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1. Characteristice of Ocean Waves off Cape Nojima in the
Northwestern Pacific, Measured with a Discus Buoy

Koji EopuNg®
Hiroshi Sasag1r™*
Noriaki HASHIMOTO®**

Synopsis

The sea area to the southeast of Cape Nojima has been called as the dangerous sea.
A number of large ships have been involved in sea disasters there.

As a part of a comprehensive study conducted by the Ministry of Transport to
promote maritime safety, a discus buoy lhad been set up at the logation 147°E In longilude
and 32°N in latitude, and ocean waves as well as weather condition in the sea area had
heen measured from October 1983 to June 1984,

The wave data were analyzed at the Port and Harbour Research Institute. The resuits
of statistical analysis show that the significant wave heights during the winter were
about twice to threefold as large as these observed in the Pacific coastal sea area, and
that the ratios between the characteristic wave parameters such as Hmax/Hs and the
cumulative distribution of relative significant wave heights (Hs/Hs) are similar to those
obtained from coastal wave deta. The time variation of the significant wave height and
the mean wave direction were closely related with the variation of the wind speed and
the wind direction on the spot respectively, espcially for large waves (Hs:24m) which
were seen when the wind speed exceeded 15 m/s.

In addition, the mode of the directional spectra is examined on the basis of the
relation between the directional parameters, i.e. the long-crestedness and the mean
spreading angle. The directional spectrum for extreme seas off Cape Nojima is supposed
to be either unimodal one characterized by the Mitsuyasu type directional functions with
smax=10 to 40 or bimodal one having two directional peaks of which difference in direc-
tion is less than 90°.

# Chief of Coastal Observation Laboratory, Hydraulic Engineering Division
s+ Senior Research Engineer, Hydraulic Engineerig Division
=i+ Member of Storm Surge and Tsunami Laboratory, Hydraulic Engineering Division
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Characteristics of Ocean Waves off Cape Nojima

1. Introduction

The sea area which Hes to the southeast of the Japan Islands provides one of the
busiest ocean toutes in the world. A lot of large ships are plying between Japan and
North and Sonth America. However, the weather over the sea area is very changeable
in winter. Atmospheric depressions are generated one after another in the western area
and move fast towards the east as they grow until they disappear in the North Pacific
Ocean. This kind of metecrclogical distutbance causes severe rough seas in this area.
As a matter of fact, a number of vessels have been involved in sea disasters. Some
of them are the Boriver-maru (lost on Jan. 5, 1969), the California-maru (lost on Feb.
9, 1970), and the Onomichi-maru (damaged on Dec. 28, 1980). Since 1969, at least 14
large vessels which had the tonnages more than 10,000 have met shipwreck. All the
accidents happened in the period from October to February. Figure 1 shows the location
where these sea disasters occurred. The sea area to the east-southeast of Cape Nojima,
thus, has been called as the dangerous sea area.
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Fig. 1 Locations where Sea Disaster Occurred

The barometric pressure system over the Japan Islands and the east part of Asian
Continent generates so-called monsoons. During the winter, a typical pattern of the
system is such that a high pressure is located to the west and a low pressure exists
to the east of the Japan Islands; the pressure pattern brings a predominant northwestern
I.0NSooN.

This typical pressure system is often disturbed by a local atmespheric depression which
appears in the sea area under discussion. This kind of a complex pressure system has

. been suspected to generate a complex sea state which might be called as bi-directional

seas where two wave groups generated by the monsoon and the local depression interact
to each other. The complex sea state can yield incredibly huge waves of unusual nature
such as pyramidal waves or freak waves, which might have caused the above-mentioned
sea disasters.

From the viewpoint of improving maritime safety, the Ministry of Transport in
cooperation with its attached agencies, i.e., the Japan Meteorological Agency, the Meteoro-
logical Research Institute, the Ship Research Institute, and the Port and Harbour Reseach

_—7..._
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Institute, has been conducting a comprehensive study on the sea disasters in the area
concerned. The study consists of wave observation at the sea area, analvsis of the wave
action on the hull of vessels, prototype measurement of ship motions and wave pressure
utilizing a patrol boat of the Maritime Safety Agency, hydraulic model tests of the
interaction between waves and wind and that between ocean current and wind generated
waves and numerical simulations for wave forecasting.

A discus buoy was employed for the wave observation, and it had been placed in
the sea area from October 1983 to June 1984. The buoy made the measurement of waves
and several quantities related to weather conditions every three hours and it transmitted
the data via the geo-stationary weather satellite “Himawari (Sunflower)” to the Mete-
orological Agency. Having been edited by the Agency, the wave and weather data were
disrtibuted to the agencies involved in the study. The statistical characteristics of waves
and some aspects of extreme sea states have been studied at the Port and Harbour
Research Institute with an emphasis on the characteristics of directional wave spectra.
In addition, some characteristic parameters associated with directional wave spectra are
compared with those obtained from the wave data at several coastal observation stations.

2. Literature Survey on Directional Wave Measurements

2.1 Estimation of Directional Wave Spectra

Several methods and principles have been developed for the estimation of directional
wave spectra. So far, many measurements of the directional wave have been utilizing
pitch and roll buoys and two-axis current meters. Longuet-Iiggins et. al.¥ developed a
directional buoy which measures the heave acceleration and the angles of pitch and roll,
and they proposed a principle of the estimation of directional spectra from the time
series records of these three quantities. The principle is summarized as follows.

With the assumption that the profiles of random ocean waves can be expressed as a
linear superposition of sinusoidal component waves, three quantities measred by a pitch
and roll buoy are expressed as

N= 3 an cos (RaX cos fn+ koY sin On—@nl +£€4),
n=1

D= -—-aaz = _gkﬂa'ﬂ. cos On sin (knx COS Bn+kny sin t9n-—ajnt-|—gn), ( 1 )
n=1

Ty= —gz = — anan sin gﬂ sin (kﬂx cos 8ﬂ+ kny sin 6ﬂ_wnt+5n).
=1

where 7, 7z and 7, are heave, pitch and roll respectively, and the heave is obtained from
the double integration of heave acceleration with respect to time.

