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 Present numerical storm surge models were developed and tested on gentle sloping 

coastlines common in the continental United States.  Islands with fringing coral reefs have 

complex small scale bathymetry with steep front slopes which diminish confidence in the 

accuracy of present storm surge models.  Two laboratory experiments were performed using 

detailed bathymetry based on SHOALS measurements from the coast of Guam.  A two 

dimensional wave flume with front slopes of 1:2.5 and 1:5 was used to test numerical approaches 

to energy loss due to breaking waves on steep slopes.  A three dimensional wave basin was used 

for updating and validating the coupled STWAVE-ADCIRC storm surge model for the coral reef 

environment.  Results indicated the need for greater dissipation of energy during breaking for the 

steep slopes than is currently the standard.  Through testing in a 1D energy flux model, greater 

accuracy was found when the energy loss due to breaking was approximated with a bore type 

energy dissipation model. The wave set-up was calculated using the STWAVE-ADCIRC 

coupled storm surge model using both the present STWAVE breaking and the bore type breaking 

functions. The use of the bore type energy dissipation model was found to better match the 

measured data in the laboratory than the present STWAVE breaking model.   
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CHAPTER 1 
INTRODUCTION 

 Since Hurricane Katrina hit New Orleans in 2005, there has been an increased interest in 

the predictive capabilities of numerical storm surge models.  The destruction caused by Katrina 

showed the need for the development of more advanced models to better predict the areas 

impacted by storms.  The use of coupled wind-wave numerical models such as STWAVE-

ADCIRC introduced the possibility of examining all the forcings affecting storm surge impacts 

on a coastline.   

 The coupled wind-wave modeling system has been used to forecast and hind cast 

hurricane storm surge along the coasts of the continental U.S.  However, the vulnerability of the 

U.S. population currently living on islands in the Pacific Ocean and Caribbean Sea has received 

less attention.  The wind-wave coupled models were developed and tested on gentle sloping 

bathymetries such as the U.S. Gulf of Mexico and the East coast.  These islands often have 

complex bathymetry consisting of coral reef structures as well as steep slopes on the reef face.   

 Common features to coral reefs have been described by Gourlay (1994, 1996a, 1996b) to 

consist of steep reef face slopes followed by a reef crest which can front an expansive reef top.  

The reef top usual consists of complex small scale bathymetry created by coral organisms.  The 

wave breaking and flow in and around coral reef structures have been found to be site and reef 

geometry specific which create difficulties in the development of comprehensive predictive 

numerical models (Demirbilek et al., 2009).   The present research is focused on the analysis of 

generic reef geometry in both physical and numerical models to better understand the impacts of 

hurricanes or typhoons on island communities fronted by coral reefs.   
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Coral Reef Laboratory 

When examining the accuracy of numerical models on distinct environments, it is 

important to have field or laboratory measurements for comparisons.  Laboratory studies of the 

coral reefs are site specific with wave conditions and bathymetric profiles particular to a study 

environment.  Nelsen and Lesleighter (1984) study of an idealized platform reef examined the 

affect of a vertical reef face on wave attenuation.  Wave dynamics and set-up were measured to 

better understand the Hydrographers Passage on the Great Barrier Reef for navigational safety.  

Jensen (1991) and Nielson and Rasmussen (1990) conducted a laboratory experiment designed to 

study a platform reef in Mali which was susceptible to flooding during strong ocean swells.  

Wave attenuation and set-up were measured for a better understanding of the dynamics on this 

reef.   

 Gerritsen (1980, 1981) examined wave attenuation and energy dissipation on a laboratory 

cross section of Ala Moana Reef in Hawaii.  As a fringing reef, Ala Moana was a conducive 

environment for detailed analysis of wave spectral transformation and wave set-up because of 

the relatively gentle slope when compared to many other reef studies.  Seelig (1982, 1983) 

studied the effects of measured wave attenuation on ponding or lagoon wave set-up in an 

idealized Guam reef.  The lagoon behind the reef crest adds a dampener to wave energy in front 

of the beach slope.  Gourlay (1994, 1996a) conducted a laboratory experiment on both platform 

and fringing reefs.  Wave transformation and set-up were measured for the steep reef face sloped 

platform reef as well as the more gentle reef face sloped fringing reef.   

  Jensen (2004) examined the wave transformation on steep slopes in coral reefs, focusing 

on the reflection and transmission of wave energy over the reef crest.  The tests were performed 

in a wave flume with the reef top made out of concrete blocks.  The wave heights were measured 

on four different fronts slopes: 1:2, 1:1, 1:0.5, and an ‘S’ shaped slope.  The test results were 
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used in numerical model comparisons of wave transformation and wave energy transmission 

over the front reef edge.   

 Tsai et al. (2005) focused on the shoaling and maximum wave height prior to breaking of 

waves on steep slopes of 1:3, 1:5, and 1:10.  The experiment design was based on the steep 

slopes common on the east coast of Taiwan.  The tests were performed in a long wave flume, and 

only regular waves were examined.  The measured wave height results were tested against 

popular shoaling and maximum wave height equations.  The comparison of wave height 

transformation for tests with slopes greater than 1:10 did not have good agreement which was 

likely due to the loss of energy due to the reflected wave.   

 Demirbilek et al. (2007) performed a laboratory study examining wave transformation 

and set-up on a reef patterned after Guam.  A wind generator and wave maker were utilized to 

create both wind-wave as well as swell conditions.  The study aimed to examine the effects of 

wind on beach set-up, as well as observe wave transformation over a complex reef system.  The 

scaled reef section was constructed using relatively smooth plastic material. 

 All of the previously described laboratory projects were conducted in narrow wave 

flumes and with flat surfaces for the reef top.  In the present project, we built a reef top structure 

with small scale fluctuations based on a field survey of a reef top in Guam.  Also, a three 

dimensional laboratory experiment was performed to create a more realistic flow pattern on the 

reef top.   

Numerical Wave Models 

 The complexities in the wave shoaling and breaking process in many of the laboratory 

and field studies previously described have revealed inaccuracies in the numerical modeling of 

wave transformation with commonly used wave models.  Most wave models were developed to 

calculate the wave transformation over gentle slopes.  The Mild-Slope equation was used by 
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Massal and Gourlay (2000) with steep slope modification to compare against wave breaking 

measurements from previous coral reef laboratory studies.  The model was combined with 

momentum equations to examine the wave set-up on fringing coral reefs.  The energy loss due to 

wave breaking and friction were parameterized using empirical relationships. The Mild-Slope 

equation was used again by Jensen (2004) with modifications to better fit experimental data.  The 

breaking parameter was slightly altered from the form presented by Massal and Gourlay (2000) 

to fit with the wave heights measured on the steeper slopes.  In both models, the laboratory and 

numerical results had reasonably good visual agreement.     

 Tsai (2005) modeled the wave shoaling on the steep slopes from experimental tests using 

the K-dV equation.  The equation calculates the wave shoaling prior to breaking with different 

equations based on the value of the Ursell number 

 𝑈𝑟 =
𝑔𝐻𝑇2

ℎ2
. (1-1)  

The shoaling equation compared well with the measured data, and was used in a time dependent 

Mild-Slope equation model.  The parameterized breaking dissipation used a modified form of the 

Goda (1974) equation, which is described in a later section, to match the wave shoaling and 

breaking on the steep coral reef slopes.   

A spectral wave model was developed by Lowe et al. (2005) to compare with field 

measurements from Kaneohe Bay, Hawaii.  The spectral model included both dissipation of 

energy by friction and by breaking.  The tests showed that the frictional dissipation was 

equivalent to the breaking dissipation because of the large coral structures in the reef.  Friction 

was found to play a large role at the reef face where wave breaking is usually considered the 

dominant form of dissipation.  
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A comprehensive examination of the ability of one dimensional wave models to compute 

the wave transformation and wave set-up on coral reefs was examined by Demirbilek et al. 

(2009).  Three one-dimensional (1D) wave models were used to compare with four laboratory 

experiments conducted on coral reef bathymetries, Gourlay (1994), Seelig (1983), Thompson 

(2005), and Demirbilek et al. (2007).  The BOUSS-1D numerical wave model, which is based on 

the Boussinesq equation, provided a fully-nonlinear approach to the examination of the wave 

transformation and run-up.  The numerical results matched the experimental results very well for 

all the cases tested.  RBREAK2 is a vertically-averaged shallow water equation model for wave 

run-up on impermeable slopes.  The model did not match the laboratory data as well as the other 

models.  The final model tested was WAV1D which is a 1D energy flux model.  The energy flux 

model had parameterized wave breaking and friction, and the results matched the laboratory data 

very well.  The fully nonlinear BOUSS-1D and the linear energy flux model WAV1D were both 

found to fit the laboratory data with similar accuracy.  

Maximum Wave Height Equation 

Using the assumption that waves near breaking behave as solitary waves, McCowan 

(1894) derived a limit for the breaking wave height.   The theory proposed that the maximum 

breaking wave height, 𝐻𝑏, is directly related to the breaking depth, ℎ𝑏, by  

 𝐻𝑏 = 0.78ℎ𝑏 . (1-2)  

Miche (1944) developed an equation for the maximum breaking height based on wave 

transformation on gently sloping beaches to be 

 𝐻𝑏 = 0.142𝐿𝑏𝑡𝑎𝑛ℎ(𝑘ℎ), (1-3)  

where 𝐿𝑏 is the wave length at breaking.  The coefficient 0.142 was later changed to 0.12 by 

Danel (1952). 
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 Monk (1949) derived the maximum breaking height formula based on a solitary wave 

breaking with the controlling mechanism being the offshore wave steepness, 

 𝐻𝑏 = 0.3 �
𝐻𝑜
𝐿𝑜
�
−1 3�

. (1-4)  

Weggel (1972) advanced the work of Monk (1949) by incorporating a dependence on the 

bottom slope, 𝑚, into Equation 1-5, 

 𝐻𝑏 = ℎ �𝑏(𝑚) − 𝑎(𝑚) �
𝐻𝑏
𝐿𝑜
��, (1-5)  

where  

 𝑎(𝑚) = 43.8�1 − exp (−19𝑚)� (1-6)  

 

 𝑏(𝑚) =
1.56

(1 + exp (−19.5𝑚)) (1-7)  

Komar and Gaughan (1973) used linear wave theory to derive an empirical formula for 

the maximum breaking height (Equation 1-8).  The constant, 0.56, in Equation 1-8 was 

determined by comparison with three laboratory data sets (Komar and Simmons, 1968; Iverson, 

1951; Galvin, 1968).  The maximum breaking equation was also tested with the field 

measurements collected by Munk (1949).   

 𝐻𝑏 = 0.56𝐻𝑜 �
𝐻𝑜
𝐿𝑜
�
−1 5�

 (1-8)  

The empirical formulation presented by Goda (1974) was based on laboratory data from a variety 

of sources including Iversen (1951), Mitsuyasu (1962), and Goda (1964).  In Equation 1-9, the 

breaker height is estimated using the depth from 5𝐻1
3�
toward the offshore, so the depth of 

breaking was calculated in Equation 1-10.   
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𝐻𝑏 = 0.17𝐿𝑜 �1 − 𝑒𝑥𝑝 �−1.5

𝜋ℎ𝑏
𝐿𝑜

(1 + 15𝑚)4 3� )��  (1-9)  

 

 ℎ𝑏 = ℎ + 5𝐻1
3�
𝑚 (1-10)  

 Battjes and Janssen (1978) modified Equation 1-2 by Miche (1944), including an 

adjustable parameter, 𝛾, to allow for the effects of beach slope and the transformation of random 

waves (Equation 1-11).     

 𝐻𝑏 = 0.142𝐿𝑏 𝑡𝑎𝑛ℎ �
𝛾

0.88
𝑘ℎ𝑏� (1-11)  

Through laboratory testing performed by Battjes and Janssen (1978), the coefficient 𝛾 was found 

to be equal to 0.8.   

 Another modified version of the Miche (1944) breaking equation, Equation 1-2, was 

developed by Ostendorf and Madsen (1979).  A relationship between the breaking height and the 

bottom slope was added for slopes less than 1 10�  with a cap on the influence of bottom slope for 

bottom slopes greater than 1 10� .   

 

𝐻𝑏 = 0.14𝐿𝑏𝑡𝑎𝑛ℎ �(0.8 + 5𝑚)
2𝜋ℎ𝑏
𝐿𝑏

�             𝑓𝑜𝑟 𝑚 ≤ 1
10�  

𝐻𝑏 = 0.14𝐿𝑏𝑡𝑎𝑛ℎ �(0.8 + 5(0.1))
2𝜋ℎ𝑏
𝐿𝑏

�       𝑓𝑜𝑟 𝑚 > 1
10� . 

(1-12)  

Singamsetti and Wind (1980) conducted laboratory testing and combined the results with 

previous laboratory studies by Iverson (1951) and Galvin (1968) to develop a slope dependent 

maximum breaking height relationship.  A relationship between maximum breaking height and 

the breaking water depth was developed.   

 𝐻𝑏 = 0.937ℎ𝑏(𝑚)0.155 �
𝐻0
𝐿0
�
−0.13

 (1-13)  



 

26 

Equation 1-13 was tested against laboratory conditions ranging from 0.02 ≤ �𝐻𝑜 𝐿𝑜� � ≤ 0.065 

and 1 40� ≤ 𝑚 ≤ 1
5� .  

Previous studies have shown the maximum breaking wave height is affected by the 

offshore wave steepness and the bottom slope.  Battjes and Stive (1985) tested these parameters 

and found no significant variation in 𝐻𝑏 by changing the bottom slope, but variation was found 

when changing the offshore wave steepness.  The constants in Equation 1-14 were calibrated by 

testing against laboratory and field data sets.   

 𝐻𝑏 = ℎ𝑏(0.5 + 0.4 tanh (33
𝐻𝑟𝑚𝑠𝑜
𝐿𝑝𝑜

) (1-14)  

In Equation 1-14, the deepwater wave height is the root-mean-square wave height in deep water, 

and 𝐿𝑝𝑜 is the deepwater wave length associated with the peak period. 

The breaking parameter presented by Battjes and Stive (1985) was further developed by 

Nairn (1990).  Equation 1-14 was compared against a more extensive data set, and the result was 

similar in form but with different coefficients (Equation 1-15). 

 𝐻𝑏 = ℎ𝑏(0.39 + 0.56 tanh (33𝑠𝑜) (1-15)  

where 𝑠𝑜 = 𝐻𝑟𝑚𝑠𝑜 𝐿𝑝𝑜� . 

Kamphuis (1991) developed a maximum breaking wave height formula based on a 

laboratory study by Kamphuis and Kooistra (1990).  The laboratory study included both regular 

and irregular waves.  Equation 1-16 was derived to represent for the breaking of irregular waves. 

 (𝐻𝑠)𝑏 = 0.095 exp(4𝑚)𝐿𝑝 tanh �
2𝜋ℎ𝑏
𝐿𝑏

� (1-16)  

In Equation 1-16, (𝐻𝑠)𝑏 is the maximum breaking significant wave height. 
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Nelsen (1993) developed the maximum breaking height relationship based on a non-

linear parameter,𝐹𝑐, presented by Swart and Loubser (1979).  The non-linear parameter is a 

relationship between H, T, and ℎ𝑏 such that a given value of 𝐹𝑐 from Equation 1-13 is related to a 

certain shape of wave.   

 𝐹𝑐 =
𝑔1.25𝐻0.5𝑇2.5

ℎ𝑏1.75  (1-17)  

By comparing results of 𝐹𝑐 against laboratory data sets, Nelsen (1993) found a trend between 𝐹𝑐 

and 𝐻𝑏 given by  

 
𝐻𝑏
ℎ𝑏

=
𝐹𝑐

22 + 1.82𝐹𝑐
 . (1-18)  

In Equation 1-14, the largest ratio between 𝐻𝑏 and ℎ𝑏 is 0.55 when 𝐹𝑐 ≫ 500. 

Massal and Gourlay (2000) developed a maximum breaking height relationship for 

complex bathymetry often associated with coral reefs.  Equation 1-12 from Singamsetti and 

Wind (1980) was used for bottom slopes steeper than 1 40� .  On the reef top where slopes 

become more gentle a relationship was derived based on Nelson (1993),     

 𝐻𝑏
ℎ

= �
�1 + 0.1504ℎ∗−2.5 − 1

0.1654ℎ∗−1.25 �
2

𝑓𝑜𝑟 𝑚 > 1
40� , (1-19)  

 

where  

 ℎ∗ =
ℎ
𝑔𝑇2

. (1-20)  

A comprehensive description for many of the maximum breaking wave height equations 

previously described was presented by Smith and Kraus (1990) and Jensen (2004).   
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Energy Dissipation Due To Breaking 

 The energy flux equation for the one-dimensional propagation of waves in the horizontal 

cross-shore direction with the only energy loss due to breaking waves is  

 𝑑ℱ
𝑑𝑥

= −〈𝜀〉, (1-21)  

where ℱis the average wave energy flux per unit area, and 〈𝜀〉 is the average rate of energy 

dissipation per unit area.    Based on linear wave theory, the energy flux can be calculated by 

 ℱ = 𝐸𝐶𝑔 =
1
8
𝜌𝑔𝐻𝑟𝑚𝑠2 𝐶𝑔 , (1-22)  

where 𝐻𝑟𝑚𝑠 is the root mean square wave height, and 𝐶𝑔 is the wave group celerity.  Equation 1-

22 can be integrated across the surf zone to find the total change in wave energy by breaking.   

 Battjes and Janssen (1978), BJ78, followed the approach of LeMehaute (1962) in solving 

for the energy dissipation rate per unit span for a single, solitary wave breaking in a shallow 

depth.  The bore method is based on observations that a breaking wave behaves similar to a bore 

connecting two regions of uniform flow.  The power dissipated in the bore per unit span, 𝜀′, was 

found by Lamb (1932) to be calculated by  

 𝜀′ =
1
4
𝜌𝑔(𝑌2 − 𝑌1)3 �

𝑔(𝑌1 + 𝑌2)
2𝑌1𝑌2

�
1
2�

 (1-23)  

where 𝑌2 is the depth on the deeper side of the bore, and 𝑌1 is the depth on the shallower side of 

the bore.  Order of magnitude assumptions were made to relate the bore dissipation equation to 

wave heights.  Two assumptions made by BJ78 are that  

 𝑌2 − 𝑌1~ 𝐻 (1-24)  

and 
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𝑔(𝑌1 + 𝑌2)

2𝑌1𝑌2
�
1
2�

~ �
𝑔
ℎ
�
1
2�

. (1-25)  

 By using these assumptions (Equation 1-24 and 1-25) in Equation 1-19, an equation for 

the energy dissipated per solitary broken wave per unit span is  

 𝜀′~
1
4
𝜌𝑔𝐻2 �

𝑔
ℎ
�
1
2�

. (1-26)  

If the waves are periodic with a frequency, 𝑓, the energy dissipated per unit area 

(assuming a unit width of beach) can be solved by   

 𝜀 =
𝜀′

𝐿
=

1
4

 𝑓𝜌𝑔
𝐻𝑚3

ℎ
, (1-27)  

where 𝐻𝑚 is the height of the breaking waves.  By averaging Equation 1-27 over all breaking 

waves, the average energy dissipation per unit area is 

 〈𝜀〉 =
1
4
𝑓�̅�𝑔

〈𝐻𝑚3 〉
ℎ

, (1-28)  

where 𝑓 ̅is the spectral mean frequency of a random set of waves, and the 〈 〉 indicate the 

ensemble average over all breaking waves.  BJ78 assumed the breaking wave heights were 

narrowly distributed around the height described earlier as the incipient breaking height of 

periodic waves, 𝐻𝑚 (Equation 1-29). 

 〈𝐻𝑚3 〉
ℎ

≈ 𝐻𝑏2 (1-29)  

Because of the assumption that the breaking wave heights are distributed around 𝐻𝑚, there is a 

probability that waves will be both larger than 𝐻𝑏(breaking waves) and smaller than 𝐻𝑏 

(nonbreaking waves).  The percentage of all waves assumed to be breaking, 𝑄𝑏, can be described 

by  
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1 − 𝑄𝑏
𝑙𝑛 𝑄𝑏−1

= �
𝐻𝑟𝑚𝑠
𝐻𝑏

�
2

, (1-30)  

based on a truncated Rayleigh distribution of wave heights, where  𝑄𝑏 ranges from 0 (deep 

water) to 1 (shallow water).  When 𝑄𝑏 is equal to 1, a saturated wave condition exists in which 

𝐻𝑟𝑚𝑠 is equal to the incipient breaking height of waves.  By using the percentage of breaking 

waves with Equation 1-24, the average energy dissipation per unit area as found by Battjes and 

Janssen (1978) is  

 〈𝜀〉 =
𝛼
4
𝑓�̅�𝑔𝐻𝑏2𝑄𝑏 , (1-31)  

where 𝛼 is a proportionality constant.  The value of 𝐻𝑏 used in Battjes and Janssen (1978) was 

described earlier as Battjes and Janssen (1978) maximum breaking wave height, and was later 

changed by Battjes and Stive (1985) to Equation 1-15. 

 A modification to the BJ78 method for solving the energy flux equation was proposed by 

Thornton and Guza (1983), TG83.  Through field observations, TG83 observed that wave 

heights were approximately Rayleigh distributed even in the surf zone.   Longuet-Higgins (1975) 

showed the use of a Rayleigh distribution was accurate given the waves are a narrow-banded and 

linear Gaussian process.    The Rayleigh wave height probability density function is  

 𝑝(𝐻) =
2𝐻
𝐻𝑟𝑚𝑠2 𝑒𝑥𝑝 �−�

𝐻
𝐻𝑟𝑚𝑠

�
2

�. (1-32)  

Even though, waves near breaking are generally not narrow-banded, or linear Gaussian, previous 

research lead TG83 to approximate the breaking wave heights using a Rayleigh distribution.  

 By using Equation 1-32, the distribution of wave heights both above and below 𝐻𝑚 can 

be approximated by a weighted Rayleigh distribution,   

 𝑝𝑏(𝐻) = 𝑊(𝐻)𝑝(𝐻), (1-33)  
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where 𝑊(𝐻) is the weighting function.  The weighting function with the best fit to field data 

collected by TG83, was found to be, 

 𝑊(𝐻) = �
𝐻𝑟𝑚𝑠
𝛾ℎ

�
𝑛

�1 − 𝑒𝑥𝑝 �−�
𝐻
𝛾ℎ
�
2

��, (1-34)  

where 𝛾 is the ratio of wave height to water depth at breaking and 𝑛 is a variable which was 

determined by observations to equal 2.  The value of 𝛾 was found by TG83 to be equal to 0.42 

for a best fit to the field observations.   

   The average energy dissipation per unit area is found by  

 〈𝜀〉 = � 𝜀(𝐻)𝑊(𝐻)𝑝(𝐻)𝑑𝐻
∞

0

 , (1-35)  

where 𝜀(𝐻) is the same as Equation 1-27 except 𝐻𝑏 is replaced by 𝐵𝐻.  The variable B is a 

tunable coefficient related to the foam region on the face of a breaking wave.   By plugging in 

the changes in Equation 1-27 into Equation 1-35, the equation is now,  

 〈𝜀〉 =
𝐵3

4
𝜌𝑔

𝑓̅
ℎ
� 𝐻3𝑊(𝐻)𝑝(𝐻)𝑑𝐻
∞

0

. (1-36)  

Including the formula for the probability density function (Equation 1-32) of the weighted 

Rayleigh distribution into Equation 1-36 and integrating gives  

  〈𝜀〉 =
3√𝜋𝐵3

16
𝑓�̅�𝑔𝐻𝑟𝑚𝑠5

𝛾2ℎ3
�1 − �1 + �

𝐻𝑟𝑚𝑠
𝛾ℎ

�
2

�
−5 2�

� , (1-37)  

where B was found to be equal to 1.5 when evaluated with field data.   

 Whitford (1988), Wh88, followed the model presented by TG83, but derived a new 

weighting function.  The weighting function proposed by Wh88 is  
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 𝑊(𝐻) = 1 + tanh �8
𝐻𝑟𝑚𝑠
𝛾ℎ

− 1� ∙ �1 − 𝑒𝑥𝑝 �−�
𝐻
𝛾ℎ
�
2

��,  (1-38)  

which leads to an average energy dissipation per unit area of 

 

〈𝜀〉 =
3√𝜋𝐵3

16
𝑓�̅�𝑔𝐻𝑟𝑚𝑠3

ℎ
�1 + 𝑡𝑎𝑛ℎ �8

𝐻𝑟𝑚𝑠
𝛾ℎ

− 1�� �1

− �1 + �
𝐻𝑟𝑚𝑠
𝛾ℎ

�
2

�
−5 2�

�  . 

(1-39)  

Lippmann et al. (1995), Li95, proposed a roller model instead of a bore model to account 

for the dissipation of breaking waves.   The surface wave roller defines the internal dynamics of 

the turbulent, aerated water in front of a breaking wave (Svendsen, 1984a,b) which is different 

than the bore models which are based on a hydraulic jump.  The roller model breaks the energy 

into two terms:  

 𝐸 = 𝐸𝑤 + 𝐸𝑟, (1-40)  

where 𝐸𝑤 is the contribution of the wave, and 𝐸𝑟 is the energy in the roller.  Equation 1-21 is 

then changed to  

 𝑑
𝑑𝑥

�𝐸𝑤𝐶𝑔 cos𝛼� +
𝑑
𝑑𝑥

(𝐸𝑟𝑐 cos𝛼) = −〈𝜀〉 , (1-41)  

where cos𝛼 is the wave direction.  The wave celerity is used in the roller term because it is 

associated with the individual wave.  The wave contribution term in Equation 1-40 follows the 

method described by Wh88, including use of the same weighting function.    The energy of the 

roller was found to be 

 𝐸𝑟 =
1
8
𝜌𝑐𝑓̅

𝐻𝑚3

ℎ tan𝜎
, (1-42)  
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where 𝜎 is the slope of the wave front, which was held constant at 12.5 for the Li95 study.  The 

maximum breaking wave height for Li95 was 

 

𝐻𝑏3 =
3√𝜋

4
 �1 + 𝑡𝑎𝑛ℎ �8

𝐻𝑟𝑚𝑠
𝛾ℎ

− 1��𝐻𝑟𝑚𝑠3 �1

− �1 + �
𝐻𝑟𝑚𝑠
𝛾ℎ

�
2

�
5
2�
�. 

