected area, 

which is currently the product of the diameter and density in Equations 2 and 4, to better 

depict natural vegetation structure, which varies vertically. It also may be important to 

consider how the vertical profile of the horizontal particle velocity combined with the 

vertical variation of the projected area may be significantly different for varying 

vegetation species.   

The trend of Cd for the irregular wave cases is lower than the trend for the regular 

wave cases in Figure 7 and 8. Mendez and Losada (2004) suggest that because the drag 

coefficient’s dependence on wave height was not fully understood, their derivation (Eq. 3 

and 4) may contain some error which they accounted for by using an average Cd. The 



55 

variation between Cd for regular waves and irregular waves in this experiment supports 

this speculation and indicates that drag coefficients for regular waves may not directly 

compare with drag coefficients for irregular waves. 

 

4.0 Phase-Averaging Numerical Model 

 The third-generation spectral wave model SWAN was used to model the irregular 

wave cases of the experiment. The model is based on the spectral action balance equation 

(Booij et al., 1999):  
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where N is the action density spectrum, t is time, x and y are the horizontal Cartesian 

coordinates, 𝜎 is the angular wave frequency, 𝜃 is the direction of the wave propagation, 

c is the wave speed with the subscripts indicating the direction component, and S is the 

energy added or lost due to sources and sinks. One main benefit of the model for coastal 

scientists is that the wave action balance preserves energy in the presence of currents, 

whereas an energy balance does not. SWAN has become an increasingly popular model 

for studying waves propagating into the nearshore and recently the ability to include 

energy losses due to vegetation was added using a spectral version of the Mendez and 

Losada (2004) formulation (Suzuki et al., 2011): 
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√𝐸   𝐸(𝜎 𝜃) (13)  

where E is the wave energy, 𝜎 is the wave frequency, 𝜃 is the wave direction, �̃� is the 

mean wavenumber, and �̃� is the mean wave frequency. The results obtained from the 

irregular wave cases of this experiment were used to examine the ability of this spectral 

wave model to predict wave height attenuation. 
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 The model domain was designed to model the attenuation due to vegetation as 

measured in the experiment. The domain was flat with 1 cm grid spacing. There was a 10 

m long flat, un-vegetated region seaward of the vegetation to ensure the model was 

running correctly and 1:12 slope at the shoreward end of the vegetation to minimize 

reflection, although this was not necessary as there was no reflection enabled in the 

model runs. The model runs were performed in the one-dimensional mode since the 

flume channels were uniform in the alongshore. Wave conditions were inputted using the 

JONSWAP spectrum with the measured incident spectral wave height, Hmo, and peak 

period, Tp, from the corresponding case and channel.     

 The SWAN model accounts for energy sinks due to several processes including 

vegetation and bottom friction. The bottom friction term was used to account for the 

friction losses measured in the experiment. The friction factor was calibrated to the 

attenuation measured in the un-vegetated channel (Channel A) for each case through 

iteration to minimize the RMSE. This friction factor was used for all of the channels in 

the corresponding case. 

 The first modeling effort in this paper evaluated the use of the relationships with 

Re and KC (Eq. 7-11) for determining Cd in SWAN. Table 2 shows the RMS error 

between the model and the measured attenuation when using Equation 10. For this table, 

the Re number for each case and channel was used with Equation 10 to determine Cd. 

This Cd was used in SWAN and the measured and modeled results were compared. The 

table shows that this method of determining Cd produced an average RMSE of 8.0%. The 

table shows that the errors vary in regards to the channel and case number. It is suspected 

that these errors are random and do not indicate any sort of trend. This suspicion is based 

on the scatter shown in Figures 7 and 8. 

 Table 3 shows the average errors using the different equations for predicting Cd. 

The values in the table were found using the same technique as was discussed for Table 

2, but with the equations indicated. The table shows that the errors associated with using 

the Kobayashi et al. (1993) relationship are high, which is expected due to this equation’s 
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large over prediction of Cd values for this experiment. The error values associated with 

the equations developed in this paper produce reasonable errors, with slightly smaller 

errors using the relationships with KC. As discussed previously, more efforts should be 

put forth to minimize the scatter in the predictions for Cd and these improvements should 

improve the model results as well. 