The autocorrelation functions and the covariance functions between these three quanti-
ties are calculated by the following equations :

FTa@=nOnd+1) =n§l~%~an= COS W7,

T, () =72 D 7T D) = ﬁ%kmﬂz cos? O COS OnT,
n=l

T () =7, (D, G0 = Lk ke’ sin? O c05 0T, .

—_ 5 —
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Y@= E+1)= Z—%knan?’ cos Or sin @.7,
7=
Tu(@ =00 +0)= Zi—é—knanﬁ sin O sin @x?,

Fou(t) =Dt 1) = E-%" knfan® cos Oy sin On cos @57,
n=t

From these autocorrelation functions and the covariance functions, cross-spectra are
calculated by Eq. (3).

CulN=[" T cos 2ufc de=1[ 5/, 03as,

Cn(f):f W2 (2) cos 2nft drm%_fS( f, §)k cos? 6 o,
Clh={_ Tu® cosanfede=11"Ss, ke sint 0 as,
Q) =05 (f)=q:u(f)=0,

CalF)={ Tu(® costafede=1{"5(f, 6k cos 0sin 8.9,

(3)
1
2
1

0(f) :fwwu@) sin 2t dt——-mﬁxS( f, )k cos 8 46,

N

Qm(f):jia W3 (z) sin 2xfT do=
C]z(f)zcmc,f):@zs(f)zo-

Thus the relation between the integrals of the directional spectram S(f, ) and the
cross-spectra and the autocorrelation functions of six quantities are obtained.
Let the directional spectrum S(f, 6) be expressed in a Fourier series as follows :

S(f, =5 A6(F)+ ZLAx() cos n+ Bu(/) sin nfL. (4)

j:“S(f, 63k sin 6 46,

B

By substituting the above equations for the S(Jf, 8) into Eq. (3), and by carrying out the
integrations, the Fourler coefficients for #=0, 1, and 2 can be determined as

AN =-2-Culh, Al =72 Qulh) AP =25 [CulF)—Cor(F], 1

(5
By(f) =5 @u(f), BelF)=—Cos(f).

The resultant estimate of the directional spectrum consists of only up to the second-
order terms of the infinite Fourier series. Therefore, it is a biased estimate of the true
spectrum. In order to get better estimates, Longuet-Higgins et. al. proposed the use of
the following formula for the estimation of the directional spectra.

§(f, ) =%-Ao+—§—(ﬂ1 cos 0+ B, sin &) +%(Ag cos 20+ B, sin 26). {6)

Mitsuyasu et. al.” developed a cloverleaf buoy which measures the curvature of the
water surface in addition to the pitch, roll and heave of the buoy, and proposed a stan-
dard form of the direcdional spreading function of ocean waves on the hasis of their

measurement of directional spectra. The proposed directional spreading function is as
follows :

G, 0)=Gycos*(6/2), 7
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where G, is the proportionality constant, § is the direction measured counterclockwise
from the mean wave direction, and § is the spreading parameter. The value of this
parameter varies with the frequency as given by Eg. (R); it takes the maximum value Smax
for the peak frequency of the power spectrum and decrease as the frequency deviates
from the peak frequency.

S"{Smu(f/fp}s T S }
Smux(f/f;p TS fop

If it is assumed that the directional spectrum is spread over the range from fmn=~—7 to
gmuxzi‘f, Go is giVEll by Eq. (9).

_ b e (D41}
N S TES (9)

where I' () denotes the Gamma function.

For a wave gauge array, Capon et. z2l.¥ developed the maximum likelihood method
to obtain a better estimate of directional spectrum. Isobe et. al.¥ extended that method
so that the method can be applied for a combination of arbitrary gquantities, i.e., water
surface clevation, water particle velocities, surface slopes, pressure, etc. Isobe et. al.
named it the extended maximum likelihood method. In this method, the directional
spectrum is calculated by Eq. (10).

Sk, &) =5/ N5 Pun (@) Ha¥(k, ©)Halk, @)ekiznzw] o

(8

where H.(k, @) is the transfer function from water surface elevation to other wave
property 7a, the superscript = denotes the conjugate complex, @u» " denotes the (i, #)
component of the inverse matrix of the complex matrix of the conjugate cross-spectrum
@y;=Ci;+iQyy, and £ is the proportionality constant which is determined to satisfy the
following relation.

B, () mLS(k, wydk (1

2.2 Wave Direction and Parameters Associated with Directional Spectrum

The wave direction is a guantity which eludes quantative definition. No standard
method has been developed for the determination of wave direction as a group. Even
though a wave directional spectrum is estimated from the measurement utilizing a pitch
and roll buoy or a pair of directional current meters, the predominant direction varies
from frequency to frequency. A possible definition of the wave direction is the pre-
dominant wave direction at the peak frequency at which the power spectrum shows the
maximum. Another alternative is to define wave directions for frequency by frequency.
However, from a viewpoint of the consistency with the conventional directional measure-
ments, i.e., the optical technique such as the use of imaging radar and stereophotogra-
metry, it is desired to define a single wave direction for a whole wave group.

(1) Mean and principal wave directions

For a random wave gruop having a directional spectrum denoted by E (/, m) in the
Cartesian coordinates of wave number domain (!, ) where I=kcosl, m=Fksint,
Longuet-Higgins® gave the definition of the mean and the principal wave direction, i.e

0 and 6p, as follows:

Extan_l(m/l-) =tan! (MOJ./MIO) ; (12)
1 2My
6';,~—2— tan 1( Mau“Moz)’ (13
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where
EZJ‘WM/MM, i= Mlﬂ/MDD:

M= [" BQ mypmeatam, 4

As the quantities [ and 7 in Bg. (12) represent the abseissa and the ordinate of the
center of gravity of the directional spectrum respectively, # denotes the directon of the
center of gravity drawn from the origin of the coordinates, as shown in Fig. 2. On the
other hand, the principal wave direction @p denotes the direction along which the root-
mean-square wave number is largest, or the wave crests ate the densest. By definition,
fp is given in the range from —7/2 to /2, while 0 is given in full range (—7 to 7).

