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Abstract

In this paper the statistical characteristics of the waves at Hong-do and Mara-do are
examined. The wave scatter diagrams of Hs and 7> and His and Tis at two
locations are given and various statistical characteristics of the ocean waves are
examined. If the sea is not narrowband, the modified Rayleigh distribution introduced
by Longuet-Higgins can be used for the individual wave height distribution. However
the modified Rayleigh distribution has not been widely used due to the inconvenience
of determining the empirical constant. In this paper a simple method to determine the
empirical constant for the modified Rayleigh distribution is proposed. Extreme waves
based on the measured wave data are estimated. There is no significant difference
depending on the distribution functions. However the estimations of the extreme
waves from Hs and H;zs show considerable difference.
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1. Introduction

The ocean waves acting on the ocean structures
are so complicated that it is very difficult to define
characteristics of an individual wave. Therefore the
stochastic analysis is needed to estimate the
characteristics of the ocean
Longuet-Higgins [1952] applied the result of Rice
[1944] to the ocean waves and found various

waves.

statistical properties. Cartwright [1958] expressed
the probability density function of the extreme
waves. There have been lots of researches
thereafter. In general one assumes the symmetry of
the wave profile with respect to the mean surface
and employs the Gaussian distribution of the wave
elevation.

The significant wave height is defined by
H,=4y m, )]

where m, is the variance of sea surface elevation.
The average of the zero up-crossing period is

defined by

1/2

T,— (i) )
my

where m> is the second moment of the wave
spectrum. The average crest-to-trough height and
the average up-crossing period of the highest
one-third waves will be referred as Hys and T3
The significant steepness is defined by

2nH,
Ss— g,],g (3)

Rice (1952) defined the bandwidth parameter as

1/2

2
e=(1—ﬂ) (4)

MMy

However the bandwidth parameter € is not

appropriate to describe the ocean wave spectrum
since the fourth moment of the theoretical wave
spectrum becomes infinity and the fourth moment
of the measured wave spectrum also depends on
the cut-off frequency.

Longuet-Higgins [1980] defined the bandwidth

parameter as

1/2
uz(—m"Z”Z —1) ®)
m

This parameter does not contain the fourth
moments. For the Pierson-Moskowitz spectrum Vv
=0.425 and for the JONSWAP spectrum with v=3.3,
04=07 and 0p=09, v=0.39. If the spectrum is
narrowband, v=0.

In this paper the statistical characteristics of the
waves at two locations in the sea area of Korea
are examined. One is at Hong—do and the other is
at Mara—do. Wave scatter diagrams and various
statistical characteristics are to be examined.
Estimations of the extreme wave heights based on
the measured wave data will be made.

2. Statistical Wave Characteristics

In this paper wave data report which was
published by the office of harbor and maritime
transportation [1996] is used. In this report wave
data from eight locations in the sea area of Korea
are given. Among eight locations, Hong-do and
Mara-do wave stations are selected because these
two locations provide wave data for a whole year
without missing too much data. The water depth
at Mara—do station is 110 m, and that at Hong-do
station is 40 m. Mara—do station is located at 2.5
km south of Mara-do and Hong—do station is
located 1.8 km northwest of Hong-do. At both
locations directional wave riders are used and

wave elevations are measured every 3 hours.
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Wave Climate at Hong—do and Mara-do Sea Areas

Table 1 Scatter diagram of As and t. Total number of observation is 2477. Hong-do, 1995.

