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Characteristics of Extreme Waves in Shallow Water Regions and
their Application to Design Method for Harbor and Coastal Structures

Hiroaki Kashima*

Synopsis

Since our country is surrounded by sea, the large-scale disasters in coastal areas have been
caused by ocean waves constantly. In particular, coastal disasters due to long-period swells induced
by heavy storms and catastrophic typhoons have increased in the Japanese coasts and harbors
recently. It is important to make clear those wave characteristics and to propose the
countermeasures against those disasters. On the other hand, the large-scale developments of oceans
such as the offshore extensions of the harbors have been advanced to use ocean space effectively. It
is important to evaluate the extreme wave occurrences and effects of the extreme waves on harbor
and coastal structures for the developments of oceans. However, the current design method for
harbor and coastal structures is specified by not long-period swells and extreme waves but wind
waves. Therefore, it is necessary to introduce a new concept of the design, to improve accuracy of
the design force and to propose new effective countermeasures in the future.

The purpose of this study is to study the characteristics of long-period swells and extreme waves
in shallow water regions and to apply these wave characteristics to design method for harbor and
coastal structures by using the physical experiments and numerical simulations. The main
conclusions of this study are as follows.

1) The long waves induced by wave grouping of long-period swells have great effects on the wave
overtopping on seawalls. Moreover, it is possible to decrease the wave overtopping discharge
of long-period swell by placing the effective countermeasures according to the seawall
sections and wave field in front of the seawall.

2) The dimensionless water depth plays a significant role in understanding freak wave occurrence
in shallow water regions. Moreover, it is possible to understand the freak wave occurrence in
shallow water regions using the Boussinesq model data, if appropriate higher-order nonlinear
correction is considered analytically. Finally, it is possible to estimate wave pressures on
breakwaters with the deviation from wind wave distribution if the occurrence frequency of

maximum wave heights is considered.

Key Words: Long-period swell, Extreme wave, Wave overtopping, Wave pressure, Long wave,
Nonlinear interaction
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9 L=Vl o F oV T 35 1 B Vi S oI TR S
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WCHIBLL 9 2@l @& il 2 Z L NEETH
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KEEO2EEBZ DL ) —RBREEERR LD T
FiLT 5.
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At

Janssen
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x5 (o +w, -, - w,)

xm N (70)

a3 a4
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DSu RAWVTIEMIE T L D AT MVOETENEH
ENDH. 2T, k TEEXZ MV, ol ARSI, Na i
W7 o va VEE (AT FV), Tizas [dKrasitskii (1994)
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FREAXOFEHWETIE, UToR (71) =T 895723k
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Hasselmann
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DWT, KEEN y OEKEETE &M E2 5 2, KEENL
ORISR L L Cn ZHilbert B L 7= B K252 5.
W CIEmMEBXEMEETH Y, <pd>=0L7%. nOFHY
HZE0E, 2IRE—A Y Maew=<p>=m& i< &, il
ODWVWTODMHRDF = 5T b 1FX (74) THZHND
(Janssen, 2003) .

12
Ky = K3+ ﬁj.(dkl,z,m-rl.zg.n/ 000,00,

g-m,
x8,.,34R: (Aw,t) NalNaZNa3)

2Tk, K NN, (74)
g'm,

22T, ko BLVKk0 1L, 7ms THERILAL L 72 KR D
SRBECARDF 2 LT 2 b, Awo= ortan-as-os, ac I3
¥, Kizais 32RO IERIEELBE N HE NN HIE, R =
(1-cos(dat)) /A ZIERRIE = KL F —REBIHT, r— od
BAEIR > PlAolERIIN D (PIXR (74) OFEsr DFF
B Z RO EMTh D) . X (74) OFIHETT 7 RE
2, F2HEITA MY, F3HFREICL 24K0OF 2 AT
VORI ERL, MEEEFERLCHEEOAREE X
&, X (74) 1FX (75) Lo ELEDHLEND.

Ky = m2
12
= g’m’ J.(dkl,z,z,ATl.z.sA\jwlwzwsah
o

x6y034R; (Ao, )Ny NN, ) (75)

al’ "a2’ "a3

I BHIT, WA MV EFEO— R HAIE O B
BARY MIVE(w) DELTF DR (76) 1ITRTEIITHT R
iR OLIRET D &,

m, v 76
E(w):aﬂ,«/ﬂe (76)
K (75) IEHTAIC Ry RTRE L 72, BLF o (77) &
INCEEMZ DI ENTED.