(1-43)  

The equation for the average energy dissipation per unit area was then found by Li95 to be  

 〈𝜀〉 = 1
4
𝜌𝑔𝑓̅ 𝐻𝑏

3

ℎ
cos𝜎. (1-44)  

The result of Equation 1.44 is very similar to results by Wh88, especially when analyzing a 1D 

problem where cos𝜎 = 1. 

Baldock et al. (1998), Ba98, further developed the BJ78 model to account for steep 

slopes.  BA98 used a full Rayleigh distribution similar to TG83.   In the model presented by 

BJ78, 𝑄𝑏 equals 0 when waves are in deep water and 1 when 𝐻𝑟𝑚𝑠 = 𝐻𝑚.  Ba98 formulated 𝑄𝑏, 

the proportion of broken waves, by integrating the Rayleigh distribution Equation 1-32 for all 

waves when 𝐻 𝐻𝑟𝑚𝑠 
� ≥ 𝐻𝑏

𝐻𝑟𝑚𝑠�  such that  

 𝑄𝑏 = � 𝑝 �
𝐻

𝐻𝑟𝑚𝑠
� 𝑑 �

𝐻
𝐻𝑟𝑚𝑠

�
∞

𝐻∗

 , (1-45)  

where 𝐻∗ = 𝐻
𝐻𝑟𝑚𝑠� .  This formulation gives  

 𝑄𝑏 = exp �− �
𝐻𝑏
𝐻𝑟𝑚𝑠

�
2

�, (1-46)  

such that 𝑄𝑏 = 0 for deep water and 𝑄𝑏 = 0.4 for 𝐻𝑟𝑚𝑠 = 𝐻𝑏.  This result is similar to the 

values found by TG83 where 𝑄𝑏 = 0.5 for 𝐻𝑟𝑚𝑠 = 𝐻𝑏.   
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 Using the approximation similar to BJ78 that 𝐻3 ℎ⁄ ≈ 𝐻2, the average energy dissipation 

per unit area is solved by  

  〈𝜀〉 =
𝐵
4
𝜌𝑔𝑓̅ � 𝐻2𝑝 �

𝐻
𝐻𝑟𝑚𝑠

� 𝑑 �
𝐻

𝐻𝑟𝑚𝑠
�

∞

𝐻∗

, (1-47)  

where B is a tunable parameter of order 1.  The explicit expression for 〈𝜀〉 is  

 〈𝜀〉 =
𝐵
4
𝜌𝑔𝑓�̅�𝑟𝑚𝑠2(1 + 𝑅2) exp(−𝑅2), (1-48)  

where 𝑅 = 𝐻𝑏
𝐻𝑟𝑚𝑠� . 

 Massel and Gourlay (2000), MG00, presented an adaptation of the BJ78 model for the 

complex bathymetry observed in coral reefs.  The equation used for the average energy 

dissipation per unit area was developed by Massel and Belberova (1990) to be  

 〈𝜀〉 =
𝛼𝜌𝑔𝜔

8𝜋
�𝑔ℎ
𝐶

𝐻3

ℎ
, (1-49)  

where 𝛼 is a free empirical constant and 𝜔 is the angular frequency.  The MG00 model is related 

to the non-linear coefficient, 𝐹𝑐, proposed by Nelsen (1993) by the constant 𝛼.  Gourlay (1994) 

showed that the equation for 𝐹𝑐, Equation 1-13, could be based on deepwater wave height, 𝐻𝑜, 

and a representative water depth, ℎ𝑟, to classify wave transformation on a coral reef.  Because of 

the addition of the new variables, 𝐹𝑐 will be denoted by 𝐹𝑐𝑜  

 𝐹𝑐𝑜 = �
𝐻𝑜
ℎ𝑟
�
1
2�

�𝑇�
𝑔
ℎ𝑟
�

5 2⁄

. (1-50)  

The relationship between 𝛼 in Eq 1-49 and the non-linear coefficient, 𝐹𝑐𝑜, is  
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𝛼 = 0 𝑖𝑓 𝐹𝑐𝑜 ≤ 𝐹𝑐𝑜

(lim)  

𝛼 = 𝑎�𝐹𝑐𝑜 − 𝐹𝑐𝑜
(lim)�

𝑏
𝑖𝑓 𝐹𝑐𝑜 > 𝐹𝑐𝑜

(lim), 
(1-51)  

where 𝑎 and 𝑏 are tunable parameters, and 𝐹𝑐𝑜
(𝑙𝑖𝑚)is a threshold value of 𝐹𝑐𝑜 at which energy 

dissipation and set-up are small.  The value of 𝐹𝑐𝑜
(𝑙𝑖𝑚) was equal to 100 for the three test cases 

performed by MG00.   

Ruessink et al. (2003), Ru03, followed the Ba98 model for energy dissipation.  Ru03 

used Equation 1-48 to solve for the average energy dissipation per unit area, but the maximum 

wave height was found using Equation 1-10 which was proposed by BJ78.   By comparing the 

model with laboratory and field data, Ru03 developed an empirical equation for 𝛾 given by  

 𝛾 = 0.76𝑘ℎ + 0.29 . (1-52)  

 The model proposed by Ba98 and modified by Ru03, was found to have wave height 

results that diverge near the water line in very shallow regions.  The divergence is due to the 

approximation that 𝐻3 ℎ⁄ ≈ 𝐻2.  This assumption does not allow for all possible wave heights 

given by the full Rayleigh distribution.  Janssen (2007), and Alsina and Baldock (2007), 

JBAB07, fixed the problem in Ba98 by removing the approximation and integrating over the full 

cubed wave height and depth.  The new equation is    

  〈𝜀〉 =
𝐵
4
𝜌𝑔

𝑓
ℎ
�
� 𝐻3𝑝 �

𝐻
𝐻𝑟𝑚𝑠

�𝑑 �
𝐻

𝐻𝑟𝑚𝑠
�

∞

𝐻∗

 (1-53)  

and the explicit expression for 〈𝜀〉 is 

 
〈𝜀〉 =

3√𝜋
16

𝐵𝜌𝑔𝑓̅
𝐻𝑟𝑚𝑠3

ℎ
�1 +

4
3√𝜋

�𝑅3 +
3
2
𝑅� exp(−𝑅2)

− erf (𝑅)� . 

(1-54)  
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 Apotsos et al. (2008), Ap08, tested and calibrated many of the bore models described 

above as well as the roller model by Li95 against field experiments.  The models BJ78, TG83, 

Wh88, Li95, Ba98, Ru03, and JBAB07 were test against field data.  Ap08 ran all the models 

with the coefficients of breaking prescribed by each approach along with a best fit for breaking.   

 A review of the bore model approach by Battjes and Janssen (2008) provided a guide for 

the basics of the BJ78, TG83, Ba98, and JBAB07 methods, and gives a detailed analysis of how 

the results from each model are different near the waterline.   

Wave Set-Up 

 The initial work in radiation stress theory was presented by Longuett-Higgins (1953), and 

Longuett-Higgins and Stewert (1962, 1963, 1964). The work examined the momentum 

transferred from waves to the water column during the shoaling and decay of wave heights.  The 

wave radiation stress are broken into three components: the cross-shore flux in the cross-shore 

direction, 

 𝑆𝑥𝑥 = 𝐸(𝑛(𝑐𝑜𝑠2𝜃 − 1) − 0.5), (1-55)  

the alongshore flux in the alongshore direction, 

 𝑆𝑦𝑦 = 𝐸(𝑛(𝑠𝑖𝑛2𝜃 − 1) − 0.5), (1-56)  

and the cross-shore flux in the alongshore direction 

 𝑆𝑥𝑦 =
𝐸
2
𝑛 sin𝜃, (1-57)  

where 𝐸 is the energy of a wave, 𝜃 is the angle of wave propagation towards shore, and 𝑛 is the 

ratio of wave celerity, 𝐶, to the wave group celerity, 𝐶𝑔,  

  𝑛 =
𝐶𝑔
𝐶

=
1
2
�1 +

2𝑘ℎ
sinh 2𝑘ℎ

�. (1-58)  
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 The 1D gradients in the wave radiation stress as waves are transformed due to 

bathymetric changes in the cross-shore direction were related to the change in mean water level 

by  

 
𝜕�̅�
𝜕𝑥

= −
1

𝜌𝑔(ℎ + �̅�)
𝜕𝑆𝑥𝑥
𝜕𝑥

, (1-59)  

where �̅� is the mean water level.  The relationship has been observed to create a set-down when 

the energy of a wave increases due to shoaling near breaking, and a set-up when the energy 

decreases caused by a reduction in wave height by breaking close to shore.  This 1D theory was 

found by Dean and Dalrymple (1991) to calculate an increase in the mean water level by 19% of 

the breaking wave height for a gently sloping beach.   

 In the analysis of wave set-up on coral reefs, Gourlay (1994) found relationships between 

the maximum wave set-up and the offshore wave height, the wave period, and the water depth 

over the reef crest.  A relationship between the wave set-up and the wave power given by, 𝐻𝑜2𝑇 

was also examined by Seelig (1983) and Jensen (1991) and corroborated by Gourlay (1994).  

The wave set-up was found to increase with increasing wave power.  The wave set-up was also 

found to increase with decreasing depth on top of the reef crest.   

Present Study 

In the present research, two laboratory experiments are performed to advance the previous 

laboratory study by Demirbilek et al. (2007).  A wave flume is used to examine the wave 

breaking on steep slopes greater than 1:10.  The second laboratory experiment utilizes a large 

three-dimensional (3D) wave basin to provide a more complete analysis of the relationship 

between wave breaking and the static wave set-up on a coral reef.  The focus of the laboratory 

experiments are on fringing reef systems with long reef tops with complex small scale 

bathymetry.    
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 Existing numerical models are tested against the detailed measurements from both 

laboratory tests.  The 1D energy flux model is used to test commonly used energy dissipation 

models and maximum breaking equations on steep slopes.  Particular attention was paid to the 

TG83 and JBAB07 models because TG83 is unique in the comprehensive usage for many coastal 

environments, and JBAB07 was developed as a model capable of calculating the energy 

dissipation on steep slopes.  Three maximum breaking wave height equations are tested in the 

energy dissipation models to determine the best combination.  The OM79, Ka91, and Ru03 

equations were chosen because all the equations focus on local wave characteristics in the 

calculation of the maximum breaking wave heights.  

The wave set-up is computed using both the 1D equation presented by Dean and 

Dalrymple (1991) as well as the use of the more complex Advanced Circulation (ADCIRC) 

model.   The ADCIRC model is coupled with the near-shore wave model (STWAVE) to 

calculate the two-dimensional (2D) wave breaking and wave set-up for comparisons with the 

large wave basin laboratory results.   
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CHAPTER 2 
WAVE FLUME LABORATORY 

Introduction 

Steep slopes and complex bathymetry create difficulties for laboratory studies and 

numerical models observing wave dynamics on coral reefs (Massal, 2000).  Due to these 

challenging conditions, laboratory and field studies are not common.  However, safety concerns 

for residents on coral reef barrier islands as well as increased tourism to these areas have 

amplified the need to understand this complex environment by engineers and scientists (Gourlay, 

1996).  

A laboratory experiment was conducted to measure the impact of steep reef face slopes on 

wave breaking and wave set-up during large hurricane type waves.  The small scale of the wave 

flume provides the opportunity for detailed measurements with small distances between gauges.  

The control in the measurements as well as the ability to control all wave signals provides an 

opportunity to obtain measurements which would be difficult in the field.   

Methodology 

Experiment Facilities 

 The experiment was conducted at the United States Army Engineer Research and 

Development Center (ERDC) in Vicksburg, MS.  All tests were performed in the “3ft flume” 

which is 45 meters long, 0.91 meters wide, and 0.91 meters deep.  Waves were generated with 

the computer controlled electro-hydraulic piston wave maker located at one end of the flume.  

The wave maker is capable of generating maximum wave heights around 0.25 meters and wave 

periods between 0.50 – 10.0 seconds.    
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Laboratory Conditions 

 The length of the flume was shortened from 45 meters to 22 meters.  A concrete beach 

was previously constructed in the flume, so the reef platform was built on top of the concrete 

beach (Figure 2-1).  The 7.3 meter flat reef top was built with marine plywood starting at 11 

meters from the wave maker.  Two front slopes were constructed; a permanent 1 on 2.5 reef 

slope, and a removable 1 on 5 slope (Figures 2-2, 2-3).  The toe of the 1 on 2.5 slope and 1 on 5 

slope were located at 10.1 and 9.3 meters from the wave maker, respectively.   The back slope or 

beach of the reef system was built with a slope of 1 on 10.  A partition was built to create a 0.61 

meter test section of the flume from the slope toe to the shoreward edge of the reef top. 

 Acrylic glass cut into 0.61 x 0.61 meter squares and molded using a detailed reef 

bathymetry was placed on the constructed flat reef top.  The acrylic glass was cut to represent a 

previously surveyed Guam reef at a 50:1 prototype to model scale (Figure 2-4).  The Guam reef 

was surveyed using the Scanning Hydrographic Operational Airborne Lidar Survey (SHOALS) 

system with measurement spacing of 5 meters.  The slope of the measured data was removed and 

the reef structures were interpolated to a spacing of 0.46 meters.   The interpolated data was 

scaled down to model size and cut into the acrylic glass using a platform router.  Each acrylic 

piece was positioned at exact horizontal and vertical locations and secured with water resistant 

silicone.    

 Initial testing was performed on the clean cut acrylic glass.  A second set of tests were 

performed with a textured paint applied to the acrylic glass.  The reef top was painted with a 

mixture of blue paint and a small diameter sediment (Figure 2-5).  The grain size was selected to 

resemble a scaled coral reef polyp.  The goal of applying the paint and sediment mixture was to 

better simulate the textures commonly seen in coral reefs.   
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Instrumentation 

 Twelve capacitance wire gauges were spread along the length of the test area to measure 

the water surface elevation.  The gauges were programmed to measure at a 20 Hz, or a 

measurement every 0.05 seconds.  Capacitance wire gauges are constructed with a thin wire that 

is held in place by a steel L shaped rod (Figure 2-6).  The capacitance of the wire changes 

depending on the water surface elevation.  The changes in the capacitance are then related to the 

water surface elevation by calibration.  The gauges were statically calibrated so a measured 

voltage corresponded to a water surface elevation in unit meters by raising and lowering the 

gauge to know locations and recording the capacitance.  The calibration was performed in the 

laboratory using electric computer controlled motors which raised/lowered the gauges to 20 

vertical locations, and voltage was measured at each known elevation. Static calibration was 

done on all the gauges once a week, and a quadratic regression was used to relate the water 

elevation to the measure voltage.   

Gauges were numbered 1 – 12 where gauge 1 was located closest to the wave maker, and 

gauge 12 was furthest from the wave maker or closest to the beach.  The locations of all the 

gauges are in Table 2-1 where x is the cross-shore distance measured from the wave maker.  

Gauges 1 – 3 were spaced to measure the reflection created as the waves impact the steep front 

slope and some of the energy is reflected back offshore.  These gauges will commonly be 

referred to as the Goda array.  Gauge 4 was located just offshore of both of the front slopes to 

measure the wave heights before the slope induced steepening occurred.  Gauges 5 – 8 were 

located close together to capture the steepening of the wave on the front slope as well as the 

depth-induced breaking and initial dissipation of the waves as they reach the reef crest, or the 

front edge of the acrylic glass.   Gauges 9 – 12 were located on top of the acrylic glass to 
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measure the wave attenuation from the front to the back of the reef top.  All effect of the detailed 

reef bathymetry was captured in gauges 9 – 12.   

 All twelve of the capacitance wire gauges measured both the continuous water surface 

change as well as the mean water level through the simulation.  The twelve gauges could be 

coupled with the capacitance run-up gauge, located on the back beach, to measure the mean 

water elevation increase on the beach, or wave set-up.  The run-up gauge was a 2.1-meter-long 

capacitance gauge that was secured to the back beach and was calibrated prior to testing.  

Because the run-up gauge was secured to the floor, calibration was performed by raising and 

lowering the water levels to known elevations.  The capacitance was recorded at these levels to 

develop the relationship between the voltage and the water elevation.      

Test Conditions 

 The designed wave characteristics in prototype scale are shown in Table 2-2.  Three 

water levels were tested (Figure 2-7) with prototype peak wave periods between 7 – 20 seconds 

and prototype wave heights between 3.9 – 8.0 meters.  The prototype to model scale was 50:1, so 

the model peak periods were found from  

 𝑇𝑝𝑚 =  𝑇𝑝
𝑝

√50
�  (2-1)  

where 𝑇𝑝𝑚 is the model peak period, and 𝑇𝑝𝑝 is the prototype peak period.  The model scale 

wave heights were found from  

 𝐻𝑚𝑜𝑚 = 𝐻𝑚𝑜𝑝
50�  (2-2)  

where 𝐻𝑚𝑜𝑚 is the model zero-moment wave height, and 𝐻𝑚𝑜𝑝 is the prototype zero-moment 

wave height.  All waves were generated using a TMA spectral shape and random phase.   
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Testing Procedure 

The sequence of events for testing in the laboratory was repeated for each test.  First, the 

wave conditions and data collection parameters were defined.  The wave conditions were random 

waves generated with a TMA spectrum based on a target zero-moment wave height, Hmo, and 

peak period, Tp.  The peakedness parameter, γ, used in the TMA generated waves was 3.3.  The 

sampling rate was defined as 20 Hz for all runs, and the run length was 20 minutes.  

Next, the water level was checked using a point gauge with an accuracy of 0.001 ft.  All 

of the capacitance wave gauges were balanced to zero for added accuracy.  The run-up gauge 

was not balanced.  The waves were started and data collection commenced.  One computer was 

used to control the wave generator and collect data.  The data collection commenced when the 

wave generation started, and it ended when the waves ceased.     During each run, pictures and 

movies were taken of both the wave breaking on the front slope, and the wave motion on the reef 

top.  Lastly, preliminary post processing was performed on the data after each run to ensure all 

gauges worked properly, and the results were reasonable.  Notes were taken at this time to record 

any problems with the wave maker or gauges.   

Post Processing 

Test Cases 

A total of 172 laboratory simulations were run in the flume.  Measured initial values 

during each simulation are shown in Table 2-3 and Table 2-4.  Table 2-3 is the test cases for the 

1:2.5 slope with both the smooth reef top (1-43 s) and the rough reef top (1-43 r).  Table 2-4 is 

the test cases for the 1:5 slope with the smooth reef top (44-86 s) and the rough reef top (44-86 

r).    In Table 2-3 and Table 2-4, the incident zero-moment wave height, Hmoi, the peak period, Tp 

, and the still-water depth in meters, h, are displayed.   
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Reflection Analysis 

Wave reflection analysis was performed to separate the incident wave from waves 

reflecting off the reef structure.  Recorded wave data from a laboratory experiment often has 

reflected waves interacting with the incident waves (Hughes, 1993).   In this laboratory study, 

reflection analysis was performed to provide more accurate incident wave characteristics for 

numerical modeling. 

 Goda and Suzuki (1976) developed a separation technique using two gauges separated 

by an exact distance.  The incident and reflected wave components were separated using a Fast 

Fourier Transform.    The method developed by Goda and Suzuki (1976), commonly called the 

Goda method, is based on linear wave theory, so nonlinear interactions were excluded.  In the 

present research, the Goda method was employed using three gauges which allows for more 

overlap of values.   

The time series of water levels for gauges 1, 2, and 3 were used to separate the incident 

and reflected waves.  The value of the reflection coefficient, 𝜅𝑟, has previously been found to be 

effected not only by the bathymetric profile of the laboratory set-up, but by the wave height and 

wave period of the generated waves.  For example, a reflection coefficient of  close to zero 

would be calculated if the flume had no reflecting surface, and a reflection coefficient of close to 

100% would be calculated if a vertical wall was present (Hughes, 1993).  A previous laboratory 

experiment on a coral reef by Demirbilek et al. (2007) found reflection coefficients no larger 

than 10%.  The reflection coefficient of 10% implies that 10% of the incident wave was reflected 

off the reef structure in the offshore direction. 

 In Figure 2-8, the reflection coefficient found for all tests at each water level is shown 

against the deep-water surf similarity parameter.  The surf similarity parameter, 
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 𝜉 = 𝑚
�𝐻𝑜 𝐿𝑜⁄� , (2-3)  

where 𝑚 is the slope of the bottom, and 𝐻𝑜 and 𝐿𝑜 are deep-water wave height and wave length, 

respectively, was found by Battjes (1974) to be a correlating factor in the wave reflection off a 

beach.  This relationship was based off of slopes more gentle than the 1:5 and 1:2.5 slopes tested 

in the present study.   In the present study the surf similarity parameters ranged from ~ 1 to 5, but 

the reflection coefficient was never greater than 0.35.  The reflection coefficients are low given 

the surf similarity parameters when comparing with Battjes (1974), but a similar result was 

found by Smith and Kraus (1990). 

Spectral Analysis 

 All laboratory simulations were 20 minutes long.  An example of a time series from an 

offshore gauge is shown in Figure 2-9.  In post processing, the first 30 seconds of the time series 

was removed to allow the generated waves to reach all the gauges.  All the gauges were zeroed 

to remove drift prior to starting the tests, but it was difficult to get all the gauges to exactly zero.  

In order to remove any drift from zero, the mean of the first 10 seconds of measured data was 

subtracted from the rest of the raw data.   

 The spectral analysis method used was the Welch method.  The Welch method was 

derived from the Bartlett method in which the time series is broken into sections.  In the present 

case each section consisted of 4096 measurement points.  Each section is overlapped by 50% and 

a Hamming window was used to remove any impact from the boundary points.  A Fast Fourier 

Transform was performed on all the sections and then all the sections were averaged.   

The raw data were filtered to separate the low-frequency oscillations from the high-

frequency (incident wave) oscillations.  First a filter was run with a cut off at 2 Hz to remove 

high-frequency noise.  Next, a low-frequency cut off was applied at 𝑓𝑝 1.5⁄ , which was 
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determined to be the frequency that separates the incident waves from the low-frequency waves.  

An example of the full energy density spectrum, and the low and high-frequency spectra, is 

shown in Figure 2-10.  In Figure 2-11, the high-frequency and low-frequency time series data are 

shown.   

 The energy density spectrum is an important factor in describing the characteristics of the 

waves.  The peak wave period, Tp, is defined as the period associated with the maximum energy 

in the energy density spectrum.  The zero-moment wave height, Hmo, is found from, 

 𝑚𝑜 = � 𝑆(𝑓)𝑑𝑓

𝑓𝑛𝑦

0

, (2-4)  

where the energy density spectrum as a function of frequency, S(f), is integrated from 0 to the 

nyquest frequency, 𝑓𝑛𝑦, and 𝑚0 is the zeroth moment of the energy spectrum.  Hmo is then found 

from  

 𝐻𝑚𝑜 = 4�𝑚𝑜 . (2-5)  

After cutting the data sets into low-frequency oscillations and incident or high-frequency 

oscillations, the equations to solve for 𝐻𝑚𝑜 low and high are slightly different.  

Solving for the zero-moment of the energy density spectrum for the low-frequency energy is 

given by 

 𝑚𝑜
𝑙𝑜𝑤 = � 𝑆(𝑓)𝑑𝑓

𝑓𝑝
1.5�

0

, (2-6)  

and the equation for the zero-moment of the energy density for the incident or high-frequency 

energy is  
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 𝑚𝑜
ℎ𝑖𝑔ℎ = � 𝑆(𝑓)𝑑𝑓

𝑓𝑛𝑦

𝑓𝑝
1.5�

, (2-7)  

where 𝑓𝑝  is the peak frequency at the offshore gauges. 

 Statistical Wave Measurements 

 The mean water level, �̅�, was found by taking the mean over the complete sample size 

minus the first 30 seconds of the measured time series.  The mean water level is associated with 

the wave set-up which results from the moment transfer from the waves to the water column 

during breaking. 

A zero upcrossing approach was used to separate individual waves for statistical analysis 

of run-up.  Each time a wave crossed zero going in the positive (upward) direction it was defined 

as a wave.  The run-up analysis was performed on the time series of the run-up gauge located on 

the beach slope.  The common practice is to find the 2% run-up on the back slope which is found 

by taking the mean of the waves which are the highest 2% of the run-ups measured.   

Wave Gauge Confidence Interval 

Although, the measurements in the laboratory tests were performed with an attention to 

detail, some error is unavoidable.  The error of each gauge during a simulation was determined 

by examining the differences of measured wave heights in segments.  Each simulation was 

initialized with a wave distribution determined from a TMA spectrum, so, in theory; Hmo should 

be the same over a large sample size of waves.  The largest peak period simulated was 2.8 

seconds, so a 3-minute record was determined to be a sufficient sample size for consistency in 

the measured Hmo.  The 3-minute segment is a sample size of around 60 waves for the 2.8 second 

period.   
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 The time series of water surface elevations measured at each gauge was cut into 16 3-

minute segments.  The first segment was between 30 seconds and 3 minutes and 30 seconds.  

The second segment was between 1 minute 30 seconds and 4 minutes and 30 seconds.  A Fast 

Fourier Transform analysis was performed on all 16 segments, and Hmo was calculated from the 

spectrum from each segment.   A 95% confidence interval was calculated using the equation, 

 𝐶𝐼95 = 𝐻𝑚𝑜������ ± 1.96
𝜎
√𝑛

, (2-8)  

where 𝐻𝑚𝑜������ is the average wave height found using the Welch method previously described, 𝜎 is 

the standard deviation of the sample, and 𝑛 the sample size.  The value of the 95% confidence 

interval does not decrease the importance of the measurements, but it provides limitations for 

comparisons with the data.   

