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ABSTRACT

By simulating the famouse Western Boundary Current (WBC), this thesis rst
integrate Chebyshev collocation method with Ghost Cell Immersed Boundakethod
(GCIBM) into a powerful coupled model. WBC intensi cation is caused by wave
energy accumulation at the western boundary of the ocean basins, causing a oarr
region which has higher meridional velocity than anywhere else. Complex bound-
ary geometry may also strongly a ect the WBC which is di cult to handle in the
numerical model. In order to solve this problem and increase exibility, we use
GCIBM to implicitly provide the boundary conditions for the numerical model.
GCIBM is an advanced numerical method, based on the use of arti cial forcing to
represent the e ect of the realistic boundaries on the ow. To accurately redve the
wave dynamic, we employee the Chebyshev Collocation method with exponential
solution convergence rate. Combing GCIBM with Chebyshev Collocation method,
we present high accuracy and exibility barotropic model of di erent complexity to

simulate the WBC intensi cation in the  plane ocean.

The numerical results show that both Chebyshev Collocation method and cen-
tral di erence with GCIBM can provide a reasonable WBC. The width of the WBC
agrees well with the theoretical one. It seems that during the transient sk Rossby

waves play an important role in the generation of WBC, causing the asymmetric
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property in the nearly symmetric ocean, while the nonlinear dynamics would re-
distribute the wave energy of the ocean. Besides single domain modeling, we use
domain decomposition to integrate Chebyshev collocation method with GCNa.
The resluts sugesst that the arrangments of grids at the embedding regions are
essential to the coupled model; Chebyshev collocation method and GCIBMwd
work e ceintly through domain decomposition with the embedding grids matching
exactly between the subdomains. However, as long as the embedding grids don't
match each other; interpolation schemes are used in the two-way embeddialg
gorithms, which would cause the mass ux inconsistency between the subdomains
due to the di erence grid resolutions. This numerical inconsistency would lead to
error accumulation at the embedding regions, restricting the e ective predictio
time steps in the coupled models. Our research suggest that size ratio betwee
GCIBM and Chebyshev collocation method subdomains should be larger than one-
sixth for the couplde model to run e ectively; furthermore, we notice that bok
mass ux tuning and solution cnovergence rate matching between the subdomains

could enlonggate the e ective prediction time steps in the coupled models.

Key words: Western boundary current, Chebyshev collocation method, Im-

mersed boundary method, Domain decomposition.
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| sPuxo a0 JE o~O0il Y

.0 u N ,8 AHO * -Z Decu @y 0 2FUA
fi® O jT awsi$i U, a4 1ol z p0 2Fql 5®¢éb
M ,0 U ®bM_ 0558 «,0 *TINO ! <aw,

L[ tec0| G 2F0ai i5d. JE FG  5C |



()

Il

2.1 aj i avaU e

Yo, Ya §x - @ @%F <+, 5Né b= (Wind-driven circulation) ; I
7,.e6b=Y¥% f £i] 2 D¥%[é 21. &° , Nansen (1898) a 7 & @%o
«%D PAO %50% ©E[i 4i j, 7| «e+j2Déz2EiE[,
aC 1Fy FwNe€a va[é@ @%ii6} U)| Oé 0j 2«e , 0gi |
Ca«se (, «%D TAO %2° VRBP ,W2 «%@U| % Y«e |
21 aVRZ (" 7), TAO%T} ,| xC YOCPOC &a«se ;!

