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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 off
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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F—= m=

FE B 30 KM EEREIE (rogue waves or freak waves) HRIEHE®HTS. 1§
ENEMENESE LIRS, REFRHREREERSE, HEE R E— KM
REZEIIY, EREEERGEAHBEAEESES TEEENMET L (I
— R EBASCFE S MR, BOR 5 R A AR 22 3 28 i BRI, (£ 10
F, FEFERENEE, EAFREEHFE, BHED|FB8EIT1ER,

PR T R A, HB RN, SO R RIE, IS E R T e A R
hEEdE, BB SRR R AT — A E AR R, e —(ER
RIZEH S — BB ZEH 0 peak. BV, HIRIAEZ ARTERERR BN, 7R AT RE(R T — (1
FEUER.

TR R 2 MR A, (SRR A S MR R B A
A KERFENES, T AREALES:. BMEI % Peregrine (1976) 7
Smith (1976) B, VEVSRMIRTE B TIE R K4 BRAT315, TR Smith
(1976) HI3E@ MR Shyu & Tung (1999) ZMHIRE, SAZRKHESS
s {EREAR (caustics) T A —ERE S EA AR EBNENER (BE1),
Hl—ERPERRE QREERERN B S,

TEENR, E—EREOER L, MERRER SR E RS, EREEAN
BB T B TOE 8 B ML B U — (B B — IE BN Stokes wave, HESE T S7EHME L
MRS (BAREERDERNES), RTHE—EER, S Snm e
ERRIAT A REE, BAERAR, NSRRI A B
BB B, (BT I B MRS, Hh T B AT S R, AT
BRI B R E— R REN B R BE AR, REEEREEaRis, LET
T Hi— (B

WIRE I B L, DB Smith (1975) BHHRM R IFFNE Shyu
& Tung (1999) A TSR, [ Smith (1976) BIE—5 2w IR
R, {EHOFTE AT T B IR, W SRR 2R R R B
sene  RTGOE A IR R T B DR S R A BAR A 3 BV BER , A AR b —
PR, A EHEG EBIE R E 2 IR ST SRR B L, B W, BB
B R IS AR B 5 (A 1 U — oA DI TERE (shear), VLIS S BIEH:, &
BEAEESESINN, FEE ol TEE— BN L WeE
B 5 A B AT A LG AR T BT W LA SRR BT S | SRR R 5
GBS 44T, A TTHER AR S BT A IR,
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EEFABRMECEHEMERENR, YEFEAMERS, REEREATEHE
BRI HIREATRE, (BN HARE P AR EMERRA T FiREE A RN
JRAISE FRS FERRITT, T —RERAE B NI BB 58 RO JER M I, Sk FE RN S
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FE REERIIRITRIERZ BT

FEBEE—TIREEXENERTE-RBER LNFER, K—RBEREKFERA
A (BEREERASE), BEEREAREE —MANES, B TR X/NME
TE A RIRAGE, HEERER (RS U{U(2),V(2),0}) 2RETIBEHE, Et—
B T BB T R 2R R BB E R VINBE, MEmbiEm.

ERBIENR, HREBER (vortex-lines) AIRERFRERBMHEEE RN E, H
05 | B et A A ES), B W ARG REE S e, TEEEEREEREES
B (FHEESBuw{u,v,w}, BHES p), SEEE Euler equation, 1fi#k Laplace
equation, & H MR FIKEE

Bu | [70u | yu 4 00 | 13p _ ()
8A+U82:+V8y+w§z+p8m -

v | prou B, BV L 10p _
bw , [rou  yOw o 100, . _
3—t+U8x+V§'g+p§z+g o

Qu 4 Ou | Sw _
3x+6y+8z -

oo o O
Ny

R pRAKNEE, gREBHMNMEE,

FEAERZ YRR SR AT E EERGRE, AR THEER, BFHET
By BB R AR T AT, MR B E Ay ERCE, Wi (2.1) LR

ou du 18 e
%"f%—U%%—%%ng =0 (2.2a)
du g —
o T = 0
K s, 0
v U
e bt U — ), =0 2.28
= Uz —uwl, (2.2b)

HH0{Q,, Q,, 0V RRATERE, BEBMERT Q, = —dV/dz | Q, = dU/dz
BERNRE, B (2.20) BREVRENMERQ,, RS RAERy, HELBRE
(R, BURAIER (2.20) SIS ES R HE S EAMER Y, w F p, F—
FE, B (2.2b) A, 50, £ 0 (Hw # 0), BltEy 5 IS4 BitEEs, —5
BHRMRICE R R RS+ EE,
MR EE S REE (E82 = (z,y,1)) EREREE SRS ERRTEA
He = OLRBEE, TR

on on B
5 Uz, =W p=pan, (2.3)
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(8% 2R Shrira 1993). EXFEREv, VIIQ,, BEMIATERE (2.2¢) 50 (2.3) &
5y, w H p, FH (2.25) UREEBNwWHEEY,

BRI (2.20) 2B B M HEND BIH Moty KRB EMBEER—E
FRALUE LD, BIZFEER (2.20) WE=AHELEE

Owy, Owy ‘
5 +U o =0, (2.4)

Hw, = 0u/0z—0w/0rRFEFEBZ REAy AIANSE. B (2.4) °JA, Bw,J8E
EEBREEE, WBREEE RERMTEE B RS2 EE (velocity potential)
¢z, z,t), Bu = 9¢p/0xw = Op/0z. RA (2.2a) WE=ATHE_H# Laplace

equation

o* 5?
-a?(f + 8—22 ~0. (2.5)
£ R BRERE T IR
Qé — Aekzei(k:};—ngi}, (26)

Hi AB—EEE ERTERIBDEZEE n MIFRHETHIHEZ (observed frequency)s.
¥ (2.6) A (2.3), 4 -

7 = G;Gi(kx—ngt}, (27)
GIES
o
A=—i— 2.8
1ka, (2.8)
&
Plamo = pgae'*=7moN),
Hep
o =ny— Upk (2.9)

TR E—EEFSKE LA RTES R (BRU) BE BRANT B RRIESR
& WEEEEZE (intrinsic frequency ).
L RAA (2.20) E—AME K, A5 3G 2EHE R (dispersion re-

lation)
gk = 0% + o0, (2.10)

KB F3 5346

kzei {(kz—mnot)

P = —pgz + pgae - pJanzekzei{m_“‘)t}. (2.11)
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EXPHRE—EIRARR, @E’Tf%ﬂ&ﬁ@%&ﬂéﬁi%ﬁj%?ﬁﬁﬂu%f%o
EER T w(L Ruilp) BIELIE, B (2.20) BIRIEE]

V= e (1C €

aQﬂ? kz i(kx—n t)
= 0t 12
g — Uk (2 1 )

W—FERER, BERMTE—EENR LN, —EEAEEESEEEES, BEQ,
ot BHRAER, Alvi ERAGEREEE S BukwERER. 535, BQ, Mo ER
HHE, RIERERRRA RN (2.10) 2 F5UaSNRERERMER. B, EUTHR RS,
BEEFENEER—, BRFABSRQMO,NEREIERRER, RTHRFEIE
Bom R ALK, BABRFIMRRU Mo /kZ &R ER.




F=F  EREREERSRINEIHRILR Z BRI

£ b —EFESNRE, BB FERERH, BENAER—FEIasmNEY . BTH
BHsEERU EcNy fRREE L (RERERELUERIX—HEHER), B4ER
EQH Q, fEryflzARERERL (MUEEEHRNS LR ERERFR
T, BEOHEETIEZEZERL, EhrkNARiA/NNEEE g ErAEmSE, |
BRGEANE, BADAERFFERNAE, #E—#rectangular coordinates (fIFE
curvilinear coordinates), {HExBFIE W KR AR, Ry8F0EMrWHIEREY), £
WHERSRT, EEVEM@RmARTA, F—BNR, AEEEEAER, BREHE per-
turbation expansion (in powers of I/L) FFTERRIE—FE R, }f?ﬁ?@%?ﬁﬁ[ﬁ]} i
B SHMSTEEE, MEHSBR L, EEBLHRIEHFRE.

