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FINAL REPURT SUMMARY
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Project Title Continental Shelf Waves and Large Scale Ucean Circulations
driven by winds in the Yellow Sea
Name Organization & Address Title
Principal
Investigator 1g—Chan Pang Cheju Naticnal University
Department of Oceanceraphy
Counterpart
Principal
Investigator
Ist vyear ’nd  year
Duration &
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Total ¢ 4,500,000 Won)

Summary of Completed Project

The Yellow Sea Warm Current is one of the important Yellow Sea circulation phenomena. it
has been known to flow into the Yellow Sea through the Yellow Sea deep trough. Nowadays, it
is very important to clarify whether the Yellow Sea Warm Current really exist or not. However,
the Yellow Sea circulation driven by winds has been a little difficult to understand,

It has several benifits to understand the effects of winds through the coatally trapped
waves. Therefore, in this study, the theory of coastally trapped waves has been developped
and applied to the Yellow Sea, and therefore the Yellow Sea circulation has been analyzed.

From the application of the theory of coastally trapped waves to the Yeliow Sea and the
calculations by the developed wave model, we reproduce the observational up-wind flows through
the Yellow Sea trough, which means that the theories and wave models are correct over the
double shelf topography. One of the important results of this study is to explain the shift
of up—wind axis to the China by energy dissipations.

The successes of the theories and wave model enable us to understand the Yellow Sea cir-
culation and finally to present a new circulation model in the Yellew and the East Chian Seas.

KEY ~ WURD Coastally trapped waves, Continental shelf Waves, Yeliow Sea Circulation,
Yellow Sea Warm Currnet, Circulation model, Wave model, Shift of up-wind axis
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o9 1, ofsrd i E ] $ Al%e vliKorea Waves, China Waves)ofA
2 3 mode-S 2] cross shelf #8b2] 4o uls),

(ol 58 #F& ztzh 400kng} 80km)

2% 2, (A) 1st modes, (B) lst and 2nd modes, (C) lst to 3rd modesE
AR3ted FxF slgmdie) #Hel, A2 Korea coast, ¥41-Z China
coastd ulel YH AL 2 ol exjHoimMe WY,

o2 3, (A)Y 1st modes, (B) 1st and 2nd modes, () Ist to 3rd modes-&
A} 85fod L8 S&2] w3z, A& Korea coast, 41> China
coast-& mhel Y@k M o Hoizl ARl HofAM2] wEkd.

O™ 4. 19899 2 2o BHY izl Z2] (1242 05.0°E, 34° 58.9'N)
S&(HHdrz A g E ARstod wave model B 3t v
(A

YW 5. 1989 -] ZigxtzolAM 3 WHAdFE2l wind stresses

13 6, 5 1st modes of continental shelf wave® At%stod L% cross
shelf w#re] si5we] M2 channels] w3l REF(Fshe] B4
sled)oj WM ofyia] SAEZ AU AAFF K2 ofFE E.

C{A) o] zx] £A4e] -2 melm (B), (O, (D) S8 oyl x

fqr

E4do] UE

2% 7. =uje] 1240 30 mpE = wfEchnie] 50m FHof viebibe 32
o Bel 5udzk (1989 - 1988 T4 T H 7)) HE

2% 8, 10d3te] F SR AR E ARER F2A8M

Y 9. FEANLIFR FET Falvs) sieaede) SA2d 2o

2710, R #FEo e Ryt Sxivs) sieepe] sA2Y 43

21l REAes) WdEor Rt ExuUs) seee] Sy W2

Y12, dxPAE 2oie abdst ssfel gxviEie] s 29

™13, AHe3 o Ee 50nd 29 SF2¢Yd FEE (from Kondo, 1985)
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gije] st Bols BN WAE F ¥sisl FH (Trough) L

el Heow el fd il EadrE e e Aot A

pje 2o Aoz wach ¥stHFE vobsie 2 FE 2reba ubek Mg
© Mz2 s iz fYdsls siH =AM Uda (1934 elsl Mg AAH

ojg) L MEQ wolEo A srh.aely I iy Eel Sl widl £+
o] M7l e (Kim Lee 1982, =% 3 1983) ek g EYY %
3)e) sjdago] titt MR W27 WA

aey Belsieene FHuste W AHFE ol slego] Mol o

osx s|Mstziz Y& zelrk. 2= ol s METHE o7} ¢l
M SMaz®sr obgel wyel olg slaegusiel BAel HATHL,
B oolgof M ubtol 2l WstE "ekel siea iy AFSRA sk,

sberof olat wE e Ustr] YsiME o wel sleu AARIISE
(Weather Frequency) zrE ti# %8 3t2 (Continental Shelf Waves: 2k 5j of A
L Kelvin Wave 7} xgtglojok sp7] whFol dHshA= Costally Trapped
Wave) o] ®shod adste ol ofel Slde] vt 17 gleirMe 41 %
sher oo shAx ol vhEgEshrt oA UEhERE foroksted 2 oj
£ uelo 2 Vave Model§ Ap-&3tod shfmizt shwel WS 2| 4k gk,

