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Extensive wave breaking occurs on the wide reefs located offshore of many 

Pacific islands, due to their steep slope nearshore. These reefs provide protection to the 

island; however, energetic wave events may cause flooding as the result of a 

combination of wave setup, water level position, and wave energy. These processes are 

well understood for a typical mildly sloping beach; however, they are wildly different 

over a reef. This study focuses on an effort to better understand and model these 

processes using laboratory data collected at the University of Michigan's wind-wave 

facility. A 1:64 model of a fringing reef was constructed in the flume. The model is 2-D 

vertical and uniform across the tank width. Nine capacitance-wire wave gauges were 

arranged in a cross-shore transect to measure water surface elevation. Several tests 

were ran modeling extreme weather conditions associated with tropical cyclones typical 

of the Pacific island of Guam. Significant wave heights ranged from 3-6 m with 8-20 

seconds spectral peak periods. These tests were repeated at four different still water 

depths to simulate the effects of tide.  
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Wave breaking is found to occur both on the reef slope and edge. A considerable 

amount of energy remains at the peak frequency after breaking at the reef edge. 

However, the spectrum measured on the reef flat is dominated by low-frequency 

oscillations. After breaking, the waves reform as bores and propagate across the reef 

flat toward the beach. The low-frequency energy continues to grow as the waves 

propagate shoreward.    

In this study, wave propagation is simulated using Xbeach, a public-domain two-

dimensional model, which has been validated in several case studies for mildly sloping 

beaches. Model results for extreme weather conditions over a complex reef system 

(consisting of steep slopes and shallow areas) were used to investigate the model 

capabilities to simulate wave breaking, dissipation, wave setup, and runup. Results from 

the linear wave model, Xbeach, are compared to those obtained using a nonlinear wave 

model, Nonlinear Mild Slope Equation (NMSE), to investigate the role of nonlinear 

interactions in these processes. It is determined that a linear wave model, such as 

Xbeach, can be used to accurately model wave height evolution and setup if the wave 

breaking constants are calibrated correctly. However, the true physics of the energy flux 

spectral evolution described by a linear wave model is incorrect. Linear wave models 

ignore the presence of nonlinear energy transfer from the peak frequency to higher and 

lower frequencies and the development of harmonics, which are key processes 

occurring in the reef environment. A nonlinear wave model must be implemented to 

correctly describe the energy dissipation and transfers that occur as waves shoal and 

break over a fringing reef. 
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CHAPTER 1 
INTRODUCTION 

 
1.1 General Introduction 

 
Fringing reefs are a common type of coral reef distinguished by growth extending 

directly from the shoreline. These reefs occur in the tropical regions of the Pacific, 

Indian, and Atlantic Oceans. In these environments, significant amounts of wave energy 

can be dissipated through wave breaking and bottom friction processes. The shoreline 

stability of islands protected by fringing reef systems is primarily controlled by wave 

action. An understanding of how waves break on reefs and how they transform as they 

propagate across the reef flat is necessary to predict shoreline stability and to design 

structures for these environments.  

The physical structure of a fringing reef is considerably different than that of 

mildly sloping beaches. Mildly sloping beaches have previously been the primary focus 

of studies on nearshore hydrodynamics. Unlike these beaches, reefs have an abrupt 

change from deep water to shallow water within a short distance. Along with this steep 

transition, the bottom surface of a reef is significantly rougher than that of a sandy 

bottom beach due to a large amount of growth and reef organisms. The combination of 

a drastically steeper slope and a significantly larger bottom roughness, leads to 

significantly different dominant processes in these environments. These processes in 

reef environments are not yet well understood. Our study aims to better understand 

these physical processes that occur on steeply sloping reefs, and investigate the 

abilities of wave models to accurately describe the physics of these processes. 
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Accurately predicting wave propagation on coral reefs is important for several 

reasons. First, the vertical and horizontal structure of currents on the reef is established 

by breaking waves, which drives reef circulation. This circulation is responsible for 

cross-reef transport of nutrients, sediment, plankton, and other sea life. The exposure of 

reefs to wave action is also correlated with the destruction or growth of the coral 

structure itself (Monismith 2007). Lastly, and most directly studied in this research, is 

the process of wave-induced setup nearshore that can cause extreme flooding on 

islands fringed with reefs during storm events. All of these should be considered in 

order to provide a sound engineering and environmental basis for infrastructure and 

development in reef areas. In order to do so, it is necessary to better understand wave 

processes on reefs. 

1.2 Review of Past Studies 

 Reef environments often experience large waves with extremely violent breaking 

occurring at shallow depths. These energetic environments combined with the locations 

of such reefs owes to the minimal existence of experimental data and studies. 

Difficulties associated with the physical modeling of reefs in a laboratory lead to a lack 

of completely accurate laboratory data. Theoretical descriptions are even more rare. 

Without reliable data sets, the advances in modeling such environments are not 

significant. Much field and theoretical work is still required to understand the complex 

environment of reef systems. 

 The process of wave propagation over reefs is of particular interest due to 

broadening of wave spectra during rapid shoaling, followed by abrupt breaking. This 

widening of the spectrum has been seen in field observations of waves breaking on a 
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reef and propagating into a lagoon (Gerritsen 1981; Roberts 1981; Young 1989; Hardy 

et al. 1991). It was concluded that the change in spectral energy distribution is 

influenced by the reef slope steepness, which governs the extent and type of breaking 

that occurs. Wave attenuation due to breaking was shown to be a function of both the 

incident wave height and the water depth on the reef flat (Young 1989; Gourlay 1994). 

The incident wave height becomes more important at higher water levels, when 

breaking is minimal or nonexistent. At lower water levels, when breaking is significant, 

the water depth is highly influential on wave attenuation.  

 Gourlay has completed a comprehensive set of laboratory studies 

(1992,1994,1996a, 1996b) on reef hydrodynamics, concentrating specifically on wave 

setup and currents driven by this setup. He concluded that both were related to wave 

conditions along with water level. During his studies, Gourlay assumed linear waves, 

ignoring long-wave oscillations, such as infragravity waves. This has been a common 

assumption on planar beaches, but it has been shown (Demirbilek & Nwogu 2007) that 

significant infragravity waves can develop over the reef flat. This low-frequency energy 

can cause runup limits observed to be significantly higher than would be expected on 

planar beaches. 

 Modeling of wave breaking over reefs has been studied only minimally. The 

breaking dissipation model widely used was developed for mildly sloping beaches 

(Battjes & Janssen 1978) and is known to underestimate the energy dissipation and 

overestimate the wave heights on steep beaches and in unsaturated surf zones (Alsina 

& Baldock 2007). Breaker parameters used in the dissipation models have been 

calibrated in several past studies for data sets which were collected in environments 
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that show significant variations from reef systems (Battjes & Janssen 1978; Thornton & 

Guza 1983). Appropriate parameters are largely unknown for the reef system. 

1.3 Study Objectives and Approach 

 The objective of this study is to analyze the laboratory data collected at the 

University of Michigan to better understand the wave processes that occur on a fringing 

reef and how they affect wave setup and flooding. This study will use wave modeling as 

a tool to investigate these processes while testing the performance of the models in the 

situation of a steeply sloping reef profile. 

 Spectral analysis is performed on the water level time series data. This reveals 

the power spectra and the evolution of the energy flux as the waves propagate. From 

this, energy dissipation, growth, and transfer can be seen. Based on evidence of the 

presence of nonlinear interactions, a bispectral analysis is also performed. These 

results more clearly reveal the energy being transferred between frequencies and the 

development of higher harmonics. 