T:| 2-125-130-|35-]140-{45-]50-|55-(6.0-]65-]70 -|75 - |sum
H, 25 1 30 1 35 {40 ) 45 | 50 | 55 | 60 | 65 | 70 | 75 | 80
5.5-6.0 3 3
5.0-55 1 1
45-50 1 6 7
4.0-45 5 10 6 21
3.5-4.0 4 5 9
3.0-35 1 23 25 6 55
2.5-3.0 37 54 10 1 102
2.0-25 2 31 88 24 4 1 150
1.5-2.0 1 59 97 55 5 1 218
1.0-15 6 83 186 | 86 43 5 409
0.5-1.0 32 128 | 261 | 206 | 51 16 3 1 698
0-05 | 20 164 | 259 | 191 | 127 | 28 11 3 1 304
sum | 20 196 | 393 | 536 | 580 | 293 | 251 | 117 | 51 24 12 4 | 2477
Table 2 Scatter diagram of As and . Total number of observation is 2278. Mara—do, 1995.
T-|25 -|3.0 -[35 -}4.0 -|45 -|5.0 -5 -16.0 -|6.5 -|7.0 -[75 180 -85 -|9.0 -19.5 -] sum
H. 3013514045150 |55,60|65[70|75180|851]901]951/[10.0
6.0-6.5 1 1
5.5-6.0 0
5.0-55 1 1 2
4.5-5.0 1 2 1 4
4.0-45 0 1 1
3.5-4.0 6 3 1 10
3.0-35 3 8 6 4 3 24
2.5-3.0 6 | 21107} 12 | 3 52
2.0-2.5 1 12 |50 | 38| 16 | 6 3 126
15-2.0 1 12718 173|389 3 1 2 3 239
1.0-15 5 | 97 2241155121 | 42 | 16 | b5 3 668
05-1.0] 18 {168 233|211 109 | 71 | 33 | 12 | 2 3 860
0-05] 26 | 73183168 |21 |12 ] 4 4 291
sum | 44 | 246|414 {531 | 37913331179 81 | 38 | 17| 6 711 1 1 2278

Table 1 and 2 give wave scatter diagrams

diagram becomes narrow for high waves. In

based on Hs and T: at Hong-do and Mara-do
respectively. Significant wave heights and zero
up-crossing periods are grouped with 05
intervals and are rounded to the nearest 0.5 m
and 0.5 s. The first column and the first row
represent the intervals of wave heights and

periods of each group. Generally wave scatter

table 2 we can see some wave data with long
period and relatively low wave height. This
phenomenon can be seen clearly in table 3 and
4 which are wave scatter diagrams based on
His and T3 This might be due to the swell.

Table 5 shows the upper bound and the average
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Table 3 Scatter diagram of Hys and Tis. Total number of observation is 2431. Hong—do, 1995.

Tus| 30] 354045505560 [65]70][75]807]85]90] 95 [sum
HisN\_|-35|-40 | 45| -50 | -55 | -6.0 | 65 | -65 | -75 | -80 | -85 | 9.0 | -95 | -10
55-6.0 1] 1| 2
5.0-55 1 1
45-5.0 1 2 1 4
40-4.5 1 5 1712 15
35-4.0 4 111 | 5 20
3.0-35 2 10 16 6 34
25-3.0 2 |21 42]15] 5 91
2.0-25 3 18 1 38 1 43 | 34 3 1 1 141
1.5-2.0 4 32 |69 | 62| 33 | 11 3 214
1.0-15 22 751078 [ 6427 6 | 3 392
05-10| 5 | 73 [ 123|184 170 | 83 | 30 | 8 | 1 2 2 |68l
0-025 11 [151 [267 {207 | 8 [ 51 (23|17 (13| 5 | 4 | 3 | 1 836
sum | 16 | 224 | 412470 | 395|309 (219|157 | 118 | 49 | 34 | 16 | 7 | 5 [2431

Table 4 Scatter diagram of Hi;s and Tys. Total number of observation is 2246. Mara-do, 1995.

