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abstract

I One of the major issues on the dynamics of Jupiter's atmosphere is
its vertical structure,especially in the depth. This issue remains @wolved
even after the direct entry of Galileo probe in 1995. It has been suggested
that the vertical structure can be inferred by comparing the behavior
of large-scale vortices, such as Great Red Spot, with those in numeri
cal experiments with various basic states assumed (e.g. William39b) .

In addition, the recent reddening of White Oval BA may provide addi
tional hints (Simon-Miller et al., 2006). In this study, | develoge a three-
dimensional model based on the primitive equation model of Bousssq
uid and conduct some preliminary numerical experiments on the large-
scale vortices. In the standard case, whose setup follows that okthase
G1 of Williams (1996),the emergence of small scale instability wes in
eastarly jets and the gradual development into a coherent vortex resem-
bling Great Red Spot are reproduced. The plan of future research isal
presented.
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1 $0$8%a$K 6

1 $0$8%a$K

ILZ@1Bg5%$$K$0!"BS>u9=B$!"Bg@VHC!&GrHC$ISIMM!9$J%9%1!<%k$N12!"MK1@!"$ISISH$$SCS?Bg
5$8=>]$,$"$k (2 1)14#$35I$iSN@8@.!&0];H&>CLGIKAXSISKNOIXE*$I%a%+%K%:% $r2rL @$9$k
$?7$a$KSO!"Bg5$SN1tD>9=BS$SrCNSk$3$HS, I, \SGH"$kI#$ S5SKSISNL\EAROB G/!" Galileo

probe $,L.Z@1Bg5$$KFMF~$7D>@\4QB,$roTSCS?1#57$+$7!"FMF~$7$?COE@$,'V%[%C%H%9%]%C%H!\
SHBFSPSISk4%AgS7$?2>1=j$G$"$C$?$T¥aung, 2003) Bel=@-$r7g$-!"$=$b$=$b#1E@4QB,
$CH"$CH?SHIS P& I3SHS+$iSh!"A45e E*$I1tD>9=BS&AH@.$rCNIk$3SHSO$GCS-$IS+SCH? 1#$ $2!"
Cassini spacecraftsJ$I$,@V30@~4QB,$r9TSC$?$,!"Bg5$?<It$"$G$04QB, $9kSISHS, $GS-$F$S

$J$$ (Kunde et al., 2003)#$D3"$j!"LZ@1Bg5$$N1tD>9=B$IKAX$9$k>pIsSOHs>0$KITB-$7$F
SEBK!#

H$3SNLZ@1Bg5$$N1tD>9=B$$r?dB,$95k%R%s%HSHS7$FBg5, LO1 ¥EiHiedhis(1996) $O!"
1tD>9=B$$rIMNB$ISk$3$HS, 3G $-$k;0<!85%hb%G%k$rMQI$SF?tCM<B833r9T$$!"Bg@VHCSKISE($9
$kBg5,LO12$N@8@.!&0BDj@-$K$D$$SFSDO@$7$?1#$=$N7k2L$KApSES-!"$5$"$6$"$I%Q%i%a!<%?
<B833$r9T$$!"Bg5,LO12$K8+$i$ISKCIN) @.AXSNJ, I[$KCeL\$9$k$3$HS$G!"LZ @1Bg5$$N1tD>9=B$
$r?dB,$G3-3k2DG=@-3,$"SkSHIMS($i$I$k 1#$7$?76aG/!"LZ@1$N;0$DSNGr$$12%,9gBNS7!"0I$D
$N123K$I$)!"$=3I$, @V$/$I$C$?1ICT@VHCSIN=P8=IK#$33I$bLZ@1Bg5$$N1tD>9=B$$r?dB,$9$k%R
%SY%HSKSISkEINSGCSO$I$$$+SH; WH0SISk! I>\: EOBRG=R$Y $k! k#t$=$3$GK\8&5$G$O!"LZ@1Bg
5,LO12$KAX$ISkMMI9$I?tCM<B83$raT$&$3SHSG!"Bg5,LO012%r:F8=3$7!"12$NOBDj@-'&@8@.$K$D$$
SFDASY!".G=*E*$K$O!"LZ@1Bg5$$N1tD>9=B$$r?dB,$9Sk$3$HSKD) @ 0$9$k!#
HSH$3SMSG!"2tCM<BB3SrIT$&SKSOLZ @1Bg5$$rA[Dj$7$?Bg=[4D%b%G%kS, |, MWSGS$"$k!#8=:_$N
$H$3$M!"8=<BE*$JJ|<M2aDx!&6E7k2aDx!&1@J*M}$I$I$r4"$s$@K\3JE*$I%h%GY%k$OB8:_$7SF$$
$I$SHLZ@17?0G@1$rA[Dj$7$?!"2t>/$I$$Bg5$%b%G Y%k SNOISDIEBISEMowling et al.,
1998)$,$"$k!#$75+$7!"$3BN %% GY%KSO1tD>:BI8SSHS7$SFEY290L:BI8Sr:NMQ$7$FS$Sk$?$al"CIN)
@.AXIU6a$G 1tD>J}8~SN2rA|EYS$,0-$/$ISCIFS$7H $&SHISS&TGE@S, $"SkI#$D$$j!"K\8&5f$GCe
L\$7$7$$Bg5,LO12$N@-<AIJCIN) @ .AXSNM-L5$I$I'KSI$I$, $&$"$/1=8=$C$-$I$$$38HS$, M=A[$5$!
$k!#$hSCSF!"1tD>:BI8$SHS7$SFEY290L:BIB0I30SN:BI& $b$7$/$0p :BI8 ) $r:NMQ$7$?7%b%G Y%k
$,,MWSHSISk!1#$=$3$G<j; OSasKz":BI8Sr:NMQS7SF$SSKVilliams(1996) $HF1$8#3<!85%b%G
%k$r:n@.$73?1#:#8e!"$35N%b%G%kSr$h$j8=<BE*$IBg=[4D%b%G%kIX2~NI$7SF$$S/M=Dj$G$"Sk!#
118=:_$0%F%9%H<B83$H$MAllams(1996) $NDI;n$roT$SCIFS$SSKI#K\O@I8$G$O!"8r8_$KIQ
$oSKEI@>1W1J%8%'%CY%H!KSr=i4|$KM?$(!"$=3I$,I TOBD|$r5/$3$9$33HIK$h$CSFBg@VHCENSh$&$J
Bg5,L0$J12$,@8$8!"D9;~4VOBDj$KB8:_$7$?NWilliams, 1996 $N%1!<%B1!IK$r>R2p$9sk!#

IIBh 2 >03$G$0!"Bg5,LO12$NNO3IXSKSD$SSF2a5n$NB&5IEN%6I%S%e!<$DFGL&EBO!":n@.
$7$?%b%GY%kSKSDSSSFEN2r@b$roT8&@BE$O!":#2s9TSCH??tCM<B83Sr>R2p$95kEBO
$G$O!":#8e$SNEBK>$HS7$F!"CF@VHCIN=P8=$+$iLZ@1Bg5$$N1tD>9=B$$,?dB,$G$-$k2DG=@-$K$D
$SSF2($I"Bh 6 >0$G:#8e$N2]Bj$r=R$Y$k!#




1 $0%$8%a$K 7

M1 %+%C%7!<%KC5::5!$KShSCSF#1F$551$?LZ @1 SNA4BNA|II 2D ;k8w!K!I2h A|$K$O
LZ@1$NBS$H<JI!"Bg@VHC!"GrHC$,$J$1$,$_S$i$INASA photo journal PIA04866
(http://photojournal.jpl.nasa.gov/catalog/PIA04866)
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2 Bg5LO12$NNO3X

HLZ@1$NBg@VHC$AGrHC!"3$MNSN12$KBel=$5$I1$kOGC @1%9%1!<%k$NBg$-$J12$0!"IP:_$9$k8=>]
$G$"$k%8%'%CUHIAGHSHOCSCHF!"Hs>0$KFC<I$IB8:_$G$"Sk!#$=3N$h$&$IBg5,LO123,$ISN$h
PEIKS7SF@8@ . $5%I!"SISNSh$&SINOIXE*%a%+%K%:% $GO0];}$5$ISFSSSkENS+SHS$SCS?LdBj$O!"
1990G/Be$KF~$k$"$($"$G$O<gstrallow-water(SW) modelJ@u?eJ}Dx<070!K$G5DO@$5%!
$F$-$?1#NCcSH($P!"Williams and Wilson (1988) $G$0@u?eJ}Dx<070$rMQ$$$?2tCM<B83$r9T
$$I'Bg@VHCSKAJEV$ISk12$KSDSSSFI'"%6=%j%H%sSHENAX O "$+3$i$=$NOBDj@-$H@8@.$K$D$$SF5D0 @$
$?21#S7$+$7!"1tD>#1AXSNW model $G$0!"?eJ?9=BSSKAXFISKNO3IXE*$IFCD'$r5DO @ $9$k$3$H
F75+3GS-$I$51#8=:_SNB&5FENN.SISH$7SF$O!"1tD>9=B$$d29EY 9=B$$b5DO @B Rithke

Equation(PE) model(%W%j%_%F%#%\V %BMEbe%$3 <!85%b%G%k!JO"B3@.AX%b%G%K!IKSr
MQ$$$F?tCM<B83$raT$&$3$HS, <gN.$HIISCSFS$SKI#SHSO$$$& SWINBN el SKS*$1$kM}
O0@$00"B3@.AX%b%GY%k$XSNEEEOS7$KSISkSH; WS0S$ISk ! #$-38h @At SKS*$1$k12$N
NO3X$N>R2p$HS7Hilliams (1985) $KSh$SCSFF3=P$53I$?!"MM!9$3%I1%8!<% $N1?FOSNAj8_:n
MQ$r5-=R$9Sk$NS$KE,$7$?7J}Dx<0$GE3&neral Geostrophic Equation(GGJ}Dx<0) $r>R2p

$OK!#

H$"$?!" SW %b%G%k$HO"B3@.AX%b %G Y%k$KS*$1Sk12ENNOIXENAX78@-$KSDSS$F!"CIONEY $K$*$$
$F$QANderson and Killworth (1979)"@VF;$K$*$$$F$M®larshall and Boyd (1987)$,5D0@
$7$?$N$GANnderson and Killworth(1979) $KSD$SSF>R2p$9Sk!#

2.1 @u?eJ}Dx<0703$K$*$1$k12$NNO3X

NOG@15,LOSNN.SI$O!I"S[$HSsSICOIUN.$G; Y G[$5SISFS$SKS,"S=SNN.SISNFCD'SON.$ISN%9%1!<
%k$,%0m%9%S!<$NIQ7AHS BBIHF3SH7SFSIS& G "$k$+$KOMBBS7$F$$SKI#FCHK!"Bg5,LO$I%9
%1!<%k$N1?FoORtanetary-Geostrophic(PG) regime (OG@1CO9UIw%I%3!4CHV%9%1!<
%k$N1?Fodatermediate-Geostrophic(IG) regime (Cf4VCO9UIw%I%8!3YAmM4Q%9%1!<%k
$N1?FOSQuasi-Geostrophic(QG) regime £ CO9UIW%I%8!<pEKEhILEISkSISHS, $GS-$k!#

Il PG %I1%8!<% $K$*$1$k1?F0$Ohonlinear divergence e ect (Hs@~7?H/;68z22GHSN9b$5
$NOCSSSKShSCHF @8$8SkHS @-FRENSCSF;Y G[$551!"Dj>0$G6/@)$r$&$1$k798~$K$ "SRG
%1%8!<% " $K$*$$$FSO!I"GHSNJ, ;6 @-SHMPpN.$,; Y G[E*SGHGI#%8! <% $K$*$1$k 1 ?FOSO!"GH
$NJ,;6@-$Hnonlinear divergence$,%P%i%s%9$7!"D9<vedBerent$J12$r@8%_=P$91#FCHK!"

IG NO3X$OLZ@1$NBg@VHCSdGrHCSND9<w!"OLCV!"9b5305@-$G$"Sk$3SHSr@bL@$9$kSNSr=u$1$k
(Williams and Yamagata, 1984)#Nc$($P!" Williams and Wilson(1985) $O0@u?eJ}Dx<070
$rMQ$$$??tCM<B83$G!"=g05ITOBDj$SIN.$I$1Gi 12$r@8$_$@$7!"$=$N12HUD G/$r1[$($k4V
SK7A$A6/$5SrS[SHSSSIIQS(SkSISHSI$/B: _$7$?1#
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2.1.1 General Geostrophic Equation(GG J}Dx<0)

HE=SNSh$&PI!"$5$"$6$"$ICOUIw%I%8!<% $NAj8_:nMQrI=8=$9SkSNSKE,$7$?J}Dx<0$,
General Geostrophic EquationQIHLCO9UIwWJI}Dx3&G$"$k#Williams(1985) $0!'5eLLSN@u
?2eJ}Dx<0703$K$*$1$kCO9UN.1?Fogedpotential thicknessh $K4X$9$k0ISDINIIDx<0SK$Sh$C
$F;YG[$5$ISkS3SHSr<($7$?1#

he r (f 2hr hy)+(f 1)y%hx J(h;hf 2) J(hf LK)=0 (1)

$3$3$G!"BI8 x = a ,y = a $KBP$7$F!"12EVL?F0%(%M%kypJacobian $00J2<$N$h$&$KD)
S5A$58ISk!#

=r (f rh 2)
K =0:5f 2(r h)? (3)
J(h;g)=(cos ) *(hxqy hyay) 4)

(1) <0$KS*$$$F!'BhOI9"$0;~4VIQ2=!"BhFs9'$0J,;6!'Bh;09"$OGH$NEAGE$H9b< 3@ HiDear
divergence!"Bh;M9 $012EY$NCO9UIWSKShSKO\N.I"Bh8"9" $0%(%6M%k%.!|<ENCO9UIWSKSh$SKOIN.
SriI=$7$FSSPk!#