 The 95% confidence interval was found for all tests and at every gauge.  In Table 2-5, the 

mean of the 95% confidence interval was calculated for all the gauges by taking the mean of all 

the tests for each water level.  In all cases the highest value for the 95% CI was at gauges 5 and 6 

which were located on the front slope.  This location had the highest amount of reflection and 

most waves were breaking near these gauges.  The total 95% CI for the laboratory experiment is 

also in Table 2-5.  Any variations in wave measurements inside of the 95% CI were assumed to 

be error in the wave gauges.  The total 95% CI is shown with an example of the 𝐻𝑚𝑜 for a low-

water test case (Figure 2-12).  The largest error bars are located at gauges 4 and 5, and on the 

reef top (gauges 9-12) the error bars are small.  The small error bars give added confidence to the 

laboratory measurements.   
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Smooth Surface Results 

Spectral Wave Energy 

 The transformation of wave energy as the waves travel from offshore (near the wave 

maker) to onshore (on the reef top) was measured by the array of water level gauges.  Changes in 

the energy density spectra were measured from the offshore gauges (gauge 2) across the entire 

bathymetric profile for all water levels and both front slopes and are shown in Figures 2-13–2-

18.  In Figures 2-13A–2-18A, the energy density change is shown from the offshore gauge to 

gauge 5 (located in the middle of the front slope), and gauge 6 (the point of breaking for most 

waves on the front slope).  In Figures 2-13B–2-18B, the changes in the energy density spectrum 

from just after breaking (gauge 7, located on the front edge of the acrylic) through gauges 8 and 

9 which are on front part of the acrylic reef top.  In Figures 2-13C–2-18C, the energy density 

spectrum from the three gauges located closest to the beach slope (gauge 10, 11, 12).  In the 

gauges close to the beach slope, the change in the peak frequency was very noticeable in most 

test cases. 

 There were some differences observed in the energy density spectrum transformation 

between the three different water levels on the 1:2.5 slope (Figures 2-13–2-15).  All of the cases 

shown were initialized with similar designed wave heights and peak periods.  In the top window 

of all three figures, the amount of energy located at the peak frequency had different growth 

amounts between gauge 2 and gauge 6 for the different water levels.  The low water had the 

greatest increase in energy at the peak frequency, and the high water had the lowest (Figure 2-

13).  The low water tests also had a larger amount of energy in the lower frequencies than the 

mid (Figure 2-14) and high water levels (Figure 2-15).  Again, the high water had the lowest 

amount of energy at the lower frequency.  The growth in the energy in the lower frequencies was 
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caused by reflection and seiching off the front slope.  The low-frequency oscillations will be 

discussed further later.   

 In Figures 2-13B–2-15B, the dissipation of energy at the peak frequency was measured 

for all three water levels.  The high water case (Figure 2-15), had the heights amount of energy 

after breaking at gauge 7.  The low water (Figure 2-13) and the mid water (Figure 2-14) had 

more energy decreased between gauge 6 and gauge 7.  The lower waters in the low and mid 

water caused less wave energy to transfer on to the reef top, so the energy in the system was 

decreased at all frequencies.  The high water had deeper water at the top of the front slope and on 

the reef top which allowed more energy to be transferred to the gauges on the front part of the 

reef top.  The decrease in energy at the peak frequency between gauge 7 and 9 was the result of a 

combination of depth limited breaking and friction.  The shallower depths increased the 

dissipation of energy at the peak frequency for the low water cases compared to high water 

cases. 

In Figure 2-13C–2-15C, the continued dissipation of energy at the peak frequency on the 

reef top is shown as well as the growth of low-frequency energy.  In the low water tests (Figure 

2-13C), there was no energy remaining at the initial peak frequency, so all the energy was 

located at the lower frequencies.  Gauge 12 was not always in the water for the low water tests, 

so the energy density spectrum at all frequencies was close to zero.  The mid water (Figure 2-

14C) had a very small amount of energy remaining at the initial peak frequency at gauge 10, but 

the energy was dissipated between gauge 10 and gauge 11.  All the energy at gauge 11 and gauge 

12 in the mid water level test was in the lower frequencies.  Gauge 12 was in the water for most 

of the mid water tests, but the layer of water was very thin.  The low-frequency energy did 

increase between gauge 10 and gauge 11, but the water level was too low for a large amount of 
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wave energy to reach gauge 12.  In the high water tests (Figure 2-15C), the energy at the initial 

peak frequency was completely dissipated by gauge 11.  The low-frequency energy increased 

from gauge 10 to gauge 12.   

 Similar trends in the transformation of the energy density spectra across the flume profile 

were measured in the 1:5 tests (Figures 2-16–2-18) as the 1:2.5 tests.   The biggest difference 

observed in the measurements between the 1:5 slope and the 1:2.5 slope was in the 

transformation of wave energy at the peak frequency at gauge 6.  Gauge 6 had the most energy at 

the peak frequency for the 1:2.5 tests, but in the 1:5 tests the amount of energy at the peak 

frequency did not increase as much from gauge 2 to gauge 6 due to differences in depth at gauge 

6 for 1:2.5 versus 1:5.  This result was consistent for all three water levels on the 1:5 slope tests.  

The amount of low-frequency energy in Figures 2-16A–2-18A, was less than the amount 

measured in the 1:2.5 slope.  Overall, the changes in the transformation of wave energy between 

the low (Figure 2-16), mid (Figure 2-17), and high (Figure 2-18) water levels was similar to the 

trends described about the 1:2.5 tests. 

Low-Frequency Spectral Wave Energy 

 The frequency range considered in the present study to be the low-frequency range is 

show for select gauges through the laboratory profile for both the 1:2.5 (Figures 2-19–2-21) and 

1:5 (Figures 2-22–2-24) slopes.  The test case shown in all figures is representative of all the runs 

for the three water levels and the two front slopes.  The initial peak period of the test case shown 

was 1.8 seconds, so the peak frequency was 0.56 Hz.  Based on the method described in the post 

processing section for separating the low and high-frequency oscillations, the low-frequency cut 

off was set at 0.37 Hz for the demonstration case.   

 The peaks in the low-frequency spectra observed in all the water levels and front slopes 

can be explained by seiching.  The shape of the offshore section of the flume had a flat 
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bathymetry for approximately 10 meters for the 1:2.5 slope and 8 meters for the 1:5 slope.  Both 

of the slopes are considered very steep, so the shape of the offshore region was approximated as 

a rectangular basin.  The seiching equation for a rectangular basin as given by Dean and 

Dalrymple (1984) is   

 𝑇 =  
2𝑙

𝑛�𝑔ℎ1
, (2-10)  

where T is the period of the seiching, 𝑙 is the length of the basin (in this case assumed to be 9.5 

meters as an approximation of the middle of the slope), ℎ1 is the depth of the basin (assumed to 

be the height of the front edge of the acrylic and top of the slope equal to 0.341 meters), and 𝑛 is 

the number of oscillations of the wave in the basin.  The fundamental frequency of the seiching 

(𝑛 = 1) was 0.09 Hz.  This is consistent with the peaks measured at a similar frequency in the top 

window of Figures 2-19–2-24.  The second peak was measured at 0.18 Hz which is similar to the 

value of the 2nd mode of oscillation from Equation 3.5 (𝑛 = 2).  The third and fourth modes of 

oscillation were only measured with in the low water tests of the 1:2.5 slope, and the values of 

0.27 and 0.37 Hz are consistent with the observed values (Figure 2-19).  The seiching which 

occurred in the offshore section of the tests could have affected the wave height measurements 

on gauges 2–7 due to the location of the nodes and antinodes. 

 The peak located at a frequency of 0.03 Hz in the high water tests was caused by seiching 

on the reef top.  The shape of the reef top can be approximated by an open boundary system.  

The equation for the period of seiching for an open boundary system is  

 𝑇 =  
4𝑙

(2𝑛 − 1)�𝑔ℎ1
, (2-11)  

where the depth ℎ1 was assumed to be the depth plus the mean water level due to waves at gauge 

11 in the middle of the reef top, and the length of the basin, 𝑙, was assumed to be 7.31 meters 
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which is the distance from the front edge of the acrylic glass to the front edge of the beach slope.  

The fundamental frequency (𝑛 = 1) in Equation 2-11 was 0.03 which is consistent with the 

measured results on both slopes (Figures 2-22C–2-24C).   

Zero-Moment Wave Height 

 The zero-moment wave heights separated by the low-frequency cut off are shown in 

Figure 2-25 for the 1:2.5 slope tests and in Figure 2-26 for the 1:5 slope tests.  The 𝐻𝑚𝑜ℎ𝑖𝑔ℎ and 

𝐻𝑚𝑜𝑙𝑜𝑤 for each of the water levels is represented with the bathymetric profile with a 1/10 

scaling on the depth.  The low, mid, and high water levels are in A, B, and C respectively for 

both slopes.  In Figure 2-26, gauge 3, which was 5.74 meters from the wave maker, was not 

functioning properly for the low and mid water tests, so both of the wave height values are 

slightly high at this gauge.   

 In Figure 2-25, the value 𝐻𝑚𝑜𝑙𝑜𝑤 in the offshore region of all three water levels was 

caused by the seiching previously described.  In all three water levels, there does not appear to be 

much of a decrease in the wave height between gauges 1, 2, 3 and 4.  This result could mean that 

friction was not a factor in the offshore region.  The increase in wave height on the front slope 

was very steep for the low (Figure 2-25A) and mid (Figure 2-25B) water levels, but the high 

(Figure 2-25C) water level had a more gradual increase in wave height.  The peak wave height 

for the high-frequency was clearly located at gauge 6 for the low and mid water levels, in the 

high water gauge 6 and gauge 7 have similar wave heights.  The higher water level on reef top 

allowed more transmission of wave energy, so the wave height maintained its form further along 

the bathymetric profile.   A similar peak to the one measured in the low and mid water profiles 

could have occurred in the high water tests between gauges 6 and 7.   
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 The wave height attenuation after breaking was measured between gauge 7 and gauge 10 

before the wave height stabilized.  The wave height measured at gauge 10 was much lower for 

the low water (Figure 2-25A) tests than for the high water (Figure 2-25C) tests.  The wave height 

measured at gauge 10 was controlled by the water depth on the reef top, and the high water 

levels on the reef top caused a larger wave height in this region.  The decay of the wave height 

along the reef top was consistent for all the water levels because the process was controlled by 

depth dependent breaking.  The individual waves in this region were in the form of a travelling 

bore with constant dissipation.  

 The low-frequency wave height on the 1:2.5 slope was controlled by the magnitude of the 

seiching occurring in each tests.  The low water (Figure 2-25A) tests had more energy in the low 

frequencies at gauge 6 than the other two water levels which attributed to the peak in the low-

frequency zero-moment wave height.  The transition of energy from the higher frequencies to the 

lower frequencies was measured in the wave heights on the reef top.  The high-frequency wave 

heights decrease while the low-frequency wave heights grow as the energy was propagated along 

the reef top.  The high water tests (Figure 2-25A) had the most continual growth in the wave 

height at low frequencies because the water level was always well above gauge 12 (the last 

gauge toward shore).  The low water tests had the low-frequency wave height grow just after 

breaking, but decay due to the lack of water on the back end of the reef top.   

 The difference between the high-frequency zero-moment wave height on the 1:2.5 and 

the 1:5 slope was the shoaling process on the front slope (Figure 2-26).  The measurements of the 

wave heights show that the gentler 1:5 slope creates a longer shoaling process up to the peak 

wave height compared to the 1:2.5 wave height results.   The peak wave heights measured were 

lower for the 1:5 slope tests than the 1:2.5 slope tests, but the peak wave heights on the 1:5 tests 
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could have occurred between gauges.   The wave height attenuation measured in all three water 

levels on the 1:5 tests was very similar to the process observed in the 1:2.5 tests.  The changes in 

the low-frequency zero-moment wave height on the 1:5 slope was very similar to the wave 

height values in the 1:2.5 tests.   

Wave Set-up 

The profile of the mean water level measured at each gauge for all three water levels are in 

Figure 2-27 for the 1:2.5 slope and Figure 2-28 for the 1:5 slope.  The high-frequency 𝐻𝑚𝑜 was 

included along with the bathymetry profile to provide prospective on the changes in the mean 

water level.  All water levels show a decrease in the mean water level close to the breaking point 

of the waves which is commonly called the set down.  After breaking the mean water level 

increased across the reef top which is the set-up due to the wave breaking.  The set-up for the 

low water level Figures 2-27A–2-28A increased the mean water level from the original still 

water level in the middle of the acrylic reef top to the back of the reef top.  This trend was 

common for most of the low water tests.  The mid water (Figures 2-27B–2-28B) and the high 

water (Figures 2-27C–2-28C) tests showed increased water level on top of the reef during 

testing.  The profiles of the set-up for the 1:5 tests (Figure 2-28) had very little observable 

difference compared to the 1:2.5 tests. 

The mean water level measurements from the reef top gauges showed an increasing value 

of set-up for the lower water levels versus the higher water levels (Figure 2-29).  In Figure 2-29, 

the highest mean water level measurement on the reef top (gauges 10–12), are shown for each 

water level and front slope compared with the deepwater wave power, 𝐻𝑚𝑜2𝑇𝑝 .  The high water 

tests had the lowest amount of set-up on the reef top which is consistent with previous results.  

Gourlay (1996) observed similar trends in the mean water level measured during testing of coral 
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reef structures with various water levels.  Another similarity to results presented by Gourlay 

(1996) is the increasing trend in the mean water level with increasing wave power. 

Wave Run-up 

In Figure 2-30, the 2% run-up is shown against the deepwater wave power.  There is an 

observable trend in which the height of the run-up increases with increasing wave power.  There 

does not appear to be differences in the wave run-up for different water levels, and the different 

front slopes produce similar values of run-up.   

Rough Surface Comparisons 

Wave Height 

The zero-moment wave height measured at each gauge was non-dimensionalized by the 

deepwater wave height for each test to compare the smooth reef top tests with the rough reef top 

tests (Figures 2-31–2-32).  The deepwater wave height was calculated using linear wave theory 

to inverse shoal the average wave height from gauges 1,2, and 3.  In Figure 2-31, the non-

dimensional wave heights from the rough tests (o) appear to be similar to the wave heights from 

the smooth tests (x) for the 1:2.5 slope.  The 1:5 slope had similar results as well for the wave 

heights on the reef top (Figure 2-32).  The wave heights measured at gauge 3 had large 

differences between the rough and the smooth tests for the 1:5 slopes, but this difference could 

have been caused by a bad gauge.  The gauge was later changed out which resulted in more 

consistent measurements in the rough tests.   

Summary 

Laboratory tests to examine the wave breaking and resulting wave set-up on steep slopes 

commonly associated with coral reefs were performed.  Measurements were taken along the 

cross-shore profile of the wave flume.  Complexity was added to the bathymetry in the form of 
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sculpted acrylic glass which was designed to mimic the detailed small scale bathymetry created 

by coral reef structures.   

 The wave height measurements between the two slopes had the greatest difference at 

breaking.  The wave heights from the 1:2.5 tests were higher at or near the breaking point than 

the 1:5 tests.  The greater wave heights at breaking are contrary to previous belief that wave 

heights maxed at breaking at slopes of 1:10.  However, the wave height at breaking could have 

been higher for the 1:2.5 slope because of the location of the nearly flat reef top just after 

breaking.  The wave heights were previously assumed to be capped at 1:10 slopes because 

steeper slopes generally cause more of a surging breaking which usually has a lower wave height 

than plunging breakers.   In this laboratory, the form of the waves breaking on both the 1:2.5 and 

1:5 slopes were plunging breakers.   

 The resulting wave set-up from the large breaking waves was measured in the laboratory 

for both front slopes.   Similar to previous theory, the largest wave set-up was measured in the 

low water tests, and the smallest wave set-up was measured in the high water level tests.  There 

was an increase in wave set-up with increasing wave power which also was similar to result by 

Gourlay (1996) on coral reefs.  The wave set-up measured on the 1:5 slope was slightly lower 

than the measured values on the 1:2.5 slope.  This was caused by the differences in the peak 

wave heights prior to breaking.  The higher wave heights in the 1:2.5 slope produced consistently 

higher wave set-up.  The 2% run-up was measured, and showed little difference between the 

different water levels or the different front slopes.  An increase in the 2% run-up was found with 

increasing wave power which is consistent with values measured by Demirbilek et al. (2007).   

 Wave height comparisons between the smooth and rough reef top surfaces showed little 

change.  All three water levels had wave heights similar throughout the wave profile.  The added 
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rough surface did not result in a significant change in the friction factor.  The result means the 

skin friction is not a large component of the overall friction on the reef top.  The results of all 

cases give an opportunity for detailed comparisons of both breaking and wave set-up on the steep 

slopes with the added complex bathymetry on the reef top.   
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Table 2-1.  Location of gauges in flume laboratory.  The location of x = 0 is at the wave maker. 
Gauge 1:2.5 slope 1:5 slope 

1 4.82 4.82 
2 5.13 5.13 
3 5.74 5.74 
4 9.72 8.77 
5 10.64 10.19 
6 10.84 10.63 
7 11.02 11.02 
8 11.35 11.35 
9 11.66 11.66 

10 12.83 12.83 
11 14.68 14.68 
12 17.73 17.73 
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Table 2-2.  Designed wave conditions for three water levels in prototype (50:1) scale. 
Tp (sec) Hmo (m) h (m) Tp (sec) Hmo (m) h (m) Tp (sec) Hmo (m) h (m) 

7 4.18 20.75 7 3.93 21.95 7 4.05 24.5 
7 5.15 20.75 7 5.18 21.95 7 5.21 24.5 

10 4.48 20.75 10 3.78 21.95 10 4.57 24.5 
10 5.73 20.75 10 6.03 21.95 10 6.10 24.5 
10 6.86 20.75 10 6.83 21.95 10 6.89 24.5 
13 5.49 20.75 13 4.42 21.95 13 4.60 24.5 
13 6.10 20.75 13 6.00 21.95 13 6.10 24.5 
13 7.47 20.75 13 7.47 21.95 13 7.68 24.5 
16 5.46 20.75 16 4.57 21.95 16 4.60 24.5 
16 6.10 20.75 16 6.00 21.95 16 6.10 24.5 
16 7.62 20.75 16 7.62 21.95 16 7.74 24.5 
20 5.18 20.75 20 4.21 21.95 20 4.39 24.5 
20 6.19 20.75 20 6.00 21.95 20 6.10 24.5 
20 7.99 20.75 20 6.92 21.95 20 7.83 24.5 

- - - 20 8.02 21.95 - - - 
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Table 2-3.  Laboratory tests for the 1:2.5 front reef slope.  Tests on the not painted surface have a 
Top of s and tests on the painted surface have a Top of r. 

Run 

 

Top Slope Hmoi 

 

Tp 

 

h (m) Run 

 

Top Slope Hmoi 

 

Tp 

 

h (m) 
1 s 1:2.5 0.081 0.963 0.415 1 r 1:2.5 0.081 0.963 0.415 
2 s 1:2.5 0.098 0.963 0.415 2 r 1:2.5 0.098 0.963 0.415 
3 s 1:2.5 0.081 1.340 0.415 3 r 1:2.5 0.081 1.340 0.415 
4 s 1:2.5 0.107 1.464 0.415 4 r 1:2.5 0.107 1.464 0.415 
5 s 1:2.5 0.126 1.477 0.415 5 r 1:2.5 0.126 1.477 0.415 
6 s 1:2.5 0.100 1.834 0.415 6 r 1:2.5 0.101 1.834 0.415 
7 s 1:2.5 0.110 1.834 0.415 7 r 1:2.5 0.110 1.834 0.415 
8 s 1:2.5 0.135 1.834 0.415 8 r 1:2.5 0.135 1.834 0.415 
9 s 1:2.5 0.099 2.229 0.415 9 r 1:2.5 0.100 2.250 0.415 

10 s 1:2.5 0.111 2.250 0.415 10 r 1:2.5 0.111 2.250 0.415 
11 s 1:2.5 0.140 2.241 0.415 11 r 1:2.5 0.141 2.241 0.415 
12 s 1:2.5 0.095 2.882 0.415 12 r 1:2.5 0.096 2.882 0.415 
13 s 1:2.5 0.112 2.882 0.415 13 r 1:2.5 0.113 2.882 0.415 
14 s 1:2.5 0.148 2.882 0.415 14 r 1:2.5 0.149 2.882 0.415 
15 s 1:2.5 0.078 0.963 0.439 15 r 1:2.5 0.080 0.963 0.439 
16 s 1:2.5 0.101 0.963 0.439 16 r 1:2.5 0.101 0.963 0.439 
17 s 1:2.5 0.073 1.294 0.439 17 r 1:2.5 0.074 1.294 0.439 
18 s 1:2.5 0.112 1.477 0.439 18 r 1:2.5 0.114 1.477 0.439 
19 s 1:2.5 0.129 1.477 0.439 19 r 1:2.5 0.131 1.477 0.439 
20 s 1:2.5 0.083 1.931 0.439 20 r 1:2.5 0.084 1.931 0.439 
21 s 1:2.5 0.112 1.739 0.439 21 r 1:2.5 0.114 1.739 0.439 
22 s 1:2.5 0.140 1.739 0.439 22 r 1:2.5 0.142 1.739 0.439 
23 s 1:2.5 0.090 2.229 0.439 23 r 1:2.5 0.091 2.229 0.439 
24 s 1:2.5 0.117 2.250 0.439 24 r 1:2.5 0.118 2.250 0.439 
25 s 1:2.5 0.145 2.229 0.439 25 r 1:2.5 0.147 2.229 0.439 
26 s 1:2.5 0.082 2.882 0.439 26 r 1:2.5 0.083 2.882 0.439 
27 s 1:2.5 0.117 2.882 0.439 27 r 1:2.5 0.119 2.882 0.439 
28 s 1:2.5 0.135 2.882 0.439 28 r 1:2.5 0.137 2.882 0.439 
29 s 1:2.5 0.153 2.882 0.439 29 r 1:2.5 0.155 2.882 0.439 
30 s 1:2.5 0.081 0.963 0.490 30 r 1:2.5 0.084 0.963 0.490 
31 s 1:2.5 0.104 0.963 0.490 31 r 1:2.5 0.107 0.963 0.490 
32 s 1:2.5 0.092 1.340 0.490 32 r 1:2.5 0.095 1.340 0.490 
33 s 1:2.5 0.125 1.464 0.490 33 r 1:2.5 0.126 1.477 0.490 
34 s 1:2.5 0.140 1.477 0.490 34 r 1:2.5 0.141 1.477 0.490 
35 s 1:2.5 0.093 1.834 0.490 35 r 1:2.5 0.093 1.834 0.490 
36 s 1:2.5 0.123 1.834 0.490 36 r 1:2.5 0.124 1.834 0.490 
37 s 1:2.5 0.153 1.834 0.490 37 r 1:2.5 0.155 1.834 0.490 
38 s 1:2.5 0.092 2.208 0.490 38 r 1:2.5 0.097 2.208 0.490 
39 s 1:2.5 0.126 2.229 0.490 39 r 1:2.5 0.127 2.208 0.490 
40 s 1:2.5 0.157 2.203 0.490 40 r 1:2.5 0.158 2.203 0.490 
41 s 1:2.5 0.091 2.641 0.490 41 r 1:2.5 0.092 2.641 0.490 
42 s 1:2.5 0.126 2.641 0.490 42 r 1:2.5 0.126 2.641 0.490 
43 s 1:2.5 0.163 2.882 0.490 43 r 1:2.5 0.164 2.882 0.490 
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Table 2-4.  Laboratory tests for the 1:5 front reef slope.  Tests on the not painted surface have a 
Top of s and tests on the painted surface have a Top of r. 