13| 35140145 [50[55]60[65[70]75]80]85][90]95]10-[105]11- [115] 12 [sum
Hi5\[-40|-45|-50|-55|-60|-65|-65|-75| -80|-85|-9.0|-9.5| -10|10.5| -11 |11.5| ~12| 125
55-6.0 1)1 2
5.0-55 0
45-5.0 111 1 3
40-45 1 1 2
35-40 21431 111
30-35 714]4]1 1 17
25-30 112l 8|{7(3]2 1|1 37
20-25 1t lafirfi9]3s|31j9ls]2 118
15-20 1529150 [53[31]19|10] 3 | 2 1 ]3]1 219
10-15 8 [58|12[138[119] 74 |47 |25 11|46 |1 ]2 605
05-10[ 32 | 93 |166]193|168[112| 52 [33 |14 | 7 |10 7 [ 4 [ 1 | 2 894
005|11{54|70]|60|76]29 179 | 4|43 1 338
sum | 43 [155]295(381[416|322|217]166]111|56 |36 |23 | 6 | 7 [ 5| 2 | 3 | 2 |2246

of the significant steepness based on H,. As the
wave height becomes higher the
steepness seems to be bounded. The significant
steepness shows maximum value 0.080 where H;

significant

is about 2 m. Most of the significant steepness has
a maximum value that is greater than 0.0508 or

1/19.7. Considering that the fully developed
Pilerson-Moskowitz spectrum gives a constant
significant steepness of 0.0508, this suggests that
the sea is not fully developed and still under the
effect of the local wind. Most of the average
significant steepness, however, is less than 0.0508.
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Table 5 Upper bound of the significant steepness Ss
and the average per each Hs group

Hong-do Mara-do
H. |S: max | average | Ss max | average
6.25 - - 0.052 0.052

5.75 - - - -

525 | 0.096 0.056 0.049 0.044
475 1 0.067 0.062 0.067 0.058
425 | 0.070 0.060 0.052 0.052
375 | 0.062 0.057 0.062 0.047
325 | 0076 0.059 0.063 0.044
275 | 0064 0.050 0.064 0.047
2.25 | 0.080 0.051 0.080 0.047
1.75 | 0.080 0.049 0.080 0.038
1.25 | 0076 0.044 0.076 0.035
075 | 0.064 0.029 0.064 0.026
0.25 | 0.032 0.012 0.021 0.010

Table 6 Upper bound of the significant steepness Ss
and the average per each His group

Hong-do Mara-do

His | Ss max | average | Ss max |average
5.75 0.043 0.041 0.039 0.037
525 0.035 0.035 - -

475 | 0.040 0.036 0.040 0.033
425 | 0.052 0.040 0.045 0.039
3.75 | 0.040 0.036 0.040 0.030
3.25 | 0.046 0.038 0.035 0.027
27 1 0045 0.035 0.053 0.030
2.25 | 0.052 0.032 0.064 0.034
175 1 0.050 0.031 0.041 0.018
125 | 0044 0.025 0.044 0.019
0.75 | 0.046 0.019 0.034 0.012
025 | 0015 0.006 0.011 0.005

Table 6 shows the significant steepness based on
His and Ty Table 8 shows smaller values of the
significant steepness than those of the spectral
analysis. This is due to the difference in the
definition between T and T3

Table 7 The average values of the ratios Hia/Hs,
Ti/T, and the bandwidth parameter per
each wave height group. n is the number

of observations. Hong-do, 1995.

His n  |\Hys/ H\Tis / T: v
575 3 0.925 1.24 0.29
5.25 1 0.829 1.257 0.34
475 7 0.912 1.217 0.35
425 21 0.964 1.259 0.39
3.75 9 0.941 1.26 0.45
3.25 55 0.941 1.239 0.43
2.75 98 0.962 1.267 0.50
2.25 147 0.953 1.249 051
1.75 217 0.959 1.257 0.57
1.25 404 0.958 1.248 0.61
0.75 682 0.962 1.259 0.68
0.25 787 0.944 1.342 0.83

average| 0.954 1.283 0.69

Table 8 The average values of the ratios Hia/Hs,
Ta/T; and the bandwidth parameter per
each wave height group. ni is the number

of observations. Mara—-do, 1995.