I general geostrophic systen$K$*$$$F!"Cl=c$XKorteweg-deVries(KdV) %P%i%s%9$OIT
2DG=$G%$"$k$,!"GH$NJ,;6$H0Nlinear divergence$N%P%i%s%93,!"FC$K!"B?$/SNBg5,LO12$N!"
Bg$-$5 6/$5, 7TA$=$7$F%9%T!<%I$HSS$CH?1t], $KAX$7SF!"Hs@~7?8IN)GHENMMA|$r; Y G[$9$k!#
N$A$?I"0NEYE*$KIQ2=$9$KOLA]B.EY SKSKShSCSF0z$-5/$3$5$I$k0\N1BHEting $O!"%=%%H
%s%$,Aj8_NnMQSI7A@ .$9SkENSrKIS$.!"$=$N$+$o$j12Harge $9$kSNSr=uDI$9I$k798~$,$"Sk!#
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2.2  @u?eJiDx<070$HY%W%]|%_%F%#%VJ}Dx<070$N4XO"

IIHs@~7A$N1?FO$KBP$9$k @u?eJ}Dx<070$H%W%j%_%F%#%VJI}DXx<070$N4AX78$0!"CIONEY $KS*$$$F
$OANderson and Killworth(1979) !"@VF;$K$*$$$F$®larshall and Boyd(1987) $K$ShSCSF
5DO@$5%I1$?'1#$33NFs$SDSNB&S5ISO!"Hs @egghy wavessKAX$7SF!"@u?e70$0!" X 2t4X2tE*$J
UD>@.AX$IB=H << 1 $N%W%|%_%FYADBEE . AX%bA)FHokS+$I$i6a$/BPL~$ISKSHES$&
F3SHSr<($7$?1#53$33GH $O@.AXS7SFSSSKItI, SN?<$FHH' $O1tD>NNOhSN?<$5$G S "$k!#$33

$+$i!" Anderson and Killworth(1979) $K4X$7$F!"C1=c$J%b%@#&ttuced gravity model)
PK$*$1$kHS@~7?79%0mM%9%S!<GHIK$D$$SF2r@b$7$?8e!"0"B3@.AX%b %G %k$K$*$1$kHS@~72%mM% 9%
GHSNSKSDSSSF=RSY $k!#

2.2.1 1.5 AX%b%G@educed gravity model)

II>e$NAXSNL)EYS, 1I"2<SNAXSNL)EYS, » $G$"SkFSAXN.BNSK$*$$SFI">eSNAXS, 38$r$5$I$F
$*$j (rigid lid) "2<$NAXSO@E;_$7$F$SSk7OSroMS(SkI#S3SNSh$&$I%breduaa gravity
model $H$$$$!"6/@)$N$IS$>19g!"4pACI}DX<070$00I2<SNShSESK SISk 4

111?F0J}Dx<0
u + uux + vuy,  fv = ghy (5)
Vi + uvy + vy + fu = gy (6)
110"B3$N<0
he + (hu)x +(hv)y =0 (7

$3$3$G!'h $0>eAX$N?<$53!'$0;~4V!"U; v $0$=3I$>$I>e AX$SK$*$S1SK(EI@Y J}8~, y(FnKD)
JI8~$NB.EY$SGS'$kit = fo+ U $O%3%)%*%j%Q%i%algh2"g( »  1)= » $Oreduced
gravity $G$"sk!#
11$3$3$G!"40A4$KCOUIWY%P%i%s%9$, @.N)$7$F$$$k$H2>Dj$ISk$H!"$D$ $j;~4VIQ2=9"$dO\N.
9°$rMn$H$9$H!"1?F0J}Dx<0$h$j!"

v=2h, ®)

(0]
u= %hy )

SHBISkENSG!"$33I$rO"B3SN<OSKBeF~$7SF@OM}S9$SkSH!"

g%

he  “5-hy=0 (10)

SH$ISk!#$331$0!'reduced gravity model $K$*$1$kHs@~7?70G@1CO9UIwWI}DX<0$GS$"$j!"Hs@~77?
D9GH%mM%9%S!<GH$rI=8=$9%$k!#
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2.2.2 0"B3@.AX%b%G%k

N<I$K!"O"B3@.AX$7$?J}Dx<070$rIMS($k#@h$[SISHFIMMS$KA40A4$KCOQUIWI?9US7$?>u67$r2>
Dj$9$k$H!"1?F0JI}Dx<0$0$=$I$>$

fv=" p=o (11)
fu= p=o (12)

SHPISK!#S3$3SG!P $O05NO!"y $O0IDj$N;2>HL)EY$GCH"$k!#$ $?$3$NN.BNSO!"@ENO3XI?9U$7

$F$*$jI"Hs05=L$H$ISk$H
Ppz= ¢ (13)

Uy + vy + W; =0 (14)
SHPISKI#S3ISISGMV $Oz J}8~ (2 = 0 $,3$LLSG!"z = H 3$,3$DI) $N1tD>B.EYSGSH "$kI#$5%i

$KI"29EYT $HL)EY>qMp$O@~7ASNAX78$r2>Dj$9$k!#$ $?23H;6$rL5:k$9$k$H!"G.SN<0$00J2<

SNSh$&SKSISK!#

1$7$::O0%a$K!"<I$N$h$&$I mass function

Mz = p=o (16)
$IMQS$SKSH!" @ENO3XI?9UEN B!

= EO'V'zz (17)
$H$ISKI#1?2F0J)DX<QL1),(12) $h$j!"

v= Mfzx (18)

u= sz (19)

SHSISKIHS3SISI (18),(19) <O$rO"B3SN<(L4) $KBeF~$ISKSH!"

M x

w = f2

(20)

SHPISkIH#CO9UIWI?9US7$?>1$G S "$CEF$b!"?7eJ?%9%1!<%kSENBg$-$$8=>1$G$"$I$P!"%3%)%*%jNO
$,0°EYJQ2=$93k$3SHSKShSCHFI">e> W $, @8$8SKI#$3$I$i (17),(19)(18),(20) <0$rG.$N<0
(15) $KBeF~$I$K$H!"

fM zzt MZyMZZX+ MZXMZZy+ foMzzzzo (21)
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SHSISKI#$3S3FG!"<ISNShS&SIA];w2r
M = A(X;y;t) + zB(x;y;t) + C(x;y;t)e"zzf (22)

SIF3F~$O$KI#$3$33G K $O$"SkDj2t$GS " $KI#ShSCSFI"L)EY>qMp>I$01tD>J}8~8K f=k $N
%9%11<%k$G8:>/$9SKI#SIERAR) <0$r (21) <O$KBeF~$7@OMI$ISkSH!"

B«C, B,Cy 2 k
+% F2BxC+ 5AL =0 (23)

o
SHPISKI#$3$3$G2<It6-3&>I70$HS7SRL'=  H SKS*$$SFW = 0 $G$"$k$3$H$(21) <0$KBe
F~$9$k$H!"

A HB + Ce K =0 (24)

SHSISK!IH#OIJ}H">elt6-3&>r70 z = 0 $K$*$$$AM = Mo(X;y;t)(Mo SO3SLLSGSNCH (21)
<0$KBeF~$9$k$H!"

A+ C= Mg (25)

SHSISKIH24),(24) $r (23) <O$KBeF~$OSkSH!"

CHCC et g e ) m T g tMec g iy 1
(26)

SHSISK#$3$3$C!"?7<$5%9%1!<@ok f=k $OH $KHIPY$F> $5$$$H2>Dj$9sk!#$7$?$,$CSF!"
kH=f = H=d >> 1I"e M= = e M << 11" 28 << S $ISISNAX78$+$il"(26) <0$O
0J2<$NSh$&SKSISk!#

f

Co F73C0E S tMa i g3 @
$3$3$G!"
Z 0 Z 0 z 0
udz= 1 P ogz= I Mydze EMy0) My( H)= Moy
" f o oy f f
Zo 120 120 1 M 29)
vdz= — & dz= — MZXdZ: *[Mx(o) Mx( H)]: OX (29)
H f H 0 f H f f
$h$j1"B.EYSN=g05@.J1; V $00J2<$NSh$&$KI=8=$GS$-$k!#
y
o170 My
U= m ] udz = H (30)
z
— 1 0 — M 0x
v= — ) vdz= o (31)
$3$N4X78<(B0),(31) $r (27) <OSKBeF~$OSkSH!"
C U Scocrvg = l;—SMOX = Woc (32)

f3
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SHSISk!#:GB8eSNIQ7ASKED) <0$rMQ$$$?1#$3$35CN ) SOISLLSGINLtD>N.$GS$"$vind

stress $,$"$k>19g$K$0 Ekman pumping $G$"$k!#:8JUBh2 9° UC,, Bh4 9° vC, $Ohori-

zontal nonlinearity $9$J$0$A!"?eJ?B.EY$SN=g05@.J,$K$h$kO\N.SKM3Mh$9$kHs@~7?@-$rl=$9!#
0lJ}":8JUBh 39" CC, $Overtical nonlinearity $9$J$0$A!"1tD>9=B$3$,JQ2=$9%k$36Hy29
LLSNAFL) $KM3Mh$9$kHs @~7?@-$rI=$7!"<g$J7905@skHNnteractions $r7hDjsosk!#

Il top $Hbottom $NL)EY:9$r B 1 > 0$HPOSKIHL)EY:9$0<gSK@.AXSNS"$KNNOh
IIL)EYLVAX!KI SNSbSNSISNSG!"

T B =d _— o =d
z g e~ = 5 3 (33)
SHBISKI#$3$3$G!"
Mz, = pi = —g0 (34)
0 0
= g g . =d - gi =d — g() =d
M2z, = . z . dez d OeZ dez (35)
$3$33G!":F$Sreduced gravity gO = = g $rMQS$$$?1#$"$?1(22) <0$r z $G3 3,HyJ,$9
Sk$H!"
- C ez:d
Mzz; @ (36)
ShSCSF!'(35),(36) SN4X78Shgj!"
C ¢ (37)

SHSISKIHS$7$2$,$CSFI(32) <0$N:8JUB;09 $O!"

EEREE TR

g%

- (38)

SH$ISK!#$3%I$r!" reduced gravity 70$GF3=P$7$?Hs@~7?DIGH%mM%9%S!<GHEN B0
$YSk$SH!"OLAJB.EY %:d BNIt],$,$"$CH?$/F1$87ASrS7SFSSkSISHS, So$+Bk!#

Il (32) <0$N:8JUBR 9°$HBM 9"$HSOF1$8$/Si$SEN%*1<% @!<$C$"SkIN$S@ BBHBN3 9" $r
Hf3S$9$k$H!"

N g My & 1gW¥ gd d
(Bh29) U~ fH L, f HL, (39)
. K 0 g%

SHEISKI#$3$3$GILy $O0NEYJ}8~$N8=>]$NBel=E*%9%1!<%k$G$"$k!#OGC@1%9%1!<%k$EN8=>]$rOM
$(SKSH!" s
v

Ly >>L g (41)
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$H$ISKI#$3$3$GIL r SORhINEs %9%1!<%k$GS$"$kBN3 9°) SKHISY$SKBh2 9°) $,Bn1[$9%k

$2$a$K$O!" P
U

% << FLy << (42)
$,, MW$HSISK!#$D$"$j!'U $,Bg$-$$$b$7$/$0h=H $,>.$53$$H$-!" horizontal nonlinearity
SKHfSY$F!vertical nonlinearity $,Bn1[$9$k!#$3$NSHS-!"(32) <0$0!"

C. —-C= -—‘°C (43)

$H$ISj!"$h$j reduced gravity %b%G%kSKS*$1$kHs@~770G@1COIYM)IBASBIAX 78 @-F,

6/$/$ISK!H#

137373, 5CIF$"$HPaSk$H!"Hs@~7?D9GHY%M%9%S!I<GHS$,; X ?t4AX?t7?IN@ . AXSr$7$?0"B3@.AX%b%G
%kSKS*$SSFN=H << 1 $N$HS$-!"1.5 AX%b%GY%kSHF1$8$h$&$I7TASGBSE: $9Sk!#
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3  %b%G%k

3.1 %b%G%k35MW

119%V%8%M%9%/6a;wSr$7$?7%W%j%_%FYeH@iuIliDxe@quation:PE) 70$+$i$J$k!"5elL;0
<1852tCM%b%G%k$r:n@.$7$?1#4pACJI}Dx<0$0:9J, KISKShSCSFNY% BArBY (1969) SHF1$8
%0%j%C%I$SNG[CVSMQS$$?!#
1$3$N%b%GY%k$OI*MIE*$K:GDC8BINI*$GHG$-$F$$$k$?$al"MMI9$I%Q%i%a!<%?<B83$r5$7Z$KIT
$&$3SHS,=PMh$k!#$"$?!"C1=c$ICO7ASH?tCME*4IN,$53KShSCSF!"9b2rA|EY SN6I=jE*$I8=>]$N
$_PK=8CI$7SF<h$jAHS $3$H$,$G$-!"Bg5$Bg=[4D%b%GY%kSNI#;($5$r2sHr$OSk$3SHS, $G$-$k!#
NI*MIE*$K$O!" PE %b%G%k3Sbarney and Eady $N7905I1TOBDj$d!"%8% %C%H$d12$N@8@.$J
$ISN%a%+%K%:% $HISSCS?4pK\E*$INOI3IXSENY%a%+%K%: % $rHs>0SKSh$/I=8=$9%k!#
11%V%8%M%9%/6a;wSKAXS7SF$O!"4pK\>ISNL)EY $,1tD>J}8~$K$"$$jIQ2=$7$I$$FHS-!"8@ $$BX
$($ISP1tD>%9%1!<%k$,>.$5$I8=>]SKBP$7$FM-82$G $"$j!"38MN%b %G %k$G $h$/;HS0 SISk 1#K\
%b%G%kGt-DL(Geophysical Fluid Dynamics Laboratory) $N3$MNBg=[4D%b%G%k$G$"$k
MOMA4(Gri es et al., 2003) $r;29M$KS7SF:n@.$7$?1#

3.2 4pACJIIDX<070!'%V%8%M%9%/N.BNSKBP$ISk%\W%|%_%6F%H#%VI}DX<070

114pACJ}Dx<070$0!0J2<$N1?F0J}Dx<0829E Y $N<O&O"B3SN<0&>UBVI}DX<0$+$i$ISKIHF3=P$KAX
$7$FSOIV5$>]8&51=j6&MQ3SMN%b%GARK Ebmmunity Ocean Model'™N,>N MRI.COM IK
SN %K %e%(E@R @NnO0IO2005) $r;2>H1#