Run 

 

Top Slope Hmoi 

 

Tp 

 

h (m) Run 

 

Top Slope Hmoi 

 

Tp 

 

h (m) 
44 s 1:5 0.085 0.963 0.415 44 r 1:5 0.081 0.963 0.415 
45 s 1:5 0.103 0.963 0.415 45 r 1:5 0.097 0.963 0.415 
46 s 1:5 0.090 1.294 0.415 46 r 1:5 0.081 1.294 0.415 
47 s 1:5 0.115 1.464 0.415 47 r 1:5 0.107 1.408 0.415 
48 s 1:5 0.137 1.477 0.415 48 r 1:5 0.126 1.477 0.415 
49 s 1:5 0.110 1.834 0.415 49 r 1:5 0.100 1.834 0.415 
50 s 1:5 0.121 1.834 0.415 50 r 1:5 0.111 1.834 0.415 
51 s 1:5 0.150 1.834 0.415 51 r 1:5 0.136 1.834 0.415 
52 s 1:5 0.108 2.208 0.415 52 r 1:5 0.100 2.208 0.415 
53 s 1:5 0.121 2.208 0.415 53 r 1:5 0.111 2.208 0.415 
54 s 1:5 0.153 2.104 0.415 54 r 1:5 0.140 2.104 0.415 
55 s 1:5 0.102 2.882 0.415 55 r 1:5 0.094 2.882 0.415 
56 s 1:5 0.121 2.882 0.415 56 r 1:5 0.111 2.882 0.415 
57 s 1:5 0.160 2.882 0.415 57 r 1:5 0.147 2.882 0.415 
58 s 1:5 0.079 0.963 0.439 58 r 1:5 0.078 0.963 0.439 
59 s 1:5 0.104 0.963 0.439 59 r 1:5 0.100 0.963 0.439 
60 s 1:5 0.075 1.340 0.439 60 r 1:5 0.073 1.340 0.439 
61 s 1:5 0.118 1.408 0.439 61 r 1:5 0.114 1.408 0.439 
62 s 1:5 0.136 1.477 0.439 62 r 1:5 0.131 1.477 0.439 
63 s 1:5 0.087 1.834 0.439 63 r 1:5 0.084 1.834 0.439 
64 s 1:5 0.119 1.739 0.439 64 r 1:5 0.114 1.834 0.439 
65 s 1:5 0.149 1.739 0.439 65 r 1:5 0.143 1.834 0.439 
66 s 1:5 0.094 2.229 0.439 66 r 1:5 0.091 2.229 0.439 
67 s 1:5 0.123 2.208 0.439 67 r 1:5 0.118 2.208 0.439 
68 s 1:5 0.153 2.229 0.439 68 r 1:5 0.147 2.229 0.439 
69 s 1:5 0.085 2.882 0.439 69 r 1:5 0.082 2.882 0.439 
70 s 1:5 0.122 2.882 0.439 70 r 1:5 0.118 2.882 0.439 
71 s 1:5 0.142 2.882 0.439 71 r 1:5 0.136 2.882 0.439 
72 s 1:5 0.161 2.882 0.439 72 r 1:5 0.154 2.882 0.439 
73 s 1:5 0.081 0.963 0.490 73 r 1:5 0.080 0.963 0.490 
74 s 1:5 0.103 0.963 0.490 74 r 1:5 0.103 0.963 0.490 
75 s 1:5 0.092 1.340 0.490 75 r 1:5 0.093 1.340 0.490 
76 s 1:5 0.123 1.477 0.490 76 r 1:5 0.123 1.477 0.490 
77 s 1:5 0.138 1.477 0.490 77 r 1:5 0.138 1.477 0.490 
78 s 1:5 0.091 1.834 0.490 78 r 1:5 0.092 1.845 0.490 
79 s 1:5 0.121 1.834 0.490 79 r 1:5 0.123 1.834 0.490 
80 s 1:5 0.152 1.834 0.490 80 r 1:5 0.153 1.834 0.490 
81 s 1:5 0.094 2.229 0.490 81 r 1:5 0.096 2.229 0.490 
82 s 1:5 0.123 2.208 0.490 82 r 1:5 0.126 2.229 0.490 
83 s 1:5 0.153 2.229 0.490 83 r 1:5 0.157 2.229 0.490 
84 s 1:5 0.089 2.882 0.490 84 r 1:5 0.091 2.882 0.490 
85 s 1:5 0.122 2.882 0.490 85 r 1:5 0.125 2.882 0.490 
86 s 1:5 0.159 2.882 0.490 86 r 1:5 0.163 2.882 0.490 
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Table 2-5.  The 95% confidence interval for each gauge in meters.  The mean of the CI was 

calculated for all tests at each water level.    

 1:2.5 1:5  
 Low Mid High Low  Mid  High Total 

Gauge 1 0.0041 0.0042 0.0045 0.0038 0.0040 0.0044 0.0042 
Gauge 2 0.0039 0.0041 0.0069 0.0038 0.0039 0.0041 0.0045 
Gauge 3 0.0039 0.0044 0.0046 0.0048 0.0047 0.0040 0.0044 
Gauge 4 0.0035 0.0037 0.0040 0.0035 0.0036 0.0041 0.0037 
Gauge 5 0.0051 0.0050 0.0050 0.0041 0.0042 0.0071 0.0051 
Gauge 6 0.0060 0.0063 0.0064 0.0046 0.0048 0.0049 0.0055 
Gauge 7 0.0023 0.0029 0.0046 0.0019 0.0025 0.0040 0.0030 
Gauge 8 0.0020 0.0021 0.0029 0.0020 0.0021 0.0028 0.0023 
Gauge 9  0.0020 0.0021 0.0020 0.0016 0.0017 0.0018 0.0019 

Gauge 10 0.0020 0.0021 0.0016 0.0018 0.0018 0.0014 0.0018 
Gauge 11 0.0029 0.0028 0.0019 0.0029 0.0027 0.0018 0.0025 
Gauge 12 0.0034 0.0038 0.0039 0.0031 0.0034 0.0037 0.0036 
Gauge 13 0.0073 0.0092 0.0082 0.0055 0.0068 0.0065 0.0073 
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Figure 2-1. Laboratory set up for both the 1:2.5 and 1:5 slopes.  The reef profile was built on an 

existing concrete slope which is the red section on the lower frame.   
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Figure 2-2.  Picture of the 1:5 reef face slope.  The 1:5 slope was placed on top of the 1:2.5 

slope.   
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Figure 2-3.  Picture from just off the front edge of the 1:5 reef face slope.  The blue paint is the 

cut acrylic glass. The divider on the left side of the picture was put in place to 
decrease the testing width and to dampen reflection.   
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Figure 2-4.  Contours of the acrylic reef top.  The axis is distorted to fit the page.     
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Figure 2-5.  Picture of the cut acrylic glass from on top of the flume.   Each piece was 2 feet x 2 

feet.   
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Figure 2-6.  The capacitance wave gauges were placed in the flume.  The gauges were connected 

to a motor for calibration.   
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Figure 2-7.  Bathymetry for both the 1:5 slope tests (–) and the 1:2.5 slope tests (- -).  The three 

water levels used in test are displayed relative to the bathymetry.   
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Figure 2-8.  The reflection coefficient calculated using the Goda analysis for all test cases against 

the surf similarity parameter. 
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Figure 2-9.  Example of full time series from Test 7s at gauge 2.  The time series consisted of 20 

minutes or 1200 seconds of measurements. A) Time from 0-300 seconds.  B) Time 
from 301-600 seconds.  C) Time from 601-900 seconds.  D) Time from 901-1200 
seconds.   
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Figure 2-10.  Energy density spectra from Test 7s, gauge 2.  A) S(f) for the raw data without 

filtering.  B) The low-frequency S(f). C) The high-frequency S(f).  The low-
frequency cut-off was at 𝑓𝑝 1.5⁄ . 

 

 

A 

C 

B 
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Figure 2-11.  Time series of the high-frequency waves ( –) and the low-frequency waves (–).  A) 

Time from 0-300 seconds.  B) Time from 301-600 seconds.  C) Time from 601-900 
seconds.  D) Time from 901-1200 seconds.   

 



 

75 

 
Figure 2-12.  The profile of the zero-moment wave height for Test 7s with the 95% confidence 

interval error bars calculated for the full experiment.  
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Figure 2-13.  Energy density spectra for Test 7s in low water on 1:2.5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top.  
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Figure 2-14.  Energy density spectra for Test 21s in mid water on 1:2.5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top.  
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Figure 2-15.  Energy density spectra for Test 36s in high water on 1:2.5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top.   
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Figure 2-16.  Energy density spectra for Test 50s in mid water on 1:5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top. 
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Figure 2-17.  Energy density spectra for Test 64s in mid water on 1:5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top.  
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Figure 2-18.  Energy density spectra for Test 79s in mid water on 1:5 slope.  A) The 

transformation of the energy density spectrum from offshore.  B) The front edge of 
the reef top.  C) The back section of the reef top.  
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Figure 2-19.  The low-frequency energy density spectra from Test 7s in low water on 1:2.5 slope. 

A) The transformation of the energy density spectrum from offshore.  B) The front 
edge of the reef top.  C) The back section of the reef top.  
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Figure 2-20.  The low-frequency energy density spectra from Test 21s in mid water on 1:2.5 

slope. A) The transformation of the energy density spectrum from offshore.  B) The 
front edge of the reef top.  C) The back section of the reef top.  
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Figure 2-21.  The low-frequency energy density spectra from Test 36s in high water on 1:2.5 

slope. A) The transformation of the energy density spectrum from offshore.  B) The 
front edge of the reef top.  C) The back section of the reef top.  
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Figure 2-22.  The low-frequency energy density spectra from Test 50s in low water on 1:5 slope. 

A) The transformation of the energy density spectrum from offshore.  B) The front 
edge of the reef top.  C) The back section of the reef top.  
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Figure 2-23.  The low-frequency energy density spectra from Test 64s in mid water on 1:5 slope. 

A) The transformation of the energy density spectrum from offshore.  B) The front 
edge of the reef top.  C) The back section of the reef top. 
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Figure 2-24.  The low-frequency energy density spectra from Test 79s in mid water on 1:5 slope. 

A) The transformation of the energy density spectrum from offshore.  B) The front 
edge of the reef top.  C) The back section of the reef top. 
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Figure 2-25.  The profile of the low-frequency zero-moment wave height (–) and the high-

frequency zero-moment wave height (–) on the 1:2.5 slope.  A) Low water, Test 7s.  
B) Mid water, Test 21s.  C) High water, Test 36s.    
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Figure 2-26.  The profile of the low-frequency zero-moment wave height (–) and the high-

frequency zero-moment wave height (–) on the 1:5 slope.  A) Low water, Test 50s.  
B) Mid water, Test 64s.  C) High water, Test 79s.    
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Figure 2-27.  The high-frequency 𝐻𝑚𝑜 (×) with the mean water level (*) measured at each gauge 

in the profile on the 1:2.5 slope.  A)  Low water, Test 7s.  B) Mid water, Test 21s.  C) 
High water, Test 36s.    
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Figure 2-28.  The high-frequency 𝐻𝑚𝑜 (×) with the mean water level (*) measured at each gauge 

in the profile on the 1:5 slope.  A) Low water, Test 50s.  B) Mid water, Test 64s.  C) 
High water, Test 79s.    
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Figure 2-29.  Maximum mean water level measured on the reef top for all smooth surface test 

cases compared with offshore wave power.   
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Figure 2-30.  The 2% run-up measured on the run-up gauge on the back slope of the laboratory 

bathymetry for all test cases with the smooth surface compared against the offshore 
wave power.   
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Figure 2-31.  Non-dimensional 𝐻𝑚𝑜 compared at each gauge for the smooth surface tests (×) and 

the rough surface tests (o) for all the 1:2.5 tests.  A) Low water.  B) Mid water.  C) 
High water.   
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Figure 2-32.  Non-dimensional 𝐻𝑚𝑜 compared at each gauge for the smooth surface tests (×) and 

the rough surface tests (o) for all the 1:5 tests.  A) Low water.  B) Mid water.  C) 
High water.   
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CHAPTER 3 
WAVE BREAKING 

Introduction 

Present numerical models were tested on beaches with slopes less than 1:10, but the slope 

of the reef face on coral reefs can be much steeper.  The steep slopes observed on these coral 

reefs create problems for numerical models.  It was shown in the previous chapter that the front 

slope can cause large changes in the maximum wave heights prior to breaking.  Also, the rapid 

energy dissipation after breaking is very different than the slower dissipation rates commonly 

seen on more gradual sloping beaches.   

To test the affect of the steep slopes on breaking waves a 1D energy flux model was used 

to compare against the laboratory data.  The present STWAVE breaking functions as well as 

breaking functions that incorporate different wave characteristics were tested.  The model is also 

used to test the differences between using the present STWAVE saturated breaking function 

versus a bore type energy dissipation function.   

Methodology 

One-Dimensional Energy Flux Balance 

 A simple 1D shoaling model was used to test different breaking parameters such as 

maximum wave heights and energy dissipation models.  The conservation of energy flux 

equation Equation 3-1 was used with dissipation for wave breaking.   

 𝑑𝐸𝐶𝑔
𝑑𝑥

= −〈𝜀〉 , (3-1)  

The total average wave energy, 𝐸, was found from  

 𝐸 =
1
8
𝜌𝑔𝐻𝑟𝑚𝑠2  , (3-2)  
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where 𝐻𝑟𝑚𝑠 is the root-mean-square (rms) wave height, 𝜌 is the density of the fluid, and 𝑔 is the 

acceleration due to gravity.  The value of 𝐻𝑟𝑚𝑠 is assumed to be 0.71𝐻𝑚𝑜.  The group speed of 

waves is based on linear wave theory 

 𝐶𝑔 =
𝐶
2
�1 +

2𝑘ℎ
𝑠𝑖𝑛ℎ2𝑘ℎ

� , (3-3)  

where 𝐶 is the wave celerity, ℎ is the water depth, and 𝑘 is the wave number found by solving 

the dispersion relationship (Equation 3-4). 

 𝜎2 = 𝑔𝑘 tanh𝑘ℎ (3-4)  

Two half steps were used to numerically solve Equation 3-1.  The first half step was the 

energy flux equation without dissipation.  The equation was discritized using a first order 

forward finite difference scheme (Equation 3-5).   

 𝐸𝑖+1 2� = 𝐸𝑖 �
𝐶𝑔𝑖

𝐶𝑔𝑖+1
� (3-5)  

In Equation 3-5, 𝑖 is the previous spatial cell, 𝑖 + 1 is the present spatial cell, and 𝑖 + 1
2�  is the 

half step for energy.  The next step was to dissipate the energy of the waves by breaking.  The 

discritization of the next half step was a first order forward finite difference scheme.  

 𝐸𝑖+1 = 𝐸𝑖+1 2� −
𝑑𝑥
𝐶𝑔𝑖+1

〈𝜀〉.  (3-6)  

Friction and reflection were neglected in the 1D energy flux model.  If available the mean water 

level measured during data collection for each experiment was added to the bathymetry,   

 ℎ = ℎ𝑜 + �̅�  (3-7)  

where ℎ𝑜 is the still water depth and �̅� is the mean water level.   
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Error Calculation 

 Quantifying the discrepancies between the model calculations and observations was done 

using two error calculations.  To determine if the model results are high or low compared to the 

laboratory observations, the error calculation in Equation 3-8 is used.   

 𝑒𝑟𝑟𝑜𝑟 =
�𝐻𝑜𝑏𝑠 − 𝐻𝑝𝑟𝑒𝑑�

𝐻𝑜𝑏𝑠
 (3-8)  

The rms error in Equation 3-9 is used to determine the total amount of error.  The rms error is not 

dependent on the sign of the error.   

 𝑟𝑚𝑠 𝑒𝑟𝑟𝑜𝑟 = �𝑚𝑒𝑎𝑛 ��
𝐻𝑜𝑏𝑠 − 𝐻𝑝𝑟𝑒𝑑

𝐻𝑜𝑏𝑠
�
2

�  (3-9)  

The error is calculated at all observations points.  Averaging was done differently depending on 

the laboratory case.   

Test Cases 

The wave flume laboratory study previously described was used for comparison of steep 

reef face slopes.  Both the 1:2.5 and 1:5 slopes were simulated for all three water levels.  The 

bathymetry of the 1D domain is shown in Figure 3-1.  The bathymetry was taken from the center 

cross section of the laboratory study in the wave flume.  The three waters levels tested are the 

same as described in the flume tests (Chapter 2).  The grid spacing for the bathymetry input into 

the model was 0.01 meters in the x (horizontal) and z (vertical) directions.  The offshore 

boundary of the domain was located at 5.13 meters from the wave maker, which was the location 

of gauge 2 in the laboratory testing.   

 Comparisons were made between the 𝐻𝑚𝑜 calculated from the 1D model and the 

measured 𝐻𝑚𝑜 from the laboratory for the high-pass spectrum.  The low-frequency oscillations 

were not used in comparisons with the model.   The input wave height and peak period were 
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based on the mean energy density spectrum of the high-frequency waves at gauges 1-3, which 

were the furthest offshore gauges.   

Results 

Energy Dissipation 

The present wave breaking in STWAVE is a saturated breaking criteria where  

  𝐻𝑚𝑜 = 𝐻𝑏 𝑖𝑓 𝐻𝑚𝑜 > 𝐻𝑏 . (3-10)  

The breaking wave height is calculated based on Smith et al. (1997) formulation, where the 

minimum 𝐻𝑚 from Equation 3-11 is used at each grid point.   

 
 𝐻𝑏 = 0.64ℎ 

𝐻𝑏 = 0.2𝐿 𝑡𝑎𝑛ℎ(𝑘ℎ) . 
(3-11)  

All wave characteristics used in (Equation 3-11) are local values not deep water.   

An alternative to the saturation method presently used in STWAVE is the bore model or 

wave breaking energy dissipation model.  Two energy dissipation models were tested in 

comparisons with the wave flume laboratory data set.  The dissipation models by TG83 

(Equation 3-12) and JBAB07 (Equation 3-13) employ different techniques than the present 

STWAVE breaking function for modeling the energy loss at wave breaking, but the both models 

were found by Apotsos et al. (2008) to be capable of simulating a broad range of wave cases. 

  〈𝜀〉 =
3√𝜋𝐵3

16
𝑓�̅�𝑔𝐻𝑟𝑚𝑠5

𝛾2ℎ3
�1 − �1 + �

𝐻𝑟𝑚𝑠
𝛾ℎ

�
2

�
−5 2�

�  (3-12)  

 

 
 〈𝜀〉 =

3√𝜋
16

𝐵𝜌𝑔𝑓̅
𝐻𝑟𝑚𝑠3

ℎ
�1 +

4
3√𝜋

�𝑅3 +
3
2
𝑅� exp(−𝑅2)

− erf (𝑅)�  

(3-13)  
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 The two energy dissipation equations along with the STWAVE breaking equation were 

tested on the laboratory tests for all three water levels.  The two dissipation models using the 

recommended breaking wave heights were evaluated with B values ranging from 1 to 4 to find 

the best fit.  The best fit was determined from the mean rms error for all the runs at a give water 

level. The mean rms error was calculated using eight comparison points.  The three offshore 

gauges were removed because each simulation was initialized with an average wave height and 

period between the three gauges.  In the 1:5 test, each run was initialized with just the first two 

gauges because of a bad Gauge 3.  Gauge 12, the most onshore gauge, was removed because the 

low and mid water levels did not always have water on the gauge, so for consistency, the error 

calculation was not performed at this gauge.   In Figure 3-4, the STWAVE breaking is shown 

along with the TG83 and JBAB07 best fit results.  The profile of the measured results is a typical 

profile from the 1:2.5 slope at low water (h = 0.415 m).  

 In Figure 3-4A, the peak wave height for all three models was a low compared to the 

data, but the wave height attenuation from TG83 and JBAB07 model results were similar to the 

measured data.  In Table 3-1, the mean rms error results for all three models are shown 

(STWAVE, TG83, and JBAB07).  The mean rms error of the present STWAVE saturated 

breaking equation was higher than both the fitted TG83 and JBAB07 (Table 3-1 and Figure 3-

4B).  The B value used as the best fit for both of the energy dissipation models was the lowest 

point in Figure 3.4B, as well as the value in parenthesis in Table 3-1.    The mean rms error of 

TG83 was lower than the JBAB07, and the B value for TG83 was much closer to the commonly 

recommended value of 1 by TG83 and JBAB07.  

In Figure 3-4B, the shape of the mean rms error for each dissipation model with the array 

of B coefficients was different.  The TG83 model had a distinct point with the lowest mean rms 
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error, which means the model is sensitive to changes in B because the error changes rapidly for 

small changes in B.  However, the JBAB07 model results had a flatter response near the lowest 

error.  The values of B were much larger, but once the B coefficient was close then the model 

accuracy was consistent.   

 Further analysis was performed on the two energy dissipation models by using the 

breaking wave height from STWAVE in the models.  In TG83, the equation had to be adapted to 

account for the difference in breaking notation.  The present STWAVE breaking equation solves 

for the breaking wave height without using a gamma value related to depth.  To account for this, 

all values of 𝛾ℎ were replaced with 𝐻𝑏.  The energy dissipation for TG83 then becomes, 

  〈𝜀〉 =
3√𝜋𝐵3

16
𝑓�̅�𝑔𝐻𝑟𝑚𝑠5

𝐻𝑏2ℎ
�1 − �1 + �

𝐻𝑟𝑚𝑠
𝐻𝑏

�
2

�
−5 2�

�  (3-14)  

 In Figure 3-2A, the maximum wave height before breaking was lower with the breaking 

wave height from STWAVE than with the recommend values for each dissipation model.  The 

mean error and the fitted B value for the TG83 ST were similar to the results from TG83.  The 

mean error for JBAB07 ST was smaller than JBAB07 (Table 3-1), and the fitted B value were 

closer to 1.0.  This value of B was still larger than what is commonly used, but it is closer than 

JBAB07 results.  The smaller B value is likely due to smaller peak wave heights from the 

STWAVE breaking model.   

 All the tested model formulations were also run for the test cases at mid and high water.  

The mean rms errors are shown in Table 3-1.  The mean rms error of the present STWAVE 

breaking function decreased with increasing water level.  The lowest mean rms error was at high 

water.  The rms error was most likely smallest for the high water because deeper water depths 

had more water over the reef crest, so more wave breaking occurred closer to the reef and even 
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on the reef top.  This could result in a larger area of wave energy dissipation which is similar to 

more gentle sloping bathymetry.    

 In the TG83 and TG83 ST models, the best fit B coefficient did not change much for all 

three water levels (Table 3-1).  However, in JBAB07 and JBAB07 ST the B coefficient was 

reduced from low water to high water from 3.1 to 2.8 in JBAB07 and from 2.3 to 1.4 in JBAB07 

ST for the 1:2.5 tests.  This result shows a relationship in the JBAB07 dissipation model that is 

affected by the water depth, and the change in B from JBAB07 to JBAB07 ST demonstrates the 

impact that the maximum breaking wave height equation can have on the energy dissipation.    

The TG83 model had less variation in the B coefficient both with changing the water depth and 

the maximum breaking wave height equation.   

 The same comparisons that were made for the 1:2.5 slope were made for the 1:5 slope 

laboratory tests.  In Figure 3-4A, an example of the best fit STWAVE, TG83, and JBAB07 wave 

breaking models were compared with a typical wave height profile from the laboratory for the 

1:5 slope.  The peak wave height before breaking was observed to be smaller on the 1:5 slope 

than it was on the 1:2.5 slope, so the peak wave heights in the models were closer to the 

measured results.  The mean rms errors for the 1:5 tests were generally less than the mean rms 

error from all the 1:2.5 tests.  However, the low water level tests had a similar mean rms error on 

both slopes with the JBAB07 and JBAB07 ST tests.  The reason for this has not been 

determined.  When comparing the results from both dissipation models using the STWAVE 

breaking wave height equation, the peak wave height in the models were low in relation to the 

observed wave height values in the laboratory.   This result could be causing some extra error in 

the STWAVE breaking model runs, but the model results appear to match the wave height 

attenuation measured after breaking (Figure 3-5A).   
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B Coefficient vs. Gamma 

 The relationship between B and the maximum breaking wave height in energy dissipation 

models is a complex problem (Apotsos et al., 2007; Thornton and Guza, 1983).  TG83 performed 

tests using B values between 0 and 2 when comparing the TG83 dissipation model to different 

field data sets.  The divergence of B from 1 is physically described by TG83 as a difference 

between how the wave is breaking and how a typical bore would respond under the same 

conditions.  The greater the value of B, the faster energy is dissipated from the system.  In the 

TG83 dissipation model the B coefficient is cubed compared to JBAB07 where the B is of order 

1.  In most circumstances the value of B is assumed to be equal to 1, but in the previous section it 

was shown that the value of B must be larger than 1 in the present study to account for the 

breaking of waves on steep slopes.   

 The gamma value is related to the maximum breaking wave height by the  

McCowen (1894) equation,  

 

 
 𝐻𝑏 = 𝛾ℎ. (3-15)  

This form of the maximum breaking wave height is similar to the present value recommended in 

TG83, where 𝛾 is equal to 0.43.  The influence of changing the maximum breaking wave height 

was previously observed by altering the energy dissipation functions to include the STWAVE 

maximum breaking equation.  

   A series of tests were performed using the 1D energy flux model to better understand the 

relationship between B and 𝛾 on the present laboratory study. In the tests, all the 1:2.5 and 1:5 

slope laboratory tests were simulated with B values ranging from 0.1 to 4.0 and 𝛾 values ranging 
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from 0.1 to 2.0.  Both of the variables had a spacing of 0.1 between values.  Each model was run 

741 times to determine the best fit values for the specific test conditions.   

 The contours of the mean rms error for both TG83 and JBAB07 are shown for all the 

tested B and 𝛾 values in Figure 3-6A and Figure 3-6B, respectively.  Only errors between 0 and 1 

are presented, but larger error did occur for certain test parameters.  In order to achieve the 

lowest rms error, the JBAB07 model needed B values larger than 1.8 for all 𝛾.  In the TG83 tests, 

the error was more dependent on a relationship between B and 𝛾 than a distinct set of values for 

either.   

 To get a more detailed look at how B and 𝛾 impact the accuracy of the dissipation 

models, Figure 3-7 shows the mean rms error from TG83 over segments of the experiment 

profile.  In Figure 3-7A, the error was found at gauge 4 which was located on the offshore edge 

of the front slope.  For all 𝛾 tested there appears to be B values for which the TG83 dissipation 

model would result in a low rms error at this point.  However, smaller values of 𝛾 must have a 

small value of B in order to avoid becoming too dissipative.  At the breaking point , the wave 

heights measured at gauges 5 and 6 were used for comparisons with the models (Figure 3-7B).  

The mean rms error at the breaking point had lower error as the value of  𝛾 increased.  This 

makes sense given the largest wave heights did occur at these points, so the largest maximum 

breaking wave heights would provide a better match to the data.  

 TheTG83 wave height dissipation region after breaking used gauges 7 and 8 to match the 

wave attenuation.  The lowest mean rms error was found with B values ranging from 1 to 3 and 

corresponding  𝛾 values between 0.4 and 1.3 (Figure 3-7C).  A linear relationship was apparent 

at this point for the TG83 results where low maximum breaking height required low B 

coefficient and high maximum breaking wave height required a larger B.  The final segment of 
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the wave height profile was the reef top, where gauges 9–11 were used for comparisons.  The 

mean rms error for all B and 𝛾 in TG83 was not below 30% (Figure 3-8D).  The reef top region 

was the most sensitive to the addition of the measured mean water level to the bathymetry.  The 

interpolation of this data could play a role in the accuracy in this region.   

 In Figure 3-8, the results of the B and 𝛾 tests using the JBAB07 dissipation model were 

very different than what was observed in TG83.  In the offshore region (Figure 3-8A), the lowest 

rms error was almost independent of B given a 𝛾 value close to 0.4. The breaking wave region 

(Figure 3-8B) was similar to TG83 because larger values of 𝛾 resulted in low rms errors, with no 

dependency on B.   

