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Abstract

The resulis of ‘aqua planet’ GCM experiments are analyzed, concentrating on the planetary scale
structure and the structure of precipitating areas around the ITCZ region.

The 30 day oscillations, that is, eastward-moving structures on the planetary scale, appear in a
similar way regardless of the cumulus parameterization utilized. These structures are considered to
be maintained by the dependence of evaporation on wind speed, i.e., the evaporation—wind feed-
back mechanism. For the maintenance of the disturbances on the synoptic scale, this mechanism is
considered to be less effective and other mechanisms such as wave-CISK are more important. It is
suggested that the coexistence of two different maintenance mechanism of disturbances is relevant to
the existence of hierarchical structure of cumulus activity in the model.

At the double ITCZ latitudes in the experiments with Kuo’s cumulus parameterization, there are
areas of high cumulus activity on the grid scale, which are moving eastward continuously. In the
experiment with moist convective adjustment, on the other hand, westward-moving areas of high
cumulus activity associated with vorticity, which correspond well to the easterly wave disturbances
in the real tropics, are observed. It is revealed that a process which can be called ‘evaporation-wind
feedback for the zonal mean field’ exists and contributes to the separation of the ITCZ into double
bands in the experiments with Kuo’s parameterization.
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1. Introduction

Curmulus activity in the tropics is one of the most
impertant elements in the general circulation of the
atmosphere. Its distribution is not uniform or ran-
dom. It is shown by recent studies (e.g., Nakazawa,
1988) that the distribution of cumulus clouds has a
hierarchical structure and each structure is closely
related to the circulation field. From the results of
‘aqua planet’ GCM experiments, Hayashi and Sumi
(1986, we call HS86 hereafter) pointed out that a hi-
erarchical structure of cumulus activity forms spon-
taneously even if the boundary condition is uniform.
In their results, the regions of the highest cumulus
activity were located off the eguator to appear as
double ITCZs (intertropical convergence zones). In
the narrow equatorial belt between the two ITCZs,
areas of high cumulus activity of synoptic scale,
with the horizontal dimension of about 3000 km,
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emerged and moved eastward continuously, which
were named ‘super clusters’. Moreover, an eastward-
moving planetary scale structure of wavenumber one
{30 day oscillation) also appeared as a modulation
of the super clusters.

From the OLR (outgoing longwave radiation)
data of the real tropics, Nakazawa {1988) detected
eastward movement of cloud areas on synoptic scale
which may be interpreted to correspond to HS86’s
super clusters. He further showed that there is a
smaller scale structure within a super cluster, which
is composed of several cloud clusters. The eastward-
moving structure of wavenumber one in the real
tropics is widely recognized as the 30-60 day os-
cillation or the Madden-Julian oscillation { Madden
and Julian, 1972), and has been intensively investi-
gated in a number of authors in recent observational
works (e.g., Knutson and Weickmann 1987, Rui and
Wang, 1990). It is also a well known fact that the
ITCZ prefers to appear at latitudes off the equator,
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and sometimes double I'TCZs form, although the ra-
diative forcing is maximum at the equator {Hubert
et al., 1969). The ITCZs are observed as longitu-

dinally oriented zomes in the time mean field. At

each instant, however, cumulus activity in the zones
is associated with varicus disturbances on synoptic
or even smaller scales. The well-known example is
a westward-propagating disturbance which is called
an ‘easterly wave disturbance’ {Reed and Recker,
1971).

Many attempts have been made to for explain
these characteristics of the distribution of cumu-
lus activity,. However, the described images dif-
fer greatly from one model to another. Moreover,
there are few works that account for this hierarchi-
cal structure as a whole.

The results of HS86 are suggestive in further un-
derstanding these problems. In part T of this pa-
per (Numaguti and Hayashi, 1991), we analyzed the
results of their original experiments and some ad-
ditional GCM experiments with different parame-
ters. The time and zonal mean distribution and
the time-longitude sections of precipitation are de-
seribed. Moreover, the structures of circulation as-
sociated with the eastward-moving precipitating ar-
eas, i.e., super clusters, are examined. The results
are summarized as follows:

e The ‘super cluster’ shown by HS86 is confirmed
to exist in the model as an eastward-moving
precipitating area at the equator. The hor-
izontal scale (~1000km) of the area is grid
scale, which is marginally resolvable scale in the
model. The ‘30 day oscillation’ is observed as
a modulation of the amount of precipitation on
the planetary scale (Fig. 1a).

» The eastward-moving precipitating areas of the
grid scale! are considered to be maintained
by the wave-CISK mechanism connected with
Kelvin waves.

» The dependence of the activity of the grid scale
precipitating areas on SST (sea surface temper-
ature) is opposite to that of the amplitude of the
planetary scale modulation structure. When
the 88T is higher, the activity of the grid scale
precipitating areas is higher, while the plane-
tary scale modulation is less significant.

e There is no difference in speed between the grid
scale precipitating areas at the equator and that
of the planetary scale modulation structure.

