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ABSTRACT 

Several numerical model simulations (Hayashi and Sumi, 1986; Lau and Peng, 
1987) reported generation of eastward propagating equatorial disturbances which 
appear to be model analogs of the observed 30-60 day oscillations. Kelvin wave­
CISK has been proposed as a possible mechanism for driving these simulated dis­
turbances (Lau and Peng, 1987; Chang and Lim, 1988). However, model and theo­
retical wave-CISK disturbances all propagate faster than the observed oscillations. 
In this paper, we investigate whether the "Doppler shifting" effect by a mean wind 
may adequately slow down the wave-CISK modes. In addition, the effect of vertical 
mean wind shear on their stability is also studied. The model and solution methods 
of this paper is adopted from Lim et al. (1990}. Mean winds with a linear shear 
in the pressure coordinate are considered. It is found that a westerly shear tends 
to stabilize the Kelvin wave-CISK modes while an easterly shear tends to enhance 
their instability. The wave-CISK modes are "Doppler shifted" by the mean winds, 
but to only about 60 ...... 70% of the vertical-averaged mean wind speed. Based on 
the climatological equatorial mean winds, growth rate and propagation speed of 
the Kelvin wave-CISK modes are estimated for various longitudes. With the mean 
wind effect, the Kelvin wave-CISK modes take about 35,....40 days to travel around 
the equatorial belt. Their growth rate is largest over the Indian Ocean and west­
ern Pacific Ocean where increased activity of convective clouds associated with the 
oscillations are often reported. 

1. INTRODUCTION 

203 

Many theories have been proposed for the 30 ,...., 60 day oscillations first 
observed by Madden and Julian (1972). Chang (1977) interpreted the phenom­
ena as a slow mode of forced Kelvin waves in which heating is balanced by 
dissipation. This mode of Kelvin waves, in contrast to the usual gravity-type 
of Kelvin wave, have a deep circulation trapped in the troposphere, and prop­
agates with a phase speed of about 10 m/ s. Later theories tended to explore 
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alternative mechanisms, such as periodic equatorial forcing, hydrological cycle, 
air-sea thermal exchange, etc. However, none of such mechanisms provides for 
a natural explanation of the eastward propagation of the observed oscillations. 

Interests in the Kelvin wave interpretation were revived by numerical 
simulation studies by Hayashi and Sumi (1986) and Lau and Peng (1987). In 
the former study with a general circulation model, eastward propagating distur­
bances were obtained which could be regarded as model analogs of the observed 
oscillations, except that the propagation speed is slightly too fast. Lau and Peng 
{1987) used a 5-level global model with wave-CISK parameterization and ob­
tained similar disturbances, hut of a more well defined structure. Again the 
propagation speed is faster than observed. The disturbances has a "wavenum­
ber one" structure with a narrow axis of ascending motion which tilts backward 
with height. The circulation ahead of the axis is deeper and stronger than the 
circulation behind the 'axis. They interpreted the disturbances as "mobile" 
wave-CISK modes. 

Chang and Lim (1988) presented a linear theory of Kelvin wave-CISK. 
Depending on the vertical heating profile, they obtained solutions representing 
propagating Kelvin wave-CISK modes and stationary wave-CISK modes. Their 
linear Kelvin wave-CISK modes give a satisfactory explanation of the general 
characteristics of Lau and Peng's (1987) disturbances. In particular, Gaussian 
wave packages constructed by super-positioning the linear Kelvin wave-CISK 
modes reproduce very well the characteristics of the disturbances, including 
the east-west asymmetric structure. These Kelvin wave-CISK modes can be 
considered, in the context of the five-level model, to be generated through the 
interactions of a faster and a slower vertical normal modes in the following 
manner. The heating associated with concentrated ascending motion excites 
both of the modes. The faster mode which has a deeper circulation propagates 
ahead of the source while the slower mode which has a shallower circulation 
trails behind the source. The shallower mode has more influence on the lower­
level flow and so it controls the CISK heating. The deeper mode, when leading 
the slower mode by an appropriate di�tance (or phase) , will have the CISK 
heating acting in its warm region, and hence gains energy for growth. The fact 
that the Kelvin wave-CISK mode grows via the faster mode also explains why 
the circulation ahead of the rising motion tends to be the stronger. 