%(Vfwg w7)

2487 P_[ dv,,, (77)

K, =
40 2
A

(27[)3/2 (n+v,—v, )2 —vi—vi+vi

Z 2T, v=(@-an) ool Z AT MVIETIERE U7 BNk,
e=ko(mo)? X ABLTH Y, A= cd/an 1TAT NIVIE
NWIA=BThH5nH. X (77) L0 —FH BT 24
WA DV EFFORBAIR TIE, o IXETE AR &
AT FIVIBA DTEARGFT D, Z D7D, 4RE—A



v NOEE, FERIEMENIERL 2D LML, AT L
WEASIE L 725 LBV 5. Alber « Saffman (1978) 723/5 L
& o, EAEOBBIIIERETHIC L =X
—%¢<w IR (A) DEERERE RS, £
Z "C, Janssen (2003) 733 A L 7zBenjamin-Feir Index (BFI)
FRWTK (77) #E&xHz 5L, X (78) BLUKX (79)

DEITD.

mozi%BFV (78)

BEI =542 (79
A

AL AR bV EFRFOTHIEFRIME TIL, BFI=0(1)TH

D, ARE—A Y MIRIEZTHREICL 2R THOE
AL, WEIE LD HREL 225D (Mori * Janssen, 2006) .
Eniz, & (78) IZAHD AR MVIFNRT A—ZQp &
Az &, X 80) nkricEExHmIOND.
2 12/3Q2

:?komonoc leg
ZORIZEPIO3NFEREZHEHT D &, Ko o Qu/H? D
BERELND. TNOOBKREY, BURICEIT DKo 13
BRI U CEERTTAE LW EH A R&E <D }:1)32/}\
L, A7 MU RSILT D LRT 5.

FROEHITB T D ARHAE D AT R L 4RE
— AV NOBRERAVD L, ARE— AL FOELEERE
L7z @A o i m OB A1, LLF o X HIcE
LoD, £, —HMICEET HEER A7 ML
ZRFORHREIR 2 55102, KN p(t) & F OB IS
OEBxDE, REAEROKEZEMZOITZLL T OX

81) THxzbBNS.

Z(t)=n(t)+iZ (1) = A, (1) eV

ZIT, AR BEOGR (T EEEIE OIRIE & AR Z RS, K
T 25V 0D il SR % B B A S DR IR B BR L 0 00974,
Edgeworth /3 /i D LARET 5 &, n& O VRFERE N T
HEETHLHE, X (82) TR T & 5 it b REE )y
AEDIND.

p(n.¢)= *eXP[ ;(772+§2)}

(80)

(81)

[ 23 e ()M ()

1 4
+Z; 4—n lm K- ")"H“-"(”)Hﬂ(g)}

Z 2T, HniIZnkOHemiteZZHATH Y, T XTOEEK
KR ZEM Ormsfli TR TS D. nkEAR LRI
ERIEH L, (MR ITOWT022 THEST 5 &, ARk

(82)
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T DIRMEAR 12D\ T ORESREE RHA L (83)
IZE/ELBND.

pP(A)= AReZ |:1+:13K40(1—AR+ ARH

Z 2T, skewness30(e) DK & I ZFFO D% L Tkurtosis
X0 TH D06, IRIFEAR DOHESRE E BA%L CTldskewness
EOMEFMENRKEL 5. LiL, HEHEEIFED
2E(H =2AR) L EFT D1, skewnessDRER T 2% &1k
RTHEINTREENDLZR RS, X 83) LV, &
(2N T DHEREEFE S Aipa(H) & B IBHER /A Pu(H) 13X

X (84) BLUK (85) THALNS.

1

pHGﬂ:ZHngHm%m(Hﬂ

2R &

(83)

(84)

L2
R,(H)=e ™" [1+x, (85)

B, (H)]
ZIZT, H iy OmsfE THEA UL L7cKRE TH D, £z,
KA DAH) B I UBu(H) 1 (86) BLUHK (87) T

FKEINDIH IZONWTHOLZEXTHS.

