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Abstract

As an extension of the ‘aqua planet’ experiments by Hayashi and Sumi (1986, HS86)}, GCM ex-
periments with various SST distributions and cumulus parameterizations are performed in order to
examine the structure of cumulus activity and iis parameter dependence. In part I, the results of the
analyses concentrating on the super clusters are described.

The super clusters, which were named by HS86, are expressed in the model as continuously moving
precipitating areas of the grid scale. The associated circulation structure can be explained in terms
of the wave-CISK dynamics of Kelvin waves. The super clusters become more active when a warmer
- 88T is used. On the other hand, the 30 day oscillation, that is an eastward-moving planetary scale
structure, is more distinct when a colder SST is used.

The behavior of cumulus activity is highly sensitive to the choice of cumulus parameterization.
When the moist convective adjustment scheme is used instead of Kuo’s {1974) scheme, the eastward-

moving structure of the grid scale is no longer observed at the equator. However, the planetary scale
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structure still clearly appears in the experiment with the moist convective adjustment scheme.

1. Introduction

1.1 The experiments of Hayashi and Sumi (1986}
Recently, a number of experiments with general
circulation models (GCMs) were performed in order
to reveal the relationship between tropical circula-
tion and cumulus activity. Among others, the re-
sults of Hayashi and Sumi {1986, called H386 here-
after) are very informative for the purpose of reveal-
ing systematic behaviors of cumulus activity. Their
GCM experiments were carried out under simple
and idealistic conditions in order to separate the es-
sential dynamics from the complexity caused by the
boundary conditions of the real world. The condi-
tion they used is that the whole earth surface is cov-
ered by the ‘ocean’, which means a completely wet
surface with a prescribed temperature distribution.
The sea surface temperature (SST) is specified to
be uniform with longitude and symmetric between
the hemispheres. The cumulus activity in the GCM
is expressed on each grid point in terms of a mois-
ture sink, ¢.e., precipitation, latent heat source, and
vertical redistribution of moisture and sensible heat.
The amount of precipitation can be regarded as an
index of cumulus activity in the model tropics.
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Concentrating on the time-space distribution of
precipitation in the tropics, the results of HS86 are
summarized as follows:

(1) The latitudinal distribution of the time-
averaged precipitation has two peaks at
around 10 degrees of the both hemispheres,
although the prescribed SST distribution
has only one peak at the equator.

(2) There are several precipitating areas on the
synoptic scale! at the équator. They move
continuously eastward and travel around
the equatorial circle in about 30 days.

(3) Such precipitating areas are not dis-
tributed uniformly in the longitudinal di-
rection. There is a modulation of precipita-
tion amount by planetary scale structures,
especially a structure of wavenumber one.
This modulation structure also moves east-
ward at the same speed as individual pre-
cipitating areas. In the field of zonal wind,

IThe term ‘synoptic scale’ may be rather ambiguous. Here
we use this term as referring to the scale which is one order
smaller than the ‘planetary scale’ that is comparable to the
entire latitudinal circle.
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there appears the more significant signal of
wavenumber one.

There seem to exist certain phenomena in the
real atmosphere corresponding to the three features
listed above. We will refer to the first feature as
‘double ITCZs’ (inter tropical convergence zones).
In the real world, the ITCZ, which is characterized
by large low-level convergence and high cumulus ac-
tivity, is rarely located at the equator. It usually
exists off the equator, and sometimes two ITCZs co-
exist on the both sides of the equator (Hubert et al.,
1969).

The second feature, that is, the synoptic scale
precipitating avea moving eastward continuously at
‘the equator is called a ‘super cluster’ by HS86. In
the real atmosphere, eastward movement of cloud
regions on the synoptic scale has been recognized
{Nakazawa, 1988; Hayashi and Nakazawa, 1989).
Nakazawa (1988), for instance, found eastward-
moving signals with the scale of about 3000 ki from

OLR {outgoing longwave radiation) data. Since the '

guper clusters in HS86's model seem to correspond
to those phenomena in the real tropics, the cloud re-
gions observed in the real atmosphere are also called
‘super clusters’ or ‘super cloud clusters’.

HS86 regarded the third feature as the model
counterpart of the 30 to 60 day oscillation or
the Madden-Julian oscillation (Madden and Julian,
1972, referred to as MJ oscillation hereafter) in
the tropical atmosphere. The structure of the cir-
culation simulated in the model is in good agree-
ment with the structure of the MJ oscillation (e.g.,
Murakami et al., 1984).

These results indicate that a hierarchical struc-
ture of cumulus activity forms spontaneously in the
tropical atmosphere even if the boundary conditions
are uniform. Super clusters exist as a fine structure
inside of the MJ oscillation. In the real tropics, there
are so-called cloud clusters inside of the super clus-
ters (Nakazawsa, 1988), although they are out of the
resolution limit and cannot be realized in the model.

1.2 Questionable points in H580°s results

From the results surmunarized above, it may be
said that HS86 succeeded in describing some basic
features of cumulus activity coupled with large scale
dynamics. However, there remain some questionable
points.

The first point is the disagreement with other
GCM studies. Several ‘aqua planet’ type GCM ex-
perimenis have been performed since HS88, and the
results are not in accord with each other (Lau et
al., 1988; Swinbank et al, 1988; Tokioka et al.,
1988). Lau el al. (1388) obtained a planetary scale
structure which moves easiward with a pericd of
about 30 days. However, the zonal mean precipi-
tation pattern has a single peak at the equator: A
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double ITCZ structure does not appear in their re-
sult. Moreover, continuous movement of synoptic
scale disturbances cannot be found in the sequence
of precipitation. Swinbank et al (1988) also suc-
ceeded in simulating an eastward-moving planetary
scale disturbance which has a period of around 30
days. Their results show a double ITCZ structure.
However, they did not describe the existence of su-
per clusters. In the experiments of Tokicka et al.
(1988), an eastward-moving structure of planetary
scale with a 30 to 40 day period also emerges, but we
cannot see the double ITCZ structure in their results -
(Ose et al., 1989). From a comparison among these
results, it can be said that all the GCM experiments
commonly suceeed in simulating the MJ oscillation.
For the double ITCZ structure, the results diverge
from each other. Moreover, there are no other GCM
studies than HS86 in which the existence of super
clusters is clearly pointed out. As is often stated in
the literature, the present status of GOCMs is far from
perfect. Especially, the adequacy of the parameteri-
wation of cumulus convection is highly questionable.
In the GCM experiments listed above, different pa-
rameterizations of cumulus convection are used. 1%
may be possible that the variety of these results is
caused by the difference of parameterization.

The second peint is the limitation of the model
resolution. The horizontal scale of super clusters
approximately corresponds to the smallest resolv-
able scale in the model of IIS86. Therefore, it is
rather questionable whether the super cluster in the
model is a physically meaningful structure or not.

The third point is the incorpleteness of descrip-
tion. There is a remarkable feature of cumulus activ-
ity in the actual tropics which HS86 never referred
ta. That is the easterly wave disturbance, which
is a wavy disturbance of 1000 km scale that moves
westward through the non-equatorial ITCZ regions
(Reed and Recker, 1971).

1.3 Theoretical concepts of interaction of cumulus
and lorge scale circulations, and their applica-
tion to tropicel disturbances

In this paper, with these questionable points in
mind, we will reproduce H336’s experiments and de-
scribe the structures of precipitation and assoclated
circulations. Before describing the results, we will
briefly summarize some important concepts of gen-
eration and maintenance of combined structures of
cuinulus activity and large scale circulations in order
to avoid confusion in the later description.

In general, some sort of energy supply is necessary
for generation and maintenance of finite amplitude
disturbances against dissipative processes. In the
tropics, energy supply to disturbances through heat-
ing associated with latent heat release is important.
The existence of disturbances affects the distribu-
tion of heating by some processes. When the distri-
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bution of heating works in the sense of reinforcing
the pre-existing disturbances, a self-sustained dis-
turbance may exist. Note that the correlation be-
tween the distributions of heating and temperature
must be positive for the disturbances to be rein-
foreed. '

The heating associated with latent heat release is
mainly achieved in the form of cumuli by the ascent
and condensation of moist air originated from the
boundary layer. Fluctuations of heating are caused
by fluctuations of facility for cumuli to emerge and
fluctuations of energy (moist static energy) con-
tained in the air at the boundary layer to be supplied
to cumuli.