3l

[7]

Fig. 2 Skeich of Directional Spectrum

(2) Parameters associated with directional spectrum

Longust-Higgins® further proposed the parameter named the long-crestedness, which is
an index of the directional spreading of random sea. The parameter is defined by Eq.(15)

= (M20+Moz)_’\/(Mzo_Muz)e‘i“d:Mui 12
(M'.:o“"Muz)+'\/(M20”M02>2+4M1x2

The parameter ¥ is the ratio of the root-mean-square of the variance of the wave direc-
tional spectrum about the principal direction (minimum value) and that about the direc-
tion perpendicular to the formar (maximum value). The parameter 7 takes the value
zero for unidirectional waves and takes 1.0 for directional homogeneity.

Goda®s" examined in detail the two definitions of wave direction and the long-
crestedness, especially for bimodal directional wave systems, which is formed when swell
and wind generated waves of similar magnitudes are coming from the directions quite
different from each other. He illustrated the behavior of the principal direction fp and
the long-crestedness for the case of bi-directional wave system. On the basis of the exam-
ination, Goda recommended the use of the mean wave direction rather than the princi-
pal wave direction, and commented that the long-crestedness is not an appropriate para-~
meter as the index of the bimodality of directional spectra. He further proposed an
alternative parameter named the mean spreading angle & It is defined by Eq. (16)

f.=tan™? (RjE) xtanﬂ{"/m’\/MmaMso— 2M o M o My -+ M "M oy },

as

-1114'192'2‘—!14;112 (16>

where £ denotes the mean wave number (B2=F+m?), and R is the root-mean-square

wave number of the directional spectrum about the mean direction. The root-mean-
square wave number R is calculated by Eq. (17).

R T Sl Fo7a _ My P Mo —2M Mo My + M P M,
R*= MMLJ_“E(I, ) PO* dl dm= o , an

where P@ is the distance between the point P{/, #) and the axis which passes through
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the origin O and the center of gravity of the directionary spectrum G (see Fig. 2).

The mean spreading angle #: takes the value zero for unidirectional waves and 90
degress for the waves with directional homogeneity.

Goda also proposed a practical method to calculate the wave directions # and 65 and
the two parameters 1 and f& from the covariances between the quantities related to wave
motions. The proposed method does not require the computation of directional wave
spectrum and makes it possible to calculate the wave direction and the parameters by on-
board real time analysis with microprocessors. For the case of directional wave measure-
ment with a pitch and roll buoy, the wave directions # and 8 and the parameters ¥
and Gx are calculated by the following equations:

O=tan™ (9ps/167) » 18
0= tan ™ [277/ (17D 1, 19)

72+t + v (72— ") 2+ 40y

(20)

8p=tan™! ‘\/E;"‘/ (m)g:ﬁ—' ZFPE?;’?T_W_:V_' ZI’?;}"‘ (775771)2'77_1;9: , (21)
e+ (peny)

where 7i, 72 and 7, are the heave velocity, the pich and the roll angles of the buoy
respectively.

3. Facilities and Procedure of Observation

3.1 Wave Observation Buoy

The buoy employed for the wave and weather ohservation is a discus buoy with the
diameter of 10 meters, Many bouys of this type have been operated as ocean weather
stations by the Japan Meteorological Agency. The buoy (which is called the Nojima
station hereafter) was placed at a location about 850 kilometers to the east-southeast of
Cape Nojima (see Fig. 1), i.e., 147°E in longitude, 32°N in latitude and 6,000 m in depth,
in Qctober 1983.

The buoy was equipped with a HIPPY-120 (product of the Datawell Co., Nether-
lands) for heave, pitch and roll measurements in addition to weather {measuring equip-
ments. The size and some specifications of the sensor are listed in Table 1. The sensor
has an AD converter and produces digital signals as well as analogue signals. System

Table 1 Specifications of pitch and roll sensor (Hippy-120)

Item l Specification

Size and weight Cylindrical container (66 cm in diameter 84 cm in
height), 120 kg

Natural period ] 120s (the stabilized platform)
Range of measurement Pitch and roll & 90 degrees {linearity error ! less than
1.5%)

heave acceleration #®10m/s® (do:1.5%)
analog and digital integrated heave £10m (do @ 1.5%)

Qutput range b +10V {analogue), 2048 bit (digital) full scale

Bandwidth i 0.067—1 Hz
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Fig. 3 System Setup in the buoy

setup in the buoy is schematically shown in Fig. 3. The buoy measured weather and
waves every three hours for about 8 months until it was brought back ashore in June
1984,

During each observation, the digital output signals were analized immediately by
several microprosessors on hoard and the results were transmitted every three hours to
the Japan Meteorological Agency via the geo-stationary satellite. The raw digital signals
were also recorded directly in three digital magnetic tape recorders. Unfortunately, however,
all the three recorders had stopped working within the first two weeks of the ohservation
because of tangling troubles of magnetic tapes.

3.2 Quantities Measured

The quantities, obtained through the satillite communication, are listed in Table 2
with their ranges of measurements. Among these quantities, the following items are the
results of the on-board analysis by the algorithm described below.

(1) Mean wave height and period of 20 waves (H.,, Tao)

The water level fluctuation is calculated by integrating the heave acceleration twice
with respect to time. The individual waves are defined by zero-upcrossing method, The
value H;, and Ty are caleulated by Eg (22) tespectively, and they are the mwean of the
heights and the periods of the first 20 waves during a 20-minute long observation.

