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abstract

!! One of the major issues on the dynamics of Jupiter's atmosphere is
its vertical structure,especially in the depth. This issue remains unsolved
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. Williams,1996) .
In addition, the recent reddening of White Oval BA may provide addi-
tional hints (Simon-Miller et al., 2006). In this study, I develope a three-
dimensional model based on the primitive equation model of Boussinesq

uid and conduct some preliminary numerical experiments on the large-
scale vortices. In the standard case, whose setup follows that of the case
G1 of Williams (1996),the emergence of small scale instability waves in
eastarly jets and the gradual development into a coherent vortex resem-
bling Great Red Spot are reproduced. The plan of future research is also
presented.
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1 $O$8$a$K

!!LZ@1Bg5$$K$O!"BS>u9=B$!"Bg@VHC!&GrHC$J$IMM!9$J%9%1!<%k$N12!"Mk1@!"$J$I$H$$$C$?Bg

5$8=>]$,$"$k (?^ 1)!#$3$l$i$N@8@.!&0];}!&>CLG$K4X$9$kNO3XE*$J%a%+%K%:%`$r2rL@$9$k

$?$a$K$O!"Bg5$$N1tD>9=B$$rCN$k$3$H$,I,?\$G$"$k!#$^$5$K$3$NL\E*$G!"1995G/!" Galileo

probe $,LZ@1Bg5$$KFMF~$7D>@\4QB,$r9T$C$?!#$7$+$7!"FMF~$7$?COE@$,!V%[%C%H%9%]%C%H!W

$H8F$P$l$k4%Ag$7$?>l=j$G$"$C$?$?$a(Young, 2003) BeI=@-$r7g$-!"$=$b$=$b#1E@4QB,

$G$"$C$?$H$$$&$3$H$+$i$b!"A45eE*$J1tD>9=B$!&AH@.$rCN$k$3$H$O$G$-$J$+$C$?!#$^$?!"

Cassini spacecraft$J$I$,@V30@~4QB,$r9T$C$?$,!"Bg5$?<It$^$G$O4QB,$9$k$3$H$,$G$-$F$$

$J$$ (Kunde et al., 2003)!#$D$^$j!"LZ@1Bg5$$N1tD>9=B$$K4X$9$k>pJs$OHs>o$KITB-$7$F

$$$k!#

!!$3$NLZ@1Bg5$$N1tD>9=B$$r?dB,$9$k%R%s%H$H$7$FBg5,LO12$,$"$k!#Williams(1996) $O!"

1tD>9=B$$r9MN8$9$k$3$H$,$G$-$k;0<!85%b%G%k$rMQ$$$F?tCM<B83$r9T$$!"Bg@VHC$KI$E($9

$kBg5,LO12$N@8@.!&0BDj@-$K$D$$$F5DO@$7$?!#$=$N7k2L$K4p$E$-!"$5$^$6$^$J%Q%i%a!<%?

<B83$r9T$$!"Bg5,LO12$K8+$i$l$kCfN)@.AX$NJ,I[$KCeL\$9$k$3$H$G!"LZ@1Bg5$$N1tD>9=B$

$r?dB,$G$-$k2DG=@-$,$"$k$H9M$($i$l$k!#$^$?6aG/!"LZ@1$N;0$D$NGr$$12$,9gBN$7!"0l$D

$N12$K$J$j!"$=$l$,@V$/$J$C$?!JCf@VHC$N=P8=!K!#$3$l$bLZ@1Bg5$$N1tD>9=B$$r?dB,$9$k%R

%s%H$K$J$k$N$G$O$J$$$+$H;W$o$l$k!J>\:Y$OBh5 >O$G=R$Y$k!K!#$=$3$GK\8&5f$G$O!"LZ@1Bg

5,LO12$K4X$9$kMM!9$J?tCM<B83$r9T$&$3$H$G!"Bg5,LO12$r:F8=$7!"12$N0BDj@-!&@8@.$K$D$$

$FD4$Y!":G=*E*$K$O!"LZ@1Bg5$$N1tD>9=B$$r?dB,$9$k$3$H$KD)@o$9$k!#

!!$H$3$m$G!"?tCM<B83$r9T$&$K$OLZ@1Bg5$$rA[Dj$7$?Bg=[4D%b%G%k$,I,MW$G$"$k!#8=:_$N

$H$3$m!"8=<BE*$JJ|<M2aDx!&6E7k2aDx!&1@J*M}$J$I$r4^$s$@K\3JE*$J%b%G%k$OB8:_$7$F$$

$J$$!#LZ@17?OG@1$rA[Dj$7$?!"?t>/$J$$Bg5$%b%G%k$N0l$D$H$7$F!"EPIC(Dowling et al.,

1998)$,$"$k!#$7$+$7!"$3$N%b%G%k$O1tD>:BI8$H$7$FEy290L:BI8$r:NMQ$7$F$$$k$?$a!"CfN)

@.AXIU6a$G1tD>J}8~$N2rA|EY$,0-$/$J$C$F$7$^$&$H$$$&7gE@$,$"$k!#$D$^$j!"K\8&5f$GCe

L\$7$?$$Bg5,LO12$N@-<A!JCfN)@.AX$NM-L5$J$I!K$J$I$,$&$^$/I=8=$G$-$J$$$3$H$,M=A[$5$l

$k!#$h$C$F!"1tD>:BI8$H$7$FEy290L:BI80J30$N:BI8(z $b$7$/$Op :BI8 ) $r:NMQ$7$?%b%G%k

$,I,MW$H$J$k!#$=$3$G<j;O$a$K!"z :BI8$r:NMQ$7$F$$$kWilliams(1996) $HF1$8#3<!85%b%G

%k$r:n@.$7$?!#:#8e!"$3$N%b%G%k$r$h$j8=<BE*$JBg=[4D%b%G%k$X2~NI$7$F$$$/M=Dj$G$"$k!#

!!8=:_$O%F%9%H<B83$H$7$F!"Williams(1996) $NDI;n$r9T$C$F$$$k!#K\O@J8$G$O!"8r8_$KJQ

$o$kEl@>Iw!J%8%'%C%H!K$r=i4|$KM?$(!"$=$l$,IT0BDj$r5/$3$9$3$H$K$h$C$FBg@VHC$N$h$&$J

Bg5,LO$J12$,@8$8!"D9;~4V0BDj$KB8:_$7$?Nc!JWilliams,1996 $N%1!<%9G1!K$r>R2p$9$k!#

!!Bh 2 >O$G$O!"Bg5,LO12$NNO3X$K$D$$$F2a5n$N8&5f$N%l%S%e!<$r9T$&!#Bh3 >O$G$O!":n@.

$7$?%b%G%k$K$D$$$F$N2r@b$r9T$&!#Bh4 >O$G$O!":#2s9T$C$??tCM<B83$r>R2p$9$k!#Bh5 >O

$G$O!":#8e$NE8K>$H$7$F!"Cf@VHC$N=P8=$+$iLZ@1Bg5$$N1tD>9=B$$,?dB,$G$-$k2DG=@-$K$D

$$$F?($l!"Bh 6 >O$G:#8e$N2]Bj$r=R$Y$k!#
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?^ 1 %+%C%7!<%KC5::5!$K$h$C$F;#1F$5$l$?LZ@1$NA4BNA|!J2D;k8w!K!!2hA|$K$O

LZ@1$NBS$H<J!"Bg@VHC!"GrHC$,$J$I$,$_$i$l$k!#NASA photo journal PIA04866
(http://photojournal.jpl.nasa.gov/catalog/PIA04866)



2 Bg5,LO12$NNO3X 8

2 Bg5,LO12$NNO3X

!!LZ@1$NBg@VHC$dGrHC!"3$MN$N12$KBeI=$5$l$kOG@1%9%1!<%k$NBg$-$J12$O!"JP:_$9$k8=>]

$G$"$k%8%'%C%H$dGH$H0c$C$F!"Hs>o$KFC<l$JB8:_$G$"$k!#$=$N$h$&$JBg5,LO12$,$I$N$h

$&$K$7$F@8@.$5$l!"$I$N$h$&$JNO3XE*%a%+%K%:%`$G0];}$5$l$F$$$k$N$+$H$$$C$?LdBj$O!"

1990G/Be$KF~$k$^$($^$G$O<g$Kshallow-water(SW) model!J@u?eJ}Dx<07O!K$G5DO@$5$l

$F$-$?!#Nc$($P!"Williams and Wilson (1988) $G$O@u?eJ}Dx<07O$rMQ$$$??tCM<B83$r9T

$$!"Bg@VHC$KAjEv$9$k12$K$D$$$F!"%=%j%H%s$H$N4XO"$+$i$=$N0BDj@-$H@8@.$K$D$$$F5DO@$7

$?!#$7$+$7!"1tD>#1AX$NSW model $G$O!"?eJ?9=B$$K4X$9$kNO3XE*$JFCD'$r5DO@$9$k$3$H

$7$+$G$-$J$$!#8=:_$N8&5f$NN.$l$H$7$F$O!"1tD>9=B$$d29EY9=B$$b5DO@$G$-$k, Primitive

Equation(PE) model(%W%j%_%F%#%V%b%G%k) $N$h$&$J3 <!85%b%G%k!JO"B3@.AX%b%G%k!K$r

MQ$$$F?tCM<B83$r9T$&$3$H$,<gN.$H$J$C$F$$$k!#$H$O$$$&$b$N$N!"SW model $K$*$1$kM}

O@$OO"B3@.AX%b%G%k$X$N66EO$7$K$J$k$H;W$o$l$k!#$=$3$G$^$:!"SW model $K$*$1$k12$N

NO3X$N>R2p$H$7$F!"Williams (1985) $K$h$C$FF3=P$5$l$?!"MM!9$J%l%8!<%`$N1?F0$NAj8_:n

MQ$r5-=R$9$k$N$KE,$7$?J}Dx<0$G$"$kGeneral Geostrophic Equation(GGJ}Dx<0) $r>R2p

$9$k!#

!!$^$?!" SW %b%G%k$HO"B3@.AX%b%G%k$K$*$1$k12$NNO3X$N4X78@-$K$D$$$F!"Cf0^EY$K$*$$

$F$OAnderson and Killworth (1979) !"@VF;$K$*$$$F$OMarshall and Boyd (1987)$,5DO@

$7$?$N$G!"Anderson and Killworth(1979) $K$D$$$F>R2p$9$k!#

2.1 @u?eJ}Dx<07O$K$*$1$k12$NNO3X

!!OG@15,LO$NN.$l$O!"$[$H$s$ICO9UN.$G;YG[$5$l$F$$$k$,!"$=$NN.$l$NFCD'$ON.$l$N%9%1!<

%k$,%m%9%S!<$NJQ7AH>7BL R $HHf3S$7$F$I$&$G$"$k$+$K0MB8$7$F$$$k!#FC$K!"Bg5,LO$J%9

%1!<%k$N1?F0$OPlanetary-Geostrophic(PG) regime (OG@1CO9UIw%l%8!<%`)!"Cf4V%9%1!<

%k$N1?F0$OIntermediate-Geostrophic(IG) regime (Cf4VCO9UIw%l%8!<%`)!"Am4Q%9%1!<%k

$N1?F0$OQuasi-Geostrophic(QG) regime (=`CO9UIw%l%8!<%`) $K6hJL$9$k$3$H$,$G$-$k!#

!! PG %l%8!<%`$K$*$1$k1?F0$O!"nonlinear divergence e�ect (Hs@~7?H/;68z2L:GH$N9b$5

$N0c$$$K$h$C$F@8$8$kHs@~7?@-) $K$h$C$F;YG[$5$l!"Dj>o$G6/@)$r$&$1$k798~$K$"$k!#QG

%l%8!<%`$K$*$$$F$O!"GH$NJ,;6@-$HMpN.$,;YG[E*$G$"$k!#IG %l%8!<%`$K$*$1$k1?F0$O!"GH

$NJ,;6@-$Hnonlinear divergence$,%P%i%s%9$7!"D9<w$Gcoherent$J12$r@8$_=P$9!#FC$K!"

IG NO3X$OLZ@1$NBg@VHC$dGrHC$ND9<w!"0LCV!"9b5$05@-$G$"$k$3$H$r@bL@$9$k$N$r=u$1$k

(Williams and Yamagata, 1984)!#Nc$($P!" Williams and Wilson(1985) $O@u?eJ}Dx<07O

$rMQ$$$??tCM<B83$G!"=g05IT0BDj$JN.$l$+$iIG 12$r@8$_$@$7!"$=$N12$O100G/$r1[$($k4V

$K7A$d6/$5$r$[$H$s$IJQ$($k$3$H$J$/B8:_$7$?!#
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2.1.1 General Geostrophic Equation(GG J}Dx<0)

!!$=$N$h$&$J!"$5$^$6$^$JCO9UIw%l%8!<%`$NAj8_:nMQ$rI=8=$9$k$N$KE,$7$?J}Dx<0$,

General Geostrophic Equation(0lHLCO9UIwJ}Dx<0) $G$"$k!#Williams(1985) $O!"5eLL$N@u

?eJ}Dx<07O$K$*$1$kCO9UN.1?F0$O!"geopotential thicknessh $K4X$9$k0l$D$NJ}Dx<0$K$h$C

$F;YG[$5$l$k$3$H$r<($7$?!#

ht � r (f � 2hr ht ) + ( f � 1)y
h
m

hx � J (h; h�f � 2) � J (hf � 1; K ) = 0 (1)

$3$3$G!":BI8 x = a� ,y = a� $KBP$7$F!"12EY, 1?F0%(%M%k%.!<,Jacobian$O0J2<$N$h$&$KDj

5A$5$l$k!#
� = r (f � 1r h) (2)

K = 0 :5f � 2(r h)2 (3)

J (h; q) = (cos � ) � 1(hx qy � hy qx ) (4)

(1) <0$K$*$$$F!"Bh0l9`$O;~4VJQ2=!"BhFs9`$OJ,;6!"Bh;09`$OGH$NEAGE$H9b<!$G$Ononlinear

divergence!"Bh;M9`$O12EY$NCO9UIw$K$h$k0\N.!"Bh8^9`$O%(%M%k%.!<$NCO9UIw$K$h$k0\N.

$rI=$7$F$$$k!#

!! general geostrophic system$K$*$$$F!"C1=c$JKorteweg-deVries(KdV) %P%i%s%9$OIT

2DG=$G$"$k$,!"GH$NJ,;6$Hnonlinear divergence$N%P%i%s%9$,!"FC$K!"B?$/$NBg5,LO12$N!"

Bg$-$5, 6/$5, 7A$=$7$F%9%T!<%I$H$$$C$?ItJ,$K4X$7$F!"Hs@~7?8IN)GH$NMMAj$r;YG[$9$k!#

!!$^$?!"0^EYE*$KJQ2=$9$k0LAjB.EY$K$K$h$C$F0z$-5/$3$5$l$k0\N.$Htwisting $O!"%=%j%H

%s$,Aj8_:nMQ$r7A@.$9$k$N$rKI$.!"$=$N$+$o$j12$,marge$9$k$N$r=uD9$9$k798~$,$"$k!#
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2.2 @u?eJ}Dx<07O$H%W%j%_%F%#%VJ}Dx<07O$N4XO"

!!Hs@~7A$N1?F0$KBP$9$k@u?eJ}Dx<07O$H%W%j%_%F%#%VJ}Dx<07O$N4X78$O!"Cf0^EY$K$*$$$F

$OAnderson and Killworth(1979) !"@VF;$K$*$$$F$OMarshall and Boyd(1987) $K$h$C$F

5DO@$5$l$?!#$3$NFs$D$N8&5f$O!"Hs@~7ARossby waves$K4X$7$F!"@u?e7O$O!";X?t4X?tE*$J

1tD>@.AX$Gh=H << 1 $N%W%j%_%F%#%V7O(O"B3@.AX%b%G%k) $K!"$+$J$j6a$/BP1~$9$k$H$$$&

$3$H$r<($7$?!#$3$3$G!"h $O@.AX$7$F$$$kItJ,$N?<$5!"H $O1tD>NN0h$N?<$5$G$"$k!#$3$l

$+$i!" Anderson and Killworth(1979) $K4X$7$F!"C1=c$J%b%G%k(reduced gravity model)

$K$*$1$kHs@~7?%m%9%S!<GH$K$D$$$F2r@b$7$?8e!"O"B3@.AX%b%G%k$K$*$1$kHs@~7?%m%9%S!<

GH$N$K$D$$$F=R$Y$k!#

2.2.1 1.5 AX%b%G%k(reduced gravity model)

!!>e$NAX$NL)EY$,� 1!"2<$NAX$NL)EY$,� 2 $G$"$kFsAXN.BN$K$*$$$F!">e$NAX$,38$r$5$l$F

$*$j (rigid lid) !"2<$NAX$O@E;_$7$F$$$k7O$r9M$($k!#$3$N$h$&$J%b%G%k$rreduced gravity

model $H$$$$!"6/@)$N$J$$>l9g!"4pACJ}Dx<07O$O0J2<$N$h$&$K$J$k!#

!!1?F0J}Dx<0
ut + uux + vuy � fv = � g0hx (5)

vt + uvx + vvy + fu = � g0hy (6)

!!O"B3$N<0
ht + ( hu)x + ( hv)y = 0 (7)

$3$3$G!"h $O>eAX$N?<$5!"t $O;~4V!"u; v $O$=$l$>$l>eAX$K$*$1$kx(El@>) J}8~, y(FnKL)

J}8~$NB.EY$G$"$k!#f = f 0 + �u $O%3%j%*%j%Q%i%a!<%?!"g0 = g(� 2 � � 1)=� 2 $Oreduced

gravity $G$"$k!#

!!$3$3$G!"40A4$KCO9UIw%P%i%s%9$,@.N)$7$F$$$k$H2>Dj$9$k$H!"$D$^$j;~4VJQ2=9`$d0\N.