There are two difficulties in the linear wave-CISK theory. The first is the 
usual "short wave explosion" problem of gravity wave-CISK. According to the 
theory, the most unstable mode should be in the cumulus scale rather than 
in the "wavenumber-one" scale of the simulated disturbances. Wang and Rui 
{1989) considered the coupling of the Kelvin wave-CISK modes with Rossby 
waves through Ekman-type boundary layer effects and obtained linear coupled 
wave-CISK modes which are most unstable at wavenumber one or two. This 
additional mechanism is worthy of further study, but it does not really address 
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the issue at hand. There was no Ekman-type·forcing in Lau and Peng's {1987) 
model, so the new mechanism cannot be the reason of the wavenumber-one 
structure of their disturbances. Two recent works have examined the nonlinear 
dynamics for an explanation of the organisation. Itoh (1989) studied several 
external nonlinear constraints {including "positive-only" heating) which might 
limit culmulus scale development in numerical models. He concluded that a dry 
region over wide areas in the tropics is required to suppress cumulus-scale devel­
opment due to CISK. In a re-examination of the wave-CISK mechanism, Lim, 
Lim and Chang (1990, hereinafter referred to as LLC) demonstrated the exis­
tence of nonlinear unstable modes. In such a wave-CISK mode, all wavenum­
ber components lock in phase with each other, resulting in a wavenumber-one 
structure which grows exponentially and propagates steadily without change 
of shape. Their study suggests that the low frequency eastward propagating 
disturbances simulated in the numerical models are probably a consequence of 
the nonlinear wave-CISK dynamics. 

Another difficulty of the wave-CISK theory concerns the propagation 
speed of Kelvin wave-CISK disturbances. So far, model and theoretical stud­
ies have obtained propagation speed of 15 ,..,, 20 m/ s, which implies a period 
of 20 ,..,, 30 days. It is possible to bring in other mechanisms to slow down 
the Kelvin wave-CISK modes. For instance, some of Wang and Rui's (1989) 
coupled Kelvin-Rossby modes propagate as slow as 5 m/s. In this paper, we 
shall examine a simple effect for slowing down the Kelvin wave-CISK modes: 
advection by a mean wind. This "Doppler shifting" was in fact invoked by 
Chang {1977) when interpreting the observed oscillations in terms of his vis­
cous Kelvin waves. In most models, such as the one we shall adopt for this 
study, the case of a uniform mean wind is trivial, as the propagation speed of 
the modes will be simply "shifted" by the mean wind speed. We shall therefore 
consider the simplest nontrivial case of a mean wind with a linear vertical shear 
{in p-coordinate) . The vertical wind shear may also be expected to affect the 
stability of the modes besides Doppler shifting their propagation speed. 

2. THE MODEL 

We adopt the following two-dimensional p-coordinate model for this study: 

au U( 
) 
au dU a¢ _ a2u 

at + P ax + w dp + ax - Du ax2 
a a¢ a a¢ RQ a2 a<1> (l) 
at 8p + U(p) ax 8p +aw = 

- CvP + D"' 8x2 ap 
au aw 
-+-=0 ax ap 

where U(p) is the mean wind, u the wind perturbation, <P the geopotential per­
turbation, w the p-velocity, a the static stability parameter, R the gas constant, 



206 TAO Vol.2, No.3 

Cp the specific heat of air at constant pressure, and Du and D1' are constant 
diffusion coefficients. The term Q represents CISK heating parameterized in 
the standard way: 

Q(x,p,t) =mLq:11(p)[-wc(x,t)] (2) 

where m is the moisture availability factor, L the latent heat, q; the specific 
humidity at the condensation level, 17(p) the normalised vertical heating profile 
(i.e., J: 17(p) dp = 1, where p. denotes the surface pressure level), We the p­
velocity at the condensation level, and [cp] a function of cp which is equal to cp 
when cp > 0 and vanishes otherwise. 

and 

The boundary conditions for (1) are 

w=O at 

8</J 8</J 1 
- +U(p)- = -w 
at Bx p. 

p=O 

at p = p. 

where p. is the density of air at the lowest pressure level. 