 A linear wave model, Xbeach, is used to simulate the wave setup and wave 

evolution over the reef, and Xbeach performance is evaluated. A nonlinear wave model, 

NMSE, is also used and compared to the outputs of Xbeach. From this, conclusions are 

made about the importance of nonlinearities on the wave processes over fringing reefs. 
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CHAPTER 2 
METHODOLOGY 

 
2.1 Laboratory Study 

To study the physical processes of wave propagation over fringing reefs, we 

used a data set collected at the University of Michigan’s wind-wave flume in Ann Arbor, 

Michigan. This experiment was designed with a two-fold objective. Firstly, to quantify 

the effects of wind on wave runup and secondly, to obtain detailed wave data along a 

complex fringing reef system consisting of steep slopes and a shallow reef flat. The reef 

system modeled in the flume was representative of the fringing reefs found off the 

southeast coast of Guam (Figure 2-1A). 

 

Figure 2-1. Representative study site. A) the Pacific Island of Guam, B) is the reef 
 studied, located off of the southeast coast of the island. Labeled are the three 
 main components of the reef: Reef flat, reef edge, and reef slope. (Source: 
 Google Earth) 

A 

B 
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 The flume used at the University of Michigan is 35 m long, 0.7 m wide, and 1.6 m 

high. A computer-controlled, non-absorbing plunger-type wavemaker was used to 

generate irregular sea states with significant wave heights and frequencies 

representative of both typical and extreme wave conditions as observed at the site. 

 The representative reef profile constructed in the wave flume is created out of 

polyvinyl chloride (PVC), a smooth and impervious material so that the effects of bottom 

friction can be ignored. The structure is characterized by three main regions, which will 

be referred to in this paper as the reef slope, reef edge, and reef flat (Figure 2-1B). The 

model is 2-dimensional and uniform across the width of the tank. From the shore, the 

profile consists of a 1:12 sloped beach followed by a wide reef flat. The region of the 

reef slope is characterized by 3 areas with slopes of 1:10.6, 1:18.8, and 1:5 (Figure 2-

2). 

 
 
Figure 2-2. Modeled reef profile built in the wave flume. Three regions shown: reef 
 slope, reef edge, and reef flat. Sloping sections labeled with slope steepness. 

1:10.6 

1:5 

1:18.8 

Reef Flat 

Reef Slope 

     Reef Edge 

1:12 

Distance (m) 
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 The reef profile is equipped with 9 capacitance-wire wave gauges used to 

measure water-surface elevation in the flume (Figure 2-3). Three are positioned in deep 

water (1, 2, and 3), three along the reef slope (4, 5, and 6), one on the reef edge (7), 

and two along the reef flat (8 and 9). All gauges sampled at 20 Hz for 15 minutes per 

test condition. Data collection began shortly after waves began to be generated with 

initially calm water conditions. Also in this experiment, a runup gauge was located on 

the beach slope to quantify runup. Two anemometers measured the wind speed 

induced in the flume (Demirbilek et al. 2007). The data sets with wind are not used 

during this study. 

 
 
 
Figure 2-3.  The water-surface elevation is measured using 9 capacitance wire wave 
 gauges spaced across the reef profile and a capacitance runup gauge measures 
 runup simultaneously. 

      Runup 
Gauge 

#9 #8 #7 

 #6 

 #5 

#4 

  #3 

            #2 

  #1 

Distance (m) 
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 The three wave gauges located offshore were positioned in an array such that 

they could be used to separate incident and reflected waves. The three gauges on the 

reef slope are positioned in an area where extreme shoaling, wave transformation, and 

breaking are expected to occur. The remaining three gauges are positioned to help 

quantify the amount of setup produced in the reef flat. Preliminary analysis of the raw 

data shows that the measured significant wave heights at gauge 4 deviate from the 

consecutive gauges 3 and 5 by about 37%. Because of these drastic errors, the data 

collected at gauge 4 are not used in this study. 

 Approximately 80 tests were run with combinations of waves and wind. The test 

conditions are scaled using Froude scaling and summarized in Table 2-1. References to 

units will be given in Froude scale for the remainder of the study. Significant wave 

heights were calculated as four times the square root of the frequency-integrated 

spectra calculated at gauge 2 and range from 2.8 m to 5.4 m with spectral peak periods 

ranging from 8 seconds to 20 seconds.  

 
Table 2-1. Summary of wave-only test conditions where Hs is significant wave height, Tp 
is peak period, hr is still water depth on reef flat. All units are in meters. Test cases used 
in this study are shown in yellow. 

Test Number Hs (m) Tp (m) hr (m) 

15 3.968 8.0 3.264 

16 3.328 12.0 3.264 

17 4.992 12.0 3.264 

18 5.440 16.0 3.264 

19 5.312 20.0 3.264 

20 3.904 10.0 3.264 

21 5.248 14.0 3.264 

26 3.712 8.0 1.024 

27 3.520 10.0 1.024 
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Table 2-1. Continued 
Test Number 

 
Hs (m) 

 
Tp (m) 

 
hr (m) 

29 4.544 12.0 1.024 

30 4.864 14.0 1.024 

31 5.440 16.0 1.024 

32 5.056 20.0 1.024 

33 3.584 8.0 0.000 

34 2.880 12.0 0.000 

35 2.880 12.0 0.000 

36 4.352 12.0 0.000 

37 4.864 14.0 0.000 

38 5.376 16.0 0.000 

39 4.928 20.0 0.000 

44 2.048 8.0 1.984 

45 3.904 8.0 1.984 

46 3.776 10.0 1.984 

47 3.200 12.0 1.984 

48 4.800 12.0 1.984 

57 4.928 14.0 1.984 

58 5.440 16.0 1.984 

59 5.248 20.0 1.984 

 

 For this study, we only consider data collected in wave-only tests (i.e. no wind). 

Also, four different initial water levels were used ranging from 0 m-3.2 m of water on the 

reef flat in order to represent variations in mean water level. In this study, we will 

concentrate on the tests ran at the highest water level, 3.2 m on the reef flat (yellow box 

in Table 2-1). 

 The nonlinear wave model used in this study has a limitation based on the Ursell 

number. The Ursell number is defined as 

    

! 

U
r

=
a

k
2
h
3
       (2-1) 
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where 

! 

a is the wave amplitude, 

! 

k  is the wavenumber, and 

! 

h is the local water depth. 

Because of the quasi-Gaussian approximation used in the model, a threshold of Ur<1.5 

was proposed by Agnon & Sheremet (1997).  It then follows that in very shallow water, 

where nonlinearities dominate over dispersion, the Ursell number can easily exceed the 

threshold for the model validity. Figure 2-4 shows the calculated Ursell numbers for 

tests 26-32 where the still-water depth is 1.024 m on the reef 

flat.

 

Figure 2-4. Ursell numbers calculated for tests 26-32 at each gauge for varying wave 
 conditions. The bottom panel shows the gauge locations and reef bathymetry for 
 reference. 
  

 The dominant variable in the calculation of the Ursell number is the local water 

depth, h. As the water depth decreases, the Ursell number grows very fast due to the 
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value being cubed. At the gauges close to the reef edge and on the reef flat, where the 

water level is very low, the Ursell numbers are very high.  

 
 
Figure 2-5. Ursell numbers calculated for tests 15-21 at each gauge location for varying 
 wave conditions. The bottom panel shows the reef geometry and gauge locations 
 as a reference. 
 
 
 As expected, the Ursell values for the shallow water tests 26-32 with a still water 

depth of 1.024 m on the reef flat, are an order of magnitude greater than the tests with a 

still water level of 3.264 m on the reef flat (Figure 2-5) and far exceeded the suggested 

threshold proposed by Agnon and Sheremet (1997) for the nonlinear wave model. 

Figure 2-6 shows the average Ursell numbers of all tests at each water level. Because 
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the deepest water level clearly maintains the lowest Ursell numbers, only these tests 

(15-21) are used in this study. 

 

Figure 2-6. Average Ursell numbers for each water level. Bottom panel shows the reef 
 geometry and gauge locations as a reference. 
 
 

2.2 Data Analysis 

 The collected time series data were analyzed to extract quantities of interest. 

This chapter presents two types of data analysis applied to the raw data. Spectral and 

bispectral analyses are performed to determine trends and variations in the data. 

