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摘要： 
本研究首先探討線性深水重力波行進在一穩定、三維、且垂直剪應變十分強大之大尺度流

上發生緩慢變化的現象，因而導出其振幅緩變方程式。此一方程式與 Voronovich (1976)針對更

複雜情況所導出之 action conservation equation 不一致，其原因已加以澄清，故目前可確定，當

流中有強大垂直剪應變時，若此剪應變在垂直方向變化迅速，則 wave action 將守恆，但因波之
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變如我們目前所假設在垂直方向為緩慢變化時，則 wave action 一般無法守恆，但波之 local 
solution 及振幅緩變方程式皆可明白導出。 

目前所獲得的振幅緩變方程式可轉換成一個新的波能量方程式，此一方程式除包含以往波

能量方程式之輻射應力項及由流速和群速度所產生的能量通量之輻合項外，另外增加了兩項，

使由群速度所產生的能量通量，只有在波本身的性質在水平方向有變化時方輻合或輻散，否則

由流的剪應變之水平方向變化率亦可導致由群速度所產生的能量通量輻合或輻散，因此新的波

能量方程式較符合物理原理。但此一方程式仍預測波之振幅在焦線上變為無窮大，而非緩慢變

化，故接下來我們亦另導出一可均勻適用於焦線附近的解析解。此解顯示，即使流中有強大垂

直剪應變，波在焦線上仍會被反射為不同長度的波，此一現象未來將證明與深海瘋狗浪有關。

成果效益： 
本計畫所獲得的解析解可改善人們對 action conservation principle 及波能量方程式的瞭解，

故對受強大海流影響之波浪場的預報有幫助。另外，目前所獲得的線性波被旋性流阻塞及反射

現象之解析解，可在未來針對完全非線性波進行數值計算時，做為其初解，故對與其有關之深

海瘋狗浪的研究有幫助。 

後續應用： 
本計畫未來兩年將應用目前的解析解做為初解，針對完全非線性波來進行數值計算，以瞭
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ABSTRACT:  
Linear deep-water gravity waves propagating on a steady, three-dimensional and large-scale 

current with a strong vertical shear are studied in the first year of the project, resulting in the modulation 
equation of the wave amplitude.  This equation is inconsistent with the action conservation equation 
derived by Voronovich (1976) in an even more complicated situation, the reason of which is clarified. 
All of these indicate that if the strong vertical shears itself varies rapidly in the vertical direction, the 
wave action is conserved, but without the local solution of the wave train being solved explicitly, the
action conservation equation cannot be applied in practice.  Contrarily, if the vertical shear, though it is 
large, varies slowly in the vertical direction, the wave action is generally not conserved, but the local 
solution of the wave train can be derived explicitly and the modulation equation can be applied in 
practice. 

The modulation equation can be reconciled with a wave energy equation by adding two new 
terms to the latter, which can make it certain that the divergence of the wave energy flux due to the group 
velocity will vanish if the properties of the wave train are horizontally uniform but the vertical shear of 
the current are not.  This new wave energy equation still predicts a singularity of the amplitude at the 
caustic so that another effort has been made to derive a uniformly valid solution.  This uniform solution 
clearly indicates that even if there exists a strong vertical shear in the current, the waves can still be 
reflected at the caustic.  This phenomenon will later be proved to have a close relation to the 
occurrences of the freak waves in deep water. 
BENEFITS:  
    From this study, we understand better the action conservation principle and the wave energy 
equation, which can benefit the future forecasting of the waves that are under the influence of a strongly 
sheared current.  Also, the analytical solution of the reflection of linear waves by a strongly sheared 
current derived here can serve as an initial guess in the numerical computations for fully nonlinear 
waves, which can clarify the mechanism for generation of the freak waves in deep water.  
APPLICATIONS:  
    In the coming two years, the analytical solution of the reflection of linear waves by a strongly 
sheared current derived here will be utilized as an initial guess in the numerical computations for fully 
nonlinear waves to clarify whether or not the freak waves occurred in deep water are due to the reflection 
of waves by currents. 
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~~j£§~30*~~mfifiiJ7$! (rogue waves or freak waves) §iWBEE~mIZP: ,m 
~~~m&A~.£~~.U)&~~~~~7$!•••~~,~.g.m~-*~~M 
~m§tf~~tt& I {E1 ~~J!t g 7$!n~~l±iJJ!:tEJ~fl11t~{I~+~*~J!/J\~miID~ (Itt 
-m~~p~*;:CPfTJE~Z fi1iD7$!) , i&7G£&~fBlA1r~ mf4~1~U*1JoJ:)Jlffi~, 

if, 1J~~m~~~:i:, 1~A1r~~JEJt1¥:tE) 1§.Jt~ 1~~m1tIJ17J7GlY3o 

~mfifiiJ7$!7GmR~*,Jt~~#~,i&~~~R~.,~.g~.$~.EE.~. 

~~~,1§.EER*~~#.tt~:i:_.,Wm~~-@*iID~8~~OO~~,:tE¥-@~ 

rs'~~l±iJJ!-{fM~~l±i~ peako §51f., px{5}RZ*,*'li~ml:1JO, #mijMl1&rm~~-@~ 

7G~1lt~g7$!o 

~32Jj;m.m1t1J!iltE.$jD~~F~Jtmijg1i, 1§. ~.1*m~~{qf*:§7~~M1iD7$!~~~ 
:tE~~$*mffiE1¥:tE~lI:mj, rm?FJ!KUmJ!5t*~lI~o ~m~~-JJ!~,Peregrine (1976) fD 
Smith (1976) 9t~, ~mMfiiJ~n ~fBlffiEm~&&:M~fjpfT~I~, rmifRjJ;J Smith 
(1976) ~?F*,*'Ii}!~ifii& Shyu & Tung (1999) Z*,*'Ii~~m, li~li~&B(!J-tJJ!~~ 
~~, :tE1**,* (caustics) mllim~~-@R~~J]{*A!J-tR11ti%[gm~g~ (~~ 1), 
H~-g7$!n••~~,i&.~mfi1iD~~.~ffi~~o 

.~.~~,:tE-@.JE~mffiE~)~~R.ffiEm~m~#.JE~~,~R~:tEAM 

~7~J'Hl1&rm:tE~Ii~filli{J;{~-{fM.-lt:5~~~ Stokes wave, Jtijg£:::tff:tE~{lL~~ 
~t~IHBl&:!J-t (:a~lJfl~Jtpx{J}RfBl&:!J-t), ~rm%px-{fMg7$!, i&EERfBlffiE~li~~fjpfT~ 

~~MfiiJ7$!17JA~~~~tt.o ,~~~m.fiiJ~#~l±im:tE.1ltgm 

ffiE~~~lI~,~~mJ!tll~~•••lI)i&17Jm~A~ffilia~~.~ffiE,HJtffiE~m 

ijgfD* § ~§5-@••lI~¥I7$!Zff~1J~ n:u) ItS1~RfBlffiE~li~~fj17J~~, H{l1&rm 
%px-ffMfi1iD7$!o 

R~:tE~*,*~tlli~~11::, J:.JttBEE Smith (1975) l±i*'*tt&?F1iJEtt~}!ruf6,Shyu 

& Tung (1999) H?JJl±i;!t]l!~m~m, ffij' Smith (1976) J:lU~-(J7~LI~~?F*}7~'lix:jz 
.,~~m~LI~~.ttRn.~#.tt)i&E••~%~#.tt~~M1iD~.$~~ 
~~) ~rm~A1r%tH&~~:a~EE11tfBlffiE~li~&&:!J-t~fjpfT~I~17J~~rp~o ~m~~­

rp'J!, *~m~Q9:m~f@1J$*jD~?F.'1i11t:tE~*,*mlli~~11::, {g:tE~ZiW, EE~~£1 
••1Ipg~mJffiE:tE~~1J~ttttA~-5$*~.~ (shear), ~ffiEfD11tm::g~~1iJE'Ii) i& 
~.~•••J!.lli~m,*~mM~if~?JJl±i.ttRff~:tE-@=.~ffiE~).~~ 
m~&&:M~~m~mo~m~ma~liffiE* ,R.ffiEm~&&:Mm 

~17J~~*,~m:tE**.~~.tt~~~.~mmo 

1 

mailto:J!.lli~m,*~mM~if~?JJl�i.ttRff~:tE-@=.~ffiE
mailto:m~Q9:m~f@1J$*jD~?F.'1i11t:tE~*,*mlli~~11
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s.~••mlli~m,.~.lli~•••z~m,~M~g~~••mlli,~~m= 
.~mli.a~M~.lli~•••Z~m,~mm~~g••,~~~~m~••lli• 
• mlli~m*m,~~~.lli~W$~~~~~•••Z~ffi.lliZ~~.~.~W~ 
~~.m~••mlli,®~-~~~§M~$a~~*~••mm,x.$.mm~~ 
$*R~,~a~~mt.~~.m.M~$*.m~••mlliffi.lli~m~mo 
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http:mm,x.$.mm