A7t Sojol H2H RYEE £ RHoIHM v (Choi 1982. Hsush 1988

Steady Wind-& -3 ¢ ol & g uiolgtl (Park, 1986). eI R
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H oderg gs]r] {8 ol glom g ol 2 oY wpye g Mg
4 5 gde wdel uh. ojoful sy Wave Model 2 s R W 2 (Analytical
Model) tide] Ualgd o2t Wy & sl Adol st
th &8 3otol oizk 3 7= Buchwald and Adams (1968) 7} th& £ 3 ol & &
ZE3 %k ofef iR zZ2 wivkel gl oiEEof whsbo W el ok,
2 F oS RA%S e vS s AAdesro] Gill and Schumann{1974)
of ols) ¥sza ot g 2YgA4E wlel of &) Brink and Allen (1978)
of 2is) Hzigied Mk oA E RYPE B Lo)e 7t nodeE o] Coupling
deozith, 2 Z2el: Computer® o] 230 Coupled Wave EquationsS-2 74 4f
st9l 20y (Clarke and Van Gorder, 1986) Wave Model -2 =2tSof slcioed =
S A1 3ch. ol2i gt Vave Model & S BolM Hadste gigdeo) ML AY S
e £3ln ofz] Wave Mode52] A%t g wilE: dels £8-5 Furh.
ey tisEsteE zl & dtokel s s 2 $ub ofvjel Submarine
Banki}l Trench 52} od2] #efe] aAlsdolM s st & zisio] vf3t 17
£ 72} Louis (1978), Mysak et al. (1979, 1980, 1981), Brink (1983) &
of o]sf S28%lojna z+2zt Bank Wave®l Trench Wave® Wi elgch., orsrdry
-+ Pang(1887), Hsueh and Pana(lgég) Soll 28y Aap
A By FFEU SRl S olFe b 0 oM He 7 &
dayt Aoz 3 Haes vl $2 Rog vepuoh £ o
FolME ol E 7I2E uKEs ol 25 wrlE AW S EEAL of

&3stod &sie] ugol 2wt S-S AH R obuE,
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2. stk o) &4 (double shelf) 2] ujf 84w}

2.1 A} %3} (Free waves)

AL-2 H governing equation-& 3 13 z2rch,

(1) with a exponential topography

exponential topography oA & v & But2] sidars si=] el
stz whFo] 4 g d uiEEolA shel vlE A 542 A3z ¢l
3] o] 3™ x| ¥ & A-2stgth. dispersion relationZ H&22] 4| 83 o
o 2 Hz2 Yd S uEsEnte MR gy weog ssie £
Agkel st 358 o 4 sloh (522 A 10-3).
T HEE Atojol WY sAAYE do £ oRE Aol HE H
=3 WY A $£520 A1l el % zie) S}H uE &5 Adyel s
o]

§ 8 Afol2] vz -2 glol double shelfd grE 24$ = algtel u)&-£3}

it

2 Buchwald & Adams?} 5o & v Hute} 23t 2aiv & of

Mz Asre A "ok (2829 124,

rir

3z o 7| = horizontal flow divergence & R A7 #] ofsb7]
of o) Kelvin wave = LhEpLFR] @=1v}, (o] 3f=x =x]sicll horizontal flow
divergence & R A Y -9 slMeH szt Fehalz 7] mRo o X

2} linear topographyol A Argch,)

{2) with a llinear topography

o]l A zxjtd2] thEFEsle 7] EH 2 % exponential 3 x|% 2| 2

e} ek, aelyb o] siA a8l o= horizontal flow diverzence 2} & 27}
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ZYrelgdtt, dispersion relation & H&E32| 4 158 LA H A A F oA
2] thE-EotE velul =l exponential s§ A ®|83e) 7aA(L 2202 A8) e,
A mode & M3tz ok, YA mode= Kelvin wave o|ti. table 1| £

glofr 3]zl dispersion relation2 Ab-2%fod o] 7322l A 3 podeS 2

phase speed§& 7%t H o8, case 1 -2 #trte} shelfzt Bars| 7l 2 glsied
d3) 30 & A9, case 2= 3tiut2] shelf 7} shelf break 2 W2 3ol g

shel 3 ol

o

732 0olnd, case 3+= % shelf?t *d%i 3l= double shelf 73
$ojtl. divergence %z £ shelf waves| phase speedd 3427 1
Kelvin wave§ 2 A|glch, 32{v} case 12 el shelfrt 312 442 2
siel ds] -2 Wl shelf2| o] Rossby Deformation Radiusof sl 2o
9 divergence I 2l T & 3+ Kelvin wave?} A4 &| =] 9=t} (case 1
2] tRE Fo] 100my ul). ojo} © 5] double shelf 7§ o= shelf o]
ol2eg] #telx divergenced 2}7F U2 7L Kelvin waver} A A sich (shelf

o] ZEo] table oM R}l v 28 Aoz MM,

itfo

divergence 25 ZUy S of A8 = ML nmode?t Kelvin wave €&

22, 2y divergent wave olm, E % phase speed 7} < ufo s stvd,

_23&. 1+- double shelf wave % A ¥redAM A 3 mode2| cross shelf 344
we] WEE veld Ao g A npode Kelvin wave, £ 2 mode & lst mode
of continental shelf wave, M7 mode = 2nd mode of continental shelf
waveoltl, Kelvin wavei exponential #}> 3 A3%tm, thd mode = 3hihe)
node, th&-& 7782 nodeg 7tzlch.

