


CHAPTER 1

On The Characteristics of One-Dimensional Spectra
and Non-Dimensional Parameters of Wind Waves

Toshio Aono* Chiaki Goto**

Abstract

Similarity relationship among non-dimensional significant wave
parameters are discussed which is based upon the 3/2 power law. The
characteristics of the wind wave spectra in deep water are investigated by
using the parameters of JONSWAP spectrum and the 3/2 power law. From
theoretical and empirical arguments, it is confirmed that a {4 power law
exists at high frequency range, that JONSWAP spectrum parameter y and
o are varied with fetch, and that parameter a and y satisfied a -1/3 power
law. In shallow water region, spectral form of wind waves is varied with
the shoaling coefficient. Through the analysis of the wind wave spectra, a
new spectral formula is obtained.

1 Introduction

Relationship between the marine surface wind and wind waves
gives us the basic knowledge in field as diverse as air-sea interaction,
wave hindcasting and engineering design of maritime structures.

Many researchers pointed out that the frequency spectra of wind-
generated gravity waves shows similarity. 1t is well known that a similar-
ity law is applicable to the spectral form of wind waves. Phillips (1959)
derived the 5 power law using the similarity and dimensional analysis
argument. Many functional forms of the wind wave spectrum have been
proposed in the past, such as Pierson-Moskowitz (1964), Bretshneider-
Mitsuyasu (1970) and JONSWAP (1973). However, such spectral forms
represent the fully developed condition of wind waves, except the
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"JONSWAP, so that in the case of rapid development of wind waves by ty-
phoon, observed and calculated spectral forms do not show good agree-
ment, especially near the peak frequency. Recently, Toba(1973) derived
the f4 power law based on 3/2 power law. This argument of spectral gradi-
ent was related to the resistance law between the wind and the wind
waves.

These characteristics of wind waves are investigated in deep wa-
ter, but field observation data is limited at shallow water region, espe-
cially under high wave condition. The standard form of shallow water
spectrum is proposed by Thornton (1977) and Bouse et. al (1985). These
spectrum is based upon the f* power law.

The present work reveals the quantitative relationship linking
marine surface wind and wind waves. The paper discusses the significant
wave parameters and the frequency spectrum of wind waves by using the
3/2 power law relation.

2.0bservation of wave data
In this study, field observation wave data are used. To get long
fetch wave data, 13 wave observation points around the coasts of Japan
are used, and to get short
fetch wave data, Meteoro-
logical station or MT sta-
tion at Osaka bay is used.

(1) Ocean wind waves

Figure. 1 shows rans o N
the wave observation sys- . o piveko
Akita @ Kamaishi
tem called as NOWPHAS sakate .
Hajikizoki @ % Sendai
operated by Port and Har- AR T
[y Kiigata-nishi

. ah;
bour Research Institute Konorars S ke
’ o ¢
Ministry of Transport. o Towrh ki o
There are 41 wave obser- Hanads, e
MinosEim_a . N

vation points. In this s § .
study, ocean wave data s’ AWEN R
: . o E o

obtained at 13 major lowsiva o

points around the Japan /'smusm 8oy :
coast are used. These ’
points are located at rela- oo
tively deep water and B
there are no topography 7
effects. Table 1 shows the ="

observation systems and Fig. 1 The NOWPHAS system
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Table 1 Observation points

Lecation Yavegage Type Depth{rn) Latitude Longitude

Hajikizaki usw - 54 38°20°39" N 138°30'25" ¥
¥ajima Port usw - 50 37025740 136°54'19"
Fuekaura Port usw -49. 6 400397 25" 139+54'57"

Kutuogawara Part Uusw -49 40° 55' 20" 141° 25" 40"
Hitachinaka Port USW -30 36023 24" 140°3936"

Hadu Port Uusw ~49 34 40'23" 139+ 27°'18"

Kouchi-oki AW ~-120 33:15'24" 133-30'06"
Hawada Port USsSw -5 1 34 54'07" 132+02' 21"
Aburatu Port Usw -48. 5 3133 21" 131-26'32"
Setana Port usw -52. 9 42°26'30" 139-49'16"
Xonbetu Port usw -52 44° 24" 58" 143 26'00"

Naha Port Usw - 51 260 15'19" 127°38'56"
Nakagusuke Bay Usw - 50 26 14' 15" 127+58'10"

condition of each points. The sampling frequency of wave data is 2 Hz.
Waves are defined by using the zero up crossing method. Frequency spec-
tra are calculated by using the FFT method. The number of total observa-
tion cases are 2546.