*.~~.-~.tt~*mh~Mfi~-.~~~~m~,~-.~~~*~~~ 

/Gc)t~ (~~~tEJt$/Gc)t~), f1f!~~~~~~~-5~*~JJf,~, B~~JJf,~~*/J\~ 

~~~~$/Gc)t~, ~~m1J'JE'Ii~ (:~U1~ U {U(z), V(z), O}) Z1J'JElt7J~~f~o 
m~TM.~~m~.T-.Z.tt.~m~mw~.~,~~~~~.o 

&,mE~1J'JEt1~, ~jt~1J'JE*~ (vortex-lines) m~§~~~ifH~ITO~1J'JE"'&lli:~, ~ 

ITO i51 ~1J'JE'1i J.J W3'I::l:ji!ifJ, ~§ iW ~ J.J W3'I::l: ~~ji!ifJ~~ 1J'JE/1i, ITO ~m~m1J'JEtt~~3i!ifJ 

j~ (~lt~~u{u, v, w}, ~h~~ p), ~\@[~. Euler equation, ITO~F Laplace 

equation, ~§ iW3X1r~*m 

au U au + V au + w + 1 ap _ 0at a~J; ay pax 
U av + V av + w av lap 0ax ay az pay (2.1)

Uatu + Vatu + 1 g = 0a:J; 	 ay p 
aau 

x 
+ aa7

y
) - 0 

~Cpp~*~*lt, g~mh1JD~lto 

~1ID1Jl~Lp~Zx~Dy)~iH~i\iHlS"]1J~m~*~iID~f:E~~~, fg~T~~~Y!, 3X1r~~T 

OO~~yi\iHl.~~.~1T, ~PJT~~I9:t§"/G~yg~~~, ~Jlt (2.1) mf~~~ 

au + Uau + wD. + 1 ap oat ax Y pa;]; 
aw + U8tu + 1 ap + 9 o (2.2a)at ax paz . 

au + atu oax az 

av 	 av
U- - wD..7; = 0 	 (2.2b)at 	 ax 

~CPD.{D.:7;,D.y,O}~~S"]1J'JElt, B~§iWl¥TIW~T,D.x -dV/dz, D. y = dU/dzo 

~ff~S"]~, S3~ (2.2a) CP/G"2iV,&jt~JJf,~D.x, $/G"2i*~D~~v, i&;fi;ftiiJf.f~ 

fl:j:$~IJ1~t, ~1j3X1r~{1f!S3 (2.2a) cpS"]=-f@~l¥t\~pm8(~.=.f@*~D~~u, w ~D po ~­

~OO, S3 (2.2b) m~D, ;fiD.x 0 (BW 0), ~U~y~~$~ji~J.JW3'Ii3i!ifJv, Jlt-)t 
.ti3X~**.~S"].~••+)tm~o 

EE~*~'t1~~§ EE ry(x, y, t)) ~S"]jfJf.1~1l:j:, *~"~~~ffl~~j$J7J<~ 

OOz O~~f~fl:j:~, 

ary 	 ary 
p = pgry, 	 (2.3)at Uax = w, 

3 
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(12t:tf~J! Shrira 1993)0 ..t~~l'-a-v, v~[]nX) i'J(fX1F~"6JJt;*m (2.2a) ~[] (2.3) * 
¥H~u, w ~[] p, (2.2b) tJ&8¥H~Ef9wm5E:vo 

~Jt;fX1F~~ (2.2a) L~-~[]~={lmjjf~~:5T71~~z~[]x1Y&7t, ?&12t~~1F~~ir,qX;-flm 

jjf~~tJrft*·p, IfH2t¥JH!m (2.2a) Ef9~=~M~~'rt~~ 

8wy u8wy = 0 (2.4)
8t 8x ' 

Jtr:pwy 8u/8z-8w/8x~~~~;jJL1ifEJjt{Eyjj~Ef9:5T:l:o EE (2.4) "6J~D, ;5wymt* 
{E:t§-~~~~, ~IJH~~*~~~, ~!It:JX1F~"6J5E:~-OO=*ftmt~@5j~ (velocity potential) 

<jJ(.T, z, t), f~u = 8<jJ/8x,w = 8<jJ/8zo f~A (2.2a) Ef9~.:::~"6J1~=*tL Laplace 

equation 

o. (2.5) 


(2.6) 

Jtr:pA~-{Im1f;~,k~PJT~LiEf9,qX;f}h1tL~~)no~IJ~Jtfi1fi~~tf1 (observed frequency) 0 

H~ (2.6) f~A (2.3), :ML-% 
'fJ = aei(kx-not) , (2.7) 

"6J1~ 

A (2.8) 

plz=o = pgaei(kx-not) ) 

Jtr:p 
(J" - no - Uok (2.9) 

~~{E-MD~~*OO..tEf9xjj~mt~:5T:I:(~~~)8;jJL~.*.r:pMfi~~Ef9~ 

) i'J(~1tJf~$ (intrinsic frequency)o 

~..t32!1~5fH~A (2.2a) Ef9~-~~[]~=~) "6J:5T71U1~¥UfJj~rUH*~ (dispersion re­

lation) 

(2.10) 
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~~~~.~-~n~ffi*~,~E~**~.M*.~~~~~~.o 

~lIY#7 w(J;)&u*Dp) ~1WJ;)r&, (2.2b) .~P1:iJi#¥IJ 

(2.12) 

lft-~*M~) ~?Jt~41:r~-i!!i~~ViE~~, -1~tllijq]~nJi1itl!lfu~Nv~~~!±, .§.~n1; 

*Da~:!IJ&t§[EJ) J'{ljv~:!I:~&*D?FnJiti~Jt7t:!l:u&w~jjU&t§[EJo :5}~, ;finy*l]al¥J:!I:~& 

t§[EJ, ~.IJ~MfPJ~~H*~ (2.10) Z~5Jt;b3lI¥Jm~$:!I:~&t§[EJo IZSllft, ~J;)TI¥J~ffifB~, 

.~%~~I¥J~:!I:.-~,ft~~~~~~I¥J:!I:.fial¥J:!I:.m[EJ,.~~ViE~I¥J~. 

~+7t~~*:M!.~r*~~, :5}~ft1r~$1Fj~Uo*Da / kz:!l:~&m[EJo 
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I 

~~-.M.~~m, ••~~~~~••,~mR.-m~~*~~.~o.T* 
~frH5'1iJE'timtU~x~Oy:nrtu~I~~1~ (.;tt:RgrRIlLJ:t.:Rl*-flm~*&)) 

grn:rJo ny ~x)y~Oz:nrtu~~I~~f~ rtu~7tf{jHlI3f*~1[1)o ~llt~'I'~tJt, 

T, .~111f!i)j\ll%~L~I[3H~1~, ;ttr:pk~:nrtu~o*/J\m*~lt~~ra~flLtliTIir.3z~, is 
~Pf~~D!lt, ~1Mm-ar~~fr~PfT~lI~f1LtI, ~~-*J3.rectangular coordinates (iTIi~F 

curvilinear coordinates) 1 f~;ttxm~D&-:tlli~ kroJ rtu, Mtym~o&-:l:tf!~.~f~H~~§WJo 

llt~mtJt,T, ~tt~~~~~-ar~,~-.~m,~m;ttm~:nN~,.~ll%Wp~ 

turbation expansion (in powers of llL) r:ppfT.1~~m-~~llifJ;{, ID~~~~§roJ, 

~-.~mL~~~D4-~fflJE-r@:, iTIill%~I[~~1~, f.s;tt~1~t~tJt,m~1~~JEo 

;g:nx~l]ny~z:nrtu~~1~ffi3! (.U~~if[:nrtu~7tf:(jJ:Ml~Flli3f**'11),Voronovich 

(1976) W~m perturbation scheme ~1Y3, .~*ZP::nrtuL~'I~~1~-ar~g action 
conservation principle, is!lt~u, v, w ~O p ~m&l14ff~I~~H*~~~:$IY3B.1~o iTIi 
&-n:rJony~z:nrtui)j\~D~*ZP::nrtuffl:\t~I~~1~~, ~{~f~~ perturbation scheme 
llt~~:$~m (;ttW[Zgll%~T-.IDlaJ3), Mt~fr~1!W7:tiff~~-.pfT.1~~UJ v, 11) ~O p m, 
ITH~f~A Voronovich (1976) B!mllt:$pfT.1~~ action conservation equation P'g I 

:Mlm"*;tt./J\~~ ([Zgnx~Dny~D4-~z:nrtu{I~II~~1~), *~JE.iWj~~1~, [Zgllt § iW 
~£\~¥+2m-W~~:n:$*~ te--arIE1il1HaHZ!!;.iWj~'I~~1~~:nf.~~o 

§ iWf~m~:n:$J ~~~~D1lJ*ft~ perturbation scheme ffl:\t, E!3m-~~m1fiIJ:n 

fj~L secular condition ~JEm-~~mL:}fSJz!!;.iWj~II~~1~~:nfj~, fi~~~*te 
m=~1W, Mt § iWIXfr~~~~ll%1!*~~~.ffl-IE~~1$fllim~~ (asymptotic ex­
pansion), f§.llt-11ffl~LPfT J;J -ar1TL~-{ImW[Zg~, ~P~*ff~1!~~~[Zg*1~:Mlm~ JIX 
~m-ar.~~JE~-OO:nN~r:pm@~-ar~~,m@~~~fi,;tt:n$~To 

E!3~§ iWltfffQ]-11m~1~~f~~~~~~~1J:7t-*, ff~~1J[];ttjU&-~~, [Zgllt&-IX 
1r~W\~tem-~~~~~~IfB~, IX1r~-arff~pfT~~'[~~1~~~~~O~~Lm=~~~~f(~ 

&;ttmoom-~~~~~L~§*~~, 1JDtl,~~o ~-:nOO, E!3~~'I~~1~~~~~~~L 

m-W~~~~~1JDJ;J~II, Mt&-~~~~'[~~f~~, ~@4?!J~;i:~m=••ffl~, is §iW 
~~ffl~, iSW~Jz!!;Lm-~~~~~09;i:*&WroJ, [Zg!lt£\~1JDJ;J~Lto ~1 

iTIi~@~7IJA~Lt~tm~itLm-~~~~f(ff~J~jJ\ [Zg!lt;ttm-~~~~f(~~o;ttm=~ 

~~~~-.,~-ar~~ollt~wm=.P'gMtem~tm~it~roJ,Mtffl7~ll%m#~~A 

~1I~tm~;i:~m-.Mtem~tm~it~~m*JIX1M~ll%iW~Ln.~-OOM~~ 
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8x 

-8U 8V 8W 
(3.1)8z = 0, 

tb.Ni8Uj8x 07Jl.8Vj8y 0 IF-f, ~n1?!tEZfSi$)*OO~z~@:mE3!5tllW 0, 1fl 
tE*OOT,W =1= 0 (!~8W j8z 0), lltE*OOPJT-flmrEi:~~&[lg (tEllt~&[lgl¥JmEPJ 
~W*OOrEi:),Wbl/J\~UfDV-flmll~&, IZSllltW-~/fPJ%Z~, 1.§.8Wj 8,Tf08W j 8yPJ 

%Z~) tb.EliWSl::r; ~ -8Vj8z , Sly ~ 8Uj8z 0 

NimEtE*ZP::1J~~'I~~1~1F-f, mEl¥J1ifE&tEz:1J~z5tll~t - 8Vj8x 8Uj8yM 

~Sl::rJOSlyIJ\-fImAH&, llt-:I*t£PJ7Jl. El rw'W~mEffj~@:~1~/f~*&11, 
~1?!rEi:~31itJjI±y:1J~ - 8uj8z - 8fiJj8x, Jtr:J:tufOw5tJjti1~~7&: 

~~tExWz:1J~ lltmm5tItEm=.r:J:tW~.)~El ,~W 

IZSlUfD'iull~/J\ ¥}1JD.l.'81r~tEy:1J~f!ali'[~~1~, tb.tEEliWl¥J't~tJlT) Wx ~ -87Jj8z ) 

W z ~ 8v j8x (i!l~~m=.~mf~f§l8])o 1B~~if8~OfilJ, ElWJI¥JrEi:~31itJ/ffl[~fI?F1ifE1~ 

3!&5t1l{8¢;j8x, 8¢;j8y, 8¢;j 8z}, $Jt1:j1ifE't13!&5tll{u, v, iV}o 

~~.l.mb¥7f:ttr1JDI¥J:tmfmll37UA~iI, NnPJ~1TPJTI¥J5iitJ7Jl.lfJ:1J5ttJT, 1B -~M1;ft1r~PJ 
)lGmJE 

w 0 at z = 0 (3.2) 

llt-mJEZP,'TPJPJ1T, 7JlZSlwtE*ZfS:1J~1¥J~1~tENitift17JPJmf~~~exp [i(kx not)1 
(Jt~~~z~'I~~1~ftIjPJ%Z~), tb.;fitEZfSi$)*OO.l.W-:;$:iV =1= 0, ftU;ft~l~PJJE~-flm¢, 1?! 
8¢j8z fDwtEZP:i$)*OO.l.filH§~, ~1~fflw 8¢j8zJf;Z1~W-*l¥Jw, fflu - 8¢j8xJf;Zfi; 

W-*l¥Ju, ¥}ffl¢ + ¢;Jf;Z1~W-*I¥J¢;, ~DlltNPPJ1~¥7fl¥Jw¥MliJE (3.2) ;ct, W¥7fI¥J¢;zmmJi 
~;ctr:J:tl¥Jm-~~17JmW-*~ffil8]).Jtm=~~fIm~~,~EliW/f.~M'8~ 

;iF) IINi;ft1r~tEft~lIf~m-W~mz~~:1Jf~;ct~, lltm=~~~NnPJ~:3::%Z~o 

{i>gwl¥J~~~tE*ZfS:1J~z~'[~~1~PJJ;J%Z~, 1B¢;IZSlJtll~:x, tb.llt1i~1~17J.~ 

ii, IZSlllt~m~¢;zm3!PJ7Jl.~II~m1i~1~, ;ft1r~45" 

1> = A(x, y) exp [1 Z 

lex, y, z) dz 1eix(z,y,t) (3.3) 

k \7hX, no -8xj8t, (3.4) 

Jtr:J:tA(x, y)~tE*ZfS:1J~~II~~1~1¥J~~~)\7h = (8j8x, 8j8y)~*ZfS:1J~ 

~,k{k:I;' ky}~7&:tJ:~ l(x, y, z)ftU~-~~i~~tLm~tf~1~l¥Jmrro EI3~tEElffifJp,'TJ 
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~~ S"J }~lH~ lfdtJe $ :&:tE § iWPJT~IiS"J111 tI..t, ky = 0, 13. Eiff1ID PJT~ t±lS"J (3.9) APJ~o 
llz=o ~ k, ~&'m*A, k ~D l~~~ziTillmOOA$S"J~W~~, 13.%zIBfrJtm-W'~~z~ 

'1:i~1~S"J'11~~, ..t1IDmAWW (2.6) AIDAt§~o 

EE~§rruw~Ii%~~z~'I:i~1~'11~, ~EE (3.4) Zm-APJ:vJPjf1~ 

oky okx 
(3.5)

ox 
-

oy· 

13.EE (3.4) PJ1~jifJJ~tli1JfE.A (kinematical conservation equation) 

ok 
ot + V'hnO = o. 

