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a b s t r a c t

Many coastal engineering designs utilize empirical formulas containing the Equivalent Deep-water Wave
Height (EDWH), which is normally given a priori. However, no studies have explicitly discussed a method
for determining the EDWH and the resulting design wave heights (DEWH) under irregular wave con-
ditions. Unfortunately, it has been the case in many design practices that the EDWH is incorrectly esti-
mated by dividing the Shallow-water Wave Height (SWH) at the structural position with its
corresponding shoaling coefficient of regular wave. The present study reexamines the relationship be-
tween the Shallow-water Wave Height (SWH) at the structural position and its corresponding EDWH.
Then, a new procedure is proposed to facilitate the correct estimation of EDWH. In this procedure, the
EDWH and DEWH are determined differently according to the wave propagation model used to estimate
the SWH. For this, Goda's original method for nonlinear irregular wave deformation is extended to
produce values for linear shoaling. Finally, exemplary calculations are performed to assess the possible
errors caused by a misuse of the wave height calculation procedure. The relative errors with respect to
the correct values could exceed 20%, potentially leading to a significant under-design of coastal or harbor
structures in some cases.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2D wave deformation in sea areas causes temporal and spatial
variations inwave height and direction owing to depth changes and
coastal boundaries. The proper design of a coastal or harbor
structure requires the correct design wave condition at the struc-
tural position reflecting the incoming 2D wave deformations.
However, even if the design wave condition is extracted success-
fully from a 2D wave deformation study, the exact prediction of the
2D hydraulic performance (e.g., wave runup and overtopping) of
the structures may not be simple. Accordingly, the evaluation of the
hydraulic performances of coastal or harbor structures have been
mainly based on the experimental results obtained from 1D wave
flumes. The Equivalent Deep-water Wave Height (EDWH) provides
a fictitious deep-water boundary condition for the 1D wave flumes.

The EDWH is thus an artificial wave height introduced to con-
nect the 2D Shallow-water Wave Height (SWH) to existing 1D

experimental figures or formulas, and is widely used in analyzing
wave shoaling on slopes, wave breaking, runup, and wave forces on
structures (Korean Port Design Standard, 2017; Japanese Port
Design Standard, 2007; Coastal Engineering Manual, 2002). Thus,
the EDWH must be estimated based on the SWH, which can be
obtained by either field measurement (NOWPHAS, 2018; Wave
Information Study, 2018) or 2D numerical modeling (Coastal
Engineering Manual, 2002, pp. II-3-6 e II-3-17).

When the concept of EDWH was initially introduced
(Bretschneider, 1958; Shore Protection Manual, 1984), it was esti-
mated simply by dividing the SWH by a shoaling coefficient (from
linear wave theory), and thus the EDWH was also called the
unrefracted wave height. This is partly due to the technological
limitations at that time when the SWH was calculated by mainly
considering linear wave shoaling and refraction of regular waves
without sufficiently including wave diffraction and breaking.
However, this initial concept of EDWH is still being used in many
design practices in Korea today, even though the SWH is now
produced by highly sophisticated wave propagation models that
include nonlinear irregular wave deformations. Appendix C of
Shore Protection Manual (1984) includes the tabulated values of
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unrefracted wave heights for varying water depths, and is
frequently used to obtain the EDWH even now. However, any
updated guidelines to determine the EDWH for the irregular
nonlinear wave conditions are not yet available in any domestic or
international design standards.

Goda (1975) proposed a method to determine irregular wave
deformations in shallow water, considering nonlinear wave
shoaling, wave breaking, wave setup, and even surfbeat. This
method enables the calculation of the design wave height (DEWH;
significant wave height (H1=3) or maximal wave height (Hmax) at
the structural position) for an arbitrarily given EDWH and bottom
slope (S). Goda (1975) provided several figures and approximate
formulas to facilitate the determination of the DEWH for a given
value of the EDWH. In addition, he demonstrated a method to es-
timate the EDWH in his revised book (Goda, 2010, p. 98) using two
points of different water depths. First, the deep water wave height
is calculated by dividing the SWH (obtained at an intermediate
water depth before wave breaking) by the corresponding refraction
and shoaling coefficients, and then the EDWH for a shallower water
depth (possibly at a structural position) is obtained by multiplying
the refraction coefficient at the depth with the deep water wave
height already obtained. This two-point method is basically the
same as the one given in the Shore Protection Manual (1984) to
calculate the unrefracted wave height. However, this method is
purely based on several assumptions, which include a refraction
dominating wave propagation, depth contours that are almost
straight and parallel to the shoreline, and non-breaking wave
condition at the structural position. However, these assumptions
are hardly met in real sea environments, and hence the resulting
EDWH would be erroneous. Many design practices in Korea have
taken an even more erroneous method in which the EDWH is
calculated by dividing the SWH at the structural position (deter-
mined by a 2D numerical wave propagation model) by the shoaling
coefficient at its water depth.