9`$rMn$H$9$H!"1?F0J}Dx<0$h$j!"

v =
g0

f
hx (8)

u = �
g0

f
hy (9)

$H$J$k$N$G!"$3$l$rO"B3$N<0$KBeF~$7$F@0M}$9$k$H!"

ht �
�g 0h
f 2 hx = 0 (10)

$H$J$k!#$3$l$O!"reduced gravity model $K$*$1$kHs@~7?OG@1CO9UIwJ}Dx<0$G$"$j!"Hs@~7?

D9GH%m%9%S!<GH$rI=8=$9$k!#
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2.2.2 O"B3@.AX%b%G%k

!!<!$K!"O"B3@.AX$7$?J}Dx<07O$r9M$($k!#@h$[$I$HF1MM$K40A4$KCO9UIwJ?9U$7$?>u67$r2>

Dj$9$k$H!"1?F0J}Dx<0$O$=$l$>$l

� fv = � px =� 0 (11)

fu = � py =� 0 (12)

$H$J$k!#$3$3$G!"p $O05NO!"� 0 $O0lDj$N;2>HL)EY$G$"$k!#$^$?$3$NN.BN$O!"@ENO3XJ?9U$7

$F$*$j!"Hs05=L$H$9$k$H
pz = � g� (13)

ux + vy + wz = 0 (14)

$H$J$k!#$3$3$G!"w $Oz J}8~ (z = 0 $,3$LL$G!"z = � H $,3$Dl ) $N1tD>B.EY$G$"$k!#$5$i

$K!"29EYT $HL)EY>qMp� $O@~7A$N4X78$r2>Dj$9$k!#$^$?3H;6$rL5;k$9$k$H!"G.$N<0$O0J2<

$N$h$&$K$J$k!#
� t + u� x + v� y + w� z = 0 (15)

!!$^$:;O$a$K!"<!$N$h$&$J mass function

M z = p=� 0 (16)

$rMQ$$$k$H!"@ENO3XJ?9U$N<0(13) $h$j!"

� = �
� 0

g
M zz (17)

$H$J$k!#1?F0J}Dx<0(11),(12) $h$j!"

v =
M zx

f
(18)

u = �
M zy

f
(19)

$H$J$k!#$3$l$i (18),(19) <0$rO"B3$N<0(14) $KBeF~$9$k$H!"

w =
�M x

f 2 (20)

$H$J$k!#CO9UIwJ?9U$7$?>l$G$"$C$F$b!"?eJ?%9%1!<%k$NBg$-$$8=>]$G$"$l$P!"%3%j%*%jNO

$,0^EYJQ2=$9$k$3$H$K$h$C$F!">e>:N.w $,@8$8$k!#$3$l$i (17),(19)(18),(20) <0$rG.$N<0

(15) $KBeF~$9$k$H!"

fM zzt � M zy M zzx + M zx M zzy +
�
f

M x M zzz = 0 (21)
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$H$J$k!#$3$3$G!"<!$N$h$&$JAj;w2r

M = A(x; y; t ) + zB(x; y; t ) + C(x; y; t )ekz=f (22)

$rF3F~$9$k!#$3$3$G!"k $O$"$kDj?t$G$"$k!#$h$C$F!"L)EY>qMp>l$O1tD>J}8~$Kd � f=k $N

%9%1!<%k$G8:>/$9$k!#$3$N(22) <0$r (21) <0$KBeF~$7@0M}$9$k$H!"

Ct +
Bx Cy � By Cx

f
�

2�
f 2 Bx C +

�k
f 3 Ax C = 0 (23)

$H$J$k!#$3$3$G2<It6-3&>r7o$H$7$F!"z = � H $K$*$$$Fw = 0 $G$"$k$3$H$r(21) <0$KBe

F~$9$k$H!"
A � HB + Ce� kH=f = 0 (24)

$H$J$k!#0lJ}!">eIt6-3&>r7o z = 0 $K$*$$$FM = M 0(x; y; t )(M 0 $O3$LL$G$NCM) $r (21)

<0$KBeF~$9$k$H!"
A + C = M 0 (25)

$H$J$k!#(24),(24) $r (23) <0$KBeF~$9$k$H!"

Ct + CCx

�
�

k�
f 3 e� kH=f +

2�
f 2H

(1 � e� kH=f ) �
�k
f 3

�
=

M 0y Cx

fH
+ M 0x

�
2�C
f 2H

�
Cy

fH
�

�kC
f 3

�

(26)

$H$J$k!#$3$3$G!"?<$5%9%1!<%kd � f=k $OH $KHf$Y$F>.$5$$$H2>Dj$9$k!#$7$?$,$C$F!"

kH=f = H=d >> 1!" e� kH=f = e� H=d << 1!" 2�C
f 2 H << �C

f 2 d $J$I$N4X78$+$i!"(26) <0$O

0J2<$N$h$&$K$J$k!#

Ct �
k�
f 3 CCx =

M 0y Cx

fH
+ M 0x

�
�

Cy

fH
�

�kC
f 3

�
(27)

$3$3$G!"
Z 0

� H
udz = �

1
f

Z 0

� H

�
py

� 0

�
dz = �

1
f

Z 0

� H
M zy dz = �

1
f

[M y (0) � M y (� H )] = �
M 0y

f
(28)Z 0

� H
vdz =

1
f

Z 0

� H

�
px

� 0

�
dz =

1
f

Z 0

� H
M zx dz =

1
f

[M x (0) � M x (� H )] =
M 0x

f
(29)

$h$j!"B.EY$N=g05@.J,u; v $O0J2<$N$h$&$KI=8=$G$-$k!#

u =
1
H

Z 0

� H
udz = �

M 0y

fH
(30)

v =
1
H

Z 0

� H
vdz =

M 0x

fH
(31)

$3$N4X78<0(30),(31) $r (27) <0$KBeF~$9$k$H!"

Ct �
�

u �
k�
f 3 C

�
Cx + vCy = �

�kC
f 3 M 0x = �

kw0

f
C (32)
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$H$J$k!#:G8e$NJQ7A$K$O(20) <0$rMQ$$$?!#$3$3$G!"w0 $O3$LL$G$N1tD>N.$G$"$j!"wind

stress$,$"$k>l9g$K$O Ekman pumping $G$"$k!#:8JUBh2 9` uCx , Bh4 9` vCy $Ohori-

zontal nonlinearity $9$J$o$A!"?eJ?B.EY$N=g05@.J,$K$h$k0\N.$KM3Mh$9$kHs@~7?@-$rI=$9!#

0lJ}!":8JUBh 3 9` CCx $Overtical nonlinearity $9$J$o$A!"1tD>9=B$$,JQ2=$9$k$3$H(Ey29

LL$NAFL)) $KM3Mh$9$kHs@~7?@-$rI=$7!"<g$J7905@.J,$Nself-interactions $r7hDj$9$k!#

!! top $Hbottom $NL)EY:9$r � � � � B � � T > 0 $H$9$k!#L)EY:9$O<g$K@.AX$N$"$kNN0h

!JL)EYLvAX!Kd $N$b$N$J$N$G!"

� z �
� T � � B

d
ez=d = �

� �
d

ez=d (33)

$H$J$k!#$3$3$G!"

M zz =
pz

� 0
= �

�
� 0

g (34)

M zzz = �
g
� 0

� z � �
g
� 0

�
�

� �
d

ez=d
�

=
g
d

� �
� 0

ez=d =
g0

d
ez=d (35)

$3$3$G!":F$Sreduced gravity g0 = � �=� 0g $rMQ$$$?!#$^$?!"(22) <0$r z $G3 3,HyJ,$9

$k$H!"

M zzz =
C
d3 ez=d (36)

$h$C$F!"(35),(36) $N4X78$h$j!"
C � d2g0 (37)

$H$J$k!#$7$?$,$C$F!"(32) <0$N:8JUBh;09`$O!"

�kC
f 3 �

�
f 2

k
f

d2g0 �
�g 0d
f 2 (38)

$H$J$k!#$3$l$r!" reduced gravity 7O$GF3=P$7$?Hs@~7?D9GH%m%9%S!<GH$NJ}Dx<0(10) $HHf

$Y$k$H!"0LAjB.EY� �g 0d
f 2 $NItJ,$,$^$C$?$/F1$87A$r$7$F$$$k$3$H$,$o$+$k!#

!! (32) <0$N:8JUBh2 9`$HBh4 9`$H$OF1$8$/$i$$$N%*!<%@!<$G$"$k$N$G!"Bh2 9`$HBh3 9`$r

Hf3S$9$k$H!"

(Bh2 9` ) � u � �
M 0y

fH
�

Cy

fH
� �

1
fH

g0d2

L y
� �

g0d
f

�
d

HL y

�
(39)

(Bh3 9` ) � �
�k
f 3 C � �

�
f 2 g0d � �

g0d
f

�
�
f

�
(40)

$H$J$k!#$3$3$G!"L y $O0^EYJ}8~$N8=>]$NBeI=E*%9%1!<%k$G$"$k!#OG@1%9%1!<%k$N8=>]$r9M

$($k$H!"

L y >> L R �

s
U
�

(41)
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$H$J$k!#$3$3$G!"L R $ORhines%9%1!<%k$G$"$k!#(Bh3 9` ) $KHf$Y$F(Bh2 9` ) $,Bn1[$9$k

$?$a$K$O!"
d
H

<<
�
f

L y <<
p

�U
f

(42)

$,I,MW$H$J$k!#$D$^$j!"U $,Bg$-$$$b$7$/$O!"h=H $,>.$5$$$H$-!"horizontal nonlinearity

$KHf$Y$F!"vertical nonlinearity $,Bn1[$9$k!#$3$N$H$-!"(32) <0$O!"

Ct �
�g 0d
f 2 Cx = �

kw0

f
C (43)

$H$J$j!"$h$j reduced gravity %b%G%k$K$*$1$kHs@~7?OG@1CO9UIwJ}Dx<0(10) $H$N4X78@-$,

6/$/$J$k!#

!!$7$?$,$C$F$^$H$a$k$H!"Hs@~7?D9GH%m%9%S!<GH$,;X?t4X?t7?$N@.AX$r$7$?O"B3@.AX%b%G

%k$K$*$$$F!"h=H << 1 $N$H$-!"1.5 AX%b%G%k$HF1$8$h$&$J7A$GB8:_$9$k!#
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3 %b%G%k

3.1 %b%G%k35MW

!!%V%8%M%9%/6a;w$r$7$?%W%j%_%F%#%VJ}Dx<0(primitive equation:PE) 7O$+$i$J$k!"5eLL;0

<!85?tCM%b%G%k$r:n@.$7$?!#4pACJ}Dx<0$O:9J,K!$K$h$C$FN%;62=$7!"Bryan (1969) $HF1$8

%0%j%C%I$NG[CV$rMQ$$$?!#

!!$3$N%b%G%k$OJ*M}E*$K:GDc8B$NJ*$G$G$-$F$$$k$?$a!"MM!9$J%Q%i%a!<%?<B83$r5$7Z$K9T

$&$3$H$,=PMh$k!#$^$?!"C1=c$JCO7A$H?tCME*4JN,$5$K$h$C$F!"9b2rA|EY$N6I=jE*$J8=>]$N

$_$K=8Cf$7$F<h$jAH$`$3$H$,$G$-!"Bg5$Bg=[4D%b%G%k$NJ#;($5$r2sHr$9$k$3$H$,$G$-$k!#

!!J*M}E*$K$O!"PE %b%G%k$OCharney and Eady$N7905IT0BDj$d!"%8%'%C%H$d12$N@8@.$J

$I$N%a%+%K%:%`$H$$$C$?4pK\E*$JNO3X$N%a%+%K%:%`$rHs>o$K$h$/I=8=$9$k!#

!!%V%8%M%9%/6a;w$K4X$7$F$O!"4pK\>l$NL)EY$,1tD>J}8~$K$"$^$jJQ2=$7$J$$$H$-!"8@$$BX

$($l$P1tD>%9%1!<%k$,>.$5$J8=>]$KBP$7$FM-8z$G$"$j!"3$MN%b%G%k$G$h$/;H$o$l$k!#K\

%b%G%k$bGFDL(Geophysical Fluid Dynamics Laboratory) $N3$MNBg=[4D%b%G%k$G$"$k

MOM4(Gri�es et al., 2003) $r;29M$K$7$F:n@.$7$?!#

3.2 4pACJ}Dx<07O!'%V%8%M%9%/N.BN$KBP$9$k%W%j%_%F%#%VJ}Dx<07O

!!4pACJ}Dx<07O$O!"0J2<$N1?F0J}Dx<0!&29EY$N<0!&O"B3$N<0!&>uBVJ}Dx<0$+$i$J$k!#F3=P$K4X

$7$F$O!V5$>]8&5f=j6&MQ3$MN%b%G%k!W!JMRI Community Ocean Model!"N,>N MRI.COM !K

$N%^%K%e%"%k(@P@n0lO:, 2005)$r;2>H!#

1?F0J}Dx<0

ut + L(u) � fv �
uv tan �

a
= �

1
a� 0c

p� + F u (44)

vt + L(v) + fu +
u2 tan �

a
= �

1
a� 0

p� + F v (45)

pz = � g� (46)

29EY$N<0
Tt + L(T) = F T (47)

O"B3$N<0
1
ac

�
@u
@�

+
@

@�
(vc)

�
+

@w
@z

= 0 (48)

>uBVJ}Dx<0
� = � 0 [1 � � (T � T0)] (49)
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$3$3$G!"� ,� ,z $O$=$l$>$l7PEY!&0^EY!&9bEYJ}8~$N:BI8JQ?t!"t $O;~4VJ}8~$NJQ?t!"u; v; w

$O$=$l$>$lEl@>, FnKL, 1tD>J}8~$NB.EY!"f � 2
 sin � $O%3%j%*%j%Q%i%a!<%?!"a $OOG@1H>

7B!"p $O05NO!"� $OL)EY!"� 0 $O;2>HL)EY!"g $O=ENO2CB.EY!"c � cos� !" T $O29EY!"� h $O?e

J?G4@-78?t!"� v $O1tD>G4@-78?t!"� � 1=T0 $OG.KDD%78?tT0 $O;2>H29EY$rI=$9!#

!!?eJ?J}8~$N1?F0J}Dx<0(44),(45) $K$*$$$F!"Bh0l9`$O;~4VJQ2=9`!"BhFs9`$O0\N.9`!"Bh;0

9`$O%3%j%*%j9`!"Bh;M9`$O%a%H%j%C%/9`!J5eLL>e$r1?F0$9$kJ*BN$KF/$/6JN($N8z2L!K!"Bh8^