Yacs. C8f €@%d a,ap «%D TAO%@95?,] b=V

f£]2DWE 2° ,6%e2( -VR?Z

E Nanseni-1 -, Ekman (1905)t Ci %Ej , % f £j 2 D
wée 5 Ei E[ ,Zacq )%, 1"/, P® @%®lI i4a @
Yl o @AO[ bMA)YD «ib HNIMEB) iix-80 « Y

4



B 1 G FOl Y%, 2i 9%G % Vi AO%JE A0 %a il

g%l -, “N «%DAO % ©5 (2.1)
fvE+AZ%J%E =0;
(2.1)
!qu+AZ%I%E =0

w2 ugDwe)} Ni2D%2iVs § O Jx-ce+ % &8 ,t (21)i

e N

Z Z
Ue = VoCoS(y + 5)exp(5 )
E E (2.2)

. Z Z
VE = W sm(z1 + E)exp(ﬁ)
W2 Vo= P35 - (De ffPDNVs [ p, % 8§80, N¥2[@ @%eDe = (2A,5fj)22N

Vs pu¥% ;I8 7NE 1B b2 éU %Y SEW%P ¢ xM, 1Dé

N

RviHa4® ("8 7),700 ¢i Oc, ¥t 8UA/j 2 xURV i
7,¥ Ui tNF, iVs £1 (Ekmanspiral),aC 2Fy N=J, i U
adcq,EkmanASi @ NansenFT | i-1 _ di %“ij,:,p7

7 Y4l 0}%% [@ 21 -Vd "% fE;17,¥<c g6uVs £i

(0514

| § F1i E]j

Sverdrup (1947)t C* £ Ekmani cq,FwN, P® 5c quY

4 1,2 N7 “«ej 7 19%G %q] FE Ekman ij ¢



P9 %G %" EN (2.3)

@p: fv + @

@x @z (2.3)
@p_ @y

@y— I fu + @Z

Ji 2%[PT z=0,/ %6 @%c &B z=!'hic ,t8 (23) 0O }

La)
Z Z
@%zz fvdz + x=fMy+ ;
I h @X I h (2.4)
Z, Z '
@p
—dz="! fudz + y=fMyx+ y;
1 h @Y I h Y Y

w2 MyDMy}eH [ Yk T 2JE %2 i "% f £,,D ,®N%[E @%
k%oa JER™ i} %,72& (24),Bb2 é0 % ~ "% f £DV pn 59 %o
G %JE [ HE @%5EI E[ JBbl (2428 | %a2 }, U

g2 },16 } (s 6A |t @a22g ¥ “K
My=r (2.5)

(25)t NY5, 2 O0%i Sverdrup] 74 (25),Bb? 80 é b=vik %
2 ("% f EcDY%[6 @%i 1  E, w6 @ N Sv[y "% 20
fE£,£1t¥ :ad,ak (25 _ak b, J@a& <@ @22)Nx JB
box - =%U0; “ ,cqé OcNi i fb,t® é0 E2 i aé Qi %& i
U éO0- ,%é @% oNSM, ]J% o+ "2 -f£i07;N
¥ & % "% fE£,%) J ©ax-FT XiSa ,\M"'0ua eo,
u¥, 2%bioce ,5 @ | 7, SverdrupiU «O?G REj , %, "Ga &

6



0i4 7 , 2 N@ak x &Y,  «e ,°07 _ak¥%c f; YAE k
VBl fixe © 4,220D2 ("% f£LM 16 ] 20i-
i. cé (25),/ 8k SverdrupiU o | Vi AO%i*"@ ,¥ Oi—- @

2Pk, Vi &

; W% €01 hd ,%,i% 1 aDai ap2 @0 8i 2" "K«eJ
©aeé @hF U —iYe, "¥20f £;1 7, h¢ €°éy? [ K«e
Xe0 .0 4k, Yicklei aiad” i~rkTa,/ ak ai a
H& *oe¥%.c ANGIT],% ai apgx *%® % §0” xM, 5
Naj i 4%, aC 3Fy StommeD Munk At CK SverdrupiU e 2}
“«“p T AO %o (Bottom friction) JE Vi AO %o (Lateral friction) @8W ~ £
, a 1 G (Steady state)i hOnea j i a¥bAi %o ce, ;EoB bU a