A typical process associated with large scale dis-
turbances which modifies the facility for cumuli to
emerge is the existence of upward motion, It is gen-
erally believed that the stratification of the tropical
atmosphere is conditionally unstable. However, this
instability is potential: Development of cumuli is
suppressed by the existence of a stable layer at the
top of the boundary layer and/or by the dryness of
the free atmosphere. Existence of upward motion in
the lower levels may relax the suppression and cu-
muli may develop. This upward motion also causes
moisture convergence and brings a further suitable
condition for the endurance of cumulus activity. A
large scale disturbance can be intensified, when the
modification of the distribution of heating with up-
ward motion associated with the disturbance occurs
consistently. This mechanism of intensification is
usually called ‘CISK’ {conditional instability of sec-
ond kind}.

Suppose that there is a vortex which has a warm
core in the middle layer. In the lower layer, the
pressure of the center is low and there is an up-
ward motion caused by frictional convergence. In
this case, the disturbance will grow if the heating
is intensified by this upward motion. This mecha-
nism is proposed as an explanation of development
and maintenance of vortex-like disturbances such as
hurricanes (Charney and Eliassen, 1964). When a
wave-like disturbance is present, there is also a pos-
sibility of intensification by frictional convergence.
Wang (1988) pointed out that, in the case of an
equatorial Kelvin wave, there is an area of frictional
convergence to the east of the upward motion. He
showed that the Kelvin wave is unstable in a linear
theory if the enhancement of heating by this fric-
tional convergence is incorporated. In this paper,
we will use the term ‘frictional CISK’ in referring to
the process in which disturbances, whether vortices
or waves, are intensified through frictional conver-
gence in the boundary layer.

As for wave-like large scale disturbances, the
CISK mechanism can be considered even if the fric-
tional effect is neglected, because of the existence of
intrinsic vertical motion associated with them. This
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intensification mechanism is proposed as an explana-
tion of tropical wave disturbances and called ‘wave-
CISK’. Hayashi (1970) and Lindzen {1974) showed
that, when the heating at all levels is assumed to be
proportional to upward motion at a certain height
(especially at a low level), the wave may be unsta-
ble in a linear sense. Here, this assumption is called
‘wave-CISK parameterization’. As emphasized be-
fore, the phase relationship that the correlation be-
tween temperature and heating is positive must be
maintained in growing disturbances, However, if we
simply assume that the heating is proportional to
upward motion at each level, the resuliant modes
are only non-propagating convective motions or neu-
tral waves with ‘reduced gravity effect’ (Gill, 1982).
The heating never intensifies propagating waves be-
cause the phases of upward motion and temperature
are in quadrature (Bolton, 1980). If the wave-CISK
parameterization is used, on the other hand, propa-
gating unstable modes are enabled by a shift of the
phases caused by a slant of phase structure of the
wave in the longitudinal-vertical plane. It can be
interpreted that the unstable modes are formed by
the coupling of two neutral vertical modes {Chang
and Lim, 1988). In this paper, we will use the term
‘wave-CISK’® in referring to the process that intensi-
fies wave disturbances through the coupling between
vertical motion of wave and cumulus activity, which
is typically represented by the wave-CISK parame-
terization.

A typical process associated with large scale dis-
turbance which modiftes the energy contained in the
air at the boundary layer is a change of surface en-
ergy fluxes. The latent heat flux due to surface evap-
oration is dominant in surface energy fluxes in the
tropical oceanic region. Evaporation rate from the
sea surface, which is given by Eq. (1), is large when
the surface wind speed is large.

E = pCplv|(¢" — qa), (1)

whete p is air density, Cp bulk coefficient, |v| wind
speed near the surface, ¢* saturation specific humid-
ity at the surface, and g, is specific humidity of air
near the surface. When a large scale disturbance ex-
ists, it modifies the evaporation rate through change
of surface wind speed, and accordingly modifies the
energy contained in the air at the boundary layer.
The disturbance can be intensified through the re-
sultant modification of heating. Suppose that there
is a vortex with a warm core over the ocean. The
wind blows strongly near the center of the vortex
and the moisture supply is large near the center.
The disturbance will be intensified if the modifi-
cation of heating effectively increases the temper-
ature of the warm core. This process is consid-
ered to be important for intensification and main-
tenance of hurricanes {Emanuel, 1986). Emanuel
(1987) and Neelin ¢! el (1987) also showed that
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this process allows the existence of linearly unsta-
ble eastward-propagating waves in the equatorial re-
gion. In the presence of mean easterly wind, the
surface wind speed is large in the warm easterly re-
gion to the east of the upward motion, while it is
small in the cool westerly region to the west. Thus
large evaporation and hence large heating occurs in
the warm sector. In this paper, we will use the term
‘evaporation—wind feedback’ in referring to such a
process, whether in regard to vortices or waves.

Some recent studies (e.g., Xu and Emanuel, 1989)
pointed out that the stratification in the tropical at-
mosphere is very close to the moist neutral strati-
fication if the effect of loading water condensate is
taken into account. If the stratification is exactly
restricted to the moist adiabat everywhere, the ther-
mal structure of the atmosphere is completely deter-
mined by the thermal state of the boundary layer
air. In this case, temperature change will be caused
only by the change of energy contained in the air of
boundary layer and never be caused by the change
of the facility of emergence of cumuli. No CISK
(frictional CISK and wave-CISK) mechanisms can
work in such a situation. With these assumptions
for the stratification, Emanuel (1987) emphasized
the importance of an mtensification mechanism of
disturbance through the change of the energy con-
tained in the air of the boundary layer, especially
evaporation—wind feedback. However, it has never
been discussed quantitatively to what extent the
stratification should follow the moist adiabat in or-
der fo accept the argument of Emanuel (1987) and
to reject the possibility of CISK.

1.4 Aim of this paper

As stated before, there are some observational
studies that suggest the existence of a hierarchical
structure composed of super clusters and the MJ os-
cillation. On the other hand, no model studies other
than HS86%s clearly show such a hierarchical struce-
ture. In this paper, in order to get more detailed
information on the hierarchical structure obtained
by H386, we will reproduce HS86’s experiments and
describe the structures of disturbances in the model.

The most remarkable result of HS86's experiments
is the presence of super clusters as a fine structure

inside the MJ oscillation. Formerly, there were few -

studies that indicated the existence of such features
in the real atmosphere (Zangvil, 1975). It was only
recently that the existence of super clusters came
to public notice. Thus, the number of correspond-
ing theoretical studies is very small. Lau and Peng
(1987) showed an eastward movement of synoptic
scale precipitating areas using a rather simple non-
linear wave-CISK model. In their model, however,
only one precipitating area exists at the center of the
planetary scale circulation, which differs from the
planetary scale modulation of multiple super clus-
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ters shown in HS86. As a dynamical description of
the super clusters, HS86 considered that the super
cluster in their model is a mode in which a Kelvin
wave and a Rossby wave are coupled through cu-
mulus heating. However, the actual feature is not
clear because they did not analyze their results in
this context.

Bearing these situation in mind, the results of the
madel experiments, which are the extended version
of HS586’s, are analyzed in Part I of this paper, con-
centrating on the synoptic scale structures around
the equator. The results concerning the planetary
scale structures and the structures off the equator
will be described in Part IT (Numaguti and Hayashi,
1991}. The description of the model and the exper-
iments will be presented in Section 2. In Section 3,
behavior of precipitating areas will be described and
the characteristics indicated by HS86 will be con-
firmed. The parameter dependence of the behaviors
will be also described. We will examine the struc-
ture of the circulations accompanied by the precipi-
tating areas, with the aid of the composite method.
The results will be described in Section 4. Another
experiment using the moist convective adjustment
scheme instead of Kuo’s scheme is performed to de-
termine the dependence on cumulus parameteriza-
tion. The results will be presented in Section 5, and
compared with the results in Sections 3 and 4. Dis-
cussion on the results is presented in Section 6. The
Appendix describes a simple linear model which ex-
plains the structures of circulations associated with
super clusters.

2. The model and experiments

The model used in this study is a global spectral
model originally developed by the Japan Meteoro-
logical Agency (Kanamitsu et al, 1983), which is
virtually the same model used by HS86. The hor-
izontal resolution is triangular 42 and the physical
processes are calculated at grid points located at
approximately every 2.8 degrees. The model has 12
levels in the vertical direction. There are 4 levels in
the planetary boundary layer, while there are only
two levels in the stratosphere. The parameterization
of the radiative process is based on Katayama (1972)
and calculated every 3 hours. The cloud amount
is diagnosed through relative humidity. A simple
vertical diffusivity estimated from bulk Richardson
number is utilized for the parameterization of the
boundary layer processes.