 Figure 9 shows two cases of measured attenuation and modeled attenuation using 

various equations to predict Cd. The total attenuation is on the vertical axis and x is on the 

horizontal axis. The symbols show the measured data and the different lines represent the 

model results with Cd predicted using the different equations. The figure shows the 

results using Cd from Equations 8 and 11 fitting the data with good agreement for the 

lower panel and slightly under predicting the attenuation for the upper panel. This 

variability in accuracy is expected due to the scatter in Figures 7 and 8, but, the model 

results in both cases fit the trend of the data. In addition, Table 3 showed that using these 

methods for determining the model Cd produced reasonably small errors even with the 

scatter in Figures 7 and 8. This is not the case for the equation provided by Kobayashi et 

al. (1993) (Equation 9). The figure shows that this equation greatly over predicts the 

attenuation, supporting the need to adjust the Equation 9 to accomodate smaller Re 

values.  

 A second modeling effort was made to evaluate the models ability to predict 

attenuation due to vegetation with a calibrated Cd. For this effort, the model Cd was 

calibrated to the nearest one tenth through trial and error. With the calibrated values, the 

model matched the measured data with an average RMSE of 2.61%. 

 Figure 10 shows the measured Cd values on the vertical axis versus the calibrated 

model Cd values on the horizontal axis. The figure shows that the model requires a higher 

Cd than measured in the experiment. De Oude (2010) saw a similar result when 

comparing the Mendez and Losada (2004) solution (Equation 4) to SWAN. He concludes 

that difference comes from the group velocity, cg, decreasing through the vegetation field 

in SWAN where it is considered constant in the derivation of Equation 4. Since the wave 
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attenuation is based on the energy flux, this difference in cg decreases the energy 

damping in the model. The differences shown in the figure are noticeable and this 

phenomenon may need more attention in the future; however, the current relationships 

between Cd and the Re and KC numbers have enough scatter that the difference between 

the model and the measured Cd values is not likely significant. This is supported by the 

reasonable errors in Table 3. 

 Figure 11 investigates the models ability to predict attenuation with regard to 

frequency using the calibrated Cd. The figure shows two cases, the first case represented 

in panels a through d and the second case represented in panels e through h. Figure 11a 

and 11e show the measured and modeled attenuation for the two cases with the bolded 

segments indicating sections of the attenuation that are evaluated in the bottom panels. 

Figure 11b and 11f show the measured and modeled spectra at select locations through 

the vegetation field. Figure 11c and 11g show the attenuation of the measured and 

modeled spectra for the segment S1, and Figure 11d and 11h show the attenuation of the 

measured and modeled spectra for the segment S2. Figure 11b and 11f show that the 

modeled spectra generally agree with the measured spectra with minor differences. In 

Figure 11b the modeled spectra are not as peaky as the measured spectra and in Figure 

11f the model does not predict the second harmonic. Figure 11c, 11d, 11g, and 11h show 

that the model attenuation gets slightly greater with increasing frequency, and that the 

model agrees with the measured data in the area of the peak energy. However, around the 

frequency of the second harmonic, the Kv increases, especially in Figure 11c and 11g, 

indicating some selective damping. This phenomenon was investigated for the other cases 

and for different segments of the flume and appeared to be real, especially in the cases 

with more energy in the higher frequencies.  

 Figure 11 showed that the model did not properly predict the energy in the higher 

frequencies, especially in Case 19. There are several possible explanations of this 

difference. Although the vegetation model in SWAN takes into account the energy 

dissipation, the vegetation generated disturbance (e.g vortices) is not considered in the 
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model. Therefore vegetation cannot contribute to generating higher frequency energy in 

the SWAN model. This higher frequency energy is seen in the measured spectra (Figure 

11, panel b and f) and also the attenuation of the spectra (Figure 11, panel c, d, g, and h). 

Furthermore, the viscosity may also play a role in the energy dissipation in the higher 

frequency regions, but this process is not included in the numerical model which may 

explain the difference between in the attenuation in the measured and modeled spectra at 

higher frequencies.  