Munk iU «@Wne ak¥sYs fic o ®f 1G,]1%$ql Y% "¥%a

o

e00yap "04 00952 J°85?22i aé Qi %L i x-U
@0, Tx - @@%ow. | E2 T XS& ;ak¥%, ai aT V% 2 i
E[ .- fA) 6ua oAid Wra Ox),Aan % aiadi¥a i) 2
«evo Uda @NSM, U wi£ai pn?& Gaji a%u" ua
i @0 MunkiU e cq¥, 2« Vi AO %oeE, %2, ai & 27 «e Kk
i i AT@A Vi AO%/RBP § 1,277 AE£ &4 iBP ;of &4 /@

©ax- & @kJE Yili) 2 «o FRPI Sa& ,ZJ\ M, ai & "



UAa O¥i , %% i aTAe «+gU YWsf)oua O« ,/ aVi
AO%FbPi & 1 °8} “AE&AiRP ;17,x-&@%FT Xi Sa
Mu ii,Ja Vi AO%FbiE & M2@gx Aol 7 Y%k% i
42 «ei 8 JE 1Gv"0a eo0i K- ,Bb2 AUielvy,

2C?eac aj i av

17 1Gihd O,aji asU i y?2 amG (Transient state) | -

=a8?2¥%f] o, i hd Vj, Cheltonetal (1996), a " r’ eA UE

W2 KD LJ}H [ %a2lfe” i =28 b;JI x=K TN%a

2 As8i}a,tBbg (2.6) %2hcUN

2.7)

, A (27),Bb2s  =23i AaE[l %*.,aC 4Fy B b2 éU J %o
a28bD®? $b6 v (x=1) N} &a6,%a2 ASv (x<1) =238
§ N SM,] 8 ?2%@2 af] ,¥5 ,%a2s3V (x> 1)3 e« 2% 12
% ] :020,ak 8 %' 0E%a2 ASvoexi E[ ,Bb* é0%, 23
AeAi =235} 07%08i% aji af £,0aaj i a%% f i ?%
c?N-5Amsi =25MSE2 %f ] ,¥3i § [ U) 3+ ?2%UEY,
ajiasp U ,"A7%, 2aji awl i

8



22 ~a EU° 1

221 <112 53531

Fultonetal. (1987)U ke 112 58%$jf awW 71 i} &D0O ;3$j
9 ! .YOueg }j ij,as @ fbTN! aw C,Owvz,

57R }j {80

@x;t)
@t

+ Lu(x;t) = f (u;x;t) (2.8)

w2 xDt}H [E JEVEE™MLNE 2i (4« aftN#, a4
(Forcing) J, & .(x)TN! 2w C,Bb2 ) f (2.8)i i Nj

X
Un(Xt) = On(t) n(x) (2.9)
n=0

w2 0,(h)NE$[ b ON=fb CF) fi i Njuwxt). i A —¥
}j 5] u(t),S65E2?e«i% @®E;EoB b2 a° Y (Collocation
method)U) 1%® f| O,w<2ul i% E°8 (Collocation points), K
E.#,EU i% %U0,Z2J0 §$j1* E@ak E }5 1 2U a ¥
63$j1 E® }vw¥ 22 k§$ E 0 E2WE 15 « ,x*kOU
E# i fb_cia K504,/ UcO»°wFbM }TJ0 k-9 _
}v¥ 5fbMawa N:] ¢ Nc $$ 9 (Psudospectral methods) wb Ml
.c 1TkS8$E ,7/UdFSE$ED OUE J)f|] 5bM i|j

9



a (29),Bb?2 AUEEU ! fbi 2T 0k&$jli Uaoe ¥%b ;N
70\ 8$j0 2+ 0igl <fbj C,! fba°vxeE >4 (Or
thogonality) JEée 4 (Completness) 4” ,] 2O 2 | Sturm-Liouville j

ij TNl fbuUa Ee«11i 2 [ab]2,Sturm-Liouvilej i @O N

Lst () ="' [p(x) 101%+ a(x) ()= w (x) (x) (2.10)

