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Wave characteristics changes under a strong
tidal current influence

Im Sang OH and Yoo Yin Kim*

Abstract: It is well known that a strong current influences a wave field in several ways,
such as frequency shift, amplitude changes. In the present study, we reexamined the influ-
ences of current on a wave field in a theoretical point of view in the first half of this paper.
In the next half, we compared the observed wave heights with the computed wave heights
with tidal currents. We also compared the computed wave spectra with tidal currents and
those wihout tidal currents. The wave measurements are conducted at the Maldo Island
from Nov. 7to Nov. 10, 1990, which is located in the west coastal area of Korea. For the
computations, Shallow Water Wave model (SWW model : OH et al., 1990) was used.

In the typical range of tidal currents and elevation of the Maldo area, the influence of tidal
currents on waves 1s large than that of tidal elevations, i.e., water depth changes of the
ranges. For the area, the observed wave heights show considerable differences from those
with current. The difference may be larger in some areas with stronger tidal currents. The
model calculations show 7-12% difference in the wave energy spectra with and without cur-

rents in the shallow water wave model.

1. Introduction

A wave field in some area can be strongly
influenced by steady or variable currents if the
currents of the area are strong. In those areas,
the current should be considered in estimating
the wave energy. The Yellow Sea is an area of
this kind.

There are several ways that a horizontal cur-
rent can modify surface gravity waves. One way
of modifications is to wavelength. A current
can locally stretch or shrink features in a wave
train. This wave train distortion produces a
“Doppler shift” in wave period. Another way is
to wave orthogonals. Wave orthogonal is a line
perpendicular to the local wave crest direction.
In this study the wave refraction due to tidal
currents is not considered since the wave refrac-
tion due to tidal currents is generally much
smaller than that due to water depth variations.

Another type of modification occurs also in
the pressure field accompanying waves. This
change can be an appreciable source of error in
measuring wave heights or periods if an existing
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current is not accounted for. In particular, a sig-
nificant error can sometimes arise if bottom
pressure measurements are used to determine
surface wave heights and lengths.

The studies of wave-current interaction, in
particular the influence of currents on waves,
have been done extensively in the past decades
(Interested readers refer to PuiLrLips (1969),
PEREGRINE (1976) and THoMmAs (1981) for their
detailed and comprehensive reviews of waves on
currents). The followings are the brief reviews
of the studies.

A significant theoretical advance of wave-
current interaction was achieved by LONGUET-
HigGiNs and STEwART (1960, 1961), who intro-
duced the concept of radiation stress. A year
later, WurrHAM (1962) introduced so-called
Whitham’s method which uses the averaged
Lagrangian and the concept of wave action.
PaiLLips (1969) formulated a wave spectral
transformation on currents theoretically in
water of finite depth, and showed that the spec-
tral energy density in the wavenumber space is
constant following a wave group.

HuaNG et al. (1972) showed the relative
changes of spectral energy (#) under different
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current conditions to the Kitaigorodskii-
Pierson-Moskowitz frequency spectrum (¢ ) as
the basic spectral form for zero current condi-
tion (Fig. 1).

The interaction between wind-generated sur-
face waves and tidal currents (VINCENT, 1979),
the effect of tidal currents on the velocity spec-
trum (LAMBRAKOS, 1981), and the influences of
unsteady currents on wind wave propagation on
the scale of shelf scale (ToLMAN, 1990) are also
studied. ToLMAN showed that a wave height
modulation is up to 50 % with a period of ap-
proximately 12 hours in the Southern North Sea
(Fig. 2). Numerical method (WANG and YANG,
1981) and laboratory experiments (LAI et al.,
1989) are also applied to the study of current ef-
fects.

In the present study, we reexamined the influ-
ence of strong currents on a wave field. At the
same time, we measured the wave heights and
tidal currents at the Maldo from Nov. 7 to Nov.
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Fig. 8. Location of the experimental site (point x),
Maldo area and the depth contours of the Yel-
low Sea.