 In order to avoid confusion between the model result and
the real phenomena, we use the word ‘grid scale precipitating
area’ rather than ‘super cluster' when we describe the results
of the model in the rest of this paper. Similarly, we use the
word ‘planetary scale (modulation} structure’ instead of <30
day oscillation’ or ‘Madden-Julian oscillation’.
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Fig. 1. Longitude—time distributions of pre-
cipitation at the equator. Contours in-
dicate 2mm/day and areas of over 10
mm/day are shaded. (a) Standard experi-
ment K1, (b) experiment with moist con-
vective adjustment Al,

¢ In the results of the experiment using moist
convective adjustment instead of Kuo’s param-
eterization, grid scale precipitating areas still
appear but do not move continuously (Fig. Ib).
On the other hand, a modulation structure of
planetary scale is exhibited similarly to the case
of Kuo’s parameterization.

# The double ITCZ structure, which appears dis-
tinctly in the experiments with Kuo’s parame-
terization, is rather unclear in the experiment
with the moist, convective adjustment.

In Part I, we will examine the results of the same
experiments described in Part 1, paying attention
to the structure of the planetary scale modulation,
which may correspond to the Madden-Julian oscil-
lation, and the behavior of precipitation around the
latitudes of double ITCZs. The main concerns in
this paper are the mechanisms of the maintenance
of those structures. In recent years, several mecla-
nisms of maintenance of disturbances coupled with
cumulus activity have been examined. They can
be classified into three categories; frictional CISK,
wave-CISK and evaporation-wind feedback (refer to
Part I for the detail of the definition of these).
Frictional CISK is a mechanism which maintains
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a disturbance through the intensification of cumu-
lus activity caused by frictionally controled conver-
gence in the planetary boundary layer {Charney
and Eliassen, 1964). This mechanism is usually
connected with vortex-like disturbances. However,
Wang (1988) showed that this mechanism can also
operate in wave-like disturbances. Wave-CISK is a
mechanism which maintains a disturbance through
the intensification of cumulus activity enhanced by
the upward motion associated with the wave itself
(Hayashi, 1970; Lau and Peng, 1987). Evaporation-
wind feedback (Emanuel, 1987; Neelin et al., 1987}
is a mechanism for the maintenance of a disturbance
which operates through the dependence of evapora-
tion on surface wind speed |v| which is represented
as follows:

E = pCplv|(g* — ga)s (1)

where p is the air density, Cp the bulk coefficient, ¢*
the saturation specific humidity at the surface, and
gq is the specific humidity of the air near the surface.
If there is a tendency that the large evaporation en-
hances the heating efficiently, the disturbance can
be maintained under the condition that the surface
wind is strong and consequently the evaporation is
large in the warm region of the disturbance. So far,
there is no consensus on which mechanism is effec-
tive for the maintenance of each characteristic struc-
ture of cumulus activity.

Concerning the Madden-Julian oscillation, there
are a number of studies in recent years. From ob-
servational studies, it is suggested that the propa-
gation of the equatorial Kelvin waves is essential,
which have a maximum amplitude at the equator
and propagate eastward. HS86 stated that the pe-
riod of 30 to 60 days is basically determined by the
time required for a wave to turn around the equa-
torial circle, and that the cumulus activity is cru-
cial for the maintenance of the wave. Many recent
studies have presented similar ideas, although there
are some studies which claim that other processes
such as the fluctuation of the monsoon activity in
the atmosphere—ocean-land system is an important
[actor for the periodicity {Webster, 1983).

It is possible to maintain Kelvin waves by any one
of the processes listed previously; frictional CISK,
wave-CISIK and evaporation-wind feedback (Chang
and Lim, 1988; Wang and Chen, 1989; Emanuel,
1987). It has not been clearly understood what
mechanism is actually effective for the maintenance
of Kelvin waves, although there have been a num-
ber of GCM experiments. Based on the analyses
of GCM results, Lau el al. (1988) stated that the
eastward-moving planetary scale structure is basi-
cally explained as Kelvin waves maintained by the
wave-CISK process. They also showed that other
processes such as frictional CISK and evaporation-
wind feedback are not negligible for maintenance.
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Neelin et al. (1987) performed comparative experi-
ments with and without the dependence of evapo-
ration on wind speed to see if the evaporation-wind
feedback process is crucial for maintenance. They
found that the evaporation-wind feedback is effec-
tive for the amplification, but is not indispensable.
Tokioka et al. (1988) also attempted to explain the
propagation and maintenance of the disturbance us-
ing the concept of wave-CISK.

