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Abstract

The goal of this study is to develop the mathematical model for computing beach 
deformation under the action of irregular waves. The beach deformation model consists of 
5 sub-models i.e., wave model, undertow model, sediment concentration model, sediment 
transport model, and beach deformation model. Due to the time constrain, the present 
study concentrates only on the wave models for computing the representative wave 
heights, i.e. root mean square wave height ( rmsH ), significant wave height ( 3/1H ), and 
maximum wave height ( maxH ). Common methods to model the representative wave 
heights transformation may be classified into four main approaches, i.e. representative 
wave approach, probabilistic approach, spectral approach, and conversion approach. For 
computing beach deformation, the wave model should be kept as simple as possible 
because of the frequent updating of wave field to account for the change of bottom 
profiles. The present study focuses on the representative wave approach and the 
conversion approach, as these appear to be the simple methods. 

The representative wave approach relies on the macroscopic features of breaking waves 
and predicts only the transformation of representative wave heights. Many researchers 
have pointed out that the use of representative wave approach can give erroneous results in 
the computation of representative wave heights transformation. This study is carried out to 
investigate the possibility of simulating representative wave height transformation by using 
representative wave approach. A large amount and wide range of experimental conditions, 
covering small-scale, large-scale, and field experimental conditions, are used to calibrate 
and examine the model. The transformations of representative wave heights are computed 
from the energy flux conservation law. Various energy dissipation models of regular wave 
breaking are directly applied to the irregular wave model and test their applicability. 
Surprisingly, it is found that by using an appropriate energy dissipation model with new 
coefficients, the representative wave approach can be used to compute the representative 
wave heights with very good accuracy. 

The conversion approach is used to convert the representative wave heights from one to 
another through the known relationships. The root mean square wave height ( rmsH ) is 
usually used as a reference wave height of the conversion because it is the output of many 
wave models. The well-known relationships are derived based on the Rayleigh distribution 
of wave heights. In shallow water, it has been pointed out by many researchers that the 
wave height distribution deviates from the Rayleigh distribution. However, it is not clear 
whether this deviation can lead to significant errors on the estimation of representative 
wave heights or not. Experimental data from small-scale, large-scale, and field 
experiments were used to examine the errors of the relationships derived from the Rayleigh 
distribution on estimating representative wave heights. The examination indicates that if 

rmsH  is given, the relationships give overall very good estimations on 3/1H  but fair 
estimation on maxH . The effect of wave breaking was empirically incorporated into the 
relationships. The new relationships give better estimation than the relationships derived 
from the Rayleigh distribution. 
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Executive Summary 

Project Code: RMU4880020 
Project Title: Mathematical Modeling for Cross Shore Sediment Transport and Beach 
Deformation under Irregular Waves 
Investigator: Mr. Winyu Rattanapitikon, D.Eng., Assoc. Prof., Civil Engineering 
Program, Sirindhorn International Institute of Technology, Thammasat University, 
E-mail Address: winyu@siit.tu.ac.th 
Project Period: 3 years (29 Jul. 2005 – 28 Jul. 2008) 

Objectives: The main objective of this study is to develop a mathematical model for 
computing beach deformation under the action of regular and irregular waves. The beach 
deformation model consists of 5 sub-models i.e., wave model, undertow model, sediment 
concentration model, sediment transport model, and beach deformation model. Due to the 
time constrain, the present report concentrates only on the wave model for computing the 
representative wave heights, which are the essential required factors for the study of beach 
deformation and the design of coastal structures. 

Methodology: The wave models are developed based on the analysis of the related 
existing models. To make the models reliable, wide range and large amount of published 
experimental results are used to calibrate and verify the models. 

Results: Reliable mathematical models for computing the representative wave heights, i.e. 
root mean square wave height ( rmsH ), significant wave height ( 3/1H ), and maximum wave 
height ( maxH ). The outputs of this project are as follows: 
International journals: 

1) Rattanapitikon, W. and Shibayama, T. (2006). Breaking wave formulas for breaking 
depth and orbital to phase velocity ratio, Coastal Engineering Journal, 48, 4, 395-416. 

2) Rattanapitikon, W. (2007). Calibration and modification of energy dissipation models 
for irregular waves breaking, Ocean Engineering, 34, 1592-1601. 

3) Rattanapitikon, W. and Shibayama, T. (2007). Estimation of shallow water 
representative wave heights, Coastal Engineering Journal, 49, 3, 291-310. 

4) Rattanapitikon, W. (2008). Transformation of significant wave height using 
representative wave approach, Ocean Engineering, 35, 1259-1270.

5) Rattanapitikon, W. and Sawanggun, S. (2008). Energy dissipation model for a 
parametric wave approach based on laboratory and field experiments, Songklanakarin 
J. of Science and Technology (accepted). 

International conference: 
1) Rattanapitikon, W. and Sawanggun, S. (2007). Modification of a parametric model, 

The 4th International Conference on Asian and Pacific Coasts [CD-ROM], September 
21-24, Nanjing, China, pp. 346-357. 

Discussion Conclusion: Based on a wide range and large amount of published 
experimental results, reliable models are developed for computing breaking wave height, 
and transformation of representative wave heights. The accuracy of the present models and 
some existing models are also compared. The comparisons show that the present models 
give better agreement than those of existing models. 
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I. INTRODUCTION 

1.1. General 
In recent years, the coastal region has become an area of intense human activity for 

industry and recreation. It is also an important area for tsunami and storm surge protection. 
The need for reliable predictions of beach response to the changes in hydrodynamic 
conditions, or to the construction of man-made structures, is increasing due to an increase 
of human activities on the coast. 

Figure 1.1 shows the typical structure of beach deformation model. The calculation of 
beach deformation is composed of six main parts, i.e., input data, wave, undertow velocity, 
sediment concentration, sediment transport, and profile change. The wave model is used to 
compute wave height transformation across beach. From the computed wave height, 
undertow velocity, sediment concentration and sediment transport rate can be computed. 
Then new beach profile can be computed from the mass conservation equation. The new 
beach profile will feed-back into the wave model and causes wave height changes. This 
yields the loop of dynamic beach deformation. The present study concentrates only on the 
wave models for computing the transformation of representative wave heights, which are 
the essential required factors for the study of beach deformation and the design of coastal 
structures.

Figure 1.1: Basic structure of the beach deformation model. 

Input - Initial beach profile
- Incident wave

 Wave Model

   Sediment Transport Model

Profile Change Model 
(Updates the profile) 

 Undertow Model

  Sediment Concentration Model
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The representative wave heights [e.g. root mean square wave height ( rmsH ), significant 
wave height ( 3/1H ), and maximum wave height ( maxH )] are the essential required factors 
for the study of beach deformation and the design of coastal structures. The wave heights 
are usually available in deepwater but not available at the depths required in shallow water. 
The wave heights in shallow water can be determined from wave models. Common 
methods to model the representative wave heights transformation may be classified into 
four main approaches, i.e. representative wave approach, probabilistic approach, spectral 
approach, and conversion approach. 

The representative wave approach is the simplest approach to compute the 
representative wave heights transformation. It seeks to reduce the computational effort by 
describing the energy dissipation rate in term of time-averaged parameter. As this 
approach relies on the macroscopic features of breaking waves and predicts only the 
transformation of representative wave heights, it is suitable when a detail wave height 
distribution is not needed. The works on this approach can be separated into three classes 
based on the assumption about the pdf  of wave height in the surf zone.  The first class 
assumes that the Rayleigh pdf  (or modified Rayleigh pdf ) is valid in the surf zone. The 
average rate of energy dissipation is described by integrating the product of energy 
dissipation of a single broken wave and the probability of occurrence of breaking waves. 
Various semi-analytical models have been developed based on this class (e.g. Battjes and 
Janssen, 1978; Thornton and Guza, 1983; Baldock et al., 1998; and Rattanapitikon and 
Shibayama, 1998). The significant differences of those models are the formulation of 
energy dissipation of a single broken wave and the assumption on probability of 
occurrence of breaking waves. The weak point of this class is the assumption on Rayleigh 
pdf  in the surf zone, because this assumption is not supported by some experiments 

(Dally, 1990). The second class was proposed, by Larson (1995), to overcome the 
weakness of the first class. Larson (1995) proposed a semi-analytic model without making 
any assumptions about the pdf  in the surf zone. The average rate of energy dissipation is 
described by adding up the dissipation of each broken wave component and dividing by 
the total number of waves (including broken and unbroken waves). The semi-analytic 
model reproduces macroscopic features of wave height and energy flux transformation, 
including breaking and reforming, in agreement with the individual wave approach that 
involves transformation of many individual waves. The third class does not assume any 
pdf  of wave height. The formulas of regular waves have been directly applied to irregular 

waves by using the representative waves. Since the highest wave in irregular wave train 
tends to break at the greatest distance from shore, the initiation of surf zone of irregular 
waves tend to occur at greater distance from shore than that of regular waves. Therefore, 
the use of regular wave model may give considerable errors in the surf zone. To overcome 
this problem, the coefficient of breaker height formula for regular waves may have to be 
reduced when applying to model irregular waves. 

Probabilistic (or individual wave) approach considers the propagation of individual 
waves in the time domain. The incident individual waves may be determined from the 
irregular wave records or from probability density function ( pdf ) of wave height. These 
individual waves are then propagated shoreward independently using an appropriate 
regular wave model, assuming no wave-to-wave interaction. A new pdf  at the required 
location can be constructed from the simulation results of all individual waves. This 
method is particularly useful if a detailed wave height distribution is required. However, 
because of the time-consumed, this approach may not be well suited to incorporate into 
beach deformation model. Over the past few decades, many research works have been 
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performed in this approach (e.g. Mase and Iwagaki, 1982; Mizuguchi, 1982; Dally, 1990 
and 1992; and Kuriyama, 1996). The main difference of those research works is the 
formulation of regular wave model that used to simulate the propagation of individual 
wave.

Spectral approach assumes that irregular wave trains consist of numerous wave heights 
with different frequencies. The distribution of the energy of these wave heights when 
plotted against the frequency (and direction) is called wave spectrum. In the modeling, the 
incident spectrum is decomposed into a number of component waves. The propagation of 
each wave component is computed by using an appropriate regular wave model. The wave 
spectrum at the required location is obtained by assembling the simulation results from all 
the wave components by linear superposition. Several models have been proposed based 
on this approach, differing mainly in the regular wave model used to simulate the 
propagation of wave components (e.g. Izumiya and Horikawa, 1987; Isobe, 1987; 
Panchang et al., 1990; and Grassa, 1990). The application of this approach may be 
restricted when applying in the surf zone, i.e. the component waves in frequency domain 
do not break, but real waves or individual waves in the time domain do break. To 
overcome this problem, the energy dissipation model developed based on parametric 
approach may be incorporated to predict the energy losses due to wave breaking (e.g. Mase 
and Kirby, 1992; Chawla et al., 1998; and Mase and Kitano, 2000). However, the spectrum 
approach requires large computation times. It may not be appropriate to incorporate into 
the beach deformation model. 

The conversion approach is used to convert the representative wave heights from one to 
another through the known relationships. The root mean square wave height ( rmsH ) is 
usually used as a reference wave height of the conversion because it is the output of many 
wave models (e.g. the models of Battjes and Janssen, 1978; Thornton and Guza, 1983; 
Larson, 1995; and Rattanapitikon, 2007). Therefore, the other representative wave heights 
( 3/1H , and maxH ) can be determined from the known relationships between the 
representative wave heights (e.g. the relationships of Longuet-Higgins, 1952; Battjes and 
Groenendijk, 2000; and Rattanapitikon and Shibayama, 2007).  

For computing beach deformation, the wave model should be kept as simple as possible 
because of the frequent updating of wave field to account for the change of bottom 
profiles. The present study focuses on the representative wave approach and the 
conversion approach, as these appear to be the simple method. 

During the last few decades, many theories have been developed and experimental 
studies, both in laboratory and in the field, have been carried out to draw a clearer picture 
of wave height transformation. Considerable amount of knowledge on the mechanism of 
wave has been accumulated so far. However, it has not reached to a satisfactory level. 
Owing to the complexity of the wave breaking mechanism, full description of the 
mechanism of the wave breaking has not yet been developed. At the present state of 
knowledge, clearly any type of numerical model for computing wave breaking has to be 
based on empirical or semi-empirical formulas calibrated with the experimental results. 
However, most of the models were developed with the limited experimental conditions. 
Therefore, their validity is limited according to the range of experimental conditions, 
which were employed in the calibration. The evidence is that there are so many models 
exist.

In the past, we could not develop a model based on a large amount of experimental 
results covering a wide range of test conditions, because they did not exist. However, at 
present, the experimental results obtained by many researchers have been accumulated and 
a large amount of experimental results have become available. It is a good time to develop 
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models based on the large amount and wide range of experimental results. In addition, it is 
logical to expect that a relatively new models based on more experimental results than the 
previous ones should be the most reliable ones if the accuracy is in the acceptable range. 

1.2. Scope and Objective of Study 
The scope and objectives of the present study can be described as follows: 

1. This study focuses mainly on the two-dimensional (cross-shore) irregular wave 
models. 

2. Published experimental results are collected for calibration and verification of the 
models. 

3. The main purpose of the present study is to develop simple models for predicting 
the transformation of representative wave heights ( rmsH , 3/1H , and maxH ) based on a 
wide range of published experimental results. 

4. To confirm the ability of the models, the present models are compared with some 
existing models. 

 1.3. Organization of Report 
The contents of some parts of this report are substantially the same as a series of papers 

published in the international conference and journals shown in appendix. The report 
updates and extends some material in the papers. The present report is written in the 
following stages: 

Chapter 1 is an introduction and gives a statement of problem and objective and 
scope of study. 

Chapter 2 describes the breaking wave formulas 
Chapter 3 describes the transformation of representative wave heights using 

representative wave approach. 
Chapter 4 presents the formulas for computing representative wave heights using 

conversion method. 
Chapter 5 gives conclusions of the study. 
Appendix presents the paper reprints of this research. 
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II. BREAKING WAVE FORMULAS 

2.1. Introduction 
When waves propagate from offshore to the near shore zone, wave profiles become 

steep. The increase in wave steepness continues until the wave breaks. To analyze the 
coastal processes, breaking point is one of the most essentially required factors. In the 
wave model (or beach deformation model), it is necessary to determine the breaking point 
accurately because the breaking point is the point at which to start including the energy 
dissipation rate or surface roller into the wave model. Unless the breaking point is 
accurately predicted (no matter how exact the equations governing wave deformation in 
and outside the surf zone be), an accurate computation of the wave field or other wave-
induced phenomena cannot be expected.  

In the wave model, the breaker height is commonly used to indicate the location of 
wave breaking. Many breaker height formulas have been proposed over the past century 
(see Rattanapitikon et al., 2003). These formulas can be used to determine the breaking 
point if wave shoaling is computed accurately. However, it is well known that the linear 
wave theory gives underestimation of wave height just before the breaking point. 
Therefore, if the breaker height formula is used together with the linear wave shoaling, the 
predicted breaking point will shift on shoreward of the real one (Isobe, 1987). This will 
cause certain error on the computation of wave height transformation and other wave-
induced phenomena, e.g. undertow, suspended sediment concentration, sediment transport, 
and beach deformation.  

There are two methods for dealing with the problem of underestimation of the linear 
wave shoaling. The first method uses nonlinear wave theories for computing wave 
shoaling (e.g. Stokes, 1847; Dean, 1965; Shuto, 1974; and Isobe, 1985). The second one 
uses linear wave theory to compute wave shoaling and uses other variables, instead of 
breaker height, to compute the breaking point (e.g. Watanabe et al., 1984; Isobe, 1987; and 
Rattanapitikon, 1995). Since the linear wave theory is the most widely used in practice, the 
present study concentrates on the second method of using other variables to determine the 
breaking point. The variables that may be used to determine the breaking point are breaker 
depth, orbital to phase velocity ratio at the breaking point based on linear wave shoaling 
(hereafter referred to as assumed orbital to phase velocity ratio), and breaker height based 
on linear wave shoaling (hereafter referred to as assumed breaker height). Various 
formulas have been proposed to compute these three variables (e.g. Ogawa and Shuto, 
1984; Dean and Dalrymple, 1984; Isobe, 1987; and Rattanapitikon, 1995).

The objective of this study is to find out the reliable breaking wave formulas for 
computing the breaker height, breaker depth, assumed orbital to phase velocity ratio and 
assumed breaker height. All of the existing breaking wave formulas are empirically 
determined from the laboratory data. It is known that the validity of empirical formula may 
be limited according to the range of wave and bottom slope conditions that were employed 
in calibration or verification. To make an empirical formula reliable, it is necessary to 
calibrate or verify the formula with a large amount and wide range of laboratory data.  

As it is difficult to measure the breaking point of each individual wave in the field, 
small-scale and large-scale laboratory experiments are the sources of quantitative 
information for examination of the breaking point formulas. Laboratory data of the 
breaking point from 26 sources, covering 695 cases, have been collected for the 
examination of the breaking wave formulas. The data cover a wide range of wave and 
bottom slope conditions: the deepwater wave steepness ( oo LH / ) ranging between 0.001 
and 0.112, and the bottom slope (m ) ranging between 0 and 0.38. The data include four 
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types of beach conditions, i.e. plane beach, barred beach, stepped beach and movable 
(sandy) beach. All experiments were performed for regular waves in both small-scale and 
large-scale wave flumes. The experiments of Kajima et al. (1982) and Kraus and Smith 
(1994) were performed in large-scale wave flumes and other experiments were performed 
in small-scale wave flumes. The small-scale experiments were conducted under fixed 
beach conditions whereas the large-scale experiments were carried out under movable 
beach conditions. A summary of the collected laboratory data is given in Table 2.1. 

This chapter is divided into three main sections. The first section is the examination of 
some existing breaker height formulas. The second section describes the development of 
breaker depth formulas while the third section describes the development of formulas for 
computing assumed orbital to phase velocity ratio and assumed breaker height. 

Table 2.1. Summary of collected experimental data. 

No Sources 
No. of
cases

Beach
conditions

m **
oo LH /

1 Cox et al. (1994) 1 Plane beach 0.03 0.016
2 Galvin (1969)* 19 Plane beach 0.05-0.20 0.001-0.051
3 Hansen and Svendsen (1979) 17 Plane beach 0.03 0.002-0.069
4 Hattori and Aono (1985) 3 stepped beach 0.00 0.006-0.021

5 Horikawa and Kuo (1966)  98
60

Plane beach 
stepped beach 

0.01-0.05
0.00

0.006-0.073
0.007-0.100

6 Hwung et al. (1992) 2 Plane beach 0.07 0.026-0.048
7 Iversen (1952)* 63 Plane beach 0.02-0.10 0.003-0.080
8 Iwagaki et al. (1974) 39 Plane beach 0.03-0.10 0.005-0.074
9 Kajima et al. (1982)*** 98 movable beach 0.00-0.29 0.003-0.112

10 Kraus and Smith (1994)*** 23 movable beach 0.01-0.13 0.003-0.066
11 Mizuguchi (1980)* 1 Plane beach 0.10 0.045
12 Nadaoka et al. (1982) 12 Plane beach 0.05 0.013-0.080

13 Nagayama (1983) 
1
5
6

Plane beach 
barred beach
stepped beach

0.05
0.05

0.00-0.05

0.027
0.025-0.051
0.025-0.055

14 Okayasu et al. (1986) 2 Plane beach 0.05 0.023-0.025
15 Okayasu et al. (1988) 10 Plane beach 0.03-0.05 0.009-0.054
16 Ozaki et al. (1977) 20 Plane beach 0.10 0.005-0.060
17 Saeki and Sasaki (1973)* 2 Plane beach 0.02 0.005-0.039
18 Sato et al. (1988) 3 Plane beach 0.05 0.031-0.050
19 Sato et al. (1989) 2 Plane beach 0.03 0.019-0.036
20 Sato et al. (1990) 7 Plane beach 0.05 0.003-0.073
21 Singamsetti and Wind (1980)* 95 Plane beach 0.03-0.20 0.018-0.079

22 Smith and Kraus (1990)* 5
75

Plane beach   
barred beach 

0.03
0.03-0.38

0.009-0.092
0.008-0.096

23 Stive (1984) 2 Plane beach 0.03 0.010-0.032
24 Ting and Kirby (1994) 2 Plane beach 0.03 0.002-0.020
25 Visser (1982)* 7 Plane beach 0.05-0.10 0.014-0.079
26 Walker (1974)* 15 Plane beach 0.03 0.001-0.037

 Total 695  0.00-0.38 0.001-0.112
* data from Smith and Kraus (1990) 
** measured seaward of the breaking point 
*** large-scale laboratory 
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2.2. Breaker Height Formulas 
The initiation of breaking wave height (or breaker height) has been a subject of study 

for a century due to its importance in design of coastal structures, as well as for the 
prediction of wave height transformation and beach deformation. During the past century, 
a number of studies and experiments have been carried out to develop the breaker height 
formulas. Because of the complexity of wave breaking mechanism, it is difficult to 
describe a breaking wave mechanism by using available wave theories. Hence, most 
predictions of the breaker heights are based on empirical or semi-empirical formulas 
calibrated from experimental data.  

Possibly because of its importance, many different breaker height formulas have been 
proposed during the past century. This often causes confusion in the profession in the 
selection of the formula. 

Most of the existing formulas were developed based on empirical approach. The 
majority of the existing formulas represent a relationship between the breaking wave 
height ( bH ) and the variables at the breaking or deepwater conditions, i.e. still water depth 
at breaking ( bh ), wavelength at breaking ( bL ), local bottom slope (m ), deepwater 
wavelength ( oL ), and deepwater wave height ( oH ). The term “breaker index” is used to 
describe non-dimensional breaker height. The existing breaker height formulas can be 
classified into three common breaker indices, i.e. wave height to depth ratio ( bb hH / ), 
wave steepness ( bb LH / ), and wave height to deepwater wave height ratio ( ob HH / ). The 
example of existing formulas that proposed in the form of each breaker indices are as 
follows. 

The formulas that proposed in the form of bb hH /  are McCowan (1894), Galvin 
(1969), Collins and Weir (1969), Goda (1970), Weggel (1972), Madsen (1976), Sunamura 
(1980), Singamsetti and Wind (1980), Seyama and Kimura (1988), Larson and Kraus 
(1989), Hansen (1990), Smith and Kraus (1990), and Rattanapitikon and Shibayama 
(2000b). This breaker index seems to be the most frequently re-analyzed topics. 

The formulas that proposed in the form of bb LH /  are Miche (1944), Battjes and 
Janssen (1978), Ostendorf and Madsen (1979), Battjes and Stive (1985), Kamphuis (1991), 
Rattanapitikon and Shibayama (2000b), and Rattanapitikon et al. (2003). Most of the 
formulas in this group were developed based on the formula of Miche (1944). 

The formulas that proposed in the form of ob HH /  are Le Mehaute and Koh (1967), 
Komar and Gaughan (1972), Sunamura and Horikawa (1974), Singamsetti and Wind 
(1980), Ogawa and Shuto (1984), Larson and Kraus (1989), Smith and Kraus (1990), 
Gourlay (1992), and Rattanapitikon and Shibayama (2000b). 

Either local or deepwater conditions are used to express the breaker indices. There are 
four dimensionless parameters that often used to express the breaker indices, i.e. m ,

bb Lh / , ob Lh / , and oo LH / . The existing breaker indices, therefore, can be categorized 
into three general functions as 
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where 1f , 2f  and 3f  are functions.
The existing breaker height formulas are summarized in Table 2.2.  

Table 2.2. Existing breaker height formulas. 

Researchers Abbrev
iation

Formulas 

McCowan (1894) MC94 bb hH 78.0�
Miche (1944) MI44 

��
�

�
��
�

�
�

b

b
bb L

hLH �2tanh142.0

Le Mehaute and Koh 
(1967)

MK67
7/1

4/1

76.0 m
L
HHH
o

o
ob

�

��
�

�
��
�

�
�

Galvin (1969) GA69 
m

hH bb 85.640.1
1

�
�   for 07.0�m

92.0
b

b
h

H �                  for 07.0	m

Collins and Weir (1969) CW69 � �mhH bb 6.572.0 ��
Goda (1970) GO70 

� �


�
�



�
�

�
�

�
�
�

 
���� 3/41515.1exp117.0 m

L
hLH
o

b
ob

�

Weggel (1972) WE72 ! "
! ")19exp(175.43

)5.19exp(1/56.1
2

2

mhgT
mgThH

b

b
b ���

��
�

Komar and Gaughan 
(1972)

KG72 5/1

56.0
�

��
�

�
��
�

�
�

o

o
ob L
HHH

Sunamura and Horikawa 
(1974)

SH74 25.0
2.0

�

��
�

�
��
�

�
�

o

o
ob L

HmHH

Madsen (1976) MA76 � �mhH bb 4.6172.0 ��  for  10.0#m
Ostendorf and Madsen 
(1979)

OM79
� � �

�

�
�
�

 
��

b

b
bb L

hmLH �258.0tanh14.0      for 1.0�m

� � �
�

�
�
�

 
��

b

b
bb L

hLH �2)1.0(58.0tanh14.0  for 1.0	m

Sunamura (1980) SU80 6/1

/
1.1 �

�
�

�
�
�
�

�
�

oo
bb LH

mhH

Singamsetti and Wind 
(1980), A 

SW80A 254.0
031.0575.0

�

��
�

�
��
�

�
�

o

o
ob L

HmHH

Singamsetti and Wind 
(1980), B 

SW80B 13.0
155.0937.0

�

��
�

�
��
�

�
�

o

o
bb L

HmhH
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Table 2.2 (continue). Existing breaker height formulas. 

Researchers Abbrev
iation

Formulas 

Ogawa and Shuto (1984) OS84 25.0
09.068.0

�

��
�

�
��
�

�
�

o

o
ob L

HmHH

Larson and Kraus (1989) LK89 21.0

/
14.1 �

�
�

�
�
�
�

�
�

oo
bb LH

mhH

Hansen (1990) HA90 2.0

05.1 ��
�

�
��
�

�
�

b

b
bb h

LmhH

Smith and Kraus 
(1990),A

SK90A

� � � �! "


�
�



�
�

���
��

�
o

o
bb L

Hm
m

hH 43exp10.5
60exp1

12.1

Smith and Kraus 
(1990),B

SK90B
� �

m

o

o
ob L

HmHH
88.030.0

47.234.0
��

��
�

�
��
�

�
��

Gourlay (1992) GL92 28.0

478.0
�

��
�

�
��
�

�
�

o

o
ob L
HHH

Rattanapitikon and 
Shibayama (2000b) 

RS00a
� �

5/1
23 55.032.146.702.10

�

��
�

�
��
�

�
����

o

o
ob L
HHmmmH

Rattanapitikon and 
Shibayama (2000b) 

RS00b
� �



�
�



�
�

�
�

�
�
�

 
���� 55.107.721.16exp117.0 2 mm

L
hLH
o

b
ob

�

Rattanapitikon and 
Shibayama (2000b) 

RS00c � � �
�

�
�
�

 
����

b

b
bb L

hmmLH �291.001.521.11tanh14.0 2

Rattanapitikon et al, 
(2003)

RS03
� �

35.0
2 23.057.040.1 ��

�

�
��
�

�
����

o

o
bb L
HLmmH

2.2.1. Examination of existing formulas 
A straightforward way to examine the accuracy of a formula is to compare the 

computed breaker depth data with the laboratory data. The basic parameter for 
determination of the overall accuracy of the formula is the average root mean square 
relative error ( avgER ), which is defined as 

tn

ER
ER

tn

j
gj

avg

$
�� 1                                    (2.4) 

where gjER  is the root mean square relative error of the data group j  (the group number), 
and tn  is the total number of groups. The small value of avgER  indicates good overall 
accuracy of the formula. 
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The group rms  relative error ( gER ) is defined as 

$

$

�

�

�
� ng

i
mi

ng

i
mici

g

V

VV
ER

1

2

1

2)(
100

                         (2.5) 

where i  is the data number, ciV  is the computed variable of number i , miV  is the measured 
variable of number i , and ng  is the total number of measured data in each data group.

In accordance with Rattanapitikon and Shibayama (2000), the bottom slope of the 
collected experimental data is classified into four groups, i.e., horizontal ( 0�m ), gentle 
( 07.00 �# m ), intermediate ( 10.007.0 �# m ), and steep ( 10.0	m ).
 The computations of the present formula and the existing formulas are carried out with 
26 sources of collected data shown in Table 2.1. Tables 2.3 and 2.4 show the rms  relative 
error of the existing formulas for 4 groups of bottom slope for small-scale and large-scale 
wave flumes. The formulas that give very good predictions (ER < 12) are marked in the 
Table. The examination results from Tables 2.3 and 2.4 can be summarized as follows: 

(a) The formulas that give very good predictions (ER < 12) for all cases in both of 
small-scale and large-scale experiments are the formulas of RS00b, RS00c, and 
RS03.

(b) The formula that gives very good prediction for all bottom slope conditions is the 
formula of RS03. Overall, the formula of RS03 gives the best prediction over a wide 
range of experimental conditions. However, the RS03 formula depends on 
deepwater wave height. It might not be capable of modeling multiple breaking and 
reformation in a wave model. 
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Table 2.3. The root mean square relative error (ER ) of each formula comparing with 
small-scale experimental data (measured data from 24 sources shown in Table 2.1). 
Formulas 0�m

(64 cases) 
07.00 �# m

(338 cases)
10.007.0 �# m

(102 cases)
38.01.0 �# m

(70 cases) 
All 574 

cases
MC94 14.8 15.3 21.8 27.9 18.9
MI44 13.9 12.8 18 25.4 16.4
MK67 N.A.* 13 17.3 28 17.3**
GA69 15.8 14.8 25.5 17.6 17.3
CW69 15.6 17.7 41.3 110.3 49.2
GO70 13.9 11.3 23 81.6 35.3
WE72 14.8 13.7 18.2 19 15.5
KG72 10.9 12.2 12.4 12.6 12.2
SH74 N.A.* 14.5 32 52.9 28.3**
MA76 15.6 15.3 32 87 39.2
BJ78 13 15.7 23.3 30.5 19.8
OM79 18.9 12.9 11.7 14.4 13.7
SU80 N.A.* 12.7 14.5 20.2 14.6**
SW80a N.A.* 14.8 17.2 17.3 15.6**
SW80b N.A.* 15.1 15.5 20.7 16.3**
OS84 N.A.* 12.2 18.4 24.1 16.0**
BS85 20.7 21.3 28.4 29.7 23.9
SK88 14.4 14.5 13.4 35.6 19.4
LK89a N.A.* 13.9 14.4 23.5 16.1**
LK89b 16.2 13.5 13.2 12.3 13.6
HA90 N.A.* 13.3 20.3 29.8 18.5**
SK90a 30 12.8 11.8 21.1 16.6
SK90b 13.9 13.2 12.9 20.8 14.8
KA91 13.8 11.4 19.1 106.4 44.6
GL92 21.2 16.8 16.4 13.2 16.7
RS00a 10.6 11.7 14.1 11.7 12
RS00b 13 11.3 11.9 12 11.7
RS00c 13.3 11.3 11.9 12.2 11.7
RS03 9.7 10.5 10.6 10.4 10.5
*N.A. = Not Applicable 

** = Exclude m = 0 
 = Very Good Prediction (ER < 12) 
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Table 2.4. The root mean square relative error (ER ) of each formula comparing with 
large-scale experimental data (measured data from 2 sources shown in Table 2.1). 
Formulas 0�m

(3 cases) 
07.00 �# m

(41 cases)
10.007.0 �# m

(24 cases)
29.01.0 �# m

(53 cases) 
All 121 

cases
MC94 14.3 28.5 28.7 32.2 30.6
MI44 8.8 12.4 20.3 27.7 23.1
MK67 N.A.* 19.7 8.4 18.2 17.5**
GA69 15 38.4 38.3 23.9 31
CW69 14.7 43.7 49.6 78.7 66.1
GO70 12.8 9.6 13.3 40.2 30.9
WE72 14.3 12.5 11.8 12.9 12.6
KG72 16.3 17.7 16.8 11.1 14.2
SH74 N.A.* 18.1 16.7 38.4 31.1**
MA76 14.7 39.1 41.9 62.6 53.7
BJ78 11.1 16.3 25.8 33 28
OM79 19 12.4 10.5 14.2 13.2
SU80 N.A.* 26 22.4 20.7 22.6**
SW80a N.A.* 8.5 8.9 13 11.3**
SW80b N.A.* 24.7 22.5 20.2 21.9**
OS84 N.A.* 13.6 8.7 16.7 14.9**
BS85 22.2 28.6 38.8 38 35.6
SK88 13.5 18.3 18.8 16.1 17.2
LK89a N.A.* 23.7 21.3 21.8 22.3**
LK89b 8.5 9.9 9.5 8.9 9.2
HA90 N.A.* 24.6 23.8 24 24.1**
SK90a 29.2 14.1 10.1 19.3 16.9
SK90b 26.4 18 10.4 10.8 13.4
KA91 12.7 11 14.9 49.9 38.2
GL92 4.2 7.5 11.1 12.4 11
RS00a 17.7 14.6 10.7 8.9 11.2
RS00b 10.9 9.6 10.4 11.8 11
RS00c 11.7 9.4 9.5 11.1 10.4
RS03 10.7 7.6 7 7.5 7.5
*N.A. = Not Applicable 

** = Exclude m = 0 
 = Very Good Prediction (ER < 12) 
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2.3. Breaker Depth Formulas 
It is known that the limitation of empirical formulas depends on the range of laboratory 
data. As the previous formulas were developed based on a limited range of laboratory data, 
it is expected that errors of the existing formulas are large when comparing with a wide 
range of laboratory data. However, some existing formulas may give good predictions for a 
wide range of laboratory data. Therefore, it is necessary to examine the accuracy of 
existing formulas before developing new formulas.  