continential shelf wave2| phase speedt shelf2] Zof vjgfytr., 784
L} Kelvin wave 2] 3} 4.2 continental shelf wave 2} 2| shelfe] 2o

vl e jF g o 4 3lth (case 3). ©] % 2 Kelvin waveZt £ ¥ ufo|m 4 off

el sl stfe] Ao Wzl whFolch,
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{3) extension to a short wave case
tfgolie 8 Eute) ol &2 whule] 2 ertal HARZo O3 A
REB42] Al 212F ek, el e HA F oAy sk Mz, 5 U E
223 de] HelA 92 B S Mol (REEH42] A2y 7hziel U
= HEuwtlojs o EFH

o
ol
4o
3
tr
of
2
2
I
i
-9
1
i
[\~
|\
o¥
=
H
2
ol
o

of 3¢t Fz FMsiu}l ghupel e wtoE st 213 28 modef
s T L84 = B W M

+ 2} 2} phase speed”} 0o]l &&= 3l# -5 7Fxla sitt.

{(4) Orthogonality of Eigenfunctions

double shelf ¢! 74 2ol® eigenfunctiont orthogonal%t & <

4 glv} (R E5), 182 E forced wave?!l 73 2 eigenfunction expansion-®

Ab-ge 4 slth.

o] oA 2 ube} zFe] double shelf topographygl %ol sbfe} W
tro] wktial F A %2} wavego] gith. of vt aAbntel A sty Eu2
oA Bt g 2 EZo] F3 zsdstalgr ghuped F o= 1 odtniz 3

woh 2t ddole aulel sh4g ZE Thob Yen 3 thgel mode & b
%ol X2 FolEch, divergence L 2-E F A Aol A pode = Ist
pode of continental shelf wave ©o|i} divergence T 27t = A% Kelvin
wave 7} Hrtk, aelul oFskd S HoMd e oW Apos divefgence el X
7} B A]¥ 4 9ltl. double shelf topography o4 divergence-§ 3 Aj%}gi

Ay =
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e

Kelvin wave8& glHEele <rsrd whs R $142 Fa35 £
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2.2 A s}t

e]of 4 %k double shelf topographyojA 2] shelf wave ZH & F4
o &2 eigenfunction expansion-g AF-23%) A st&E T3l ck. single shelf
gle] ztol™ e ofmo g FMstE wprb gl miFof A4t 2ol Wet ok

Hrte Holuh, ZAAsE Fste 2ol single shelfe}t 7Moo 2s ¥

iv]

3t7] wpEo] AMY Hd2 Adesta chgol Hawg ddstoh

(1) 2929 32 2tz A, Rdws Sd@, Aol #e A
o

A2 mode§ Ab&3lod sl4wiz H45 FF Aol 2¥ 2¢) HaE 2

M7 mode el sea levelof o} 2 oisrgbg Fol A mode?} 7}
A onre odyrE 2 £ 9l22 o 4 wUrk, e ¥ 32 HaAaE 2w oA

2 moded= velocityo] #12] <2 Fxz| £3%n £ node?} v F2| A

o2l 392S 4 4 gitk. 18 2= double shelf topographvol A i

o

7.2 ghe M Eo| Kelvin waveol 23) ZAEE 7 o H4-2 72 &4

de

1st mode of continental shelf waveo] 23} Z gt FAlcl st
4 PE = age] A 3 mode THE AbH5ted Eslelg S st AE o
4 slch,

(2) 294 M 3 modeZ Ab-2stod AH4rgh fH@ el A HHAE
gk Aol Y5 o] mwj A2 ubghe] W& A el wind stress b g ol
tl. mooring pointt 124° 05.0'E, 34° 56.9’'N(station Byo & 333fe] &
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(3) 1¥6-2 1st mode of continental shelf waves& AF-§3tod cross
shelf wrerel si4mg vetyd A 22 channelofM st e sheh HF &
(A7) M e Zajel BF Z)rolA wkar e sbE g4 Aolok., zzre| A=
wbab€l wp7h o U AlE YAl ggkg WS RE duAE HY ol (BAE
D &) 8= 72328 leldch, shelf waves cross shelf W8l o g2 =
geostrophic balance & o] £ 7] ul %o cross shelfe] s+ Byos FE
alongshore current2] ®wrer& o 4 sgith, A2 H vpgh2 £o] obax (&%)
22 B BE Ao & sigedMe Fo] ¢F (BoMe HF)2 HF
7b B713 Fd 5] o] v (Hsjod e EH2 MF F ALHI A
Agvk, el st oy g dxl @S By AEFel "7l channel

e} Zofxof £ xst=ul ¥l ] (channel2 -2 station 31) oulx| & el

|

qe5EF MY 9K (FsloM e IS Frog ol Este HalolMd AF
F2] &o] FIUKoR ol EY ol %F HYH Fvub. channel2| F Fol
atgl 2 wj 2ol 2)s) whaEE 3kl elualE H$E AR AEFRol ol FE
2 A2 z2MstME velys 22| BRge] FIFHLE ol Feh= Az