A, (H)= 384(H" 32H7 +128) (86)
R SRTEITERS (87)

BH(H)—384H (H?-16)

R (86) BLU (87) 1%, A~ ML EEHoO—
FARAERZKELTRY, HEICKETIERIBE
EEORIERKROIERIEEEEB LB L > TWND.

it,ﬁ%\ﬂm&fimwﬂmT&D,_h%ﬁt
Rayleigh/ iz —H4 5.

IBI, FREHEZ S L, WEHITOREOHNI+25K
’e‘b\bﬁm, Ko 0D 518 20 32 [ U 7= Fe e T v OD B JEE 45 AR
pm(Hmax) kiUﬁLﬁﬁz‘ %ﬁpm(Hmax) , {EZ®§5IN %EI
o (88) BLURK (89) mkrkHicEHENS.

_Hiw
Po(Ha) =y Hon® 1 [1450A, (M)
(88)

M
xexp{—NeS [1+#40By (Hopay )]}

Py (H o) =1—exp{—NeH'8m [1+K,,By (H )]} (89)
ZD XD, EEPEORE NSRBI MR IAE, 1
DENEKRRTENMIZIRDF 2 5T v Frao (5D VI
kurtosis) DB TR SN 5. 7238, LB (ko= 0.0)
TiE, miIRayleigh/3 A% b & IZEH X5 R s O
BEPE 3 A OB 1B e 2R /3 A1 12 —E ™ % (Mori * Janssen, 2006) .

4.3 RERDZBEIZE TS HBERFE

ATHT TRk ~272 & 5 12, 20004 LA, EHHEIZ 351 % Freak



WavelZ {38 S 2 IR O MBI BT 2 TR R O
RFORFENMTONTE 2, L LARRL, KEELE
PE D EHEEIC BT D R EIR O R0 OHETE TIEIC
ONTHIFE A BB SN TR, £ 2 TAEICIE
FEIR O HBL & KRB OBMR AR T 570, BRI
SO, TR DITHME CEBHET 5 — sl %
RGUT, KEELICE R LIZWE KB EREIT-7-. £
9%, Mori * Janssen (2006) (Z &V EH I 7=3ERIZE
O IR & OB EE L, HRIERICBT D BRER
DHBFFEIZ OV TR 1T 9. DWT, IR0
W DITHE TEARRET 2 —H SN T 2 FEUR D
HEBRHEIZOWTRETZRIT 9. 2O, 3ROIERIE T
WWEDEBEYRIET AT MR (K#HF ik
JONSWAPHL 2~ R LD 27 N VRBILEE & L CE
ATH) RWIBARIC X 5 BRRO HEFHEOE WD
WTHIRETT 5.

(1) HEEROBE

FBIL, £ &35 m, 150.6 m, & S 1.3 mO WA AKEENIC
B-4. 1ZRT & 9 2 BRIk ST E T2 4T LR
M (—HRKEME, —RABRE M, X7 v 7 HifY,
2RERE ) EHEICL Y EERL TITo. — ok
HETIE, B-4.1(@)BLUOR-4.10)IRT LI, B
W L O —BRKIE A H T 5 Bisic 3815 2 2 EIR O H
B2 B RIRE L 375728, KEEZZNE1N0.8 mB L
V032 mé —FIZ L7z, —kAERA mHRE <k, B-4.1(c)
WRT R I, BEIRO HBFHEICBIEDRW E R DIk
PRI T L AKIEDOBIRIZOWTHURFARE L 725 L 9 I
120880 % b D ARF 8 72— Rk E AR 4 3% L7, —AkA
T HU DL JE AL B L IE R L 0 1.56 mBEN 7oA E IR E
Liz. A7 v FHiEE X ORAELE R #E CIiE, 5720
W& LT R0 — KGRI & — B A Bl f} i HE % L 7
HBWlHEE Lz, 27 v 7HIEIE, EEELIY11.9m
BN 7L B IS IESE 2 B 2 1/30 AL O ANl 7n — Kk A B A
THTED & ZKIEADN0.2 mlIZ [EE S 7z — RS LR S
TW5. 2AEMEHFIZ, 2T v 7 & RER1/304
Bt OO R 2518 72 — Bk A BLAHI T & 1/10A)FL 0O R 518 7e — 45
AERBEE DR SN TWDS. B, 2o0R% %4
ORGSR OKGEIT02mTH D, LFRDOSH>ORRDHE
BRAE AT, EUROUb L THERETTS .