{§'EE~ § 8fTpJT~IiS"JmE7J~-rlJEmE, ~ok/ot = 0, ~IItEE..tAPJ~OnoS"J{@:tE%~~ 

t§~o 

M~ (3.3) ~IJ (3.4) 1~.A.=Ji Laplace equation, :Mz%zIBfr=~~~®~~ (1/A)o2A/o;r;2 

~D(I/A)o2A/oy2, ¥.fl2Slky = 0, ~~1~PJ1~ 

2 .ok:1; . 1 oA .oky 2 ol
-k + 1-+ 21k -- + 1-+ 1 + - = 0 at Z = O. (3.6)x ox :1; A ox oy OZ 

~J}, EE~:tE § iWpJT~IiS"J111tl..t, mE~®~¢:tEYhr8JZ~1~{I~~tt, ~=~~~®~ 
(o2¢/oy2)z=o = i(oky/oy)Aeix + (o2A/oy2)eix ~ i(oky/oy)Aeixff!PJ%ZIBfr, *:tE 
§ 8fT PJT~IiS"J ill1~$ 

(3.7) 


:tE (3.6) Z*IJ~~$, EE~l~IJol/oz~1¥:tE, ~~1r~~1t:{IEEIltAM~llz=o*~Jt{m 

~~I¥J®~o ~MacIlt-rp~~,Shyu & Tung (1999) 7t~Ii-7t~=*lI¥J'I~~ (IIt~ 

~~~7J~1i*Jfl.), EE Laplace equation :&i5ib1<-~{~14~t±l 

ol ok = -1-. 
OZ z=o ox 

EE~..tA$%~~~~'I:i~1~~~Z-~~~®~, ~&,~~J~~~.=.*l, {l~~*Jfl.EE1i 

*Jfl.~~aUJfl.~, EE~IIt-~1~1)j\~'I:i, 1i~..tA$*lT!w1JDI¥J~ff!~-~~~®~~J~>J" I2Slrffi 
PJ%ZIIIfi, *..tAIIt~17Jjffflo 1i~EE..tA, 13.l2Slk = (k; + k~)1/2, ky = 0, ~1r~PJJi-?J 

1~¥U 

ol ~ _ iok = _ i (kx 0kx + ky 0 ky) = _ i0kx . (3.8) 
oZ z=O ox k ox k ox ox 
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~~ (3.7) *0 (3.8) {~J\ (3.6) ~1~ 


M~~~~%~.&.~.~~~*OOZ=O••~••~OO,~~q.~~.tt~,~ 
Blffl (3.1) *0 (3.2), 

U 8ry8TI V8ry = 8¢ _ ry (8U + 8V)-+ at. z=O (3.10)
8t 8x 8y 8z 8x 8y 

TJ a(x, y) exp[ix(x, Y: t:L (3.11) 

M (3.3), (3.4), (3.7), (3.9) *0 (3.11) {~J\ (3.10), illLBlffl (2.9) ~) ~~ 

8a 8a 1 8A
A = -i~+ 1 (U V ) +~ (8U + 8V) at z = 0 (3.12) 
a k ak 8x 8y k 8x 8y 

t±! (3.12), ~fl~qJt~-[iJ'~.~.~ (~'81f'tETOO~ (3.14) ~MQl~~f§J[iJ'~~ 

~), ~Ij 

A ,(J 
-;;: ~ -I k . (3.13) 

H~~~~xf*J5t, ~~8k/8x = 8kx /8x (3% (3.8)), ~1~ 

8A a 8a .a 8a . a 8kx 
-- -1-- +w- (3.14)

k28x k 8x k 8x 8x 

M (3.14) {~J\ (3.12) t)J~~{~8A/8x, NP~H~A~~Jt{1P.~Jt~~~.~~.~DT: 

a 
8V) 
8y 

A 

1 8a 
at z = O. (3.15)+ k2 8.7: 
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:tE..tJ2115t~!f1, ME111lt~t~{u, v) w}IY:Jff::tE:9ft*~~;1t~*, 1E!.llt-IIW15l:tEt~r*~ 

.~~*OO..tIY:J~~.~.*M~~.o~~llt-.~.*n~:tE~~*oo..tIY:J&~. 

~~G,~~~~~.~~nm~:tEW~~ *oo~wa~•••~~lY:Jn~(#~~ 
2!f11Y:J~n~) Z5t;l:, ~1J~!f1~~~W1t~M~~$, ffi];1t~~:rj[mrm*"E;I,B--J!t4ml:l;l: 
Z~, yfDv n~ (J!~2) 1Y:J5t;l:, 1Btz§:tE*~'11.llif~!f1cosCY.;::;:: 1 &sinCY.;::;:: aryjax, ~ 
~JEt5t;l:PJt~lL~"~~x, yfDzn~IY:J5t;l:o ~~~1I'~iJ1PJ j;)M~rm*JJ!ffl~ ~ ~*oo..t 

IY:Jnm~,fl~~*OOz=O••~••~~,~:tE~~.~~~Z~.tt:rj[~&~~. 
lli~~~!f1IY:J!WJ~~:rj[f2za¢jay, uaujax, (aVjax)a¢jay fD vaujay~) 1~¥U 

uoU VoU} {,01) &1 a2q; au aq;{g~~ + -+ - + 9 +- U a 2 
-- u au 

ax ay ax axat .1: a;E ax ax 
2v a ¢ + uau ary + au aury a2u au au ary

U--r/ - - ­+ axay az ax ax az axaz at az at 

au avry + v a 2 u ry + v au ary -voU } 0 at z=O , (3.16)ay az ayaz az ay ay 

;1t!f1(~D~ 2pJl7F~~~*OOIY:J !WJ1t,g' = 9cos a*M~~~*OOt&:1t~.:tEPiZ effec­
tive gravitational acceleration (Phillips 1981) 0 

1@:1~ff:~1Y:J~, ..t~#PJ~ (2.3) zm=~, M~;1t1~A~~nfj5t:tExn~Z5t;l:1i, 
llt-1i&$mM~) 1E!.tz§:tE~5~tk~JJ!.ff::tE'IWmr ,(2.3) zm=5t~g:a~:lz: 

:9ft~F:lz:~pm~, ~JJ!ffl..tOOlY:Jn~~tfj (3.16) ~~l:If~, ~j)f1ffl~~ (2.3) zm=~:tE 
E! iWlY:J'IWmrw~:lz:, ~**~:tEm-t;••1@:rr~~, JJ!fflE.~~~{,*{'fo 

~~:tE..t~!f1m{lID 7\ tE5J1\ PiIY:J:rj[5t 55U ~~F J!HW ~.fDmWj~., ~E 11'~ IY:J~WfD.PJ 
~ ,tz§llt~~-OO7\M5J1\PiIY:J:rj[PJ~ 

a2q; + u a2q; + au aq; + v a 2q; + au ary 

axat ax2 ax ax axay az ax 


au au a2u au av a2u)-- u--+--+V-- ry=R at z 0, (3.17)( ax az axaz ay az ayaz 

au au au
R = - - u- - v- at z O. (3.18)at ax ay 

:tE(3.17) !f1~1I'r8M~B-.~~~ZMJI13m:1t5t;l:IY:J:rJf$.~~~k:l~) :9ftfflr,1~R* 
{~*E1I'~IY:J~WfD, t~r*~1I'~M~*mDq;Zra~~IUH*~o ~jl¥UlltE!lY:J, ~1I'~~."E;I,tE~ 
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- ---

ou OV o'W 
(3.19)ox oy + oz = 0, 

a'u oUoV avau} {a (au au au){u-- +oxoz oy oz oy oz + oz ot + U ox + v oy 

oU ow 02U o¢ 
+ a'u aq, + av a'q, } = 0, (3.20)

OZ OZ o.rozo.r oz OZ oxoy 

oU oV _ oV oU = 0 (3.21) 
oy oz oy oz ' 

o ( ou OU OU) 
oz ot ox v oy 

LAZ/J\:t!5JJlpg~~~[J (3.18) pgEtRJ5JT1-t~~~jG~f§~J rnJEt (3.3), (3.4) ~[J (3.9) 

~&~§MM~.~ffi.L~ o~m~~~ 

OU ou oU 02U (. A.) 02U A. oV (.o¢)---U--v­ hp + -W+ - 1- (3.23)
OXOZ OZ2 ' oz oyot ox oy 

§7t) ~ (3.23) *~1rrf~~(o2U/oz2)¢, rnJ~~(oU/oz)o¢/oz) 

~1J~1f~WZ~n-1it, (3.22) pg (02U/OZ2) o¢/ozlJ} , !Jf.1JI!i.(oU/OZ)02¢/OZ2, 

1&~J3J~1VJ~*-ffil!ljU&, 1ZS111tmFf~~go :t~rf*, ~ (3.23) Z~5Jfti5j§, *~1rr1~~ 

m;(o2u/oxoz)(i¢ )&(oV/oz)(io¢/ oy), rnJn-Jj~~~(oU/ ox)o¢/ox&Vo2¢/oxoy, 

~IJWz1Y&n-1it, !Jf.n-JjU1JI!i.~IJ}~~) J3.~®~~j§:$~~[J (3.22) ~5Jfti5j§~~zj§:~& 

f§~J t)(~Y*mHJ&) i'mE~~~F~'tt IZS1rnJ1~UJ v ~[J w~m~ItYJ 

®~IJ}~~1JJff~) 1Z§1It!Jf.::f~~go *~{Fj~~uow/oz, rnJ::f~m; (3.23) cp 



ffJ (au/a z )iU~) flljM fff1 zfW:7tljj\ff~~~tJ~ fl9J:I: ~~:t§ [8J ffJ rfi) i8Jtr:p R13- rfi~ IEtfjJ], 

:tE (3.22) [lq, ~lIt-nr~gt1ljj\nrfBE~p~o ~j}a1r~tQ.5$W~L EEa'~~~~ffJ(au/az)iU,:tE 

f1z{W:7tf&, ~~~ (3.22) ~r:pffJ(au/az)aw/azj}, ljj\~~(a2u/az2)iU, i&1!ljj\tf:\ 
.f],:tEJJ.jOI~ffJ vorticity equation pq, 18IZSlJt~/J\~:tE (3.20) r:pfBE~lB&o EE1iJlItrfin~ 

pJTl3:tE (3.20) r:pfBE~lB&ffJrfifl, -fl9J~*ffJrfif1z1W:7tmi~~ffJrfi) ~~Lt~ 

®fBE~lB&ffJrfiill(1'~trf}J;! (3.23) ) JtfmpJTl3nrfm:tE (3.23) r:p~t1D 

ffJrfi, f1z1W:7tt§'tr~~~j}ffJ (ljj\~P:tE (3.22) r:p1'ff::tEffJ) :I:~:t§[8JffJrfi (1ZSl'81r~t§' 

~ekz), ~Jtnr~g'IiHinrfBE~p~, IZSlllt (3.23) litJlnt-o 

EE1iJiUlz=o = 0, ~EE (3.23) nrf~ 

a2u a2u av (ia¢) R= -aa (i¢) + -a2 ¢ at z=O (3.24) 
.X Z Z az ay 

J:~Z~~:Ejf{I~¢, 1'~l&:ffJ1ifE'Ii~lt) ~ff~ (3.24) f~A (3.17) f&nr1~-fl~TJ 

flJ¢lItmOO*ffi~~ffJ1JtE.~, IZSlllt~~*a1r'ff~ (3.3) fa (3.11) 1~AlIt-1JtE.~, 31ft 

Hiffl (3.15) j;J1&1~A, J3.fti(M1IDffJ1J~~IB&Jti%[l!'~~, tfif&~¥1J 

au au au 
{ (

91 2uU + uau ) ~ aa + (2UV v 1 aa u v , a z aax az aay ax ay 
2 2 2+20" au 0" av + au au + au av + u a u a u u a u 

ax ay ax az ay az axaz ayaz kaxaz 

( 0" 1 aa 1 au 0" akx) av} .{'k 2 au- + - --- - + 1 9 u - u­ ok a ay kay k2ay a z a z 

at (3.25) 

(3.11) r:ppJT5E~ffJjnU~a(x, y)nr5E~-OO.Ifl:~~mi1'Wr~~Jt~fflfBII (lit 

~k••lli.~,~Jti%~~~.~ffi~Z.~.fu,~lIt-.~~§ ~~. 

7ft), i&EE J:~Z.msflJ1lHims, a1r~7t}jIJ~¥lJmH~••1JtE.~ 

1 aa 1 aa au(Oy)oUol--a + [2u + (Oy)o]Vo-- + Uax ay.xa O-a 
avo 

u-ay 


u ~ aa 1 aO" 

(3.26)( kaay kay 
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aEJ2U 
(3.27)

k z=o 

Jtr:pUo, Vo, (nx)o*0(ny)o:5tJjtl1-t~U, V, nx*onytE~j$J*OOJ::B91~o 

tE (3.27) r:pJt:fti~-:rjn~Jtflg~/J\-OOjU&) TffiJ3.;fi~ (3.27) 1-tA (3.26), Ei3 

:fti~-~pJT~~;:g~~Jt1tf1~/J\-fl!m:JI*&, ~tEH!ffl (3.26) ffiJ,(3.27) iZ:fti~-~PJ.eJ 

;ig~ (f5J:£!g'1tPJfflgIN1-t), ~lft1$:~ WKBJ mB9-EfHJt, tE (3.27) r:pfX1i'~fl~~lI 

(3.28) 


~;ig~"1 (3.27) iZ:fti~-~) tE (3.26) *0 (3.28) r:pl¥Ja*OkiZmllifl~;t\*, ~Jt~­

~~:rj1l-) Jt~1§.:rj1tPJ;ig~) ~lft~fX,~t**H!m (3.26) *0 (3.28) ffiJ, ;t\r:pl¥Ja*Ok" 
~n~Jtmlli.~;t\r:pI¥J~-~~olft-lli~iZ••~ffi~ttB9~~m~ffi~N;t\(a~ 

tion conservation equation) 7t~t§f5J, Tffi~1I1~lft-~*, fX1i'~tEiWOOtit"::f~~~~ 
1§.*~••~~-~;t\l¥Jmlli.~;t\,TffiJ3.tEJ::OO.0;t\I¥J~Nr:p,ff~.~ml¥J~W 

/fPJijgf~;ig~o 
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1±:*Ji[tpf\G1r'M~:f1HjijU;!~:1Jf§i~ (3.26) W Voronovich (1976) ~;ff~Jt~11iEt1mt 

?fT~tfJz~{'Fm~tli:1Jf§i~;f§.ttfX, {g~ Voronovich (1976) /F1I~lItmtp~~5:~tk 

~@Jgff!U~, ftft~llt~bl~tE~u[:1JrEJl¥J~1~*PJ1H*, :lfHi·{iB$ft~*tpWIt7T{1fi 

PJ/F~~ (t5rJtfJI!~~$~m~j7g~), ~llt~~1T..tmt.ttfX, ~~ Voronovich (1976) I¥J 
:1Jf§i~:JJDf)fl1~0 

Voronovich (1976) blm1t~1¥J perturbation scheme ?fT1I1~1¥J~{'Fm~JIW::1Jf§i 
) ;t:m~:I: (tensor) ~~*~~, UJ~~ 

(4.1) 


;tttpI~~{'Fm*It (wave action density), (Cgr)cJ~IH-t~EBZP:~*1IDtmiffiUo&~1¥J 
!:'fiffiItCg - 80'/8k~ff?fT~~I¥J~{'Fmim:l:(wave action flux), ~lltCgr - Uo+ 
Cgo 

I;fD(Cgr)O'II¥J~~UJ~~ Voronovich (1976), ~~~f)~I¥J~U[~It 

7T:l:z.lli.~~tpl¥Jm-~Zzp:~zp::1J~*~~~I¥J.~tt.,®llt-ZP:~ZP::1J~tE 

§MI¥JJI'~t5tr) E13 (3.3), (3.9) ;fD (3.13) UJ~Obl~(O'2a2 /2) Voronovich 
(1976) ?fT~lIl¥JfXfi~I¥J'I~iJt, J'!rJ~1:tllm~ryjBI¥J~~), t5r~;tt{-tA Voronovich 
(1976) (17) ;fD (18) ~, illf.~®:~tpI¥JWIlWIt~f)&~bl~tE~u[:1JrEJI¥JWIt~ 

m~ (1~fftE§1WI¥JJI1fiJtr, M~tE (4.1) tp~~fX::t~I¥J~~-W{:iI¥JJJi) t5rUJm~)) 

1= P (9 _kO' 8UO') a2 = ~ (a + ~ kO' 8UO') a2 (4.2) 
2 a 2k2 8z 2k 2 k 8z 

0'2 kO' + 2akCi k(3 8U(3 _ a8UO') /2 (a ~ k(3 8U(3) 1 
( k k k k k 8z k 8z 2 k 8z 

P ( 1 k(38U(3) 2 (4.3)2k a 2k 8z a 

tE..t1ID~~&tir*I¥J~~~tp, ?fT~Jfzl¥J11&7T~mtEzp:~*ii..t, t5r~7f11~~~) 

f\G1r~/F~Jj~ttryjllt!f.~o ~:n~5$~1¥J~, ~1~~1J (4.2) ;fD (4.3) ~) f\G1r~ttblm.~~{* 

~ (3.28), {g § 
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2 kcx 8Ua9k (J' (J'--- (4.4)
k 8z 

r:rftf&-~n~-~~&~iI, i~:t~t:*!J\mM1IDm~-f~, ~WmH~~1J~~~~1m 

M~ (4.4) f.Jkcx1JtX:5t, I)j\mll~M3!ll 

(J' 8Ua) /2 ((J' + ~ k(J 8U(J) (4.5)
k 8z 2 k 8z ' 

(4.3) PJTBi7F~:t§[nJ, ~ (4.1) ~lJff~~-~t&1J1~~o 53:7}, EE r:r 
~ ((J'/k)8U(J:/8zmfJ.Q, ~W:~~-5$ !f3!ll~1J~*O~~~1J 

(I)j\RP:t§f.il:3!ll~1J~) m::f:t§[nJo Jlt-J]~~IJ Phillips (1977) PJTt~tH, nlZSlMttruJ 
f~~ (4.4) ::ffiWk~iI~ruJ, I)j\Wk~1J~ 

~lIf~TIm(Cgr)aIZ*~~, RpmM~Jtf~.i\ (4.1) ~~i1fj, Jtr:r8I/8tlZSl§ 

,~m~.m~,IZSlJlt§M••f.Jxcx1JtX:5to1JtX:5t~fi~~~~-.Z~.* 

~(x, y, z), IZSlffiH~PJT~1!1-a-kym8ky/8y~~m~ (3.7))0 53:7}JJ!ffl (3.21) PJ:&. 

f.J (4.4) *Oillf.J~t&1J1~~no = (J' + Uakcx const1~:5tPJT1I1~~1J1~~, mM~~~~ 

8Uo 8Vo(J'- 8UO+ 8VO) (D )0 -+2(J' 8x 8y ( 8x 8y Y k 8x8z z=o 

(J'18a 1 8(J' 1 (J' 82U 1 (J' 82V 
--- -- !!.- 8kx 

) (D.) = --- ­( k a8y k 8y k2 8y x 0 2 k 8x8z 2 k 8y8z 

aV8Uo 
(4.6) 

M~~~W (3.26) J::t~m~J], m~z~5JJttr:jf%!E:t§[nJ, ~~~~5JJtk:ijf~.=:.~~P 

f~~~f'Fffl~t&1J1~~~§8f:jpJT~tHzt1lR~~~~1J1~~ (3.26) Zr~~~~~o ~~Jltll 