Goda's method of irregular wave deformations (other than the
two-point method mentioned above) still remains important for
use in design practice (Korean Port Design Standard, 2017), and has
been discussed in numerous researches (Battjes and Janssen, 1978;
Thompson and Vincent, 1985; Thornton and Guza, 1983). However,
the relationship between SWH and EDWH has not been given
adequate attention. In the present study, the concept of EDWH is
reexamined by considering the mechanisms of 1D and 2D wave
propagations. Then, a new procedure to obtain the EDWH from the
SWH (results from a 2D wave propagation model) and its corre-
sponding DEWH is proposed, based on Goda's method of 1D
irregular wave deformation.

2. Reexamination of equivalent deep-water wave height

The SWH (normally given as the significant wave height), HS, at
the structural position occurs as a result of several wave de-
formations during propagation of a deep-water significant wave
height, H0, as shown in Fig. 1.

The relationship between HS and H0 can be formulated as

HS ¼
�
Ks Kbr Kr Kd Kw Kf

�
H0: (1)

where the K values on the right hand side are coefficients corre-
sponding to different 1D or 2D wave deformations, as shown in
Table 1.

The EDWH, H
0
0, denotes the deep-water wave height that would

produce the same HS at the structural position in a fictitious 1D
wave flume installed perpendicular to the bottom contour in front
of the structure, as shown in Fig. 1 (Goda, 1985, p. 67). Considering

only the 1D wave deformations in the fictitious wave flume, we
have

HS ¼ ½KsKbr�H
0
0: (2)

Comparing Eqs. (1) and (2), we obtain the following equation
that includes only 2D wave deformations.

H
0
0 ¼

h
KdKrKwKf

i
H0: (3)

Eq. (3) merely implies that H
0
0 can be determined by applying a

combination of all possible 2D wave deformations to H0. However,
it is never easy to separate the 1D and 2D coefficients in a real sea
situation since the 2D wave propagation models yield a total so-
lution that includes all 1D and 2D deformations. This difficulty can
be avoided by dividing HS by the wave shoaling and breaking co-
efficients, as described by Eq. (2). For this purpose, Goda's (1975)
method can be used for the determination of the 1D wave de-
formations including the effects of wave shoaling and breaking.

3. Application of Goda's method

3.1. Outlining Goda's original method

Goda's original method traces the deformation of the Rayleigh
distribution of wave height due to nonlinear wave shoaling and
breaking when an irregular wave propagates along a uniformly
sloping bottom, initiating at an EDWH. The main features of the
method can be summarized as follows:

- Application of Shuto's nonlinear shoaling (Shuto, 1974).
- Designation of the wave height range (x1;x2) for wave breaking
and the modification of the Rayleigh distribution of the wave
height by wave breaking.

Fig. 1. Scheme showing the relationship H0 � HS � H
0
0.

Table 1
Various coefficients related to the change in wave height by wave deformations.

Dimension Wave deformations Symbols

1D wave shoaling Ks

wave breaking Kbr
2D refraction Kr

diffraction Kd
white caps Kw

bottom friction Kf
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- Inclusion of wave setup and surfbeat in the changes in total
water depth.

The breaking range (x1; x2) for the bottom slope (vertical=
horizontal) tan q and water depth h was set to

x1 ¼0:12 L0

�
1� exp

�
� 1:5

ph
L0

�
1þ15 tan4=3q

���
(4)

x2 ¼0:18 L0

�
1� exp

�
� 1:5

ph
L0

�
1þ15 tan4=3q

���
: (5)

Here, L0 denotes the deep-water wave length (linear wave). The
modification of the probability density function of the Rayleigh
distribution pRðHÞ of wave height H is given by

8<
:

pðHÞ ¼ pRðHÞ ; H< x1
pðHÞ ¼ pRðHÞ � ½ðH � x1Þ=ðx2 � x1Þ�pRðx2Þ

pðHÞ ¼ 0 ; H> x2
; x1 �H � x2:

(6)

In a non-breaking zone in deep water, both the significant wave
height (H1=3: exceedance probability of 1/3) and the maximal wave
height (Hmax : exceedance probability of 1/250) can be determined
theoretically using the Rayleigh distribution. However, in breaking
zones in shallow water, wave breaking occurs more frequently in
high waves such that the probability density function deviates from
the Rayleigh distribution, as shown in Fig. 2. Goda (1975) adjusted
the total area of the probability density function to one at each
wave-breaking point.