22 gAoloh (g B 2H 2 Kelvin waveol isf A Heh).

ol o) Wae channelel YA (shiolatel 714 2 YA Hol 1%
o2 g 4 9eg 2ol UMY ASg oY & UM sHEC)
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3.4.1 FeidF oo S EFe ddl

HejyrEe] Ea]j: Uda (1934 of 23 AAlEgom o ol F %
sle] ZoelEe ddElo stvr. Telv 2ol g EEivtEel Sl u

gk 2ol HsjEo] AMz]E]oen) (Lie, 1984, 1985: Nakao, 1977;

aln

1991) Fsl v Hrl vtaA aelgjoidol 3 RodFa v, Fsiviiol v
¥k elzie] ttE A Uetu e olge 4 155 Ut Aol vtEr

-+
o] AHoltl., B 288 vyl HgMe] neade] xhHa2 BRI HAME

o

og HAED JEHe YEFZo g &48 ol (Kondo, 1985 %=z, 1989,

1990) sl F a7t #sls H9% stsdol AEgHoE oy AFHA=
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71e] elojxlch, el g SuGHFr AEHE vheryba] Sfon AHE Yo
ok S xjgbchi= zis|zl AMAl Bl ol (et M4, 1989, 1990),
3G EE Bdsts ol Hole] BMAERI sia2 EEol 2wA

7F obv)e} Hakef 2lsjM vrebyttle 2lW R Stk (ojeh H, 1989). oAl
#ale] S4zko] BAM Yyoz PRt gle Aol Trgtoh. Feke =4
S22 7F Habof 2jgt Aoleld AHEE S HEe SxMstal @A Hcoh O
g BaidEe] £arF £d3¥eoezr Rdoe HAstan p2ade] ¥
F47 Bule §U9 54 ofel molM veluym stk o EHA %
R e o9 o) Fgo] "asteh. Hsuehs (74l Ml wi) HF
Aol Rulksaol Sar Ao FFol Tk VHY £ FAY £ UE
2 2o FeictFel Weds 2vh, #uidHFaol 2 Hwe EFE AF
Mol AABEYY Fohrt ndBE7] AME wAl Yasih, st U

28 sty W2 ol g del w©x] Hikel 2isfAMub ol £ H £ UEA

B 2B 57 o E-o] et HAarelny AHgHol Mol T A2
b2 gejdo] ARl e (Uda, 1934) oyt R HU sz EF
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Table 1. The phase speeds {m/sec) of wave modes in the cases of (a)
a single shelf adjacent to an infinitely deep body of water, (b)
a8 single shelf adjacent to a region of constant depth equal to
the greatest depth of the shelf, and (c¢) a double shelf. The
greatest shelf water depth is 100m.

phase speeds (m/sec) of first 3 modes
case shelf width
(in kmn) 1 2 3 -1 -2 -3
non—-divergent 6,16 1.17 0.48 - - -
106
divergent 5.83 1.16 0.47 - - -
1
non—-divergent| 30.78 5.84 2.38 - - -
500
divergent 12,84 4,62 2.15 - - -
100 divergent 27.10 2.21 0.70 - - -
2
500 divergent 15.90 6.41 2.84 - - -
non-divergent 7.29% 2,68 1.38) -1.97; -0.64] -0,31
500-100 -
divergent 14.70 5,31 2.371-24.181 -1.92 -0.31
3
non—divergent 8.37 2.93 1.48} -8§.37) -2.93| -1.48
500-500
divergent 15,23 5.76 2.551-15.23} -5.76] -2.55
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(X% 1) Field Equation and Boundary conditions
Small perturbations to a barotropic ocean satisfy the equation

Hpxxt + Hxpxt + Hpyyt + foPy + (P?x)x - ([fz—wz}/g)pt
= —({fzmmz}/g)P&t + f(Yx - Xy). (1)

In this equation, x, v, t, p, g f, r, H, pa, X and Y refer,
respectively, to cross-shelf distance, alongshore distance, time, the
perturbation pressure divided by mean water density, the acceleration
due to gravity, the Coriclls parameter, the bottor resistance
coefficient, the water depth, the atmospheric pressure divided by the
mean water density, the kinematic stresses in x and y direction at
surface (the wind stress divided by the mean water density). The
subscripts indicate the derivatives

To begin with, an intervening region is put between the two
shelves, that is, the shelf 1, intervening region and shelf 2 are
placed, respectively, in -B; ¢ x < 0, in 0 { x { La, in Ln < x < Bz.
The boundary condition at the coasts is that the depth integrated
offshore velocity component vanishes at a distance from the coast
where the depth is three times the Ekman layer e-folding scale
(Mitchum and Clarke, 1986}, That is, ’'no~-flux’ boundary condition is
applied at x = ~By, Bz and ‘continuous pressure’ and .‘continuous
transverse velocity’ boundary conditions are applied at x = 0, Lm.