 The dissipation region (Figure 3-8C), had a very small region where the mean rms error 

was small.  In order to result in a small error, the B value had to be larger than 2, and 𝛾 was 

greater than 0.38.  The maximum values for B and 𝛾 that resulted in a low rms error were 4 and 

0.78 respectively.  Both of these results are higher compared to the typical values prescribed to 

these coefficients.   On the reef top (Figure 3-8D), the mean rms error possible was smaller than 

for TG83.  The value of B was greater than 1.0 for the smallest errors, and given a value of 𝛾 

larger than 0.3, B must increase rapidly with increasing 𝛾 to maintain a low rms error.    

 The accuracy of both TG83 and JBAB07 with different values of B and 𝛾 was also 

broken into the five different wave periods.  In Figure 3-9, the rms error for TG83 was high for 

the lower wave periods, 1.0 and 1.4 seconds (Figure 3-9A,B), but the mean rms error was lower 

for the 1.8, 2.2, and 2.8 second wave periods (Figure 3-9C,D,E).  The best fit values of B and 𝛾 

were similar for the higher wave periods.  The JBAB07 model had similar results to the TG83 

for the 1.0 second wave period tests.  The rms error was high for all values of B and 𝛾.  

However, the 1.4 second tests had a lower possible mean rms error for the JBAB07 tests than for 
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the TG83 tests.  The shape of the contours in Figure 3-10B,C,D,E show that the possible values 

of 𝛾 resulting in a low mean rms error were smaller for JBAB07 than TG83, and the values of B 

for a low rms error were always approximately 1.5.   

 The tests with B and 𝛾 were separated into three groups of initial wave heights.  The 

initial wave heights less than 0.10 meters were classified as low wave heights, the initial wave 

heights between 0.10 and 0.12 meters were mid wave heights, and the initial wave heights 

greater than 0.12 meters were high wave heights.  In Figure 3-11, the TG83 model was compared 

against the three different wave height groupings.   The low wave heights had a small region 

with low mean rms error (Figure 3-11A).  The smaller initial wave heights had a smaller peak 

wave height, so values of the maximum breaking wave height were on the lower end.  The 

higher peak wave heights observed in the mid and high initial wave heights resulted in a larger 

range of possible 𝛾 values (Figure 3-11B,C).   

 The result of the separated wave height tests were similar between the JBAB07 and TG83 

(Figure 3-12).  The low initial wave height tests had a much smaller region with low mean rms 

errors than the mid and high water.  All values of B with low mean rms error remained above 

1.5, and in the low initial wave height tests the B value was 2.0.   

 In Figure 3-13, the same evaluation of B and 𝛾 was made for all the simulations of the 

1:5 slope.  The result of the mean rms error analysis was very similar between the different 

slopes.  The greatest difference between the different slopes occurred when comparing results in 

the breaking region (Figures 3-14B–3-15B).  On the 1:2.5 slope, the mean rms error did not 

change much given large maximum breaking coefficients, but on the 1:5 slope, there was a 

distinct selection of values for B and 𝛾 that resulted in low rms errors.   The lowest rms errors 

occurred for JBAB07 model on the 1:5 slope when 𝛾 was around 0.4, and B was below 1.0.  This 
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result implied that for the 1:5 slope, adjusting B provides a better results for the breaking section 

than adjusting  𝛾 in JBAB07.  In contrast, on the 1:2.5 slope, the value of 𝛾 controlled the 

accuracy of the results.  The relationship between B and 𝛾 was similar to the 1:2.5 slope for the 

separated wave periods (Figures 3-16–3-17) and wave heights (Figures 3-18–3-19). 

Breaking Wave Height 

The previous analysis demonstrated the importance of the relationship between B and 𝛾 

on the accuracy of the numerical models compared with the laboratory results.   A constant value 

for 𝛾 was unable to closely match the measured data at all segments of the wave height profile.   

Three breaking wave height parameters, which are variable through the wave profile, were tested 

in the 1D energy flux model with both the TG83 and JBAB07 energy dissipation.  The maximum 

wave height parameters were all based on local wave characteristics. 

  The maximum breaking wave height equations from Ostendorf and Madsen (1979), 

OM79, 

 

𝐻𝑏 = 0.14𝐿𝑏𝑡𝑎𝑛ℎ �(0.8 + 5𝑚)
2𝜋ℎ𝑏
𝐿𝑏

�             𝑓𝑜𝑟 𝑚 ≤ 1
10�  

𝐻𝑏 = 0.14𝐿𝑏𝑡𝑎𝑛ℎ �(0.8 + 5(0.1))
2𝜋ℎ𝑏
𝐿𝑏

�       𝑓𝑜𝑟 𝑚 > 1
10�  

(3-16)  

 Kamphuis (1991), Ka91, 

 (𝐻𝑠)𝑏 = 0.095 exp(4𝑚)𝐿𝑝 tanh �
2𝜋ℎ𝑏
𝐿𝑏

�, (3-17)  

and Ruessink et al. (2003), Ru03, 

 𝐻𝑏 = ℎ (0.76𝑘ℎ + 0.29) (3-18)  

were tested for both of the laboratory slope cases.  The OM79 and Ka91 breaking wave height 

equations were selected because both included the bottom slope, m, in the determination of the 

maximum breaking wave height.  Ru03 breaking equation was included because of its simplicity 
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and its development by using comparisons with complex field data.  All three of the equations 

had similarities to the breaking formulation presently used in STWAVE, so the two dissipation 

models with the STWAVE breaking formulation was used as a comparison in these tests.   

 The results of the mean rms error for both front slopes and three water levels for each 

slope are shown in Table 3-2.  The values of the B coefficient which produced the smallest mean 

rms error for each breaking wave height equation are shown in parenthesis in Table 3-2.  In 

Figure 3-20 and Figure 3-21 as well as in Table 3-2, the tested breaking equations had reduced 

error compared to the STWAVE values because of the increased wave heights just before 

breaking.  All three of the new breaking equations had lower mean rms errors than the present 

STWAVE breaking equation at all water levels and for both slopes.   

 In comparisons between the two dissipation functions, it became apparent that the 

breaking equation was a large contributor to the mean rms error.  The breaking equation from 

Ka91 was found to have overall lower mean rms errors when incorporated in the TG83 energy 

dissipation model.  The other two breaking equations, OM79 and Ru03, had lower mean rms 

errors in the JBAB07 energy dissipation model for the low and mid water, but for the high water 

the TG83 model had lower mean rms errors for all breaking wave equations.  However, the mean 

rms errors for both dissipation models at high water were below 10% for the three new breaking 

equations which is considered a good fit in the present study.   

Summary 

 The numerical modeling of wave breaking on steep slopes greater than 1:10 was shown 

to be very difficult for a linear wave model.  The present STWAVE breaking function had mean 

rms errors near 30% in comparisons with all laboratory tests.  The use of a bore type energy 

dissipation model was shown to decrease below 20% when the coefficient B was calibrated to fit 

the data.   
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 The relationship between the B coefficients and the maximum breaking wave height 

coefficient, 𝛾, was tested to determine the best fit values for both.  It was found that values of 

both coefficients were affected by different wave characteristics.  By examining the relationship 

at different segments of the wave profile, it was determined that the breaking coefficient should 

be variable in the cross-shore profile.  However, B also showed variation given different 

dissipation equations as well as different wave periods and initial wave heights.   

 The variable breaking coefficient was accounted for by testing three breaking functions 

OM79, Ka91, and Ru03.  Each breaking function was different than the present STWAVE 

breaking function, but each is still dependent on local wave conditions.  Each breaking function 

was run with both dissipation models, and the best fit was found.  The OM79 and Ru03 were 

found to have lower mean rms errors than the present STWAVE breaking and the breaking 

equation from Ka91.  Between OM79 and Ru03, it was determined that OM79 was a more 

robust breaking model at matching the laboratory measurements on both of the front slopes 

tested with mean rms errors of near 20% for low water, 12% for mid water, and 8% for high 

water.   

 The difference between the two dissipation models was less about the best fit accuracy 

and more about the differences in the B coefficient.  The B coefficient affects the rate at which 

energy is dissipated from the breaking wave.  Examining the best fit B coefficient for both TG83 

and JBAB07 with the breaking equation from OM79 shows a more consistent value for B in the 

TG83 model.  The best fit B varies more in the JBAB07 model.   In most previous studies using 

both energy dissipation models  the values of B was default at 1.0, but this study has shown that 

the value of B has more variation depending not only on the slope of the beach, but on the wave 

period and depth of the water.    



 

110 

Table 3-1.  Mean rms error for three breaking models in 1D model 

  
STWAVE TG83 TG83 ST JBAB07 JBAB07 ST 

1:2.5 

Low 39.8 23.0 (1.1) 23.3 (1.1) 29.8 (3.1) 19.5 (2.3) 

Mid 37.1 17.6 (1.2) 18.4 (1.2) 21.5 (2.9) 15.1 (2.1) 

High 23.0 10.2 (1.1) 11.4 (1.0) 14.2 (2.8) 14.2 (1.4) 

1:5 

Low 35.4 22.6 (1.1) 22.8 (1.1) 30.2 (2.6) 19.8 (2.0) 

Mid 33.8 16.2 (1.1) 16.9 (1.1) 20.8 (2.6) 14.1 (1.9) 

High 20.4 7.2 (1.1) 9.4 (1.1) 11.5 (2.8) 12.0 (1.5) 
The mean rms error was found at every gauge for all runs at each water level.  The mean at each 
gauge was found over all the test cases at each water level.  Then the mean rms error was found 
for all the gauges.   
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Table 3-2.  Mean rms error for maximum breaking wave height equations in 1D model 

  
 OM79 Ka91 Ru03 

1:2.5 

Low 
TG83 19.5 (1.5) 22.6 (1.4) 27.5 (1.4) 

JBAB07 20.0 (3.2) 20.5 (3.2) 21.0 (2.7) 

Mid 
TG83 14.2 (1.5) 14.9 (1.3) 21.7 (1.4) 

JBAB07 12.1 (2.8) 14.5 (2.6) 14.8 (2.6) 

High 
TG83 11.1 (1.3) 11.3 (1.2) 14.5 (1.5) 

 JBAB07 10.2 (2.4) 13.2 (2.0) 12.3 (2.5) 

1:5 

Low 
TG83 19.5 (1.5) 21.0 (1.4) 28.8 (1.3) 

JBAB07 20.2 (2.9) 19.1 (2.7) 21.3 (2.4) 

Mid 
TG83 12.6 (1.5) 13.1 (1.3) 20.5 (1.4) 

JBAB07 11.1 (2.6) 12.8 (2.3) 14.0 (2.4) 

High 
TG83 7.1 (1.4) 8.3 (1.2) 11.0 (1.5) 

 JBAB07 7.3 (2.7) 10.0 (2.2) 8.6 (2.4) 
The mean rms error was found at every gauge for all runs at each water level.  The mean at each 
gauge was found over all the test cases at each water level.  Then the mean rms error was found 
for all the gauges.   All the breaking equations were run in both the TG83 and JBAB07 
dissipation models.  The B value is in the parenthesis next to the mean rms error. 
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Figure 3-1.  Bathymetry for the numerical model simulations of the wave flume.  The model was 

tested on both the 1:2.5 (- -) and the 1:5 (-) slopes.  Three water levels were tested in 
the model: low water with a depth of 0.419 m (―), mid water with a depth 0.439 m 
(―), and high water with a depth of 0.49 m (―). 
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Figure 3-2.  Comparison of STWAVE (―) breaking function along with TG83 (- -), with B = 

1.2, and JBAB07 (– ·), with B = 4.0, energy dissipation functions.  A) Typical wave 
height profile from the 1:2.5 slope (x), Test 7s.  B) Change in error for each breaking 
model with different B coefficients.   
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Figure 3-3.  Comparison of the STWAVE breaking wave height equation tested in the threshold 

breaking function (―), TG83 (- -) with B = 1.2, and JBAB07 (– ·) with B = 2.3.  A) 
Zero-moment wave height comparisons with measured results from Test 7s with the 
1:2.5 slope (x). (B) Change in error for each breaking model with different B 
coefficients.   
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Figure 3-4.  Comparison of STWAVE (―) breaking function along with TG83 (- -), with B = 

1.2, and JBAB07 (– ·), with B = 4.0, energy dissipation functions.  A) Typical wave 
height profile from the 1:5 slope (x), Test 50s.  B) Change in error for each breaking 
model with different B coefficients.   
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Figure 3-5.  Comparison of the STWAVE breaking wave height equation tested in the threshold 

breaking function (―), TG83 (- -) with B = 1.2, and JBAB07 (– ·) with B = 2.3.  A) 
Zero-moment wave height comparisons with measured results from Test 50s with the 
1:5 slope (x). (B) Change in error for each breaking model with different B 
coefficients.   
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Figure 3-6.  Analysis of the mean rms error based on the coefficient of the maximum breaking 

wave height (𝛾) and B on the 1:2.5 slope.  A) The TG83 energy dissipation function.  
B) The JBAB07 energy dissipation function.   
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Figure 3-7.  The mean rms error based on changing B and 𝛾 in TG83 for different segments of 

the wave breaking profile on the 1:2.5 slope.  A) Offshore region.  B) Breaking 
region.  C) Dissipation region.  D) Reef top. 
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Figure 3-8.  The mean rms error based on changing B and 𝛾 in JBAB07 for different segments of 

the wave breaking profile on the 1:2.5 slope.  A) Offshore region.  B) Breaking 
region.  C) Dissipation region.  D) Reef top. 
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Figure 3-9.  The mean rms error based on changing B and 𝛾 in TG83 for different wave periods 

on the 1:2.5 slope.  A) T = 1.0 seconds.  B) T = 1.4 seconds.  C) T = 1.8 seconds.  D) 
T = 2.2 seconds.  E) T = 2.8 seconds.   
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Figure 3-10.  The mean rms error based on changing B and 𝛾 in JBAB07 for different wave 

periods on the 1:2.5 slope.  A) T = 1.0 seconds.  B) T = 1.4 seconds.  C) T = 1.8 
seconds.  D) T = 2.2 seconds.  E) T = 2.8 seconds.   
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Figure 3-11.  The mean rms error based on changing B and 𝛾 in TG83 for different wave heights 

on the 1:2.5 slope.  A) Initial wave heights below 0.10 meters.  B)  Initial wave 
heights between 0.1 and 0.12 meters.  C)  Initial wave heights greater than 0.12 
meters.  
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Figure 3-12.  The mean rms error based on changing B and 𝛾 in JBAB07 for different wave 

heights on the 1:2.5 slope.  A) Initial wave heights below 0.10 meters.  B)  Initial 
wave heights between 0.1 and 0.12 meters.  C)  Initial wave heights greater than 0.12 
meters. 
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Figure 3-13.  Analysis of the mean rms error based on the coefficient of the maximum breaking 

wave height (𝛾) and B on the 1:5 slope.  A) The TG83 energy dissipation function.  
B) The JBAB07 energy dissipation function.   
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Figure 3-14.  The mean rms error based on changing B and 𝛾 in TG83 for different segments of 

the wave breaking profile on the 1:5 slope.  A) Offshore region.  B) Breaking region.  
C) Dissipation region.  D) Reef top. 
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Figure 3-15.  The mean rms error based on changing B and 𝛾 in JBAB07 for different segments 

of the wave breaking profile on the 1:5 slope.  A) Offshore region.  B) Breaking 
region.  C) Dissipation region.  D) Reef top. 
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Figure 3-16.  The mean rms error based on changing B and 𝛾 in TG83 for different wave periods 

on the 1:5 slope.  A) T = 1.0 seconds.  B) T = 1.4 seconds.  C) T = 1.8 seconds.  D) T 
= 2.2 seconds.  E) T = 2.8 seconds.   
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Figure 3-17.  The mean rms error based on changing B and 𝛾 in JBAB07 for different wave 

periods on the 1:5 slope.  A) T = 1.0 seconds.  B) T = 1.4 seconds.  C) T = 1.8 
seconds.  D) T = 2.2 seconds.  E) T = 2.8 seconds.   
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Figure 3-18.  The mean rms error based on changing B and 𝛾 in TG83 for different wave heights 

on the 1:5 slope.  A) Initial wave heights below 0.10 meters.  B)  Initial wave heights 
between 0.1 and 0.12 meters.  C)  Initial wave heights greater than 0.12 meters. 
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Figure 3-19.  The mean rms error based on changing B and 𝛾 in JBAB07 for different wave 

heights on the 1:5 slope.  A) Initial wave heights below 0.10 meters.  B)  Initial wave 
heights between 0.1 and 0.12 meters.  C)  Initial wave heights greater than 0.12 
meters. 
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Figure 3-20.  The OM79 (―), Ka91 (- -), and Ru03 (- ·) breaking equations were tested on the 

1:2.5 slope.  A) TG83 wave height profile from Test 7s in low water.  B) Error with 
TG83 for values of B.  C.) JBAB07 wave height profile from Test 7s in low water.  
D)  Error with JBAB07 for values of B.  
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Figure 3-21.  The OM79 (―), Ka91 (- -), and Ru03 (- ·) breaking equations were tested on the 

1:5 slope.  A) TG83 wave height profile from Test 7s in low water.  B) Error with 
TG83 for values of B.  C.) JBAB07 wave height profile from Test 50s in low water.  
D)  Error with JBAB07 for values of B. 
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CHAPTER 4 
WAVE BASIN LABORATORY 

Introduction  

 Based on a similar premise of the wave flume coral reef laboratory experiment presented 

previously in Chapter 2, the goal of the study was to examine wave transformation and set-up 

over a coral reef system.  The wave basin provided a unique opportunity to examine the effect of 

the detailed bathymetry in a large three dimensional (3D) wave basin.   The larger basin allows 

for an impact by wave refraction on the overall wave set-up measured during the experiments.   

Methodology  

Experiment Facilities 

 The experiment was conducted at the United States Army Engineer Research and 

Development Center (ERDC) in Vicksburg, MS.  The concrete basin is 27.43 meters wide and 

47.86 meters long and 0.76 meters high on all sides (Figure 4-1).  Waves were generated using 

the Directional Spectral Wave Generator (DSWG).  The DSWG is 27.4 meters long installed on 

one end of the wave basin (Figure 4-1).  The DSWG is capable of generating wave heights of 30 

cm with a stroke length of +/-36 cm.   The wave generator consists of four modules, but for this 

laboratory experiment only three were in operation.  Wave guides were positioned at the 

beginning of module 2 and at the end of module 4 of the wave generator to direct waves onto 

study area.  Passive wave absorbers were positioned behind the study area to decrease reflection 

in wave basin.    

Laboratory Conditions 

 A steel platform was constructed to provide the underlying framework of the coral reef 

bathymetry.   The steel platform was uniform across the basin width and the along basin 

bathymetry.  The platform front edge consisted of two slopes; a toe of 1:4.3, and a second slope 
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of 1:13.6.  The front slope was followed by a flat reef top which was 25 feet long from front to 

back. A simulated beach with slope 1:9 was located on the backside of the flat reef top.   

 A reef top was designed to replicate a section of Guam reef by Dr. Ernie Smith.  A field 

survey was taken using SHOALS with an accuracy of 5 meters.  The profile was interpolated to 

provide a higher resolution.  After reducing to model scale the reef profile was cut to an accuracy 

of a hundredth of a foot.  A router was used to cut 2 foot x 2 foot x 2 inch pieces of acrylic glass 

to the bathymetric profile given from the interpolation of the Guam reef.  This allows for very 

small bathymetric structures such as a coral reef to be tested in a laboratory environment. 

 The contour of the designed reef top bathymetry is depicted in Figure 4-2 with the 

vertical distance in meters. In total 240 acrylic pieces were cut with a total area of 40 feet x 24 

feet or 12.19 meters x 7.31 meters (Figure 4-3).  Each piece was marked with four points with 

exact model elevation for more accurate deployment.  The elevations were shot with a level 

based on  the datum of zero feet across the front edge of the acrylic reef profile.  Adjustments 

were made with four bolts in the corners of each acrylic piece to account for any non-uniformity 

in the steel flat top platform.  Each piece of acrylic glass was secured in place using 920 glue. 

This created a water proof seal between the bolts on the four corners of each piece and the steel 

platform.     

 A plywood front slope was added to create a smooth transition between the front slope of 

the steel platform and the front edge of acrylic glass (Figure 4-4).  The plywood was 3.67 feet or 

1.12 meters with a slope of 1:7.2.  Plywood was also added on the back of the acrylic reef to 

smooth the transition back to the steel beach (Figure 4-5).  The back piece of plywood was 50.2 

feet or 15.3 meters with no slope.  Pea gravel size rocks were placed on the sides of the reef top 

to dampen waves and reduce the affect of a drop off in elevation to the sides of the acrylic.     
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 Some problems occurred during the running of the wave basin which needed fixing to 

create a more functional and repeatable experiment.  After running waves, the rocks at the sides 

of the acrylic were building into large bars at the breaking point.  The bars created 

inconsistencies in the flow on top of the acrylic glass leading to nonuniformities in wave 

measurements.  A thin layer of concrete was placed on top of the rocks to give a bond at the 

breaking point.  The concrete allowed some transmission of energy into the rocks to dampen 

flows outside of the experimental area, but created a more stable environment. 

 Secondly, during larger wave tests the bond between the acrylic pieces and the steel 

platform became loose and allowed pieces to pop out of place.   The reason for this was found to 

be old paint on the steel platform being peeled back by the strength of the 920 glue.   The paint 

was sanded off at the contact points where the bolts from the corner of the acrylic pieces were 

being glued to the steel platform.  By removing the paint a stronger bond was created to hold the 

acrylic pieces in place during all wave conditions tested.   

During installation of the acrylic reef, the pieces were placed with as much accuracy as 

possible.  However, the detail of the pieces made it very difficult to exactly match the designed 

profile.  A survey was taken after construction using a ground lidar system which measured the 

exact bathymetry.  The contour of the reef top profile which was installed in the basin is shown 

in Figure 4-6.  The difference between the designed profile and the actual profile is in Figure 4-7.  

The bathymetry measured by the ground Lidar survey provides a better contour map for 

numerical studies which utilize the basin laboratory data.  

Instrumentation 

Nineteen capacitance-wire wave gauges were used to measure water surface elevation in 

the basin (Figure 4-1).  Seven of the gauges were positioned in deep water on the flat floor of the 

basin.  Two gauges were located on the front slopes of the reef with one on the steel platform 
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slope and the other on the plywood slope.  Ten gauges were on top of the acrylic reef structure.  

All gauge locations are given in Table 4-1.  The gauges were constructed at USACE ERDC 

CHL, and were calibrated using the dynamic calibration described in Chapter 2 with a maximum 

error of 0.002% every morning laboratory tests were performed.  

Five capacitance-wire run-up gauges were installed on the steel back slope.  Three run-up 

gauges were 2.1 meters and two were 3 meters long.  Tape was used to smooth the transition 

from plywood to steel.  The tape was also useful for reducing any interference between the gauge 

and the steel platform.  Calibration was performed with three specified water levels for both the 

2.1 meter and 3 meter gauges.  The run-up gauges were spaced 8 meters apart on the back slope 

of the basin.  During the experiment, run-up gauge 4 which is a 3 meter run-up gauge 

malfunctioned, so some tests have only 4 run-up gauges.   

Testing Procedure 

The sequence of events for testing was repeated prior to every run.  First, the wave 

conditions and data collection parameters were defined similar to the wave conditions in the 

flume.  The wave conditions were random waves generated with a TMA spectrum based on a 

target zero-moment wave height, Hmo, and peak period, Tp.  The peakedness parameter, γ, used 

in the TMA generated waves was 3.3.  The sampling rate was defined as 20 Hz for all runs, and 

the run length was 20 minutes. 

Next, the water level was checked using a point gauge with an accuracy of 0.001 ft.  All 

of the capacitance wave gauges were balanced to zero for added accuracy.  The run-up gauges 

were not balanced.  Then, the waves were started and data collection commenced.  Two 

computers were used to control the wave generator and collect data.  The data collection 

commenced when the wave generation started, and it ended when the waves ceased.     During 
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most of the test runs, pictures and movies were taken of both the wave breaking and the wave 

transformation on the reef top.   

After each run was finished, the reef top was checked to make sure all the acrylic pieces 

had stayed in place.  Also, prior to the placement of concrete on the rocks, the pea gravel was 

flattened in between runs. Preliminary post processing was performed on the data after each run 

to ensure all gauges worked properly, and the results were reasonable.  Notes were taken at this 

time to record any problems with the wave maker or gauges.   

Post Processing  

Test Cases 

All laboratory tests were initialized with a wave spectrum generated from TMA equation 

with a designed zero-moment wave height, 𝐻𝑚𝑜, peak period, 𝑇𝑝, and peak enhancement factor 

of 3.3.  Peak periods of approximately 1.0, 1.4, 1.9, 2.2, and 2.8 seconds were tested given a 

variety of significant wave heights, ranging 0.06 – 0.18 meters.  Three water levels were 

evaluated where h is the water level in the basin (Figure 4-8).  Descriptions of all test cases run 

are given in Table 4-2, where Hmoi is the incident zero-moment wave height, Tp is the peak 

period, and h is the water level.   

Reflection Analysis 

The time series of water levels for gauges 4,5, and 6 were used to separate the incident 

and reflected wave signals observed in the laboratory set-up using the Goda analysis described in 

Chapter 2.  The similar bathymetry between the present laboratory study and Demirbilek et al. 

(2007) make comparison of reflection coefficients useful. Demirbilek et al. (2007) had three 

front slopes with values of 1:5, 1:18.8, and 1:10.6.  In the present study, the front slopes were 

1:4.3, 1:13.6, and 1:7.2.  In the calculation of the surf similarity parameter an average slope of 

near 1:6.5 was used.   
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      The value of the reflection coefficient for all but one test case is below 0.2 or 20% 

reflection (Figure 4-9).  There does not appear to be a change in the reflection coefficient with 

changing surf similarity or water depth.  The outlier with reflection coefficient greater than 25% 

was likely caused by a bad gauge.  The reflection values were higher than the reflection 

coefficients from Demirbilek et al. (2007), but the greater values were likely caused by the 

increase in average slope from 1:9 in Demirbilek et al. (2007) to 1:6.5 in the present study.  