1?F0J}Dx<0
uv tan 1
L f = Fu 44
Ug + L(u) fv a a on + (44)
2
verLesfus T Dy e (45)
0
pz= 4@ (46)
29EY$N<0
T+ L(T)=FT (47)
0O"B3$N<0
1 @Qu @ @w_
x @ + @(vc) + @z 0 (48)
>uBVJ}Dx<0

= o[l (T To) (49)
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$3$33G!" , ,Zz $O$=%$I$>3I7PEY!&O EY!&9bEYJ}8~$N:BI8IQUBO;~4VI}8~INIQ?t!U; v, W
$0$=$I$>$IEI@>FnKL 1tD>J}8~$NB.EY!f 2 sin  $0%3%;j%*%j%Q%i%a! <0G @1H>
7B!"p $O05NO!" $OL)EY!" o $0;2>HL)EY!g $O=ENO2CB.E¥!" cos !" T $O29EY!", $O?e
J?G4@-78?t!"y $OLD>G4@-78?t!"  1=Ty $OG.KDD%78P§ $O;2>H29EY $rl=$9!#
112€J2J)8~$N1?F0J}Dx<((44),(45) $K$*$$$FI"Bh0I9 $0;~4VIQ2=9"I"BhFs9 $OON.9"I"Bh;0
9°$0%3%j%*%j9 " !"Bh;M9"$0%a%H%j%C%/9°1J5eLL>e$r1 ?F0$9$kI*BNSKF/$/6IN(SN8z2L!K'Bh8»
9°$05%$0579EYNO9™1"BhO;9°$0;6009 $G$"$k!#
HO\N.9 $KAXS7SF!" L (g) $OO0N.1i;;;RGS"$j!"0I2<EN$h$&$I%U%i%C%/%97A<0Sr$7SFSSKk!#
L@= - [(ug) +(va9 ]+ (wa, (50)

$3$38G!'"g $0uU $"$?$0v $GS"Sk!#
I15$0579EYNO9 $K$*$$SF!"%V%8%M%9%/6a;wrMQS$Sk$?$al"L)EY $QUHBIETNSF$SSKI#
1$"$?1",6009° F $O0JI2<$N$h$&SI7TASrSHIK!#

F u = h r 4U + V2 UZZ (51)
F v = h r 4V + VVZZ (52)
$3$33$G!'T 2 $07eJ?J}8~BN%i%W%i%7%"%s$GCS$"$j!"0I2<EN7ASr$7$FSSSK!#

1 1
2 = @q + a7c(CQ) (53)

111tD>J}8~$N1?F0J}DX<(46) SO@ENO3XI?9USN<O$rMQSSSKI#

I29EY$N<O(47) $K$*$$SFI"F T $O3H;69 $GS$"$j!"0J2<SN7ASr$7SFSSHk!#

FTl= wrdT+ Ty (54)

I1@.AX$,ITOBDj$K$I$SC$?>19g!"BPN.DA@a$rMQSSSkSISHS, $"$KI#
110"B3$N<0(48) $OHs05=L@-N.BNSNSbSNSrMQS$SK!#

I1>UBVJ}DX<0(49) $K$*$$$F!"L)EYSO29EYSNS_SNAX2tSHS7SFSSSKI#SD$ S$!"4pK\>ISNOSNOS,
1tD>J)8~$KJIQ2=$7$F$h!"L)ERIE Y SKSOLFEASTSISS!#
3.3 G4@-9$KAX$7SF

7W:;;$rOBDj$SKAVSi$; $k$?$asK!biharmonic 72 ( hr *u $H$SSCS? JBNCMGA@-$r2CH($F$S
BkI#S3IEN?ICMGA@-$O01?FONLIIB8SrK~$?$97ASG=q$+SI$F$$$I$$5?%al"K\IMh @8F$8Sk$SY $-$G SO $I
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$SEI@>N.$, @8@.$5$I$k2DG=@-$,$"$k#$3$ISKBPS$ISKBP=h v$HS$7$FS$O!"G4@-782t$rBg$-$/$7
$I$$$3$HSI'Smagorinsky $NYQ%i%a%?%;j%<!<%7%giERian 72 (r 2) SNG4@-$KBP$7$F
MQS$SSkSISHSISIS, OMS(SISISKIHST$+$71"K\%b %G UkSK$*$$SF$O!"$3SNSh$&$I%Q%i%a% ?%]%<!<
%7%g%s$OMQS$sHArMOonic 72$N2ACMGA@-$r2CH(SFSSPk!#

3.3.1 ?eJ?G4@-$K$*$18kmagorinsky  $N%Q%i%a% ?%j%<!<%7%g%s

G4 @-78?t$r61=E*$I>ISNIQT7AN(IB.EY SNAX 2t IKSH$7 SF5a$ask I}K!$, $'(&kri es and

Hallberg, 2000)#$3$NJ}K!$r biharmonic $GMQ$$$k$3SHSKShSCHF!"%b%G%k3J;R4V3IV0I2<$N
%9%1!<%k$N12$KBP$7$F$O1,$IGA@-$r8z$+$; SkIHSHSbIK!"%b% G Y%k3I;R$G2rA|$53I$k12$KBP$7
$FSOBY$-$)@)F03$,$+$+$i$I$SShSESK$ISKkSI$HS, $G S-Sk !#

horizontal tension D+ ,horizontal shear D5 $r0J2<$N$h$&$KDj5ASISK!#

1@u c@ vV
°T xe a@e (59)
l1@v c @ u
Ds a:@+ 2@ ¢ (56)
G4@-9°$6 Y, FY $0!"?2eJ?G4@-78?ty $H$7$F!'D1,Ds SrIMQSSSF
1 @ 1 @
u = [P — [ —
F —ac@(HDT)+ acz@(cz HDs) (57)
v 10 1@
F'= @ ("Ps) 2@ (@ #DT) (58)
SHBIBK!#
JQ7AB.EY!deformation rate!K$r
q___
T '=jDj= D2+D3} (59)
SHP7!"GA@-78?tr2<IN$Sh$&SK7hPasSk!#
gz S (60)
2.
BH = ném H (61)

C $0L5<!85$N%9%1!<%j%s%0%Q%i%al<%?$G$"$j!"2tCM7W;;$NOBDj@-$rOMN8S7 S hSask!#
SOEI@>!&FNKL$N3JI;R4VIVINS&SA!">. $5$$I}$G ST h Sask; X F386 M}$HS$7 $SF$@rid
Reynolds ?t$+$i$/$k@)Ls!"

b >U ;‘” (62)

$,9M$(S$iSISKI#IQ7A~4VD $r U min $G%9%1!<%j%s%0$9$6ON (62) $+$il"

C> % 2.2 (63)

$,2tCM7W;;$NOBDj>r70$G$"$k@ri es and Hallberg, 2000 !k
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3.4 L)EY$,ITOBDj@.AX$7$F$$Sk>19gSN=hM}

@ENO3XJ?9USrMQ$$$F$$$k$?$al"L)EYSKITOBDj@.AXS$,$"$k>19g$KSO!"2?7$i$+SNI}KISGITOBD]
$r=|5n$7$I$1ISPSISISI$S!#

3.4.1 BPN.D4@eonvective adjustment)

OIHL$K$O!0I=V$K$7$F1tD>BPN.$,$*$3$CHF!2r>CH55I$k$HSI$K!#$3$I$rBPN. Dd@wective
adjustment) $H$$$& #60BNE*$SKSO!">eSNAXSH2<SNAXS$SGITOBDjSHS$ISk$h$&$I29EY J, I[$G$"$k
$HS-">eSH2<ENAXSNG.NLSrI|B8$7$DSD!">e$H2<$G29EY $, Ey$7$/$9$k!#$DS $j!"

Qset Q=0 (64)
T>e = T2< (65)
SH$$S&>r70$r2]$91#$3$3$GIQ(J) $OG.NLC(J=K) $rG.MFNLc(J=K kg) $rHfG., m(kg)
$r<ANL. TYK ) $rBPN.D4@a8e$N29EY$SHSISKSH!"
Qse= C>e(T0 Tse) = m>eC(T0 Tse) (66)
M= seXYZ = . acos a Zse (67)
SH$IS$j!"$3BENAX78%1(64) <OSKBeF~$9$k$H!"

se Z >eT>e + 2<Z 2<T2<

TO= 68
>e Z >e + 2< z 2< ( )
SHSISK!#:#1"%V%7%M%9%/6a,wsr2>Dj$7SF$SSkENSG ,. = const SHEISkSH!"
T 0_— z >eT>e t z 2<T2< (69)

Zoet Zoe

SHPISKI#S3SNA :n$r1tD>NNOh$N>e$+$i7h$asisl$?2s?t$@$17+$jIVSOI#

3.4.2 Richardson-number-based vertical mixing procedure

NBPN.D4@a$NJI}IKI$SG$O!"Hs>0$K6/$$1tD>%7%"I<ENSbSHSG!"$FSCH/$j$HS 7$IQTES,2CH(
FIBISFSSEkEHS-SGH5$($b!"577c$J:.99%,02$-5/$3$53I1$k2DG=@-$,$"$k!#$=$3$G!Oxford Bg
3X$G3+H/CfSNLZ@1Bg5$Bg=[4D%hb%G%kSKRIg$&FISON-number-based vertical mixing

procedure $,:NMQ$53$I$F$$3KYamazaki et al., 2004)#$3$NI}K! SK$*$$$F SO Kelvin-

Helmholtz ITOBDj$dBP>NITOBDj$H$SSC$?!"%7 %" 1<$KIU?0$9$kN.BNNOIXE*$JITOBDj$K Sh$k
1FB6ASr:NSF~S$ISk$3SHS, $G $-$k!1#6qBNE*$K$O!"%0%)%C%I1%\%C%/%ISN>e SH2<SGDj5A$5 SISk
gradient Richardson-numberRi $, 2 $r2<2s$C$?$i!"B.EY$SH290LSNN>J}$KBg$-$J1tD>3H;6
$rE,MQ$93k!RiI SNCM$,>.$5$/$IBk$K$7$7$,SCSF!"3H;678?2tSNCMSrBg$-$/$9RIHFHNCMH)
$b$7$/$01iI$K$ISC$?$i!"BPN.DA@a$NIIK!ISrMQ$$$k!#F1IMMEIN%Q%i%a%?%j%<!<%7%g%s$0!"%a%=
909%1!<%k%b%GYKSKS*$SSFS7SPS7SP;HSoNBFEIIRKK (1977))1#
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3.5 :9J,2=

11:97,2=3K$"$?$C$FSO!"Bryan(1969) $K$I$i$CSF!"?eJ?J}8~$Arakawa $NB-3J;R1tD>J}
8~$ALorentz 3J;R$r$=3I$>SIMQI$$?!1#0J2<$GF0O!"IQ?t$N?eJ?!&1tD>G[CVIKIDSSSF2r@b$7!"9
J,2=$7$?4pACJI}Dx<070%$r<($9!#

3.5.1 JQ?t$N?eJ?G[CV

N?27 2 $K2eJ?E*$JI3J;RE@G[CVSr<($9!14B.EV®.J, u; v $0?"$NJ E@$GDj5A$5$I!"$3$I$rCf
24$H$9$k?eJ?E*$IH"H-box SHBFSVI#29EY I"L)EY 1" (B.EY$N=g05@.J,$KBP$7$FDj5A$5S!
$k) N.@~4X?t $O0?"$N E@$GDj5A$5S$I"$3SISrCr24$HSI$k?eI?E*$SIH Brbox SHEFSV!I#$3
$N$h$&$I2eJ?3J;RE@G[CNBkawa $NB-3J;R$HBFSPSISKShSNSGS ki
HK\>0$r4"$al":9J,1=8=$r9T$&|$KSO"IQ2L>SN1&2<SKE:;z$r$DSLSFI=8=$9%k$,!"?eJ?J}
8~$K$OIU E@$rap="$H$7!"$=$I$r@0?t%I%Y %kSNE:; 7 ) SIMQISSFI=8=$9$kENSG!"$=$N:82<
$NT E@$OH>@0?t%I%Y %k$SNE:;z$rMPSHYFSHI=8=$5$I$k#

Ui 1;j +1 Ui;j +1 Ui+1. i+l
T| 0; 041 TiO 1 ’JI 041
U 1 Ui Uity
< U-bOX
T-box Tio; 0 Tiods 40
U 15 1 Uj 1 Ui+ 1

27 2 JQ?t$N?eJ?G[CVArakawa $NB-grid IK# T-box $HU-box $N4AX78%rI=$914J) $N
grid $K$Qu; v $,!" T $Ngrid $K$OT; ;  $,G[CVS5SISFSSSK!#
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127 3 $K<($9$h$&SK!I"EI@>I&FnKL6-3&Fhox $N10!"$9$I$0$AU E@$r7k$V@~$GDj5A$5$!
$KI#FNKL6-3&$KU $rG[CV$7$?MIM3$O!"FnKLI}8~$N6-38&>r70$r9dBNIKIO at jn =0
,jmax IK$H$9$k$?$al"6-3&$K $,$"Sk$[$&$,<+A3KB-38>r70$r1=8=$G$-$k$+$iSG$ "SR 1#
113$MNBg=[4D%b%G%k$K$*$$$F!"El @>&FnKLBBEEBICVSISkSNSOMOMA(GFDL) $d
COCO(CCSR) $HF1$8$G$"$j!'T-box $,4pK\E*$IH"$SH$I$KI#0II}" MRI.COM 135$>]8&5f
=jIK$06-3&$KT $rG[CVS7$F$*$j!"U-box $,4pK\E*SIH"SHSISCEFSSSK!#

in in
jmax U U U U U U u
jmax T T T T
mact U U U U U U U
o U U U U U U U
™ T T T T
j U U U U U U U
i T T T T
ho U U U U U U u
. U U U U U U u
. T T T T
0 U U U U U U u
in 0 1 i-1 i i+1 jmax-1 imax
i . i- 1 imax

1 3 JQ?$N?eI?G[CVSNALBNA|HEI@>1&FNKL6-BEIG[CVS7SFSSSKIH#SIS3SGIH; jn
$0@0?t%I1%Y%k$SN3J;RBE@ [h © SOH>@072t%I%Y%k$N3J;RE@$rI=$7SF$$Sk!#

*1 $3$I$OFNKL6-38$,@VF;$G$I$$>I9gSNSISHSG!"@VF;$r6-38$HSISkHS-SOSUSKFGS7$/$ISK!#$°$?1"6-3& CMLAB]$r
2r$/J$KN.@~4X?t  $KAX$9$K6-38&>r703%,|, MWSHSISKSNSG!$,6-3&$KS"SCE?$[$&$, <+A3$K6-3&>r70$r2]$9
$3$HS, $GH-SkI#ShSCHF!"FNKLE-3&IKSrG[CVEISKENSKSO!"0IDIOIC;$,$"SK!#
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3.5.2 JQ?$NLD>G[CV

1?27 4 $0JQ?USNID>G[CVSrI=$7$F$$$kidrentz 3J;RIKE$S3$I$r8+$kSHS0S+SKShS&SKI">e2<
N>6-3&$G1tD>B.EW; W) $rDj5A$7!"$3$N>I=j$r@02t%I%Y %k$HS7SFS$SKI#$ $?1"N. B.1&29
EYIEL)EY(U; V; T; ) $rH>@0?2t%I%Y %k$GDj5AS7$F$$SKI#$3$3$G!"1tD>BIENGO $KBP$I$K
SbSNIIWAKSHU-box $KBP$ISKSbSNIIKSN#2<0N $rDjSASISKS, W $SOWO SNI?6QA :n$K$h$;

0J2<$N$h$&SK5a$ask!#
w = wo (70)

n$r$21" wo$Hw SN?eJ?E*$I0LCVAXT7830!I'28G<($7$7T-E@!'U-E@SKBP1~$9SkSbENSGS Sk !#
$D$"$j!" T-E@SKIE $,$"$j!" U-E@$KID $,G[CVS5SISFSSSk!#
11:97,1=8=$r9T$&:]$N1tD>J}8~$NE:;z$N$D$1J}$0!"1tD>N.B.$,Dj5SAS5$I$k %1% Y %ok $r@0?t%!

