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AN  EXPERIMENTAL STUDY ON  WIND WAVES 

AND  LOW  FREQUENCY OSICILLATIONS 

OF WATER SURFACE 

By Toshiyuki BANDOU*, Hisashi MITSUYAsu+ and Tadao KusABAt 

The spectral form of wind-induced oscillations of water surface is investigated in 
a wind-wave tank for wide frequency range. The spectral form of wind waves is 
fitted to the JONSWAP spectrum, and spectral parameters a, r, and a are deter-
mined. The result shows that the present data satisfy approximately universal 
relations between the spectral parameters and the dimensionless fetch or the dimen-
sionless frequency, which have been obtained from the wind and wave data in the 
ocean. In a low frequency region (0.02}玉<J<0.3fm,fm: spectral peak frequency), an 
equilibrium spectrum is observed, which is represented approximately as ([)(/)=AX 
F0'(A is a parameter which increases with the diminsionless fetch). Many spikes 
are observed in the low frequency side of the spectrum measured near the upwind end 
of the tank, which are attributed to the longitudinal seiche and lateral seiche. 

key words : Wind-wave spectrum, Wind-induced seiche 

1. Introduction 

When the wind blows over still water surface in a closed basin, the water 

oscillations with various time scales are generated. Well known oscillations are 

seiche, surf beat, wind waves, capillary waves, etc. 

Great many experimental studies have been done for dominant part of the 

wind wave spectrum and various spectral forms have been proposed; 

PIERSON-MOSKOWITZ SPECTRUM') for fully developed wave spectrum and 

JONSW AP SPECTRUM2l for fetch-limitted wave spectrum. 

Recently, Mitsuyasu et al (1980)3l determined empirical relations between 

the spectral parameters of the JONSW AP spectrum and the dimensionless fetch 

(or the dimensionless peak frequency) by using the ocean wave data. However, 
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it has not been clear whether or not such relations are satisfied for laboratory 

wave spectra. 
In contrast to great many studies on the spectrum of wind waves, studies on 
the spectrum of wind-induced oscillations in a low frequency region are quite 
few. Therefore, the purpose of the present study is firstly to clarify the relations 

between the spectral parameters of wind waves and the demensionless fetch or 
the dimensionless peak frequency, and secondly to study the structure of the 
spectrum of low frequency oscillations generated by the wind. 
For that purpose, we obtained the long records of stationary wind-generated 

oscillations of water surface to measure the power spectrum of wide frequency 
range with high frequency resolution and high degree of freedom. The measured 
power spectra are divided into two regions, low frequency region and dominant 

frequency region of wind waves, and spectral form in each frequency region is 
investigated in detail. 

2. Experiment 

2.1. Equipment and procedure 

The experiment was carried out in a wind wave channel 0.8 m high, 0.6 m 
wide and with a usual test-section length of 14.58 m. Water depth in the channel 

was kept at 0.39 m. 
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Fig. 1 Schematic diagram of wind wave channel (unit in m). 

Figure 1 shows the arrangement of the equipment. Eight wave gauges 
(capacitance type) were installed at measuring stations No. 1, No. 2,...., No. 8. 
The corresponding fetch of each station is as follows ; 

Station No. 1 2 3 4 5 6 7 8 
Fetch(cm) 52 252 452 652 752 812 952 1,052 

Wind speed Ur in the channel was changed in turn as Ur= 5.0, 7.5, 10.0, 12.5, 
15.0 (m/ s). Here Ur is the wind speed measured with a Pitot static tube at 20 
cm above the transition plate (see Fig. 1), and Ur corresponds approximately to 
a cross sectional mean speed in a test section. Waves were generated in the test 
section by wind of a prescribed speed. After the time when wind waves have 

