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ABSTRACT: The equations of barotropic model are used to discuss the effects of diabatic factors such as heat-
ing of convective condensation, evaporation-wind feedback and CISK on the Rossby wave and the Kelvin wave.
In low latitudes we have obtained the angular frequency and analyzed the period and stability of waves. The
result shows the existence of the diabatic factors not only enlarges the period of adiabatic waves but aso
changes the stability of waves. Thus we think that the so-called intraseasonal oscillation and some other
low-frequency oscillations are a kind of diabatic waves which are important factors producing the long-term
weather changes and short-term climatic evolution.
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1 INTRODUCTION

The 30-60 day low-frequency oscillations in the atmosphere have close relations with the
long-term weather changes and the short-term climatic abnormality, so the low-frequency oscilla-
tions are important exploring field in atmospheric science research.

Early in the 1970s, Madden and Julian (1971) firstly found that there are 40-50 day
low-frequency oscillations between the tropical atmospheric zona wind field and surface pressure
field by the spectrum analysis of ten years (1957-1967) in Canton Island. Then they (1972) con-
firmed not only the 40-50 day low-frequency oscillation which occur at al the tropical zones
propagate eastward with the zonal wave-number being one but aso the oscillations which have
relations with the moving Walker circulation originate in from tropic Indian Ocean and Western
pacific Ocean. Hereafter, Yasunari (1979,1980) pointed out that the cloud amount of Indian mon-
soon region has 30-40 day periodic variation on the base of the analysis of satellite cloud pictures.
Krishnamurti (1982) analyzed MONEX' s data and verified that the monsoon through activities
over South Asia have the 30-50 day oscillation with slow northward propagating. Murakami’ s e-
searches (1984,1985) revealed that the characters of eastward and northward propagating exist in
the intraseasonal disturbance wind field and the pressure field. After alot of low-frequency oscil-
lations in the tropical atmosphere were found, meteorologists in succession discovered there are the
30-60 day in jet stream, polar vortex, subtropica high temperature and rainfall amount (and so on)
in middle and high latitudes. As was pointed out by Krishnamurti (1985), the 30-60 day
low-frequency oscillation is akind of globa atmospheric phenomenon.
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In order to understand the rule and mechanism, meteorologica researchers were widely en-
gaged in dynamical researches of low-frequency oscillation. Analyzing the effects of the heating of
condensation caused by the conditional instability on low latitudes atmospheric wave motion, Ya-
masaki (1969) and Hayashi (1970) pointed out that the wave motion can cause CISK mechanism
as Ekman pumping. Then Lindzin (1974) concluded these researches with the wave-CISK theory
and introduced it into the Ekman-CISK theory proposed by Charney (1964) and so on. Li (1983,
1985), Hayashi (1986), Lau (1987), Miyakara (1987), Chang (1988) and Liu (1990) further ana-
lyzed the effects of the wave-CISK on the low-frequency oscillation with theories and numerical
models. In low latitudes zone, the massive oceanic bodies make evaporation and rainfall abundant,
so on the base of interaction between SST, evaporation and atmosphere motions. Emanuel (1987)
and Nedlin (1987) simultaneously proposed the evaporation-wind feedback theory of atmospheric
low-frequency oscillation. Then the evaporation-SST feedback theory was given by Lau (1988)
and so on. Later, the joint effects of SST, evaporation-wind feedback (or wave-CISK) and evapo-
ration-wind feedback on the low-frequency oscillation were explored in theories by Liu (1993), Li
(1993), Zhao (1996) and so on.

As a whole, the dynamic mechanics of low-frequency oscillation can be concluded that the
atmospheric response to the various heat sources (sea temperature, heating of condensation,
wave-CISK, evaporation-wind feedback and so on). In essence, low-frequency oscillations are a
kind of diabatic waves caused by diabatic factors. If the adiabatic waves, especialy Rossby waves,
are the important factors causing short-term weather changes (the period of Rossby wave is about
a week), we think that diabatic waves, especialy the diabatic Rossby wave and diabatic Kelvin
waves, are the important factors causing the middle-term and long-term weather changes.

In this paper, the diabatic waves caused by diabatic factors such as the heating of convective
condensation, evaporation-wind feedback and CISK are anayzed.