Since the parameterization of cumulus convection
is essential for the purpose of this study, we will de-
scribe them rather in detail. In the first three exper-
iments (see Table 1), the parameterization of Kuo
(1974), which is the same as HS86 used, is adopted.
The essentials of the parameterization are as fol-
lows. Heating and redistribution of moisture, which
are proportional to moisture convergence /, occur in
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Table 1. The setup of the experiments

Exp. | 88T | cumulus parameterization
K1 | standard(HS86) | Kuo (1974)
K2 | +2K Kuo (1974)
K3 | —2K Kuo (1974)

Al standard

the cloud layer when the following three conditions
are satisfied.

* A moist unstable layer exists beyond the plan-
etary boundary layer.

¢ The moisture convergence integrated in the
cloud layer I is positive.

e The averaged relative humidity in the cloud
layer is larger than a certain critical value re.

Here, the lower boundary of the cloud layer is de-
fined as the lowest level of the moist unstable layer
beyond the planetary boundary layer. The upper
bound of the cloud layer is defined as the level
where a saturated parcel, which moves up moist-
adtabatically from the lower boundary, loses its
buoyancy. The vertical distribution of heating is es-
timated to be proportional to the difference of tem-
perature between this parcel and the environment.
The vertical distribution of moistening is also esti-
mated to be propoertional to the difference of specific
humidity. The effect of entrainment is not accounted
in the calculation of temperature and humidity of
the parcel. The value of 0.9 is adopted as ro. The 8
value, which is the ratio of moisture to be used for
moistening to converged moisture, is formulated as
a function of vertically averaged relative humidity
7. It is 1 for 7<0.9, 0 for 7>0.91, and is linearly
dependent on 7 beiween.

In the other experiment, the moist convective ad-
justment scheme (Manabe et al., 1965) is adopted as
the cumulus parameterization. In this parameteri-
zation, the stratification is adjusted to be neutral to
moist adiabatic processes instantaneously whenever
the following two conditions are satisfied.

* A moist unstable layer exists.

o The relative humidity in the cloud layer is larger
than a certain critical value rg.

In this scheme, the cloud layer is defined as the moist
unstable layer. When the upper layer becomes un-
stable through the adjustment of the lower layer,
the scheme is applied iteratively. The value of 1.0
is adopted as r{;. The moist convective adjustment
scheme does not require moisture convergence ex-
plicitly.

moist convective adjustment

300

-0 —-80 -30 O 30 60 90
latitude

Fig. 1. Distributions of the ses surface tem-
perature (SST)} used in the experiments
{(Unit; K). Solid line; standard experiment
K1 and moist convective adjustment ex-
periment Al. Broken line; high SST ex-
periment K2. Dotted line; low S8T exper-
iment K3.

2.2 Setup of experiments

Four series of time integrations are performed.
The basic parameters of the experiments are the
same as HS86. The whole surface is covered with
an ‘ocean’, in which the value of 88T is prescribed
as a function of latitude only and completely wetted.
The surface albedo is taken to be longitudinally uni-
form. The location of the sun is fixed at the equinox
and no seasonal variation is allowed, though the di-
urnal variation is included.

The setup of the experiments is summarized in
Table 1. The SST distributions are shown in Fig.
1. They are hemispherically symmetric and zonally
uniform with a peak at the equator. The SST distri-
bution for the standard experiment (K1) is the same
as HS86’s. The SST is increased by 2K everywhere
in experiment K2, whereas the SST is decreased by
2K everywhere in experiment K3. Experiment Al is
the same as experiment K1 except for the difference
of cumulus parameterization.

The time integration is performed in the following
way. T'he spin-up run is performed for 150 days in
the condition of K1 using the zonal mean of the final
result of HS86 as the initial condition. The result
of the spin-up run is used as the initial condition
for each experiment. In each experiment, the model
is integrated for 120 days, and the data of last 60
days are used for analyses. We refer to the first day
of this period of analyses as ‘day 0°. The data is
sampled every 6 hours. In the following analyses,
the original model vertical coordinate o (=p/p,, p is
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Fig. 2. Latitudinal distributions of time and

zonal mean precipitation (Unit; mm/day).

Solid line; standard experiment K1, Bro-

ken line; high SST experiment K2. Doited
line; low SST experiment K3.

pressure, p, is surface pressure) is utilized instead of
the conventional pressure coordinate.

3. Distribution of precipitation

In this section, some important characteristic fea-
tures of the distribution of precipitation in the ex-
periments with Kuo’s cumulus parameterization (K1
~K3) are described.

8.1 Letitudinal distribution of precipitation

In Fig. 2, the latitudinal distributions of precipi-
tation averaged by time and longitude are shown for
the three experiments. The result of the standard
experiment K1 displays a double ITCZ structure
which has two peaks around 10 degrees latitudes,
as stated in HS586. The double ITCZ structure ex-
ists in all experiments regardless of the value of SST.
Comparing the results of the three experiments, the
peak value is the larger with the higher SST. Note
that the precipitation amount at the equator is ap-
proximately the same in the three experiments.

3.2 Longitude-time distribution of precipitation at
the eguator

Figure 3 shows the longitude—time section of pre-
cipitation within a latitudinal band of 6 degree
width centered at the equator. The resulis of the
standard experiment K1 reproduce the HS586’s re-
sults (see Fig. 2 in HS86), which are characterized
by the continuous eastward movement of the synop-
tic scale precipitating areas and their modulation on
a planetary scale. It takes about 38 days to encir-
cle the equator both for the synoptic scale structure
and the planetary scale structure, which means the
speed of movement is about 12m/s.

Here we have to note that the longitudinal scale of
the synopti¢ scale precipitating area is smaller than
that described by HS86, The reason is the differ-
ence in the sampling time. HS86 used the 12hour
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Fig. 3. Longitude—time distributions of pre-
cipitation at the egquator. Contours in-
dicate 2mm/day and areas of over 10
mm/day are shaded. (a) Standard experi-
ment K1, (b) high 88T experiment K2, (c)
low 35T experiment K3.

cumulative precipitation value, while we used the
Ghour cumulative value. IS86 overestimated the
longitudinal scale of the moving areas. An exam-
ination of the values at every model time step shows
that the precipitation occurs within I to 3 grid
points (ot shown in figures). This corresponds to
the smallest resolvable scale in the spectral model.
The super clusters in the model are expressed as
continuously moving precipitating areas on the grid
scale. On the other hand, the scale of super clusters
in the real atmosphere is estimated to be about 3000
km from OLR data {(Nakazawa, 1988). The corre-
spondence of the horizontal scale between the super
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clusters in the model and those in the nature is not
so good as that stated by HS86. Thus, in order to
avoid confusion, we use the word ‘grid scale® pre-
cipitating area’ rather than ‘super cluster’ when we
describe the results of the model afterwards. Simi-
larly, we use the word ‘planetary scale {modulation)
structure’ instead of ‘MJ oscillation’. Another dif-
ference between our resulis and HS86’s is that the
planetary scale structure in our Fig. 3a is not so clear
as in HS86’s figure. Examination of the result of
the long time range integration (not shown) suggests
that the amplitude of the planetary scale structure
fluctuates considerably.

For the high SST experiment K2, the grid scale
precipitating areas exist more clearly and move more
continuously than in K1. The number of precipitat-
ing area within the equatorial belt is larger in K2
than in K1. On the other hand, the planetary scale
modulation structure is hardly seen. It takes about
35 days to encircle the equator, that is, the speed of
movement, is about 13 m/s.

The results of the low SST experiment K3 are
opposite in nature to K2. The grid scale eastward-
moving precipitating area becomes rather unclear,
whereas the planetary scale structure, especially
the structure of wavenumber 1 to 2, becomes more
prominent than-in K1, The grid scale precipitating
areas are concentrated in the region with the longi-
tudinal extent of 10000 km (for example, 60 degrees
to 180 degrees at day 20 in Fig. 3¢). To the west of
the region of intense precipitation, regions of rather
weak and irregular precipitation exist (for example,
0 degrees to 60 degrees longitude at day 20). Tt takes
about 47 days to encircle the equator, that is, the
speed of movement is about 10 m/s.

In all experiments, the difference in speed be-
tween the grid scale structure and the planetary
scale structure is not recognized. Note that the
speed of eastward movement increases as SST in-
creases.

4. Analyses of the circulation structures as-
sociated with the precipitating areas

In this section, the structure of circulations asso-
ciated with the precipitating areas is examined by
the use of composite analyses, to discuss the behav-
ior of precipitating areas described in the previous
section.