w2 p(x) qx) D wx) NE [ab]2©/ i 6bfb, NO M, x)Nu @5 O

j Ji2z2%g N

Zy
(f;9)w = f()g(x)w(x)dx (2.11)
T2, pCi w= .t FeA —(2100i0 | S5ET Xxf >4" ;¥
5i0 | @ZAg éei! )Jé—D EifbZa ¢i [baw
C,a (2.12
s
u(x) = Uh n(X);uh = (u; n)w (2.12)
n=0
LZx £ >/ée i ! 831 i SE} kY 18i0 M, ¥u
ANl 11 J1 e®a! oY fb CiE[,Ar,(12). aEg/ ¢
i nM-d ii,7Yt8i0 Mt2i7 nMi xii Z& (2.10),Bb) f
O f bN
n() = 1w Of [o(x) 001%+ a(x) (x)g (2.13)

10



Aa  (212)Fi 21 §$[ bN

On= o (uw' 'L n)w
(2.14)

= LB n)+ (Vs ndwl

W2 B(u; n)= pOO[UdX) n()! ux) 2001 %28, v=w Lu;Aa 0,0y 1§
ga B )JE fbi E4F2 1 OWVz,Z« bi px)=1,] E
U, ia K- Bu ,)=0,Jfb—D E,t2 i EG (v; Dw®W } O
} ) f o, tm™m w2 mNfba }i 0Yb;/ Courantand Hilbert
(1953), p7¢ n j ki axv ,=0(m?,]B b2 éU 0, ANbY 1
OE«1i2 i _02,U,ia K1 _a,lJf ,aZ« C°;
[ 7.,~2EU }j  px)=(@1! x32qgx)=0JE w(x)=(1! x?)'1=2
i$ ] EL<i & K-1A —B(u; ,)=0,Aa EbfbD E,~2E

UOA *xeNbY ti4 ” ., 25 O@ake 112 i 02

222 ~aEUOaA

~a EUOA& (Chebyshev polynomial)i @ O N T,(x) = cos(n cos 1(x)), ]

G%8 x 12k xj=cos =cosl;(j=0;L:;n)v,~2EUOA 2]

~

yN

Th(cos )=cosn;n =0;1;:: (2.15)
Ao, ~2EUO4& EI g2 a0 8Z szz2il jf ,2JO 7
~n0 o0,a, R022 g~2EUOA A7g £>ée i! ,/

11



wY? 80cDfb E+ E,§8 I kia K;]2e0~2EU04& 1

ay a0 82 203 ~00,y. UA—U, i & K xeNbY 4",

Y T @ake 112 i _ 02
74 (211),Bba 2~2EUq N

Z,
<f,g>= M i)dx
11 1! x2

7a (216) ,Bb2 , p~2EUOA xe<£ >4~

8
52 ,n=0
<Tm;Th>= Ecn mn;an§
-1 ,n>0:
B b2t o fb (x), a~2EUO& TN! C

X N
(x) = nTn(X)
n=0

w2 "WN~2EUSS$[b,, a~2EUD4aiE >4~

AN

2
n=—<,;T,>n=0;1::
Cn

52k Na~2EUO& iiis$ (182 yN
X\I N
N(X) = nTn(X)
n=0

, lae«e@ak 60l 2U a

(2.16)

(2.17)

(2.18)

,Bb? ) f

(2.19)

(2.20)

~a EU° 9 (Chebyshev collocation method) & (2.20)i NY f b (x),

J Al g&( 4Y4 Gy gu-oNW.EE } i |

12

, L1, a (2.19)



oY fbaOU Ez 2BS$E ,, a~2EU]cE[] @21)k3S$ E

21 E }Myg ! <4 (2200Lz2 OUE ,kOU E 2#ii &
“K(,téAgY~2EU° Ti | El 2 +0 8 2 DNbY !
4”7 /8 TkU,ia K, 2a«@ake 112 5 _O;|( y°w

FVE }jT *ai fbMaw b MaN

doy

() 1
O
dx

e 1081 0 = 2n0,;08) = (2.21)