10, 1990 (See Fig. 3 for the location and bottom
contours of the Maldo area). The wave fields
for the period are simulated by using Shallow
Water Wave model (SWW model: OH et al.,
1990). The computed wave heights with consid-
ering tidal currents are compared with the ob-
served ones. The computed wave spectra with
and without tidal currents are also compared in
order to estimate the order of magnitudes of the
influence of currents on wave field.

2. Theoretical considerations
a. Steadiness of Tidal Current

It is necessary to have a clear appreciation of
the relative magnitude of time and length scales
for both the waves and the currents for a better
understanding of their interactions. A large-
scale current, such as a tidal current, might be
an example which varies very little, say, no
more than a few percent over a distance of one
wavelength, L, or over a time of one wave pe-
riod, T.

Waves, however, propagate over a tidal cur-
rent for a considerably long time. Then the
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variability of the current must be accounted.
The critical period of a current, the semidirunal
tide, for example, can be estimated as

Tc:|Umaxi/laU/at|max (1)

when the tidal current U(t) = Umax sin(w t) is
assumed. Here, Unax and @ are the maximum
speed and the tidal frequency, respectively. Con-
sidering the tidal component M: for the Maldo
area, we get T.= 2 hour. Thus, if waves are
propagating over the tidal currents for more
than two hours, the unsteadiness of the current
needs to be considered, and if a propagation
time is less than 7. the tidal current can be con-
sidered as a steady current.

b. Effect of the Presence of Current on Wave
Field
If a wave train is propagating in a medium
moving with velocity U (u, v, x, t), the fre-
quency of waves passing a fixed point, apparent
frequency w, is given by

w=kUG&, )+ 0k, b @)

where o is the intrinsic frequency whose func-
tional dependence on wave number & and water
depth & is known as the dispersion relation. If
the nonlinear dynamic interaction is neglected,
the dispersion relation is of the form:

0 *=gk tanh(kh) €)

where g is the gravity, k= |k |. From (3) we
have the relative wave phase speed Co as

Co=[(g/k) tanh (kh)]"* ©))
and the absolute phase speed C, is given by
C.=Cot+U (5)

If the water depth A, intrinsic frequency ¢, and
the current speed and direction of U are known,
we can calculate the wave number of no current
by (3) and apparent frequency « by (2), and
then the wave number under current influence
can be determined as follows.

w = [gktanh(kh) ]+ uk cos 6 +vksin 6
6

where u, v are component currents in x- and y-
direction, respectively, and 6 is the angle be-
tween the wave-ray and x-axis.

~¢. Combined Effects of Current and Water

Depth on Wave Field

The changes of wave lengths, phase speeds and
Doppler frequencies for variable water depths
are shown in Fig. 4 for each effective tidal cur-
rent speed giving influence to the wind waves.
The positive tidal current speed means that the
current flows in the same direction as the waves
do, i.e., co-current. For this computation, we
used the combined form of dispersion relations
of (2) and (8). The figure shows that the wave
length, phase velocity, and Doppler frequency
with co-currents are larger than those with
counter-currents. In general, the influence of
counter-currents on waves is larger than that of
co-currents as we expected.

It is worthwhile to note that if we consider
the typical ranges of tidal currents and eleva-
tions for the study area are 1.5 m/s and 5 m, re-
spectively, the influence of tidal currents on
waves 1s larger than that of tidal elevations,
i.e., water depth changes of the ranges.

Fig. 5 shows the relations between the appar-
ent frequency w and wave number k. When there
1s no current, k.1, k.2, and k.s are the wave num-
bers for constant water depths, A1, h., and hs, re-
spectively. w,is the frequency of no current. If
there exists a flow U which is against the wave
propagation direction, U can be considered as a
slope for the linear equation for k. Thus, the left
hand side of the equation will be a line whose
slope is U and its cross section is wo in -k
plane. The values ki, k2, and ks at which the line
crosses the curves of constant depths hi, k., and
hs, respectively, are the wave numbers, and ® is
the frequency in common for the wave numbers.

If there exists an opposing current, two solu-
tions for k can be found. These solutions con-
verse to kc as U increases. The wave number k. is
called as a critical wave number. The frequency
W is a critical frequency at the critical wave
number k..

