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ABSTRACT

We report cases with a 配ries of disturbances tiltedupshear along the shear zone
during the Mei- Yu season. The scale involved is much smaller than the local Rossby
radius of deformation; we hypoth 甜 ize the relevance of barotropic instability, and have
explored the nonlinear evolution of barotropic instability. The small and finite ampli-
tude theories are reviewed; their relevance to the observations are briefly discussed.
Eigenvalues of ideal three and four region models .are calculated analytically. A new
Fourier Chebyshev non divergent barotropic model is constructed. With the initial value
problem approach, our experiments on barotropic instability with a vorticity strip either
have hyperbolic tangent or Bickerly jet type of wind profiles. We studied the time evo-
lution of the shear layers in terms of the formation of fundamental eddies and successive
pairing Of merging of eddies. The mutual intensification of counter-propagating Rossby
waves (vorticity gradient waves) across the vorticity strip, breakdown of the vorticity
strip, local concentration of vorticity and vortex mergering processes were simulated.
While the barotropic instability is an efficient way to concentrate vorticity in a small
region, the lliter vortex merging can enlarge the vortex sizes but not the intensity of the
resultant vortex. We propose that the concentration and the merging of vortices can
create a favorable localized environment within the shear zone for the moist baroclinic
processes to operate.

As far as the intensity, shape and evolution of the individual vortices are concerned,
they are very sensitive to initial background noise (1/100 of mean vorticity). In other
Words, there is no predictability in the nonlinear evolution. However, the maximum
growth rate and the dominant wavelength of vortex can be predicted from the linear
analysis. The Bicker 甘 jet possesses higher growth rate than the hyperbolic tangent case
on the f plane. We document chaotic behavior .of sudden breakup of shear zon� and
associated vortex merging after a couple of regular cycles of wave-mean flow interaction
with shear zone maintained. In the thirty-day integration, the vortices on the /3 plane
become disorganized and scattered while they still remain well organized on the f plane.

(Key words: Barotropic instability, Vortex merging, Counter-propagating, Rossby waves)
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1. INTRODUCTION

Mei-Yu 甜甜on in subtropical Asia is the transition period between the d 可 northe 甜 t
and moist southwest mons ∞illS. There have been many studies on Mei 吊1 fronts and their
ass ∞ iated phenomena (see Chen 1992 for a review). An interesting feature of the Mei-Yu
晶晶on is a series of disturbances growing along the shear zones. These shear zones often
extend from the surface up ω 700 hPa and are associated with a weak temperat 叮e gradient
over southern China (Chen 血d Chang, 1980). B ∞ au 峙。 f the weak temperature gradient and
smaller scale involved (smaller 也扭曲e local Rossby radius of deformation), 由e significant
wind change across the shear zone suggests 曲 at barotropic instability may be related to 血e
growth of disturbances along the shear line.

Figure 1 shows the 850 hPa wind, temperature and 血e p velocity of 700 hPa in a 12
hour sequence starting at 12Z, May 凹 , 1993. The strong baroclinicity and wind shear 血 at
resemble the classical hyperbolic tangent wind profile over south China (center of the map)
扭曲 is case is obvious. The scale of the shear vorticity is on the order of 10-4 s-l. We note
由 at the wind shear is the strongest at 12Z, May 凹 , and 也en decreases as time pr, 由自由 .
Figure 2 shows the I R satellite pict 叮e at ∞Z� !'fay 14, which corresponds to time in Figure
lb. Figure 3 gives the 3 hour 甜quence of I R satellite pictures starting at 13Z, May� 13.

Figures 2 and 3 indicate that convections were best organized into a 田ries of disturbances
around OOZ, May 14, some twelve ho 叮 later than the strong wind shear of 12Z on May 13.
四Ie wavelength of the disturbance was about 300 kin to 4 ∞ kin. In addition, Figures 2 and
3 reveal 血 at the disturbances around May 14, OOZ are elongated in the northeast-southwest
direction, which are tilted upshear as is required by baro 甘opic instability. Even with the
presence of baroclinicity and moisture proces 臨趴 the small-scale nature plus the features
described seem to suggest the relevance of barotropic instability.

Another evidence of the relevance of barotropic instability can be 田間 from the satellite
pictur' 四 on June 6,1992 (Figure 4). In the one-hour 甜quence of the enhanced satellite picture
st 缸ting at 07Z on June 6, we observed a 時ries of disturbances grow and decay within a four
ho 叮 period. In 甜 dition, we observed a wavy type of cloud structure surrounding 血e general
缸ea of interest. The synoptic condition did not change significantly during 血 is period, 血us
we only show the 850 hpa ob 田rvations at 12Z on June 6, 1992 (Figure 5). If we 缸'e to

believe the clouds are sig
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Fig. 1. 850 hPa wind, temperat 叮e 卸d 血 e p velocity of 7∞ hPa in a 12 hour
時q 自由 e. (a) is at 12Z, May 13, 1993, (b) ∞IZ, May 14, and (c) 12Z,
May 14. Hatched 缸ea indicates upw 缸d motion region.

E

Crum and Stevens, 1990, among many others). In both approaches, the growth rate and
most unstable structure are emphasized. In addition to the review given in Crum and Stevens
(1990), more references on barotropic instability c扭扭 found in the recent work of Sun
胡dCh 師,g (1992). They apply the numerical integration technique to the hyperbolic type

- - � -

mind. They also emphasized the predictability of linear stability. In 血 is paper, we take the
initial value problem approach, with the inviscid nonlinear evolution in our mind. Thus,
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Fig. 2. I R satellite picture at ∞IZ, May 14, 1993, corresponding to time in Figure lb.

Fig. 3. 3 hour 阻quence of I R satellite pict 區es starting at 13Z, May 13, 1993.
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Fig. 3. (Continued.)
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Fig. 4. Enhanc 吋 satellite pictures in the one hour sequence starting at 07Z,
June 6, 1992.
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Fig. 4. (Continued.)

Fig. 5. 850 hPa observations at 12Z, June 6. 1992.
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our approach is different al 個 from Williams et al. (1984). They studied the nonlinear
d 闊的 of barotropic instabili 可姐 a downstream varyinge 甜terly jet. To s 個dy 伽 long tenn
equilibrium in 曲曲 model. 動ictional effect is included in 血 eir mean forcings. Similar to
Lesie 叮 et al. (1988), we explore the nonlinear time evolution of shear zone in tenus of
血e fonnation of fundamental 吋dies and 阻cc 自sive pairing and merging of eddies. Unlike
Lesieur et aL (1988), our calculation is inviscid and includes the Bickerly jet type of shear
flow. Moreover, we emph 晶i 晶 the predictability in the nonlinear evolution. Simulations of
chaotic breakdown of shear zones are also performed and discussed. A new spec 甘al Fourier
Cheby 曲ev nondivergent b 訂'otropic model, which con 血rves mean ens trophy and mean kinetic
energy, was built for 曲at purpose.