2.3.1. Examination of existing formulas 
Brief reviews of selected breaker depth formulas are described below. 

a) Goda (1970) analyzed several sets of laboratory data of breaking waves on slopes 
obtained by several researchers (Iversen, 1952; Mitsuyasu, 1962; and Goda, 1964). The 
experiments cover a range of 0.01 <m < 0.1 and 0.003 < oo LH / < 0.07. He proposed a 
diagram presenting criteria for predicting breaker depth. The diagram is expressed in terms 
of the ratio of breaker depth to deepwater wave height ( ob Hh / ) as a function of deepwater 
wave steepness ( oo LH / ) and bottom slope (m ). As it is not convenient to use this diagram 
in the wave model, it is not considered in the present study. 

b) Ogawa and Shuto (1984) reanalyzed the same data set as used by Goda (1970) and 
obtained the following formula: 

2.0
12.046.0

�

�
��
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HmHh           (2.6) 

where bh  is the breaker depth, m  is the bottom slope, oH  is the deepwater wave height, 
and oL  is the deepwater wavelength. This formula is referred to as OS84 hereafter. 

c) Dean and Dalrymple (1984) used linear wave theory to derive a breaker depth 
formula from energy flux conservation together with the breaker height formula of 
McCowan (1894).

5/22
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           (2.7) 

where 78.0�%  is a constant in the formula of McCowan (1984), g  is the gravity 
acceleration, and oc  is the deepwater phase velocity. Using linear wave theory, Eq. (2.7) is 
re-written in the similar form as Eq. (2.6) as  
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HHh            (2.8) 

This formula is referred to as DD84 hereafter. It should be noted that Eq. (2.7) (or Eq. 
(2.8)) was not calibrated with any laboratory data. 

d) Gourlay (1992) proposed an empirical formula based on seven sources of laboratory 
data (Bowen et al., 1968; Smith, 1974; Visser, 1977; Gourlay, 1978; Van Dorn, 1978; 
Stive, 1984; and Hansen and Svendsen, 1979). The experiments cover a range of 0.022 
<m < 0.1 and 0.001 < oo LH / < 0.066. The data were used to plot the relationship between 

ob Hh /  and oo LHm /2 . The curve fitting yields
17.0

34.0259.0
�

�
��
�
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��
�

�
�

o

o
ob L

HmHh           (2.9) 

This formula is referred to as GL92 hereafter. 
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e) The breaker depth formula can also be derived from the existing breaker height 
formulas. In the present study, the breaker depth formula is derived from the breaker height 
formulas of Rattanapitikon and Shibayama (2000), which were modified from the breaker 
height formulas of Komar and Gaughan (1972) and Goda (1970). The breaker height 
formulas are expressed as follows: 

� �
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where bH  is the breaker height.  
Substituting bH  from Eq. (2.9) into Eq. (2.10), yields    
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 (2.12) 
This formula is referred to as RS00 hereafter. 

The laboratory data from 26 sources are used to examine the validity of each formula. 
The laboratory data cover a wide range of wave and bottom conditions 
(0.001 �� oo LH / 0.112, and 0 �� m 0.38). In order to see the performance of each formula 
clearly, the experimental conditions are divided into various groups of deepwater wave 
steepness ( oo LH ), bottom slope (m ) and experiment scale.  

As the breaker depth diagram of Goda (1970) shows that ob Hh  increases rapidly when 
1.0	oo LH , the laboratory data are divided into two groups of deepwater wave steepness, 

i.e. 1.0�oo LH , and 1.0	oo LH . Following the classification of Rattanapitikon and 
Shibayama (2000), the bottom slope of the collected data is divided into four groups, i.e. 
horizontal ( 0�m ), gentle ( 07.00 �# m ), intermediate ( 10.007.0 �# m ), and steep 
( 38.01.0 �# m ). The experiment scale is separated into 2 groups, i.e. small-scale and 
large-scale experiments. The collected data shown in Table 2.1 are separated into 11 
groups of deepwater wave steepness, bottom slope and experiment scale (see Table 2.5). 
The total number of cases for each group is shown in the fourth column of Table 2.5.  

The computations of the breaker depth formulas are carried out with 26 sources of 
collected data (see Table 2.1). The variables required for the examinations are bh , oH , oL ,
and m . The bottom slope (m ) used in the computation is the local bottom slope seaward 
of the breaking point and the negative slope is set to be zero. The errors ( gER ) of OS84, 
DD84, GL92 and RS00 for each group are shown in the fifth to eighth columns of Table 
2.5. The examination results from Table 2.5 are summarized as follows: 

a) The overall accuracy of each existing formula for small-scale and large-scale 
experiments is nearly the same.  

b) The formulas of OS84 and RS00 give good prediction for the cases of 1.0�oo LH
but fair prediction for the case of 1.0	oo LH , while the formulas of DD84 and 
GL92 give fair prediction for most conditions. 

c) The formula of OS84 is better than that of DD84 because of the term of bottom-
slope-effect.
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d) The formula of OS84 gives good prediction for the cases of 1.0�oo LH  but it is 
not valid for the breaking wave on the horizontal bed ( 0�m ) and should not be 
used for the cases of 1.0	oo LH .

e) For the cases of 1.0	oo LH , only the formula of RS00 predicts increase of ob Hh
at oo LH > 0.1 while other existing formulas do not have this property. 

f) Considering the simplicity and accuracy of the formula, the formula of OS84 is 
more attractive than that of RS00 for the cases of 1.0�oo LH .

g) The formula of RS00 seems to be the best but it is the longest one. Moreover, it 
should be used with care for the cases of 1.0	oo LH .

h) Overall, the predictions of all existing formulas are unsatisfactory for the cases of 
1.0	oo LH .

Table 2.5. The root mean square relative error ( gER ) of the formulas for computing the 
breaker depth (laboratory data from 26 sources shown in Table 2.1). 
Exper
iment 

oo LH Bottom Slope No. of 
Cases

OS84 DD84 GL92 RS00 Eq. (2.17)

0�m 64 N.A.* 17.7 N.A.* 19.2 17.1
07.00 �# m 338 13.7 16.0 26.1 11.6 12.7

10.007.0 �# m 102 14.8 15.0 21.4 13.5 12.8
38.01.0 �# m 70 13.8 19.2 33.2 16.0 12.5

Small 
scale

1.0�

avgER  (for 4 groups) 14.1 17.0 26.9 15.0 13.8
0�m 3 N.A.* 26.1 N.A.* 11.1 11.1

07.00 �# m 33 13.9 20.1 43.3 14.6 13.7
10.007.0 �# m 21 11.9 12.2 18.9 10.5 10.3
38.01.0 �# m 46 18.3 27.5 21.2 17.4 18.1

Large
scale

1.0�

avgER  (for 4 groups) 14.7 21.5 27.8 13.4 13.3
0�m 0 - - - - - 

07.00 �# m 8 40.2 43.4 36.5 19.0 6.0
10.007.0 �# m 3 39.9 37.5 46.1 16.0 5.9
38.01.0 �# m 7 37.2 28.2 52.5 20.6 10.4

Large
scale

1.0	

avgER  (for 3 groups) 39.1 36.4 45.0 18.5 7.5
avgER  (for 11 groups) 22.6 23.9 33.2 15.4 11.9

*N.A. = Not Applicable 

2.3.2. Formula development 
From the existing breaker depth formulas, the breaker depth may depend on the deepwater 
wave height ( oH ), the deepwater wavelength ( oL ), and the bottom slope at the breaking 
location (m ). Therefore, the possible breaker depth formula can be expressed as the 
following functions. 
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where 1f  and 2f  are functions proposed for each formula.  
The laboratory data from 26 sources (shown in Table 2.1) are used to develop a new 

breaker depth formula. The required data for the development are bh , oH , m , and oL . The 
data of bh , m , and T  were measured directly from the experiments, while the data of oH
and oL  are computed by using linear wave theory. The development of a new formula is 
separated into two stages. The first stage is determination of the general relationship 
between ob Hh /  versus oo LH /  (or ob Lh /  versus oo LH / ). After that, the bottom-slope-
effect is included explicitly into the general formula obtained from the first stage. 

2.3.2.1. Relationship between ob Hh /  and oo LH /
The relationship between ob Hh /  and oo LH /  is plotted to determine the possible form of 
fitting equation (see Fig. 2.1).  
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Figure 2.1. Relationship between ob Hh  and oo LH  (laboratory data from 26 sources 
shown in Table 2.1). 

The relationship in Fig. 2.1 can be fitted with a power function. However, the parameter 
ob Hh  tends to increase rapidly when 1.0	oo LH . It is better to separate the formula into 

two parts, i.e. for 1.0�oo LH  and for 1.0	oo LH . The general formula can be expressed 
in form of step function as 
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where 1S  is the slope effect coefficient, and 1K  and 2K  are constants. 
Using the laboratory data of bh , oH , and oL  for the cases that 1.0�oo LH , the data of 

1S  can be determined from Eq. (2.15a), if the constant 1K  is given. For a given constant 

1K , the relationship between 1S  versus m  is plotted to determine the correlation. Then the 
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constant 1K  is gradually adjusted until it gives the best correlation. The relationship shows 
the best correlation when 16.01 ��K  (see Fig. 2.2).
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Figure 2.2. Relationship between slope effect coefficient 1S  and bottom slope m  when 
16.01 ��K  (laboratory data from 26 sources shown in Table 2.1 excluding the data that 

1.0	oo LH ). Solid line is the computed 1S  from Eq. (2.16). 

The scatter in Fig. 2.2 is caused by Eq. (2.15). The scatter shows a weak correlation 
between 1S  and m . However, it still has some correlation. The relationship in Fig. 2.2 can 
be fitted with a parabolic function. The coefficients in the parabolic function are 
determined from multi-regression analysis. After the analysis, it is found that the best-fit 
formula for 1S  can be expressed as

88.098.186.3 2
1 ��� mmS           (2.16) 

Using the laboratory data for the cases that 1.0	oo LH , the constant 2K  can be 
determined from regression analysis. The regression analysis between � �)/(ln 1 ob HSh  and 

� �oo LHln  yields 34.02 ��K .
Substituting Eq. (2.16) and 16.01 ��K , 34.02 ��K  into Eq. (2.15), yields 
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The plots of Eq. (2.17) for 4 bottom slopes (m = 0.01, m = 0.05, m = 0.10, and m =
0.20) are shown as the lines in Fig. 2.3. The computations of the breaker depth from Eq. 
(2.17) are carried out with 26 sources of collected data (see Table 2.1). The verification 
results are shown in the last column of Table 2.5. The verification results are summarized 
as follows: 
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a) Eq. (2.17) gives better predictions than the existing formulas (except RS00) for all 
conditions while gives better predictions than the formula of RS00 for most 
conditions.

b) Although Eq. (2.17) is more complicate than the formula of RS00 (which is the 
longest and the best existing formula), the accuracy of Eq. (2.17) for the cases of 

1.0	oo LH  is significantly better than that of RS00 ( avgER  of RS00 is 18.5% while 

avgER  of Eq. (2.17) is 7.5%). 
c) In comparison with the existing formulas, overall accuracy of Eq. (2.17) is slightly 

better for the cases of 1.0�oo LH , but much better for the cases of 1.0	oo LH .
d) The overall accuracy of Eq. (2.17) is significantly better than that of existing 

formulas, and its use is recommended for computing the breaker depth. However, 
since the formula is based on deepwater wave height, it is not possible to model the 
multiple breaking and reformation in a wave model. 

The validity of empirical formulas may be limited according to the range of 
experimental conditions used in the calibrations or verifications. Therefore, the use of Eq. 
(2.17) becomes questionable for the beaches having slope greater than 0.38 and for the 
deepwater wave steepness ( oo LH / ) greater than 0.112. Moreover, since the experimental 
data is not available for the range of 041.0100.0 ## oo LH  (see Fig. 2.1), caution should 
be taken when using Eq. (2.17b) for this narrow range. The step function in Eq. (2.17) can 
be avoided by adding the equation for the transition zone ( 041.0100.0 ## oo LH ) but Eq. 
(2.17) will become quite complicate. Because of the complexity of equation, unavailability 
of experimental data, and the narrow range of transition zone, the transition zone is not 
considered in this study. 
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Figure 2.3. The plots of Eq. (2.17) for 4 bottom slopes (m = 0.01, m = 0.05, m = 0.10, and 
m = 0.20). 
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2.3.2.2. Relationship between ob Lh /  and oo LH /
The relationships between ob Lh /  and oo LH /  is plotted to determine the possible form of 
fitting equation (see Fig. 2.4). Figure 2.4 shows that the relationship can also be fitted with 
a power function as in Fig. 2.1. Therefore, the general formula can be expressed in the 
same form as in Eq. (2.15). Following the same procedure as in sub-section 2.3.2.1, the 
final formula is the same as shown in Eq. (2.17).  
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Figure 2.4. Relationship between ob Lh /  and oo LH  (laboratory data from 26 sources 
shown in Table 2.1). 

2.4. Assumed Orbital to Phase Velocity Ratio and Assumed Breaker 
Height
The objective of this section is to find out the reliable formulas for computing the assumed 
orbital to phase velocity ratio at the breaking ( bb cû ) and assumed breaker height ( bH � ).
These two variables are considered at the same time because one variable can be converted 
into the other by using linear wave theory. Similar to the previous section, examination of 
existing formulas is performed before development of the new formulas. 

2.4.1. Examination of existing formulas 
Only two formulas have been proposed to compute bb cu /ˆ  and bH � . A brief review of the 
formulas is described below. 

Watanabe et al. (1984) pointed out that the assumed orbital to phase velocity ratio is 
more suitable for the computation of composite waves breaking. They employed the linear 
wave theory to determine the assumed breaker height ( bH � ) from the known deepwater 
wave height ( oH ), water depth at breaking ( bh ) and wave period (T ).

gb

o
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cHH
2

��             (2.18) 
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where gbc  is the group velocity at the breaking point.
Then the assumed orbital velocity ( bû ) at the mean water level is computed from bH � ,

bh , and T  by using linear wave theory as 
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�         (2.19) 

where bc  is the phase velocity at the breaking point, and bk  is the wave number at the 
breaking point.

By reanalyzing the same data set as used by Goda (1970), the breaker depth diagram of 
Goda (1970) was converted into a diagram, which shows the relationship between assumed 
orbital to phase velocity ratio ( bb cu /ˆ ) versus relative water depth ( ob Lh / ), and bottom 
slope (m ). For convenience in numerical calculation, the diagram of Watanabe et al. 
(1984) was approximated by Isobe (1987) as 
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This formula is referred to as WI87a hereafter.  
Since wave height is the convenient variable for many wave models, Rattanapitikon 

(1995) converted Eq. (2.20) to be expressed in terms of assumed breaker height ( bH � ) by 
using linear wave theory. 
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This formula is referred to as WI87b hereafter. It should be noted that Eqs. (2.20) and 
(2.21) are identical in terms of linear wave theory. 

The collected data shown in Table 2.1 are used to examine the formulas of WI87a and 
WI87b. The required data in the examination are bû , bH � , bh , oL , bc , m , and bk . The 
water depth ( bh ) and the bottom slope (m ) were measured directly from the experiments. 
The data of bH �  and bû  are determined by using Eqs. (2.18) and (2.19) respectively. Other 
variables are computed based on the linear wave theory from the known bh  and .T

As the variation of bb cu /ˆ  for the cases of 1.0	oo LH  shows the same trend as that of 
1.0�oo LH  (see Fig. 4 in the paper of Watanabe et al., 1984), the collected laboratory 

data are divided on the basis of bottom slope and experiment scale. The computations of 
bû  and bH �  from Eqs. (2.20) and (2.21) are carried out with 26 sources of collected data 

(see Table 2.1). The errors gER  of WI87a and WI87b for 8 groups of bottom slope and 
experiment scale are shown in the fourth and seventh columns of Table 2.6. The 
examination results from Table 2.6 are summarized as follows: 

a) As formulas of WI87a and WI87b are identical in terms of linear wave theory, it is 
not surprising to see that the accuracy of both formulas is nearly the same. 

b) Although the development of formulas WI87a and WI87b were based on small-
scale experiments, they surprisingly give good prediction for the large-scale 
experiments but fair prediction for the small-scale experiments. However, what is 
considered a good formula should give good predictions for both small-scale and 
large-scale experimental conditions. The formulas of WI87a and WI87b should be 
modified for better predictions. 
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c) The errors of WI87a and WI87b tend to vary with the bottom slope. The error is 
pronounced for the breaking wave on the steep slope.

Table 2.6. The root mean square relative error ( gER ) of the formulas for computing bû  and 

bH �  (laboratory data from 26 sources shown in Table 2.1). 
Formulas for computing bû  Formulas for computing bH �Exper

iment 
Bottom Slope No. of 

Cases WI87a Eq. 
(2.23)

Eq.
(2.34)

WI87b Eq. 
(2.24)

Eq.
(2.33)

0�m 64 21.9 20.2 4.1 21.0 19.3 4.0
07.00 �# m 338 16.7 15.0 2.7 15.4 13.6 2.4

10.007.0 �# m 102 17.6 15.8 3.7 16.2 14.4 3.4
38.01.0 �# m 70 37.4 19.4 2.6 41.7 20.9 2.7

Small 
scale

avgER  (for 4 groups) 23.4 17.6 3.3 23.5 17.1 3.1
0�m 3 12.8 11.5 1.5 13.2 11.8 1.5

07.00 �# m 41 11.8 15.6 4.2 11.7 15.5 4.4
10.007.0 �# m 24 14.1 12.5 3.1 13.0 12.0 3.1
38.01.0 �# m 53 19.9 17.4 3.3 19.3 16.4 3.0

Large
scale

avgER  (for 4 groups) 14.6 14.3 3.0 14.3 13.9 3.0
avgER  (for 8 groups) 19.0 15.9 3.2 18.9 15.5 3.1

2.4.2. Formula modification 
Since WI87a and WI87b give fair predictions for the small-scale experiments and the error 
of predictions tend to vary with the bottom slope, it is expected that reformulating the term 
of bottom-slope-effect and changing the constants in the formula can improve the 
accuracy. Eq. (2.20) can be written in a general form as 
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where 3K  to 10K  are constants. The constants 3K , 4K  and 6K  can be determined from 
multi-regression analysis, if the constants 5K , 7K , 8K , 9K , and 10K  are given. The 
constants 5K , 7K , 8K , 9K , and 10K  are gradually adjusted until they give the minimum 
error. The best fitted 3K  to 10K  are 0.46, 0.0, 3.0, 1.0, 0.95, -0.1, 13.0, and 0.1 
respectively. As 4K  is equal to zero, the second term on the right hand side of Eq. (2.22) is 
not significant. Substituting all the constants into Eq. (2.22), yields 
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Various functions of bottom-slope-effect have been tried to replace the term 
“ 1.095.0 �bm ” in Eq. (2.23), i.e. power, linear, quadratic, and cubic models. It is found that 
the accuracy of those functions is not better than that of “ 1.095.0 �bm ”.

Similar to Rattanapitikon (1995), Eq. (2.23) is converted to express in term of the 
assumed breaker height ( bH � ) by using linear wave theory. 
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The errors ( gER ) of Eqs. (2.23) and (2.24) for 8 groups of bottom slope and experiment 
scale are shown in the fifth and eighth columns of Table 2.6. It can be seen that although 
Eqs. (2.23) and (2.24) are slightly simpler than those of WI87a and WI87b, they seem to 
give better predictions for a wide range of experimental conditions. The overall accuracy 
of Eqs. (2.23) and (2.24) for large-scale experiments is nearly the same as that of WI87a 
and WI87b. For small-scale experiments, the accuracy of Eqs. (2.23) and (2.24) is 
significantly better than that of WI87a and WI87b.  

2.4.3. Formula development 
Although Eqs. (2.23) and (2.24) give good predictions, it may be possible to develop new 
formulas which give better predictions than Eqs. (2.23) and (2.24). As the formulas for 
computing bb cu /ˆ  and bH �  are considered to be identical, it is better to analyze them at the 
same time. The assumed breaker height ( bH � ) and assumed orbital to phase velocity ratio 
( bb cu /ˆ ) may depend on the variables at the deepwater or breaking conditions, i.e. 
deepwater wavelength ( oL ), deepwater wave height ( oH ), still water depth at the breaking 
location ( bh ), wavelength at the breaking location ( bL ), and bottom slope at the breaking 
location (m ). The possible breaker index can be expressed as the following functions. 
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where 3f  to 7f  are functions proposed in each formula.  
The laboratory data from 26 sources (shown in Table 2.1) are used to develop the new 

formulas for computing bH �  and bb cu /ˆ . The required data for the development are bh , oH ,
m , oL , bc , bL , bH � , and bû . The data of bh , m , and T  were measured directly from the 
experiments. The data of oH , oL , bc , and bL  are computed by using linear wave theory. 
The data of bH �  and bû  are computed from Eqs. (2.18) and (2.19) respectively.

Each breaker index may be a function of four dimensionless parameters as shown in 
Eqs. (2.25) to (2.29). However, not all of the dimensionless parameters are contained in 
each existing breaker index and it is difficult to consider all these dimensionless 
parameters simultaneously. A common way to do is to select only one dimensionless 
parameter as a dominant parameter governing each breaker index. The selection of 
dominant parameter is performed by plotting the relationship between each breaker index 
and each dimensionless parameter. A much simpler relationship is expected for the 
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breaking wave on step beach ( 0�m ) because the parameter m  can be excluded from the 
formula. Therefore, the development of a new formula is separated into two stages. For the 
first stage, the breaking waves on step beach ( 0�m ) are analyzed to identify a “basic 
form” of breaker index. After that, the bottom-slope-effect is included explicitly into the 
basic formula obtained from the first stage. 

The laboratory data of the breaking waves on step beach (i.e. the experiments from 
Hattori and Aono, 1985; Horikawa and Kuo, 1966; and Nagayama, 1983) are used to 
determine a basic form of breaker index. An attempt is made to correlate the breaking 
indices  ( bb cu /ˆ , bb hH /� , bb LH /� , ob HH /� , and ob LH /� ) with the possible dimensionless 
parameters ( bb Lh / , ob Lh / , and oo LH / ). A total of fifteen possible relations is plotted to 
identify the best correlation. It is found that the relationship between ob LH /�  and oo LH /
shows the best correlation and it is selected as a basic form of breaking index. Examples of 
relationships between bb cu /ˆ  and ob LH /�  versus bb Lh / , ob Lh / , and oo LH /  are shown in 
Figs. 2.5 and 2.6. 

The relationship between ob LH /�  and oo LH /  (in Fig. 2.6c) can be fitted with a power 
function as 
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where 11K  and 12K  are constants. From the regression analysis between )/log( ob LH �  and 
)/log( oo LH , the values of 11K , 12K , and the correlation coefficient ( 2R ) are 0.64, 0.85, 

and 0.99 respectively. The best-fitted line is shown as the solid line in Fig. 2.6c. However, 
the values of 11K  and 12K  are not used in the next analysis because they may change 
slightly when the bottom-slope-effect and all collected laboratory data are included in the 
analysis. 

The analysis is extended by incorporating the laboratory data of the breaking waves on 
various bottom slopes. All the laboratory data shown in Table 2.1 are used in the analysis. 
This revised analysis is based entirely on the basic formula obtained from the first stage of 
development (Eq. (2.30)). The slope effect coefficient is included in Eq. (2.30) by 
replacing the constant 11K  as 
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where 2S  is the bottom-slope-effect coefficient. 
Using the data of oH , oL , and bH � , the data of 2S  can be determined from Eq. (2.31), if 

the constant 12K  is given. For a given constant 12K , the relationship between 2S  and m  is 
plotted to determine the correlation. Then the constant 12K  is gradually adjusted until it 
gives the best correlation. The relationship between 2S  and m  shows the best correlation 
when 83.012 �K  (see Fig. 2.7). Using regression analysis, the best-fit formula for 2S  can 
be expressed as

58.031.057.0 2
2 ���� mmS           (2.32) 

Substituting Eq. (2.32) and 83.012 �K  into Eq. (2.31), yields 
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It can be seen from Fig. 2.7 that 2S  ( y -axis) varies between 0.55 and 0.65. This narrow 
band of variation indicates that the effect of bottom slope (m ) on Eq. (2.33) is limited. 

Eq. (2.33) can be converted to express in term of the assumed orbital velocity ( bû ), by 
using linear wave theory, as 
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 The errors ( gER ) of Eqs. (2.33) and (2.34) for 8 groups of bottom slope and experiment 
scale are shown in the last and the sixth columns of Table 2.6. Table 2.6 shows that Eqs. 
(3.33) and (2.34) give surprisingly excellent predictions for both small-scale and large-
scale experiments. The formulas give the best prediction for all conditions. However, they 
cannot be used in modeling the multiple breaking and reformation in a wave model 
because the formulas depend on deepwater wave height. 

As the proposed formulas are empirical formulas, they are applicable in the limited 
range of experimental conditions that are used in the calibrations or verifications. 
Therefore, the use of Eqs. (2.33) and (2.34) becomes questionable for the beaches having 
slope greater than 0.38 and for the deepwater wave steepness greater than 0.112.
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Figure 2.5. Relationships between bb cu /ˆ  and (a) bb Lh / , (b) ob Lh / , (c) oo LH /  for the case 
of breaking wave on step beach (laboratory data from Hattori and Aono, 1985; Horikawa 
and Kuo, 1966; and Nagayama, 1983).  
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Figure 2.6. Relationships between ob LH /�  and (a) bb Lh / , (b) ob Lh / , (c) oo LH /  for the 
case of breaking wave on step beach (laboratory data from Hattori and Aono, 1985; 
Horikawa and Kuo, 1966; and Nagayama, 1983). Solid line in figure (c) is the fitted line. 
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Figure 2.7. Relationship between slope effect coefficient 2S  and bottom slope m  when 
83.012 �K  (laboratory data from 26 sources shown in Table 2.1). Solid line is the 

computed 2S  from Eq. (2.32). 
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III. TRANSFORMATION OF REPRESENTATIVE 
WAVE HEIGHTS USING REPRESENTATIVE WAVE
APPROACH

3.1. Introduction 
The present section concentrates the determination of three common representative 

wave heights, i.e. root mean square wave height ( rmsH ), significant wave height ( 3/1H ),
and maximum wave height ( maxH ). The representative wave heights ( rmsH , 3/1H , and 

maxH ) are the essential required factors for the study of beach deformation and the design 
of coastal structures. Wave data are usually available in deepwater but not available in the 
shallow water at the depths required. When waves propagate to the nearshore zone, wave 
profiles steepen and eventually waves break. Once the waves start to break, a part of wave 
energy is transformed into turbulence and heat, and wave height decreases towards the 
shore. Irregular wave breaking is more complex than regular wave breaking. In contrast to 
regular waves, there is no well-defined breaking position for irregular waves. The higher 
wave tends to break at the greater distance from the shore. Closer to the shore, more and 
more waves are breaking, until in the inner surf zone almost all the waves are breaking. 
The representative wave heights ( rmsH , 3/1H , and maxH ) in shallow water can be 
determined from a wave height transformation model. Common methods to model rmsH ,

3/1H , and maxH  may be classified into three approaches, i.e. individual wave approach, 
conversion approach, and representative wave approach.

The individual wave approach considers the propagation of individual waves in the 
irregular wave train. The incident individual waves may be determined from the irregular 
wave records or from probability density function ( pdf ) of wave height. The propagation 
of each individual wave is computed by using an appropriate regular wave model. 
Recombining the individual wave heights at the required depth yields the irregular wave 
train, which used to determine the representative wave heights ( rmsH , 3/1H , and maxH ).
Several models have been proposed based on this approach, differing mainly in the regular 
wave model used to simulate the propagation of the individual waves (e.g. the models of 
Goda, 1975; Mase and Iwagaki, 1982; Mizuguchi, 1982; Dally, 1990 and 1992; Kuriyama, 
1996; and Goda, 2004). This method is particularly useful if a detailed wave height 
distribution is required. However, it has a demerit in time-consuming, which may not suite 
for the practical works.

The conversion approach is used to convert the representative wave heights from one to 
another through the known relationships. The root mean square wave height ( rmsH ) is 
usually used as a reference wave height of the conversion because it is the output of many 
wave models (e.g. the models of Battjes and Janssen, 1978; Thornton and Guza, 1983; 
Larson, 1995; and Rattanapitikon, 2007). Therefore, the other representative wave heights 
( 3/1H  and maxH ) can be determined from the known relationships between the 
representative wave heights (e.g. the relationships of Longuet-Higgins, 1952; Battjes and 
Groenendijk, 2000; and Rattanapitikon and Shibayama, 2007). 

The representative wave approach considers only the propagation of the representative 
wave height. This method has a merit of simple calculation, but it may have the demerit of 
containing a possible large estimate error when applying to compute rmsH , 3/1H , and 

maxH . However, Rattanapitikon et al. (2003) showed that by using an appropriate energy 
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dissipation model with new coefficients, the representative wave approach can be used to 
compute the rms  wave height ( rmsH ) transformation with good accuracy. Therefore, it 
may be possible to use the representative wave approach to predict the transformation of 

3/1H , and maxH . This chapter is carried out to investigate the possibility of using the 
representative wave approach and find out a suitable dissipation model that can be used to 
compute rmsH , 3/1H , and maxH .

3.2. Transformation of Root Mean Square Wave Height 
The transformation of root mean square ( rms ) wave heights has been a subject of study 

for decades because of its importance in studying beach deformations and the design of 
coastal structures. When waves propagate to the nearshore zone, wave profiles steepen and 
eventually waves break. The higher waves tend to break at the greater distance from the 
shore. Closer to the shore, more and more waves are breaking, until in the inner surf zone 
almost all the waves are breaking. Once the waves start to break, a part of the wave energy 
is transformed into turbulence and heat, and wave height decreases towards the shore.

Common methods to model irregular wave height transformation can be classified into 
three main approaches, i.e. representative wave approach, spectral approach, and 
probabilistic approach. For computing beach deformation, the wave model should be kept 
as simple as possible because of the frequent updating of wave field to account for the 
change of bottom profiles. The representative wave approach seems to be suitable for the 
beach deformation models. The approach relies on the macroscopic features of breaking 
waves and predict only the transformation of rms  wave height. The rms  wave height 
transformation is computed from the energy flux conservation law as: 
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            (3.1) 

where E  is the wave energy density, gc  is the group velocity, �  is the mean wave angle, 
x  is the distance in cross shore direction, and BD  is the energy dissipation rate due to 
wave breaking which is zero outside the surf zone. The energy dissipation rate due to 
bottom friction is neglected. In the present study, all variables are based on the linear wave 
theory.

Snell’s law is employed to describe wave refraction.

�
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where c  is the phase velocity. 
From the linear wave theory, the wave energy density (E ) is equal to 8/2

rmsgH� .
Therefore, Eq. (3.1) can be written in terms of rms  wave height as: 
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where rmsH  is the rms  wave height. 
The rms  wave height transformation can be computed from the energy flux balance 

equation [Eq. (3.3)] by substituting the model of energy dissipation rate ( BD ) and 
numerically integrating from offshore to shoreline. In the offshore zone, the energy 
dissipation rate is set to zero. The main difficulty of Eq. (3.3) is how to formulate the 
energy dissipation rate caused by the breaking waves.  

During the past decades, various energy dissipation models have been proposed for 
computing rmsH  in the surf zone. Because of the complexity of the wave breaking 
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mechanism, most of the energy dissipation models were developed based on the empirical 
or semi-empirical approach. To make an empirical formula reliable, it has to be calibrated 
or verified with a wide range of experimental conditions. However, most of the previous 
models were developed with limited experimental conditions. Therefore, their validity may 
be limited according to the range of experimental conditions that were employed in 
calibration or verification. Moreover, since the models are different, the computed results 
from various models should differ from each other and from the measured data. No direct 
study has been made to describe clearly the accuracy of each model on the estimation of 

rmsH  for a wide range of experimental conditions. It is not clear which model is suitable 
for computing the transformation of rmsH . The main objective of this study is to find out 
the suitable models that predict well for a wide range of experimental conditions.  

This section is divided into six main parts. The first part describes the collected data. 
The second part briefly reviews the existing dissipation models. The third part is 
examination of existing models. The fourth part is recalibration and comparison of the 
existing models for identifying the suitable models. The fifth part describes the 
modification of the existing models. The last part describes the development of the new 
model.

3.2.1. Collected experimental data 
The experimental data of rms  wave height transformation from 13 sources, covering 

1723 cases of wave and bottom conditions, have been collected for examination of the 
dissipation models. The experiments cover a wide range of wave and bottom topography 
conditions, including small-scale, large-scale and field experiments. The experiments cover 
a variety of beach conditions and cover a range of deepwater wave steepness ( ormso LH )
from 0.0007 to 0.0588. A summary of the collected laboratory data is given in Table 3.1. 
Most of the data sources are the same as that used by Rattanapitikon et al. (2003). The 
additional data are from the DELILAH project (Birkemeier et al., 1997) and DUCK94 
project (Herbers et al. 2006). A brief summary of the DELILAH and DUCK94 projects are 
summarized below. 

DELILAH (Duck Experiment on Low-frequency and Incident-band Longshore and 
Across-shore Hydrodynamics) project was conducted on the barred beach in Duck, North 
Carolina, USA in October 1990. The objective of the project is to improve fundamental 
understanding and modeling of surf zone physics. The experiment emphasized surf zone 
hydrodynamics in the presence of a changing barred bathymetry. Nine pressure gauges 
were installed to measure the nearshore wave heights across-shore and one of them was in 
the swash zone. Tidal elevations were measured at the FRF pier. The measured wave 
heights are available at http://dksrv.usace.army.mi/jg/del90dir. The data of wave heights 
and water depths measured during Oct 2-21, 1990 are available. The wave heights and 
water depths data are available at approximately every 34 min. A total of 776 sets of 
measured wave heights and water depths are available on the data server. A data set that 
has only a few points of measurements is not suitable to use for verifying the models. A 
total of 745 data sets are considered in this study. 
 DUCK94 project was conducted on the barred beach in Duck, North Carolina, USA 
during Aug - Oct 1994. The project objective is the same as that of DELILAH. The 
experiment emphasized surf zone hydrodynamics, sediment transport and morphological 
evolution. Thirteen experiments were carried out by 19 organizations. The experiment of 
wave height transformation was performed by Herbers, T. H. C., Elgar, S., Guza, R. T., 
and O’Reilly, W. C. Thirteen pressure gauges were installed to measure the nearshore 
wave heights across-shore and one of them was in the swash zone. Tidal elevations were 
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measured at the FRF pier. The measured wave heights, and water depths are available at 
http://dksrv.usace.army.mi/jg/dk94dir. The wave heights data are available at 
approximately every 17 min while the water depths data are available at every 3 h. The 
wave heights and water depths at every 3 h that were measured during Aug 15 – Oct 31, 
1994 are used in the present study. Excluding the data sets that have only a few points of 
measurements, a total of 587 data sets are considered in the present study. 