4.1 Structure of mean fields

Figure 4a is the distribution of the zonal mean ver-
tical motion field in experiment K1. Corresponding
to the maximum of precipitation, the maximum of
upward motion is located off the equator. There is

2This words only express that the scale is nearly the small-
est resolvable scale in our model. We do not explore whether
the structure on the grid scale still appears if the resolution
of the model is increased. :
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Fig. 4. Zonal and time mean distributions of
the circulation field in experiment K1. The
plots on the right side indicate the values
at the equator and 10 degrees latitude. (a)
Vertical p-velocity [w]. The contour inter-
val is 0.2 mb/hr and areas of upward mo-
tion are shaded. (b} Meridional stream
function [3]. The contour interval is 0.02
m/s and negative areas are shaded. Defi-
nition of 1] is

_ 1oW] oul

[]_ha By = 8o
{(c) Zonal wind [u]. The contour interval is

3m/s and negative areas are shaded,

a weak downward motion at the equator centered
around 300 mb. Figure 4b shows the stream fune-
tion of the meridional circulation. An ‘indirect’ cir~
culation exists in the equatorial upper troposphere.
The mean zonal wind field has a strong easterly jet
around the equator as shown in Fig. 4c.

This peak value of —13 m/s is approximately the
same as that realized by an air parcel which is
initially placed at rest at 10 degree latitude and
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Fig. 5. Vertical structures of time and zonal
mean temperature field at the equator in
experiment K1 (Unit; K). Solid line; po-
tential temperature. Broken hine; equiva-
lent potential temperature. Dotted line;
saturated equivalent potential tempera-
ture.

maoves to the equator with its angular momentum
conserved. The absolute vorticity in the upper
troposphere is almost zero around the tropical re-
gion within 10 degree latitudes of both hemisphere.
Actually, when the upward motion is concentrased
at a certain latitude and the transport of angular
momentum is assumed to be dominated by the mean
meridional circulation, the zonally averaged angu-
lar momentum in the tropical upper troposphere is
expected to have approximately the same value as
that of the planetary angular momentum at the lat-
tude of the upward motion (Held and Hou, 1980).
The zonally averaged angular momentum (4] is ex-
pressed as:

[M] = Qa? cos® ¢ + [ulacosy (2)

where u is the zonal velocity, ¢ the latitude, € the
angular velocity of the rotation of the earth and o
is the radius of the earth. [ | represents the zonal
mean whereas ( )* represents the deviation from
zonal mean: This convention is also used in the title
of the figures. Since the following refationship holds
between the zonally averaged angular momentum
and absolute vorticity (f + [¢]), the latter will be
zero if the former is uniform in latitude.

1 8[M) 8
alcosy Bp a.cos ¢ O (lu] cos )
=-(f+ih, @

The fact that the mean vorticity field of the lower
troposphere is greatly different from that of the up-
per troposphere will have considerable influence on
the structure of disturbances.

Figure 5 shows the vertical stratification at the
equator. It agrees with the standard stratification
of the real tropics (Yanai et al, 1973}, in the sense
that the lower layers are potentially unstable and
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Fig. 6. Vertical distributions of static stability
N? at the equator of time and zonal mean
(Unit; s~2). Solid line; standard exper-
iment 1. Broken line; high SST experi-
ment K2. Dotted line; low SST experiment
K3.

the upper layers are stable for moist process. The
vertical stratification at 10 degrees latitude is qual-
itatively the same as that at the equator.

The structure of mean ficlds is basically the same
among the three experiments K1~K3, although
there are some quantitative differences. The higher
SST results in stronger meridional circulation and
a more significant ITCZ. The experiment with the
higher SST' also results in a more stable stratifica-
tion (Fig.6). These results correspond to the fact
that the moist adiabatic lapse rate is small when
the temperature is high and consequently the atmo-
sphere is moister. They suggest that the tropical
stratification in the model is governed by the moist
adiabatic process.

4.2 The composile technique

1t is considered that various ‘noises’ {disturbances
which have no direct relationship with the strue-
ture concerned) are siperimposed on the circulation
field. The composite analysis using precipitation as
a key is performed to exclude the noises and extract
the common festure associated with the precipitat-
ing areas. The procedure is as follows.

Firstly, a reference latitude is chosen. Then we
select the longitudes of precipitation peaks around
the reference latitude from the data at each sampling
time in the following way.

1. Apply longitudinally moving average with a
rectangular averaging area.

2. Then the longitudes of peaks are selected by the
following criteria:

e The amount of precipitation at the longi-
. tude is above a certain critical value.

e The amount of precipitation at the longi-
tude is maximum among those at the grid
points within a certain longitudinal extent
centered there.
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Fig. 7. Precipitation peaks in experiment K1
picked up from Fig. 3a.

The moving average is applied because a reduction
of noise is expected. We chose the averaging area as
1500 km square, the critical precipitation amount as
2.5 mm/6hr and the longitudinal extent of scanning
for the peak as 4000 km. Figure 7 shows the result
for experiment K1 with the reference latitude at the
equator. Note that the peaks in this definition do
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not necessarily mean the peaks in the horizontal
plane or longitude-time section. After picking up
the longitudes of the peaks, the data of various cir-
culation fields are longitudinally shifted so that each
longitude of the peak comes to 180 degrees, and are
averaged. This is the composite with the reference
to the precipitation peaks at the reference latitude.

4.3 Structure of circuletion associated with the
eastward-moving grid scale precipitating areas at
the equator

In this subsection, the composite structure with
reference to individual precipitating areas at the
equator is examined. The composite is considered
to reflect the structure associated with the eastward-
moving grid scale precipitating areas. The charac-
teristic feature of the composited figures described
below can also be recognized in the figures of fields
around a precipitating area at each instant. We
mainly describe the composite structure for experi-
ment K2, which shows the clearest eastward move-
ment of grid scale precipitation.

Figure 8a shows the composite of precipitation.

The spatial extent of precipitation appears to be

8(e
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b
h—
~ 0.
o
':_>0.
2o,
1. [iiiiyzesgtsaomepaioreszooptill el
L) 150 180 210 0 10
longitude i80
B(d)
0.0,
b0.2
= 0.4_
@« .
>0.5‘.
Lo.s
1.0

150 180 210
longitude

Fig. 8. Composite structures with reference to precipitation peaks at the equator in experiment K2. (a)
Horizontal distribution of precipitation. The contour interval is 4 mm/day and areas of over 2 mm/day
are shaded. (b) Longitude-height section of temperature (contour) and wind vectors at the equator.
Zonal means are subtracted for temperature and zonat wind. The contour interval is 0.2K and negative
areas are shaded. Plot on the right side is the vertical distribution of vertical p-velocity w (Unit; mb/hr)
at the precipitation peak (180 degrees longitude in the figure). {c) Longitude-height section of heating
by cumulus (contour) and wind vectors at the equator. Zonal mean is subtracted for zonal wind. The
contour interval is 2K /day and areas of over 1K /day are shaded. Plot on the right side is the vertical
distribution of heating (Unit; K/day) at the precipitation peak. (d) longitude-height section of relative
humidity (contour) and wind vectors at the equator. Zonal mean is subtracted for zonal wind. The
contour interval is 10% and areas of over 90 % are shaded. In each figure, the unit vectors shown at
the left side bottom represent 5 m/s and 5 mb/hr respectively.
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about 2000 km both in longitude and latitude. The
amount of precipitation off the equator is large.
There are areas of suppressed precipitation adjacent
to the precipitating area. Figures 8b-8d represent
the longitude-height sections of composite circula-
tion. Note that the temperature and zonal wind
of these figures are the deviations from the zonal
mean. There is an intense updraft over the precipi-
tation peak. The center of the low level convergence
is located at about 500 ki east of the precipitation
peak, and the center of the upper level divergence is
located rather west of the peak. The upward motion
ranges from the convergence to the divergence and
its axis is slanted westward. It is noteworthy that
there is a rather intense localized downdraft at the
800 mb level about 1000 ki west of the precipitation
peak. On the other hand, no significant downdraft
exists at that level to the east of the peak. Further-
more, there is a remarkably strong westerly wind
below the 900 mb level over the precipitation peak.
The corresponding easterly wind to the east of the
peak is not so strong.

