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摘要： 
本研究應用可快速求解完全非線性波之 Clamond-Grue method，數值模擬完全非線性波行

進在一與其平行但流向相反之穩定大尺度非旋流上，遭其阻塞及反射的現象。其結果顯示，由

於高度非線性，故波被流反射後，在遠離阻塞點區域(而非阻塞點附近)難以形成一明顯之入射

波與反射波線性疊加之波形，但甚高之波峰伴隨極深之波谷仍如線性波般，穩定出現在阻塞點

附近，表深海瘋狗浪極可能因波被流阻塞及反射而引發。 
由於 Clamond-Grue method 計算迅速，且可將大部份鋸齒狀不穩定現象消除而又不損失能

量，故它特別適合模擬波被流阻塞及反射現象，後者需經長時間及大範圍計算方可達成。應用

此種數值方法所設計之電腦程式經測試後，其計算結果可與 Stokes waves 之解析解以及線性波

被流阻塞及反射現象解析解十分吻合。另外在模擬非線性波被流阻塞及反射現象時，其結果亦

相當合理且一致，因此目前的數值解應十分可信。 

成果效益： 
本研究證實完全非線性波亦可如線性波般被流阻塞及反射，且在阻塞點附近形成一穩定之

巨浪。此一成果乃澄清以往人們對波被流阻塞及反射現象在自然界是否真實發生以及瘋狗浪是

否因波被流阻塞及反射而引發的疑問，故對未來建立一瘋狗浪預報系統極有幫助。 

後續應用： 
在本計畫第四年，我們將應用目前所獲得的結果，對臺灣附近以往所發生的海難進行案例

分析，以瞭解它們是否大部份和波被流阻塞及反射現象有關。若其結果屬實，未來即可建立一

有效之瘋狗浪預報系統。另外，為建立一可適用於更廣泛情況下之理論，本計畫第三年將數值

模擬波行進在三維旋性流上情況，此時目前的數值方法亦可被用來從事其一部份之計算。 
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ABSTRACT:  
The fast computational method derived by Clamond & Grue (2001) for the fully nonlinear waves 

is utilized to simulate the fully nonlinear waves propagating in the opposite direction upon a steady 
unidirectional irrotational current.  The results indicate that the fully nonlinear waves, like the linear 
ones, can be blocked and reflected by currents, though no linear superposition of the incident and 
reflected waves can be seen in the regions far away from the caustics because of the high nonlinearity of 
the wave fields.  This high nonlinearity cannot however obscure the situation that a deep trough 
precedes a steep forward face in the caustic regions, implying that freak waves will very likely occur in 
these regions. 

The Clamond-Grue method is computationally fast and can prevent the sawtooth instabilities 
without losing energy.  As a consequence, this method is particularly suitable for long time simulations 
of wave fields with appreciable size, which are required for the study of the blockage phenomenon of 
waves by currents.  The computer program designed by using this method is tested in two versions. 
Simulations of nonlinear wave fields without currents and simulations of linear wave fields with currents 
compare very well with the analytical solutions of the Stokes wave and the blockage phenomenon of 
linear waves by currents respectively.  In simulation of that of the nonlinear waves by currents, the 
soundness and consistency of the results are also remarkable. 
BENEFITS:  

    The substantiation of the situations that the fully nonlinear waves, like the linear ones, can be 
blocked and reflected by currents and in the caustic regions there exists a steep forward face preceded by 
a deep trough, can clarify the idea that the blockage and reflection phenomenon of waves by currents can 
actually occur in the ocean and induce freak waves in the caustic regions.  This idea will significantly 
benefit the future development of a freak wave forecasting system.  
APPLICATIONS:  

    The results given here will in the fourth year of this project be applied in a case study to decide 
whether or not the boat casualties occurred previously in the regions near Taiwan are mostly due to the 
blockage and reflection of waves by currents.  If this is true, the development of a reliable freak wave 
forecasting system will become possible.  Also, the theory developed here will in the coming year be 
extended to the case when the currents become three-dimensional and rotational.  
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~#.iH.i~~ (freak, rogue, or giant waves) ~m~.':EtE~~1TtE-*RJtmL..t~ 
~,.~~~M~mtEm~.m8*~~8.m~*m~•••~~.ma.,&~n 
ItZm=t=o Mallory (1974) 1f~tEllt~.':E~ 11 flf8iftimPJ:fr1JT, ~tJi~ Hlf~, ,Pfi~~ 
ftl!8.~~.':EtE~~1TtE Agulhas current L'~~ (~Ji Smith 1976)0 ~~,Irvine 
& Tilley (1988) :frffftE Agulhas current L, 1E.g.ItZD~m~ (synthetic aperture 
radar) ?fi3if~a~ii;jS}?Jt~rm, #~~1TtE Agulhas current L, -ar.il.':E.~~ (~Ji 
White & Fornberg 1998)0 

tEiEri!12B m1?Jt~~it ltl!Xmt:& IE:::RJti],PfiIj [~~i]mt, Ml~~fJtEmtL1~~tEllt?Jt 
~m~.':E,llt~.-arm.tE••~~8••Wm~.':E8.,&~~.':E~••Mtt&.~ 
~w••~m~8••~~fJtEmtL~.,~.~~tt~.':EtE••~~~8.~~:fr;ffi 

~, ?Jt.~~~1TtEmtL, rz9ffiIlj [~.1fi]~I¥J3I~;I]DPJw:m0 

#~~1TtEmtL, ~mt~~JttE~Fa'L~{t.m.g. (convergent), ?Jt~Pi1ttE1T~~ 
f.~if1, :jt?fi~~~~~mtJf$*Jf$%i, ~lJftH' Longuet-Higgins & Stewart (1960; 1961) 
~31mfB, ~~r.~;al~!ff*, ~~~~*im, ffiIJ!.m~m, '&~Hg:l:{'~~Jt (?Jt~Pff~Jt) ~ 

mt~;f§ZP:1ti~, ftH' Smith (1975) S~31mfB, ~~.~IHi, f!IJ~.mt~ll~:&R~t, rz9ffiItE 
~ll~'.}j~~.iI.':E-~~~{*~-~~tt~tJi~ (~m~1f3-ar~Ji Shyu & Tung 1999), 
llt-tJi~. Mallory (1974) 'pfim52!t~.~~1f3:1j(+:fr;fEHJ;( (.I§'~~-f~'hole in the 
sea')o 