In the range of wave number bigger than the
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Fig. 4. Variations of wave length, phase velocity
and Doppler effect depending upon water
depth and effective current speed changes.

critical wave number k., when the flow U in-
creases, the solutions for k and the correspond-
ing frequency decrease to k. and w., thus, the
wave lengths and period increase. In the wave
number range smaller than Ak, the solution and
corresponding frequency increases to converge
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Fig. 5. Wave number and frequency relationship
with opposing current.
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Fig. 6. Wave number and frequency relationship
with following current.

to kcand w.. The wave lengths and the period de-
crease. In this range, the changing rate of wave
number increases as the current increases and as
the water depth decreases.

Fig. 6 shows the w-£ solution for the case of
co-current, in which the direction of wave propa-
gation is identical to the current. In this case,
since the solution for % and the corresponding
frequency are always smaller than those of no-
current, the wave lengths and period become
longer. The changing rate of the wave numbers
increases as the water depth decreases.

3. Comparisons of spectra with and without

currents

In order to investigate the influences on wind
waves due to tide, we measured wave heights
and tidal currents at the Maldo area (See Fig.3)
for the period of Nov. 7 to Nov. 10, 1991. The
instrument used for the measurements is a
multi-functional pressure type gauge which can
measure wave heights, tides and their current di-
rections and speeds. It was moored at the sea
bottom of 20 m depth.

Wind speeds and tidal currents during the
measurement period for the whole Yellow Sea
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are simulated. Using these wind and tidal cur-
rent data wave heights are calculated by the
Shallow Water Wave model (SWW model: On
et al., 1990). In the following two subsections,
the models are briefly explained.

a. Shallow Water Wave model

In shallow water, the wave train will have new
experiences such as strong tidal currents with
rapid variations of water depth, bottom fric-
tion, refraction, shoaling, and wave breaking.
The present SWW model includes those effects in
calculations. We chose this model because it has
been applied to the present study area success-
fully (OH et al, 1990). The model uses a prefix-
ed grid system and a finite difference method
with a jumped technique. It has 208 component
waves : 13 classes of wave period and 16 classes
of propagation direction. It utilizes HASSEL-
MANN (1960)’s idea. According to him, the de-
velopment of an angular spectral density E (T,
0, x,y, t) can be described by the following re-
lation,

dE(T, 6, x, y, t)

i =S(T,0, x, y, t) M

where S is a source function for the wave field,
and 7, t and 6 are wave period, time and wave
propagation direction, respectively. Since the
group velocity and the propagation direction
change as the energy of each component wave
moves, the energy equation should be expressed
as,

dE
dt
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We converted this into an equation which can be
used for the computations of wave energy along
a wave ray. If we assume the wave period is
conserved, the energy balance equation becomes

dE 6E+6EdS+6Ed9
dt 8t ds dt 00 dt

:Sin+sds+sbf )]
where the source function of the right hand side

consists of Si, energy input from wind field,
Sus, energy loss due to viscosity and breaking,

and Spy, energy dissipation due to bottom fric-
tion. For the energy input, the formula which is
used by GELcI and DeviLLaz (1975) in their
DSA-5 wave model, is utilized in the present
study. The energy loss due to viscosity is consid-
ered by assuming the eddy viscosity coefficient
is proportional to the total wave energy. The
total time derivative of the wave energy of a
component wave, Er g, 1s

dEz e

at =]—AEr s ao

where the energy input due to wind, / is

= IICWTZ(VMV/g 27)* 2cs<9 )
component
dT d(6 — ¢), an
and
A=18X107°F ¢t 12

Here, W is the wind speed in knot, ¢ the wind
direction, and FEi: is the sum of all the
componental waves.

Energy dissipation due to bottom friction is
also considered by utilizing CorLrins (1972)
model. The bottom frictional energy dissipation
is assumed to be proportional to the mean water

particle velocity and to the frequency-
directional spectrum. S, 1s
Sy =Cra(T,h) (V) E(T,0) as)

where C; is the bottom friction coefficient,
a (T,h)=gkC,/ (27 0'cosh®kh), C, the group
velocity, and (V) is the ensemble average of a
water particle velocity of water depth A.