The field of temperature also shows a slantwise
and asymmetric structure. In the levels higher than
500 mb, the region of positive temperature deviation
exists to the east and region of negative deviation
to the west. In the level around 700 mb, there is a
low temperature region over the precipitation peak.
On the whole, there is a high temperature region
to the east of updraft and low temperature region
to the west, which is consistent with the eastward
propagation of the structure if the adiabatic cooling
is assumed to be larger than the heating by cumulus.
The existence of a high temperature region to the
west of the aforementioned localized downdraft is
also consistent with the propagation. There seems
to be a certain structure over the tropopause, but
we will not mention it here, because the resolution
is not sufficient and the structure suffers from the
upper boundary problem.

The field of heating by cumulus (Fig. 8c) has no
slantwise structure. The peak of the heating is
located around 550 mb, and the vertical profile of
heating does not depend on the longitude. The rel-
ative humidity field (Fig. 8d} shows that the area
around 700 mb level where the value is over 90% is
restricted to the region over the precipitating area.
At the upper level, the relative humidity to the west
of the precipitating area is rather high. Around
800mb level about 1000km west of the precipita-
tion peak, an abrupt decrease of relative humidity
is seen. The dry alr seems to flow down into this
region through the localized downdraft.

Figures 9a—8b represent the horizontal structures
of the circulation. They show the height field
Z{o) + g7 *RT Inp, which is the approximation of
z(p), and the wind field at ¢ surfaces. In the upper
level (Fig. 9b), the structure represents the charac-
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Fig. 9. Longitude-latitude sections of height
field equivalent to the field at a constant p
surface Z(e) + g~ *RT Inp, (contour) and
wind vectors in composite with reference
to precipitation peaks at the equator in ex-
periment K2. Zonal means are subtracted
for all quantities. The contour interval is
1m and negative areas are shaded. The
unit vectors shown at the left side bottom
represent 5 m/s for both directions. (a) ¢
=0.95 (about 950 mb), (b) o=0.29 (about
290 mb).

teristics of a Kelvin wave, i.e., the dominance of
zonal wind, and the correspondence between east-
erly (westerly} wind and low (high) pressure. How-
ever, the amplitude of meridional wind is rather
large near the precipitation peak and the outflow
seems to be isotropic. These structures extend to
about 10 degree latitudes. In the lower level (Fig.
9a), the structure to the east of the precipitation
peak is not so different from that of the upper layer,
while the structure to the west of the peak looks dif-
ferent, from that of the upper level. An intense and
localized westerly wind appears and the horizontal
scale of structure is smaller than that of the upper
layer. This structure to the west of the peak is quite
different from the Rossby type response which ap-
pears in the linear steady response to a heat source
(Gill, 1980). From these figures, the importance of
a Rossby-wave-like response, which HS86 and Chao
(1987) stated, can hardly be recognized.

Figure 10a shows the composite distribution of
convergence and horizontal wind in the atmospheric
boundary layer around 995 mb. The maximum of
convergence is located at about 500 km east of the
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Fig. 10. Horizontal distributions of divergence
and evaporation in composite with refer-
ence to precipitation peaks at the equator
in experiment K2. (a) Divergence (con-
tour) and wind vectors at ¢==0.995 (about
995 mb). Zonal means are subtracted for
all quantities. The contour interval is 1 x
107% ™! and negative {convergence) areas
are shaded. The unit vectors shown at the
left side bottom represent 2.5 m/s for both
directions. (b) Evaporation from surface.
Zonal mean is subtracted. The contour in-
terval is 5 W/m? (corresponds to about 0.2
mm/day precipitation) and negative areas
are shaded.

precipitation peak. This maximum seems to be
mainly contributed by the zonal convergence caused
by the localized westerly wind. The meridional fric-
tional convergence suggested by Wang (1988) does
not seem to be significant. The composite distri-
bution of evaporation (Fig. 10b) expresses the ten-
dency that the evaporation is higher to the east of
the precipitation peak, although this tendency is not
so significant. The local maximum of evaporation is
located to the west of the precipitation peak, corre-
sponding to the strong westerly.

4.4 Comparison among three experiments

The composite structure of temperature, wind
and cumulus heating fields with reference to precip-
itation peaks al the equator of experiments K1 and
K3 generally look similar to the structure of experi-
ment K2 (Fig. 8). In the vertical profiles of heating
there are no significant differences among the three
experiments (Fig. 11). However, several characteris-
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Fig. 11. Longitude-height section of cumulus
heating (contour) and wind vectors at the
equator in composite with reference to -
precipitation peaks af the equator in ex-
periment K3. Zonal mean is subtracted
for zonal wind. The contour interval is
2K /day and areas of over 1K/day are
shaded. Plot on the right side is the ver-
tical distribution of heating (Unit; K/day)
at the precipitation peak. The unit vectors
shown at the left side bottom represent 5
m/s and 5 mb/hr respectively.

tic features which appeared in the K2 composite are
not so clear in experiment K3, where the coherence
of the motion of the areas is not so good. Those
are the slantwise phase, the localized downdraft to
the west of the precipitation peak and the intense
westerly wind near the surface around the peak. On
the other hand, there is a region of distinct high
temperature and corresponding easterly wind in the
low levels to the east of the precipitating area. Note
that the wavenumber one structure is dominant in
the fields of experiment K3, and the composite may
be influenced by such a planetary scale structure.

5. Experiment with moist convective adjust-
ment

In this section, the results of the experiment us-
ing the moist convective adjustment scheme as the
cumulus parameterization (Al) are described and
compared with the results using Kuo’s scheme (Sec-
tions 3 and 4).

5.1 Latitudinal distribution of precipitation

The latitudinal distribution of zonal and time
mean precipitation is shown in Fig. 12. The dou-
ble ITCZ structure observed in the experiments
with Kuo's parameterization {K1~K3) is not sig-
nificant in experiment Al. Although there are small
peaks at 8 degrees latitudes in both hemispheres, the
amount of precipitation is almost uniform from 10
degrees north to 10 degrees south. The precipitation
amount at the equator in experiment Al is larger
than that in experiments K1~K3, whereas the pre-
cipitation amount averaged over the entire tropical
region shows no significant difference between Kl
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Fig. 12. Latitudinal distributions of time and
zonal mean precipitation (Unit; mm/day).
Solid line; standard experiment K1. Bro-
ken line; experiment with moist convective
adjustment Al.
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Fig. 13. Longitude-time distribution of pre-
cipitation at the equator in experiment Al.
Contours indicate 2 mm/day and areas of
over 10 mm/day are shaded.

and Al.

5.2 Longitude-time distribution of precipitation al
the eguator

Figure 13 represents the longitude-time distribu-
tion of precipitation at the equator. There are
no eastward-moving precipitating areas at the grid
scale, as seen in the results of K1~K3 (Fig. 3). The
grid scale precipitation areas rather show westward
movement. On the other hand, a remarkable feature
of eastward movement is a region of enhanced pre-
cipitation with a scale of about 10000km. Tt takes
about 55 days to ercircle the equator, i.e., the speed
of propagation is about 8.5 m/s. We refer to this fea-
ture an ‘eastward-moving planetary scale precipitat-
ing region’. The results of the experiment with moist
convective adjustment seem greatly different from
the results represented by the hierarchical structure
of super clusters and the MJ oscillation.
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Fig. 14. Zonal and time mean distributions of
circulation field in experiment Al. Plots
on right side indicate the values at the
equator and 10 degrees latitude. (a) Ver-
tical p-velocity [w]. The contour interval
is 0.2 mb/hr and areas of upward motion
are shaded. (b) Zonal wind [u]. The con-
tour interval is 3m/s and negative areas
are shaded. (c} Vertical structures of tem-
perature field at the equator in experiment
K1 {Unit; K). Solid line; potential tem-
perature. Broken line; equivalent poten-
tial temperature. Dotted line; saturated
equivalent potential temperature.

5.8 Structure of mean fields

The structures of zonal and time mean fields in
experiment Al are shown in Fig. 14. Tn experiments
K1 ~K3, the maximum upward motion is located at
10 degrees latitude and downward motion prevails
at the equator. Contrary to these, there is a almost
uniform upward motion from 15 degrees north to
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Fig. 15. Composite structures with reference
to precipitation peaks at the equé,tor in ex-
periment Al. (a) Longitude-height section
of temperature (contour) and wind vec-
tors at the equator. Zonal means are sub-
tracted for temperature and zonal wind.
The contour interval is 0.2K and negative
areas are shaded. ({b) Longitude-height
section of heating by cumulus {contour)
and wind vectors at the equator. Zonal
mean is subtracted for zonal wind. The
contour interval is 2K/day and areas of
over 1K /day are shaded. Plot on the right
side is the vertical distribution of heating
(Unit; K/day) at the precipitation peak.
In each figure, the unit vectors shown at
the left side bottom represent 5 m/s and 5
mb/hr respectively.