2.2.1 Power Spectral Density Analysis 

 The energy spectral density describes how the variance (energy) of the water 

surface time series is distributed in the frequency domain. This is most often referred to 
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as the power spectral density (PSD). Most commonly, the PSD, P(f), is described as the 

Fourier transform of the autocovariance function, R(!), if the signal can be treated as a 

stationary random process, where 

! 

"  is some fixed length of time: 

! 

P( f ) = R(" )e#2$if"
#%

%

& d"      (2-2) 

! 

R (") = [(x(t) #µ
x#$

$

% )(x * (t + " ) #µ
x
)]dt            (2-3) 

where µ is the mean of the time series and asterisk denotes the complex conjugate. 

This ensures that the autocorrelation is positive definite. As the averaging time interval, 

T, approaches ", the ensemble average of the average periodogram approaches the 

PSD: 

! 

E
F( f" (t))

2

T

# 

$ 
% 
% 

& 

' 
( 
( 
) P( f )    (2-4) 

The power in a given frequency band [f1,f2] can be calculated as: 

! 

P = P( f )df
f1

f2

"      (2-5) 

 In this study, power spectra were calculated after the first 100 seconds of data 

were truncated to allow waves to propagate through the entire array of gauges. The 

frequency vector has a lower limit of 0.005 Hz and an upper limit of 0.4 Hz. Data is 

divided into 512 records in a sequence. Spectra were estimated from zero-meaned, 

Hanning windowed wave records with band averaging. The resulting resolution 

bandwidth is 0.0049 Hz and spectral estimates have 61 degrees of freedom. 

2.2.2 Bispectral Analysis 

 Spectral analysis approximates the time series of sea surface elevation to be the 

linear superposition of statistically uncorrelated waves. In shallow water, different 
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spectral components interact with each other, i.e., nonlinearities become significant. 

Increasing steepness of waves in the nearshore and the resulting breaking are evidence 

of these nonlinearities. When these interactions occur, the linear spectral analysis is 

incapable of completely characterizing the variability of the signal. For some types of 

nonlinear data, the second order spectral analysis properties can be similar to those of 

a linear time series because this type of linear analysis is not capable of detecting 

deviations from linearity and Gaussianity (Rao & Gabr 1984). More specifically, the 

power spectral density lacks phase information. For cases in which nonlinearities are 

expected to be significant, higher-order spectral methods (e.g., bispectral analysis) are 

used. The fast Fourier transform (FFT) amplitude can give useful hints of nonlinearity, 

but the bispectrum gives much firmer proof of the presence of nonlinear three-wave 

interactions (Hocke & Kampfer 2008). 

 If #(t) is a stationary random function of time, the spectrum P(f) and bispectrum 

B(f1,f2) of #(t) are defined respectively as the Fourier transforms of the mean second and 

third order products: 

! 

P( f ) = R
"#

#

$ (% )e"2&if%d%      (2-6) 

where 

! 

R(") = E # (t)# (t + " )}{ .
     (2-7) 

! 

B( f
1
, f

2
) = S

"#

#

$$ (%
1
,%
2
)e

"2&if1%1"2&if2% 2d%
1
d%

2
   (2-8) 

where 

! 

S("
1
,"
2
) = E # (t)# (t + "

1
)# (t + "

2
)}{     (2-9) 

where E{} is the expected value operator. The inverse relations to (2-6) and (2-8) are 
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! 

R(") = P
#$

$

% ( f )e
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! 
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2
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2
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For real #(t) 

! 

P( f ) = P(" f ) *      (2-12) 

! 

B( f
1
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2
) = B(" f

1
," f

2
) *     (2-13) 

From the stationarity of #(t) the known symmetry relations 

! 
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follow immediately. In terms of spectra and bispectra, (2-12) and (2-13) become 

! 

P( f ) = P(" f )       (2-16) 

! 

B( f
1
, f
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) = B( f

2
, f
1
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2
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1
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2
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2
" f

1
," f

1
)         (2-17) 

From (2-12), (2-13), (2-16), and (2-17) it follows that the spectrum is real and is 

determined by its value on a half line, whereas the bispectrum is determined by its 

values in an octant. 

 In this study, the bispectrum is estimated using the direct (FFT-based) method 

with an FFT length of 512. Zero mean input data are segmented with 255 samples per 

segment with zero overlapping. Bispectral estimates are averaged across records and a 

frequency domain smoother is applied (Rao-Gabr optimal window) with side lengths of 

1. The resulting bandwidth is 0.002 Hz. Bispectra are then normalized by a product of 

the signal’s spectrum.  
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2.3 Wave Modeling 

 In this study, the laboratory data were modeled using two different models: 

Xbeach (Roelvink et al. 2007) and NMSE (Agnon & Sheremet 1997). The intent and 

scope of applicability of the two models are very different. The capabilities of the models 

were investigated and compared. 

2.3.1 Xbeach 

 Xbeach is a public domain model (http://www.xbeach.org) that was developed 

with funding and support by the US Army Corps of Engineers, by a consortium of 

UNESCO-IHE, Delft Hydraulics, Delft University of Technology, and the University of 

Miami. It is a two-dimensional model for wave propagation, sediment transport, and 

morphological changes of the nearshore, beaches, dunes, and backbarrier during 

storms. Xbeach was originally designed to cope with extreme conditions such as those 

encountered during hurricanes with the ability to test morphological modeling concepts 

of dune erosion, overwashing, and breaching. The model has been validated against a 

number of analytical and laboratory tests, both hydrodynamic and morphodynamic, but 

to date, all test beds have been on mildly sloping beaches.  

 Due to generally short length scales in terms of wavelengths and the probability 

of supercritical flow, first order upwind is the main numerical scheme implemented in 

combination with a staggered grid. Xbeach uses an explicit model scheme with an 

automatic time step using the Courant criterion. 

 The major function implemented in Xbeach and used for this study is the wave 

action equation solver. The wave forcing is obtained from a time dependent version of 

the wave action balance. Here, the frequency spectrum is represented by a single mean 
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frequency, but the directional distribution of the action density is taken into account. The 

wave action balance is given by: 
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The formulation for the total wave dissipation according to Roelvink (1993) is: 
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! 

Ew =
1

8
"gHrms

2         (2-20) 

The fraction of wave breaking is given by: 
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Assuming unidirectionality and stationarity, (2-18) becomes 

! 

dFj

dx
= "# jFj         (2-22) 

where 

! 

" = 2#frepQb  and depends on 3 free calibration parameters: $, %, and 

! 

n. Here, it 

should be noted that the only mechanism of dissipation is due to breaking and depends 

completely on the value of &. 

 Currents and water level are computed using depth-averaged and shortwave-

averaged shallow water equations: 
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Here, h is the water depth, u and v are velocities in the x and y direction, !bx, !by are the 

bed shear stresses, !sx, !sy are the wind stresses, g is the acceleration due to gravity, ' 

is the water level and Fx, Fy are the wave-induced stresses. Again, assuming 

unidirectionality and stationarity, the shallow water equations reduce to: 

! 

u
du

dx
= "g

d#

dx
+
Sxx

$h
       (2-26) 

where Sxx is the radiation stress. Here, the shallow water equation is coupled with the 

wave-action balance. In our study, these are the important equations. However, Xbeach 

is capable of modeling many other processes such as directional waves and currents, 

sediment transport, bottom updating, and multiple sediment classes. Xbeach was 

chosen for this study because of its broad range of applications. However, during our 

study, we focus on the linear wave model implemented in Xbeach coupled with the 

shallow water equations to calculate wave setup.  

2.3.2 Nonlinear Mild Slope Equation (NMSE) 

 Agnon and Sheremet (1997) developed a stochastic wave shoaling model based 

on the mild slope equation. Regarding the system as stochastic, evolution is described 

by a hierarchy of equations for the statistical moments or the Fourier space cumulants.  
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where Fj is the average modal energy flux, 

! 