~~~~lZSln~, §MpJT~iI~1W1JtT (~Pmt~iE:~~JJ!:~tEiE:~1J~{i~'[~~1t, ffiJ 
~F~'ll~1t), ~JJ!:ffl ~~~ perturbation scheme, M~*~~~:&.t5!1Iitl1J1~~mlli~i1fj 
f&, tEJtm=~~t5!1Iitl1J1~~r:r, Jt*~~~ (tE Voronovich (1976) ~~~r:rn~1Jt 

~iE:~3!ll:5til) 1!1-a-1JtZ~'I1:W~F~'I1:3!llm~ ffiftEJtm-~~t5!1Iitl1J1~~r:r ~IJfi~I 

~F~t13!1l (tE Voronovich (1976) pJT~lI~'[W1Jt, ~1j1)j\1!1-a-~'I'lW~F~'[13!ocffi~), 

-?Vtmft, -r=;A=A~ 

8(J' 8(J'
U08 + VO­

8x y 
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i!&ffllE1itH!ffl~=~~1Jfj~Z secular (or solvable) condition *~JE:~-~~mZ~ 

~1Jfj~, ~~~=~~~J.lZ1i¥IIiW~P1i¥'Ii}lIHJt5t~, ~1ffO~tB (3.23) l¥J~fj~~J, 
*tB~=~~tt~J.lW~-~mZ~I¥J~~~,~~~RA~=~~~1J~~~,~~ 

m®8~DI¥JJJ;!~¥U~~tEjf, fR~=~~~ittl1Jfj~t:pI¥J*~D~It$~D~-~~~itIJ1JfjA 

-:f~'HIi3'~p~t1~J.lo ~ffil :J.&lItlJ#~-IP'~~itIJ1JfjAZ~5!JE~jimJW)]D -®JJ;!, i!& 
EE ~ secular condition J5JT1I1~1¥J~~1Jfj~H!W~tEfD~pJiJE'Ii~J.l*5t~1J#J5JT1I1~1¥J 

action conservation equation 

'1110 

EE:J.&~§~ffi~.l¥Jm~,~-~JiJEtt~J.lW~-~mZ~I¥J~~A-H.~~e 

tB (fI-JEt~7-*I¥J*A, ~D (3.23) A, m1l1~), i!&~P1~~JiJEtEW~PJiJE'I1~J.l5t~, .~ 
17J.mH!fflml¥J~=~~~itu1JfjAZ secular condition *~JE:~-IP'~mZ~~1JfjA) 