EBRIZH W — ARSI, v — 2 Bk, &
1.0 HzIZ[EE L72JONSWAPHL 227 R L TH 2 7=, Z&
RO HBUT B O WK O IERIE TS R B AR & A
R MROTEIMEKFT D72, JONSWAPE 2~ K
DAY MVRBE p & AFHE EH (kT 5 AR
Hillp Z ZNZFh, %= 1.0, 3.3, 10.05 L UHi/Ly= 0.02,
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19x1.17m

wl w2 wd owd wS wh wl w8 wh wlOwllwl2wi3wldwlSwl6wlTwlSwigwd)
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—r—=
——mm
—

—t—=
—T=
—1—==

0.8m

wave absorber

wave paddle
| 35.0m |

(a) —HRKTRHTE (EFKTE : 0.80 m)
LT T e

35.0m

* |, wave paddle
[

ha

(b) —AR/KEMTEZ GEPRKZE : 0.32m)

1s6m [ 15x1.17m >
I.Om:] |—

whw2 wd wh wS wh w wh wd wllwllwl2wldwldwis
0.8m

wave paddle 1120slope wave absorber

—
Sem 24.0m
e -

35.0m

(c) —HRABIHHEHIE (&K : 0.80 m)
‘2.0|n| 4x2.5m |12 2x1 ﬁm|h| ﬂm| 8x0.5m | N oy 1.0m
‘ u-llwﬁ wi wd ws u!ﬁ wT \I.I?SW‘JWIU I wil -wl9 I\JJ ‘2
LY EE ERET ..
hvi
= I 1 I I T T T T
0.5m, wave paddle 130slope _——— J03m wave absorber
11.0m I 9.0m 5.0m
| 35.0m |
I~ g
(d) 27 > 7HE (&KL : 0.50 m)
2.0m 4x2.5m 2x1 5m|3x1.0m| 7x0.5m
wiw? w3 wd w5 wh w7 wEwiwld will-wi8 1108}
slope
ZAREEEE
hvd
= T I I T T TTTIT 0.8m)
0.5m, wave paddle 130slope _—— Jo3m wave absorber
11.9m | 9.0m 5.0m

35.0m

(e) 2 ARLARHEHIE GERKTE : 0.50 m)
X-4.1 el (v BaEt)

0.03, 0.04IZEXEL, TN DOMAE LY CENEB 2%
L. F7e, EROKGEh IEET MRS L icehE
NEESEE, RANCINOLDOFERZE LD LOE
R RB, EFR Dk BEOL 1%, fo=1.0 HzOVEHFR I
KT HEHBLOEELZRLTND

BRI LY S RELREFEENEEF T D RE kO
WEAT %G, TOMFHIEBIZ T 572 DI0@H X
D BRI O T — ¥ BB D. 22T, ERTIE
BUZIRGAFITRE L T100008 LA LD 2 1ER Lz, Z DFE,
13 & 72 0 100003 PA | ik %183 LA, I OEIT
F OkfEORETIFm) (oxt L CEMAFE O ORIT
FHH) BT DL s u AWENRETIHASCH D
ML BT 2WBAEHET 5603 5. Zbalh
<Tedd, RHANBGR Z AT 2 & o0 DAL O OVE