L52!t**'1111t.mt~1l~:&R~t~31mfB;@••~, {S rz9.~~.-%~?~~~'I111t, MlJ!. 
~tE~.if1?fitBtJi~.~~••::t~IE~.mt~ll~:&R~t~f.~.Ij[~, &:,~$t~m, ~~ 

i1t~?~**11%c~i~iltEP'g, 11t;@1§OJ-ar.mt~ll~:&Rt-t0.w:mllt-r~'I!,Smith (1976) 
:& Peregrine & Smith (1979) 1fEifflm1JT:1Jtt3i1~~f~'I111t.mi~1l~:&R~tfJl~ 
~m, ~~f~'[1~OJ~.mi~ll~flRt-to 1I:t-*8*.~/F'1.lA~~, rz9.'Mi1t.~J]Z** 

'11~, **'I1i1t~mOJ~~.:jt::t~~~.o ~;fl~'[~1f3?Jt~.':EtE Wu (2004)~f{foo:m 
1: (~Ji Mei, Stiassnie & Yue 2005), ~llt.~IE~mE*.~~m1§rz9i1t.mt~ll~ 
:&R~tffiIlj I~, ~1r~&:'~J!~-?fr~LI%~?~**'I1~, llllt~1mHgEifflf{1i:1Jtt*~mo 

m.%~?~~1111t~f{1i:1Jtt~1H~1I, ~.m:1J1ii~Jt~1r*B-ar~~ Tsai & Yue 
(1996), Dias & Kharif (1999) :& Mei et a1. (2005)otEm~:1Jttif1, ~~ (~IJ mixed 
Euler-Lagrangian method )~~1IHt~, Ml.PJ.ffl*fl.?~~11i1t1TiitE~*RJt 
miL, ~~Nillt~{t, Mfl.~ll~WRt-t, llt-.:.fj.JC~~~fio ~-~:1Jtt, ~O Wu 
(2004) ?fif5Rffl~ high-order spectral method, !iIl~~;@/~~, {SIZSI.~ZP:~*OO~ 
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http:1I:t-*8*.~/F'1.lA
http:t~IE~.mt~ll~:&R~t~f.~.Ij
http:m~.':E,llt~.-arm.tE


.~•••~,~~.m*••~~~,M~&••~.~.&••M~.tt~,~W~ 

~.~jpr'~JEo 

~M~-.t321jJ~~fIFQ5tm,Clamond & Grue (2001) ~~.tf:l~~jr~tk3!~.]t~~F•. 
tt.~••~~,~.~~~•••~•••n,~m.~~.JE,xm.m••~•• 
fnB#~ Laplace equation "~jb~~i*~fl~~fi;r.to ~~~fi;r.t~f.I~~tIlm*$i~ 
IJ\W~~~~lit~, ..EL'i.m iterative scheme *~M~) !&~tiill3!, lZSl~mf.i1i'i* 
.~~o~-~~M.§~M~m)Wjb.m~,~~fi~ftjb~.tt,..EL••••~~ 
~nlG~1I=K:fEtm., IZSlWm~m;e••~••fnBo H!m Clamond-Grue method ~~ 

M.~~~~.tt.~m.mm.&&Mo 

~;e*~.~~~~B.tf:l.tt••~K:fE.ttmm.&&Mm.~M~M,~~X 
.~~=K:fE1~~T, ]t~~F.'Ii~$mfBi~F.mt~li.&&!'.t),~~*~.m~~~1rI]#~ 

3i-:*~jf]t~~F.tt.1T~~~1I.:::.K:fE.'lim-.t'f'W~, ~~:51~J~mLi¥z.m;e.~~§ 

~:w-o ~J!t~*~.mtzg~~1r~#~H!m ~@*S*mtf:l.f~mt~li.&&MJJI.~1:.®m1$, 
~~J;Jt1~~.~~FfT~1:.I¥J~.{§1t~, ~pm~M~j~~.;ff::a*filH]}~D.fBitm~li. 

&R.MJJt~~~rmo ~~rm, JlU**Mm~3L~+~~~~.~~fj¥&**1Eo 
, . 
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I1!.ffl Clamond-Grue method pJftm21~mU1.:n:~~ 

:tE*Ji[~ft1r'~ Clamond & Grue (2001) FJT~ttlZ~$lJ1J~Jt~f$, {t~m~­

:1G~~~tt~jU{T~:tE-fi=~~pmEmt..t, .§Ji~~£[f§ZP:{TZt~t7lo :tEtt-j~t7l""f, ~~ 

~mtJ$t.h~FmEjti&=~, i!&~ velocity potential ¢& stream function 1P~~ff:tE, :ML 
miJE. Cauchy-Riemann relations 

¢x 1PYI (2.1) 

~~x{~~*ZP:1JIcJ~;fJ,yf~~~i1H~..t1J[C.L~;fJ,1]~IJ~f§!:t~ZP:~*flly = Orm ~Z 
*imfll~o 

..t~0Jt~ Clamond & Grue (2001) *~rlmE!¥Jff:tEFJT1i1~~:ML~~~,tt7J1tSl 

~ZP::l$JmE:tE*ZP:1JIcJ~~~1t;~, EEtt-~1t;FJTijl~ZP:~*im1~~;J.~fl8B!¥Jxj(B!.~~"iU 

~.o~~,EE~ft~§~•••fi~.mEm.m.,rm~.~mE••~~••Zm., 
i!&~rm1t;FQ~~, ft~i!-3V~zP:~mtzmt~U:tE*ZP:1JIcJ!¥J.1t;/f'{I.jll, 1l~.'1l) i!& . 
:tE~Jl.~mili:ILUx/UI (L~~~) § ~R0~0.01, ItSltt:tEj)J""f!¥Jt-j~~, ft1r'~~.FJT 
~t3"Ux!¥JJj[o tt-f'F$$~ Wu (2004) Fff~m (J! Mei, Stiassnie & Vue (2005)), 

111'~••~Jl.JJl.Z~~o 

~~rI..t~ZP:~mEZff:tE~,:1G~~~tt~:tE EE~im..t!¥J•••~.#"iU~. 