231 = i afu -

‘= 1 &Y (Immersed boundary methods)oa  Peskin (1972)FT | , ak _
O-! Seé2! iy 8k ¥ jJ 2« OETU_ 2uA&i aF V
i DA7\ N ,a,(V!Z " NFs . UZ% @09l ,koie™
f2Za- iata#i F Ui & K, TU_ 2u&Ei aijT

¥é ji0 HuE fii @a2p e+ 80 9 O, 5N- i &,¥u
Uki @&E4” irhi2;:i &Eoce N#1 Yl A” %o (Artial forcing)
UYf« o§f ®0i @ 6,7y uf $w @2 %« «i & ,Zas A"
%ML @ EQ#1 i & K,].UzZa# ,|c_ @& 6D #fi a

6 1aGRETUPAI 4,-1 , DU~¢2 YbTi UaéN Mitaletal

13



(2005), A A" %1 jfi T a@o’- i a7 } N©/ #F (Continuous forc-
ing approach)D. ©/ # F (Discrete forcing approach)s é ; £ 6 Za} 0]
A " %o} © k1l | A®aeee 6, ,( 6 Tl Il i A" %Ta,OWg- ,

j x a“,8A_ @ 08°0 (y agqlif? iA 7 %M, EQE#

i Ia K

. © #Fi’- i afak . Ui 2}0j ib,] EUa, yN1 h Tseng

etal. (2003)F, ai ™aee '= | &Y (Ghost cellimmersed boundary method)

»

L ka é;78 1'- i &, @ 0 (Mee)fbMta 2i &# F %
M,27E Q#1 _ i & KJ xa“i (28 Nw

UMttt oul(x;t)
t

+ Lui(x;t) = (2.22)

JBbkZa ™z fOMEQE#i- gVvEii & Ku" =v" 1 (222
S5#Fa2[ yA

_ VMGt T oul(xt)

f
t

I Lul(x;t) (2.23)

6y uz,k_ 2¢p ™geeaWl ( ,gki ATRP# FA4,N-o# F
45T a2 EQ i ©_v¥ 5i & K,].UZa}0j UOA " %W }

°o1aky i e™ 2#1 uA&Eiasi a K

14



2.3.2 ™gee ' | &Y

E_ 2 2®a&* 06(,il AZai AP0OD & 0E 5°FE [I 2 ™ae
FE,Jaee 5POT k fAi 4qfTN™see 6,aC 5Fy ak ™ae 65
fbMcTak A" %5B8p ,ZJ qE#i _ i & K;] wDF_ QY
5«ed”10Q E[,.)Ua_ -,j | °j ,70 Zab Mql ijj

T, 8l ®aee 0% fbM5} 085 1 2 ™ae 8T fbM gl Uai

<2EK i a®Evwifi© 45c q,angVt. Uki &, Zaeee* 65
Ua#i _ i & K, 7% kNiii & KN=abMql iy ¥@k™eae
e B, ™axedi Uaokb MI 2" AcOi# Fa,U)i aTa A—N
Tii & KAa, ™gee'- jafi UacUi 2i aTe ™MDFk#15

i & Kra:jia eE. Ulee65% | Uk _ 2,]2kdo i e™

2TUU A& &4 Yoo

Bb, aJ$«i & K (Dirichlet boundary condition) z p ™aes & f b M

50 11 ,5?2C6Fy 5a+ 8°0 ,GN™aze §,X, D X, Nt aee 6,
oN_ i&a;s E 5(4ql-N
= ap+ a;x + ayy (2.24)

w2 NfbM,xDy} NdWDO6We ™M JB b2 ZaXi XJE OU

65e™DfbM21 (22459 I [ b

15



2 3,,2 3
1 Xo Yo
a= 1 X1 VY1 =

1 X2 ¥y 2 ap

= o
ENe)s)e)0)0)0) o) 2N \V)
-

I( yHp ™azee & ™M 2 °) ™gxe §5 f b M;E6 O@a2c UE€a v
k ® ™gee OTI aM,low | @) ,© _v¥ Uata | 7, ¥Sif
Eew 1 4,¢c2ai% fieee 6D i & x@jv,adad kb MI 2 ?
}» . iRP;N7fn 1 ép .3 aqlif | ™aeedDi a
50 6 (C6216)i fbM,yaw, a ¢=2 o! ql ™z §
éNifT 22 @ak u¥% Ui gl ,s E 5u% uql $KN
= ap+ aX + agy + agx® + auXy + asy” (2.25)