attained a stationary state the surface elevation 刀(t) was measured 

simultaneously at eight stations for 90 minutes for Ur=5.0, 7.5, 12.5, 15 m/ sand 
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180 minutes for Ur= 10.0 m/s. The data were recorded on a FM data recorder. 
2.2. Analysis of wave data 
Records of surface elevation 7J (t) were digitized firstly at a sampling 
frequency of 200 Hz by using a high speed A-to-D converter. After applying a 
numerical filter of five line moving average to the data, the data were sampled 
at 40 Hz by skipping every five data. Finally the data is divided into subsamples, 
each of which contains 16384 data. 
Frequency spectra of water surface fluctuations 7J (t) were obtained through 
FFT method. After taking a sample mean of the spectra, triangular spectral 
filter was applied to them at each measuring points. 
The conditions of the data analysis are summarized as follows : 
Sampling frequency of the data ; 40 Hz, 
Nyquist frequency of the spectrum ; 20 Hz, 
Data length {per one sample) ; 409.5 sec, 
Data point (per one sample) ; 16384, 
Number of samples; 12 samples (Ur=5.0, 7.5, 12.5, 15.0 m/ s) and 21 samples 
(Ur=lO.O m/ s), 
Spectral analysis; FFT method, 
The lowest frequency ; 2.44 x 10-a Hz, 
Elementary frequency bandwidth ; 2.44 x 1炉 Hz,
Spectral filter ; moving average of successive five line spectra {/ < 1.0 Hz), and 
thirty-one line spectra (1.0 Hz</く20Hz) with triangular filter. 
Frequency resolution of the spectrum; 1.10 x 10―2 (/ < 1.0 Hz) and 5.86 x 10―2 (1.0 
Hz</<20 Hz), 
Equivalent degrees of feedom; 108 {/<LO Hz) and 576 (1.0 Hz</く20Hz) for 
the data Ur=5.0, 7.5, 12.5, 15.0 m/ s, 189 (/<LO Hz) and 1008 (1.0 Hz<／く20
Hz) for the data Ur=lO.O m/ s. 
2.3. Analysis of wind data 
The wind profile over water surface was measured at each wave measuring 
stations by using a standard Pitot-tube and a G5ttingen-type manometer. 
Almost every wind profiles near the water surface followed a logarithmic 
distribution ; 

U(z)＝竺Xln旦ー
X Zo 

， (1) 

where U(z) is the wind velocity at an elevation z over the mean water level, 
u* is the friction velicity of the wind, x is the von Karman constant, and z。is
the roughness parameter. The friction velocity u* and the roughness parameter 
z。weredetermined by fitting the logarithmic profile (1) to the measured wind 
profiles near the water surface. The measured values of u. and z。aresumma-
rized in Table 1, where u. is the mean values of the local friction velocities 
which were measured at the stations within a fetch. 
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Table 1 Wind Data 

5. 0 m/e 7. 5.,, 1 o. 0,1, 12. 5,1, 15-Om1, 
NO f lcnl UM  lcnfsl u)I (cr.,/s) Ull (ci:i/sl u"  (Cは19]u"'rcn/sJ UM  Cccn/sl UM  (cn/si UH  (mIs) u 峠 (i::rr/sl Ux  (c:n/Bl 

1 52 8. 0 8. 0 22. 0 22. 0 2 9. 5 28. 5 37. 5 37. 5 67,0 67. D 

2 252 22. 0 15. 0 38,0 30. D 54, 5 41, 5 67. 0 52,2 11 J. C 89. D 

3 452 23-D 1 7. 7 47. 5 35.8 66, 0 49. 7 BO.□ 61. 5 1 4 1. ［ I 06,' 

4 652 24.0 19, 2 49.5 39.2 66, 5 53.9 83,0 66. 9 162, c 120,' 

5 752 24. 5 20. 3 50-0 4 1. 4 67, 0 56.5 83.5 70. 2 1 7 1. ［ 130,: 

6 852 25, 0 2 J. 1 50, 0 42.B 67, 0 58, 3 84-□ 72, 5 I 78. C 13日． l

7 952 25. D 21. 6 50. 0 43. 8 67. 0 59. 5 84.0 74-1 1 8 1. E 144, E 

8 1052 25, 0 22, l 50, 0 44,6 67, 0 60, 4 8 4. o 75. 4 1 8 4. c 149, E 
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Fig. 2 Growth of the wave spectrum for wind speed Ur= 10.0 m/ s. 
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3. Result 