%Y %k$HS7!"$3BISrE ;K $GI=8=$7!"$=$N>eLL$K$"$k-E@'U-E@$K® Kk % $HDj5A$98k!#

NE:;;z K $,2<$X9TH/$[$I1Bg$-$/$Ik$NSO!'Pacanowski and Gri es (1999)(MOM3 %"%K%e
%"%k$M16.4 Summary of options)SKS*$SEF!"3SLLS+$i3EDISXITS/SK=>SCEFS,A}$(Sk$h$&
SKSISCHFS$SS?ENSG!"$=SN47NCcSK$7$?$,$C$?$?$a$GS"Ski#
HI*MIE*$J6-3&$,Dj5AS5SISKIDEY $1V%I%Y %ok WH=$NCf4VSKOLCVSISKObEY $1V%I%$%d!<WSHBF
$VI#%1%Y %kSr@07?t%I1% Y %ok SKSHSkY0b %G %kSrIVY6l% Y %ok %b% G %KW'l %$%d!<$r@0?t%I%Y %k $KSHS
%G%k$1Vl%$%d!<%b% G Yk WSHBF$V 1#K\ % MREGKHD ' SHF1IMMS$KIV%I%Y %k%b% G %k WSNIM
$(II$rer:NMQS7SFSSSkSISHIK SISk !#0ITHTCSR/NIES SNAGCM( Bg5$Bg=[4D%b %596k

(>B8}FX 1997)"CO5eN.BNEEG>6f3ZItSNOG @ 1Bg5$vdb%RAM(Dennou-Club Planetary
Atmospheric Model) $G$0!V%I1%$%d!<%b%G%k!WSNIMS(I}Sr:NMQS7SFSSSk!#
11tD>3J;RE@4V3VIKSDSSSFSO!" I=AXSO: Y $+$/1"?<AXSOAFSS3I;RE@4VIVEGTW;; $G$-SkShS&SK
2DJQ3J;RIKS7SFSSBK!#
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@07t H>@07t
nk nk'
0 0 W O W boudary w=0
1 u; v T; u; v
1 Wi wO W
k-1 Wi wO W
k' u; v T; u; v
k Wi wo W
k'+1 u; v T; u; v
k+1 W wO w
kmax-1 W wO Wi
kmax u; v T; u; v
kmax -H . O i boudary w=0

74 JQ?t$N1tD>G[CVLIorentz grid IK
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3.6  :9J,1=<($7$?4pACJ}Dx<070

14pACJI}Dx<070%$rM-8B:9J,7A<0$GI=<($9$k$HO0I2<$N$h$&SKSISK!#

t uvtan _ 1 u
tut+ L(u) fv 3 " acs p +F (71
2
VoL@ s SRS Ly (72)
0

T+ LYT) = FT (73)

p= g° (74)

= o[t (T To) (75)

$3$3$G!" $0OCT1{:9J,1i;;;R$GCS"$j!"%P!<$OI?6QA :n$rI=$9!#

IIB.EYO\N.9"
_ 1 @uq)  @cvg | @wq)
$KAXS7SFSOB.EYIN%0%j%C%I$SG0I2<SNSh$&$K:9J,2=$9Fk!#
1 -
L@ 0= T T+ owog o+ (wT) (77)

$3$3$G!'g $07eJ?B.EV; v $G$"$k!#T $Ou $r  J}8~$K22sJ76Q$7$?8e!" J}8~$K 1 2sJ?
6Q$ISkSHSSSLKOULH#SGH'BR 5 $N:8;2>H 1# cv BKAXS7SFSbN $r  J}8~$K2 25J?76Q$7$?
8el"CV  $r  J}8~$K1 25176Q$ISkSHESSEOULHSGHBKS SN1&;2>Hi

1129EYO\N.9° or
1 @uT) @cvT) @w-T)
O = —_
LM = @ e ' a: (78)
$KAXS7SFSO29E Y SNY60%|%C%ISG0I2<SNSh$&SK:9J,2=$9$KI#
h i
1 - _
(LAT)) 04 040 = -0 uT + oT o+, wWT (79)

J?6QA :N$KAXS7SFSOB2>H!#
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1 u u U 1 U _ U — u
V ., V. V
12 U T u T Ul j+1/2 T —J_— T
CcVv
pou L u L u i u L U L U
., U u ., U u . U Vv , V.V
iz U T U T Ul 172 T —J_— T
cVv
i1 u u U i1 U | u | U
Vv , V.V
i-1 i-1/2 i i+1/2 i+1 i-1 i-1/2 i i+1/2 i+1

275 B.EYO\N.9 $K$*$1$kIQ?tSNI?6QA :NSNIIKISr<($7$22"

j+1 T T T
‘_
i +1/2 U T u
N
j T E T u T
T T
‘_
172 u T U
N
-1 T T T
i1 i-1/2 i i+1/2 41

76 29EYO\N.9 $K$*$1$kIQ2SNI?6QA :NSNIIKISr<($7$227
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3.7 6-3&>r70

1$3$33G$06-3&>r70SNM?$($+35?$r$"SHSak ! #IMNBFISk6-3&>r70$0!"<~4|6-3&>r70!"6-3&$G
$9$Y$j$I$7>r7q K';$$I$7>r70, %U%i%C%/%I$I$7>r70$GS"$ki#
HE3EN7W;;NNOhSO$@$$$?7$$==J,$J1}$r$b$C$??7eO)NNOhSG$"$j!"6=L#IN$"$k<g%b!<%I$O6-3&
$+BiISON%SI$?SHSIEMIKS"SkSh$&SK SISk #

3.7.1 EIl@>J}8~6-3&>I70

IEI@>6-38$KAXSTSF$O<~4|6-38>r70$r2>Dj$o%k!#

3.7.2 FnKLJ}8~6-3&>r70

IFNKL6-3&$00J2<SN#2$D$N% QY% ?!<%sSroMS($k!#

@VF;$,6-3&$G$J$$>19CfO"EY$SNNNDh

110I$D$a$OCFONEYSNNNOhSKBPSISkSbENSG!"FNKLN>I}I$SNIISGSISY HbIBPR0C%/%9$I$7SHSS

$&>r70$r2>Dj$9$k!#
(u;v;T)=0 at = 35, N (80)

@VF;$,6-38&$N>I9¢DcOEY$SNNNOh

IIFs$DL\$ODCOMEY$NNNOh$KBP$9SkShINSG!"@VF; $rKLB&SNG-3&$HS7!"$3$3$GBP>N @-$r2>Dj

$OK!#
(v;T)=0 at = N (81)

NOIJH"FNB&SNJIISOCIONEYSKBP$ISK6-3&>r70$HF 1$8SGSIBY $j$980%i%C%/%9$IS7SN>r70$r

2>Dj$o$k!#
(u;v;T)=0 at = g N (82)

3.7.3 1tD>J}8~6-3&>r70
11tD>J}8~$K$*$$SFSO!"N>6-3&$OK™;$$I$ R0 U%i%C%/%9$IS7SNIISHSOSK 1#

(w;uz;v,;T,)=0 at z=0; H (83)
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3.8 2rK!

111?F0J)Dx<0$r2r$/:]$K$O!"B.EY SHOSNOSN=VAVCMS, $0$+$CSF$SSKI, MWS,$"$Kk1#B.EY $O<B]
$K2r$/D>A0SNSbSNSIMQSS$kI#0SNOSOLtD>J}8~$N1?F0I}Dx<0!I@ENO3IXI?9D SN 20BKSr
$i 0 $"$G1D>I?26Q$I$k$ISHIKShSCSF5a$ Sk
z 0
p(;izt )=ps(iit )+g (552 %t)d° (84)

z

$3EN<0$+$IL@$iS+$IShS&SKI"3SLLENOPNG ;t ) SrCN$kl, MW$,$"$KI3SLLSKBBSi$:!"?eCl
SNSI$3$+$C5a$"SCIFSSSISPNISSENSGS kS, ! K

N3SLLILEY!] 'K$,$0B+SCIFSSSISPIDs(; ;1 )= g  SNAX78%h$j!'ps $OJI,$+$kSNSGLAB]j$I
$SIH#SIBISKSO!"1ID>@QJ, $7$?1?F0I}Dx<0$r2r$1$PNISSENSG S "$k$,!"3SLLEN>:9_$KSh$CSF@8
$8$k30It=ENOGHS$OOLA|B.EY$,Bg$-$/!"M-8B:9J,KI$G2r$/:]$K$OC;$$%?%$% %9%FY%CLWSr$HSK
$3IBHS,MWEa$5S$ISk!#$7$+$7!"DIS$;~4V%9%1!<%k$r;}$D8=>]$rBP>]$H$7$F$$$k>19g!I33MNBg
=[4D%b%G%k$G07$&8=>]$O$ " $5SK$=$I$K$"$?$k K $3SNI0It=ENOGH$OBg$-$JOUL#$r$b$?$:1"$7
$+$b!"OLA|B.EY$,7e0c$$$KBg$-$$57%5al"$G$-$I$PY%b %G Y%kFbIt$G @8$8$k8=>]$NCI$+$i$3$I$r
=|$-$7$$1H#SIENMW@ASKBPS7SFSO!"3SLLIK3BSr$7SF!I"3SLLSN>:9_$r5v$53$:!"30It=ENOGHS$r@8%$8
$5%$;$J$$@_DjSN$b$SHSGI}Dx<0$r2r$/I}K!$,$"$ktigid-lid 6a;w!KES3ISN>19g!"3$LLSNOSNOS$O
38%r2!$905NOSHS7$F!"?GCGE*$K5a$a$k$3SHS, $G$-Sk!#
14:$(SFS3EN6a;WwHrI9T$I$0$I$$>199!"C;$$;~4V%9%F%CU%WSG!"D9;~4V@QJ,$roT$I$&$3SHSO$G
$-$I$$1#S3SNLABj$O!"=g05@.J,$H7905@.J,$KJ, $1$F2r$/$3$HSKShSCHF2r7h$53I$k!#$9$I%0
SAI"=g05@.J,3N$"$k;~4VHOOOSK$*$1$kJ?6Q>UBV$r7905@.J, $KH?1G$53; $kS3ISHIKShSCSF!"79
05@.J,$r2r$/;~4V%9%F%C%WSrDI$/$SHSkSh$&SK$ 7 $REFHHSO MRI.COM $N%"%K%e% "%k

$N1 >02 @a;2>H#

11$$$: 518K $;$h!1"1?F0I}Dx<0$0!"4pK\J}Dx<0$rD>@\2r$/$N$G$0$I$/!"=g05@.J,$H7905@.J,
$KJI,$1SF2re/$3SHEKSISK!#

K\%b%G%k$GSO!"3SLLSK38Sr$9skItKitId-lid 6a;w!KSr:NMQS7SFS$SkINSG!"$=$N>I9g$N
2rKI$r0J2<$G<($9'#

3.8.1 ?eJ?lwB.$r=g05@.J,$H7905@.J,$KJ,$1$k
1?eJ?IwB.$r=g05@.J,!1J U; VIK$H7905@.J,\1}; HIK$KJ, $1$k

(U;v) = (TU+ U v+4) (85)

$3$3$G!"%P!<$0LtD>I?6Q$rI=$91#
Y4 0

u= udz (86)

L
H w
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3.8.2 ?eJ?IwB.$N7905@.J,$N;~4VIQ2:44] ¢; IK$rSa$a$k

110J2<$NO*L/$ITIKISIMQSSSKSISHSKSSPs (; it ) $r5a$askSHESSEA :n$r%9%-%Cr%WSISKS3
$HS, $GS-Sk!#
(84) <0$N4X78$rMQSSSFEI@>!"FNKLI}8~SN12F0I}DX<0$r=q$-49$(SkSHOI2<SNSh$&SKSIKI#

1
w= () 6 87)
vz t(p) +G (88)
t a 0 S

$73@$7'G ;G $0O0J2<$NNL$G$"$k!#

G =fv L+ M@ g 9 dz (89)
a oC 7
z
2 0
G = fu L) @ g 9 dz (90)
a o z

1$3$3$G!"COI=LL5$050s $r%6<%m$HS7$?$HS-$N!"2eJ?IWB.$N;~4VIQ2=$r$=$I6E M’ $H$9

SKI#SISNSHS-1";  J}8~$N12F0J}DX<0$O7A<OE*$KOI2<SNShS&SKSISK!#
ul= G (91)
V=G (92)

IIN><0$N7905@.J, $KSDSSSFOMS(SkSH!"<I$N<0$, @ .$iN)$D!#
=3 (93)
w= & (94)

$3$3$GIUP = O; VP = 0 (8e$G>ZL)@hs)!"