Spectral Analysis 

The dynamic water surface of the wave basin was recorded in terms of water surface 

elevation versus time (Figure 4-10).  All laboratory runs were prepared for 20 minutes or 2400 

seconds.  For consistency, all analysis was performed for measured data between 30 seconds and 

20 minutes.  In the example shown in Figure 4-10 the wave period, wave height, and water depth 

were 2.8 seconds, 0.098 meters, and 0.418 meters, respectively.      

To complete the spectral analysis the data was detrended to remove the mean.  A Welch 

method for spectral analysis was performed in Matlab using the pwelch command to analyze the 

energy density spectrum (Figure 4-11A).  The Welch method uses a Hamming window with 

50% overlap.  The data set was separated into 4096 data point sections for the analysis.  The 

Welch method calculates the spectrum for each section and then averages to get the final 

spectrum.   

A filter was run on the data to remove all energy greater than 2.0 Hz.  This was 

performed to remove the very high-frequency oscillations from the data.  A second filter was run 

to separate the low and high-frequency oscillations.  The cut off for the low-frequency 

oscillations was set at 𝑓𝑝 1.5⁄  or 0.667 times the peak frequency.  This value was obtained by 

observations of the full energy density spectrum.   The full energy density spectrum (Figure 4-
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11A) along with the low-frequency (Figure 4-11B) and high-frequency (Figure 4-11C) spectra 

show the distribution of energy over sections of frequencies.  The low-frequency cut off 

separates the raw data into low-frequency oscillations and high-frequency oscillations (Figure 4-

12).  The low frequencies are generally associated with reflection or seiching, and the high 

frequencies are the generated wave signal.   

Wave parameters such as the zero-moment wave height, 𝐻𝑚𝑜, and the peak period, 𝑇𝑝 , 

were derived from the spectral analysis.  The equations for 𝐻𝑚𝑜 were discussed in Chapter 2, 

Equations 2-4–2-7.   

Statistical Analysis 

The mean water level, �̅�, was found by computing the mean of the raw wave surface data.  

Prior to calculating the mean water level, the first 5 seconds of the raw data was averaged and 

subtracted from the full raw data.  This step was performed to remove any float in the gauge that 

was not fixed by zeroing the gauges prior to testing.  The value of the mean water level on 

gauges which were both wet and dry during a test needs to be used with care.  The inconsistency 

of waves at these gauges creates difficulties in interpreting the computations.   

The 2% run-up was calculated using the run-up gauges by performing an upcrossing 

analysis on the raw data.  The upcrossing analysis counts a wave each time the measured water 

elevation crosses zero traveling in the positive (upward) direction.  The 2% run-up was 

determined as the mean of the highest 2% of the run-up waves measured.   

Wave Gauge Confidence Intervals 

The 95% confidence interval was found by splitting the raw data into 3-minute sections 

similar to the procedure performed in the flume laboratory (Chapter 2).  A spectral analysis was 

performed on all of the 3-minute segments, and the zero-moment wave height was calculated.  

Using all of the wave heights, the 95% CI was found from Equation 2-8 for all tests. 
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The mean 95% CI for all tests at each water level are available in Table 4-3.  The largest 

values of CI were calculated for the offshore gauges which are more impacted by reflection off 

the front slope, and the lowest values were on the reef top gauges.  However, the error associated 

with the 95% CI is dependent on the magnitude of the mean wave height.  Smaller wave heights 

measured on the reef top have larger relative errors associated with the 95% CI.  The 95% CI for 

all the gauges over the entire laboratory project was assumed to be the average of the 95% CI for 

all water levels, and was 3.3 mm.  The highest 95% CI for the total project at a particular gauge 

was 6.7 mm, which means the 95% CI was between +/- 6.7 millimeters of the average wave 

height measured at that gauge.  In Figure 4-13, the 95% CI error bars are shown with the zero-

moment wave height from Test 11 for gauges located on the centerline of the laboratory basin.   

Results 

 Spectral Energy 

 The transformation of the wave energy across the bathymetric profile tested in the 

laboratory experiment can be seen by observing changes in the energy density.  In Figures 4-14–

4-16, the energy density, S(f), is shown at gauges along the centerline of the basin progressing 

from offshore to the reef top.  The gauges used for the analysis were gauge 5, 8, 9, 10, 11, and 

14.  Gauge 5 was located in the offshore region of the basin.  Gauges 8 and 9 were on the front 

slope of the reef structure, and gauges 10, 11, and 14 were located on top of the reef.   

At the peak frequency, the change in energy density between gauges 5 and 9 was similar 

for all three water levels.  The peak of the energy stayed at the same frequency, and the amount 

of energy at the peak deceased as the wave energy approached the top of the front slope. The 

dissipation of energy from the offshore through the front slope was caused by a combination of 

friction and wave breaking.  After breaking, usually between gauges 9 and 10, the wave 

attenuation could be seen in the rapid decrease of energy density at the peak frequency.  In the 
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low water tests (Figure 4-14), the energy at the peak frequency was completely gone by the time 

the waves arrived at gauge 11.  However, the mid (Figure 4-15) and high (Figure 4-16) water 

tests had a small amount energy remaining at the peak frequency at gauge 14.  At all water 

levels, the majority of the energy was located at low frequency at gauge 14.  The still water level 

of the low water was barely past to gauge 11, so the water level at gauge 11 was very small for 

these tests.  The mid and high water level tests had more water at gauge 11 which allowed for a 

greater amount of wave energy to remain at the peak frequency.   

Low-Frequency Spectral Energy 

The low-frequency energy spectral transformation at all three water levels is shown in 

Figures 4-17–4-19 for similar incident waves with wave height close to 0.14 m and period near 

2.2 s.  The energy peaks in the low frequencies in the offshore gauges (the top panels) were 

caused by reflection and seiching in the basin.  The offshore region of the basin could be 

assumed to be in the shape of a rectangular basin.  The period of oscillations for seiching in a 

rectangular basin is  

 𝑇 =  
2𝑙

𝑛�𝑔ℎ1
. (4-1)  

The length of the wave basin, 𝑙, was assumed to be 30 meters and the depth of the basin, 

ℎ1, was assumed to be 0.354 meters.  The first harmonic of the seiching, 𝑛 = 1, has a period of 

oscillation equal to 30 seconds.  This corresponds to a fundamental frequency of 0.03 Hz.  There 

was no peak measured at 0.03 Hz in any of the water levels.  However, the 2nd harmonic of 

seiching, 𝑛 = 2, was equal to 15 seconds which corresponds to a frequency of 0.07 Hz.  There 

was a peak measured in the energy spectrum at 0.07 Hz in all three water levels.  The 3rd 

harmonic had a period of 10 seconds which is a frequency of 0.1 Hz.  The second peak measured 

in the low-frequency spectrum was located close to 0.1 Hz.   
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In Figures 4-17C–4-19C, the transformation of the low-frequency energy spectrum on the 

reef top is shown.  During the laboratory experiments in the wave flume, seiching was measured 

on the reef top.  However, in the basin experiment the peaks associated with seiching on the reef 

top were no apparent.  The lack of energy peaks at the centerline of the basin could be caused by 

the increased lateral dimension in the basin.  The reflected and seiching oscillations have greater 

lateral freedom which could create greater spreading of the energy across the lower frequencies 

which would minimize the peaks at the expected seiching frequencies.    In the high water tests 

(Figure 4-19), a peak of energy in the low-frequency was measured in a gauge on the reef top.  

The transmission of low-frequency energy was more apparent in the high water tests because of 

the deeper water over the reef crest.  

Wave Heights 

The zero-moment wave heights measured at the wave gauges along the centerline profile 

of the basin are shown for all three water levels in Figure 4-20 for incident conditions of wave 

heights near 0.14 m and periods near 2.2 s.  The transformation of the wave height across the 

profile was similar for all test cases at a given water depth.  The wave heights measured offshore 

and on the front slope had similar dissipation up to breaking for all water depths.  The high-

frequency wave height was dissipated by both friction and wave breaking between gauges 4,5, 

and 6, which were considered offshore, and gauges 7, 8, and 9 on the front slope.   

Just after gauge 9, which was near the top of the front slope, the wave heights for the high 

frequencies attenuated rapidly for the low (Figure 4-20A) and mid (Figure 4-20B) water tests.  

The waves appear to retain their shape through gauge 10 for the high water tests which is likely 

caused by the deeper depths over the reef crest, which induce less breaking.  On the reef top the 

wave heights appear to be controlled by the water level on the reef top.  The higher water level 
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(Figure 4-20C) had the largest high-frequency wave heights, and the low water level (Figure 4-

20A) had the smallest wave heights.   

As stated before, the low-frequency wave height maintained a steady wave height along 

the basin profile.  In the low water (Figure 4-20A), the low-frequency wave heights were greater 

than the high-frequency wave heights on the reef top.  The dissipation of the energy at the peak 

frequency on the reef top occurs rapidly which leaves only long-period oscillations remaining.  

In the high water (Figure 4-20C), the high-frequency wave heights were still larger than the low-

frequency wave heights because of the larger transmission of wave energy at the peak frequency 

for the deeper depths.  

The zero-moment wave heights measured laterally across the basin showed similar 

relationship between the high-frequency wave heights and the low-frequency wave heights to the 

measured values at the centerline gauge 14 (Figure 4-21).  The gauges located to the side of the 

centerline of the basin measured smaller wave heights on the reef top than the centerline gauges 

because the bathymetry was deeper in the center than on the sides.  The alongshore variation in 

depth on the reef top in the location of the alongshore gauge array is the black line in Figure 4-

21.   The high-frequency wave heights measured in the low water tests (Figure 4-21A) were very 

small laterally across the reef top (< 0.02 m).  The gauges on both sides of the centerline were 

dry initially for the low water tests, so all wave heights evolved due to wave set-up at these 

locations.  In both the low (Figure 4-21A) and mid (Figure 4-21B) water tests, the low-frequency 

wave heights were larger than the high-frequency wave heights on the reef top, but in the high 

water (Figure 4-21C), the low-frequency and high-frequency wave heights were similar.   

Wave Set-up 

The mean water level was measured at each gauge using the statistical approach 

described previously.  The mean water level of gauges which were initial dry during testing was 
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taken based on the recorded data, but the result should be viewed with caution.  The mean water 

level measurements for the gauges on the centerline profile of the basin are shown in Figure 4-

22A,B,C for the low water, mid water, and high water, respectively.  The test cases shown are 

Test 10 in low water, Test 22 in mid water, and Test 34 in high water. 

In previous laboratory tests by Gourlay (1996a), Demirbilek et al. (2007), and the 

previously described flume tests, the maximum mean water level relative to the still water level 

decreased with increasing water depth on reef tops.  In the basin study, the lowest water level 

had the highest mean water level or wave set-up compared to the deeper water levels (Figure 4-

23).  One test case in the low water level tests had low values of wave set-up which is seen in 

Figure 4-23.  All other test cases follow the similar trend from the previous laboratory 

experiments.  In Figure 4-23, the mean water level increased with increasing wave power, which 

is consistent with results obtained during laboratory testing of coral reef bathymetries by Seelig 

(1983) and Gourlay (1996b). 

Summary 

 The results from a complimentary laboratory basin experiment to the wave flume 

experiment previously described were presented.  The 3D basin was used to provide a more 

detailed experiment by allowing lateral motion to develop.   Precisely sculpted acrylic glass was 

used for the 12.2 x 7.1 meter reef top to better mimic the intrusive nature of coral reef structures 

on the wave and flow patterns observed in the shallow water system.   

The wave heights measured on the centerline profile of the basin showed the general 

trend of waves breaking on the front slope and the propagation and dissipation of wave heights 

on the reef top.  The high-frequency zero-moment wave heights had a large amount of 

dissipation along the profile of the basin, but the low-frequency zero-moment wave heights had 

an almost constant value along the profile of the basin.  On the reef top the high-frequency wave 
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heights were measured to be less than the low-frequency wave heights for the low and mid water 

levels, but the high water allowed for the transmission of high-frequency energy further along 

the reef top profile.   

The results of mean water level change relative to the still water level of each tests was 

consistent with previous laboratory experiments.  The lower water level tests had a greater wave 

set-up on the reef top than higher water level tests because of greater wave dissipation on the 

reef.  The maximum increase in the mean water level measured on the reef top was found to be 

proportional to the offshore wave power.  The amount of wave set-up increased with increasing 

offshore wave power.   
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Table 4-1.  Location of capacitance wire gauges in 3D basin.  The location of (0,0) was at the 
wave maker on the left side of the basin when looking offshore. 

Gauge x (m) y (m) 
1 14.02 15.7 
2 14.02 15.7 
3 18.5 15.7 
4 22.98 15.7 
5 23.32 15.7 
6 23.93 15.7 
7 26.79 15.7 
8 28.19 15.7 
9 29.23 15.7 

10 30.45 15.7 
11 31.61 15.7 
12 33.4 9.6 
13 33.4 12.65 
14 33.4 15.7 
15 33.4 18.75 
16 33.4 21.79 
17 33.58 15.39 
18 33.58 16 
19 35.91 15.7 
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Table 4-2.  Test conditions measured from the reflection analysis at gauges 4, 5, and 6.   
Test Hmo (m) Tp (s) h (m) 

1 0.083 0.978 0.418 
2 0.097 1.043 0.418 
3 0.083 1.477 0.418 
4 0.111 1.477 0.418 
5 0.115 1.867 0.418 
6 0.136 1.867 0.418 
7 0.153 1.867 0.418 
8 0.109 2.309 0.418 
9 0.136 2.206 0.418 

10 0.144 2.309 0.418 
11 0.098 2.796 0.418 
12 0.127 2.878 0.418 
13 0.132 2.878 0.418 
14 0.084 0.970 0.442 
15 0.100 1.043 0.442 
16 0.070 1.477 0.442 
17 0.119 1.477 0.442 
18 0.140 1.477 0.442 
19 0.092 1.903 0.442 
20 0.159 1.867 0.442 
21 0.112 2.309 0.442 
22 0.146 2.149 0.442 
23 0.156 2.149 0.442 
24 0.083 2.757 0.442 
25 0.122 2.757 0.442 
26 0.080 1.041 0.493 
27 0.102 1.009 0.493 
28 0.090 1.390 0.493 
29 0.129 1.390 0.493 
30 0.145 1.477 0.493 
31 0.157 1.477 0.493 
32 0.096 1.785 0.493 
33 0.156 1.796 0.493 
34 0.169 1.867 0.493 
35 0.093 2.228 0.493 
36 0.151 2.228 0.493 
37 0.171 2.228 0.493 
38 0.085 2.757 0.493 
39 0.043 2.841 0.493 
40 0.159 2.871 0.493 
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Table 4-3.  The 95% confidence interval for capacitance wave gauges in meters.   
Gauge Low Water Mid Water High Water Total 

1 0.0045 0.0050 0.0057 0.0051 
2 0.0047 0.0049 0.0053 0.0050 
3 0.0050 0.0054 0.0056 0.0053 
4 0.0085 0.0057 0.0059 0.0067 
5 0.0056 0.0058 0.0057 0.0057 
6 0.0052 0.0053 0.0054 0.0053 
7 0.0045 0.0046 0.0048 0.0046 
8 0.0045 0.0043 0.0044 0.0044 
9 0.0031 0.0036 0.0041 0.0036 

10 0.0016 0.0017 0.0023 0.0019 
11 0.0012 0.0012 0.0012 0.0012 
12 0.0018 0.0018 0.0014 0.0017 
13 0.0018 0.0016 0.0014 0.0016 
14 0.0018 0.0015 0.0012 0.0015 
15 0.0019 0.0017 0.0029 0.0022 
16 0.0016 0.0018 0.0013 0.0016 
17 0.0017 0.0015 0.0012 0.0015 
18 0.0017 0.0015 0.0012 0.0015 
19 0.0017 0.0019 0.0013 0.0016 
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Figure 4-1.  The Directional Spectral Wave Generator Basin (DSWG) layout.  The wave 

generator was located on the left side at x = 0.  Wave guides were located on each 
side of the reef study area, and wave absorbers were located behind the study area.    
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Figure 4-2.  Designed bathymetric profile of reef top.  The reef top was designed by Dr. Ernie 

Smith with units of meters.   
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Figure 4-3.  Picture of 2 ft x 2ft acrylic pieces with bolts on all four corners for adjustability. 
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Figure 4-4.  Picture of front edge of reef structure.  The front slope is a steel platform which has 

marine plywood on top to ensure a smooth transition to the front edge of the acrylic 
glass.   
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Figure 4-5.  Picture taken standing on the back slope of reef platform.  The back of the designed 

acrylic reef was smoothed back to the back slope of the steel platform with marine 
plywood.   
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Figure 4-6.  The actual bathymetry of the acrylic reef top.  The section was scanned using a 

LIDAR system to accurately measure the detailed vertical change.   

 
 
 
 
 



 

155 

 
Figure 4-7.  The difference between the actual reef top contours and the designed reef top 

contours.  Positive values of elevation relate to higher actual elevations than designed.   

 
 
 
 



 

156 

 
Figure 4-8.  Bathymetric profile for the laboratory basin test.  The three water levels tested were 

the low water, h = 0.418 (m) (–), the mid water, h = 0.442 (m) (–) , and the high 
water, h = 0.493 (m) (–).    
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Figure 4-9.  The reflection coefficient values for all tests calculated using the Goda analysis.    
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Figure 4-10.  Example of an entire time series measured from gauge 8 during Test 36.  The test 

consisted of 20 minutes or 1200 seconds of continuous waves.  A) Time from 0-300 
seconds.  B) Time from 301-600 seconds.  C) Time from 601-900 seconds.  D) Time 
from 901-1200 seconds.   
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Figure 4-11.  Example of the energy density spectrum for gauge 8 during Test 36.  A) The full 

energy density spectrum.  B) The low-frequency spectrum.  C) The high-frequency 
spectrum.   

C 

B 

A 
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Figure 4-12.  The raw data after the low-frequency cut off was applied to separate the low-

frequency(–) and high-frequency (–) oscillations for gauge 8 during Test 36.  A) Time 
from 0-300 seconds.  B) Time from 301-600 seconds.  C) Time from 601-900 
seconds.  D) Time from 901-1200 seconds.   
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Figure 4-13.  The zero-moment wave height from Test 11 with error bars based on the total 95% 

CI of the laboratory experiment.     
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Figure 4-14.  The energy density spectrum transformation along the cross-shore profile for the 

low water, Test 10.  A)  Offshore to wave breaking.  B) Reef top gauges.   
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Figure 4-15.  The energy density spectrum transformation along the cross-shore profile for the 

mid water, Test 22. A)  Offshore to wave breaking.  B) Reef top gauges.    
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Figure 4-16.  The energy density spectrum transformation along the cross-shore profile for the 

high water, Test 36. A)  Offshore to wave breaking.  B) Reef top gauges.    
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Figure 4-17.  Low-frequency energy density spectrum for Test 10 in low water.  A)  Offshore to 

wave breaking.  B) Reef top gauges.    
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Figure 4-18.  Low-frequency energy density spectrum for Test 22 in mid water.  A)  Offshore to 

wave breaking.  B) Reef top gauges.    
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Figure 4-19.  Low-frequency energy density spectrum for Test 36 in high water.  A)  Offshore to 

wave breaking.  B) Reef top gauges.    
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Figure 4-20.  The low-frequency (–) and high-frequency (–) zero-moment wave heights along the 

basin profile.  A) Low water, Test 11.  B) Mid water, Test 24.  C) High water, Test 
36.  
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Figure 4-21.  The zero-moment wave height laterally across the reef top from gauge 12, far left, 

to gauge 16, far right.   The low-frequency wave heights (o) and the high-frequency 
wave heights (×) are shown.  A) Low water.  B) Mid water.  C) High water. 
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Figure 4-22.  The mean water level (*) and the high-frequency zero-moment wave height (×) 

measured at the gauges located on the centerline of the basin.  A) Low water.  B) Mid 
water.  C) High water.   
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Figure 4-23.  The maximum mean water level measured on the reef top for all test cases.   
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CHAPTER 5 
WAVE BASIN MODELING 

Introduction 

 The wave basin laboratory experiment previously described provides unique challenges 

when attempting to compare with numerical model results. The added space in the lateral 

direction creates a opportunity to compare the numerical results with realistic flow patterns.  In 

the two-dimensional wave flume, the lateral flow is controlled by the side walls, but in the wave 

basin, the lateral motion is relatively unrestrained.  This leads to different patterns in the wave 

breaking and wave set-up on the reef top.   

Methods 

 The 1D energy flux model was used for comparisons of the wave shoaling and energy 

dissipation due to breaking.  The bathymetry for the wave basin was used to create a 1D 

bathymetric profile at the centerline of the basin.  The location of the bathymetry profile in the 

lateral direction was determined to correspond with the wave gauges in the laboratory.  An 

example of the bathymetry profile is shown in Figure 5-1.   The offshore boundary for all tests 

was at 23.316 meters which was the location of gauge 5.   

 The tests were initialized with the average wave height from the three gauges located in 

the Goda array: Gauges 4, 5, 6. The initial wave period was determined from the reflection 

analysis to be the incident wave period.  The mean water level measured at each gauge along the 

centerline profile was linearly interpolated onto the 1D grid because the wave set-up was not 

calculated during initial testing.   

 The high-frequency zero-moment wave heights measured in the basin laboratory were 

used for comparison (see Chapter 4).  The comparisons between measured and calculated results 

were made at all gauges using the rms error.  The rms error was calculated as 
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for each simulation.  All tests at a water level were averaged to find the total error at each water 

level.  The gauges on the centerline of the basin were used for comparisons with the model.  The 

gauge numbers were 7, 8, 9, 10, 11, 14, and 19.   

 The same numerical model cases examined in comparisons with the wave flume 

experiment were tested on the wave basin.  The three breaking models: STWAVE, TG83, and 

JBAB07; along with the three breaking wave height formulas: OM79, Ka91, and Ru03; were 

tested.  In order to better understand the characteristics of breaking in the wave basin tests, the 

TG83 and JBAB07 energy dissipation models were tested to find the B coefficient and maximum 

breaking wave height which resulted in the lowest error over all tests.   

Results 

 Initially the 1D energy flux model was tested on the wave basin bathymetry using the 

present STWAVE breaking function.  In Figure 5-2, the wave model results had breaking occur 

earlier than the observed location in the measured results.  The wave heights on the reef top were 

close to the measured results, which minimizes the error of the model to the observed data.  The 

percent rms error for the 1D energy flux model with STWAVE breaking was 16.0%, 27.2%, and 

30.2% for high, mid, and low water tests respectively (Table 5-1).  The large error could be 

caused by the lack of application of friction in the model. The data did show dissipation in the 

offshore region of the laboratory, but the largest error was likely caused by the early breaking in 

the wave model.   

B Coefficient versus Gamma 

 The two energy dissipation models, TG83 and JBAB07, were tested in the 1D model in 

an attempt to reduce the error of the numerical model compared with the wave basin results.   
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The relationship between the B coefficient and the maximum breaking wave height coefficient, 

𝛾, was previously discussed in comparisons for the wave flume experiment.  The B coefficient 

was found to play a larger role than expected in the overall accuracy of the numerical model 

when compared against the results from the steep-sloped wave flume laboratory.    

 The wave models were run with B coefficients ranging from 0 to 4, and 𝛾 values between 

0 and 2.  The rms error was calculated for all the runs to determine the best fit for the tests at a 

particular water level.  Figure 5-3A shows the rms error for all values of B and 𝛾 tested for the 

TG83 dissipation model on the high water level.  For the TG83 tests, a specific value of B 

corresponded to a value of 𝛾 which would produce the smallest rms error.  Thus, B and 𝛾 are 

interdependent.  The same error resulted from linearly increasing both B and 𝛾. The JBAB07 

dissipation model results showed a more independent relationship between B and 𝛾 than was 

observed with the TG83 model (Figure 5-3B).  The best fit values for 𝛾 ranged from 0.5 to 0.9, 

but the value of B ranged from 1 to 4.  The larger change in B with a small change of 𝛾 signifies 

that the model is very sensitive to small changes in 𝛾.  This result differs from the TG83 model 

where small changes in 𝛾 require small changes in B to maintain accuracy.     

 In the mid and low water tests, the trends in the relationship between B and 𝛾 were very 

similar to the high water tests for both the TG83 and JBAB07 models (Figure 5-4, 5-5).  The 

biggest change between the low and mid water tests and the high water tests, was the limit on the 

maximum B values allowed for the smallest error in both TG83 and JBAB07.  In the TG83 tests, 

the maximum B that resulted in the smallest error at the mid water was close to 3, and in the low 

water the maximum B was closer to 2.  The maximum B coefficient with the smallest error for 

the JBAB07 tests decreased from 4 in high water to 3 in both mid and low water.  The reason for 

a decrease in B with decreasing water level needs to be examined further.   
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Maximum Breaking Equations 

  The maximum breaking wave height equations previously described in tests from the 

wave flume laboratory experiment were used in comparisons with the wave basin results.  The 

slope dependent breaking wave height equations from OM79 and Ka91 as well as the equation 

from Ru03 showed improvement in the agreement between model and measured wave height 

results compared with the present STWAVE breaking equation or the constant value for the 

breaking equation.   