1Z91~~J6\~J[~ffl~.=:.1lI1¥J1Jm*~tB (3.26)0 ~fffi~-®~7-*1¥J'11j~, fI~ZP:l$]ffit17J~1r 
-~~tj(~gH!~, 1fL.t3zlt~¥U~~~jil¥JJJ;!~ffl~, ~lLf§~m, i!& action conservation 

equation ,~17Jm~ffl:J.&m®~7-*1¥J'11jl7t, ffillltlJ# (4.6) Z~gm~jil¥JJJ;!$%~1FI9( (~ 
(2007)), lit-*5*m~~fjJ.l:Jm~~ (3.26) ZlElit'l1o 

J:3zIt~~1l*1E1¥J perturbation scheme {~~, 1~?1tZJiJE'I1W~pJiJEtE~J.l5t~l¥JfF~, 

McWilliams,Restrepo & Lane (2004) t:p1itw~~m, 1.§.{iJ21r'J5JT~.l¥JffitZ~ii~ 
§Mffi~.fi~~OO••,i!&~~-~JiJEtt~J.lW~-~mZ~I¥J~~Am~ 

tB) 1.§.m®~1*A1-tAm=~~~ittl1Jfj~1~, &-~.ml¥J1Jfj~Z secular condition 

IJ#, fI~w~-~~mZf§1lLl¥J~~, fffi::f~W~~~I¥J~~, 1ZSl1lt wave action 17J;r'll1, 
(3.26) fD (4.6) litlJ#H!-3&, lit~~mEE (4.6) Z~gm~jf.=:.JJ;!~ffitZ~ii~H!~a)(ffl 
weak IJ#mmIll!1I1~EI]~0 
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'i'~1Tji~-{fM*zp:~ rtTI kll'It.1t~.J:~, ~P{iVlt~~F1VE111, ~~~g.$~~~ 

'i'li, *~fnVltZra,~g.~,,~, ~-"~7J~EBfMM.:1J (radiation stress)3af3*3inX: 
(~~ Longuet-Higgins & Stewart (1960, 1961), Whitham (1962) & Phillips 

(1977)), t5('i'.~~F;/jJEJI1~, ~~~g.~f~~~ steady 

a 
aXa {[(UO)a + (Cg)al E } 3af3 aXa = 0, 	 (5.1) 

~~E*~~~.~~o~-~N~~.~~~~*~••~,R~~-@~~m~,~ 
"BJJJ!}1HJ7t~1I1~ (~~ Jonsson, Brink-Kjrer & Thomas (1978) &1* (2007)), i!& 
§ Mtt1r~of~~~1* (2007) ~~!Flf7tl[~~PJT~te~~g.~f~~1.JDj;){~2~, {iB~-~1~ 

i5l"BJfn (3.26) -~, ~if.a*~"BJmi7F (3.26) 

~1* (2007) H!JfnJl7t~pJT1I1~~~g.~f~~~, B~m=~pJT~~~J~jH~U~iWtpq, 

(5.2) 

311 	 19a2 

L n 2S22 - 4ko-~[,ya (5.3) 

312 321 = 0 

~~ (5.2) flJ (5.3) {~A (5.1), ML.ffl~fIj~te (4.6) 

1 aa 	 1 aa Uoao­[g + 20-Uo + (Oy)oUo]--a + [20- + (Oy)olVo a 
a x a y ax 

auo avo (auo avo) 0- a
2
u 

+20--a + o--a· + -a + -a (Oy)o k -aa 
x 	 y x y x z z=O 

(5.4) 

J:~Z~~:tc~~~$fn (3.26) & (4.6) %iE::f§[PJ, {S~~~ib~~~~ljfn1&m~~/G 

[PJo EBfl):1* (2007) ~~~~~ib~~m~~~~ (BV = 0) te (5.1)-(5.3), 

i!&Jlt-if.a*JfW (3.26) -$9:0 ~-~1ID, 1* (2007) $~J;.l~-~II·fltt5l (~p~m[?]~p~ 

case (4)) fr{iJ:-~llti~m=~pJTtmmt~J;.l~~~, i!&~~Mv 0, 1fi~fFffl~'I'li~ 
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1E~ (4.1) (4.2) ~lJ (4.3) {]J~m, ffi]J!m~S9~~;Jj;;1J1E~1:iJa5c~~~g:;l:1J1E~ 
(5.1), .ElJt!f!S9~g:;l:~J.t:&m~1~:h{]J~D (5.2) ~lJ (5.3) , ~NPf~?ltS9tJ~MEt1 
~J.tv1'~~~, .ElJt:lU&~Da¢1ax :&a¢I az~t§r8J)v{]J1'ffi.1~t;13'{E?lt~g:l!~J.t:&mM 
ffi.:h5E~pgo llt-~Ai~~~EElt~ (4.2) ~lJ (5.2) Fff31mS91 EI(Jllt-~A11'~Fff1~~S9 

~f*~, J!JJO~t5E, f!}JJD.1. (5.2) ~D (5.3) r:pB~-13'mtS91iiEJ.tny, ~ (5.2) ~D (5.3) Wt 
~{E~~7,*'rNm:fFff~tB, fgffi.1:iJ~m~~JrNm., (5.1) {E~~JINm.@[~ 

JJD~®~7!-S9~, .l')Jl&m (5.4) z~5dfib~S9m~, f~wrS9~g:;l:1J1j~~g{Elltm~1'~ 
~, ll~m$~S9JIfljl7Cr) {]JW (3.26) ~~o 

~~¥U.1.mt§S9, ~11'~1G~ (5.2) ~lJ (5.3) ~~D (5.1), 

-f.? 2(J( ~kaaUa) (5.5)- 2a k (J + 2 k az ' 

(5.6) 


(5.7)[:: :: 1 
ffi]S~8NP~ (5.3) !f!S9m~1ffi.:h%;I:, {B~D4~W{E1'~5E1J~z~~*)\lftpgS9'i~1ffi. 

:h%:I!Sal'l&5JU, ~~~II~fiW~Z~5df.1.JJO~~, ~ (5.6) ;ilr8J (5.7) .~~f~~~~~.mME 

"~*:I!Z"tl0~, ;tt!f!kl~lJk2~k{Ewr~~*)\lft!f!S9%:;I:o 

~-1JOO, {E(5.4) Z~5dfib~S9~~, ;fi1*m5&:;I:S9t1=~, 1:iJ~~ 

(J ka 1 (J a2ua 
(5.8)

k k k a.TaaZ 2 k axaaz' 

~~tl&mlltm~, s)[~I1,*1G~tB (5.4) ~Fffm*l¥J~r8JtzgTp(Ja212k, ?ltS9~g;l:1J1j 

~ffi.{I~a5c~ 

1 a 
2 ua +Sal' a(Uo)1' = o. 

2axaaz aXa 

(5.9) 

(3.26) -~, lltzg'8~~5&:;I:S9ID~, ~1:iJ~m~{f:fOJ-F~~~*)\lftpgo 

~t!UN.1.~!f!wr~JJDS9~Z~:@'~~, ~1f~1GEE (4.5) ~lJ (5.5) m¥u 

ka aU!3 _ 1 aUa)]. (5.10)
k k az 2 az 
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, 


~aft~~~~ft••~, .ZD~~M~~~~.~.(~~~n~~~)M~~ 

ft••i¥JID~) ~ffffEE~ (5.9) ~~m1JD~~, ~~••:(E*ZP:1JrPJ~./rGslft::f1r~~ 

~~.~a~~~~a).~~~,~~R*~~tt.(~m.,~M~.~):(E*ZP:1J 

1JPJ1:REE~¥~~pJT~~~~~.~.~-a-~mi{o ~-*tHfH:RD~~:(Eft~ 

ft••~, m{liH~~Ri1t*~~!fo/l~~!Hi., ~:(E-~'IPfm,(5.9) (5.1) r~~~?1JJ!I!J]U!l!, 

(3.26) %i£-~o 
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I 

~~mmm.~.m~~.mili ~D~~W~~~*OO~~.~ffi~~ 

:fr~~PfT~~~*~), ;1tJn:E§7J~~niIe wave action §iVFf~'tm:) ffl~~~r&:~g:mJJ{j~ 
(5.9), ~TOO~1r~17JPJ~aJlr&:~~$~a~~*~~M~~~.~*) llt~f.a*f~~'~~~MOO 

pfT1itX:a~*~1J[tiJ~I[~~1t~1I?j~.~~J'I, ~r&:~~~*~flf1ili.~~M~::fit~D (3.11) pfT 
) ~-~J[~~1t~iE5~r&:, {S;1t.~~~1f~) ~Jj~~'i.rp~f;I-5~*~JJ!~~) 17Jf;I 

'i.~~F1i1Ett~)Smith (1975) -j"JJ!m perturbation scheme, ;j<:tB field equation 
Laplace equation ZjfJlf.1~r~~mS"]PJ~/;3J~m~~*!flf1ili~mo lltmiUf>~~~~ 

.~M*~W,®~.~.~*,~;1t~~~llt~~iE~~ollt~~~~~~B~~.rp 

~f;I~5!ii*~JJ!.~, In:*PJtJJJ!m Smith (1975) ~1J~m Euler equation *lI~~!I]f 
m, (4.6) ~TOOpfT~~Jn:E§)Smith (1975) ~1J~ (17JJIHt*1tZ perturbation 
scheme) ~.~JJ!m~§M~,[,~~, i&§iVJ~1r~~m Shyu & TUng (1999) ~1J~* 