The wave setup is determined by solving the differential equa-
tion of Longuet-Higgins and Stewart (1962) for the root-mean-
square wave height Hrms, which can also be determined from the
probability density function at each point. In contrast, the surfbeat
is determined under the assumption that it follows a normal dis-
tribution about the still water level with a parameter of

xrms ¼
0:01H

0
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

H
0
0

L0

 
1þ h

H
0
0

!vuut
(7)

where L0 denotes the deep-water wave length by linear theory.
Finally, themeanwater level is continuously adjusted by adding the
wave setup and surfbeat to the still water depth. In particular, the
surfbeat is applied in a probabilistic sense and the details are pre-
sented in Goda (1975). The overall procedure for calculating the
significant andmaximal wave heights at a structural positionwith a

given value of H
0
0 is as follows.

(a) Set the upper limit,HU , of thewave height range to be greater
than 1:8H

0
0.

(b) Divide the wave height range (0 e HU) into equal increments
and determine the probability density, pRi, at each discrete
wave height, H0i, using the Rayleigh probability density
function (pdf).

(c) Determine the mean bottom slope in the direction perpen-
dicular to the depth contours ahead of the structure.

(d) Set a deep-water point and its depth, d0, corresponding to
the wave period, T , such that d0 � 0:5L0.

(e) Divide the length (structure to deep-water point) into
equally spaced nodes and determine their water depths (dj).

(f) Determine Shuto's shoaling coefficient, Ks;j, and wave height,
Hi;j (¼Ks;j H0i), for the i-th wave height and j-th node.

(g) Apply the wave-breaking condition, Eq. (6), to Hi;j and
determine the probability density, pi;j, for the non-breaking
condition (pi;j ¼ pRi).

(h) Adjust the values of pi;j so that the overall area of the pdf
equals one.

(i) Calculate Hrms and xrms, and then determine the wave setup
and surfbeat. Finally, modify depths dj.

(j) Repeat processes (f)e(i) until the depth changes due to wave
setup and surfbeat are negligible at all nodes.

(k) Determine H1=3;j and Hmax;j using the final values of pi;j.

Goda (1975) created figures for the bottom slope (S¼ 1/10, 1/20,

1/30, and 1/100) and deep-water wave steepness (H
0
0=L0¼ 0.002,

0.005, 0.01, 0.02, 0.04, and 0.08) to facilitate the determination of

the DEWH (H1=3 and HmaxÞ for a given value of H
0
0. Each figure

delineates a unique relationship between the EDWH and DEWH for
a givenwave period and bottom slope. Thus, we can also obtain the
EDWH for a given SWH by the reverse application of Goda's method
utilizing a numerical trial-and-error procedure.

As mentioned above, Goda's method is strongly based on
Shuto's (1974) approximate formula for nonlinear wave shoaling,
which was derived from the cnoidal wave theory. This formula was
examined by several authors including Sakai and Battjes (1980),
and Walker and Headland (1982). Here, its accuracy is checked
again using the energy flux relationship of the stream function
theory (Rienecker and Fenton, 1981), which is well known to be
applicable to both shallow and deep-water waves. For two test

wave conditions with different values of wave stiffness (H
0
o=Lo), the

wave shoaling coefficients were calculated using Shuto's formula,
the stream function theory, and the linear theory. The results are
compared in Figs. 3 and 4. In the figures, the results obtained using
the stream function theory are shown only for some limited range
of relative water depth due to the constraint given by the maximal
value (0.83322) of the ratio of wave height/water depth (Fenton,
1990). The values obtained using Shuto's formula are highly
compatible with those obtained using the stream function theory.

Fig. 2. Variation in the probability density function of wave height with the change in
water depth (Hm: mean wave height corresponding to H

0
0): T¼ 12 s, H

0
0= Lo ¼ 0.047,

and S¼ 1/100.
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However, both results show much bigger values than their linear
counterpart as the relative water depth decreases. This implies that
the result of Goda's method can be significantly different depend-
ing on whether linear or nonlinear shoaling coefficient is used in
the determination of shallow water wave height. This will be
clarified further in the next section.