BQHQE A EBLAR (RUEEE ARSI IEL 4R ), Voronovich
(1976) GFEM perturbation scheme T, WAEKFHRAZZIBBLATWME action
conservation principle, BB, v, w Ml p WERBHHEFENEELHAEES. T
& QR0 78 2 5 IR IE KT A AR 188 LR, BREHE perturbation scheme
SR E A (HERBE T —FRN), HRFEEG L —EMERNY, v, w M p 8,
E#A Voronovich (1976) JEFELEFTERH action conservation equation P,
WEERBUNYE (EQ MO0, ST A RERIERL), RAEREREL, BBl
BLERHA - SRS — A R SR e b AR

BRI, ATREEMNERKL perturbation scheme #%, B2 P42 H4
Rz secular condition WEH—FEREERAFHREBLVAER, BAFERH
B, MEMBRMATEERERAEEER—EXNIIERN (asymptotic ex-
pansion), Bit—EEZ FILIAITZ B—EREEE, HERGEBERR A RER, &
TSR EE—EAEAFILETRR, REEERYE, HAERNT.

B B RTEHE A — RSB L 2 BERB B S — K, BEINEER R, HHER
I8 HE—PE R B Ry, MR REEB LN 2 BB B 5 B NBE
REFEE PSSR ARG, IR, 5—AH, BRREE3 L2 BEERs
E-PREHEMER, RERSLR SR FEYEEEE SRS, HEN
EABE, AHEHETK, BHE iz E—REREBNERER, RAEMLER. &
MELEFNAEZRNYEEZE—BEREGTE /N, ANEFE RS RECEEE R
HHBE—F, B0 A, WEEE _SRMHRAYE SRR, R TERELEHIIA
FRYEENE SRR YEE MRS, BIARENTEZ&F5En—EE 7. 5
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AU EE S R A A A

or oy 0z G

WEAU/0x # ORIV/0y # 0 b, AMEETFEKER EERESEW =0,
TEKE T, W £ 0 (HOW [0z # 0), AEAEMUT—EREERER (£ REE R
BEKER), WUV — @8, EW R8s, B0W /02500W /oy
s, WEMQ, ~ —0V/0z , O, ~ 0U/dz

ERIEAKT S AR BB, RNEEE ARS8, = 0V/0r — 0U/oyl
O, F0Q, /AR, BUFREE, k—RELEENERRNEERASEMNE, &
R RERELY AL RESRD, = 0u/0z — 00/0z, EhulinsIRER
BB AR EERES B, KNESBES_ShEAE HENTEE, AW
Eafio B, B LEMEy A RER RS L, REEMNERT, w. ~ —0v/dz
w, &~ Ov/Or (RES-BEEVER). B8RRI, 5iNEREsrEL Gk
WESE{09/0x,00/0y, 0¢/0z}, FREABRMEEESE{u,v, W},

i E SN E R IAZ &, BT LT HES RE A, H—BItaR AT
ST E

w=0 at z=0 (3.2)
H— B2 BT LLRIAT, TyRGTEAR T A B B EME S expli(kz — not)]
(HARIEZ BB LRIFT 208, YOS ETFHKE LEARD # 0, BRMTESE—Eg, 4
8¢ /0= FGIEFHKE LIEHE, REFD — 06/0BRERIG, BT — 0¢/0rBUR
B RMT, B + oBURERN ¢, MR HGIHE (3.2) 2, TOFH o2 R
B S — B EM R AR, SRS REE YR, BENTEER A E
=, BEBRMERBESS— MR BB AR, 1S RENTE2 28,

BEONRIEEAT A BIRS LT UZR, HoEEREKR, KBS LEE
&, SR eZ REMRBEBREEL, HM%

¢ = A(z,y)exp {/ﬂ lz,y,z2) dz} elx(=u?) (3.3)

s |
k= YVix, ng = —0x/0dt, (34)

Hep Az, y) REEAT H ARG CHIRIE V), = (0/0z,0/0y)RAFHA L HEE
Bok{k,, k) REBAE, [(z,y, 2) WR—HEERMUEREBBCOEE. AREBMPAT

7




SR IEE R R MR EOMEL, k, =0, Ef FEFEHG (3.9) R4
oo ~ k, HEBEA, k 71 1228 HERERTNEEE, B2KLS—RE 2
BB ER, FERREE (2.6) AR,

HRETIBE RS SH BB LIE, i (3.4) 2 E—AA HAEE

O, _ ok,
or oy

(3.5)

BHH (3.4) AI:EB~FIR A2 (kinematical conservation equation)

(’;_IZ + Ving = 0.
EHPERFERNRS—BER, Wok/ot = 0, EH ERTHanNEES RS
IR

# (3.3) #1 (3.4) RA=#E Laplace equation, 3 ZHE — R E X EIE (1/A4)0%A /022
Fl1(1/A)0*A/oy?, BRE, = 0, BREAE
Ok, 10A 0k, ol

i A8+3y Pts-=0 at  z=0. (36)

—kZ+

B4, HREBRIATE RAIE &, M HB Ty A2 LERRE, M-REERE
(82/0y?) =0 = 1(0k,/By) AclX + (82A/0y?)elX ~ i(Ok,/0y) AcX JERT RHE, F1E
H §i P B a0

ok, /dy = 0. (3.7)

T (3.6) REES, HRIFNOL/ 087, REMEEERIAE] _ BB EM
BT, SR —F%E Shyu & Tung (1999) 4% @B —52 R (i
WIEHR TR ERR), B Laplace equation K Bk GEAE H

o Ok
oz| _, oz

i PR AR SERR RNy R, RERERERESE FREEHE
o2 0 5 RS, RO B — ML RIR, b R BT AR S — R T U B
/A, % ERMEER. SR, BEE = (k2 + k)2, k, = 0, RETE—5
23|

ol 8k k, Ok . Ok,
SO T

8z 220% or k 0r ' k O or

8




W (3.7) 1 (3.8) AA (3.6) AIfg

Plmp = k2 — 211%—7.
BREFLIE, LARERIE, RESE

10A
llzzo = k IZ% (39)

EXARFEMH Laplace equation REKEEGFTESHN—ERRR. ETREME
58 B B R E LR ESD 8 T

on 0¢ ¢ on 0¢
54_(5_; +U)a +<8y+ +V>ay az+w+W at z=mn.

i E R E R SRS FAE, = R E MRS, BN stE 8
FEFE (3.1) 70 (3.2), AT

87; 0

n o1 _08 (09U oV _
5 U8x+vag/ az—wy(ax + iy at z=10 (3.10)
E M EAKEVEES
n = a(z,y) explix(z,y,t)], (3.11)

¥ (3.3), (3.4), (3.7), (3.9) M (3.11) fRA (3.10), LFEA (2.9) K, AIE

é:_ii 1 U +V aU ‘W +i§f—4— at z=0 (3.12)
ak Oz

H (3.12), FERAREE-RBEREE (REMETHEN (3.14) APEELEESRH
1E), Al
A o

—~ —i—. 1
” i (3.13)

i E o5y, BEOk/Ox = 0k,/0x (B (3.8)), A

0A ,08(1 ado | o Ok,
2 = ko mar % on (3.14)

¥ (3.14) A (3.12) LURFOA/Ox, EIFIIE A% B2 BRE R EEI T
é—_,'g + i(Ua_a,i_ia_a.]LV@ +l 6_U+?._Y_
o kT ak\ oz kor “ay) "x\oz "oy

100 100k
k20x k%K Ox

at z=0. (3.15)
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LA, EEE RSB {U, v, 0 FEEN R EEER, B~ EREETRE
BRI LNENEF RS TE, R —E R REERERE LNENE
BEl, RERMERESH AEACUPEHREBREMEEREEN AR (OREE
2t EHA) 2o &, AIXTHBIBERENAS, MERSEERFEE—LYESE
Z& yfly A (RE2) B8, BRERMEIE MR cosa =~ 1 Rsina = dn/dz,
EESRARGEARS, yHzARKNS 8. BARMMUTLEEAEAREHRA L
AR, BFEEKEz = OMEREERN, BRI EES 2 FER T DL R B
ERBRDEETE, 00 /0y, G0U |0z, (9V/0x)0¢ /0y Fl VoG oyik, 153