4.1 AFhEF#T
case | Hi(cm) | hi(m) kphi Hi/Lp % I BT T
1 6.24 0.80 3.235 0.04 1.0 —REKEHTY « I
2 6.24 0.80 3.235 0.04 33 — BRI« I
3 6.24 0.80 3.235 0.04 10.0 — BRI« I
4 3.12 0.80 3.235 0.02 10.0 —ARKTEHITE 1R
5 4.68 0.80 3.235 0.03 10.0 —ARKTEIE - R
6 6.24 0.32 1.294 0.04 10.0 —ARKTEIE ©
7 6.24 0.80 3.235 0.04 1.0 —FE A BCAHAE HLE
8 6.24 0.80 3.235 0.04 3.3 — R AR
9 6.24 0.80 3.235 0.04 10.0 — R AR H
10 3.12 0.80 3.235 0.02 10.0 — AR LB AR
11 4.68 0.80 3.235 0.03 10.0 — kR A ARk i H
12 6.24 0.50 2.022 0.04 10.0 2T THIY
13 6.24 0.50 2.022 0.04 10.0 2 Ayfc gt A
Bz, B2 6 T2 A HAERE SR SE=. 4 0.4
[FDFEER T, 1034 — DOWEHEEZET A2 RHRAKIRZ
FHAIRFH] 232057 (AR S 372 1200 RIS L, T b % ¢ HBeBB0e°nENERRL0BE B ]
A5 LI KV 100003 B OW DT — & % i L = “oézéwov“é“”b@
72 oY T EEEII20HZICRE L, HOGREE ©
IR AKEEBEZEICHEETEL )L, &7 —AIZ —02 . .
U O =10 H_/L“=(I<H
RE LT 15~ 22 A TS % 3 L 7= N 8 v .
F ST, B, BB SOEIICE SN0 34l O romntyan Lagomoal”
o - - Gusisn 20 v A
B 2000 L HESND 2 L EBEE R, 1DDWFIC T EEER Reffanc, a0 g 5%,
KT DHIDIEN Z2001258E L, fRiTT — Z I E 3% 3-8t _ﬁr‘}_:ﬁ'&g:@‘&:ﬂ“’*v
1000032 % 2 DI DI THE L2508 5 2 b1, #Hhis 285 A/ Gﬁ . : . - . s T

CTEH S T AKE BN 2> DI OIERRIGEE R T /3T A
“‘50)skewness’<°kurt051s, WEmOBIBWERSAN, mEl
I DOTEREE AR, Ao Bm OWFHEZ R L7, 723,
skewness 3 2 QkurtosislEZ 1241, LLTFOHX (90) B &
O 91) TERIND.

1o 90
,US = 77r3ms ﬁ;(n_nbar )3 ( )
72 n—n, (91)

2T, rpar BE O ms 1LENEN, KEENLOFLES
FOEEREETH 5.

(2) FEEHIZHTHHEEREHE

B-4.1 () 12737 & O ZRIEMERIC T 5 #ARO HEL
FEMEIZBWT, ETRBIROFEICEE RV 77 ¥4 —7T
B D IFMICIRIRIZ OV TIRA 21T o 72, B-4. 21275
ERR L Liccase 1~5O2FT—2hbE B Iz
skewness & kurtosis D 2% ] 25 b 2 7=, R ek o> 9
FELpy TRl LA & O BERE/L, %, i<
FIKEEMDOIKRB LR E—A L N ThDHw BV
AR LTS, PO ITRHR A x5 & Lizcase |
~SOEBRFERER L, — RHRIXGaussian /0 A 1 K B E
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Distance from wave maker (x/L,)

X-4.2 I D skewness & kurtosis D222 1L,

(3= 0.0, m=30) 2RLTND. 2k, FEEREEEILI
B H Dz DEINZ 200 & 52 E L T 100009 % 57 H| L 72509
FIOEHETH Y, ZHUUBFEOMNT T, FFEOW 23
RWRY , S0HFIOT Y TEEE WD D &
T 5. E-4. 2L Y skewnessiHMFEEEBE K TFE T, KEE
AFSCEETIFE—ETH Y, %= 10.0I28V\THiL,
=0.02, 0.03, 0.04 :iﬂ“éskewness@/IhF’ﬁ%’ﬂfﬁwpsm X
ZhEh, 006, 011, 0.18TH 5. —J7, FEMEEIC
%skewnessiE, Longuet-Higgins (1963) (2 X Z)Stokes@F'aﬁ
ORI LY, X (92) OEIICHEET D Z ENT
5.

w2 =3k \m, =3¢

T, elIWEAEL, mo lZKEEMOSKTHD. X

(92) 12 & 0 H#EE ST S5 WL AFLIC K9~ 5 skewness 152
IEENFER, 0.09, 012, 0.16TH Y, FBriEH I3 Stokes
JEBH O2T P EGIE I IZIE— 8T 5 2 b, —,
kurtosisIXMBHFIZHE > THFHEEI L, Fl— O A8 (Hilp