3.2. New procedure for the use of Goda's method

Some design practices, including the estimation of wave

breaking depth and height, require only H
0
0 (Sorensen, 1993), while

others such as the design of caisson wall breakwater require the
DEWH (H1=3 or Hmax) at the structural position (Goda, 1985, p. 115).
The values of the DEWH can be obtained easily fromGoda's original
method based on nonlinear wave deformations for the corre-

sponding H
0
0 and S. However, the determination of the DEWH for a

given SWH (HS) should consist of two different processes, as shown

in Fig. 5; the first process (SEAWARD) obtains H
0
0 from HS, and the

second process (LANDWARD) obtains the DEWH from H
0
0. Both

SEAWARD and LANDWARD can be performed using Goda's original
method. In particular, SEAWARD can be implemented easily by a
computer program using a numerical technique such as the bi-
sectional method (Burden and Faires, 1985) with the trial values

of H
0
0. It can be easily misperceived that HS always equals H1=3.

However, they can differ depending onwhich type of 2D numerical
wave propagation model was used to calculate HS.

Several types of 2D wave propagation models have been
developed for the numerical determination of the SWH at the
structural position. These models can be largely categorized into
linear and nonlinear models. Because the waves approaching the
shore are nonlinear, the nonlinear models are likely to be more
realistic. However, they have inherent problems related to calcu-
lation time and numerical stability, although their performances
have been continuously enhanced. Thus, the use of linear models is
generally preferred in real design practices.

In principle, nonlinear 2D models consider all nonlinear effects,
including nonlinear shoaling, wave setup, and even surfbeat. As
Goda's original method also considers these nonlinear effects, the
results of nonlinear 2D models rather than linear models should
better correlate with Goda's results. Both the SEAWARD and
LANDWARD processes shown in Fig. 5 can be performed following
Goda's original method. In this case, H1=3 should be the same as Hs.
Conversely, when a linear 2D model is used, caution must be
exercisedwhen using Goda's method since nonlinear effects are not
included in the results of the linear propagation model. In this case,
the SEAWARD process must follow the linear process, while the
LANDWARD process must still retain the nonlinear process to yield
a more realistic result; finally, this yields an H1=3 value different
from HS. However, at present these dual processes cannot be
implemented with a manual trial-and-error procedure since Goda
(1975) did not develop any figures or formulas for the linear
processes.

The present study extends Goda's original method to accom-
modate 2D linear models by including linear shoaling and
excluding wave setup and surfbeat. In this linear version, the
nonlinear shoaling coefficient determined by Shuto (1974) is simply
replaced with the shoaling coefficient determined by linear wave
theory. A selective calculation is performed to demonstrate the
difference between the linear and nonlinear versions and the
DEWH results (H1=3 and Hmax) are shown in Figs. 6 and 7, respec-
tively. The curves of the nonlinear version coincide well with the
original by Goda (1975), and similar agreements could also be

ascertained for different S and H
0
0=L0 values. From the figures, we

can see that the nonlinear version generates higher wave heights
compared with the linear version owing to the nonlinear wave
shoaling on the sloping bottom.

Figs. 6 and 7 also include the results based on the approximate
formulas given by Goda (1975). In the linear version, the approxi-
mate formulas are calculated using the linear shoaling coefficient.
The results show that the approximate formulas in the nonlinear
version yield very similar results to the exact values. However, in
the linear version, the approximate values are quite different from
the exact values, especially to the left of the peaks, yielding similar

Fig. 3. Comparison of wave shoaling coefficients (H
0
o=Lo ¼ 0:002Þ.

Fig. 4. Comparison of wave shoaling coefficients (H
0
o=Lo ¼ 0:01Þ.

Fig. 5. Process of determining H
0
0, H1=3, and Hmax for a given HS .

H. Kang et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 168e177 171



results to the nonlinear version. This is to be expected since the
approximate formulas were derived using values determined by
the nonlinear versions which also included wave setup and surf-
beat. Consequently, the use of the approximate formulas is not
recommended for the linear version. The exact values of the linear
version are produced here, following Goda's original method. They

are presented in Appendix A for all S and H
0
0=L0 values in Goda

(1975) and additionally for S ¼ 1=50.

3.3. Checking the compatibility of Goda's method and 2D numerical
wave propagation models

As mentioned in the previous section, Goda's original method
based on nonlinear wave deformations produces a higher wave
height variation along the bottom slope compared to its linear
counterpart. This is quite natural and is to be expected since
nonlinear shoaling can cause larger wave height amplification
along a slope compared with linear shoaling. It can be reasonably
regarded that this tendency remains valid even in a general 2D
wave propagation.