Wave breaking due to water depth is included
by using a simple formula by Youna (1988) as

E max=0.0355 A’ (14)

The E max is the maximum possible total energy
at a computational grid point. If the total en-
ergy is greater than Emax, then the excess energy
is drained from the longer wavelength compo-
nent first.

The computation is conducted in the following
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served and the computed wave heights (lower)
for the Maldo from Nov. 7 to Nov. 10, 1990.

order by using the former step’s result as an
input

dE _ _OE ds
[[[[dt —-Sin+sds:|i+sbf]ii 08 dt]iii
_GEdo
el (15)

More detailed descriptions may be found in OH
et al.(1990).

Precalculated tidal currents were used in the
model by equation (6). New frequency was cal-
culated for all the wave components at each grid
point (i, ).

w ;= [gkij tanh(k,»j h,-)] ‘/2+ui,- k,j CcOs 7] ij
+u,k;sin @ (16)

The SWW model runs on the assumption that
wind velocities and tidal currents are consistent

olh/g}tsz

20%
0%

Tos 5%

20%

U/[ghli’z
Fig. 8. Relative errors in surface wave amplitude
calculated from bottom pressures due to ne-
glect of a current component parallel with the
wave direction (PERIGRINE, 1976).

for 3 hours. The tidal constituent M. which is
dominant in the Yellow Sea is the only compo-
nent considered for the tidal current computa-
tions.

b. Sea Surface Wind Model and Tidal Current

Model

The sea surface wind model used in the present
study is the one which was developed by BoNG et
al. (1987, 1988, 1989, 1990). The model is based
on CARDONE (1969, 1978). According to him, at
the upper limit of the Ekman layer the wind ve-
locity becomes the geostrophic wind, and in sur-
face layer the wind velocity has a logarithmic
profile and it vanishes at the surface. The model
is a finite difference model which utilizes itera-
tive technique for solution. In order to run the
model, the pressure distributions of 12-hour in-
terval weather charts for the period of wave
measurement at the Maldo (Nov. 7-Nov. 10,
1991) were read, and they were interpolated to
make 3-hour interval data. The sea level pres-
sure and land surface temperature were also
read from the same weather charts, and
monthly mean sea surface temperatures were
used for this period. The irregular data such as
air pressure, air temperature, etc., were rear-
ranged to a regular grid field by using an objec-
tive analysis technique (BARNSE, 1964).

A modified tidal current model from FLA-
THER and HEAPS (1975) was used to obtain tidal
current fields for the measurement period. The
tidal model is a finite difference depth-averaged
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Fig.9. Computed wave height contours with counter-directional tidal current (a) for the area near the
Maldo, and without tidal current (b) at near the peak time of the measured wave energy.

model. For the open boundaries, the tidal
phases and elevations of OGUrA (1933, See
CHot, 1980) were used. From this model, 3-hour
interval tidal currents and elevations of the M,
component are obtained for the present wave-
current interaction calculations.

c. Comparisons of waves with and without cur-
rents

The computed 3-hour interval winds and tidal
currents from the SSW model and tidal current
model were supplied to run the SWW model in
order to see the effects of tidal currents on wind
wave field. We ran the SWW model more than
144 hours.

The upper part of Fig.7 shows computed wind
speeds over the Maldo area for the whole meas-
urement period (Nov. 7 to Nov. 10, 1990). The
lower part of Fig. 7 shows the observed and
computed wave heights for the period. The time
series of the wind speed and wave heights show
a good agreement in a general tendency. Consid-
erable discrepancy between the observed and cal-
culated wave heights as much as 65 cm, however,
appeared at the 90th hour. This discrepancy may
be due to the deviation of the pressure measure-
ments at the sea bottom in the presence of

current from those of no-wind (See JONSSON et
al., 1970; DRAPER, 1957; PERIGRINE, 1976). Fol-
lowing is Perigrine’s derivation. If a Fourier
component of a pressure fluctuation at a bot-
tom z= —h has amplitude p(w), then the corre-
sponding surface amplitude component is

alw)=p(w)cosh(kh)/pg an

The maximum errors will clearly occur when
wave direction is parallel or antiparallel to a
current. He also derived the following relation-
ship: the ratio of the corrected amplitude a. to
the computed amplitude a:

ax _ cosh(r)

a: cosh(q) (18

where q and r are kh for the case of no-current
and that for the case of current speed U, respec-
tively. Fig. 8 shows the relative error (a:—a.)
/a1 It is easy to find from the figure that ad-
verse currents have greater effects.