W = =G G (95
ngy, = & =G G (96)
SHSISKIH#S3SISh$]"2eI2IWB. $N7905@.J, $N;~4VIQ2=0] ; % IK$, 5a$ $kI#
00=  SN>ZL@
Ps $, 0 $G$ISSI, SN SXSNAsM2mf = - (ps) $HSISkSH!"

ur = u’+ uf (97)

$G$"$KIHS $?1" (85) <0$r:~4VSGIPHyJ, SOSKEH!"

ur = 0 + Ty (98)
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$GH"BkI#S3SI$ISrMQSSSkSH!"

@®u o

O+ T uf  &+0 up

0c+0; ub 0 Tr+uf
0 (99)

SHBISK!#

3.8.3  2eJ?lwB.$N=g05@.J,$N;~4VJIQ28H] V;IK$r5a$ask

1. N.@~4X?t $NF3F~
NO"B3$N<0(48) $r z = H $+$i 0 $"$G1tD>@QJ,$9$kSH!"

1 @ @
wle, + — — udz + — vedz =0 100
[ ] H ac @ u @ H ( )
$HSISKI#$3$3$G!"6-3&>r7drigid lid) *2
w=0 at z=0 (101)
$7$?!"3$DISGSbw = 0 $SHPOSKSH!"
Z Z
@ ~° @ ~°
— udz + — vedz =0 102
@ ] @ ] (102)
N>JUS$Ia $r3]$1$kSH!"
Z Z
@ 0 @ 0
— a udz + — ac vdz =0 103
@ ] @ ] (103)
SHFIF"$35I1$h$j0I2<ENShS&SKDJ5APSSISKN. @~4X?tSrDj5ASG S-Sk !#
Z
@ 0
— = ac vdz 104
@ ] (104)
Z
@ 0
— = a udz 105
@ ] (105)
$33I$h$j!"?eJ?IwB.$N=g05@.J,3ON.@~4X?tSrMQI$$F0I2<ENSh$&IKI=8=$GC$-$k!#
Z
I 1
U= O ’ udz = aH (106)
Z
R 1
V= O ’ vdz = aHC (107)

*2 35LLEK3BEr$ISKEHSO!"$9$IS0SAI"3SLLSK1tD>B.EYS,$I$$S3SHSHF1EY$GS Skl
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2. N.@~4X?t$NM=JsJ}Dx<0!J=g0512EYJ}Dx<0!'K$SNF3=P
El@>!"FNKLJ}8~$N1?F0J}DXx<0$00J2<SNSh$&IKSISCH?!#
1
= N + 1
w= (R + G (109
1
vi= —(ps) +G (109)
a o
$7$@$7!G (G $O0I2<SNNLSGS Sk
ZO
G =fv L+ M@ g 1 dz (110)
a OC H
z
2 0
G = fu L 8@ g 1 dz (111)
a ao H

%W%m%0%i% $r=q$Q!"; G $KAX$7$F$O!"7905@.J, SNTW;;SN$H$-$K5a$a$F$"SkENSCS=$Ir

MQS$$SISPSh$$!#
$3$I$iISN1?F0J}Dx<0%rz = H $+3i 0 $"$G@QJ,$7$FI?6QBI$k$H!"

1 -
Ui = a(ps) +G (112)
= 1 —~
Vvi= —(ps) +G (113)
a o
SHSISK!#
1$3$3$G!" (106),(107) SNAXT8SMQSH YV $rN.@~4X?t $GI=$9$H!"
1 1 —_—
aH : = a(ps) +G (114)
1 1 —
aHe t = ?O(ps) +G (115)
SHPIBKI#$5SISK!"$=3I$>F ac; aSr3]$1$kSH!"
1 -
c — = —(ps) +acG (116)
H | o
1 1 —
T W T ~(ps) + 3G (117)

SH$ISK!#
I$3$3$G rot SreHSKI"$9$IS0SAI(116),(117) <0$r$=$I$>$l ;| $GHyJ,$7$F:9$702$/$H!"3$
LLO5SN@s $,$K$h$kasM?$,>CS($F!"<I$N=g0512EYI}Dx<0$,F@S$i$I$k!#

! " I#

1 _ _ N
- -+ i = 11
< H c H a G cG (118)
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H $,0IDj$N$HS-1"0I2<ENSh$&SKSIPK!#

_ +c¢lc—) = cHa G G (119)

N$3BISO  _$KAX$IPk#2<!85$R0iSSONIIDX<0$GSH"$K!#$3BISr2r$/$H —$9$IS0$AN. @~4X?t$N
~4VJQ2=%$,5a$"$k!#$3$N=g0512E Y J}DX<0SN2rK3$DQ@a$G2r@b$osk!#

3. 2eJ?IwB.$N=g05@.J,$N;~4VIQ2EtN'K$r5a$a$k

IIN.@~4X?t$N;~4VIQ2=$,5a$"$CS?SNSG(106),(107) $N4X78$+$il"2eJ?IwB.$N=g05@.J,$N
~4VIQ2Ur, vy $,5a%"$k!#

3.8.4 ?eJ?IlwB.lJu,v IK$r5a$ask

110J>e$h$j!" (85) <0$+$i?7eJ?IwB.$N;~4VIQ2=L} ,V; IK$r5asask$3$HS$,$C S-Sk #$33I$r;~4V
@QJ,$9%k$33HSG?eJ?IWBILYIKSr5a$askS3SHS, $GS-Sk!#

3.8.5 $=$NB>$NI*MINL$r5a$ask

11?eJ?IwB.1J Uu,vIK$r5a$ask$3$HS, $GH-$?NSG!"$=$I$+$i$=$NB>SNI*MINL$r5a$ask$3$HS,$G
$-$ki#

1. O"B3$N<({8) $h$j1tD>B.EYW $r5asask
2. 29EY$N<(A7) $h$j29EYT $r5a$ask
3. >uBVJ}Dx<@49) $h$JL)EY $r5asask

3.8.6 |,MW$K1~$8$F05R@r5asask

H3BLL5$05 ps $,5a$"$ISP!"@ENO3XJI?9USN<0$h$j0pNTbasabk$3sHS, $G$-$k!#0I2<$G$O!"
3$LL5S05s $N5a$as+$2$r5-$91#

11tD>@QJ,$7$FN. @~4X?t$G1=8=$7$?1?F0J} 4@, (115) $KAXS7$F!H $,0IDjSHESS&>T
70$N2<$GH2[(114) a] + 2[(114) ac] $H$ISk$H:8IUS,>CE5n$GS-$F!"

(ps) +c(c(ps) ) =aco G + G (120)

SHSIBK!#$3BI$OPs $KAX$I$H0isSONI}IDX<0$GCSH"$k!#$3$I$r6-3&>r70$N2<$G2r$14R $,5a
$ $ki#
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3.9 =g0512EYJIDx<0$N2rK!

I$3EN>0$G$O!"#2<1853R0isSONIIDX<0$G$H " $k0I2<$N=g0512E Y J}DX<0SN2rKI$r<($9!#

_ +cc—) =cHa G cG (121)

3.9.1 6-3&>r70

N$3ENJI}DX<0$r2r$/$?$a$K$O!"EI@>I&FNKLING-3&$K$*$1$k6-3&>r70$rM?$($I$1$ISP$S$1$I
$$1#$D$"$j!"EI@>!&FNKLENG-3&SKS*SSSESNCM$r7hDj$9$kl, MWS,$"$k!#

El@>6-3&>r70
HEI@>J}8~8N6-3&>r70$0<~4|6-3&>r70$HSI$kK!#
FnKL6-3&>r70!JFNKL6-3&$, @VF;$G$J$$>19g!K

IHFNKLJ}8~$N6-3&>r70$H$7$F$O!"GACeII$rA[Dj$ISKENSG!"FNKLE-3&$GC

u=0; v=0 (at = No s0) (122)

$,MW5a$5$I$klI?77 :8;2>H!IKE  $OU; v $,$"$k6-3&SNH>%0%j%C%IFbB&SKS"SK!#$=SN%0%j%C%I
PK$*$$SFSb!"6-38&3Q = 0 $HI$S&P3EHS+$i!"

v=0 (at = n; s) (123)

$H$ISk!# = 0 $0=g05@.J,!&7905@.J, $SKSDS$SF$b@.$jN)$SDINSG!"

v=0 (at = N Ss) (124)

$,MW5a$53I$k!#$3BISr"N. @~4X?t$GI=8=$9$k$H!"

1
= — =0 t = ; 125
Ve (a N ) (125)

SHSISKIHS3SIShS]!" (

_ N (at = N) (126)

s (@t = s)
SHBIBKI#$3$33G!" N, s SODj?tSGCH"$k!#SDI$N. @~4X?tSNCMBOFNKL6E-3&SNOISDFbB&SN %0
%6j%COISK S $SSFOIDICMSSHSIAVENS. SNAXPSKSISKH
IIFNKLB.EY$N=g05@.J; $0O(125) <0$N$h$&SK $N  HyJ,SKHfNCSISKNLSHS7SFDj5AS5SISkSN
$GI'Dj?t),$@%1 $KB-$7$FSly SNCMBOIQ2=$7$I$S#ShSCHE!" s SNSISASIS+SOGS0USK7h
$ask$3SHS, $GS-$k!#$DS F)!"FNKLE-3&SKS*$1SkN. @~4X?t$N:9 N s $r5asasispP!”
N>6-3&$K$*SLSKN. @~4X?tSNCMPr5a$ask$3sHS, $G$-1"FnKLE-3&>r70$r7hDj$9Sk$3SHS, $GC$-Sk!#
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$3$3$GPOI'_PKAXSI$K6-3&>r70%,|, MWSISNSG!"7k6l — -s SNCM$,J,$+$I$R121)
<O$NFNKL6-3&>r70$r7hDj$9sk$3SHS, $GC$-$k!#
10J2<$G!" _$NCM3$N5a$a$+$?$r5-$9!1#$0O $r;~4VHyJ,$9%1$P5a$a$k$3$HS, $G$-$k

SNSGI"$ G 1" $r5a$adki#
1

u= = (127)
SNAX7BSIMQSSSRI'Sr s $+8i  $"SGFNKL@QJ $ISKSH!"
Z 2w 1 1
. ud = . aH d = ﬁ( N s)= aH (128)
SHSISKIHShSCSFI" ~
= aH ud (129)

SHPISKIHFNKLE-3&AVENN. @~4X?t$N:9 $O!"NNOhFb$GFnKL@QJ,$7$?EI@>N.$N1tD>I?6QN.NL
S“ ud $KHFNc$ISk$3$HS,J,$+Sk!#
N$3$N (129) <0$r;~4V$GIPHyJ, $9SkSH!"

_= aH Ued (130)
$3$3$G!"EI@>J)8~$N1?2F0J}Dx<0$r1tD>J?6 QHAIB) <0$hs;!"

1 N
_= H -
aH ac ) TG d (131)
SHPIS|"$3EN<OSN1&IUSNCMSr7W;;$9$k$3$HSG!"N. @~4X?t$N;~4VHyJ, SN Bas $k!#Fn
KL6-38$,G4CelI$G$"$k>I9g$0!"y , s $SOEI@>J}8~$KOIDj$ISNSG!"

_= _(a = n;s) (132)

$GH"BKkI#S3$3$C!"%PI< SOEI@>I?6Q$rI=$9l#!1$ $?!"

@p
— =0 133
@ (133)
$GE"SKENSGLL31) <OS$rEI@>I76QSISKSH!"
zZ
—
—= aH G d (134)
s
SHSISk!#
HSh$CHF!"6-3&>r70300J2<ENShS&SK SISk !#
8
<0 (a = n)
_= . R — (135)

caH "G d (at = o)

S
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KLB&6-3&  u;v_u=v=0__ yo u; v
) e ..v=0______. N KLB&§-3& ___________ v=0______. N O
: IJ@VF;IK
: u v : u, v N
UV ;v
; _______ oov=0_______ IS ; ____________ v=0______. IS

FnB&6-3&  u;v _u=v=0  «o FnB&6-3&  u;v _u=v=0  go

7 JQUSNFNKLG[CVII:8IKSOFNKLI}8~$N6-38%$, @VF;$G$I$$>19g1I1&IKSO@VF;$N>I9g!#
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FnKL6-3&>r70!JKLB&SNG-3&$, @VF;$N>I9g!K

IIFNB&$SNG-3&>r70$H$7SFSO!"GACeII$rA[Dj$ISkSNSG!"

u=0; v=0 (at = go0) (136)

$,MW5a$55I$klI?77 1&;2>HIKE¢  $OU; v $,$"$k6-3&$NH>%0%]%C%IFbB&SKS Sk!#S=$N%0%j%C%I
PKE*$$SFSb!"6-3&3Q = 0 $HP$S&P3EHS+$i!"

v=0 (at = s) (137)

$H$ISKk!# = 0 $0=g05@.J,!&7905@.J, $K$DS$SF$b@.$jN)$SDINSG!"

v=0 (at = s) (138)

$,MW5a$55I$k!#$3ISr!"N. @~4X?t$G1=8=$9k$H!"