Ins 自 tion 2 we perform analytical calculations of eig 個value of ideal thr, 扭扭d four
regIOn m 吋.e]s. In addition. we review the theories (linear and nonlinear) of barotropic insta-
bility and 血eir relevance to ob 缸rvations are al 田 briefly discus�d. The Fourier Chebyshev

甲ec 缸al barotropic mode] is formulated in section 3. The nonlinear evolution of shear zones
扭 tenns of eddies interaction is given in section 4. Section 5 summarizes the results and
gives ∞neluding remarks.

2. NONDIVERGENT AND DIVERGENT BAROTROPIC INSTABILITY THEORIES

Before we study finite amplitude barotropic instability numerical 旬 , we review non-
divergent, divergent. linear and nonlinear barotropic 姐 stability theories. In addition. we
perfonn linear analysis (eigenvalue and eigenvector approach) of three-region (hyperbolic

- - -

divergent linear stabil 旬� which can be found in mariy dynamic textbooks. is included for the
completeness of the review and comparison for the finite amplitude 血切可﹒

2.1 Sufficient Condition for Nondivergent Linear Stability

We consider the nondivergent vorticity equation linearized about a basic state zonal
state it which is a function of y only. The linearized equation takes the fonn

a(' , ,..,a(/, ,d(一一 +it 一一 + 。一=-=0
at '

�

ax I v

dy
(2.1)

where

。缸 , Bv' au'
(=/ 一一 1 (' = 一一一By 1 ., ax ay 1 (2.2 α , b)

/ is Co 叫 is parame� 訂 and 曲e perturbation wind components (u', 旬 ') satisfy 由e nondiver-
gent relation

au' av'-一 + 一一 =0.ax I ay (2.3)

Defining V jVt 扭曲e derivati 珊 following 血e basic sta 能 zonal flow. 出e first two terms
M 白 .1) can be 啊 itten 晶 V(' jVt. Defining the meridional p 缸ticle displacement

η by
D η jVt = vi, we integrate (2.1) to obtain
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Multiplying (2.4) by v' leads 個
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扭曲e wave-activity (Andrews et 叫 , 1987). While there is a pha 揖 variable, whase time and
space derivatives are interpreted 站也e I∞ al frequency and wavenumber, the wave-activity
gaverns the wave intensity. It is the canservatian 'Of linear and nanlinear wave-activity we
shall derive.

Using (2.2b) 組d 血.e condition 'Of nandivergence 扭曲.e right hand side 'Of (2.5a), we

naw wri 能 the canservation of wave-activity

。Aa[uA + Hv'2 - u'2)]I I ]一一 -
at . ax ay-

(2.6)

Integratian 'Of (2.6) aver the domain wi 血 vanishing 缸 tivities along the boundary yields

� J J Adxdy = 。 (2.7)

Since the integral in (2.7) must be time invariant, (2.5b) 曲ows 血at if ( is a monotanically
incre 扭扭g 恤ction of y, nei 血er _"12 nor ('2 can grow in an overall sen 且 Thus, a nec 闊的
candition for instability is that d( / dy have bo 曲 signs. As has discussed Eliassen (1983) 由 at

a frl 叫uent warding of 血 is condition, namely that !he vorticity gradient vanishes somewhere
within the domaip., IS inexact; for 'One thing, d( / dy does not have to be eve 可where a
cantinuous functian 'Of y.

羽田 above argument has been generalized in several ways. Baroclinic effects can be
included in bo 由 quasigeostrophic (Charney and Stem 1962) and semigeostrophic (Eliassen
1983, Magnusdouir and Schubert 1990, 1991) frameworks. Moreaver, 也已叩alysis need nat
be limited 阻 p 缸 allel shear flow (Andrews, 1983) 'Or even to linear dynamics (Amol'd 1965,
1966; Dr 缸in and Reid 1981; McIntyre and Shepherd 1987; Shepherd 1988 帥 , 1989). We
shall cansider the nonlinear extension now.

2.2 Sufficient Condition for Nondivergent Nonlinear Stability

Ta generalize the linear arguments of the previous subsection, we. now consider the
nanlinear nondivergent baro 甘opic equation

8( . . 8(, d(
一:7+U 一一 + υ-一 ��
at δx

. - dy - , (2.8)
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where

u-uo-o

門
的-b+fJ一

一

戶
f
可 (2.9)

扭曲e 晶solute vorticity and the wind ∞mponen 凶抖 , υ ) satis 申 the continuity equation

nu--
u-U

B
言
。

+
u-z

nO

玄
。

(2.10)

We divide 曲e field� into a basic state part and a p 甜甜叩ciated with wave or eddies, e.g
刊

(x, 缸 ,t) = (y) + ('(x,y,t), where the primed�variables are departures from 血e basic
state, and are not necessary smaIl amplitude. 四Ie x invariant basic state flow is assumed
個 bea 臨a句 solution of (2.8). 恥 consider the c臨扭 which (

ν ) is a monotonically
increasing function of y, 別出ereby define th� inverse function y( () such 帥。 «((y)) = y.
Differentiating 血 is last expression yields y'(y = 1.

As the nonlinar generalization of the small amplitude wave-ac.tivity (2.5b), we now
-

.