Pixe + (P/h)?lx + fpiy = f¥/h, at x = -B1 (2-1)
Pt = Pa, at x = 0 (2-2)
Pixt + fP1y = Pmxt + fPmy, at x =90 {2-3)
Pm = Pz, at x = Lm (2-4)
Paxt + fpny = Pzxt + fPzy, at x = L= (2-5)
P2xt + (r/h)pz2x + fP2y = fY/h, at x = Bz (2-6)
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(2% 2) with an exponential bottom topography

Bottom topography that varies exponentially in cross—-shore
distances allows a simple analytical sclution to the coastally trapped
wave problem which can readily be compared to results from existing
theories, Thus, the first step is to establish the theory with
exponential bottom topography. We want to see 1f the theory recovers
the familiar results for the single shelf case when the problem is
reduced to that of two dynamically separate shelves.

The bottom topography (H) can be set as

[ Hi = Hoexp(2bx), -By = x <0 in shelf 1
H{x} = | Hm = Ho, 0 £ X < Lm in middle area (3)
| Hz = Hoexp(-2d{x-Lmn}), Le < x < Bz in shelf 2

where b and d are the bottom slope coefficients of shelves 1 and 2.

In order to compare this result with those of existing theories,
the horizontal divergence and bottom friction are not included here,
The field equation (1) is reduced for non-divergent, low-frequency
free waves in a frictionless barotropic flow as follows:

Hpxxt *+ Hxpxt + pryt + fHxpy = 0 (4)
The long-wave limit is not used here.

Upon substituting for the pressure, p = F(x)exp(i{ly + wt}), (4)
vields

HF'" + H'F' - £2HF + (f/c)H'F = O (5)
where the ’prime’ means the derivative with respect to x and ¢ = w/¢€,

(5) with the depth profiles given by (3) yields the following eigen
value problems for the frictionless eigenfunction F(x):

Fi*'® + 2bFy* + (2bf/c - £2}F; = 0, -By s x <0 {6~1)
Fa’® - 12Fn = o, 0 £ x £ Le (6-2)
F2’* - 2dF2' - (2df/c + £2)F2 = 0, Lm ¢ X € Bz (6-3)
Fi' + (f/c)Fiy = 0, at x = -By (7-4)
F, = Fm. at x = 0 (7—5)
Fi’= Fn’, at x = 0 (7-6)
Fau = Fz, at x = La (7-7)
Fa'= F2', at x = Lm (7-8)
F2* + (f/¢)F2 = 0, at x = B3 {7-9)

where Fi, F2 and Fz represent the eigenfunctions over, respectively,
the shelf 1, intervening region and shelf 2. From (6) and (7), we get
the following dispersion relation {(the equation [9] is a simple form
of [8]) with b, d, By, Bz, and Ln as parameters:

(-n; - b + &) ( nz2 - d + €) exp(—€La) exp( niB1) exp{-nz2{Bz-Ln})
+ (-n1 = b + £ ( nz +d - £ exp(—£La) exp({ niB1) exp{+nz{Bz-La})
- {ni -b+ £ ( nz-d+ £ exp(—€fLn) exp(-ni1By) exp(-nz{Bz2-Ln})
-~ {(ny ~b+ £ (nzg+d- & exp(—€Lz) exp(-n1B;) expl{+nz2{Bz-Lal})
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—{ni +b+ &) {(-nz +d+ £ exp{ £La) exp{ ni1B1) exp(-nz{Bz-Lal})
-~ (ng +b+ £ (-nz —d~ €) exp{ €La) exp( ni1By) exp(+nz2{Bz-Lu})
+ (-n1 + b + &) (-nz + d + &) exp{ €La) exp(-ni1By) exp(-nz{Bz-La})
+ (-n1 + b + &} (-nz — d - &) exp( €La) exp(-n1Bi) exp(+nz{Bz-Lu})
=0 (8)

£2tanh{£Bz)tanh(n;Bi}tanh(nz{Bz2-Lal})

+ £tanh(n(B:) [nz+dtanh(nz{Bz2-Ln})} + £tanh(nz{Bz-Lu})[ni+btanh{niB:)]
+ tanh{(£Bz)[ni+btanh(n1Bs)][nz+dtanh(nz{Bz2-Lu})] = 0 {9)
where n; = [b2 - (2bf/c - £2)]172 {10-1)
nz = [d2 + (2df/c + €2)]172, (10-2)

When n: and n2 are real, the equation (9) has only trivial
solution, since ni and nz are positive as defined in (10) and also B,
Lam, and Bs-Lm are positive. In order to have non-trivial solution, n:
or nz must be imaginary. When n: is imaginary, b%Z - 2bf/c + £2 < 0,
The frequency & must obey, for a positive wave number, the inequalty,
0 ¢ w/f < 2b£/(b2 + £2), The phase speed ¢ is thus positive in the
Northern Hemisphere, which implies & southward propagation of waves,
In the above inequality, o/f goes to zero as £ goes both to zero and
to infinity. Thus each shelf wave mode has a zero group velocity at
some intermediate wvalue of £, Similarly, imaginary nz provides the
inequality, -2d&/(d2 + £2) < w/f ¢ 0. This gives a negative ¢ which
implies northward phase propagation. For fixed values of the
parameters, we can thus find the real solution wmn(£), B (shelf) =1
and 2, n {(mode) = 1, 2, ---, of the dispersion relation (9). The
solutions can be ordered, for a fixed wave number, as

-2d€/(d? + £2) < w21/f < wez/f { wza/f ¢ —— £ 0 { ——- (:0'33
~—= w13/f { wiz2/f € wig/f < 2bE/(bZ + £2),

The lower the mode, the larger the absolute phase speed. Thus, one set
of waves propagates northward and the other propagates southward.
These are comparable to the trench waves (Mysak et al., 1979, 1981)
and bank waves (Brink, 1983).