" z{ } is the imaginary part of the complex 

number z, W is the interactive coefficient (see equation 2-28), and ( is the delta function 

(see equation 2-29). The interaction kernel is defined by Agnon and Sheremet (1997) as 
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and the delta function is defined as 

  
  

! 

" j ,±p,q =
1,   j ! p # q = 0, j ! p = q

0   otherwise

$ 
% 
& 

 

   
  

! 

" j,± p,q = # j ! #p $#q                  (2-29) 

The triple products on the right-hand side of equation (2-27) can be solved leading to 

the closure problem. That is, the average of double products 

! 

b jb j

*  (spectrum) depends 

on the average triple products 

! 

b jbpbq
*  (bispectrum), which depends on the average 

quadruple products 

! 

bubvbpbq
*  (trispectrum) and so on. This leads to an infinite set of 

equations to be solved. This can be dealt with by using assumptions that discard all of 

the cumulants that are of a higher order than a specified value. Commonly, the 

Gaussian approximation is assumed, which, in general, for a Gaussian wave field, odd-

order spectra cancel exactly and all even-order spectra are expressed in terms of the 

second order spectrum. This is a poor assumption particularly for the shoaling 

processes, which are characterized by a very fast evolution. Shallow-water waves show 

very strong phase-coupled Fourier modes and cannot be fully described with this 

assumption.  
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 Instead, NMSE uses the quasi-Gaussian approximation, which assumes, due to 

phase correlations created by nonlinearities, the wave field deviates slightly from 

Gaussianity, and modes are no longer “exactly” uncorrelated, i.e., 

 

           (2-30) 

 
where ) is the small parameter of the problem (e.g., wave slope), leaving the equation 

for the spectrum as, 
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The first term on the right-hand side of equation (2-31) allows for dissipation due only to 

breaking, which depends completely on the value &. The second term allows energy to 

be transferred from mode j to modes p and q. Unlike the linear wave model 

implemented in Xbeach, where the only mechanism effecting the energy flux is 

dissipation due to breaking, NMSE allows also for energy to be transferred between 

frequencies.  

 Unlike Xbeach, NMSE is strictly a wave model, meaning it is not designed to 

compute currents, sediment transport, etc. However, a simple calculation can be made 

during post processing to calculate the water level. Assuming unidirectionality and 

stationarity, the shallow-water equation is described as 

! 

d"

dx
=
1

#gh
Sxx        (2-32) 

! 

bubq
*

= bu
2
"uq +O(# ),

bubv
*
bp
*

= O(# ),

bubvbp
*
bq
*

= bu
2
bv

2
"up"vq + bu

2
bv

2
"uq"vp +O(# ).



 32 

where ' and Sxx represent the along-flume (cross-shore) water level and radiation 

stresses, respectively. 

 Since its development, NMSE has been corrected for application on steep slopes 

(Agnon & Sheremet 1997). 
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CHAPTER 3 
RESULTS 

 
3.1 Spectral Analysis 

 Spectral analysis was performed on the data revealing commonalities between 

all test conditions. There remains a clearly defined and constant peak frequency 

through all gauges until the point of breaking, which occurred most often between 

gauges 6 and 7. It can be seen that after breaking (gauge 7), there is still a considerable 

amount of energy remaining at the initial peak frequency. By gauge 8, this energy is 

mostly dissipated and the reef flat is now dominated by low-frequency oscillations. As 

the waves continue to propagate shoreward, this low-frequency energy continues to 

grow as it is being transferred from higher frequencies. 

 
    
Figure 3-1. The top panel shows the power spectrum at gauges 2, 5, and 6 for test 19 
 (Hs=5.3, Tp=20s). Bottom panel shows reef profile and gauge locations. 
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 As waves propagate from deep water over the reef slope and begin to shoal, 

there is evidence of nonlinear transfers and dissipation from the peak frequency. Energy 

is being transferred from the peak frequency into higher and lower frequencies leading 

to a widening of the spectrum that occurs as the waves steepen and propagate 

shoreward (Figure 3-1). Energy is distributed over a wider region surrounding the peak 

frequency as the waves shoal due to energy from the peak frequency being transferred 

to higher and lower frequencies. In test 19 (Figure 3-1), it can be seen that there is more 

energy present at frequencies greater than approximately 0.08 Hz and less than 0.03 

Hz after shoaling begins. This widening was found to occur in all test cases. 

 
 
Figure 3-2. The top panel shows the power spectrum at gauges across the reef flat for 
 test 19 (Hs=5.2m, Tp=20s). The bottom panel shows the cross-shore reef profile 
 and gauge locations as a reference. 
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 After the waves break near the reef edge, waves reform and continue to 

propagate across the reef flat as bores. Significant energy remains in the infragravity 

band over the reef flat (Figure 3-2). Between gauges 7 and 8, the spectrum begins to be 

dominated by low-frequency oscillations. This was found to occur during all test cases 

and can be seen in Figure 3-3. 

 

Figure 3-3. The top panel shows the power spectra at gauge 9 for each of 4 tests: 15, 
 17, 19, and 21. The bottom panel shows the cross-shore reef profile and gauge 
 locations as a reference. 
 
 
 As waves propagate into shallow water and begin to shoal followed by breaking, 

energy is not only dissipated from the peak frequency, but energy increases are also 

seen in other areas of the spectrum. These increases are attributed to energy transfer 
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from the peak frequency to higher harmonics and lower subharmonics. The 

development of higher harmonics and increased energy in the infragravity band can be 

seen in the energy flux evolution (Figure 3-4). 

 
Figure 3-4. The top panel shows the energy flux density (power x group velocity) 
 evolution of test 19. The bottom panel shows the cross-shore reef profile and 
 gauge locations as a reference.  
 
 
In Figure 3-4, the widening of the spectrum can be seen when the waves shoal as they 

propagate over the reef slope. After the waves break between gauges 6 and 7, energy 

is dissipated rapidly, first from the higher harmonics. Beginning at gauge 8, the 

spectrum is dominated by infragravity energy.  
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 This spectral analysis indicates the presence of nonlinear interactions especially 

in cases of larger, stronger, and longer waves. To further investigate these nonlinear 

properties, bispectral analysis was performed. 

3.2 Bispectral Analysis 

 This section describes the bispectra of shoaling waves observed during the 

laboratory test. In particular, two tests will be described: test 15 and test 19. Test 15 

was performed with the smallest and shortest wave of the test conditions while test 19 

was performed with the largest and longest. Test 15 had a significant wave height of 3.9 

m and a peak period of 8 seconds while test 19 had a significant wave height of 5.3 m 

and a peak period of 20 seconds. The bispectral evolution at gauges 2, 5, 6, and 8 are 

studied. 

 Figure 3-5 shows the bispectra from the two tests at gauge 2, an offshore 

deepwater gauge. The distinct peak in both cases occurs at the peak frequency 

showing that the peak frequency is interacting with itself producing a second harmonic 

of frequency fp+fp. While the dominant interaction occurring in test 15 (Figure 3-5A) is 

between the peak frequency and itself, developing a second harmonic of frequency 0.25 

Hz, there is also a smaller second peak visible showing that the peak frequency is also 

interacting with low frequency infragravity energy. While peaks in the bispectrum occur 

in these two distinct frequency pairs, the peak frequency appears to be interacting, to 

some degree, with energy of all higher frequencies. Interactions at gauge 2 for test 19 

(Figure 3-5B) are more pronounced than the interactions occurring with the smaller and 

shorter wave in test 15. The strongest peak represented in the bispectrum is creating a 

second harmonic of frequency 0.1 Hz. It can also be seen that there is a small peak  
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Figure 3-5. Bispectra  and spectra at gauge 2. A) shows data from test 15 (Hs=3.9 m, 
 Tp=8 s) and B) shows data from test 19 (Hs=5.3 m, Tp=20 s). Top panels are 
 showing the bispectra and bottom panels are showing the power spectra. 
 
  
occurring between this harmonic and the peak frequency suggesting that a third 

harmonic is also being generated through the interactions between the peak frequency, 

A 
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fp, and the second harmonic, f2, at a frequency of fp+f2=0.15 Hz. Also present in the 

bispectrum calculated at gauge 2 is an interaction between the peak frequency and 

infragravity energy.  