His ni  |Hya/ He|Tiz / T: 4
6.25 1 0.892 1.137 0.32
575 - - - -
5.25 2 1015 1.217 042
475 4 0.935 1.237 0.39
4.25 1 0.847 1.228 0.40
3.75 10 0.983 1.286 0.47
3.25 24 0.897 1.255 0.36
2.75 52 0.922 1.270 0.45
2.25 126 0.951 1.285 0.50
1.75 237 0.946 1.285 0.56
1.25 662 0.950 1.298 0.63
0.75 838 0.960 1.330 0.73
0.25 289 0.961 1.423 0.85
average | 0.954 1.322 0.68

Table 7 and 8 show the average values of the

ratios
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parameter V. If the sea is true narrowband, Hys is
equal to H,. Generally the sea, however, is not true

narrowband. In the table one can see that Hj; is less

than H,. The total average value of the ratio H,s/H, is
0.954. The ratio 7,#/T; is greater than the unity and 7}
is 28% larger than 7. in general. This difference in the
wave period can affect the design condition greatly,
because the water particle velocity is function of wave
period as well as wave height. One can see that the
bandwidth parameter v becomes smaller as the wave
height becomes high.

3. Individual Wave Height Distribution

If the sea is not narrowband, one cannot use the
Rayleigh distribution for the individual wave height
distribution.  Forristall ~ [1978]  showed that
2-parameter Weibull distribution could be fitted for
the wave data. Longuet-Higgins [1980], however,
also found that the same data can be fitted with
same accuracy with a Rayleigh distribution with
reduced root mean square value. The modified
Rayleigh distribution by Longuet-Higgins is given
by

HH) = % exp (— H /8K>m,) ©)

KQmo

Here K is an empirical constant and does not
have exact physical meaning. For a small
amplitude waves K is equal to 1.0 and eq. (6)
reduces to the original Rayleigh distribution. The
data set used by Forristal corresponds to K=0.925.

The modified Rayleigh distribution has almost
the same form as the original Rayleigh distribution
except the constant K. Therefore the modified
Rayleigh function has all the advantages of the
original distribution. In order to determine the
constant, however, one has to fit the modified
Rayleigh distribution function to the individual
wave heights probability distribution. Therefore the
modified Rayleigh distribution is difficult to use

practically. In this section a simple method to
determine the constant K is suggested.

Let a the wave height corresponding to the 1/m"
highest wave. Then one has the following relation.

J. " p(HyadH= L %

n

The average of the 1/n™ highest wave heights
as follows.

[ Hxman

[ sepan Y

Hl/n

After evaluating eq. (8) one obtains the following
equation.

+Lé/—l[l——erf{(lnn)l/2]] 9)

From eq. (9) one can have an expression for K.

K= \/_2 Hl/n
N né/} erfel (nn)?] a m,

(Inn

(10)

If we recall the definition of the significant wave
height in eq. (1) and take n equal to 3, one can
obtain the following simple relation.

_ Hys

K i,

an

Most wave riders used in Korean waters provide
Hs and H;s, hence the empirical constant K can be
directly determined by eq. (11).

From Table 7 and 8 one can find that average
value of K is 0.95 and K=0.925 and 0.89 for the
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highest FH; group for Hong-do and Mara-do
respectively. It is noted that K becomes smaller as
wave height becomes higher. Carter et. al (1936)
suggested that the K = 0.9 for the extreme waves.

4. Extreme Wave Estimation

From the measured wave data one can estimate
the n-year return period wave height. First the
significant wave height with n-year return period
H, is estimated using a proper long term
probability  distribution function. The modified
Rayleigh distribution is used for the probability
distribution of the individual wave height.

If one assumes that wave height is independent,
the probability that all N- waves are less than A is
given by

IR

P(Hy< ) =[P(H<h) (12)

Then the most probable highest wave height
becomes the mode of this distribution.

lnNz ]1/2

5 (13)

Hoa = KH,|

One can assume the relation between Iy and
T using the significant steepness.

277.'H 1/2
2 ) (14)

T. =
i ( £S;
The storm duration is assumed to be 3 hours and
the average number of waves in this periods can
be calculated by

(15)

z

1/2
N =080 — 1 35101 ( > )

H,

Although the storm duration is assumed to be 3
hours, eq. (15) is not quite sensitive to the storm
duration. Eq. (15) can be used without any

modification up to the strom duration of 6 hours.