The SWAN model includes the ability to enable triad interactions, which account 

for nonlinearities in shallow water that result in the transfer of energy to higher 

harmonics. Enabling these interactions was attempted for this experiment and resulted in 

too much energy transferred to the higher frequencies (figure not shown), indicating these 

interactions are not properly implemented in the model. This was also seen by Wood et 

al. (2000), who tested the use of triad interactions in the modeling of wave spectra 

evolution over a slope and concluded that the triad interactions should not be engaged 

because they resulted in the under prediction of the wave height. Furthermore, in this 

modeling effort for vegetation the attenuation with regard to frequency maintained the 

same trend as it had before enabling the triad interactions. The model’s inability to 

accurately capture the energy and energy dissipation in the higher frequencies should be 

further investigated; however, for this experiment, the energy in these frequencies was 

small compared to the peak frequencies and therefore the results were still reasonably 

accurate. 

 

5.0 Conclusions 

 A full-scale experiment was performed to quantify wave height attenuation 

through Schoenoplectus pungens, or threesquare bulrush. Wave conditions typical to 

high-energy scenarios in a coastal estuary or marsh were tested. The measured 

attenuation was fit to existing equations to determine the drag coefficients. The drag 
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coefficients were related to the dimensionless values the Keulegan-Carpenter Number 

and the Reynolds Number and the following conclusions were made: 

1. With the calibration of the drag coefficient, the Dalrymple et al. (1984) equation 

for regular waves and Mendez and Losada (2004) equation for irregular waves fit 

the experiment data well.  

2. The drag coefficients measured in the experiment showed dependence to both the 

Reynolds Number and Keulegan-Carpenter Number with R
2
 values of 0.70 and 

0.76, respectively. 

3. The Reynolds numbers in this experiment ranged from approximately 400 to 2000 

and are representative of values expected for emergent vegetation in coastal 

estuaries. 

4. The drag coefficients calculated for the irregular wave cases were typically lower 

than the drag coefficients for regular wave cases with similar Reynolds and 

Keulegan-Carpenter numbers. 

5. The equation for Cd as a function of Reynolds number provided by Kobayashi et 

al. (1993) largely over predicted drag coefficients for this experiment, and 

generally predicted larger than expected drag coefficients for the range of 

Reynolds numbers tested here. 

The spectral wave model SWAN was used to model the experiment. The relationships 

found between the measured drag coefficients and the Reynolds Number and Keulegen-

Carpenter Number were tested as a method to determine the drag coefficients in the 

model. In addition, the model drag coefficient was calibrated and the model spectra were 

compared to the measured spectra. The following conclusions can be made for SWAN: 

6. Using the SWAN model with Cd calculated from Equations 7, 8, 10, and 11 

modeled the attenuation with average errors less than 10% (Table 3).  

7. With calibrated drag coefficients, the vegetation module in SWAN predicted the 

attenuation with an average RMSE of 2.61%. 
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8. The model predicted the attenuation well in the frequency range of the peak 

energy, but at higher frequencies near the second harmonic the measured 

attenuation showed selective damping that was not predicted by the model. 

Although progress continues to be made, this research indicates that the current 

formulations for wave height attenuation may be limited in regard to properly calibrating 

the drag coefficient. One direction for future research may be to investigate the 

parameterization of the flow obstruction to better account for variation in density with 

depth. 
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Figures 

 

Figure 1. Schematic of wave flume. x’ is the origin of flume measurements and x marks 

the beginning of the vegetation. 
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Figure 2. Vegetation channels and wave gauge locations looking in the negative x 

direction. 
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Figure 3. Photograph of profile view of vegetation. 
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Figure 4. Wave gauge locations. Coordinate in meters with x = 0 m at the start of the 

vegetation. 
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Figure 5. Representative time series of wave attenuation through the vegetation for Case 

18, Channel C. The measurement location is indicated in the upper right corner of the 

figure panels, and the panels to the right highlight a smaller portion of the time series. 
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Figure 6. Representative total transmission coefficient in control channel (Case 18, 