¢ U U L, 0n 0% 3¢ OU D¢ ou
) bl -~ il b ARTT § e
{98.’1: T V% TV 5y } + {g 9z " omot Vo T an Vs
9%¢ oU dn oUaU a*U ou oUodn
U——+——n+U — ——
+ V@x@y + 0z Ox + or 8zn+ 8x8zn+ ot * dz Ot
oU v o*U ouaon oU
+ Ay 6zn+ 8y827?+ 828y+8yv} 0 ab 2 o )

Heh (B 2R B R KENBE, g = gcos (RIEFHKERESRERZ effec-

tive gravitational acceleration (Phillips 1981),

EREENE, LA H (2.3) 28R, BEARAGES AR Er A mzsE&E,
HERER. h—HEEEE BERERBRAESTFEERNT (2.3) 2B TR
WFEST BNESE, WEMA LENAREL (3.16) ABS3EE, BRHEE (2.3) 2E-RXE
BRI TR, ORI S CERBIEETER, A TS TG,

A B PR EA BN TES B SE AR A RS, KEefBEfmET
HREZE, Alh—EAEIAEE &

0 o d* ouU o o2 ou o oU o oU o
= 4 ¢+U ¢ —¢'+V ¢+U__??+__’f7+ el

L e v R L L T L L

8U8U+U82U +3U3V+V32U
or 0z 0rdz Jy Oz Oyoz

)an at z=0, (3.17)

/\[43
R=—— Ut —v— at z = 0. (3.18)

, € (3.17) TRMBKEESEN 2 EERES BNESESWEE, 1§ AFERE
REETWIHEN, BETRBEFE KRN FHNBRR. BEIEW, HKME B EER

10




BHFRIBREEN 2 vorticity equation FEySERSE, WEAEEHER

0w v 98 _, (3.19)
or Oy 0Oz ’
B#RAMRTE—0:a i, S
GOPU LU UV Vo o (o o0 oU
519z Bydz By 8z Oy 0z az\at "oz "oy
U BT U dp Uy IV 9%
T 9. : " ozozor T 0202 agaxay} =0 (3:20)
EXPaE BEESRENRESE NS5, BB EEE
U 8 BUOV AV aU
A _ 3.2
Uroz " Vagaz "oy a: Gyoz (3:21)
T RIFT 75
8 [ ou .8u OU\ BUG 08U 8 UG OV 5
8z <_8_t Vo ”EE) = 5757 820205 T 02 02 8z 9wy 20

ERZ/NMEIMARIER (3.18) WH RATAENMER2MHE, T (3.3), (3.4) f (3.9)
LLRFEERTRS RV ALE Lk, = ORYIEBLAT &0

on 9w U oU. QU .. PU. 8V [0

AIEAE R (3.22) EEFTEMENERRE, TiE— (uniqueness) FRATH FHEAVE
SRR, |

B, 7 (3.23) 2EWAE, SRITRIZ(0U/022)¢, TREB(OU/02)0¢/0z,
RIS BE 00, BREE (3.22) W2 (82U/022)0¢ /024, TREEH (OU /02)8%¢/ 022,
HEABWEA—EER, RN, BTE, £ (3.23) 22948, SRMATE
B (0%U/0202)(i¢) B (0V/02)(104/0y), Tis BIEIB(0U/02)0¢ |0z RV 8¢ DDy,
RIS, TRABIEAIEITE, AELEm Bl (3.22) EHEENESER
1B, BRSNS, MERENR, EmEnkrlt, R o Il 0%WEkr, 8
SRS TETETE, RIS, B, SRMBBUSG/02, TTRE (3.23) &

11



W (0U [ 0z)wie, AIRTHE S A0 ML R EERERE, BEEhRE-HETFHR
1 (3.22) A, Bl — ] REMEIN AT HRRR . A ERMTE A, PR (U /02)w, &
M omaE, BEL (3.22) RII(OU/02)00/05%, INEL(0M/022)D, BB
BAERZEN vorticity equation A, BEREB/NATE (3.20) F# 2R, HPBILETE
FIETE (3.20) PR NEHYIEME ) ME—Al i —EB RN RS Mo TELNE, WHEEE
LEHE BB IRNG & (3.23) Ehn— %I, B—AH, EMPTERIEELE (3.23) S
HIE, BAEEELENY REE (3.22) vAEEN) ERMENE (REME
&eb7), M TTREME FERT HEERR, I (3.23) FEBE—,
M w|,=0 = 0, #H (3.23) A]%&

52U 82U o
5, U0) + 5+ (az;) at z2=0 (3.24)

ERZFFEBES, TEENREERE, 8§ (3.24) A (3.17) ®F—Ean
Tl R E R B AR, FHETRREMWE (3.3) M (3.11) RAL—FER, A
JEM (3.15) LURRRA, BARMEN A BB HERRE, REGE

BU)lc?a ZU) 10a Ua—(f— vc’?_o
z

- 20V +V
0z +<g + aé‘y Oz oy

a 0x
ool OV OUOU  SUDV. OV |, U ¢ 9T
087: d dy Or 0z Oy Oz Jroz Oydz  kOrdz

\%aoy T Eay kzay Bz g 9z ko2t

at z=0. (3.25)

{(q + 20U + U

£ (3.11) PAEENEE.(z, ) TER—ERHERM I e ELERER (I
B REE R, (R BRIEE Rz REE(L, EE—EBRRABMAEEHAE
=), B LR EHBAER, BMASHEAREERESER

, 160 100 00 0
[9 +20”U0+(Q )OU()] . +[20’+(Q)]V(18y an +Voay
Uy OVy . (0Us Vi o 52U
e Yy <6‘x +%> (o= £ 3002,

clda 100 o Ok,
+ <E;1-5§ + %33/ 2 By ) (Qz)o=0 (3.26)

12



B BB RAfR
AR
k 02% | _,
HriUp, Vo, (Q4)0f(Qy)o3 BIREU, V, QFQ,EFH/KE LHIE,
1 (3.27) vHEE-EHEAEME N —EER, TASBKE (3.27) A (3.26), H
mE—JEREL EBREME—EER, WEER (3.26) BF,(3.27) 2R—Ea] L
2B (RSB gRal Aol ), Eit#E WKBI B—817, £ (3.27) HRMHEFEE

gk =0*+ (o (3.27)

gk = o + a(Q)o. (3.28)

BT (3.27) 2 B#E—E, % (3.26) 1 (3.28) Tiyaflkz L BEIRS, REE—
BEIES., HER&EAN B, RILERMARKEMR (3.26) f1 (3.28) B, oML E
B e RER TN E P, b—a Nz EREEMUENEERTEAFER (ac
tion conservation equation) T2, MHERH—HER, BMENAHEETNZER
ERNBHEE—-EANIIERN, MATE LEEARNBRES, EAZEENEE
] BEAR R

13



http:iZ:fti~-~PJ.eJ
http:ffiJ,(3.27

EE  ER{ERTES RN

FEREPRMGRERZEHER (3.26) B Voronovich (1976) RIS —EEH
Fir i H 2 WAE AR A M, R Voronovich (1976) REZEBHPE -8 K
HEES, BAHIESERERE A RBLERRK, BIMURAT KPEES
WA s (HEERNEAPRK), B BETT B, A% Voronovich (1976)
FEA N k.

Voronovich (1976) FEFI#EE perturbation scheme FrESRIIRE RSP HTE
R, BEHEE (tensor) FHEERR, TES

3[ 0
é?f 3 [(cgf) ] = 0, (4-1)

B TRWIERAEE (wave action density), (C,) ./ BIRFBFH/KEFEU K R
HHREC, = 00 /0kWEFELNEEREE (wave action flux), FH.Cy,. = Uy +
Cyo

BRIFI(C,, ) JERF 2% Voronovich (1976), EERAEUHHEERE
NERZEEEAATHNE-HZTET HERARENEMME, Tk—T8T 5 EE
BRIEHRT, B (3.3), (3.9) 0 (3.13) AHER(0%a?/2)e® ({87 Voronovich
(1976) A EHBEHNER, MEKES-HENERRA), BEEAA Voronovich
(1976) z (17) 0 (18) R, WKFEATFHNZEEREED R EEEEE A RPEEER
2B (BEEEMVERT, BE 4.1) hEERFENEHE—BIE, WATRK), &

& .
_prlg ko OU, 2 P i@@Ua 9
]“2<a 2&28z)a_2k<6+2k 2z )" (4.2)
&
O’2 ka U;{Ia kﬁ aUﬁ O@Ua 1kﬂ GU[;
Va 1ks0Us\ o
2%k <0+ 2k 0z )¢ (4.3)

£ FEMRARE TN SRS, S AT SRERSAE b, KB T WG,
ROTRNER L. BABRANR, B85 (42) Fl (43) R, RMGE AR
3 (3.28), BT HHBHS

14




ko OU,

e 2 e
gk =0 +0k: P (4.4)

EAPRE-FNE-FHRE, WHANIRERE—R, &R e SR
Bl i (4.4) Bk M0, FAERFHEE

O'Qka akakgﬁU,@ OaUa 1kﬁ8Uﬁ
(Co)a = (7;7; Yk 9z F ooz ) /2 (ﬂ’ * 5?%) 49

HZAEHE (4.3) B REMR, £ (41) BERAR—FEARER. B4, B LAH
B —(0/k)OU, /071 A1, EWER—BAEENEEE, FRENT AR AR
(IREMMEARER A M) "R, —3RR4A Phillips (1977) Frigit, ThFBEEEA
B3 (4.4) TEREHEEH, FEESAER.