 Figure 3-6 shows bispectra of tests 15 and 19 again, calculated at gauge 5, 

located on the reef slope. At gauge 5, shoaling has begun, but waves have not yet 

begun to break. Waves are changing shape considerable with increased peakedness. 

Test 15 (Figure 3-6A) shows little change from the bispectrum at gauge 2, but the peaks 

are suggesting the development of a second harmonic, and the interactions between 

the peak frequency and infragravity energy are more developed at gauge 5 as the 

waves are shoaling. A slight peak can be seen between the second harmonic (f2=0.25 

Hz) and the peak frequency (fp=0.125 Hz) creating a third harmonic at 0.375 Hz (fp+f2). 

While clear peaks occur at these specific frequencies, the bispectrum reveals that the 

peak frequency is interacting with higher frequencies throughout the entire spectrum. 

Figure 3-6B shows that the peak frequency in test 19 continues to interact strongly with 

itself transferring energy into the second harmonic at 0.1 Hz (fp+fp). At gauge 5, shoaling 

has begun, strongly increasing nonlinear interactions. In this figure, interactions 

between the peak frequency and the entire spectrum are seen indicated by the array of 

increased values seen across the spectrum at the peak frequency. The second 

harmonic (f2=0.1 Hz) has began to interact weakly with higher harmonics as well, 

indicated by the slightly increased values found across the spectrum at f2=0.1 Hz. 

Interactions are increasingly visible between the infragravity band and the peak 

frequency, as well as with other higher frequencies developing interactions with the 

infragravity band. 
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Figure 3-6. Bispectra  and spectra at gauge 5. A) shows data from test 15 (Hs=3.9 m, 
 Tp=8 s) and B) shows data from test 19 (Hs=5.3 m, Tp=20 s). Top panels are 
 showing the bispectra and bottom panels are showing the power spectra. 
 
 
 Figure 3-7 shows the bispectra for tests 15 and 19 calculated at gauge 6 located 

on the reef slope. This is the gauge located just before the reef flat. In test 15 (Figure 3-

7A), strong interactions remain between the peak frequency and itself, transferring  
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Figure 3-7. Bispectra and spectra at gauge 6. A) shows data from test 15 (Hs=3.9 m, 
 Tp=8 s) and B) shows data from test 19 (Hs=5.3 m, Tp=20 s). Top panels are 
 showing the bispectra and bottom panels are showing the power spectra. 
 
energy into the second harmonic. A second peak between the second harmonic 

(f2=0.25 Hz) and the peak frequency (fp=0.125 Hz) has become more distinct, 

generating a third harmonic, while the peak continues to interact with higher 
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frequencies. Also, interactions are seen between the peak and second harmonics with 

the infragravity band. In test 19 (Figure 3-7B), there are distinct higher harmonics 

interacting with the peak frequency, but it’s at gauge 6 that the interactions between the 

second harmonic and higher harmonics become most distinguishable. The infragravity 

interactions between higher harmonics are also developed. 

 Figure 3-8 shows the bispectra calculated at gauge 8, on top of the reef flat. 

Here, the waves have broken. In test 15 (Figure 3-8A), the interactions are somewhat 

random and trends are difficult to distinguish. Strongest visible interactions appear to 

occur at the very low frequencies and in the infragravity band, surrounded by noise due 

to very low energy levels. In test 19 (Figure 3-8B), there remain some weak interactions 

between the peak and higher harmonics; however, the interactions between the 

infragravity band and the harmonics dominate on the reef flat. There are no longer signs 

of interactions between the second harmonic and higher harmonics. 

 From the bispectral analysis it is shown that there are significant nonlinear 

interactions occurring between harmonics and subharmonics as the waves shoal across 

the reef slope and break. The larger and longer waves (test 19) show more distinct 

signs of the development of harmonics and the interactions between harmonics than the 

smaller and shorter waves (test 15). Test 19 was more of a plunging type breaker 

compared to test 15, which was more of a rolling breaker. It can be determined through 

this analysis that nonlinear interactions are important in the reef environment, 

regardless of the wave conditions. However, the extent to which the nonlinearities 

interact differs with incident wave conditions. 
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Figure 3-8. Bispectra and spectra at gauge 8. A) shows data from test 15 (Hs=3.9 m, 
 Tp=8 s) and B) shows data from test 19 (Hs=5.3 m, Tp=20 s). Top panels are 
 showing the bispectra and bottom panels are showing the power spectra. 
 

B 
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3.3 Xbeach Results 
 

 Xbeach was run to simulate flume tests 15-21 (Table 2-1). Grid cell sizes were 

10 m in the cross-shore direction and 5 m in the alongshore direction. All capabilities 

except wave propagation and dissipation due to breaking were ignored. A Joint North 

Sea Wave Analysis Project (JONSWAP) spectral shape was used with peak 

enhancement factor % = 3.3 using the random phase method to input wave conditions. 

Roelvink (1993) was used as the breaker dissipation model, which includes three free 

calibration parameters: %, $, and n, where % controls the fraction of breaking waves, $ 

controls the level of energy dissipation in a breaker, and n is a third free parameter. The 

parameter $ is totally unknown for steep slopes, but is generally accepted to be O(1). 

Parameterization within wave models is very limited as it relates to reefs and steep 

slopes. Finding an optimal combination of these three free parameters will yield the 

most accurate model results. These optimal values differ for each wave condition and 

every experimental data set.  

 The optimal values of % and $ were determined by minimizing the normalized 

root-mean-squared error between measured and computed wave height and spectra 

while the free parameter n was held constant at n=5, the default value, to minimize the 

degrees of freedom. A more accurate optimization process would allow n to range from 

0 to 10. Optimal values for % and $ were obtained and used for each model run and 

summarized in Table 3-1. 

 Xbeach requires parameters to be set for the simulation in a file named 

params.txt (Appendix A), which signals the model to also look for a wave input file with 
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the extension .inp (Appendix B) and a bathymetry file with the extension .dep (Appendix 

C).  

 
Table 3-1. Summary of optimized breaking parameters for each test wave condition 
along with iterations necessary in optimization process and rms error associated with 
parameters. 

Wave 
Conditions 

Hs=3.9m 
Tp=8s 

Hs=3.9m 
Tp=10s 

Hs=3.3m 
Tp=12s 

Hs=4.9m 
Tp=12s 

Hs=5.2m 
Tp=14s 

Hs=5.4m 
Tp=16s 

Hs=5.3m 
Tp=20s 

Iterations 41 81 93 56 112 55 60 

Error 0.0313 0.0387 0.0346 0.0572 0.0381 0.0430 0.0380 

$ 0.6953 0.6049 0.6168 0.6438 0.6422 0.6835 0.7715 

% 0.6895 0.6003 0.5450 0.7572 0.8035 0.8198 0.9720 

  
 
 
 Figure 3-9 shows the model outputs for energy dissipation. Across the x-axis is 

the cross-shore distance and along the y-axis is the time in seconds that spans for a 2-

hour simulation run. The only mechanism of dissipation acting in these model runs is 

dissipation due to wave breaking, so these plots show the areas of wave breaking. It 

can be seen that in test 15 (Figure 3-9A), where the significant wave height is 3.9 m and 

the peak period is 8 s, the waves begin to break much later and with a lower intensity 

than test 19 (Figure 3-9B). Test 19, with a significant wave height of 5.3 m and a peak 

period of 20 s begins to shoal and break slightly farther offshore and in deeper water 

than test 15 and continues breaking as waves propagate up to the reef flat. Because of 

the small zone in which breaking is assumed to occur, and because a linear wave 

model assumes that breaking is the only mechanism of dissipation, it can be assumed 

that the only change in the spectrum should appear in areas where breaking occurs, 
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which is, at most, between gauges 5 and 8. Elsewhere, there is assumed to be no 

spectral energy flux evolution. 