1]t (¢x + U)1]x ¢y at Y=1], (2.2) 

~-1Jim, EE chain rule of differentiation 

(2.3) 


~~~:J.JO tilde !¥Jm~~:tEy = 1]~~x~Dt.1t;z~~ (j)J""f~~)o B!ffl (2.1) ~D (2.3), 

)~JI~!¥J.~f~{tf (2.2) !!n"iUO)(~~ 

1]t + U1]x i(;x = o. (2.4) 

..tJt~ Clamond & Grue (2001) Z~*.tt~~5F, ~mE!¥J.1t;~~jll~, mi~~~ 

••!¥J.~1J~JtzIDJt~ft~A~~;fJ*.~~~mt.Z••~.m~,ltSltt.""f* 

fi~~~.&~mtmt7l""f~:tE~EE~im..tz.b.~.#,~.~~~;fJ*.~-U!¥J 

~1l~l1J, *1i1~~fi.a~~*o 



&'?m1'ff:tE~, EB Bernoulli's equation "Q}~1~jG~?~~1i?1ttE§ EB~lIDJ:I¥J!!w:1J 


3i:W-f'*{tf:~ 

(2.5) 

~~p~*I¥J~ll,p~§ EB~lIDJ:I¥J~:1J (7J~-n::1ii~~-*5t~n::z.~~),g~m:1J 

lJo3mllo J:~S5~rlEB chain rule of differentiation Jiff1i1~Z. 

¢ 1 -=--_=--.....,2'T},.;-x..;.,.¢x..;.,.V;_x + E= O. 
t g'T} + "2 1 + P 

!tt-1Jfj~flP~ Clamond & Grue (2001) ~z. (2.1) ~, {B~D4-IZ9~tI?ml¥Jff:tE, $ 

M~E~~~ 

(2.6) 

(~~ (2.4) rlID-~)(¥I¥JIDl;~)" 

tEJ:~W (2.4) ~ ~ Jifflr*~[J~~lI~t~Dxl¥J~~, EB~~@~~m-'--{j~~, 

t& (2.4) ~O (2.6) lIm~~m~ non-overturning waves" ~!ttm11l1JW~~t1lt~{ii 

fl~, flP"Q}~1~'T}~O¢~~Fs~~1~I¥J1W (!ttm{[@1Jfj~IZSIffi]*Eim~ evolution equations 

or prognostic equation), ffi]~~¥U!tt § I¥J, ~1rWrr~H!mf.l~rng~l¥Jf!fnB&¢W'T}*~ 

n::;jJ, MLM~~{i;A (2.4) ~O (2.6)0 

1t5t, EBf.l~OO~f!fnB~ Cauchy integral theorem "Q}%l 

~PV 1 dz' (¢' + hl/) , (2.7)
7rl Ic z, - z 

~~PV{i;~ Cauchy principle value,C~tEf.lflz = x + iyZP:lIDJ:-MMHHt~, fffi 
tE!ttHH~P3&~J:, 1<l~OOfl¢+ iV;7J~- analytic functiono J:~~¢' = ¢(z', t), 

¢ ¢(z, t), etc, {Bzo)\{TI:tECJ:, t&J:~~l¥Jfl~$~ Cauchy principle valueo EB 

~§nm~rI®?1t~.*?1t,t&"Q}~c~*§EB~OO0&EB~~r~~~.~.z.*~ 

HH~Coom~, {BtECooJ:z.fl~~~, t& (2.7) "Q}1~M~ 

¢ + i;jJ ~PV { ,dz' (¢' + i;jJ'). (2.8) 
7rl. zlc, z 
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dz' = dx' + i7]xdx' (1 + i7]x)dx', (2.9) 

1 1 1 1- iD 1 
(2.10)

z' - z 1 + i 1'/' -77 x' - x-I + D2 x' - X
x'-x 

;lt~D = (7]' -7])/(x' - x), 1Z911t~ (2.9) W (2.10) {-tA (2.8), 1ft~.$~J1ftffrHt~ 

f&, i:iJ f:!j. 

00 _ ~PV1 D(¢' - 7]~;j;') - ;j;'- 7]~¢' dx' (2.11)
¢ 7r -00 1 + D2 x' - X ' 

00 
_ .~PV1 ¢' 7]~;j;' + D(;j;' 7]~¢') dx' . (2.12)

7jJ 7r -00 1 D2 x, - X 

~7.±gl¥J~, LiijjpjOO~TW (2.8) ~iiLffi&~f~1-t~) {§'.I)~H~IEJ, lIth~~*I¥JM 

MiHJ~C~~WJ~t1JrE1) ffij (2.11) W (2.12) Zft7t1JrE1~UJi~¥U-f~lI~WJ~t1JrE1ZM 

MiHJ~o 

~7]~[J¢B~, r±lLiim{~fR7t~~1f:1PJ-{~.ElPi:iJ~JE;j;, i8W~~m iteration 1¥J1J 
?;t; (~tElItm{I§I1J1§!~~ ,;j;WtB~JitE;!tfR7t~~pg)o 1It- iteration pJT~I¥JWJFEfl~1~* 
#.tt••••Z.~.I¥J-$7t,.~I¥JM~~g~tEff~;!t~*.#.tt.I¥J•• 
1J?;t;~, ~ Clamond & Grue (2001) :t~fr*g~lli-1jm*~~~1~~.~FEflI¥J1J?;t;, 

1It~1J?;t;~Jt.l1t' (2.11) It~m1t' (2.12) 1iAE:, 1Z911t Clamond & Grue (2001) ;t~ 

(2.11) c&~~~-1j~~o 

. 831t'~lx' - xl ---+ oo~,D"~J;).lx' - XI-lZ~*1lt~) ~~Jt.lintegration by parts 
i:iJ~ 

00 

1 '100 

1 1 [arctan(D)] -" = ¢'D2 [7]~ -,D 1 ' - ¢x dx - I dx , 
7r -00 7r -00 1 + x - x x x 

00 00 00 

¢ = ~PV1 I ;j;' dx' + ~PV1 ;'¢~ dx' 7] PV1 ,¢~ dx' 
7r -00 X - X 7r -00 X - X 7r -00 X X

1100 '100 

. D]¢' dx' + ~ D(D - 7]~);j;' dx' .
+7r -00 [arctan(D) (2.13) 

x . . 7r -00 1 + D2 x, - X 

5. 
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J:~$:ft~mJj{7Jm reqular integrals, M"':='Jj{jWm singular integrals, {EI Ji1f Hilbert 

transform I¥JID~, ~ffJE~m 

00 

1t{f} = ~pv1 f(x') dx' 1t-1 -1t. 
7f -00 x' - x ' 

~ (2.13) )(i:tJ~~m 

{jJ = 1t{¢} + 1J¢x + 1-l{1J1-l{¢x}} 

-11 { !f:[arctan(D) - Dl¢~ dx' !f: D(~ - ~~);P' x~:x} .(214) 

~5"\-, EB~:tE evolution equations (2.4) *0 (2.6) $1iB'~x, *B'~*~, ~ Clamond 

& Grue (2001) ¥f#~J:~JJx~?t, 1~¥lj 

~$~5J,!:ti~~-~~H!m integration by parts, ii~-Jj{~H!m integration by 

parts 5"\-, {)j\H!mmftH*~ 

a D(D 1 1 a [D (D - 1Jx) 1 1 
ax 1 + x' x = - ax' 1 + D2 x' - X 

:tE (2.15) $,Hilbert transforms i:tJJJ!m fast Fourier transform 11~ (~~* 

1997) 1 ifflJJxfj¥k?tI¥JJj{{)j\i:tJ:tE Fourier space Ps ~ff, ~~m-~:@lli~'§'~uto ~-1J 
