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ABSTRACT

A lincar steady model is constructed to investigate the response of the tropical atmosphere to diabatic
heating. The basic equations are similar to those used by Gill (1980), but the long-wave approximation
is removed and periodic boundary conditions arec taken in longitude. According to the features of the
underlying surface temperature (including oceans and land), the heat sources (sinks) are given. Using this
analytical model, we have simulated the climatological fields of wind and air pressure in the lower layers
of the tropical and subtropical atmosphere in summer (June—August) and winter (December—February).
The main features of observations are depicted in simulated fields.

I. INTRODUCTION

The research of tropical dynamics have made great advances since the pioneering work
of Bjerknes (1966). Webster (1972) drew attention to the response of the tropical atmosphere
to the steady and local forcing by using a numerical model. Gill (1980) constructed a
simple analytical model to elucidate some basic features of the response of the tropical atmos-
phere to diabatic heating. He clarified the different functions of Kelvin wave and Rossby
wave in tropical circulations. Heckicy and Gill (1984) extended Gill’'s work to time-
dependent problems. However, in thecir works the long-wave approximation and infinite
boundary condition were still used, thus resulting in inconsistency with observations.
Gill and Philips (1986, 1987) developed Gill’s work (1980) and discussed the influences of
nonlinear effects and basic wind fields with analytical models. Nevertheless, they did not
take the periodic boundary condition of the real atmosphere and did not attempt to simulate
the climatological fields of the tropical atmosphere.

Since the pioneering calculations of Philips (1956), Smagorinsky (1963) and Mmtz (1965),
the numerical models of the global atmosphere have been made much progress. The
climatological fields of the global atmosphere have been simulated by a number of general
circulation models. Gates et al. (1985) set up a coupled air-sea interaction model and
simulated the global circulation in January successfully.

The simulations mentioned above are all numerical investigations. There are few au-
thors using analytical models to simulate the climatological fields of the atmosphere until the
present time. In this paper we will construct a linear steady analytical model to simulate
the climatological fields of the tropical and subtropical atmosphere. In the model we will
remove long-wave approximation and use periodic boundary conditions in fongitude,
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Ii. THE MODEL

1. Basic Equations

To research heat forcing atmospheric motions, the following basic equations are often
used:

oujot— yv/2=—2ap/dx, (1)
ov/ot+ yu/2=—8p/dy, (2)
oplot-+oulox-+av/ey=—Q, (3)
w=ap/ot+Q. (4)

For the sake of obtaining steady response of the atmospherc to heat forcing, some
dissipative processes should be included. The commonly used and convenient ones are
Newtonian cooling and Rayleigh friction, which lead the atmosphere to a steady state.
For mathematical simplicity, Newtonian cooling and Rayleigh {riction are assumed to have
same dissipative coefficient . Thus Eqgs. (1)—(4) are reduced to

eu—yu/2=—8p/ox, (5)
v+ yu/2=—8p/dv, (6)
ep+oufox+aov/oy=—Q, (7)
w=ep+Q. (8)

Non-dimensional scale L,=(C/28)'/* is the so-called Rossby deformation radius of

the tropical atmosphere, in which

C=(9H)"’=ND/=, (9)
where all the signs have common meteorological meaning. Wc take H =400 m, C=60ms™"
and L,=1000 km. For the sake of mathematical simplicity, the zonal mean wind is not
taken into account in our model. The influences of this approximation upon the simulations
will be discussed later. To the present stage, our model is similar to Gill's (1980). Mat-
suno (1966), Zebiak (1982) and many other authors discussed the physical properties of Egs.
(1)—(4) quite clearly. Here we will not explain Eqs. (1)—(8) in detail.

It is noticed that an assumption used in Gill's model (1980) is the long-wave approx-
imation, i.e., 2«1, where k=x/2L is the wave number of heat source along the
longitude, L represents the half width of heat source. Gill took ¢=0.1, Zebiak (1982)
took ¢=0.3. If taking £=0.2 and L =1500 km, we have 2e,=0.41, which is not much
less than 1. Therefore the long-wave approximation is valid only for the case of small
‘e and large-scale heat source. But the real distributions of heat sources in the tropical
regions hardly satisfy those conditions, we will not take long-wave approximation in our
model.