 

   Figure 3-9. Dissipation due to breaking with cross-shore distance as it evolves in time. 
 A) test 15 (Hs= 3.9 m, Tp=8 s ), B) test 19 (Hs= 5.3 m, Tp= 20 s). Below is the 
 cross-shore reef profile as a reference. 
 
 
 Figure 3-10 shows the evolution of total energy across the reef profile throughout 

the 2-hour simulation. There is no loss or transfer of energy accounted for until 

dissipation due to breaking occurs at gauges 5 and 6. It can also be seen (Figure 3-

10A) that in test 15, with a significant wave height of 3.9 m and a peak period of 8 s, 

after the breaking point, very little to no energy remains on the reef flat especially 

landward of gauge 8. However, in test 19 (Figure 3-10B), where there is a significant 

wave height of 5.3 m and a peak period of 20 s, there remains significant wave energy 

after breaking and continuing all the way across the reef flat. Test 19 also shows a 
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significantly higher amount of energy just before breaking indicating that shoaling just 

before breaking is significantly greater in this case.  

                             
                
Figure 3-10. Total energy as a function of cross-shore distance throughout the 
 simulation time of 2 hours. A) test 15 (Hs= 3.9 m, Tp= 8 s, B) test 19 (Hs= 5.3 m, 
 Tp= 20 s). The bottom panels show the cross-shore profile as a reference. 
 

 Wave force was calculated using the radiation stress tensors. Figure 3-11 shows 

the wave force created in the cross-shore direction by the waves as they propagate 

towards the shore. It is seen that the wave forces are strongly dependent on the 

bathymetry of the reef. In the regions of steeper slopes, with more rapid shoaling, the 

wave force increases until breaking. It can be seen that the force is positive almost 

consistently everywhere that there is no dissipation. In the breaking regions, mainly at 

the reef edge and at the shoreline, the wave forces become negative and strong. 

 

"! B 
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Figure 3-11. Test 15 (Hs= 3.9 m, Tp= 8 s) wave force in the x-direction with cross-shore 
 position through time. Below is the reef profile as a reference. 
 
 

 The wave model in Xbeach has been calibrated specifically for setup and wave 

height. Because the model is depth averaged, these are typically the desired parameter 

outputs aside from morphological updating, which was not used in this application. By 

changing the three free calibration parameters, %, $, and n, the model can be calibrated 

to match measured data. 

 Figure 3-12 shows the setup and wave height evolution calculated by Xbeach 

compared to the measured data in the wave flume for test 15 (Hs= 3.9 m, Tp= 8 s). The 

calculations are in good agreement for the region of setdown, with a small 

underestimate of the setup (Figure 3-12A). It is also noted that where the wave forcings 

were seen to be strongly negative, is also where the 0.08 m setdown occurs.  
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Figure 3-12. Test 15 (Hs= 3.9 m, Tp= 8 s). Comparison between the measured and 
 calculated A) setup, and B) Hrms. 
 
 

 The predicted wave height evolution is not as closely matched to the measured 

data as the setup/setdown, but has disagreements mainly in the region of shoaling at 

gauges 5 and 6 (Figure 3-12B). Gauge 4 has been assumed to be a malfunctioning 

gauge, explaining the significantly low wave height measured at this gauge and should 

be ignored. 

 Figure 3-13 shows the comparison between the predicted values by Xbeach and 

the measured values from the laboratory test of setup and root-mean-squared wave 

height evolution for test 17 with a significant wave height calculated as 4.9 m and a 
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peak period of 12 seconds. In this test, setdown is predicted with very good agreement 

(Figure 3-13A). The setup is also closely modeled with a slight over-prediction of the 

setup on the reef flat possibly due to an over prediction of wave heights prior to 

breaking. 

 The wave height evolution is again over predicted, especially in the region of 

shoaling, with an obvious outlier at gauge 4 due to a gauge malfunction (Figure 3-13B). 

The data shows almost no wave height growth as the waves shoal over the reef until 

just before breaking at gauge 6, however Xbeach begins to predict shoaling almost 

immediately shoreward of the deepwater gauges, where waves begin to propagate over 

the reef bathymetry.  

 

 
 

 
Figure 3-13. Test 17 (Hs= 4.9 m, Tp= 12 s). Comparison between the measured and 
 calculated A) setup, and B) Hrms. 
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 Test 19 had a significant wave height of 5.3 m and a peak period of 20 seconds. 

Xbeach predicted the setup and setdown very accurately for this test case (Figure 3-

14A). The wave height evolution was again over predicted, but still reasonably modeled, 

excluding the calculated wave height at gauge 4 (Figure 3-14B). 

  

 

 

 
 
Figure 3-14. Test 19 (Hs= 5.4 m, Tp= 20 s). Comparison between the measured and 
 calculated A) setup, and B) Hrms. 
 

 Overall, although Xbeach uses a linear wave model, it does a reasonable job of 

predicting the setup, setdown, and wave height evolution over reefs. This is not entirely 

A 

B 



 52 

surprising. Recall that when assuming unidirectionality and stationery, Xbeach 

calculates waves as: 

     

! 

dFj

dx
= "# jFj

      (3-1) 

 

Because the wave energy is entirely dependent on the dissipation rate, &, where & is a 

function of three free parameters, %, $, and n. These three calibration parameters were 

chosen to fit lab runs based on these simple outputs. In this case, as previously 

mentioned, n was held at a constant value of 5 for simplicity while % and $ were 

optimized for best fit to measured data. This fit could be made more accurate still by 

allowing the calibration parameter, n, to range from 1 to 10. In effect, the calibration 

parameters in Xbeach were used to force a good fit from the model, with little physical 

meaning, and could be done with any data set to accurately model the wave processes. 

 While Xbeach’s linear wave module is capable of outputting accurate setup and 

wave height calculations when calibrated correctly, the underlying nonlinear physics of 

the process is ignored. The only mechanism of dissipation that a linear wave model 

recognizes is dissipation due to breaking. Therefore, up until the breaking point, there is 

no change in the energy flux. Even as waves shoal, energy flux remains the same. At 

the breaking point, energy is dissipated from all frequencies (Figure 3-15A). It can be 

seen (Figure 3-15B) that in the true process, the energy flux density begins to vary 

when waves begin to shoal over the reef bathymetry. The spectrum widens and energy 

is transferred to higher frequencies. Just before breaking, as the wave shape changes 

drastically by steepening, and nonlinear interactions are strong, higher harmonics are 
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created and energy is transferred into the infragravity band. After breaking, energy is 

dissipated from higher frequencies first. Linear wave models do not recognize any of 

these processes, but concentrate on  accurate calculations of setup and wave height 

while taking into account dissipation due to breaking. 

 
Figure 3-15. Energy flux evolution for test 19 (Hs= 5.4 m, Tp= 20 s). A) linear wave 
 model, B) data from the laboratory experiment. The bottom panel shows the reef 
 cross-section and gauge locations as a reference. 
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3.4 NMSE Results 

 Unlike Xbeach, the nonlinear wave model, NMSE, allows for energy transfer 

across the spectrum (between different frequencies). While this difference will not be 

seen with simple plots of the predicted setup and wave height values, a drastic 

difference can be seen when comparing the energy flux spectral densities.  

 By allowing energy to transfer to higher and lower frequencies NMSE is able to 

describe the development of higher harmonics and energy transfer to the infragravity 

band, which are key characteristics of the laboratory data. Although test 15 has a  

 
Figure 3-16. Energy flux spectral density for test 15 (Hs= 3.9 m, Tp= 8 s). A) calculated 
 by NMSE, B) calculated from laboratory data. The bottom panel shows the reef 
 cross-section geometry and gauge locations as a reference. 
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significant wave height of only 3.9 m, a peak period of 8 seconds, and is not 

extraordinarily nonlinear compared to other test runs (refer to Ursell numbers in Figure 

2-5), there is still energy transferred and higher harmonics developed (Figure 3-16B). 