When Ln goes to infinity, (9) ylelds the dispersion relations for
two independent shelf waves! '

tan{nsBy) = -ni/(£ + b) (11-1)
tan(nz{Bz-La}) = -nz/(£ + d). {(11-2)

Each of the two dispersion relations in (11) is exactly the same as
one obtained by Buchwald and Adams (1968) for a single shelf adjacent
to a deep ocean region of constant depth.

In the case without a central region (Lmn = 0}, however, the
dispersion relation (9) yields

nztanh{niB:) + nitanh(nzBz2) + (b+d)tanh(n{By)tanh(nzBz) = 0 {12)
This case also recovers the above limiting case when one shelf is

infinitely wide, For illustration, suppose that L; goes to infinity.
Then, b, n{ and tanh{niB:) go to, respectively, 0, 1, and 1. (12)
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exactly reduces to {(11-2). (12) shows the dependence of the waves on
the bottom topography of both shelves, The appearance of the sum of
slope coefficients indicates the constraint of the topography of one
shelf on the propagation characteristics of the shelf waves over the
other.
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(22 3) with a linear bottom topography

A similar procedure applies when the shelf depth varies linearly
in x and when horizontal flow divergence is allowed, The usual
low—frequency and long-wave approximation will be invoked. For most
cases of coastal ocean dynamics, the wind stress is applied through
the coastal boundary condition. Since wind forcing is imposed on a
very large scale, the wind stress curl is usually negligible and wind
forcing is neglected for the offshore interior. Near the coast, the
Ekman flux produced by the alongshore wind stress gives rise to an
Ekman flux convergence and divergence, which drives the interior flow.
Consequently, the interior flow is driven by the wind stress applied
through the coastal boundary condition. In the case of a linear depth
profile, Mitchum and Clarke (1986) have concluded that the place where
the water depth is about 3 times the Ekman layer thickness is the best
place for the imposition of the no—-flux condition.

The bottom topography (H) is set as follows:

I Hi = Ho{x+L:)/Lt ~Ly < x <0 in shelf 1
H{x) = | Hm = Ho, 0 s X s Ln in middle area
L Hz = ~Ho{x-Lz)/{Lz-La}, Lm = x s Lz in shelf 2
The coastal boundaries x = - Bt and Bz are placed at the locations of

the depth contour H = 35 where & is the Ekman layer thickness. The
field equation (1) yields for divergent, inviscid, low-frequency, long
free waves

(HF*)* + (f/c)H’F - (f2/g)F = 0 (13)

The boundary conditions remain as before. For the three segments of
the cross section, (13) takes the following forms:

[(x+L)Fs*1" + aFy = 0, -1y s x50 (14-1)
Fo''® - A2Fn = 0, 0 <= xXx < Em (14—2}
[(x-L2)F2'1" + pzF2 = 0, Ln < X s L2 (14-3)

where m1 = f/c — f2/ga, pz = f/c - fz/g3, A% = f%/Ho, a = Ho/ls, B =
~Ho/{L2-La). In the above, A is the reciprocal of the barotropic
deformation radius and o, B are the slope coefficients for the shelves
1, 2, respectively.

With the boundary constraints (7), the solution to (14) leads to a
dispersion relation that allows the determination of phase speed c.
The dispersion relation looks extremely complicated but its essential
characteristics are the same. As with an exponential topography, it
reduces to two independent dispersion relations, one for each shelf,
as Lz approches infinity (Pang, 1987). When the intervening flat
bottom region is absent, it yields the following dispersion relation
that is equivalent to (12},

aspzJo(2b1)Jo(2b2)Yo(2a1)Y1(2a2)

'[f/C“{#i/bi}{Jl(251)/30(2b1)}]'[f/C—{ﬂszz}{Ji{252)/J0(2b2)}]
~ arpzJdo(2bi)Yo(2b2)Yo(2a1)J1(2a2)

-[f/c—{uifbi}{Jt(2bs)/Jo(2bg)}]-[f/c-{#zibz}{Yi(sz)fYo(sz)}]
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- aspzYe(2bi)Jo(2bz)}Jdo(2a1) Y {2a2)

[f/c—{pu1 /b1 H{Y1(2bs }/Yo(2b1)}]-[f/c—{pa2/b2}{J1(2b2)/Jo(2b2)}]
+ a1pz¥o(2b1)Yo(2b2)Jo(2a1)J1(2a2)

[f/c—{u1 /b H{Y1(2bs ) /Yo(2b1)}])-[f/c—{p2/ba}{¥Y1(2b2)/Yo(2b2)}]
- azu1do(2by)do(2b2)Ys(2a1)Yo(2a2)