'00, :tE (2.15) $l¥Jm1l regular integrals, 1Z5l~?t£j'El.B'x' - x, ?tT'El.B'D, ~~* 

fJ?tmg~1¥J7(!j\:tE~Jj?t73Uj;Jlx' - xl-3*Dlx' - xl-21¥J~*$tWt, 1Z5l!lt:tE(2.15) $l¥Jm 

{~fJ?tz.fJ?tfBlIl, i:tJ [-00, +oo]*i/j\m[x - A, x + AJ, ~$Al¥Jf@:i:tJff~fl!l;bOj;J~ 

It, {EI!It-~It~m-~~~I¥J*/j\~tmo 

1@:1~ff~I¥J~, J:32!!;mf~ regular integrals ~B'1Jx, iffl~F1J~, EB~:tE~~*D~1§­

/I.,1Ji = 0, ~:tE~~~~1§-/l.*M~, .t1:tmf~ regular integrals z.*{i?tmg~~j;Jlx'­

. x \-4*IJ lx' x 1-31¥J~*$t~, ~J:32ll;#~fJ?tfBlIl*i/J\z.lli1P)Jj~:tE~~*D~tHf1lli~ 

J!!~uto 
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~ffl(2.15) ~z:!~l---'"~1fl!i~, ft. regular integrals 1-t~fX~IP'~Z~~~/f1~, ~lm 
..t 

r D D - 'r/x 1 'r/x'r/xx
x,I~x 1 + D2 X' - X = 2' 1 'f)2 ' 

'IX 

iffi:t£rstbj(?8tIfl,'r/x*D'r/xx~~f.b out of phase, ~Bml¥J*fJtJltfJ~jJ\, fZSl Itt'!*mili~;j;~$ 
tfjJJ!:t£~~fJt7tzfJt7t~~P3, fZSliffifl~ffl iteration JJ?ft>1tfWffif, ft.1&~+7t~~o 
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~ ~ Him Clamond-Grue method >.KilIi1i1.m 


1:Em=]jrpJT1rijJr-J':::OO~$IJn-l~A (2.4), (2.6) "& (2.15) ~'2iry, ¢fD~:::'1~*~~ 
I)!, R1lt':::1~~I)!~f.l~xfDtJr-J~IS(, Mlffi (2.4), (2.6) "& (2.15) iU*ry, ¢fD~Jr-Jm, 
?&~~J!m Cauchy's integral formula :J(<PfD'¢I1:E1k."OOPirJr-Jm, {8 pJT1i ~Jf&:;mw~ 

~mmfin-~.~,Ml.J!ml)!.n-~*~~~ 

it;!;, ~ryfD¢;zJQ~fffi[~JE:~, ~J!m iteration n-~~JE: (2.15) Jr-Jm~, iU;!;~~ 
~ initial guess ~ 

8x{1t{7J1t{¢x}}} = 1t8x{ry1t{¢x}} 

Ml (3.1) .~~f~~ (2.15) Z=~~1tjo §37f.,Clamond & Grue (2001) $~!I:::'~~ 

1W­
A 

q/, . q/, -1t {~ lx 
+ D(D ryx) 1t{J..' } dX'}'fI3,X,A 'fI2,x ,'fix, (3.2) 

7r X-A X - X 

D¢') dx' }. (3.3) 
X x' - x 

J:mt:::.1in-fjAWJI explicit, MliU~1i:J(m, mFf~b!m iteration n-~, ltSl1ltiU!rJ~ 

*!tIT.~r..~o ~~UlJ.t~.&. Clamond & Gtue (2001) Jr-JIT., 1iiryx < 0.5~,(3.2) 
iU+?T~Ult!Bmiiltl?F*J1!J[!~trJ~1~, rmitryx ~ 1~,(3.2) B~~~Jf&:;/f~Ul, {8 (3.3) 

miU~m~~trJ~*o~rmffi~§Wffi~~Jr-J~~~~~,R~~Jr-J~OO~~,Ml~.~ 

Jf!~UlJr-Jm, ~1F~~ (3.3) Jr-Jmijij[~ iteration ~f~$zm-fmlm (~a~~X,A,l)' ~~m 

E*l&ft (3.3) $z~~,x' ?&1&.1~ iteration ~f~$zm-1~m~X'A,2' Mtm~1lt-~ 
1~, ItSlllt 

A- - {11x 
+ D(D ryx) -, -, dX'}'¢Ix,A,j+l = '¢I2,x - 1t - 1 D2 ('¢IX,A,j - D<px) , . (3.4) 

1f X-A X - X 

J:mt~fj~~m~~~-~.tiJ:Jr-JI~X,A,j+l - ~x,A,jIW/J\~1.0 x 10-15~l1:, llt-~~ 
~.1~~'@, J!iUUl1*pJT.~B"J~*z~UlJ[!, i8 tzSl"\~~1S.&1ffi[ (§ iWB"J~~~"\ = 2£), 
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~;lJD..t~~~{~~~:&/ftl5Ef~~, ~~7]x~*~, lft-{J~1.f~.j;)j~~, ~lft!'t1rl~ 

M~ iteration 1¥J*~~~1M~ 500*0 lft-l~lHMj;J:&A*/J\a95i!H~~~~~, !'t1r~:t:E~W~ 

~EI3.w;!t1iH~~pJT1i~I¥J~*j:t~*;lJIJj;JID}fmo 

~1ffaJ~ra~Z~xE8~lf-fra~Z7]~D¢x~5E~, t!pmff!ffl~f~fJ7tmm (2.4) ~ (2.6), 

*1~r-1iI~ra~~~..tZ7]~D¢x, ~Dlftfij:ftr~t!P1ij'1i1~~~~~~[1.~~ft;l¥Jmo ?&rm~7 
~~ff!ffl~/f'1I5EZ~{~~)tI¥J/Jm,Clamond & Grue (2001) ~ (2.4) ~ (2.6) ;t 

~x~)t, ~~f1M.E.t.~ (Fourier transform), :MLM~pJT1.f~x=*~7ttJia)l::t:E Fourier 
space Vg~f1o JIt~flm) '&'ff!ffl fast Fourier transform , m~~.~1it.§.1.f~*, ~ 
lftL5t*1¥J (2.4) ~D (2.6) x.ma)l:~~ 

8tF{7]x} = - ikF{~x} - ikF{U7]x} (3.5) 

2a,F{~x} = - gF{1/x} - F{px/p} - ikF {--=-_2-=-(1_7]_X¢_x'I/J_-x } 

- ikF{U¢x} (3.6) 

;!tr:pF~M.E.t.~o 

~ff!fflFFT ~ (3.5) ~D (3.6) z~~ti~I¥J{~~5E1~, ~~-{~kmff!ffl~~{i)t 

m fourth-order Runge-Kutta scheme *r-{~~ra~~~..tZF{7]x}~DF{¢x}{~, ~ 
ff!fflmM.E.t.~.~~®~,~lft~~~-1iI~OO~~z~.,rm••lft-~.,~m 
.~~.~ra~~~..tl¥Jmo 

El31Jj Runge-Kutta scheme ~ strongly stable, ~g!l;!t~ra~rJj~j~L@~1jJ/J\ ;!till: 
~mZ.m~••a~*,@:t:E1.f~.tttJi~:t:Emm,~••a~~1I5E~~~.~. 
*1¥J~m, ~~~JjIj;IJDj;J~It'3:&~f£o 
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~tt&.M.#.tt••~m~n$w.~~-••aAA~.~m.,&-m.~ 

§"iWz Clamond-Grue method $ljj\1¥~ (.~i11a)o t.;1~~&.~.~~~., PJttW 

~ffl moving average ~Wjt;f§,&Z low-pass filter ~n$, ff~_.~*~fllbm$:, 

