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ABSTRACT

By utilizing the barotropic vorticity equation including effects of orography and horizontal diffusion,
the linearized equations describing symmctric and antisymmetric motions and their analytic solutions ate pre-
sented. It can be found from the solutions that no matter what kind of motion may be, each solution consists
of three waves, namely, Rossby wave related to initial values, marching wave propagating at Rossby wave
velocity and stationary wave., The latter two are closely related (o orography and horizontal diffusion.
However, if the motion is symmetric at the initial instant, thes ti.e antisymmetric components of orography
and of horizontal diffusion are likely to lead to the generation of antisymmetric motion. 1n the steady state,
the symmetric flow is connected with symmetric orography and horizonial diffusion and the antisymmetric
flow with antisymmetric orography and horizontal diffusion. Further, in order to verify the above analysis,
three numerical experiments have been made. The results show that antisymmeltric orography can produce
antisymmetric motion. Finally, the atmospheric interactions between Northern and Southern Hemispheres

are discussed.

I. INTRODUCTION

By using the resuits of analyzing thc climatic data in the former article (Liao, 1985),
it was pointed out that the symmetric motion is the dominant motion in the atmosphere,
while the antisymmetric motion is the secondary one. Nevertheless, the latter is not steady,
but varies with time and space. In some abnormal situations, such as the position of the
subtropical high ridge or that of ITCZ, deviating from the normal position quite obviously,
the antisymmetric motion often changes abnormally. Therefore, studying the mechanism of
generation of the antisymmetric motion is of vital significance for the atmospheric general
circulation, the formation of climate or long-range weather forecasting.

In another article (Liao and Zou, 1986), when discussing the mechanism of generatlon
of the antisymmetric motion, we deduced that the antisymmetric distribution of orography
and of the coefficient of horizontal diffusion is likely the cause to produce the motion.
This article is a continuation of that one. It aims at verifying the validity of such deduction
by analytic solutions and numerical ecxperiments.

For the above purpose, we shall study the deduction thercinafter by adopting the baro-
tropic vorticity equation including effects of orography and horizontal diffusion. In the
second section, adopting the technique given by the author (1985), we shall separate the
equation into two linearized equations to describe the symmetric and antisymmetric motions,
tespectively. In the third and the fourth section the analytic solutions corresponding to
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the symmetric and antisymmetric motions are given and analyzed. Finally, the generation
of the cross-equatorial flow is discussed.

1I. EQUATIONS DESCRIBING THE SYMMETRIC AND ANTISYMMETRIC MOTIONS

The barotropic vorticity equation including effects of orography and horizontal diffusion
may be written in the form

?af‘vng—[—V'V(vzlﬁ‘l'f)+V1V'Vzo:1’2v4¢9 (1)

where ¢ stands for the stream function; V' the horizontal wind; f the Coriolis parameter;
z, the surface height above sea level; v,=af/H, H=RT,/g, being assumed as a constant;
a=|V,|/1V|; v, the coefficient of horizontal diffusion. Note that the Coriolis parameter f
involved in p, is a function of latitude and has not been assumed as a constant as in
usual treatment. This is because the constant assumption is unreasonable for a global
problem.

Similar to Liao and Zou (1985, 1986), any scalar quantity F" (4, ¢,t) can be expressed by

F:FS+FA, (2)
where

F.s‘(/lﬂp’t):FS(ﬂ’—(p’ ), (3)
and

FA(/I:(P:ZL):—FA(}»’—Q; t)’ (4)

where /. stands for the longitude, ¢ the latitude; the subscripts S and 4 stand for the
symmetric and antisymmetric components of F, respectively. As for wind V', we have

V=V5+VA9 (r)
where

V.S=KXV¢A=usi+UAj, (6)
and

VAZKXVEDS:M.U.-I—US]'- (7)

It can be seen from the definitions of V' ; and V', that ¢, or V?y, represents the sym-
metric flow field, namely, the symmetric motion; yp or V?ps the antisymmetric flow
field, namely, the antisymmetric motion. Therefore, the symmetry of the stream function is
contrary to that of the flow field or of motion.

According to Liao (1985), we assumc

Ts>>la, (8)
and consider the case that

Vigu>Viys, (9)
where ( ) stands for the zonal mean. Then replacing F' by y and z, in turn, sub-

stituting (2) and (5) into Eq. (1), setting v, =45,+b,sing and neglecting small terms give
the following linearized vorticity equations describing the symmetric and antisymmetric mo-
tions.

The symmetric motion

2(Q+a) Ya 0205 _
(at+ a/l)vw+ 2 ol TUe gy —hVi (10)

and the antisymmetric motion
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where Q stands for the angular velocity of the earth rotation;

basic current relative to the earth; u=sing.