(92)



1= =10, H/L -(}1)4
¥=3.3 H/L ={) (1
=100, H/L =004
= =100, H/L _()1)7 O
RV Pl =100, H/L -(}1)3

Mori and Kl)h ayashi (1998)
— = Ochi and Wang (1984)

< 0O D O

3.6

3.4

-+

2.8
2-4%.1 (I) Oil 0.‘2 013 0.4
Hy
X-4.3 EEEIZISIT D skewness & kurtosis D B%
=0.04) IZXF L TR MVRBERKEZWVIEE, 208

IMERMPBERE 70 5. £z, F—DOART MVERHE (4
=10.0) \ZXF L CERBARDSRWIEE, @& E % Dkurtosis
DREV. FRIZ, AT MARBENRE L, KHEAR
MBKRE\case3 (5=10.0, Hi/Lp=0.04) TiL, i —=A
R TERE IR %9 D kurtosis DFERFE DR K X (=
3.0 = 34) . BEEEICE T 22ROIERIE T I L D
kurtosis 4@ 13, skewness & [FIARIZ,
(= & % Stokes/R B D2 4T UL B i 12
nas.

Longuet-Higgins (1963)
Lo (93) THEES

L =3+24k2m, _3+3g (93)

K (93) 1T & 0 HEE S 472 K I TE ABLIZ 5T D kurtosis
1£3.02~3.04TH 52, EBRTHONIIEEBRIZE T 5

kurtosisi, 2K OIERIE T WO % 48 2 TERIRET 5.

X -4. I G $51F D skewness & kurtosis D BAFRIZ D
WCTHER Lo b 0ERT. KRB oOERES XORIE, &
IREFGAZLE D 23R D FERNG T 145 53 X FL Y 72 skewness &
kurtosisD BfRIEAZR L TH Y, FHHIZ W TIERE Tk
N5, ZoOREY, WHHEIZI T 5 skewness & kurtosis D
BEFRIZ DWW T A D &, StokesE Bl O2UTIIEERG TRE 5
P AEIZ S U Cskewness D LAY H 72 5 A%, kurtosis 13
skewnesstZkf U TN L CHERT 2 Z L3R CTE 5.
DL HIT, W) Dkurtosisid, Janssen (2003) <°
Mori + Yasuda (2001) 12 & 2#ER & FRRIS, 4B UESLIGHE
HAERIZ L 23R ORI THORELZ T THRET D
TENnHEREIND.

DUNT, P OFEERE RS I KAF T kurtosis D B2
DNTHRF 21Tz, B-4. 456 L OE-4. 512 Ei,
AT MVRELE S X OV AR & 25 S /T35 O
& ORI A & i LT R A~ 9. RFORFiE
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EERER AR L, — SRR IIRayleigh A (ws
3.0) ZRLTWD. 7ok, TH6 DT rms THEXR I
L7 Ml & DY EH 1Sk D BiBERS 2R LT 5.

E-4.4% 0, EEROERSWEOBFEEREDEIC LV EK
SHEAHANE TIE, BOERERHE LA EIZRB T 5K
LI Gaussian FAAIZHE D b D LIELITEHEEZ BN
D, EHEELY IERIE ey = 1.00I2517 5
kurtosisix, A7 MARFEIZHINIDET m = 3.0TH
5. LML G, Rayleigh/yAfix B 52 8 RKIZFEAM
LT, ZofERE, &M A& (2005) 12X 280
IR ﬁ‘f%)%(f YIal—Ta rORERLELL
THY, Rayleigh E RO AT MARGEIZL D

=0.0, =

ZThbd. —F5H, EHMEET DI T, 4 ESEFEAE
YEF FIZRB T 2 E-4. 2127r L7= & 9 72kurtosis ™ Gaussian