2. Boundary Conditions

As we know that the real atmosphere is circular around the earth, it is difficult to
describe the response of the whole tropical atmosphere to heat source by use of infinite
boundary conditions. In our model the periodic boundary conditions are used in longitude.
The variables of 4, v, w and p satisfy the following equations:

uw(x+27R,y)=u(x,y), (10)
v(x+2aR,y)=v(x,v), (11)
w(x+2xR,v)=w(x,y), (12)
P(x-l-ZJrR,y):I’(x,y), (13)

where R is the radius of the carth.
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3. Heat Sources

Parabolic cylinder function D,(y) (cf. Abramowitz and Stegun, 1965) is used to solve
Egs. (5—(8). The variables in Egs. (5—(8) are expanded in terms of D,(y) in the
y~direction. For heat source Q(x,y), we have

Qlx, )= Falx)Du(y), (14)
n=p
where distribution function F,(x) is described in six sections respectively, i.e.,
Am1'COSk1(X+]W1)9 _(A'{\+Lll)<x<_(.Ml_Ll'L)
alz'e_b'Z(HMI—L”)"I“a:!'eb“(x.”'ﬂ)y - (JMI_L11)<x<_'Lzl
F,,(x)= Am: - COSk.x, _Lzl<x<Lzz (] 5)
a;:'e_b“(x_l'”)“‘(ln'ebal(x_MzH‘“)’ Lzz<x<M3_LM
| Amil'COSk'lx(xH]w.‘-)’ ARJJ—L3|<x<M3+LJz
\au,e—[;“(A’-AIS—L”)_!_a]‘ -ebn("""’aﬂ-.‘n), ]L_/[3+L3:<x<]\/[z+]\4'3_L”
where
a=Ami*cos (k;*L;;) (16)
b=ki'tg(kf'Lii)- i,j=1,2,3 (17)

From the above expressions it is easy to know that three isolated heat sources or sinks
are given by cosine functions. Their amplitudes are A,,,, 4,.. and A, respectively. M, (i=
1, 2, 3) are the distance between two sources. The sum of M,, M, and M, is the peri-
meter of the earth, namely,

M,+M,+M,=2zR. (18)

In order to get continuous solutions of Eqs. (5)—(8), Q(x, ) and dQ/dx should be con-
tinuous. In Eq. (15) three exponential functions are used to make F,(x) and
dF,(x)/dx continuous. It should be pointed out that the heat source Q(x, y) given by Gill
(1980) can not make dF,/dx continuous at some special points.

In the present model we assume that if temperature of the underlying surface (including
oceans and land) is higher than circumstance temperature, there is a heat source in this
area. Conversely, there is a heat sinks. The circumstance temperature is the annual and
zonal averaged temperature in the lower atmosphere. The meanings of u, v, w and
p are determined by forcing term Q(x,v). As Q(x,y) is proportional to the difference
between underlying surface temperature and the annual and zonal averaged temperature
in the lower atmosphere, u, v, w, and p should be proportional to the departures of the
annual and zonal means of zonal wind, meridional wind, vertical velocity and sea level
pressure respectively. Their mathematical expressions are

Q(x5 _\’;1‘) =Q,LT¥(x, .V,l‘) —XTSZH T (x’ 3’,t)dta’x] ’ (19)
Wity 3t =l (e vy 1) = | ey 3,0) dtd ], (20)
v (%, vyt) =v [v* (1, ¥, 1) — \ TS:” v*(x, vyt)dtdx], (21)

T(2

ploy vyt) = pol p*(xy ¥yt) — S° go" P* (x5 y,t)dtdx], (22)

where T%, u*, v* and p* denote the climatological air temperature, zonal wind,
meridional wind and sea level pressure. All of them can have seasonal variations.
Parameters u,, v,, and p, are constants. 7 equals one year, The integrations in
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Eqgs.(19)—(22) represent annual and zonal means.

It should be pointed out that according to observations, the high (low) temperature
areas are not the heat sources (sinks) in some cases. For example, water vapor may not
release its latent heat just at the place where it is evaporated. The background fields of
the atmosphere can influence precipitation significantly. But for a first preliminary approxi-
mation, we may believe that the assumption mentioned in the last paragraph is valid.

III.  ANALYTICAL SOLUTIONS

In order to lead the reducing procedure to be more clear, only important results and
formulas are shown. Some expressions of coefficients which are too complex will not be

offered in this paper.