In the present study, we have used very long wave records for the spectral 
analysis. Thus the measured spectra extend to very low frequency range 
including dominant frequency range of wind waves, in addition to their high 

degree of freedom. 
Figure 2 shows the evolution of the one-dimensional wave spectrum for the 
wind speed of U戸 10.0m/ s, when the fetch changes from 52 cm to 1,052 cm. In 
addition to usual spectral form of wind wave, the following characteristics can 
be seen clearly in the spectra. 
(1) At short fetches, the spectra show many spikes of regular configuration. 
(2) Some stationary spectral form can be seen at the low frequency region 

(10―2 Hz乏f乏10° Hz) which is much lower than the region of wind waves. 
Then the wave spectrum is divided into two regions as shown in Fig. 3 ; the 
low frequency region and the dominant frequency region of wind waves. Firstly 
the spectra in the region of wind waves are studied by fitting them to the 

JON SW AP spectrum. Particularly the relations between the spectral pa-
rameters and the dimensionless fetch (or the dimensionless peak frequency) are 
investigated. Secondly, the spectral form at the low frequency region is studied 
and related to the fetch and wind speed. Finally, the spike structure of the 

spectrum, which corresponds to the spectrum of seiche, is investigated. 
3.1. The wind wave spectrum 

In a previous study, the following fetch-dependent relations for the wind 
wave evergy E and for the spectral peak frequency fm were derived (Mitsuyasu 
1968)4); 

中＝中 JOHSUAP

1 0-1 10° 101 102 

Fig. 3 Schematic representation of the spectral form of the low frequency region 
(0.02/五<f<0.3fmland the wind wave region (f>0.3/,.); f,. is the spectral 
peak frequency. 
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Fig. 4(a) Fetch relation for the wave energy E. Solid line is based on (4) and long 
dashed line is based on (2), Mitsuyasu (1968). 
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Fig. 4(b) Fetch relation for the spectral peak frequency/.,. Solid line is based on 
(5) and long dashed line is based on (3), Mitsuyasu (1968). 
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Although the present relations are different from the previous one, the diffrence 
are fairly small (see Figs. 4a and 4b). 
For fetch-limited wind waves in the ocean, Hasselmann et al (1973) proposed the 
JONSW AP spectrum, 

([);sp(/) = ag 
(2冗）4
f-5exp (-i(f)）yexp (-U-fm)2/262fm2) 

4¥/ '(6) 

6 = ｛ 6a (f;;;;;:~'(7) 
6b (f>Im)' 

where a and j五arescale parameters, y and o are shape parameters, and y is 
called as the "peak enhancement factor". In (7), Oa andびbmeans the left and 
right side width of spectral peak (see Fig. 5). 

- 0MAX 

fm 

PM 『＝三
0 MAX 

cPM 
心 x

Fig. 5 Schematic representation of the JONSW AP spectrum (Hasselmann et al, 
1973). (J)PM is the Pierson-Moskowitz spectrum. 

Recently Mitsuyasu et al (1980)3> studied JONSW AP parameters a and r for the 
ocean wave spectra, and proposed universal relations between these parameters 

and the dimensionless peak frequency Im U10/ g (or the dimensionless fetch 
gF/Uお）， whereU1。isthe wind speed at the height 10 m. 
In this section, we determined the ~arameters a, r and a by fitting the 
present wave spectra to the JONSWAP spectrum (/);sp. The results will be 
compared with those obtained. from ocean wave data. 
The value of a and r are determined in the same way as in Hasselmann et al 
(1973); 

a= (0.65/m)-1［二国）4戸g-2exp(f(f)―4)(/)（I)df (8) 
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Fig. 6 Normalized form of the wave spectra for U, = 10.0 m/ s. The smooth curve 
in each figure is the JONSWAP spectrum with the best-fit values of a,, and 
6. 

r = (/)（Iり(2冗）4左 exp(¾) (ag)-1 (9) 

fm 

びaand <Yb is determined as 1 ゆ(/)—心(/)Id/ is minimum and fゆ(/)
fm 

—釘p(f)ld/ is minimum, respectively. 