A comparative study was carried out to check the compatibility
of Goda's methods (linear and nonlinear versions) and 2D numer-
ical wave propagation models in a real sea area, as shown in Fig. 8.
Here, SWAN (Holthuijsen, 1993) and BOUSS-2D (Nwogu, 1993)
were chosen as the representative linear and nonlinear models,
respectively, and the same offshore boundary wave conditions
were applied (provisionary wave height and period of 10.4m and
13.8 s, respectively, propagating to the north with a JONSWAP

spectrum). All empirical parameters in the models, including those
related to wave breaking, were set as to their default values. Two
different transect lines (Line-1 and Line-2) were considered here to
extract wave height variations along the lines from the 2D wave

Fig. 6. Comparison of H1=3 wave heights in nonlinear (Non) and linear (Lin) versions (S
¼ 1/30 and H

0
0=L0 ¼ 0.005).

Fig. 7. Comparison of Hmax in nonlinear (Non) and linear (Lin) versions (S ¼ 1/30 and
H

0
0=L0 ¼ 0.005).

Fig. 8. A 2D calculation domain and its depth contour for the application of 2D nu-
merical wave propagation models (two transect lines along which wave height vari-
ations are to be extracted and a fictitious 1D wave flume for demonstrating Goda's
method are also depicted).
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height distributions calculated by the models. The results along the
transect lines are shown in Figs. 9 and 10, respectively. In Fig. 9, the
nonlinear result is generally greater than the linear result. A smaller
wave height on the left edge of the line is attributed to artificial
wave damping which simulates partial reflection of lateral
boundaries. We can also see from Fig. 10 that the nonlinear result
exceeded the linear result considerably in the shallow-water zone
less than 20m deep, although both linear and nonlinear results are
quite similar in relatively deep water. Gorrell (2011) also demon-
strated in a field study that the observedwave heights are generally
higher than the predicted values by the SWAN model in shallow
water zones.

The 2Dwave propagationmodels thus showa similar qualitative
tendency to Goda's methods (linear and nonlinear versions) such
that the nonlinear results exceed the linear ones for the wave
height variation on a sloping bottom. The next key issue is how
Goda's methods (linear and nonlinear versions) are quantitatively
compatible with the 2D wave propagation models. However, it is
not possible to quantitatively compare the 2D models with Goda's
methods which are 1D in nature. Instead, a sample calculation was
conducted on the fictitious 1D flume shown in Fig. 8 by applying
Goda's methods and 1D versions of the wave propagation models
used in the aforementioned 2D calculations. A value of the EDWH
was determined by a SEAWARD process with the linear version of
Goda's method for the SWH of 8.8m calculated by SWAN at the
intersection of the flume and Line-1, and was used as an offshore
boundary condition of the flume. The results are shown in Fig. 11. It
remains clear that the result of the nonlinear calculation exceeds
that of the linear calculation in Goda's methods and the numerical
models, but that the difference is more significant in the numerical
models. The Bouss1D's result is very close to that of Goda's
nonlinear version [Goda (Non)], while the SWAN1D's result is

slightly smaller than the linear version [Goda (Lin)]. In the SWAN
model, the wave breaking is fairly sensitive to the ratio of wave
height and water depth. Even increasing the ratio from the present
default value of 0.73 to McCowan's (1891) solitary wave limit of
0.78 resulted in similar results of SWAN1D and Goda (Lin).

It is clear that the quantitative resemblance between Goda's
methods and the numerical wave propagation models can vary
according to the numerical wavemodels used in the 2D calculation.
However, this comparative study showed a compatibility of Goda's
methods and common numerical wave propagation models for
both qualitative and quantitative resemblances within a reasonable
range. Thismaywell justify the validity of the dual processes shown
in Fig. 5. On the other hand, we can see that the difference between
the linear and nonlinear versions of Goda's method is very small in
this particular example. Thus, even the direct use of the nonlinear
version, regardless of which wave propagation model (linear or
nonlinear) is used in 2D calculation, may not produce a significant
error. However, there are numerous other cases in which the error
may be significant, depending on the SWH, wave period, water
depth and bottom slope at the structural position. This aspect is
clarified further in the following section.

3.4. Assessment of the errors caused by misused procedures

Exemplary calculations were undertaken to assess the errors
due to misuse of the methods contained in the SEAWARD and
LANDWARD processes. Three different methods were considered,
as shown in Table 2. Method 1 carries out both the SEAWARD and

Fig. 9. Wave height variation along Line-1.

Fig. 10. Wave height variation along Line-2.

