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Review of Transformation of Wave Spectra Due to
Depth and Current
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Abstract (1 An attempt is made to assemble and synthesize recent publications which may contribute
to our capability for understanding the transformation of wave spectra in finite-depth water or in
the presence of current. This review is limited essentially to the effects of shoaling and current on
one-dimensional trnasformation of wave spectra and examining the adequacy of the approximation
of irregular waves by a monochromatic wave in modeling of wave transformation in coastal areas.
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1. INTRODUCTION

Accurate estimation of design wave condition is
essential for both economical and safe design of
coastal structures. Long term wave data at the loca-
tion of interest are needed to properly estimate the
design wave condition for a given return period.
More often than not, however, the location where
the wave data are available is different from the
location at which the design wave condition is desi-
red. It then becomes necessary, using the available
wave data, to somehow estimate the wave condition
at deeper water from which the wave condition at
the desired location can be calculated. If no such
wave data are available, wave hindcasts are often
made. In both cases it is necessary for a coastal
engineer to calculate the transformation of waves
from one depth to another to obtain the design
wave condition at a given location.

The actual wave field in the sea is irregular. Due
to its simplicity. however, previous coastal engineers
have approximated the irregular wave field by a
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monochromatic wave and calculated its transforma-
tion in the area of interest. This assumption implies
that the characteristics of the transformed monoch-
romatic wave at a given location are not substantia-
lly different from those calculated by the transfor-
mation of the full-wave spectrum. Sometimes the
random directional wave is assumed as the super-
position of numerous monochromatic waves of dif-
ferent frequency. direction and phase, and the tran-
sformation of each of these is calculated separately
to obtain the combined wave at any location by
superposing the transformed monochromatic waves
{see Chae and Song, 1986: and Panchang er al,
1990, among others).

Recently, along with the development of three-di-
mensional wavemakers capable of generating ran-
dom directional waves in a basin, the increased ca-
pacity of large computers and improved numerical
modeling algorithms, and the development of in-site
equipments for measurement and analysis of ran-
dom directional waves, some experimental and nu-
merical works have been reported for the transfor-
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mation of irregular waves in coastal areas or in
wave basins with bathymetric change. In this paper,
we review some of these works with emphasis on
the problems associated with the widely used exis-
ting methods for calculating wave transformation
in coastal areas for the purpose of raising some
questions and proposing desirable directions if pos-
sible. This paper deals with two different subjects.
In the first part, the effects of shoaling and current
on the change of wave spectra are discussed. The
second part deals with the problems associated with
the approximation of irregular waves by a monoch-
romatic wave in modeling the transformation of
waves in coastal areas.

2. EFFECT OF SHOALING ON
WAVE SPECTRUM

The unrefracted shoaling of a monochromatic
wave train can be calculated using linear wave
theory as

H.=H,/ (C:"‘ (1)
g2

in which C, is the wave group velocity, and the
subscripts, 1 and 2, denote the locations of different
depths. This linear wave shoaling relationship. gi-
ving slight decrease of wave height in the interme-
diate depth and monotonous increase after that

when waves propagate from deep water to shallow
water, has been shown to provide reasonable esti-
mates for monochromatic waves generated in labo-
ratory wave tanks. Guza and Thornton (1980) have
used this relationship for calculating the transfor-
mation of wave spectra at a California beach by
describing the local sea-surface elevation as the su-
perposition of numerous independent sinusoids.
showing that the significant wave heights calculated
by the linear theory generally agree with the measu-
red data for depths greater than about 3m. The
calculated significant wave heights increase mono-
tonically from 10 m depth to about 1 m depth. They
also found that between 2 and 3 m depth the linear
theory overpredicts the wave height, even though
the visually observed breakpoint was generally bet-
ween 1 and 2m depth.
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Fig. 1. Shoaling of significant wave heights calculated by
linear theory and shallow-water TMA spectrum
(after Hughes and Miller (1987)).

On the other hand, starting from the TMA spect-
rum (see Bouws et al (1985) and Hughes (1984)),
an equilibrium spectrum in finite-depth water, Hu-
ghes and Miller (1987) have proposed a simple rela-
tionship for calculating the significant wave heights
of wave spectra shoaled in a finite-depth region:

L, )3/4 %)

Hmu 1= Hmol(
L,

in which H,, is the energy-based significant wave
height determined as four times the square root of
the area under the energy spectrum, L, is the wave
length associated with the spectral peak frequency
from the linear dispersion relationship. and again
the subscripts. 1 and 2, refer to the locations of
different depths. The above TMA shoaling relation-
ship, differing from the linear wave theory. gives
monotonous decrease of wave height from deep wa-
ter to shallow water as shown in Fig. 1. The TMA
shoaling relationship has been proved to perform
better than the linear wave theory for locally gene-
rated wind seas and laboratory waves for high ene-
rgy conditions by Vincent (1984) and Hughes and
Miller (1987). For low-steepness swell waves of lo-
nger wave periods, however, Hughes and Miller
found that the TMA shoaling relationship underp-
redicts the measured data. Turning back to the field
experiment of Guza and Thornton (1980), the dis-
parity between the computed and the measured
wave heights in the region between 2 and 3 m depth
may bec attributed to the failure of lincar theory
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due to the saturation of wave energy in that region.