(1992) to define

的 ') =1' 恥。一的 ]d (2.11)

By approximating y( ( + () 也e 自 rst two tenn 些恆 Taylor 自des expansion about (,
(2.11) reduces to (2.5b). To derive the equation of A仗 , (') we first take the 的 tal derivative
of 血is finite amplitude wave-activity to obtain

DA aA D( , aA D('
- -宅=-

﹒-→---
Dt a( Dt ' a(' Dt ' (2.12)

where, from (2.11),

些 = y«( + (I) - y«() - ih«(K',
at:

(2.13)

。A ..,- .
;�� = y«( + (/) - y«().8( (2.14)

-
Equations (2.13) 個d (2.14), t啤e 曲叮 with 血e fact that -D(I / Dt = D(/ Dt .:.-

v1d(/dy, allow (2.12) to be written 甜

DA .".,
Dt - v 、 , (2.15)

which is a nonlinear generalization of (2.5 吋
"

Using the nondivergent condition (2.10), we
can 啊i 蛤 down connte 中缸ts of (2.6), 由e finite amplitude wave-activity conservation equation
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(2.16)
。'A θ [uA + �(v'2 - Ut2)] 自。 [vA - u'v']-{\
缸

,
ax '8y -

By comparing (2.6) and (2.16), several differences are noteworthy. All the primed
quantities in (2.6) 缸'e small 缸nplitu 缸 , whereas the primed quantities in (2.16) may be of
finite amplitude. Where 也e flux (uA, v A) appears 扭曲,e finite amplitude relation (2.16),
由e flux (uA, 0) appe 的扭曲e small-amplitude relation (2.6).

To obtain the nonlinear stability condition, we integrate (2.16) over the domain to yield

.!!.- r r Adxdy = 0
dt I I

AI 曲。IUgh (2.17) I∞ks identical to (2.7), 也e integrand A 恤 (2.17) is defined by (2.11), while
血eA 姐 (2.7) is defined by (2.5b). The results are consistent since (2.11) reduces to (2.5b)
in the small amplitude limit. From (2.11) one should note 血 at

(2.17)

神
戶

,hu
ed

-rkdzam
-MH3-zfb

,a
τ
d1

,> d- 化

(2.18)三 IAI < 立立一 |臼 Imin| 臼 Ima:&

and thus

Toge 血er, (2.17) and (2.18) imply 血 at

1

JJ 川
1

which can also be written

JJ ('2(X,y,t)dXdy::; I(ylmax

J
('2 川崎 -::;

I(ylm�x

JJ ,'2(x,y,O)dX 句一
I(ylmin

四us is the form of Amol'd's (1965, 1966) result derived by McIntyre and Shepherd
(1987) and used by Shepherd (1988a) to obtain rigorous bo 肌dson 伽 nonline 缸 saturation of

barotropic instabilities to p 紅 allel shear flows. The inequality (2.19) bounds the disturbance
ens 甘ophy at time t in terms of 血e initial disturbance ensITophy 祖d 血e nor 血ward gradient

of the basic state absolute vorticity.

(2.19)

2.3 Linear Analysis of Three and Four Region Model

To confirm 血at a zonal flow is unstable and to find the growth rates and modes of
breakdown of 曲e flow, an eigenvalue-eigenfunction calculation is useful. Following the
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c1 臨sical approach 'Of Rayleigh (1945. pages 392-394). om (1982), Haurwitz (1949) 祖d
Ou 岫祖d Schubert (1993), let us cansider 曲.e nandiverger 的arotrapic madel an an infinite

f plane. Far a basic state shear defined by

(0 Yo 主 y< ∞ ;

.. - J (o(y - Yo) 。三 U 三 Yo;
w -

1 -(o(Y + Yo) - Yo 主 U 三 0;
to -∞ � 主 -駒 ,

(2.20)

組d 血eca 叮自,pond 阻g relative varticity is

{ �

戶〈∞ ;
一 (0 0 主 U 三; Yo;
(0 - Yo 三ν歪 0;
。一∞ < Y � 三 -Yo,

where (0 祖d Yo are canstant. The it is a 會叮時單個 idealizatian
'Of the so called “Bicke 句

jet" (-(oyosech2(y/yo». The it and , 'Of 由 is m 吋el are 曲awn in Figure 6a. Naw
cansider the linearized nandivergent bara 缸opic varticity equatian

C件 dit
(2.21 )

。 8
\ 2, . d' a ψ(

百 + it-=" )\7:.'. ψ +
可否

=0 (2.22)

where
'IjJ is the streamfuncti'On far the perturbati'On winds u' = -8'IjJ / ay and v' = a'IjJ / 品 ,

祖 which cases 也e (' = \72 ψ . We 曲叫 l 臨缸'ch far 血e salutian 'Of (2.22) with 血,e b 晶 ic state

'Of (2.20). Assuming the solutian has 血e farm 'IjJ(x, y, t) = Lke 申 ke(y)eik(x- 叫 where
k is 也e real zanal wavenumber, c is the phase sPeed which caii�be a� complex. Dropping
也 e� subscript kc 'Of W kC(Y) far simplicity -and pe 由rming 由e discrete Faurier transfarm ta
(2.22) yields

d2 宙λ空一τ+ (:0 "'Y

-
- P) 曹 =0.dy2 ' "it - c

(2.23)

Since the basic v'Orticity ( is piecewise canstant, the perturbatian v'Orticity will vanish every-

wh�r� except alone the line y = 0 and y = 土 Yo. As salutions 'Of (2.22) which are bounded
曲 Iyl →∞ , we have

宙 (y) = 曹 se-kly+ 仙 1+ 申me-klYI 十申 ne-kIY-yol (2.24 α )

'Or

'IjJ( 川 t) = 芝 ( 曹 "e
卅 (2.24b)

where W n, 'II m and 申
"

are c'Omplex canstants. The saluti'On associated wi 血 the constant
Wm h 個 varticity anamaly concentrated in y = 0 and the c'Orresp'Onding stream function
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Fig. 6. Y profiles of it and ( 姐 the ideal four region (easterly Bickerly jet) (3.a)
組din 血.e ideal 曲ree re 函on (hyperbolic tangent shear) (3.b).

decays when it is away from y = O. Similarly, the 叩 lution ass ∞ iated with the constants
Wn 伸 s) h 祖 vortici 可 concentrated in y = 帥的 = -Yo) 組d 血e corresponding stream
function decay away from y = Yo 印 = -Yo). To determine 曹甜 , 宙間組d 宙 s, we integrate
(2.23) over a narrow region 回ntered on either y =0 or y = 土Yo and let the narrow region
approach zero. 四lis yields

dw 一

(u - c)� 一 + '11.6.( = 0dy
α t y = O' 土駒 , (2.25)

where .6. stands for 臨 jump across 血.e narrow region. Substituting (2.24) into (2.25), we
ob 扭扭

(2 σ + 1) 申祖 + e- μ宙m+e
一2
μ宙 s=O (2.26)

e- μ申 n + (1 一μ一σ ) 由m+e- μ曹
8 = 0, (2.27)

e-2 μ宙
n +e- 句m +(2 σ + 1) 宙 s = 0, (2.28)
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where μ = kyo is 血e dimensionless wave number and σ = kc/ 臼血e dimensionless
grow 血 rate or fr, 呵uency. If the basic sta 能

.
vorticity jumps at the middle and southern

interface were remov 吋 , 由el 晶 t two terms in (2.26) would disappear 個d 血e vortici 可 gradient
(Rossby) wave on 血e northern interface would propagate with phase speed c = Cn where
Cn = -(oyo/2 句。 . Similarly. if 血.e basic state vorticity jumps at 伽 middle and no 抽em
interface were removed. (2.27) indicates the Rossby wave (vorticity gradient wave) on the
卸,uthern interface propagate wi 血 the phase spe 吋 C = Cli where Cli = -(oYo /2kyo.