These observation points have no wind profile. Thus, a data of
the wind waves are determined by using the following criteria.

a) From the time series of significant parameters, significant wave
height should be in its developed stage.

b) The swell component is not included in wave data clearly. Thus, a
spectral form should be a sin-
gle peak spectrum.

¢) The JONSWAP spectrum pa-
rameter y should be greater
than 1.

ade

)
Kobe port

Harimanada

(2) Wind waves of short fetch
Short fetch waves are ob-

tained at MT station in Osaka

Bay. Figure 2 shows the location b ima
of MT station. The water depth is Port 3
17m. The wave data and wind ve- Kamota ;@g

Promontory

locity at 10m high from sea sur-
face are measured at MT station.
Sampling frequency is 10 Hz. The
analysis method is the same as
for ocean waves. The duration of

observation used is from 1984 to A A :
1991. The FFT analysis is applied Fig. 2 Location of MT station

7 Sakihama The Pacific Ocean

J———|
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to the duration of storm or typhoon. The number of total observation data
1s 70080 and the data analyzed by FFT is 246.

3. Non-dimensional parameters of wind waves
The non-dimensional parameters that describe the characteris-
tics of wind waves are as follows.

—‘T’——*’_—A_’T’__"-)»—- (1)
u. u,  w, u. g u. L,

where His is the significant wave 1o l
height, Tus the significant wave pe- Y
riod,  the wave energy, Fthe fetch, 0 S 4
£ the peak frequency of spectrum, 10f S99 A
C the wave celerity, Lys the wave C HED
length corresponding to the signifi- 1.
cant wave period, u~the friction ve-
locity of wind, and g the gravity ac-
celeration. Equation (2) is the 3/2
power law relation of Toba (1972):

3/2

(Eli;ﬁ) - B(g—Tﬁ) B=0062 (2)
U,
Goto (1990) modified the coefficient
Bto 0.067. Toba (1992) also showed
that if wind waves include compo-
nents of swell, the exponent of the
power law is changed from 3/2 to 2. The friction velocity of wind is calcu-
lated bywusing Eq. (3):
U, = JCoU,, 3)
where Uis wind speed at a 10m high from the sea surface. To determine
the drag coefficient Cp of sea surface, the following Mitsuyasu's formula
(1980) is applied:
(1290 -0.024U,,)x 107 (U,, <8m/s) @
(0581+0063U,,)x107  (U,, =8m/s)

Figure 3 shows the relation of gHs/u+ and gTus/u+ by using the
data at MT station. The solid line shows Toba's 3/2 power law while the
dotted line shows the Goto's. The deviation of the data from the corre-
sponded line represents the effects of swell components. It is confirmed
that the measured wind waves data satisfied the 3/2 power law.

*

Fig. 3 3/2 power law relation

D

If the relationship linking non-dimensional fetch and energy,
significant wave height and wave energy, peak frequency and significant
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Table 2 Relationship among the non-dimensional parameters

(Y=0aX")
x| grur | gzvu | gEU U cu | U L
Y a n a 7 « 7 a n a 7 a n a n
2 U S - T - B B B e 3 bff,z —% @nPB | -3
g 712’7 _.23_ 1 1 gzzi % _____aj;.;l;“ % 2r 1 Lb -1} 2rpB* | -2
FEU 711—2 2 :f; 30 1 |1 4 |1 (2”;232 3 a—f;— -3 (27r)"—5; -6
ol 2| FE 3| x| R e e
U (g 5 | | 1 e x| e x| (M| me | TR
e e I S I Rl =
B 2B |3 2B |- 2en B Hon Bo I O I

wave period are revealed, all non-dimensional parameter are related to
each other by using 3/2 power law.