Figure 6 shows a comparison of the wave spectra for Ur= 10.0 m/ s and F = 752, 
852, 952, 1,052 cm with the JONSW AP spectrum calculated in the above proce-

dure. As can be seen from Fig. 6, the wave spectrum in a dominant frequency 
region can be fitted quite well to the JONSW AP spectrum by adjusting three 

parameters a, r and a. 

In the laboratory scale, the peak frequency or fetch relations for parameter a 

and r are given as follows (see Figs. 7 and 8), 

a= o.2s2x(子）゚ 848= 1.84 X 10―2 X Unfm 0848 

a = 0 217x（岱）゚ 252= 4 28X 10―2 x(（嘉og)-0!52

(10) 

(11) 

r = 1.s2x(→）゚ 888= 31.73 X(じ;&)-0.888
g 

(12) 

ァ＝ 2.43x(iり）゚261= 13.04 X (嘉）゚ 261 (13) 
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Fig. 7(a) The scale parameter a versus dimensionless peak frequency iiふ／g.

1 0 ° 

a
 

Ur(m/s) 

():5. 0 

c: 7. 5 
~: 10. 0 
0: 12. 5 

1 0-1 

1 0 -2101 

F

x

 

g
『

U

10 2 10 3 104 

Fig. 7(b) The scale parameter a versus dimensionless fetch gF/幻

where the friction velocity u. is converted into the wind speed at the 10 m height 
u1。by

釘＝ cDxu,~。

and assuming the drag coefficient as CD= 1.6 x 10―3. 

The values ofびaand Cib in the present data is 0.1 ~0.2, and the dependence to the 
wind speed or fetch is not clear. 

The mean value is 
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Fig. S(b) The shape parameter r versus dimensionless fetch gF,庫＊2.

尻1＝ふニ〇．15. (14) 

The present results are compared in Figs. 9 and 10 with those in the previous 

study (Mitsuyasu et al 1980). As shown in Figs. 9(a), 9(b), the values of a 

obtained in the present study are fairly close to the empirical relations deter-
mined from the ocean wave data (Mitsuyasu et al, 1980) ; 

a= 3.26X 10―2x(に;fm)手' (15) 



AN EXPERIMENTAL STUDY ON WIND WAVES AND 
LOW FREQUENCY OSCILLATIONS OF WATER SURFACE 

10 ° 
a 
0: MITSUYASU ET AL (1980) 
●:HASSELMANN ET AL (1976) 

R: PRESENT DATA 

こ/'
/ 

1 0 -410-2 
1 o-l 1 0 ° 

／ 

唸に

1 0 1 

Fig. 9(a) The scale parameter a versus dimensionless peak frequency U10仁/g.
Solid line is based on (17) and long dashed line is based on (15). 
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Fig. 9(b) The scale parameter a versus dimensionless fetch gF/ Uco. Solid line 
based on Eq. (18) and long dashed line is based on (16). 

a= 8.17X 10―2x( gF-今U?。)． (16) 

though the present data are slightly smaller than those estimated from the 

previons relations. Revised relations obtained by using the present laboratory 

wave data and the previous ocean wave data are given by 
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For the parameter y, the result is complicated. In a rough sense, the present 
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However, different trend can be seen in the present data. That is, the parameter 

ァincreaseswith decreasing Ulm/ g or with increasing gF/ U臼andァfollowsto 
the empirical relations (12) and (13) as previously shown in Fig. 8. Such results 
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Fig. 13 Fetch relation for the wave energy E, contained in the low frequency 
region, 0.02/元{f<0.3Jm•

for y suggest that y depends on another independent parameter (for example 
friction velocity u*), but the relation is not clear in the present study. 
The values ofびaand Ob are slightly larger than the values for ocean wave 

spectra, Oa = 0.07びぷ＝0.09.This is a rather unexpected result, because spectral 
energy of labolatory wind waves seems to be much concentrated than that of 

ocean waves. 
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3.2. The low frequency spectrum 
Figure 11 shows a series of spectrum of the low frequency region. A kind 
of equilibrium form of the spectrum can be seen in a low frequency region of the 

spectra, 0.02/m</<0.3/m-
The form can be expressed approximately as 

(l)(/)=AX/8, (21) 

as shown in Fig. 11 by a solid straight line. 
The value of parameters A and B were determined by a least square 
method within the low frequency region, /=0.02/五～0.3/m,
As shown in Fig. 12, the parameter A is closely related to the dimensionless 
fetch gF/ u. 2, and best fit relation is given by 