, �-

speed C = Cm where Cm = -(oYo + (oyo/kyo. The sys 蛤m (2.26)-{2.28) can be regarded
祖 a concise mathematical description of 血.e interaction of thr 自 counter-propagating Rossby
waves (vorticity gradient waves). 官Ie second ferm in (2.26) gives 曲eeffi 自 t of the middle
vorticity 個omaly pattern on the behavior of 血e northern vorticity anomaly while the third

- -
也,e northern vorticity anomaly. Similar 缸gument can al 曲 be applied to (2.27) and (2.28).
Note 血

. . .

shear layer width according to the exponential tfecay.
Regarding (2.26)-(2.28) 品 a linear homogeneous system with unknowns 申明 , 'l1 rn and

丸 , 明白quire that the determinant of the coefficie 帥 . .. . �--

- -究 .,-4 μ 1σ。 + μσ �+( μ
� � τ廿一句 ) σ +�( μ -1-e-41L-Jle 一句 +2 ε一句 ) = O. (2 油 )

四Ie dimensionless growth rate σ as a function of
μ computed from (2.29) is shown

in Figure 7. Also plot! 阻d in Figure 7 is 出 e dimensionless growth rate for the three region
model we shall now discuss.

百Ie basic state shear for the three region model considered is defined by

nu

uuul

rUG

恥

一

-hhwrEEJIL

一
一

-u
Yo 主 y< ∞ ;
一ν。三 U 三 Yo;
一∞ <y 三一駒 ,

(2.30)

and the COITo 曲:ponding relative vorticity is

。
戶

HWO

I
目

,4lit

一
一

-u-v

d
呵
,d

一
一

、

1.JNor'--
、

戶
4
、3

Yo 三 y< ∞ ;
-Yo 三 y � Yo;
一∞ < y � -Yo,

(2.31 )

where (0 and Yo are constant. The u is a t插曲 r也ion idealization of hyperbolic tangent
b 品 ic flow ( 包 = -(oyotanh(y/yo)). The u and ("of this model 帥 shown in Figure 6b.
As have discussed in Guinn and' Schubert (1993), and identical to the approach of 血e fo 叮
region model, we have the dimensionless growth rate

σ = 土計 (1 一句 ) 2 -4 μ ] (2.32)

Note 血at the, unstable mode �curs in the three region model if 0 � 三 kyo 三 0.6392
and in the four region model if 0 三 kyo 三 1.8291. 甘Ie peak instability for the three region
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Fig. 7. Dimensionless growth rate as a function of dimensionless wavenumber
for the three and four region model. The unstable mode occu 叮ence in
a three region model wi 血 in 0 � 三 kYD 主 0.6392 and in a four region
model within 0 三 kYD 主 1.8291.
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model occurs at kYD = 0.3984, which corresponds to a zonal wave length approximately
seven or e�ght times the width of the strip. The most unstable mode in the four region model
occurs at kyo = 1.2261, which corresponds to a 甜nal wave length approximately four times
the width of 血e 甜 ip. In the m9�_��t�ble mode 扭曲e 曲ree region hyperbolic tangent type
of model the time khavior is eO.2012t;;' 叫 , 由血e e-folding time is approximately 51 (0. Since

血e vorticity is on the order of 10-4 S-1 on the cases reported in 血 is paper, the e-folding
time r,呵uires only a couple of hours, which is consistent wi 也 the satellite pictures in Figure
3. On the other hand, the most unstable mode 扭曲e four re 到on Bickerly jet type of model
is eO.247D 帥 , so the e-folding time is approximately 4 1(0. In summ 呵 , 也e 個 alysis here
indicates 血叫“Bickerly jet" pas 甜S阻 s a greater range of instability in wave number space
血扭曲c 叮lyperbolic tangent" case, and is more unstable 血扭曲e 叮lyperbolic tangent" case.

2.4 Sufficient Condition for Divergent Linear Stability

Some of 血e nondivergent barotropic instability th ∞rems of the previous subsection can
be generalized to the divergent barotropic model and to di 也retely layered (but not continu-
ousl� s 缸atified) primitive equation model (由us no quasigeostrophic assumption required) on
血e 戶 -plane and sphere (Ripa 1983, 1991). Considering the following shallow water equation

。u'
- au' . d 面 . ah'一一 + 面一一抖

, 一 - fv' + 9一 =0,
θ t '

- ax . -
dy

(2.33)

av' av' -. ah'一一 + 面一一 + fur + 9 一一 =0at '
- ax '" - '�8y

(2.34 )
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8h' 8h' I dh -;;- .8u' 8v'
-;.� + it -,.:

- + v' 一 + h( 一 + 一 ) = 0,
fJt ' - 8x ' - dy

, . -,
ax ' ay (2.35)

where the prim�d variables denote small perturbations about a purely zonal basic flow, 面臨明

sociated depth h. To derived Ri 阱 's theorem we need to combine (2.33)-{2.35) into equations
for

E' = �[h(u'2 + v'2) +叫 (2.36)

M' = h'u', (2.37)

1 8v' au' nll 、

== 7( 一一一一一 - Ph').
h \ 8x 8y -. -

I'
(2.38)

where P = (J 一語 )/ 品 , the b 臨別的otential 叫吻.
The E' equation can be de 由edby( 恥 '+ 帥 ') . (2.33) + ( 恥 , . (2.34) + ( 面叫 +

阱 ') . (2 品 )), which h扭曲.e fonn

。E' . .?_�I' a",�, .",-;;-, a
τ + h�uP' v' +

耳
[( 加 '+ 阱 ')( 如

,
+ h' 的 ]+ 一 [( 伽勻的 ') 恥 '] = O. (2.39)