9`$O5$0579EYNO9`!"BhO;9`$O;60o9`$G$"$k!#

!!0\N.9`$K4X$7$F!" L(q) $O0\N.1i;;;R$G$"$j!"0J2<$N$h$&$J%U%i%C%/%97A<0$r$7$F$$$k!#

L(q) =
1
ac

[(uq) � + ( vqc) � ] + ( wq)z (50)

$3$3$G!"q $Ou $^$?$Ov $G$"$k!#

!!5$0579EYNO9`$K$*$$$F!"%V%8%M%9%/6a;w$rMQ$$$k$?$a!"L)EY$O0lDjCM� 0 $H$7$F$$$k!#

!!$^$?!";60o9` F $O0J2<$N$h$&$J7A$r$H$k!#

F u = � h r 4u + � v uzz (51)

F v = � h r 4v + � v vzz (52)

$3$3$G!"r 2 $O?eJ?J}8~$N%i%W%i%7%"%s$G$"$j!"0J2<$N7A$r$7$F$$$k!#

r 2 =
1

a2c2 q�� +
1

a2c
(cq� ) � (53)

!!1tD>J}8~$N1?F0J}Dx<0(46) $O@ENO3XJ?9U$N<0$rMQ$$$k!#

!!29EY$N<0(47) $K$*$$$F!"F T $O3H;69`$G$"$j!"0J2<$N7A$r$7$F$$$k!#

F T = � h r 4T + � v Tzz (54)

!!@.AX$,IT0BDj$K$J$C$?>l9g!"BPN.D4@a$rMQ$$$k$3$H$,$"$k!#

!!O"B3$N<0(48) $OHs05=L@-N.BN$N$b$N$rMQ$$$k!#

!!>uBVJ}Dx<0(49) $K$*$$$F!"L)EY$O29EY$N$_$N4X?t$H$7$F$$$k!#$D$^$j!"4pK\>l$N05NO$,

1tD>J}8~$KJQ2=$7$F$b!"L)EY, 29EY$K$O1F6A$7$J$$!#

3.3 G4@-9`$K4X$7$F

7W;;$r0BDj$KAv$i$;$k$?$a$K!"biharmonic 7? (� h r 4u $H$$$C$?7A) $N?tCMG4@-$r2C$($F$$

$k!#$3$N?tCMG4@-$O1?F0NLJ]B8$rK~$?$97A$G=q$+$l$F$$$J$$$?$a!"K\Mh@8$8$k$Y$-$G$O$J
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$$El@>N.$,@8@.$5$l$k2DG=@-$,$"$k!#$3$l$KBP$9$kBP=h:v$H$7$F$O!"G4@-78?t$rBg$-$/$7

$J$$$3$H$d!"Smagorinsky$N%Q%i%a%?%j%<!<%7%g%s$rLaplacian 7? (r 2) $NG4@-$KBP$7$F

MQ$$$k$3$H$J$I$,9M$($i$l$k!#$7$+$7!"K\%b%G%k$K$*$$$F$O!"$3$N$h$&$J%Q%i%a%?%j%<!<

%7%g%s$OMQ$$$:!"biharmonic 7?$N?tCMG4@-$r2C$($F$$$k!#

3.3.1 ?eJ?G4@-$K$*$1$kSmagorinsky $N%Q%i%a%?%j%<!<%7%g%s

G4@-78?t$r6I=jE*$J>l$NJQ7AN(!JB.EY$N4X?t!K$H$7$F5a$a$kJ}K!$,$"$k(Gri�es and

Hallberg, 2000)!#$3$NJ}K!$r biharmonic $GMQ$$$k$3$H$K$h$C$F!"%b%G%k3J;R4V3V0J2<$N

%9%1!<%k$N12$KBP$7$F$OI,$JG4@-$r8z$+$;$k$H$H$b$K!"%b%G%k3J;R$G2rA|$5$l$k12$KBP$7

$F$OBg$-$J@)F0$,$+$+$i$J$$$h$&$K$9$k$3$H$,$G$-$k!#

horizontal tension DT ,horizontal shear DS $r0J2<$N$h$&$KDj5A$9$k!#

DT �
1
ac

@u
@�

�
c
a

@
@�

� v
c

�
(55)

DS �
1
ac

@v
@�

+
c
a

@
@�

� u
c

�
(56)

G4@-9`$OF u ,F v $O!"?eJ?G4@-78?t� H $H$7$F!"DT ,DS $rMQ$$$F

F u =
1
ac

@
@�

(� H DT ) +
1

ac2

@
@�

(c2� H DS ) (57)

F v =
1
ac

@
@�

(� H DS ) �
1

ac2

@
@�

(c2� H DT ) (58)

$H$9$k!#

JQ7AB.EY!Jdeformation rate!K$r

T � 1 = jD j =
q

D 2
T + D 2

S (59)

$H$7!"G4@-78?t$r2<$N$h$&$K7h$a$k!#

� H =
�

C� min

�

�
(60)

� BH =
� 2

min

8
� H (61)

C $OL5<!85$N%9%1!<%j%s%0%Q%i%a!<%?$G$"$j!"?tCM7W;;$N0BDj@-$r9MN8$7$F7h$a$k!#� min

$OEl@>!&FnKL$N3J;R4V3V$N$&$A!">.$5$$J}$G$"$k!#C $r7h$a$k;XF386M}$H$7$F$O!"grid

Reynolds ?t$+$i$/$k@)Ls!'

� H > U
� min

2
(62)

$,9M$($i$l$k!#JQ7A;~4VD $r U� min $G%9%1!<%j%s%0$9$k$H(60),(62) $+$i!"

C >
�

p
2

� 2:2 (63)

$,?tCM7W;;$N0BDj>r7o$G$"$k!JGri�es and Hallberg, 2000 !K!#
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3.4 L)EY$,IT0BDj@.AX$7$F$$$k>l9g$N=hM}

@ENO3XJ?9U$rMQ$$$F$$$k$?$a!"L)EY$KIT0BDj@.AX$,$"$k>l9g$K$O!"2?$i$+$NJ}K!$GIT0BDj

$r=|5n$7$J$1$l$P$J$i$J$$!#

3.4.1 BPN.D4@a(convective adjustment)

0lHL$K$O!"0l=V$K$7$F1tD>BPN.$,$*$3$C$F!"2r>C$5$l$k$H$9$k!#$3$l$rBPN.D4@a(convective

adjustment) $H$$$&!#6qBNE*$K$O!">e$NAX$H2<$NAX$GIT0BDj$H$J$k$h$&$J29EYJ,I[$G$"$k

$H$-!">e$H2<$NAX$NG.NL$rJ]B8$7$D$D!">e$H2<$G29EY$,Ey$7$/$9$k!#$D$^$j!"

�Q >e + �Q >e = 0 (64)

T>e = T2< (65)

$H$$$&>r7o$r2]$9!#$3$3$G!"Q(J ) $OG.NL, C(J=K ) $rG.MFNL, c(J=K � kg) $rHfG., m(kg)

$r<ANL, T0(K ) $rBPN.D4@a8e$N29EY$H$9$k$H!"

�Q >e = C>e(T
0 � T>e) = m>ec(T0 � T>e) (66)

m>e = � >e�x�y�z = � >e � a cos��� � a�� � �z >e (67)

$H$J$j!"$3$N4X78$r(64) <0$KBeF~$9$k$H!"

T0 =
� >e�z >eT>e + � 2<�z 2<T2<

� >e�z >e + � 2<�z 2<
(68)

$H$J$k!#:#!"%V%7%M%9%/6a;w$r2>Dj$7$F$$$k$N$G� >e � � 2< = const $H$9$k$H!"

T0 =
�z >eT>e + �z 2<T2<

�z >e + �z 2<
(69)

$H$J$k!#$3$NA`:n$r1tD>NN0h$N>e$+$i7h$a$i$l$?2s?t$@$17+$jJV$9!#

3.4.2 Richardson-number-based vertical mixing procedure

!!BPN.D4@a$NJ}K!$G$O!"Hs>o$K6/$$1tD>%7%"!<$N$b$H$G!"$f$C$/$j$H$7$?2CG., JQ7A$,2C$(

$i$l$F$$$k$H$-$G$5$($b!"5^7c$J:.9g$,0z$-5/$3$5$l$k2DG=@-$,$"$k!#$=$3$G!"Oxford Bg

3X$G3+H/Cf$NLZ@1Bg5$Bg=[4D%b%G%k$K$*$$$F!"Richardson-number-based vertical mixing

procedure $,:NMQ$5$l$F$$$k(Yamazaki et al., 2004)!#$3$NJ}K!$K$*$$$F$O!"Kelvin-

Helmholtz IT0BDj$dBP>NIT0BDj$H$$$C$?!"%7%"!<$KIU?o$9$kN.BNNO3XE*$JIT0BDj$K$h$k

1F6A$r:N$jF~$l$k$3$H$,$G$-$k!#6qBNE*$K$O!"%0%j%C%I%\%C%/%9$N>e$H2<$GDj5A$5$l$k

gradient Richardson-number:Ri $, 2 $r2<2s$C$?$i!"B.EY$H290L$NN>J}$KBg$-$J1tD>3H;6

$rE,MQ$9$k!#Ri $NCM$,>.$5$/$J$k$K$7$?$,$C$F!"3H;678?t$NCM$rBg$-$/$9$k!#Ri $NCM$,0

$b$7$/$OIi$K$J$C$?$i!"BPN.D4@a$NJ}K!$rMQ$$$k!#F1MM$N%Q%i%a%?%j%<!<%7%g%s$O!"%a%=

%9%1!<%k%b%G%k$K$*$$$F$7$P$7$P;H$o$l$F$$$k(eg.Clark (1977))!#
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3.5 :9J,2=

!!:9J,2=$K$"$?$C$F$O!"Bryan(1969) $K$J$i$C$F!"?eJ?J}8~$OArakawa $NB-3J;R1tD>J}

8~$OLorentz 3J;R$r$=$l$>$lMQ$$$?!#0J2<$G$O!"JQ?t$N?eJ?!&1tD>G[CV$K$D$$$F2r@b$7!":9

J,2=$7$?4pACJ}Dx<07O$r<($9!#

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

!!?^ 2 $K?eJ?E*$J3J;RE@G[CV$r<($9!#B.EY$N2 @.J, u; v $O?^$NU E@$GDj5A$5$l!"$3$l$rCf

?4$H$9$k?eJ?E*$JH"$rU-box $H8F$V!#29EYT !"L)EY � !" (B.EY$N=g05@.J,$KBP$7$FDj5A$5$l

$k) N.@~4X?t $O?^$NT E@$GDj5A$5$l!"$3$l$rCf?4$H$9$k?eJ?E*$JH"$rT-box $H8F$V!#$3

$N$h$&$J?eJ?3J;RE@G[CV$OArakawa $NB-3J;R$H8F$P$l$k$b$N$G$"$k!#

!!K\>O$r4^$a!":9J,I=8=$r9T$&:]$K$O!"JQ?tL>$N1&2<$KE:;z$r$D$1$FI=8=$9$k$,!"?eJ?J}

8~$K$O!"U E@$r4p=`$H$7!"$=$l$r@0?t%l%Y%k$NE:;z(i; j ) $rMQ$$$FI=8=$9$k$N$G!"$=$N:82<

$NT E@$OH>@0?t%l%Y%k$NE:;z$rMQ$$$F(i 0; j 0) $HI=8=$5$l$k!#

Ui;j

Ui;j � 1

Ui;j +1

Ui +1 ;j

Ui +1 ;j � 1

Ui +1 ;j +1

Ui � 1;j

Ui � 1;j � 1

Ui � 1;j +1

Ti 0+1 ;j 0+1Ti 0;j 0+1

Ti 0;j 0 Ti 0+1 ;j 0

U-box

T-box

?^ 2 JQ?t$N?eJ?G[CV!JArakawa $NB-grid !K!# T-box $HU-box $N4X78$rI=$9!#U $N

grid $K$Ou; v $,!" T $Ngrid $K$OT; �;  $,G[CV$5$l$F$$$k!#
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!!?^ 3 $K<($9$h$&$K!"El@>!&FnKL6-3&$OT-box $N1o!"$9$J$o$AU E@$r7k$V@~$GDj5A$5$l

$k!#FnKL6-3&$KU $rG[CV$7$?M}M3$O!"FnKLJ}8~$N6-3&>r7o$r9dBNJI!Jv = 0 at jn = 0

, jmax !K$H$9$k$?$a!"6-3&$Kv $,$"$k$[$&$,<+A3$K6-3&>r7o$rI=8=$G$-$k$+$i$G$"$k* 1!#

!!3$MNBg=[4D%b%G%k$K$*$$$F!"El@>!&FnKL6-3&$KU $rG[CV$9$k$N$O!"MOM4(GFDL) $d

COCO(CCSR) $HF1$8$G$"$j!"T-box $,4pK\E*$JH"$H$J$k!#0lJ}!" MRI.COM !J5$>]8&5f

=j!K$O6-3&$KT $rG[CV$7$F$*$j!"U-box $,4pK\E*$JH"$H$J$C$F$$$k!#

in 0 1 i-1 i i+1 imax

jn

0

1

j-1

j

j+1

jmax-1

jmax

jmax-1

in' 1 i' i'+1 imax

jn'

jmax

j'+1

j'

1

U

U

U

U U U

UU

UU

U U

UU

U U

UUU

UU

U

U

U

U

UU

U

U

U

U

U

U U U U U

UUU

U

UUU

U

U U U

U

T

T

T

T T T T

T

T

TTT

T

T

T

T

?^ 3 JQ?t$N?eJ?G[CV$NA4BNA|!#El@>!&FnKL6-3&$KU $rG[CV$7$F$$$k!#$3$3$G!"in; jn
$O@0?t%l%Y%k$N3J;RE@!"in 0; jn 0 $OH>@0?t%l%Y%k$N3J;RE@$rI=$7$F$$$k!#

* 1 $3$l$OFnKL6-3&$,@VF;$G$J$$>l9g$N$3$H$G!"@VF;$r6-3&$H$9$k$H$-$O5U$KFq$7$/$J$k!#$^$?!"6-3&CMLdBj$r

2r$/:]$KN.@~4X?t  $K4X$9$k6-3&>r7o$,I,MW$H$J$k$N$G!" $,6-3&$K$"$C$?$[$&$,<+A3$K6-3&>r7o$r2]$9

$3$H$,$G$-$k!#$h$C$F!"FnKL6-3&$Kv $rG[CV$9$k$N$K$O!"0lD90lC;$,$"$k!#



3 %b%G%k 21

3.5.2 JQ?t$N1tD>G[CV

!!?^ 4 $OJQ?t$N1tD>G[CV$rI=$7$F$$$k!JLorentz 3J;R!K!#$3$l$r8+$k$H$o$+$k$h$&$K!">e2<

N>6-3&$G1tD>B.EY(w; w0) $rDj5A$7!"$3$N>l=j$r@0?t%l%Y%k$H$7$F$$$k!#$^$?!"N.B.!&29

EY!&L)EY(u; v; T; � ) $rH>@0?t%l%Y%k$GDj5A$7$F$$$k!#$3$3$G!"1tD>B.EY$OT-box $KBP$9$k

$b$N!Jw0!K$HU-box $KBP$9$k$b$N!Jw!K$N#2<oN`$rDj5A$9$k$,!"w $Ow0 $NJ?6QA`:n$K$h$j

0J2<$N$h$&$K5a$a$k!#

w = w0�� (70)

!!$^$?!" w0 $Hw $N?eJ?E*$J0LCV4X78$O!"?^2 $G<($7$?T-E@!"U-E@$KBP1~$9$k$b$N$G$"$k!#

$D$^$j!" T-E@$K$Ow0 $,$"$j!" U-E@$K$Ow $,G[CV$5$l$F$$$k!#

!!:9J,I=8=$r9T$&:]$N1tD>J}8~$NE:;z$N$D$1J}$O!"1tD>N.B.$,Dj5A$5$l$k%l%Y%k$r@0?t%l

%Y%k$H$7!"$3$l$rE:;zk $GI=8=$7!"$=$N>eLL$K$"$kT-E@!"U-E@$rk0 � k � 1
2 $HDj5A$9$k!#