Fig. 11. Comparison of the wave heights by Goda's methods and the 1D numerical
wave propagation models along the fictitious 1D wave flume depicted in Fig. 6.
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LANDWAD processes following Goda's nonlinear version, while
Method 2 utilizes Goda's linear version in the SEAWARD process
and retains the nonlinear version in the LANDWARD process.
Method 3 was set to yield only the unrefracted deep-water wave
height (Shore Protection Manual, 1984) under the assumption of no
wave breaking. This one was included to assess the possible error
frequently produced by the erroneous design practice utilized in
Korea. Three different SWH conditions were chosen, as shown in
Table 3. These wave conditions generally cover the range of
shallow-water design waves of coastal or harbor structures such as
breakwaters and sea walls. Here, all of the HS values were assumed
to be provided by a 2D linear propagation model.

Methods 1 and 2 were applied for all wave conditions to

determine H
0
0, H1=3, and Hmax. Method 3 was used to calculate only

H
0
0. The results are shown in Table 4.
Using the values in Table 4, the relative errors were calculated

using Eq. (8) based on the results of Method 2, which were
considered to be the most accurate in this particular example.

Errorð%Þ¼Hmethod i � Hmethod 2
Hmethod 2

�100 ; i¼1 and 3 (8)

Figs. 12e14 show the results of the calculations of Method 1. The
relative errors show negative values up to �20% in all cases. This

indicates that Method 1 generally yields lower values of H
0
0, H1=3,

and Hmax compared with Method 2. Furthermore, the relative error
increases with decreasing h. These results require special attention
since the SEAWARD and LANDWARD processes using Goda's
nonlinear version for the results of 2D linear propagation models
can lead to significant under-design, especially for structures
placed at shallower water depths. The relative errors of H1=3 and
Hmax also exhibit a tendency to increase as the bottom slope in-
creases. This means that the possibility of under-design is relatively
small in breakwaters normally installed in relatively deep areas
with mild slopes, as for the example of Fig. 8. However, the possi-
bility of under-design of the seawalls increases drastically as they
are installed in shallower areas with steeper bottom slopes.

The relative errors of Method 3 based on the concept of unre-
fracted deep-water wave height were calculated and are presented
in Fig. 15. The results are similar to those of Fig. 12; the negative
relative errors increase with decreasing water depth and increasing
bottom slope. However, they appear considerably larger compared
with those of Method 1. Thus, the erroneous substitution of an
equivalent deep-water wave height with the unrefracted deep-
water wave height can cause considerable design errors leading
to the under-design of a structure.

4. Discussion

Many sophisticated numerical wave propagation models have
been developed. Many models are generally capable of capturing
most 2D wave propagation processes, such as refraction, shoaling,
diffraction and wave breaking. The employment of a specific model
depends on the magnitude of the area that the model is applied to.
In a qualitative sense, linear models including spectral models are
more applicable to large areas while nonlinear models like the
Boussinesq equation model are applied to relatively small areas,
mainly due to the computation time required. The linear models
can thus be used to easily calculate wave propagation over a large
area within a relatively short time. However, they cannot provide
accurate values of wave heights at a structural position in shallow
water zone since they cannot inherently reproduce nonlinear wave
shoaling. Furthermore, in the surf zone, the Rayleigh distribution
cannot be applied to calculate Hmax using the significant wave
height (H1=3 or Hmo) determined by the linear wave model.

Contrary to the linear models, the nonlinear wave models have
the capability to calculate nonlinear shoaling as well as wave setup
and surfbeat. Using the time series of wave profile produced by a
time dependent nonlinear model, we can obtain any representative
wave heights at an arbitrary point including H1=3 and Hmax. At the
present, however, the currently used nonlinear models are gener-
ally limited to a relatively small area due to their long computation
time. A nesting technique may be considered to combine the
nonlinear model to a linear model which can cover a larger area.
However, the accurate transfer of wave information along the
nesting boundaries between the two different models is still
dubious.

If the nonlinear wave model could provide accurate information
regarding the design wave at the structural position, the present
attempt to combine the wave propagation model and Goda's
method would be essentially redundant. Some Europe-based
design codes, including the Rock Manual (CIRIA et al., 2007) and
EurOtop (2016) manual directly use the wave information at the
structural toe position in estimating wave run-up or overtopping
instead of using EDWH. However, besides the problems inherent to
the direct determination of the design wave conditions using
nonlinear wave models, this approach cannot be applied to any
continuously sloped structures without a clearly defined toe, as for
the beach slope. In addition, it is very difficult to correlate the
calculated 2D wave information at the toe to the hydraulic perfor-
mances likewave run-up or overtopping, asmentioned in Section 1.