θν

The M' equation c祖 be 自由 ed by h' . (2.33) + u' ﹒ (2.35 ),

。1M' 可 a 1 月內

-a; + h� P'v' + 石抖 'M' +
互

(gh'2 + u 旭一旬 '2)] +
茍

[hu'v'] = o. (2.40)

The equation for P', obtained by fonning 血.e vorticity equation from (2.33)-{2.34) and
血en eliminating 血e divergence using (2.35), t此間也e form

V pi dP.-十五-v' =0 (2.41)

where V /Vt is 血e same operator 但 U揖d in (2.5a). Ag 祉n, defining the meridional p 訂tiele
di 叩 lacement η by V η /Vt = v'. we can integrate (2.41) to obtain

. dP
P'+ 一一η =0,

dy
(2.42)
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which is a generalization of (2.4). Multiplication of (2.42) by v' yields

.. V.dP! 再p γ + 一 ( 一 �77:&) = O.
Vt \ dy 2

Integrating (2.39) and (2.40) over 血e domain giv 甜

(2.43)

J J( 莘 + ",2 uP' 巾 dy = 0, (2.44)

and

J J( 誓
, 阱 ,叫 =0 (2.45)

Multiplying (2.45) by the constant Uo. 也en sub 缸缸 ting (2.44) and using (2.43) for P'v/ lead
m

, ,.-. ﹒ ,="",dP. .n2
;.. I I 阱

,
- uoM' + h:& 一 ( 包。 - u)7)dx 句 = 0,

dt J J L- -u---, -. dy

which is the divergent barotropic generalization of 曲e nO!ldivergent barotropic result (2.7).
We now argue 也越 if E' - uoM' 主 0 and ( 包。 - u)dPfdy 主 O. (2.46) d 個 s not allow

η
2 個 grow in an overall s聞自﹒ Since E' - uoM' �三 0 if ( 包。 - u)2 三 gh. we now state

Ri 阱 's generalization of 也e theorems of Rayleigh and 可 ortoft If there exists any value of
Uo such that

(2.46)

nu〉-
O
一
句

、

EJ
unvurst

、
and (uo - u)2 豆 g 孟 (2.47 α ,b)

for all y, then the flow is stable t 。如ifinitesimal pe1 如rbations. Ripa h 品 also discu 盟ed
臨veral corollaries of (2.47). one of which is obtained by chi ∞sing Uo = max[u). This
results 姐也e following weaker sufficient condition for stability. If

dP
一一 >0
dy -

for all y, then the flow is stable to infi 叫 tesimal perturbations.
To recover 曲e stability resul 旭 f自由e nondivergent b 缸�tropic model from 伽臨bility

results for the shallow water model we consider the limit 9 h →∞ !.. in which (2.47b) are
satisfied for any 且nite uo. Then, there is no differel!.ce between the P and (. and a choice
of Uo such 血 at Uo - u <0 肝e可where leads to d( f dy 三 0 everywhere 晶 sufficient for
stabili 句. while the choice of Uo such 伽t Uo - u >0 everywhere leads to d( f dy 2:: 0
eve 可吵e甜甜 sufficient for stabili 耶 Therefore. a ne 哩ssary condition for instability is
血at d(fdy have both signs (Rayleigh's 出閃閃m). If d( f dy = 0 at y = fj and choosing
Uo = 呵。 ) leads from (2.47a) ω ( 包 (y 卜吋 � 的dy <0 eve 可where 甜 a 間自由叮
condition for ins 帥ility 的 ortoft's 曲eorem). 四隨時 ortoft 曲曲Irem implies 血倒也 e relative
background flow and the vorticity gradient are positively correlated. Namely. the vorticity

αnd max 阿三 min[ 包 + (gh) 主 l (2 品α , b)
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gradient waves are propagating against the relative background flow in such a way 血at
pha 血﹒ locking is possible.

Finally we note 曲棍 , unlike the nondivergent barotropic model, in application of shallow
water st 品 ility 血切可個 atmo 甲heric data or to 血e inte 中 retation of atmospheric models with
continuous �l!atification there is a considerable. freedom in the choice of mean dep 曲 , and
rea 曲nable h's should probably exc 自d 100 m. Calculations from Schubert et al. (1992) i!J.
血.eir Aus 虹alian summer mons ∞ns 個旬

'. in consistent with (2.47), indicates 血at a deeper h
allows a faster growth rate for barotropic 恤S個bility. 四Ie horizontal wind shear zones often
�xtend from surface up to 7 ∞ hPa dur 祖g 血e Mei- Yu 晶ason. which will give a not too small
h( 由eond or 血ird vertical internal mode). However, the growth rate will be smaller 血扭曲e

estimation from 血e non divergent barotropic model.

3. THE SPECTRAL NONDIVERGENT BAROTROPIC VORTICITY EQUATION

The starting poin 月 for our numerical model 扭曲e nondivergent barotropic vorticity
equation in a periodic β channel. Because we are interested in internal dynamics depending
only on the initial basic wind profile, a periodic channel is used instead of an open bound 訂y
condition. Since the flow is constrained to be nondivergent, we can write these equations in
血e vorticity/streamfunction form

(

包 , 也叫

)
。X2 ' 8y2

、

1

ψ俏 ,0, t) = 1/J(x, H, t) = 0 I

( 一些。
(

8y") '8�

This is a closed sys 棚 in ψ個d (, where ψ and ( are the streamfunction and vorticity
and β is 血e gradient of Coriolis parame 間 f. We shall solve (3.1)-(3.2) on 血e domain 0
三 z 三 L, 。三ν三 H, with the assumption 由 at all variables are periodic in x and ψ =
0 on ν= O.H. In the following we discuss an 缸C叮ate sp 自甘aI me 出od (Fourier-Chebyshev
tau method) for solving the system (3.1)-{3.2).

百Ie simulation of barotropic instability places great demaI}ds on spatial discretization
schem 臼 used in simulation models. In the present work we have used a spectral scheme in
bo 血 horizontal directions. In the x direction, Fourier basis functions are used so 血 at 血e
periodicity is built 恤岫 each basis function. In the y direction, Chebyshev polynomial basis
functions are used; the north and south boundary conditions are not satisfied by each basis
function, but rather by the series as a whole.