(3a) 

(3b) 

We shall specify the mean wind to be U(p) = Ut(l - p/p.) where Ut 
is a constant representing the wind at the top of the atmosphere. The re­
sults of integration can be easily applied to situation where the surface wind 
U(p.) = U. =j:. 0. Eqs. (1),...,(3) do not change their form when subjected to the 
transformation (x, t) --+ (x - u. t, t). This means that solutions for u. =j:. 0 may 
be obtained by simply moving the corresponding solution with u. = 0 with the 
constant speed U •. 

As explained in LLC, the numerical scheme used for solving Eqs. (1),...,(3) 
should minimize nwnerical dispersion of the Kelvin waves, and conserve energy 
for each individual wavenumber components when the CISK heating, vertical 
wind shear, and damping effects are turned off. The above requirements are 
met by the following J-level, M-wave energy-conserving spectral model: 

where IPm ,J· denotes the amplitude of the mth wave component of the variable cp 
at the ;"th level, j- denotes j-/2, and 6rpm ,i denotes (rpm ,i+ 1;2 -<pm,i- i/2)/ fl.p. 
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Note that the prognostic equation for <Pm,J- (lower boundary condition equa­
tion) includes the term Wm, J rather than Wm, 1 _ in order to conserve energy. 
During integration, it is necessary to compute [we ] in the spatial domain and 
then transform it to obtain Qrn,i· 

From (4), we may derive the following equation for the variation of the 
total energy of the system: 

J 

- LL ApD.,k! u::i,;- Um,j-
m i=1 

J-1 

- LL ApD.pk'!. Cq/'m,JJ</Jm,i (5) 
m j=l 

where <p* denotes the complex conjugate of <p. The first term on the right 
hand side of (5) represents the energy generation rate due to CISK heating, the 
second that due to vertical advection across shear in the mean wind, the last two 
represent the energy dissipation rates due to damping effects. The individual 
terms were totalled separately during computations to provide a diagnostic of 
the energy exchange processes involved in the development of the wave-CISK 
modes. 

3. E FFECTS OF VERTICAL WIND SHEAR 

The solution procedure adopted in this study is exactly the same as in 
LLC. The model parameters are specified as follows: J = 5, M = 64, m = 1, and 
At = 5 minutes . .  All integrations start from an initial condition representing 
a Kelvin wave package which propagates steadily eastward with a speed of 
36.14 m/ s. The wave package is constructed so that the vertical velocity at 900 
mb, w900, has a Gaussian profile with of a half width of 12° latitude. With an 
appropriate vertical heating profile, a Kelvin wave-CISK modes emerges after 
an adjustment period of a few days. The mode grows exponentially with time, 
and propagates steadily eastward without change of shape. The growth rate 
of the mode is calculated from the gradient of the plot of its total energy (in 
logarithmic scale) against time. 
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We shall denote the relative heating rate at the 1000, 800, 600, 400, and 
200 mb levels by the symbols 6000' €soo' eGOO' e400' and e200. The vertical 
heating profile parameter t of Eq (2) is given by normalizing the parameters ea. 
Our first set of results was obtained with the e1000 = e2oo = 0, €soo = 1, €soo = 

2, and €400 = 0.5. The diffusion coefficients Du = D1> = 105 m2 / s. Without 
a mean wind, this heating profile will produce a Kelvin wave-CISK mode with 
a speed of about 16 m/ s. To clearly highlight the horizontal advection effect 
of the mean wind alone, we carried out the integrations twice, first with the 
w dU / dp term in the first equation of (1) turned off, and then with it restored. 
The growth rates and propagation speeds of the modes are plotted against Ut in 
Figures la and b, respectively, where the open circles 0 (solid circles •) denote 
the model results for cases without (with) thew dU / dp term. 

The open-circle curve of Figure la shows that the horizontal advection 
effect of a westerly shear is to stabilise the Kelvin wave-CISK modes while that . 
of a easterly shear is to enhance its instability. This may be understood by 
the following reasoning. Kelvin wave-CISK modes have a backward tilting axis 
of ascending motion. This tilt enables the CISK heating to act on the warm 
air just ahead of the axis of ascending motion, and hence renders the modes 
unstable. The horizontal advection effect of a vertical wind shear is such that 
a westerly shear tends to reduce the backward tilt of the axis while an easterly 
shear tends to enhance the tilt. Thus the growth will be affected accordingly. 
There is a kink in the growth rate near, Ut = -25 m/ s. The reason for this kink 
is not understood. 