A deficiency of the explanation of Madden-Julian
oscillation in terms of wave-CISK mechanism is in-
capability of correctly predicting the zonal scale se-
lection in the linear theory. The growth rate of
linear mode solution is the largest at the smallest
zonal wave length. This problem of scale selec-
tion cannot be settled by introduction of frictional
CISK or evaporation-wind feedback. As a matter of
fact, in the linear theory of evaporation-wind feed-
back, the growth rate of the smallest scale is maxi-
mum (Emanuel, 1987}, In the linear theory of fric-
tional CISK, the growth rate is slightly larger for
larger scales when a certain value of parameter is
adopted (Wang and Chen, 1989). However, the de-
pendence of growth rate on horizontal scale is so
weak that it does not seem to explain the domi-
nance of wavenumber one. A modification of wave-
CISK addressing this failure is proposed by Lau
and Peng (1987). When the nonlinear pasitive-only
wave-CISK model which prevents the negative heat-
ing in the area of downward motion is adopted, the
area of upward motion (7.e. heating region) is con-
centrated into a 2000 km scale area and the area of
downward motion spreads over the remaining equa-
torial belt. There appears a predominance of plan-
etary scale east-west circulation. Ttoh {1989) used a
similar model as Lau and Peng’s including the mois-
ture budget, and found that the selection of plane-
tary scales is enhanced when the heating by cumu-
lus is restricted to a region where the relative hu-
midity is higher than a certain critical value. From
these studies, the zonal scale selection appears to be
explained within the wave-CISK framework. How-
ever, the results of these simple models do not show
the hierarchical structure composed of super clusters
and the Madden-Julian oscillation. The explanation
is not consistent with the results of HS86.

HS86 stated that the following feedback mecha-
nism might maintain the planetary scale structure.
If a non-uniformity in the distribution of the su-
per clusters exists, a Walker circulation on a plan-
etary scale is excited. In the downward region of
the circulation, occurrence of the super clusters is
suppressed. This process will amplify the existing
non-uniformity. However, they did not give any ev-
idences supporting this hypothesis; their statement
remains a mere speculation.

Regarding the origin of ITCZ, some studies have
been done for explaining the fact that usually the
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Table 1. The setup of the main experiments

Exp. | 83T | cumulus parameterization
K1 | standard(HS86) | Kuo {1974)
K2 | +2K Kuo (1974)
K3 |-2K Kuo (1974)

Al standard

ITCZ is not located at the equator. Charney {1969)
considered that the frictional CISK process with vor-
ticity is important in the formation of the ITCZ. He
supposed that the formation of an ITCZ at the equa-
tor is difficult because the Coriolis effect is absent
there and consequently the frictional CISK mecha-
nism does not operate. Pike (1971) performed some
experiments with a simple ocean-atmosphere cou-
pled model and claimed that the low sea surface
temperature at the equator, generated by oceanic
upwelling, is a necessary condition for the shift of
the ITCZ from the equator. The results of realistic
GCM simulations by Manabe et al. (1974) show that
the latitude of the TTCZ follows the seasonal migra-
tion of the latitude of the peak sea surface temper-
ature. This result agrees with Pike (1971)’s view
of the ITCZ. In contrast to these results, the result
of HS86 shows that the atmosphere itself prefers to
have non-equatorial ITCZs, and seems to support
Charney’s (1969) idea. However, it has not been ex-
amined yet whether the generation of double ITCZs
in the HS86’s model is due to the frictional CISK
process or not.

Stimulated by these circumstances and the results
of Part I, we will examine further the results of ex-
perimenis described in Part I. Firstly, the circulation
structures of the planetary scale modulation, .e.,
the 30 day oscillation, are examined and the mech-
anism of the maintenance is discussed. Secondly, in
order to discuss the structure of ITCZs and their
origin, the behavior of precipitation at around the
latitudes of the double ITCZs and associated distur-
bance structure are analyzed. A brief description of
the model and experiments is given in Section 2.
The results of the analyses are presented in Sections
3 and 4, concerning the results of the experimenss
with Kuo’s cumulus parameterization and with the
moist convective adjustment scheme, respectively.
Discussion on the results is given in Section 5.

2. The model and experiments

2.1 The model

The GCM experiments examined here are the
same set of experiments described in Part I. Thus
the descriptions of the model and experimental
sefup are mentioned only briefly. Readers are re-
ferred to Part I for more details.

The model used in this study is a global spectral
model originally developed by the Japan Meteoro-

moist convective adjustment

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. In the first three
main experiments (see Tabie 1), the parameteriza-
tion of Kuo (1974), which is the same as HS86 used,
is adopted as the cumulus parameterization. In the
other main experiment, the moist convective adjust-
ment scheme (Manabe et al., 1965) is adopted.

2.2 Setup of experiments

Four series of time integrations were performed as
the main experiments. The basic parameters of the
experiments are the same as HS86. The whole sur-
face is covered with an ‘ocean’, in which the value
of the sea surface temperature(SST} is prescribed
as a function of latitude only and completely wet-
ted. The surface albedo is taken to be longitudi-
nally uniform. The location of the sun is fixed at
the the equinox position and no seasonal variation
is allowed, though the diurnal variation is included.