BEETIN(C,, ) JzFAE, AREAA (4.1) BER, EFol/otRB#i%
B—RER, WTERAEL, REWERENz M. Mo BRMRE -2 BER
W (z,y, 2), BMEREE &L, ROk, /OyiEIBEE (BF (3.7)). BIERA (3.21) LIk
B (4.4) FEFTIE SRR = 0 + Uk, = constMAFTERATER, TTEERE
— Sk, REEE

1 da 10a do do

2)oUo) = 2= + [20 + ()0l Vo= 5= + Up— + Voo
[Q+EOUD+(QJ)QUQ]aax+[ 0+( J)O]Voa8y+U08x+V08y

oo | BV (an %) o 8°U

20, 200 Z-0 Qg — —
+208x+08y+ 8:1:+8y (€y)o k 0x0z

cl8a 100 o Ok, lo 0°U 1o 0%V
(‘Qz)o =

%ady Foy R oy = 2% 20z | 2% 902
oV aly

9z oy

z=0

(4.6)

H EREE (3.26) HEAIHR, MECERLETEMEA, W EXE5a8 =801
REFEFEATFEAEAEETAEE 2 RIBERE HFERX (3.260) cMWER, ERE
ZEMERTS, FEMAERNEAT (BINKEENESERE HR{EREEL, T
FE&ERL), B FE A Y perturbation scheme, #5R &TEGS K 35 H1 5 12 # 0 B
%, EEECMREHAENP, HRMEY (fE Voronovich (1976) HWEwTTIEE
WEERESE) BaBEMEERERERE, MERE—FEizs A EPRES
FEfEERE (fE Voronovich (1976) Fr BHITER, BINVE & et ERERERE),

15




WETEHEERE R HERZ secular (or solvable) condition FRikEFE—PERZ
BHREN, BEE _REERERIERERG S5, REMBE (3.23) #ERER,
K E R EERE—RBRCHNARN, BEERAEZREEHAERA, L
BUEEAMNERIIETAS, HF BRI RSP RAHERE -zl AR
—HRESHERERE. RAMHEPERE BRI AR CEREE8FENT —%IF, i
HH secular condition AT HIAR B 5 12 N IE S e AIFE FEIE B R o BERS FTE SRy
action conservation equation I~—#%, FEIAE B RIFIHR T, wave action JEHEESF
1R,

HRPATEE RIATE RRVIE D, 55 RS etk B B — R MM B MR — iR kB H
H (E—LRRRR, W (3.23) R, AIER), HOEMES etk EGE e RE 5 R, HIE
T4 1 FE BT A0 48 — PSR B 5 BB R secular condition RULE B —REE 2 B8 HER,
EVES RE =M A EREE (3.26), RTME—LEHRNER, BETHRMAE
— KB JEE B AR IERAENENEE, NAMHIER, ¥ action conservation
equation JE{IRIEFERIE LN IER, TR (4.6) 2SR ESNERERRE (8
B (2007)), H—ER O AR Bt R (3.26) ZIEMREE.

LA EHE perturbation scheme B3k, 2 et EFEIEME R E D FIIIEE,
£ McWilliams,Restrepo & Lane (2004) HREZ#RH, BMFIFTS BH R EE Y
TR EHATATE RE/ D —EE&E, WEE Rt R e AR AT
i, EE ERAARARAB R AEAR, EERFNARERZ secular condition
e, EXEE R AANEE, TP ERERNEE B wave action {B5FE, &
(3.26) 0 (4.6) MEFFE—Z%, MZHAIH (4.6) 2SR EE=EER BENEENS
weak [fR] ZRSEBHIE.
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http:f~'HIi3'~p~t1~J.lo

SFHhE BUUREESEIN

ERATEE—EAXT A RERBCHIR LR, BIERSIERYE, ERNRRIINELST
1, RENRS FEEER, SRS HREHNES (radiation stress)S, K&K
(2%F Longuet-Higgins & Stewart (1960, 1961), Whitham (1962) & Phillips
(1977)), ERAIEREERE, WHIRE R LRI steady [HIHAIER

9 oUo)s _

oo {[(Uﬂ)a + (Og)a]E} + Sozﬁ Oz ’

Bz, (5.1)

H ERENGREREE, B—ARAERT RARATERR, REE—SBHRHR, 7
] JE TR 35818 (2 Jonsson, Brink-Kjer & Thomas (1978) K& (2007)), &
H R Mg s iR (2007) stERBRArE SR SRR MMES, FEE—RIE
FURIFD (3.26) —3, HERKAIEER (3.26) YEES.

FER (2007) FERRS B ERRBE R AT, BAESR SRR EERERNR,

Ll (20— %) = Py fYy
E = 1P (2g ka) =540 (0+ 5 (5.2)
S11 = %9‘12
322 = ﬁaﬂyaz (53)
S1p = S =0

¥ (5.2) 0 (5.3) fRA (5.1), WIEFLERTESY (4.6) BrBRRE, 53

10a 10a do do

[g + 20Uy + (Qy)gUg]a—é; -+ [20’ -+ (Qy)g]%ggé; +- UQ{;?—'L: + %8—2}
U, oVy oU, oV, o 0°U
T T ( oz %) o = %3082 _,

ox 08_'3;

zl% 100 o 0k, ( )__l282U+1382V
PO T 9k Bz0z | 2k Oydz

hady Koy Ry (5-4)
B EFHEEERENA (3.26) K (4.6) T2MHEA, HEEEFEZNRUAZHREEN
Al RS (2007) REMESHASNMESSE (B = 0) WHREH (5.1)-(5.3),
W —fERERE (3.26) —H. Z—FH, & (2007) ABERE—EFR (ANEENE T
case (4)) Gff b —BEIBE - AR S B4 HIHEHY £ 0, BREIERTES

17




BR (4.1) BR (4.2) F1 (4.3) HEA, TEEENEEL S RATKEBIEHER
(5.1), BLErB LR S0 RIRSHIEN (NN (5.2) A1 (5.3) Fies, ZAMEMAATE
EEVTERE, BEBRMNO/ 0 O/ 075 vl A& fer b B i RaEAt
TEF RSP, Bk ET L (4.2) 71 (5.2) BRI — E/obt—E AP B
BIARR, EAOREE, WAL (5.2) A (5.3) DEASTHIMEEQ,, & (5.2) 1 (5.3) &
R ER TR, AT SRR, EERER (5.1) E—RRRER
I—EEEAMOTE, DEW (5.4) 2 EWESNTIE, HEE HERELTETS
=, AEERIHERT, B8 (3.26) 5.
B2 LK, RIVEE (5.2) 7 (5.3) 7740 (5.1), XBEENTR

P a0 1k, 0U, .
E—Qak<a+2k 5, , (5.5)
S@[f - aa'yaﬂésflyé'a (56)
Hrpip
ayy a2 _ kl/k —kg/k‘ (5 7)
g1 (g2 ko/k ki/k )

S 805 (5.3) FRIRSENS &, BNSBRETRIEH R ERRHAN RS E
J153 8 S, s A, BAIFIIE 5 EIN—M, & (5.6) &R (5.7) BERARERHE
HRRECEIAK, Hhk Mk, RIEEH ERERARTHSE, |

B, £(54) ZEREENME, SRAREON, RS
okoks 8?°Us 1o 9%°U,

%% & 92,07 2% 05.02"

BEIKEIRE, WHERFESREE (5.4) BAEENHRE Fooa®/2k, BHERATE
ATEEUR

%,
Oy

(5.8)

{[(U0)a + (C)a B} = Ea? —0.