The computed wave height distribution with
counter-current is shown in Fig. 9(a) and that
without tidal current in Fig. 9(b) at nearly the
time of energy peak when the SWW model ran
for 117 hours. The area where we have interests
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Fig. 10. Computed wave height contours with co-directional tidal current (a) for the area near the
Maldo, and without tidal current (b) at nearly the peak time of the measured wave energy.

is the sea around the Maldo Island. We chose a
moment when the directions of dominant tidal
current and wind are the same as the direction
of the significant wave propagation. The area
which has wave height of 3.0 m or higher is wid-
ened when current effect is included. The general
pattern, however, is similar in both cases.

The computed wave height distribution with
co-current is shown in Fig. 10(a) and that with-
out tidal current in Fig. 10(b) at nearly the time
of energy peak. Similarly to Fig. 9., the area
where the wave height is 2.9 m or higher 1s wid-
ened in the southwest of the Korean Peninsula
when current effect is included. But, the area of
2.7 m or higher waveheight is shrinked. The gen-
eral patterns for the both cases, however, are
similar.

Fig. 11 shows the directional spectra of wave
energy at the Maldo with co-currents (a) and
without tidal currents (b). We notice that the
dominant direction of wave is not changed but
the concentration of wave energy with co-
current is much more effective than that with
no-current. Fig.11(c) shows their frequency
spectra. We also see the differences in spectral
density of wave energy at peak frequency. Fig.
12 shows the directional spectra of wave energy

at the Maldo with counter-currents (a) and
without tidal currents (b), and frequency spec-
trum (c). Similarly to Fig. 11, the dominant
direction of wave is not changed but the concen-
tration of wave energy with counter-current is
much more effective than that with no-current.
We also see the considerable differences in spec-
tral density of wave enrgy at peak frequency.
Comparing the energy density spectra with co-
and counter- currents, we could easily find that
there exists more significant difference in the
case of counter-current. From this, we can find
that the wave height with tidal currents shows
7-12 % difference from the wave height without
considering tidal currents.

4. Summary
The influences of steady current on a wave
field are reexamined in a theoretical point of
view in the first half of this paper. In the next
half, we compared the observed wave heights
with the computed wave heights with tidal cur-
rents. The Shallow Water Wave model is used
for the computations. We also compared the
wave spectra with and without tidal currents.
The results are summarized as follows.
i) Wave fields are influenced by the current
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Fig. 11. Directional energy spectrum with counter-directional tidal current (a), spectum without
tides (b), and frequency spectrum (c) of the Maldo area at nearly the peak time of the measured

wave energy.

direction as well as magnitude. The direction
and magnitude of tidal current of the Yellow
Sea change in the time scale of the order of an
hour; thus the wave field should be influenced by
the current variations.

i) In the typical range of tidal currents and ele-
vation of the Maldo area, the influence of tidal
currents on waves is larger than that of tidal
elevations, i.e., water depth changes of the
ranges.

iii) If there exists an opposing current to the
wave propagation, two different wave groups
can be excited. The wave numbers of the two
group converges to the critical wave number as

the current increases.

iv) If the current direction agrees with the wave
direction, only one wave group is excited and the
wave number and corresponding frequency are
always smaller than those of no-current.

v) For the Maldo area, the computed spectra
with tidal currents are considerably different
from those without currents. The differences
may be larger in some areas where tidal currents
are strong.

vi) The energy density spectra with counter-
currents, compared with those of no-currents,
show more significant differences than the spec-
tra with co-currents.
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vii) Model calculations show 7-12% difference
in the wave heights with and without currents in
the model.
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