Hys

Table 2 shows the relationship among the non-dimensional pa-
rameters. In this table, a is the coefficients of the relationship between
wave height and wave energy (Fig. 4), A the coefficients of the relation-
ship between fetch and energy (Fig. 5), b the coefficients of the relation-
ship between peak frequency and wave periods (Fig. 6), and B the coeffi-
cient of 3/2 power law. These relation indicate that if the friction velocity
and other only one parameter of wind waves are determined, all signifi-
cant wave parameters can be calculated. The coefficients determine from
observed data, are as follows:
A=000016, a=386 B=0067, b=113

7B
5???"
A
ArRAdAndAnG
1

Histgram

20%

10%

JE

Fig. 4 Relationship between His and E
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u.? D)
108l day e
8
5
1o
1ol 102 10 10* 10
g’E
u.f

Fig.5 Relationship between E+ and F+
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Table 3 Comparison between observed and calculated results

X

Y

observed 1 0.067 3.86
gH/ u.? calculated 1 0.067 3.86
ratio [ 1
1
1
1

observed
gT/u. calculated
ratio

g*E/u.* | calculated
ratio

[}
&
1
observed 0.
0
1
5
4

observed
gF/u.? | calculated
ratio

observed
C/u, calculated
ratio

ey o=y

0

0

1
observed 0.
fau./g calculated (])
0
0
1

—non | —oo | —oo

ratio

observed
H/1 calculated
ralio

oo | ——— | coo

Table 3 shows the comparison between observed and calculated
results. The results show good agreement. Thus, table 2 shows similarity
of wind waves parameter.

4. Wave spectrum in deep and
shallow water

On the basts of the non-
dimenstonal significant wave pa-
rameter, frequency spectra of
wind waves in the deep and
shallow water region are dis-
cussed and a new functional
form of wind wave spectrum is
proposed.

The JONSWAP spectrum is
an extension form of Pierson- Tafs)
Moskowitz spectrum and is ap-
plicable to cases ranging from
developing wave to fully developed wave. Equation (6) is the generalized
JONSWAP spectrum.

Fig. 6 Relationship between fir and T

S(f) = a2m) ™" qui™ £ exp __”f(_f) y?

a\f, 6)

B =exp{-(1-711,)" 1207}

where a is scale factor, y the peak enhancement factor, o the band width
near peak frequency. By using this equation, the similarity and the char-
acteristics of slope of high frequencies and parameter of spectrum are dis-
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cussed.

Figure 7 shows 3
the slope of wind wave

(1985). The x-axis is sig-
nificant wave height. In
this figure, the vertical H, , (m)
lines are the standard
deviations of the data to Fig. 7 Slope of the spectrum in high frequency range
indicate the amount of scatter. From Fig. 7 , the mean slope of wind wave
spectra at high-frequency range is approximated by f+ power law. The
amount of scatter decreases with increasing wave height. This fact im-
plies that the 3/2 power law is applicable in the frequency domain and the
development of the wind waves is essentially a strongly nonlinear phe-
nomenon. Hence, the JONSWAP spectrum follows the f4 law, expressed as
follows:
S() =al2n)” guf = exp{-(f 1 £,)" W * ™
The functional forms of the peak enhancement factor y are pro-
posed by Donelan (1985) and Mitsuyasu (1980). They use the non-
dimensional peak frequency as variable. Figure 8 shows the relationship
linking y and non-dimensional peak frequency fu+=fnu+g. The vertical
lines are standard deviations. There is a large scatter in y, but the mean
value is increasing with non-dimensional peak frequency and has log-
linear relation. It means lolﬁ |
the spectral form is change v - y = 6f0F

to Pierson-Moskowitz spec-

spectra at high frequen- s4-----7=- R R oo
cies by wusing least- [ TT o

squares estimation. The L --.__ : Jippui) Lppﬁ P EﬂIT T{Eer-oes
high frequency range is . I ﬂHHthll Hﬂ ﬂl%ﬂu +
the same as Donelan’s 2___'__'_/‘[“, _________ P R i

o

trum with the increase of
the fetch. Hence, the fol-
lowing empirical formula —
for y is obtained:
Y - 6f’n*0.]5 (8)
The scale factor o | b
is varied with spectral form. /
In this study, the relation-
ship between a and y is dis- ‘
cussed. The total energy of T S W
JONSWAP spectrum is 1o ;

Fig. 8 Relationship between y and fin+

L L1

167 10

1
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E=a(2n)” guf, M, €))
where, Msis expressed as Eq. (10)

) 1)

therefore, Mois approximated by (Goto and Aono, 1993)

M =030y " (11
By using this approximate formula for M, and the relation of non-
dimensional energy and peak frequency, and the 3/2 power law, this equa-
tion is derived:

a=y™"” 12)
From Eq. (12), a is related to y. Table 4 shows the relationship linking o
and vy derived using the 3/2 power law for various spectral forms.