1I1~~*~milizmtJTmo 

~ Shyu & TUng (1999) ~1J~rp-j"JJ!m Smith (1975) pfTlIm~ 

wave action ~~*!flf1ili17J~'I'llS"]f.a*, {fl§M wave action ~n{~1:Eiflil~*~1&-~ 
tl2::f~'I'll, i& El iVJ~1r~M~G!zm~S"]~~g:f!1Jfj~ (5.9) *ji¥ut§[r1]S"] § S"], {Sllt-1Jfj 
~~~PJJJ!m~~*~flf1ili~U.~JJ!m~=¥~1J~*~BJl (E§~Ii:t1&~pqS"]r&:ill[~FiE5~ 

r&:), ~.~JJ!ffl Smith (1975) ~1J~ (E§ (4.6) ~TOOpfTmS"]J*E§), E§llt~T-¥~ 


1r~M~Ji-m~1~1J~*~~*~pfTlIm~mmmo 

'i~~.~~~.~~,~.7J~~.,i&~lIm~.miliS"]m)*¥~ffliE~~. 

g~, ill[-%;1trpS"]x~~iEr~~*~, ~-%x = const.~~~l'rS"]~*~, ;1trpx = OS"]. 
(~~ny~) (~~iI3)o ~llt-g~~*1trp, ~x1J[tiJS"] scale factor hxPJ~ffl 
:fr~~~t§[r1], ®~y1JrtuZ scale factor hYI 

~ 

hy = 1 (6.1)
R(y, t) 

;1trpR~~*~Z~**~o llt-.1t~iIe1JfjA.~~fJ:~, ff!E§.~*ZfS1Jrtu.ftZ 

~~R~~r&:~*-1fM:mf&, i&R.tJj\~r&:~*-{fM:f!f&, E§!ltPJ~m~=~~$iliili{1;{ 

*m~~~~o~~.~.~~, §iVJffi~m~~.g.~*1t,MiIe.~1JN~~~liI 

~.S"]~~~~~1fj~~~lfli (singularity), {SE§ El ~7J~1I1~~*~flf1lliZmif1T 
m,~llt-mmm~.tB~PJ.~w~=¥mll~~WKBJmffim,i&~~g~**1t 
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m1MliJE § MI¥J~~o 

ft~-~~~~*~$,~AM~~*+:5t~lli~~,~M@M~~I¥JMill~m~, 

~*@1lz:~illm*t.; 

T} = a(x, y) exp[ix(x, y, t)], (6.2) 

{§.l29vt~:5t:l,:&ft~U~$ § M~*t.; 

ax 1 ax ax 
(6.3)kx = ax' ky = hy ay' no = - at ' 

aT} . 
-a - l[kx + TlTJ = 0, (6.4) 

x 
~$T = -i(l/a)aa/axe [qIJ!I[, ;fi~-A~jvtft~*Jjt..tfLZBZ~j, ~U'i" BZ~j1&:/fI~~*~ 

~-@vt:Rl¥JjEliJl~jJi-~, BZM1&:I¥JM()J\m*t.; (6.2)-(6.4) I¥J7f3A, ~t.;1&:5tA~jvt 
*DBZ~j1&:, f\t1r~ff~ (6.2)-(6.4) IlgZa, x, kx, ky&T1JI]...t-@""ftl~1~2, ~$l*A 

~j1&:,2*BZ~j1&:, 1.§.no~Ij/f~~1&:5tA~j1&:*OBZ~j1&: (I29m1fZno:f§~)o 129~ § Mf\t1r~ 

(6.5) 


aT) . 
ax - 1[kx2 + T2lTJ = 0. (6.6) 

1E!~[qI~m~AM~*OBZM~m1f, @:J:...tf\t1r~7tff~ (6.5) *0 (6.6) ~ilt.; 

{:'[ - i[kx2 + T2l} {:x - i[kxd TIl} 1) = 0, (6.7) 

1'§'l29kxlM!:;tFm~ (Tll29tx:/J" ~ftx~:5tff~im~J~jJ\I¥J:rJ[, l29~mfLZff~t.;m~), ~...tA 
1i~~IE1itm~A~j1&:o 

ff~ (6.7) m~m1~ 

2 
a r} [.( ).( )] aT} [ (k k) .ak:d ]a.re2 - 1 k;r;l + k:r;2 + 1 Tl +T2 ax - kXlkx2 + x2Tl + :r;lT2 + 1 a.re r} = 0, 

(6.8) 

A$ kxl *Okx2M!:;tFftm, 129~...tA1it~r:t[ql~m~A~j1&:*OBZM~m1f 0 t.;Mm~-/f 

ftmr~~~, f\t1r~7tE13 (6.5) 1~¥U 

(6.9) 
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[-kxlkx2 PJrl 0, (6.10) 

(6.11) 


rna:; (6.8) ~[] (6.9) ~;gT§"PJt~A~1~z WKBJ m¥ittiiJE, l&.t!tmff!ztJ\~JE (6.10), W 
tm...t (6.10) ~[] (6.11) rpZk:r;1~[]kx2n7tiEft;m, ~.t!t=r~~5t1J1~ (6.10) PJ[PJ~m 

illb A~1~~[]BZ~1rm:~~0 

rna:;kx1 ,kx2 ,al~[]a2:(£~*~...tT§"~ singular) l& ~fF~:(£~*~lIftill:t¥J~1[::;:illL?F~'It, W 
110...t (6.2) Z ~1~~HE5Zrm:t¥J1N~ZfJ\1!W$~ffla:;~*,Jj{m ill: , ~.t!t...t00t¥J~gHrf1i~g~ ffla:;111 
~*~-W:ru:!11Ij:J51-t¥Jm:k:~t f&ffij~ (6.10) ~[] (6.11) mt*ff:(£a:;kxl,kx2,al~[]a2rpt¥J 

singularities R:.r§j:ltm, * (6.10) ~[PJ (6.11) :(£~~...tZfJ\~ regular, J!1Ji%fF~~~rn 

(~~ Shyu & Tung (1999) Z (6.22) J;tpOOt¥JX*) :.r§f~ (6.10) ZfJ\PJ~ma:;~*t...t 

&Jtllftill: ({B:(£.t!tm:k1pg, ;fr)5Ut¥Jkxr,kx2 ,al~lJa2~~~., )0 ~.t!t 

~p*i%1Fj~~~, 'i'k:r;I,kx2,al~lJa2¥ittiiJE11I~~JUH*J;t (4.4) (5.9) ~, 

singularities ~:(£ (6.10) &JtMifJTMrp7tiE~m, l&.t!t-M:fJTmff!PJ~f;:J~ffla:;~ 

t!S~*~:(£pg ~-m~...to 

~lIf~ (6.10) zMifJTM, §)ti%fF~% 

{. r'Q }
'T/ = v(x, y) exp ~(Xl + X2) - ./0 ' '2 dx . (6.12) 

1-tA (6.10), :illL~IIlftr%r~~8Q/8x~[]Q2(~**~~~Q:(£~*~...t~ reqular, l&PJ~ 

m.:::.~ t¥J ill:fP) ), PJf~ 
82v 

2 + (H + G)v = 0, (6.13)
8x 

1 2
H = 4(kx2 - kx1 ) , (6.14) 

i i (8kxl 8kx2)G P+-(kxl +kx2 )Q+- -8 +-8 . (6.15)
2 2 x x 
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EI3 Smith (1975), ..t;ctz1U:I$]~j1m~~*J1tUtm:I¥Jm:1~m1U~~ 

v(x, y) ~ AoAi(-r) - Co(dAi(.1:)/dx):I;=_T, (6.16) 

;!'t$Ai(;£)~ Airy function, 

(6.17) 


(6.18) 


~~~ (6.16)-(6.18) litm:1~¥M1iJE (6.13) ;ct, -a]'~~B'~'1~A (6.13), MLff!m Airy diff'er­

ential equation ~~(d2Ai/d.1:2)x=_Tm-rAi(-r)l{';Z1~ (~;g Abramowitz & Stegun 

1972), 1~¥U 

a2~ + (H + G)v = a
2 
~o Ai( -r) _ a2~o dAi I _. (6.19) 

ax ax ax dx X--T 

..t;ct!iilW (6.13) ::f5G~if§~, {B;fiAo~DCotE~*J1t..t~ regular, ~IjB1r'tE!It~~..tWr~D 

tE;!'t1tf2 %~~..t~r~~~tf~1~, Me '81r, I¥J =~~~~~1Um1Ilfr, ~..t;ctz ~5ffC:ti j§iJ;ijJJ[1U 

::fIT, 1Z9!1t (6.13) ~D (6.19) 1¥J~:W::fm~, ~ (6.16)-(6.18) lit~ (6.13) Zm:1'~mo 

H~T*~1r'~~B)3:1Jf.§l;ct (6.10) &;!'tmtfTmtE~*J1t..tlit~ regular, rm~~¥U!lt El 
I¥J, ~1r'17J~m Shyu & Tung (1999) 1¥J:1J$o §7tEl3~!Hfx~1*;ctl¥Jm, j;)&tE1~JJ1t 

..t(Uo)x + (Cg)x = 01¥J:tktJL1U~,kx1~Dkx27J~~ double-valued function z~1Im 

branches, .§.;!'t branch point .~P1ll:tE~*J1tx = O..to IZ9!1tA!}jtm:Z phase function 

x11U~~ 

2 2 [1/3 2 ] 3/2Xl = [do + d1x + d2x + ...J + '3 (-'~)1) (-x) + 0(.1: ) . (6.20) 

..t;ct $ iJ;ij 11m $ Jt 5J11 pg z 1!~U~*& ~7J ~~HMx = 01ll: 11 pJT1$: I¥J ~¥jJ*&~~ F7fj, ;!'t 1*~~IJ 

~y~Dtz~~o Me~~ (6.20) 1~A (6.3) 1U1~ 

hykY1 - [~d: + ~;X+0(X2)] - ia~l [(_'lh)-1(_X)3 +0(.1:4)]1/2. 

(6.21) 
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rmEi3 (6.20) *0 (6.21) Z::95-@ branch) ~1r~i)J\OJ1~'&:M11tZ phase function &11t 
~?t:l: 

2 ]/3 ]3/2X2 = [do d1x + d2x + ...] - 3"2[(-'!/JI). (-x) O(x2) . (6.22) 

hyky2 [~~ + ~~X+O(x2)] ~D~l [(_1/JI)-1(_X)3+0(X4)]1/2. 

(6.23) 

i&Ei3 (6.20) *0 (6.22) OJ~D, :tE (6.12) CPfflXl X2:tE1**~..tn~ regularo ::95-:niID, 

Ei3 (6.21) *0 (6.23) 

122
H = 4(kx2 - kx1 ) = 'l/Jlx O(x). (6.24) 

ii~ (6.13) CPfflHi)J\~ regularo Ei3..tA) .fi7tff1~G:tE~~..t~ regular(;tt~1!J3:tE1i), 

M£45-Go - G(x 0), OJ1~¥tl 

[X 1 
- Jo "2G/ H1/2dx = Go(-'l/Jl) (_X)1/2[1 O(x)]. (6.26) 

l¥-f (6.25) {~A (6.17) OJ1~ 

r (-'l/Jl)1/3(-x)[1+0(x)]. (6.27) 

l&r:tE1*~~..ti)J\~ regularo ::959i-, W~ (6.24),(6.26) *0 (6.27) {~A (6.18) i)J\1l1~ 

Ao (-'l/Jl)-1/6[1 O(x)), Co = Go(-'l/Jl)-5/6[1 + O(x)]. (6.28) 

*Ao*OCo:tE~*~..t~t~ regularo Ei31B- (6.15) CPfflkx1 kx2tJ& (6.10) CPfflkx1 kx2i)J\ 
I!J3tim~ regular, l&Ei3..tiIDffl~~ifB~1r'OJ~tJE) ;fiG*OQ:tE~~~..t~ regular, ~IJ=[P'~~ 

:n (6.10) &j=t:JiJIHfim (6.12) :tE1*~~..ti)J\~ regular, i&~D4'~1r'{i$~I!J3G*OQ:tE1* 

~~..t~ regularo 
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Ai( -'C) '" 7I"-1/''C-1/4sin (~'C3/' + ~71") , (6.29) 

(dAi/dx)x~_c '" _7I"-1/2'C' /
4 cos (~'r3/' + ~71") . (6.30) 

WEB (6.12) ~D (6.16)-(6.18), :M[~iI (6.3) ~D (6.14), -aT1~ 

(6.32) 


:tE (6.31) $1¥JiJ;ffi~~P7tJjU~A~t~~D1Z~t~z WKBJ fIif., {§.ltt-~A1iijg~Jilfj~~ 
1~J~~~~, fffi:tE1~J~!)ftlliJW~$~D (6.31) A~~lE5~~I¥J7f3Ao 19~Pf~~Dltt, H~P 

f~al~Da2:tE1~J~...t~~~~* (~~ (6.24) "& (6.32)), fJt~~~ro-aTh!ffl (6.32) "&~ijg 

;':1Jf.~A (5.9) *~f!I3G~DQ:tE1~J~...t~ regular, ;!t:1J$~ITfo 

§7t~~ (6.32) ttx1J:7t, :M[h!ffl (6.14), j£~ 

~ 8al = ~(_Q _ iG/Hl/2) _ ~ 8kx2 /8x - 8kxI/8x, (6.33a)
al 8x 2 2 k:D2 - k:d 

(6.33b) 

fffi EB (6.21) "& (6.23) -aT ~O, :tE1iU~!)ftlli 

~ 8kx2 /8x - 8kx1 /8.T = ~[1 + O(x)]. (6.34)
2 kx2 - kxl 4x 

55-:1JOO, :tE1iJ 3 Z~~**1Ej7g, EB~ijg;':1Jf~A (5.9) tJ"& (5.5) -aT tJ1~tUA~t~~ 
1Z~t~z1M~M~1~* 