A =2.16X（岳）―1.35. (22) 

Parameter B seems to be related to wind speed and fetch, but this quantitive 
relation is not clear at this time. The value of B is approximately given by 

B与ー0.5. (23) 

Figure 13 shows a plot of spectral energy E1 in the low frequency region 
(0.02/m</<0.3/m) versus dimensionless fetch gF/町．
The solid straight line 

g四＝3.17Xl0双（岱）゚ 265' (24) 

in Fig. 13 represents the best fit relation to the present data. Here the data of 
the short fetch is excluded because the spectral form is not clear owing to a lot 
of large spikes due to seiche. 
As previously shown in 3.1, the relation between the dimensionless wave energy 
and the demensionless fetch is represented by (4). 
Therefore, from (4) and (24) the ratio Ei/E is given by 

El 
E 
-t= 3.24X10―3x （立）―0.434

仮＊2

in the range of the dimensionless fetch (gF/釘＝101---..,103). 

(25) 

The result means that the spectral energy contained in the low frequency region, 
0.02/m</<0.3/m, is at most 0.1 % of the total evergy of wind waves, and their 
ratio gradually decreases with increacing the dimensionless fetch. 
3.3. The spectrum of seiche 
Figure 14 shows the power spectrum of the surface elevation at the shortest 
fetch (F=52cm) for the wind speeds Ur=7.5m/s and 10.0m/s. The solid and 
long dashed vertical lines correspond respectively to longitudinal (solid) and 
lateral (dashed) seiche of nth mode frequency lsn, (n = 1, 2,..., 13). 
The frequency lsn and the surface elevation品 ofnth mode seiche are given 

27 
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(26) 

where L is the test-section length 14.58 m for the longitudinal seiche, or the 

width of the channel 0.6 m for the lateral seiche, C is a wave velocity, Ao is a 
amplitude of seiche and F; is a fetch of the measuring station number i. 
Figure 14 shows that the spikes in the frequency rage I乏1.0Hz represent the 
longitudinal seiche, and those in /~1.0 Hz represent lateral seiche. In Fig. 14, 
the lateral seiche of odd number mode are not clear, because the location of 
wave gauges are fairly close to the cross sectional center of the channel. Next 
we investigate the relation between energy of longitudinal seiche and the wind 

speed. 
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By taking the leakage effect in the spectral computation into account, energy of 

seiche is determined as 

29 

E'sn = ffsn+8(lJ（f)df 
fsn-lf 

(o = 0.01 Hz). (27) 

However, E'sn thus obtained must be smaller than actual energy of seiche Esn 
because measuring points in this experiment are slightly shifted from the 
seiche's loop. Thus the correction of the seiche's energy has been done as 
follows, 

冗
Esn = E'snl COS2n+Fi. 

L 
(28) 

The energy of seiche is calculated from the data obtained at the shortest fetch 

(F1 = 52 cm), because the seiche spectrum at longer fetch is buried in the wind 
wave spectrum. 
(i) The relation between the energy of fundamental mode of the seiche and wind 
speed. 
Figure 15 shows the energy of primary mode of the longitudinal seiche Es1 

versus mean friction velocity u* for the wind speed Ur=7.5, 10.0, 12.5, 15.0 m/ s, 
where u* is the mean value of the friction velocity at all measuring station, and 
the data of Es1 for Ur=5.0 m/ sis excluded because spike spectrum of primary 
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Fig. 15 Energy of fundamental mode of seiche versus friction velocity of wind. 
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mode is not clear (see Fig. 2). 
Best fit relation for this data is given by 

Es1 = 2.39 X 10―10 u. 3.46 (29) 

If we use the relation between Es1 and the wave height of primary mode of 

seiche Hsi, 

1 
Es1 = ---;':;-Ao2 = 

1 
Hff1, 

2 8 

the equation (29) can be rewritten as 

Hsi= 4.37 X 10―50.I.73. 

