CHAPTER 260

Wind-Induced Waves and Currents
in a Nearshore Zone

Nobuhiro Matsunagal, Misao Hashida? and Hiroshi Kawakami3

Abstract

Characteristics of waves and currents induced when a strong wind
blows shoreward in a nearshore zone have been investigated
experimentally.  The drag coefficient of wavy surface has been related
to the ratio usa/cp, where uxa is the air friction velocity on the water
surface and c¢p the phase velocity of the predominant wind waves.
Though the relation between the frequencies of the predominant waves
and fetch is very similar to that for deep water, the fetch-relation of the
wave energy is a little complicated because of the wave shoaling and the
wave breaking. The dependence of the energy spectra on the
frequency f changes from f-5 to f-3 in the high frequency region with
increase of the wind velocity. A strong onshore drift current forms
along a thin layer near the water surface and the compensating offshore
current is induced under this layer. As the wind velocity increases, the
offshore current velocity increases and becomes much larger than the
wave-induced mass transport velocity which is calculated from Longuet-
Higgins' theoretical solution.

1. Introduction

When a nearshore zone is under swell weather conditions, the
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Fig.1 Sketch of sediment transport process in a nearshore zone
under a storm.

sediment transport process depends strongly on the wave-induced mass
transport velocity. The process is relatively slow. On the other
hand, a large amount of sediment is suspended and transported under a
storm.  The transport process under storm weather conditions is very
different from that under swell weather conditions. Shepard (1950)
observed the change of beach profiles along Scripps Pier, La Jalla,
Carifornia.  He revealed that a beach profile with longshore bars forms
under storm weather conditions and a profile with pronounced berms
develops under swell weather conditions. The former has been
referred to as the winter profile, and the latter as the summer profile.
Komer (1976) claims the use of terms 'storm profile' and 'swell profile’
to be preferable.

Many researchers (e.g., Johnson (1949), Rector (1954), Iwagaki
and Noda (1963)) investigated seasonal variations of beach profiles and
obtained a critical wave steepness at which they change from the storm
profile to the swell one.  In their studies, the steepness of storm waves
was regarded as the most important factor to determine the beach
profile. However, it seems to be difficult to explain the sediment
transport process under storm weather conditions without considering
the wind effect.  In the case when a strong wind blows shoreward, a
strong onshore wind-driven current forms along a thin layer near the
water surface, and the compensating offshore current along the bed (see
figure 1). The offshore current may transport a large amount of
sediment seaward because the concentration of suspended sediment
increases to the seabed. After a storm, in fact, we can often see a
beach being eroded remarkably and floating matters such as seaweeds
and pieces of wood being cast ashore.

In this study, waves and currents formed in a nearshore zone
under storm weather conditions have been investigated experimentally
in order to understand the wind effect on the onshore-offshore sediment
transport.
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Fig.2 Experimental apparatus.

2. Experimental set-up

Experiments were carried out by using a water tank equipped with
an inhalation-type wind tunnel. ~ Figure 2 shows a schematic diagram
of the experimental apparatus.  The tank was 32 m long, 0.6 m wide
and 0.94 m high. A sloping bed was attached to the end of the tank as
a beach model. Its gradient was fixed at 1/30. The mean water
depth was 0.3 m at the horizontal bed section. Wind waves were
generated by the shoreward wind.  Measurements of the wind velocity,
wave height and wind-induced current velocity were made at positions 1

to 5. The distance from the intake of the wind to Position 1 was 11 m.
The intervals between the adjacent measuring positions were 2.0 m.
Positions 1 and 2 were in the horizontal bed section and positions 3 to 5
on the sloping bed. The wind velocity was measured by using a
propeller-type current meter.  In the wave height measurements, two
capacitance-type wave gauges were used in order to obtain the phase
velocity. They were set 28 cm away. The wave signals were
digitized at the intervals of 1/50 s and 16,384 data were sampled.
Horizontal and vertical components of the wind-induced currents were
obtained by using an electromagnetic current meter. The sampling
rate of the velocity signals was 1/20 s and the number of sampled data
was 2,048.