NMSE is able to describe the development of higher harmonics and the growth of the 

infragravity band. Because of the extra terms in NMSE, it is able to describe this 

nonlinearity (Figure 3-16A) and to accurately describe the complete physics of the wave 

processes occurring in the reef environment.   

 
Figure 3-17. Energy flux spectral density calculated for test 19 (Hs= 5.4 m, Tp= 20 s).  
 A) calculated by NMSE, B) calculated from laboratory data. The bottom panel 
 shows the reef cross-section geometry and gauge locations as a reference. 
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 In the case of an extremely nonlinear wave like test 19, with a significant wave 

height of 5.3 m and a peak period of 20 seconds, NMSE is also much better able to 

describe the processes occurring (Figure 3-17A). In such a case of violently nonlinear, 

plunging breakers, several higher harmonics are developed as the waves shoal (Figure 

3-17B). The spectrum widens significantly during this process and even after breaking, 

the way the waves dissipate is not limited to breaking. NMSE is able to describe these 

processes with good accuracy and can be seen in Figure 3-17. NMSE describes the 

development of harmonics and closely resembles the dissipation after breaking found in 

the data. 

3.5 Linear Wave Model Vs. Nonlinear Wave Model 

 It appears, based on the outputs of setup and wave height evolution that a linear 

wave model is able to correctly describe the wave processes occurring on a reef 

system. After more investigation of the physics, it can be seen that there are processes 

occurring that a linear wave model ignores and must compensate for in other ways. 

 It was shown that the wave processes in these laboratory tests become 

extremely nonlinear near breaking. Figure 3-18 shows both models’ capabilities to 

describe the energy flux density in these areas (gauges 7 and 8). It can be seen that the 

linear model is not capable of describing the widening of the spectrum that occurs as 

energy is transferred from the peak frequency to higher harmonics (Figure 3-18C). The 

linear model also predicts that the peak frequency will dominate on the reef top (gauge 

8), but measurements conclude that low-frequency energy in the infragravity band 

dominates the energy flux spectrum (Figure 3-18D). The nonlinear model does a much 
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better job of describing the energy flux in higher frequencies by accurately describing 

the widening of the spectrum (Figure 3-18A). Only the nonlinear wave model recognizes 

higher harmonics and accurately describes the energy found in the infragravity band as 

dominating the energy flux density on the reef flat (Figure 3-18B). 

 Both the linear and nonlinear wave models are in good agreement with the 

measured data (Figure 3-19). In fact, the linear wave model is in better agreement with  

 

  

 
Figure 3-18. Energy flux density modeled compared with measured data from test 19 
 (Hs= 5.4 m, Tp= 20 s). Blue solid lines show the modeled data and red circles 
 show the measured data. A) nonlinear wave model at gauge 7, B) nonlinear 
 wave model at gauge 8, C) linear wave model at gauge 7, D) linear wave at 
 gauge 8. Below are the reef cross-section geometry and gauge locations as a 
 reference.  
 

A 

C D 

B 
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the collected data than the nonlinear model when describing mean water level through 

all gauges, except gauge 7, on the reef edge. The disagreement between linear and 

nonlinear wave models is not significant, never exceeding 8 cm. 

 However, the linear wave model’s physics are limited to setup and wave heights. 

The nonlinear wave model is capable of describing the full spectral evolution (along with 

other parameters such as setup and wave heights). This capability is significant 

because of the role that infragravity waves on the reef flat play in runup and flooding.  

    

 
Figure 3-19. Mean water level (setup) calculated by the nonlinear wave model in blue, 
 linear wave model in red, and measured values in black circles. Bottom panel 
 shows the reef cross-section geometry and gauge locations as a reference. 
 

The presence of infragravity waves can greatly increase the height of runup generated. 

Linear wave models do not account for the energy from the peak frequency transferring 
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to low-frequencies, but assumes that it is only dissipated from the peak frequency, 

underestimating the energy present on the reef flat. 
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CHAPTER 4 
CONCLUSIONS 

 
4.1 Reef Processes 

 The wave processes and importance of nonlinearities are considerably different 

in the reef environment than a mildly sloping sandy beach owing to the physical 

structure of a fringing reef with steep slopes nearshore and a large reef flat with shallow 

water. Extensive wave breaking occurs over a reef as waves propagate from deep 

water, shoal, and break on a steeply sloping reef over a relatively short distance. Violent 

breaking is observed with plunging breakers. In this study, breaking occurs both on the 

reef slope and on the reef edge. After initial breaking, waves reform as bores and 

propagate across the reef flat towards the beach. 

 As the waves propagate from deep water and travel over the reef bathymetry, 

shoaling begins. As waves shoals, the spectrum immediately widens due to nonlinear 

transfers of energy from the peak frequency to higher harmonics and lower 

subharmonics. As the waves approach breaking, the shape of the waves change 

considerably and become highly nonlinear with significant amounts of energy being 

transferred between frequencies. In most cases, the peak of nonlinear transfers 

occurred around gauge 6, just before breaking, seen in the bispectra (Figure 3-7). In 

this location, energy is transferred from the peak frequency into higher frequencies 

developing harmonics. This can be seen in the power density and energy flux spectra. 

Investigating these nonlinear interactions with bispectral analysis reveals that the peak 

frequency interacts with several higher harmonics. In extremely nonlinear tests, such as 



 61 

test 19, there are nonlinear interactions noted through the bispectral analysis that the 

second harmonic was also interacting nonlinearly with higher harmonics. 

 During the laboratory experiment, waves were found to be breaking between 

gauges 6 and 7. Breaking type was found to be plunging breakers for almost all of the 

test cases. After breaking (gauge 7), considerable energy still remained at the peak 

frequency. As the broken waves reformed and propagated across the reef flat as bores, 

energy was transferred into lower frequencies. On the reef flat, the spectrum was 

dominated by infragravity energy. This low-frequency energy increased as the waves 

continued to propagate across the reef flat shoreward. 

 Linear wave transformations were observed during this experiment only in deep 

water (gauges 1-3). Waves began to become nonlinear immediately after approaching 

the reef slope. As the waves shoaled, energy was transferred from the peak frequency 

to higher and lower frequencies developing harmonics and subharmonics. Following 

breaking, energy continued to be transferred from the peak frequency into the 

infragravity band and was dissipated from higher frequencies first. On the reef flat, after 

breaking, low-frequency oscillations dominated. The processes throughout this study 

were found to be highly nonlinear with strong nonlinear interactions that are not as 

apparent on mildly sloping beaches. These processes are more dominant in the reef 

environment and cause wave transformation here, to be, to a large degree, 

incomparable to wave transformation over mildly sloping beaches.  

4.2 Wave Model Capabilities 

 Xbeach is an open source, two-dimensional, depth-averaged wave and 

circulation model for sediment transport in the nearshore that simulates dune erosion, 
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overwash, and beach transformation. The wave model implemented into Xbeach is a 

linear wave model, in which, the only mechanism of dissipation is dissipation due to 

breaking. In this study, only the wave module was used, which was not initially 

developed for modeling wave propagation over steep slopes such as reefs. This study 

was intended to push Xbeach beyond what it was intended for and to evaluate how it 

performs. More specifically, to evaluate the abilities of a linear wave model as it relates 

to wave propagation over reefs. Specific interest in Xbeach is due to the extensive list of 

capabilities of Xbeach (including sediment transport), which were not used in this study, 

but of interest for future study.  

 The linear wave model capabilities are limited to the mean water level 

(setup/setdown) and wave height values. Xbeach shows good agreement of these 

measured values, which is of no surprise. The wave module found in Xbeach is a 

function completely dependent on the dissipation constant, &, which is a function of 

three free parameters, $, %, and n. The linear wave model is calibrated to minimize the 

errors between the measured and calculated wave heights and mean water levels by 

finding optimal values of the parameters. Without a data set for fit, calibrating the model 

would be difficult. With a more complete optimization, the fit between the model 

prediction and laboratory data in this study could be improved.  