15 degrees south in experiment Al, although slight
maximum exists around 10 degrees latitude. This
corresponds to the uniform latitudinal disiribution
of precipitation in this region. The zonal wind is
almost zero from 10 degrees north to 10 degrees
south except for the lower troposphere. This con-
trasts to the results of experiments K1~K3, where
-the state of uniform angular momentum and approx-
imate zero absolute vorticity is realized in the upper
troposphere. The angular momentum distribution
is not effectively uniformized in experiment Al be-
cause the upward motion is not concentrated at a
specific latitude. Figure 14c represents the vertical
stratification at the equator. It does not differ much
from the result of experiment K1, and qualitatively
agrees with the standard stratification of the real
tropics (Yanai et al., 1973).
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Fig. 16. Longitude-latitude section of height
field equivalent to the field at a constant
p surface Z(o) + ¢"*RTInps (contour)
and wind vectors at ¢ =0.29 in composite
with reference to precipitation peaks at the
equator in experiment Al. Zonal means
are subtracted for all quantities. The con-
tour interval is 1 m and negative areas are
shaded. The unit vectors shown at the left
side bottom represent 5m/s for both di-
rections.

5.4 Structure of circulations associated with grid
scale precipitoting areas al the equator

The composite structures of the grid scale precip-
itating areas of experiment Al (Fig. 15) show a very
different najure from that of experiments K1~K3.
The westward slant of the phase line is not clearly
observed, except at the lowest levels (0> 0.9) where
the updraft is stronger to the east of the precipita-
tion peak. The specific feature not observed in ex-
periments K1~K3 is the region of cold temperature
under the 900 mb level over the precipitating area.
This is formed by low level cooling with the moist
convective adjustment, which appears in the verti-
cal distribution of heating (Fig. 15b). Thereis a high
temperature region 1o the east of the peak and a low
temperature region to the west in general, which re-
flects the planetary scale structure rather than the
structure associated with the grid scale precipitating
area. Over the precipitation peak, the upper layer
around 400 mb level has a warm anomaly and the
lower layer around 700 mb level has a cold anomaly.
The amplitude of circulation in experiment Al is
somewhat stronger than that in experiments X1~
K3.

Fipure 16 represents the horizontal structure in
the upper troposphere. Existence of vortices to the
west of the precipitation peak is clear. This struc-
ture much resembles Gill (1980)’s pattern, which the
resulis of experiments K1~K3 do not show. This is
consistent with the fact that the mean zonal wind
fleld is quite different from those in the experiments
K1~K3.
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6. Discussion

The precipitating area which is called the ‘super
cluster’ by HS86, is found to be represented in the
model as a grid scale precipitation area which moves
eastward continuously and accompanies a distinct
structure of circulation. However, this structure ap-
pears only in the experiments using Kuo’s parame-
terization. The behavior of precipitation is quite dif-
ferent when the moist convective adjustment scheme
is used. Based on those results, we will try to discuss
the origin and the causes of the parameter depen-
dence of the structures.

6.1 Structure of the circulation associated with the
grid scale precipitation areas
Firstly, we will consider the eastward-moving pre-
cipitating areas at.the equator shown in the exper-
iments with Kuo's parameterization and the struc-
ture of circulation associated with them.
The remarkable features of the circulation with
eastward-moving precipitating areas on the grid
scale are summarized as follows;

(1) resemblance to the Kelvin wave, 4.c., the
dominance of zonal wind and in-phase re-
lationship between zonal wind and height,

(2) localized downdraft 1o the west of the pre-
cipitation peak,

(3) intense westerly wind at low levels just over
the precipitation peak,

(4) large difference in structure between the
upper troposphere and the lower tropo-
sphere.

As for a response of the tropical atmosphere to
a heat source, the steady linear response calculated
by Gill (1980) is well known. If is often assumed
that the ‘first baroclinic mode™ dominates in the
response t0 heatings with a maximum in the middle
troposphere. However, it is difficult to describe the
structure associated with the precipitating area in
the model by use of the ‘first baroclinic’ response
only. Our results show that the structure should be
considered to be a superposition of the ‘first baro-
clinic mode’ circulation and those of shorter vertical
wavelengths. In Fig. 8, the ‘first baroclinic mode’
appears as the structure with an updraft at 180 de-
grees and high (low) temperature to the east (west).
The ‘second baroclinic mode’ alsc appears as the
structure with a downdraft at around 170 degrees
and a high (low) temperature to the west (east) in
the lower layer, and with an updraft and the reverse
temperature structure in the upper layer.

¥We use this word conventionally, although such a mode is
not actually the first of the calculated vertical normal modes.
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It is shown in the Appendix that such a struc-
ture is represenied as a linear response to a moving
and growing heat source confined spatially. It is also
demonstrated that.the solution in which the motion
and growth of the given heat source is consistent
with the phase propagation and growth of the in-
duced circulation corresponds to a linear wave-CISK
mode. There are several factors included in GCMs
that cannot be expressed in the simple model in the
Appendix, such as nonlinearity, dissipation and ver-
tical shear. Regardless of these factors, this linear
response reproduces well the characteristic features
of the circulation associated with the precipitating
area, especially item (2) and (3) listed above.

Judging from the structure seen in Fig. 10, it is
difficult to accept that the frictional CISK mecha-
nism of Wang (1988) or evaporation-wind feedback
mechanism of Emanuel (1987) is effective for the
maintenance of the grid scale precipitating areas.
This notion will be confirmed in part IT (Numaguti
and Hayashi, 1991}, On the other hand, the struc-
ture associated with the grid scale precipitating
area has a characteristic feature of modal solutions
obtained by the linear wave-CISK theory. Thus,
the grid scale precipitating area is considered to
be maintained by the wave-CISK mechanism. It
is plausible that the dominance of the small scale
comes from the nature of wave-CISK: The growth
rate of the smallest scale is maximum for Kelvin
wave modes in the linear theories. '

The difference of structure hetween the upper and
the lower layers can be aitributed to the difference
of the mean vorticity fields. Since the gradient of
mean absolute vorticity is small in the upper levels,
a heat source excites pure gravity waves, whereas it
excites Kelvin waves at lower levels.

HS86 states that the eastward-moving distur-
bances at the equator in their model can be inter-
preted as a mode in which the Kelvin wave and the
Rossby wave are coupled sogether. Furthermore,
Chao (1987) suggests the importance of Rossby
mode response in the context of a linear response to
a moving heat source. Howaver, from our analyses,
any significant contribution of the structures charac-
terized by the nature of Rossby wave is not observed
in the structure of super cluster in the model,

6.2 Speed of eastward movement and its dependence
on SST

It is well known that the vertical profile of heat-
ing is an important factor for the propagation speed
of modes in the linear theory of wave-CISK {Taka-
hashi, 1987). Generally, it is believed that the prop-
agation speed becomes higher when the peak of the
heating is higher (Tokioka et al., 1988).

Our experiments K1~K3 showed that the speed
of movement of precipitating areas is higher with
higher SST. However, in the vertical profile of heat-
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ing there seems to be no significant difference be-

tween K2 (Fig. 8¢) and K3 (Fig. 11). What must be

taken into account for the discussion of the prop-
agation speed in addition to the vertical profile of
heating is the state of stratification. The distribu-
tions of static stability N? in Fig. 6 show significant
differences among the three experiments, espectally
in the upper troposphere. The static stability in ex-
periment K2 is about 1.4 times larger than that of
experiment K3, which corresponds to a difference of
a phase velocity of factor 1.2. This difference may be
the principal factor of the difference of the eastward
moving speed (factor 1.3) in the model.

In the results of Swinbank et al. {1988), the prop-
agation speed of a planetary scale disturbance is re-
duced by an increase of SST or efficiency of heat-
ing. They interpreted this reduction of speed as an
enhancement of the ‘reduced gravity effect’ (Gill,
1982). However, our results are opposite and do
not support their interpretation. In the framework
of linear theory, the speed of the ‘first baroclinic
mode’ is indeed slowed down by an increase of heat-
ing. However, we have to notice that the speed of
the ‘second baroclinic mode’ is actually accelerated
by the same increase (‘enhanced stability effect’).
Hence, it is unclear whether the wave-CISK mode,
which is the coupling of the first and second baro-
clinic modes, propagates faster or not. It is not clear
where the difference between our results and Swin-
bank et al. (1988)’s comes from. From our results,
it is suggested that the change of the stratification

. must not be neglected.