The setup of the experiments is summarized in
Table 1. The SST distribution for the standard ex-
periment (K1) is the same as HS86’s. That is hemi-
spherically symmetric and gonally umniform with a
peak at the equator. The SST is increased by 2K
everywhere in experiment K2, whereas the 55T is
decreased by 2K everywhere in experiment K3. Ex-
periment Al is the same as experiment K1 except for
the different curmulus parameterization. In each ex-
periment, the model is integrated for 120 days, and
the data of the last 60 days are used for analyses.

3. Experiments with Kuo’s parameterization

3.1 Fastward-propageting planetary scale structure
around the equator

The structure of the eastward-propagating plane-
tary scale modulation is basically the same as that
described in HS86. As mentioned in Part I, the
planetary scale modulation is more evident in the
low SST experiment K3, than in experiments K1
and K2. Thus the structure of the circulation in ex-
periment K3 is described here as the representative
one. The characteristics are qualitatively the same
in other experiments as long as the modulation ap-
pears. The circulation fields of the planetary scale
modulation structure are shown in Fig. 2 which are
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Fig. 2. Compaosite structure in experiment K3
with reference to a point moving at a
constant speed (10m/s). (&) Longitude-
height section of temperature {contour)
and wind vectors at'the equator. Zonal
means are subtracted for temperature
and zonal wind. The contour interval
is 0.1¥ and negative areas are shaded.
(b) Longitude-height section of cumulus
heating (contour) and wind vectors at
the equator. Zonal mean is subiracted
for zonal wind. The contour interval is
0.5K/day and areas of over 1K/day are
shaded. In each figure, the unit vectors
shown at the left side bottom represent 5
m/s and 2.5 mb/hr respectively.

produced using & composite technique. The com-
posite is made with reference to a key point which
is moving at a constant speed (10m/s) correspond-
ing to the propagation speed of the planetary scale
structure. The fields of zonal velocity and tempera-
ture {see Fig. 2a) show a wavenumber-one siructure
which is slanted westward with increasing altitude.
Tts wvertical structure in the troposphere is the so
called ‘first baroclinic mode’ whose horizontal ve-
locities in the upper troposphere and in the lower
troposphere are in opposite direction. There seems
to be a certain structure over the tropopause, but it
will not be of concern here, because the resolution
is not sufficient (only two levels in the stratosphere)
and strongly influenced by a poor treatment of the
upper boundary. Figure 2b is the composite distri-
bution of heating by cumulus, which shows an indi-
cation of the large scale modulation of the heating.

In Fig. 3a, the convergence and the wind field in
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Fig. 3. Horizontal distributions of divergence
and evaporation in experiment K3 in the
composite with reference to a point mov-
ing at a constant speed (10 m/s). (a) Di-
vergence (contour) and wind vectors at o
=0.995 (zbout 995 mb). Zonal means are
subtracted for all quantities. The contour
interval is 1x 107% ! and negative (con-
vergence) areas are shaded. The unit vec-
tors shown at the left side bottom repre-
sent 2.5 m/s for both dirgctions. (b) Evap-
oration from surface. Zonal mean is sub-
tracted. The contour interval is 5 W/m?
(corresponding to about 0.2 mm/day pre-
cipitation) and negative areas are shaded.

the planetary boundary layer (0 =0.995) of experi-
ment K3 are plotted. A planetary scale structure
of wavenumber one or two centered at the equa-
tor clearly appears. The meridional diverging wind
away from the equator is significant in the region
of positive divergence around 120 degrees longitude
in the figure. A clear planetary scale feature also
exists in the composite evaporation field (Fig. 3b).
The amplitude of the longitudinal contrast of evap-
oration is rather large at off-equatorial latitudes.
Since the zonal mean value of evaporation is 50~
100 W/m? as shown in Fig. 4b, the longitudinal dif-
ference of evaporation is 10 to 20% of the mean
valie. This amplitude is similar to that obtained by
Lau et al. {1988). Figure b represents the compos-
ite longitudinal distributions of the absolute value of
surface wind speed, evaporation, and precipitation
averaged between 10 degrees north and 10 degrees
south. Because of the presence of a mean easterly
wind (Fig. 4a), the absolute value of wind speed and
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Fig. 4. Zonal and time mean distributions of
surface zonal wind [u] and evaporation [E]
fields. Solid line; standard experiment
K1. Broken ling; high S5T experiment K2.
Dotted line; low SST experiment ¥K3. (a)
Zonal wind [u]. at o=0.995 (about 995
mb). Unit is m/s. (b) Evaporation [E].
Unit is mm/day (left) and W/m? {right),

consequently the evaporation are large to the east of
the low level longitudinal convergence center (about
180 degrees longitude). It is the region where the
temperature is-relatively high (Fig. 2a). The pre-
cipitation is comparatively large in the warm region
to the east of the low level longitudinal convergence
center than in the cold region to the west, and hence
total energy conversion to the planetary scale distur-
bance is expected.