Table 1 shows the wind parameters and the wave ones. Five
tests in all were carried out by varing the wind velocity.  The cross-
sectionally averaged wind velocity Um was varied from 7.60 m/s to 21.8
m/s.  Fis the fetch and 4 the mean water depth. ~ The air friction
velocity on the wavy surface is denoted by uss and the mean wind
velocity at a 10 m height by Uyp.  H is the mean wave height.  The
periods, lengths and phase velocities of predominant waves are
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Table 1 Experimental parameters.

Un(@i)| Pos. | Fm) | hlcm) |wdms) | Uno(mis)] Hom) | T46) | Lm) | chmh) | Bem?) | wales | Co | U
1 1.0 | 300 | 0335 | 108 | 220 | 0467 | 0400 | 0.856 | 0.688 | 0.391 |9.45E-4| 0.130
2 | 130 | 300 | 0259 | 104 | 243 | 0467 | 0.417 | 0.893 | 0.836 | 0290 |6.20B-4 | 0.157
7.60 3 150 | 250 | 0274 | 104 | 263 | 0474 | 0433 | 0914 | 0977 | 0300 |694E-4| 0316
4 7170 | 184 | 0238 | 107 | 283 | 0515 | 0493 | 0956 | 117 | 0249 |495B-4| 1.0
5 17190 | 119 | 0294 | 111 | 299 | 0535 | 0483 | 0.903 | 126 | 0326 |7.02E-4| 414
1 110 | 304 | 0682 | 181 | 468 | 0585 | 0.637 | 100 | 288 | 0.626 |1.42E-3| 0.676
2 | 130 | 202 | 0568 | 173 | 506 | 0595 | 0.685 | 115 | 331 | 0494 |1.08E-3| 0862
116 | 3 | 150 | 252 | 0723 | 191 | 530 | 0658 | 0743 | 113 | 3.53 | 0640 |1.44E-3| 1.83
4 7170 | 187 | 0823 | 206 | 533 | 0662 | 0834 | 126 | 359 | 0.653 |1.60E-3| 5.67
5 190 | 124 | 0658 | 190 | 446 | 0699 | 0741 | 106 | 2.57 | 0.621 |1.19E-3| 12.8
1 110 | 299 | 118 | 264 | 558 | 0.662 | 0768 | 116 | 401 | 1.02 |2008-3| 123
2 | 130 | 301 | 129 | 280 | 641 | 0714 | 0971 | 136 | 507 | 0949 |210E-3| 222
155 | 3 | 150 | 255 | 119 | 273 | 655 | 0709 | 0851 | 120 | 526 | 0.992 |1.91E-3| 2.86
4 170 [T193 | 132 | 291 | 611 | 0746 | 0896 | 120 | 486 | 1.10 |206E-3| 6.82
s | 190 | 134 | 149 | 311 | 455 | 0775 | 0791 | 102 | 301 | 146 |230E3] 118
1 110 | 285 | 110 | 200 | 605 | 0699 | 0881 | 126 | 471 | 0.873 |145E-3| 203
2 | 130 | 300 | 163 | 348 | 639 | 0719 | 0.971 | 135 | 545 | 121 |220E-3| 223
189 | 3 | 150 | 256 | 182 | 369 | 669 | 0746 | 0955 | 128 | 606 | 142 |2.44E-3| 3.64
4 170 | 196 | 210 | 403 | 587 | 0787 | 100 | 127 | 495 | 165 |2.72E3| 780
5 | 190 | 140 | 257 | 456 | 481 | 0840 | 0830 | 0988 | 343 | 2.60 |3.19E-3| 121
1 1.0 | 278 | 199 | 394 | 630 | 0719 | 0971 | 135 | 538 | 147 |2.548-3| 276
2 130 | 281 | 204 | 433 | 649 | 0741 | 102 | 138 | 592 | 148 |221E3| 304
218 | 3 | 150 | 241 | 202 | 429 | 691 | 0794 | 104 | 131 | 641 | 154 |221E3| 534
4 | 170 | 182 | 219 | 451 | 576 | 0794 | 102 | 128 | 464 | 171 |236E-3| 9.94
5 | 7190 | 135 | 240 | 459 | 419 | 0885 | 104 | 118 | 300 | 203 |2728-3] 184

represented by Tp, Ly and cp, respectively. E denotes the total wave
energy. The drag coefficient Cp, is defined by (#+/U1g)2, and U: is an
Ursell parameter defined by HLpZ/h3.