1. Symmetric Forcing (I): Q=F,(x)D,(y)

In this case only the first term of the heating function in Eq. (14) is considered, other
terms vanish. Eq. (14) is reduced to
Qx, ¥) =Fo(x) Do (), (23)
where distribution function F,(x) is determined by Eg. (15).
The three-dimensional velocities u,v,w and air pressure p can be expanded in terms

of D.(y), 1. e,
u(x,y)=ZUn(x)Dn(y), (24)

v(x,y)=ZVn(x)Dr.(y), (25)
P(x,y)=zpn(x)Dn(y), (26)

w(x3) = S u(x) Da() (27)

n=0
For the sake of solving Egs. (5)—(8) more efficiently, Eqs. (23)—(26) are put into Egs.
(5—(7) directly. Using the normal property of I),(y) and the boundary conditions (10)—
(13), we can have the following expressions:

u(x, v) =U,(x) D,(y) +U.(x) D.(¥), (28)
v(X;y)=Vx(x)D1(y)’ (29)
p(x,3) = Poy(x) Dy(y) +P.(x) D.(y), (30)
and a set of equations
dy, ;1 dV, _ 1y 3 _1 :
E'Ad;f* 2 dy e(e’+ 2)V1 ZEEFo(x)+F0 (x) 35 (31)
dUs o o7 = —| (e ar, 1 :]
?; +£Uu [ (8 +1)V|+8 a’x + 2Fo ’ (32)
Y SR P Y Loar, 1.,
Ul——g— e (—2e+1)V+ 1 dy g ¢ Fo (33)
Po=28V1+U0+4U2 (34)

P.=U,. (35)
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Thus solving partial differential Egs. (5)—(8) is reduced to solving Egs. (31)—(35).
In fact, only the solutions of ordinary differential Eqgs. (31) and (32) are needed, and there-
by the complete solutions of Eqs. (5)—(8) can be obtained.
The solutions of Egs. (31) and (32) are
[ H,eeMi&MD [ oo™ KMy + C sink, (x+M,) +C,cosk, (x+M,),
—(M +L)<x<—-(M,—L.)
H oK+ MU L [T o= KoM L Lo=bip =M = Ligd L gbuH L),
! —(Ml_le)<x<_sz
| Hue®v'+ Hye e+ C. sinkux +Coucoskux,  —Lu<ax<L..
Vilx) = '} I, eXi@=My/ D L [T L g=RyG=Ma/ D o=bna(=Lapd 4 gbs1*=M3+ L)) (36)
‘ L. <x<M;—L,
| HoeF1E M) L e K5 M) L Oy sink, (x — M) +Caa - coska (x— M),
j My— Loy <x<M,+Ls,
3’ H , efiG=Ma=My/ D [T o= Ko =My=Ma/ D o=byp(F~Ma=Lyp) 4 o | ,e(x-Mz-A13+L.,)’

M3+L3;<x<Mg+M3—L“

CE e M) L B em R MO B osink, (x+ M) +E ccosk, (x+M))

+Elsc_s(x+M')9 —(M1+Lll)<x<_(Ml_Lli)
E“ei\'l(xM{,/z)_]_Ezz,e—lx':(x+Ml/Z)+E“e-blz(-¥+Ml-L12)_|_E“ cebn ¥ Ly)
'e-e(x+M‘/2)E25 'e_e(x+”11/2)9 - (M1 —le) <X<—'L:l
E. e +F, e+ F.sink,x+F, cosk,x+ ;e
—L21<x<L22

U, (x) =
E”eI\'l(x—Ma/Z) _}.Eue-xz(x-uaﬂ)_]_E”e-b“(x-llgz)_I_E“eb“(-\'-M,+L31)+E45 (37)

'C-E(X-MZ’/Z), Lzz<x<M1}_L31

E.efi ML B oo™ Ko ML It sink, (x —M,) +Es.cosk, (x— M)
+E55'€-E(X-A[3)9 M:x_L3|<x<M3+L33

| . -

DB eF 1 G Mym My ) LB LKy (R MM/ D) | pm by (P My = Lag) L [ b1 (F= M= M3+ L)

+E e MM May+Ly<x<sM,+M,— L,

2. Asymmetric Forcing: Q=F,(x)D,(y)

This is the case that the unique non-zero term in Eq. (14) corresponds to n=1, which
is given by
where the form of F,(x) is determined by Eq. (15).