A large portion of the heating by cumulus is can-
celed by adiabatic cooling by upward motion and
not connected to the tendency of the temperature.
The vertically integrated effective warming rate by
cumulus and associated circulation, which is defined
as the difference between the heating rate by cumu-
lus and the adiabatic cooling rate, is also plotted in
Fig. 5. It can be seen that the correlation between
this effective warming and temperature {Fig. 2a) is
positive. This positive correlation indicates that the
net increase of the disturbance available potential
energy, where the conversion to the kinetic energy
with upward motion is subtracted, is positive. The
net warming rate, which is the surnmation of this
effective warming rate by cumulus and associated
circulation, the heating rate by radiation and the
heating rate by PBL processes, is corresponding to
the local tendency of temperature and must be con-
sistent with the eastward propagation of the temper-
ature distribution so long as the effect of nonlinear
advection is neglected. More quantitative analysis of
temperature and energy budgets of the disturbance
is difficult because the amplitude of the temperature
signal (~0.2K) is quite small and the time scale (~
50 day) is rather long, and hence, the correspond-
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Fig. 5. Longitudinal distributions of variables
related to the heating in experiment K3 av-
eraged around the equator (+10°~ —10°)
in the composite, with reference to a point
moving at a constant speed (10 m/s}). (a)
Absolute value of wind speed near the sur-
face (0=0.995, about 995 mb). Unit is
m/s. (b) Dotted line; evaporation. Broken
line; precipitation {vertically integrated
heating). Solid line; vertically integrated
heating from which the adiabatic cooling
is subtracted. Unit is mm/day (left) and
W/m? (right).

ing change of vertically integrated internal ENergy
is estimated to be less than 1 W/m>. The longer
and denser data of the model results than presently
available? are required.

3.2 Longitude-time distribution of precipitation al
10 degrees latitude

In order to see time-dependent hehavior of the
precipitation at the ITCZs, the longitude-time dis-
tribution of precipitation at 10 degrees latitude in
the standard experiment K1 is shown as Fig. Ga.
The predominance of eastward-moving precipitating
areas ig readily seen. Their spatial scale is similar
to the scale of the precipitating areas at the equa-
tor, that is about 1000km (refer to Part I). The
movement of the precipitating areas at this latitude
is more steady than that at the eguator, and the
number of areas existing at one time is larger. The
speed of movement is higher than that at the equa-
tor: It goes around the latitudinal circle in about
22 days. The planetary scale structure modulation
is not easily seen. But by comparing this with the
corresponding time-longitude section at the equator
(Fig. 1a), we can trace the connection with the cor-
responding pattern at the equator. Planetary scale
structures in Fig. 6a and Fig. la may be different
aspects of the same structure.

In the high SST experiment K2 (Fig.6b), the

2Qur historical data of the experiments are sampled every

6 hours.
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6)  Precip. lat . =10 Ki structure exists and corresponds to that at the equa-
U _— tor {Fig. 3¢ in Part I, also refer to Fig. 3a).

e = In the ITCZ region of the real atmosphere,

ﬁ westward-moving signals with the easterly wave
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Fig. 6. Longitude-time. distributions of pre-
cipitation at 10 degrees north. Contours
indicate 2 mm/day and areas of over 10
min/day are shaded. (a) Standard experi-
ment K1, (b} high SST experiment K2, (c¢)
low SST experiment K3.

eastward-moving precipitating areas are identified
more clearly, moving around the circle in about 20
days. The planetary scale structure is hardly seen,
ag in the case of the equator {see Part I}. Instead,
the precipitation intensity is modulated by another
system which moved westward. There are remark-
able areas of suppressed precipitation which have a
scale of around 1000km and move westward at a
speed of about 5m/s. Such areas are also recogniz-
able in experiment K1. In the low SST experiment
K3 (Fig. 6¢), the eastward-moving precipitating ar-
eas are traceable bui not clear. The planetary scale

disturbance is dominant in OLR data (Nakazawa,
1986). The behavior of precipitation in experiments
K1 and K2 is considerably different from that in the
real atmosphere. HS86 overlooked such an unrealis-
tic behavior of the model.

3.8 Structure of circulation associoled with the
eastward-moving grid scale precipitating areas al
10 degrees latitude

The structure of the circulation associated with
the eastward-moving grid scale precipitating areas
at 10 degrees latitude is examined by composite
technique. The composite is performed with ref.
erence to each longitude of peak® precipitation in
order to pick up the structure associated with in-
dividual precipitating areas. The detailed method
is described in Part 1. In the following, the results
of experiment K2 are mainly described, because the
eastward movement of grid scale precipitating ar-
eas is the clearest in this experiment among three
experiments.