2 BASIC EQUATIONS
The equations of linear barotropic model including diabatic factors are

i
i - qF¢

| qt Ix
}dﬂ+fu:-£¢ D
TFe Lau ™o_

I—+cC —x=-

o gﬂx ﬂYra
where t istime, x and y represent east-west direction and south-north direction (the eastward and
northward directions are positive), respectively, u and v represent zona and meridional wind
speeds, respectively, f is the Coriolis parameter, ¢ =gh represents gravitational potentia of free
surface Z=h(x,y,t), and let

h=H +ht 2
where H represents the height of stationary free surface, h isthe deviation to H, and so
C, =4/0h, F ¢=ght (3)

In Eq.(1),Q is the diabatic heating rate or mass transferring rate, & is the filter parameter. For
the wave-length of diabatic wave is very long in x direction, & can be taken as 0 which the
long-wave approximation. It can not only filter the high —frequency inertiad gravitational wave but
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also keep the Rosshy wave or Kelvin wave with long wave-length.
Three kinds of diabatic factors are discussed as follows;

2.1 The heating of convective condensation

If there is lots of vapor in the inferior atmospheric layer, the lifting caused by the inferior &-
mospheric horizontal convergence make vapor saturating then heating atmosphere. On this condi-
tion, we designate

—-gcz?u Mo (o<g<1) (@)
™>x 9y g

where g isaconstant. In fact, there is so much seawater in oceans that the rise of SST makes

seawater vaporize. From the point of view, Q, reflects the response of atmosphere to SST and the
response in just evaporation-SST feedback process. In Eq.(4), g represents non-dimensional pa-
rameter having relation with SST. But because the variation of SST is so slow comparing with &-
mospheric mechanical quantitiesthat g can be as a constant.

Substituting Eq.(4) into Eq.(1), when d =0 we obtain

i
lllﬂ_u_ fv = - ﬂF ¢
| It x
% fu = - M (5)
i ﬂy
i
I‘HF ¢+ Cazae‘ﬂu ‘ﬂvo -0
f 1t X 'ﬂny
where
2 =(-g)ci<c? (6)

Thus, thiskind of heating can be taken as diabatic heating with CO2 changing into smaller CSZ .
By the method of elimination, from Eq.(5) we obtain

,v=0 (7)
where
e .29° ,0 2
=—¢-¢c, —+f°%- b,c, — 8
1 ﬂtg ° 2 = Do gy ©))

In middle and high latitudes, f = f,. Inlow latitudes, f =b,y (b, isRossby parame-
ter).

2.2 The evaporation-wind feedback

Wind speed (mainly zonal wind speed especialy in low latitudes) makes seawater evaporate
as vapor, which enters into atmosphere and the released latent heat caused by vapor condensation
warms up atmosphere and this process is the so-called evaporation-wind feedback. On this condi-
tion Q can be represented as

Q,=-1 ciau 9)
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where | s a positive constant having relations with the atmospheric density and the vapor den-
sity, - a U represents evaporation rate, a isanon-dimensiona parameter, and when u>0 (west
wind), a <0; when u<0 (east wind), a >0.

In general, for only evaporation-wind feedback can’t produce lowfrequency motions, the
evaporation-SST feedback mechanism must be included. When d =0, Eq.(1) becomes

i
lllﬂ_u_ fv = - TF ¢
Tt 1x
% fu = - E (10)
i Ty
JE O, coz@lu VO oz,
foat ix Tyg
Using the method of eimination, Eq.(10) can be rewritten as
,v=0 (11)
where
5 . .
,° 1%— cgzﬂ—2+f2% boc;21+l c§aaef1+bog (12)
fit iy @ fix fly 2]

InEq.(12), f= f, inmiddle and high latitudesand f=b,y inlow latitudes.