The dependent variables 咱血d( 缸e approximated by the series expansions

(3.1 )

8( . 8一一 -
{Jt

,
8x 3-nMM

。ψ
+(3 τ一 = O.

ax
(3.2)

VLeNF晶T

A

ψ
A
戶

M
NTU

叫

M

芝
刊

m

(3.3)

where, the Tn(Y') 臨出 e Chebyshev polynomials defined on the interval -1 三 d 三 1 by
Tn( 的 = cos(n</J) wi 血 y' = 2yjH - 1 = cos�. Let us defi 聞自e F,ω rier-Cheby 曲研
in 耐
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(3.4)
fl fL f��, y)g.:���!,) dx du'(I, g) = ; I I

J -1 Jo (1 - y'2)1/2
�� �u

where 血e 蜘 denotes complex conjugate. The sp 間 tral coefficient 札 n (t) is given by

(3.5)心 (←去:\ 仰 ,州
wi 血肉 = {� :: 日位milar relations hold for (mn(t). Equa 伽 (3 仙也e 缸ansform

from physical space to Fourier-Chebyshev 申自甘al space and (3.3) is the inverse transform.
The coefficients in (3.3) 訂'ed 耐 rmined by fl叫U出ng 血e residual in (3.2) to be 0抽agonal

個“I 曲eb 晶is functions Tn( 的ε2 叫mx / L ( 一M 三 m 三 M 祖dO 三 n 三 N). the residual
in the Poisson equation (3.1) 阻 be orthogonal ω aU the basis functions except those for which
n = N -l,N, and 血e 加und 呵∞nditions on "p 個 be satisfied by the series as a whole.
四us. wi 曲曲e nonlinear terms defined by

。�
-T/"

。z

。�
A= 一苟 (, (3.6)

the tau equations are

= (mn (n = 0, 1,2 γ ..,N-2)
N

E. _p(p2 - n2)t/Jmp - (l 乎
2 A

p=n;-:.i:
p+n even

4
百可=

N

E( 一 l)P 札lp =0

N

z ψmp =0

(3.7)

守主 + A��) + B�:?) + (3州 )
= 0, (3.8)

A ( 1 0 )
出e sp 叫“ C曲血cient of vA/ox 個dB 自 ,I) .由巴啊 tral coeffici 酬。f

8B/oy ﹒ Some of 血.e details in the derivation of (3.7)-{3.8) are given 恤 Kuo and Schubert
A(I 0) A

由,e spectral coefficient of A) is

(3.9)1(1,0) -
.

(平 ) Amn,
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&(0,1)
while the relation between Bi;;r;J and B 帥 n ( 也espc: 氾缸alc 由fficient of B) is

11(0,1) --mn
4-LU

N

Z
p=n+l

p+n odd

pBmp ﹒ (3.10)

AI 血ough 血.e spe 吋al evaluation of y derivatives by (3.10) looks at first sight more difficult
血 an the spectral evaluation of x derivatives by (31), we find that 血 is is not the ca 臨 . Equation
(3.10) yields 曲 (backward) recurrence fonnula

i/O,I) - B(O,I) 一主 nB,n-l 悶 ,n+l 一門 '."""m,
( n = 1 2 ... N - 1 ) (3.11)

W抽血的t削g values 月 ,1)
- B

� (0,1)
也e use of (3.11) a枷S 曲e

N values of .iJ��) to be computed in D(N) operations. τ'he trar 岫nn method (Orsz 唔,

1970; Eliasen et ai.. 1970) is used in computing the sp 自甘al coefficients Amn and Bmn ﹒ To
eliminate 到 i甜 ing error in 出e quadra 吋c nonlinear tenns, 3M points in x and 3N /2 points
祖 y are needed in the physical domain.

In the numeric"al time integration of the above equations, we must solve (3.7) at each
time step. For a given m ( - M 三 m 三 M), 、時間gard (3.7) 品 a linear algebraic sys 紀m

扭曲e N + 1 unknowns 已mn (0 三 n 三 N), with known right hand side ( 甘叩﹒ The ma 肘
structure of 血i旭s linear system i泊supper 缸凶i阻gul 缸 e缸xc臼ep阱t for the la儡st two rows, which come
from the boundary conditions. 四lere are many possible ways to solve (3.7), two of which
缸e di 帥的sed by Gottlieb and Orszag (1977. page 119-120). Because (3.7) holds for each
m separately, the direct method is a reasonable alternative. a situation which does not exist
when 臼lebyshev expansions 缸'e used in bo 血 directions.

Using simple model equations, Fulton and Schubert (1987) have investigated the relative
merits of various time differencing schemes for Chebyshev spectral methods. When the time
step is limited by accuracy rather than stability (a§ is apparently the case. here). fourth 啊 order
schemes are more efficient 血 an second-order schemes. Fulton and Schubert have found the
fou 吋】 -order Runge- Kutta scheme to be the most useful 由 a general rule. and it has been
used here for the time integration of (3.8).

4. NONLINEAR REGIME BY NUMERICAL SIMULATIONS

For the integrations presented here we have chosen the model domain to be 45 ∞ Ian
mho 血 x (periodic) 血d y directions. In the spec 甘 al discretization we have cho 臨n N = 32
and M = 16. The transform grid for the calculation of nonlinear terms consists of 48 equally

甲aced points in the x direction and 48 unequally spaced points in 曲e y direction, giving
an approximate resolution of nearly 90 Ian in each direction. A half.hour time step is used
in the fourth-order Runge-Kutta time integration. This half-hour time s 紀p retains the full
acc 叮'acy of the spatial discretization. No smoothing or filtering of any kind has been used
in the model. The calculations are all inviscid.
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4.1 Hyperbolic Tangent Wind Shear Experiment

(4.1)

四Ie initial condition used here is

位立 Y

YO

where uo = 10 ms-l and Yo = 150 kIn. Figure 8 gives the mean vorticity 個d 也eas 自由 iated
wind field in physical space. The vo 吋 ci 可 is on the order of 10-4 s

一 1
四Ie westerly to

the north and eas 能rly to the south resembles a monsoon 虹ough or Mei � Yu front. The wind

profile of Eq. (4.1) satisfied 由.e necessary condition of barotropic instability discussed in
section 2.