-[f/0-{u1 /b1 H{J1(2b1)/Je(2bs ) }] - [f/c—{p2/b23{J1 (2b2)/Jo(2b2) }]
+ aziiJo(2b1)Yo(2b2)Yi(2ay)Jo(2a2)

-[f/c—-{pu1/b131{J1(2b1 )/ Jo(2b1 ) }]-[f/c-{p2/ba{Ys (2b2) /Yo (2b2) }]
+ azisYo(2bs)Jo(2b2)J1(2a1)Yo(2a2)

[f/c-{pus /bs H{Y1(2b1)/Yo(2b1)}]-{f/c—{pa/b2}{J1 (2b2)/Jo(2b2) }]
- as1Yo(2b1)Yo(2b2)J1(2a1)Jo(2a2)
[f/c—{p1 /by HY1(2b1 )/ Yo(2bi1 ) }] - [f/c~{p2/b2}{Y1 (2b2)/Yo(2b2)}]
4]

(15)

1]

where ai (1L4)172, a5 = (—pz[L2-Lel)1”2, by = (us[~-Bs+L;])1-2,
bz (uz2lB2~Lal)t72, puy = f/c - f2/ga, puz = f/c - £2/g8.

It also has two infinite sets of eigenvalues ¢. They range,
respectively, ga/f { ¢ < 0 and gB/f > ¢ > 0. For the range of ¢ for
which ga/f < ¢ ¢{ 0, the waves propagate northward, being sinuscidal
over the shelf 2 and decaying across the rest of the channel section.
Instead, for the range ga3/f > ¢ > 0, the waves propagate southward,
being sinusoidal over the shelf 1.

1
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{(# &4) Extention to short-wave case

Extending to a high-frequency and short-wave case, the field
equation {1} yields for divergent, inviscid, free waves

HF’® + H'F' - £2HF + (f/c)H'F + (w2-f2)F/g = 0O {18)
Upon using a coordinate transformation, x1 = x-L¢, xz = x%-Lz, and a
sloping parameters, a = Ho/Li, B = -Ho/(Lz-Lw), (1) yields the

following forms for the three segments of the cross section:

(x1F1")" + (=12xy + f/c + [w2-f2)/ga)F, 0, 0 < x1 <Lt (17-1)
Fa'' + (-12 + [w2-f2]/gHo) = 0, 0 < x < Le (17-2)
(x2F2’)' + (-12x2 + f/c + [w2-f2]/gB)Fz = 0, =-Lz+Lla < xz < O (17-1)

The corresponding boundary conditions are

finite condition at x1 = 0 {(at x = -Ly¢) (18-1)
Fi = Fz2 at x1 = Ly (at x = 0) (18-2)
Fi1' = Fu' at x3 = Ly (at x = 0 ) {(18-3)
Fu = F2 at x2 = -L2+La {at x = LaJ (18-4)
Fu' = F2° at xz = -Lz+Lm (a8t X = Lgn) (18-5)
finite condition at x2 = 0 (at x = L2) (18-8)

The solution of (17) are, with the coordinate transfornm,

Fi = Cexp(-1€iIx+Li DM{ay,1,2]€])Ix+L1 1), -L1 {x <0 {19-1)
Fn = Aexp{mx} + B exp(-mx), 0{x <1ln {19-2)
Fz2 = Dexp(|£]fx-Lz]1)M(az,1,2]€{fLa-x1), La € x € Lz, (19-1)

M is the confluent hypergeometric function M{a,b,x). A, B, C and D are
arbitrary constants and a;, az and » are given by

ar = 1/2 - ¢/(2}¢fw) - (w?-f2)/(2g}€la), (20-1)
az = 172 + £/(2}€lw) + (w2-f2)/(2g|€|B), (20-2)
n = (£2-[w?2-f2]/gHo) 172, (20-3)

There are two confluent hypergeometric functions M(a,b,x) and U(a,b,x)
to satisfy the Kummer’s equation. The finite boundary conditions are
used to get rid of U(a,b,x) which has a singularity at x = 0., The
dispersion relation is

tanh(mLz) ([ 1€]|2+n2JM1M3 ~ 2|€12a3M1 Mg ~ 2}£€]2aM2Ms + 4] £€[2a1aaMa2My)
-~ 2]€In(M1M3 ~ asMiMs — asM2Ma) = O (21)

where My = M(ay,1,2|€|Ls), M2 = M(a:1+1,2,2}€&[Ly),

Ms = M(as,1,2|€|[L2-Lm]), Ma = M(aa+l,2,2}€}fL2-Lal).
(21) includes the continental shelf, Kelvin, Poincare waves.