— 20
H20“20 ?;Hz,l
1 (22)
w1 20
-[‘20—20 -tZ.::I. T, f

It should be mentioned here that the water level data for Ha and T, were obtained
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Table 2 Quantities transmitted from the buoy {wave observation)

Quantity ! Symbhol 1 Range
Wind direction B 0—360°
Wind speed U 0—120 knot
Mean wave height (20 waves) Hyy 0—20m (zero up-crossing)
Mean wave period (20 waves) Tao 02085 ( do h
Buoy orientation 0-360°
Significant wave height He 0—20m (4, 0X Prms)
Mean wave height H 0—20m
Mean wave period T 0—20s
Maximum wave height Humax 0—20m {zero up-crossing)
Maximum wave period 7 0—20s ( do )
Skewness +/ E +5.00
Kurtosis 8 0—10.0
Mean wave direction 7 #90°
Principal wave direction 8y *45°
Long~crestedness T 0—-1.0
Mean spreading angle O 0—90°

by an independent heave accelerometer.
(2) Significant wave height(H,)

The significant wave height is defined as the mean of the wave heights of the one-
third highest waves among all the individual waves (Hy, -, H») which appear during a
20-minute long observation. Generally, one measurement for 20-minute contains a re-
cord of about 100 to 200 individual waves. Therefore, the computation of significant
wave height on the basis of this definition requires storages of 100 to 200 wave heignts
and periods, and it has to be performed after the observation is over.

Tn order 1o save the capacity of en-beard microprocessors and to shorten the data
processing time, the significant wave height Hs was estimated from the root-mean-square
value of the water level fluctuation by the following equation:

.H-sx‘i 004 Drms, (23)
where

pemm | 28 ey, 7ol @0

s Y 7—R)T, = um%

and 7: denotes the water level digitized with a sampling interval one second, and sn==
1, 200.

Equation (23) is derived on the basis of the assumption that the probability density
of the indvidual wave heights of a wave group follows the Rayleigh distribution, Eq. (25).

plx)=2ax exp [—atx®], (25)
where
w==Hof/Tems, a=1/2v"2. {26)

(3) Mean wave height (F) and period (T

A mean wave height and period are calculated respectively as the mean of the heights
and the periods of all the individual waves by Eq. (27).
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5 T @7

(4) Maximum wave height(Hun.:) and period (T mux)

The maximum wave height and the period are the height and the period of the
individual wave having the largest wave height of the whole wave group.

(5) Mean wave direction (7) and the principal wave direction (6p)

The mean wave direction and the principal wave direction are calculated irom the
covariances of the time series of the heave speed, pitch and roll of the buoy by Egs. (18)
and (19}, respectively, as stated in 2.

The on-board processing does not take into account the fluctuation of the buoy orien-
tation. Hence, # and 6, are the directions calculated in the coordinates fixed to the
buoy. Therefore, the true wave directions are calculated afterwards in the process of
laboratory data avalyses by adding the difference between the average buoy orientation
measured by a magnetic compass on hoard during the 20-minute observation and the
magnetic north.

{6) Long-~crestedness and mean spreading angle

The long-restedness and the mean spreading angle are also computed from the co-
variances of the three quantities related to the buoy motion by Egs. (20) and (213, res-
pectively.

(7) Skewness and Kurtosis

The skewness and kurtosis are the indices which show the extent of the deviation of
the probability depsity of water level 7; from the normal distribution, and thus they
indicate the magnitude of nonlinear behavior of wave motion. These two indices are
defined by Eqgs. (28) and (29), respectively. The kurtosis also serves as an indicator of
the degree of contamination by spike noises. When the probability density of the water
level 7: is well expressed by the normal distribution, the skewness takes the value zero
and the kurtosis is equal to 3.0.

—_— n
Skewness &/ ,81=m7?1 a—';E“E (m—7)°, (28)
s =1
) 1 1= =
Kurtosis ,82=“5?‘“"“T'§2 (=74 (29
rms i=1

3.3 Examination of Directional Sensor

Prior to the in situ observation, the response characteristics of the directional sensor
to be installed on the buoy was examined.

(1) Examination of heave response

The sensor Hippy 120 was installed on 2 1/10 scale model of the discus buoy, and
tested for periodic waves in a wave channel with 105 m in length, 3.0 m in width and
2.5 m in depth. The motion of the buoy was shot by a video camera. The heave am-
plitude was visually measured on the video screen afterwards. The amplitudes of the
analogue and digital signals of the sensor are compared with those visually measured in
Fig. 4. The correlation between the amplitude measured by two different ways is quite
good. Also there is no substantial difference observed between the analogue and the di-
gital signals of the sensor.

The sensor response was further tested for large amplitude motions by vibrating the
sensor vertically with the use of about 10 m long rubber strips hanged from the top of a
crane. The sensor was given an initial displacement by lifting or pulling down manually
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from the equilibrium position and was released to start a free damping oscillation. While
the sensor was oscillating, the positions of the upper and the lower dead points of the
motion were visually measured with the aid of a video camera and a video tape recorder.
The results were compared with the maxima and the minima of the output signals
of the sensor as shown in Fig. 5. Although a slight scattering of the data from the line
of perfect agreement is observed owing to the error brought by the visual measurements,
the correlation can be said to be sufficiently good.

(2) Examination of pitch and roll response

The response of the directional sensor for pitch and roll was first examined statically.
A platform was prepared to incline the sensor. The platform was a rectangular board
which has a hinge on one end to be fixed on the bed. The other end of the platform
was movable vertically and was lifted and lowered by a chain block. The position of the
movable end was measured with a scale and the inclination of the platform was obtained
through the simple geometric calculation. This static tests were performd for different
sensor orientations to the direction of the platform inclination. The pitch and the roll
angles of the sensor were calculated by the following equations and compared with the
sensor outputs.

sin(piteh angle) =sin a sin @,
(30

sin(roll angle)=sin ¢ cos ¢,

where @ is the inclination of the platform and ¢ denotes the angle between the sensor
orientation and the direction of the platform inclination.

The difference between the sensor outputs and the calculated roll angles is shown in
Fig. 6. The relative error is approximately less than 1.5%, which is consistent with the
specification given by the manufacturer.

The pitch and roll response of the sensor was tested during the scale mode} tests for
periodic waves. For the waves having small amplitudes, the motion of the buoy was
measured by a six-component displacement meter, which is a standard equipment for ship
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motion tests. An example of the records of the pitch and roll sensor and the displace-
ment meter is shown in Fig. 7. The signals from the two equipments atre in good agree-
ment.