DN OOTRBEIZ LV, P& ORI OPRITH Y
T HBEMEREIERT 5. ZoMEmiE, AFHAXS R
NDART MIVRBIENPRKREVFEHEETHY, Hicn=
10.00Dcase 3TIXiER %, SWEREMLTE LR Ly =
5.50) 7>BRayleghs3 i £ 0 & & m O HBLHERE NS K E <
2%, [FERIZ, B-4.5X 0 B ARL N & O iRy
I RIETHBIZONWTHD L, HOIFRIEEEZ R
TEARDPRKEL 2513 L, FHOEREL & bIZ4akHEILEH
HARH ORI L0 & OB i =R 53 A0 D3 HE R 3 2 8w
DB ENbND. i, RLERE» D ITRN T/
= 1525TiL, AT X DkurtosisD R & AR L72 i
B OBIBHERSMOBNBEF RSN TND., 2Dk
DT, AP YEILIFE AR IS & 2 kurtosis @ Gaussian 7347 7
D DO IEBEN I i ORI OTIR A RE L, NS
RO AT N IVISELEERPWE S AR K E WIE E, Rayleigh
ARG OTEBER BT D,

BZIS, BEGRO MBUEE OHEX, He s O
BEENMOTEORNEOHE LT Z L LEMTH D Z
ERBE R, B I OO RERE AR O TR e I
OHFHEIZ OV THRFT EITo 7. E-4. 6:1’6J:U“H-4 Tz
FNEI, AT MVRBLER L OB AR XD RE
B 78 OO Wl 2858 FE oy AT & bR U e S R A R IEPOD:.Bﬁ
IEEBER AR L, — AUERRIIRayleigh/0 A (13=0.0,
=3.0) &b &8 IN D I G OIS & &
LTW5b. 728, ZH5DOKTIEngms CEXR LI LIk
P EiHmax (X DREREE A E R LTS, B-4.6%
0, EEHIC R BITVXL= 1.00TiE, E-4. 4R L7
& ORISR S & [FERIZ %%F%i&wd@“ﬁ%%

LA X T e B OB R L v b AN
LTS, Eio, EBRFERITL, EosRHELeb Li%j(
" ZkurtosislZ it U T, Rayleigh/#i & ¥ & K & il i



10" &
10"
Ag 1
£ 10 honsinnnneinnnnhonnninnnnninnBe S e bonnnainn
Z
a
—3 "
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o y=33 .H'/LF=0.04 =30 o
0 y=10.0, H/L =004 (u=3.00)| g T
i ip 4 [ S A
| Rayleigh : \
10 - - i ; i ;

\x}
071 o y=10 . H/ =004 qu=318) Qog‘mm..
e
o ﬂlfr_:l(]..(].H/LP:(].Ocl (1,=3.20) - o
_4|[L= — Rayleigh ‘ ; ; ; N
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o 1 2 3 4 s 6 1 8 9
H/T] rms

(b) ¥Lp=5.50

O YELO0 L HAL =004 (1,=3.14) i i A;A
L L e
= = = . O
o ¥E100. HAL =0.04 (1,=3.43) o 9 v
| Rayleigh : N
10 1 1 L
0 1 2 3 4 5 6 7 8 9
H/T]l"l'n.‘i

(c) x/Lp=15.25
B-4.4  VRUEHSIC T 2 I8 ORI R KIET
AT N IVRBUE DR

DOHBMEENRKE L RIAMCBET 5. Zib Ofn
I, AFERO AT MVRGENRRKE VI EHETH
D, 5n=10.00Dcase 3TITEWEHE (X/Lp=1.00) ZH~T
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10° PTG . .

=100, H/L =002 (1, =2.87)|
v Y100, H/L =0.03 (1,=2.86)|

o =100, H/L =001 (1500 R
| Rayleigh \
T ‘ : . : . ‘ ‘ .
0 | 2 3 4 5 6 7 8 9
H/r]rmi
(a) x/Lp=1.00
10° e
10"}
~
10°F
5
R,
1074 o =100, H/ =0.02 (1,=2.96)|
v Y100, H/L =003 (1,=2.98)|
O =100, H/L =004 (1,=3.20) :
_4|[L= — Rayleigh N
10 i ‘ ‘ .
0 | 2 3 4 5 6 7 8 9
Hmrmi
(b) x/Lp=5.50

o Yizlﬂ'ﬂ‘H/Lp:O'ﬂz (=299 s Mo
v EI00. H/L =003 (=300
o YEI00. H/L =004 (=343

| - R‘aylcigh‘ i .
10 0 | 2 3 4
H/r]rmc
(c) x/Lp=15.25
-4.5 DRI LB E O BE R ST S

B RBL O 2%
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