 In the high water tests, the rms error was reduced for all three wave breaking models 

compared to the present STWAVE breaking.  The three maximum breaking equations in the 

TG83 energy dissipation model had errors of 9.4%, 9.0%, and 10.2% for the OM79, Ka91, and 

Ru03 respectively (Table 5-1).  These rms errors were down from the 16% for the present 

STWAVE breaking equation.  Figure 5-6A is an example of the wave height profile using the 

best fit value of B for the three maximum breaking equations along with the TG83 breaking 

equation.  The TG83 model breaks further up the slope, which is more consistent with the 

measured wave heights.  However, all three maximum breaking models had higher peak wave 

heights just before breaking than the measured results.  In Figure 5-6B, the rms error for all three 

breaking equations in TG83 show the sensitivity of the results in TG83 to the value of B for each 

breaking equation.   

The results for all three maximum breaking wave height equations in JBAB07 dissipation 

model were similar to the TG83 results.  The rms error was reduced from 16% for the present 

STWAVE breaking equation to 8.8%, 11.1%, and 10.0% for OM79, Ka91, and Ru03.  The wave 

height profile for each of the tests in Figure 5-6C, show the dissipation of the wave height in the 

offshore region for OM79 and Ka91 perform better than Ru03. The peak wave heights before 

breaking were smaller for the JBAB07 results than in the TG83 results.  The smaller wave 
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heights were due to the higher values of B coefficient needed in the JBAB07 tests than in the 

TG83.   

The B coefficient was larger for all three cases in the JBAB07 tests than in the TG83 tests 

(Table 5-1).  This result is consistent with the results previously discussed on the wave model 

comparisons in the wave flume.  The best fit values of B in tests using the maximum breaking 

coefficients were below 1.0 during all tests (OM79 and Ka91 were compared by dividing the 

maximum wave height by the depth to get the value of 𝛾).  The low values of 𝛾 relate to values 

of B below 2 for the lowest errors (Figure 5-3A) for TG83.  The same values of 𝛾 could have B 

coefficients between 1.5 and 4 depending on the exact value of 𝛾 for JBAB07 (Figure 5-3B).   

The best fit values of B found during the analysis were 1.0, 1.0, and 1.1 for OM79, Ka91, 

and Ru03 in the TG83.  The values are all close to 1.0 which is consistent with previous tests 

described by TG83 using the TG83 energy dissipation model.  The recommended values for B 

by TG83 were between 0.8 and 1.4, and these results fall in this range.  The best fit B values for 

the tests with JBAB07 were 1.7, 1.5, and 1.3.  The B values were higher for the JBAB07 model 

than the TG83 model.  In TG83, the B coefficient is cubed which explains the higher values of B 

in JBAB07 than in TG83.     

The mid water level had a thin layer of water covering the entire reef top.  The less water 

on the back of the reef top created explains the larger errors in the numerical model comparisons.  

The rms error for the present STWAVE breaking equation was 27.2% which is greater than the 

error for the high water tests.  Adding the TG83 energy dissipation model and using the three 

maximum breaking wave height equations, reduced the rms error to 14.9%, 14.9%, and 18.7% 

for OM79, Ka91, and Ru03.  The best fit B coefficient was equal to 0.9 for all three of the 

maximum breaking wave height equation tests.   The B coefficients were lower for the mid water 
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than the high water which is opposite of the results from the wave flume comparisons.  The mean 

rms error for the tests with JBAB07 was 14.7%, 16.8%, and 19.4%.  The best fit values for B 

were 1.4, 1.3, and 1.1.   

The mean rms error for the present STWAVE model on the low water tests was 30.2%.  

The low water had the highest errors compared with the mid and high water level tests.  The low 

water had a thin layer of water on the front edge of the reef and no water initially on the back of 

the reef top.  The wave transformation in the shallow water was difficult for the numerical model 

to calculate.  The mean rms errors for the three breaking equations in TG83 were 20.4%, 20.0%, 

23.7% for OM79, Ka91, and Ru03, respectively.  The best fit B values were 0.9, 0.9, and 0.8 for 

the three models.  All three water levels had B values close to 1.0 for the TG83 tests.  The mean 

rms errors for the breaking equations in JBAB07 were 16.9%, 18.7%, 22.2%.  The best fit B 

values were 1.6, 1.5, and 1.5, which is consistent with the previous water levels B ≈ 1.5.  The B 

value for JBAB07 did fluctuate more than the B value results from TG83 tests.  The more 

variable B values in JBAB07 were shown in Figures 5-3, 4, 5, where the TG83 had a smaller 

range of B values for each value of 𝛾.   

First Order B  

In order to compare TG83 and JBAB07 on even ground, it was important to examine how 

the models respond with similar values of B.  The B value in TG83 is historically cubed which 

acts as a different variable then the one described by JBAB07.  The TG83 model was run for all 

the low water tests with a first order B coefficient, and compared with the laboratory results 

(Figure 5-9A).  The best fit B value was found to encompass a wider range of values which is 

similar to the JBAB07 results, but the minimum error does not seem to change very much.  The 

shape of the lowest error region when relating the B coefficient and 𝛾 looks similar to the 
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JBAB07 results (Figure 5-9).  A smaller region of 𝛾 values for a large range of B values can 

calculate the lowest errors. 

The TG83 model with first order B was then tested with the three maximum breaking 

equations to determine the impact on results.  Again, the B values had a larger range which could 

calculate low errors for each breaking model (Figure 5-10).  The shape of the error compared 

with different B values looks much more similar between TG83 (Figure 5-10B) and JBAB07 

(Figure 5-10D).  More research is needed to determine the impact of altering the B value in 

TG83 on a wide range of wave characteristics.   

Summary  

The present STWAVE breaking model was tested in the 1D energy flux model on the 

wave basin laboratory results.  The model calculated the wave breaking offshore compared to the 

measured wave heights.  Even though the model calculated the wave height attenuation due to 

breaking too far offshore, the wave heights on the reef top were very close for the model and the 

laboratory.   

 The two energy dissipation models, TG83 and JBAB07, were tested in the 1D energy 

flux model.  The variability of the wave stability parameter, B, and the maximum breaking wave 

height parameter,𝛾, was tested to determine the impact on the mean rms error for all three water 

levels.  The TG83 model had less variability in B given a value of 𝛾.  This result means the B 

value in TG83 will tend to have a smaller range of values for different wave conditions.  The 

TG83 dissipation model had lower errors for a large range of 𝛾 values, so the model is forgiving 

on the choice of 𝛾 as long as the appropriate value of B is used.  The value of 𝛾 for JBAB07 

which resulted in lowest errors was a much smaller range than the results from TG83.  Also, the 
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range of B values was much larger for a given 𝛾.  The lowest rms errors result from the selection 

of the correct value of 𝛾 because the value of B appears to be more flexible.   

The variable maximum breaking wave height equations, OM79, Ka91, and Ru03, were 

tested on the wave basin experiment.  In the mid and high water tests, the results of the mean rms 

error for the OM79 breaking equation was lower in the JBAB07 energy dissipation equation.  

The mean rms error for Ka91 and Ru03 were lower in the TG83 dissipation model.  In the low 

water, the results for all the breaking models in the JBAB07 dissipation model had smaller rms 

errors than the breaking models in the TG83 dissipation model.  However, the small differences 

could be affected by the particular dynamics in each laboratory test because both dissipation 

models were generally within a 3% difference.  The improvement of the results of both energy 

dissipation models compared with the results of the present STWAVE model was significant.  

The best fit B values determined during the tests were very similar for all three water levels with 

the TG83 dissipation model.  The results were close to 1.0 for all three water levels.  The 

JBAB07 tests had a wider range of best fit B values for all three water levels, and with different 

breaking equations.  This is consistent with the flume tests in which the B value in JBAB07 had 

more variability given a certain maximum breaking wave height coefficient.  
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Table 5-1.  Mean RMS percent error for the zero-moment wave heights in the wave basin 
laboratory comparisons along with the best fit B coefficient. 

 
 STWAVE OM79 Ka91 Ru03 

Low 
TG83 

30.2 
20.4 (0.9) 20.0 (0.9) 23.7 (0.8) 

JBAB07 16.9 (1.6) 18.7 (1.5) 22.2 (1.5) 

Mid 
TG83 

27.2 
14.9 (0.9) 14.9 (0.9) 18.7 (0.9) 

JBAB07 14.7 (1.4) 16.8 (1.3) 19.4 (1.1) 

High 
TG83 

16.0 
9.4 (1.0) 9.0 (1.0) 10.2 (1.1) 

JBAB07 8.8 (1.7) 11.1(1.5) 10.0 (1.3) 
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Figure 5-1.  Bathymetry profile for the 1D energy flux model tests on the wave basin.   
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Figure 5-2.  The wave height profile for Test 36 in the basin laboratory (x) with the results form 
the energy flux model run with STWAVE breaking criteria (—).  The thin black line 
is the wave height results from the energy flux model run with STWAVE breaking 
criteria.  
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Figure 5-3.  The mean rms error for model comparisons made to the high water laboratory tests.  

A) Results from the model run with TG83 energy dissipation.  B)  Results from the 
model run with JBAB07 energy dissipation.  
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Figure 5-4.  The mean rms error for model comparisons made to the mid water laboratory tests.  

A) Results from the model run with TG83 energy dissipation.  B)  Results from the 
model run with JBAB07 energy dissipation.  
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Figure 5-5.  The mean rms error for model comparisons made to the low water laboratory tests.  

A) Results from the model run with TG83 energy dissipation.  B)  Results from the 
model run with JBAB07 energy dissipation.  
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Figure 5-6.  The best fit B coefficient for the high water model tests comparisons using the 

OM79 (―), Ka91 (– –), and Ru03 (– •) breaking equations.  A) The wave heights for 
the TG83 model.  B) The rms error for each B coefficient in TG83.  C) The wave 
heights for the JBAB07 model.  D) The rms error for each B coefficient in JBAB07.  
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Figure 5-7.  The best fit B coefficient for the mid water model tests comparisons using the OM79 

(―), Ka91 (– –), and Ru03 (– •) breaking equations.  A) The wave heights for the 
TG83 model.  B) The rms error for each B coefficient in TG83.  C) The wave heights 
for the JBAB07 model.  D) The rms error for each B coefficient in JBAB07.  
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Figure 5-8.  The best fit B coefficient for the low water model tests comparisons using the OM79 

(―), Ka91 (– –), and Ru03 (– •) breaking equations.  A) The wave heights for the 
TG83 model.  B) The rms error for each B coefficient in TG83.  C) The wave heights 
for the JBAB07 model.  D) The rms error for each B coefficient in JBAB07.  
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Figure 5-9.  The error results of testing both TG83 and JBAB07 with B to the first power.  A) 

TG83 error.  B) JBAB07 error. 
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Figure 5-10.  Testing of maximum breaking wave height equations OM79 (―), Ka91 (– –), and 

Ru03 (– •) in the TG83 and JBAB07 with the first order B.  A) Wave heights from 
TG83 model.  B) Change in error with B for TG83.  C) Wave heights from JBAB07 
model.  D) Change in error with B for JBAB07. 
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CHAPTER 6 
1D WAVE SET-UP 

Introduction 

 The wave set-up comparisons between the laboratory measurements from flume and 

basin tests and the one dimensional energy flux model provide an initial test of the ability of the 

model to calculate the radiation stress tensors in the cross-shore direction.  The radiation stress 

calculated from the change of momentum as the wave travels from offshore through the surf 

zone was used to predict the amount of mean water level change during given wave conditions.  

The increase in mean water level is important in the overall understanding of the wave 

transformation because of the increased wave heights observed due to the increase in water level 

close to the shoreline.  Wave set-up is also a critical part of the surge for islands. 

Methods 

The 1D energy flux model was used for comparisons between the observed wave set-up 

in both the wave flume and wave basin laboratory experiments.  The wave set-up was calculated 

based on the equation derived through linear wave theory to relate the gradients in radiation 

stress to the change in mean water level.  The equation for 1D wave set-up is  

 
𝜕�̅�
𝜕𝑥

= −
1

𝜌𝑔(ℎ + �̅�)
𝜕𝑆𝑥𝑥
𝜕𝑥

 (6-1)  

where �̅� is the mean water level, and 𝑆𝑥𝑥 is the radiation stress in the cross-shore direction.  The 

radiation stress is calculated using  

 𝑆𝑥𝑥 = 𝐸�2𝑛 −  1 2� � (6-2)  

where 𝐸 is the wave energy, and 𝑛 found from  

 𝑛 =  
𝐶𝑔
𝐶

=
1
2
�1 +

2𝑘ℎ
sinh 2𝑘ℎ

� (6-3)  
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In the 1D energy flux model, all wave energy was assumed to be in the cross-shore direction, so 

no directional components of radiation stress were calculated.   The model was iterated until 

convergence for calculated wave set-up values.  The final wave heights were calculated on top of 

the steady-state wave set-up after convergence. 

 The observational results from both of the laboratory studies were described in the 

chapters on each study (Chapter 2 and 4).  The set-up was found using statistical post-processing 

of the raw data.  All points which did not have water on the gauges initially were excluded from 

numerical comparisons.  Initial comparisons made between the 1D energy flux model and the 

laboratory results were done with the gauges on the reef top of the wave flume laboratory (gauge 

9, 10, 11, 12) and the centerline gauges on the reef top of the wave basin (gauge 11, 14, 19).   

 The model tests were performed with all the maximum breaking equations tested in the 

previous chapters.  The model was run with STWAVE breaking criteria as well as the TG83 and 

JBAB07 energy dissipation models.   The B coefficients used in the energy dissipation runs were 

obtained from the best fit results from the tests previously described in Chapter 3 and Chapter 5.   

Results 

Wave Flume Laboratory Wave Set-up 

 The wave set-up measured in the laboratory flume was much larger than the calculated 

set-up in the numerical model.  By calculating the rms error, the sign of the difference is lost, but 

in all comparisons the model results underestimated the flume laboratory data.  The mean rms 

error became larger with decreasing water level.  In both the laboratory and model results, the 

decreasing water level resulted in increasing wave set-up.  However, the calculated magnitude of 

the increase wave set-up with water depth observed in the laboratory was not matched by the 

model.  
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 The mean rms error for the model tests with the STWAVE breaking criteria were 61.2%, 

81.2%, and 86.1% for the high, mid, and low waters on the 1:2.5 slope (Table 6-1).  The large 

error is significant, but the small values of measured set-up also contribute to large errors 

because small differences become large percent errors.  The mean rms error for the 1:5 slope was 

less than the 1:2.5 slope.  The percent error was 60.9%, 70.8%, and 77.7% for the high, mid, and 

low waters respectively.  The increase in error between high and low water tests was not as large 

for the 1:5 slope as the 1:2.5 which is probably the result of the lower measured set-up in the 

laboratory.   

The tests with the energy dissipation models all had significantly less error than the tests 

with the STWAVE breaking criteria which is expected because wave height decay is more 

accurately modeled.  In the high water, all tests with the energy dissipation models had very 

similar results of 30-40% error.  The mean rms error for the dissipation models increased around 

50-60% for low and mid water on the 1:2.5 slope.  The differences between the TG83 and 

JBAB07 with different values of 𝛾 were small compared to the difference between these models 

and the STWAVE breaking criterion.  The peak wave height in all the energy dissipation model 

tests occurred later in the profile than the model runs with STWAVE breaking criteria.  The later 

breaking resulted in the larger amount of momentum transfer occurring in shallower water, so 

the wave set-up was greater for these tests.  Examples of the wave height profile with the 

resulting wave set-up for the 1:2.5 and 1:5 slopes are shown in Figure 6-1 and 6-2, respectively.  

The differences in errors between the two slopes are minimal, but the rms error was found to be 

lower for the model comparisons with the 1:5 slope tests than with the 1:2.5 slope tests.   

Wave Basin Laboratory Wave Set-up 

The rms error of the wave set-up from the 1D energy flux model in the basin with the 

STWAVE breaking criteria was between 23%, 39%, and 47% for all the tests at the three water 
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levels, high,  mid, and low, respectively (Table 6-2).  The high percentage errors were partly due 

to the small values of measured wave set-up.  An example of the wave height profile along with 

the resulting wave set-up is in Figure 6-3 for the high water tests.  The early wave height 

attenuation relative to the measure data appears to produce wave set-up in the model that was 

similar to the measured set-up.  The wave set-up tests with the two energy dissipation models 

along with the three maximum breaking wave height equations had higher errors than the 

STWAVE breaking tests.  The higher rms errors during the high water tests were the result of 

over estimating the wave set-up compared with the measured results.   

The tests using the JBAB07 energy dissipation equations had smaller mean rms errors than 

the TG83 tests for all maximum breaking equations except for Ru03.   The smaller errors at the 

high water level are likely due to the smaller peak wave heights when using the JBAB07 model 

compared with the TG83 model (Figure 6-3A,C).   The smaller peak wave heights resulted in 

smaller wave set-up which was closer to the measured values at the high water level (Figure 6-

3B,D).   

 The measured wave set-up in the basin laboratory during the mid water tests was higher 

than the measured values at the high water tests.  The wave model with the STWAVE breaking 

criteria did not increase the wave set-up calculated as much as was measured, so the mean rms 

error increased as the water level dropped to the mid value.  The mean rms error for the tests 

with both TG83 and JBAB07 decreased in error from around 50% for most of the tests at high 

water down to around 20% error for tests at mid water (Table 6-2).  The wave set-up values 

calculated using the TG83 model were still over predicting most of the measured values because 

of the late breaking seen in Figure 6-4A.    The tests with JBAB07 had similar results to the 
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TG83 tests.  The wave set-up results are slightly over predicted, but the mean rms error of using 

any the wave breaking equations was lower than the present STWAVE breaking criteria.   

 The low water level tests used only two gauges on the reef top for comparisons between 

the model runs and the laboratory measurements.  Gauge 19, located furthest away from the 

wave maker was left out because of the lack of water on the gauge during most simulations.  

Also, some of the lower wave energy runs were left out of the comparisons because the small 

amount of wave set-up measured was difficult to get a proper error calculation.  The measured 

wave set-up in the low water was higher than the measured values in both the mid water and high 

water.  The larger wave set-up resulted in the largest mean rms error for the model runs with the 

STWAVE criteria.  The 1D energy flux model with the STWAVE criteria calculated values of 

wave set-up that were low compared with the measured wave set-up (Figure 6-5).   

 The model tests with the energy dissipation models TG83 and JBAB07 had the lowest 

mean rms errors of all the water levels.  The rms errors for the three different breaking equations 

were all in the low teens which were much lower than the results from the model tests with 

STWAVE breaking criteria (Table 6-2).  The peak wave heights calculated later in the profile by 

the two energy dissipation models contributed to the higher wave set-up for all the test cases 

which matched the measured results from the low water tests (Figure 6-6).  

Summary 

The 1D energy flux model wave set-up results were not found to match the observed 

values for the wave flume experiment.  The observed values for all laboratory tests were greater 

than the calculated values for the wave set-up.  However, the model tests with the energy 

dissipation models included had a lower error than the model tests with the STWAVE breaking 

criteria because of the added wave set-up caused by calculating the wave breaking later in the 

bathymetric profile.   
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The reasons for the high errors in comparisons between the model and the laboratory are 

not clear.  The underlying assumptions for linear wave theory could impact the measured errors.  

Also, the role of friction in the wave transformation and set-up was not modeled.  The 

constriction caused by the small lateral area of the wave flume could affect the wave set-up by 

reducing the return flow.   

The model wave set-up comparisons to the wave basin laboratory data showed a much 

better fit than in the wave flume data.  The wave model with the STWAVE breaking criteria still 

under predicted the wave set-up in the low and mid water level tests, but the model had a good 

match in the high water tests.  Although the breaking wave height variation with cross-shore 

distance was not good.  TG83 and JBAB07 energy dissipation models appeared to over predict 

the wave set-up at the high and mid water levels, but matched the data well in the low water 

levels.  The later breaking on the bathymetric profile caused a larger wave set-up to be calculated 

for the model tests with these energy dissipation models.  There was not a significant difference 

between the accuracy of the TG83 or the JBAB07 energy dissipation models.  Both had similar 

mean rms errors given a specific maximum breaking wave height equation.  The addition of the 

energy dissipation model appears to be important in the over prediction of the wave set-up on a 

lateral expansive bathymetry.  However, the choice of TG83 or JBAB07 does not make a large 

difference given that the models were tuned to fit the specific conditions being tested.   
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Table 6-1.  Mean RMS percent error for the wave set-up in the wave flume laboratory 
comparisons. 

  
 STWAVE OM79 Ka91 Ru03 

1:2.5 

Low 
TG83 

86.0 
61.4 51.0 62.2 

JBAB07 60.0 53.2 52.4 

Mid 
TG83 

81.2 
56.1 49.1 54.9 

JBAB07 55.0 51.3 48.4 

High 
TG83 

61.4 
32.9 35.6 33.4 

 
JBAB07 36.4 40.0 30.4 

1:5 

Low 
TG83 

77.7 
56.6 54.4 54.5 

JBAB07 57.3 56.9 51.0 

Mid 
TG83 

71.8 
49.3 44.6 48.7 

JBAB07 50.3 49.6 45.3 

High 
TG83 

60.9 
33.0 32.3 33.3 

 
JBAB07 36.7 38.6 30.5 
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Table 6-2.  Mean RMS percent error for the wave set-up in the wave basin laboratory 
comparisons. 

 
 STWAVE OM79 Ka91 Ru03 

Low 
TG83 

47.0 
14.1 12.5 11.8 

JBAB07 13.5 15.6 11.0 

Mid 
TG83 

39.0 
21.8 19.8 18.8 

JBAB07 22.7 22.4 19.5 

High 
TG83 

23.2 
56.9 53.3 53.5 

JBAB07 42.1 36.9 54.8 
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Figure 6-1. The wave set-up comparison between the wave model tests and the laboratory test on 

the 1:2.5 slope.  The experimental data shown (x) or (*) is from Test 21 at mid water.  
The test cases shown are STWAVE (―), OM79 (―), Ka91 (– –), and Ru03 (– •).  A) 
The wave height profile for TG83.  B) The wave set-up calculated from the model 
tests compared with the measure data for TG83.  C)  The wave height profile 
JBAB97.  D) The wave set-up calculated from the model tests compared with the 
measure data for JBAB07.   
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Figure 6-2. The wave set-up comparison between the wave model tests and the laboratory test on 

the 1:5 slope.  The experimental data shown (x) or (*) is from Test 64 at mid water.  
The test cases shown are STWAVE (―), OM79 (―), Ka91 (– –), and Ru03 (– •).  A) 
The wave height profile for TG83.  B) The wave set-up calculated from the model 
tests compared with the measure data for TG83.  C)  The wave height profile 
JBAB97.  D) The wave set-up calculated from the model tests compared with the 
measure data for JBAB07.   
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Figure 6-3. The wave set-up comparison between the wave model tests and the basin laboratory 

test at high water.  The experimental data shown (x) or (*) is from Test 36.  The test 
cases shown are STWAVE (―), OM79 (―), Ka91 (– –), and Ru03 (– •).  A) The 
wave height profile for TG83.  B) The wave set-up calculated from TG83.  C)  The 
wave height profile JBAB97.  D) The wave set-up from JBAB07.   
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Figure 6-4. The wave set-up comparison between the wave model tests and the basin laboratory 

test at mid water.  The experimental data shown (x) or (*) is from Test 36.  The test 
cases shown are STWAVE (―), OM79 (―), Ka91 (– –), and Ru03 (– •).  A) The 
wave height profile for TG83.  B) The wave set-up calculated from TG83.  C)  The 
wave height profile JBAB97.  D) The wave set-up from JBAB07.   
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Figure 6-5. The wave set-up comparison between the wave model tests and the basin laboratory 

test at low water.  The experimental data shown (x) or (*) is from Test 36.  The test 
cases shown are STWAVE (―), OM79 (―), Ka91 (– –), and Ru03 (– •).  A) The 
wave height profile for TG83.  B) The wave set-up calculated from TG83.  C)  The 
wave height profile JBAB97.  D) The wave set-up from JBAB07.   
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CHAPTER 7 
RADIATION STRESS CORRECTION 

Background 

The linear wave theory based equations for cross-shore wave set-up due to radiation 

stress forcing are presented in Chapter 6 (Equations 6-1, 6-2, 6-3).  In present spectral wave 

models, the change in radiation stress in the cross-shore direction is calculated by finding the 

total radiation stress at each grid cell.  The change in radiation stress includes all the energy 

gained or lost between two cells.  Wave set-up is calculated in Equation 6-1 when the change in 

radiation stress is negative, or the gradient in of radiation stress between two grid points is 

negative in the positive x direction.  

 The change in water level induced by the radiation stress is the mathematical 

representation of the physical transfer of momentum from a wave field to the water column.  As 

a wave shoals prior to breaking due to a sloping bathymetry, the wave height increases which 

increases the amount of energy in the wave. After a wave breaks the value of 𝑛 is generally 

constant on a constant sloping bathymetry because the wave is considered in shallow water so 𝑛 

equals 1.0.  With 𝑛 constant, the only change in radiation stress is due to the change in energy.  

After breaking, the wave height decreases causing a decrease in the total energy of a wave.  The 

energy loss at breaking is transferred through radiation stress to the water column creating an 

increase in the mean water level or wave set-up.   

The formulation of radiation stress and the subsequent wave set-up by present spectral 

wave models is correct for conditions with no input of energy from winds in shallow water, and 

no decrease of wave energy from friction.  These two problems with the formulation of radiation 

stress values are presented with along a solution to account for the changes in radiation stress 

needed to correctly handle these situations in STWAVE.  We will show both problems using 
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numerical simulations of wave transformation on gradual slopes with friction and in a lake 

domain with strong wind forcing. 

Friction 

 The 1-D energy flux model is used with the inclusion of a reduction of total wave energy 

by friction.  The amount of energy loss due to friction is calculated using the Manning friction 

formulation  

 𝑆𝑓 =
−1
𝑔 �

𝑔𝑛𝑚2

ℎ1/3�
𝜎2

𝑠𝑖𝑛ℎ2𝑘ℎ
𝐸𝑢𝑏 , (7-1)  

where 𝑢𝑏 is the horizontal bottom orbital velocity, 𝑛𝑚 is the manning coefficient of friction, and 

𝑆𝑓 is the energy dissipation due to friction.   