The pitch and roll response was further tested for larger amplitude motions dynami~
cally by the use of a large pendulum hanged from a crane. The sensor inclination at
the right and the left dead points of the swing motion were measured visually utilizing
a video camera and a video tape recorder {VTR}. Figure 8 shows the comparison between
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the sensor output and the inclination measured from VTR. The correlation between the
sensor inclination measured by these two different ways can be said to be quite acceptable,
if consideration is given to the possibility that some error might be entrained in reading
the sensor inclination on the video screen.

4. Results of Ohservation

4.1 Statistical Characteristics of Wave Parameters

The analysis in this report was made for the wave data obtained over the period
from October 18 of 1983 to March 31 of 1984 ; several storm waves recorded during this
Season.

The means and the standard deviations of representative wave quantities have been
calculated over the period of 6 months, and the resulés are listed in Table 3. The mean
of the skewness is very close to zero, and the mean of the kurtosis is very close to 3.0.
Tt is said, therefore, that the water surface motion exhbited linear characteristics and the
contamination of the sensor signals by spile noises was minimal.

The mean of the significant wave height is 3.35 m, while the coastal wave observa-
tion has yielded the mean significant wave height of 1.8 m at Habu Port, Oshima Island
(139°27'18"E, 34°40/28*N, water depth 50 m) and the value of 1.1 m at Hitachinaka
Port (140°39'36"E, 36°23/24"N, water depth 30 m). The difference implies that in the
sea area of the present interest {which is called the Nojima sea area hereafter) large
waves with the heights twice to three times those observed in the coastal area are seen
almost continuously. It should be noted that the significant wave height exceeded 4 m
for about a half of the period from January through February in 1984. The average of
the mean wave period during the whole observation was 7.3 s, which is about cne second
longer than those observed at the two coastal stations. These detferences between the
wave heights and periods obtained at the Nojima station and the two coastal stations
might have resulted from the difference in the fetch length for the predominant nor-
thwestern monsoon which generated the waves in the Northwestern Pacific Ocean.

As to the relation between some characteristic wave parameters, the mean of the
ratio Hpax/Hs (1.46) is slightly smaller than that at coastal area (1.55 to 1. 7%, while

Table 3 Wave Statistics

Quantity | Mean (standard deviation) “ Quantity | Mean (standard deviation)
Hs 3.35m(1. 25m) Huax/Hs 1. 46(0. 16}
H max 4.83m{1. 91m) Hs/H 1. 72(0. 09
H 1. 97m (. 77m) HiHz 0. 93(0. 07)
Hao 2,12m{0, 81m) Hmax/H 2. 50(0. 30D
Tmex 9.00s(1.68s ) Tmax/T 1. 23(0. 17)
T 7.31s(1.048) T/ T 0. 86(0. 10)
Tao 8.56s5(1.16s8) Tmax/F 1.06€0.17)
By 0. 044 (0. 064) I 56.2°
Ba 3. 005 (0. 230) T 0. 82

Regression equation Correlation coefficient

Hmax=1,458 Hs—0.03 0. 954

Hs =1.614 H—0.176 0. 992

H =0.934 H2—0.008 0. 977

Hmax=2. 357 H-0.374 0. 948

Hmax=2, 218 Hao+0. 201 0.932
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the ratio Hs/H (1.72) is slightly larger than that at the coastal stations (1.50 to 1.81).
These differences are supposed to have resulted from the overestimation of the significant
wave height, because the significant wave height at the Nojima station was calculated
by the relation Hs=47rms. It is a well established fact that the wave-by-wave analysis
of the coastal wave data vields the approximate relation H;=3.8%ms on the average. If
the latter relation is applied to estimate the significant wave height at the Nojima sta~
tion, the value of H; in Table 3 decreases by 5 percents to 3.18 m. Hence the ratios
Huox/ He and He/ H become in 1.53 and 1. 63, respectively. These values are almost the
same ratios obtained from coastal wave records.

It should also be noted that the correlation hetween the full mean wave height &
and the mean height of the first 20 waves He is quite good, for the correlation coeffi-
cient is 0.977. In addition the mean of the ratio H/ Hao is 0. 93 and the standard devia-
tion of it is less than 8%. Thus, it can be said that even a short wave record may
vield a good estimate of the wave parameters related to wave height statistics, even
though its statistical reliability is not high.

The mean of the ratic T/T s is 0.86. This indicates that the mean wave perids for
20 waves are longer than those for whole records. This difference may have resulted
from the different response characteristics bhetween the accelerometers employed in the
measurements of Hz and Tae and the accelerometer of Hippy-120.

The cumulative distribution of the significant wave height at the Nojima station is
compared with those at the two coastal stations in Fig. 9. The Distributions have been
normarized with the mean values of the significant wave height at respective stations.
The distribution curve shown with the open circles is the one for the Nojima station,
and it shows the tendency very similar to that for Habu Port, while the curve for
Hitachinaka Port shows a little different tendency.

The joint distribution of wave height and period at the Nojima sea area over the
three-month period of December through February is shown in Fig. 10. The figures in
Fig. 10 are the number of observations which fall on respective ranges of the height and
period. The abscissa denotes the significant wave period which has been converted from
the mean wave period by using the relation T:=1.1T obtained at coatal stations, while

(1)
99.9 . T .

L A i
99 -2 s
," o

i1
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0.1 ] 1 !
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Fig. 10 Joint Distribution of Wave Heights
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the ordinate denotes the observed significant wave heights. Figure. 10 shows that most
of the waves occurring in the Nojima sea area have the wave steepness (H./Ly) ranging
from Q.02 to 0.04, which is the characteristics of waves under wind action. Among the
wave group with the significant wave height exceeding 5 m, the steepness seems to
approach the value 0. 04, The same tendency has heen observed in the coastal wave data®.