The open-circle curve of Figure 1 b shows that the propagation speed of 
the Kelvin wave-CISK modes is affected by the mean wind. The average mean 
wind through the depth of the atmosphere is Ut/2. However, the gradient of 
the curve is about i/3.5, which indicates that the horizontal advection effect 
on the propagation speed is only about 60% of the average mean wind through 
the depth of the atmosphere. If we consider the fact that the Kelvin wave­
CISK modes extend generally up to only about 200 mb, the average mean wind 
through the depth of the mode is then 2Ut/5, and the effectiveness of the hor­
izontal advection effect increases to about 70%. The 60% ,..,,, 70% effectiveness 
of the "Doppler shifting" may be explained again in terms of the fast-slow 
vertical mode interaction mechanism revealed in the analysis of linear Kelvin 
wave-CISK {Chang and Lim, 1988). As the lower-level convergence field is con­
trolled more by the slower mode which has a shallower circulation, only the 
lower-level mean wind may be expected to be effective in advecting the source 
of wave-CISK energy. From this point of view, the 60 ,..,,, 70% effectiveness figure 
appears understandable. 

The solid-circle curves of Figures la, b show the total mean wind effects, 
horizontal advection as well as vertical advection across vertical wind shear 
(w dU / dp) . The vertical cross-shear advection effect in general acts in opposi-
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Fig. 1. (a) Growth rate and (b) propagation speed of nonlinear Kelvin wave-CISK modes 
in vertical mean wind shear. • indicates values obtained in computations using the 
complete equations and o indicates values obtained in computations neglecting the 
w dU / dp term. 
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tion to the horizontal advection effect, i.e., it renders the modes less unstable 
in an easterly shear and more unstable in a westerly shear. The vertical shear 
term contributes a term -uw dU / dp to the energy equation. We may assume 
that much of the contribution of this term comes from the vigorous ascending 
motion within the narrow axis, where u < 0 and w < 0. The backward tilt 
of the axis means that -uw is negative. In an easterly shear, dU / dp > 0 and 
-uw dU / dp < 0, implying a sink on the perturbation energy of the wave-CISK 
mode. Vertical advection across an easterly shear ther,,fore tends to stabilize 
the mode. Conversely, in a westerly shear, dU / dp < 0 and vertical advection 
across a westerly shear tends to destabilize the mode. This vertical advection 
effect is however weaker than the horizontal advection effect. The total influ­
ence of a vertical wind shear on the grow rate can be considered to be basically 
due to the horizontal advection effect, but moderated by the vertical advection 
effect. The solid-circle curve in Figure lb indicates that although the verti­
cal advection effect significantly affects the growth rate, its influence on the 
propagation speed is negligible. 

Figures 2a, b show the growth rate and propagation speed of another 
Kelvin wave-CISK mode in a sheared mean wind. The heating profile for the 
mode is e1000 = €200 = o, Caoo = 1, €600 = 2, and €400 = 1. Without a mean 
wind, the speed of this mode is about 18 m/ s. The total mean wind effect is 
included. The stabilizing effect of a westerly shear and the destabilizing effect 
of an easterly shear is again clearly illustrated. The kink in the growth rate 
occurs at Ut = -18 m/s. A shift in the propagation speed accompanies the 
kink in the growth rate. The average gradient of the propagation speed curve 
again implies a 60 ,...., 70% effectiveness of the mean wind in Doppler shifting the 
propagation SJJeed of the wave-CISK mode. 

The longitude-height profiles of the Kelvin wave-CISK modes in vertical 
shear are shown in Figures Ja ....... j for Ut = - 35, -30, -25, -20; -15, -10, -5, 
O, 5, and 10 m/s respectively. In agreement with LLC, the overall structure 
of a mode appears to be largely characterized by its growth rate. The more 
unstable modes have a narrower longitudinal extent and exhibit stronger east­
west asymmetry. The near neutral modes (e.g., the mode for Ut = 10 m/s) 
has a nearly symmetrical structure like a free Kelvin wave package. The axis 
of ascending motion may be seen to broaden significantly when the growth rate 
becomes small. 