6.8 Dependence of the behavior of precipitating areas
on cumulus parameterizalion

In the experiment with the moist convective ad-
justment scheme Al, the behavior of precipitation
is qualitatively different from the results of K1~K3,
and the ‘super cluster’ does not exist. This suggests
that the mechanism of wave-CISK is not effective on
the grid scale when the moist convective adjustment
is used.

The first candidate of the cause of the difference
is the difference of the switching condition of the
parameterizations. Kuo's scheme explicitly requires
a moisture convergence as a switching condition,
while the moist adjustment scheme does not require
a moisture convergence explicitly. One may spec-
ulate that Kuo’s scheme is closer to the parame-
terization which is utilized in the linear theories of
wave-CISK in this sense. Further analysis of the
model results (not shown) suggests that the most
critical condition of switching in Kuo’s scheme is
indeed the existence of moisture convergence. On
the other hand, when the moist convective adjust-
ment scheme is used, it is the relative humidity at
the middle levels that controls the switching of the
parameterization. The change of the stratification
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is not a very important factor of switching of the
adjustment scherne, because the stratification is al-
most always neutral or rather unstable in the model
tropical atmosphere. The important fact is that
moisture convergence should occur for the relative
humidity at middle levels to be sufficiently high,
which means that the adjustment scheme implicitly
requires a moisture convergence as a switching con-
dition. Therefore, it is premature to conclude that
the Kuo’s scheme is more effective for wave-CISK
than the moist convective adjustment scheme simply
from the apparent difference of switching conditions
of the parameterizations.

The next factor to be considered is the vertical
profile of heating. Simple linear theory suggests that
some conditions in vertical profile must be satisfied
for a heating to promote wave-CISK modes. In the
composite figures (Fig. 8¢, Fig. 15b), though the ab-
solute strength of the heating is somewhat different,
the vertical profiles of heating of Al and K2 are very
similar except for the lowest levels. The moist con-
vective adjustment tends to cool the lowest levels,
which may hinder the endurance of precipitation in
experiment Al to some extent.

The third factor, which must be stressed here,
is the representativeness of the composite heatings.
In experiments K1~K3, the representativeness of
the composite figure is fairly good, whereas it is
quesﬁionable in experiment Al. Figure 17 compares
the composite and snapshot distributions of cumu-
lus heating and vertical velocity in experiments K2
and Al. In experiment K2, the snapshot distribu-
tions (Fig. 17¢) correlate quite well with the compos-
ite distributions (Fig. 17a), and the heating profile is
almost constant in time. In experiment Al, on the
other hand, the snapshots do not always resemble
the composite charts, and the variability of heating
profile is large. Moreover, contrary to the composite
structure, the phases of updraft and heating are the
same everywhere in the snapshot. As stated in the
introduction, the heating which has such a phase
relationship with the circulation capnot maintain a
propagating wave-CISK mode. This difference of
the heating of two parameterization schemes is con-
sidered to be caused by the characteristics of the
schemes. In the Kuo scheme, the coupling between
the upper layer and the lower layer is strong because
the heating extends to the upper layer whenever
the lower layer satisfies the condition of convection.
In the moist convective adjustment scheme, on the
other hand, the heating occurs independently be-
tween layers because the condition for convection of
each layer is judged without referring the condition
of the other layers. It is considered that the differ-
ence of the behavior of grid scale precipitaling areas
is caused by the difference of effectiveness of wave-
CISK mechanism which is controled by the vertical
coherence of the heating. Unfortunately, the infor-
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Fig. 17. Longitude-height distributions of cumulus heating (tone) and vertical motion (contour) at the
equator in experiment K2 and Al. Light tone denotes areas of over 1K/day and dark tone denates
areas of over 3K /day. The contour interval is } mb/hr and negative contours are drawn in broken line.
{2) Composite in experiment K2, (b) composite in experiment Al, {c} snapshot in experiment K2, (d)

snapshot in experiment AL

mation about the time-space disiribution of heat-
ing in the real atmosphere, especially on the verti-
cal profile, is so scant that we cannot judge which
parameterization is superior in simulating the real
atmosphere.

7. Conclusions

The hierarchical structures of cumulus activity re-
ported in FIS&6, i.e., the super cluster, the 30-day os-
cillation and double 1TCZs, and their parameter de-
pendence are examined through GCM experiments.

The following results are obtained from the ex-
periments with Kuo’s cumulus parameterization and
various values of S8T:

(1) The double ITCZ structure clearly appears
in all the three experiments, especially in
the experiment with the high S5T value.

(2) The ‘super cluster’ shown by HS86 is
expressed in the model as an eastward-
moving precipitating area on the grid scale.

(3) The activity of the eastward-moving pre-
cipitating areas of the grid scale has an
exclusive relation with the activity of the
planetary scale modulation structure. The
former is active in the high S5T experi-

ment, whereas the latter is distinct in the
low SST experiment.

(4) A specific circulation structure is associ-
ated with the eastward-moving precipitat-
ing areas. This structure is dynamically
consistent as a response to the eastward-
moving and growing heat source. It is con-
sidered to be maintained by the wave-CISK
mechanism of Kelvin waves.

(3) The speed of the movement of the struc-
ture associated with the grid scale precipi-
tating areas is faster under the condition of
the higher S8T. This dependence is partly
explained by the change of the static sta-
bility, which is approximately determined
by the moist adiabatic lapse rate. The fac-
tor of variation of the stratification is not
negligible in the discussion of propagation
speed.

An experiment with the moist convective adjust-
ment scheme is performed and compared with the
results of the experiments with Kuo's parameteriza-
tion.

(6) The separation of the ITCZ into double
bands is not clear in the experiment with

C
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moist convective adjustment.

{7) The dependence of the behavior of grid
scale precipitating areas on cumulus pa-
rameterizations is fairly large. In the ex-
periment with the moist convective ad-
justment, there is no continuous eastward
movement of grid scale precipitating ar-
eas, whereas an eastward-moving plane-
tary scale structure is clearly observed.

(8) In the experiment with Kuo’s parameteri-
zation, the propagating wave-CISK mech-
anism works effectively because the con-
vergence field at lower levels controls the
heating in the whole troposphere above.
On the other hand, the moist convective
adjustment scheme has characteristics that
the heating of each layer is determined in-
dependently and the vertical coupling is
weak, 80 that the propagating erid scale
structure cannot be maintained by the
wave-CISK.

An important issue which remains still unclear is
whether the ‘super cluster’ of Nakazawa (1988) is
comparable to the model ‘super cluster’, i.e. the
eastward-moving . precipitating area on grid scale.
Since the horizontal scale of the grid scale precipitat-
ing areas in the model is near the smallest resolvable
scale, it is questionable whether this feature holds a
physical reality. However, the result of the model
clarified that they associate the circulations whose
characteristics are easy to be understood dynami-
cally. It is not considered that they are mere com-
putational noises. It seems that there is no definitive
difference between the structure of grid scale precip-
itating areas in the model and the structure of the
real super clusters shown in Nakazawa (1988). How-
ever, the comparison is far from conclusive, since
the results with the convective adjustment scheme
are quite different from those with Kuo’s scheme. In
order to make a further discussion on the correspon-
dence between the model result and the real atmo-
sphere, the problem of parameterization dependence
must be overcome. Experiments with increased res-
olution are also highly desirable.

In Part IT of this study, an analysis of the results of
the same experiments are perforred concentrating
on the planetary scale structure and the structure of
precipitating areas around the I'TCZ latitudes in or-
der to discuss the origin of the hierarchical structure
of cumulus activity.
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Appendix

A linear model of responses to heating

In this appendix, responses to a moving and grow-
ing heating are examined using a two-dimensional
linear model.

"The characteristics of a Kelvin wave on an equato-
rial 8 plane can be illustrated in the two-dimensional
framework of longitude and height, so long as the
meridional structure and the effect of [riction are
not concerned:

Ju  9¢

d 8¢ 2, _

55+N?ﬂ*@: (5)
Ou  1lopw

B EW_O. (6)

Here, u is zonal wind, w vertical wind, ¢ geopoten-
tial, ¢ heat source and p is pressure. i,z are the
time and longitudinal coordinate respectively. The
logp coordinate z is defined as:

1y
z = —Hlog—, 7
g | {7)
HE—RQTD, (8)

where Tj is the representative temperature, R gas
constant, and g is acceleration gravity. N? is the
vertical static stability defined as:
RdT  ¢°
N )=—=—— 4+ =2, 9
(2) H dz + Cplp )

where T is temperature of basic state and C,, is spe-
cific heat of air.