Table 3.1. Summary of collected experimental data. 
Sources  No of 

cases
No of 
points

Beach
conditions

ormso LH Apparatus

Hurue (1990) 1 7 plane beach 0.0259 Small-scale
Smith and Kraus (1990) 12 96 plane and 

barred beach 0.0214-0.0588 Small-scale

Sultan (1995) 1 12 plane beach 0.0042 Small-scale
Grasmeijer and Rijn (1999) 2 20 sandy beach  0.0142-0.0168 Small-scale
Hamilton and Ebersole (2001) 1 10 plane beach 0.0165 Small-scale
Ting (2001) 1 7 plane beach 0.0161 Small-scale
Kraus and Smith (1994): 
SUPERTANK project 128 2,223 sandy beach  0.0011-0.0452 Large-scale

Roelvink and Reniers (1995): 
LIP 11D project  95 923 sandy beach  0.0039-0.0279 Large-scale

Dette et al. (1998): 
MAST III – SAFE project 138 3,559 sandy beach  0.0061-0.0147 Large-scale

Thornton and Guza (1986) 4 60 sandy beach  0.0012-0.0013 field
Kraus et al. (1989):  
DUCK85 project 8 90 sandy beach  0.0007-0.0018 field

Birkemeier et al. (1997): 
DELILAH project 745 5,049 sandy beach  0.0007-0.0254 field

Herbers et al. (2006): 
DUCK94 project  587 6,104 sandy beach  0.0009-0.0290 field

Total  1,723 18,160  0.0007-0.0588  

3.2.2. Existing energy dissipation models 
During the past decades, various energy dissipation models have been developed based 

on the parametric approach and the representative wave approach. Brief reviews of some 
existing dissipation models are described below. 

a) Battjes and Janssen (1978), hereafter referred to as BJ78, proposed to compute BD  by 
multiplying the fraction of irregular breaking waves (Qb ) by the energy dissipation of a 
single broken wave. The energy dissipation of a broken wave is described by the bore 
analogy and assuming that all broken waves have a height equal to breaking wave height 
( bH ) as: 
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where pT  is the spectral peak period, and 1K  is the coefficient introduced to account for 
the difference between breaking wave and hydraulic jump. The published value of 1K  is 
1.0. The fraction of breaking waves (Qb ) was derived based on the assumption that the 
probability density function ( pdf ) of wave height could be modeled with a Rayleigh 
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distribution truncated at the breaking wave height ( bH ) and all broken waves have a height 
equal to the breaking wave height. The result is 
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in which the breaking wave height ( bH ) is determined from the formula of Miche (1944) 
with additional constant ( 3K ).

� �khKLKHb 32 tanh�             (3.6) 
where L  is the wavelength related to pT , k  is the wave number, h  is the water depth, and 

2K  and 3K  are the coefficients. Based on their laboratory data, the coefficients 2K  and 

3K  are determined at 0.14 and 0.91 respectively. This model is widely used for computing 

BD . However the additional constant 3K  may be changed slightly for the best fit with 
other experimental data, e.g. it is determined at 0.89 for Oliveira (2007). 
 Since Eq. (3.5) is an implicit equation, an iteration process is necessary to compute the 
fraction of breaking waves (Qb ). It will be more convenient if we can compute Qb  from 
the explicit form of Eq. (3.5). Rattanapitikon and Shibayama (1998) proposed the explicit 
form of Qb  based on multiple regression analysis (with correlation coefficient 2R = 0.999) 
as:
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As Eqs. (3.5) and (3.7) give almost identical results ( 2R = 0.999), for convenience, Eq. 
(3.7) is used in this study. 

b) Thornton and Guza (1983), hereafter referred to as TG83, proposed to compute BD
by integrating from 0  to )  the product of the dissipation for a single broken wave and the 
pdf  of the breaking wave height. The energy dissipation of a single broken wave is 

described by the bore model, which is slightly different from the bore model of BJ78. The 
pdf  of breaking wave height is expressed as a weighting of the Rayleigh distribution. By 

introducing the formula of the weighting, a model of BD  was proposed. 
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where 4K  is the coefficient introduced to account for the difference between breaking 
wave and hydraulic jump. The published value of 4K  is 0.51 for laboratory data. The 
breaker height ( bH ) is determined from the following formula. 

hKHb 5�              (3.9) 
where 5K  is the coefficient of depth limit breaker height. The published value of 5K  is 
0.42.

c) Battjes and Stive (1985), hereafter referred to as BS85, used the same energy 
dissipation model as that of BJ78. 
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where 6K  is the coefficient. The published value of 6K  is 1.0, and Qb  is computed from 
Eq. (3.7). They modified the model of BJ78 by recalibrating the coefficient 3K  in the 
breaker height formula [Eq. (3.6)]. The coefficient 3K  was related to the deepwater wave 
steepness � �ormso LH / . After calibration, the breaking wave height was modified to be: 
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where rmsoH  is the deepwater rms  wave height, oL  is the deepwater wavelength and 7K  to 

10K  are the coefficients. The published values of 7K  to 10K  are 0.140, 0.57, 0.45, and 33 
respectively. Hence, the model of BS85 is similar to that of BJ78 except for the formula of 

bH .
d) Southgate and Nairn (1993), hereafter referred to as SN93, modified the model of 

BJ78 by changing the expression of energy dissipation of a single broken wave from the 
bore model of BJ78 to be the bore model of TG83 as: 
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where 11K  is the coefficient. The published value of 11K  is 1.0 and Qb  is computed from 
Eq. (3.7). The breaker height ( bH ) is determined from the formula of Nairn (1990) as: 
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where 12K  to 14K  are the coefficients. The published values of 12K  to 14K  are 0.39, 0.56, 
and 33 respectively.

e) Baldock et al. (1998), hereafter referred to as BHV98, proposed to compute BD  by 
integrating from bH  to )  the product of the dissipation for a single broken wave and the 
pdf  of the wave height. The energy dissipation of a single broken wave is described by 

the bore analogy of BJ78. The pdf  of wave height inside the surf zone was assumed to be 
the Rayleigh distribution. 
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The published coefficient 15K  is 1.0. The breaker height ( bH ) is determined from the 
formula of Nairn (1990) as: 
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where 16K  to 18K  are the coefficients. The published values of 16K  to 18K  are 0.39, 0.56, 
and 33 respectively.
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f) Rattanapitikon and Shibayama (1998), hereafter referred to as RS98, modified the 
model of BJ78 by changing the expression of energy dissipation of a single broken wave 
from the bore concept to the stable energy concept, 
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where 19K  to 21K  are the coefficients. The published values of 19K  to 21K  are 0.10, 0.58, 
and 2.0 respectively. The fraction of breaking wave (Qb ) is computed from Eq. (3.7). The 
breaking wave height (Hb ) is computed by using the breaking criteria of Goda (1970) as: 
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where m  is the average bottom slope and 22K  is the coefficient. The published value of 

22K  is 0.10. 
 g) Ruessink et al. (2003) hereafter referred to as RWS03, used the same energy 
dissipation model as that of BHV98. 
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where 23K  is the coefficient and the published value of 23K  is 1.0. The breaker height 
formula of BJ78 [Eq. (3.6)] is used to determine bH . The coefficient 3K  in Eq. (3.6) was 
related to the product of wave number and water depth ( kh ). After calibration, the breaker 
height formula was modified to be: 

� �! "khKkhKLKHb 262524 tanh ��           (3.19) 
where 24K  to 26K  are the coefficients. The published values of 24K  to 26K  are 0.14, 0.86, 
and 0.33 respectively. Hence, the model of RWS03 is similar to that of BHV98 except for 
the formula of bH .

h) Rattanapitikon et al. (2003) hereafter referred to as RKS03, applied the dissipation 
model for regular wave for computing the dissipation for irregular waves. 
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where 27K  and 28K  are the coefficients. The published values of 27K  and 28K  are 0.12 and 
0.42. The breaker height (Hb ) is computed by using the breaking criteria of Miche (1944) 
as

� �khLKHb tanh29�              (3.21) 
where 29K  is the coefficient. The published value of 29K  is 0.14. The greatest asset of 
RKS03’s model is its simplicity and ease of application. The model was developed based 
on the representative wave approach while other models were developed based on the 
parametric approach. 
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3.2.3. Examination of existing models 
The objective of this section is to examine the applicability of the eight existing 

dissipation models on simulating rmsH . The measured rms  wave heights from 13 sources 
(total 1723 cases) of published experimental results (shown in Table 3.1) are used to 
examine the existing models.  

The rms  wave height transformation is computed by numerical integration of the 
energy flux balance equation [Eq. (3.3)] with the energy dissipation rate of the existing 
models [Eqs. (3.4), (3.8), (3.10), (3.12), (3.14), (3.16), (3.18), and (3.20)]. A backward 
finite difference scheme is used to solve the energy flux balance equation [Eq. (3.3)].  

The basic parameter for determination of the overall accuracy of a model is the average 
rms  relative error ( avgER ), which is defined as: 
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where gjER  is the rms  relative error of the data group j  (the group number), and tn  is the 
total number of groups. The small value of avgER  indicates good overall accuracy of the 
model.

The group rms  relative error ( gER ) is defined as: 
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where i  is the wave height number, ciH  is the computed wave height of number i , miH  is 
the measured wave height of number i , and ng  is the total number of measured wave 
heights in each data group. 

The collected experiments are separated into three groups according to the experiment 
scale, i.e. small-scale, large-scale, and field experiments. It is expected that a good model 
should be able to predict well for the three groups of experiment scale. Therefore, the 
average error ( avgER ) from the three groups of experiment scale are used as a main criteria 
to verify the models.  

Using the default coefficients ( 291 KK � ) in the computations, the errors ( gER  and 

avgER ) of each dissipation model for three groups of experiment scale have been computed 
and shown in Table 3.2.

It can be seen from Table 3.2 that the model of BS85 is the best. The overall accuracy 
of models in descending order are the models of BS85, RS98, RKS03, RWS03, BHV98, 
SN93, BJ78, and TG83. Because most models were developed based on the limited 
experimental conditions, the coefficients in the models may not be the optimal values. 
Therefore, the errors in Table 3.2 should not be used to judge the applicability of the 
selected models. The coefficients in all models should be recalibrated before comparing 
the applicability of the models. 
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Table 3.2. The errors gER  and avgER  of the existing models for three groups of experiment 
scale (using the default coefficients).  

ModelsApparatus
BJ78

(Eq. 3.4) 
TG83

(Eq.3.8) 
BS85

(Eq. 3.10) 
SN93

(Eq. 3.12) 
BHV98

(Eq. 3.14) 
RS98

(Eq.3.16)
RWS03

(Eq.3.18) 
RKS03

(Eq.3.20) 
Small-scale 9.1 21.2 7.4 11.9 10.6 9.4 11.7 8.0
Large-scale 11.0 8.8 7.3 10.1 6.8 7.3 8.2 8.9

Field 18.0 11.3 10.4 14.7 13.5 10.1 10.1 12.9
avgER 12.7 13.8 8.3 12.3 10.3 8.9 10.0 9.9

3.2.4. Model calibration and comparison 
The measured data shown in Table 3.1 are used to calibrate the coefficients ( 291 KK � )

in the dissipation models. The calibrations are conducted by gradually adjusting the 
coefficients 291 KK �  until the minimum error ( avgER ) of each model is obtained. The 
optimum values of 291 KK �  are shown in the third column of Table 3.3.

Table 3.3. Default and calibrated coefficients of the existing models. 
Models Default Coefficients Calibrated Coefficients 

BJ78 (Eq. 3.4) 1K  = 1.0, 2K  = 0.14, 3K = 0.91 1K  = 0.92, 2K  = 0.14, 3K = 0.76 
TG83 (Eq. 3.8) 4K  = 1.0, 5K  = 0.42 4K  = 0.10, 5K  = 0.168 
BS85 (Eq. 3.10) 6K  = 1.0, 7K  = 0.14, 8K = 0.57, 

9K = 0.45, 10K = 33 
6K  = 1.0, 7K  = 0.14, 8K = 0.57, 

9K = 0.51, 10K = 28 
SN93 (Eq. 3.12) 11K  = 1.0, 12K = 0.39, 13K = 0.56, 

14K = 33 
11K  = 1.40, 12K = 0.46, 13K = 0.55, 

14K = 21 
BHV98
(Eq.3.14)

15K  = 1.0, 16K = 0.39, 17K = 0.56, 

18K = 33 
15K  = 1.06, 16K = 0.50, 17K = 0.28, 

18K = 43 
RS98 (Eq. 3.16) 19K  = 0.10, 20K  = 0.58, 21K  = 2.0, 

22K  = 0.10 
19K  = 0.08, 20K  = 0, 21K  = 7.3, 

22K  = 0.105 
RWS03  
(Eq. 3.18) 

23K = 1.0, 24K = 0.14, 25K = 0.86, 

26K = 0.33 
23K = 1.05, 24K = 0.14, 25K = 0.70, 

26K = 0.45 
RKS03 (Eq.3.20) 27K  = 0.12, 28K * 29K  = 0.0588 27K  = 0.07, 28K * 29K  = 0.047 

Using the calibrated coefficients in the computations, the errors ( gER  and avgER ) of 
each dissipation model for three groups of experiment scale have been computed and 
shown in Table 3.4. The results can be summarized as follows: 

(a) After calibrations, the accuracy of most models (except BS85) are improved 
significantly, while the accuracy of BS85 is slightly improved. This shows that the 
coefficients in the existing models are not the optimal values. 

(b) The errors of the existing models for three groups of experiment scale are not much 
different. It means that those models may not have scale effect.  

(c) The overall accuracy of models in descending order are the models of BS85, RS98, 
RKS03, BHV98, RWS03, SN93, BJ78, and TG83.  



37

(d) Considering the overall accuracy of all models in Table 3.4, it can be concluded that 
all selected models can be used for practical work ( 4.112.8 �� avgER ). However, 
lesser error is better. The model that gives very good prediction (with avgER  of 
8.2%) is the model of BS85. The model gives very good predictions on the 
laboratory experiments and good predictions on the field experiments.  

Table 3.4. The errors gER  and avgER  of the existing models for three groups of experiment 
scale (using the calibrated coefficients).

ModelsApparatus
BJ78

(Eq. 3.4) 
TG83

(Eq.3.8) 
BS85

(Eq. 3.10) 
SN93

(Eq. 3.12) 
BHV98

(Eq. 3.14) 
RS98

(Eq.3.16)
RWS03

(Eq.3.18) 
RKS03

(Eq.3.20) 
Small-scale 11.3 13.0 7.1 9.7 9.3 8.7 10.6 8.7
Large-scale 8.1 8.0 7.2 7.9 6.6 7.2 7.8 7.4

Field 12.4 13.2 10.4 10.9 10.3 9.3 9.7 9.7
avgER 10.6 11.4 8.2 9.5 8.7 8.4 9.4 8.6

3.2.5. Model modification
Although the existing models give overall good predictions, they may be modified for 

better predictions. Following the works of BS85 and RWS03, the modification is carry out 
by changing the breaker height ( bH ) formula in each dissipation model. All of the bH  and 

BD  formulas shown in section 3 will be used in this section. It can be seen from section 3 
that there are seven formulas for bH  [Eqs. (3.6), (3.9), (3.11), (3.13), (3.17), (3.19), and 
(3.21)] and six formulas for BD  [Eqs. (3.4), (3.8), (3.12), (3.14), (3.16), and (3.20)]. 
Equations (3.10), (3.15), and (3.18) have been left out of the lists because they are the 
same as Eqs. (3.4), (3.13), and (3.14), respectively.  

Substituting the seven formulas of bH   into the six existing dissipation models, 42 
possible models are considered in this section. Table 3.5 shows the combination of bH  and 

BD  formulas for the 42 possible dissipation models and 8 of which are the existing models 
(M1, M3, M9, M18, M25, M27, M33, and M42). The calibration of possible dissipation 
models are performed by using the measured data shown in Table 3.1. The calibrations are 
conducted by gradually adjusting the coefficients until the minimum error ( avgER ) of each 
model is obtained. The calibrated coefficients and average errors ( avgER ) from three 
groups of experiment scale are shown in the fourth and fifth columns of Table 3.5. The 
results can be summarized as follows: 

(a) The accuracy of most existing models (except BS85) can be improved by changing 
the breaker height ( bH ) formula. The model of BS85 (M3) already has a suitable 
combination of the formulas for bH  and BD .

(b) The bH  formula of BS85 [Eq. (3.11)] is suitable for all BD  formulas while the 

bH formulas of BJ78 [Eq. (3.6)] and BHV98 [Eq. (3.19)] are suitable for the BD
formula of RKS03 [Eq. (3.20)].  

(c) There are six models (M3, M24, M31, M36, M38, and M41) that give very good 
accuracy (with avgER  of about 8.1-8.2%) and three of them are from the BD
formula of the representative wave approach [Eq. (3.20)].  
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Table 3.5. Calibrated coefficients and average errors avgER  of all 42 possible dissipation 
models.
Model

No.
BD

formulas 
bH

formulas 
Calibrated coefficients 

avgER

M1 Eq. (3.6) 1K  = 0.92, 2K  = 0.14, 3K = 0.76 10.6
M2 Eq. (3.9) 1K  = 0.94, 5K = 0.63 10.6
M3 Eq. (3.11) 1K  = 1.0, 7K  = 0.14, 8K = 0.57, 9K = 0.51,

10K = 28 
8.2

M4 Eq. (3.13) 1K  = 1.0, 12K = 0.48, 13K = 0.33, 14K = 36 9.0
M5 Eq. (3.17) 1K  = 0.92, 22K  = 0.14 10.6
M6 Eq. (3.19) 1K  = 1.0, 24K = 0.14, 25K = 0.78, 26K = 0.40 9.7
M7

Eq. (3.4) 

Eq. (3.21) 1K  = 1.0, 29K = 0.12 11.7
M8 Eq. (3.6) 4K  = 0.24, 2K  = 0.049, 3K = 0.86 11.5
M9 Eq. (3.9) 4K  = 0.1, 5K = 0.168 11.4

M10 Eq. (3.11) 4K  = 0.38, 7K  = 0.065, 8K = 0.45, 9K = 1.10,

10K = 20 
8.4

M11 Eq. (3.13) 4K  = 0.21, 12K = 0.14, 13K = 0.31, 14K = 19 8.7
M12 Eq. (3.17) 4K  = 0.43, 22K  = 0.069 11.2
M13 Eq. (3.19) 4K  = 0.22, 24K = 0.04, 25K = 0.80, 26K = 0.70 11.2
M14

Eq. (3.8) 

Eq. (3.21) 4K  = 0.25, 29K = 0.044 11.7
M15 Eq. (3.6) 11K  = 1.40, 2K  = 0.13, 3K = 0.82 10.5
M16 Eq. (3.9) 11K  = 1.31, 5K = 0.62 10.1
M17 Eq. (3.11) 11K  = 1.43, 7K  = 0.14, 8K = 0.55, 9K = 0.47,

10K = 32 
8.7

M18 Eq. (3.13) 11K  = 1.40, 12K = 0.46, 13K = 0.55, 14K = 21 9.5
M19 Eq. (3.17) 11K  = 1.36, 22K  = 0.137 10.3
M20 Eq. (3.19) 11K  = 1.52, 24K = 0.14, 25K = 0.84, 26K = 0.36 10.0
M21

Eq.
(3.12)

Eq. (3.21) 11K  = 1.48, 29K = 0.11 10.8
M22 Eq. (3.6) 15K  = 1.15, 2K  = 0.15, 3K = 0.76 10.5
M23 Eq. (3.9) 15K  = 1.05, 5K = 0.66 10.0
M24 Eq. (3.11) 15K  = 1.24, 7K  = 0.15, 8K = 0.59, 9K = 0.51,

10K = 25 
8.1

M25 Eq. (3.13) 15K  = 1.06, 12K = 0.50, 13K = 0.28, 14K = 43 8.7
M26 Eq. (3.17) 15K  = 1.22, 22K  = 0.15 10.6
M27 Eq. (3.19) 15K  = 1.05, 24K = 0.14, 25K = 0.70, 26K = 0.45 9.4
M28

Eq.
(3.14)

Eq. (3.21) 15K  = 1.43, 29K = 0.13 11.7
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Table 3.5 (cont.). Calibrated coefficients and average errors avgER  of all 42 possible 
dissipation models. 
Model

No.
BD

formulas 
bH

formulas 
Calibrated coefficients 

avgER

M29 Eq. (3.6) 19K  = 0.07, 20K  = 1.0, 21K  = 3.6, 2K  = 0.09,

3K = 0.88 
8.8

M30 Eq. (3.9) 19K  = 0.08, 20K  = 0.36, 21K  = 3.9, 5K = 0.47 8.9
M31 Eq. (3.11) 19K  = 0.10, 20K  = 0.55, 21K  = 2.1, 7K  = 0.10,

8K = 0.56, 9K = 0.45, 10K = 33 
8.2

M32 Eq. (3.13) 19K  = 0.10, 20K  = 0.37, 21K  = 2.3, 12K = 0.25,

13K = 0.24, 14K = 80 
8.8

M33 Eq. (3.17) 19K  = 0.08, 20K  = 0, 21K  = 7.3, 22K  = 0.105 8.4
M34 Eq. (3.19) 19K  = 0.07, 20K  = 0.66, 21K  = 1.9, 24K = 0.09, 

25K = 0.65, 26K = 0.44 
8.4

M35

Eq.
(3.16)

Eq. (3.21) 19K  = 0.06, 20K  = 2.6, 21K  = 2.2, 29K = 0.079 8.8
M36 Eq. (3.6) 27K  = 0.07, 28K * 2K  = 0.066, 3K = 0.68 8.2
M37 Eq. (3.9) 27K  = 0.07, 28K * 5K = 0.266 8.4
M38 Eq. (3.11) 27K  = 0.07, 28K * 7K  = 0.061, 8K = 0.63,

9K = 0.21, 10K = 39 
8.2

M39 Eq. (3.13) 27K  = 0.07, 28K * 12K = 0.266, 13K = 0, 14K = 33 8.4
M40 Eq. (3.17) 27K  = 0.08, 28K * 22K  = 0.061 8.4
M41 Eq. (3.19) 27K  = 0.07, 28K * 24K = 0.047, 25K = 0.44,

26K = 0.78 
8.2

M42

Eq.
(3.20)

Eq. (3.21) 27K  = 0.07, 28K * 29K = 0.047 8.6

Substituting the calibrated coefficients into the formulas of BD  and bH , the top six 
models that give very good prediction (with avgER  of about 8.1-8.2%) can be written as: 

M3 (BS85):        
p
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in which the fraction of breaking wave (Qb ) is computed from Eq. (3.7). The breaker 
height (Hb ) is computed by using the breaker height formula of BS85 as: 
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in which the breaker height ( bH ) is determined from the breaker height formula of BS85 
as:
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in which the fraction of breaking wave (Qb ) is computed from Eq. (3.7). The breaker 
height (Hb ) is computed by using the breaker height formula of BS85 as: 
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Overall, the six models (M3, M24, M31, M36, M38, and M41) give nearly the same 
accuracy. It may be interesting to see the comparison in more detail. Table 3.6 shows the 
errors of the six models for three groups of experiment scale while Table 3.7 shows the 
errors for 13 groups of data sources. The results can be summarized as follows: 

(a) It can be seen from Tables 3.6 and 3.7 that no model gives significantly better 
results than the others. However, considering the consistency of the models through 
the variance of errors in Table 3.7, the model M36 seem to be slightly better than 
the others. 

(b) Although overall errors ( avgER ) of all models are very good, the models do not 
predict very well for all sources of data.  

(c) Because of the simplicity of the representative wave approach, it is expected that 
this approach will give lesser accuracy than that of the parametric approach. 
However, the results show that the accuracy of the models of the representative 
approach (M36, M38, and M41) are almost the same as those of the parametric 
wave approach (M3, M24, and M31). This may lead to the conclusion that the 
concept of representative wave approach can be used for computing the irregular 
wave height transformation.  

(d) The greatest asset of the representative approach is its simplicity and ease of 
application, i.e. the rms  wave height transformation in the nearshore zone can be 
computed by using only one equation [e.g. Eq. (3.30)]. Therefore, the dissipation 
models from the representative wave approach (M36, M38, and M41) are suitable to 
use in the computation of irregular wave height transformation.  

(e) Considering accuracy, variance of errors, and simplicity of the possible models, the 
model M36 [Eq. (3.30)] seems to be the most attractive model. 



41

Table 3.6. The errors gER  and avgER  of the six suitable models for three groups of 
experiment scale.  

ModelsApparatus
M3

Eq. (3.24) 
M24

Eq. (3.26) 
M31

Eq. (3.28) 
M36

Eq. (3.30) 
M38

Eq. (3.31) 
M41

Eq. (3.32) 
Small-scale 7.1 7.1 8.8 8.0 8.1 8.0 
Large-scale 7.2 6.6 6.1 7.3 6.9 7.3 

Field 10.4 10.4 9.7 9.4 9.7 9.2 
avgER 8.2 8.1 8.2 8.2 8.2 8.2 

Table 3.7. The errors gER  of the six suitable models for each source of data.  
ModelsSources

M3
Eq. (3.24) 

M24
Eq. (3.26) 

M31
Eq. (3.28) 

M36
Eq. (3.30) 

M38
Eq. (3.31) 

M41
Eq. (3.32) 

Hurue (1990) 4.6 4.3 5.4 9.7 10.7 9.9
Smith and Kraus (1990) 8.1 8.3 10.4 9.8 9.7 9.7
Sultan (1995) 13.9 12.8 14.9 11.4 14.4 13.0
Grasmeijer and Rijn (1999) 3.9 3.9 3.7 3.8 3.7 3.6
Hamilton and Ebersole (2001) 2.1 2.1 5.3 3.5 3.9 3.5
Ting (2001) 8.6 8.7 10.1 5.5 5.3 5.4
SUPERTANK project 13.6 11.3 9.7 10.5 11.0 10.7
LIP11D project 6.1 5.6 6.9 9.5 7.7 8.9
SAFE project 5.5 5.6 5.0 6.1 5.7 6.1
Thornton and Guza (1986) 14.7 16.0 9.6 9.2 9.1 8.7
DUCK85 project 12.6 11.6 12.0 13.4 18.2 17.1
DELILAH project 9.1 9.0 8.8 8.7 9.5 8.7
DUCK94 project 11.4 11.5 10.3 9.9 9.7 9.7
Variance of gER 16.3 15.4 9.4 8.1 15.6 12.8

3.2.6. Model development
Although the original form of existing BD  models (shown in Sec. 3.2.2) look quite 

different from each other and were derived based on different assumptions, most of them 
(except RS98) can be expressed in the same general form as the product of fraction of 
breaking waves ( bQ ) and energy dissipation of a breaker height ( sD ) as

sbB DQD �                (3.33) 
in which bQ  is a function of brms HH . The existing BD  models can be summarized as 
follows. 
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b) TG83: 22 sbB DQD �                        (3.38) 
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c) BS85: 11 sbB DQD �                     (3.34) 

where
p

b
s T

gHD
4

2

1
�

�                        (3.35) 

2

1

1

ln
1

��
�

�
��
�

�
�

�
�

b

rms

b

b

H
H

Q
Q                      (3.36) 

&


&
�
�

&


&
�
�

�
�

�
�
�

 
��
�

�
��
�

�
�� kh

L
HLH

o

rmso
b 33tanh45.057.0tanh14.0         (3.42) 
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g) RWS03: 13 sbB DQD �                    (3.45) 
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 Since the energy dissipation of a breaker height ( sD ) is the energy dissipation of a 
possible maximum wave height, it may also be considered as a maximum energy 
dissipation or a potential energy dissipation. The fraction of breaking waves ( bQ ) may also 
be considered as a fraction of energy dissipation. Therefore, the general form of the 
existing dissipation models [Eq. (3.33)] may be re-explained as a product of a fraction of 
energy dissipation ( bQ ) and the potential energy dissipation ( sD ).

As most of the existing BD  models can be expressed in the same general form [Eq. 
(3.33)], the model [Eq. (3.33)] is used as a starting point to develop the present model. The 
model of BD  consists of 3 main formulas, i.e. the formula of bH , Qb , and sD . It can be 
seen from Sec. 2 that various formulas have been proposed for computing the three 
variables ( bH , Qb , and sD ), i.e. seven formulas for bH  [Eqs. (3.37), (3.41), (3.42), (3.44), 
(3.48), (3.49), and (3.53)], four formulas for Qb  [Eqs. (3.36), (3.40), (3.46), and (3.52)], 
and three formulas for sD  [Eqs. (3.35), (3.39), and (3.51)]. It is not clear which formulas 
of bH , Qb , and sD  are suitable for modeling BD  (or computing rmsH ). The objective of 
this section is to determine suitable formulas of bH , Qb , and sD  for computing BD  and 
the rms  wave height transformation.  

The existing formulas of Qb  were generally derived based on the assumptions of pdf
of wave heights in the surf zone or the probability of occurrence of breaking waves which 
may not be supported by the experimental data. Since the acceptable pdf  of wave heights 
inside the surf zone is not available (Demerbilek and Vincent, 2006), it may not be suitable 
to derive the formula of Qb  from the assumed pdf  of wave heights. Alternatively, the 
formula of Qb  can be derived directly from the measured wave heights by inverting the 
energy dissipation model [Eq. (3.33)] and the wave model [Eq. (3.3)]. Therefore, in the 
present study, the formula of Qb  will be newly derived from the measured wave heights.  
 As Qb  is the function of brms HH , the formula of Qb  can be determined by plotting a 
relationship between measured Qb  versus brms HH . The required data for determining the 
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formula are the measured data of Qb  and brms HH . The measured Qb  can be determined 
from the measured wave heights as follows. 

Substituting Eq. (3.3) into Eq. (3.33), and using a backward finite difference scheme to 
describe the differential equation, the formula for determining measured Qb  is expressed as 
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���          (3.54) 

where i  is the grid number. Hereafter, the variable Qb  determined from Eq. (3.54) is 
referred to as the measured Qb .

For determining Qb  from Eq. (3.54), the formulas of  sD  and bH  must be given. As 
there are three existing formulas for sD  [Eqs. (3.35), (3.39), and (3.51)] and seven existing 
formulas for bH  [Eqs. (3.37), (3.41), (3.42), (3.44), (3.48), (3.49), and (3.53)], twenty-one 
Qb  can be determined and consequently twenty-one relationships between measured Qb
versus brms HH  are considered in this study. The required data set for deriving the 
formula of Qb  are the measured data of h , T , rmsH , � , and x . Other related variables 
(e.g. rmsoH , oL , L , k , and gc ) are computed based on linear wave theory. To avoid a large 
fluctuation in the relationships, the data of wave height variation across shore should have 
a small fluctuation.  

Because of a variety of wave conditions and a small fluctuation of wave height variation 
across shore, the data from Dette et al. (1998) are used for deriving the formulas of Qb .
However, all collected data shown in Table 3.1 are used to verify the models for 
identifying the best one.

The twenty-one relationships between measured Qb  versus brms HH  have been plotted 
to identify a suitable equation of each relationship. An example of a relationship between 
measured Qb  versus brms HH  by using Eqs. (3.35) and (3.37) for computing sD  and bH
is shown in Fig. 3.1. It is found that all relationships can be fitted well with a quadratic 
equation as 
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where 1K  to 4K  are constants. The fraction of energy dissipation ( bQ ) is set to be zero 
when 4KHH brms �  (offshore zone). The constants 1K  to 3K  are determined from multi-
regression analysis between measured Qb  and brms HH . As the constant 4K  is the point 
that bQ = 0 ( x -intercept), it can be determined from the known constants 1K  to 3K  by 
solving the quadratic equation. The constants 1K  to 4K  and correlation coefficients ( 2R )
of the twenty-one relationships (21 formulas of bQ ) are shown in Table 3.8. The 
correlation coefficients ( 2R ) of the fitting vary between 0.67 to 0.83. Most formulas 
(except F18 – see Table 3.8) have 2R  greater than or equal to 0.70, which indicate a 
reasonably good fit. 
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Fig. 3.1. Relationship between measured Qb  versus brms HH  by using Eqs. (3.35) and 
(3.37) for computing sD  and bH .

 It should be noted that an attempt is also made to fit measured bQ  with a cubic equation. 
However, it is found that the correlation coefficients ( 2R ) of all models are not 
significantly improved. Therefore, a quadratic equation is used in this study. 

Substituting general form of bQ  [Eq. (3.55)] into Eq. (3.33), the general form of BD  can 
be expressed as 
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As there are twenty-one formulas of bQ  (F1-F21), there are twenty-one corresponding 

BD  models (MD1-MD21). The constants 1K  to 4K  for each BD  model are determined 
from Table 3.8. The selection of the best model is described in the next section. 



46

Table 3.8. Calibrated constants ( 1K  to 4K ) and correlation coefficients ( 2R ) of bQ
formula [Eq. (3.55)] for difference sD  and bH  formulas. 