0* (kaks Us 1 0°U, 3(Us)
k2 (k k 07,0z 583:@8,2) P oz,
(5.9)
FRATE (3.26) —%, ARTESERNER, YTHEBRER-F R EERHRA,
B ERh TS S, RILE (4.5) 7 (5.5) B3

9 O p oo (1 ke  kakgdUs 10U,
(Co)aBl = 7 [2 k?( & Tk k e 282) 0

18




SOl P A RIS, i B A AR (ST 2
DGR, ATOEE (5.9) PEHSINAE, HETEBTEKT 5 MM E LT G 85
IR RSB A TR, RN, WERASWIEE (RS, BEREE) AT
AL, 5 R A A A B R R A R, I — R R R B
B R, HERBEAR S IYERE, WE—RIER, (5.9) % (5.1) FayEES,
EATA (3.26) 5525,

19



BINE  RIRNSE 2 BTER

b ERAT AR AR S EEARMNT (BB YR B EAETKE L RERTE
LEFERR), EERTIEIE wave action BRITSE, BHEFHEAERHER
(5.9), E TEHERMYATEHKENREEER LBREER, H—BRERMENT
FriflafE/K T g8 B LAY RS MRE L, R B ERIGI R~ gW (3.11) A
Wi, BB ERE, BEEERE, BHRER® EE A ERe, 0F
ERER |

% e S IENEMERS Smith (1975) @ FER perturbation scheme, KH field equation
£ Laplace equation @5 ERIER AT 5158 AR ERHGTAAE. MR TR REE
R G, AR REER, AHERERIEIELE. h—RRR G/ LS
BB KB FESER:, AT LIFER Smith (1975) K582 Euler equation 2EES
7, {BER (4.6) RTHEFTEAER Smith (1975) 85 (BEH 2 perturbation
scheme) FREEEAP BRRER, WERTERMES Shyu & Tung (1999) K5 xR
SRR ARM VT AT R

THFARE, £ Shyu & Tung (1999) WA EREER Smith (1975) FESR
wave action TEEMRKEIMFIERFSE, BERT wave action BMEEZEHERR—F
WASFE, WERTHRMER AN EREAER (5.9) KEIHERMNEW, Bl—7E
NEE A E AR ERITE S EAE =2 A EREN (&SRR IEEZ
), IRELFER Smith (1975) #9453 (F (4.6) A TEMRNVER), RLET—ER
TR 5 o1 F BUE 77 R B A B P S RO AR AT

ETHRB=MGRRE, BiRTIRMR, WREGERIGENE, RERMHERHR
FEAE S HPWriiEERER, B9 = constiRERFITHMR, Edr = 0%
(FRElyEh) BISELR (BBE 3). N —EERT, x5 MK scale factor h, FIHERF
ZILEHEE, ey RE scale factor by, BHEEHR EZh, B, Blh,Erh Rz #t

xr
R(y,t)’

Heh RRERCBFPE, K—BEEARARBEER, BRARERFTIRZLE
REREEERA—EER, RRATEEEA—EER, EATHRASE=ZS0HEIH
FEEBREIE, SAFEANE, HAFTRAR i RERR, Mo AR R
BRI, PR AT RS (singularity), BRRER B K TS ERN T2 BT
R, B — e SN RS A =B ERY WKBJ SR, S R ERRHR

hy=1-— (6.1)
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] 8 2 B AT R
L — R EEARRIR S, BANBEARTOBIER, WATERESHNRE A,
FOKEMBI ] KRS

n = a(z,y) explix(z, y, t)], (6.2)
BREES ERBEAEERTIERE
=X g Lo OX (6.3)

oz’ Y h, oy’ ot

W (6.2) Zx(z,y,t)ARa(z, y) MEBHERME (3.11) EFFE. B (6.2) 1 (6.3)
B ERS
on

__. T T :’ .
o ifk; +TIn =0 (6.4)

BT = —i(1/a)da/dr. [AE, EH— NHEEEAR ERTAT, BIE RS H BRI AR
—(E R B R LIS, KRR ES (6.2)-(6.4) BT, HAES ASHE
MRS, B (6.2)-(6.4) WZa, x, ky, k,BTHE—ETFEEIRD, Hh1EA
BT 2K RN, Eno IR BEBA ASHERRSE (%2 notis), FiLE M
AT AR H R

0 :
5~ ik + Tiln = 0, (6.5)
on .
‘ o — il + Toln = 0. (6.6)
BRI A BRI S B, BB LRI (6.5) 7 (6.6) HAS
0 0
{a—x — [k + TQ]} {% — i[ks1 + Tl]} n =0, (6.7)

BRk BHEY (TR, SN EEE T NTE, RETHESEY), MR
(RS TERER L A ST,
¥ (6.7) EBIWA

o' _
or?

[i(kml + kyo) +1(T1 + Tz)} Fri [kmlk:zﬂ + (kpoTh + ki Ty) + iaak;l n =0,

(6.8)
H Pk Rk, A6 FEE, B RS R R A S AR S R . BRI —F
WERIE, Bfisem (6.5) B3

Ohk1 /0 — Oksa /0w D Ohipa/Ow — Ok
k$2 - kxl ox “ k.’c2 — kiEl

n=0, (6.9)
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Hoy R ERESHZ — B ERERREE MR, ¥ EX50 (6.8) HmME

% + [=i(ko1 + ko2) + Q]g + [—ka1ks2 + Pl =0, (6.10)
Hrp
P o= (ool + b Ty) — ibenlle o thon/ 0,
(6.11)
Q = —i(Ty+Tp) + Hemle=fhaa/Or

> (6.8) 1 (6.9) MEERIHAGHE 2 WKBJ BRE, SULEERERE (6.10),
Mk (6.10) F0 (6.11) 2k Mk, 2R, B RS AR (6.10) 0 ERHE
e A B F R B R

B ke, kye,a1 o, EEER LR singular, MEMEESKHEI B LIRS, B
It (6.2) 2 BRIEZENBRBRINEREAPERNT, Bt EEE RIEEE AR B
IR —BRIEM ISR, RS (6.10) f1 (6.11) FEEFEER kL, ko a1 Fa P
singularities FAHIEM, & (6.10) &R (6.11) FEHEH LB regular, AIFHMEEH
(2% Shyu & Tung (1999) 2 (6.22) XA THEHIIXF) HHE (6.10) /RFHEAPERE
REKHT (BEERBREA, &30k ke,0 R BEE, EEMNEEEER) Bt
BETRBFIGERA, B,k ,01 Max i EHERRRN (4.4) REGEEFHER (5.9) B,
H singularities B (6.10) REMBTEHTE2INE, RI—FETRIETS 558 AR
BERERE L.

BER (6.10) ZENiE, axBfAs

1

n = v(z,y)exp { 2(X1 + x2) — /Om %2 dx} . (6.12)

fRA (6.10), % REEHIETEOQ/ O MQ* (AR HAQIEHER LB reqular, AR
RB=58EMN), 7&

O
Ee) +(H 4+ G@)w =0, (6.13)
Hrp .
H= Z(kzg — k1), (6.14)

1 (Okn 8&:352) (6.15)

1
G=P+§(k$1+}€x2)Q+§< Iz + a7
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F Smith (1975), LRz w8558 AR ERHHEI R L PR RS
v(z,y) = AoAi(—r) — Co(dAi(z)/dx) =, (6.16)

HhAi(z)%& Airy function,

3/2 / HY? dz, - (6.17)

Ay = (%) cos( [y 3G/HY?dz),
(6.18)
Co = r Y4H Y4sin (- [ 1G/HY?dz) .

BEEEA (6.16)-(6.18) AR 2 (6.13) =, A EMRA (6.13), WM Airy differ-
ential equation ¥ (d*Ai/dz?),—_ A —rAi(—r)BR (2F Abramowitz & Stegun
1972), 183
2 2 2
% TH+ Gy = aa:;OAi(_T) 38;0 %f; A

EREEE (6.13) TE2MEE, BE AMCEER LR regular, BIEMENKE EEGR
EEHMER E—RERIEEL, REMY_BERETTRRE, XX CEFEENER
A5, B (6.13) A (6.19) MZEZERAEE, % (6.16)-(6.18) MR (6.13) ZIiE.