iSll:t.1i'ft$, ~D Clamond & Grue (2001) pffIDl;, ~lI~••*~7t.m$:, ljj\~•• 
IJ\~7t.t~~~~., ·~5('~.f[M~1~rJflt~-~~rl3~f&, .~~~.ff~~~m~ (~i11b)o 

1f~~&,Clamond & Grue (2001) CDcffl-.'de-aliased' computations n$, &. 

n$~1r~~TOO5Iffl Canuto et a1. (1987) m.::.¥~pg~*1JDPJIDl;~o 

S3~~ (3.1)-(3.6) CP, pff1f?F~'R'liJj:l$]ff~W~.~"~ (Hilbert transform "& 

!1x~7tljj\B!ffl FFT *~~), ~~PJ 

w(x) = u(x)v(x) (4.1) 

t.;fjlJ, '§'W1~&~.JJJW1Mt.;271"Z®., Jl.Uw(x)Z.~"~ 

Wk = L UmVn' (4.2) 
m+n=k 

27r1 r . • 
Wk = 271" Jo w(x)e-1kx dx, (4.3) 

00 

L 1mxu(x) - ume
m=-oo (4.4)00 

L 1nxv(x) - vne
n=-oo 

(4.2) ~pt.; convolution sum, iSlZSlum*Dvn.~~t~*~S3~-fImJW1MpgI&Nflm~~*~1T~ 

~.~,,~pff1i1~, ~ (4.2) CDct.; 

Wk = L UmVn ' (4.5) 
m+n=k 

Iml,lnl::;N/2 

jtCPlkl < N/2o S3 (4.5) J:i]';§-tf:\, ~@:~*~S3 convolution sum *1i1~wk, Jl.Upff~z 

5i.*.f-J~O(N2)o ll:t-IIWtJtff~~*fBIIl"&~~~~.f~f~~~J:i]'1T, ~~ Clamond­
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I 

N/2-1 


Uj - L ukeikxj 


k=-N/2 
 j = O,l, ... ,IV - 1 (4.6)
N/2-1 

VJ - L vkeikxj 


k=-N/2 


Wj = UjVJ j = 0,1, ... )IV 1 (4.7) 

li~~M~"~311~ 

IV IV 
k= -2' ... '2 -I, (4.8) 

;!tCPXj = 21rjI IV. 

J:521H~~PJT~Z~~~l1tflmO(1V log IV), t&'iIV1~*~, lIt~~fi!tli~ffl (4.5) 

~1i*:l:m-~~FFI' 0 1'&iffllZSl 

Wk = L UmVn 

m+n=k 


L ilmvn (4.9) 
m+n=k±N 

(~~ Canuto et al. (1987)), t&lIt-~~~~~ aliasing error, ifflmm*lIt-~3§:) 

~1r~~ (4:6) fD (4.7}a9.:m 

M/2-1 
ikxjUj - L uke


k=-M/2 
 j = 0,1, . .. ,M - 1 (4.10)M/2-1 


VJ L vkeikxj 


k=-M/2 


Wj UjVJ j = O,l, ... ,M 1 (4.11) 

;!tCPM > 3IV12, Xj = 21rj1M, iffl 

. UOA k Ikl IV/2 (4.12)
{ otherwise 

11 



M M 
k = -2'" . , 2 - 1, (4.13) 

Wk L UmVn + L umvn· (4.14) 
m+n=k m+n=k±M 

Ei31t:~11'~@:*Rt.Ik < N/2ZWk1[JU!f!, ~t.I~@Wk' ~M > 3N/2ff4j, ..t:ctr:pliftt 
~~lY1G~m:* (its! (4.12) :ct), 1ZS1l1t (4.10)-(4.13) {~~~~'de-aliased' computa­

tionso 

..tJll1m:* aliasing error 1.fmr:pli±~UI"J!ijl.:;ij~dl~~~ukfovkm**~{$:¥:~If£~ 
:kl'fJliIHJ}, {B..tJll1~{$3/2{~1tCI:mfin~m:*2*?F~/Ii~FJT~~1'fJ aliasing error, fffi~~~ 

Clamond & Grue (2001), ~m:*3*~FJT~~Z aliasing error, ~~~*~{$4/2f~o 
M-fffiEi31t:tE (3.6) r:p-§13-(1 + 7];)-1, ~(3.6) Z?F~/Ii:ML?F1[m!*If£, ~51-tE (3.4) r:p 
ljj\-§13-(1 +D2)-1, 1tS!1It§ M;e:~~LijG~?F~~tt~, §tlj/f~~~*~{$ 

~~,aliasing error 1JJ~~~, § M~~~~~{$2{~1'fJ1tCI:m, 1JJ~~¥~ partially de­
aliasing 1'fJ3'&~, 1tS!1IttETOOI'fJ~.r:p, ;e:~.ff4jF85/f~.§.~iWj/f:k, ~li:l7(/f{j5E~J!~ 

~~O!il1c FJT5F, ~3jZ~mD:~J!, fffi~~.~rdj1~~J3.~iWj~:kff4j, ~li:l7(1JlHill\l!:~~tB~J!, 
{B 1JJm1i1~1[~~Z*S~o 
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·mm~.mm~.~~~~&~~,~~~~§Mm.Z••~~,~illm~~ 
:iEmt~U(x)~JJEj]p(x, t)~~{1Jjo §Mflt1r~:iEU(x)~~{1JjMil2pJT7F, ilj7g$r~~@:~JJ 

I'f,J;U = -O.OOlx ms- , Yffi~~{~U@:~~IJ'f,J;~U:tEx = ±4096 m~mw:IB~, ~DJIt~~ 

~U~~~"~~~ffi~~~~~~~o 

il2 $~U(x)JJ'f,J;~~ill5i~, £L'8{~~~{@]:tEJJjj]~li~j§~~JJ¥-~~~~mt'I~~, fZ9J1t'i 

fIt~3~:tEJJ¥-ffli..t, §~~{!aI~~U~, .m~~JE~~~ (pneumatic wavemaker) ~~, ~U 

~ff~H~JJ¥-~~~ft:tl~~q=jil, Yffif.&~~'~~~3J.MH, 'i~~~*:iE'f,J;no = 1.225 rads- I, 
~~:tEx = ±2000 m~~~li~&1Z~1 0 § fu'fi~~'f,J;?F~~'~, {§.JIt~~1Uill~~~:tE~JIt 
ffli:f~~~~li~, ~~~fl]mt~f~~fiU~'&:IB-4096 < x < 4096 mfBflj7g, fZ9J1t:tEm~ 

.i}~j7gZPJT~~~".~ ~Jm~~~~"~J&{~(~ff~~ill5i~ff~'f,J;~mJ~~:IB8192 m 
Z mJ ~ill5i~) 0 ;fiflt1r~il~~-%~JE~~~'f,J;~{!aI{~ill5i ~, ~rj~ill5i~ff~~'f,J;~ill5i~, ~'f,J; 

{~ill5i~, ~..tillt~~'&~~fB[I]~il~~~-i!j\~O < x < 4096 m, IZ9Yffi~w~*:I:.n~~ 

.~r~~&~ati~:l:o 

§fu'flt1r~~1*mfDClamond & Grue (2001) ;f§~Z~JE~~~, ~~IJ'it < O~, 

P = 0, Yffi'it > O~ 

. (k2 _ k2) (k) 3/2
F{px/p} = ia~ vgkoexp °2k5 ko sin(vgkot) , (5.1) 

~$aff~'f,J;~pJT~~~~:tEJJ¥-~~mQ[~ZfJN~i,ko~rj'f,J;~ wave-number, Yffiw2 = glklo 

..t~JJ'f,J;kZ ~ill5i~, ~Px/p~'f,J;xZ ~ill5i~, ~p/plit'f,J;{~ill5i~o § iNai¥J*IJ\~mw:'~ 