The hydraulic performances can vary depending on the asym-
metry and skewness of the incoming wave profile (Abreu et al.,
2010; Isobe and Horikawa, 1982; Elfrink et al., 2006), which relies
on the foreshore slope in front of the structures. However, this
aspect has not been included in any of the prediction formulas of
wave run-up and overtopping in the EurOtop (2016) manual. It is
rather inconsistent that the ANN (Artificial Neural Network) in the
manual incorporated the foreshore slope in the input data array.
This kind of inconsistency can also be found in the Rock Manual
(CIRIA et al., 2007). The well-known formula of Van der Meer
(1988) for determining the weight of armor blocks did not
include the effect of foreshore slope, while the formula of Van Gent
et al. (2003) incorporated the concept of EDWH. However, Goda's
method of irregular wave deformations was described in both
manuals. In fact, Van der Meer (1990) and Battjes and Groenendijk
(2000) performed similar numerical analyses on the irregular wave
deformations on sloped bottom as Goda (1975) did. It is somewhat
strange that their Europe oriented design manuals have evolved to
such a state that they utilize only the wave height at the structural
position (strictly at the toe). On the other hand, Goda (2009)

Table 2
Demonstration of the methods for determining H

0
0, H1=3, and Hmax.

Methods SEAWARD (HS / H
0
0) LANDWARD (H1=3, Hmax ) H

0
0)

1 Nonlinear: Goda (1975) Nonlinear: Goda (1975), H1=3 ¼ HS

2 Linear: figures in Appendix A Nonlinear: Goda (1975), H1=3sHS

3 H
0
0 ¼ HS=Ks H1=3 ¼ HS

Table 3
Calculation conditions for demonstrating the methods in Table 2. All of the SWH and
HS values are assumed to be provided by a 2D linear wave propagation model.

Case S (V/H) h(m) T(s) Hs(m)

1 1/10, 1/20, 1/30, 1/50, 1/70, 1/100 20 12 10
2 1/10, 1/20, 1/30, 1/50, 1/70, 1/100 10 12 6
3 1/10, 1/20, 1/30, 1/50, 1/70, 1/100 5 12 3
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validated his method with the CLASH datasets, which have been an
important database of the present EurOtop manual.

Therefore, the hydraulic performances of coastal or harbor
structures can vary depending on the wave height at the structural
position as well as the wave profile, both of which are strongly
dependent on the foreshore slope and EDWH. Hence, at the present
it is yet to be determined whether the only use of the wave height
at the structural position will always ensure a precise structural
design. It will require further researches before the role of the

EDWH is completely replaced with the wave information at the
structural position which is directly obtained through any numer-
ical wave propagation models. The important thing is that the
EDWH still appears in the Korean Port Design Standard (2017),
Coastal Engineering Manual (2002), and newly revised Japanese
Port Design Standard (2007) based on a probabilistic design.

One more thing to be discussed here is about the uniqueness of
the breaking (or broken) wave for an arbitrary unbroken incoming
wave. The new procedure proposed here is based on the

Table 4
Calculation Results obtained using the methods in Table 2 for the cases in Table 3.

Method 1 Method 2 Method 3

Bottom slope Bottom slope Bottom slope

1/10 1/20 1/30 1/50 1/70 1/100 1/10 1/20 1/30 1/50 1/70 1/100 1/10 1/20 1/30 1/50 1/70 1/100

Case 1 h: 20m H
0
0

10.50 10.79 11.14 11.65 11.96 12.23 10.65 10.96 11.35 11.93 12.30 12.62 10.60 10.60 10.60 10.60 10.60 10.60

T: 12 s H1=3 10.00 10.00 10.00 10.00 10.00 10.00 10.15 10.13 10.12 10.12 10.12 10.12
Hs: 10m Hmax 17.47 15.65 14.83 14.19 13.94 13.77 17.63 15.71 14.87 14.22 13.98 13.81

Case 2 h: 10m H
0
0

5.32 5.59 5.96 6.66 7.20 7.75 5.78 6.10 6.58 7.57 8.52 9.90 5.75 5.75 5.75 5.75 5.75 5.75

T: 12 s H1=3 6.00 6.00 6.00 6.00 6.00 6.00 6.57 6.36 6.25 6.19 6.18 6.20
Hs: 6m Hmax 10.39 8.98 8.42 8.03 7.90 7.82 10.88 9.10 8.50 8.12 8.01 7.98

Case 3 h: 5m H
0
0

2.11 2.16 2.25 2.40 2.50 2.59 2.51 2.58 2.70 2.90 3.04 3.18 2.50 2.50 2.50 2.50 2.50 2.50

T: 12 s H1=3 3.00 3.00 3.00 3.00 3.00 3.00 3.68 3.42 3.29 3.20 3.17 3.15
Hs: 3m Hmax 5.31 4.69 4.40 4.18 4.10 4.04 5.96 4.84 4.49 4.26 4.17 4.12

Fig. 12. Relative error of Method 1 based on Method 2 for H
0
0.