The joint distribution of the significant wave height and period relative to the overall
mean values during the three-month period is shown in Fig. 11 for the Nojima station
and in Figs. 12 and 13 for the two coastal stations. The figures in Figs. 11 to 13 are the
values of the probability density for respective values of Hs/Hs and T/ Ts. The probabii-
ity density is caleulated by

P(H Hsy To/Tsy=n/NLAH/HYATo/T], (31

where 7 denotes the number of observations which fall on respective range and N denotes
total number of observation druing the three months. The values of the probability
density are multiplied by 10 and shown with one or two digits in Figs. 11 to 13. The
figures surrounded by squares indicate the absolute values of the probability density for
respective contour lines.

Y, ) —
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A noticeable difference between the joint distributions of the Nojima station and the
two coastal stations is the degree of the correlation between the wave height and period.
The correlation is high at the Nojima station while it is low at the coastal stations. The
difference suggests that the energy of swell from remote areas is not conspicuous in the
Nojima sea area compared with that at the coastal area. It can be said therefore that
the hig waves in the Nojima sea area mainly consist of wind waves generated in the sea
area nearhy.

4.2 Characteristics of Extreme Seas

Typical records of the wave and weather data of extreme seas are shown in Figs. 14

E o
M T f I B E O ! TERR R E L1 I Lt
£zC, 30 3 Jan 1 z
{day)
Fig. 14 ‘Time Variation of Waves and Winds at Nojima Statien (Dec. 30, 1983-Jan.
4, 1984)

8
53

Hs

m o, T

Feg, 15 16 17 18 18 29
{day)

Fig. 15 Time Variation of Waves and Winds at Nojima Station (Feb. 15-Feb. 20, 1984)
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f{07 s} with some delay. Generally speaking,

Fig. 16 Wave Spectrum {at 0300, Feb. 18)  extreme sea states appear when the wind

speed increases heyond 15 m/s immedia~

tely after a sudden change of the wind direction from the northwest to the southwest.

As the wind speed increases, the wave height increases within the itime span of 12 to
15 hours.

Figure 16 shows the power specirum of the waves observed at 0300 on February 18,
when the significant wave height recorded the largest value 8.33 m. The closed circles
show the heave spectrum obtained from the directional sensor. The solid line denotes
the spectrum estimated from the reproduced wave profile on the basis of the transmitted
data of the crest and trough heights as well as the time intervals between them, by using
the technique of interpolation. The reproduction of the wave profile and the spectral
analysis were made by the Japan Meteorological Agency. The spectral pealk appears at
the frequency of (.08 Hz {corresponding to the period 12 s), and most of the wave
energy is concentrated within a frequency range between 0.06 to 0.15 Hz. The broken
line in Fig. 16 is the Bretschnoeider-Mitsuyasu type frequency spectrum which is given by
Eq. (32).

S =0.257H T (Tof )7 exp [—1. 03(Ts/) 7] (32)

In the calculation of the frequency spectrum by Eq. (32), the ohserved significant wave
height H,==8 33 m is employed and the significant wave period 7’5 is given as 12.0 s
which is the reciprocal of the peak frequency of the observed spectrum. The observed
spectrum has a sharper peak than the Bretschnider-Mitsuyasu spectrum, which suggests
strong wind action over a relatively short fetch.

The maximum significant wave heights observed during some extreme sea states as
well as the date and the time of the occurrence are compared with those observed at the
coastal stations as shown in Table 4. It is seen that the extreme sea states at the No-
jima sea area and the coastal area occurred almost simultaneously.

As discussed in the above, the variations of the wave height and the wave direction
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Table 4 Comparisen of Extremes

Nojima Station Habu Port Hitachinaka Port
Date
Time 1 Hs ‘ HCFY | Time | Ho(Ts) | FCT) | Time | Hi(To | B

Jan. 26 | 1200 7.92m|  5.02m| 1200 2.92m 1.88m! 0600 2.36m 1.42m
(9.08) (7.9s8 {7.28) (12.2s8)] (8.4s)

Feb. 18 0300 8. 44m 5.02m| 1200 3.13m 1.61m| 0800 3.08m 2. 0Dm
(10.08) (9.1s (7.38) 6.7s) (B.8s)

Feb, 27] 1800 8.04m!  4,80m| 0000 3. 89m 2.51m| 0400 2.50m|  1.56m
10.0s8) (8.08) (7.6s8) (9.38) (7.58)
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are closely correlated with the changes of the wind speed and direction. It is also
found that the power spectrum of the extreme sea state is similar with the Bretschneider-
Mitsuyasu type spectrum which represents a standard shape of the spectrum of fully de-
veloped wind generated waves in deep sea. Therefore, for extreme seas, it can be said
that the waves in the Nojima sea area are mainly contributed by the wind waves generated
over this sea area and the contribution of swell from remote sources is not large.

5. Estimation of Directional Wave Spectrum

5.1 Characteristics of Directional Parameters at Nojima Station

Tn this chapter the characteristics of directional wave spectram is examined from the

viewpoint of the two directional parame-
ters, i.e., the long-crestedness and the
mean spreading angle, because of the lack
of full records of heave, pitch and roll
data.

When the directional spectrum is
characterized by the Bretschneider-Mi-~
tsuyasu frequency spectrum (Eq. 32)
coupled with the Mitsuyasu type direc-
tional function (Eq. 7)., the two direc-
tional parameters can be calculated as the
function of the spreading parameter Smax
The calculation with various values of
Smax has shown that there exists a consis-
tent relation between the long-crestedness
and the mean spreading angle, as shown
by the solid line with the closed circles
in Fig. 17.

Calculation has further been carried
out for the cases of bimodal directional

£983 10 17 24 ~-- 1584 3 31 21
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1983 (0 17 24 — (984 3 31 21
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Fig. 19 Observed Values of 7 and 9x (2)



Koji KOBUNE « Hiroshi SASAKI » Noriaki HASHIMOTO

wave spectra, which are given as the superposition of the two unimodal wave spectra
specified by the Bretschneider-Mitsuyasu power spectrum and the Mitsuyasu iype direc-
tional function. The difference between the two mean wave directions, which is de-
signated by @p, are varied from 0° to 180°. In addition to the result of the calculation
for unimodal spectra, Fig. 17 above shows the resulis for the cases of bimodal spectra.
The line denoted with the symbol A represents the case in which two wave groups of
identical characteristics with Smax=10 interact. The line B is drawn for the case in
which one wave group is the wind waves with Smax==10 and the other is the swell with
the wave height being one half of the former, with Smax=100 and with the same wave
period as the former. The line C shows the case in which the wind waves and the swell
have the same energy and significant period, but the spreading parameter is Smex=:10 for
the former and 100 for the latter.