1 8a 1 .!!...- { [], f!.. a-
a 8x - 2 [(Uo)x + (Cg)x] ~I (a- + ~kka 8fza) 8x [( o)x + (Cg)x] 2 k 

lka8Ua)} 1 1 . a-+~--- +F+---- (6.35)( 2 k 8z 2R 1 - x / R' 
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..t~Ll!t1&-JJfJJIZSl § iW1*ffli13LIE5tIttJ*~~~fffi~!:E,F~U~-aEB (5.9) rptJY1~jt 
~~.M.h~~&.IE~ffi~!:E~~,m®~~M~~~~.m• ..t.~~••~ 

1m, ~1J/f~ft5~1i1JJti~~~J~U~fD) ~'EiJ*~J;Xf~*~: 

(6.36) 

Jlt7JlZSlm®rJiLjta~-a(Uo)x + (Cg)x, fffi~~*~mili 


(Uo):r: (Cg)x = ~[do + d1x + ... J [elx e2;E2 ...J (6.37) 


(6.39) 

-iGo 

tIt~~;l:1Jfjl~nr~JEGo(:MllZSlffijm7FG~~*~..t~ regular)o §3-1J1ID, EB (6.36) L~o, 
(6.38) L-aI/4,(6.35) Ll!t1&-~~lm1itLm-W~~1/2R, lIHIJ¥-i! (6.34) 
rJi (lj]\~'ffi'.rJi)) Rpnr~JEQoo Jlt-~fjlnr~~fU.J;)'~JEGfDQL~¥j]f&.r:p ~ffi~{* 

_) *~ (6.32) rp~alfDa2L~J!H~~~~*~..t&Jt:~1ilimnrEBiT~tIt~~;l:1Jfjl~7~JE, 
~IJGfDQ~1iM~~~~~ regular, ffij (6.15),P~1~J~~lj]\~ regular, IZSlJlt~jt1Jfjl~ 
(6.10) &Jt:f¥HffiW (6.12) fD (6.16)-(6.18) 'EiJ~ffl~~*~..t&Jtmllio 
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ft1r~8~~, ~a1~Da2;Z~1t;1£~**~fQ[$i1Rffl¥J?&:~~.m15f~~ (5.9), 

~U?&:1£1iJEJlimt..t.$BJ*~~RM, Ji1ft-f]:~;Z1YHJTm$BJ1I1~0 ?&rm (5.9) 1£~~~f 
Q[~B~~IEwHij2J1a1~Da21¥J~1t; (~P1J!!1£1ft1iI~~, ?&:8~FIE5z?&:, ttx:a1 ~Da28/f1~* 

~~,rm~~m~15~ffi~1£..t.~mfim~), §~.~~~,ttx:1£*.~ft~~*ffi~ 

~mQ[I¥J.~m,~wmfim~.,~~~1£..t.-.mll~l¥JmfimaBJ1£••mQ[,lli 
1~i1R § ~l¥Jjfj'f>r@:r~~mo 

1.&mHt;r~5m (~§I¥J;Z-h1.&ip~ilt~~~a't11l), 1f!17J~Llmt~~~-~~*~R!~, ~ 

wave action .~~'I:m:, § Mft1F'1W~mjJi11l~4ff1£-11ID=m~mt..t.o 1£I1tJ[~r5tT, 
h~-Wmtl¥J15rEu~iil¥J@H~, ttx:'i'ft~17J~D..t.-.1J-x~ (~D4-$1.&ii.) 

fllJmtl¥J~ll71ffljBJ*1.&U{U(.x, z), 0, W(z)} (W1£x15rEul¥J~/rt;/f~LlI¥J~IZSlBJ~~ 

(3.1) ), rm?&:~tl¥iflUBJ*~mt~u{u(x, y, z, t), v(x, y, z, t), w(x, y, z, t) }~D 
mtJp(x, y, z, t)o ttx:~ft1F~{i~LI*~'\i?&:, flUWz*ml¥J field equations ~ 

a'it au + W au 1 u +w 0, (7.1)at a;J; az p 

ov 
 w ov + lap = 0 (7.2)ot az pay , 

ow 
 Wow +w aw + 1: 0, (7.3)at oz az p 
o'U O. (7.4)ox 

..t.~~~~~R!~a~fu,m~7~-&a1t;OOm,ft~@~I1t-~R!~1£~~~ffi~ 

(IZSlmt1.&=m, ttx:I1t-~~BJ¥~R vorticity equation)o 1£1ft-'I'PrY5tT,(4.6) ;Z~~;b 

~I¥J ,1f!~=~/f~~(tt.: *.m~ml¥Jm.*~wm~.m 

~m~/fI8J), ttx: wave action §iW/f~'I:m:o 

(~ (3.5)), ttx:§ Mft 
1F~1J-no = 2.587rads-I, ky = -0.94radrrC\ Ji1J-auj ax -0,0077s-1,au jaz = 

2.5s- 101£I1t-'I~tJr" EEiiJfHfRJJ~1*~BJ#(JE, 'i'uo = -0,6712ms-1~, UO+(C9 )x = 0, 
*~**1£lit~~ (I1t~kx1 k;J;2 = 4.894radm-1), IZSllit~JE.*~/i&x = 0, ~Ij 

mt~-m~~ :53-{lIDtif/i&, ~P/f{ino1£:fr~~~f§~ 

U(x, z) -0.6712 - 0.0077x + 2.5z m 

rm1.&i1R3I*l15f~~, &:,~j[ 

W(z) = 0.0077z m 
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f~T*Iit'rr'~:ffecJi::M(7.1)-(7.4) J5JT~zjiWfl~H4o §')t, § ~OOJ:.z~itJjiW 

f~{4rrt~-arEE (3.10) M1tm 

oU 
T} --;:;- = w. at z 0 (7.5)

ux 

;tt itJ:tJ jiWf~{4 jlu-ar mH~t:Rm 

p pg'f} at z = 0 (7.6) 

OT} 

ot 

. P U op p oU 
-Ino --='/lJ. at z o. (7.7) 

pg pgox pg Ox 

;53-1500, EEfhIit'rr~ EHrfj~lIig;bJ<.r&:, ~:tEz = 0.92 m~(~0.731~r&:~z~1t), 4!u ­
0, p = 0, ~~:;mZ~W'r~{4o 

EEfh:tE § iW'mtm=-*I13.tlJi::ft91WmT, :g.~~ftiy~Dt~1tft9Jt~m-arEEexp i(kyy-not) 

,(Z9Jlt§mFf~~~lIy constOOJ:.zjiW1~{4tJ&i9Mlf~{4o W;53-l5OO, 

= constOOJ:., Iit1f'~)tJi::x 1m~Z~Wf,*{4o EEfhrrt-{:V:IilMm*~~0.8f~ 
r&:~ft9JfEM, ~EE Shyu & Tung (1999) Z figure 15 -ar~O, :tErrtjiWJ:. WKBJ 

M (6.31) ~D (6.32) 8-ar~m, {S(Z9x1JJ::f::k, i!& (6.32) -arm (6.39) ~{~, tzgrrtEE 

(6.31)~ (6.39) .. (3.3) .. (3.13), (2.11) tJ& (2.12), :Mt~lI*~J5JTt:Rmft9~~1fH~t::W~=-, 

_~mt:Rm~Z~ft9m.,:tEx 1m.Z.WW#-arJi::m 

1 
'U 

(52(OU/OZ)(ky/k2)] k2 z '(e expl X2
k2 no - Uk;];2 

1 -lH-l [(51k kXI(51(OU/OZ)(ky/k1)] k1z '( 1 v -1f 2 4 - + - e exp 1 Xl -41f)
2 kl Y kl no Ukx1 . 

1 lH-! [(52 k kX2 (52(OU/OZ)(ky /k2)] k2Z '( 1) 
2 4 -k y + -k Uk e exp 1 X2 -47r ,2 2 2 no x2 

111 k 1 111 k Z2 '2 H-Ij (-i(51)e lZ exp i(Xl '27r-'2 H-Ij (-i(52)e 2 

. 1 
. exp 1(X2 + =i7r), 
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P 

P 

1 
2 

exp i(Xl 
1
-11")
4 

1
-11")
4 ' 

{-1.0 
Xl - Jo kxl dx + kyY - not 

l
-1.0 

X2 kx2 dx + kyY - not 
. 0 

(IZSI § iWiI*_y O,t = O~~i9:i~M)o 

35:7}, (Mlrff,?H~) ~, W (6.31) t§ftb!, fB~ftlU~r~*ll~~Z vVKBJ 

M~ 

'I] -
1 ~(-H)-~ exp [[ ~(-(2 + iG/H' /

2
) dX] 

. expi [1" kX2 dx + kyY - not] , (7.8) 

!tCPk:I;2Z~$~IE, MlL~f~~-1@~x~1JDffijt~i9::$t~~Mo ;It:L~cpf~~~JI1~ 

mill!~1~~~exp i [J~7; kx2 d:x; kyY - not] ljj\!£1:tEu, v, W:tOPL, Mlft1r~~ § iWpJT~ 

Z~13t-1@j§Wi~ftt~, tEx 1.5 mWf, 

- ikx2u, 

- ikx2V, 
(7.9)

ow 'kox - 1 x2W, 

f/!!. ikx2p.ux 

El3;1t: (7.9) cp~13*%-l~i9:Z-fiW~ilii9:~) Me~b!ffl'8#!5(~j§Wf~ftt, field 

equations (7.1)-(7.4) "~~~~T:i~5.t1Jfj~o §7tlZSlov/oy = ikyv, Me (7.2) :to 

(7.4) 1:lJ7t~f:rgX;-1@-~T:i~5.t1Jfj, 5lJ!:m$vo El3;1t:vtE (7.1) :to (7.3) CPljj\::ffftE, Me 
~{F~f~T*{I~M~ (7.1) :to (7.3) J;ixfY&5.t, ,~PI:lJ1I1~35:7r~jij1@~13u,w,p::::1@*~Oilii9: 
Z=~~fY&5.t1Jllf~o ~!Jt1Jfj~'i'f6UHeuo2U/ox 2

, (oW/ox )ou/oz,(oW/ox )ow/oz, 
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2
_ ino au + 2au au + U a2~ + W a u + aw au + 1. a2~ = 0 (7.10)ax ax ax ax axaz ax az p ax ' 2 2 2 2
-in (aU + aW) + U (a u + a w) + W (a + a w) + k2 P. - 0 (7.11)uo ax az ax2 axaz a:I;aZ az2 yp - , 

-in aw + U a2w + W a2w + 1. a
2 
p = 0 (7.12)oax ax2 axaz p axaz . 