Calibrated constants Formula 
No.

sD
Formulas 

bH
Formulas 1K 2K 3K 4K

2R

F1 Eq. (3.35) Eq. (3.37) 0.189 -1.282 2.073 0.37 0.77 
F2  Eq. (3.41) 0.582 -2.216 1.998 0.68 0.78 
F3  Eq. (3.42) 0.293 -1.601 2.096 0.46 0.75 
F4  Eq. (3.44) 0.309 -1.614 2.013 0.49 0.73 
F5  Eq. (3.48) 0.488 -2.079 2.122 0.59 0.77 
F6  Eq. (3.49) 0.342 -1.776 2.087 0.56 0.83 
F7  Eq. (3.53) 0.162 -1.189 2.088 0.34 0.77 
F8 Eq. (3.39) Eq. (3.37) 0.240 -1.627 2.640 0.37 0.77 
F9  Eq. (3.41) 1.386 -5.276 4.756 0.68 0.78 
F10  Eq. (3.42) 0.465 -2.532 3.311 0.46 0.74 
F11  Eq. (3.44) 0.544 -2.818 3.485 0.49 0.72 
F12  Eq. (3.48) 0.960 -4.098 4.202 0.58 0.77 
F13  Eq. (3.49) 0.987 -4.867 5.290 0.62 0.76 
F14  Eq. (3.53) 0.187 -1.378 2.429 0.34 0.77 
F15 Eq. (3.51) Eq. (3.37) 0.014 -0.102 0.178 0.32 0.73 
F16  Eq. (3.41) 0.043 -0.172 0.168 0.58 0.74 
F17  Eq. (3.42) 0.021 -0.120 0.171 0.38 0.70 
F18  Eq. (3.44) 0.020 -0.114 0.158 0.39 0.67 
F19  Eq. (3.48) 0.037 -0.166 0.182 0.52 0.72 
F20  Eq. (3.49) 0.006 -0.054 0.102 0.35 0.75 
F21  Eq. (3.53) 0.012 -0.095 0.179 0.30 0.72 

To confirm the ability of present models, the accuracy of present models (MD1 to 
MD21) are compared with those of eight existing models shown in Sec. 3.2 (i.e. the 
models of BJ78, TG83, BS85, SN93, BHV98, RS98, RWS03, and RKS03). Because of the 
frequent updating of wave field (e.g. every 0.5 hours) to account for the change of beach 
profile in the beach deformation model, the errors of the predictions from the wave sub-
model (or sediment transport sub-model) may accumulate from time to time. Therefore, it 
is necessary to predict the wave height (or sediment transport rate) with high accuracy (as 
much as possible).

The measured rms  wave heights from 13 sources (1723 cases) of collected 
experimental results (see Table 3.1) are used to examine the models. The collected 
experiments shown in Table 3.1 are separated into three groups according to the 
experiment-scales, i.e. small-scale, large-scale, and field experiments. A considerably good 
model should predict well for the three experiment-scales and all collected data. 

The rms  wave height transformation is computed by numerical integration of the 
energy flux balance equation [Eq. (3.3)] with the present and existing dissipation models. 
A backward finite difference scheme is used to solve the energy flux balance equation [Eq. 
(3.3)]. The errors (ER ) of models MD1 to MD21 for three experiment-scales and all 
collected data are shown in Table 3.9 while the errors (ER ) of the existing models are 
shown in Table 3.10. It can be seen from Table 3.10 that the errors ( ER ) of the existing 
models for the three experiment-scales vary between 6.7% to 18.7% and the average of the 
errors is about 10%. As there is no exact criterion to judge a good model, the average error 
of the existing models (ER  = 10%) is used as a criterion to judge the applicability of the 
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models. In the present study, a considerably good model should give an error that is less 
than the average error of the existing models (ER  < 10%). The results from Tables 3.9 and 
3.10 can be summarized as follows. 

(a) The error (ER ) for small-scale experiments varies between 7.0% to 29.2%. The 
accuracy of the top five models for small-scale experiments in descending order are 
MD3, BS85, MD19, MD15, and MD21 (7.0% �� ER  7.4%). 

(b) The error (ER ) for large-scale experiments varies between 6.6% to 10.4%. The 
accuracy of the top five models for large-scale experiments in descending order are 
MD3, BS85, BHV98, MD19, and MD15 (6.6% �� ER  7.1%).

(c) The error (ER ) for field experiments varies between 8.2% to 18.7%. The accuracy 
of the top five models for field experiments in descending order are MD19, MD16, 
MD17, MD15, and MD20 (8.2% �� ER  9.3%). 

(d) The error (ER ) for all collected data, which is used to indicate the overall accuracy, 
varies between 7.7% to 15.4%. The overall accuracy of the top five models in 
descending order are MD19, MD16, MD17, MD15, and MD21 (7.7% �� ER
8.5%).

(e) It is expected that a good model should be able to predict well for the three 
experiment-scales. The models that give good predictions ( 0.10#ER ) for all 
experiment-scales are MD3, MD15, MD16, MD17, MD19, MD20, and MD21. 
These models seem to be able to be used for computing rmsH . However, lesser error 
is better. Unfortunately, there is no model that gives the best prediction for all 
experiment-scales. The model MD3 gives the best prediction for small-scale and 
large-scale experiments and good predictions for the field experiments, while the 
model MD19 gives the best prediction for field experiments, the third-best 
prediction for small-scale experiments, and the fourth-best prediction for large-scale 
experiments. The these two models seem to be suitable for computing rmsH .

(f) Substituting sD  formula and the constants ( 1K  to 4K ) of MD3 into Eq. (3.56), the 
model MD3 is expressed as

46.0096.2601.1293.0
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in which bH  is determined from Eq. (3.42). The model MD3 is similar to that of 
BS85. The main difference between the models MD3 and BS85 is the formula of bQ
which makes the model MD3 simpler than that of BS85. The model MD3 gives the 
best prediction for small-scale and large-scale experiments, while the model BS85 
gives the second-best prediction. For field experiments, the model MD3 also gives 
better prediction than that of BS85. Although the model MD3 is simpler than that of 
BS85, the accuracy is better for all experiment-scales. Moreover, the accuracy of 
MD3 is better than those of existing models for all experiment-scales and all 
collected data. 

(g) Substituting sD  formula and the constants ( 1K  to 4K ) of MD19 into Eq. (3.56), the 
model MD19 is expressed as

52.0182.0166.0037.0
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in which bH  is determined from Eq. (3.48). The model MD19 is similar to that of 
RKS03. The main difference between the models MD19 and RKS03 is the formula 
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of bQ  which makes the accuracy of model MD19 better than that of RKS03 for all 
experiment-scales. However, the model MD19 is more complicate than that of 
RKS03.

(h) As none of existing models gives good predictions ( 0.10#ER ) for all experiment-
scales, it may be concluded that the present models (MD3 and MD19) give overall 
better predictions than those of existing models. Moreover, the models MD3 and 
MD19 are simpler than most of the existing models (except the model of RKS03). 
Considering overall performance, the model MD19 seems to be better than that of 
MD3. Therefore, the model MD19 is recommended to use in the computation of 
rms  wave height transformation. 

Table 3.9. Errors ( ER ) of present BD  models [Eq. (3.56)] with different sD and bH
formulas for 3 experiment-scales and all collected data (using the calibrated constants from 
Table 3.8 and measured data from Table 3.1). 

Errors (ER )Models sD
Formulas 

bH
Formulas Small-scale

(152 data)
Large-scale

(6705 data)
Field

(11285 data)
All data

(18142 data) 
MD1 Eq. (3.35) Eq. (3.37) 24.06 8.17 11.56 10.41
MD2  Eq. (3.41) 12.61 8.02 11.11 9.98
MD3  Eq. (3.42) 6.96 6.62 9.77 8.58
MD4  Eq. (3.44) 9.24 7.70 10.24 9.29
MD5  Eq. (3.48) 25.91 8.20 10.57 9.82
MD6  Eq. (3.49) 9.93 9.08 10.94 10.24
MD7  Eq. (3.53) 29.22 8.24 11.61 10.51
MD8 Eq. (3.39) Eq. (3.37) 15.70 8.01 11.37 10.16
MD9  Eq. (3.41) 12.60 8.01 11.12 9.98
MD10  Eq. (3.42) 8.76 7.08 10.56 9.26
MD11  Eq. (3.44) 9.30 7.65 10.90 9.69
MD12  Eq. (3.48) 15.52 8.05 10.73 9.78
MD13  Eq. (3.49) 16.19 10.42 11.88 11.38
MD14  Eq. (3.53) 17.57 8.05 11.48 10.26
MD15 Eq. (3.51) Eq. (3.37) 7.28 7.11 9.04 8.31
MD16  Eq. (3.41) 7.93 7.14 8.67 8.10
MD17  Eq. (3.42) 8.02 7.15 8.72 8.13
MD18  Eq. (3.44) 15.53 9.28 10.50 10.09
MD19  Eq. (3.48) 7.24 6.96 8.20 7.74
MD20  Eq. (3.49) 9.60 7.53 9.26 8.62
MD21  Eq. (3.53) 7.38 7.17 9.33 8.52
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Table 3.10. Errors ( ER ) of existing BD  models for 3 experiment-scales and all collected 
data (measured data from Table 3.1). 

Errors (ER )Models BD
Formulas 

bH
Formulas Small-scale

(152 data)
Large-scale

(6705 data)
Field

(11285 data)
All data

(18142 data) 
BJ78 Eq. (3.34) Eq. (3.37) 8.80 10.05 18.68 15.41
TG83 Eq. (3.38) Eq. (3.41) 18.42 7.97 10.60 9.69
BS85 Eq. (3.34) Eq. (3.42) 6.98 6.68 10.69 9.18
SN93 Eq. (3.43) Eq. (3.44) 11.61 9.92 15.68 13.52
BHV98 Eq. (3.45) Eq. (3.44) 9.93 6.72 11.47 9.70
RS98 Eq. (3.47) Eq. (3.48) 8.71 7.14 10.11 9.00
RWS03 Eq. (3.45) Eq. (3.49) 11.65 8.06 10.73 9.75
RKS03 Eq. (3.50) Eq. (3.53) 7.72 8.56 11.58 10.43
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3.3. Transformation of Significant Wave Heights 
The significant wave height (which is defined as the average of the highest one-third 

wave heights) is most frequently used in the field of coastal and ocean engineering (Goda, 
2000; and Andreas and Wang, 2007), especially in the design of coastal and ocean 
structures. The wave heights are usually available in deepwater but not available at the 
required depths in shallow water. The wave heights in shallow water can be determined 
from wave models. Common approaches to model the significant wave height 
transformation may be classified into three main approaches, i.e. representative wave 
approach (commonly referred to as significant wave representation method), wave-by-
wave approach, and conversion approach.

For the significant wave representation method, the regular wave models are directly 
applied to irregular waves by using the significant wave height. The method has been 
widely used since the introduction of the significant waves. It is easy to understand and 
also simple to use. However, the characteristics of the irregular waves (e.g. wave height 
and period) are statistical variability in contrast to regular waves, which has a single height, 
period, and direction. As the significant wave representation method does not consider 
such variability, the method may possibly contain a large estimation error (Goda, 2000).  

The wave-by-wave approach considers the propagation of individual waves in the 
irregular wave train. The incident individual waves may be determined from irregular 
wave records or from probability density function ( pdf ) of wave heights. The propagation 
of each individual wave is computed by using an appropriate regular wave model. 
Recombining the individual wave heights at the required depth yields the irregular wave 
train, which is used to determine the significant wave height or other representative wave 
heights. Several models have been proposed based on this approach, differing mainly in 
the regular wave model used to simulate the propagation of the individual waves (e.g. the 
models of Mizuguchi, 1982; Dally, 1992; Kuriyama, 1996; and Goda, 2004). This 
approach is particularly useful if a detailed wave height distribution is required. However, 
it has the disadvantage of being time consuming, which may not be suitable for some 
practical work. 

The conversion approach is used to convert the representative wave heights from one to 
another through the known relationships. The root mean square wave height ( rmsH ) is 
usually used as a reference wave height of the conversion because it is the output of many 
wave models (e.g. the models of Battjes and Janssen, 1978; Thornton and Guza, 1983; 
Larson, 1995; and Rattanapitikon, 2007). Therefore, the significant wave height ( sH ) can 
be determined from the known relationship between rmsH  and sH  (e.g. the relationships of 
Longuet-Higgins, 1952; Battjes and Groenendijk, 2000; and Rattanapitikon and 
Shibayama, 2007). This approach is simpler than the wave-by-wave approach but slightly 
more complicated than the significant wave representation method. 

The present section focuses on the significant wave representation method, as this 
appears to be the simplest method. Many researchers pointed out that the significant wave 
representation method could give inconsistent or erroneous results in the computation of 
significant wave height transformation (Goda, 2000). It seems that no literature has pointed 
out that the significant wave representation method is applicable in the surf zone. 
Consequently, engineers have been reluctant to use the significant wave representation 
method. However, the significant wave representation method has the merits of easy 
understanding, simple application and it is not necessary to assume the shape of the pdf
of wave heights. It will be useful for some practical work if this approach can be used to 
compute the significant wave heights in shallow water. Moreover, Rattanapitikon et al. 
(2003) reported that the representative wave approach can be used to compute rmsH  with 
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very good accuracy. It may also be used to compute sH . This study is carried out to 
investigate the possibility of using the significant wave representation method. 

This section is divided into four main parts. The first part describes the collected data. 
The second part describes some existing regular wave models. The third part describes 
modeling of irregular waves using significant wave representation method. The fourth part 
deals with the modification of the selected model.  

3.3.1. Collected laboratory data 
For the significant wave representation method, the regular wave model is directly 

applied to irregular waves by using the significant wave height. The present study is, 
therefore, concerned with both regular and irregular wave models. The experiments 
performed under regular and irregular wave conditions are used to calibrate and examine 
the models. 

3.3.1.1. Regular wave data 
Laboratory data of regular wave heights inside the surf zone from 13 sources (total 492 

cases) have been collected for calibration and examination of the regular wave models. The 
experiments cover a wide range of wave and bottom topography conditions, including 
small-scale and large-scale experiments. The experiments cover a variety of beach 
conditions and cover a range of deepwater wave steepness ( oo LH , where oH  is the 
deepwater wave height and oL  is the deepwater wavelength) from 0.003 to 0.112. A 
summary of the collected laboratory data is given in Table 3.11.

Table 3.11. Summary of collected experimental data used to calibrate and verify the 
regular wave models. 
Sources Beach Condition No. of 

cases
No. of 

data  
Ho/Lo

Cox and Kobayashi (1997) plane beach 1 5 0.015 
Hansen and Svendsen (1984)  plane beach 1 5 0.019 
Horikawa and Kuo (1966)  plane and stepped beach 213 2127 0.006-0.100 
Hurue (1990) plane beach 1 4 0.038 
Nadaoka et al. (1982) plane beach 2 11 0.013-0.080 
Nagayama (1983) plane, stepped and barred beach 12 171 0.025-0.055 
Okayasu et al. (1988) plane beach 10 62 0.009-0.054 
Sato et al. (1988) plane beach 3 25 0.031-0.050 
Sato et al. (1989) plane beach 2 11 0.019-0.036 
Shibayama and Horikawa (1985) sandy beach 10 85 0.028-0.036 
Smith and Kraus (1990) plane and barred beach 101 506 0.008-0.096 
Kajima et al. (1983) sandy beach 79 1397 0.003-0.112 
Kraus and Smith (1994) sandy beach 57 429 0.003-0.066 

Total  492 4838 0.003-0.112 

Most of the experiments were carried out in small-scale wave flumes, except the 
experiments of Kajima et al. (1983) and Kraus and Smith (1994) which were carried out in 
large-scale wave flumes. The data sources are the same as those used by Rattanapitikon et 
al. (2003).

3.3.1.2. Irregular wave data 
Laboratory data of significant wave height transformation from 6 sources, totaling 282 

cases, were collected for calibration and examination of the irregular wave models. A 
summary of the collected laboratory data is shown in Table 3.12.
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Table 3.12. Summary of collected experimental data used to calibrate and verify the 
irregular wave models. 
Sources  Test 

Series
Descriptions No. of 

cases
No. of 

data 
Hso/Lo

Hurue (1990) Hu1 plane beach 1 7 0.037 
Smith and Kraus (1990) R2000 plane beach 1 8 0.070 
 R22xx barred beach 3 24 0.070 
 R6000 plane beach 1 8 0.040 
 R62xx barred beach 3 24 0.040 
 R8000 plane beach 1 8 0.030 
 R82xx barred beach 3 24 0.030 
Katayama (1991) Ka1&Ka2 barred beach 2 16 0.041, 0.044 
Ting (2001) Ti1 plane beach 1 7 0.024 
Kraus and Smith (1994) ST10 erosion toward equilibrium  26 416 0.013-0.064 
 ST20 acoustic profiler tests 8 128 0.002-0.057 
 ST30 accretion toward equilibrium 19 304 0.003-0.007 
 ST40 dedicated hydrodynamics 12 192 0.005-0.050 
 ST50 dune erosion, test 1 8 128 0.012-0.057 
 ST60 dune erosion, test 2 9 144 0.009-0.022 
 ST70 seawall, test 1 9 144 0.022-0.032 
 ST80 Seawall, test 2 3 48 0.022 
 ST90 berm flooding, test 1 3 48 0.050 
 STAO Foredune erosion 1 16 0.050 
 STCO Seawall, test 3 8 127 0.004-0.057 
 STDO berm flooding, test 2 3 48 0.050 
 STJO Narrow-crested mound 10 160 0.005-0.050 
 STKO broad-crested mound 9 144 0.005-0.050 
Dette et al. (1998)  A8 1:20 beach slope, normal 7 147 0.010 
 A9 1:20 beach slope, storm 15 390 0.018 
 B1 1:10 beach slope, normal 8 191 0.010 
 B2 1:10 beach slope, storm 15 392 0.018 
 C1 1:5 beach slope, normal 4 95 0.010 
 C2 1:5 beach slope, storm 17 459 0.018 
 H1 1:15 beach slope, normal 2 43 0.010 
 H2 1:15 beach slope, storm 15 398 0.018 
 D1&D3 D.P.1, no overtopping, normal 7 158 0.010 
 D2 D.P.1, no overtopping, storm 11 297 0.018 
 E D.P.1, with overtopping, storm 11 297 0.018 
 F no D.P.1, storm 12 324 0.018 
 G no D.P.1, underwater barrier 14 365 0.012-0.018 

Total   282 5729 0.002-0.064 
1 D.P. = dune protection. 

The collected data are separated into 2 groups based on the experiment-scale, i.e. small-
scale and large-scale experiments. The experiments of Hurue (1990), Smith and Kraus 
(1990), Katayama (1991), and Ting (2001) were performed in small-scale wave flumes 
under fixed bed conditions, while the experiments of Kraus and Smith (1994) and Dette et 
al. (1998) were undertaken in large-scale wave flumes under movable bed (sandy bed) 
conditions. The data cover a range of deepwater wave steepness ( oso LH , where soH  is the 
deepwater significant wave height) from 0.002 to 0.064. A brief description of the 
experiments is given below.  

The experiment of Hurue (1990) was conducted to study wave and undertow velocity 
on a plane beach. The experiment was performed in a small-scale wave flume, which was 
17 m long and 0.5 m wide. The beach topography was 1/20 uniform slope with the smooth 
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bottom. The incident significant wave height of 0.09 m and wave period of 1.26s was 
generated based on the Bretschneider-Mitsuyasu spectrum (Bretschneider, 1968 and 
Mitsuyasu, 1970). Water surface elevations were measured at seven cross-shore locations 
using a capacitance-type gage. 

The experiment of Smith and Kraus (1990) was conducted to investigate the macro-
features of wave breaking over bars and artificial reefs using a small wave flume of 45.70 
m long, 0.46 m wide, and 0.91 m deep. Both regular and irregular waves were employed in 
this experiment. A total of 12 cases were performed for irregular wave tests. Three 
irregular wave conditions were generated for three bar configurations as well as for a plane 
beach. A JONSWAP (Hasselmann et al., 1973) computer signal was generated for spectral 
width parameter of 3.3 and spectral peak periods of 1.07, 1.56, and 1.75 s with significant 
wave heights of 0.12, 0.15, and 0.14 m respectively. Water surface elevations were 
measured at eight cross-shore locations using resistance-type gages. 

The experiment of Katayama (1991) was conducted to study wave and undertow 
velocity on a bar-type beach. The experiment was performed in a small-scale wave flume, 
which was 17 m long and 0.5 m wide. The bar-type beach consisted of the first 5 m of 
1/20, the next 1 m of -1/20, and the last 4 m of 1/20 slopes. The incident significant wave 
heights of 0.06 and 0.08 m and wave periods of 0.95 and 1.14 s were generated based on 
the Bretschneider-Mitsuyasu spectrum (Bretschneider, 1968 and Mitsuyasu, 1970). Water 
surface elevations were measured at eight cross-shore locations using a capacitance-type 
gages.

The experiment of Ting (2001) was conducted to study wave and turbulence velocities 
in a broad-banded irregular wave surf zone. The experiment was performed in a small-
scale wave flume, which was 37 m long, 0.91 m wide and 1.22 m deep. A false bottom 
with 1/35 slope built of marine plywood was installed in the flume to create a plane beach. 
The irregular waves were developed from the TMA spectrum (Bouws et al., 1985), with a 
spectral peak period of 2.0 s, a spectrally based significant wave height of 0.15 m and 
spectral width parameter of 3.3. Water surface elevations were measured at seven cross-
shore locations using a resistance-type gage. 

The SUPERTANK laboratory data collection project (Kraus and Smith, 1994) was 
conducted to investigate cross-shore hydrodynamic and sediment transport processes from 
August 5 to September 13, 1992 at Oregon State University, Corvallis, Oregon, USA. A 
76-m-long sandy beach was constructed in a large wave tank of 104 m long, 3.7 m wide, 
and 4.6 m deep. Wave conditions included both regular and irregular waves. In all, 20 
major tests were performed, and each major test consisted of several cases. Most of the 
tests (14 major tests) were performed under the irregular wave actions. The wave 
conditions were designed to balance the need for repetition of wave conditions to move the 
beach profile toward equilibrium and development of a variety of conditions for 
hydrodynamic studies. The TMA spectral shape (Bouws et al., 1985) was used to design 
all irregular wave tests. The collected experiments for irregular waves included 128 cases 
of wave and beach conditions (a total of 2047 wave records), covering incident significant 
wave heights from 0.2 m to 1.0 m, spectral peak periods from 3.0 sec to 10.0 sec, and 
spectral width parameter between 3.3 (broad-banded) and 100 (narrow-banded). Sixteen 
resistance-type gages were used to measure water surface elevations across shore. 

SAFE Project (Dette et al., 1998) was carried out to improve the methods of design and 
performance assessment of beach nourishment. The SAFE Project consisted of four 
activities, one of which was to perform experiments in a large-scale wave flume in 
Hannover, Germany. A 250-m-long sandy beach was constructed in a large wave tank of 
300 m long, 5 m wide and 7 m deep. The test program was divided into two major phases. 
The first phase (cases A, B, C, and H) was aimed to study the beach deformation of 
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equilibrium profile with different beach slope changes. The equilibrium beach profile was 
adopted from the Bruun (1954)’s approach ( 3/212.0 xh � ). In the second phase, the 
sediment transport behaviors of dunes with and without structural aid were investigated 
(cases D, E, F, and G). The TMA spectral shape (Bouws et al., 1985) was used to design 
all irregular wave tests. The tests were performed under normal wave conditions ( oso LH / = 
0.010, water depth in the horizontal section = 4.0 m) and storm wave conditions ( oso LH / = 
0.018, water depth in the horizontal section = 5.0 m). A total of 27 wave gages was 
installed over a length of 175 m along one wall of the flume. The collected experiments 
included 138 cases of wave and beach conditions, covering deepwater wave steepness 
( oso LH / ) from 0.010 to 0.018. 

3.3.2. Regular wave model 
The regular wave height transformation across-shore can be computed from the energy 

flux conservation as 
� �

B
g D
x
Ec

��
'

'
          (3.93) 

where 8/2gHE ��  is the wave energy density, �  is the water density, g  is the 
acceleration due to gravity, H  is the wave height, gc  is the group velocity, x  is the 
distance in cross shore direction, and BD  is the energy dissipation rate due to wave 
breaking which is zero outside the surf zone. The energy dissipation rate due to bottom 
friction is neglected. In the present study, all variables are based on the linear wave theory. 

The wave height transformation can be computed from the energy flux conservation 
(Eq. (3.93)) by substituting the formula of the energy dissipation rate ( BD ) and 
numerically integrating from offshore to shoreline. The difficulty of Eq. (3.93) is how to 
formulate the energy dissipation rate caused by the breaking waves. 

During the past decades, various models have been developed for computing the energy 
dissipation of regular wave breaking. Widely used concepts for computing energy 
dissipation rate ( BD ) for regular wave breaking are the bore concept and the stable energy 
concept.

The bore concept is based on the similarity between the breaking wave and the 
hydraulic jump. Several models have been proposed based on slightly different 
assumptions on the conversion from energy dissipation of hydraulic jump to energy 
dissipation of a breaking wave. Some existing BD  models, which were developed based on 
the bore concept, are listed below. 

a) Battjes and Janssen (1978): 
T
gHDB 4

47.0
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�               (3.94) 

b) Thornton and Guza (1983): 
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�               (3.95) 

c) Deigaard et al. (1991):   
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where h  is the water depth, and T  is the wave period. The constants in the above models 
were calibrated by Rattanapitikon et al. (2003) based on a wide range of experimental 
conditions as shown in Table 3.11. 

The stable energy concept was introduced by Dally et al. (1985) based on an analysis of 
the measured breaking wave height on horizontal slope of Horikawa and Kuo (1966). 
When a breaking wave enters an area with horizontal bed, the breaking continues (the 
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wave height decreases) until some stable wave height is attained. The development of the 
stable energy concept was based on an observation of stable wave height on horizontal 
slope. Dally et al. (1985) assumed that the energy dissipation rate was proportional to the 
difference between the local energy flux per unit depth and the stable energy flux per unit 
depth. Several models have been proposed on the basis of this concept. The main 
difference is the formula for computing the stable wave height (for more detail, please see 
Rattanapitikon et al., 2003). Some existing BD  models, which were developed based on 
the stable energy concept, are listed as follows. 

a) Dally et al. (1985):    ! "22 )4.0(
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b) Rattanapitikon and Shibayama (1998): 
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c) Rattanapitikon et al. (2003): ! "+ ,22 )tanh(073.0
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where c  is the local phase velocity, L  is the local wavelength, and k  is the local wave 
number. The second terms on the right hand side of Eqs. (3.97) to (3.99) are the terms of 
stable wave height. The energy dissipation will be zero if the wave height is less than the 
stable wave height. 
 The verification results of the six existing models are presented in the paper by 
Rattanapitikon et al. (2003). The results are also shown in Table 3.16 for comparison with 
the modified model (described in Sec. 3.3.4). 

3.3.3. Irregular wave model 
For the representative wave approach, the energy flux of the representative wave 

represents the average energy flux of an irregular wave train. The governing equation 
(energy flux conservation) of the representative wave ( rmsH ) can be derived based on the 
assumptions of linear wave theory and Rayleigh distribution of wave heights (for more 
detail, please see e.g. Larson, 1995). Although the crude assumptions of the representative 
wave approach may not be theoretically justified (mainly because of the nonlinearity of 
each individual wave), the approach is physical validity (the prediction agrees well with 
actual measurements). There are many wave models that are successful in using the energy 
flux conservation of the representative wave ( rmsH ) for computing the transformation of 

rmsH  across-shore, e.g. the models of Battjess and Janssen (1978), Thornton and Guza 
(1983), Larson (1995), Baldock et al. (1998), Ruessink et al. (2003), and Rattanapitikon 
(2007). If the energy flux conservation of rmsH  is valid, the energy flux conservation of 

sH  should also be valid; because rmsH  can be converted to sH  through the known 
coefficient (i.e. rmss HH 42.1�  for the Rayleigh distribution). 

In the present study, for the significant wave representation method, the regular wave 
model is applied directly to irregular waves by using the significant wave height ( sH ) and 
the spectral peak period ( pT ). The spectral peak period is used because it is the most 
commonly used parameter and typically reported for the irregular wave data. 

Since the BD  formulas shown in Sec. 3.3.2 (Eqs. (3.94) to (3.99)) were developed for 
regular waves, it is not clear which formula is suitable for the significant wave 
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representation method. Therefore, all of them were used to investigate the possibility of 
simulating the significant wave height transformation.

Substituting the dissipation formula (Eqs. (3.94) to (3.99) respectively) into Eq. (3.93) 
and applying for significant wave height ( sH ) and spectral peak period ( pT ), the irregular 
wave models can be expressed as 

model (1):       
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where 1K - 9K  are the coefficients. It can be seen from Eqs. (3.94)-(3.99) that the 
coefficients 1K - 9K  for the regular wave models are 0.47, 0.67, 0.48, 0.15, 0.4, 0.15, 1.0, 
0.15, and 0.073 respectively. When applying to the irregular wave, 1K - 9K  are the 
adjustable coefficients to allow for the effect of the transformation to irregular waves. 
Hereafter, Eqs. (3.100)-(3.105) are referred to as MD1, MD2, MD3, MD4, MD5, and MD6 
respectively. The variables gc , c , L , and k  in the models MD1-MD6 are calculated based 
on the spectral peak period ( pT ).

The breaking criterion of Miche (1944) is applied to determine incipient wave breaking 
of the significant wave height ( sbH ) as 

� �khLKHsb tanh10�           (3.106) 
where 10K  is the coefficient. The published value of  10K  for regular wave breaking is 
0.142. When applying to the irregular waves, 10K  is the adjustable coefficient to allow for 
effect of the transformation to irregular waves. The energy dissipation ( BD ) terms on the 
right hand side of models MD1-MD6 occur when sH ( sbH  and is equal to zero when 

sH < sbH .

3.3.3.1. Trial simulation
The objective of this section is to test the applicability of models MD1-MD6 by using 

the coefficients 1K - 10K  which were proposed by the previous researchers for regular 
waves (shown in the second column of Table 3.13). All collected data shown in Table 3.12 
are used to examine the models. 

The basic parameter for determination of the overall accuracy of the model is the 
average rms  relative error ( avgER ), which is defined as 
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where n  is the data group number, gnER  is the rms  relative error of the group no. n , and 
tn  is the total number of data group. The small value of avgER  indicates good overall 
accuracy of the wave model. 

The rms  relative error of each data group ( gER ) is defined as 
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where i  is the wave height number, ciH  is the computed significant wave height of 
number i , miH  is the measured significant wave height of number i , and nc  is the total 
number of measured significant wave heights in each data group. 

The question of how good a model is usually defined in a qualitative ranking (e.g. 
excellence, very good, good, fair, and poor). As the error of some existing irregular wave 
models is in the range of 7 to 21% (please see Rattanapitikon, 2007, Table 5), the 
qualification of error ranges of an irregular wave model may be classify into five ranges 
(i.e. excellence ( 0.5#gER ), very good ( 0.100.5 #� gER ), good ( 0.150.10 #� gER ), fair 
( 0.200.15 #� gER ), and poor ( 0.20(gER )) and the acceptable error should be less than 
10%.

The transformation of the significant wave height from the models MD1-MD6 is 
determined by taking numerical integration from offshore to shoreline. The energy 
dissipation is set to be zero when sH < sbH . The incipient wave breaking ( sbH ) is 
computed from Eq. (3.106). The forward finite difference scheme is used to solve the 
differential equations. The length step ( x- ) is set to be equal to the length between the 
points of measured wave heights, except if 	-x 5m, x-  is set to be 5 m. The length steps 
( x- ) used in the present study are 0.2 - 1.5 m for small-scale experiments and 2.1 - 5.0 m 
for large-scale experiments. Using the coefficients 1K - 10K  which were proposed for 
regular waves, errors of the models MD1-MD6 on predicting sH  for two groups of 
experiment-scales are shown in Table 3.13. It can be seen from Table 3.13 that all models 
give unaccepted results in simulating the significant wave height transformation. This is a 
confirmation of the findings of the previous researchers. The unaccepted results may be 
due to: 1) the incipient breaking point of regular wave and irregular wave may not be the 
same point and 2) the amount of energy dissipation of regular wave and irregular wave 
may not be the same. Therefore, the prediction may be more accurate if the coefficients 
( 1K - 10K ) are re-calibrated by using the significant wave height data. 
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Table 3.13. The errors ( gER  and avgER ) of the models MD1-MD6 (using the coefficients 
of regular waves) for 2 groups of experiment-scales (measured data from Table 3.12).  

gERModels Coefficients 
small-
scale

large- 
scale

avgER

MD1 (Eq. (3.101)) 1K = 0.47, 10K = 0.142 25.5 13.1 19.3
MD2 (Eq. (3.102)) 2K = 0.67, 10K = 0.142 24.0 10.9 17.4
MD3 (Eq. (3.103)) 3K = 0.48, 10K = 0.142 22.7 11.3 17.0
MD4 (Eq. (3.104)) 4K = 0.15, 5K = 0.4, 10K = 0.142 27.9 10.7 19.3
MD5 (Eq. (3.105)) 6K = 0.15, 7K = 1.0, 10K = 0.142 25.4 10.3 17.9
MD6 (Eq. (3.106)) 8K = 0.15, 9K = 0.073, 10K = 0.142 26.1 10.5 18.3

3.3.3.2. Model calibration and selection
A calibration of each model is conducted by varying the coefficients ( 1K - 10K ) in the 

model until the minimum error ( avgER ) between measured and computed significant wave 
heights is obtained. The optimum values of 1K - 10K  are shown in the second column of 
Table 3.14. The errors of models MD1-MD6 on simulating sH  for two groups of 
experiment-scales are shown in the third to fifth columns of Table 3.14. The examination 
results from Table 3.14 can be summarized as follows: 
(i) The accuracy of all models is improved significantly after calibration. 
(j) For small-scale wave flumes, the models MD3, MD5, and MD6 give very good 

predictions (5.0 #� gER 10.0), while the other models (MD1, MD2, and MD4) give 
good predictions (10.0 #� gER 15.0). The accuracy levels of the models in descending 
order are MD6, MD3, MD5, MD2, MD4, and MD1. 

(k) For large-scale wave flumes, all models give very good predictions (5.0 #� gER 10.0).
The accuracy levels of the models in descending order are MD5, MD6, MD2, MD3, 
MD4, and MD1. 

(l) The overall accuracy levels of the models in descending order are MD5, MD6, MD3, 
MD2, MD4, and MD1.

(m) The models MD3, MD5, and MD6 give very good predictions (5.0 #� gER 10.0) for 
both small-scale and large-scale experiments. These models can be used for computing 
the significant wave height transformation. However, lesser error is better. The models 
MD5 and MD6 give almost the same accuracy and are more accurate than the others.  