!!E:;z k $,2<$X9T$/$[$IBg$-$/$J$k$N$O!"Pacanowski and Gri�es (1999)(MOM3 %^%K%e

%"%k$N16.4 Summary of options)$K$*$$$F!"3$LL$+$i3$Dl$X9T$/$K=>$C$Fk $,A}$($k$h$&

$K$J$C$F$$$?$N$G!"$=$N47Nc$K$7$?$,$C$?$?$a$G$"$k!#

!!J*M}E*$J6-3&$,Dj5A$5$l$k9bEY$r!V%l%Y%k!W!"$=$NCf4V$K0LCV$9$k9bEY$r!V%l%$%d!<!W$H8F

$V!#%l%Y%k$r@0?t%l%Y%k$K$H$k%b%G%k$r!V%l%Y%k%b%G%k!W!"%l%$%d!<$r@0?t%l%Y%k$K$H$k%b

%G%k$r!V%l%$%d!<%b%G%k!W$H8F$V!#K\%b%G%k$O!"MRI.COM $HF1MM$K!V%l%Y%k%b%G%k!W$N9M

$(J}$r$r:NMQ$7$F$$$k$3$H$K$J$k!#0lJ}!"CCSR/NIES $NAGCM( Bg5$Bg=[4D%b%G%k) $d

(>B8}FX, 1997)!"CO5eN.BNEEG>6f3ZIt$NOG@1Bg5$%b%G%kDCPAM(Dennou-Club Planetary

Atmospheric Model) $G$O!V%l%$%d!<%b%G%k!W$N9M$(J}$r:NMQ$7$F$$$k!#

!!1tD>3J;RE@4V3V$K$D$$$F$O!"I=AX$O:Y$+$/!"?<AX$OAF$$3J;RE@4V3V$G7W;;$G$-$k$h$&$K

2DJQ3J;R$K$7$F$$$k!#
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nk

0

1

k-1

k

k+1

kmax-1

kmax

nk'

1

k'

k'+1

kmax

0

 -H

boudary  w=0

boudary  w=0

u; vu; v

u; vu; v

u; vu; v

u; vu; v

T; �

T; �

T; �

T; �

ww

ww

ww

ww ww

ww

ww

ww

w0

w0

w0

w0w0

w0

w0

w0

@0?t H>@0?t

?^ 4 JQ?t$N1tD>G[CV!JLorentz grid !K
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3.6 :9J,I=<($7$?4pACJ}Dx<07O

!!4pACJ}Dx<07O$rM-8B:9J,7A<0$GI=<($9$k$H0J2<$N$h$&$K$J$k!#

� t �ut + L(u) � fv �
uv tan �

a
= �

1
ac� 0

� � �p� + F u (71)

� t �vt + L(v) + fu +
u2 tan �

a
= �

1
a� 0

� � �p� + F v (72)

� t �T t + L 0(T) = F T (73)

� zp = � g�� z (74)

� = � 0[1 � � (T � T0)] (75)

$3$3$G!"� $OCf1{:9J,1i;;;R$G$"$j!"%P!<$OJ?6QA`:n$rI=$9!#

!!B.EY0\N.9`

L(q) =
1
ac

�
@(uq)

@�
+

@(cvq)
@�

�
+

@(wq)
@z

(76)

$K4X$7$F$OB.EY$N%0%j%C%I$G0J2<$N$h$&$K:9J,2=$9$k!#

(L (q)) i;j;k 0 =
1
ac

�
� �

�
u��� q� �

+ � �

�
cv��

�
q�

��
+ � z (wqz ) (77)

$3$3$G!"q $O?eJ?B.EYu; v $G$"$k!#u��� $Ou $r � J}8~$K2 2sJ?6Q$7$?8e!"� J}8~$K1 2sJ?

6Q$9$k$H$$$&0UL#$G$"$k(?^ 5 $N:8;2>H)!# cv��
�

$K4X$7$F$b!"v $r � J}8~$K2 2sJ?6Q$7$?

8e!" cv�� $r � J}8~$K1 2sJ?6Q$9$k$H$$$&0UL#$G$"$k(?^ 5 $N1&;2>H)!#

!!29EY0\N.9`

L 0(T) =
1
ac

�
@(uT)

@�
+

@(cvT)
@�

�
+

@(w0T)
@z

(78)

$K4X$7$F$O29EY$N%0%j%C%I$G0J2<$N$h$&$K:9J,2=$9$k!#

(L 0(T)) i 0;j 0;k 0 =
1

ac0

h
� �

�
u� T

�
�

+ � �

�
cv� T

�
�i

+ � z

�
w0T

z
�

(79)

J?6QA`:n$K4X$7$F$O?^6 ;2>H!#



3 %b%G%k 24

i-1 i-1/2 i+1/2i i+1

j-1

j-1/2

j

j+1/2

j+1

i-1 i-1/2 i+1/2i i+1

j-1

j-1/2

j

j+1/2

j+1

UU

UU

U

U U U

U

UU

UU

U

U U U

U

T

T

T

T

T

T

T

T

u �

u �

u �

u �

u �

u �

u ��u ��u ��

u ���u ���

v �v �

v �v �

v �v �

v ��

v ��

v ��

cv ��
�

cv ��
�

?^ 5 B.EY0\N.9`$K$*$1$kJQ?t$NJ?6QA`:n$NJ}K!$r<($7$??^

i'-1 i'-1/2 i'+1/2i' i'+1

j'-1

j'-1/2

j'

j'+1/2

j'+1

U U

UU

T T

T

TT

T

T

T

T

T
�

T
�

T
�

T
� u �u �

v �

v �

?^ 6 29EY0\N.9`$K$*$1$kJQ?t$NJ?6QA`:n$NJ}K!$r<($7$??^
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3.7 6-3&>r7o

!!$3$3$G$O6-3&>r7o$NM?$($+$?$r$^$H$a$k!#9MN8$9$k6-3&>r7o$O!"<~4|6-3&>r7o!"6-3&$G

$9$Y$j$J$7>r7o, K`;$$J$7>r7o, %U%i%C%/%9$J$7>r7o$G$"$k!#

!!$3$N7W;;NN0h$O$@$$$?$$==J,$JI}$r$b$C$??eO)NN0h$G$"$j!"6=L#$N$"$k<g%b!<%I$O6-3&

$+$i$ON%$l$?$H$3$m$K$"$k$h$&$K$9$k!#

3.7.1 El@>J}8~6-3&>r7o

!!El@>6-3&$K4X$7$F$O<~4|6-3&>r7o$r2>Dj$9$k!#

3.7.2 FnKLJ}8~6-3&>r7o

!!FnKL6-3&$O0J2<$N#2$D$N%Q%?!<%s$r9M$($k!#

@VF;$,6-3&$G$J$$>l9g(Cf0^EY$NNN0h)

!!0l$D$a$OCf0^EY$NNN0h$KBP$9$k$b$N$G!"FnKLN>J}$NJI$G$9$Y$j$J$7, %U%i%C%/%9$J$7$H$$

$&>r7o$r2>Dj$9$k!#
(u; v; T� ) = 0 at � = � S ; � N (80)

@VF;$,6-3&$N>l9g(Dc0^EY$NNN0h)

!!Fs$DL\$ODc0^EY$NNN0h$KBP$9$k$b$N$G!"@VF;$rKLB&$N6-3&$H$7!"$3$3$GBP>N@-$r2>Dj

$9$k!#
(v; T� ) = 0 at � = � N (81)

!!0lJ}!"FnB&$NJI$OCf0^EY$KBP$9$k6-3&>r7o$HF1$8$G$9$Y$j$J$7, %U%i%C%/%9$J$7$N>r7o$r

2>Dj$9$k!#
(u; v; T� ) = 0 at � = � S ; � N (82)

3.7.3 1tD>J}8~6-3&>r7o

!!1tD>J}8~$K$*$$$F$O!"N>6-3&$OK`;$$J$7, %U%i%C%/%9$J$7$NJI$H$9$k!#

(w; uz ; vz ; Tz ) = 0 at z = 0 ; � H (83)
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3.8 2rK!

!!1?F0J}Dx<0$r2r$/:]$K$O!"B.EY$H05NO$N=V4VCM$,$o$+$C$F$$$kI,MW$,$"$k!#B.EY$O<B:]

$K2r$/D>A0$N$b$N$rMQ$$$k!#05NO$O1tD>J}8~$N1?F0J}Dx<0!J@ENO3XJ?9U$N<0!K$rz = z $+

$i 0 $^$G1tD>J?6Q$9$k$3$H$K$h$C$F5a$^$k!#

p(�; �; z; t ) = ps(�; �; t ) + g
Z 0

z
� (�; �; z 0; t)dz0 (84)

$3$N<0$+$iL@$i$+$J$h$&$K!"3$LL$N05NOps(�; �; t ) $rCN$kI,MW$,$"$k!J3$LL$K8B$i$:!"?eCl

$N$I$3$+$G5a$^$C$F$$$l$PNI$$$N$G$"$k$,!K!#

!!3$LL9bEY!J� !K$,$o$+$C$F$$$l$P!"ps(�; �; t ) = �g� $N4X78$h$j!"ps $OJ,$+$k$N$GLdBj$J

$$!#$3$l$K$O!"1tD>@QJ,$7$?1?F0J}Dx<0$r2r$1$PNI$$$N$G$"$k$,!"3$LL$N>:9_$K$h$C$F@8

$8$k30It=ENOGH$O0LAjB.EY$,Bg$-$/!"M-8B:9J,K!$G2r$/:]$K$OC;$$%?%$%`%9%F%C%W$r$H$k

$3$H$,MW5a$5$l$k!#$7$+$7!"D9$$;~4V%9%1!<%k$r;}$D8=>]$rBP>]$H$7$F$$$k>l9g!J3$MNBg

=[4D%b%G%k$G07$&8=>]$O$^$5$K$=$l$K$"$?$k!K!"$3$N30It=ENOGH$OBg$-$J0UL#$r$b$?$:!"$7

$+$b!"0LAjB.EY$,7e0c$$$KBg$-$$$?$a!"$G$-$l$P%b%G%kFbIt$G@8$8$k8=>]$NCf$+$i$3$l$r

=|$-$?$$!#$3$NMW@A$KBP$7$F$O!"3$LL$K38$r$7$F!"3$LL$N>:9_$r5v$5$:!"30It=ENOGH$r@8$8

$5$;$J$$@_Dj$N$b$H$GJ}Dx<0$r2r$/J}K!$,$"$k!Jrigid-lid 6a;w!K!#$3$N>l9g!"3$LL$N05NO$O

38$r2!$905NO$H$7$F!"?GCGE*$K5a$a$k$3$H$,$G$-$k!#

!!4:$($F$3$N6a;w$r9T$J$o$J$$>l9g!"C;$$;~4V%9%F%C%W$G!"D9;~4V@QJ,$r9T$J$&$3$H$O$G

$-$J$$!#$3$NLdBj$O!"=g05@.J,$H7905@.J,$KJ,$1$F2r$/$3$H$K$h$C$F2r7h$5$l$k!#$9$J$o

$A!"=g05@.J,$N$"$k;~4VHO0O$K$*$1$kJ?6Q>uBV$r7905@.J,$KH?1G$5$;$k$3$H$K$h$C$F!"79

05@.J,$r2r$/;~4V%9%F%C%W$rD9$/$H$k$h$&$K$7$F$$$k(>\$7$/$OMRI.COM $N%^%K%e%"%k

$N1 >O2 @a;2>H)!#

!!$$$:$l$K$;$h!"1?F0J}Dx<0$O!"4pK\J}Dx<0$rD>@\2r$/$N$G$O$J$/!"=g05@.J,$H7905@.J,

$KJ,$1$F2r$/$3$H$K$J$k!#

!!K\%b%G%k$G$O!"3$LL$K38$r$9$kJ}K!!Jrigid-lid 6a;w!K$r:NMQ$7$F$$$k$N$G!"$=$N>l9g$N

2rK!$r0J2<$G<($9!#

3.8.1 ?eJ?IwB.$r=g05@.J,$H7905@.J,$KJ,$1$k

!!?eJ?IwB.$r=g05@.J,!J u; v!K$H7905@.J,!Ĵu; v̂!K$KJ,$1$k

(u; v) = ( u + û; v + v̂) (85)

$3$3$G!"%P!<$O1tD>J?6Q$rI=$9!#

u =
1
H

Z 0

� H
udz (86)
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3.8.2 ?eJ?IwB.$N7905@.J,$N;~4VJQ2=!Jût ; v̂t !K$r5a$a$k

!!0J2<$N9*L/$JJ}K!$rMQ$$$k$3$H$K$h$j!"ps(�; �; t ) $r5a$a$k$H$$$&A`:n$r%9%-%C%W$9$k$3

$H$,$G$-$k!#

(84) <0$N4X78$rMQ$$$FEl@>!"FnKLJ}8~$N1?F0J}Dx<0$r=q$-49$($k$H0J2<$N$h$&$K$J$k!#

ut = �
1

ac� 0
(ps) � + G� (87)

vt = �
1

a� 0
(ps) � + G� (88)

$?$@$7!"G� ; G� $O0J2<$NNL$G$"$k!#

G� = fv � L (u) +
uv tan �

a
+ F � �

g
a� 0c

� Z 0

� z
� � dz

�
(89)

G� = � fu � L (v) �
u2 tan �

a
+ F � �

g
a� 0

� Z 0

� z
� � dz

�
(90)

!!$3$3$G!"COI=LL5$05ps $r%<%m$H$7$?$H$-$N!"?eJ?IwB.$N;~4VJQ2=$r$=$l$>$lu0
t ; v0

t $H$9

$k!#$3$N$H$-!"�; � J}8~$N1?F0J}Dx<0$O7A<0E*$K0J2<$N$h$&$K$J$k!#

u0
t = G� (91)

v0
t = G� (92)

!!N><0$N7905@.J,$K$D$$$F9M$($k$H!"<!$N<0$,@.$jN)$D!#

û0
t = Ĝ� (93)

v̂0
t = Ĝ� (94)

$3$3$G!"û0
t = ût ; v̂0

t = v̂t (8e$G>ZL@) $h$j!"

ût = Ĝ� = G� � G� (95)

!! v̂t = Ĝ� = G� � G� (96)

$H$J$k!#$3$l$h$j!"?eJ?IwB.$N7905@.J,$N;~4VJQ2=!Ĵut ; v̂t !K$,5a$^$k!#

� û0 = û $N>ZL@

ps $, 0 $G$J$$J,$Nut $X$N4sM?$rup
t = � 1

ac� 0
(ps) � $H$9$k$H!"

ut = u0
t + up

t (97)

$G$"$k!#$^$?!"(85) <0$r;~4V$GJPHyJ,$9$k$H!"

ut = ût + ut (98)
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$G$"$k!#$3$l$i$rMQ$$$k$H!"

û0
t � u0

t � u0
t

= ût + ut � up
t �

h
ût + ut � up

t

i

= ût + ut � up
t � 0 � ut + up

t

= ût (99)

$H$J$k!#

3.8.3 ?eJ?IwB.$N=g05@.J,$N;~4VJQ2=!Jut ; vt !K$r5a$a$k

1. N.@~4X?t $NF3F~

!!O"B3$N<0(48) $r z = � H $+$i 0 $^$G1tD>@QJ,$9$k$H!"

[w]0� H +
1
ac

�
@

@�

Z 0

� H
udz +

@
@�

Z 0

� H
vcdz

�
= 0 (100)

$H$J$k!#$3$3$G!"6-3&>r7o(rigid lid) * 2

w = 0 at z = 0 (101)

$^$?!"3$Dl$G$bw = 0 $H$9$k$H!"

@
@�

� Z 0

� H
udz

�
+

@
@�

� Z 0

� H
vcdz

�
= 0 (102)

N>JU$Ka $r3]$1$k$H!"