w2 NfbM,xDy} NdwbDowe ™M (225U0bg i &’'m JE

U 1 e dn?0ads32y gl[baw ° |

16



2 3112 3 2 3
1 Xo Yo X§ XoYo Y3 0 ao
1 x x2 X 2 a
1 Y1 XT Xay1 Y1 1 1
1 x X2 x 2 a
2 Y2 X5 Xo¥y2 Y5 2 2
a= =
2 2
1 X3 y3 X5 X3ys Y3 3 az
2 2
1 Xa Ya Xz Xaya Yi 4 ay
2 2
1 X5 Y5 Xg XsYys5 Y& 5 as
g aas3 |l < JE ™gee 6€& ™MHp (225)( 1 2) f ™zee & f b M; ]
U% uqle«i Ualle bAAAT 07 OOw 11T D( 49T

0 ° Tsengetal (2003)}s, a (2.24)D (2.25)1 ™z 65 f b M, ¢
t . °q Tj7 Ua™aee - i a7 0k_Y *8i a,, 067 0%

gl i Uadk N Gi E[,Y* 8k _ iaed MIY 0,
oe(4qgl i UaAG ;1 7, ¢ AYLS8 189 10 7Z%
s glek _c A27T\e0WiY 18§ ,aC 7Fy Ao, K ™ge '

i af 02«  “puEi A0k_ e 80 i a,0Yrg§ g 1ku
Ve UE T &aU a(4qle | ™amedfbM 2k 2 o0

Gy 8 ,JEiaiiaf i, qoeu¥% Gqie 0

17



_ q
3.1 -, ]
s E 2%i «<j N
%:{: L v r ! w%:! ior Pl fR v+ %%} Ar 2y (3.1)

1% 2i® <8 8f Y( 4% 9%G % « %o Yo[6 @%oJE
aa Ta a ok B1D!i1 1c5? 0} %5T a,upO% ©f N
(2) f% aj

@

S =lwyr~lv +kr —21 K +Ar? (3.2)

@t H o
] 20%, 2av %0uad Y( 44 Y% Wra Y% &@ka (Wind
stress vorticity) 1 AO %o (Bottom friction) JE Vi AO %o (Lateral friction)
a F-,w2 , TAO%b ¢$N & 1 K-, 2 N-7,F af
AO (Rayleigh fricton), Dx- i &u2Vs ,..Tas O06°ib ¢$

18



# ai oRP 1 %7 aa ,jJu VA i A0O% Tak ® &
Vi AO%b ¢$ tN & Ar2- D@aj i$6 ~,12;dw
Tau ga @aBaby j ,IN VAVi i AO %, TaO%k éu&U
i 32)c 7 U Fne [FeYs, % 0e,, G24& % 0DWr &
Y E6 ©'N =238i % o, ;7E 1G2,Y( 44 ¥» DW
ra % sai ©ONw% 2i U4i apUe Wrda ¥% D 9AO %os
ai Ot N stommelFT | i §i auUs Wra % DVi AO %E
i ©'NMunk FT | i Vii &apUe , |( Wra&a ¥ Dé @%a E
®A5 ©t N SverdrupFT | i " U4 ©Us ]2g (32)° QO%
EDVE& 'm ,0 2Bbgl N | € ,2Wg [ «i£ 9bM_O

3.2 8&Y( 41 qE

321 -, ]