(n) The average error ( avgER ) of the models MD5 and MD6 are 7.5% and 7.6% 
respectively. These numbers confirm in a quantitative sense the high degree of realism 
generated by the models. This means that the significant wave representation method 
is acceptable for computing the significant wave height transformation across-shore.  
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Table 3.14. The errors ( gER  and avgER ) of the models MD1-MD6 (using the calibrated 
coefficients) and the modified model (MD7) for 2 groups of experiment-scales (measured 
data from Table 3.12).  

gERModels Coefficients 
small- 
scale

large- 
scale

avgER

MD1 (Eq. (3.101)) 1K = 0.34, 10K = 0.098 13.5 8.4 10.9
MD2 (Eq. (3.102)) 2K = 0.53, 10K = 0.098 11.9 6.5 9.2
MD3 (Eq. (3.103)) 3K = 0.40, 10K = 0.098 9.4 6.8 8.1
MD4 (Eq. (3.104)) 4K = 0.09, 5K = 0.42, 10K = 0.076 12.2 7.1 9.6
MD5 (Eq. (3.105)) 6K = 0.09, 7K = 1.07, 10K = 0.076 9.5 5.5 7.5
MD6 (Eq. (3.106)) 8K = 0.09, 9K = 0.076, 10K = 0.076 9.3 5.8 7.6
MD7 (Eq. (3.118)) 11K = 0.095, 12K = -0.263, 13K = 0.179 8.1 5.7 6.9

Overall, the models MD5 and MD6 give nearly the same accuracy. It may be interesting 
to look at the comparison in more detail. Table 3.15 shows the errors ( gER ) of MD5 and 
MD6 for 36 groups of test series. It can be seen from Table 3.15 that the models MD5 and 
MD6 give nearly the same overall accuracy ( avgER  of MD5 = 7.7% and avgER  of MD6 = 
7.6%). As the average errors ( avgER ) of models MD5 and MD6 from Tables 3.14 and 3.15 
are almost the same, it is difficult to judge which model is better than the other. Evaluation 
of these two models may have to be based on their simplicity. 

Substituting the calibrated coefficients 6K = 0.09, 7K = 1.07, 8K = 0.09, 9K = 0.076, and 

10K = 0.076 into the corresponding equations (Eqs. (3.104)-(3.106)), the irregular wave 
models (MD5 and MD6) for computing sH  can be expressed as 
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in which the incipient wave breaking or the starting point to include the energy dissipation 
into the models is determined from the following formula. 

� �khLHsb tanh076.0�             (3.111) 
The energy dissipation of MD5 and MD6 is zero when the stable wave height (the 

second term on the right hand side of Eqs. (3.109) and (3.110)) is greater than the 
significant wave height. It can be seen that the stable wave height of MD6 (second term on 
the right hand side of Eq. (3.110)) is the same as the formula that used for computing the 
breaker height (Eq. (3.111)). This means that it is not necessary to check the incipient wave 
breaking. Equation (3.110) can be used to compute the significant wave heights for the 
entire zone (from offshore to shoreline). This makes the model MD6 simpler than the 
model MD5. In terms of accuracy and simplicity, the model MD6 is the best and is 
recommended for computing the significant wave height transformation across-shore. As 
the model MD6 (Eq. (3.110)) is very simple, it may also serve as a reference model to test 
more complicated models against. 
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Table 3.15. The errors ( gER  and avgER ) of the models MD5-MD6 (using the calibrated 
coefficients) and the modified model (MD7) for 36 groups of test series. 
Sources  Test 

series
MD5 MD6 MD7 

Hurue (1990) Hu1 7.6 5.9 6.2
Smith and Kraus (1990) R2000 11.7 7.5 6.6
 R22xx 12.0 11.3 9.9
 R6000 7.3 5.0 5.9
 R62xx 10.3 10.9 9.3
 R8000 3.8 4.6 4.2
 R82xx 10.4 10.8 8.8
Katayama (1991) Ka1&Ka2 8.0 9.0 9.7
Ting (2001) Ti1 4.8 3.1 3.1
Kraus and Smith (1994) ST10 6.8 4.8 4.8
 ST20 5.4 5.2 5.0
 ST30 6.5 6.4 6.4
 ST40 8.3 8.4 8.3
 ST50 7.0 7.2 6.9
 ST60 8.3 8.6 7.9
 ST70 7.2 6.8 6.3
 ST80 9.6 9.4 8.9
 ST90 5.2 5.5 4.5
 STAO 5.7 4.9 4.3
 STCO 13.1 11.4 11.6
 STDO 10.1 10.7 10.4
 STJO 10.6 10.9 9.6
 STKO 21.7 21.4 20.9
Dette et al. (1998)  A8 10.9 13.0 12.3
 A9 2.9 4.9 5.1
 B1 7.6 9.1 8.1
 B2 4.2 4.5 4.2
 C1 9.9 11.5 10.4
 C2 4.0 4.8 4.7
 H1 4.4 5.4 6.1
 H2 4.8 4.3 3.7
 D1&D3 9.0 9.8 9.6
 D2 4.3 5.4 5.7
 E 3.2 4.0 4.4
 F 3.6 3.9 4.0
 G 6.4 5.1 5.8

Average error ( avgER )  7.7 7.6 7.3



61

3.3.4. Model modification 
Although, the model MD6 gives very good predictions, it may be modified to achieve 

even greater accuracy. The energy dissipation term in model MD6 is derived from the 
regular wave model of Rattanapitikon et al. (2003), which were developed based on the 
stable energy concept of Dally et al. (1985). The model MD6 (Eq. (3.110)) can be re-
written as 
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in which sbH  is calculated from Eq. (3.111). It can be seen that the energy dissipation term 
on the right hand side of Eq. (3.112) can be written in a general form as a product of 
energy flux per unit depth and a dimensionless function ( f ) as 
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where f  is a function of ssb HH / . The function f  may be considered as a fraction of 
energy dissipation, while the energy flux per unit depth may be considered as a potential 
rate of energy dissipation. The function f  of the stable energy concept (MD6) can be 
expressed as 
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It should be noted that Eq. (3.112) (or Eq. (3.114)) is derived based on the assumption 
that the energy dissipation rate is proportional to the difference between the energy flux per 
unit depth and the stable energy flux per unit depth. If the assumption is correct, the 
relationship between f  and ssb HH /  should be a concave-down shape (since 

� �22 // ssb HHdfd  is a negative value). It may be worthwhile to check this assumption 
through the relationship between f  and ssb HH / . The data for plotting the relationship are 
the measured data of f  and ssb HH / . The measured f  can be determined from the 
measured wave heights as follows. 

Using a forward finite difference scheme to describe the wave model (Eq. (3.113)), the 
formula for determining measured f  is expressed as 
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where j  is the grid number. Hereafter, the variable f  determined from Eq. (3.115) is 
referred to as the measured f .

The required data set for plotting the relationship between f  and ssb HH  is the 
measured data of h , pT , sH , and x . The computation of other related variables (e.g. L ,
k , and gc ) is based on linear wave theory. The breaker height ( sbH ) is determined from 
Eq. (3.111). To avoid a large fluctuation in the relationship, the data of wave height 
variation across shore should have a small fluctuation.  

Because of a small fluctuation of wave height variation across shore, the data from 
Dette et al. (1998) are used for plotting the relationship between measured f  and ssb HH .
The relationship between measured f  and ssb HH  is shown in Fig. 3.2.  
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Fig. 3.2. Relationship between f  and ssb HH  (measured data from Dette et al., 1998). 

The line of computed f  from Eq. (3.114) is shown as the dotted line in Fig. 3.2. It can 
be seen that Eq. (3.114) is fitted reasonably well to the measured f . However, the shape 
of measured f  trends to be concave-up instead of concave-down as Eq. (3.114). It seems 
to be better to fit f  with a quadratic equation as 
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where 11K - 13K  are the coefficients. From the multi-regression analysis (between measured 
f  and ssb HH ) by using the data that �ssb HH  1.0, the values of 11K - 13K  are 0.09, -

0.26, and 0.17 respectively. The best-fitted line is shown as the solid line in Fig. 3.2. 
However, the values of 11K - 13K  are not used in the wave model because the values of 

11K - 13K  are optimum only for the data of Dette et al. (1998), and they may change slightly 
when applying to all collected laboratory data. 
 Substituting Eq. (3.116) into Eq. (3.113), the general form of the modified model can be 
expressed as 
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The collected irregular wave data shown in Table 3.12 are used to calibrate the model 
MD7 (Eq. (3.117)). The wave height transformation is computed by numerical integration 
of the model MD7 (Eq. (3.117)). The forward finite difference scheme is used to solve the 
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models. The calibration of the model is conducted by varying the values of 11K - 13K  until 
the minimum error ( avgER ) of the model is obtained. The optimum values of 11K - 13K  are 
0.095, -0.263, and 0.179 respectively. The errors ( gER  and avgER ) of model MD7 are 
shown in the last row of Table 3.14 and the last column of Table 3.15. It can be seen from 
Tables 3.14-3.15 that the model MD7 gives the best predictions. 

To gain an impression of overall performance of the modified model (MD7) for 
computing sH , the results of model MD7 are plotted against the measured data. 
Comparison between measured and computed significant wave heights from the model 
MD7 for all cases are shown in Fig. 3.3. Examples of computed significant wave height 
transformation across-shore are shown in Figs. 3.4 and 3.5. Case numbers in Figs. 3.4 and 
3.5 are kept to be the same as the originals. Overall, it can be seen that the model MD7 
gives a quite realistic simulation of the significant wave height transformation across-
shore. However, the present model has certain limitations, which may restrict its use. The 
limitations of the model MD7 can be listed as follows.  
a) The model gives the worst prediction for the case of broad-crested mound ( gER =

20.9%, see test no. STKO in Table 3.15). The main error is caused by a sharp drop in 
measured wave height at a distance of x = 44.2 m on top of the bar (see Fig. 3.5d). 
This sharp drop occurred in all cases of the test no. STKO (at x = 44.2 m). It is 
difficult to find out the reason for such a sharp drop in the wave height. 

b) The model gives only good predictions ( .gER 10%) for the wave on the barred beach 
or narrow-crested mound (see test no. R22xx, R62xx, R82xx, Ka1&Ka2, and STJO in 
Table 3.15; see also Figs. 3.4c-3.6g, and 3.5c). The model could not predict the rapid 
increase and decrease in wave heights near the bar. The model tends to give over 
prediction for the wave heights around the trough of narrow-bar (see Fig. 3.4c-3.4e) 
while it tends to give under prediction around the trough of the broad-bar (see Figs. 
3.4f-3.4g).

c) As the model MD7 (Eq. (3.117)) is an empirical model, its validity may be limited 
according to the range of experimental conditions which were employed in the 
calibration. The present formula should be applicable for deepwater wave steepness 
( oso LH ) ranging between 0.002 and 0.064.
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Fig. 3.3. Comparison between measured and computed significant wave height by using 
the model MD7 (measured data from Table 3.12). 
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Fig. 3.4. Examples of measured and computed significant wave height transformation by 
using the model MD7 (measured data from small-scale experiments). 
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Fig. 3.5. Examples of measured and computed significant wave height transformation by 
using the model MD7 (measured data from large-scale experiments). 



67

As shown in Sec. 3.3.3 that the regular wave model for computing H  can be applied 
directly for computing sH , it is expected that the irregular wave model for computing sH
should also be applicable for computing H . The model MD7 (Eq. (3.117)) is applied to 
regular waves as 
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where 14K - 16K  are the coefficients which can be determined from model calibration and 

bH  is the breaker height of the regular waves which is determined from the breaking 
criterion of Miche (1944). 

The collected regular wave data shown in Table 3.11 are used to calibrate the model 
MD8 (Eq. (3.118)). The wave height transformation is computed by numerical integration 
of the model MD8. The forward finite difference scheme is used to solve the models. The 
calibration of the model is conducted by varying the values of 14K - 16K  until the minimum 
error ( avgER ) of the model is obtained. The optimum values of 14K - 16K  are 0.010, -0.128, 
and 0.226 respectively. The errors ( gER  and avgER ) of the model MD8 and the existing 
regular wave models (shown in Sec. 3.3.2) are shown in Table 3.16. It can be seen from 
Table 3.16 that it is possible to use the model MD8 for computing regular wave heights 
transformation.  

Substituting the calibrated coefficients 11K - 16K  into Eqs. (3.117) and (3.118), the 
modified models for irregular and regular waves can be expressed as 
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Table 3.16. The errors ( gER  and avgER ) of the six existing regular wave and the modified 
model (MD8) for 2 groups of experiment-scales (measured data from Table 3.11).  

gERRegular wave models 
Small-scale Large-scale

avgER

Battjes and Janssen (1978) 34.4 49.0 41.7 
Thornton and Guza (1983) 22.1 26.0 24.0 
Deigaard et al. (1991) 23.2 23.1 23.1 
Dally et al. (1985) 17.3 20.2 18.8 
Rattanapitikon and Shibayama, (1998) 16.3 16.6 16.4 
Rattanapitikon et al. (2003) 16.3 17.7 17.0 
MD8 15.9 17.5 16.7 
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3.4. Transformation of Maximum Wave Heights 
The maximum wave height is one of the most essential required factors for the design of 

coastal structures. Wave data are usually available in deepwater but not available in the 
shallow water at the depths required. The wave heights in shallow water can be determined 
from wave height transformation model. Common methods to predict the maximum wave 
height in shallow water region may be classified into three main methods, i.e. highest wave 
representation method, individual wave method, and conversion method.  

For the highest wave representation method, the maximum wave at offshore boundary is 
treated as a regular wave. The transformation of maximum wave height is calculated by 
using a regular wave model. The method is mainly used for structural design (Goda, 1985). 
When waves propagate to the nearshore zone, wave profiles steepen and eventually waves 
break. The higher waves tend to break at the greater distance from the shore while the 
lower waves still shoaling. At a certain location in the surf zone, the irregular wave train 
consists of breaking and shoaling waves and the highest wave at one location may not 
come from the same wave as the incident maximum wave height. Therefore, this method 
may be considered as an empirical method. The use of regular wave model directly may 
give under estimation of the maximum wave height in the surf zone. However, the method 
has the merit of simple application. It will be useful for practical works, if this method can 
be use for computing  maxH .

The individual wave method considers the propagation of individual waves in the time 
domain. The incident individual waves may be determined from the irregular wave records 
or from probability density function ( pdf ) of wave height. These individual waves are 
then propagated shoreward independently using an appropriate regular wave model, 
assuming no wave-to-wave interaction. A new irregular wave train (or a new pdf  of wave 
height) at the required location can be constructed from the simulation results of all 
individual waves. The maximum wave height can be determined directly from the irregular 
wave train at the required location. However if the result from the model is the pdf of
wave height, the maximum wave is set as that of highest one-250th wave ( 250/1H ). The 
result from this method is expected to be the best. However, the method has the demerit of 
time-consuming and it may not suitable for practical works. 

The conversion method determines maxH  from a relationship between rmsH  to be maxH .
The method comprises of two parts of calculation, i.e. compute the rmsH  transformation by 
using a suitable irregular wave model and then use an empirical formula to convert rmsH  to 
be maxH . Various irregular wave models can be used to compute rmsH  (e.g. the model of 
Battjes and Janssen, 1978; Thornton and Guza, 1983; Baldock et al., 1998; and 
Rattanapitikon, 2007). Most of the existing can be used to compute rmsH  (Rattanapitikon, 
2007). The maxH  can be determined from the known relationship between rmsH  to be maxH
(e.g. the relationships of Longuet-Higgins, 1952; and Rattanapitikon and Shibayama, 
2007). Based on the experimental data from small-scale, large-scale, and field experiments, 
Rattanapitikon and Shibayama (2007) showed that the relationship of Longuet-Higgins 
(1952) gives the average error of about 30% while their relationship gives the average error 
of about 12%.

The present study focuses on the highest representation wave method as this appears to 
be the simple method for computing the maxH  in shallow water. This paper is divided into 
two main parts. The first part describes some existing regular wave models. The second 
part describes modeling of irregular waves using highest wave representation method. 



69

3.4.1. Regular wave model 
The regular wave height transformation across-shore can be computed from the energy 

flux conservation as 
� �
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            (3.121) 

where 8/2gHE ��  is the wave energy density, �  is the water density, g  is the 
acceleration due to gravity, H  is the wave height, gc  is the group velocity, x  is the 
distance in cross shore direction, and BD  is the energy dissipation rate due to wave 
breaking which is zero outside the surf zone. The energy dissipation rate due to bottom 
friction is neglected. In the present study, all variables are based on the linear wave theory. 
Substituting 8/2gHE ��  into Eq. (3.121), the energy flux conservation can be written in 
terms of wave height as 
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The wave height transformation can be computed from the energy flux conservation 
(Eq. (3.122)) by substituting the formula of the energy dissipation rate ( BD ) and 
numerically integrating from offshore to shoreline. The difficulty of Eq. (3.122) is how to 
formulate the energy dissipation rate caused by the breaking waves. 

During the past decades, various models have been developed for computing the energy 
dissipation of regular wave breaking. A briefly reviews of some existing BD  models are 
shown in the paper of Rattanapitikon (2008). The models are listed below. 

a) Battjes and Janssen (1978): 
T
gHDB 4

47.0
2�

�              (3.123) 

b) Thornton and Guza (1983): 
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g) Rattanapitikon (2008):  
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where h  is the water depth, T  is the wave period, c  is the local phase velocity, L  is the 
local wavelength, k  is the local wave number, and bH  is the breaker height which can be 
calculated from Miche’s (1944) formula as 

� �khLHb tanh14.0�            (3.130) 
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3.4.2. Highest Wave Representation Model 
For the highest wave representation approach, the wave models developed originally for 

regular waves are applied directly to irregular waves by using the equivalent regular waves 
based on the maximum wave height. When waves propagate to the nearshore zone, wave 
profiles steepen and eventually waves break. The higher waves tend to break at the greater 
distance from the shore while the lower waves still shoaling. At a certain location in the 
surf zone, the irregular wave train consists of breaking and shoaling waves and the highest 
wave at one location may not come from the same wave as the incident maximum wave 
height. Therefore, the use of regular wave model directly may give under estimation of the 
maximum wave height in the surf zone. Although the maximum wave at one location may 
not be the same wave as another location, the measured profile of maxH  across shore is 
usually decay smoothly as the profile of regular wave height. It may be possible to apply 
the energy dissipation model of the regular wave for computing maxH .
 Since the dissipation formulas in section 2 [Eqs. (3.123) to (3.129)] were developed for 
regular waves, it is not clear which formula is suitable for the highest wave representation 
approach. Therefore, all of them are used to investigate the possibility of simulating the 
irregular wave height transformation by using the highest wave representation approach. 

Substituting the dissipation formula [Eqs. (3.123) to (3.129), respectively] into Eq. 
(3.122) and applying for maximum wave heights, the highest wave representation models 
can be expressed as
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where 1K - 12K  are the coefficients and the breaking criterion of Miche (1944) is applied to 
determine incipient wave breaking as 

� �khLKH b tanh13max �            (3.138) 
where 13K  is the coefficient. Hereafter, Eqs. (3.131)-(3.137) are referred to as MD1, MD2, 
MD3, MD4, MD5, MD6, and MD7 respectively. The energy dissipation ( BD ) terms on the 
right hand side of models MD1-MD7 occur when maxH ( bHmax  and is equal to zero when 

maxH < bHmax .
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It can be seen from Eqs. (3.123)-(3.129) that the coefficients 1K - 13K  for the regular 
wave models are 0.47, 0.67, 0.48, 0.15, 0.4, 0.15, 1.0, 0.15, 0.52, 0.010, -0.128, 0.226, and 
0.14 respectively. When applying to the irregular wave, 1K - 13K  are the adjustable 
coefficients to allow for the effect of the transformation to irregular waves. The variables 
gc , c , L , and k  in the models MD1-MD7 are calculated based on the spectral peak period 

( pT ).The spectral peak period is used because it is the most commonly used parameter and 
typically reported for the irregular wave data. 

3.4.2.1. Trial simulation
The objective of this section is to test the applicability of models MD1-MD7 by using 

the coefficients 1K - 13K  which were proposed by the previous researchers for regular 
waves (shown in the second column of Table 3.18). Laboratory data of maximum wave 
height transformation from 4 sources, totaling 279 cases, were collected for calibration and 
examination of the irregular wave models. A summary of the collected laboratory data is 
shown in Table 3.17. The collected data are separated into 2 groups based on the 
experiment-scale, i.e. small-scale and large-scale experiments. The experiments of Smith 
and Kraus (1990), and Ting (2001) were performed in small-scale wave flumes under fixed 
bed conditions, while the experiments of Kraus and Smith (1994) and Dette et al. (1998) 
were undertaken in large-scale wave flumes under movable bed (sandy bed) conditions. 
The data cover a range of deepwater wave steepness ( oso LH , where soH  is the deepwater 
significant wave height) from 0.002 to 0.064. 

The basic parameter for determination of the overall accuracy of the model is the 
average rms  relative error ( avgER ), which is defined as 

tn

ER
ER

tn

n
gn

avg

$
�� 1              (3.139) 

where n  is the data group number, gnER  is the rms  relative error of the group no. n , and 
tn  is the total number of data groups. A small value of avgER  indicates good overall 
accuracy of the wave model. 

The rms  relative error of each data group ( gER ) is defined as 
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where i  is the wave height number, ciH  is the computed maximum wave height of number 
i , miH  is the measured maximum wave height of number i , and nc  is the total number of 
measured maximum wave heights in each data group. 

The question of how good a model is is usually defined in a qualitative ranking (e.g. 
excellent, very good, good, fair, and poor). As the error of some existing irregular wave 
models is in the range of 7 to 21% (please see Rattanapitikon, 2007, Table 3.18), the 
qualification of error ranges of an irregular wave model may be classified into five ranges 
(i.e. excellent ( 0.5#gER ), very good ( 0.100.5 #� gER ), good ( 0.150.10 #� gER ), fair 
( 0.200.15 #� gER ), and poor ( 0.20(gER )) and the acceptable error should be less than 
10%.
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Table 3.17. Summary of collected experimental data used to calibrate and verify the 
irregular wave models. 
Sources  Test 

Series
Descriptions No. of 

cases
No. of 

Data
Hso/Lo

Smith and Kraus (1990) R2000 plane beach 1 8 0.070 
 R22xx barred beach 3 24 0.070 
 R6000 plane beach 1 8 0.040 
 R62xx barred beach 3 24 0.040 
 R8000 plane beach 1 8 0.030 
 R82xx barred beach 3 24 0.030 
Ting (2001) Ti1 plane beach 1 7 0.024 
Kraus and Smith (1994) ST10 erosion toward equilibrium  26 416 0.013-0.064 
 ST20 acoustic profiler tests 8 128 0.002-0.057 
 ST30 Accretion toward equilibrium 19 304 0.003-0.007 
 ST40 Dedicated hydrodynamics 12 192 0.005-0.050 
 ST50 dune erosion, test 1 8 128 0.012-0.057 
 ST60 dune erosion, test 2 9 144 0.009-0.022 
 ST70 seawall, test 1 9 144 0.022-0.032 
 ST80 Seawall, test 2 3 48 0.022 
 ST90 berm flooding, test 1 3 48 0.050 
 STAO Foredune erosion 1 16 0.050 
 STCO Seawall, test 3 8 127 0.004-0.057 
 STDO berm flooding, test 2 3 48 0.050 
 STJO Narrow-crested mound 10 160 0.005-0.050 
 STKO broad-crested mound 9 144 0.005-0.050 
Dette et al. (1998)  A8 1:20 beach slope, normal 7 147 0.010 
 A9 1:20 beach slope, storm 15 390 0.018 
 B1 1:10 beach slope, normal 8 191 0.010 
 B2 1:10 beach slope, storm 15 392 0.018 
 C1 1:5 beach slope, normal 4 95 0.010 
 C2 1:5 beach slope, storm 17 459 0.018 
 H1 1:15 beach slope, normal 2 43 0.010 
 H2 1:15 beach slope, storm 15 398 0.018 
 D1&D3 D.P.1, no overtopping, normal 7 158 0.010 
 D2 D.P.1, no overtopping, storm 11 297 0.018 
 E D.P.1, with overtopping, storm 11 297 0.018 
 F no D.P.1, storm 12 324 0.018 
 G no D.P.1, underwater barrier 14 365 0.012-0.018 

Total   279 5706 0.002-0.064 
1 D.P. = dune protection. 

The transformation of the maximum wave height from the models MD1-MD7 is 
determined by taking numerical integration from offshore to shoreline. The energy 
dissipation is set to be zero when sH < bHmax . The incipient wave breaking ( bHmax ) is 
computed from Eq. (3.138). The forward finite difference scheme is used to solve the 
differential equations. The length step ( x- ) is set to be equal to the length between the 
points of measured wave heights, except if 	-x 5m, x-  is set to be 5 m. The length steps 
( x- ) used in the present study are 0.2 - 1.5 m for small-scale experiments and 2.1 - 5.0 m 
for large-scale experiments.  

Using the coefficients 1K - 13K  which were proposed for regular waves, errors of the 
models MD1-MD7 on predicting maxH  for two groups of experiment-scales are shown in 
Table 3.18. It can be seen from Table 3.18 that all models give unacceptable results in 
simulating the maximum wave height transformation. This is a confirmation of the 
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findings of the previous researchers. The unacceptable results may be due to: 1) the 
incipient breaking point of regular wave and irregular wave may not be the same point and 
2) the amount of energy dissipation of regular waves and irregular waves may not be the 
same. Therefore, the prediction may be more accurate if the coefficients ( 1K - 13K ) are re-
calibrated by using the maximum wave height data. 

Table 3.18. The errors ( gER  and avgER ) of the models MD1-MD7 (using the coefficients 
of regular waves) for 2 groups of experiment-scales (measured data from Table 3.17).  

gERModels Coefficients 
small-
scale

large- 
scale

avgER

MD1 (Eq. (3.131)) 1K = 0.47, 13K = 0.142 27.2 14.4 20.8
MD2 (Eq. (3.132)) 2K = 0.67, 13K = 0.142 34.7 15.1 24.9
MD3 (Eq. (3.133)) 3K = 0.48, 13K = 0.142 34.8 19.1 27.0
MD4 (Eq. (3.134)) 4K = 0.15, 5K = 0.4, 13K = 0.142 22.0 17.0 19.5
MD5 (Eq. (3.135)) 6K = 0.15, 7K = 1.0, 13K = 0.142 21.2 16.4 18.8
MD6 (Eq. (3.136)) 8K = 0.15, 9K = 0.073, 13K = 0.142 20.5 16.7 18.6
MD7 (Eq. (3.137)) 10K = 0.010, 11K = -0.128,

12K  = 0.226, 13K = 0.142 
30.1 25.1 27.6

3.4.2.2. Model calibration and selection
A calibration of each model is conducted by varying the coefficients ( 1K - 13K ) in the 

model until the minimum error ( avgER ) between measured and computed maximum wave 
heights is obtained. The optimum values of 1K - 13K  are shown in the second column of 
Table 3.19. The errors of models MD1-MD7 on simulating maxH  for two groups of 
experiment-scales are shown in the third to fifth columns of Table 3.19.  

Table 3.19. The errors ( gER  and avgER ) of the models MD1-MD7 (using the calibrated 
coefficients) for 2 groups of experiment-scales (measured data from Table 3.17).  

gERModels Coefficients 
small-
scale

large- 
scale

avgER

MD1 (Eq. (3.131)) 1K = 0.32, 13K = 0.14 18.0 15.8 16.9
MD2 (Eq. (3.132)) 2K = 0.22, 13K = 0.086 14.6 10.8 12.7
MD3 (Eq. (3.133)) 3K = 0.25, 13K = 0.086 16.0 12.9 14.5
MD4 (Eq. (3.134)) 4K = 0.08, 5K = 0.49, 13K = 0.086 12.0 12.0 12.0
MD5 (Eq. (3.135)) 6K = 0.08, 7K = 1.25, 13K = 0.086 11.2 10.4 10.8
MD6 (Eq. (3.136)) 8K = 0.07, 9K = 0.086, 13K = 0.086 10.4 10.4 10.4
MD7 (Eq. (3.137)) 10K = 0.123, 11K = -0.298,

12K  = 0.180, 13K = 0.086 
9.4 10.5 10.0
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The examination results from Table 3.19 can be summarized as follows: 
(o) The accuracy of all models is improved significantly after calibration. 
(p) For small-scale wave flumes, the model MD7 gives very good predictions 

(5.0 #� gER 10.0); the models MD2, MD4, MD5, and MD6 give good predictions 
(10.0 #� gER 15.0); and the other models (MD1 and MD3) give fair predictions 
(15.0 #� gER 20.0). The accuracy levels of the models in descending order are MD7, 
MD6, MD5, MD4, MD2, MD3, and MD1. 

(q) For large-scale wave flumes, most models (MD2 to MD7) give good predictions 
(10.0 #� gER 15.0), while the other (MD1) gives fair predictions (15.0 #� gER 20.0).
The accuracy levels of the models in descending order are MD6, MD5, MD7, MD2, 
MD4, MD3, and MD1. 

(r) The overall accuracy levels of the models in descending order are MD7, MD6, MD5, 
MD4, MD2, MD3, and MD1.

(s) The models MD2, MD4, MD5, MD6, and MD7 give good predictions 
(10.0 #� gER 15.0) for both small-scale and large-scale experiments. These models 
can be used for computing the maximum wave height transformation. However, lesser 
error is better. The model MD7 gives the best predictions ( avgER = 10.2%).

(t) As the conversion method gives the average error of about 12% (mentioned in Sec. 1), 
while the average error ( avgER ) of the model MD7 is about 10%, the model MD7 
seems to be acceptable for computing the maximum wave height transformation 
across-shore.

Substituting the calibrated coefficients 10K = 0.123, 11K = -0.298, 12K  = 0.180, and 13K =
0.086 into the corresponding equations (Eqs. (3.137)-(3.138)), the wave model (MD7) for 
computing maxH  can be expressed as 
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in which the incipient wave breaking is determined from the following formula. 

� �khLH b tanh086.0max �            (3.142) 



V.  CONCLUSIONS 

Based on a large amount of published experimental results covering a wide range 
of test conditions under regular irregular wave actions, simple models are developed 
for computing the breaking wave and the transformation of three common 
representative wave heights (i.e. rmsH , 3/1H , and maxH ). The study can be divided 
into 5 parts. The first part describes the breaking wave formulas. The second to the 
fourth parts describe the development of wave models using representative wave 
approach. The last part describes the formulas for computing the representative wave 
heights using the conversion approach. The following is the conclusions of each part.  

1. The first part of this study was undertaken to find out the breaking wave 
formulas, which can be used with the assumption of linear wave shoaling. A total of 
695 cases collected from 26 sources of published laboratory data were used to 
examine the formulas for computing the breaker depth, assumed orbital to phase 
velocity ratio, and assumed breaker height. With regard to breaker depth formulas, the 
examination of 4 existing formulas (i.e. the formulas of Ogawa and Shuto, 1984; 
Dean and Dalrymple, 1984; and Gourlay, 1992; and Rattanapitikon, 2000) indicate 
that the formula of Rattanapitikon (2000) gives the best prediction with average error 
( avgER ) of 15% but none of them can be used for a wide range of conditions. The 
existing formulas give considerable error for the cases of 1.0/ 	oo LH . A new 
formula was developed based on the reanalysis of the existing formulas. The new 
formula gives good overall prediction for general conditions ( avgER = 12%). With 
regard to assumed orbital to phase velocity ratio and assumed breaker height, only the 
formulas of Isobe (1987) are available. The examination of Isobe’s (1987) formulas 
show that the formulas give overall fairly good predictions ( avgER = 19%); the 
formulas give good predictions for large-scale experiments, but fair predictions for 
small-scale experiments. The formulas of Isobe (1987) were modified by recalibrating 
the constants in the formulas. The average error ( avgER ) of the modified formula is 
16%. The modified formulas are simpler but give better predictions than those of 
Isobe (1987). The new formulas were developed by reanalysis of the existing 
formulas. The new formulas give excellent predictions for all conditions ( avgER =
3%).

2. The second part is undertaken to find out the suitable dissipation models, which 
can be used to compute rmsH  for a wide range of experimental conditions. A total of 
1723 cases from 13 sources of published experimental data are used to verify the 
models. The transformation of rmsH is computed from the energy flux conservation 
law. Eight existing dissipation models are selected to verify their applicability. The 
coefficients in all models are recalibrated before comparing the applicability of the 
models. The comparison shows that all selected models can be used for computing 

rmsH , with avgER  of about 8.2-11.4%. The model of Battjes and Stive (1985) gives 
the best predictions (with avgER  of 8.2%). The existing models are also modified by 
changing the breaker height formulas, inside the dissipation models and 
recalibrations. Substituting the seven formulas of bH   into the six existing dissipation 
models, 42 possible models are considered in this study. It is found that the accuracy 



of most existing models is improved significantly by using the suitable breaker height 
formula. There are six suitable models (i.e. the model of BS85 and 5 modified 
models), which can be used for computing rmsH . The new model was also developed 
based of a framework of the dissipation model of Battjes and Janssen (1978). The 
model of Battjes and Janssen (1978) consists of three main formulas, i.e. the formulas 
of energy dissipation of a single broken wave, breaker height ( bH ), and fraction of 
breaking waves (Qb ). The present study focuses mainly on the new derivation of Qb
formula. Unlike the common derivation, the formula of Qb  was derived directly from 
the measured wave heights by inverting the wave model together with dissipation 
model. The new model is better but simpler that that of BS85.  

3. The third part was carried out to investigate the possibility of using the 
significant wave representation method. The significant wave height transformation 
across-shore was computed from the energy flux conservation. The selected six 
regular wave models were directly applied to the irregular waves (by using significant 
wave height and spectral peak period) to investigate their applicability for simulating 
significant wave height transformation. The breaking criterion of Miche (1944) was 
applied to compute the incipient breaker height. Laboratory data from small-scale and 
large-scale wave flumes were used to calibrate and examine the models. It was found 
that three regular wave models (with new coefficients) can be used for computing the 
significant wave heights with very good accuracy. This leads to the conclusion that 
the concept of significant wave representation method can be used for computing the 
significant wave height transformation across-shore. The best existing model can be 
re-written as a product of energy flux per unit depth and dimensionless function 
( + ,ssb HHf ). The modification is performed by deriving the new formula of function 
f . The general form of f  is derived from plotting the relationship between measured 
f  and ssb HH . Compared with the existing models, the modified model gives the 

best prediction. The modified model (with different coefficients) can also be applied 
to predict the regular wave height transformation.  