Conclusively, caution should be made in choo-
sing the method for calculating transformation of
wave spectra in shallow water depending on whe-
ther they are saturated to reach the equilibrium state
or not. Linear theory may give reasonable estimates
for the transformation of unsaturated wave spectra,
whereas the TMA spectrum should be used for sa-
turated wave spectra. It is noticeable that the design
wave conditon is usually associated with the high
energy conditions such as typhoon or hurricane in
which the wave spectrum is saturated to reach an
equilibrium  state.

3. EFFECT OF CURRENT ON
WAVE SPECTRUM

Ignoring energy dissipation due to wave breaking
or botton friction, it is commonly known that when
waves encounter a following current the wave height
and length decreases and increases, respectively, due
to the stretching effect, and the reverse occurs for
an opposing current. However, when the bottom
roughness increases so that the energy dissipation
due to wave-current interacting flow is significant,
wave heights often increase when waves are propa-
gating on a following current, and, conversly, they
decrease in the presence of an opposing current.
These phenomena, looking anomalous at first sight,
have been shown to occur by the laboratory experi-
ments of Kemp and Simons (1982 and 1983) and
Simons e al (1988), who found that attenuation
rates go down if waves propagate with a following
current, but that attenuation increases when waves
move onto an opposing current. Simons et al addi-
tionally proposed a simple method to express the
attenuation rates in terms of a wave-current friction
factor. Similar results have been reported by the
laboratory experiment of Brevik and Aas (1980) and
in the field measurement in Chesapeake Bay by
Boon er al (1990).

In deep water where the effect of bottom on sur-
face gravity waves is negligible, wave attenuation
is governed mainly by wave breaking near water
surface, known as white capping. There have been
a number of studies for dealing with the change

of deep-water wave spectrum due to the presence
of current. Ignoring wave breaking and using the
energy balance (Huang et al, 1972) or the conserva-
tion of wave action (Hedges e al, 1985), it has been
shown that the wave spectrum, S{w,, U), under the
influence of current, is related to S.(w,), the spect-
rum in quiscent water without current, as

So(wa)

(1+ Vo, )z(H_zUu),)
24 g

S(w., U)= ©)

in which g is the gravitational acceleration, U is
the vertically uniform current velocity in the direc-
tion of wave propagation, and the apparent angular
frequency, ®, in the stationary frame of reference
is related to the intrinsic wave frequency, w, in the
frame of reference moving with the current by

w,=w,+kU C)]

where k=wl/g is wavenumber.

When waves propagate onto an opposing current,
their growth may be limited by the breaking pro-
cess. The upper limit to the wave spectrum has been
given by Headges (1981). by the use of Phillips’
(1980) equilibrium range constraint, as follows:

1+

SERH((Dm U): (1):2 o

Bg 2Uw, ) ‘ )
in which the subscript, ER, refers to the equilibrium
range, and B is the equilibrium range constant
found to be between 0.008 and 0.015 in the absence
of current. Hedges er al (1985) have experimentally
shown that the above relationship can successfully
predict the spectral energy density in the equilib-
rium range of wave spectra.

Again by reexamining and extending the Phillips®
equilibrium range concept in deep water, Kitaigord-
skii et al (1975) have proposed an expression for
the equilibrium range of wave spectra in water of
finite depth and in the presence of current, which
later provided the theoretical basis for the develop-
ment of the TMA shallow-water spectrum of Bouws
et al. (1985). In the limit of deep water, their expres-
sion retaining only the linear term for unidirectional
waves can be written as
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Fig. 2. Change of a Pierson-Moskowitz spectrum due to
an opposing current.