2.3 The CISK mechanism

Because for the action of the turbulent friction in the boundary layer, A lot of moist air, which
converges and lifts to make cumulus convectively develop. Especidly in low latitudes, alot of cu-
mulonimbus masses caused by the released |atent heat of condensation makes atmosphere warmer
and strengthens the disturbance. Simultaneously upper atmospheric horizontal divergence makes
surface pressure descend and strengthens cyclonic circulation. The whole processis named * CISK’ .
On this condition Q can be expressed as

od
€2

h,gh
9 Bﬂz-hcgﬂ (13)

2 X X

5
Q; =-h,gwg =-h,g hBZy;:_

where W; if the vertical speed of the top of boundary layer, h. the standard height of Ekman,

\ . , . : h,ghe _h, hg.
represents relative vertical vorticity, h, is aconstant, h = Do By

Z =
X 2, 2 H

g

\Y
non- dimensiona parameter which represents the CISK mechanism. Only when wg or E— >0,
X

h can be anon-zero number. Thus, the equations of barotropic model including the CISK mecha-
nism are written as
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i
|
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i Mt 1x
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Using the method of elimination, Eq.(14) becomes
,v=0 (15)
where
ﬂ Zﬂ 2 ﬂ 2 ﬂ 2 1‘[2
° C f ;' b.ci—-hc f— 16
C g Cony? Ty W =

In middle and high latitudes, f = f; Inlow latitudes, f = b,y;
Next, we should put emphasis on the analysis of the barotropic diabatic wave in low latitudes.

3 THE DIABATIC WAVES CAUSED BY THE HEATING OF CONVECTIVE CON-
DENSATION

From Egs.(7) and (8), the diabatic equation caused by the heating of convective condensation
in middle and high latitudes are expressed as
2 v

% *

Al Ozﬂv fv2 bt V- (17)

1t Ty? a ° X
Using the homogeneous boundary condition of y direction in middle and high latitudes, the solution
of Eq.(17) isexpressed as

v=V ei (kx+ly-wt) (18)
where V isthe amplitude, k and | represent the wave-numbersin x direction and y direction re-
spectively; w isthe angular frequency.
Substituting Eqgs.(18) into (17) and the angular frequency is given by

b k
W:-ﬁ (19)
[=+1
where
2 2 f2
1,70 -2%>-2%0°]¢2 (20)
Co Co

Clearly, EQ.(19) represents the angular frequency of the long Rossby wave caused by the heating
of barotropic convective condensation in middle and high latitudes, but the angular frequency of
long Rossby wave which there is no convective condensation is
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b .k
w.=-—9 21
0 |2+|02 ( )

Because |° >1 2. Thus W| <|W,|. So the diabatic Rossby wave caused by the heating of

convective condensation is low-frequency wave with reference to the adiabatic wave.
From Egs.(7) and (8) we see aso that the diabatic wave equation caused by the heating of
convective condensation in low latitudes is expressed as

e 2T 0 .
T IV i 7y byey M=o @)
1t Ty b X
where the boundary condition is
V|y® ¥ ® O (23)

If we designate the solution of Eq.(22) by
v=V/(y)et (24)
Substituting Eq.(24) into Egs.(22) and (23) yields

VIS ) *02 __V =0
iYW (25)
|
Tv|y® ¥ ® O
which is the eigenvalue problem of Weber equation in the form of
2
d \;V (ax* +b)w=0 (26)
dy

Satisfying the boundary condition w® 0 at X® =¥ , The eigenvalue and eigenvalue function
of Eq.(26) are written as

i b
—=2m+1 (m:O’:L 2, )
I Va
i (27)
Tw=
fw . [¢/ax)
Where H _(X) isthe m-order Hermite polynomial. Thus, the solution to Eq.(25) is
ke, .
w=- Zmil (c, =41-gc,;;m=0,12,--) (28)
and
yo Sy 92
Lo g 82 0 @
where
. (o C
Lo |-2=J1-gL L,° [~ (30)
0 bo 0 0 bo

Clearly, Eq.(28) represents the angular frequency of ling Rosshy wave caused by the heating
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of barotropic convective condensation in low latitudes. But on this adiabatic condition, the angular
frequency of barotropic long Rossby wavein low latitudesis

ke,
- m=0,12,--- 31
2m+1 ( ) &0
In fact, Eq.(28) becomes (31) when g = 0. Here, |w| <|w,| (as in middle and high lati-
tudes). Thus the heating of convective condensation makes the angular frequency of Rossby wave
descend in low latitudes.
Expanding Eq.(28) to m = —1, we obtain
w =kec, = ky/1- gc, (32)
Where W represents the angular frequency of Kelvin wave caused by convective condensa-
tion and its value is smadller than the angular frequency of adiabatic Kelvin wave.
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Fig.l Variation of T withk for different T, (a) m=1,Rossby wave, (b) m=-1, Kelvin wave
1,2, 3, 4and 5 represent the curves which SST are 24.5, 23.5, 22.5, 21.5 and 20.5

Clearly, when g >1the angular frequency of Rossby wave and Kelvin wave caused by the
heating of convective condensation is a pure imaginary, which can cause the instability of waves. If
g=9(T,), the T, meeting g(T,) =0 is caled the criticd SST. The vaue of T is

25°C by calculation. Teking ¢, =35m>s™*, k=(0.2~2)" 10°m™*, when m = -1 and 1,

T, < 25°C, 30-60 day (even longer) diabatic wave is obtained and illustrated by Fig 1.