 Because the only mechanism of dissipation in a linear wave model is dissipation 

due to breaking, there is no variation in the spectral flux until breaking occurs (Figure 3-

4). It can be easily seen from the data that there are, in fact, significant variations in the 

spectrum long before breaking occurs. The linear wave model is unable to describe the 

widening of the spectrum that occurs as waves shoal over the reef before and after 
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breaking. There are no terms in the wave model to account for energy transfer between 

modes, but simply that energy can be lost (dissipated) at each mode individually, but 

not until breaking (Figure 3-15A). At which time, energy is dissipated proportionally from 

all modes. It is easily seen that this is an incorrect description of the true physics of the 

reef system.  

 The predicted values of the linear wave model of Xbeach compares well with the 

measured values from the tests of the physical parameters for which it was developed, 

namely setup and wave height. If these parameters are the desired outputs for a study 

and there exists data to be used in a calibration process, a linear model can be efficient 

and effective. However, the wave processes on a reef are known to be nonlinear and 

attempting to model them with a linear model is flawed and the underlying physics of a 

linear model is lacking in the case of a steeply sloping beach or reef. 

 NMSE includes an extra term in the wave model that allows energy to be 

transferred between modes. As the waves shoal over the reef and nonlinear interactions 

become strong, energy is transferred from the peak frequency to higher and lower 

frequencies developing higher harmonics and subharmonics (Figure 3-17B). Only a 

nonlinear wave model accounts for these nonlinear energy transfers across the 

spectrum (Figure 3-17A). Through post-processing, other parameters are attainable, 

such as setup using the shallow-water equations (not coupled). In some instances, 

Xbeach predicts the setup better than the nonlinear model (Figure 3-19), although the 

difference is not significant, never exceeding 8 cm. It can be noted that in the area of 

strong nonlinearities during breaking (gauge 7), the nonlinear model does seem to 

describe the mean water level more accurately. The overall slightly better fit from the 
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linear wave model could be attributed to two things. Firstly, in the linear wave model, the 

wave model is coupled with the shallow-water equations that produce the average water 

level values, but with NMSE, the setup is calculated at the end using the shallow-water 

equations. Lastly, the linear wave model was calibrated to fit the output values of setup 

and wave height to the laboratory data. The accurate prediction of these values is the 

ultimate goal of a linear wave model because this is where the physics of a linear wave 

model end. However, the nonlinear wave model, NMSE is calibrated based on the 

spectrum and is used to correctly describe the full spectral evolution. 

 The scope of Xbeach is very wide. Here, only the linear wave model was used. 

While Xbeach is sufficient for predicting the simple output values of average water level 

and wave heights, the capabilities of the linear wave model end here. The effects of 

ignored nonlinear interactions can be aliased into other growth/dissipation mechanisms. 

The wave processes occurring on a fringing reef are highly nonlinear. In order to 

correctly describe the nonlinear transformation of waves over fringing reefs, a nonlinear 

wave model is necessary.  

4.3 Applications and Future Work 

 After the experiment that provided data for this study, a second laboratory test 

was conducted at the US Army Corps of Engineers, Engineer Research and 

Development Center, Coastal and Hydraulics Laboratory in Vicksburg, Mississippi. In 

this laboratory experiment, more wave gauges were concentrated in the areas of 

interest (just before and during breaking) to give more insight into the complex 

processes that occur during shoaling and breaking. Also included were four acoustic 

Doppler velocimeters (ADV) and a pulse coherent acoustic Doppler profiler (PC-ADP), 
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all located in the same region. Unlike the data set from the University of Michigan’s 

wind-wave facility, this data set is more densely instrumented and is also collecting 

current data. During this experiment, tests were also run with two different reef slopes, 

1:2 and 1:5. Interestingly, the sizeable decrease in significant wave height just before 

shoaling (gauge 4) seen in the laboratory study conducted at the University of Michigan 

and regarded as a faulty gauge, was also observed during every test run in the flume for 

the more recent study, even after several recalibrations of the wave gauges. Further 

investigation of this wave height variation should be done using the new data set to 

determine if there is a more fundamental physical process related to waves occurring, 

or if this is an effect from the flumes themselves. This second set of laboratory data, 

including data with different reef slopes, can also be a useful data set to further study 

the calibration parameters included in wave models to begin to assign physical meaning 

to these parameters that are largely unknown for steep slopes. 

 There are several possible applications for the nonlinear wave model, NMSE. 

Because it has been observed that the low-frequency oscillations dominate the 

spectrum on the reef flat, a model that recognizes the energy transfer into the 

infragravity band can be used as a tool to study this energy and its role in reef 

hydrodynamics. Also, processes that are strongly frequency dependent can be studied 

using this frequency dependent model, for example, bottom friction on reefs. Because of 

the coral texture itself along with significant growth of organisms on the reef, bottom 

friction is a very dominant forcing in a reef system. The two largest influences on reef 

hydrodynamics are wave action and bottom friction. The application of a frequency 
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dependent wave model on frequency dependent processes, such as bottom friction, is 

necessary to achieve a better understanding of these hydrodynamics.  

 It remains that NMSE is a wave model only, solving wave propagation and 

transformation without coupling with any other processes. Xbeach is an open-source 

model that couples hydrodynamics, sediment transport, and morphodynamics. It was 

not intended that this model be used in an application, such as this study, because the 

assumption of purely linear waves is invalid in this environment. Integrating the 

nonlinear wave model into Xbeach, that is designed to model many other processes, 

could validate this model to be used in the context of steep slopes with nonlinear 

interactions while simulating complex hydrodynamic and morphodynamic processes 

accurately by correctly describing the physics of the system. 
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APPENDIX A 
XBEACH INPUT FILE: params.txt 

PARAMS  
 
grid input  
 
nx=86  
ny=9  
dx=10  
dy=5  
xori=0  
yori=0  
alfa=180  
posdwn=-1  
vardx=0  
depfile=bathy.dep  
 
wave input  
 
instat=4  
bcfile=test19.inp  
rt=7200  
dtbc=4  
break=1  
gamma=0.9720  
alpha=0.7715  
n=5  
 
constants  
 
rho=1025  
g=9.81  
 
flow input  
 
C=60  
left=1  
right=1  
 
wind  
 
rhoa=1.25  
Cd=.002  
windv=0  
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limiters  
 
gammax=5  
hmin=0.01  
eps=0.1  
umin=0.1  
Hwci=0.01  
 
simulation  
 
tstart=0  
tint=4  
tstop=7200  
 
sediment transport  
 
form=1  
dico=1  
struct=0  
 
morphological updating  
 
morfac=0  
wetslp=1  
dryslp=2  
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APPENDIX B 
XBEACH INPUT FILE: test19.inp 

 
Hm0=5.2430 
fp=0.05 
mainang=90. 
gammajsp=3.3 
s=1. 
fnyq=0.3 
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APPENDIX C 
XBEACH INPUT FILE: bathy.dep 

 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
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 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
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 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
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 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68
 12.51 13.34 
 
-35.26 -35.26 -35.26 -35.26 -35.26 -35.26 -
33.26 -31.26 -29.26 -27.26 -25.26 -23.26 -
21.26 -19.26 -18.73 -18.2 -17.67 -17.14 -
16.6 -16.07 -15.54 -15.01 -14.48 -13.94 -13.41
 -12.88 -12.35 -11.35 -10.35 -9.35 -8.35
 -7.35 -6.35 -5.35 -4.35 -3.35 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26
 -3.26 -3.26 -3.26 -3.26 -3.26 -3.26

 -2.43 -1.6 -0.77 0.06 0.89 1.72 2.55 3.38 4.21 5.04
 5.87 6.7 7.53 8.36 9.19 10.02 10.85 11.68

 12.51 13.34
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