Figure 7a shows the composite structure of the
precipitation itself. The longitudinal scale is about
1000km and the meridional scale is even smaller.
The precipitation at the same longitude in the ITCZ
of the other hemisphere is slightly suppressed. The
composite structure of the longitude-height section
(Figs. Tb-7d) looks generally similar to that associ-
ated with the precipitating area at the equator (Figs.
8 in part I). The common characteristics are the ex-

. istence of a warm region from upper levels near the

precipitation peak to lower levels to the east of the
peak, the existence of a cold region from lower lev-
els near the precipitation peak to upper levels to
the west of the peak, and the slantwise structure
of upward motion. However, the westward slant of
the phase is comparatively weak. There is a region
of large positive vorticity in the lower levels a little
west to the precipitation peak (Fig.7d). The up-
draft to the east of the vorticity center is considered
to responsible for generating vorticity by stretching
effect. Note that the magnitude of vorticity at up-
per levels is very weak. The horizontal struciure
at the lower levels {Fig. 8a) shows a character of an
castward-propagating inertio-gravity wave, that is,
the correspondence of westerly wind and high pres-
sure. The structure at upper levels (Fig. 8b) is re-
markably different from that at lower levels. The
cutflow is significantly isotropic at upper levels.

In order to clarify the behavior of vorticity sig-

3This peak does not necessarily mean the peak in the
longitudinal-latitudinal plane or in the longitude-time sec-
tion. It only means that the precipitation at that gridpoint is
largest among several gridpoints of different longitude nearby
at the same latitude and time.
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Fig. 7. Composite structure with reference to precipitation peaks at 10 degrees north of experiment K2.
(a) Horizontal distribution of precipitation. The econtour 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 10
degrees north. Zonal means are subtracied for temperature and zonal wind. The contour interval is
0.2K and negative areas are shaded. (¢) Longitude-height section of heating by cumulus (contour) and
wind vectors at 10 degrees north. Zonal mean is subtracted for zonal wind. 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 vorticity {contour) and wind
vectors at 10 degrees north. Zonal means are subtracted for vorticity and zonal wind. The contour
interval is 2 x 107% ! and negative areas are shaded. In each figure, the unit vectors shown at the left
side bottom represent 5m/s and 5 mb/hr respectively.

nals associated with the precipitation, the longitude-
time distribution of vorticity is plotted in Fig. 9. At
lower level ¢ =0.95, the westward-moving structures
of grid scale are significant. The areas of suppressed
precipitation appearing in Fig. 6b apparently corre-
spond to the regions of negative vorticity. On the
other hand, the precipitation is enhanced in the re-
gions of positive vorticity {for example, around 180
degrees of day 40-50). The eastward movement of
grid scale areas of positive vorticity can be recog-
nized, although rather intermittently. Those arcas
correspond to the positive vorticity appearing in the
composite (Fig. 7d). There seems to be no regular
stricture in the vorticity field in the upper layer (not
shown). To pick up the structure associated with the
westward-moving low level vorticity signal, a com-
posite is made using the longitude of peak vorticity
as a key. The result is Fig. 10, which clearly shows
the concentration of vorticity at lower levels.

The easterly wave disturbances in the real atmo-
sphere are westward-moving disturbances associated
with large vorticity and cumulus activity. There in-
deed exist westward moving disturbances of vortic-
ity in the model, yet the vorticity is concentrated in
the lower troposphere and only associated with the

modulation of precipitation. This behavior is quite
different from that of the real atmosphere where
the direct coupling between westward-moving dis-
turbances and precipitation occurs, although some
evidence for the modulation of precipitation by an
eastward-propagating mode is observed (Nakazawa,
1986; Takayabu and Murakami, 1991).

The comparison of composite structures with ref-
erence to the precipitation peaks at 10 degrees lati-
tude shows little difference between experiments K2
and K1 (not shown). For experiment K3, the com-
posite structure is unclear, corresponding to the fact
that the movement of grid scale precipitating areas
is not regular in this experiment.

4. An experiment with moist convective ad-
justment

4.1 Eostward-propagating planetary scale structure
around the equator

A distinct structure of wavenumber one appears in
the composite fields with reference to a point which
is moving ai a constant speed of 8.5m/s (Fig. 11).
The main difference from the experiment with Kuo’s
parameterization (Fig. 2) is the reversal of the sign of
temperature deviation at around o=0.9 level. The
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Fig. 8 Longitude-latitude sections of height
field equivalent to the field of a constant p
surface Z{o) + g"'RT Inp, {contour) and
wind vectors in composite with reference
to precipitation peaks at 10 degrees north
in experiment K2. Zonal means are sub-
tracted for all quantities. The contour in-
terval is 1 m and negative areas are shaded.
The unit vectors shown at the left side bot-
tom represent 5 m/s for both directions.
{a) 0=0.95 (about 950 mb), (b} c=0.29
{about 290 mb).
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Fig. 9. Longitude—time section of relative vor-
ticity at 10 degrees north and ¢=0.95 in
experiment K2. The contour interval is 1
% 107%s~! and negative areas are shaded.

reversal may be caused by the low level cooling due
to moist convective adjustment. An interesting fea-
ture of Fig, 11b is that the region of intense heating
becomes restricted to the lower levels as we move
eastward from the center of precipitation,
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Fig. 10. Longitude—height section of relative