(30) 

(31) 

For example, the value of Hs, for wind speed U,-=10.0m/s (u*=60.4cm) is 
5.3 X 10―2 cm. On the other hand, the significant height of wind waves H,1a near 

the end of fetch, station No. 8 (F:戸 1,052cm), is 4.43 cm. Thus the ratio of Hs, 
to H,13 is the order of 10-2. That is, the height of the wind-induced seiche is at 

most 1 % of significant wave height near the end of a fetch for Ur= 10 m/ s. 
On the other hand, wind setup TJr generated by wind shear stress is given by 

Esn-ESl 

10-1 

t;RR-

Ur（"9s) 
R:7.5 

--=10.0 
0: 12-5 
():15-0 

f-f 1 0-3 

1 0 ° 101 

Fig. 16 Energy distribution in the modes of seiche. 
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4nて＾2 
~=1.0lX PaU* 
4F Pwgh' 

(32) 

(Mitsuyasu & Honda 1985)5>, where fetch, Pa is air density, Pw is water density 
and h is wave depth. 
The ratio of Hs1 to the wind setup L/7J,. between both sides of test-section for Ur 
=10.0 m/ sis 

仰与3.1XlO―1 
by using equation (31) and (32). 
Therefore it is found that wave height of seiche's primary mode is roughly 30 % 
of wind setup. This fact suggest that we need to filter out the seiche when we 
measure the wind setup. 
(ii) Energy of heigher modes of seiche. 
Figure 16 shows the ratio Esn/E&1 versus lsnlls1 (n=2, 3, 4,...) for wind 
speeds Ur=7.5, 10.0, 12.5, 15.0 m/ s. 
Best fit relation is given by 

佐＝（舟）―2.1. (33) 

The data for Ur=7.5 m/ s shows a trend to deviate from the relation (33). This 
is partly due to the fact that the accuracy of the energy of seiche drops down 
with increasing mode number n or with decreasing wind speed Ur• 

4. Conclusion 

We measured very long records of wind-induced fluctuation of water sur-
face in a stationary state to obtain the frequency spectrum of the surface 
fluctuation with high accuracy, high frequency resolution and wide frequency 
range extending to a very low frequency. By using the spectral data, we 
investigated the spectral form of the wind ・waves (/ ~ 1.0 Hz) and that of low 
frequency fluctuation(J~ 1.0 Hz) in detail. 
For the wind wave spectrum, the spectral form was fitted to the JON SW AP 
spectrum, and the spectral parameters a, y, aa and ab are compared with the 
empirical relations obtained previously from ocean wave spectra. 
For the low frequency spectrum, the equilibrium spectral form and the spike 
structure of the spectrum are investigated in detail. 
The result is summarized as follows : 
Spectral form of the wind wave region (/~l.O Hz); In a rough sense, the present 
data of a and y follow to the fetch relations determined from the data of ocean 
wave spectra. However, if we closely examine the present laboratory data of 
a and y, the fetch relation for a is slightly different from that obtained from the 
ocean wave, and that for y shows a different fetch relation. The latter suggests 
that the parameter y depends not only on the dimensionless fetch but also on 

31 
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another parameter such as friction velocity u*, though the definite relation had 

not been obtained yet. The values of aa and ab in the present data is 0.1......,0.2, 

but their dependence on the dimensionless fetch is not clear at this time. 

Spectグ-alform of the low frequency region (0.02/m</<0.3/m); A kind of equi-
librium form was found to exist in a low frequency region of the spectrum, 

0.0年 <f< 0.3/ m, though the energy in this region is very small, say 0.1 % of the 
total energy of wind waves. 

Spectral form of seiche ; The many spikes in the spectrum are attributed to the 

longitudinal seiche(J:;S LO Hz) and lateral seiche (J~ 1.0 Hz) in the wave tank. 
The wave height of the longitudinal seiche increases with the friction velocity of 

the wind, though its height is no more than 1 % of the significant wave height 
near the end of fetch, and approximately 20......,30 % of the wind setup. 
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