Using eq. (13) and (15) the n-year return period
wave height is calculated by

1/2

_ 1[5
HWKH3”[4.755+ . ln[ i ” (16)

"

In estimating the extreme wave heights two
types of the probability distribution functions are
used. One is the Fisher Tippett type 1 distribution
(FT-1) and the other is the 3-parameter Weibull
distribution. The FT-1 distribution is sometimes
known as the Gumbel distribution or the Frechet
distribution. These distributions are given by

following equations.

FT-1 distribution:

P(H)zexp{—exp[— Hﬁ—s]} (17

Weibull distribution:

P(I{)=1—exp[—( Hﬁ—e)“] (18)

where @ is a shape parameter, 6 is a scale
parameter and & is a location parameter of the
distribution functions.

300

Hong-do, 1995 (2477 Observations)
Weibull

In(-In{1-P))

In(Hs-a)

Fig. 1 Cumulative probability distribution of Hs at
Hong-do, 1995 based on  Weibull
distribution (a=¢)
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From Fig.l to Fig. 8 one can see that each
distribution fit to the data point fairly well
Extrapolation results are summrized in Table 9 to
Table 14. One can see that the estimation from the
Weibull distribution is a little higher than that from
the FT-1 distribution. But there is no significant
difference. The estimation based on Hs is quite
different from that on Hps Generally the
estimations from Hjs give smaller wave heights.

Hong-do, 1995 (2431 Observations)
Weibull

In(-In(1-P))

0.00 1.00 2.00 3.00
in(H1/3-a)

Fig. 2 Cumulative probability distribution of His
at Hong-do, 1995 based on Weibull
distribution (a=¢/

300

Mara-do, 1995 (2246 Observations)
Weibull

In¢-in(1-P))

000 1.00 |n(H1/3_a) 200 3.00
Fig. 3 Cumulative probability distribution of Hs at
Mara-do, 1995 based on Weibull
distribution (a=¢)
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Mara-do, 1995 (2278 Observations)
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z00 .o
&
s 150 M
£ .
<
100
050
000 - - - - - . - B
0.00 0.50 1.00 1.50 2.00 2.50 3.00

In(Hs-a)

Fig. 4 Cumulative probability distribution of Hys
at Mara—do, 1995 based on Weibull
distribution (a=¢/

14 00
Hong-do, 1995 (2477 Observations)

1200 FT-1

1000

-In(-InP)

Fig. 5 Cumulative probability distribution of Hs at
Hong—-do, 1995 based on FT-1 distribution

14 00
Hong-do, 1995 (2431 Observations)

12 00 FT-1

10 00

-In{-InP)

000 200 4.00 H1l3 6.00 8.00 10.00

Fig. 6 Cumulative probability distribution of Hiz
at Hong-do, 1995 based on FT-1
distribution
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Mara-do. 1995 (2278 Observations)
FT-1