As the boundary condition, the rigid lid condi-
tions are applied at z=0 and z= D for simplicity.

w=0 atz=0,D. (10)

The periodic boundary condition is applied to the
longitudinal directiomn.

w(z, z) = ulz +2rLl,2z) ete (11)
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where 27 L is the longitudinal circumference. The
static stability N? is assumed to be a constant in-
dependent of z.

The following form of heat source is assumed:

Q(ma z,t) = W(Z)Q(CU - Ct) 1 (12)

which means that the heat source is moving at a
speed of C.=Re . Note that we will retain C as a
given complex value; C=C. + iC;.

The solutions are expanded into the vertical nor-
mal modes of @=0. Thus the equations are sepa-
rated into the vertical structure equation,

d (1d 1,
o O R LS A

and the horizontal structure equations,

ad _ a -
e = “5‘5(5»@ ) (14)

d - e =
—tp + Ol iy, = ~Cr %, —Ct) . 15
bt Cu? i =~ Gz~ C1) . (15)
Here, C,, is the propagation velocity of the n-th free
mode. 7, is the coefficient in expansion of n(#) of
the following form:

nz) = Z"?nVVn(z}Ng . {16)

n=1

The solution of vertical structure equation is ob-
tained by the use of boundary conditions as:

Waiz) = sin (%z) exp (—%) , (17)

Co=N [(ELDTE)?JFA‘I?]_I/Q . (18)

The response is obtained easily from the horizon-
tal structure Egs. (12) and {13). The solution has
both eastward-propagating modes and westward-
propagating modes. However, taking account for the
correspondence to Kelvin wave, the solution com-
posed of only eastward-propagating modes is ac-
counted in the following. The response of w is given

by:

w{z,z,t) =

¥ o W (2)O(z — Ct) , (19)
G2 = (Cr TG " ’

and the response for other variables can be obtained
in the similar manner. In the following, all vari-
ables are expressed in nondimensional form, using
the scales (L, D, NL/D) for (z, z,t).

Assume that the heat source can be expanded into
sinusoidal waves of the form:
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Fig. Al. Responses to a moving and grow-
ing heat source in the linear model. The
case of the longitudinally sinusoidal heat-
ing with two vertical modes. The value of
normalized parameters are C-=0.062 and
(C;=0.031. Phase speed of n=1 mode is
0.1 and that of n=2 mode is 0.05 in this
unit. (a) Vertical distribution of heating
1{z), (b) horizontal distribution of heating
Q(z), (¢} temperature T, (d) vertical ve-
locity w, (e) zonal velocity wu.

Qz — Ct) = > Quexplik(z — Crt) + kCit] . (20)
k

This expresses the heating which is moving at the
speed €. and growing at the growth rate kC;. The
response is obtained by summing up the response
for each longitudinal mode k.

Assume the vertical profile of heating as shown
in Fig. Ala. This profile is the superposition of two
vertical normal mode n=1 and n=2. Figs. Alc—
Ale show the responses to the heating with only
one wave component in longitudinal direction (Fig.
Alb). The structure shows a slantwise character
because the amount of longitudinal phase shift is
different from mode to mode. When the heating
has only one vertical mode, the slantwise character
does not appear as shown in Fig. A2 and Fig. A3.

Let us introduce a parameterization in which the
heating is determined to be proportional to the ver-
tical velocity at a certain level of the lower ‘tropo-
sphere’. The circulation response in which the phase
of this parameterized heating coincides with the ini-
tially given heating can be regarded as a wave-CISK
mode. For the case of the vertical profile of heating
given in Fig. Ala, Fig. Ald exhibits that the phase
of the initially given heating coincides with the ver-

$edve
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Fig. A2. Responses to a moving and grow-
ing heat source in the linear model. The
case of the longitudinally sinuscidal heat-
ing with only one vertical mode n=1. C-
=0.062 and C;=0.031. (a) Vertical distri--
bution of heating n(z}, (b) horizontal dis-
tribution of heating Q(z), (c) temperature
T, (d) vertical velocity w.

(d)

Fig. A3. Responses to a moving and grow-
ing heat source in the linear model. The
case of the longitudinally sinusoidal heat-
ing with only one vertical mode n=2. C.
=0.062 and C;=0.031. (a) Vertical distri-
bution of heating n(z), (b) horizontal dis-
tribution of heating ({z), (c) temperature
T, (d) vertical velocity w.

tical velocity at the level indicated in the figure. At
the point P in Fig. Ald, for instance, the broken
lines which denote the maximum-minimum phase
of the given heating crosses the dotted lines which
denote the maximum-minimum phase of the vertical
velocity. Therefore, if the reference level used in the
parameterization is chosen to be the level which in-
cludes the point P, the structure shown in Fig, Alc-
Ale can be regarded as a wave-CISK mode. For the
case of the vertical profile of heating given in Fig.

7 (a)

(b)

Fig. Ad. Heating distributions parameterized
by the low level vertical velocity of the re-
sponse of each mode (Fig. A2 and A3). (a)
Heating parameterized by n=1 mode cir-
culation, (b) heating parameterized by n
=2 mode circulation.

A2a or Fig. A3a, which is composed of only one ver-
tical mode, Figs. A2 or Figs. A3 indicates that the
phase of initially given heating never coincides with
that of the vertical velocity of a response to a moving
and growing heating. The structures shown in Figs.
A2 and Figs. A3 cannot form wave-CISK modes by
themselves.

The stracture shown in Fig. A1, which can be re-
garded as a wave-CISK mode, can be described in
terms of the interaction of two vertical modes. Figs.
A2 and Figs. A3 are actually the vertical decompo-
sition of the given heating and the response fields
of Figs. Al. The parameterized heating mentioned
above can be horizontally decomposed into the fol-
lowing two parts. One is the portion which is pro-
portional to the vertical velocity at the reference
level associated with mode n=1 (Fig. A2d). This
is expressed in Fig. Ada and called ‘heating parame-
terized by n=1 mode circulation’. The other is the
portion which is proportional to the vertical velocity
at the same level but with mode n=2 (Fig. A3d),
which is expressed in Fig. Adb and called ‘heating
parameterized by n=2 mode circulation’. Note that
the vertical profile of thus decomposed heating are
the same one given in Fig. Ala, which include both
of the vertical modes. Now, let us trace the way in
which the decomposed heatings affect the circula-
tion of the other modes. The heating parameterized
by n = 1 mode circulation (Fig. Ada) positively cor-
relates with the temperature distrilbution of the n=
2 mode (Fig. A3c). Similarly, the heating param-
eterized by the n=2 mode circulation (Fig. Adb)
positively correlates with temperature distribution
of the n=1 mode (Fig. A2¢). Thus the growth of
modes is realized by mutual enhancement through
the heating. In this situation, wave-CISK modes
exist only if the signs of the n=1 vertical compo-
nent and n=2 vertical component of the heating are
opposite in the reference level of parameterization,
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Fig. A5. Responses to a moving and grow-
ing heat source in the linear model. The
case of the longitudinally Gaussian heat-
ing with two vertical modes. C,=0.062
and C;=0.031. (a) Vertical distribution of
heating %(z), (b) horizontal distribution of
heating @(z), (c) temperature T, (d) ver-
tical velocity w, (e} zonal velocity u.

that is, the heating is more intense in the npper lev-
els than in the lower levels. If it is not the case, two
modes cannot enhance each other. When the phase
relationship is such that the heating parameterized
by n=1 mode circulation act to enhance the n=2
mode circulation, the heating parameterized by n=
2 mode circulation acts to weaken the n=1 mode
circulation. And when the phase relationship is op-
posite, the heating parameterized by the n=1 mode
circulation act to weaken the n=2 mode circulation.

In the structure accompanied by the grid scale
precipitating areas in the GCM, the heating and
the updraft are confined locally. In order to demon-
strate this feature with a linear model, a response
to a confined heating is examined by superposing
heatings of various longitudinal wavenumbers. IFigs.
Ab show the response to a heating of a Gaussian
shape. There is a longitudinally confined updraft
with a slantwise structure. To the west of the up-
draft, alocalized downdraft emerges in the lower lev-
els. Moreover, an intense westerly wind just below
the heating appears. These are the characteristics
seen in the composite of eastward~moving precipi-
tating areas of the grid scale in GCM. The response
of the n=2 mode is important in reproducing such
a characteristic structure.
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