 All the bathymetries tested where constant sloping beds starting from a depth of 20 

meters.  Tests were performed on slopes from 1:2000 to 1:500 to determine the amount of energy 

loss due to friction for a variety of slopes.   

 To separate the difference between the energy loss due to friction versus the energy loss 

due to breaking, the radiation stress was calculated at each grid point twice.  The total energy at 

each grid point and the energy that would have been present without the loss due to friction were 

used to calculate radiation stress.  An example of the difference in wave height at grid points 

created by in loss of energy due to friction and without the loss due to friction is in Figure 7-1.  

This small selection of wave heights was taken after breaking where the friction loss due to 

energy was decreasing the wave height along with the wave breaking.  The decrease in wave 

height between two grid points was increased with the added loss of energy by friction.  The 

difference between the wave heights is approximately equal to the change in radiation stress 

between the grid points. The change in radiation stress would be more negative with the 

inclusion of energy loss due to friction, but the energy lost due to friction does not transfer to the 
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water column in most cases.  Including this energy loss by friction results in a greater wave set-

up calculated than is physically correct.     

 In Figure 7-2, the transformation of a 1 meter wave with 5 second period was calculated 

with the present STWAVE breaking criterion on the 1:1000 slope.   The wave height 

transformation was altered by the added loss of energy due to friction given a Manning 

coefficient of n = 0.2 (Figure 7-2A).  The resulting wave set-up (including the energy loss due to 

friction in the radiation stress calculation), calculated using Equation 6-1, was not very different 

between the simulation with and without friction (~10%).  The simulation with friction had very 

little set-down because the shoaling of the wave prior to breaking was reduced.  However, when 

the energy lost due to friction was removed from the radiation stress, the wave set-up was greatly 

reduced.  The resulting wave set-up up was almost equal to zero because a large part of the 

energy lost in the waves was due to friction.  The amount of energy loss due to friction increases 

with decreasing depths.     

 Also, in initial testing, the energy lost due to friction was removed at all grid points.  

However, when the energy was removed, the wave height did not meet the criteria for breaking 

so a positive change in radiation stress was calculated.  A set-down was calculated where it 

should not have occurred.  In order to remove this issue, the removal of energy loss due to 

friction from the radiation stress was only performed when the mean water level was greater than 

zero.  This was a temporary fix which will be examined further.   

 The impact of removing the energy lost due to friction was tested for different initial 

wave heights (Figure 7-3) and different bathymetric slopes (Figure 7-4).  In Figure 7-3, 

increasing the initial wave height, increased the resulting wave set-up.  It appears that removing 

energy lost due to friction from the radiation stress resulted in a greater decrease in wave set-up 
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for the larger initial wave heights because frictional energy loss is proportional to the wave 

height squared.  The impact of removing the energy loss by friction from the radiation stress on 

the wave set-up calculated decreased with steeper slopes (Figure 7-4).  On the steeper slopes, 

wave shoaling occurs over a shorter spatial region.  Friction has a shorter distance to act, so 

frictional dissipation is reduced (frictional dissipation is linearly related to distance).  This results 

in less impact of friction on the wave set-up for steeper slopes.   

 The extreme case of energy loss due to friction occurs for long period waves (T = 10 s) 

and a small wave height (H = 1.0 m) while using the JBAB07 energy dissipation model.  While 

running the test, the wave height is decreased by friction prior to the wave breaking model 

(Figure 7-5A).  The result in the past would give a set-up of about 6 cm, but the wave never 

actually broke.  All the energy in the wave was lost to friction prior to breaking, so the actual 

wave set-up is equal to zero (Figure 7-5B).  This case would only occur on long gentle slopes 

with large friction and long period waves, but it is a good test case for possible outcomes in 

numerical wave models.   

Wind Input 

 In a location like Lake Pontchartrain where there is a large body of water with shallow 

depths the wave growth due to wind input can become an important factor in storm surge.  In 

present models, the increase of wave heights by the added wind stress creates a decrease in the 

mean water level.  This set-down is calculated because linear wave theory assumes all wave 

height growth was caused by shoaling, but in the wave generation case the wave height growth is 

due to an external input of energy.   The removal of the energy gained by wind stress should 

result in higher mean water levels at the shoreline.    

 The relationship between wind speed and wave height growth is a complex processes, so 

STWAVE was used for testing instead of the 1-D energy flux model.  A bathymetry with 1:2000 
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sloping sides and constant depth of 5 meters across the middle was used in STWAVE.   The 

domain was 40 km long which is similar to the dimensions of Lake Pontchartrain.  The model 

was run for three grid points in the alongshore direction which is the smallest number of cells 

that STWAVE is capable of running.   The bathymetry for these tests is shown in Figure 7-

6Type equation here..  Wind stresses were assumed to be constant across the entire domain, and 

only waves generated by the wind were included in the analysis.  Wind speeds between 40 m/s 

and 100 m/s were tested.   

 A similar approach was applied to the radiation stress calculation as described in the 

friction section.  The radiation stress was calculated at each grid point for both the total energy, 

and the energy minus the input wind energy.  The result of the removal of the input wind energy 

from the radiation stress can be seen in Figure 7-7.  A set-down still occurs as the wave grows, 

but the set-down is due to the shallow water at the location of wave growth.  The set-down for 

the test with the wind energy removed had a smaller set-down, so the overall set-up was higher.  

The present test with a 60 m/s wind resulted in an increase in the set-up of close to 5 cm (~40%).   

 In Figure 7-8, the change in the wave set-up caused by the removal of the wind energy 

from the radiation stress calculation for three different wind conditions.  It is apparent that the 

faster the wind speed, the larger the discrepancy between the set-up with wind energy and the 

set-up without wind energy.  The 70 m/s wind test appears to have a difference in wave set-up of 

0.1 meters.  The removal of the wind energy from the radiation stress does have an impact on the 

overall wave set-up calculated in a system, but it decreases the set down, so the total water level 

at the shoreline is increased.   
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Figure 7-1.  The change in wave height between grid points.  The red lines are the wave heights 

that would be calculated without friction.    
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Figure 7-2.  The impact on wave set-up of removing the energy loss due to friction from the 
equation.  A)  The change in wave height between a test with friction and without 
friction.  B)  The wave set-up previously calculated with energy loss due to friction in 
the radiation stress and without.      

 

 

 

 

A 
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Figure 7-3.  The change in the impact of the removal of friction from the radiation stress with 
increasing wave heights.  A)  The three wave heights tested.  B)  The growth in the 
difference between the old wave set-up and the new wave set-up as the initial wave 
height increased.      
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Figure 7-4.  The impact of slope on the change in wave set-up with the removal of energy loss by 
friction.  A)  The three slopes tested with initial wave heights of 1 meter and period of 
5 seconds.  B)  The difference between the wave set-up decrease with steeper slopes.     

 

 

A 

B 
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Figure 7-5.  Energy loss due to friction while using JBAB07 energy dissipation model for 
breaking.  A) The wave height decreases due to friction.  B) Difference in wave set-
up when energy lost due to friction is removed. 
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Figure 7-6.  Bathymetry for wind stress tests in STWAVE.  The slope on each side was set to 
1:2000.     
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Figure 7-7.  The impact of 60 m/s wind on the wave height and wave set-up across the basin.  A) 
The wave height growth and decay across the basin.  B)  The wave set-up at the 
shoreline was increased by the removal of the wind stress from the radiation stress 
calculation.       
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Figure 7-8.  The impact of three different winds on the wave height and wave set-up across the 
basin.  A) The wave height growth and decay across the basin.  B)  The difference in 
the wave set-up at the shoreline between the old (solid lines) and new (dashed lines) 
wave set-up values was increased with increasing wind speed.    
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CHAPTER 8 
COUPLED SET-UP MODEL 

Introduction 

The large wave basin provides the opportunity to examine the 3D flow patterns which 

occur in the complex coral reef environment.  Previously the 1D energy flux model was used to 

compare the numerical wave breaking and wave set-up with the measured wave breaking and 

wave set-up on the centerline of the wave basin.  Advancing on the 1D model requires the use of 

2D models which are capable of calculating both the wave transformation and the resulting wave 

set-up.   A newly developed tightly coupled storm surge model provides the ability to examine 

both the wave breaking and the wave set-up in the basin.   

Methods 

 A coupled wave model system was used to numerically model the 2D wave breaking and 

wave set-up in the wave basin laboratory.  In the coupled system, STWAVE was used along with 

a circulation model, ADCIRC.  All tests were performed in prototype scale which was a 50:1 

ratio from model scale. 

STWAVE 

 STWAVE is a wave transformation and generation model.  The model solves the steady-

state conservation of spectral wave energy to calculate refraction, shoaling, and breaking of 

waves (Smith et al., 2001).  The model includes wind wave generation, bottom friction, and 

wave-wave interactions.    The input files need to run a simulation are a depth file, initial wave 

spectrum file, simulation file, and options file.  

  The depth file consisted of a rectangular grid with equal spacing in the x and the y 

direction.   The depth file was built based off the bathymetry studied in the laboratory.  The grid 

spacing is important in the resolution of the model results, so a grid spacing of 0.01 meters was 
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used for model scale tests.  The grid spacing was set to 0.5 for prototype testing.  The offshore 

extent of the grid was located at gauge 5 in the laboratory which was at 23.3161 meters from the 

wave maker.  

 The initial wave conditions file was constructed from the post processing of the basin 

laboratory data.  The measured water surface elevation from gauges 4, 5, and 6 were post 

processed to get the energy density spectrum.  The spectrum was then averaged to find a 

consistent wave height near gauges 4, 5, and 6.  A reduction in the number of frequency bands 

was performed by smoothing the averaged energy density spectrum.  The size of each frequency 

bin was 0.01 Hz in model scale or 0.001 Hz in prototype scale.  To convert the initial wave file 

from model scale to prototype scale, the energy density spectrum was multiplied by fifty twice 

and then multiplied by square root of fifty to account for the meters squared divided by hertz.   

 The simulation file has the name of all the input files and output files.  The simulation file 

also gives the state plane coordinates of the STWAVE grid, so a relationship can be made 

between the STWAVE grid and the ADCIRC mesh.  The options file was used to provide 

STWAVE with the proper model features to be functional.  In the case of this project, the 

radiation stress terms were turned on as well as the input of spatially variable water levels.  The 

options file was altered to account for the added breaking functions.  Two new variables were 

added with btype specifying what type of energy dissipation function, and hssmax specifying the 

maximum wave height equation.    The new options allowed for tests to be run with all of the 

breaking functions previously tested in the 1D energy flux model.  

     A few modifications were made in STWAVE in order to code TG83 and JBAB07 into 

the model.  As previously discussed, the two new options in the options file provide a selection 

in the type of breaking function.  A value for btype of 1 gives the present STWAVE breaking 



 

219 

equation, 2 uses TG83, and 3 uses JBAB07.  The hssmax has three options with 1 being OM79, 

2 is Ka91, and 3 is Ru03.  The dissipation equations were altered slightly to account for the 

energy density spectrum.  The dissipation function was calculated as previously described in 

Chapter 3, but the relationship between the amount of energy dissipated and the spectrum of 

energy was similar to that described by Booij et al. (1999), 

 𝑆𝑏 =
𝜀 𝑑𝑥 𝐶𝑔⁄
𝐸𝑡𝑜𝑡

𝐸(𝑓,𝜃) (8-1)  

where 𝜀 is the energy dissipation, 𝐸𝑡𝑜𝑡 is the total energy in the spectrum, and 𝐸(𝑓,𝜃) is the 

frequency and direction components of the energy spectrum.   

ADCIRC 

The Advanced Circulation Model (ADCIRC) (Luettich et al., 1992) was used as the 

circulation portion of the coupled system.  The ADCIRC grid was made with equilateral 

triangles on a rectangular grid.  The mesh was refined once to get node spacing of 10 meters in 

the offshore and 5 meters on the reef top.  These nodal spacings were equal to 0.2 and 0.1 meters 

in model scale.  The mesh was built to be similar in size to the laboratory basin with 

approximately 10 meters model scale on each side of the constructed reef.  Three sides of the 

basin had closed boundary conditions with tangential slip allowed.  The offshore boundary was 

an open boundary with zero water surface elevations.  The tests were run with wet/dry terms on 

and advective terms on.  The water surface elevation was recorded for the locations where the 

gauges were located in the laboratory.   

Coupling System 

 The commonly used storm surge coupling system uses a nearshore wave model and 

circulation model similar to the models previously described.  A wind model and offshore wave 

model are often included in the coupling system as described by Weaver (2007), but for the 
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present project only STWAVE and ADCIRC were used. Wave set-up calculations using the 

coupled system traditionally were performed by running the wave model for all wave conditions.  

The radiation stress values from the wave model were then input into the circulation model to 

calculate the wave set-up, and then the wave model could be run again to get the wave heights on 

the new water level.   

In the tightly coupled storm surge model, the transfer of information between the wave 

model and the circulation model occurs more frequently.  The circulation model is initialized, 

and then the wave model is run.  The radiation stress values are input into the circulation model, 

and it is run until it is time for the next wave condition.  The surge values are passed to the wave 

model prior to running, and the process is repeated until all wave conditions are finished.   

Results 

The coupled system was tested against the basin laboratory data for the present STWAVE 

breaking criteria and the two dissipation equations with the three options for maximum breaking 

wave height.  An example of the water surface elevation change due to the introduction of wave 

radiation stress from the model test with the present STWAVE breaking criteria in the high water 

shows the increase in mean water level in the center of the laboratory test region (Figure 8-1).  

The low water test using STWAVE breaking criteria has a similar increase in mean water level at 

the center of the test area, but the increase is localized closer to the location of the original 

shoreline (Figure 8-2).  The high water test case was Run 38 with initial wave height of 0.14 

meters model scale or 7.0 meters in prototype scale and wave period of 2.26 seconds or 16 

seconds prototype.  The low water test case was Run 10 with initial wave height of 0.13 meters 

model scale or 6.0 meters in prototype scale and wave period of 2.26 seconds or 16 seconds 

prototype.       
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The wave height profile comparisons for the TG83 tests (Figure 8-3) and JBAB07 (Figure 

8-4) were similar to the previous 1D energy flux comparisons.  This result is consistent with 

theory because the wave breaking functions should result in the same wave height profile in both 

models.    The wave set-up calculated using the STWAVE breaking criteria was low compared 

with the measured data.  However, both the TG83 (Figure 8-3B) and JBAB07 (Figure 8-4B) 

dissipation models over predicted the wave set-up on the reef top (~10%).  The same result was 

observed with comparing the measured wave set-up and the calculated wave set-up in the 

longshore direction on the reef top (Figures 8-3C, 8-4C).  The comparisons between the coupled 

model and measured results show the best agreement between the model run with JBAB07 

energy dissipation function and the OM79 maximum breaking wave height equation.   

 The wave height profiles for the low water test were similar to the 1D tests in Chapter 6 

for both the TG83 (Figure 8-5A) and JBAB07 (Figure 8-6A).  The wave set-up calculated using 

the ADCIRC model was lower than the results of the 1D linear equation (Figures 8-5B, 8-6B).  

The lower values of wave set-up are likely caused by the added lateral flow which removes some 

of the build up on the coastline.  The alongshore wave set-up was close for all the energy 

dissipation cases tested for the middle two gauges.  However, the model did not spread the wave 

set-up as far to the outside of the reef domain as was measured in the laboratory (Figures 8-5C, 

8-6C).  The model test using the STWAVE breaking criteria did not calculate any setup for the 

outside gauges.  The values of wave set-up in the alongshore direction were measured from 

initially having no water on the gauges, so there is not a high level of confidence in these values 

at low water.   

Summary 

The tests using the coupled STWAVE and ADCIRC model showed good agreement 

between the numerical and physical models.  The wave height profile was accurately calculated 
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for both the high water and low water tests.  The wave set-up was overestimated in the high 

water test and underestimated in the low water test.  This result is consistent with the tests using 

the 1D energy flux model and the 1D wave set-up equation.   

In both the high water and low water tests, both TG83 and JBAB07 appeared to be 

accurate in calculating both the wave height profile and the cross-shore and alongshore wave set-

up profiles.  The tests with JBAB07 seem to fit the wave height profile better than the TG83 

tests, but the value of B for the JBAB07 tests was set to 1.5 which is a slightly tuned value while 

B was set to 1.0 for TG83.  In all cases, the maximum breaking equations from OM79 seems to 

get the best results for the wave height profile and the wave set-up.   
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Figure 8-1.  Mean water level for high water Test 38.   
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Figure 8-2.  Mean water level for low water Test 10. 
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Figure 8-3.  The coupled model results with TG83 comparisons with the measured data for Test 

38 in high water.  A) The wave height profile.  B) The profile of the wave set-up on 
the centerline of the basin.  C) The wave set-up along shore on the reef top.   
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Figure 8-4.  The coupled model results with JBAB07 comparisons with the measured data for 

Test 38 in high water.  A) The wave height profile.  B) The profile of the wave set-up 
on the centerline of the basin.  C) The wave set-up along shore on the reef top.   
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Figure 8-5.  The coupled model results with TG83 comparisons with the measured data for Test 

10 in low water.  A) The wave height profile.  B) The profile of the wave set-up on 
the centerline of the basin.  C) The wave set-up along shore on the reef top.   
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Figure 8-6.  The coupled model results with JBAB07 comparisons with the measured data for 

Test 38 in high water.  A) The wave height profile.  B) The profile of the wave set-up 
on the centerline of the basin.  C) The wave set-up along shore on the reef top.   
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CHAPTER 9 
CONCLUSIONS 

 Two laboratory experiments designed to study the wave breaking and wave set-up on 

coral reefs were presented.  The laboratory projects used cut acrylic glass for the reef top which 

simulated the small scale bathymetric fluctuations created on coral reefs.  In the wave flume 

tests, rapid shoaling and breaking of waves on slopes of 1:5 and 1:2.5 were examined.  The wave 

heights measured in the laboratory tests showed a trend of increased wave heights prior to 

breaking for the 1:2.5 slope than the 1:5 slope.  The increase in wave height does not agree with 

past theory where it was assumed that the highest peak wave heights were achieved for slopes of 

1:10, and slopes greater than 1:10 had decreasing maximum wave heights. 

 The examination of the maximum wave set-up measured on the reef top showed similar 

trends to past research on coral reefs.  The wave set-up increased with increasing wave power, 

and the largest amount of set-up was measured for the lowest water level and the least amount of 

set-up was measured for the highest water level.  Both of these results were consistent with 

previous research from Gourlay (1996b) and Seelig (1983).   

 The laboratory tests performed in the large wave basin provided an opportunity to 

examine the wave breaking and wave set-up in a 3D setting which is more comparable with the 

field.  The wave basin experiment was constructed similar to the wave flume but with a width of 

12.2 meters on the reef top.  The front reef slope was more complex than the tests in the wave 

flume with an average slope close to 1:10.  The wave height attenuation due to breaking occurred 

very quickly.  The rapid loss of energy after breaking signifies a very narrow surf zone which is 

common on steep sloping beaches.  The wave heights continued to decrease across the reef top, 

but the majority of the energy was lost in the surf zone.   
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The wave setup measured on the reef top for the wave basin was much smaller than the 

values measured in the wave flume.  The three dimensionality of the wave basin likely caused 

the lower wave set-up because there was flow away from the reef platform due to gradients in 

water level.  The piled up water associated with the wave set-up was not held only on the reef, 

but could flow laterally.   

 The wave shoaling and breaking in the wave flume laboratory was examined using a 1D 

energy flux model.  The wave breaking in the energy flux model was parameterized using an 

energy dissipation function based on the bore model.  The Thornton and Guza (1983) and the 

Janssen and Battjes (2007), Alsina and Baldock (2007) dissipation models were both tested on 

the laboratory results from the steep slope tests.  Both models required modification to represent 

breaking on reefs.  Testing showed that the TG83 dissipation model had a more flexible 

dependence on the maximum breaking wave height as long as the B coefficient changed.  The 

JBAB07 dissipation model had a smaller selection of values for the maximum breaking wave 

height which produced low errors compared to the data, but the value of B was always greater 

than the recommended value of 1.0.   

 Further testing of the energy dissipation functions was performed using variable 

equations for the maximum breaking wave height instead of the constant values previously 

tested.  Three options were tested based on the use of local wave characteristics to determine the 

maximum wave height: Ostendorf and Madsen (1979), Kamphuis (1991), and Ruessink (2003).  

All three maximum wave height equations showed a good fit to the experimental data with some 

tuning.  The value for B of all three breaking equations remained close to the recommended 

range by TG83 of between 0.8 and 1.4, but the B value was much higher than the recommended 

value for JBAB07.  The higher values of B were caused by the rapid dissipation of energy at the 
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point of breaking.  The energy dissipation functions were designed for a slower loss of energy 

which is common on more gradual slopes, so the dissipation rate needed to be increased with a 

larger value of B to match the wave breaking measured on the steeper slopes.   

 The 1D energy flux model was compared with the wave height measurements from the 

centerline of the wave basin laboratory tests.  The less steep slope in the wave basin allowed for 

smaller values of B in both of the energy dissipation models.  Comparisons with the TG83 model 

showed a B value of close to 1.0 for all water levels which is the recommended value for testing 

without tuning.  The JBAB07 model required a value of B closer to 1.5 for the lowest error.  The 

relationship between the B coefficient and the maximum breaking wave height had similar trends 

for the wave basin comparisons as was shown in the wave flume comparisons.  The three 

maximum breaking equations all had good results based on the measured data.  The OM79 

equation had the lowest rms error for all water levels and in both energy dissipation models, but 

the differences between the three maximum wave height equations was minimal.  

 The 1D wave setup calculated for the wave flume was very low for all the numerical 

models tested with the measured data.  The higher values in the laboratory are likely due to the 

laterally confined space in the wave flume.  Possible reasons are mass transport due to wave 

nonlinearity that isn’t included in the 1D flux model, underestimation of radiation stress due to 

wave nonlinearity and the role of low-frequency waves which are removed in the analysis, but 

exist in the laboratory.  In the wave basin, the added space provided more lateral flow which 

resulted in lower wave set-up values.  The calculated wave set-up by the 1D model was much 

closer to the measured values in the wave basin than in the wave flume.  The three 

dimensionality of the wave basin is more representative of field conditions.   
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 The wave radiation stress was further examined to determine the impact of friction and 

wind energy input on wave set-up.  Theoretically the energy lost due to friction and the energy 

gained by wind input should not be included in the radiation stress calculation.  The decrease in 

wave height due to friction does not cause a momentum transfer to the water column, so the 

energy lost due to friction was removed from the radiation stress calculation in STWAVE.  The 

removal of energy must be performed at each spatial grid cell in order to obtain the correct 

values for radiation stress.  A similar situation was examined with the input of wind energy over 

a large lake.  The added wind energy should not produce a set-down which is presently 

calculated.  Instead the water level should stay close to the still water level until breaking which 

would lead to a larger amount of setup than presently calculated.   

 Finally, all of the previous work was used in a coupled 2D model using STWAVE and 

ADCIRC to compare with the measured data from the wave basin tests.  A newly developed 

tightly coupled STWAVE (including the added breaking equations to increase accuracy on steep 

slopes) and ADCIRC model was used for testing.  Tests were performed at both the high water 

and low water levels to get the extremes in the wave set-up calculations.  In both the high and the 

low water tests, the wave set-up calculated using the present STWAVE breaking criteria was low 

compared with the measure set-up.  However, the wave set-up using both of the energy 

dissipation functions were very close to the measured values for the high water test.  The 

calculated set-up for the low water test was low for all cases which were likely caused by the 

complexity added in by the very shallow water on the reef top.  The shoreline for the low water 

test was more variable than in the high water test.   

 The more accurate wave set-up from the tests using the energy dissipation functions with 

the variable maximum wave heights compared to the present STWAVE breaking criteria is 
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attributed to the delayed dissipation of energy in the bore model tests.  The threshold breaking 

equation used by STWAVE was found to calculate the decrease in wave height caused by 

breaking to occur further offshore than what was observed in the laboratory.  The energy 

dissipation functions were designed to allow for a more gradual breaking.  The delayed breaking 

creates more wave set-up because the majority of the momentum is transferred to the water 

column in smaller water depths.  However, the downfall of the energy dissipation functions is the 

tuning required to produce accurate comparisons.  The TG83 model was more consistent with 

less tuning for the variety of slopes tested than the JBAB07 model.   The tuned JBAB07 model 

was capable of producing smaller errors in comparisons with the laboratory data, but the large 

amount of tuning needed makes it a more difficult option for a wide range of coral reef 

bathymetries.   

 More examination needs to go into the variation of the B coefficient with increasing reef 

face slope if the JBAB07 energy dissipation function is to be used as a breaking parameterization 

in studies of coral reefs.  The TG83 performs better on the slopes greater than 1:10 without a lot 

of tuning, which makes it more ideal for tests on a wide range of coral reefs.  The variable 

maximum breaking wave height parameters were not found to cause significantly different 

results.  It would seem that the OM79 and Ka91 models performed similarly because both are 

variations on Miche (1944) type breaking equations.  The performance of the Ru03 maximum 

breaking wave height equations is promising because of the simplicity of the equation.  The 

laboratory results seemed to show that a slope dependent function was needed, but the Ru03 

equation was accurate without a direct dependence on slope.  The same relationships 

implemented in STWAVE need to be evaluated over a large range of slopes and wave conditions 

for general application.   
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  Overall, the use of the coupled spectral wave model and circulation model for the 

examination of wave breaking and wave set-up on coral reefs seems appropriate.  The model 

does not account for specific characteristics of the breaking wave or the infragravity waves on 

the reef top, but the calculation of the bulk parameters seem to be acceptable in testing of a broad 

range of wave conditions and bathymetric slopes.  An added accuracy would be available with 

the use of the bore type parameterization of breaking, but the added need for tuning on the 

steeper slopes is not ideal.  A better idea of the variability in B would make the bore type models 

much more functional in STWAVE for use on a range of coral reef environments.    
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