From the point of view of physica mechanism, the heating of convective condensation or
evaporation-SST feedback which can cause atmospheric moisture to rise and make the atmospheric
stratification stability descend and make the wave move slowly. Simultaneoudly, the effects of Q,
make the regulation of horizontal divergence weaker and make the wave move sowly.

4 THE DIABATIC WAVE CAUSED BY THE HEATING OF CONVECTIVE
CONDENSATION AND THE EVAPORATION-WIND FEEDBACK

From Egs.(11) and (12), the diabatic wave caused by the heating of convective condensation
and evaporation-wind feedback in middle and high latitudesis expressed as
2 .29% 0 2 v e 0
T 2TV, 2 pe? vy cjagfl+boiv:0 (33)
it iy 2 fix Ty o
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Substituting Eq.(18) into Eq.(33) gives

W =W, +iw, (34)
where
e | 0
'§b°k\9 5 (2b,)
_ 1-g 5 _ g
w, = — w, = — (35)
12 +1 (17 +10)

Thus, after introducing the evaporation-wind feedback into the heating of convective conden-
sation (or the evaporation-SST feedback), not only the angular frequency of the Rosshy wave in
middle and high latitudes begins to change but also the wave become unstable. Clearly, when

g <1, westerly flow (a <0) makes the wave stronger (W, > 0) but easterly flow (a >0) makes
the wave weaker (W; <0).

From Egs.(11) and (12), the diabatic equation caused by evaporation-wind feedback and
heating of convective condensation in low latitudes is expressed as

1 2 T2v 2. 0 2 v 2 & 1 0

—e-¢c, —+f°v=- b,c, —+I| clab,gy—+1:v=0 (36)
T A UK A A

Substituting Eq.(24) into Eq.(36) gives

d?v ilab, d_v+g'_ b,k bly* ilab, ﬂw_

y =0 (37)
dy* w(l-g)"dy g w ¢’ w(l-g)g
If wedesignate V by
~ éilab,y*u
V =V expa 0% ¢ (38)
g (- g)f

Eq.(37) becomes
dv € bk ilab b2y?  (lab,)?
2+e_( o™ 4 0 )_( 0*32/_ (2 o)2
dy* g w 2w(l-9) ¢, A (l-g°)
which is Weber equation in the form of Eq.(26). Thus, the eigenvalues of EQq.(39) satisfying the
boundary condition w® 0 a X® +¥ are
ab k ilab, ©
- +

zuA_
Y’V =0 (39
9

Ew " 2wd-g)5_

=2m+1 (m=0,12,--) (40)
b  (lab,)’
c? awi(Ll- g)?
Using Eq.(40), we obtain
w? = A+ Bi (41)
where
¢’ é, mm+Dl%a’l | ake?
A:%&Z_F—Za’ B:—O2 (m:o,]_,z’)
(2m+1)° & @-9) o (2m+1)

(42)



No.1 LI Li-ming( ), HUANG Da-chuan( ) and QIAO Fang-li( ) etal. 9

And the eigenvaue functions of Eq.(39) satisfying the boundary condition w® 0 at X® ¥
are

V(y)=H, & %p& 22 (m=012-) (43)
elLg e 2L°g
Thus,
_ ., ayo_ eilabyy’  y?0 B
V(y)=H & xpe—0F Y =+ m=0,12,--- (44)
(y) ng p§4w2(1-g) 2 ( )
where

— =0 20 (45)

Because V (y) must satisfy the boundary condition w® 0 at X® =¥ , weobtain
é il ab, 1 t)<