Channel A) and vegetation transmission coefficient in Channel C for all irregular wave 

cases. 
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Figure 7. Observed Cd as a function of KC number. Solid line represents the best fit using 

all data (Eq. 7) and the dotted line was modified to fit the irregular wave data (Eq. 8). 
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Figure 8. Observed Cd as a function of Re number. Solid line represents the best fit using 

all data (Eq. 10) the dotted line was modified to fit the irregular wave data (Eq 11), and 

the dashed line represents the equation presented in Kobayashi et al. (1993). 
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Figure 9. Measured attenuation and modeled attenuation using Cd calculated from Eq. 8 

(solid line), Eq. 11 (dotted line), and Eq. 9 (dashed line). 
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Figure 10. Observed Cd measured in experiments versus calibrated model Cd. Solid line 

indicates perfect agreement. 
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Figure 11. Observed and modeled spectra attenuation. Panels a and e show the 

attenuation in the cross-shore, panels b and f show the measured (solid) and modeled 

(dashed) spectra at different locations, panels c and g show the normalized attenuation as 

a function of frequency for section S1 (as shown in panels a and e), and panels d and h 

show the normalized attenuation as a function of frequency for section S2 (as shown in 

panels a and e). Case number and channel are indicated in the top right corner of the 

upper panels. 
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Tables  

Table 1. Experiment parameters and representative wave parameters measured in 

Channel A (no vegetation). For the irregular wave cases, Hi and T represent Hrms, i and Tp, 

respectively. 

Case  Exp. Type h Hi T  kh ak Re KC 

# 

  

(m) (cm) (s) 

     1 1 R 0.40   3.2 1.0 - 1.72 0.069 530 21 

2 1 R 0.40   3.6 1.0 - 1.72 0.077 600 24 

3 1 R 0.40   7.8 1.0 - 1.72 0.167 1300 52 

4 1 R 0.40   2.8 1.5 - 0.96 0.034 380 23 

5 1 R 0.40   6.3 1.5 - 0.96 0.076 880 53 

6 1 R 0.40   9.3 1.5 - 0.96 0.112 1300 79 

7 1 R 0.40   2.8 2.0 - 0.68 0.024 370 30 

8 1 R 0.40   5.6 2.0 - 0.68 0.048 740 60 

9 1 R 0.40   8.1 2.0 - 0.68 0.069 1070 86 

10 1a R 0.60 12.0 1.0 - 2.45 0.245 1900 76 

11 1a R 0.60   7.4 1.5 - 1.26 0.078 900 54 

12 1a R 0.60 10.2 2.0 - 0.86 0.073 1140 92 

13 4 R 0.40 11.8 2.0 - 0.68 0.100 1550 125 

14 4 R 0.40 13.3 2.5 - 0.53 0.088 1710 172 

15 4 R 0.40 12.9 3.0 - 0.44 0.070 1640 198 

16 1 I 0.40   6.2 1.7 1 0.82 0.091 860 57 

17 1a I 0.60   5.7 1.7 1 1.06 0.071 670 45 

18 4 I 0.40   8.3 2.2 1 0.61 0.090 1070 96 

19 4 I 0.40   9.4 2.1 10 0.64 0.107 1260 104 

20 4 I 0.40 11.8 3.0 1 0.44 0.091 1510 181 
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Table 2. SWAN-Veg errors using Cd calculated with Equation 10. 

Case RMSE (%) 

# Chan. B Chan. C Chan. D mean 

16 1.9 6.7 3.2 3.9 

17 13.8 18.3 11.4 14.5 

18 12.2 7.3 3.8 7.7 

19 14.2 10.0 1.9 8.7 

20 7.7 3.0 5.2 5.3 

mean 10.0 9.1 5.1 8.0 
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Table 3. SWAN-Veg errors using Cd calculated with indicated equations. 

 

Re KC 

Avg. RMSE (%) Std. (%) Avg. RMSE (%) Std. (%) 

Kobayashi et al. (1993) [Eq. 9] 42.5 11.2 - - 

This exp. (R and I) [Eq. 7 & 10]   8.0   5.1 7.3 3.9 

This exp. (I) [Eq. 8 & 11]   6.8   3.6 6.8 3.5 
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