The three lines A, B and C for the bimodal spectra appear in the right-hand side of
the line for the unimodal spectra, and the deviations of these lines from the latter are
quite large, especially when #p is larger than 90°. This tendency of the lines for the
bimodal spectra results from such characteristics of the long-crestedness that it takes
the maximum value for 05=90° and decreases as #p increases beyond 90°. Because of
this characteristics, the long-crestedness itself cannct be an appropriate index of directio-
nal spreading. However, coupled with the other parameter, i.e., the mean spreading
angle Ok, it can serve as a very useful auxiliary parameter to distingnish bimodal seas
from unimodal ones.

The data of the long-crestedness and the mean spreading angle of the Nojima sta-
tion are compared with the theoretical relation for unimodal spectra in Figs. 18 and 19.
Figure 18 shows the comparison for the group of waves having smaller significatnt wave
heights (H:=2 to 3m), while Fig. 19 shows the data of the group of waves with larger
heights. In both figures, the solid line representing the relation for waves with uni-
modal spectra provides an envelope of the observed data which are scattered in the right-
hand side of the line. As for the group of waves with smaller wave heights, the range of
scatter is very wide. This suggests that the directional spectra of smaller waves have
very complicated shapes, probably with coexistence of several groups of waves from va-
rious generating sources. On the other hand, in the case of extreme seas with the signi-
ficant wave heights larger than 6 m (Fig. 19), the range of scatter is small and the solid
line well approximates the observed data of the two directional parameters.

From the comparison of the extent of the scatter of 7 and ¢ data for extreme seas
in Fig. 19 with the theoretical curves in Fig. 17, it can be deducted that exireme seas
in the Nojima sea area have a unimodal wave spectrum with Smex ranging from 10 to 40.
Tf it is assumed that they are waves with bimodal directional spectra, the difference in
their mean directions should be less than 90°.

Incidentally, the mark of filled circle in Fig. 19 represents the data of the largest
significant wave height observed at 0300 on Feb. 18, and the values of ¥ and &x cor-
responds to the case of unimodal spectrum with Smex=12 or 13.

5.2 Characteristics of Directional Parameters at Coastal Stations

As discussed in 5.1, whether a directional wave spectrum is unimodal or bimodal
can be iudged from the values of ¥ and & These directional parameters have been
calculated from the wave data obtained at Hitachinaka Port and Niigata Port (139°05'19°E,
37°08747*N, water depth 22.7 m, Japan Sea coast), where the directional wave mea-
surements are made utilizing two-axis current meters. Figure 20 shows the theoretical
relation between 7 and & drawn for the directional measurement with the current me-
ters in the same manner as Fig. 14. Since the values of the parameters are calculated
from the covariances between the water surface elevation and the horizontal velocity
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components calculated at the level of 2 m above the sea bed, the lines in Fig. 20 is slightly
different from those shown in Fig. 14, because of the nature of the transfer functions
from the water surface elevation to velocity components. The data of ¥ and 0x calculated
from the records obtained at Hitachinaka Port are compared with the theoretical curves
in Figs. 21 and 22. When the significant wave height exceeds 2.0 m (Fig. 21), the re-
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lations between the observed values of 7 and O« are well approximated by the theoretical
curve drawn for unimodal directional spectra, while the data of ¥ and & for the group
of waves with smaller significant wave heignts appear in a scattered manner in the right
hand side of the curve (Fig. 22).

Wave data obtained at Niigata Port are also analyzed in the same way. Figure 23
shows the time variations of wind speed (I7), wind direction (#.,), “significant wave
height (H) and period (T.), mean wave direction (#), the long-crestedness {¥) and the
mean spreading angle (@:), for the 3-day period of relatively rough seas from March 10
to March 12, 1984. The values of 7 and 8 are compared with the theoretical relation for
the unimodal spectra in Fig. 24. During the three days, the observed values of 7 and 0:
fall on the vicinity of the theoretical curve for unimodal spectra, except six observations
denoted with A to F. As seen in Fig. 23, all these exceptional points A to F, which
exhibit large deviations from the theoretical curve in Fig. 24, take place immediately
after the wind direction had changed. Such changes in the wave direction should have
been associated with the presence of bimodal spectra. As an example, the directional
spectra at 2200 on March 10 (Point €) and at 1600 on March 12 (Point F) have been
calculated by the extended maximum likelihood method and is illustrated in Fig. 25.
Clearly, two directional peaks are observed, which proves the presence of bimodal spec-
trum. Thus, the characteristics of directional spectra are well recognized by using the
relation between the long-crestedness and the mean spreading angle.

6. Conclusions

Summing up the results of the study described akove, the following is the major
conclusions.

1. The waves occurring in the Nojima sea area during the winter are twice to three
times larger than those observed in the coastal sea area. However, the ratios bet-
ween characteristic wave parameters, such as Humu/Hs and H/H, are similar to
those chserved in coastal sea area.

2. The correlation between the relative significant wave height (H./H¢) and the relative
period (T's/T5) at the Nolima station is higher than that observed in coastal sea
area, and the steepness of most of the waves occurring in the Nojima sea area is
ranging from 0.02 to 0.04, which is the characteristics of the waves under wind
action.