Fig. 13. Relative error of Method 1 based on Method 2 for H1=3.

Fig. 14. Relative error of Method 1 based on Method 2 for Hmax.

Fig. 15. Relative error of Method 3 based on Method 2 for H
0
0.
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assumption that we can trace back to the incoming wave with the
information of the breaking or broken wave. This assumption is
only valid when a unique relationship exists between the incoming
wave and its resulting breaking or broken wave. In a sense, the
wave breaking may seem like a random process, and therefore it is
possible for the breaking or broken wave to have multiple wave
heights even for a fixed incoming wave height. Figs. A1eA5 in the
Appendix A show the variations in wave height along the bottom
slope; however, the unique relationships between the incoming
and breaking waves appear to be well maintained even though
their differences decreasewith the decrease inwater depth. Besides
Goda's method, the existing energy flux models (Southgate, 1995;
Dally and Dean, 1985) also show this tendency of uniqueness. The
energy dissipation during the wave breaking process is propor-
tional to the incoming wave height; therefore, the hierarchy of
incoming wave height is retained in the resulting breaking or
broken waves. In the hydraulic jump in the open channel, often
referred to as an analogy with the wave breaking, the upstream and
downstream water depths have a unique relationship between
them, imposed by the mass, momentum, and energy balance
principles of the flow. It is reasonable to consider that a unique
relationship between the upstream and downstream wave heights
can be found in the wave breaking process. A more rigorous proof
may be needed, but it is not included here since it is beyond the
scope of the present study.

5. Conclusions

The SWH is a primary design factor that is required to be esti-
mated accurately for the stability design of coastal or harbor
structures. It is normally estimated by applying a 2D numerical
wave propagation model to deep-water design wave conditions
based on long-term wind data (wave hindcasting). However, the
hydraulic characteristics, such as wave forces and wave over-
topping, are normally analyzed using existing experimental
formulae or values based on an EDWH. Therefore, the correct
estimation of EDWH with the given information of SWH is very
important in the optimal design of the structures. However, there
have not been any unified method to correctly estimate the EDWH.
It has been the case that many design practices have taken an
erroneous EDWH estimation even though a highly sophisticated 2D
numerical model is used to determine the SWH, and Korea is not an
exception. The present study reexamined the physical relationship
between the SWH and EDWH, and a new procedure is proposed to
facilitate the correct estimation of EDWH. This procedure utilizes
two different processes: SEAWARD and LANDWARD. The SEAWARD
process determines the EDWH from the SWH, and the LANDWARD
process determines the DEWH (the significant or maximal wave
height at the structural position) from the predetermined EDWH.
The detailed conclusions are as follows;

- Goda's original method is based on nonlinear shoaling and in-
cludes the effects of wave setup and surfbeat. Hence, if the SWH
is estimated by a nonlinear 2D wave propagation model, Goda's
nonlinear version can be used in both the SEAWARD and
LANDWARD processes without any modifications.

- If a linear 2D propagation model is used, the SEAWARD process
may produce better results with linear shoaling and without
wave setup and surfbeat. However, Goda's nonlinear version
should be applied in the LANDWARD process since it will
reproduce more realistic wave propagations. Goda's original
method was extended here to include linear shoaling, excluding
wave setup and surfbeat. The values of the linear version were
provided here for all conditions of the bottom slope and deep-
water wave steepness covered in Goda's original work.

- A comparative study was carried out to demonstrate the quali-
tative and quantitative compatibility of Goda's methods and a
few selected well-known 2D numerical wave propagation
models. They consistently showed that the nonlinear version
exceeded the linear version in the wave height distribution re-
sults in the shallow-water zone. The 1D calculation using Goda's
method and the propagation models also showed that the
methods generally show a quantitative resemblance within a
reasonable range in both the linear and nonlinear calculations,
justifying the procedure recommended by the present study.

- Exemplary calculations were performed to assess the possible
errors caused by employing erroneous procedures to calculate
the wave heights. The results show that the application of
Goda's curves of the nonlinear version to an SWH obtained by a
linear 2Dwave propagationmodel can cause errors of up to 20%,
depending on the water depth at the structure and the bottom
slope. These errors may require special attention in design
practice because they can easily lead to the under-design of
structures.
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