€ - 46
San(t-g) 27} “
Substituting Egs.(44) and (45) into Eq.(46) gives
i s NI
Rej— g+ (M*Bal ;W (7)
iwe  1-9
Substituting Eq.(34) into Eq.(41) gives
wi-w?=A  2ww =B (48)
Thus,
WrZZ%(A+\/AZ- B?), WiZZ%(-A+\/AZ- B2 (49)
) 2 |ém(m+1)l %’ o
W =VA- Bt = e +(1- gk’ - (Ha)’
(2m+D)“ e (1-9) a (50)
¢  ém(m+1)l%a?’ u
0 > é ( ) +(1_ g)kzlfj
(2m+)° & (1-9) 0
Substituting Eq.(34) into Eq.(47) gives
kWr +wwi <0 (51)
1-9
Multiplying Eq.(51) with 2Wr2 and 2Wi2 respectively, we obtain
i 7 <
-,-w,gm|m(w2)+k|w|2 +kRew?)3<0
i & 1-9 i (52)
W, [(m+1)| a(w|” - REW?))+K m(wz)] <0
Substituting Egs.(41) and (50) into Eq.(52) gives
isgnw, =- sgn(1-
I Sgnw, sgn(1- g) (53)

’:\sgnwi =-3Sgna
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It is see that when g <1, with the westerly flow (a <0) the Rossby wave propagates
westward (W, > 0) and strengthen (W, > 0); with the easterly flow (a < 0) the Rossby wave
propagates westward (W, < 0) and weaken (W, < 0). When m=-1, the Kelvin wave can be ana-
lyzed like this.

Fig 2 gives the variation of the Rossby wave
period with different k and it shows that when
T, > 26°C, there are the low-frequency waves whose
period is more than 30 days.

Thus, introducing evaporation-wind feedback
mechanism into the heating of convective condensation

60

N W N

1'/day

( ez

(el

8 must make the atmospheric moisture rise and make the
15 _ . . wave speed slower.
0.0 0.20.10.60.81.01.21.¢1.61.38
Fig.2  Variation of T with k for different 5 TH E DIABATIC WAVE CAUSED BY

T, (m=1, Rossby wave) I, 2,3,4,5,6,7and 8

present the curves which SST are 29, 28.5, 28,
27.5.27,26.5, 26, 25.5°C

CISK MECHANISM

From Egs(15) and (16), the diabatic wave
equation caused by the CISK mechanism in mi ddIe and high latitudes is expressed as

2
C0 ¥ Zﬂ - bogﬂv+hcof ﬂ\2/=O (54)
‘ﬂtg “axly Tix x
Substituting Eq.(18) into Eq.(54) gives
bk - hf, k?
W, =-———— W= 2— (55)
[ +1,° - hk [“+1,° - hk

Thus, after introducing the CISK mechanism, the angular frequency of the Rossby wave be-
gins to change and the wave become unstable in middle and high latitudes.
From Egs.(15) and (16), the diabatic equation caused by the CISK mechanism in low lati-
tudesis expreased as

T°v 2 T°v 6 2 v T°v
c2 +f,° +hcZb,y—— =0 56
‘Htg ° 2 Cadyy Y 0
Substituting Eq.(24) into Eq.(56) gives
2,,2 H 2. /1
d?v Ikhd_Vg_ bk bOZ _ihbgk yulj\/=0 -
dy? dyg w C) W
If wedesignate V by
V=V exp(?wg (58)
e 2 g
Equation Eq.(57) becomes
7 ) 2.2 2 2 20
d2\2/ é bok bozy ihbok®y  h’k =0 (59
dy w C w 4 5

If welet
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H 2.2
x:y+Ihk % (60)
2bw

Then EQ.(59) becomes
2 bk b,x* h’k'c k8,
v, 2 V=0 (62)
w Co 4w 4 5
In fact, Eq.(61) is the Weber equation in the form of Eq.(26). Thus, the eigenvalues of Eq.(61)
satisfying the boundary condition W® O a X® £¥ are

ab k hzk h2k26

e
=2m+1 (m=0,12,--) (62)
&b, 0
céz
When there is no CISK mechanism ( ) Eq.(62) becomes
ke,
=- m=0,12,--).
2m+1 ( . )

The expression represents the genera long Rossby waves (m=0,1,2,---) and the long Kelvin
wave (M= -1). When thereisthe CISK mechanism (h 1 0), from Eq.(62) we obtain