To initiate 血.e instability, we have add�d white noise 恤 vorticity according to DEC
workstation random number set 79, wi 血 magnitude 1月∞ of the initial mean vorticity field.
Figure 9 gives vorticity 旭 physical space on 血e J-pl 個e simulation from day 5 to day 11. The
breakdown of a vorticity strip into a pair of eddies of different size is clearly seen. According
to the linear analysis in section 2, the most unstable mode has .wavelength-about seven or
eight times the shear zone; this is consistent with our simulation. Before the formation of
eddies, such 描 in day 7, the counter-propagating Rossby waves (vorticity gradient waves)
near s 甘ip edge are obvious. In addition, the phase is oriented in the upshear sense (northeast
to southwest directions). After 伽 formation of eddies; we see 血 at 血e vorticity is coneen.
trated 扭 a localized region. The maximum strength in the smaller eddy in day 9 is about
41 % stronger 曲曲 the original mean background vorticity. 四Ie concentration of vorticity
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Fig. 8. Vorticity and the associated wind field in physical space. 百Ie initial
condition used he 時 is it 口 -uot αnh(y/yo) where Uo = 10 ms-l
血d Yo = 150 kIn. 四Ie westerly aloft and easterly below resembles
a monsoon trough or Mei- Yu front. Contours of vorticity 扭曲eUI 由
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occurs during the process of shear zone breakup. 四le la 記 r vonex merging will only affect the
size of eddies but not the strength. Al 血ough our model cannot include the moisture physics,
the local concentration of vorticity and the later vonex size merging (enlarging) prl 田 esses
certainly will provide a favorable background for the CISK mechanism to operate, 品 is in
血e ca 晶。 ftyph ∞ill (Schuben and Hack, 1982).

Note here 血 at the fOrmation of eddies in 7 days comes from the fact that 4500 km
domain is used 扭曲.e simulation. If the same 1O-4s-1 order of vorticity field is used in
a 450 kIn domain, which is more relevant to 由e ob 餌rvational spatial 也ale cited 恤臨ction
1. it will take 0.7 day for the eddies to grow. This is consistent with the satellite images of
Figures 2-4. Figure 10 is the same as Figure 9 except 血e random- number 臨t 13 is used
個 stead. 四le counter-propagating vortici 可 gradient waves as well 晶 the formation of vortex
pairs is clearly 品en. However, the time evolution is different from Figure 9. We have also
performed calculations wi 由 random number 串 t 73 and 59. Figure 11 gives the time 血 ri 閱
(up to day 30) of y-averaged spectral c曲 fficients from wavenumber 1 to 5 for the four
experiments mentioned above. We observed 曲e domin 扭曲 of wave number 1 祖d 2 in the
time series. This reft. 目包 a pair 、 of vortices of uneven size. 甘lis is in agreement with 血e
satellite image (Figure 2) in which disturbances along the shear zone are of. different sizes.
The dominant wave number comes from the fact of our choice of computational domain and
也e size of shear zone. Namely, the 4500 km domain plus the 300 km shear zone allow
only two most unstable waves to grow.

As revealed in Figure 11, 由e s 甘ength of the pair vortex go through a couple cycles,
wi 血 period ranging form 4 to 6 days. Similar cycles are observed 描 in Figure 11. This
indica 胎 s the importance of the orientation of eddies against the mean flow. Namely, the
wave-mean flow interaction is crucial in the vortex evolution wi 血in 也e barotropic context.

Ano 曲er evidence of 伽 importance of orJentation can be found 扭曲e f plane experi-
ment with initial noise specified 品 1.0 X 10-6 cos[( i + 1)2 吋 24Js-1tanh(y/yo). where
i is the grid index in the x direction., 四lis noise has the structure of wavenumber 2 with
wavelength, which 扭扭mbles the most unstable mooe (but not the structure). Figure 12 gives
the time evolption of vorticity from day 2 to day 24 with a 2 day interval. On days 4,
12, 20 we observed 血.e upshe 缸 tilt of counter-propagating vorticity gradient waves and the

fo
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血e 叫dies. Figure 17 gives the time 田ries of 血e y-averag 叫 spec 甘alc 田fficients. Similar to
Figure 14, we observe the chaotic behavior of sudden breakup of shear zone and ass 田 iated
vortex merging after a ve: 可 regular four cycles of wave-mean flow interaction with shear
zone maintained.

We have al 田 performed tes 的 on the f3 plane. The f3 effect is not relevant to 帥
。bservations cited 扭扭ction 1. The f3-plane calculations are used as a comparison 肋血e

f -plane result. The resul 尬 , similar to the f -plane calculations in the initial period, are
血IUS not shown here. However, 也C時間 differences in 血.e long term behavior. Figure
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18 gives 也e vorticity field in physical sp 臨e in days 29 and 30 on j and f3 planes wi 由
random numb 前回t 13. The dominance of wave number 1 on f plane is ele 缸 ly 臨n.
However. small region vortices scatterl 吋 in northwest-southeast directions on 血.e f3-plane
result. We have also perfonned our test with higher resolu 前ons 血d different domain sizes.
血e res 叫的缸equal 江atively similar. However, the detail time evolution is different case by
C描e; ag 剖n confinning our hypothesis 血at we do not have predictability on the position.
shape and in 個 - -

dominant wavelength of distu 伽nees in all cases is well expected from the linear analysis.
- .

of non-modal grow 曲 . optimal excitation and dia 扭曲 tics of wave activities will be studied
f叮血.er 扭曲e future.

4.2 Bickerly Jet Experiment

四Ie initial condition used here is the easterly jet 血 at satisfies the necessary condition
discussed 扭曲ction 2

直 = 叫自 h2( 去
1 rH 2 -Y

YO
(4.2)

where uo = 10 ms → and Yo = 150 km.
To initiate 血e 祖 stability, we have added white noise to the mean vorticity. Figure 19

gives vorticity in physical space on days 0, 30 and from day 3 個 12. The initial shear zone
consists of s 甘ips of negative vorticity (to the north) and positive vorticity (to 曲e 肋U血).
四Ie vorticity strip broke down into three pairs of eddies with positive and negative vorticity

- � �

wavelength about four times the shear zone. which is consistent wi 血 our simulation. Befo 扭
曲.e fonnation of eddies. such 聞 in day 5. 出e cOWlter-propagating Rossby waves (vorticity
gradient waves) with upshe 前 tilting (northwest to southeast tilt for negative vorticity stripe
and northeast to southwest for positive vorticity 甜ipe) are obvious. After the breakup of the
shear zone, we 臨e 血at 曲e local concentration of vorticity w 晶 up t� 58% stronger in day
? (0.9� X_1O-.4.S-1 to the_initial b�ck�oWld vorticity 0.59 x 10-4 ;"'::i). -;d--;'; 個 97%
from day 8 and day 11 (1.12 x 10-4 S-I). The vortici 可 concentration is stronger 出 an the
hyperbolic tangent ca 血﹒四lis agrees well with our linear analysis in 品ction 2. Namely, the
growth rate 扭曲e Bickerly jet is s 甘onger 血an in the hyperbolic tangent case. Finally, we
no 扭曲 at 由 -

ca 阻 . On day 呵 - - -

T帥 in a seemingly random fashion. Figure 20 is 血.e same as Figure 1凹9 e間xc臼ep阱t fi伽o凹r 血伽c
{jp 抖l祖e e間xperim 凹叫tι