III. SOLUTIONS OF THE SYMMETRIC MOTION
a4 and z,; may be cxpressed by

"

5y

bi=a' Do st () e™iPY ()

and

<os ™ Z_l 22, ’V:EU',”-P':-_,(N)

e,

a the angular velocity of the

respectively, where P’ (1) stands for the normalized associated Legendre polynomial

m]+j
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where 2, and #, arc odd and cven numbcrs, respectively;

and cven positive integers , respectively.
Substituting (12) and (13) inte Eq. (10) and uti
monics and the recurrence formula of the associated

differential cquation
dpas’
wdf’ Loy s =iy 2,y
where
w o 2(82+¢ c/) bml(lz
ol |l a— 2V
. (- ma’
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Solving the above cquation we have
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thus
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Pa(0)= 20 ps7,(0) AP,
"y
at the initial instant. Then
C=4r7.(0) — 51—(az+5z> .
Substituting C into (16), we have

Ya= Zl {1,0.4,':1(0) e—"d':lt +

myn

1 .. "
o (a’:lZS’ nl+|+6':1255r:1-1)
"

x (1= Jetmipy, (17)

Now we analyze the physical meaning of the solution (17).
The first term in the braces in the right-hand side of (17) may be written in the form

Yarn (0)e” iGns ‘=¢‘A9'f:1(0) e""?:"x ’e"?’O‘ ’ (18)

"
where b,=byn,(n,+1)/a* 6%, =m(a—2(Q2+a)/n (n+1)).

The expression demonstrates that the initial disturbance propagates eastward at a speed
of &% /m. and decays with time by a factor of e~%0t, This is consistent with
the general property of horizontal diffusion. The term represents the Rossby wave.

The second term in the braces in the right-hand side of (17) may be written in the
form

1 m m m " L) m
'T(anlzs,ul+1‘|‘5“25’ ul—l)e‘, Pnl
Hl . .

1 . _am _z
- (av:lzs":,+1+5’:12.5‘":1—1)el('” g lf)e 6.,:13,::1 . (19)
"1

Evidently, the first term in the above represents the stationary orographical wave; the se-
cond term the marching orographical wave propagating eastward at a speed of &' /m and
decaying with time. .

However, irrespective of stationary or marching orographical wave, they are both sym-
metric. If the original motion is symmetric, then those orographical waves can not affect

the symmetry of the motion.
1V. SOLUTIONS OF THE ANTISYMMETRIC MOTION

Like the case of symmetric motion, the solutions of the antisymmetric motion and the
surface height above sea level may be assumed in the forms

Ps= Doa Pt (D)™ P () (20)
Y)'l, 'lz
and
Zoa= Do zart @Y (4) (21)

1 R
Substituting (20) and (21) into Eq. (I11) we can obtain the ordinary differential equa-
tion
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dys., ”
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where
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Solving the above equation gives
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It will be seen from the above expression that the antisymmetric motion is connected
with the antisymmetric distribution of the surface height above sea level and the coeffi-
cient of horizontal diffusion as well as with the initial antisymmetric disturbances. Further-
more, if there is only the symmetric motion at the initial instant, namely, y.=¢,7,=0,
then the antisymmetric motion and thus the asymmetric motion will form owing to the
antisymmetric distributions of the surface height above sea level and of p,. Observations
demonstrate that the symmetric componert of Z, nearly has the same magnitude as its
antisymmetric component, in particular. in the polar region or the neighboring areas of
the point (90°E, 30°N) or (90°E, 30°S). z,,>z,,. Therefore, the antisymmetric
motion caused by orography is of importance. However, if the effects of orography and
of the horizontal diffusion are not taken into account and the motion is symmetric at the
initial instant, then at any instant ¢>=¢,, the motion would still be symmetric. This demon-
strates the conclusion drawn by Liao (1980).
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V., NUMERICAL EXPERIMENTS

In order to verify the previous results, three numerical experiments have been performed.
In the following we shall describe them in detail.

1. Experiment 1

The Rossby-Haurwitz wave

p=—ad'wsing +a" K sin pcos"pcosmi (25)
1s taken as the initial p-feld (Fig. 1). Then Eg. (1) in spectral form is utilized to per-
form {time integration. Here m=4, @=K=7.29%x10"%""!, =6.371x10°m. Time

integration is performed up to the 58th day without considering orography, horizontal
diffusion or -time filtering. The results show that up to the 30th day the motion keeps
the original shape well. the motion is basically symmetric and the computations obtained
with the global model and those obtained with the hemispheric model are nearly the -same
for the same hemisphere. Fig. 2 is the result of the 30th day obtained with the global
model. These not only show that the symmetry of the symmetric motion at the initial
instant would be maintained in the course of time integration, but also are consistent with
the previous analysis.

90°N 1 - 90°N . , .
60°

30°

50°S A { !
90°E 180° 90°W
Fig. 1. The Rossby-Haurwitz wave taken as the Fig. 2. The computed 30th day p-field in
initial y-field. (isolines of y , the same is Experiment 1.
true thereinafter).
° 90°N T
90°N T - — —

60°

90°S

90°S 0° : 90w
0B 180° 30° W S0°E 180
Fig. 3. The computed 72-h y-field in Experiment 2 Fig. 4. The computed 72-h y-field in
(shaded areas stand for the mountains; the Experiment 3,
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2. LExperiment 2

The initial y-field is

Y= —au, (sinqo—% sin4g) , (26)

and

2o =2,8n2Asin 2¢ , (27)
where 2,=2000 m, 4,=20 m/s, »,=2.5x10°m%s, a=0.5. Tt can readily be seen from
Eqgs. (26) and (27) that at the initial instant the motion is zonal and symmetric; the oro-
graphy is symmetric too. This experiment is performed up to the 24th day. At the early
days of integration the troughs appear in the leesides of the mountains and then move east-
ward slowly. During these days the symmetry of the motion keeps well. This demon-
strates the theoretical result that the symmetric motion would maintain its symmetry even
under the action of the symmetric orographical forcing; it is also consistent with the previous
analysis. Here gives the computed 72-h ¢-field (Fig. 3).