1
V_aciH =0 (at = 3) (139)

$HSISKI#S3SIShS)!"
= s (at = 5) (140)

SHSISKIHSDS $IN. @~4X 2tSNCMSOFNBE&E-3&SNOISDFbBESNY60%]%Co%ISKS*$$SFOIDIGMSr$HSK
BNS_SNAXTSKSISK!#
HOIIH"KLB&SNG-3&$C$"Sk@VF; $K$*$$SFSOBP>N @-$r2>Dj$9Sk #$9$I$0SAI'N. @~4X@V
F:$KAX$7SFBP>NSHS7!"@VF;$KAXBABP>N Vv = 0 $HSO$KI#$bSHSbSHSN%0%j%C%ISNG[CVSN
DjSA$G$OI"@VF;$KBOV $,G[CVSESISFS*$jl"  $06-3&$+$iH>%0%{%C%I$:$I$2>I=j$K$"$C$?
SN$@$,!"KLB&S@$16-3&!J@VF; KBG[CVS5$;3k$HPI"@VF;$G/ = 0 $hj

= Egq = const (141)

$H$ISjI"GACeII$r2>Dj$7$2>19gSHF1$8$/N>6-38$GN. @~4X2t$, 0IDj$SKSISK#ShSCSFI"6-38>r

70$0@h3[$ISHF1$8$/0I2<SNShS&SKSIBK!#
8
< 0 (at = N O)
=, R ,—= (142)
~aH MG d  (at = 3)

S

*3 9bb%Gk7W;;$G$O0 EYJ}8~$N7W;;NNOh$r@_Dj$9$k:]$KCmMOUS, |, MW!#%b%G %k FhHEGN @ VEISERBP
$9$k6-3&>170SNAX 2tSNDj5ASL>/$7IQB0SkINSG!" @VF;$,6-3&SHSIBk>I9gSN6-38>170SNAX2t$r27$2$SKDjSAS7$ 214
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3.9.2  7+$jIVSTKISKShSK2rK!

1=g0512EYJ}Dx<0$00J2<$N$h$&FIKI85$NP0isSsSoNI}Dx<0$HSISCH?!#

_ +c¢lc-) =cHa G oG (143)
$3$38G!"
=cHa G G (144)
$HSISkSH!"
- +c¢c=) + =0 (145)

SHEISK!I#$3S3$G!"N. @~4X?t SO29EYSN%0%j %L F) SGDj5AS5SISkSISHSr;WSS=PSI$H!"
(144) <0$00J2<$NSh$&$K:9J, 2=$5$I$k!#

i%jo= CjOHa G ‘ C]C':‘iz (146)

0J2<$G$0PoissonJ}Dx<0(145) $rC'<12a4KOBK(SOR K!:Successive Over RelaxatiorK!)
SG2r$/ISN2rK!ISr<($91#

Il PoissonJ}Dx<0$r$"$k6-3&>r70$NShSHSG2r$/$7$asK!"A26a6a;WwSN<|KI$SHS7SFSh$/MQSSSi
SISKENS,I"7+$jIVS7K! (interactive method) $G$"$k!#$=$I$0!"=i$a$K2r$N?dDjCMSrM?$(!"
JIDX<0$rK~$?2$9$h$&$K27EY $b7+$jIVS7$=$N6a;w2r$rJQ$($I$, $il"<IBhSK 2?2 $N2r$K6a$ES1
$FSFH/<jKISGS"$k!#: G=i$N?dDjCM$O=i4|2dDjCKinitial guess) SHBF$V!#7+$jIVS7TKISNCISN
0I$D$KAKOBKI$,$"$k!1#4K OBK!$O!"=i4| 2d DjCM$rI}Dx<0$KM?$($k;~ @8 $8 SHEHIED $& >jM>
(residual) $H$$5E $,>.$55/$ISkSh$&SK<!ISN?dDjCMSrM?$(1"<N9$SHS3SISHFIMMENA :n$r7+
$jIVS7!">]M>$r<IBh$K8:>/$5%; SF$$/<jKI$G$"$k1#4K OBKISK$0 % %AY%C! <%l %=YaetCobi
KN!1"%j!<%W%" %sKBauss-SeideK!)!" SOR K!$,$"$k!#$3SI$ISN<jK!$r=g<!8+$F$$$/$3$H
SK$9Bk!#

a. %j%A%c!<%|%=%skicobi K!)

N HVL\SN7+$jJV$7%9%F%C%WSK$* SEBFBGOSKS*$$$F @8$8$k3T;REE SCSN>MR;o; 0

$o!"
Rio;j 0= _Po;j o+ CJ 0 CJ —i[1°;j o + i0; 0 (147)

SHBISK!#
$3$3$G!'(147) <0$00J2<$N$h$&SK:9J,2=$5I$k!#
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Rjo;j o
= 71 n . 2. 0. .+ ! )
5 F041 ;0 sojot o g0 '
|
Go n n n
+ 7 Gorl o504 Gor1+ Go 1 —ojo0t Go 1040 1
+ i0;j 0 (148)
$3BI$rIQ7ASISkSH!"
Riojo
— 1 n + N
= % 0410 0 1;0 .
|
Go n n
+72 Cj0+%_i'0;j0+l+cj0 1050 1
2 Go
—t 7 Gorit Go L oo
T jojo (149)

SHSISKIHI<ISN N+1 %9%F%CHWSEENSO(153) <0$G!" b, 0 SNS_$r o5 $KIQH($2;~!"
Ny o $,%<%mSK$ISkShEESK s SrDj$aski#

N$9$IS0SA!"
n+1

—10;j 0
_ 1

2 ¢o

z+ —5 Cj0+%+cj0%
1 Gjo h |
n n n n
—%  —Furjjot o g0 F 2 Gorl o504 * Go L 050 1 + iO;j0(150)

N$3$ISr R 0 SIMQSSSFIQ7ASISKSHIL s $O b, o SNIA@5SHSTSF!"

Rino;j 0

(151)
2_4+ 5° +
v > CJ 04 % CJ 0 %

$GI=8=$5$I3k1#$3$N>I9g!"(153) <0$G(I',j') SNE@SNH+1 %9%F%CHWSNCMS$,M2$($i$I$F18IU
$,96<%MSKSISKINSGS Sk +$il AdSFSN BEISBI%FICUWSNCMSr$3SNShIESKEHSRET S
$OO0IHLSK$0%<%mSKSO$I$i$:I"27$2$I>|M>$, @BSBSKIHSIEN>IM>$,06<%m$SK<}B+$ISI$PI"$3SNJ}
KISGN 11 $N;~ b, 0 SO?22$NCMSK<}B+$93KI#DL>0!"<}B+SNL\OBSHS7$F!"Hyp. BF 3F~

$7"n = N $KS*SSSF!"
jRM; o < o (152)

“4 $3$NId@5$0!"S?$HS(SP!":8>e6y$+$i; 0$a$r<!1O$K<BITS71"1 &2<6y$K=*$0SkSh$&K$ISKI#A4SFSNNNOhSKEOSKS3
$N$h$&$IId@5A (sorrection procedure) $rAJ2a (sweep $"$k$$$Oscan) $H>N$I$k!#
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$,$93YSFSNC: j 0$KBP$7$FK~$?$5$I$I$P!"$:$NCJ3,$G$N.2$;J- o $r6a;W2r$HS$7$F:NMQSOSK!#
b. %jl<%W%" %gKauss-Seidel K!)

19%{%A%CI<%|%=%sKISGSOI'<}B+$,CY$/I'S7SRBOL %69%6F%CUWSN7W;; SNSPHEHFY%6CIWSN
CMSrA4$F5-21$5%;$F$*$/1, MWS,$"$kI#$3$ISISN7gE @$r2~NIS7$2$NS, I"%6j1 <06 W96 %SKISG$"$ki#
N9%6j%A%C!<%I%=96SKISGETBS) <OSKS*$SSF!" o, o SNS_$m+1 %69%FI%CUWSNCMSKCVS-49$(SF
1&JUSNCMSr%<%6m$HS7$28,1'%]I <YW %SKISGSOI SISGSKA]2a$ 7SFSSSKER [ NeSEFS

Py 10 $r$b N+l %69%F%HCIWSNCMSKCVS-49$(SFCV$$$2>e$G!"18IUS, %6<%mBKS BBkSh$E&
5a$a$kI#$93I$0$AI"<ISNSh$&SI>IMRE, o SIDJSASIKEH!"

— n + n+l
= 72 —04+1 ;j 0 -0 1;] 0 .
|

n+l

t G o0 1

n
G 04 1 —0; 041 o 1 o

ot 2 Gyt ge g o
+ oqojo (153)

;6 $O b 0 SNIA@5SHSTSF!"

i0;j
ol = ool + . (154)

N

SHSISKI#SIINIIKISGSOL E@QSKS*$SSTF=ESK5-21$98kI, MW$,$I$$!#

c. SOR K!

1196]1 <YW Y6sKIShSiSbSESISK <}B+$rB.$/$9Sk$?$asK ! "2aBgaK®Rrelaxation) $N5;9*$r
2C$($?$NS$,SOR K!$G$"$k!#%j!<%W%"%SK!$G%9%F%C%W$G$N3d@5$K$fj$ml§%<%m
BSK$I$k$0$1$G$0$IS/1"B?>/SNIQI9Sr$9k$3SHIKShSCSF<}B+Sr2CB.$9Sk$3SHIrOMS($FSb:9%7
;' Y$($03$I$3!1#6gBNE*$SK$OSDS. SN$h$&EKFA) <0$K2CB.%Q%i%a! 498 F3F~$7$F

M
Ly = 0y Rio; o

_l'o,jo - _rO,J 0:- +

(155)

SHSO$K!#:#2sSN<BE3BKS*$SSFSO!'= 1 :8 SHE7$?!#
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4 Bg5LO12$N@8@.$KAX$I$k?tCM<B83

118r8_$KIQSOSKEI@>IMI%8% % CY%H!KSr=i4|SKM?$(1$=$I$, I TOBDj$r5/$3$9$3$HSK$h$CSFBg@VHC
$N$h$&$IBY5,LO$I12$, @8$8!'D9;~4VOBD$KBS:_$7$?Nc$r>R2p$OSkI#$IMB@INS(1996)
$N%1I<%B1 $H:w$?$h$&$I<BE3$GS "$k!#

4.1 %Q%i%al!<%?

HOG@1%Q%i%a!<%?$H$7SFSOLZ@1IENCMIrMQ$$!"$=SNS[$+IN%Q%i%a! <LEMNTNIFAIEN |=
$$5?1#

a'OG@1H>7B 71400km
I'<+E>3QB.EY 1:76 10 4s !
g"=ENO2CB.EY 26ms 2
To!"J?6Q29EY 200K
o!'J?6QL)EY 0:132%gm 3
I'G.KDD%787?t 0:00x 1!
h1'2eJ?2G4@-78?t(4 3,HyJ,) 10'"m*s 1
VI'1tD>G4@-787t(2 3,HyJ,) | 10 8m?s 1

I= 1 %Q%i%al!<%?




4 Bg5L012$N@8@.$K4X$9$k?tCM<B839

4.2 T7W;;NNOh
421 ?eJ?J)8~

1?eJ?2J}8~$N7W;;NNOh$O!"?/8 $K<($9$h$&$K!"7PEY J}8~FK20 EY!"O"EY J}8~$K 7 EY$+
$i 40 EY$H$7$?1#$331$0$*$*$h$=Bg@VHCIN<~JUIt$r07$CSF$$Sk$3SHIKS BBIG=$0
X; Yy $H$bSKLEY' 1000km$H$7$?!#

422 1tD>J}8~

11tD>J}8~$N7W;;NNOh$O!"?/9 $K<($9$h$&$KIH = 1200km $H$7!"@.AXSNS"$SkNNOh$O

h = 40km $H$7$?!1#1?F0$O<g$K$S3SNNNOh$G5/$38k$3SHSKSISkSENSG!"1tD>3J;RE@UY3IV$O>e
E@$6km!"2< 10 E@$G14km $H$7$?#NVilliams(1996) $K$h$k$H!M=H < 1=20 $G$"$I$P
12$0D94|4VOBDj$KB8:_$7$?$N$C!"$3$ISKS$ISISCHEM = 1 =30 $H$7$?!1#

SREAM
Okm 4
KEAF
120E~ 14.8 Fkm
W& TE -
H=1200km
= ) 1140km
oA
/" 91‘7|‘
RS0 >
T 120E~11.45km
278 ?eJ?NNOh
-1200km " v

?7 9 1tD>NNOh

*5 . 29M$N$GSKI"Bg@VHCSNBgS-BBHO 48000km 12 14000km($@$$$2$80k  131k969%1I<HKSGS"
$ki#




4 Bg5L012$N@8@.$K4X$9$k?tCM<B8E0

4.3 =id|>r7o
431 ?eJ?J)}8~

1=i4|$NY%8% %CUHEI@>IWB) $O?°10 $N:8$NSh$E&SKFNKLSKSI8_$KIQS0SkSh$&SKS7$?1#DjNL
E*$KSO0MEYD7; 14; 23, 33, 40KEY$GIWB.$,%<%m$IKSISkSh$&965%F5%s4X 2tSGM?$(1":GBg
IWB.$OKLS+$i$=$I$>$1100, 50,30, 15m/s $HS7$?4

H$NE?I"29EY >I$0!"%8%'%CUHSH29EY Iw%P%i%s% 9595k $h$&SK7h$as?!1#$3$33G!"29EY IP:9$04pK\
>I$+SISNS:SISHSSSEOULLSCMQSSSFSSK!4

?7 10 9bEY3Km $K$*$1$k!"EI@>IWB.!J%8% %CY%H!KSNFNKLI=B$!J:8!IKSH29EYIP:91J1&!K

4.3.2 1iD>J}8~

11?27 11 $01tD>J}8~$N=i4|>r70$GC$"$j!"NNOhSN>E=20 $r3HBg$7SF "< ($7SF$SK!#
N4pK\>I$SN29EY9=B$$H$7$F$@!= Okm $G:GBg!z = 40km $G:G>.$H$I$k$h$&$I#2<!14X?t
$GCM?$(1"$=$I$n$j2<$G$O0IDjSHS7$?!1#$D$"$j!">e$GOBDj@.AX!"2<$GCIN) @ . AXSHSISCHF$ Sk !#
11%8% '%C%H$NI=BSBH'Okm $G:GBg!z = 40km $G%<%m$H$I$k$h$&$I@~7A9=B$SrM?$(!"
$=3I$h$j2<$CO%<%mMSH$7$?1#

BEXZORE
Okm
T ¥ T T
h=40km | & E = :
B E
-40 km — E
60 km 200 210 220 230 Ry a— 30100

Ry —(m/s)