~~~:f~~{@:, fS ko~IJI!ll:iE'f,J;0.153125 radm-I, J1t~wave-number 'i~'f,J;~'~~ 

£LU = O~, ~~*~:IB..tilltZ1.225 rads-Io 

ff~(5.1) {~A (3.6), ML.mm~.fDm~.pJT*!illt~~~~P~~.?F~'~~q-r~:tE 
~m*R~mt..tm~~~.~,~:tE~~••~~~~,~ilff••••fu','f,J;7~~~ 

§fu'pJT~~~.n~f.~~~:a~~, flt1r~~~f.~~$~U{@:a)c'f,J;~, ?M~1JD~)~., ~ff~~ 

*5*fD Stokes waves ZMtJTMlt~o il3 $~.aU~~IJ'f,J;~A:f~~a{@:pJTll#}~~ 

1@:M, YffiJ!fU~~rjf~~~*~;fl'f,J;1.225 rads-IZ*~'~~~MtJTMo lt~.~WJj~~~ 

1Jj, 'iako{@:lli.\*~, ~~MZ~~;f§~lli.\*, ~rm'iflt1r~a)cm Stokes waves zm:::lP'~ 
llif~n5 = gk(l + k2a2)*~:iE~ wave-numberk, ~rjil41m7F, :tEflt1r~pJT~~~a{@: 

$, :fMHako1@:'f,J;fPJ, ~1@:MfDMtJTMZ~~~+:5t~llio 535i-, flt1r~m Stokes waves 
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1 3 3fJ = a cos kx + 2ka2 cos 2kx + gk2a cos 3kx 

*~W~4~~••,m.~~~~5m.~,~••m®mfim~.~.~~~m~ 
~~4f~ (~JjU~~ako~*~), J3.'iako~*~, ~~m~mi~.~~~, .~~ZP:lIt 
~~:P./I1.Z~lt, ~§ rr.r~.n~mA~~••Z?F.jli.~1I1rOO~~~lIJ1IEtto 

'im~~%?F.jl1~R!Zfl.1i, ji""f*~fr'n~m~~i!U~mA~~••?m~:af'Fm1J 

m~~~, f.b~¥UlIt§~) ~,W'~ (5.1) ~~afmDEf.bti/J\ [;;SrffDm~.f@~.~*~ 
Shyu & Phillips (1990) Z*~jli..*mt~iI.~»'l~Jfj}j!~~mfiml:t~o lIt--#&t!zPfi 
PJm1T, nlZ§~ (3.5) *0 (3.6) pq)U{iili~~.z~~/li.~~) ~~t"-l.mt~:af'Fm~?F 
./11~H!zmn~~~m7t~ ?illj~~ 

~~6~m.f~~Him§"U~.ni1mA) J3.~a O.OOOOOlm, ML~.¥Ut 50 min. 

pffll.Z~*, mH\ffi.~Ijf.bR!m Shyu & Phillips (1990) Zmfffm) ML~~~~'i~ 
OO~~»'-M.~@~••~~Z*~••~.,*~~•••m~m~~ffi.Pfi•• 
~~*o~ 6~~m.~••m®mfim~m~~~~.mffi~)W~••m~~m 
., ••m®mfim$~tt~ffi~~~~~.~~~M~~~••~.~~W~,J3. 
~1Jo1iZ.~••~111il~M~m~%~f§~), {i~ji~~~:Wo ~~~:WQ]'~~*D~fr' 
~ (2.4) *0 (2.6) ~~~pff~t§B-Ux~~~t"-l) ~~~~ Shyu & Phillips (1990) z 

:£!I!fnH~.1JDPJ~LI) J3.~1ij!1r'~:£!I!fnHQ]'~D, ~~lJ[fi~W.~j~~~) W~-t~W.~~ 

~1t) 6~~*~~fr'~§M.n~fiA~~U~~~~~~{~JL\) J3.~fr'tt~, ~P-&! 