BETREMAEZEALER (6.10) REBTREER LES regular, MAZERLE
By, B A Shyu & Tung (1999) KA. BAHBERBMARNE, UREER
E(Uo)s + (Cp)s = ORIARILETH, by k2 T35 — double-valued function 2 Fi{E
branches, H¥ branch point BIiifEE#HRr = 0L, EIEASHZ phase function
X175

(6.19)

2 3/2
X1 = ldo+ du + da? + - + = [(—'1/11)1/3(—.7:) o (620

FROREDEIR 2 BEE B e = O ERHRhREE, 2R
Byt B, 405 (6.20) fAA (6.3) AT

k. = [di+ 2doz + O(x?)] — [z + O(z2)]V2,
hkp = |+ Yha 1 O(@?)] — 458 (=) (~2) + 0]
(6.21)
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http:6.16)-(6.18
http:6.16)-(6.18

T (6.20) #0 (6.21) Z5—{& branch, IR ERFEZ .'phase function B
o

3/2

(o0 o=a) + 06| (622)

Wl o

XEZ[(lo+dlﬂI+d2$2+...]_

ke = [di+ 2doz + O(22)] + [tz + O(z2)]V/2,

2
bk = |3+ %s+ 0] + 358 [(~4) 7 (o) + O] "

(6.23)
B (6.20) FI (6.22) WAL, 7E (6.12) HEY X1 + xo EEEIR LTI regular, 5—HH,
B (6.21) O (6.23) A&
Ll e 2
H= 4(k$2 kz1)® = iz + O(z®). (6.24)
W (6.13) PR HIRE regular. B B, BABRRGEER LS regular(HERER),
WHGo = Gz = 0), JHE

- [ e = 2w a P+ 0) (6.25)
JQ
& €T
- / %G/H”Z dz = Go(—1) ~Y2(—2)Y?[1 + O(x)]. (6.26)
0

¥ (6.25) RA (6.17) TS

r= (=) (~z)[1 + O(z)]. (6.27)
B LIRS regular. B4, 1§ (6.24),(6.26) # (6.27) RA (6.18) TRERS
Ag= (=) V1 +O(@)], Co= Go(—41) ¥[1 + O(x)]. (6.28)

= AgFUCEREAR ERER regular. B (6.15) B k1 + koo AR (6.10) BB kyr koo TR
BHRERS regular, #H EERIFTREBRMIATEE, & GHQIEESR LS regular, AR
% (6.10) REMEWEE (6.12) FEER RS regular, BHANSKMERIHGHIQERE
RS regular,
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BED EEE, RFSERE (6.12) & (6.16) R&E AR rBORRE BTN

Ai(—7) = 7Y% gin (§T3/2 + %w) , (6.29)
e |
(dAL/dz)pe—p = —7 27 cog (—3—7"3/2 + %71’) : (6.30)

#eE (6.12) A1 (6.16)-(6.18), WHME (6.3) I (6.14), AR

1 1
N =a;expi (Xl — Zw) + ag expi <X2 + ZW) , (6.31)

o = JrVRH A e [T 3(-Q 16 HI) da]
(6.32)
0 = JrVRH VA exp [[74(-Q G/ HI) da]

£ (6.31) FHIMEESBIBARNENRG K WKBI ##, {BE—=1E688E AR
EAREGER, TE SNSRI (6.31) AREXBERFOTR. EEMELE, BE
Ha Mo EER EBEEEK (BF (6.24) k (6.32)), BRMPAEA (6.32) Rk
2 AHRER (5.9) KBHGHQEER LR regular, HAEUT,

TR (6.32) Hofs, WEM (6.14), ELE

1 day lakxz/ax — Oky1/0x

10a 1. o ey
e = 5(~Q -G HY) - SR (6.33a)
i%_l B _ 12 _lakmg/am—akml/ax
o = 5(CQEIG/HY) - g A (6.33b)
Tir (6.21) & (6.23) W41, fEEMHSE
10ksy/0z — Ok /0x 1
SR ——— = -[1+0(@)]. (6.34)
H—FH, 18 3 2 BELAHA, HEREEAER (5.9) Uk (5.5) Al ISR ASTHE
R 2 IRiRE (s :
10a L 1 i po
25T T T O T TE ey g {0+ (G 5
1k, 80, 11
(04—5?32) +F+2_§1—33/R' (6.35)

25


http:a-+~---+F+----(6.35
http:6.16)-(6.18

ERZBRR—EVRBWHRAE S ZERMRERENESE, FRIEEH (5.9) hiyMs
HVIE. B EELREIEEMELRNE, EEEEREMEERMUE MRS ERE
B, R Gm R ERIR IR, Bk B TR
1
Vi

WTIRELETRZ ABEE (Un)s + (Cy)s, MITERARMSE

o+ Gz +-- ]+ [+ &z+-- ] (6.36)

(Up)z + (Cp)w = v/t1zldo + daz + -] + [e12 + egz® + -+ ] (6.37)

(EAPRHEFREER L (Uo)s + (Cy)s = 0, &eo = 0). B (6.37) Bl

1 s,
2[00+ (G 82 (0 +§_ AR {[@) + @157
< ;kk aei)} 1+‘W+ 1+ \/%[ﬁo+ﬂ1x+--~]. (6.38)

HWH (6.35), (6.36) F1 (6.38), TEBSELEHRERH

18@1"#18@2“)' 1

~

a1 Ox as O 4z

H—ERM (6.32)-(6.34) —¥, REBBLERUE

1
] ~ Ay ~ 5’27“1’!2}{_1;4. (639)

TR (6.36) 2C/vUnTk (6.38) 280/ Yiz, WERE (6.24), AIBHIE—iG,
= 2(Bo + (o), HhGoRGZ R=ENRBEHIE—E, Al (6.33) 1 (6.35) MY&, &M
FREE AR AR IE Go(M AT R GIEEER LR regular), B—FHH, H (6.36) Z&,
(6.38) Z—a1/4,(6.35) 2EE—EREMBRZE—MREL/2R, BilE (6.34) 28—
H (RBEEEE), AIMHREQ. h—BEr#EENEEGHQZREREFNE %
B, &E (6.32) 18a1 a2 BLETEER L RERSET AT HITIE R HERRE,
RIGHIQIEEMRK S regular, T (6.15), PEEEMERIRE regular, E D HER
(6.10) REMEATHE (6.12) I (6.16)-(6.18) Al AR ER F REKT.
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EEE SN BUER

£ E—FEPRMEEH, B o Mla 2 B{CEERIGIREFEEE HER (5.9),
R NEE R _ LRI e 8 RS, BH— IR MR AIES, AT (5.9) TERERRMT
M REREIEMER M, MahV8 ML (AIEERIRERA, HEFIEZLE, o ManBTRE
i, THELGEE AMRE LU R ), BRTEEEH, ERERRMGRTE
KRPT R BUERR, M AIRRAT R ECEL, DASERRTE b — S AR A AR AT MR m] (e FEARMT 3T, 3
LU 2 B A8 S ERTE.