4. The fourth part was carried out to investigate the possibility of using the highest 
wave representation method. The maximum wave height transformation across-shore 
was computed from the energy flux conservation. The selected six regular wave 
models were directly applied to the irregular waves (by using maximum wave height 
and spectral peak period) to investigate their applicability for simulating maximum 
wave height transformation. The breaking criterion of Miche (1944) was applied to 
compute the incipient breaker height. Laboratory data from small-scale and large-
scale wave flumes were used to calibrate and examine the models. It was found that 
three regular wave models (with new coefficients) can be used for computing the 
maximum wave heights with good accuracy. This leads to the conclusion that the 
concept of highest wave representation method can be used for computing the 
maximum wave height transformation across-shore. 

5. The last part concentrates on the relationships for conversion from rmsH  to be 

H , 3/1H , 10/1H , and maxH  for shallow water region. Widely accepted relationships 
are derived based on the assumption of the Rayleigh distribution. The first objective 
of this study is to investigate the errors of estimating representative wave heights by 
using the relationships derived from the Rayleigh distribution in shallow water. 
Experimental data from small-scale, large-scale, and field experiments were used to 
examine the accuracy of the relationships. The examination showed that the 
assumption of Rayleigh distribution is not violated largely in shallow water, 



especially for large-scale and field experiments. The relationships derived from 
Rayleigh distribution give very good estimations on H  and 3/1H , good estimation on 

10/1H  but fair estimations on maxH . The proportional coefficients ( �  ) in the 
relationships were plotted with three dimensionless parameters ( hHrms , trrms HH ,
and brms HH / ). It was found that the coefficients �  are governed mainly by the 
fraction of breaking waves (or brms HH ) and the new coefficients �  have been 
proposed as a function of brms HH . Comparing with the coefficients �  derived from 
the Rayleigh distribution, the new coefficients �  give slightly better accuracy on 
estimating H  and 3/1H , and give better accuracy on estimating 10/1H  and maxH . The 
new coefficients reveal that the Rayleigh distribution is valid in the offshore zone but 
gives overestimation of the number of large waves and underestimation of the number 
of small waves in the surf zone. The wave height distribution is gradually deviated 
from the Rayleigh distribution in the outer surf zone and the deviation becomes 
maximum at the inner surf zone. 
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This study was undertaken to find out the suitable breaking wave formulas for computing
breaker depth, and corresponding orbital to phase velocity ratio and breaker height con-
verted with linear wave theory. A large amount and wide range of published laboratory
data (695 cases collected from 26 sources of published laboratory data) were used to ex-
amine and develop the breaker formulas. Examination of some existing formulas indicates
that none of them can be used for a wide range of experimental conditions. New breaker
formulas were developed based on the re-analysis of the existing formulas. Overall, the
new formulas give good predictions over a wide range of experimental conditions.

Keywords: Breaking point; breaker depth; orbital to phase velocity ratio; incipient wave
breaking.

1. Introduction

When waves propagate from offshore to the near shore zone, wave profiles become
steep. The increase in wave steepness continues until the wave breaks. To analyze
the coastal processes, breaking point is one of the most essentially required factors.
In the wave model (or beach deformation model), it is necessary to determine the
breaking point accurately because the breaking point is the point at which to start
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including the energy dissipation rate or surface roller into the wave model. Unless the
breaking point is accurately predicted (no matter how exact the equations governing
wave deformation in and outside the surf zone will be), an accurate computation of
the wave field or other wave-induced phenomena cannot be expected.

In the wave model, the breaker height is commonly used to indicate the location
of wave breaking. Many breaker height formulas have been proposed over the past
century [see Rattanapitikon et al., 2003]. These formulas can be used to determine
the breaking point if wave shoaling is computed accurately. However, it is well
known that the linear wave theory gives underestimation of wave height just before
the breaking point. Therefore, if the breaker height formula is used together with
the linear wave shoaling, the predicted breaking point will shift on shoreward of the
real one [Isobe, 1987]. This will cause certain error in the computation of wave
height transformation and other wave-induced phenomena, e.g. undertow, suspended
sediment concentration, sediment transport, and beach deformation.

There are two methods for dealing with the problem of underestimating the linear
wave shoaling. The first method uses nonlinear wave theories for computing wave
shoaling [e.g. Stokes, 1847; Dean, 1965; Shuto, 1974; and Isobe, 1985]. The second
one uses linear wave theory to compute wave shoaling and uses other variables,
instead of breaker height, to compute the breaking point [e.g. Watanabe et al.,
1984; Isobe, 1987; and Rattanapitikon, 1995]. Since the linear wave theory is most
widely used in practice, the present study concentrates on the second method of
using other variables to determine the breaking point. The variables that may be
used to determine the breaking point are breaker depth, orbital to phase velocity
ratio at the breaking point based on linear wave shoaling (hereafter referred to as
assumed orbital to phase velocity ratio), and breaker height based on linear wave
shoaling (hereafter referred to as assumed breaker height). Various formulas have
been proposed to compute these three variables [e.g. Ogawa and Shuto, 1984; Dean
and Dalrymple, 1984; Isobe, 1987; and Rattanapitikon, 1995]. The objective of this
study is to find out the reliable formulas for computing these three variables.

All of the existing breaking wave formulas are empirically determined from the
laboratory data. It is known that the validity of empirical formula may be limited
according to the range of wave and bottom slope conditions that were employed in
calibration or verification. To make an empirical formula reliable, it is necessary to
calibrate or verify the formula with a large amount and wide range of laboratory
data.

As it is difficult to measure the breaking point of each individual wave in the
field, small-scale and large-scale laboratory experiments are the sources of quantita-
tive information for examination of the breaking point formulas. Laboratory data of
the breaking point from 26 sources, covering 695 cases, have been collected for the
examination of the breaking wave formulas. The data set used in this study is the
same as that used in the analysis of breaker height formula of Rattanapitikon et al.
[2003]. These data are used for analysis because no data source differs significantly
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from other data sources (see Figs. 5 and 6 in the paper of Rattanapitikon et al.,
2003). The data cover a wide range of wave and bottom slope conditions: the deep-
water wave steepness (Ho/Lo) ranging between 0.001 and 0.112, and the bottom
slope (m) ranging between 0 and 0.38. The data include four types of beach condi-
tions, i.e. plane beach, barred beach, stepped beach and movable (sandy) beach. All
experiments were performed for regular waves in both small-scale and large-scale
wave flumes. The experiments of Kajima et al. [1982] and Kraus and Smith [1994]
were performed in large-scale wave flumes and other experiments were performed
in small-scale wave flumes. The small-scale experiments were conducted under fixed
beach conditions whereas the large-scale experiments were carried out under movable
beach conditions. A summary of the collected laboratory data is given in Table 1.

This paper is divided into two main sections. The first section describes the
breaker depth formulas while the second section describes the formulas for comput-
ing assumed orbital to phase velocity ratio and assumed breaker height.

2. Breaker Depth Formulas

It is known that the limitation of empirical formulas depends on the range of lab-
oratory data. As the previous formulas were developed based on a limited range of
laboratory data, it is expected that errors of the existing formulas are large when
compared with a wide range of laboratory data. However, some existing formulas
may give good predictions for a wide range of laboratory data. Therefore, it is nec-
essary to examine the accuracy of existing formulas before developing new formulas.

2.1. Examination of existing formulas

Brief reviews of selected breaker depth formulas are described below.

(a) Goda [1970] analyzed several sets of laboratory data of breaking waves on slopes
obtained by several researchers [Iversen, 1952; Mitsuyasu, 1962; and Goda, 1964].
The experiments cover a range of 0.01 < m < 0.1 and 0.003 < Ho/Lo < 0.07. He
proposed a diagram presenting criteria for predicting breaker depth. The diagram is
expressed in terms of the ratio of breaker depth to deepwater wave height (hb/Ho)
as a function of deepwater wave steepness (Ho/Lo) and bottom slope (m). As it is
not convenient to use this diagram in the wave model, it is not considered in the
present study.

(b) Ogawa and Shuto [1984] reanalyzed the same data set as used by Goda [1970]
and obtained the following formula:

hb = 0.46Hom
−0.12

(
Ho

Lo

)−0.2

(1)

where hb is the breaker depth, m is the bottom slope, Ho is the deepwater wave
height, and Lo is the deepwater wavelength. This formula is referred to as OS84
hereafter.
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Table 1. Summary of collected experimental data.

No Sources
No. of Beach

m∗∗ Ho/Locases conditions

1 Cox et al. [1994] 1 plane beach 0.03 0.016

2 Galvin [1969]∗ 19 plane beach 0.05–0.20 0.001–0.051

3 Hansen and Svendsen [1979] 17 plane beach 0.03 0.002–0.069

4 Hattori and Aono [1985] 3 stepped beach 0.00 0.006–0.021

5 Horikawa and Kuo [1966] 98 plane beach 0.01–0.05 0.006–0.073
60 stepped beach 0.00 0.007–0.100

6 Hwung et al. [1992] 2 plane beach 0.07 0.026–0.048

7 Iversen [1952]∗ 63 plane beach 0.02–0.10 0.003–0.080

8 Iwagaki et al. [1974] 39 plane beach 0.03–0.10 0.005–0.074

9 Kajima et al. [1982]∗∗∗ 98 movable beach 0.00–0.29 0.003–0.112

10 Kraus and Smith [1994]∗∗∗ 23 movable beach 0.01–0.13 0.003–0.066

11 Mizuguchi [1980]∗ 1 plane beach 0.10 0.045

12 Nadaoka et al. [1982] 12 plane beach 0.05 0.013–0.080

13 Nagayama [1983] 1 plane beach 0.05 0.027
5 barred beach 0.05 0.025–0.051
6 stepped beach 0.00–0.05 0.025–0.055

14 Okayasu et al. [1986] 2 plane beach 0.05 0.023–0.025

15 Okayasu et al. [1988] 10 plane beach 0.03–0.05 0.009–0.054

16 Ozaki et al. [1977] 20 plane beach 0.10 0.005–0.060

17 Saeki and Sasaki [1973]∗ 2 plane beach 0.02 0.005–0.039

18 Sato et al. [1988] 3 plane beach 0.05 0.031–0.050

19 Sato et al. [1989] 2 plane beach 0.03 0.019–0.036

20 Sato et al. [1990] 7 plane beach 0.05 0.003–0.073

21 Singamsetti and Wind [1980]∗ 95 plane beach 0.03–0.20 0.018–0.079

22 Smith and Kraus [1990]∗ 5 plane beach 0.03 0.009–0.092
75 barred beach 0.03–0.38 0.008–0.096

23 Stive [1984] 2 plane beach 0.03 0.010–0.032

24 Ting and Kirby [1994] 2 plane beach 0.03 0.002–0.020

25 Visser [1982]∗ 7 plane beach 0.05–0.10 0.014–0.079

26 Walker [1974]∗ 15 plane beach 0.03 0.001–0.037

Total 695 0.00–0.38 0.001–0.112

∗data from Smith and Kraus [1990]
∗∗measured seaward of the breaking point
∗∗∗large-scale laboratory
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(c) Dean and Dalrymple [1984] used linear wave theory to derive a breaker depth
formula from energy flux conservation together with the breaker height formula of
McCowan [1894].

hb =
1

g1/5κ4/5

(
H2

o co

2

)2/5

(2)

where κ = 0.78 is a constant in the formula of McCowan [1984], g is the gravity
acceleration, and co is the deepwater phase velocity. Using linear wave theory, Eq. (2)
is re-written in the similar form as Eq. (1) as

hb = 0.64Ho

(
Ho

Lo

)−0.2

(3)

This formula is referred to as DD84 hereafter. It should be noted that Eq. (2) [or
Eq. (3)] was not calibrated with any laboratory data.

(d) Gourlay [1992] proposed an empirical formula based on seven sources of labora-
tory data [Bowen et al., 1968; Smith, 1974; Visser, 1977; Gourlay, 1978; Van Dorn,
1978; Stive, 1984; and Hansen and Svendsen, 1979]. The experiments cover a range
of 0.022 < m < 0.1 and 0.001 < Ho/Lo < 0.066. The data were used to plot the
relationship between hb/Ho and m2Ho/Lo. The curve fitting yields

hb = 0.259Hom
−0.34

(
Ho

Lo

)−0.17

(4)

This formula is referred to as GL92 hereafter.

(e) The breaker depth formula can also be derived from the existing breaker height
formulas. In the present study, the breaker depth formula is derived from the breaker
height formulas of Rattanapitikon and Shibayama [2000], which were modified from
the breaker height formulas of Komar and Gaughan [1972] and Goda [1970]. The
breaker height formulas are expressed as follows:

Hb = (10.02m3 − 7.46m2 + 1.32m + 0.55)Ho

(
Ho

Lo

)−0.2

(5)

Hb = 0.17Lo

[
1− exp

(
πhb

Lo
(16.21m2 − 7.07m − 1.55)

)]
(6)

where Hb is the breaker height.
Substituting Hb from Eq. (5) into Eq. (6), yields

hb =
Lo

π(16.21m2 − 7.07m − 1.55)
ln

[
1− (58.94m3 − 43.88m2

+ 7.76m + 3.24)
(

Ho

Lo

)0.8
]

(7)

This formula is referred to as RS00 hereafter.
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A straightforward way to examine the accuracy of a formula is to compare the
computed breaker depth data with the laboratory data. The basic parameter for
determination of the overall accuracy of the formula is the average root mean square
relative error (ERavg), which is defined as

ERavg =

∑in
j=1 ERgj

tn
(8)

where ERgj is the root mean square relative error of the data group j (the group
number), and tn is the total number of groups. The small value of ERavg indicates
good overall accuracy of the formula.

The group rms relative error (ERg) is defined as

ERg = 100

√∑ng
i=1(hci − hmi)2∑ng

i=1 h2
mi

(9)

where i is the breaker depth number, hci is the computed breaker depth of number
i, hmi is the measured breaker depth of number i, and ng is the total number of
measured breaker depths in each data group.

The laboratory data from 26 sources are used to examine the validity of each
formula. The laboratory data cover a wide range of wave and bottom conditions
(0.001 ≤ Ho/Lo ≤ 0.112, and 0 ≤ m ≤ 0.38). In order to see the performance of
each formula clearly, the experimental conditions are divided into various groups of
deepwater wave steepness (Ho/Lo), bottom slope (m) and experiment scale.

As the breaker depth diagram of Goda [1970] shows that hb/Ho increases rapidly
when Ho/Lo > 0.1, the laboratory data are divided into two groups of deepwater
wave steepness, i.e. Ho/Lo ≤ 0.1, and Ho/Lo > 0.1. Following the classification
of Rattanapitikon and Shibayama [2000], the bottom slope of the collected data is
divided into four groups, i.e. horizontal (m = 0), gentle (0 < m ≤ 0.07), intermediate
(0.07 < m ≤ 0.10), and steep (0.1 < m ≤ 0.38). The experiment scale is separated
into 2 groups, i.e. small-scale and large-scale experiments. The collected data shown
in Table 1 are separated into 11 groups of deepwater wave steepness, bottom slope
and experiment scale (see Table 2). The total number of cases for each group is
shown in the fourth column of Table 2.

The computations of the breaker depth formulas are carried out with 26 sources
of collected data (see Table 1). The variables required for the examinations are hb,
Ho, Lo, and m. The bottom slope (m) used in the computation is the local bottom
slope seaward of the breaking point and the negative slope is set to be zero. The
errors (ERg) of OS84, DD84, GL92 and RS00 for each group are shown in the fifth
to eighth columns of Table 2. The examination results from Table 2 are summarized
as follows:
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Table 2. The root mean square relative error (ERg) of the formulas for computing the breaker
depth (laboratory data from 26 sources shown in Table 1).

Experiment Ho/Lo Bottom Slope
No. of

OS84 DD84 GL92 RS00 Eq. (14)Cases

Small ≤ 0.1 m = 0 64 N.A.∗ 17.7 N.A.∗ 19.2 17.1

scale 0 < m ≤ 0.07 338 13.7 16.0 26.1 11.6 12.7

0.07 < m ≤ 0.10 102 14.8 15.0 21.4 13.5 12.8

0.1 < m ≤ 0.38 70 13.8 19.2 33.2 16.0 12.5

ERavg (for 4 groups) 14.1 17.0 26.9 15.0 13.8

Large ≤ 0.1 m = 0 3 N.A.∗ 26.1 N.A.∗ 11.1 11.1

scale 0 < m ≤ 0.07 33 13.9 20.1 43.3 14.6 13.7

0.07 < m ≤ 0.10 21 11.9 12.2 18.9 10.5 10.3

0.1 < m ≤ 0.38 46 18.3 27.5 21.2 17.4 18.1

ERavg (for 4 groups) 14.7 21.5 27.8 13.4 13.3

Large > 0.1 m = 0 0 — — — — —

scale 0 < m ≤ 0.07 8 40.2 43.4 36.5 19.0 6.0

0.07 < m ≤ 0.10 3 39.9 37.5 46.1 16.0 5.9

0.1 < m ≤ 0.38 7 37.2 28.2 52.5 20.6 10.4

ERavg (for 3 groups) 39.1 36.4 45.0 18.5 7.5

ERavg (for 11 groups) 22.6 23.9 33.2 15.4 11.9

∗N.A. = Not Applicable

(a) The overall accuracy of each existing formula for small-scale and large-scale
experiments is nearly the same.

(b) The formulas of OS84 and RS00 give good prediction for cases of Ho/Lo ≤ 0.1
but fair prediction for cases of Ho/Lo > 0.1, while the formulas of DD84 and
GL92 give fair prediction for most conditions.

(c) The formula of OS84 is better than that of DD84 because of the term of bottom-
slope-effect.

(d) The formula of OS84 gives good prediction for cases of Ho/Lo ≤ 0.1 but it is
not valid for the breaking wave on the horizontal bed (m = 0) and should not
be used for cases of Ho/Lo > 0.1.

(e) For cases of Ho/Lo > 0.1, only the formula of RS00 predicts increase of hb/Ho

at Ho/Lo > 0.1, while other existing formulas do not have this property.
(f) Considering the simplicity and accuracy of the formula, the formula of OS84 is

more attractive than that of RS00 for cases of Ho/Lo ≤ 0.1.
(g) The formula of RS00 seems to be the best but it is the longest one. Moreover,

it should be used with care for cases of Ho/Lo > 0.1.
(h) Overall, the predictions of all existing formulas are unsatisfactory for cases of

Ho/Lo > 0.1.
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2.2. Formula development

From the existing breaker depth formulas, the breaker depth may depend on the
deepwater wave height (Ho), the deepwater wavelength (Lo), and the bottom slope at
the breaking location (m). Therefore, the possible breaker depth formula can be
expressed as the following functions.

hb

Ho
= f1

{
m,

Ho

Lo

}
(10)

hb

Lo
= f2

{
m,

Ho

Lo

}
(11)

where f1 and f2 are functions proposed for each formula.
The laboratory data from 26 sources (shown in Table 1) are used to develop a new

breaker depth formula. The required data for the development are hb, Ho, m, and
Lo. The data of hb, m, and T were measured directly from the experiments, while
the data of Ho and Lo are computed by using linear wave theory. The development
of a new formula is separated into two stages. The first stage is determination of the
general relationship between hb/Ho versus Ho/Lo (or hb/Lo versus Ho/Lo). After
that, the bottom-slope-effect is included explicitly into the general formula obtained
from the first stage.

2.2.1. Relationship between hb/Ho and Ho/Lo

The relationship between hb/Ho and Ho/Lo is plotted to determine the possible
form of the fitting equation (see Fig. 1). The relationship in Fig. 1 can be fitted
with a power function. However, the parameter hb/Ho tends to increase rapidly
when Ho/Lo > 0.1. It is better to separate the formula into two parts, i.e. for
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Fig. 1. Relationship between hb/Ho and Ho/Lo (laboratory data from 26 sources shown in Table 1).
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Fig. 2. Relationship between slope effect coefficient S1 and bottom slope m when K1 = −0.16
(laboratory data from 26 sources shown in Table 1 excluding the data that Ho/Lo > 0.1). Solid
line is the computed S1 from Eq. (13).

Ho/Lo ≤ 0.1 and for Ho/Lo > 0.1. The general formula can be expressed in form of
step function as

hb

Ho
= S1

(
Ho

Lo

)K1

for
Ho

Lo
≤ 0.1 (12a)

hb

Ho
= S1

(
Ho

Lo

)K2

for
Ho

Lo
> 0.1 (12b)

where S1 is the slope effect coefficient, and K1 and K2 are constants.
Using the laboratory data of hb, Ho, and Lo for cases that Ho/Lo ≤ 0.1, the data

of S1 can be determined from Eq. (12a), if constant K1 is given. For a given constant
K1, the relationship between S1 versus m is plotted to determine the correlation.
Then the constant K1 is gradually adjusted until it gives the best correlation. The
relationship shows the best correlation when K1 = −0.16 (see Fig. 2). The scatter in
Fig. 2 is caused by Eq. (12). The scatter shows a weak correlation between S1 and m.
However, it still has some correlation. The relationship in Fig. 2 can be fitted with
a parabolic function. The coefficients in the parabolic function are determined from
multi-regression analysis. After the analysis, it is found that the best-fit formula for
S1 can be expressed as

S1 = 3.86m2 − 1.98m + 0.88 (13)

Using the laboratory data for the cases that Ho/Lo > 0.1, the constant K2 can be
determined from regression analysis. The regression analysis between ln(hb/(S1Ho))
and ln(Ho/Lo) yields K2 = −0.34.



404 W. Rattanapitikon & T. Shibayama

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Ho/Lo

h
b
/H
o

m=0.01

m=0.05

m=0.10

m=0.20

Fig. 3. The plots of Eq. (14) for 4 bottom slopes (m = 0.01, m = 0.05, m = 0.10, and m = 0.20).

Substituting Eq. (13) and K1 = −0.16, K2 = −0.34 into Eq. (12), yields

hb = (3.86m2 − 1.98m + 0.88)Ho

(
Ho

Lo

)−0.16

for
Ho

Lo
≤ 0.1 (14a)

hb = (3.86m2 − 1.98m + 0.88)Ho

(
Ho

Lo

)−0.34

for
Ho

Lo
> 0.1 (14b)

The plots of Eq. (14) for 4 bottom slopes (m = 0.01, m = 0.05, m = 0.10, and
m = 0.20) are shown as the lines in Fig. 3. The computations of the breaker depth
from Eq. (14) are carried out with 26 sources of collected data (see Table 1). The
verification results are shown in the last column of Table 2. The verification results
are summarized as follows:

(a) Equation (14) gives better predictions than the existing formulas (except RS00)
for all conditions while gives better predictions than the formula of RS00 for
most conditions.

(b) Although Eq. (14) is more complicated than the formula of RS00 (which is the
longest and the best existing formula), the accuracy of Eq. (14) for the cases of
Ho/Lo > 0.1 is significantly better than that of RS00 (ERavg of RS00 is 18.5%
while ERavg of Eq. (14) is 7.5%).

(c) In comparison with the existing formulas, overall accuracy of Eq. (14) is slightly
better for the cases of Ho/Lo ≤ 0.1, but much better for the cases of Ho/Lo >

0.1.
(d) The overall accuracy of Eq. (14) is significantly better than that of existing

formulas, and its use is recommended for computing the breaker depth. However,
since the formula is based on deepwater wave height, it is not possible to model
the multiple breaking and reformation in a wave model.
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Fig. 4. Relationship between hb and Ho/Lo (laboratory data from 26 sources shown in Table 1).

The validity of empirical formulas may be limited according to the range of
experimental conditions used in the calibrations or verifications. Therefore, the use
of Eq. (14) becomes questionable for the beaches having slope greater than 0.38
and for the deepwater wave steepness (Ho/Lo) greater than 0.112. Moreover, since
the experimental data is not available for the range of 0.100 < Ho/Lo < 0.104 (see
Fig. 1), caution should be taken when using Eq. (14b) for this narrow range. The step
function in Eq. (14) can be avoided by adding the equation for the transition zone
(0.100 < Ho/Lo < 0.104) but Eq. (14) will become quite complicated. Because of the
complexity of equation, unavailability of experimental data, and the narrow range of
transition zone, the transition zone is not considered in this study.

2.2.2. Relationship between hb/Lo and Ho/Lo

The relationships between hb/Lo and Ho/Lo is plotted to determine the possible
form of fitting equation (see Fig. 4). Figure 4 shows that the relationship can also
be fitted with a power function as in Fig. 1. Therefore, the general formula can
be expressed in the same form as in Eq. (12). Following the same procedure as in
Sec. 2.2.1, the final formula is the same as shown in Eq. (14).

3. Assumed Orbital to Phase Velocity Ratio and Assumed Breaker
Height

The objective of this section is to find out the reliable formulas for computing
the assumed orbital to phase velocity ratio at the breaking (ûb/cb) and assumed
breaker height (H ′

b). These two variables are considered at the same time because
one variable can be converted into the other by using linear wave theory. Similar to
the previous section, examination of existing formulas is performed before developing
new formulas.
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3.1. Examination of existing formulas

Only two formulas have been proposed to compute — ûb/cb and H ′
b. A brief review

of the formulas is described below.
Watanabe et al. [1984] pointed out that the assumed orbital to phase velocity

ratio is more suitable for the computation of composite waves breaking. They em-
ployed the linear wave theory to determine the assumed breaker height (H ′

b) from
the known deepwater wave height (Ho), water depth at breaking (hb) and wave
period (T ).

H ′
b = Ho

√
co

2cgb
(15)

where cgb is the group velocity at the breaking point.
Then the assumed orbital velocity (ûb) at the mean water level is computed from

H ′
b, hb, and T by using linear wave theory as

ûb =
H ′

bcbkb

2 tanh(kbhb)
=

πcbH
′
b

Lo tanh2(kbhb)
(16)

where cb is the phase velocity at the breaking point, and kb is the wave number at
the breaking point.

By reanalyzing the same data set as used by Goda [1970], the breaker depth
diagram of Goda [1970] was converted into a diagram, which shows the relation-
ship between assumed orbital to phase velocity ratio (ûb/cb) versus relative water
depth (hb/Lo), and bottom slope (m). For convenience in numerical calculation, the
diagram of Watanabe et al. [1984] was approximated by Isobe [1987] as

ûb = cb

⎧⎨
⎩0.53 − 0.3 exp

[
−3

√
hb

Lo

]
+ 5m3/2

b exp

⎡
⎣−45

(√
hb

Lo
− 0.1

)2
⎤
⎦

⎫⎬
⎭ (17)

This formula is referred to as WI87a hereafter.
Since wave height is the convenient variable for many wave models, Rattanapi-

tikon [1995] converted Eq. (17) to be expressed in terms of assumed breaker height
(H ′

b) by using linear wave theory.

H ′
b =

Lo tanh2(kbhb)
π

{
0.53 − 0.3 exp

[
− 3

√
hb

Lo

]

+ 5m3/2
b exp

[
− 45

(√
hb

Lo
− 0.1

)2]}
(18)

This formula is referred to as WI87b hereafter. It should be noted that Eqs. (17)
and (18) are identical in terms of linear wave theory.
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Table 3. The root mean square relative error (ERg) of the formulas for computing ûb and H ′
b

(laboratory data from 26 sources shown in Table 1).

Experiment Bottom Slope
No. of Formulas for computing ûb Formulas for computing H ′

b

Cases WI87a Eq. (20) Eq. (31) WI87b Eq. (21) Eq. (30)

Small m = 0 64 21.9 20.2 4.1 21.0 19.3 4.0
scale 0 < m ≤ 0.07 338 16.7 15.0 2.7 15.4 13.6 2.4

0.07 < m ≤ 0.10 102 17.6 15.8 3.7 16.2 14.4 3.4
0.1 < m ≤ 0.38 70 37.4 19.4 2.6 41.7 20.9 2.7

ERavg (for 4 groups) 23.4 17.6 3.3 23.5 17.1 3.1

Large m = 0 3 12.8 11.5 1.5 13.2 11.8 1.5
scale 0 < m ≤ 0.07 41 11.8 15.6 4.2 11.7 15.5 4.4

0.07 < m ≤ 0.10 24 14.1 12.5 3.1 13.0 12.0 3.1
0.1 < m ≤ 0.38 53 19.9 17.4 3.3 19.3 16.4 3.0

ERavg (for 4 groups) 14.6 14.3 3.0 14.3 13.9 3.0

ERavg (for 8 groups) 19.0 15.9 3.2 18.9 15.5 3.1

The collected data shown in Table 1 are used to examine the formulas of WI87a
and WI87b. The required data in the examination are ûb, H ′

b, hb, Lo, cb, m, and
kb. The water depth (hb) and the bottom slope (m) were measured directly from
the experiments. The data of H ′

b and ûb are determined by using Eqs. (15) and (16)
respectively. Other variables are computed based on the linear wave theory from the
known hb and T .

As the variation of ûb/cb for the cases of Ho/Lo > 0.1 shows the same trend as
that of Ho/Lo ≤ 0.1 [see Fig. 4 in the paper of Watanabe et al., 1984], the collected
laboratory data are divided on the basis of bottom slope and experiment scale. The
computations of ûb and H ′

b from Eqs. (17) and (18) are carried out with 26 sources
of collected data (see Table 1). The errors ERg of WI87a and WI87b for 8 groups of
bottom slope and experiment scale are shown in the fourth and seventh columns of
Table 3. The examination results from Table 3 are summarized as follows:

(a) As formulas of WI87a and WI87b are identical in terms of linear wave theory,
it is not surprising to see that the accuracy of both formulas is nearly the same.

(b) Although the development of formulas WI87a and WI87b were based on small-
scale experiments, they surprisingly give good prediction for the large-scale ex-
periments but fair prediction for the small-scale experiments. However, what is
considered a good formula should give good predictions for both small-scale and
large-scale experimental conditions. The formulas of WI87a and WI87b should
be modified for better predictions.

(c) The errors of WI87a and WI87b tend to vary with the bottom slope. The error
is pronounced for the breaking wave on the steep slope.
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3.2. Formula modification

Since WI87a and WI87b give fair predictions for the small-scale experiments and
the error of predictions tend to vary with the bottom slope, it is expected that
reformulating the term of bottom-slope-effect and changing the constants in the
formula can improve the accuracy. Equation (17) can be written in a general form
as

ûb

cb
= K3 + K4 exp

[
−K5

√
hb

Lo

]
+ K6(mK7

b + K8) exp

⎡
⎣−K9

(√
hb

Lo
−K10

)2
⎤
⎦ (19)

where K3 to K10 are constants. The constants K3, K4 and K6 can be determined
from multi-regression analysis, if the constants K5, K7, K8, K9, and K10 are given.
The constants K5, K7, K8, K9, and K10 are gradually adjusted until they give the
minimum error. The best fitted K3 to K10 are 0.46, 0.0, 3.0, 1.0, 0.95, −0.1, 13.0,
and 0.1 respectively. As K4 is equal to zero, the second term on the right-hand side
of Eq. (19) is not significant. Substituting all the constants into Eq. (19), yields

ûb = cb

⎧⎨
⎩0.46 + (m0.95

b − 0.1) exp

⎡
⎣−13

(√
hb

Lo
− 0.1

)2
⎤
⎦

⎫⎬
⎭ (20)

Various functions of bottom-slope-effect have been tried to replace the term
“m0.95

b − 0.1” in Eq. (20), i.e. power, linear, quadratic, and cubic models. It is found
that the accuracy of those functions is not better than that of “m0.95

b − 0.1”.
Similar to Rattanapitikon [1995], Eq. (20) is converted to express in terms of the

assumed breaker height (H ′
b) by using linear wave theory.

H ′
b =

Lo tanh2(kbhb)
π

⎧⎨
⎩0.46 + (m0.95

b − 0.1) exp

⎡
⎣−13

(√
hb

Lo
− 0.1

)2
⎤
⎦
⎫⎬
⎭ (21)

The errors (ERg) of Eqs. (20) and (21) for 8 groups of bottom slope and experiment
scale are shown in the fifth and eighth columns of Table 3. It can be seen that
although Eqs. (20) and (21) are slightly simpler than those of WI87a and WI87b,
they seem to give better predictions for a wide range of experimental conditions.
The overall accuracy of Eqs. (20) and (21) for large-scale experiments is nearly the
same as that of WI87a and WI87b. For small-scale experiments, the accuracy of
Eqs. (20) and (21) is significantly better than that of WI87a and WI87b.

3.3. Formula development

Although Eqs. (20) and (21) give good predictions, it may be possible to develop
new formulas which give better predictions than Eqs. (20) and (21). As the formulas
for computing ûb/cb and H ′

b are considered to be identical, it is better to analyze
them at the same time. The assumed breaker height (H ′

b) and assumed orbital
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to phase velocity ratio (ûb/cb) may depend on the variables at the deepwater or
breaking conditions, i.e. deepwater wavelength (Lo), deepwater wave height (Ho),
still water depth at the breaking location (hb), wavelength at the breaking location
(Lb), and bottom slope at the breaking location (m). The possible breaker index
can be expressed as the following functions.

ûb

cb
= f3

{
m,

hb

Lb
,
hb

Lo
,
Ho

Lo

}
(22)

H ′
b

hb
= f4

{
m,

hb

Lb
,
hb

Lo
,
Ho

Lo

}
(23)

H ′
b

Lb
= f5

{
m,

hb

Lb
,
hb

Lo
,
Ho

Lo

}
(24)

H ′
b

Ho
= f6

{
m,

hb

Lb
,
hb

Lo
,
Ho

Lo

}
(25)

H ′
b

Lo
= f7

{
m,

hb

Lb
,
hb

Lo
,
Ho

Lo

}
(26)

where f3 to f7 are functions proposed in each formula.
The laboratory data from 26 sources (shown in Table 1) are used to develop the

new formulas for computing H ′
b and ûb/cb. The required data for the development

are hb, Ho, m, Lo, cb, Lb, H ′
b, and ûb. The data of hb, m, and T were measured

directly from the experiments. The data of Ho, Lo, cb, and Lb are computed by
using linear wave theory. The data of H ′

b and ûb are computed from Eqs. (15) and
(16) respectively.