T
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vorticity (contour) and wind vectors at 10
degrees north in the composite with refer-
ence to peaks of positive vorticity at 10
degrees north in experiment K2. Zonal
means are subtracted for vorticity and
zonal wind. The contour interval is 2x
107%57! and negative areas are shaded.
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Fig. 11. Composite structure in experiment

Al with reference to a point moving at a
constant speed (8.5m/s). (a) Longitude-
height section of temperature {contour)
and wind vectors at the equator. Zonal
means are subtracted for temperature
and zonal wind. The contour interval
is 0.2K and negative areas are shaded.
(b) Longitude-height section of cumulus
heating (contour} and wind vectors at
the equator. Zonal mean is subtracted
for monal wind. The contour interval is
1K/day and areas of over 1K/day are
shaded. In each figure, the unit vectors
shown at the left side bottom represent 5
m/s and 2.5 mb/hr respectively.
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Fig. 12. Horizontal distributions of divergence
and evaporation in experiment Al in the
composite with reference to a point mov-
ing at a constant speed (8.5 m/s). (a) Di-
vergence (contour) and wind vectors at o
=0.995 (about 995 mb). Zonal means are
subtracted for all quantities. The contour
interval is 1x 107 %' and negative (con-
vergence) areas are shaded. The unit vec-
tors shown at the left side bottom repre-
sent 2.5 m/s for both directions. (b) Evap-
oration from surface. Zonal mean is sub-
tracted. The contour interval is 5 W/m?
{corresponds to about 0.2 mm/day precip-
itation) and negative areas are shaded.

Figure 12 represents the composite distribution of
divergence at the lowest levels and evaporation. Dis-

tinct structures of wavenumber one are seen, with a .

positive anomaly to the east of the center (about
180 degrees) both in the fields of convergence and
evaporation. The meridional convergence and diver-
gence is apparent and has a large amplitude around
the equator, which agrees with the characteristics
of the model of Wang (1988). The magnitude of
evaporation anomalies is largest at about 8 degrees
latitudes. The longitudinal variation is about 20 %
of the zonal mean value which is shown in Fig. 13b.
Figure 14 represents the composite longitudinal dis-
tribution of the absotute value of surface wind speed,
evaporation, and precipitation averaged between 10
degrees north and 10 degrees south. The precipita-
tion is rather large to the east of the peak located
around 180 degrees. The effective warming rate that
is the difference between the heating rate by cumu-
lus and the adiabatic cooling rate by upward motion
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Fig. 13. Zonal and time mean distributions of
surface zonal wind [u] and evaporation [E]
fields. Solid line; standard experiment K1.
Broken line; experiment with moist con-
vective adjustment Al. (a) Zonal wind
{u]. at ¢=0.995 (about 995 mb). Unit
is m/s. {b) Evaporation [E]. Unit is
mm/day (left) and W/m? (right).
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Fig. 14. Longitudinal distributions of vari-
ables related to the heating in experiment
Al averaged around the equator {+10°~
—10°) in the composite, with reference to
a point moving at a constant speed (8.5
m/s). (a) Absolute value of wind speed
near the surface (7=-0.995, about 995 mb).
Unit is m/s. (b) Dotted line; evaporation.
Broken line; precipitation (verticaliy inte-
grated heating). Solid line; vertically inte-
grated heating from which the adiabatic
cooling is subtracted. Unit is mm/day
(left) and W/m? (right).

is slightly larger to the east of the peak than to the
west. The phase relationship among these quantities
is similar to the results of experiment K3 (Fig. 5),
and the energy is supplied to the disturbances by
the net heating associated with cumulus convection.
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Fig. 15. Longitude-time distribution of pre-
cipitation at 10 degrees north in exper-
iment Al. Contours indicate 2 mm/day
and areas of over 10mm/day are shaded.

16(a)
0.0
—
o 0.2:
> :
0.4y
Q
2 0.8
Zo.sl
1.0k
. °
180
16(b)
0.0
—~0.2
b
g
0.4y
b3
2o.s
LPo.e
1.p LEE b
210
L> longitude

Fig. 6. Composite structure with reference
to precipitation peaks at 10 degrees north
in experiment Al. (a) Longitude-height
section of temperature (contour) and wind
vectors at 10 degrees north. Zonal means
are subtracted for temperature and zonal
wind. The contour interval is 0.2K and
negative areas are shaded. (b) Longitude-
height section of relative vorticity {con-
tour) and wind vectors at 10 degrees north.
Zenal means are subtracted for vorticity
and zonal wind. The contour interval is 2
x 107%™ and negative areas 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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Fig. 17. Longitude-latitude section of height
field equivalent to the field of a constant p
surface Z(o) + g~ RTInp, (contour) and
wind vectors at 0=0.95 in the composite
with reference to precipitation peaks at 10
degrees north in experiment Al. 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.