Table 4 Relationship between o and y

Power |  Pierson-Moskowitz JONSWAP
-4 Const, a~y 13

gZE ~-1/3 _ ng -1/3
—5 a~|: u*4 :i a~y 1/3|:——-l:.(—4——

Figure 9 shows the rela-
tion of o and y, while solid line
correspond to the least squares
estimate. The coefficient is deter-
mined from the line and yields
a=017 ™", (13)

Figure 10 and Fig. 11
show the relation of o1, 02, and
the non-dimensional peak fre-
quency. The symbol o1 is low fre-
quency side while o2 is high fre-
quency side. Because the low fre- " l | L
quency side include the weak '‘iof 10!
swell components, there are no
trends in o1. In the high fre-
quency side, o2 varies inversely as the non-dimensional frequency on a
log-log axis. This means the spectral form near peak frequency is varied
from sharp to mild in the case of developing wind waves. Hence the band
width near peak frequency is determined:

o o = 017y

Y
Fig. 9 Relation between o and y
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a, = 0,077, [

1 0
IF E 0)=0.144 OF
- IR | - |
0o W 1
IR I
o o 1l il Lol
ST | =
t X P i i
i ! O !
B ! r :
L | | L ‘ | i
\'|I= ! \Il} E \I‘E\ \‘\; i)
10—120‘2 l 16t 10 lo-lzlo“ : ‘10‘3 l Lot ‘ A‘—xjo“
Fig. 10 Relation of o1 and - Fig. 11 Relation of o2 and fm+
o, =0144, G, =O'O7fm~_0'16 (14)

These characteristics of spectral parameters are in deep water region.
Next, the spectrum in shallow water region is discussed.

Figure 12 show “
the change of the coeffi- N
cient of 3/2 power law in
shallow water. The x-axis 1 . 1 .
is relative depth, the FI - b SUTOUR SN S
| . | !
|

shaded bar is the histo- B
gram of observed data and o
the solid line is the linear | : ‘ ‘
shoaling coefficient Ko S T T
The mean value of B/Bo . i .
shows good agreement M,
with Ks. The 3/2 power Fig. 12 Relation of B and h/Lo

law is also extended in a shallow water region by using the shoaling coef-
ficient.

The spectral form in shallow water is derived by using 3/2 power
law. In this derivation, subscript 0 indicates values in deep water and s
indicates there in shallow water. The integrated form of the JONSWAP
spectrum is
E, =a.gu.f’M, (15)
where M:is

() ool ) e
M= L L) el L), 16
L ) e""{ /. } 7. o
From the analogy of My, M; is approximated by Eq. (17)

M] =CY1/3 an

0
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Thus, Eq. (15) is expressed as
E, =couyyf;> (18)

Using the relationship of u+/g and g7»/u+ and the relationship of gHp/u+?
and g?Ev/u+ Eq. (19) is derived.

3/2
gH, » 2 [ gl
[730} - a[aob *cy },/’] [70] (19)
Equation (19) is the 3/2 power law which derived from the spectral form.
The coefficient Bo of 3/2 power law in deep water region is expressed as
Eq. (20).

B, = [ab - ][aocy v ]1/2 (20)

If the coefficients a, b and By is constant, the relationship between oo
and yo is
B? 1
a, = [ab"S]CY :)/3 @1
The same argument applies in shallow water. The total energy and the

coefficient of 3/2 power law in shallow water is expressed by the following
equations:

Eg =cayy Vu f 22)
3/2
H 2| o7

[guzs ] - dlosb ey )] [%S—J @3)
The coefficient of 3/2 power law is

By = B,Ky =dlab ey )" ©4)
The combination of Eq. (20) and Eq. (24) lead to Eq. (25).