BELHE (EENZ—EH4EKERE), BB RN A S AES,
wave action fEESFE, B WRMERRENEIMTE-E TR L, EHHRT, £%
ThE—EEN A REENER, ERMPU L —ESc8 (STRER) BEERER,
RIRBEESMMIRBU{U (2, 2),0, W(2)} Wz A RNELREBHNIRER 2%
(3.1) THEAHHN), MEBBUNEIERSREw{u(z, v, 2,1),v(z, ¥, 2, t), w(z, ¥y, 2,t) } 1
BFip(x,y, 2, t). WCEBRFUEL RN, BIBRAER field equations £

(U W w12 =, (7.1)
o UG+ Wo +wil + 122 -0, (7.3)
R (7.4)

EXPEETEROU/0z2, BRTHE—THLEE, ROABRRL—HESESHEIHEE
(RFE M, HWIt—BEEME vorticity equation), FEH—{HRT,(4.6) ZEHREA
BNE-NE_HERE AEZHIBE (R ABEHRANEEREEE MR
BRHEETHE), 8 wave action B ¥,

B _HEWE B—EFRE, BT En AR ENE L, AREE (R (3.5)), HERK
4no = 2.587rads ™!, k, = —0.94radm™"!, B40U/9z = —0.0077s71,0U /0= =
2.5 G —1EE, HEEEERRATTYE, BUy = —0.6712ms '8, Up+(Cy). = 0,
FERE T A (WL, = ko = 4.8%radm ™), R EEKEL = 0, I

Ulzx,z) = —0.6712 — 0.0077z + 2.5z ms™"
TR EE RN, LA

W(z) =0.0077z ms
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BT ARBRMIGEERR(7.1)-(7.4) FRBREE. B%, EAHEE L2 EHER
PR T B (3.10) RS

— 4+ U—=4+n—=w. at z=0 (7.5)
HEng R EERH
D= pgn at z2=0 (7.6)

(R (3.16) TE—EEERRNA). BiF (7.6) KA (7.5), WHROp/0t = —ingp,

o U o U
p  Udp poU_

pg p—gaaz ;);83) N
B0, HRRMETEREKE, &2 = 0.92mB(H#0.73EREZEE), Fu =
0, p =0, RIEEZ 8 T,

HPEB RS ZEERENFERT, B HEEy B LB Hexp 1(kyy—not)
TRWE, AREMTREES By = constfl L2 @ FUEHEURERESE. MB—FH,
fer = const@ b, Bf%EEr = —1 mEZER Gt HR—(IEHEERN0.8E
WRAIERE, A Shyu & Tung (1999) = figure 15 "4, FEHBR E WKBJ
f# (6.31) I (6.32) EFEA, HRzFK, & (6.32) a7 (6.39) B, EItH
(6.31).(6.39).(3.3).(3.13).(2.11) BAR (2.12), AF BARZRTIR AN EAZAHEE ",
ZEFEAECENEE, 2 = -1 mBEZEMEHTES

w. at z=0. (7.7)

T %w‘%H—% [%kml — %01(87%/?2&(];:/161)} "7 expi(x; — %?r)
L1 {%ﬁ:kmz 3 %az(é‘éi/f@;iz/kzq €% expi(yy + %{W)’
Vo= %W_%H_% [Z—jky + %-m(&?g/fzggz/kl)} e expi(x1 — ivr)
+%7r‘%H—i [%ky + %02(5507@9225!2/132)} "% expi(xa + iw),
w o= S EHH (o)t expiGn — gm) + 5rmEH (i)

, 1
expi(xz + 77),

28


http:EEfhrrt-{:V:IilMm*~~0.8f

ZE) = %ﬂ""%H“%[g — 01(8U/0z2) (ka1 /k1)2]e" expi(x1 — éw)
+%W‘%H'%[9 — 02(9U/82) (ko /ka)2]e"” expi(x2 + zi_w)’
Hp

-1.0 -1.0
X1 = / kzdx + kyy — not = / k. dx,
- Jo 0
~1.0 ~1.0
Yo = / kzodz + kyy — not = f k.o dx
Jo 0
(R B RIEREy = 0,t = ORFAYBLERE).

B, BeRE (MrRA) B, B (6.31) HHE, EEARRABESAZ WKBJ

n = %w'%(—}})’% exp [/ %(—Q +iG/HY?) dx}
0
cexpl {/kq«z de + k,y — not} , (7.8)
Jo

Bk, 2 EHBIE, W EXARE—EEL IR E, B XhAREEE
SPHEEER Eexpi [ [ kra dr + kyy — not] IRBEEFEw v wllp L, MBS ERFH
ZRE—EEFEGR, £ = 1.5mi

o : 3

% = 1]{}3;2?,6,

P .

o = kv, g
b (7.9)
5 .

5‘2 = lkxzp. )

B (7.9) PEESRAHEC —EEHECE, WEEREMREENMEYE, | field
equations (7.1)-(7.4) B#E WS HER. §%Eov/dy = ik, # (7.2)
(7.4) FIEREE B —E R AR, WiRFv. BT (7.1) 0 (7.3) FIRREE,
BT RERK (7.1) 10 (7.3) Yottt A ERZHAMEE S u w . p= R A EE
Z M FRER. EEAERE B uO?U /022, (W /0z)0u/0z,(0W [03)0w/dz,
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wdW/0z0z B (p/p)02U/05>& T4 (RVAEERIEBIRB(L), /15

—ingge +2?,’7{§“+U§3+Waigz+3—“’3—U+1—P—0 (7.10)
~ino (35 + 3 )+U<gg+3zaz) (aag ) +k2 =0, (7.11)
—1no"’“’+U"’”~”+W§lg’z+;3"’$gz =0. (7.12)

iR MEABRENGE—EERRRARE (7.10)-(7.12), BEBHEREL, B
g R (7.7), AW (7.11) A (7.7) B, R REHLMS, EE

19p 20Udp 1, 0% ow

pOox p3x8x+; 'a'ﬁ—g%=0 at 2= 0.

HeRF 7R (7.12) B 08 A forward difference S HTM, HErE IR
HMAERRERA central difference formula, 3 B8 FE A EAME R b2 386,

ERMESTEHEBALERCuw. pER, BEREBHKREA L = pgn, HHBEH
KHELZERZpER KHEnE, HERAIMERNE (6.12) ik, AMESE 4. HE
4B BB BERET AR RREERR K, RERE, £z = 1.5mEZ
5@5’?15‘# (7.9) XFR (7.8) TiRIECRER L, WEREEK (WBERKFS KL

#), BRI, HE4BRMIAIHEE, €L —FERTESHRENTREE BN T T 0w
/2 field equations,

30



mailto:lfL@:~H!ffl;1t.{fuj�W
http:7.10)-(7.12

FBNE fEREER

BRWKENRTEE—RE. =i BEENER-SEANRLE, BWEXTELRA
e, R RIBR ML, WAERE R B Bk kSRR (JRENE
#R) EWIHEE, RIRRAEEREREZIREREAER, —AE Voronovich
(1976) SN FEFIFHFTEE Y action conservation equation A—2, HERTY
£,Voronovich (1976) NMEFRHRIEETIFEEATER, At —ESEREE HRT SR
{LGHE, B FEEsL BRI A S —EENE —RE- RS R EE S RSB
M AT EEERE _BEHI AR secular condition ZR#E action conservation
equation, {BIEFE—FEITIZ local solution EERAEFAZH #4 action conservation
equation BIEMIEER, SERE—FHE, BniRMe LOEREEE A2 B
$R12 (AN AT E B E—PEEZ local solution), #ILREE —FETE+ BEAIEEN
(MM EBHER &R REERRES &), TR ZMERESEEEEYE, BETE
HEEERAS REREHERZ secular condition R EF R BB HER. I
—RIF(EE Voronovich (1976) EHERE _FEHERZ secular condition FTER
] action conservation equation #EEJEAR B AIHIEDR, B wave action 1145
B

BHi AT ERHRERE AR EREREEARERX, H—ARMERN LS
EHRAK, BEEHENERHFYRESNREREREESHE (HEFARES
1R, BE §iRY ARERMLER A R RATE 2N T R EERAFIE, 58 LR
ROHFFREMESVRAEBERRESHEIE—EATER, WEEFENEELEXTS
AL, AREHERERMESNEEBEESIERN, SHHRNEERZKER
mECAR A B MR EMESNEREBEEESEER, WEMNERE A REARE
HYE R,

MR KA E A EADHERNRORIEEER F2BRER (R (6.39) & (6.24)),
Bt WKBJ Rk FE RIS FEAR b RCE S, R BI7RFER Shyu & Tung (1999)
75 R B AR VT AR AT R I —RRAT AR R, BME R A B AR E I FER, WEER
ETE RSB TRRERNE,

T E AR RGBT T EE WKBI o828 (AR EAEE) B
HE, BE2YEERLER singular, HALE L2 8EERITHINEBLIRET K
fEEAER, AEL 2B singularities 78 L& RS EHIEE, EERIFTESZE
RRIE R REAT MR R AR _ERER regular, BRI P18 RS B4R I . AT RER HER
ELHEE A JERPRERIT, WREEH, HIRMIREERBER ERHEERIGES
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WRY, BERER, ERERY —ERROE L, BEBEBNETEESHEER, @
BIEETHATERREE, BHib— (B EER LSRN, S singularities
MEEABIE, BRI AR RRER P B R AR s H A 2 =