,
τ祖The ,a-plane experiment gives a ve 可 s巫im叫il加缸 P抖IC叫t叮e t岫0 the f -plane

expe 剖d由me:
c∞ont 凶a祉in血1越s small region vortice.s s缸ca瓜u跑e 時間d i恤na 扭emlin 睹1單g random fashion (day 30). 、 Figure 21

-甘al coefficients from wavenumber 1
個 5 for experiments wi 血 different white noises on 臨 f plane (left column) and f3 plane
(right ω -自 exp 自ted from the
linear analysis, the later nonlinear regime is different case by case. No predictability for the
instability seems to 扭曲 obvious conclusion.
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6. SUMMARY AND CONCLUDING REMARKS

Wep 自由nt ca 臨 s that contain a s 前ies of disturbances along the shear zone. In one ca 扭
曲e wavy structures resemble the upshe 訂 tilted counter-propagating Rossby waves (vorticity
gradient waves) on the edge of shear zones. In the other ca 血 the disturbances are elongated
in the up 曲ear sen 扭曲 is required by baro 甘opic instability. The horizontal shear in one case
decrea 時 s after the series of disturbances grows. 電恤ce 血e scale involved is much smaller
曲扭曲e I∞ al Rossby radius of deformation, we hypothesi 扭曲e relevance 'Of barotropic
instability.

Since we have not put the model spatial and time scales in the dimensionless form, 由e
time IU!d spatial unit in 曲e model results should be inte 中 reted with care. With 血e same
詛 itial ( on-the f plane (which is of order 10 -4 S -1 in 0叮 S個dy), 也e 30 day integration on a
45 ∞ kIn domain will yield exactly the same simulation sequence 扭曲e 3 day integration on
a 450 kIn domain. Th 恤 , according to 曲e f -plane hyperbolic tangent simulations In 臨ction
4, the dominant wavelengtIl of disturbance and the formation time can also be in 峙中reted
抽 300 Ian (rather 曲曲 3 血泊 kIn) and a couple of hours (ra 出er 曲曲 a couple of days),
which agrees with tIle observations of Figures 2 個d 3. However, as calculated 扭曲ction
2, the dominant wavelength of 3∞ kIn barotropic disturbances in a hyper 加 lic type of wind
shear profile requires a shear zone of 40 Ian, which is beyond the resolution of the present
synoptic sounding system. Thus, we do not wish 岫 imply 血 at 血e growth of tIlese series
of disturbances is a pu 阻Iyb 位O 甘opic case. . Rather, we argue 血at the concentration of vorticity
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The vorticity filed in physical space in d叮扭扭d 30 on f and f3 planes

wi 血 random nwnber 甜 13. The dominance of wave nwnber 1 on f
plane 抽 comp 缸吋 to the small vortices scattered in northwest-sou 血e 品 t

directions on 血e f3 plane.

個d the follow-up vorte 我 merging in the nonlinear evolution of b 缸otropic instability can
create a favorable I囚 alized environment within the shear zone for the moist baroclinic
proces 揖 s to operate. The intensity, shape and position of 血e preferred localized regions
WI 血扭曲,e shear zone 缸'e unpredictable.

、

Surely, the moist conv 目 tion will lead to further
mod 揖cation or even enhancement of vorticity field (Schubert and Hack, 1983), which will
greatly complicate the data 祖alysis to identify the origin of the convective systems. The
positive feedback between conv 自由nand 曲e yortici 可 field in Mei 品1 frontogenesis w 晶
studied by Cho (1993). The Mei-Yu 扭扭on contains a lot of complex phenomena. Without
further analysis ca 晶 by case (data may not even be available), we do not intend to sug-
gest 血 at b 訂'otropic instabili 可 plays a dominant role in eve 可 wind shear situation. Indeed,
M ∞ re's (1985) line 訂 analysis on the conditional unstable atmo 申here embedded in a shear
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zone suggests 血 at the horizontal shear may simply distort the shape of convection 扭曲e
downshear orientation.

四Ie nonlinear evolutions of barotropic instability are studied. We review the small and
finite amplitude theories. Eigenvalues of ideal three and four region models are explored.

-

-

either has a hyperbolic tangent or a Bickerly jet type of wind profile. We study the time
evolution of the shear layers in terms of the formation of fundamental eddies and successive
pairing or merging of eddies. The mutual intensification of counter-propagating Rossby waves
(vorticity waves) across the s甘旬 , breakdown of the vorticity s 剖 p, 出.e local concentration

of vorticity and vortex merger pr 田間距s are simulated. The dominant wavelength is well
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predicted by I恤ear 祖alysis
、 In addition, we observe upshear tilted vortices wi 血 uneven

sizes, in agreement with the 扭扭 IIite images. 甘Ie local concentration of vorticity is stronger
扭曲e Bickerly jet case than 伽 t in the hyperbolic case. However, 也.e vorticity concentration
only occurs during 血e process of sh 巳ar zone breakup. 百Ie later vortex merging will only
affect the size of eddies but not the strength. Barotropic instability can be viewed 甜甜
e 血 cient way to get vortex concentrated in a small region with the later vortex merging as
a mean to enlarge the vortex sizes. Bo 血 processes give favorable �onditions for the moist
convection to grow (CISK mech 倒也m).

As far as the nonlinear evolution of the vortex intensity, vortex shape and vortex po-
sitions are concerned, 出叮叮eve 可 sensitive to the initial background noise and model
resolution. In other words, there is no predictability at 叫 1. However, the maximum growth
rate and the dominant wavelength of the vortex are well predicted by linear analysis. The
Bickerly jet seems to pes 時間 higher growth rate 也扭曲e hyperbolic tangent case. Cases of
chaotic behavior are observed in OUT simulations. 甘Ie chaos contains a couple of wave-mean
flow interaction cycles with the shear zone maintained and the sudden break up of the shear
zone. In the 血 i叮 -d 叮 integration, the vortices on the /3 plane are less organized while 血ey
remain well organized on the f plane.
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