@
@�

�
a

Z 0

� H
udz

�
+

@
@�

�
ac

Z 0

� H
vdz

�
= 0 (103)

$H$J$j!"$3$l$h$j0J2<$N$h$&$KDj5A$5$l$kN.@~4X?t$rDj5A$G$-$k!#

@ 
@�

= ac
Z 0

� H
vdz (104)

@ 
@�

= � a
Z 0

� H
udz (105)

$3$l$h$j!"?eJ?IwB.$N=g05@.J,$ON.@~4X?t$rMQ$$$F0J2<$N$h$&$KI=8=$G$-$k!#

u =
1
H

Z 0

� H
udz = �

1
aH

 � (106)

v =
1
H

Z 0

� H
vdz =

1
aHc

 � (107)

* 2 3$LL$K38$r$9$k$H$O!"$9$J$o$A!"3$LL$K1tD>B.EY$,$J$$$3$H$HF1Ey$G$"$k!#
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2. N.@~4X?t$NM=JsJ}Dx<0!J=g0512EYJ}Dx<0!K$NF3=P

El@>!"FnKLJ}8~$N1?F0J}Dx<0$O0J2<$N$h$&$K$J$C$?!#

ut = �
1

ac� 0
(ps) � + G� (108)

vt = �
1

a� 0
(ps) � + G� (109)

$?$@$7!"G� ; G� $O0J2<$NNL$G$"$k!#

G� = fv � L (u) +
uv tan �

a
+ F � �

1
a� 0c

� Z 0

� H
� � dz

�
(110)

G� = � fu � L (v) �
u2 tan �

a
+ F � �

1
a� 0

� Z 0

� H
� � dz

�
(111)

%W%m%0%i%`$r=q$/:]!"G� ; G� $K4X$7$F$O!"7905@.J,$N7W;;$N$H$-$K5a$a$F$"$k$N$G$=$l$r

MQ$$$l$P$h$$!#

$3$l$i$N1?F0J}Dx<0$rz = � H $+$i 0 $^$G@QJ,$7$FJ?6Q$9$k$H!"

ut = �
1

ac� 0
(ps) � + G� (112)

vt = �
1

a� 0
(ps) � + G� (113)

$H$J$k!#

!!$3$3$G!" (106),(107) $N4X78$rMQ$$u; v $rN.@~4X?t $GI=$9$H!"
�
�

1
aH

 �

�

t
= �

1
ac� 0

(ps) � + G� (114)

�
1

aHc
 �

�

t
= �

1
a� 0

(ps) � + G� (115)

$H$J$k!#$5$i$K!"$=$l$>$l ac; a$r3]$1$k$H!"

� c
�

 �

H

�

t
= �

1
� 0

(ps) � + acG� (116)

1
c

�
 �

H

�

t
= �

1
� 0

(ps) � + aG� (117)

$H$J$k!#

!!$3$3$G rot $r$H$k!"$9$J$o$A!"(116),(117)<0$r$=$l$>$l �; � $GHyJ,$7$F:9$70z$/$H!"3$

LL05NOps $,$K$h$k4sM?$,>C$($F!"<!$N=g0512EYJ}Dx<0$,F@$i$l$k!#

1
c

 
_ �

H

!

�

+

"

c

 
_ �

H

!#

�

= a
� �

G�
�

�
�

�
cG�

�

�

�
(118)
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H $,0lDj$N$H$-!"0J2<$N$h$&$K$J$k!#

_ �� + c(c _ � ) � = cHa
� �

G�
�

�
�

�
cG�

�

�

�
(119)

!!$3$l$O _ $K4X$9$k#2<!85$NPoissonJ}Dx<0$G$"$k!#$3$l$r2r$/$H _ $9$J$o$AN.@~4X?t$N

;~4VJQ2=$,5a$^$k!#$3$N=g0512EYJ}Dx<0$N2rK!$O3.9 @a$G2r@b$9$k!#

3. ?eJ?IwB.$N=g05@.J,$N;~4VJQ2=!Ju; v!K$r5a$a$k

!!N.@~4X?t$N;~4VJQ2=_ $,5a$^$C$?$N$G!"(106),(107)$N4X78$+$i!"?eJ?IwB.$N=g05@.J,$N

;~4VJQ2=ut ,vt $,5a$^$k!#

3.8.4 ?eJ?IwB.!Ju,v !K$r5a$a$k

!!0J>e$h$j!" (85) <0$+$i?eJ?IwB.$N;~4VJQ2=!Jut ,vt !K$r5a$a$k$3$H$,$G$-$k!#$3$l$r;~4V

@QJ,$9$k$3$H$G?eJ?IwB.!Ju,v!K$r5a$a$k$3$H$,$G$-$k!#

3.8.5 $=$NB>$NJ*M}NL$r5a$a$k

!!?eJ?IwB.!J u,v!K$r5a$a$k$3$H$,$G$-$?$N$G!"$=$l$+$i$=$NB>$NJ*M}NL$r5a$a$k$3$H$,$G

$-$k!#

1. O"B3$N<0(48) $h$j1tD>B.EYw $r5a$a$k

2. 29EY$N<0(47) $h$j29EYT $r5a$a$k

3. >uBVJ}Dx<0(49) $h$jL)EY � $r5a$a$k

3.8.6 I,MW$K1~$8$F05NOp $r5a$a$k

!!3$LL5$05 ps $,5a$^$l$P!"@ENO3XJ?9U$N<0$h$j05NOp $r5a$a$k$3$H$,$G$-$k!#0J2<$G$O!"

3$LL5$05ps $N5a$a$+$?$r5-$9!#

!!1tD>@QJ,$7$FN.@~4X?t$GI=8=$7$?1?F0J}Dx<0(114),(115) $K4X$7$F!"H $,0lDj$H$$$&>r

7o$N2<$G!"@@� [(114)� a] + @
@� [(114)� ac] $H$9$k$H:8JU$,>C5n$G$-$F!"

(ps) �� + c(c(ps) � ) � = ac� 0

� �
G�

�

�
+

�
cG�

�

�

�
(120)

$H$J$k!#$3$l$Ops $K4X$9$kPoissonJ}Dx<0$G$"$k!#$3$l$r6-3&>r7o$N2<$G2r$1$Pps $,5a

$^$k!#
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3.9 =g0512EYJ}Dx<0$N2rK!

!!$3$N>O$G$O!"#2<!85$NPoissonJ}Dx<0$G$"$k0J2<$N=g0512EYJ}Dx<0$N2rK!$r<($9!#

_ �� + c(c _ � ) � = cHa
� �

G�
�

�
�

�
cG�

�

�

�
(121)

3.9.1 6-3&>r7o

!!$3$NJ}Dx<0$r2r$/$?$a$K$O!"El@>!&FnKL$N6-3&$K$*$1$k6-3&>r7o$rM?$($J$1$l$P$$$1$J

$$!#$D$^$j!"El@>!&FnKL$N6-3&$K$*$$$F_ $NCM$r7hDj$9$kI,MW$,$"$k!#

El@>6-3&>r7o

!!El@>J}8~$N6-3&>r7o$O<~4|6-3&>r7o$H$9$k!#

FnKL6-3&>r7o!JFnKL6-3&$,@VF;$G$J$$>l9g!K

!!FnKLJ}8~$N6-3&>r7o$H$7$F$O!"G4CeJI$rA[Dj$9$k$N$G!"FnKL6-3&$G

u = 0 ; v = 0 ( at � = � N 0; � S0) (122)

$,MW5a$5$l$k!J? 7̂ :8;2>H!K!#  $Ou; v $,$"$k6-3&$NH>%0%j%C%IFbB&$K$"$k!#$=$N%0%j%C%I

$K$*$$$F$b!"6-3&$Gu = 0 $H$$$&$3$H$+$i!"

v = 0 ( at � = � N ; � S ) (123)

$H$J$k!#v = 0 $O=g05@.J,!&7905@.J,$K$D$$$F$b@.$jN)$D$N$G!"

�v = 0 ( at � = � N ; � S ) (124)

$,MW5a$5$l$k!#$3$l$r!"N.@~4X?t$GI=8=$9$k$H!"

�v =
1

acH
 � = 0 ( at � = � N ; � S ) (125)

$H$J$k!#$3$l$h$j!"

 =

(
 N (at � = � N )
 S (at � = � S )

(126)

$H$J$k!#$3$3$G!" N , S $ODj?t$G$"$k!#$D$^$jN.@~4X?t$NCM$OFnKL6-3&$N0l$DFbB&$N%0

%j%C%I$K$*$$$F0lDjCM$r$H$k(;~4V$N$_$N4X?t) $K$J$k!#

!!FnKLB.EY$N=g05@.J,�v $O(125) <0$N$h$&$K $N� HyJ,$KHfNc$9$kNL$H$7$FDj5A$5$l$k$N

$G!"Dj?tJ,$@$1 $KB-$7$F$b�v $NCM$OJQ2=$7$J$$!#$h$C$F!" N ;  S $N$I$A$i$+$OG$0U$K7h

$a$k$3$H$,$G$-$k!#$D$^$j!"FnKL6-3&$K$*$1$kN.@~4X?t$N:9�  �  N �  S $r5a$a$l$P!"

N>6-3&$K$*$1$kN.@~4X?t$NCM$r5a$a$k$3$H$,$G$-!"FnKL6-3&>r7o$r7hDj$9$k$3$H$,$G$-$k!#
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$3$3$G$O!"_ $K4X$9$k6-3&>r7o$,I,MW$J$N$G!"7k6I� _ � _ N � _ S $NCM$,J,$+$l$P(121)

<0$NFnKL6-3&>r7o$r7hDj$9$k$3$H$,$G$-$k!#

!!0J2<$G!" � _ $NCM$N5a$a$+$?$r5-$9!#� _ $O�  $r;~4VHyJ,$9$l$P5a$a$k$3$H$,$G$-$k

$N$G!"$^$:!" �  $r5a$a$k!#

�u = �
1

aH
 � (127)

$N4X78$rMQ$$$F!"u $r � S $+$i � N $^$GFnKL@QJ,$9$k$H!"

Z � N

� S

�ud� = �
Z � N

� S

1
aH

 � d� = �
1

aH
( N �  S ) = �

1
aH

�  (128)

$H$J$k!#$h$C$F!"

�  = � aH
Z � N

� S

�ud� (129)

$H$J$k!#FnKL6-3&4V$NN.@~4X?t$N:9�  $O!"NN0hFb$GFnKL@QJ,$7$?El@>N.$N1tD>J?6QN.NL
R� N

� S
�ud� $KHfNc$9$k$3$H$,J,$+$k!#

!!$3$N (129) <0$r;~4V$GJPHyJ,$9$k$H!"

� _ = � aH
Z � N

� S

�ut d� (130)

$3$3$G!"El@>J}8~$N1?F0J}Dx<0$r1tD>J?6Q$7$?(108) <0$h$j!"

� _ = � aH
Z � N

� S

�
�

1
ac� 0

(ps) � + G�

�
d� (131)

$H$J$j!"$3$N<0$N1&JU$NCM$r7W;;$9$k$3$H$G!"N.@~4X?t$N;~4VHyJ,$N:9� _ $,5a$^$k!#Fn

KL6-3&$,G4CeJI$G$"$k>l9g$O!" N , S $OEl@>J}8~$K0lDj$J$N$G!"

� _ 
�

= � _ (at � = � N ; � S ) (132)

$G$"$k!#$3$3$G!"%P!<� $OEl@>J?6Q$rI=$9!#!!$^$?!"

@ps
@�

�

= 0 (133)

$G$"$k$N$G!"(131) <0$rEl@>J?6Q$9$k$H!"

� _ = � aH
Z � N

� S

G�
z �

d� (134)

$H$J$k!#

!!$h$C$F!"6-3&>r7o$O0J2<$N$h$&$K$J$k!#

_ =

8
<

:

0 (at � = � N )

aH
R� N

� S
G�

z �
d� (at � = � S )

(135)
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u; v

u; v

u; v

u; v

u; v

u; v

u; v

u; v

v = 0

v = 0

v = 0

v = 0

u = v = 0u = v = 0

u = v = 0

 

 

 

 

 

 

 

 

 

 

� N

� N � N 0

� N 0

� S� S

� S0� S0

�  �  

!J@VF;!K

KLB&6-3&

KLB&6-3&

FnB&6-3&FnB&6-3&

?^ 7 JQ?t$NFnKLG[CV!#!J:8!K$OFnKLJ}8~$N6-3&$,@VF;$G$J$$>l9g!"!J1&!K$O@VF;$N>l9g!#
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FnKL6-3&>r7o!JKLB&$N6-3&$,@VF;$N>l9g!K

!!FnB&$N6-3&>r7o$H$7$F$O!"G4CeJI$rA[Dj$9$k$N$G!"

u = 0 ; v = 0 ( at � = � S0) (136)

$,MW5a$5$l$k!J? 7̂ 1&;2>H!K!# $Ou; v $,$"$k6-3&$NH>%0%j%C%IFbB&$K$"$k!#$=$N%0%j%C%I

$K$*$$$F$b!"6-3&$Gu = 0 $H$$$&$3$H$+$i!"

v = 0 ( at � = � S ) (137)

$H$J$k!#v = 0 $O=g05@.J,!&7905@.J,$K$D$$$F$b@.$jN)$D$N$G!"

�v = 0 ( at � = � S ) (138)

$,MW5a$5$l$k!#$3$l$r!"N.@~4X?t$GI=8=$9$k$H!"

�v =
1

acH
 � = 0 ( at � = � S ) (139)

$H$J$k!#$3$l$h$j!"
 =  S (at � = � S ) (140)

$H$J$k!#$D$^$jN.@~4X?t$NCM$OFnB&6-3&$N0l$DFbB&$N%0%j%C%I$K$*$$$F0lDjCM$r$H$k(;~4V

$N$_$N4X?t) $K$J$k!#

!!0lJ}!"KLB&$N6-3&$G$"$k@VF;$K$*$$$F$OBP>N@-$r2>Dj$9$k!#$9$J$o$A!"N.@~4X?t $,@V

F;$K4X$7$FBP>N$H$7!"@VF;$K4X$7$Fu $,BP>N, v = 0 $H$9$k!#$b$H$b$H$N%0%j%C%I$NG[CV$N

Dj5A$G$O!"@VF;$K$Ou; v $,G[CV$5$l$F$*$j!"  $O6-3&$+$iH>%0%j%C%I$:$l$?>l=j$K$"$C$?

$N$@$,!"KLB&$@$16-3&!J@VF;!K$K $rG[CV$5$;$k$H* 3!"@VF;$Gv = 0 $h$j

 =  EQ = const (141)

$H$J$j!"G4CeJI$r2>Dj$7$?>l9g$HF1$8$/N>6-3&$GN.@~4X?t$,0lDj$K$J$k!#$h$C$F!"6-3&>r

7o$O@h$[$I$HF1$8$/0J2<$N$h$&$K$J$k!#

_ =

8
<

:

0 (at � = � N 0)

aH
R� N 0

� S
G�

z �
d� (at � = � S )

(142)

* 3 %b%G%k7W;;$G$O0^EYJ}8~$N7W;;NN0h$r@_Dj$9$k:]$KCm0U$,I,MW!#%b%G%kFb$G$N@VF;$G$Nu,v,w,T $J$I$KBP

$9$k6-3&>r7o$N4X?t$NDj5A$b>/$7JQ$o$k$N$G!"@VF;$,6-3&$H$J$k>l9g$N6-3&>r7o$N4X?t$r?7$?$KDj5A$7$?!#
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3.9.2 7+$jJV$7K!$K$h$k2rK!

!!=g0512EYJ}Dx<0$O0J2<$N$h$&$J!"2 <!85$NPoissonJ}Dx<0$H$J$C$?!#

_ �� + c(c _ � ) � = cHa
� �

G�
�

�
�

�
cG�

�

�

�
(143)

$3$3$G!"

� � = cHa
� �

G�
�

�
�

�
cG�

�

�

�
(144)

$H$9$k$H!"
_ �� + c(c _ � ) � + � = 0 (145)

$H$J$k!#$3$3$G!"N.@~4X?t $O29EY$N%0%j%C%I(i',j') $GDj5A$5$l$k$3$H$r;W$$=P$9$H!"

(144) <0$O0J2<$N$h$&$K:9J,2=$5$l$k!#

� i 0;j 0 = � cj 0Ha
�
� �

�
G�

z �
�

� � �

�
cj G�

z �
��

(146)

0J2<$G$O!"PoissonJ}Dx<0(145) $rC`<!2a4KOBK!(SOR K!:Successive Over RelaxationK!)