4. POSSIBLE RELEVANCE TO 30 ....... 60 DAY OSCILLATIONS 

In this section, we present a preliminary estimate of the effects of the 
equatorial climatological mean zonal wind on the Kelvin wave-CISK modes. 
The basic data is obtained from Newell et al. (1972). The Dec-Feb and Jun­
Aug mean winds at various pressure levels for 180° , 120° W, 60° W, 0° , 60° E, 

· and 120° E, are read off their Figure 3.9 and Figure 3.10 respectively. Least 
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square straight lines (in p-coordinate) are then fitted through the data for each 
longitude to obtain the values for U, and Ut. The growth rate of a Kelvin 
wave-CISK mode for a given Ut may then be read off Figure la or Figure 2a, 
and its propagation speed obtained by reading off the appropriate value from 
Figure lb or Figure 2b and then adjusting it with U,. This is carried out for 
all the four possible combinations for the two seasonal periods (Dec-Feb and 
Jun-Aug) and the two heating profiles represented in Figures 1 and 2. The 
four sets of results are then averaged, giving the final estimate as shown in the 
following table: 

Longitude 180 120W 60W 0 60E 120E 

Speed( m s� 1) 11.0 13.0 11.0 8.5 16.5 15.0 
Growth Rate(day-1) 0.36 0.48 0.29 0.52 0.67 0.67 

With the above estimated propagation speeds, a Kelvin wave-CISK mode would 
propagate around the equatorial belt once in every 35 ,..,,, 40 days, within the 
range of the observation period. However, we should note that the estimated 
propagation speed is highest (about 16 m/s) over the Indian Ocean and western 
Pacific Ocean. This is not supported by observations. 

The growth rate is highest over the Indian Ocean and the western Pacific 
Ocean. This is mainly due to the presence of the easterly jet in this region 
which gives rise to a strong easterly vertical shear. This regional preference 
is in good agreement with observations, where increased activity of convective 
clouds associated with the oscillations are often reported. 

5. DISCUSSIONS 

From this study, we may draw the following conclusions about the effects 
of a mean wind with a vertical shear: 

(1) A westerly shear tends to stabilize the Kelvin wave-CISK modes while an 
easterly shear tends to enhance its instability. 

(2) The propagation speed of a Kelvin wave-CISK modes is "Doppler shifted" 
by the mean wind, more effectively by the lower-level mean winds than 
the upper-level mean winds. 

(3) The Kelvin wave-CISK modes in climatological equatorial mean winds 
take about 35 ,..,, 40 days to propagate round the equatorial belt. This 
period falls within the range of the observed cycle of the 30 ,.,,, 60 days 
oscillations. However, the variation of the estimated propagation speed 
with longitude does not agree with the observed variation. 

{4) The easterly jet over the Indian and wester Pacific Ocean significantly 
enhances the growth rate of the Kelvin wave-CISK modes. Convective 
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cloud clusters associated with the oscillations are observed in this region. 
Longitudinal variation in the strength of the oscillations is often attributed 
to variations in the sea surface temperature. Our results indicate that the 
vertical shear of the mean wind may be a complementary factor. 
To attempt an interpretation of the more detailed characteristics of the 

observed 30 ,..,,, 60 day oscillations based on the Kelvin wave-CISK theory, we 
need to extend the theory in two directions. Firstly, the vertical heating profile 
has been specified in all the wave-CISK model or theoretical studies. In reality, 
the vertical heating profile probably varies with the development of a convective 
system, leading finally to a quasi-neutral mature state. This mutual adjustment 
process between the convective system and the environment is excluded by the 
basic wave-CISK formulation of our study. To extend the theory along this 
direction would require the replacement of the wave-CISK parameterization 
with some more sophisticated methods of incorporating the moist convection 
process. Secondly, our theory has been restricted to Kelvin waves alone. In the 
atmosphere, a Kelvin wave-CISK mode can be expected to excite many other 
wave modes in its eastward propagation just like a ship makes waves sailing 
through water. These excited wave motions may slightly modify the overall 
appearance of the Kelvin wave-CISK mode or may slow it down through wave­
drag effect. Furthermore, a direct coupling between the Kelvin wave-CISK 
modes and Rossby waves may also be possible through other mechanisms such 
as an Ekman-type boundary layer effects (Wang and Rui, 1989). An extension 
of the Kelvin wave-CISK theory to allow for passive excitation of (or active 
coupling with) other wave modes will probably bring out many detailed three­
dimensional features of the unstable modes for comparison with observations. 
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