176
[Y—‘i] =K, o, =0, (25)
Yo

Equation (25) determine the spectral form in shallow water. Figure 13
shows the change

of y with relative vz
depth A/Ls. The

mean value of y !
and Ks show good (/)™
agreement. ot

The v
characteristics of
the wind waves
spectrum in deep
water are invest- Fig. 13 Change of y with 2/Lo.
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gated by using the parameters of JONSWAP spectrum. From theoretical
and empirical arguments, it is confirmed that a f power law exists at
high frequency range, that y and o are varied with fetch, and that a -1/3
power law, based on 3/2 power law, also exists in relation between o and y.
Wave energy is concentrated near the peak frequency during the devel-
opment stage, and approaches the Pierson-Moskowitz spectrum gradually
with the increase of fetch. In shallow water region, the spectral form of
wind waves varies with the shoaling coefficient. From these characteris-
tics of the wind wave spectrum, the following new spectral formula is ob-
tained:

S(f)= 0‘(23‘7)—3<€’11.f'4 exp[—(f !f, )“‘}( p

(26)
B - exp[l ~(7/1.) /202]
Yy =6f."°, a=01%™", f, =1/11367,,
o, =0144, 0, =007f""%, fou=/S1.18 @n
u, =H.,/gB*T,,, B =0067
In shallow water region, the spectral form of wind waves is expressed as
Ss(f) = KPS(f) (28)

In this spectrum, the input variables are significant wave height and pe-
riod only. Figure 14 shows the comparison of the newly-proposed spectral
model with the observed spectral data and Bretshneider-Mitsuyasu spec-
trum. The spectral form varies with A/Ls and the proposed model and ob-
served data show good agreement.

5. Discussion

Table 4 shows the relationship between non-dimensional wave
height and period derived from selected spectral forms. Where Bis coeffi-
cients and B, is power. It is confirmed that 3/2 power law relation applies
to £+ power law and 2 power law relation applies to 5 power law. 2 power
law relation is revealed under the condition that the swell components
are included in the wind waves. This is the reason of such change of
power.

Table 4 Relationship between H+ and T+ derived from spectral forms.

Pierson -Moskowitz JONSWAP

Power B 81 B 81
=851 ab~?[0.2a]"? 2 ab ?[0.2a7!?] 2| 2
~4 | 0.5alab"?]i2| 3,/2 alab~%c yn]i/2 3/2
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The 3/2 power law is not dependent on the fetch and shows local
equilibrium between wind and wind waves. In the frequency domain,
such local equilibrium is revealed by the £ power law. It implies that the
spectral form depends on the characteristics of the high frequency range.
However, spectral parameters depend on the fetch, so that the spectral
form cannot be determined from the 3/2 power law directly. The implica-
tion in the case of developing wind waves is that o varies with y, which
depends on the fetch, in order to satisfy the 3/2 power law.

To apply Eq. (28) for actual work, it is necessary to investigate
the error between the observed data and Eq. (28). The error of the calcu-
lated spectrum is defined as

o0 0.5

S.()-S, (i
() o(f)lf(29

i,

7 0 0 T
: e proposed

) X O Bretschneider—Mitsuyasu ]
1

[3.(H)Hdf N

Figure 15 shows the char-
acteristics of the error of **[ 77" |
proposed spectrum and & |
Bretschneider-Mitsuyasu 0.2 Fo5oesg 7"
spectrum. The horizontal Teeeian
axis is the U calculated by T Lo lfteeecte.e
using the 3/2 power law
and Mitsuyasu’s Cp law.
The error of the proposed 0 5
spectrum is relatively small U, p(m/s)

in the entire range of wind Fig. 15 Error of the spectrum

velocity. The error is being

large in the range of low wind velocity and the wind velocity is greater
than the 22m/s. These characteristics of error indicates the mixture of
wind waves and swell at low wind velocity range. The increase of error at
high wind velocity range suggest the change of the wind resistance law,
but there is not enough the data such high wind velocity range.

°
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15 20 25
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Figure 16 shows the results of comparison of the observed and
proposed spectra. The spectrum of Bretschneider-Mitsuyasu is given in
this figure for reference. Observation data was taken from Kochi-Oki on
July, 1981. Time series of Hua, Tus, h/Lo, and error which defined by Eq.
(29) is also shown in Fig. 16. It can be seen that the proposed spectrum
shape agrees well with the observed one.

6. Conclusions
The major conclusions of this study are as follows:

(1) It was confirmed that the measured wind waves data satisfied the 3/2
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power law which is an empirical formula between non-dimensional
wave height and period.

(2) By using the 3/2 power law relation, non-dimensional parameters of
wind waves are all related.

(3) The new spectral model, which is based on the 3/2 power law, is pro-
posed. This spectral model is evaluated from Hys and Tis, and calcu-
lated result is very accurate. The applicability of this new spectrum is
very wide, ranging from the case of developing wind to that of fully
developed wind, and from deep to shallow water region.
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