3. Experiment 3
Assume the surface height above sea level to be antisymmetric, namely,

zo=2£2,8n2Asin*2psgn (p) . (28)
The initial y-field and the parameters involved are the same as in Experiment 2, The experi-
ment is performed up to the 24th day. The computed 72-h ¢-field is shown in Fig.4.
It can be seen that cross-equatorial flows obviously appear in the figure. Comparing the com-
putational results by the global model with those by the hemispheric model show that their
differences are quite large. This is worthy of note.

VI. DISCUSSION

In solving Eqs. (14) and (22), the cases of ¢} =0 and of &7, =0 have not been
considered. In these cases it is evident that

¢_I,Y:L:i(ﬁ:12§1TL+x +BV:L2£’271—1)t+¢A4,’:L(0),

and
P x‘,,::_,: {i(&:’:uz“;l',",'zﬂ +B’:2—12f1,’:2—1) + (6’321,0/1,’:?._,4(1
+J':2¢A,':._.—1)}t+¢5',':._.(0) -
Therefore, in these cases, the solutions to 1, and ¢ should be rewritten as follows:
Ba= 2 (Pl )+ (Pt ) e ™ipy (16)
and
Bs= 20 (900 i (Pl de P, (24)
where

0, when o7 =0
(1./”‘4’:1)1:{

i(a'.'I‘z,e,'Z!H+5",.'12.c,'n"_1_|)1‘+1/),4,','1'1(0) ’ when 0";,'4':0;
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g™ 1 o ~
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r m A m _'__B
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($s57.)2= )
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| — z(é',", DasnaeHdT a0 o)), when &7 0,
L0, when &7 =0

VH. THE ATMOSPHERIC INTERACTIONS BETWEEN NORTHERN AND SOUTHERN HEMI-

SPHERES

As is shown by the previous analysis, if the initial motion and the distributions of the
surface height above sea level and of the horizontal diffusion coefficient are all symmetric,
then the motion would be symmetric forever. In this case there is no atmospheric inter-
action between Northern and Southern Hemispheres; furthermore, the expression

 v=v4=v5=0,
always holds at the equator, namely, no cross-equatorial flow occurs.

However, if there is antisymmetric orography or horizontal diffusion, then the antisym-
metric motion caused by.it would change the flow fields over Northern and Southern Hemis-
pheres and their relative distribution. If the global average of 4, is greater than zero,
then the zonal flow of the Northern Hemisphere is stronger than that of the Southern
Hemisphere; if the global average of 5, is less than zero, then the zonal flow of the Southern
Hemisphere is stronger than that of the Northern Hemisphere. And, in this case

'Us=%‘21'z {(¢.S‘":2) 1 + (¢.s,i72)z}z'me"”"P',72(0)

at the equator. Since 5, —m is an even numbar and P,.(0)#0, in general, ys would not
. vanish, thus cross-equatorial flow would occur.

From the above expression it will be seen that the magnitude and direction of the cross-equa-
torial flow depend upon the magnitude of ¢ and the distributions of orography and of
horizontal diffusion. In general, owing to the fact that the upslope flows in the high and

- middle latitudes are dominant, it seems to be able to explain the fact that the orographical
effects caused by the atmospheric general circulation in those regions in the Northern or
Southern Hemispheres are connected with the generation of the cross-equatorial flow, and
thus with the outbreak of monsoon and so on. This also seems to be a type of teleconnec-
tion. It is understood that in the presence of the cross-equatorial flow, the exchange of
momentum, energy and vorticity between Northern and the Southern Hemispheres would
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happen, and the interaction between the flow fields over both hemispheres would be caused.
This is worthy of further research.

REFERENCES

Kasahara, A. (1976), Normal modes of ultralong waves in the atmosphere. Mon. Wea. Rev., 104:669—-690.

Kibel, I.A. (1957), Inroduction to the Hydrodynamic Method of Short-Runge Weather Forecasting, National
Technique Press, Moscow.

Liao Dongxian (1980), On the horizontal lateral boundary conditions for the hemispheric forecast, Procecdings
of the 2nd National Couference on NWP, 226—236 (in Chinese).

Liao Dongxian (1985), The asymmetric motion in the atmosphere and long-range weather prediction, Long-
range  Forecasting Research Reports Series, No.6, WMO.

Liao Dongxian and Zou Xiaolei (1986), Symmetric and asymmetric motions in the barotropic filtered model
atmosphere, Acta Meteorologicy  Sinica, 44:28—37 (in  Chinese).