Table 10 Estimation of the extreme wave height

based on the the FT-1 distribution. R is
the return period. Estimations based on

T He-T. and His-Tiz are compared.
£ Mara-do, 1995.
» FT-1 HT- HpsTig
R 50 100 50 100
He | 9234 | 9863 | 8979 | 9598
Ss 1/18 | 1/18 | 1/25 1/25
" K 09 | 09 | 09 0.9
Fig. 7 Cumulative probability distribution of Hs at H, 1550 | 1651 | 14.90 15.89
Mara-do, 1995 based on FT-1 distribution
Harao.1o%e (2246 Observations) Table 11 Estimation of the extreme wave height
based on the Weibull distribution. R is
the return period. Estimations based on
P Hs-T; and HigTiys are compared.
é N Hong-do, 1995.
Weibull Hs-T- HysTis
R 50 100 50 100
He | 9099 | 9632 | 8664 | 9.7
™ 200 oo 500 1000 Ss 1/17 117 1/20 1/20
K 0.9 0.9 0.9 0.9
Fig. 8 Cumulative probability distribution of His H, 15.31 16.17 1452 15.33
at Mara-do, 1995 based on FT-1
distribution
Table 9 Estimation of the extreme wave height Table 12 Estimation of the extreme wave height
based on the FT-1 distribution. R is the based on the Weibull distribution. R is
return  period. Estimations based on the retun period. Estimations based on
He-T: and HpTys are compared. Hs-T: and HysTys are compared.
Hong-do, 1995. Mara-do, 1995.
FT-1 HT- H;5Trs Weibull H~T- HisTis
R 50 100 50 100 R 50 100 50 100
Hsn 8999 | 9.53 8.788 9.283 Hsn 9.315 | 10.027 | 9.001 9.697
Ss /17 1/17 1/20 1/20 S 1/18 1/18 1/25 1/25
K 0.9 0.9 0.9 0.9 K 0.9 0.9 0.9 0.9
Hr 1515 | 16.01 14.72 1552 Hx 1563 | 16.78 14.94 16.05
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Table 13 Comparison of various periods for the
highest waves. Hn is maximum wave
heightt Tm is the wave period
corresponding to Hn. Ty is the average
period. Hong—do, 1995.

Hy | T: | Hn | T | Ty [T/ T/ TATY/T,
47617.02(9131980|798(1.23|140)1.14
5971769830983 |820 (120128107
4381690 |8.111949|739|1.28 138|107
562769802 (1031|738 | 1.40 | 1.34 | 0.96
595784752 (11.67| 794147149 |1.01
410656737898 (719|125 1.37| 1.10
5431769 735|887 811109115 1.05
430|667 | 723 | 777 | 7.11 | 1.09 | 1.16 | 1.07
482 174117131889 1782)1.14|1.20)1.06

Table 14 Comparison of various periods for the
highest waves. Hp is maximum wave
heightt 7, is the wave period
corresponding to Hn. 77 is the average
period. Mara—do, 1995.

Hs | T- | Ho | T | T1 T/ T Tw/THT /T
6.47 | 8.89 |10.63/11.68| 842 | 1.39 | 1.31 | 0.95
5081816936985 |894| 110121 |1.10
39916.06| 772|764 |651|1.17|1.26|1.07
476 | 727716 | 874 |8.01}1.09|1.20| 1.10
505(9.09|708 1081977111 119|107
4711690692980 |755]1.30|1.42|1.09
2941667671 814770106122 |1.15
490 1769|6541928|816|1.14|1.21 | 1.06

RN

Longuet-Higgins [1930] theoretically explained that
the period of the highest waves tends to the
average period 7. But the measured wave data
show that the period of the highest waves is
higher. Also the expected zero up-crossing period of the
highest individual waves in a sea state is considerably
in excess of the mean zero up-crossing period [Tucker,
1991]. Table 13 and 14 show the same trends.

The wave period 7,, corresponding to the maximum
wave is up to 47% greater than the average period 77.
Also T, is far greater than 7.. Therefore the period of

the extreme wave is much higher than T, or 7. From

the Table 11 and 12 extreme wave period may be
approximately estimated as 1.4 times the 7. at Hong-do

and 1.3 times the 7. at Mara-do.

5. Conclusion

In this paper wave scatter diagrams for Hong-do
and Mara-do are given based on the measured
wave data in 1995. From the significant steepness
it can be concluded that the sea is not fully
developed for the extreme wave condition. A new
method to determine the empirical constant K in
the modified Rayleigh distribution is suggested.
The average value of K is 0.95. For the higher
waves it is 0925 for Hong-do and 0.89 for
Mara—do. Extreme wave height with return period
of 50 and 100 years are computed based on the
measured wave data. There is no significant
difference between the result form the FT-1 and
the Weibull distributions. The estimation based on
H; is quite different from that on His Generally
the estimations from H;s give smaller wave
heights. Extreme wave period is estimated as 1.4
times the 7. at Hong-do and 1.3 times the 7% at
Mara—do.
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