Each breaker index may be a function of four dimensionless parameters as shown
in Eqs. (22) to (26). However, not all of the dimensionless parameters are contained
in each existing breaker index and it is difficult to consider all these dimensionless
parameters simultaneously. A common way to do is to select only one dimensionless
parameter as a dominant parameter governing each breaker index. The selection of
dominant parameter is performed by plotting the relationship between each breaker
index and each dimensionless parameter. A much simpler relationship is expected for
the breaking wave on step beach (m = 0) because the parameter m can be excluded
from the formula. Therefore, the development of a new formula is separated into two
stages. For the first stage, the breaking waves on step beach (m = 0) are analyzed
to identify a “basic form” of breaker index. After that, the bottom-slope-effect is
included explicitly into the basic formula obtained from the first stage.

The laboratory data of the breaking waves on step beach [i.e. the experiments
from Hattori and Aono, 1985; Horikawa and Kuo, 1966; and Nagayama, 1983]
are used to determine a basic form of breaker index. An attempt is made to correlate
the breaking indices (ûb/cb, H ′

b/hb, H ′
b/Lb, H ′

b/Ho, and H ′
b/Lo) with the possible
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dimensionless parameters (hb/Lb, hb/Lo, and Ho/Lo). A total of fifteen possible re-
lations is plotted to identify the best correlation. It is found that the relationship
between H ′

b/Lo and Ho/Lo shows the best correlation and it is selected as a basic
form of breaking index. Examples of relationships between ûb/cb and H ′

b/Lo versus
hb/Lb, hb/Lo, and Ho/Lo are shown in Figs. 5 and 6.
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Fig. 5. Relationships between ûn/cb and (a) hb/Lb, (b) hb/Lo, (c) Ho/Lo for the case of breaking
wave on step beach [laboratory data from Hattori and Aono, 1985; Horikawa and Kuo, 1966; and
Nagayama, 1983].
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Fig. 6. Relationships between H ′
b/Lo and (a) hb/Lb, (b) hb/Lo, (c) Ho/Lo for the case of breaking

wave on step beach [laboratory data from Hattori and Aono, 1985; Horikawa and Kuo, 1966; and
Nagayama, 1983]. Solid line in figure (c) is the fitted line.

The relationship between H ′
b/Lo and Ho/Lo (in Fig. 6(c)) can be fitted with a

power function as

H ′
b

Lo
= K11

(
Ho

Lo

)K12

(27)

where K11 and K12 are constants. From the regression analysis between log(H ′
b/Lo)

and log(Ho/Lo), the values of K11, K12, and the correlation coefficient (R2) are 0.64,
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0.85, and 0.99 respectively. The best-fitted line is shown as the solid line in Fig. 6(c).
However, the values of K11 and K12 are not used in the next analysis because they
may change slightly when the bottom-slope-effect and all collected laboratory data
are included in the analysis.

The analysis is extended by incorporating the laboratory data of the breaking
waves on various bottom slopes. All the laboratory data shown in Table 1 are used in
the analysis. This revised analysis is based entirely on the basic formula obtained
from the first stage of development [Eq. (27)]. The slope effect coefficient is included
in Eq. (27) by replacing the constant K11 as

H ′
b

Lo
= S2

(
Ho

Lo

)K12

(28)

where S2 is the bottom-slope-effect coefficient.
Using the data of Ho, Lo, and H ′

b, the data of S2 can be determined from Eq. (28),
if the constant K12 is given. For a given constant K12, the relationship between S2

and m is plotted to determine the correlation. Then the constant K12 is gradually
adjusted until it gives the best correlation. The relationship between S2 and m

shows the best correlation when K12 = 0.83 (see Fig. 7). Using regression analysis,
the best-fit formula for S2 can be expressed as

S2 = −0.57m2 + 0.31m + 0.58 (29)

Substituting Eq. (29) and K12 = 0.83 into Eq. (28), yields

H ′
b = (−0.57m2 + 0.31m + 0.58)Lo

(
Ho

Lo

)0.83

(30)
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S
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Fig. 7. Relationship between slope effect coefficient S2 and bottom slope m when K12 = 0.83
(laboratory data from 26 sources shown in Table 1). Solid line is the computed S2 from Eq. (29).
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It can be seen from Fig. 7 that S2 (y-axis) varies between 0.55 and 0.65. This
narrow band of variation indicates that the effect of bottom slope (m) on Eq. (30)
is limited.

Equation (30) can be converted to express in terms of the assumed orbital ve-
locity (ûb), by using linear wave theory, as

ûb =
(−0.57m2 + 0.31m + 0.58)πcb

tanh2(kbhb)

(
Ho

Lo

)0.83

(31)

The errors (ERg) of Eqs. (30) and (31) for 8 groups of bottom slope and exper-
iment scale are shown in the last and the sixth columns of Table 3. Table 3 shows
that Eqs. (30) and (31) give surprisingly excellent predictions for both small-scale
and large-scale experiments. The formulas give the best prediction for all conditions.
However, they cannot be used in modeling the multiple breaking and reformation
in a wave model because the formulas depend on deepwater wave height.

As the proposed formulas are empirical formulas, they are applicable in the lim-
ited range of experimental conditions that are used in the calibrations or verifica-
tions. Therefore, the use of Eqs. (30) and (31) becomes questionable for the beaches
having slope greater than 0.38 and for the deepwater wave steepness greater than
0.112.

4. Conclusions

This study was undertaken to find out the breaking wave formulas, which can be
used with the assumption of linear wave shoaling. A total of 695 cases collected
from 26 sources of published laboratory data were used to examine the formulas for
computing the breaker depth, assumed orbital to phase velocity ratio, and assumed
breaker height. The data cover a wide range of wave and bottom slope conditions
(0.001 ≤ Ho/Lo ≤ 0.112, and 0 ≤ Ho/Lo ≤ 0.38).

With regard to breaker depth formulas, the examination of 4 existing formu-
las [i.e. the formulas of Ogawa and Shuto, 1984; Dean and Dalrymple, 1984; and
Gourlay, 1992] indicate that the formula of Rattanapitikon [2000] give the best
prediction with average error (ERavg) of 15% but none of them can be used for
a wide range of conditions. The existing formulas give considerable error for the
cases of Ho/Lo > 0.1. A new formula was developed based on the reanalysis of the
existing formulas. The new formula gives good overall prediction for general con-
ditions (ERavg = 12%). The overall accuracy of the new formula for the cases of
Ho/Lo ≤ 0.1 is slightly better than those of existing formulas but the accuracy is
significant better for cases of Ho/Lo > 0.1.

With regard to assumed orbital to phase velocity ratio and assumed breaker
height, only the formulas of Isobe [1987] are available. The examination of Isobe’s
[1987] formulas show that the formulas give overall fairly good predictions (ERavg =
19%); the formulas give good predictions for large-scale experiments, but fair
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predictions for small-scale experiments. The formulas of Isobe [1987] were modi-
fied by recalibrating the constants in the formulas. The average error (ERavg) of
the modified formula is 16%. The modified formulas are simpler but give better
predictions than those of Isobe [1987]. The new formulas were developed by reanal-
ysis of the existing formulas. The new formulas give excellent predictions for all
conditions (ERavg = 3%).
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Abstract

This study is undertaken to recalibrate eight existing energy dissipation models and find out the suitable models, which can be used to

compute Hrms for a wide range of experimental conditions. The examination shows that the coefficients in the existing models are not the

optimal values for a wide range of experimental conditions. Using the new calibrated coefficients, all existing models can be used for

computing Hrms and the model of Battjes, J.A., Stive, M.J.F. [1985. Calibration and verification of a dissipation model for random

breaking waves. Journal of Geophysical Research 90 (C5), 9159–9167] gives the best predictions. The existing models are also modified

by changing the breaker height formulas in the dissipation models. The accuracy of most existing models is improved significantly by

using the suitable breaker height formula.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Energy dissipation; Wave height transformation; Wave model; Parametric approach; Representative wave approach; Root mean square wave

height; Surf zone

1. Introduction

The transformation of root mean square (rms) wave
heights has been a subject of study for decades because of
its importance in studying beach deformations and the
design of coastal structures. When waves propagate to the
nearshore zone, wave profiles steepen and eventually waves
break. The higher waves tend to break at the greater
distance from the shore. Closer to the shore, more and
more waves are breaking, until in the inner surf zone
almost all the waves are breaking. Once the waves start to
break, a part of the wave energy is transformed into
turbulence and heat, and wave height decreases towards
the shore.

Common methods to model irregular wave height
transformation can be classified into four main ap-
proaches, i.e. representative wave approach, spectral
approach, probabilistic approach, and parametric ap-
proach. A brief review of these approaches is presented

in the paper of Rattanapitikon et al. (2003). For computing
beach deformation, the wave model should be kept as
simple as possible because of the frequent updating of wave
field to account for the change of bottom profiles. The
parametric and representative wave approaches seem to be
suitable for the beach deformation models. Because of the
simplicity of the representative wave approach, the model
of this approach is expected to give lesser accuracy than
that of the parametric approach. However, it is not clear
whether this lesser accuracy is significant or not. The
parametric and representative wave approaches are both
considered in this study. These two approaches rely on the
macroscopic features of breaking waves and predict only
the transformation of rms wave height. The rms wave
height transformation is computed from the energy flux
conservation law as

qðEcg cos yÞ
qx

¼ �DB, (1)

where E is the wave energy density, cg the group velocity, y
the mean wave angle, x the distance in cross shore
direction, and DB the energy dissipation rate due to wave
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breaking which is zero outside the surf zone. The energy
dissipation rate due to bottom friction is neglected. In the
present study, all variables are based on the linear wave
theory.

Snell’s law is employed to describe wave refraction:

sin y
c

¼ constant; (2)

where c is the phase velocity.
From the linear wave theory, the wave energy density (E)

is equal to rgH2
rms=8. Therefore, Eq. (1) can be written in

terms of rms wave height as

rg
8

qðH2
rmscg cos yÞ

qx
¼ �DB, (3)

where Hrms is the rms wave height.
The rms wave height transformation can be computed

from the energy flux balance equation (Eq. (3)) by
substituting the model of energy dissipation rate (DB)
and numerically integrating from offshore to shoreline. In
the offshore zone, the energy dissipation rate is set to zero.
The main difficulty of Eq. (3) is how to formulate the
energy dissipation rate caused by the breaking waves.

During the past decades, various energy dissipation
models have been proposed for computing Hrms in the surf
zone. Because of the complexity of the wave breaking
mechanism, most of the energy dissipation models were
developed based on the empirical or semi-empirical
approach. To make an empirical formula reliable, it has
to be calibrated or verified with a wide range of
experimental conditions. However, most of the previous
models were developed with limited experimental condi-
tions. Therefore, their validity may be limited according to
the range of experimental conditions that were employed in
calibration or verification. Moreover, since the models are
different, the computed results from various models should
differ from each other and from the measured data. No
direct study has been made to describe clearly the accuracy

of each model on the estimation ofHrms for a wide range of
experimental conditions. It is not clear which model is
suitable for computing the transformation of Hrms. The
main objective of this study is to find out the suitable
models that predict well for a wide range of experimental
conditions.
This paper is divided into five main parts. The first part

describes the collected data. The second part briefly reviews
the existing dissipation models. The third part is examina-
tion of existing models. The fourth part is recalibration and
comparison of the existing models for identifying the
suitable models. The last part describes the modification of
the existing models.

2. Collected experimental data

The experimental data of rms wave height transforma-
tion from 13 sources, covering 1723 cases of wave and
bottom conditions, have been collected for examination of
the dissipation models. The experiments cover a wide range
of wave and bottom topography conditions, including
small-scale, large-scale and field experiments. The experi-
ments cover a variety of beach conditions and cover a
range of deepwater wave steepness (Hrmso/Lo) from 0.0007
to 0.0588. A summary of the collected laboratory data is
given in Table 1. Most of the data sources are the same as
that used by Rattanapitikon et al. (2003). The additional
data are from the DELILAH project (Birkemeier et al.,
1997) and DUCK94 project (Herbers et al., 2006). A brief
summary of the DELILAH and DUCK94 projects are
summarized below.
Duck Experiment on Low-frequency and Incident-band

Longshore and Across-shore Hydrodynamics (DELILAH)
project was conducted on the barred beach in Duck, North
Carolina, USA in October 1990. The objective of the
project is to improve fundamental understanding and
modeling of surf zone physics. The experiment emphasized

ARTICLE IN PRESS

Table 1

Summary of collected experimental data

Sources No. of cases No. of points Beach conditions Hrmso=Lo Apparatus

Hurue (1990) 1 7 Plane beach 0.0259 Small-scale

Smith and Kraus (1990) 12 96 Plane and barred beach 0.0214–0.0588 Small-scale

Sultan (1995) 1 12 Plane beach 0.0042 Small-scale

Grasmeijer and van Rijn (1999) 2 20 Sandy beach 0.0142–0.0168 Small-scale

Hamilton and Ebersole (2001) 1 10 Plane beach 0.0165 Small-scale

Ting (2001) 1 7 Plane beach 0.0161 Small-scale

Kraus and Smith (1994): SUPERTANK project 128 2223 Sandy beach 0.0011–0.0452 Large-scale

Roelvink and Reniers (1995): LIP 11D project 95 923 Sandy beach 0.0039–0.0279 Large-scale

Dette et al. (1998): MAST III—SAFE project 138 3559 Sandy beach 0.0061–0.0147 Large-scale

Thornton and Guza (1986) 4 60 Sandy beach 0.0012–0.0013 Field

Kraus et al. (1989): DUCK85 project 8 90 Sandy beach 0.0007–0.0018 Field

Birkemeier et al. (1997): DELILAH project 745 5049 Sandy beach 0.0007–0.0254 Field

Herbers et al. (2006): DUCK94 project 587 6104 Sandy beach 0.0009–0.0290 Field

Total 1723 18,160 0.0007–0.0588
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surf zone hydrodynamics in the presence of a changing
barred bathymetry. Nine pressure gauges were installed to
measure the nearshore wave heights across-shore and one
of them was in the swash zone. Tidal elevations were
measured at the FRF pier. The measured wave heights are
available at http://dksrv.usace.army.mi/jg/del90dir. The
data of wave heights and water depths measured during
October 2–21, 1990 are available. The wave heights and
water depths data are available at approximately every
34min. A total of 776 sets of measured wave heights and
water depths are available on the data server. A data set
that has only a few points of measurements is not suitable
to use for verifying the models. A total of 745 data sets are
considered in this study.

DUCK94 project was conducted on the barred beach in
Duck, North Carolina, USA during August–October 1994.
The project objective is the same as that of DELILAH.
The experiment emphasized surf zone hydrodynamics,
sediment transport and morphological evolution. Thirteen
experiments were carried out by 19 organizations. The
experiment of wave height transformation was performed
by Herbers, T. H. C., Elgar, S., Guza, R. T., and O’Reilly,
W. C. Thirteen pressure gauges were installed to mea-
sure the nearshore wave heights across-shore and one of
them was in the swash zone. Tidal elevations were
measured at the FRF pier. The measured wave heights,
and water depths are available at http://dksrv.usace.army.
mi/jg/dk94dir. The wave heights data are available at
approximately every 17min while the water depths data
are available at every 3 h. The wave heights and water
depths at every 3 h that were measured during August
15–October 31, 1994 are used in the present study.
Excluding the data sets that have only a few points of
measurements, a total of 587 data sets are considered in the
present study.

3. Existing energy dissipation models

During the past decades, various energy dissipation
models have been developed based on the parametric
approach and the representative wave approach. Brief
reviews of some existing dissipation models are described
below.

(a) Battjes and Janssen (1978), hereafter referred to as
BJ78, proposed to compute DB by multiplying the fraction
of irregular breaking waves (Qb) by the energy dissipation
of a single broken wave. The energy dissipation of a broken
wave is described by the bore analogy and assuming that

all broken waves have a height equal to breaking wave
height (Hb) as

DB ¼ K1Qb

rgH2
b

4Tp
, (4)

where Tp is the spectral peak period, and K1 the coefficient
introduced to account for the difference between breaking
wave and hydraulic jump. The published value of K1 is 1.0.
The fraction of breaking waves (Qb) was derived based on
the assumption that the probability density function (pdf)
of wave height could be modeled with a Rayleigh
distribution truncated at the breaking wave height (Hb)
and all broken waves have a height equal to the breaking
wave height. The result is

1�Qb

� ln Qb

¼ Hrms

Hb

� �2

(5)

in which the breaking wave height (Hb) is determined from
the formula of Miche (1944) with additional constant (K3):

Hb ¼ K2L tanhðK3khÞ, (6)

where L is the wavelength related to Tp, k the wave
number, h the water depth, and K2 and K3 the coefficients.
Based on their laboratory data, the coefficients K2 and K3

are determined at 0.14 and 0.91, respectively. This model is
widely used for computing DB. However, the additional
constant K3 may be changed slightly for the best fit with
other experimental data, e.g. it is determined at 0.89 for
Oliveira (2007).
Since Eq. (5) is an implicit equation, an iteration process is

necessary to compute the fraction of breaking waves (Qb). It
will be more convenient if we can compute Qb from the
explicit form of Eq. (5). Rattanapitikon and Shibayama
(1998) proposed the explicit form of Qb based on multiple
regression analysis (with correlation coefficientR2 ¼ 0.999) as

As Eqs. (5) and (7) give almost identical results
(R2 ¼ 0.999), for convenience, Eq. (7) is used in this
study.
(b) Thornton and Guza (1983), hereafter referred to

as TG83, proposed to compute DB by integrating from 0
to N the product of the dissipation for a single broken
wave and the pdf of the breaking wave height. The energy
dissipation of a single broken wave is described by the
bore model, which is slightly different from the bore
model of BJ78. The pdf of breaking wave height is
expressed as a weighting of the Rayleigh distribution. By
introducing the formula of the weighting, a model of DB
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Qb ¼

0 for Hrms

Hb
p0:43 ðaÞ

1:785 Hrms

Hb

� �3

� 0:280 Hrms

Hb

� �2

� 0:738 Hrms

Hb

� �
þ 0:235 for 0:43oHrms

Hb
o1:0 ðbÞ

1 for Hrms

Hb
X1:0 ðcÞ

8>>>><
>>>>: (7)
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was proposed:

DB ¼ K4
3

ffiffiffi
p

p

4

Hrms

Hb

� �2

1� 1

½1þ ðHrms=HbÞ2�2:5

( )
rgH3

rms

4Tph
,

(8)

where K4 is the coefficient introduced to account for
the difference between breaking wave and hydraulic jump.
The published value of K4 is 0.51 for laboratory data. The
breaker height (Hb) is determined from the following
formula:

Hb ¼ K5h, (9)

where K5 is the coefficient of depth limit breaker height.
The published value of K5 is 0.42.

(c) Battjes and Stive (1985), hereafter referred to as
BS85, used the same energy dissipation model as that of
BJ78:

DB ¼ K6Qb

rgH2
b

4Tp
, (10)

where K6 is the coefficient. The published value of K6 is 1.0,
and Qb is computed from Eq. (7). They modified the model
of BJ78 by recalibrating the coefficient K3 in the breaker
height formula (Eq. (6)). The coefficient K3 was related to
the deepwater wave steepness ðHrmso=LoÞ. After calibra-
tion, the breaking wave height was modified to be

Hb ¼ K7L tanh K8 þ K9 tanh K10
Hrmso

Lo

� �� �
kh

	 

, (11)

where Hrmso is the deepwater rms wave height, Lo the
deepwater wavelength and K7–K10 are the coefficients. The
published values of K7–K10 are 0.140, 0.57, 0.45, and 33,
respectively. Hence, the model of BS85 is similar to that of
BJ78 except for the formula of Hb.

(d) Southgate and Nairn (1993), hereafter referred to as
SN93, modified the model of BJ78 by changing the
expression of energy dissipation of a single broken wave
from the bore model of BJ78 to be the bore model of
TG83 as

DB ¼ K11Qb

rgH3
b

4Tph
, (12)

where K11 is the coefficient. The published value of K11 is
1.0 and Qb is computed from Eq. (7). The breaker height
(Hb) is determined from the formula of Nairn (1990) as

Hb ¼ h K12 þ K13 tanh K14
Hrmso

Lo

� �� �
, (13)

where K12–K14 are the coefficients. The published values of
K12–K14 are 0.39, 0.56, and 33, respectively.

(e) Baldock et al. (1998), hereafter referred to as BHV98,
proposed to compute DB by integrating from Hb to 1 the
product of the dissipation for a single broken wave and the
pdf of the wave height. The energy dissipation of a single
broken wave is described by the bore analogy of BJ78. The
pdf of wave height inside the surf zone was assumed to be

the Rayleigh distribution:

DB ¼ K15 exp � Hb

Hrms

� �2
" #

rgðH2
b þH2

rmsÞ
4Tp

for HrmsoHb,

(14a)

DB ¼ K15 exp �1½ � rg2H
2
b

4Tp
for HrmsXHb. (14b)

The published coefficient K15 is 1.0. The breaker height
(Hb) is determined from the formula of Nairn (1990) as

Hb ¼ h K16 þ K17 tanh K18
Hrmso

Lo

� �� �
, (15)

where K16–K18 are the coefficients. The published values of
K16–K18 are 0.39, 0.56, and 33, respectively.
(f) Rattanapitikon and Shibayama (1998), hereafter

referred to as RS98, modified the model of BJ78 by
changing the expression of energy dissipation of a single
broken wave from the bore concept to the stable energy
concept

DB ¼ K19Qb

cgrg
8h

H2
rms � h expð�K20 � K21

hffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LHrms

p Þ
� �2

" #
,

(16)

where K19–K21 are the coefficients. The published values of
K19–K21 are 0.10, 0.58, and 2.0, respectively. The fraction
of breaking wave (Qb) is computed from Eq. (7). The
breaking wave height (Hb) is computed by using the
breaking criteria of Goda (1970) as

Hb ¼ K22Lo 1� exp �1:5
ph
Lo

ð1þ 15m4=3Þ
� �	 


, (17)

where m is the average bottom slope and K22 is the
coefficient. The published value of K22 is 0.10.
(g) Ruessink et al. (2003) hereafter referred to as

RWS03, used the same energy dissipation model as that
of BHV98:

DB ¼ K23 exp � Hb

Hrms

� �2
" #

rgðH2
b þH2

rmsÞ
4Tp

for HrmsoHb,

(18a)

DB ¼ K23 exp �1½ � rg2H
2
b

4Tp
for HrmsXHb, (18b)

where K23 is the coefficient and the published value of K23

is 1.0. The breaker height formula of BJ78 (Eq. (6)) is used
to determine Hb. The coefficient K3 in Eq. (6) was related
to the product of wave number and water depth (kh). After
calibration, the breaker height formula was modified to be

Hb ¼ K24L tanh½ðK25khþ K26Þkh�, (19)

where K24–K26 are the coefficients. The published values of
K24–K26 are 0.14, 0.86, and 0.33, respectively. Hence, the
model of RWS03 is similar to that of BHV98 except for the
formula of Hb.
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(h) Rattanapitikon et al. (2003) hereafter referred to as
RKS03, applied the dissipation model for regular wave for
computing the dissipation for irregular waves:

DB ¼ K27
rgcg
8h

½H2
rms � ðK28HbÞ2�, (20)

where K27 and K28 are the coefficients. The published
values of K27 and K28 are 0.12 and 0.42. The breaker height
(Hb) is computed by using the breaking criteria of Miche
(1944) as

Hb ¼ K29L tanh khð Þ, (21)

where K29 is the coefficient. The published value of K29 is
0.14. The greatest asset of RKS03’s model is its simplicity
and ease of application. The model was developed based on
the representative wave approach while other models were
developed based on the parametric approach.

4. Examination of existing models

The objective of this section is to examine the applic-
ability of the eight existing dissipation models on simulat-
ing Hrms. The measured rms wave heights from 13 sources
(total 1723 cases) of published experimental results (shown
in Table 1) are used to examine the existing models.

The rms wave height transformation is computed by
numerical integration of the energy flux balance equation
(Eq. (3)) with the energy dissipation rate of the existing
models (Eqs. (4), (8), (10), (12), (14), (16), (18), and (20)).
A backward finite difference scheme is used to solve the
energy flux balance equation (Eq. (3)).

The basic parameter for determination of the overall
accuracy of a model is the average rms relative error
(ERavg), which is defined as

ERavg ¼
Ptn

j¼1ERgj

tn
, (22)

where ERgj is the rms relative error of the data group j (the
group number), and tn is the total number of groups. The
small value of ERavg indicates good overall accuracy of the
model.

The group rms relative error (ERg) is defined as

ERg ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPng
j¼1ðHci �HmiÞ2Png

i¼1H
2
mi

vuut , (23)

where i is the wave height number, Hci the computed wave
height of number i, Hmi the measured wave height of
number i, and ng the total number of measured wave
heights in each data group.
The collected experiments are separated into three

groups according to the experiment scale, i.e. small-scale,
large-scale, and field experiments. It is expected that a good
model should be able to predict well for the three groups of
experiment scale. Therefore, the average error (ERavg)
from the three groups of experiment scale are used as a
main criteria to verify the models.
Using the default coefficients (K1–K29) in the computa-

tions, the errors (ERg and ERavg) of each dissipation model
for three groups of experiment scale have been computed
and shown in Table 2. It can be seen from Table 2 that the
model of BS85 is the best. The overall accuracy of models
in descending order are the models of BS85, RS98, RKS03,
RWS03, BHV98, SN93, BJ78, and TG83. Because most
models were developed based on the limited experimental
conditions, the coefficients in the models may not be the
optimal values. Therefore, the errors in Table 2 should not
be used to judge the applicability of the selected models.
The coefficients in all models should be recalibrated before
comparing the applicability of the models.

5. Model calibration and comparison

The measured data shown in Table 1 are used to
calibrate the coefficients (K1–K29) in the dissipation
models. The calibrations are conducted by gradually
adjusting the coefficients K1–K29 until the minimum error
(ERavg) of each model is obtained. The optimum values of
K1–K29 are shown in the third column of Table 3.
Using the calibrated coefficients in the computations, the

errors (ERg and ERavg) of each dissipation model for three
groups of experiment scale have been computed and shown
in Table 4. The results can be summarized as follows:

(a) After calibrations, the accuracy of most models (except
BS85) are improved significantly, while the accuracy of
BS85 is slightly improved. This shows that the coeffi-
cients in the existing models are not the optimal values.

(b) The errors of the existing models for three groups of
experiment scale are not much different. It means that
those models may not have scale effect.
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Table 2

The errors ERg and ERavg of the existing models for three groups of experiment scale (using the default coefficients)

Apparatus Models

BJ78

(Eq. (4))

TG83

(Eq. (8))

BS85

(Eq. (10))

SN93

(Eq. (12))

BHV98

(Eq. (14))

RS98

(Eq. (16))

RWS03

(Eq. (18))

RKS03

(Eq. (20))

Small-scale 9.1 21.2 7.4 11.9 10.6 9.4 11.7 8.0

Large-scale 11.0 8.8 7.3 10.1 6.8 7.3 8.2 8.9

Field 18.0 11.3 10.4 14.7 13.5 10.1 10.1 12.9

ERavg 12.7 13.8 8.3 12.3 10.3 8.9 10.0 9.9
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(c) The overall accuracy of models in descending order are
the models of BS85, RS98, RKS03, BHV98, RWS03,
SN93, BJ78, and TG83.

(d) Considering the overall accuracy of all models in Table
4, it can be concluded that all selected models can be
used for practical work ð8:2pERavgp11:4Þ. However,
lesser error is better. The model that gives very good
prediction (with ERavg of 8.2%) is the model of BS85.
The model gives very good predictions on the
laboratory experiments and good predictions on the
field experiments.

6. Model modification

Although the existing models give overall good predic-
tions, they may be modified for better predictions.
Following the works of BS85 and RWS03, the modification
is carry out by changing the breaker height (Hb) formula in
each dissipation model. All of the Hb and DB formulas
shown in Section 3 will be used in this section. It can be
seen from Section 3 that there are seven formulas for Hb

(Eqs. (6), (9), (11), (13), (17), (19), and (21)) and six
formulas for DB (Eqs. (4), (8), (12), (14), (16), and (20)).
Eqs. (10), (15), and (18) have been left out of the lists
because they are the same as Eqs. (4), (13), and (14),
respectively.

Substituting the seven formulas of Hb into the six
existing dissipation models, 42 possible models are
considered in this section. Table 5 shows the combination
of Hb and DB formulas for the 42 possible dissipation

models and 8 of which are the existing models (M1, M3,
M9, M18, M25, M27, M33, and M42). The calibration of
possible dissipation models are performed by using the
measured data shown in Table 1. The calibrations are
conducted by gradually adjusting the coefficients until the
minimum error (ERavg) of each model is obtained. The
calibrated coefficients and average errors (ERavg) from
three groups of experiment scale are shown in the
fourth and fifth columns of Table 5. The results can be
summarized as follows:
The accuracy of most existing models (except BS85) can

be improved by changing the breaker height (Hb) formula.
The model of BS85 (M3) already has a suitable combina-
tion of the formulas for Hb and DB.
The Hb formula of BS85 (Eq. (11)) is suitable for all DB

formulas while the Hb formulas of BJ78 (Eq. (6)) and
BHV98 (Eq. (19)) are suitable for the DB formula of
RKS03 (Eq. (20)).
There are six models (M3, M24, M31, M36, M38, and

M41) that give very good accuracy (with ERavg of about
8.1–8.2%) and three of them are from the DB formula of
the representative wave approach (Eq. (20)).
Substituting the calibrated coefficients into the formulas

of DB and Hb, the top six models that give very good
prediction (with ERavg of about 8.1–8.2%) can be written as

M3 ðBS85Þ : DB ¼ Qb

rgH2
b

4Tp
(24)

in which the fraction of breaking wave (Qb) is computed
from Eq. (7). The breaker height (Hb) is computed by using
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Table 4

The errors ERg and ERavg of the existing models for three groups of experiment scale (using the calibrated coefficients)

Apparatus Models

BJ78

(Eq. (4))

TG83

(Eq. (8))

BS85

(Eq. (10))

SN93

(Eq. (12))

BHV98

(Eq. (14))

RS98

(Eq. (16))

RWS03

(Eq. (18))

RKS03

(Eq. (20))

Small-scale 11.3 13.0 7.1 9.7 9.3 8.7 10.6 8.7

Large-scale 8.1 8.0 7.2 7.9 6.6 7.2 7.8 7.4

Field 12.4 13.2 10.4 10.9 10.3 9.3 9.7 9.7

ERavg 10.6 11.4 8.2 9.5 8.7 8.4 9.4 8.6

Table 3

Default and calibrated coefficients of the existing models

Models Default coefficients Calibrated coefficients

BJ78 (Eq. (4)) K1 ¼ 1.0, K2 ¼ 0.14, K3 ¼ 0.91 K1 ¼ 0.92, K2 ¼ 0.14, K3 ¼ 0.76

TG83 (Eq. (8)) K4 ¼ 1.0, K5 ¼ 0.42 K4 ¼ 0.10, K5 ¼ 0.168

BS85 (Eq. (10)) K6 ¼ 1.0, K7 ¼ 0.14, K8 ¼ 0.57, K9 ¼ 0.45, K10 ¼ 33 K6 ¼ 1.0, K7 ¼ 0.14, K8 ¼ 0.57, K9 ¼ 0.51, K10 ¼ 28

SN93 (Eq. (12)) K11 ¼ 1.0, K12 ¼ 0.39, K13 ¼ 0.56, K14 ¼ 33 K11 ¼ 1.40, K12 ¼ 0.46, K13 ¼ 0.55, K14 ¼ 21

BHV98 (Eq. (14)) K15 ¼ 1.0, K16 ¼ 0.39, K17 ¼ 0.56, K18 ¼ 33 K15 ¼ 1.06, K16 ¼ 0.50, K17 ¼ 0.28, K18 ¼ 43

RS98 (Eq. (16)) K19 ¼ 0.10, K20 ¼ 0.58, K21 ¼ 2.0, K22 ¼ 0.10 K19 ¼ 0.08, K20 ¼ 0, K21 ¼ 7.3, K22 ¼ 0.105

RWS03 (Eq. (18)) K23 ¼ 1.0, K24 ¼ 0.14, K25 ¼ 0.86, K26 ¼ 0.33 K23 ¼ 1.05, K24 ¼ 0.14, K25 ¼ 0.70, K26 ¼ 0.45

RKS03 (Eq. (20)) K27 ¼ 0.12, K28*K29 ¼ 0.0588 K27 ¼ 0.07, K28*K29 ¼ 0.047
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the breaker height formula of BS85 as

Hb ¼ 0:14L tanh 0:57þ 0:51 tanh 28
Hrmso

Lo

� �� �
kh

	 

,

(25)

M24 : DB ¼ 1:24 exp � Hb

Hrms

� �2
" #

rgðH2
b þH2

rmsÞ
4Tp

for HrmsoHb, ð26aÞ

DB ¼ 1:24 exp½�1� rg2H
2
b

4Tp
for HrmsXHb (26b)

in which the breaker height (Hb) is determined from the
breaker height formula of BS85 as

Hb ¼ 0:15L tanh 0:59þ 0:51 tanh 25
Hrmso

Lo

� �� �
kh

	 

,

(27)

M31 : DB ¼ 0:1Qb

cgrg
8h

H2
rms � h expð�0:55� 2:1

hffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LHrms

p Þ
� �2

" #

(28)

in which the fraction of breaking wave (Qb) is computed
from Eq. (7). The breaker height (Hb) is computed by using
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Table 5

Calibrated coefficients and average errors ERavg of all 42 possible dissipation models