~~.1JmA~~~Pfi~t§B-~~~,H!m~~1J@A~~~Q]'~~.*mtm~~~, 

ML~~iI.~~~~ll#})Ejiz~*o' 
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1'~t!1~mt/I1f~JJ!Jt.J Clamond-Grue method Ffi~~z~n~m~jf;JiX;~) ~{rj!m 
JJ!Jt.J~*~.~~::f~Aj;fWt:fJiI~M (W\:eP::f~a) '11f¥£""f, Wtf!mt~li~m~, p)JI~m?F~ 
'11:~~!1l1t~J],~Z~~o 

III 7$, 1'a 0.01 m~) ~Wt~WIll6Z~'I1:Wt?&:~17J~§1J;{, iEl~:ll~~:tE::f~!¥J 
~OO,.§w~••m:tE:fJi~.~\~,:tE~~.~m~~ffi~~.$:fJi.o~W,1'a~ 
.:lI*~, ~li~~ti~{lz:ti~.tt..tj1HIUI.*~~ (.~li~m~~~~~), .l3.~Wt~w~ 

11Wt:ll~~w\~.:lI*o 1?IJ~D1'a = 0.05 m~, :tE~~li~m~.3!~z?&:~, :eP~17J~~ 
-JU1iEWt1T~:tE~JU~?&:J::z*f~, {El:tE*~ULtiJ::fll:fjm-!~*fJju~~~~, ~[ij{~ 

Q]ij~~DWt~mt~~, ~1JlUM:lI1JD, Wt~iJ9t/J\(tltf!'&:jM&, ?&:~~%~t.r~~>J\) Ffilf~z~ 

It?F~11~rm, ~~~1:.:ML?FtlJE(j[1Il8~OIll9), Iftm~W:tE~li~m~jlf;j'lli:~~1¥:tEZ~tlt 

.~••Wt~Mm~ffi~,~:ll~.JE1¥~ 

~7J}}!:lI1JD?&:~?F~~'I1:~JJ!, ~""f*~1f'~*lta}!*~/I~m1JDPJ~~, 3l1~1Il10 Z 
~*o 1It-~*~5F, 1'1Ji$M:lI1Jn~, ?&:*mt~li~:&''&:!}jJ],gdfE~~, iEl17J~1:., ~WA 

!M?&:~D'&:!M?&:~/I1:~1JD~'I1f~, W\1Z9~It?F~'11~JJ!W~1~::f!Y3~o A 7 J}~5F1Il10 ~ 
~*17JA?&:*mEm~:&''&:j;f~Ffi~JiX;, ~1f'~W\*lt1Ji$M~*:ll (W\:ePa = 0.1 m/I1f~), 
~~::f~~F~~Z7J<.OOUL~jt1f1j~~i111 ~D1Il12o It W:ll~1f"Q]~I:fj, :tE?&:~*f!mE~li~ 
iW, ?&:~~+jtm~u (W\:eP1!W1iE?&:fiitn¥:tE), iEl:tE?&:*~li~1:Ex = 2120mliMlli:1!Wi!IUI 
W~PJ~, :tE~li~m~(lIt-~~:tE?F~'I1:?&:/I1f~, gtl1f:tE~OIll12Zx = 2120 mliMlli:Z{lz: 
ti) ""fW'fI¥J?Bt~.~f~::fm~U, .~ij~:it*'&:!M~.1iE~?Bt, ~~*mt~tt""fW'f, ~1Z971t 
~~~lt~~:lI1JD, ~?F~II1:~JJ!~Ii:~, ~W:tE3!~~li~m~&i~) ?&:~~AM71t~'&:!M 

71t~/l1:tf1JDJI~m}!~(Wi19~§1:t), ~3:?:7tiW*f!jf;~1~7J9tzfi~~::ftlJEm~1It~W\ 

I:fjJ]" iEl~*/J\::fJE.PJ~~?8l~*m~~x 2120mliMlli:(1It-{lz:ti~~~1171t~li~m~ 

f-J120m) z~.o 

~7J}Ii:5Fi112$Z*OO1lz:~::EJ}{~.~.~71t~~iiJ, W?F.f@:~~, fit1f'~~M%5 

@Ix~;tjf@:J:: (AULTitEi112$mWi113$~§~~1B=~;tj5F) Z*OO1lz:~.~F~~~~1t 

~~i113o A~*Ii:5F, tE§W~lflf@:m$, ~m~z*OOUL~iiiPJ*f-J5t!> (~21r/1.225) 

~~~.~~111Ji.,A$1:E3!~m~~&i.,lIt~~~11~.~iWOOmm.,:ML~M~ 

1¥:tE, iElw\?F~D.1@:~~~::fm~iJ~1~, W:tE~li~~ti~1lli:, lIt~~~'I1::fJir!.~U+jttlJE 
(j[i113Z~""fJI1)o %5'1-i113W\~5F, tE~li~m~jlf;j'lli:ltAj;f71t~D'&:j;f?8l!l:1JOFfi~gl(;~W 

~liW\~JE1¥:tE, lIt~frjm~, ~UX::f%UII~, ~~~1¥tE (~j[ Shyu & Tung (1999) Z 
figure 17), W~D4'-Z1¥:tE~U$W Shyu & Tung (1999) z~fnB~§1B=o 
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~~13zmMtt~.$ili~~••W•••~,.~.~~.~.tt.M.,W~ 
7J!.~§iWl¥J.ftt.;~P.'I1., ~!i 14$flt1r~#~.77xS~{~ ({)]~ Fourier space pg 
~1T)0 !i$!ilfH'&~li;jj\~~JEfJ!~*;fj)(:*, {B{)]~.~~~1l~~tillf;JlliI77xl~*~0.7, W 
~iil1l~1l~~ti~~,177xl]l!Jm~0.80 ~\~5$~1¥J~, ~~ 14$, 9lia = 0.1 m, ~W!i5$ 
Za = 1.2 mf§~-1~:i:~, {BiW;g-lZSl~mt1¥~, ~.1T~~~1l~~~iW, BIZSl:li~j1JD*(~ 
Y-1if) , .~~m(¥-J~rnOI~I¥J=5tZ-), -&!~wave slope ~*~¥-J~~5Z=5tZ­
(~!i 11), W'iE~-&*1Z~'i'1~, ~ wave slope ]l!#~ii*1B!i 5, IZSll~~~~mt'IWt5t, 