N7T ¢ AY( 4% k¥, 2Fr £iOUce , , 1«80 2F2 ab Mj
iy *8 ,Bbg k iGve j&i@&( 4iqE _ (1Dnon-
linear Stommel model); Ef $, StommelFT | i i auUes5 B

beOp7 Y( 4&8W _O,t% av %OVAKY( 44 Y%  Wr

a4 G e@%a JE TAO%5 a,-,j N
@d ., @6 .  @_, @
ete? " "ate? " ax ‘et 59

19



w2 Nufbu N Tv¥# %M xv[yY( 44 NéO Encq

Nb N7¢;AOUh1,Bb2al AYA «x = Ix,1AY%fb =

— JETAYWE& t=10@32WIAY}&, “(j N
@, A u @ @ L Ko
@(@xz)+ Lz@x3+@X_ITW! 1 (3.4)

Zé\l 2 =a§iV E&.N tRossby:%,Y( 41/4V E&N tadV:uL

JE avE& N tdissipation = Kl’ (3.4)2 CUN

@ @ tRossby@ @ tRossby @
@( @X2)+ tagy @ ' @x | taissipation @x 1 (3-5)

1B bFKkTUIU 7 Ngpu A O%vE& %, ¢ tagy 0 UK tresshy N
xv,Y( 44 Y% Ta.éo, ijo jkfs$i(4!<« IBbi 2

"= KNI AYI i ap @4 [ yN

@, a uwe e | .@
@(@XZ)-'- LZ@X3+@X_! W! 1 (3.6)

,a 36)dN-,j ,1#i c¢ci & K(r2zab M_O) f 2&Y(

41 qE _ 5bM i |
Bbil 1Y(4a % Ta,aw "%Mi U> ¢t a7 2 _
2aji ap i b;E"M k 0025B 025E, (x;0)=01i €a * K

-,Bb, a~2EU° f»° fAi & KI @65E }a,E ,
Uas2 ~2EU°08 ,vE }U adviéy (Runge-Kutta 4th Order
Method) } ® 1 G,Z& ®° "%M-ajiap i [ @ Bbta

20



27 20uUval "%M ¢ "%M2i (,BbO! Gk u %MawW U>
¢t t Can } &Y( 445T aDwOU< 2;€4 * KIE & 6°
0T D"%MU> ¢tiqid°,°§, a~2EU® »° fAi &
Ki k 36)28 ¢ci E }a°j ,vE }f22a0a%iéq }B i

G

7iY( 48 Yi %o e, (,Bbk?2e-2EU° fJE ™ae’

-iafrs5vyr8 :E iG/1 1% K- @62 “N
@ _,6 .@
@_! W! 1 (3.7)
, X ] &]
(x)=Cexp!,—?(! 1! x;C=+ (3.8)
exp=="!1
Bbk 37)2p av %0JaW bM_ &N
@, a @ _,6 .@
@(@XZ)+ @X_I @XZ! 1 (3.9

k E 2}sU a~2EU° T»° fi & KIE %21} 1»° ™ge
e’- &4l !l @®95E }a,vE } It §,a0w%iéy }®
iG,g_Ol«<5bM ijD (38)5j &AW 2 (12| k®E

j& 251 ;11 ,Zat2kGbeée ™2} &F2 ab Mjfiy ' §
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322 ~2EU° f»° fAia K

~

Net.° Ejf & 2~2EU° 51 ;171T,Bbk E 2U a 16B
1268 ~2EU°8 }» | @B9S5E }a,vE } 1 2 adwhi

éfawW } aN;€4 * Kgi N (x;00=0,Cc88& @k * %Y fi«

«E IE }Av,Bbil 02iii&bn1l &ax =cosl;(=
0;1;::;n) e B;@e 80 21 (,'2% (3.9][ yN

@ W_, 0 @

@il =1 Y (3.10)
w2- ™[ yk i °002W« ,, ™MD @) [YE 25 Y

JJ 0Y }, a~2EU° Y1 vazZa 219 el AYWf b Oao
UEZ 2BS$E ,KS$E 2, a (21)08$[ baWE } «

( yo $$E 5«! «N= (2200L.22 OUE téAgYE }
il YFE }IM(!,aa%iéfawvE }.,17Za dia K
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Dispersion relation for Rossby waves
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