$G2r$/:]$N2rK!$r<($9!#

!! PoissonJ}Dx<0$r$"$k6-3&>r7o$N$b$H$G2r$/$?$a$K!"A26a6a;w$N<jK!$H$7$F$h$/MQ$$$i

$l$k$N$,!"7+$jJV$7K! (interactive method) $G$"$k!#$=$l$O!"=i$a$K2r$N?dDjCM$rM?$(!"

J}Dx<0$rK~$?$9$h$&$K2?EY$b7+$jJV$7$=$N6a;w2r$rJQ$($J$,$i!"<!Bh$K??$N2r$K6a$E$1

$F$f$/<jK!$G$"$k!#:G=i$N?dDjCM$O=i4|?dDjCM(initial guess) $H8F$V!#7+$jJV$7K!$NCf$N

0l$D$K4KOBK!$,$"$k!#4KOBK!$O!"=i4|?dDjCM$rJ}Dx<0$KM?$($k;~@8$8$k8m:9($U$D$&>jM>

(residual) $H$$$&) $,>.$5$/$J$k$h$&$K<!$N?dDjCM$rM?$(!"<!!9$H$3$l$HF1MM$NA`:n$r7+

$jJV$7!">jM>$r<!Bh$K8:>/$5$;$F$f$/<jK!$G$"$k!#4KOBK!$K$O%j%A%c!<%I%=%sK!(Jacobi

K!)!"%j!<%W%^%sK!(Gauss-SeidelK!)!" SOR K!$,$"$k!#$3$l$i$N<jK!$r=g<!8+$F$$$/$3$H

$K$9$k!#

a. %j%A%c!<%I%=%sK!(Jacobi K!)

n HVL\$N7+$jJV$7%9%F%C%W$K$*$$$F$O!"(145) <0$K$*$$$F@8$8$k3J;RE@(i',j') $G$N>jM>Ri 0;j 0

$O!"

Ri 0;j 0 = � ��
_ n
i 0;j 0 + cj 0� �

�
cj � �

_ n
i 0;j 0

�
+ � i 0;j 0 (147)

$H$J$k!#

$3$3$G!"(147) <0$O0J2<$N$h$&$K:9J,2=$5$l$k!#
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Ri 0;j 0

=
1

� � 2

�
_ n
i 0+1 ;j 0 � 2 _ n

i 0;j 0 + _ n
i 0� 1;j 0

�

+
cj 0

� � 2

h
cj 0+ 1

2

_ n
i 0;j 0+1 �

�
cj 0+ 1

2
+ cj 0� 1

2

�
_ n
i 0;j 0 + cj 0� 1

2

_ n
i 0;j 0� 1

i

+ � i 0;j 0 (148)

$3$l$rJQ7A$9$k$H!"

Ri 0;j 0

=
1

� � 2

�
_ n
i 0+1 ;j 0 + _ n

i 0� 1;j 0

�

+
cj 0

� � 2

h
cj 0+ 1

2

_ n
i 0;j 0+1 + cj 0� 1

2

_ n
i 0;j 0� 1

i

�
�

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� �
_ n
i 0;j 0

+ � i 0;j 0 (149)

$H$J$k!#!!<!$N n+1 %9%F%C%W$G$N_ n +1
i 0;j 0 $O(153) <0$G!" _ n

i 0;j 0 $N$_$r _ n +1
i 0;j 0 $KJQ$($?;~!"

Rn
i 0;j 0 $,%<%m$K$J$k$h$&$K_ n +1

i 0;j 0 $rDj$a$k!#

!!$9$J$o$A!"

_ n +1
i 0;j 0

=
1

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� �

�
1

� � 2

�
_ n
i 0+1 ;j 0 + _ n

i 0� 1;j 0

�
+

cj 0

� � 2

h
cj 0+ 1

2

_ n
i 0;j 0+1 + cj 0� 1

2

_ n
i 0;j 0� 1

i
+ � i 0;j 0

�
(150)

!!$3$l$r Rn
i 0;j 0 $rMQ$$$FJQ7A$9$k$H!"_ n +1

i 0;j 0 $O _ n
i 0;j 0 $NJd@5$H$7$F!"

_ n +1
i 0;j 0 !! = _ n

i 0;j 0!! +
Rn

i 0;j 0

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� (151)

$GI=8=$5$l$k!#$3$N>l9g!"(153) <0$G(i',j') $NE@$N$_n+1 %9%F%C%W$NCM$,M?$($i$l$F1&JU

$,%<%m$K$J$k$N$G$"$k$+$i!"A4$F$NE@$Gn+1 %9%F%C%W$NCM$r$3$N$h$&$K5a$a$?;~* 4!" Rn +1
i 0;j 0

$O0lHL$K$O%<%m$K$O$J$i$:!"?7$?$J>jM>$,@8$8$k!#$3$N>jM>$,%<%m$K<}B+$9$l$P!"$3$NJ}

K!$Gn ! 1 $N;~ _ n
i 0;j 0 $O??$NCM$K<}B+$9$k!#DL>o!"<}B+$NL\0B$H$7$F!"Hy>.NL� 0 $rF3F~

$7!" n = N $K$*$$$F!"
jRN

i 0;j 0j < � 0 (152)

* 4 $3$NJd@5$O!"$?$H$($P!":8>e6y$+$i;O$a$F<!!9$K<B9T$7!"1&2<6y$K=*$o$k$h$&$K$9$k!#A4$F$NNN0h$KEO$k$3

$N$h$&$JJd@5A`:n(correction procedure) $rA]2a (sweep $"$k$$$Oscan) $H>N$9$k!#
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$,$9$Y$F$Ni 0; j 0 $KBP$7$FK~$?$5$l$l$P!"$=$NCJ3,$G$N2r_ N
i 0;j 0 $r6a;w2r$H$7$F:NMQ$9$k!#

b. %j!<%W%^%sK!(Gauss-Seidel K!)

!!%j%A%c!<%I%=%sK!$G$O!"<}B+$,CY$/!"$7$+$bn + 1 %9%F%C%W$N7W;;$N$?$a$Kn %9%F%C%W$N

CM$rA4$F5-21$5$;$F$*$/I,MW$,$"$k!#$3$l$i$N7gE@$r2~NI$7$?$N$,!"%j!<%W%^%sK!$G$"$k!#

!!%j%A%c!<%I%=%sK!$G$O!"(153) <0$K$*$$$F!"_ n
i 0;j 0 $N$_$rn+1 %9%F%C%W$NCM$KCV$-49$($F

1&JU$NCM$r%<%m$H$7$?$,!"%j!<%W%^%sK!$G$O!"$9$G$KA]2a$7$F$$$kE@!"Nc$($P_ n
i 0� 1;j 0 5Z$S

_ n
i 0;j � 10 $r$b n+1 %9%F%C%W$NCM$KCV$-49$($FCV$$$?>e$G!"1&JU$,%<%m$K$J$k$h$&_ n +1

i 0;j 0 $r

5a$a$k!#$9$J$o$A!"<!$N$h$&$J>jM>R0n
i 0;j 0 $rDj5A$9$k$H!"

R0n
i 0;j 0

=
1

� � 2

�
_ n
i 0+1 ;j 0 + _ n +1

i 0� 1;j 0

�

+
cj 0

� � 2

h
cj 0+ 1

2

_ n
i 0;j 0+1 + cj 0� 1

2

_ n +1
i 0;j 0� 1

i

�
�

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� �
_ n
i 0;j 0

+ � i 0;j 0 (153)

_ n +1
i 0;j 0 $O _ n

i 0;j 0 $NJd@5$H$7$F!"

_ n +1
i 0;j 0 !! = _ n

i 0;j 0!! +
R0n

i 0;j 0

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� (154)

$H$J$k!#$3$NJ}K!$G$O!"1 E@$K$*$$$F2 =E$K5-21$9$kI,MW$,$J$$!#

c. SOR K!

!!%j!<%W%^%sK!$h$j$b$5$i$K<}B+$rB.$/$9$k$?$a$K!"2aBg4KOB(overrelaxation) $N5;9*$r

2C$($?$N$,SOR K!$G$"$k!#%j!<%W%^%sK!$G$b!"n %9%F%C%W$G$NJd@5$K$h$C$F_ n +1
i 0;j 0 $O%<%m

$K$J$k$o$1$G$O$J$/!"B?>/$NJQ99$r$9$k$3$H$K$h$C$F<}B+$r2CB.$9$k$3$H$r9M$($F$b:9$7

;Y$($O$J$$!#6qBNE*$K$O$D$.$N$h$&$K!"(154) <0$K2CB.%Q%i%a!<%?! $rF3F~$7$F

_ n +1
i 0;j 0 !! = _ n

i 0;j 0!! +
R0n

i 0;j 0

2
� � 2 +

cj 0

� � 2

�
cj 0+ 1

2
+ cj 0� 1

2

� (155)

$H$9$k!#:#2s$N<B83$K$*$$$F$O!"! = 1 :8 $H$7$?!#
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4 Bg5,LO12$N@8@.$K4X$9$k?tCM<B83

!!8r8_$KJQ$o$kEl@>Iw!J%8%'%C%H!K$r=i4|$KM?$(!"$=$l$,IT0BDj$r5/$3$9$3$H$K$h$C$FBg@VHC

$N$h$&$JBg5,LO$J12$,@8$8!"D9;~4V0BDj$KB8:_$7$?Nc$r>R2p$9$k!#$3$l$O!"Williams(1996)

$N%1!<%9G1 $H;w$?$h$&$J<B83$G$"$k!#

4.1 %Q%i%a!<%?

!!OG@1%Q%i%a!<%?$H$7$F$OLZ@1$NCM$rMQ$$!"$=$N$[$+$N%Q%i%a!<%?$O0J2<$NI=1 $NCM$rMQ

$$$?!#

a!'OG@1H>7B 71400km


 !'<+E>3QB.EY 1:76� 10� 4s� 1

g!'=ENO2CB.EY 26ms� 2

T0!'J?6Q29EY 200K

� 0!'J?6QL)EY 0:1323kgm� 3

� !'G.KDD%78?t 0:005K � 1

� h !'?eJ?G4@-78?t(4 3,HyJ, ) � 1017m4s� 1

� v !'1tD>G4@-78?t(2 3,HyJ, ) 10� 8m4s� 1

I= 1 %Q%i%a!<%?
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4.2 7W;;NN0h

4.2.1 ?eJ?J}8~

!!?eJ?J}8~$N7W;;NN0h$O!"? 8̂ $K<($9$h$&$K!"7PEYJ}8~$K120 EY!"0^EYJ}8~$K� 7 EY$+

$i � 40 EY$H$7$?!#$3$l$O$*$*$h$=Bg@VHC$N<~JUIt$r07$C$F$$$k$3$H$K$J$k* 5!#J,2rG=$O

� x; � y $H$b$K1 EY' 1000km$H$7$?!#

4.2.2 1tD>J}8~

!!1tD>J}8~$N7W;;NN0h$O!"? 9̂ $K<($9$h$&$K!"H = 1200km $H$7!"@.AX$N$"$kNN0h$O

h = 40km $H$7$?!#1?F0$O<g$K$3$NNN0h$G5/$3$k$3$H$K$J$k$N$G!"1tD>3J;RE@4V3V$O>e10

E@$G6km!"2< 10 E@$G114km $H$7$?!#Williams(1996) $K$h$k$H!"h=H < 1=20 $G$"$l$P

12$OD94|4V0BDj$KB8:_$7$?$N$G!"$3$l$K$J$i$C$F!"h=H = 1=30 $H$7$?!#

?^ 8 ?eJ?NN0h

?^ 9 1tD>NN0h

* 5 ;29M$^$G$K!"Bg@VHC$NBg$-$5$O24 � 48000km� 12 � 14000km($@$$$?$$30!k � 13!k%9%1!<%k) $G$"

$k!#
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4.3 =i4|>r7o

4.3.1 ?eJ?J}8~

!!=i4|$N%8%'%C%H(El@>IwB.) $O?^10 $N:8$N$h$&$KFnKL$K8r8_$KJQ$o$k$h$&$K$7$?!#DjNL

E*$K$O0^EY!J� 7; � 14; � 23; � 33; � 40!KEY$GIwB.$,%<%m$K$J$k$h$&%5%$%s4X?t$GM?$(!":GBg

IwB.$OKL$+$i$=$l$>$l100; � 50; 30; � 15m/s $H$7$?!#

!!$^$?!"29EY>l$O!"%8%'%C%H$H29EYIw%P%i%s%9$9$k$h$&$K7h$a$?!#$3$3$G!"29EYJP:9$O4pK\

>l$+$i$N$:$l$H$$$&0UL#$GMQ$$$F$$$k!#

?^ 10 9bEY3km $K$*$1$k!"El@>IwB.!J%8%'%C%H!K$NFnKL9=B$!J:8!K$H29EYJP:9!J1&!K

4.3.2 1tD>J}8~

!!?^ 11 $O1tD>J}8~$N=i4|>r7o$G$"$j!"NN0h$N>e1=20 $r3HBg$7$F?^<($7$F$$$k!#

!!4pK\>l$N29EY9=B$$H$7$F$O!"z = 0km $G:GBg!"z = � 40km $G:G>.$H$J$k$h$&$J#2<!4X?t

$GM?$(!"$=$l$h$j2<$G$O0lDj$H$7$?!#$D$^$j!">e$G0BDj@.AX!"2<$GCfN)@.AX$H$J$C$F$$$k!#

!!%8%'%C%H$N9=B$$O!"z = 0km $G:GBg!"z = � 40km $G%<%m$H$J$k$h$&$J@~7A9=B$$rM?$(!"

$=$l$h$j2<$G$O%<%m$H$7$?!#

?^ 11 4pK\>l$N29EY$N1tD>9=B$9=B$!J:8!K$HEl@>IwB.$N1tD>9=B$!J1&!K
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4.4 6-3&>r7o

4.4.1 El@>J}8~6-3&>r7o

!!El@>6-3&$K4X$7$F$O<~4|6-3&>r7o$r2>Dj$9$k!#

4.4.2 FnKLJ}8~6-3&>r7o

!!FnKLN>J}$NJI$G$9$Y$j$J$7, %U%i%C%/%9$J$7>r7o$r2>Dj$9$k!#

(u; v; T� ) = 0 at � = � S ; � N (156)

4.4.3 1tD>J}8~6-3&>r7o

!!1tD>J}8~$K$*$$$F$O!"N>6-3&$OK`;$$J$7, %U%i%C%/%9$J$7$NJI$H$9$k!#

(w; uz ; vz ; Tz ) = 0 at z = 0 ; � H (157)

4.5 ;~4V@QJ,

!!;~4V@QJ,$O%j!<%W%U%m%C%0K!$rMQ$$!"%?%$%`%9%F%C%W1/50 F|$G6000F|7W;;$7$?!#$^$?!"

%j!<%W%U%m%C%0K!$rMQ$$$?$3$H$K$h$C$F@8$8$k7W;;%b!<%I$NA}I}$rM^@)$9$k$?$a!"Asselin

(1972) $N;~4V%U%#%k%?!<$r10 %9%F%C%W$K1 2sE,MQ$7$F$$$k!#
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4.6 7k2L

4.6.1 29EYJP:9$N;~4VJQ2=

!!9bEY � 15km $K$*$1$k29EYJP:9$N?eJ?J,I[$N;~4VJQ2=$r?^12!A15 <($9!#

!!=i4|$N29EYJP:9$O%8%'%C%H$H29EYIw%P%i%s%9$7$F$$$k(0 F| )!#$7$P$i$/;~4V$,7P2a$9$k

$H!"IT0BDj$K$h$C$F!"GHD94000kmDxEY$NGH$,@8$8$F$-$?(400 F| )!#$=$NGH$OH/C#$7$?$,

(420 F| )!"Jx$l$F$7$^$C$? (480 F| )!#$=$N8e!"@h$[$I$h$j$ODc0^EY$GGHD9$,D9$$#4K|#k#m

$NGH$,@8$8$F$-$?(530 F| )!#$3$l$O!"FnKL$K$O9b5$05@-%7%"!<$NItJ,$K6I:_$7$F$$$k!#$3

$NGH$,H/C#$7(600 F| )!"GHD9$OD9$/$J$j!"?6I}$OBg$-$/$J$j!"FnKLI}$bBg$-$/$J$C$?(760

F| )!#Fs$D$N29EYJP:9$,$O$C$-$j$7$F$-$F!"(840 F| ,980F| ) Fs$D$K$^$H$^$j!"29EYJP:9$b

Bg$-$/$J$C$?(1440F| )!#Fs$D$N12$O$@$s$@$s$H5wN%$r=L$a$J$,$iJBAv$7$?(2000F| ,2450

F| )!#$D$$$K$O!"A0$NBg$-$J12$,8e$m>.$5$J12$r5[<}$7(2480F| ,2650F| )!"8IN)12$K$J$C$?