?7 11 4pK\>I$N29EYS$N1tD>9=B$9=B$!J:8!K$HEI@>IwB.$N1tD>9=B$!IJ1&!K




4 Bg5,LO12$N@8@.$KAX$9$k?tCM<B8E1

4.4 6-3&>r70
4.4.1 EI@>J)}8~6-3&>r70

IEI@>6-3&$KAX$TSFSO<~4|6-3&>r70$r2>Dj$ISK!#

4.4.2 FnKLJ}8~6-3&>170
HENKLN>J}SNJIISGSI$Y $i$IS R U%i%CY%/%9$I$7>r70$r2>Di$Sk!#

(v;T)=0 at = s; N (156)

4.4.3 1tD>J}8~6-3&>r70
11tD>J}8~$K$*$$$F$O!"N>6-3&SOK™;$$IFP0U%i%C%/%I$I$7SNIISHSOSK!#

(w;uz;v,;T,)=0 at z=0; H (157)

45 ~4V@QJ,

1;~4V@QJ,$0%;j!<%W%U%m%C%OK!$rMQ$$!'% ?%$% 150 % BCRNF | 7W;;$7$21#$"$2!"
%j!<%W%U%M%CY%OK!$rMQ$$$?$3SHSKShSCSF @8$8$k7W;; %b!<%ISNAHISrMASFRYBKkS ?$a!”
(1972) $N;~4V%U%#%k % ?E$L09%F%CLHWHE, MQS7SFSSSK!#
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46 7k2L
4.6.1 29EYJP:9$N;~4VJQ2=

HODEY 15km $K$*$1$k29EYIP:9$N?eJ2J,I[$N;~4VIQ2=$r2RA 15 <($9!#

11=i4|$N29EY IP:9$0%8% % C%HSH29EY WP %i%s%IS0FHIBER SP SIS/, ~4V$, 7TP2a$9$k
$H!"ITOBDj$K$Sh$CSF!"GHDEDOOKM DXEYSNGHS, @8$8SFKAI0 F| ) #$=SNGHSOH/CH$7$?S,
(420 F|)I"Ix$ISF$7$"$C$? (480 F|) #$=$N8e!" @h$[$I$h$j$ODCOEY $GGHDI$, DISSH#AK [#k#m
$SNGHS, @8$8$F$-4830 F| ) 1#$33$I$0!"FnKLSK$09b5$05@-%7%"I<$NIt], $K6I:_$7SFS$SKI#$3
$NGHS$,H/C#KB00 F| ) I"GHDI$ODIS$/$I$j!"261}$OBgS$-$/$I$i!"FnKLI}$bBg$-$/$I$C$?(760

F|) #Fs$DSN29EY IP:9$,$0$CS-$i$7$F$-$KB840 F| 980 F|) FsSDSKS SHS $jI"29EYIP:9$b
Bg$-$/$I$C$A1440 F|) #FsSDIN12$0$@ $s$@$sSHEWNI6$r=L$a$I$, $iIBRETGR] , 2450

F|) 1#$D$SSKSOI"AOSNBgS$-$J12%,8e$m> . $5$J12$r5[< 480 F| ,2650F| ) I"8IN) 12$K$ISCS?
(3170F|) #$=$N8e!"$3$NBg$-$I12$0!"29E Y IP:9$0> $5$/$I$C$?$bSNSOUOF|$"$GOBDISK
BS: $7B3$1$71#

4.6.2 :F8=$5%I$?8IN)12$N29EYJIP:9$N1tD>9=B$

1:F8=$5$I$78IN)12$NS$"$SKOMEY ( 255 EY $K$*$1$k29EY IP:9$N1tD>9=B$$rE6 $K<($9!#
$33I$r8+$k$H!I"ODEY 20km $K29EYIP:9$N%T!<%/$,$"$j!" @ AXSNS "$KkItJO!A  40km) $K
29EYJP:9$,6l:_$7SFSSSkS3SHS, $0S+k!#

463 :F8=$5$I$78IN)12$NIWB.
Iz = 3km SK$*$SLSk:F8=$5$I$?8IN) L2$NIWB.$r217 $K<($914$3$I5r8+SkSH!"IWB.$O
40m/s $ri[S(SFSSSKSISHS, S0$+$Sk!#

4.6.4 Tk2L$"$H3%a

I Williams(1996) $HFIMMS$K!"%8%'%C%H$+$i12$, @8%$8!"7k9g$7!"0ISDSNSIN) 12$K$ISkSHS$S&
0l0"$N2aDx$,:F8=3$53I$?!1#$"$?!" F8=$5%$1$?8IN)12$N1tD>9=B$$0!"9bE Y20km $K29EYJIP:9
SN%T!<%/$,$"$j!"@.AXSNS"$KItJ, (O!A  40km) $K29EYJIP:9%,61:_$7$F$$$?!#IwB.$@0m/s
Sri[$(SF$$$?
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Y—coordinate

Y—coordinate

Temperature Disturbance Temperature Disturbance

z=—15000 m z=—-15000 m

t=0 day

Y—coordinate

40 80
(deg)

X—coordinate X—coordinate

Temperature Disturbance Temperature Disturbance

z=—15000 m

Y—coordinate

X—coordinate X—coordinate

712 15km $K$*$1$k29EYIP:9$N?eJ2J,|[0 F| (:8>€), 400 F| (1&>9, 420 F| (:82<),
480 F| (1&29#%3%s%?1<4V3VEOBK $G!"06+%il<$OCH?'70$, @5IP:91"4(?'70$,1lJP:9$r
I=$7$FS$SK(?" 121A15 $IBY S
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Y—coordinate

Y—coordinate

Temperature Disturbance Temperature Disturbance

§ z=—15000 m 2=—15000 m
P40 ———————————— t=530.98 day =599.98 day
6 ] 6
-
o
c
4 5 4
2
o
2 o 2
o
0 y‘ 0
-2 -2
-4 -4
-6 -6
(deg) (deg)

X—coordinate X—coordinate

Temperature Disturbance Temperature Disturbance

2=—15000 m
=839.98 day

Y—coordinate

X—coordinate X—coordinate

2713 15km $K$*$1$k29EYIP:9$N?eJ?J,[530 F| (:8>€), 600 F| (1&>9, 760 F| (:8
29), 840 F| (1&23
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Y—coordinate

Y—coordinate

Temperature Disturbance

(deg)

z=—15000 m
t=980.98 day

X—coordinate

Temperature Disturbance
(deg)

z=—15000 m
t=2000.98 day

X—coordinate

7”14
(:82<), 2450F| (1&29

Temperature Disturbance

z=-15000 m
{ t=1439.98 day

Y—coordinate

20 40 80 80 100

X—coordinate

Temperature Disturbance

z=-15000 m
t=2450.98 day

Y—coordinate

X—coordinate

15km $K$*$1$k29EYIP:9$N?€J2J,I[980 F| (:8>e), 1440 F| (1&>9, 2000 F|
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Temperature Disturbance Temperature Disturbance
z=—15000 m z=-15000 m
t=2480.98 day t=2648.98 day
[0} 6 o 6
E E
b M © 4
2 °
s 2 8 2
o o
L 0 L 0
-2 -2
-4 -4
-6 -6
(deg) (deg)
X—coordinate X—coordinate
Temperature Disturbance Temperature Disturbance
z=—15000 m z=-15000 m

t=3170.98 day t=5999.98 day

Y—coordinate
Y—coordinate

X—coordinate X—coordinate

715 15km $K$*$1$K29EYIP:9$N?eJ?2J,[[2480F| (:8>€), 2650 F| (1&>9, 3170 F|
(:82<), 6000 F| (1&29
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Temperature Disturbance

y=-25.5 deg
t=3170.98 day

/—coordinate

X—coordinate

2716 29EYJP:9$NLD>9=KH EY 255k, 3170F|)

zonal velocity

z=—-3000 m
t=3170.98 day

Y—coordinate

-20

—40

0 20 40 60 80 100

(deg)
X—coordinate

CONTOUR INTERVAL = 5.000E+00

2717 EI@>WwB(z= 3km, 3170F|)
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4.7 9M;!
4,7.1 12$N9gBN$7SF$$S/MM;R

11:#25SN<BB3SKS*$$SFI"A0T} (@) $N12$,8eJ} (EI) SN12$r5[<)$7$7$,!" Williams(1996) $K
ShSkSH!"$3$I1$03 <!85$N?tCM<B83$GSh$/8+FiSISk$3$HFSI$7$$2K!85!) SWIK$SG$O8e$mSN
12$,A08N12$r5[<}$935k!#K0J2<$GSO!"AOSN12$,8eSMIN12$r5[<}$7$?$3FHIKSDISSFIMSB(SKIH@ ~
7TA%M%9%S!<GHSNOLA|B.EY$SN4AX78301tD>GHDISKH$Y$F?eJ?GHD9%,Hs>0$KD9$SSHS-$KSO!"

ND

&= L3= vz (158)

$G"Bk!#$3$33G !t $OEI@>I}8~SNOLAB.EY'H $0%mM%9%S!I<$NIQ7AHNFRIYV %i%s%H%P
%$%5%i?6F0?D $01?7FOSN1tD>%9%1!<%k$C$"Sk!#$I$<$=3&$$$& 798~SKSISkSNS+$0OJI, $+$i$J
$$$,"AOSNBg$-$J12$,8eIMIN>.$5$I12$KHISY $FShF9bO EY $KS"$CH?$?$al'8eSmSN12$h$j$bOL
AjB.EY$,CY$$$3SHIKSISKI#SIENSISHS+$il"AOSNBg$-$J12$K8e$mIN123$,DISSIUSSSFS-$F!"$7
$"$SSKSO9gBNS7SFS7$"$CF$SSkEH; WS0SISk !#

472 12$NBg$-$5

ILpLn=gO0l (1993) $Np.383$K5-=R$5$ISF$$SKI"LZ@1$N12$KBPSISK6I=j2=>70$KSh$K$SH!I"Bg
@VHCSNSh$ESISIN)$7$?12$rF @SkSK$O!"8=>]$N 2eJ 296904 Mhok69%S ! <SNIQ7AHR7Bh
$i$bBg$-$$$3$HS,IT2D79$G S SkSIS7$$!#:#25SN<BBISK$*$$$F!":F8=$5$I$?Bg5,LO12$N?e]?
9%699%1!<%k $O

L' 50 ' 50 100(km =5 10'm (159)
$G$"$ki# 01J}"JQ7AH>7BLp $O

ND _ 10 2 40 10°
f ~ 2 176 10 4 sin 25

Lp = 2 10fm (160)

SHPIBK!I#$3S3SGIN SNCMS$OO0ID}$CHO$I$$S, " #2s$N<B83SCGMQ$$$?CMIrMQS$SF%9%1!<%j%s%0

$OBKSH!"
g@T 26 25

2 _ <0 6
N To @z 20040 108 80 10 (161)
$hsj!"
N 9 10°% 10°7? (162)
$HS7$21H#ShSCHF!"
L 25Lp (163)

$h$j!"8=>]$N?eJ?%9%1!<%k$,%m%9%S!<$NIQ IAHSAB|$bBgS-$/$ISCSFS*$|!"LZ@1$N12
$SKBP$IBK6I=j2=>r705r$_$?$7SF$SSK!#
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5 #8e$NEBK>

5.1 Bg@VHC$0$J$<@V$$!)

HLZ@1Bg5,L012$K4X$9$k5?LdSNOISDIKIVSI$<Bg@VHCSO @VESENS+!)IWSHISS&LABj$,$"$CH?1#
O0ISDSN@b$HS7SFIVLZ@1Bg5$SN?<$$1t], $+SiBPN.SKSh$CHF4,$->e$23i$1$?2J*<AS,"B@M[$N; g
30@~$H2=3XH?1~$r02$-5/$3$9$?$a@ V$/8+$(SKSNSGSOSI$S$+WSHSSSESBRAS B

Lewis, 1975)J7" 18Kk4$=$N$h$&$IBPN.SN@5BNSHS7INS&ajima et al. (2000) SN?tCM<B
83$K8+$iSISkSh$&$I"Bg5$2<ItSN<>=aBPN.$,3hH/SINNOSrA[DIS7SFSh$$$+bS7$ISISSH#$7
$+$71"40QB,E*$K$0O!"BPN.$,3hH/$IMk1@$HBg@VHCSOILSN>I=j$K$"$j"Bg@VHCS, @ VSS$3$HSH!"BP
N.SHSNAVSNAXO"IUS1SOSISESISFSSSISHIH

5.2 Cf@VHC$N=P8=

$=$&$$SCH?>u67$N$IS+!"6aG/!"?tBDSNGIrHCS,9gBNS$7!"?'$, @VS/IQP0SkSHS$$&8=>]$,40QB,$5

$I (Simon-Miller et al. ,2006)!"0J9_WVCf@VHC!W$SHBF$PSISk$h$&SKSISCSAIMHSISNCT
@VHCS$,@V$/$3I$C$?MIM3SroM$($k:]!"<j$,$+$j$HSIS|$=$&$ISNS,"CF@VHCIN!VIWB.IWSGC$" Sk I#
9gBNAOSNGrHC$NIwB.$0OBg@VHCSN$=3$I$K$O5Z2$P$I$+$C$?$,!"9gBN$7$FIQ?'$7$?8eSNCf@VHCSr
D4$Y$k$H!"Bg@VHCSKISE($9BK$[$I$"SGSK2CB.$7$EBBRBN-Miller et al. ,2006)#

19 LZ@1A4BNAJIL&?MKEHS=$N3HBg?1J:8
2" 18 Bg@VHCSACI@VHCS,@VSSSISHI@DL@Hsct1 5BESKS Sk @V /> $588125,CI@V
$k$78aBN35G0?" HCI"1&8>e$K$"$k@V$/Bg$-$J12$,Bg@VHCSGS"

$ki#) Credit: NASA/ESA/Amy Simon-

Miller IK
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5.3 Cf@VHC$N=P8=%$+$i!"12$NFbIt$GBPN.$, @8$8SFS$SkS3$HS,A[A|$CS-$k

I$ISNSISHS+$il"0J2<SNS3ISHS, 2dB, $G$-$kI#9gBNSISK$3SHSKShSCSFCF@VHCSOIWB.$,ByS$-$/
$ISCS?HIWB.$,Bg$-$/$ISCS?SHSSSESISHSO"29EY IWSNAX 78$+$i29EY IP:9$, Bg$-$/$I$C$?$3
$HS, IMS(SISISKIHS=$3$GI"NCS(SP!"4pK\>I$, 2" 20(:8) SNSh$&SKOBD)@. AXSI$7TSFS*$I" 128N
29EY1J29EYJP:9IK$,2/20(Cf) $N$h$&$ILD>9=BS$r$7SF$$S?$HSOBKI#SISNSHS- 128N " $k>I=]
$GSN29EY9=B$$0!"20(18) SNShS&SKSISKI#29EYIP:9$,Bg$-$/$I$j!"$ " SKCMSr1[$(SKSH!"27

20(18) $NSh$&SK12$N>elt$GITOBDj@.AX$SHSISBPN.$, @8$8$k#$3SNBPN.SKShSCSFI"Bg5$2<AX
$N6,%9$,1$A>e$23i$I"B@M[$+$i$N;:g30@~$rMas$S$FIQ?'$7!" @VS/$ISCS?$HAA|$ISKSISHS,
$GCS-$K!#

2720 29EYJP:9%,Bg$-$/$J$8k$HBPN.$,5/$38k2DG=@-$,$"$k$3$HSr@bL@$9I$k?"