Model no. DB formulas Hb formulas Calibrated coefficients ERavg

M1 Eq. (4) Eq. (6) K1 ¼ 0.92, K2 ¼ 0.14, K3 ¼ 0.76 10.6

M2 Eq. (9) K1 ¼ 0.94, K5 ¼ 0.63 10.6

M3 Eq. (11) K1 ¼ 1.0, K7 ¼ 0.14, K8 ¼ 0.57, K9 ¼ 0.51, K10 ¼ 28 8.2

M4 Eq. (13) K1 ¼ 1.0, K12 ¼ 0.48, K13 ¼ 0.33, K14 ¼ 36 9.0

M5 Eq. (17) K1 ¼ 0.92, K22 ¼ 0.14 10.6

M6 Eq. (19) K1 ¼ 1.0, K24 ¼ 0.14, K25 ¼ 0.78, K26 ¼ 0.40 9.7

M7 Eq. (21) K1 ¼ 1.0, K29 ¼ 0.12 11.7

M8 Eq. (8) Eq. (6) K4 ¼ 0.24, K2 ¼ 0.049, K3 ¼ 0.86 11.5

M9 Eq. (9) K4 ¼ 0.1, K5 ¼ 0.168 11.4

M10 Eq. (11) K4 ¼ 0.38, K7 ¼ 0.065, K8 ¼ 0.45, K9 ¼ 1.10, K10 ¼ 20 8.4

M11 Eq. (13) K4 ¼ 0.21, K12 ¼ 0.14, K13 ¼ 0.31, K14 ¼ 19 8.7

M12 Eq. (17) K4 ¼ 0.43, K22 ¼ 0.069 11.2

M13 Eq. (19) K4 ¼ 0.22, K24 ¼ 0.04, K25 ¼ 0.80, K26 ¼ 0.70 11.2

M14 Eq. (21) K4 ¼ 0.25, K29 ¼ 0.044 11.7

M15 Eq. (12) Eq. (6) K11 ¼ 1.40, K2 ¼ 0.13, K3 ¼ 0.82 10.5

M16 Eq. (9) K11 ¼ 1.31, K5 ¼ 0.62 10.1

M17 Eq. (11) K11 ¼ 1.43, K7 ¼ 0.14, K8 ¼ 0.55, K9 ¼ 0.47, K10 ¼ 32 8.7

M18 Eq. (13) K11 ¼ 1.40, K12 ¼ 0.46, K13 ¼ 0.55, K14 ¼ 21 9.5

M19 Eq. (17) K11 ¼ 1.36, K22 ¼ 0.137 10.3

M20 Eq. (19) K11 ¼ 1.52, K24 ¼ 0.14, K25 ¼ 0.84, K26 ¼ 0.36 10.0

M21 Eq. (21) K11 ¼ 1.48, K29 ¼ 0.11 10.8

M22 Eq. (14) Eq. (6) K15 ¼ 1.15, K2 ¼ 0.15, K3 ¼ 0.76 10.5

M23 Eq. (9) K15 ¼ 1.05, K5 ¼ 0.66 10.0

M24 Eq. (11) K15 ¼ 1.24, K7 ¼ 0.15, K8 ¼ 0.59, K9 ¼ 0.51, K10 ¼ 25 8.1

M25 Eq. (13) K15 ¼ 1.06, K12 ¼ 0.50, K13 ¼ 0.28, K14 ¼ 43 8.7

M26 Eq. (17) K15 ¼ 1.22, K22 ¼ 0.15 10.6

M27 Eq. (19) K15 ¼ 1.05, K24 ¼ 0.14, K25 ¼ 0.70, K26 ¼ 0.45 9.4

M28 Eq. (21) K15 ¼ 1.43, K29 ¼ 0.13 11.7

M29 Eq. (16) Eq. (6) K19 ¼ 0.07, K20 ¼ 1.0, K21 ¼ 3.6, K2 ¼ 0.09, K3 ¼ 0.88 8.8

M30 Eq. (9) K19 ¼ 0.08, K20 ¼ 0.36, K21 ¼ 3.9, K5 ¼ 0.47 8.9

M31 Eq. (11) K19 ¼ 0.10, K20 ¼ 0.55, K21 ¼ 2.1, K7 ¼ 0.10, K8 ¼ 0.56, K9 ¼ 0.45, K10 ¼ 33 8.2

M32 Eq. (13) K19 ¼ 0.10, K20 ¼ 0.37, K21 ¼ 2.3, K12 ¼ 0.25, K13 ¼ 0.24, K14 ¼ 80 8.8

M33 Eq. (17) K19 ¼ 0.08, K20 ¼ 0, K21 ¼ 7.3, K22 ¼ 0.105 8.4

M34 Eq. (19) K19 ¼ 0.07, K20 ¼ 0.66, K21 ¼ 1.9, K24 ¼ 0.09, K25 ¼ 0.65, K26 ¼ 0.44 8.4

M35 Eq. (21) K19 ¼ 0.06, K20 ¼ 2.6, K21 ¼ 2.2, K29 ¼ 0.079 8.8

M36 Eq. (20) Eq. (6) K27 ¼ 0.07, K28*K2 ¼ 0.066, K3 ¼ 0.68 8.2

M37 Eq. (9) K27 ¼ 0.07, K28*K5 ¼ 0.266 8.4

M38 Eq. (11) K27 ¼ 0.07, K28*K7 ¼ 0.061, K8 ¼ 0.63, K9 ¼ 0.21, K10 ¼ 39 8.2

M39 Eq. (13) K27 ¼ 0.07, K28*K12 ¼ 0.266, K13 ¼ 0, K14 ¼ 33 8.4

M40 Eq. (17) K27 ¼ 0.08, K28*K22 ¼ 0.061 8.4

M41 Eq. (19) K27 ¼ 0.07, K28*K24 ¼ 0.047, K25 ¼ 0.44, K26 ¼ 0.78 8.2

M42 Eq. (21) K27 ¼ 0.07, K28*K29 ¼ 0.047 8.6
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the breaker height formula of BS85 as

Hb ¼ 0:1L tanh 0:56þ 0:45 tanh 33
Hrmso

Lo

� �� �
kh

	 

,

(29)

M36 : DB ¼ 0:07
rgcg
8h

½H2
rms � ð0:066L tanhð0:68khÞÞ2�,

(30)

M38 : DB ¼ 0:07
rgcg
8h

H2
rms � 0:061L tanh 0:63kh

���

þ 0:21kh tanh 39
Hrmso

Lo

� ���2
#
, ð31Þ

M41 : DB ¼ 0:07
rgcg
8h

½H2
rms � ð0:047L tanhð0:44ðkhÞ2

þ 0:78khÞÞ2�, ð32Þ
Overall, the six models (M3, M24, M31, M36, M38, and

M41) give nearly the same accuracy. It may be interesting
to see the comparison in more detail. Table 6 shows the
errors of the six models for three groups of experiment

scale while Table 7 shows the errors for 13 groups of data
sources. The results can be summarized as follows:

(a) It can be seen from Tables 6 and 7 that no model gives
significantly better results than the others. However,
considering the consistency of the models through the
variance of errors in Table 7, the model M36 seem to be
slightly better than the others.

(b) Although overall errors (ERavg) of all models are very
good, the models do not predict very well for all
sources of data.

(c) Because of the simplicity of the representative wave
approach, it is expected that this approach will give
lesser accuracy than that of the parametric approach.
However, the results show that the accuracy of the
models of the representative approach (M36, M38, and
M41) are almost the same as those of the parametric
wave approach (M3, M24, and M31). This may lead to
the conclusion that the concept of representative wave
approach can be used for computing the irregular wave
height transformation.

(d) The greatest asset of the representative approach is its
simplicity and ease of application, i.e. the rms wave
height transformation in the nearshore zone can be
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Table 6

The errors ERavg and ERavg of the six suitable models for three groups of experiment scale

Apparatus Models

M3 Eq. (24) M24 Eq. (26) M31 Eq. (28) M36 Eq. (30) M38 Eq. (31) M41 Eq. (32)

Small-scale 7.1 7.1 8.8 8.0 8.1 8.0

Large-scale 7.2 6.6 6.1 7.3 6.9 7.3

Field 10.4 10.4 9.7 9.4 9.7 9.2

ERavg 8.2 8.1 8.2 8.2 8.2 8.2

Table 7

The errors ERg of the six suitable models for each source of data

Sources Models

M3 Eq. (24) M24 Eq. (26) M31 Eq. (28) M36 Eq. (30) M38 Eq. (31) M41 Eq. (32)

Hurue (1990) 4.6 4.3 5.4 9.7 10.7 9.9

Smith and Kraus (1990) 8.1 8.3 10.4 9.8 9.7 9.7

Sultan (1995) 13.9 12.8 14.9 11.4 14.4 13.0

Grasmeijer and van Rijn (1999) 3.9 3.9 3.7 3.8 3.7 3.6

Hamilton and Ebersole (2001) 2.1 2.1 5.3 3.5 3.9 3.5

Ting (2001) 8.6 8.7 10.1 5.5 5.3 5.4

SUPERTANK project 13.6 11.3 9.7 10.5 11.0 10.7

LIP11D project 6.1 5.6 6.9 9.5 7.7 8.9

SAFE project 5.5 5.6 5.0 6.1 5.7 6.1

Thornton and Guza (1986) 14.7 16.0 9.6 9.2 9.1 8.7

DUCK85 project 12.6 11.6 12.0 13.4 18.2 17.1

DELILAH project 9.1 9.0 8.8 8.7 9.5 8.7

DUCK94 project 11.4 11.5 10.3 9.9 9.7 9.7

Variance of ERg 16.3 15.4 9.4 8.1 15.6 12.8
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computed by using only one equation (e.g. Eq. (30)).
Therefore, the dissipation models from the representa-
tive wave approach (M36, M38, and M41) are suitable
to use in the computation of irregular wave height
transformation.

(e) Considering accuracy, variance of errors, and simpli-
city of the possible models, the model M36 (Eq. (30))
seems to be the most attractive model.

7. Conclusions

This study is undertaken to find out the suitable
dissipation models, which can be used to compute Hrms

for a wide range of experimental conditions. A total of
1723 cases from 13 sources of published experimental data
are used to verify the models. The experiments cover small-
scale, large-scale, and field experimental conditions. The
transformation of Hrms is computed from the energy flux
conservation law. Eight existing dissipation models, which
were developed based on parametric and representative
wave approaches, are selected to verify their applicability.
The verification results are presented in terms of average
rms relative error of three experiment scales (ERavg).
Because most of the existing models were developed based
on the limited experimental conditions, the coefficients in
the models may not be the optimal values. Therefore,
coefficients in all models are recalibrated before compar-
ing the applicability of the models. The comparison shows
that all selected models can be used for computing Hrms,
with ERavg of about 8.2–11.4%. The model of Battjes
and Stive (1985) gives the best predictions (with ERavg

of 8.2%).
The existing models are also modified by changing the

breaker height formulas, inside the dissipation models and
recalibrations. Substituting the seven formulas of Hb into
the six existing dissipation models, 42 possible models are
considered in this study. It is found that the accuracy of
most existing models is improved significantly by using
the suitable breaker height formula. There are six suitable
models (i.e. the model of BS85 and 5 modified models),
which can be used for computing Hrms. The verifica-
tion also shows that the models of parametric and
representative wave approaches give almost the same
accuracy. Considering accuracy, variance of errors, and
simplicity of the possible models, the model M36 is
recommended.
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If the Rayleigh distribution of wave heights is valid, the representative wave heights can
all be converted one to another through the known relationships. In shallow water, it has
been pointed out by many researchers that the wave height distribution deviates from
the Rayleigh distribution. However, it is not clear whether this deviation can lead to
significant errors on the estimation of representative wave heights or not. Experimental
data from small-scale, large-scale, and field experiments were used to examine the errors of
the relationships derived from the Rayleigh distribution on estimating representative wave
heights. The examination indicates that if Hrms is given, the relationships give overall
very good estimations on H̄ and H1/3, good estimation on H1/10 but fair estimation on
Hmax. The effect of wave breaking was empirically incorporated into the relationships. The
new relationships give better estimation than the relationships derived from the Rayleigh
distribution.

Keywords: Representative wave heights; Rayleigh distribution; mean wave height; signifi-
cant wave height; highest one-tenth wave height; maximum wave height.

1. Introduction

To analyze coastal processes and design of coastal structures, wave height is one
of the most essentially required factors. The wave heights are usually available in

291
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deepwater but not available at the depths required in shallow water. The wave
heights in shallow water can be determined from wave models. The output of many
wave models [e.g. Battjes and Janssen, 1978; Thornton and Guza, 1983; Larson,
1995; and Rattanapitikon et al., 2003] is the root mean square wave height (Hrms).
Nevertheless, other representative wave heights [e.g. mean wave height (H̄), signifi-
cant wave height (H1/3), average of the highest one-tenth wave height (H1/10), and
maximum wave height (Hmax)] are also required for studying coastal processes and
design of coastal structures. Thus, it is necessary to know the relationships between
the representative wave heights. This study concentrates on the relationships for
conversion from to be Hrms to be H̄, H1/3, H1/10, and Hmax.

In deepwater, the probability density function (pdf) of measured wave heights
from different oceans have been found to closely obey the Rayleigh distribution [De-
merbilek and Vincent, 2006]. Widely accepted relationships between the representa-
tive wave heights are derived based on the assumption of the Rayleigh distribution
of wave heights. The representative wave heights can all be converted one to another
through the known proportional coefficients (β).

When waves propagate to shallow water, wave profiles steepen and eventually
waves break. The higher waves tend to break at a greater distance from the shore.
Closer to the shore, more and more waves are breaking, until in the inner surf
zone, almost all the waves break. Investigations of shallow-water wave records from
many studies indicate that the wave heights deviate considerably from the Rayleigh
distribution [e.g. Dally, 1990; Battjes and Groenendijk, 2000; and Mendez et al.,
2004]; consequently, the relationships derived from the Rayleigh distribution may
not be valid in shallow water. However, some researchers have pointed out that the
wave heights distribution deviates slightly from the Rayleigh distribution and the
relationships derived from the Rayleigh distribution are acceptable [e.g. Goodknight
and Russell, 1963; Goda, 1974; and Thornton and Guza, 1983]. It can be seen that
the validity of the relationships derived from the Rayleigh distribution is doubtful
for shallow water. This make engineers hesitate to use the relationships in shallow
water. The first objective of this study is to examine the errors of estimating the
representative wave heights by using the relationships derived from the Rayleigh
distribution.

It is expected that the deviation of wave height from the Rayleigh distribution
is mainly caused by wave breaking. To improve the accuracy of the prediction, the
effect of wave breaking should be empirically incorporated into the formulas. Several
researchers have developed empirical pdf of wave heights taking into account depth-
limited wave breaking [e.g. Hughes and Borgman, 1987; Battjes and Groenendijk,
2000; and Elfrink et al., 2006]. For design purposes, it may not be necessary to know
the pdf of wave heights; only a representative wave height is required. Although
the representative wave heights can be determined from the pdf , it may not be
convenient to do so. It is more reasonable to determine the representative wave
height directly from a simple formula. It seems that no literature has proposed
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empirical formulas taking into account the effect of wave breaking which can be used
to compute the representative wave heights directly. Therefore, the second objective
of this study is to develop empirical formulas to compute the representative wave
heights.

Experimental data from 5 sources, including 146 cases and 2,238 wave records,
are collected to verify the relationships. The experiments cover small-scale, large-
scale and field experiments. The laboratory data cover a range of deepwater wave
steepness (Hrmso/Lo) from 0.001 to 0.059 while the field experiments were measured
during hurricanes and tropical storms. A summary of the collected experimental data
is shown in Table 1. A brief summary of the collected experiments are summarized
below.

The experiment of Smith and Kraus [1990] was conducted to investigate the
macro-features of wave breaking over bars and artificial reefs using a small wave
tank of 45.70 m long, 0.46 m wide, and 0.91 m deep. Both regular and irregular
waves were employed in this experiment. A total of 12 cases were performed for
irregular wave tests. Three irregular wave conditions were generated for three bar
configurations as well as for a plane beach. A JONSWAP computer signal was

Table 1. Summary of collected experimental data used to verify the formulas.

Major
Sources Test No. Description Hrmso/Lo

∗ Apparatus

Smith and SKR2 Plane and barred beach 0.057–0.059 Small-scale
Kraus [1990] SKR6 Plane and barred beach 0.033–0.034

SKR8 Plane and barred beach 0.021–0.022

Ting [2001] Ting1 Plane beach 0.016 Small-scale

Ting [2002] Ting2 Plane beach 0.015 Small-scale

Kraus and ST10 Erosion toward equilibrium 0.007–0.046 Large-scale
Smith [1994]: ST20 Acoustic profiler tests 0.001–0.045
SUPERTANK ST30 Accretion toward equilibrium 0.001–0.004
project ST40 Dedicated hydrodynamics 0.002–0.035

ST50 Dune erosion, Test 1 of 2 0.004–0.042
ST60 Dune erosion, Test 2 of 2 0.005–0.039
ST70 Seawall, Test 1 of 3 0.012–0.021
ST80 Seawall, Test 2 of 3 0.016–0.018
ST90 Berm flooding, Test 1 of 2 0.039–0.046
STAO Foredune erosion 0.036–0.036
STCO Seawall, Test 3 of 3 0.002–0.042
STDO Berm flooding, Test 2 of 2 0.028–0.040
STJO Narrow-crested offshore mound 0.002–0.040
STKO Broad-crested offshore mound 0.002–0.038

Goodknight Audrey Hurricane: Jun 25–28, 1957 0.011–0.021 Field
and Russell Bertha Tropical storm: Aug 8–9, 1957 0.015–0.024
[1963] Ella Hurricane: Sep 4–6, 1958 0.012–0.025

Esther Tropical storm: Sep 18–19, 1957 0.012–0.025

∗using linear wave theory
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generated for spectral width parameter of 3.3 and spectral peak periods of 1.0, 1.5,
and 1.75 s with significant wave heights of 12.1, 15.5, and 14.5 cm respectively.

The experiments of Ting [2001] and Ting [2002] were conducted to study
wave and turbulence velocities in a broad-banded [Ting, 2001] and narrow-band
[Ting, 2002] irregular wave surf zone. The experiments were performed in a two-
dimensional wave tank that is 37 m long, 0.91 m wide and 1.22 m deep. A
false bottom with 1 on 35 slope built of marine plywood was installed in this
tank to create a plane beach. The irregular waves were developed from the
TMA spectrum, with a spectral peak period of 2.0 s, a spectrally based signif-
icant wave height of 15.2 cm for the broad-banded spectrum and 12.3 cm for
the narrow-banded spectrum, and spectral width parameter of 3.3 for the broad-
banded spectrum and 100 for the narrow-banded spectrum. Water surface el-
evations were measured at seven cross-shore locations using a resistance-type
gage.

The SUPERTANK laboratory data collection project [Kraus and Smith, 1994]
was conducted to investigate cross-shore hydrodynamic and sediment transport pro-
cesses, during the period August 5 to September 13, 1992, at Oregon State Uni-
versity, Corvallis, Oregon, USA. A 76-m-long sandy beach was constructed in a
large wave tank of 104 m long, 3.7 m wide, and 4.6 m deep. Wave conditions in-
volved regular and irregular waves. The 20 major tests were performed and each
major test consisted of several cases. Most of the major tests were performed un-
der the irregular wave actions. However, 6 major tests were performed under reg-
ular wave actions, i.e. test no. STBO, STEO, STFO, STGO, STHO, and STIO.
Only the tests of irregular waves are considered in this study (see Table 1). The
wave conditions were designed to balance the need for repetition of wave condi-
tions to move the beach profile toward equilibrium and development of a variety
of conditions for hydrodynamic studies. The TMB spectral shape was used to de-
sign all irregular wave tests. The collected experiments for irregular waves include
128 cases of wave and beach conditions (total 2048 wave records), covering incident
significant wave heights from 0.2 m to 1.0 m, spectral peak periods from 3.0 sec to
10.0 sec and spectral width parameter between 3.3 (broad-banded) and 100 (narrow-
banded).

The experiment of Goodknight and Russell [1963] was constructed to measure
wave height statistics in the Gulf of Mexico during two hurricanes (Audrey in 1957
and Ella in 1958) and two tropical storms (Bertha and Esther in 1957). The wave-
gage platform was located at a site approximately 2.4 km from shore, due south
of New Orleans, La., in a water depth of approximately 10 m. The Calresearch
step-resistance-type gage was used to measure water surface elevations. The wave
gage recorded water-surface elevations as a function of time during 15-min recording
periods at 2-hr intervals.
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2. Representative Wave Heights Derived from the Rayleigh
Distribution

The representative wave heights, which are usually defined and considered in this
study, are mean wave (H̄), root mean square wave (Hrms), significant wave height
(H1/3), average of the highest one-tenth wave (H1/10), and maximum wave (Hmax).
The relationships between the representative wave heights can be derived if a proba-
bility function of wave height distribution is given. The widely accepted distribution
function is the Rayleigh distribution.

The Rayleigh distribution was proposed to describe the distribution of the inten-
sity of sounds, which is the superposition of sound waves from an infinite number
of sources. The distribution is applicable for waves having a spectrum confined in
a narrow frequency band (narrow-band condition). Longuet-Higgins [1952] demon-
strated that the Rayleigh distribution is also applicable to the wave heights in the
sea. The validity of the distribution for deepwater waves has been confirmed by
many researchers, even though the bandwidth may not always be narrow-banded
[Demerbilek and Vincent, 2006]. The probability density function (pdf) is written
as:

f(H) =
2H

H2
rms

exp

[
−

(
H

Hrms

)2
]

(1)

where f(H) is the probability density function of wave height (H), and Hrms is the
root mean square (rms) wave height, which is defined as:

Hrms =

√∑
H2

M
(2)

where M is the total number of individual waves identified by the zero-crossing
method.

If the distribution of wave heights is the Rayleigh distribution, the representative
wave heights can be obtained by manipulating the probability function [see also
Dean and Dalrymple, 1994; or Goda, 2000]. The H̄, H1/3, and H1/10 are expressed
in terms of Hrms as:

H̄ = 0.89Hrms (3)

H1/3 = 1.42Hrms (4)

H1/10 = 1.80Hrms (5)

Since the Rayleigh distribution of wave heights does not have an upper bound,
the maximum wave height (Hmax) cannot be determined from the distribution.
The maximum wave height varies with the total number of waves (M) in a record
and has its own probability density function. Based on the Rayleigh distribution of
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maximum wave height, Longuet-Higgins [1952] derived an approximate formula for
the expected value of the maximum wave height in M waves as:

Hmax =
(√

ln M +
0.2886√

ln M

)
Hrms (6)

Once the Hrms is computed from the wave model, other representative wave
heights (H̄, H1/3, H1/10, and Hmax) can be determined from Eqs. (3) to (6). The
reliability of Eqs. (3) to (6) depends on the validity of the Rayleigh distribution. In
shallow water, some researchers demonstrated that the wave heights distribution de-
viates slightly from the Rayleigh distribution but some researchers pointed out that
the wave heights distribution deviates considerably from the Rayleigh distribution.
It is not clear whether the use of Eqs. (3) to (6) is acceptable or not. Therefore, the
objective of this section is to examine the accuracy of Eqs. (3) to (6) for estimating
H̄, H1/3, H1/10, and Hmax in shallow water.

The parameter, which is usually used to examine the accuracy of the predictions,
is the relative root-mean-square error [e.g. Battjes and Groenendijk, 2000]. However,
the deviation of wave height from the Rayleigh distribution generally decreases as
the length of a wave record increases [Goda, 1977]. To reduce the effect of the record
length (or total number of waves in a record) on the deviation, the relative root-
weighted-mean-square error (ERg) is used to examine the accuracy of the predictions
in which the total number of waves in a record is used as a weight. The relative root-
weighted-mean-square error is defined as:

ERg =

√∑ng
i=1 ni(Hmi−Hci

Hmi
)2∑ng

i=1 ni
(7)

where i is the number of a wave record, ni is the total number of waves in the wave
record no. i, Hci is the computed representative wave height of the wave record no.
i, Hmi is the measured representative wave height of the wave record number i, and
ng is the total number of wave records.

The collected experiments shown in Table 1 are separated into three groups
according to the experiment scale, i.e. small-scale, large-scale, and field experiments.
It is expected that a good formula should be able to predict well for the three
groups of experiment scale. Therefore, the average error (ERavg) is used as a basic
parameter to determine the overall accuracy of the formula. The average error is
defined as:

ERavg =

√∑tn
j=1 ER2

gj

tn
(8)

where j is the number of data group, ERgj is the relative root-weighted-mean-square
error of the group numbered j, and tn is the total number of data group. The small
value of ERavg indicates good overall accuracy of the formula.
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Table 2. The errors (ERg and ERavg) of Rayleigh distribution [Eqs. (3) to (6)] on the
estimation of H̄ , H1/3, H1/10, and Hmax for three groups of experiment scale.

Total No. Total No. of
Experiments of Cases Wave Records H̄ H1/3 H1/10 Hmax

Small-scale 14 110 4.9 9.6 16.3 47.5

Large-scale 128 2048 2.5 2.6 6.6 17.4

Field 4 80 4.2 3.1 4.9 10.5

ERavg 4.0 6.0 10.6 29.8

The examinations of Eqs. (3) to (6) are carried out by using the measured repre-
sentative wave heights (i.e. Hrms, H̄, H1/3, H1/10, and Hmax) from Table 1. From the
measured Hrms, the other representative wave heights (H̄, H1/3, H1/10, and Hmax)
are computed by using Eqs. (3) to (6), then the average errors (ERavg) of each rep-
resentative wave heights have been computed. Table 2 shows the errors (ERg and
ERavg) for three groups of experiment scale while Table 3 shows the errors (ERg)
for all groups of major test. The results from Tables 2 and 3 are summarized as
follows:

(a) The errors for large-scale and field experiment are nearly the same (except for
Hmax) whereas the errors for small-scale experiments are considerably larger
than those for large-scale and field experiments.

(b) Overall, Eqs. (3) and (4) give very good estimations on H̄ and H1/3 while Eq. (5)
gives good estimation on H1/10 but Eq. (6) gives fair estimation on Hmax. The
overall average errors of the formulas for computing H̄, H1/3, H1/10, and Hmax

are 4.0%, 6.0%, 10.6%, and 29.8% respectively. The errors tend to be larger for
the larger representative wave heights.

(c) As Eqs. (3) to (5) give good estimation on the representative wave heights, it
may be concluded that the assumption of Rayleigh distribution is not violated
largely in shallow water. However, Eq. (6) should be used with care because it
gives a considerable error, especially for small-scale experiments.

(d) As the Rayleigh distribution is derived based on the assumption of narrow-
band spectrum, it is expected that the error of broadband condition should be
greater than that of narrow-band condition. Surprisingly, the error of test no.
Ting1 (broadband condition) is not greater than that of Ting2 (narrow-band
condition). This shows that the effect of bandwidth on wave height distribution
may not be significant in shallow water if the spectral width parameter is in the
range of 3.3 to 100.

Although the relationships derived from the Rayleigh distribution give good
estimations on H̄, H1/3, H1/10 (except for Hmax), it may be possible to improve
their accuracy, especially for estimating Hmax. The objective of the next section is
to improve the accuracy on the estimation of the representative wave heights.
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Table 3. The errors (ERg) of Rayleigh distribution [Eqs. (3) to (6)] on the estimation of H̄,
H1/3, H1/10, and Hmax for all groups of major test.

Total Total
Total No. of No. of

Major No. of Wave Waves in
Sources Test No. Cases Records a Records H̄ H1/3 H1/10 Hmax

Smith and Kraus SKR2 4 32 500 4.6 10.4 N.A.∗ 51.0
[1990] SKR6 4 32 500 5.4 10.9 N.A.∗ 50.8

SKR8 4 32 500 4.8 8.0 N.A.∗ 41.3

Ting [2001] Ting1 1 7 186–207 3.4 6.6 14.1 32.5

Ting [2002] Ting2 1 7 154–162 5.2 8.9 18.8 38.3

Kraus and Smith ST10 26 416 274–1636 2.0 2.5 7.1 22.2
[1994]: ST20 8 128 461–900 1.8 2.2 5.2 14.8

ST30 19 304 197–1100 3.4 2.7 5.1 11.2
ST40 12 192 388–1385 3.1 1.9 7.0 12.0
ST50 8 128 190–603 1.8 2.1 5.2 15.2
ST60 9 144 267–416 1.9 2.0 5.7 13.6
ST70 9 144 152–660 2.0 1.9 5.5 15.7
ST80 3 48 160–1477 1.8 1.5 3.5 13.5
ST90 3 48 193–418 2.4 2.5 6.5 18.9
STAO 1 16 193–221 4.9 3.9 5.4 15.1
STCO 8 128 202–953 2.5 2.1 5.6 14.7
STDO 3 48 363–416 3.5 3.8 9.0 24.7
STJO 10 160 205–1692 2.8 3.5 8.9 20.3
STKO 9 144 227–2046 2.3 3.0 6.9 17.1

Goodknight and Audrey 1 14 95–319 4.0 2.6 4.1 12.0
Russell [1963] Bertha 1 20 126–228 2.9 2.5 4.5 9.1

Ella 1 25 116–182 4.5 4.2 5.0 8.9
Esther 1 21 113–222 5.2 2.4 5.7 12.2

Total 146 2238

∗N.A. = Not Available

3. Formula Development

For developing the empirical formulas, equations (3) to (6) are written in general
forms as:

H̄ = βmHrms (9)

H1/3 = β1/3Hrms (10)

H1/10 = β1/10Hrms (11)

Hmax = βmax

(√
ln M +

0.2886√
ln M

)
Hrms (12)

where β is the proportional coefficient, βm, β1/3, β1/10, and βmax are the proportional
coefficients of H̄, H1/3, H1/10, and Hmax respectively. The coefficients βm, β1/3,
β1/10, and βmax that derived from the Rayleigh distribution are 0.89, 1.42, 1.80, and
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1.00 respectively [see Eqs. (3) to (6)]. The errors from Tables 2 and 3 show that
the wave height distribution deviates slightly from the Rayleigh distribution. It is
expected that the wave breaking is the primary cause of the deviation. Therefore,
the coefficients βm, β1/3, β1/10, and βmax (hereafter referred to as β) should not be
constants and they may be a function of wave breaking.

3.1. Formula derivation

Various dimensionless parameters may influence the coefficients β. The variables,
which may influence the coefficients β, are selected based on the previous researchers’
experiences. It is expected that the variable that affect the wave height distribution
may also affect the variation of coefficients β. The variables, which may affect the
distribution of wave heights, are described below.

(a) Hughes and Borgman [1987] recommended the Beta-Rayleigh distribution for
describing irregular wave height in shallow water. They introduced the term
of rms wave height to breaker height ratio (Hrms/Hb) to account the effect
of wave breaking into the distribution. The breaker height (Hb) was suggested
to be proportional to the water depth (h). Therefore, the influence variable is
Hrms/h.

(b) Battjes and Groenendijk [2000] proposed to account the influence of transi-
tional wave height to wave height ratio (Htr/Hrms) into the Rayleigh distribu-
tion. The transitional wave height (Htr) is defined as a limiting wave height for
non-breaking waves. The empirical formula of transitional wave height (Htr) is
expressed as:

Htr = (0.35 + 5.8S)h (13)

where S is the bottom slope, and h is the water depth.
(c) Elfrink et al. [2006] modified the Rayleigh distribution by taking the influence

of rms wave height to water depth ratio (Hrms/h) into account. Although the
influence variable of Elfrink et al. [2006] is the same as that of Hughes and
Borgman [1987], the distribution function is different.

(d) As wave breaking may cause the wave height distribution deviates from the
Rayleigh distribution, the variable that may affect the coefficients β is the frac-
tion of wave breaking (Qb). Battjes and Janssen [1978] derived the formula of
Qb based on the assumption of truncated Rayleigh distribution at the breaker
height (Hb) and proposed to compute Qb as:

1−Qb

− ln Qn
=

(
Hrms

Hb

)2

(14)

Since Eq. (14) is an implicit equation, an iteration process is necessary to com-
pute the fraction of breaking waves (Qb). Rattanapitikon and Shibayama [1998]
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proposed the explicit form of Eq. (14) based on multiple regression analysis (with
correlation coefficient R2 = 0.999) as:

Qb =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 for
Hrms

Hb
≤ 0.43

1.785

(
Hrms

Hb

)3

− 0.280

(
Hrms

Hb

)2

− 0.738

(
Hrms

Hb

)
+ 0.235 for 0.43 <

Hrms

Hb
< 1.0

1 for
Hrms

Hb
≥ 1.0

(15)

The breaker height (Hb) can be determined from the breaking criteria of Goda [1970]
as:

Hb = 0.1Lo

{
1− exp

[
−1.5

πh

Lo
(1 + 15S4/3)

]}
(16)

where Lo is the deepwater wavelength related to the spectral peak period (Tp). The
coefficient 0.1 is used according to Rattanapitikon and Shibayama [1998]. It can be
seen from Eq. (14) or Eq. (15) that the fraction of wave breaking (Qb) is governed by
Hrms/Hb. Including the affect of the fraction of breaking wave, the general function
of the coefficients β may be expressed as a function of Hrms/Hb.

From the above considerations, there are three dimensionless parameters
(Hrms/h, Hrms/Htr, and Hrms/Hb) that may affect the variation of the coefficients
β. The possible formulas of coefficients β can be expressed as the following function:

β = f1

{
Hrms

h
,
Hrms

Htr
,
Hrms

Hb

}
(17)

where f1 is a function.
As the deviation of the Rayleigh distribution is expected to be caused by waves

breaking, comparing among the dimensionless parameters (Hrms/h, Hrms/Htr, and
Hrms/Hb), the parameter Hrms/Hb seems to have more physical meaning than the
others because it represents the fraction of breaking waves.

The measured representative wave heights from the collected experiments (shown
in Table 1) are used to determine the relationships. The required data for deriving
the formula of the coefficients β are H̄, Hrms, H1/3, H1/10, Hmax, M , Tp, h, and
S. The coefficients βm, β1/3, β1/10, and βmax are determined from Eqs. (9) and
(12). The data of Lo is computed by using linear wave theory. The data of Htr is
determined from Eq. (13) while Hb is determined from Eq. (16).

An attempt is made to correlate the coefficients βm, β1/3, β1/10, and βmax with the
possible dimensionless parameters (Hrms/h, Hrms/Htr, and Hrms/Hb). A total of 12
possible relations (3 relations for each coefficient β) are plotted to see the correlations
(see Figs. 1 to 3). Figures 1 to 3 show that the coefficients β vary systematically
across shore and the variations of coefficients β are in similar fashion. Comparing the