? 3Uw,
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Comparing this with Eq. (5) given by Hedges

(1981), at first sight, one may think that these two
expressions will give results opponent each cther
because of the exponent. —1, in Eq. (5). However,
it should be noted that in Eq. (6) w, is used in
places of o, in Eq. (5}

In Fig. 2, the changes of a Pierson-Moskowitz
spectrum corresponding to U,py=20m/sec and B=
0.008 due to an opposing current of —2m/sec, cal-
culated by Egs. (3) to (6), are presented. Whenever
Sery OF Sere Was less than the value calculated by
Eq. (3), the former was applied for the calculation
of the spectral energy density in the equilibrium
range. When the effect of wave breaking is ignored,
the energy density in the presence of opposing cur-
rent increases in the entire frequency range compa-
red with the zero-current case. For the following
current, of course, the energy density will decrease.
In the equilibrium range of high frequency. the
energy density significantly decreases due to wave
breaking. The energy density in the equilibrium ra-
nge calculated by Eq. (6) (Kitaigordskii et al, short-
dashed line in Fig. 2) is somewhat less than that
of Hedges (long-dashed line), though being very
close each other.

4. APPROXIMATION OF IRREGULAR
WAVES BY A MONOCHROMATIC
WAVE

Often an irregular wave field in the offshore area
is approximated by a monochromatic wave of rep-
resentative height, period, and direction. The trans-
formation of the monochromatic wave due to such
important phenomena as refraction and diffraction
is then calculated to determine the corresponding
wave parameters in the shallow water. This appro-
ximation implies that the characteristics of the tran-
sformed monochromatic wave at a given location
are not substantially different from those calculated
by the transformation of the full-wave spectrum. A
number of numerical models has been developed
to calculate the transformation of a monochromatic
wave. These include the development of the mild-
slope equation by Berkhoff (1972), its parabolic ap-
proximation (Radder, 1979; Kirby and Dalrymple,
1983; Liu and Tsay, 1984), its change to the form
of a hyperbolic system (Copeland. 1985; Madsen
and Larsen, 1987), angular spectrum models (Dalry-
mple and Kirby, 1988; Dalrymple er al, 1989; Suh
et al, 1990), and models solving the mild-slope
equation by different methods (Ebersole, 1985; Pan-
change er al, 1987).

Even though these numerical models have been
shown to be extremely useful in modeling the tran-
sformation of monochromatic waves in a wide va-
riety of situations. it has been questionable how ac-
curately the wave parameters calculated by the mo-
represent

nochromatic-wave approximation can

~ those of real random waves. Goda (1985) has shown

that there can be substantial differences in both
wave height and period between the monochroma-
tic-wave approximation and the spectral calculation
when they are applied to the simulation of wave
refraction over a submerged shoal or wave diffac-
tion behind breakwaters.

In order to learn more about this difference, Vin-
cent and Briggs (1989) have performed hydraulic
model experiments for the transformation of both
monochromatic and directionally-spread irregular
waves passing over an elliptic shoal resting on a
flat bottom which later have been used by Pan-
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Fig. 3. Comparison of normalized wave heights of mono-
chromatic and irregular waves: (a) monochromatic,
(b) irregular (after Vincent and Briggs (1989)).

chang er al. (1990) and Suh and Dalrymple (1992)
to compare with the predictions of a parabolic
equation model and an angular spectrum model,
respectively. They used the TMA shallow-water spe-
ctrum as the target frequency spectrum and a wrap-
ped normal function (Borgman, 1984) as the direc-
tional spreading function. They tested a number of
cascs of various combination of total energy and
peakedness of frequency spectrum and directionat
spreading function. The wave height of the mono-
chromatic wave was taken as H,,/y/2 or H,,. and
the corresponding wave period was taken as the
period at the peak of the frequency spectrum.
The contour plots in Fig. 3 shows a comparison
of normalized (with respect to the incident wave
height) wave heights of the monochromatic and di-
rectionally-spreading irregular waves in the vicinity
of the elliptic shoal (designated by dashed lines).
Waves propagate from left to right in the figures.
The monochromatic-wave approximation gives
much stronger wave focusing behind the shoal than
the directionally-spreading irregular waves. The si-
milar results have been obtained by the numerical

models of Panchang et ol (1990) and Suh and Dal-
rymple (1992). Vincent and Briggs (1989) stated that
in terms of the normalized wave height the mono-
chromatic waves deviate by as much as 50 to over
100% from irregular waves for typical spectral sha-
pes and directional spreads.

5. CONCLUSION

An attempt has been made to assemble and syn-
thesize recent publications which may contribute
to our capability for understanding the transforma-
tion of wave spectra in finite-depth water or in the
presence of current. This review has been limited
essentially to the effects of shoaling and current on
one-dimensional transforamtion of wave spectra and
examining the adequacy of the approximation of
irregular waves by a monochromatic wave in mode-
ling of wave transformation in coastal areas. Conve-
ntional approaches such as linear theory and mo-
nochromatic-wave approximation may give erro-
neous results in some circumstances. Further studies
will require combined efforts of coastal engineers
and oceanographers in numerical and hydraulic
modeling together with comprehensive field experi-
ments.
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