(3170F| )!#$=$N8e!"$3$NBg$-$J12$O!"29EYJP:9$O>.$5$/$J$C$?$b$N$N!"6000F|$^$G0BDj$K

B8:_$7B3$1$?!#

4.6.2 :F8=$5$l$?8IN)12$N29EYJP:9$N1tD>9=B$

!!:F8=$5$l$?8IN)12$N$"$k0^EY (� 25:5 EY) $K$*$1$k29EYJP:9$N1tD>9=B$$r?^16 $K<($9!#

$3$l$r8+$k$H!"9bEY� 20km $K29EYJP:9$N%T!<%/$,$"$j!"@.AX$N$"$kItJ,(0!A� 40km) $K

29EYJP:9$,6I:_$7$F$$$k$3$H$,$o$+$k!#

4.6.3 :F8=$5$l$?8IN)12$NIwB.

!! z = � 3km $K$*$1$k:F8=$5$l$?8IN)12$NIwB.$r? 1̂7 $K<($9!#$3$l$r8+$k$H!"IwB.$O

40m/s $r1[$($F$$$k$3$H$,$o$+$k!#

4.6.4 7k2L$^$H$a

!! Williams(1996) $HF1MM$K!"%8%'%C%H$+$i12$,@8$8!"7k9g$7!"0l$D$N8IN)12$K$J$k$H$$$&

0lO"$N2aDx$,:F8=$5$l$?!#$^$?!":F8=$5$l$?8IN)12$N1tD>9=B$$O!"9bEY� 20km $K29EYJP:9

$N%T!<%/$,$"$j!"@.AX$N$"$kItJ,(0!A� 40km) $K29EYJP:9$,6I:_$7$F$$$?!#IwB.$O40m/s

$r1[$($F$$$?
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?^ 12 � 15km $K$*$1$k29EYJP:9$N?eJ?J,I[, 0 F| (:8>e), 400 F| (1&>e), 420 F| (:82<),
480 F| (1&2<)!#%3%s%?!<4V3V$O0:6K $G!"%+%i!<$OCH?'7O$,@5JP:9!"4(?'7O$,IiJP:9$r

I=$7$F$$$k(?^ 12!A15 $9$Y$F)!#
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?^ 13 � 15km $K$*$1$k29EYJP:9$N?eJ?J,I[, 530 F| (:8>e), 600 F| (1&>e), 760 F| (:8

2<), 840 F| (1&2<)



4 Bg5,LO12$N@8@.$K4X$9$k?tCM<B8345

?^ 14 � 15km $K$*$1$k29EYJP:9$N?eJ?J,I[, 980 F| (:8>e), 1440 F| (1&>e), 2000 F|

(:82<), 2450 F| (1&2<)



4 Bg5,LO12$N@8@.$K4X$9$k?tCM<B8346

?^ 15 � 15km $K$*$1$k29EYJP:9$N?eJ?J,I[, 2480F| (:8>e), 2650 F| (1&>e), 3170 F|

(:82<), 6000 F| (1&2<)
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?^ 16 29EYJP:9$N1tD>9=B$(0^EY� 25:5!k , 3170F| )

?^ 17 El@>IwB.(z = � 3km, 3170F| )
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4.7 9M;!

4.7.1 12$N9gBN$7$F$$$/MM;R

!!:#2s$N<B83$K$*$$$F!"A0J}(@>) $N12$,8eJ} (El ) $N12$r5[<}$7$?$,!" Williams(1996) $K

$h$k$H!"$3$l$O3 <!85$N?tCM<B83$G$h$/8+$i$l$k$3$H$i$7$$!#!J2 <!85!J SW!K$G$O8e$m$N

12$,A0$N12$r5[<}$9$k!#!K0J2<$G$O!"A0$N12$,8e$m$N12$r5[<}$7$?$3$H$K$D$$$F9M$($k!#@~

7A%m%9%S!<GH$N0LAjB.EY$N4X78$O1tD>GHD9$KHf$Y$F?eJ?GHD9$,Hs>o$KD9$$$H$-$K$O!"

cx = � �L 2
D = � �

ND
f 2 (158)

$G$"$k!#$3$3$G!"cx $OEl@>J}8~$N0LAjB.EY!"L D $O%m%9%S!<$NJQ7AH>7B!"N $O%V%i%s%H%P

%$%5%i?6F0?t!"D $O1?F0$N1tD>%9%1!<%k$G$"$k!#$J$<$=$&$$$&798~$K$J$k$N$+$OJ,$+$i$J

$$$,!"A0$NBg$-$J12$,8e$m$N>.$5$J12$KHf$Y$F$h$j9b0^EY$K$"$C$?$?$a!"8e$m$N12$h$j$b0L

AjB.EY$,CY$$$3$H$K$J$k!#$3$N$3$H$+$i!"A0$NBg$-$J12$K8e$m$N12$,DI$$IU$$$F$-$F!"$7

$^$$$K$O9gBN$7$F$7$^$C$F$$$k$H;W$o$l$k!#

4.7.2 12$NBg$-$5

!!LpLn=g0l (1993) $Np.383$K5-=R$5$l$F$$$k!"LZ@1$N12$KBP$9$k6I=j2=>r7o$K$h$k$H!"Bg

@VHC$N$h$&$J8IN)$7$?12$rF@$k$K$O!"8=>]$N?eJ?%9%1!<%kL $,%m%9%S!<$NJQ7AH>7BL D $h

$j$bBg$-$$$3$H$,IT2D7g$G$"$k$i$7$$!#:#2s$N<B83$K$*$$$F!":F8=$5$l$?Bg5,LO12$N?eJ?

%9%1!<%kL $O
L ' 50� ' 50 � 1000km = 5 � 107m (159)

$G$"$k!# 0lJ}!"JQ7AH>7BL D $O

L D =
ND

f
=

10� 2 � 40 � 103

2 � 1:76� 10� 4 � sin � 25
� 2 � 106m (160)

$H$J$k!#$3$3$G!"N $NCM$O0lDj$G$O$J$$$,!":#2s$N<B83$GMQ$$$?CM$rMQ$$$F%9%1!<%j%s%0

$9$k$H!"

N 2 =
g
T0

@T
@z

�
26
200

25
40� 103 � 80 � 10� 6 (161)

$h$j!"
N � 9 � 10� 3 � 10� 2 (162)

$H$7$?!#$h$C$F!"
L � 25L D (163)

$h$j!"8=>]$N?eJ?%9%1!<%k$,%m%9%S!<$NJQ7AH>7BL D $h$j$bBg$-$/$J$C$F$*$j!"LZ@1$N12

$KBP$9$k6I=j2=>r7o$r$_$?$7$F$$$k!#
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5 :#8e$NE8K>

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

!!LZ@1Bg5,LO12$K4X$9$k5?Ld$N0l$D$K!"!V$J$<Bg@VHC$O@V$$$N$+!)!W$H$$$&LdBj$,$"$C$?!#

0l$D$N@b$H$7$F!"!VLZ@1Bg5$$N?<$$ItJ,$+$iBPN.$K$h$C$F4,$->e$2$i$l$?J*<A$,!"B@M[$N;g

30@~$H2=3XH?1~$r0z$-5/$3$9$?$a@V$/8+$($k$N$G$O$J$$$+!W$H$$$&$b$N$,$"$k(Prinn and

Lewis, 1975)!J?^ 18!K!#$=$N$h$&$JBPN.$N@5BN$H$7$F$O!"Nakajima et al. (2000) $N?tCM<B

83$K8+$i$l$k$h$&$J!"Bg5$?<It$N<>=aBPN.$,3hH/$JNN0h$rA[Dj$7$F$h$$$+$b$7$l$J$$!#$7

$+$7!"4QB,E*$K$O!"BPN.$,3hH/$JMk1@$HBg@VHC$OJL$N>l=j$K$"$j!"Bg@VHC$,@V$$$3$H$H!"BP

N.$H$N4V$N4XO"IU$1$O$J$5$l$F$$$J$$!#

5.2 Cf@VHC$N=P8=

!!$=$&$$$C$?>u67$N$J$+!"6aG/!"?t8D$NGrHC$,9gBN$7!"?'$,@V$/JQ$o$k$H$$$&8=>]$,4QB,$5

$l (Simon-Miller et al. ,2006)!"0J9_!VCf@VHC!W$H8F$P$l$k$h$&$K$J$C$?!J?^19!K!#$3$NCf

@VHC$,@V$/$J$C$?M}M3$r9M$($k:]!"<j$,$+$j$H$J$j$=$&$J$N$,!"Cf@VHC$N!VIwB.!W$G$"$k!#

9gBNA0$NGrHC$NIwB.$OBg@VHC$N$=$l$K$O5Z$P$J$+$C$?$,!"9gBN$7$FJQ?'$7$?8e$NCf@VHC$r

D4$Y$k$H!"Bg@VHC$KI$E($9$k$[$I$^$G$K2CB.$7$F$$$?(Simon-Miller et al. ,2006)!#

?^ 18 Bg@VHC$dCf@VHC$,@V$$$3$H$r@bL@$9

$k$?$a$N35G0?^

?^ 19 LZ@1A4BNA|!J1&?^!K$H$=$N3HBg? !̂J:8

?^!K!#Cf1{:8B&$K$"$k@V$/>.$5$$12$,Cf@V

HC!"1&>e$K$"$k@V$/Bg$-$J12$,Bg@VHC$G$"

$k!#!J Credit: NASA / ESA / Amy Simon-
Miller !K
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5.3 Cf@VHC$N=P8=$+$i!"12$NFbIt$GBPN.$,@8$8$F$$$k$3$H$,A[A|$G$-$k

!!$3$N$3$H$+$i!"0J2<$N$3$H$,?dB,$G$-$k!#9gBN$9$k$3$H$K$h$C$FCf@VHC$OIwB.$,Bg$-$/

$J$C$?!#IwB.$,Bg$-$/$J$C$?$H$$$&$3$H$O!"29EYIw$N4X78$+$i29EYJP:9$,Bg$-$/$J$C$?$3

$H$,9M$($i$l$k!#$=$3$G!"Nc$($P!"4pK\>l$,?^ 20(:8 ) $N$h$&$K0BDj@.AX$r$7$F$*$j!"12$N

29EY!J29EYJP:9!K$,? 2̂0(Cf) $N$h$&$J1tD>9=B$$r$7$F$$$?$H$9$k!#$3$N$H$-12$N$"$k>l=j

$G$N29EY9=B$$O!"?^20(1&) $N$h$&$K$J$k!#29EYJP:9$,Bg$-$/$J$j!"$"$kCM$r1[$($k$H!"?^

20(1&) $N$h$&$K12$N>eIt$GIT0BDj@.AX$H$J$jBPN.$,@8$8$k!#$3$NBPN.$K$h$C$F!"Bg5$2<AX

$N%,%9$,;}$A>e$2$i$l!"B@M[$+$i$N;g30@~$rMa$S$FJQ?'$7!"@V$/$J$C$?$HA[A|$9$k$3$H$,

$G$-$k!#

?^ 20 29EYJP:9$,Bg$-$/$J$k$HBPN.$,5/$3$k2DG=@-$,$"$k$3$H$r@bL@$9$k?^

5.4 LZ@1Bg5$$N1tD>9=B$$,?dB,$G$-$k

!!$b$7$3$NA[A|$,@5$7$$$H$9$l$P!"LZ@1$NBg5,LO12$,@V$/$J$k$?$a$K$O!"12$N6/$5!&Bg$-

$5$,0?$k!VogCM!W$rD6$($F$$$kI,MW$,$"$k$3$H$,<(:6$5$l$k!#!VBPN.$N%9%$%C%A!W$,F~$C$?

$i!JCfN)NN0h$,$_$i$l$?$i!K12$O@V$/$J$j!"F~$i$J$$$H12$OGr$$$^$^$G$"$k!J?1̂8!K!#$D$^

$j!"12$N6/$5!&Bg$-$5$N!VogCM!W$O!"NO3XE*$K$OBPN.NN0h$NM-L5$K$h$C$FH=Dj$5$l$k$3$H$K

$J$k!#BPN.NN0h$NM-L5$O!"Bg5$$N29EY9=B$!J?^20 ;2>H!K$dJ*<A$N1tD>J,I[$H4XO"$9$k$H9M

$($i$l$k!#$=$3$G!"Bg5$$N1tD>9=B$$rMM!9$KJQ2=$5$;$??tCM<B83$r9T$$!"7k2L$rHf3S$9$k!#

$=$3$G!"BPN.NN0h$N=P8=$N!VogCM!W$HBg5$9=B$$N4X78$r8+=P$7$9$3$H$K$h$C$F!"Bg5$$N1tD>

9=B$$r?dB,$G$-$k$N$G$O$J$$$+$H9M$($i$l$k!#
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6 :#8e$N2]Bj

6.1 GH!&12$N@8@.$K4X$9$k?tCM<B83!&2r@O!&9M;!

6.1.1 12$N@-<A$K1F6A$rM?$($k$N$O$I$N%Q%i%a!<%?$+!)

!!:#2s>R2p$7$?!"!V=i4|$KEl@>Iw$r2>Dj$7$F!"$=$NIT0BDj$+$i12$,@8$8$k!W$H$$$&<B83$K$*

$$$F!"@.AX$N6/$5!&1tD>9=B$!"%8%'%C%H$N?6I}!&FnKL9=B$!&1tD>9=B$$r%Q%i%a!<%?$H$7$F

MM!9$KJQ2=$5$;$F<B83$r9T$&$H$3$G!"12$N@8@.!&0];}!&@-<A$K$I$N$h$&$JJQ2=$,$_$i$l$k$+

8!>Z$9$k!#

6.1.2 $I$N$h$&$JIT0BDj$GGH$,@8$8$?$N$+!)

!!12$N@8@.$K4X$7$F$O!"GHD9$ND9$$GH(?^ 13 $N600F| ) $,@8$8$?$3$H$,=EMW$G$"$C$?!#

Williams(1996) $G$O!"!V$3$N$h$&$JGHD9$ND9$$GH$OElIw%8%'%C%H$N7905IT0BDj$K$h$C$F@8

$8$?!W$HC1$K=R$Y$i$l$F$$$?$@$1$G$"$C$?* 6!#$D$^$j!"GH$N9=B$!JFnKLIw$d29EY$N1tD>9=

B$!K$K$D$$$F2r@O$7$?$j!"@~7A0BDj@-2r@O$r$7$F!"$3$l$,7905IT0BDj$K$h$C$F@8$8$?GH$G

$"$k$H=R$Y$F$$$?$o$1$G$O$J$$!#

IT0BDj$K$h$C$F@8$8$?GH$K$D$$$F$NM}2r$r?<$a$k$?$a$K$O0J2<$N#3$D$NJ}K!$,9M$($i$l$k!#

!!0l$DL\$O!":#$NOHAH$G@~7A0BDj@-2r@O$r9T$&$3$H$G$"$k!#:#2s$N<B83$N@_Dj$K$*$$$F!"@.