The same technique can be applied to this case. Substituting Eqgs. (24)—(26) and (38)
into Eqgs. (5)—(7), we can obtain

u(x,y)=U1(x)D1(y) +U3(X)D3(y)’ (39)
v(xs ¥) =Vo(x) Do(y) +V.(x) D.(y), (40)
['(x’y)=P|(x)D1(y) +P3(x)Du(y)’ (41)

and
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23-%UL+(23 +0U=F.(x), (42)
4e(d*U,/dx") +2(dU,/dx) — (4¢° +10e)U.,=F (), (43)
V(%) =2eU,+2(dU,/dx), (44)
Ui(x) =—[2e(dU,/dx) + (3+2e)U,+el ], (45)
Pl(x)=—2€V1_Ul’ (46)

The solutions of Eqgs. (42) and (43) are
.Gy sink (x+M,) +G,,co8k, (x + M,) +G e~ /2D
“ — (M +L)<x<—(M,+L..)
| G“e-blt("+Ml-[,,2)+G226bl1("+Ln) +G“e-(e+1/2e)(x+M,/2)’
| —(M,-L,)<x<—L,,
D Gy 8in ko +Gap oSkt Gore™ VY L << Ly,
V() =" G e b=l 4 (G, ebn G Mo b L) L (G, g™ (FH1/200E =30,/ (48)
Lo<x<M,—L,
G sink, (x—M,) +Gsyco8k, (x — M) +Gyae™ /2= M ]
M,— L, <x<M,+L,:
C G e T T Lag) L (G gb (M Myt L) (G g R I/2E) (A = A,/ 2)
M,+L,<xM,+M,—L,
, Phefitt MO PlLem MO+ Psink, (x + M) + Pogcosk (x+M)),
5 — (M, +L))<x<—-(M —L,)
: PZleK](x+Ml/2)+P e KM L D o=bp M =Ly L P b (L)
-—(M1 1z)<x< L,
‘ Pg,e"1 +Pye %+ Py sinkyx + Py, cosk,x, — Ly <x<L,,
Ua(x)= \ p“ei\'l(x M /2)_|_P”e—1\_(r-u /Z)TP”e b__(\'-lzz)_}_P”e gy (%= M3+I.31)’ (49)
‘ L.<x<M,—L,,
| P @1 L P e K M) - Posink, (x — M) -+ Ps,cosk. (x—M,),
| M,—L,<x<M,+L.,,
! P, @R TG L D pm KM= M) L P p by p (8= M = Lg)
+ Pgigbn @M oMt L) Mo+ Ly,<x<lM,+M,—L,,
Thus the complete solutions of partial differential Eqs. (5)—(8), which satisfy the per-
iodic boundary conditions, are obtained as Q(x,y) =F,(x)D,(y).

3. Symmetric Forcing (I): Q=F,(x)D.(y)
In this case the unique non-zero term in Eq. (14) corresponds to n=2, which is given
by 7
Q(x,y) =F.(x)D.(y) . (50)
The expression of F,(x) is determined by Eq. (15). In the same procedures as in the
above two cases, we finally obtain the following expressions:
u(x,y) =Uo(x)Du(y) +Uz(x)Dz(y) +U4(x)D4(y), (51)
v(x,y)=V1(x)D1(y) -I—V;(x)D;(y), (52)
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P(x,y) =Pn(x)Do(y) +P:(x)Dz(y) +P4(x)D4(y), (53)
and :

U, , 1 dU. (., T\ _ 1

T (e +2>U4 o P (54)

d’U, 1 dU, (., 3 :_[ 2
e s (s +2>Uz 4+ 1)U,

dU. , 3 dF, ]
+4e e +—413 F,+ ot (55)
dUs 4 17, = — {[168‘+5682+27]8'U4+(16£‘+2482+3) dU,
dx dx

+(4ez+5)sUz+(4eZ+1)iUZ—JrusZﬂ)Fz}, (56)

dx
Po(x) =2¢eV, +4elV,+U,+4U,+16U,, (57)
Pg(x) :28)73 +Uz +8U4’ (58)
PQ(.’XJ) :Uu (59)
V, (x) =2eU, ‘|‘2(dU4/dx), (60)
dU,

Vi (x) =4e(2e*+11/2)U,+4(2e*+3/2) dx_+2€U2

4o dgz toF,. (61)

X

In a comparison of Eq. (43) with Eq. (54), it can be seen that the forms of these two
ordinary differential equations are much the same. Therefore the solution of Eq. (54)

should be similar to form (49).