5 .
e@ h2k? g2 +4bokw +h2k’c =0 (3
u
thus,
é u
i 2b0ki\/4b20k2 h 2kc Zew h2k2lfj
) & L a
w = 2 ©9
e4(2m+1) 2y
e MK
e ho u
h=0

Because Eq.(64) must degenerate into Eq.(31) when , the * +" in front of radica &-

pression in Eq.(64)iswrong. So

2 \
- 2bk - \/4b20k2 h2ke Zew h2k?;
_ é I-0 a
W= , (65)
e4(2m+1) 2
e 2 Mk
u

The eigenvaue functions of Eq.(60) satisfying the boundary condition w® 0 at X® +¥ are
<2

V = H(x)expg 2? (M=0,12,-) (66)

Thus,



12 JOURNAL OF TROPICAL METEOROLOGY Vol.6

g a%/+ihk2C§ 0 0
A 2bw, % ih & ihk%
V=expg~§ . 0o g I kyﬂ y (67)
& 2L, 2 4 2b0W
é U
é u

Clearly, Eq.(67) meets the condition of wheny® +¥, V ® 0. Considering the ridica expres-
sion of Eq.(65)

é4(2m+1 u
2k4c§e¥ - hzkzgz 0 (68)
e 0 u

4b2k? - h

The two kinds of roots must meet

o 2b,|(2m+1) - 2/m(m+1)| )

! k?c,
and
hes 2b0[(2m+1)+21/m(m+1)J (70)
v k?c,
Considering the denominator of Eq.(67)
HEED e (71)
L
0
We obtain
h,2 :w (72)
k“c,
Comparing h;,h, andh, gives
0<h,? <h,” <h,’ (73)
Then Eq.(65) become
é2b u
® +coy/h7 - )02 - h,7) g
_8k a
w = . 5
h®-h,
) (74)
e .2 u
E‘Lb“J??b‘JZO c/h2h?-h,7)
é k e U
_€ u
B h?-h,’

Thus we can draw the following conclusions: when h? >h.?, the CISK-Rossby wave
propagate eastward and are stable; when hz2 <h?< h32, the CISK-Rossby wave propagate
eastward and are stable; when hl2 <h?<h 22, the CISK-Rosshy wave propagate westward and

can be unstable; when 0<h? < hl2 , the CISK-Rosshy waves propagate westward and are sta-
ble.
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Expanding Eq.(65) to m=-1, we obtain
2kb, + \/4b02k2 +h 2|<“c02(L42 +K)

w = 2 2 (75)
— 4_r] Zl(Z
I"0
Where W represents the angular frequency of the CISK-Kelvin waves which propagates
eastward and is stable. Fig.3 gives the variation of periods of the CISK-Rossby wave

(m=012,---) and the CISK-Kelvin wave (m = —1) with different h and shows that these
waves can have 30-60 day (even longer) period.

300 300 b
250) 250 160

2
200t 2 2001 2 120

150 3 1501 2 3

T/day

100 100
§0 50 40

Fig.3 Variation of T with 7 for different k. (a) m=0 (bym=1(c)m=-1;1,2and 3

represent the curves which & are 1.6X 10 % /m, 1.8 X 10 ®/m and 2.0x 10 ® /m

6 REMARKS

Considering the effects of the heating of convective condensation. When g <1 (equaly
T, < 25°C), the Rosshy wave and the Kelvin wave are the low-frequency waves but when

g >1 thesewaves can be unstable.

The evaporation-wind feedback is an important factor causing the unstable low-frequency
waves. Both considering the effects of the heating of convective condensation and the evapora-
tion-wind feedback, the Rossby wave and the Kelvin wave become unstable low-frequency waves
and the propagating directions of these waves depend closely on the valuesof g anda .

The CISK mechanism can produce the low-frequency waves and can cause the instability.
The moving and stability of the waves are completely determined by the relative vaue of h
which has three referring values h,,h, andh,. When h? > h32 , the Rosshy waves propagate
eastward and are stable; when h,” <h? <h,” and 0<h? <h,?, the Rossby waves propa-

gate westward and are stable; but when hl2 <h?<h 22 , the Rossby waves propagate westward

and are unstable. The Kelvin waves merely propagate eastward and all of them are stable.
The diabatic waves are important factors of the long-term climatic evolution.
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