In the case of a sufficiently wide intervening region, the
dispersion relation (21) reduces to

(L1€]-mIMy - 2]€laiM2) - ([}&]-mrIMs - 2}€]asMs) = O, (22)
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which yields the dispersion relations of two independent sets of waves
as follows:

Mi/Mix = |€}/Li(|£]-m) or Ma/Max = |€}/(Lz-La)(|€]-n), {23)
since Myx = 2LiaiM2 and Max = 2(Lz~Lm)asM4. For non-trivial, a; and as
nust be negative, which give the positive and negative phase speeds,
respectively,

In the case without an intervening region, the equation (21)
reduces to

MiMs - aaMiM4 ~ ai1MaMs = 0. (22)

This can be changed as 1 - asMa/M3s = atM2/M1 = p, therefore,

Mi/Mix = pi/2L4 if a1 < 0, as > 0 (23-1)
Ms/Max = p2/2(Lz—Ln) {p2-1) if a1 > 0, az € O (23-2)
where p1 = 1 - a3M4Ma and pz = agMz2/M;. They are dependent on both

shelves through p.
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(2 %5) Orthogonality of eigenfunctions

The governing equations and boundary conditions for a double shelf
topography are as follows:

(alx+L11Fin)’ + (—£€%2a[x+L1] + fa/cn + [02-f2]1/g)Fin = O,

-L1 < x €0 (24-1)

(Blx-L21Fza')" + (—€28[x-Lz] + f3/cn + [w2-f21/g)F2n = O,
0 ¢ x < L2 (24-2)
Fin’ + {(f/cn)Fin = 0 at x = -Bi (25-1)
Fin = F2n at x = ¢ (25-2)
Fia® = Fzn' at x = 0 (25"3)
Fzn' + (£/cn)Fzn = 0 at x = Bz (25-4)

Multiplying the equations (24) by Fa and integrating them across the
shelves yvields

[+] B2
J Fiam{alx+L1]1Fin’ ) dx + [ Fom(B[x=Lz]1Fzn")’dx
-Bi O
O B2
+ (fa/ca + sz—fz]/g) J FiaFindx + (f3/cn + {wz—lelg) J FznFzndx
~B1 Q
[4] B2
- £2g j fx+LiJF1nFindx - £23 J {x-Lz]FinFiandx = 0 (28)
-B1 G

By integration by parts and using the boundary conditions,

aLiF1a(0)Fin’(0) + (fa/cn){~-B1+Li)F1m{-B:)F1a(-B;)
+ ALzFem{0)Fzn’(0) + (f3/cn){(-Bz+L2)Fzun(-B2z)F1n{(-B2)

[+ BZ
- J o(x+L1}Fim"Fin'dx - J A{x-L23F2m’'Fzn’dx
-B1 4]
O B2
+ {(fa/ce + sz—lefg) [ FimFindx + (f3/cn + {wz—lelg) J FzmF2zndx
-Bt [+]
[+] B2
- £2a j [x+L1JF1wFindx - £273 [ [x-L2}FiaFindx = © (27)
-B1 o

Interchanging ® and n and substracting them yields

L1 [F1w(0)Fia"(0) - Fin"(0)}F1a(0)]
+ L2[F2m{0)F2r’{0) - Fzm’(0)}F3n(0)]

[+ B2
+ {f/cn - f/cm)- {a J FimFindx + 88 } FamFzndx

~B1 0
+ {L1-B1)Fin(-B1)Fin(-By) + B{L2-La)F2m(B2)F2a(B2)) = 0 (28)

The first two terms are zero by the boundary conditions. Therefore,
when p is not n,
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4] B2 B2 .
44 J Flqundx + 3 J FZmFZHdX - HFan =0 (29)

-B1 4]

-B1

To see if (29) does not hold when m = n, suppose to the contrary
that

B2

= 0 (30}

[+ B2
a J ¥1n2dx + 3 J FZnZdX - HFnz
-B1

-B1 0

Multiplying (24~1) by Fin and {(24-2) by Fzn and integrating them
across the shelf ylelds the following equation by the relation (30)

[+ B2
J F]n(a{X+L1}F1n')’dX + } F2n(£[X_L2]F2n’)’dX

-B1 o
B2

- (leg) J Fnidy + (f/Cn)HFnz
~-B1

B2
=0

-Bt

Integrating by parts and using the boundary conditions (25) leads us
to

B2
J (HFn'2dx + [f2/g]lFn2)dx = 0, (31)
-B1

Since (HFn’2dx + [f2/g]Fa2) is always positive, the assumption (30)
creats a contradiction. Therefore, (30) is not zero when m=n. This
leads us, with (29), to the following orthogonality condition.

4] B2 B2
a J FinFindx + B J FzaFzrdx - HFuFn
-B1 o -B1
= &mn (32)
O B2 B2
a [ FinZ2dx + 8 J Fzn?dx -~ HFn2
-Bi O ~-Bi
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Effects of winds on the circulations in the Yellow and East China Seas***

Pang Jg-chan®* Kim Toe-hee**

Summary

In the East China Sea, the distributions of Kuroshio system waters are extended in the north-west
direction in winter, to the enirance of the Tellow Sea. and withdrawn in the south-east direction in
summer, to the south and east seas of Cheju Island . This seasonal variations seem 1o be.reiated
with the seascnal variations of Tsushima water transport in the Korea strait, The analyses on the
seasonal salinity variations in the north-west seas of Cheju Island show the necessity of water flows
to and from the Yellow Sea’ This could give a clue to the present arguments of the existence of
Yellow Sea Warm Current in winter and also of the south-extension of Yellow Sea Bottom Coid
Water in summer, As upwind flows driven by seascona! wind, the water flows to and from the
Yellow Sea drive another circulation in the East China Sea and thus result in the seasonal variations

of water distributions,
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