R, el M) L P e 0D L P oKt M) L R Lo~ R0 L B sink (x +M))

+Rscosk (x+M,), — (M, +L,)<x<—(M,—L,,)
R_.,g’”"l("“'”llz)—I—R”e'ﬁ’(z(””’x/z)+Rne"1("+"”1”)+R2,e""z("+M1/2)
+R256—b12(1+1t!1—l.12) —l—RZGeb“(”LZl), — (M, _le) <x<l—~L.,
R, ePF "+ Rye” 772"+ Ryye® 1" + Ry e™ %" + Ry 8in kyx + Rys oSk, x,
—Lz|<x<Lzz
U:(x)= R“eBI\‘L("—Mg/Z)+R4Ze-BKz(x—Ib13/2)_l_R“eK\(x-M:,/Z)+R446—K21x-M3/Z) (62)

+ Ryse bl 4 R ebs ¥ Myt L)), Ly, <x<M,—L,
Re @B M) L P g  BKE=M) 4 P oK \5=My) L P o= K (5= M)

+ Rsssink; (x — M) + Rsecosks (x—My), My—Ly<x<M,+Ls,
Rs,eﬂkl(x_Mﬁ—Ml/z) +Rﬁze—BK2(—\-M3-M2/2) +R536K1(x_M3_M—/z)

Ry e KaE=My= My f B o=byy (= Mg~ L) R oy ((¥=M =My ¥ L)

Mg +Laz<x<M2 +M3‘L11
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S KT LS e KD 4§ BN LS g SR 4 S sin, (x -+ M)
+8,5008ky (% + M) +S1me™ 0, — (M, +L,.) <x< — (M, —L.,)
S, e EHMUD L G oK/ | G GBI (SHM/D | G o= BIG(EEM,/2)
+ S b2 L)L Q) ebn T L) - G eTeHEM/D),
—(M,—L,)<x<-L,
| SueF T+ Se 4 S0 K S0 P S Sin kax + 1008 + Sare ™,
Uo(x) = \’ _L21<x<Lzz (63)
S, eF1E M L G oK Gm Mg/ o BK (R Mg/ | G o= BK (= 11y/2)
+S45e-b“(x-[‘22)+S4seb3l(x_M3+L3l)+S47e—s(x_M3/z),
g Lzz<x<Ma_L31
Ssle—[(l(x-Ma) +S:29-K2(x-M3) +S5seBK1(x—M3) +S543—D1\'2(x_M3)+ Sss sin ka(x _Ms)
+SssCOSka(x_Ma) +S51€—e(x—M3)9 M, _L31<x<M3 + L,

Se1eF 1 MmN /D L p=KpGmMy=My/2) L Qo BR\(F=My=My/2) | G o= BK (=K y=11,/2)
FSgse ba2* M TLyy) f § pb (FTM ML) L G p =M =My 2

Mz +L32<x<Mz +.M3—‘L“ .

Then the complete solutions of Egs. (5)—(8) are obtained as Q(x,y) =F,(x)D,(y).
As the heating function has the form
Q(x,¥) =F(x)Do(y) +F.(x)D,(y) +F.(x)D.(y), (64)
we can simply add the solutions obtained in the above three cases to get all the solutions.

IV. SIMULATIONS OF CLIMATOLOGICAL FIELDS

In the present paper, climatological temperature are adopted from the atlas edited by
Newell et al. (1972). Observed data of sea level pressure come from Crutcher’s and Davis’
atalas (1969).

In order to obtain the distributions of heat sources, the underlying climatological field
from June to August (Fig. la) is referred. From Fig. la it can be seen that there are the
following features of the climatological temperature field in summe (June—August).

(1) Along the South American coast of the Pacific Ocean, SST is rather low owing
to the upwelling of sea water. There are also similar low temperature regions along the
South African coast and near Australia. As it is winter in the Southern Hemisphere during
June, July and August, the temperature is lower anywhere.

(2) In the Northern Hemisphere, the high temperature regions are in Sahara,
Qinghai-Xizang Plateau and Mexico Gulf. The warm water in western Pacific moves to the
Northern Hemisphere.

According to the features of temperature distribution in both hemispheres mentioned
above, the heat sources (sinks) in summer are given in Fig. 1b. We can simulate the cli-
matological distributions of p, u and v fields in the tropics and subtropics by the analytical
solutions obtained in Section III.

The observed sea level air pressure in summer is shown in Fig. 2a and the simulated
result is shown in Fig. 2b. The latter is very similar to the former.