3. Experimental results and discussion

3.1 Drag coefficient of wavy surface

Vertical profiles of the mean wind velocity U in the case of Un =
15.5 m/s are shown in figure 3, where z is the vertical coordinate taken
upward from the mean water level.  Though the wind velocity near the
ceiling of the wind tunnel decreases due to the boundary layer, a
logarithmic profile is formed near the water surface. ~ The wind set-up
increases the wind velocity and the velocity gradient near the water
surface in the leeward direction. ~ The values of ux were calculated by
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Fig.3 Vertical profiles of mean wind velocity.

fitting the logarithmic law

_ Ura z
U= - In P 6))

to the wind velocity profiles, where k (= 0.4) is von Karman's constant.
It is read from table 1 that the values of ux increase with increase of Um
and with increase of F.  The drag coefficient Cp is defined by

Co= ((‘; )2 @

10

The relation between Cp and Uiy has been investigated until now by
many researchers. Some of the empirical expressions and our
experimental data are shown in figure 4. The data include ones
obtained through other experiments in which the wind blew on swells
made by a wavemaker. Though the Ujs-dependence for the wind
waves is different from that for the swell and wind waves, the data
approach gradually to Kondo's empirical curve when Uy = 25 m/s.
Some of our data are under the values to which the empirical curves
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Fig.5 Relation between Cp and u+a/cp.
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approach with increase of Ujy.  The validity of these data remains to be

proved.
The relation of Cp and Ujy has been investigated from the
standpoint of practicality. However, if we try to obtain a universal

form for Cp, relations between Cp and dimensionless parameters should
be examined.  Figure 5 shows a relation between Cpand usa/cp. The
solid line is drawn by the least-square fit method. = The discrepancy
between the data for the wind waves and ones for the swell and wind
waves becomes much smaller than that shown in figure 4.  Increasing
linearly with uxa/cp When uxa/cp < 1, Cp becomes constant for a large
value of u+a/cp.

3.2 Wind waves in shallow water

It is well-known that the energy of wind waves in deep water and
the periods of the predominant wind waves increase with increase of u+a
and F.  The empirical fetch-relations proposed by Mitsuyasu (1968)
are

gE 1/2

0.504
£ = 131x107 (f_F) 3)
and
wafy _ 1 00l EF -0.330 @
g umz

where fp = 27/Tp. As read from table 1, the values of Tp in shallow
water increase with increase of F but the values of E do not increase
monotonically with F because of the wave breaking. We can also read
that the increase of F corresponds to that of Ur. It means that the wind
waves progress into a shallow region with increase of F.  If equations
(3) and (4) are rewritten by using the wave energy Eg and the frequency
fro at a standard point,

L: £1.008
; Eg Fo) ©)
an
I&= ,E_-O'SSO
pr (FO) (6)

are obtained, where Fj is fetch at the standard point.  Equations (5) and
(6) give the increasing rate of the wave energy to E, and the decreasing
rate of the predominant wave frequency to fpo, respectively. The
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values of E/E, are plotted against F/F in figure 6, where the fetch to the
breaking point is selected as Fy.  The breaking point of the wind waves
is defined as a position at which E becomes maximum. The solid line
expresses the relation given by equation (5).  The dashed line is the
best fit curve based on the data.  In the offshore side from the breaking
point (F/Fy < 1), the increasing rate of E is a little larger than that in
deep water. It may be caused by the wave shoaling. = On the other
hand, in the onshore side (F/Fy > 1), the increasing rate decreases
rapidly with fetch because of the wave breaking.  Figure 7 shows the
relation between f» /foand F/Fy.  The data collapse well onto the curve
given by equation (6). It means that the decreasing rate of f, in
shallow water agrees well with that in deep water.