FELULERL, FEFEE—FRECHEEZ: —BE#EAfY action conserva-
tion principle BBREE, HHBMAREE. —RATEMESZINEREAER,
HEENEREPEC HRENRREEY. ZBEVESCREREEEREER R
SR RAVRATAR, RIS TR IR BES BRI, W REEER FER
FREOHEER . AT EE _FHERAERNRR, RE2HEEEER— T i,
BREESSISMIEHEZER KSR EER. E=FRHETEE— T8 R
REVEFTE (W RIER B iR M B IER), HiERE TR ERERNRESHE
BF WA ERREM. 56, MIRFERNEEEaE R TIEREST 8RR
RN — [EENEFRARERBM A I1TH.
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TREE 2007 ZERFEOMRRRUELHRFEER (2/4), T REERIAFATEEEN
HEHL.
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“BH (6661) Suny, 29 NAYS WH¥Y—H “BEEREYZED
YT W LM ZAT—WYSE ‘AT ENMETE
WM W EEREMWE WU 2 X B EWA R T
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LBIEMP AT A E
MAREFEERAREFH .

HE LM 28R R Z AR S IR R IR BT FAME AR 2(1/4)

AT A0 EBE LTS TS

S MEBTABREMBR2ZEL AT B AR I

— 4 EEHE:

1. BPRAEH A E > HIEy
B BA R -

2. BMIRERBEZWA T TAHBHP
B R(EIR)ZAFEIL T #E -

3. A2 AKFHFAnHEBERER
A A NTHEA B > 2kt XA
TN RHATI| AR TR -

hall e

BRHHE e

BRBHF R e

B AT &9 3L 5T @ A N R 2 KT 3 R
GHBBEEN—BAERL 2R BEEH
HEO(REECRERE —BEXFZHHA) -
Mg R KT RS IE R FRAa
[F) 3% # X85 > B A] 49 WKBJ approach
BAEA O MEHRA RS RE Tk
RoKAR > RLEBAE DT AB KR
28 o

—REEEA:
1 BRHEREETHT R ELNELS -
2. BT F AR & (stream
" function) &k & IE -
3. EBMEEHEAEET ARG
iR EH )TN -

[ury

AR ERBECHRENEIESE

AR THER BATARERED
FEXZEFRN+ToHAZE XEFLES
SERIBA-BRXFRA 0 L RAR
BAEA—BXFETEINLB -

HALEFF Y E 4 — 4 Laplace

equation > 1248 § = &4 Bk ey 4 4
] % v 3 — 4 Laplace equation 8 4t

ECES G PN-FES SEIRE

PR 4 BAE PR E (] he
043y KT fows » 4202 ¢/3y* BT &
) HBEEEERALBERAE
— W@ RMEMRESENAZ
#eo BHBEFEXG L)y =E
FHREMAE BTN EEBRA KRB
3k 421+ & 75 & Euler equations (4% 31
A220))AR 8 bk & _E6yid k4
SN ASBAFRIRBEE T 24
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% & vorticity equation 3| A JELE M
¥ 12 vorticity equation K & 77 &
Euler equations & 4 -

FHEXEKE:

1. AR EREAEM B REMEEL BCHETE -

SHTAER e 2. B4 THE%BEER  —EPRHARA

2 WHEIFBEBEPREZERIF RIR=ZFHTHERE -
fm 3RER o 3. MBFMERR AR OETS  BrE

3. BEABP KRB ARBIE| RYFTARE 25 & ] HTL%
WE A E - & ok Ak A A M8 % 8% > Thomas (1981)

R T REIE BRI MIE
%o AEARBRHBEONA )L E
7 KB Jonsson et al. (1978)2 —#
WeMIER o FOME AR ER RS
& BRI DUIR AR AR 0 Bb AR R
EHAUE O EBRRAAZALKEN
HAEABRKOTRYE THBRME
S 8dosb— KRB REEAXENR
SHR R EZHENRENER &
BIERCHBIERARSRIAA X EAF
Feyies -
CREZEE:

L. RBFRF — F %A AT k|l Rty -
MR Z K EAER A2, T3 — R IABA R T e Fo ik
EHLEHRAEA R HEMR HAMEREZEMR -

B BRRESR BT AS T3, AN T PAoABH RN Y2
FE RBE LAF _FPhART R

2, BBHIAREEREH WAL HMGERAZIREF AF T Pk
Z BN EHB  RERRE ST FHRF-

B BIRMATER > FEBRA RS AN T P E AT HES
RAEAZERRA > AT A RZERBHT - BN RIS
verification e PR A SRR R EF - R s

3. M ER LE 0 MiwR| Foh B AEBRALEGERZ LI
¥ HolERSSEEE 0 Biv kR

4. BIMRZAE XFRHE | FHEF—FumRESHARNE
B XA giant freak wave---| MRS AEBHERBEYHFE
FoAXZBRIARAGTHERE | FEHEHNEZEDQFTZ o
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5.

6. HEJHIIFHRRNAKL -

HH AT E (Lo R RHE S

duration %) - A AR B35

RMFD BEE EMETRRTSG.

S A MEE R R MBS
Mz et EBA RN -
AR=ZFOMEHETEAS
£+ EBEAREHRA -

B4 K E P A WA kR = F oy
it E A
AAXPAERMGE > FRE—E
I F 0 BRI T EL ALY E A8
HooMBRS LB R BT
IR A —(ELEBFF > BBP B —
EFRRALR AEREABERER
FMME MALHAVHFXFRHAL
EL BN EHA S RELY—
FEVHR O KAHEKRBEE R m
B B AEIFRAAL -

i -HBEEE
AF RAR R K RA @ A& |1
VR AR S A BRI R AR A2,

1.

2. B EBERMELLETTEBR

4. R4t A A A R RBIER KR

R R R Z R SRR
HABERASA B -

AR RIS dosb 7T T AREUR
BEABORR R R AR ERMR

Z M e 3.
3. RRATTHRERZLBZMR

1R A A 2 R

SER SPE AP X S
S E L

BB -
BNAFEOTRELREEE &
BBARE YA L ES S 8
B RMBERALE Ao A M E K
B K AR RE - R E R
AEGEERE O RERAHBATESE
JERIMEE F RS -
AXBRFAEF OB BOLREL
FREBETE SR U B WR)TES
AP 2 A RAE (R Shyu & Tung
(1999)) - M kR ey st E AR T8 5
TR AR B H TR HOk R
TREIE R E VBRI RS AR 2
Ho ek EETRE -
FILABREISZ AR 5%Y > MR
B8 KBHFRATGFE > 4£ 2000
Akl koseny TiLE 3k BPETHEIL
R 0 A SR AR A 6 R R T A A
B AR ATIRIT W -
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SR BRI BRI AN RELENES
BT R psE(1/4)

PRERRSH L. (&MK) (Shyu & Tung, 1999)

2 L6 o

s
"é:";i%
.

=

EEE S R AE R FH K o slopefs A =+ fully nonlinear waves
~ ARBEFERR

A2 85 P I8 AR AT 84T T 4 A JE 410 U 4E A% X initial guess !

ABUTERE: RERHBTHEENBRAL -

Cg
/N
\/ \ R et
< U

SE-FRGMRARNERAER R 2 BRI -
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g4 }

‘ A A
A B 7 \/ i\/

- |
i3 %R
(%) (3)

AR EETRG ORI BETRAR (AT REHEX)!
Case1: X WS AEFE Y ey BALTRRB(MIEL T &)
&1 1% 4 ¢ perturbation scheme ¥ 4§

. % ""F}éb: fu}(l}” [ {E:% + kg f{;)(l) — O

gom W (B2 = R

o F =P F #2 A Z secular condition ¥ 3 &
§— Az 4 % #2 X, (Voronovich, 1976) -
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4% %|action conservation equation:

oI )
%Gl =0 )

H ¥ wave action density

h " /
- '] () 9, Y
I / (2@:31;2) (w)?dz + (wf, + 2w§k2> (w

12 w® 2 local solution & 7580 & AL 1 = & kI3 FoikiEa
Z [t M 1% X
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