5.4 LZ@1Bg5$$N1tD>9=B$$,2dB,$GS$-$k

ISbS7SISNA[A(S, @5$7$SSHSOSISPI"LZ @ 1$NBg5,LO12$, @V$H/$ISk$?$a$K$O!"12$N6/$5!&BgS-
$5$,07$kIVogCMIWSIDES(SFSSSKI, MWS, $"$Sk$3$HS, <(:6$5$I$k!VBPN.SN%9%$%CI%AIWS, F~$C$?
$ilJCIN)NNOh$,$_S$iSI$?$ilK1230 @ VS/$I$j!"F~$isISSSH1280Gr$$$ $ $G$"$KI I VBIKUSDS”
$i1"12$N6/$5!&Bg$-$58NIVogCMIWSO!I"NO3XE*$K$SOBPN.NNOh$SNM-L5$K$h$CSFH=Dj$5$I$k$3SHSK
$J$k!#BPN.NNOh$NM-L5$0!"Bg5$$N29E Y9=BRU 2>HIK$dI*<ASN1D>J, [[$HAX O "$ISKSHIM
$(SiBISKIHS=$3$G!"Bg5$SNLtD>9=BS$SrMMIOSKIQ2=$5%;$?2tCM<BS3$roT$$!"7k2L SrHI3SSOSKI#
$=$3$G!"BPN.NNOh$N=P8=$NIVogCM!WSHBg5$9=B$SNAX78$r8+=P$7$9$3$HSKShSCSF"Bg5$SN1tD>
9=B$$r2dB,$G$-SkSNSGSOSIS$S+SHIMS(SiBISk!#
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6 :#8e$N2|B]

6.1 GH!&12SN@8@.$KAX$9$k?tCM<B83!&2r@0!&9M;!
6.1.1 12$N@-<A$SKIF6ASIM?$(SkSNSOSISNUQ%i%al<%?$+!)

:#2s>R2p$7$?IV=i4|$SKEI@>Iw$r2>Dj$7$F!"$=$NITOBDj$+3$i12$, @ 8$8$k! WSHS$$&<B83SK$*
$ESF!"@.AXSING/$5!&1tD>9=B3$!"%8% % CUHIN?61} &FnKLI=B$!&1tD>9=B$$r%Q%i%a!<%?$H$7$F
MMI9$KJIQ2=$5%$;$F<B83$r9T$&$HS3$G!"128N@8@.!&0]; H&@-<ASKSBISN$h$&$IIQ2=%,$_FiSISkS+
8!>Z$9%k!#

6.1.2 SISN$h$&$IITOBDj$GGHS, @8$8$?$NS+!)

112$N@8@.$KAX$7SFSO!"GHDISNDEBSEBSNGOOF|) $,@8$8$7$3$HS,=EMWSGS"$CS?!#
Williams(1996) $G$0NV$3$N$h$&$IGHDISNDISSGHSOEIIW%8%'%C%HSN7905ITOBDj$KSh$SCSF@8
$8$?IWSHC1$K=R$Y$iSISF$$$7$@$1$GE PEIDS $j!" GHINI=BS$IIFNKLIWSd29EY $N1tD>9=
B$IK$KSD$$SF2r@0$7$7$j!"@~7A0BDj@-2r@0$r$7$F!"$3$1$, 7905 TOBDj$KSh$CSF @8$8$?GHIG
$"SkSH=RSYSF$$$?$0$1$GSO$I$S$!#

ITOBDj$K$hSCSF @8$8$?GHSKSDSSSFSNMI2rdr2<$ask$?$a$K $00I2<SN#3$DINIIK!IS, IMS($isISk!#
10I$DL\SO! #$SNOHAHS$SG @~7A0BDj@-2r@03$r9T$&$3SHSGS " Ski#:#2s$N<B83SN@_Dj$SK$*$$$F!'@.
AXI&%8% %C%HSNI=B$$DI'SNSh$&SK 1tD>NNOhSN>ESB0 $N$_$G?61}$r$b$DSh$&$IO=BS
$G$"$CH?$NS$G!"@ AXD>%7%"I<$HSbSKOIDj$GS Bady LdBj$HD>@\HI3S$ISk$3SHSO$GS-$J
SSSHOM$(SiSISk!I#$3$I$0$ $7$m!"3SMNSN7905ITOBDj$ro@ Gl =t al.(1974) $GSN1tD>9=
B$$K6a$$#$=$3$G!":#25SN<BB83SNOHAHSG @~7A0BD]@-2r@0$roT$$!"ITOBDj%b!<%ISNI=B$S$SH:F
8=$5$I1$?GHSNI=BS$$rH3S SO %

IIFs$DL\$O!"7905ITOBDj$NI, MW>r70$rK~$?$7$F$SSk$+$rDASY $k$?2$asK!"%6] %F %s%7%CcI%k12EY
$NFNKLHyJ,$,Id9f$rIQ$(SFSSSkS+$I$&$+3INS+$ask!#

11;0$DL\$SH$7$F!"29EY $,FnKLI}8~$KM"AWS5SISFSSSk$+SI$&$+$r2r@0$9$k 1 #$b$7!"29E Y SNFN
KLJ}8~SNM"AwsS,$"$k$h$&$I$il" 79051 TOBDj$KIU?0$9SkGHSG S " SkSHS3S, A[A|$5$I5k!#

*6 $=$N:] Gill et al. (1974) $r0zMQS7$F!"; X 2t4X2HE*$IUD>9=BS$r$7$?ElW68%'%CUHHSO!"$?$@$ASK 7905/ TOBD]
SKSISkEH=RSY $i$I$F$$S?
*7 $=$b$=$b!"Hs@~7?@-$N6/$$%1%8!<% $ISNSG!"@~7A0BDjO@$, SISNDXEYE,MQSGS-SkSNS+SOS0$+$iSISES, 1
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6.2 12$NOBDj@-$K4X$9$k?tCM<B83!&2r@0!&9M;!
6.2.1 1230@.AX$7$F$$SKNNONS,GvS$$[$I0BDj$+!)

Il Williams(1996) $K$h$k$H!"1tD>NNOH $H@.AXSNS"SKNNOBNHfS I h=H < 1=20$G
$"$I$P12$0D94|4VOBDj$7$?Williams(1996) $N12$NOBDj@-$KAX$I$k<B831I=i4|$K12$rCV$ES$
$FI"$=$I$,0BDj$KBS:_$G$-$k$+$I$8$+KSKS*$$SFIVIID>I}8~$NHs@~7?A8_NMQSKSh$CSF@8
@.$5$I3k=g05@.J,$,12$r0BDj$KBS:_$GS$-$IS/$ISKMWOXSGS $SKIWSH=$+SISF$"SCS?14$G$0$J
$<I"=g05@.J,$, @8$_=P$5$I$kSHOBDjSCSIS/$ISkSNE .+, $ISSKM}2r$9$k$?$a$K!"h=H
$r%Q%i%al<%?$HS7SFIQ2=$5$22tCM<BB3$ro TS 25514

6.2.2 1230$I$NSh$E&SINO3IXE*%P%i%s%9$SGD;~4V0];}$5SISFSSSKENS+!)

IBg@VHC$N$h$&$IBg5,LO$I8IN)12$0!"%0m%9%S!I<GHSNJ, ;6 @-$HHs@~7? @-$,$D$j9g$CIF$G $-
$?79-5A8N%=%]%H%s$GC SO0 $I$5$+SHSSS0SISF$SSKIIODL 2.3. 1@a!KEW %b %G Y%k SK$*$$
SFFOI"$5$"$6$"$ICOIUIW%I%8!<% 4VENAj8_:nMQ$r5-=R$9$k0F2neKal Geostrophic
Equation(GG J}Dx<0) $,I" Williams(1985) $K$h$CSFF3=P$5SISFSSSKII>\:YROL. 1;2>H!Me

he r (f 2hr h)+(f 1)y%hx J(h:hf 2) J(hf LK)=0 (164)
$3$3$G!'h $0geopotential thickness$G$"$j!" (164) <0$K$*$$$F!"Bh0I9 $0;~4VIQ2=!"BhFs
9°$0J,;6!"Bh;09"$OGH$SNEAGE$H9b<!$@$DlINear divergence!"Bh;M9 $O12EYSNCO9UIWSK
$h$kO\N.!"Bh8"9 $0%(%M%k%.!<INCOUIWSKShSKO\N. $rI=$7 SF$SSk!#$3ENI}DX<0$N3F9 " $rHf
3SPISKSITHIG!'"%P%i%Ss%ISKAX$I$k5DO @ PrE83+$9Pk$3PHPO2DG=$G$"Sk!I#$7$+$7!"0"B3@.AX$7$?
TO$K$*$S$F!"S3SNSh$&SI%P%i%s%9$r5DO @ $9$k$?$a$NI}DX<0$OF3$+SISF$$$ISS!#$h$CHFIVO"
B3@.AX$7$?703K$*$1SKNOIXE*%P%i%s%9$r5DO@$9I$k$?$aSKSOSI$&$7$?2$iSh$$$+WSKSDS$SSFOM
1$7$IS1SISPSSSLSISSSH; WHoSISk!#

6.3  %b%G%k$N2~NI

1:#2s:n@.$7$?%b%G%k$0!">uBVI}DX<0$K$*$$SFL)EYSO29EY SNS_SNAX?t$K$ISk%V%7%M%9%/6a
WS, MQISSISISFSSSkS?Pal"7W;; 7k2L$,<B:]SNLZ@ 1$NSISNIDEY$G5/$3SCEF$SSkENS+!"BP1~SE
$LPkS3ISHS, $C$-$I$$!1#$=$3$G!"MIA[S$BNSN>UBVI}Dx<0$rMQ$$!"1tD>: BISBIBSr:NMQ$9
PhkB3BHIKS7!"%b%C%k$r2~NI$ISkS3ISHSG!"7W;; 7k2L$H<B:]$NLZ@1Bg5$$HENBP 1~1U$1$r2DG=$H
$OBK!#

*8 | pLn(1993,p.409) $K$*$$SFSOIVLZ@1$N>U67$G$0!"7905@-$NBIN)>gMpSO=g05%m%69%SI<GHSNJI|<MSKShSCSFS:
?i$7SF$$S/$3$HS,4|BTS5SISKIWSH=RSY $iISFS$S?!#
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6.4 EI@>IW0]:)$K$*$15k6/@)SNM?$(J}SNSIFS

ILZ@1$NEI@>IW!I%8% %CY%H!KS$r0];}$9$k%a%+%K%:% $HS7$F$O!"<g$K0I2<SNFs$SDSN @b$, Ds>'
$5SISF$SSKI#0ISDL\SO!" 1 @ $KShSKEE 7k2CG.SN%3%5%HIi%9%HSKCmL\$ISKIVG.6/@) @bIWSG S $jl”
$b$&SRSHSDSO!"MpN.E*$J121?2F0$SKCmL\$9$k!V1?FONLE/@) @b!IMpN.%+%69%1 1<% @b KWSG$"$k
(Irwin, 2006) 1#$D$"$jI"tCM<B83$K$*$$SFEI@>IWSr@8@. $9BKSKSO!'G.8;$r2CH($kIIKISH!"L?
FONL$r6/@)$9$kJ}K!S$,$"$ki#Williams(2002) $OG.8;$K$h$CSFEI@>N.$r@8@.!&0];}$7!"$=$N
ITOBDj$K$hS$CSF12$r@8$_=P$7$?1#0lIhowman et al. (2006)$0BPN.7w$K1?FONLS;JBPN.
$d7905ITOBDj$K$h$CSF @8$8%k>.5,L012$KH<$&1?FONLY%U%i%C%/%9I<}B+$rI=8=$7$?$b$NIKS$rCV
$/$3SHSKShSCSFI"2<ItSKEZSVEI@>N.$, @8@ . $5$I$&SkS3SHSr<($7$714
1G.8;$r2C$($kI}KI$H1?FONLSr6/@)$9$kIIKISNFsSDSNIIKI$GSO!";R8aLL=[4D$NI}8~$, 5USK
$ISKSISISNOCSSS, @BSBSKSNSG!"EI@>N. $+$i @83 $I$k 128N @-<ASKSDSSSFSbSI$S$is+SNOCSSS,
@8$8SKS3SHS, IMS(SiSISkI#$=$3$G!"G.8;$b$7$/$O1?FONLE/@)$NOEY!&IbEYHISE, ;~4V
9%9%11<%k!"7W;;NNOh$SN?<$5$r%Q%i%al<%?$H$7$FIQ2=$5%;$?2tCM<B83$roT$$!"8=<B$HBP1~IU
$15k$ISHINSGS-SKEI@>IWSr@83%_$@$91#$=$3$G!"G.8;$rM?$($k>I9g$H1?FONL$r6/@)$9$k>19g
SHSGI"EI@>IW$+$i@8$" SISk 123N @-<ASKSISNShSESI0CSSS, @BSBSKSNS+8I>Z$7$7$$1#
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