Figure 8 shows energy spectra ¢ (f) of wind waves measured at
Position 2.  The total energy increases with increase of Um because no
wave breaking occurs at Position 2.  The values of ¢ (f») become large
with the Um-increase and the values of f, become small. These are the
same features as in deep water waves.  The f-dependence of ¢ ( f) in
the high frequency region changes from f-5 to f-3 as the wind velocity
increases.  The spectral form in an equilibrium region is given by

¢ (f) OC g% uwal-a f=3°¢ (7)

with the aid of a dimensional analysis, where g is the gravity
acceleration and o an arbitrary constant.  In the case when the effect of
the gravity is much larger than the wind effect, a takes 2. At that time,
¢ (f) is proportional to f-5 in the high frequency region.  On the other
hand, as the wind velocity increases, it can be guessed that the effect of
the gravity becomes small and ¢ (f) oc f-3 in the limit. These
dimensional considerations are supported by the results shown in figure
8.

Figure 9 shows the energy spectra of wind waves at positions 1 to
5. It is seen that the energy of the predominant waves decays
remarkably due to the wave breaking.

3.3 Wind-induced currents

Figures 10 (a) to (e) show vertical profiles of wind-induced
currents.  Here, u is the horizontal component of the current velocity
and the negative value indicates that the current is offshore. The
vertical axis z is normalized using the local water depth 2.  Offshore
wind-induced currents are formed in the range of -1.0 < z/h < -0.1.
This suggests that an onshore strong current is generated in a thin layer
near the water surface. As a natural result, the offshore currents
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Fig.11 Normalized vertical profiles of wind-induced currents.

become stronger as usa increases and as the water depth decreases.

In figures 11 (a) to (d), the values of u are normalized by using the
water friction velocity usv calculated from (0s/ow)V2usa.  Here pa and
Pw are the densities of air and water, respectively. ~ The values of u/u«w
at positions 1 and 2 are expressed approximately by the solid line (see
figure 11 (a)). It may be due to that the wind-induced currents on a
horizontal bed are uniform in the flow direction and the current velocity
increases in proportion to uxs.  The maximum velocity of the offshore
currents takes about 1.5uw at z/h = -0.3.  Figures 11 (b) to (d) show
the normalized vertical profiles for positions 3 to 5, respectively.  The
solid lines in these figures are the one drawn in figure 11 (a). It is
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difficult to express universally the vertical profiles on the sloping bed by
using u«w and &, because even if u» is uniform in the leeward direction,
the water depth variation makes the offshore currents accelerate.  In
fact, the values of u/usw increase in the leeward direction.

Dimensionless velocity profiles of the wind-induced currents at
Position 2 and the wave-induced currents are compared in figures 12 (a)
to (e). The wave-induced velocity is estimated by using Longuet-
Higgins' theoretical solution (Longuet-Higgins (1953)) and the measured
values at Position 2. The theoretical results are drawn by the solid
lines. The wave amplitude a, frequency o and wave number £ are
given by H/2, 24Ty and 2Ly, respectively.  From these figures, it is
seen that the wind-induced currents become much larger than the wave-
induced currents as the values of usw increase.  This suggests that the
wind effect on the sediment transport under storm weather conditions is
very important rather than the increase of wave steepness.

4. Conclusions

In this study, the caracteristics of waves and currents formed in a
nearshore zone under storm weather conditions have been investigated
experimentally.  The obtained main results are as follows.

1) The drag coefficient of wavy surface Cp is related to u«s/cp.  The
values of Cp increase monotonically with increase of uxa/cp but
become constant for a large value of u+a/cp.

2) In the offshore side from the breaking point, the increasing rate of the
total wave energy in shallow water is a little larger than that in deep
water because of the wave shoaling. = However, the increasing rate
reduces remarkably in the onshore side from the breaking point due to
the wave breaking. The decreasing rate of the predominant wave
frequency in shallow water agree well with that in deep water.

3) The wind-induced current velocity increases with the wind velocity
and becomes much larger than the wave-induced current velocity.
Therefore, the wind effect is very important in the sediment transport
process under storm weather conditions.
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