AX!&%8%'%C%H$N9=B$$O!"?^11 $N$h$&$K1tD>NN0h$N>e$N1=30 $N$_$G?6I}$r$b$D$h$&$J9=B$

$G$"$C$?$N$G!"@.AX, 1tD>%7%"!<$H$b$K0lDj$G$"$kEady LdBj$HD>@\Hf3S$9$k$3$H$O$G$-$J

$$$H9M$($i$l$k!#$3$l$O$`$7$m!"3$MN$N7905IT0BDj$rO@$8$?Gill et al.(1974) $G$N1tD>9=

B$$K6a$$!#$=$3$G!":#2s$N<B83$NOHAH$G@~7A0BDj@-2r@O$r9T$$!"IT0BDj%b!<%I$N9=B$$H:F

8=$5$l$?GH$N9=B$$rHf3S$9$k* 7!#

!!Fs$DL\$O!"7905IT0BDj$NI,MW>r7o$rK~$?$7$F$$$k$+$rD4$Y$k$?$a$K!"%]%F%s%7%c%k12EY

$NFnKLHyJ,$,Id9f$rJQ$($F$$$k$+$I$&$+3N$+$a$k!#

!!;0$DL\$H$7$F!"29EY$,FnKLJ}8~$KM"Aw$5$l$F$$$k$+$I$&$+$r2r@O$9$k!#$b$7!"29EY$NFn

KLJ}8~$NM"Aw$,$"$k$h$&$J$i!"7905IT0BDj$KIU?o$9$kGH$G$"$k$H$3$,A[A|$5$l$k!#

* 6 $=$N:] Gill et al. (1974) $r0zMQ$7$F!";X?t4X?tE*$J1tD>9=B$$r$7$?ElIw%8%'%C%H$O!"$?$@$A$K7905IT0BDj

$K$J$k$H=R$Y$i$l$F$$$?
* 7 $=$b$=$b!"Hs@~7?@-$N6/$$%l%8!<%`$J$N$G!"@~7A0BDjO@$,$I$NDxEYE,MQ$G$-$k$N$+$O$o$+$i$J$$$,!#!#!#
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6.2 12$N0BDj@-$K4X$9$k?tCM<B83!&2r@O!&9M;!

6.2.1 12$O@.AX$7$F$$$kNN0h$,Gv$$$[$I0BDj$+!)

!! Williams(1996) $K$h$k$H!"1tD>NN0hH $H@.AX$N$"$kNN0hh $NHf$,!" h=H < 1=20 $G

$"$l$P12$OD94|4V0BDj$7$?!#Williams(1996) $N12$N0BDj@-$K4X$9$k<B83!J=i4|$K12$rCV$$

$F!"$=$l$,0BDj$KB8:_$G$-$k$+$I$&$+!K$K$*$$$F!"!V1tD>J}8~$NHs@~7?Aj8_:nMQ$K$h$C$F@8

@.$5$l$k=g05@.J,$,12$r0BDj$KB8:_$G$-$J$/$9$kMW0x$G$"$k!W$H=q$+$l$F$"$C$?!#$G$O$J

$<!"=g05@.J,$,@8$_=P$5$l$k$H0BDj$G$J$/$J$k$N$+* 8!"<+J,$J$j$KM}2r$9$k$?$a$K!"h=H

$r%Q%i%a!<%?$H$7$FJQ2=$5$??tCM<B83$r9T$$$?$$!#

6.2.2 12$O$I$N$h$&$JNO3XE*%P%i%s%9$GD9;~4V0];}$5$l$F$$$k$N$+!)

!!Bg@VHC$N$h$&$JBg5,LO$J8IN)12$O!"%m%9%S!<GH$NJ,;6@-$HHs@~7?@-$,$D$j9g$C$F$G$-

$?9-5A$N%=%j%H%s$G$O$J$$$+$H$$$o$l$F$$$k!JLpLn,1993,2.3.1@a!K!#SW %b%G%k$K$*$$

$F$O!"$5$^$6$^$JCO9UIw%l%8!<%`4V$NAj8_:nMQ$r5-=R$9$k0J2<$NGeneral Geostrophic

Equation(GG J}Dx<0) $,!" Williams(1985) $K$h$C$FF3=P$5$l$F$$$k!J>\:Y$O2.1.1 ;2>H!K!#

ht � r (f � 2hr ht ) + ( f � 1)y
h
m

hx � J (h; h�f � 2) � J (hf � 1; K ) = 0 (164)

$3$3$G!"h $Ogeopotential thickness$G$"$j!" (164) <0$K$*$$$F!"Bh0l9`$O;~4VJQ2=!"BhFs

9`$OJ,;6!"Bh;09`$OGH$NEAGE$H9b<!$G$Ononlinear divergence!"Bh;M9`$O12EY$NCO9UIw$K

$h$k0\N.!"Bh8^9`$O%(%M%k%.!<$NCO9UIw$K$h$k0\N.$rI=$7$F$$$k!#$3$NJ}Dx<0$N3F9`$rHf

3S$9$k$3$H$G!"%P%i%s%9$K4X$9$k5DO@$rE83+$9$k$3$H$O2DG=$G$"$k!#$7$+$7!"O"B3@.AX$7$?

7O$K$*$$$F!"$3$N$h$&$J%P%i%s%9$r5DO@$9$k$?$a$NJ}Dx<0$OF3$+$l$F$$$J$$!#$h$C$F!"!VO"

B3@.AX$7$?7O$K$*$1$kNO3XE*%P%i%s%9$r5DO@$9$k$?$a$K$O$I$&$7$?$i$h$$$+!W$K$D$$$F9M

;!$7$J$1$l$P$$$1$J$$$H;W$o$l$k!#

6.3 %b%G%k$N2~NI

!!:#2s:n@.$7$?%b%G%k$O!">uBVJ}Dx<0$K$*$$$FL)EY$O29EY$N$_$N4X?t$K$9$k%V%7%M%9%/6a

;w$,MQ$$$i$l$F$$$k$?$a!"7W;;7k2L$,<B:]$NLZ@1$N$I$N9bEY$G5/$3$C$F$$$k$N$+!"BP1~$E

$1$k$3$H$,$G$-$J$$!#$=$3$G!"M}A[5$BN$N>uBVJ}Dx<0$rMQ$$!"1tD>:BI8$Kp :BI8$r:NMQ$9

$k$3$H$K$7!"%b%G%k$r2~NI$9$k$3$H$G!"7W;;7k2L$H<B:]$NLZ@1Bg5$$H$NBP1~IU$1$r2DG=$H

$9$k!#

* 8 LpLn(1993,p.409) $K$*$$$F$O!"!VLZ@1$N>u67$G$O!"7905@-$N8IN)>qMp$O=g05%m%9%S!<GH$NJ|<M$K$h$C$F8:

?j$7$F$$$/$3$H$,4|BT$5$l$k!W$H=R$Y$i$l$F$$$?!#
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6.4 El@>Iw0];}$K$*$1$k6/@)$NM?$(J}$N8!F$

!!LZ@1$NEl@>Iw!J%8%'%C%H!K$r0];}$9$k%a%+%K%:%`$H$7$F$O!"<g$K0J2<$NFs$D$N@b$,Ds>'

$5$l$F$$$k!#0l$DL\$O!"1@$K$h$k6E7k2CG.$N%3%s%H%i%9%H$KCmL\$9$k!VG.6/@)@b!W$G$"$j!"

$b$&$R$H$D$O!"MpN.E*$J121?F0$KCmL\$9$k!V1?F0NL6/@)@b!JMpN.%+%9%1!<%I@b!K!W$G$"$k

(Irwin, 2006) !#$D$^$j!"?tCM<B83$K$*$$$FEl@>Iw$r@8@.$9$k$K$O!"G.8;$r2C$($kJ}K!$H!"1?

F0NL$r6/@)$9$kJ}K!$,$"$k!#Williams(2002) $OG.8;$K$h$C$FEl@>N.$r@8@.!&0];}$7!"$=$N

IT0BDj$K$h$C$F12$r@8$_=P$7$?!#0lJ}!"Showman et al. (2006)$OBPN.7w$K1?F0NL8;!JBPN.

$d7905IT0BDj$K$h$C$F@8$8$k>.5,LO12$KH<$&1?F0NL%U%i%C%/%9<}B+$rI=8=$7$?$b$N!K$rCV

$/$3$H$K$h$C$F!"?<It$K5Z$VEl@>N.$,@8@.$5$l$&$k$3$H$r<($7$?!#

!!G.8;$r2C$($kJ}K!$H1?F0NL$r6/@)$9$kJ}K!$NFs$D$NJ}K!$G$O!";R8aLL=[4D$NJ}8~$,5U$K

$J$k$J$I$N0c$$$,@8$8$k$N$G!"El@>N.$+$i@8$^$l$k12$N@-<A$K$D$$$F$b$J$s$i$+$N0c$$$,

@8$8$k$3$H$,9M$($i$l$k!#$=$3$G!"G.8;$b$7$/$O1?F0NL6/@)$N0^EY!&9bEYJ,I[, 6/$5, ;~4V

%9%1!<%k!"7W;;NN0h$N?<$5$r%Q%i%a!<%?$H$7$FJQ2=$5$;$??tCM<B83$r9T$$!"8=<B$HBP1~IU

$1$k$3$H$N$G$-$kEl@>Iw$r@8$_$@$9!#$=$3$G!"G.8;$rM?$($k>l9g$H1?F0NL$r6/@)$9$k>l9g

$H$G!"El@>Iw$+$i@8$^$l$k12$N@-<A$K$I$N$h$&$J0c$$$,@8$8$k$N$+8!>Z$7$?$$!#
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6.5 8=<BE*$JBg5$9=B$$rM?$($??tCM<B83

!!2a5n$N8&5f$G$O!"Bg5$$N1tD>0BDjEY$N9=B$$O?<$5$H$H$b$KC1D4$K8:>/$9$k$J$I!"C1=c$J

7A$r2>Dj$7$F$-$?!#$7$+$7!"8=<B$NLZ@1Bg5$$K$*$$$F$O!"%"%s%b%K%"$d?e$J$I$N1@AX$,$"

$j0BDjEY$OJ#;($KA}8:$9$k2DG=@-$,$"$k!#Sugiyama et al. (2006)$OG.NO3X7W;;$K$h$j!"

LZ@1Bg5$$N0BDjEY$N1tD>J,I[$r?dB,$7$?(?^ 21)!#$3$l$K$h$k$H!";0<o$N1@AX$NB8:_$KBP1~

$7$F!"0BDjEY$N%T!<%/$,;0$+=j$G8+$i$l$k$3$N$h$&$J>l9g$N12$N9=B$$,$I$&$J$k$N$+$rL@

$i$+$K$7$J$1$l$P$J$i$J$$!#$^$?!"LZ@1$N?<It$K@V$/$J$kJ*<A$,$"$k$H$9$l$P!"$3$l$i$N

0BDjEY$,9b$$9bEY$rFM$-H4$1$kDx$NBPN.$,@8$8$F$$$J$1$l$P$J$i$J$$$3$H$K$J$k!#$h$C$F!"

$3$N$h$&$J!"$h$j8=<BE*$J0BDjEY$N1tD>J,I[$rM?$(!"Bg5,LO12$N=P8=FC@-$H9=B$$rD4$Y$k!#

$=$N:]!"?<$$ItJ,$NBg5$AH@.$rMM!9$KA[Dj$7$F0BDjEY$N1tD>9=B$$rJQ2=$5$;!"12$NBPN.$,

5Z$VNN0h$,$I$&JQ2=$9$k$+$r8+$k!#$5$i$K!"8+6K$a$?%Q%i%a!<%?$rMQ$$$F!"A45e$KEO$k?t

CM<B83$r9T$$!":F8=$5$l$?Bg5,LO$J12$K4X$7$F>\:Y$J2r@O$r9T$&!#

?^ 21 G.J?9U7W;;$K$h$C$F?dB,$5$l$?0BDjEYN 2 $N1tD>J,I[ (Sugiyama et al.,2006)!#
s $O8GBN!"l $O1UBN$rI=$9!#6E7k@.J,5$BN$NB8:_EY$OB@M[AH@.$N1 G\ (<B@~), 5 G\ (GK@~),
10 G\ (E@@~) $G$"$k!#N 2 $NBg$-$5$O$=$l$>$l$N6E7k@.J,$N6E7k9bEY$KBP1~$7$?%T!<%/

$r;}$D!#LZ@1Bg5$$K$*$$$F:G$b0BDj$J@.AX$OH 2O $N6E7k$KH<$$7A@.$5$l$k!#
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<U<-

!!K\8&5f$r?J$a$k$K$"$?$C$F!";XF3650w$NCfEg7r2p=u65$K$OHs>o$K8f@$OC$K$J$j$^$7$?!#

O@M}E*$J;W9M$,?H$K$D$$$F$-$?$N$b!"Kh=53,4 ;~4V$r1[$($kO@J8FI$_$N%<%_$r$7$F$$$?$@

$$$?$*$+$2$G$9!#$^$?!"H>J,;d$N6=L#K\0L$G%b%G%k$r:n$j$?$$$H8@$C$F$*$-$J$,$i!"$J$+

$J$+40@.$;$:!"12 7n:"$+$iKhF|$N$h$&$K?<Lk0 ;~$r2s$k$^$G!"%b%G%k$N%P%0<h$j$KIU$-

9g$C$F$/$@$5$$$^$7$?!#K\Ev$K46<U$7$F$$$^$9!#?y;39L0lO/=u65$K$b!"12 7n$N;O$a$K%b%G

%k$N%3!<%I$r8+$F$$$?$@$-!"B?$/$N%P%0$rH/8+$9$k$3$H$,$G$-$^$7$?!#$b$7?y;39L0lO/=u

65$,!"6eBg$K6PL3$9$k$h$&$K$J$C$F$$$J$1$l$P!"%b%G%k$O40@.$7$F$$$J$+$C$?$+$b$7$l$^

$;$s!#$^$?!">pJs4pHW%;%s%?!<$N7W;;5!$X$N$b$m$b$m$N%$%s%9%H!<%k$^$G$7$FD:$-$^$7$?!#

5\86;0O:65<x$K$O8&5f<<$N%<%_$G!"$8$C$/$j9M$($k$3$H$NBg@Z$5$r65$o$j$^$7$?!#$^$?!"

5YF|$K$b$+$+$o$i$:!"=$O@H/I=$NN}=,$KIU$-9g$C$F$$$?$@$-!"Hs>o$K6=L#?<$$%3%a%s%H$r

D:$-$^$7$?!#0KF#5WFA65<x$r$O$8$a$H$7$F!"N.BN7w$N@h@8J}$K$O!"H/I=$N:]$KM-1W$J%3%a

%s%H$rD:$-$^$7$?!#J!ED=cLi$5$s!"EDEg@.>-$5$s!"0l4]CN;R$5$s$r$O$8$a$H$9$kCO5eN.BN

NO3X!&CfAXBg5$2J3X8&5f<<$N3'MM$K$O!"@^$K?($l$F8&5f$K4X$9$kM-1W$J=u8@$rD:$-$^$7$?!#

FC$KJ!ED=cLi$5$s$K$O!"F|!9$N%9%H%l%92r>C$K$bIU$-9g$C$FD:$^$7$?!#F1<<$NEg:j7J;R$5

$s!"7'ED7K;R$5$s!" Chen Yingwen$5$s$O!"@83h$,IT5,B'$J;d$r$"$?$?$+$/8+<i$C$F$/$@

$5$$$^$7$?!#$^$?!"F1$8M2 $G$*Cc78$N@81@0&;R$5$s$N$*$+$2$G!"KhF|$*$$$7$$%3!<%R!<

$d$*Cc$,0{$a!"8&5f$K=8Cf$9$k$3$H$,$G$-$^$7$?!#

!!K\%b%G%k$N%3!<%I$N=q$-J}$O!"dcmodel %W%m%0%i%_%s%0%,%$%I%i%$%s(http://www.gfd-

dennou.org/library/dcmodel/) $r;29M$K:n@.$7!"F1$8%0%j%C%I%b%G%k$H$$$&$3$H$G!"deep-

conv (http://www.gfd-dennou.org/library/deepconv/) $N%3!<%I$r;29M$K$5$;$F$$$?$@

$-$^$7$?!#:n?^$KMQ$$$?>pJs4D6-$O!"CO5eN.BNEEG>6f3ZIt(http://www.gfd- dennou.org/)

$N;q8;$r$b$H$K$7$F9=C[$5$l$?$b$N$G$9!#$3$N$h$&$J8&5f$r9T$&4D6-$rDs6!D:$-$^$7$?4X

78<T$K<U0U$rI=L@$7$^$9!#

!!:G8e$KCH$+$/8&5f@83h$r8+<i$C$F$/$l$?N>?F$HKe$K!"?4$+$i46<UCW$7$^$9!#
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