The climatological surface temperature distribution in winter (December—February)
is shown in Fig. 3a. Their characteristics ar¢ as follows:
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40°N

40° 8

Fig. 2a. The climatological air pressure p at the earth’s surface in July.

Min= 0.00000E 00 Max=0.25000E 02 Inp.=0.50000F 01

Fig. 2b. The simulated p in summer.

(1) There are still cold water regions along the South American coast of the Pacific Ocean
and the South African coast of the Atlantic Ocean.  As it is summer in the Southern
Hemisphere during December, January and February, the warm water near Indonesia region
moves to the Southern Hemisphere. A low temperature area appears in southern Indian

Ocean.
(2) There are low temperature regions in the North America and in eastern Asia. As

it is winter in the Northern Hemisphere at that time, the underlying temperature is relatively
low. The warm water is mainly in the equatorial regions.

According to the features described above, the heat sources(sinks) considered in our
mode! are shown in Fig. 3b. The observed air pressure at the earth’s surface is shown in
Fig. 4a and the simulated air pressure in Fig. 4b; It can be seen that the main features of
observed data are described in simulated fields.

The climatological wind fields of the lower atmosphere are also simulated by using the
present model (Ji, 1987). It is shown that the main features of observed fields are drawn
in simulated fields. But as compared the simulation with the observation, there are still some
discrepancies.  Generally speaking, the westerlies are too strong in equatorial regions
and somewhat weak in higher latitudes. If the zonal-averaged wind fields are not neglected

in the model, we may get better results.
The climatological fields in spring and autumn are also simulated with this model (Ji,

1987). The results are not given here,
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January

100°E 1807 TICW T

Fig. 4a. As in Fig. 2a, except for January.
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Fig. 4b. As in Fig. 2b, except for winter.

V. SUMMARY AND DiISCUSSION

In the present paper, a linear steady model is constructed to investigate the response of
the tropical atmosphere to diabatic heating. The basic equations are similar to those used
by Gill (1980), but the long-wave approximation is removed and periodic boundary conditions
are taken. Parabolic cylinder function D.(y) is utilized to solve the partial differential
equations. The distribution function F,(x) in the x-direction of heat source Q(x,y)
is described in six sections respectively. Analytical solutions are obtained as Q(x, y) taking
the first three terms of D.(y), i ¢, Q(x,¥)=Fo(x)Do(y) +F(x)D:(y) +F,(x)
X D:(y).

According to the features of the underlymg surface temperature (including oceans and
land), the heat sources(sinks)are given. Using this analytical model, we have simulated
the climatological fields of winds and air pressure in the lower tropical and subtropical atmos-
phere in summer (June—August) and winter (December—February). The main features of
observations are depicted in simulated fields. If the climatological fields can be simulated
with such a simple model, it seems to be an encouragement to develop a simple numerical
model for the prediction of tropical atmospheric circulation anomalies. This kind of model
is being developed.

It is worthy to be mentioned that after the initial manuscript was finished, we noticed
a recent work by Johnson et al. (1987). They gave global diabatic heating rates computed
from ECMWEF Level Il analyses for 1979, which are coincident with Figs. 1b and 3b in this
paper very well. Though the results of Johnson et al. are only for 1979, it is still shown
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qualitatively that our consideration for the heat sources (sinks) is reasonable in lower
latitudes.

There are some systematicerrors in the simulations, since the annual and zonal aver-
aged background fields are omitted. In an effort to reduce at least some of the present
model’s systematic errors, the zonal mean wind should be taken into account. As we have
discussed in Section 1I, the high (low) temperature area may not correspond to a heat source
(sinks) in some cases. This problem should be investigated further. The distributions of
ocean-land, orography and moisture air dynamics are not considered in the present model
actually, and the nonlinear process is neglected in our model. However, all the above
effects are important for understanding the activities of the tropical atmosphere. In fact,
due to the limitation of mathematical methods, we can hardly take all these effects into
account. It is necessary to clarify physical mechanisms of tropical circulations with analy-
tical model. But if we attempt to consider all the processes in the atmosphere with one
model, and its resolution is required very high, nuinerical general circulation models should
be employed.

We would like to thank Prof. Chen Longxun for his useful suggestions and Prof. J. M. Wallace of Uni-
versity of Washington for his valuable comments, which helped to clarify and improve the manuscript.
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