3. The significant wave height and the mean wave direction clearly follow the change
of the wind speed and the wind direction at the station, respectively. For exireme
sea states, the wave power spectrum is similar to the standard shape of the spectrum
of fully developed wind waves. Therefore, the contribution of swell to the extreme
sea states in the Nojima sea area is much smaller than that of the wind waves gene-
rated in the sea area nearby. -

4. The theoretical calculation for unimodal directional spectra vields a consistent rela-
tionship between the two parameters: the long-crestedness and the mean spreading
angle. The characteristics of directional wave spectra of real sea can be well re-
cognized by comparing the values of the two parameters with the theoretical rela-
tion. Whether a directional wave spectrum is unimodal or bimodal can be judged by
the degree of the deviation of the measured values of the parameters from the theore-
tical relation drawn for the unimodal spectra.

5. The directional wave spectra of the extreme seas in the Nojima sea area are supposed
to be unimodal one which is characterized by the Mitsuyasu type directional function
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with Smex=10 to 40 or bimodal one which is characterized by the angular difference
between the two directional peaks less than 90°.
(Received June 29, 1985)

Acknowledgement

The study presented herein was started in 1982, For the {irst two years, the system
design of the directional wave measurement utilizing a discus buoy and the examination
of the directional semsor had been conducted under the directions of Messrs. T. Taka-
hashi and S. Murata, the formar Chiefs of the Coastal Observation Laboratory of the
Port and Harbour Research Institute. Their contributions are greatly acknowledged. The
authors sincerely wish to express their appreciation to Dr. Y. Goda, Deputy Director
General of the Port and Harbour Research Institute, for his helpful advice on various
matters ranging from the system design of the on-hoard analysis and the lahoratory ana-
lysis of wave data. The authors also wish to express heartfelt thanks to those who were
involved in the wave observation in the Japan Meteorological Agency and in the First
and the Second Port Construction Bureaus for furnishing the wave data promptly, and to
Messrs. Y. Kameyama and A. Narita, members of the Coastal Observation Laboratory,
for their assistance in the data processing.

References

1) Longuet-Higgins, M. S., D. E. Cartwright, and N. D. Smith: Observations of direc-
tional spectrum of sea waves using the motion of a fleating buoy, Ocean Wave
Spectra, Prectice-[all, Inc., 1963, pp. 111-136.

2) Mitsuyasu, H. et. al.: Observation of the directional spectrum of ocean sea waves
using a cloverleal buoy, four. Physical Oceanography., Vol b, No. 4, 1975, pp
750-760.

3) Capon, J., R. J. Greenfield and R.J. Kolker : Multidimensional Maximum-likelihcod
processing of a large aparture seismic array, Proc. IEEE, Vol. 55, 19587, pp.
192-211.

4) Tsobe M., K. Kondo and K. Horikawa : Extension of MLM for estimating directional
wave spectram, Simpositm on description and M odeling of Directional Seas ,
Danish Hydraulic Institute & Danish Maritime Institute, 1984, pp- A-6-1 - A-G~
15.

5) Longuet-Higgins, M. 5. : The statistical analysis of rapdom moving surface, Phil.
Trans. Roy. Soc. London, Ser. A(966), Vol. 249, 1956, pp. 321-387.

6) Goda Y.: Numerical examination of the measuring technique of wave direction with
the ¢ covariance method,’ Report of P. H. R. 1., Vol. 20, No. 8, 1981, pp. 53-92
(in Japanese).

7 Goda Y., K. Miura and K. Kato: On-board analysis of mean wave direction with
discus buoy, International Conference on Wave and Wind Directionality,
Bdition Technip Co., 1981, pp. 339-359.

8) Takahashi, T. et. al.: Wave statistics with 10-vear data in the coastal wave observa-~
tion network, Technical Note of P. H.R. I. No. 401, 1981, 711 p. (in Japanese).

9) Hirose, M., Y. Tachibana and K. Sugahara : One-dimensional spectra of wind waves
in coastal waters, Report of the PHRI, Vol 22., No. 3, 1983, pp. 83-124 (in
Japanese).

List of Symbols

a . proportionality constant (=1/2+/2)

- 28—



n

Ar

By,

Cij

Ed, w)

Sa
I»
Hy

Heo
H;
H;

. e

Hn(k, 0.)) ;

H*(k, o) :

Hme

=3 3

LT ST

Characteristics of Ocean Waves off Cape Noiima

amplitude of 2-th component wave

fourier coefficients

fourier coefficients

cospectra hetween 7 and j quantities

directional wave spectrum defined in Cartesian coordinate({, »2)
frequency

frequency of n-th component wave

peak frequency of power spectrum

i-th individual wave defined by zero up-crossing method

mean wave height

mean wave height for the first 20 individual waves in a wave record
significant wave height

average of the significant wave height

transfer function from water suface elevation to s#-th wave property.
the complex conjugate of the transfer function H.(k, @)

maximum wave height

significant wave height in deep water

=T

wave numbet (=2z/L)

wave number of #-th component wave

mean of wave numbers of the component waves

wave number vector

wave Jength in deep water

=kcosf

mean of [

=ksin8

mean of

number of discrete water elevation record or number of observation of which
significant wave height and period falls on intervals 4 (H/&s) and 4 (T%/Ty)
deviation of wave number from the mean wave direction (see. Fig. 2}
quadrature spectrum between ¢ and j quantities

root-mean-square of the wave number deviation from the mean wave direction
power of cosine function in the Mitsuyasu type directional function
maximmum value of s

directional wave spectrum

estimate of S{f, &)

mean wave period

mean wave period for the first 20 individual waves in a record
significant wave height

average of the significant wave periods

wind speed

location vector for z-th wave quantity

inclination of the directional sensor in the static test

skewness

kurtosis

Gamma function

Iong-crestedness

phase angle of s-th component wave

water surface elevation

mean water surface elevation
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i-th discrete data of the water surface measurement

root-mean square of water surface elevation

speed of vertical motion of water surface

pitch angle

roll angle

directional angle

mean wave direcison

directional difference between the two directional peak of bimodal wave spectrum
mean spreading angle

direction of s-th component wave

principal wave direction

wind direction

proportionality constant in EMLM

delay in the calculation of covariances

sensor orientation measured from ine divection of the slope in the static test
of the directional sensor

cross-spectrum between ¢ and j quantities

angular frequency of z-th component wave (=2zf)

covariance function
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