~~ffla > 0.1 mZ~~f~{tf:, .*mt1Z~'i'1~~~~1iSlii$0 

'ia = 0.1 m, 1L?m:1T~~~1l~~~lIf;Jlli~, M(2.15) pJTmZ iteration ~~il~¥U 

§fijpJTfl500*Z..t~0 ~7~~~§iWpJTfl..t~§l'i, flt1r~~P)200*~..t~, ~~m­

_, ~#~~*s*W~ 12Z~TJIJ*s*lt., IZSlW1i1~!i 150 EB1B!i$11fj.if.a*f§~~*, 
~flt1r~ftJE § iWpJT~J..t~JUEP)~JEmJ!o ~ji-, ~~ 16 $flt1r~##%~ 12Z*S*W itera­

tion *J5[fl~'&1B1(~W@::Ji~ffl (3.3) f§[QJ) pJT1i1~;g-f§lt, ~fJ!~~~~ll~~~lIf;Jllifl 
JE'I1..tf§r-f, ~~~ft~~jG~~P*JR'I1.*mt~ll~&1Z~'i'fJ!~, ~~\J!ffl iteration 15 
~M (2.15)0 
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~tI?WjG~~F*~/[1?1t~:a$~D~tt?1t, OJ~mUll.~&BZM, fZ1r~Hlm Clamond & 

Grue (2001) z.~~~.=*iEjG~~F~/[1?1t~1@mli9:n~, *m~F~1i?1tW=*iE~F1i1Em 

5tlL1'FmJJi~a !ffl,rm1trt:l~II, fZ1r~~miffiz.~~~Ux:i:JE:!ffl,1IVJ\ ~m locally OJ~~ 

.~~m,~U~?1tfi~~m*eM••~.,~~a.~1i?1t~.,?1tmM~mm.& 
BZM,W§AAIi9.m~.M*.~,jG~~.1i?1t$OJ~mm~&BZ~ 

'IIUxlJE:!ffl,1.&/J\tm=,IUI?£~lt*~,fEP).~?1t~ll.., ~-~1.&~Ii9JffiI1l, ~~ § AAFff~ 

.z.~~®tm=~Ii9~~~m~,~E~~m~~.jG~~~1i?1tz..m:n~,~••tm= 
WiftP)'Hlffl, {B Clamond-Grue method ~N~ Laplace equation .~.-~~~ 

:B-~, ~~~:B-fBlI1OJ*$~*i/J\wmOJ~1~~lilM*, 13.'I Jl:t-fl:B-~Hlm iterative 

scheme *mtm=, ~ll)c~t.~~, Jl:tm~~~~ Clamond-Grue method ~.+:B-m~, 

~~OJ~m*m§ fijli9 rt:l~lia 

HIm Clamond-Grue method Fff~~z.mfi~fj~*~JU~1&, ~~.~*OJW Stokes 

waves z.m1JTm&*JN1i?1t~mm.&BZ!}jJJi~m;fJTm+:B-omt;a J35'}, ~~.~F~~/[1?1t 
~m~ll..&BZMJJi~tm=, ~~*$W~ffltx:/J\z.~~*/J\&tm=r~rf:t'~Fff~1~1i9~*-~, 

1tSl~ § AAs~.1@mBl+:B-OJrna 

~~fZ~§AA~~~~.1i?1t~mm.~Ii,W~~••••~.,~'IfZ~~~m 
~-§-a-UxIi9Jltm=) ~.1~~.*Fff~1~1i9.$~.1tHl1i!ffl,-:-1*~fi5~ (~Ux~ action 

conservation equation *OJ~A!>J?1t~§AAIi9/I~~'"f, .$~.1ilt*, ;;t:t:i:*&.W ac­

tion equation *~flBJlIi9:i:*&ffi[q], ~~~UxOJ~~~ AAFff1t~z..$M.1t:i:1i*¥-J 

!ffl,~.1@z.-*), {B~P~~D~, ~ §AAIi9~1@mfZ~mOJlilJE:, ~~ll..Emmz.?1t~~ 

••It*,13.*~.lliJJi-~.~.-.~,~-.~~ttA~m••~Ii9.~.z.?1t 

ID)~~.~••OJ~~.~m.~mm~~,~.m~.~.z..~,~~fi5~m.~ 
m.,1&.~?1tWRIi9:n~~-~,.m!ffl,~~••mtm=,~*.~m*Ii9.~,~~fZ 
1r~~£\.~'"f-~~, $~tf;J~mtim~~1T.f@~.a· 

.t;~~m~,*~~z.~*~~~=:-!ffl,m?W~ttA~f;JjG~~~1i?1t~:a$OJ 

~mm.&BZMz.~~,~f;J~~~~~.Ma=!ffl,~••~.OJ~?1t~mm.&BZM 
Wijl., ~OJ1Jop).m¥~, P)'~&Wiftz..~a ~M~l~, *~.1&.ff~Hjm§fijFff~mli9 
~*,f;J••mm~ttm.~li9wift~ff.m:B-;fJT,~.mB~~:a*$~W?1t~mm 
.&BZMJJi~~~a~~~,~.Hlm§AAIi9~.&.~,**OJ.~-+:B-~~Z..~ 

.m¥~*~o 
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- ~ volume-discretization 


./=- ~ boundary-discretization 


(1§.Clamond & Grue (2001) ~~;f.t £-A i!.t:g 1a; 
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...!;!L...;~~:..:L ' l£free-surfaceJ:. 

KBC: 7], + U7]x + [jJx =0 

DBC: 

*-'f 	 ¢(x,t)==¢(x,y,t)iy='1 velocity potential (*-~o) 

[jJ(x,t) == VI(x, y,t)iy='1 stream function (;;t;:.. ~o) 

j)(x,t) p(x,y,t)iy='1 pressure (e..~o) 

t£.. : 	 t.s ~1"" J:. i!Q ~ -)(. , .;b {~~mchain rule of differentiation: 

[jJx (Vlx +Vly7]xt='1' ~ =(¢I +¢y7],)iy:'1' 'Ix =(¢x +¢y7]x)iy='1 
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1r 	 <Xl X' X ' 

7]' -7]
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