§M~1r~H!ffl~~R~7t$:{E-@I~mf~~j~pq*m (7.10)-(7.12), {B{EEI EI3~OO...t, ff.& 
1~JEj§Wf~{t (7.7), ~,~~~~ (7.11) ffl (7.7) ~{~, 1U~1~;:g-ftx~7t, ii~ 

. 1 ap 2 au ap 1 a2p aw 
-lno-- + --- + -u- - g- = 0 at z = O. pax pax ax p ax2 a.T 

ltt~~\~J[~~ (7.12) pqftz~7ti¥JJj[ffl forward difference 1tftff.&~lli{~, ~t*~~)J£{E 
~{fu7l<.~~J!Ij3*ffl central difference formula, lfL@:~H!ffl;1t.{fuj§W...tzj§Wf~{to 

'i"~1r~1I1~rr.~j~pq~ip~~zu, W,pfrn:1~, EI3~{EEI EI3~rm...tp = pgr/, t>rE13 EI EI3 
~OO...t~ip~~zpfrn:J:iJ*tB;!trJfrn:, ;!t*B*J:iJ~DmffTm (6.12) lt~, IZ9ffiJ1I1~iI4o El3iI 
4~1r~J:iJ~)~tB~frn:m~DmffTm{Et~~£t~a~:w~*, ;!tmtlZ97Jff.&, {Ex = 1.5m~Z 

j§Wf~1t (7.9) *~tI (7.8) rf11JlH~Z~jl~~1~, Mc;!t~~~* (ltt~~{E**~~.w*c)( 

~), {B ~gif8~D{OJ, EI3 iI 4~,~~roJ:iJ~t5E, {E...t-~FJT1I1~i¥JmtfTm{E1~JJjtmlliJ:iJlli{W~ 

JE field equationso 
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ii~71<m1J~1T~:tE-~JE, - 1l~®JgH!~+:5t5$7dI9ViE..t, tfViE:tE71<ZfS1J[ti] 
, J!1j~!f.J\Wf ~zmi'lt~1~, Me::tE!!f~ J3t!M ZfS:f::J 71<lID..tViE ~f§ZfS~ I¥J tiLtI (!f.J\~P1* 

*~) ..tf~m~o *1iJfJi:)'[;~I:f:Hilil1*~]i(zfJlH;mi~1Jl¥~, lIt-1J:fi~!M Voronovich 

(1976) ~JtJ!fl:~(H~t5l?ff~tez action conservation equation , j!;J]{lZSllJ 
~,Voronovich (1976) /f1i:~iimEl¥J~®JYH!~~TH*, llllt-J!1H!~:tE~ii1J[ti]~~ 

1~ill~) IZ9l1t{Je tltl¥J mlli~~AZm- [9'~lj~Dm=~~lj-t~:tE1§.1J r~H¥J~ J3t:5tJt~~1iJi 

ii, ~~iijiH!mm=[9'~~itIJ1J:fiAZ secular condition *111~ action conservation 

equation, 1BlIt~m-[9'~lli1t)z local solution ~~~BMte, ~ action conservation 

equation .~~~H!Jtlo ~Ml*lIt-r~~;!j!!, § f:ifJ~'~~fJ..tJm;JfJH!~:tE~ii1J[ti] z~1~~ 
mi'l~ (~DlIt1J~~B~te~-[9'~lli{J;{z local solution), ~lIt~m-[9'~lj3::~~1F11iEJti 

OMHJJ Jt~f§~ Jt*&z11iE'iitl[ti] ~J3t:5tJtv ), 7ffim=~~ljJ!IJ19-:5tJt~~11iE,ti, IZSlllt~fr~~ 
1t:ii:iiH!m~-[9'~~itIJ1J:fiAZ secular condition *l*JEm-~~Mz~;f~1J:fiAo lit 
-~*1R.{Je1~ Voronovich (1976) ii:iiH!mm=[9'~1J:fiAZ secular condition ?ff1l1~ 

I¥J action conservation equation ~~H!Jtl~§ f:ifJI¥J1'Ni7l, IZSlllt wave action ~D4'~ 

tt:;rtEio 

§ f:ifJ?ffllT~I¥J~$;mi~1J:fi~!f.J\f~~~~~~~Jt1J:fi~, lIt-1J:fi~~j;)ttl¥J~~§ 
A1J~~-.,~~.MH!1Jlj&~ZfS:f::JViEM~~I¥J~Jt~Jt.~~(.j!;~m~ 

J!t/f~), 1B § f:ifJ1¥J1J:fi~~Dj;)ttl¥J1JfiAfi:*/f~~j1f1JDTN~H~mHi-I¥J~, 

*1¥J~~~J3tM~~I¥J~Jt~••~~1JD:tE-m1J~~~,~~~*~l¥Jtt.:tE*ZfS1J 

[ti]~~1~, 1J~{Je~!!f~J3t?ffii~I¥J~§A~Jt.~~.~, l§~IJ~mEl¥J~H!~z*ZfS1J 

[ti]~1~$!f.J\~~3&~!!f~J3t?ffii~I¥J~§Jt~Jt.~~.~, ~§1WI¥J~~~Jt1J1i~~r1 

~4ml!Il.JJjU!fl.o 

~~fJTl¥J~~~Jt1J:fiA1fdii~~I¥J~$j:tE1*~..t~~~~* (~ (6.39) & (6.24)), 

~..t32Jt WKBJ M~1t:H!Jtl~1**~..t&jtJftlli, IZSlllt~fr~!f.J\H!Jtl Shyu & Tung (1999) 

1¥J1J~~te1*~~tlliI¥JMtJTMo lIt-MtJTMI'i7F, ~P{JemEt:p~5$*~iiJfJH!~) ~:tE1*~ 
..t1JJ~~~BZ~-;f~/f~ ~J3tI¥J~o 

..t32Jt~jOOm~~~~tlliI¥JMtJTMt:p~~ WKBJ Mz~J!t~~ (~D1&:~~[]~$;) I¥J 
*Jlit, ~!Et~~:tE1*fV,~..t~~ singular, 1B~m:g:J!t~~:tE1*~~tllil¥J~1~1JJ~JEfJTl¥J1&: 

~§Jt1J:fiA, J!1j~JEt~~Z singularities :tE..tJm;*Jl~t:pWf1fmj~m, {Je§1W?ff1l1~Z~ 

*~mlliI¥JMijffM:tE1*~..t~~ regular, 1ZSl7ffi~jOOm~1*~~tllio ?&ffiffJTl¥J1&:n§Jt1J:fiA 
~l§~.~.Jtl~1*~mlli,tt~tt:.~,~~~••H!Jtl~~1J~*~.1*.mlliz 
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~~~, ~.~~~-@.~~~.~,M.~m~m~m~~ffi~.,~ 

.'r@:*~J5JT1I1~~m) ~1It-{lz:.~:f#J~~~wmtJTm+7t~31i, i&~illl; singularit.ies 

~limfim,~~~m31i~m~m~31i~.~~*~~~~~~ 

~-g.j;)~J5JTilll;, **.~-4nlG*Z~~1f:=.: -~:fW~A1r~W action conserva­

tion principle ~~m, i&W~f;jtjtH~~74nl}Jo -~**.J5JT1I1~Zwr~~~g:Ji~1~~) 

W~5$*mmt~ItZ.~j~~m¥~~~WJo - § MJ5JT1I1~Z*:'11~t1R1iiE'!1mt~1i~&lR 

~m.~m~m)~.~~w*~#~tt~.~*~_~mmJi&WW~~~Z~•• 
j{1J~I¥JWf~~~WJo ~lIt**.~=1f.MLlffl § M~nX:*) *%~~F*:J!1.f,£- r=*tfU, 
~1iiE&~i$]~7t1ffi~~mt~1i~&lRM_~.f@:mo ~-4~IJ~ffij~tt- r=*tEJ 1iiE'!1mt 
*.{@:fIT~ (lIt_mr:iJElffl § M~mtJTm.~fJ]m), ~*S*~~r:iJ~~~m:}jjj{1J~~i!f~ 

W~f'£mt~1i~J~.~~o ti~~) ~1j*fIT.~1ZB4M*~ ;@.~7t~~Dt~jlfIT~*wp1t* 

*9t}'[- r~~:nm.j1:i]~m¥~ifdt1EJ z~1'J'11o 
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~1T 1JL: ~ff.Jh1f )Ern- i%h1f tf .\.; 

A ~ &JtP!T~-Z.. Jt 

1. bJf 1E fA II: tffij- 0'-;fJf ~ 
IlJ) , ,~,~Ai tt 0 

2. bJf1E,*-ttffij-*~1;!tj:!lj 
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2. l&\ ~j11.it 0 
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'f~5JL(Jt 1f; -I:: 1f; ,:::",~~x.:J:-Z..~8A) 0 

nn ~n/it -Z.. 7]<.. 1'1 J.t ~:;fO 1jJi +i j&;fEl 
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*- .:>]<. ~lf ' L~.H!:. ~:i!% j] 1T 71J~ bJf 1E t* 
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function)*­

3. ~F f},t'fi (1;-;5~,ti ~11 iLt 5/it X. it 
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4. 	 At ::It. flj *jf.. :1f iJt i~ i~1t.'&' 7j(. jfit (1999)) , ifrJ ~*- a0 it1.itt Sf. ;Jr ~-*~ $} 

~~ -tiE Jl .i. ill iftA-1GJ i~~t !i~~ -1#~ z 
4*"tt ' 1!!~*-tiE jf.. i! 0 
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jJftifV::JjJAGJ ;l;f:1tilt~:k ' slope;fF:k'" fully nonlinear waves 
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4'- ifft. {r.nlf 1i-gJ.t ~;fa izt.:t..~it t&.:i'a ~ (* -gJ.t ~~A) ! 

Case 1: *-gJ.t ~1f. jf1i :? f.;) {f.J ~*if!d!.( i1iJ ;Jf.1lt.f-~ '11.) 

d3{f tit {f.J perturbation scheme <if4f 

t;i d3 At ..::. Ft :?{£.A. .:t..secular condition <if j~ Jt 
m- fflNt.:t..,~ :?:fI..A. (Voronovich, 1976) 0 
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~~ ilJ action conservation equation: 

*- 'f wave action density 

w P):t..local solution~*aA aMill ..... ~*~~~I;fu~fia 
:t.. Mto ~~ ~ t\. 

Wd=W- k U 

Jf; - F~: 11)(1)11 - (iF+ k 2 ) 1J)(1) 0 (~f~:t1.) 
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secular condition*-~fl- w{1)~~~/7~t\. ! 

44 




I aa . I Da &a aa DUo oV{,[g' + 2aUo+ + f2a + (i1y)oiVo-- + Uo- + Vo-;- + 2a- + a-.­
a ay ox Dy 0:I: iJy 

aloa loa a ok,,,)
+ ( k-;;ay + k ay - k2 ay (st,)n 

o 

~~ ~~! M~~*:~~~~.~~.! 

tb ~ El JW W(1) ~local solution e...g;o , ilk f'tAVoronovich ~ 
action equation ' ~fj'J 

I aa aa aa aUn &\~,rl +2aUn + + (ily)oiVo--a + Un-a + Va.." + 2a--::;- + a-c 
(1 y :t; uy v,7; ay 

(a 1 aa 1 aa a ()kx \ 

+ kG. Dy + k ay - k2 &y) (n,,)o 

~ .~§. 

+ + 

+ + 
a (PU 

($1y)o 

action El JW ~ 

J1 91' ' 1£ - • f;' -¥- a9 ,It ~>L (19 1J} 1f ~A -g1t ~), 1t ffl 
31t~*iif~iltn6 ~.~ 

f} f}(Uo)r;
-;-- {[(UD)" + (Cg)",]E} + Sa{3 f} = 0 
lIX" t x", 

~M1tjJ 

I I 011 1 aa ar! iJa auo DVo
L'7 2aUo+ (ilyloUol--a + [2a + ($1y)oIVo-- + uo- + vo- + 2,,-.- + a-, 

a 1; a ay ax Dy ax oy 

2
DUo OV{,) \ a u I (a 1 aa 1 aa a akx)r! 

+ ( -a +-0' (.ly)o--k::;--a + -k-a-+-k"-k2" (nx)ox 11 U.X z Z~O a y vy uy 

1" (PU la a2v 
----c- + ---,

2ki:hoz 2kayi:Jz 
\.~_~ J- V 

~~~'ftl£El.a9mOC.~t~.~~~.tt! 

31t~*:{£ El .€A'ltOC~*1tffl 

45 


http:ftl�El.a9mOC.~t~.~~~.tt
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'---~~~- ---~./- 'V' 
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