4.2 Longitude—time distribution of precipitation at
10 degrees latitude

At the equator, there are large differences between
experiment Al and experiments K1~ K3 in the be-
havior of grid scale precipitating areas, as stated in
part I. The behavior of grid scale precipitating ar-
eas at 10 degrees latitude in experiment Al {Fig. 15)
is also different from that in experiments K1~X3.
There exist eastward-moving areas, but their life-
time is much shorter than that in experiment K1 or
K2. Note that there are westward rooving precipi-
tating areas with a rather long life time, for example
around 180 degrees longitude at day 30.

4.8 Structure of circulation associated with the grid
scale precipiiation areas ot 10 degrees latitude

The composite structure associated with the grid
scale precipitation areas at 10 degrees latitude in ex-
periment Al, which is produced by the same method
in the case of K2 (Fig. 7), is shown in Fig. 16. This
structure looks very different from that in experi-
ment K2. The westward slant of the phase line is
hardly recognizable and strong vorticity signals ex-
ist even in the upper troposphere. There is large
positive vorticity to the west of the updraft which is
largest in the lower layer and extends upward to the
middle layer, and negative vorticity rather east of
the updraft in the upper layer. The horizontal struc-
ture (Fig. 17) clearly shows the existence of vortices.

These characteristic features at 10 degrees lat-
itude in experiment Al are rather similar to the
features of easterly wave disturbances (Reed and
Recker, 1971}. The westward movement of vortic-
ity is apparent in the longitude-time plot of vortic-
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120
Longitude

Fig. 18, Longitude—time distribution of rela-
tive vorticity aft 10 degrees north and o=
0.95 in experiment Al. The contour inter-
val is 1x10™% ! and negative areas are -
shaded.

ity (Fig. 18), and vortices coupled with precipitation
can be found by comparing it with the longitude-
time plot of precipitation (Fig. 15).

5. Discussion

5.1 Eostward-propagating planetary scale structure
around the eguaior

In experiments K1~ K3, the planetary scale struc-
ture around the equator is shown to exist as a mod-
ulation of the grid scale precipitating areas {‘super
clusters’). In each experiment, there is little differ-
ence in the speed of movement between the grid scale
precipitating areas and the planetary scale structure
as described in Part I of this paper (see Fig. 3 of
Part I). From these results, one may consider that
the propagation of the planetary scale structure is
realized by the movement of the group of grid scale
precipitating areas, and may agree with HS86’s in-
terpretation. However, the results shown in Part I
indicate the dependences of the activity of the two
structures on the SST value are opposite: The ac-
tivity of super clusters becomes unclear when the
S5T is decreased, while the activity of the planetary
scale structure becomes obscure when the S8T is in-
creased. Thus, we have to consider a maintenance
mechanisim peculiar to the planetary scale structure.

In the experiment with moist convective adjust-
ment Al, a planetary scale structure exists clearly
and shows distinet eastward propagation without
the co-existence of an eastward-moving grid scale
structure. This result may give some hints about
the dynamics of the eastward-propagating planetary
scale structures. If the planetary scale eastward-
moving structure in experiment Al is considered to
be the counterpart of the planetary scale structure
in experiments K1~K3, it can be concluded that
the existence of the eastward-moving grid scale pre-
cipitating areas is not indispensable for the existence
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Fig. 19. Longitude-time distributions of pre-
cipitation at the eguator in the experi-
ments with zopally averaged bulk transfer
coefficient ([Cplv|]). Contours indicate 2
mm/day and areas of over 10 mm/day are
shaded. {a) Experiment K1E which corre-
sponds to K1, (b) experiment AlE which
corresponds to Al.

of the planetary scale structure.

.There is a distinct region of large convergence in
the planetary boundary layer to the east of plan-
etary scale precipitating regions in experiment Al
(Fig. 12a). This supports the frictional CISK in-
terpretation by Wang (1988). The evaporation is
also larger to the east of the precipitating region
corresponding to the sirong surface easterly (Fig.
12b}. This agrees with the evaporation-wind feed-
back theory by Emanuel (1987) and Neelin et al.
(1987). In experiment K3, there is also a region of
large convergence and evaporation to the east of ac-
tive regions of precipitation (Fig. 3). This suggests
that the eastward-moving planetary scale structure
in K3 or K1 corresponds to the large scale struc-
ture in Al with respect to the mechanism of main-
tenance, which is not direcily related to the main-
tenance of the grid scale structure.

Additional experiments are performed in order
to clarify this point. The evaporation-wind feed-
back can be removed by using the zonal mean value
of bulk transfer coefficient Cplv| instead of the lo-
cal value in the expression for evaporation Eq. (1).

BeE v .
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Fig. 20. Longitudinal distributions of precipi-
tation at the equator in the compasite with
reference to a point moving at constant
speed (12m/s). (a) Standard experiment
K1, (b) experiment K1E with zonally av-
eraged bulk transfer coefficient {[Cp|v[]).

This is virtuaily the same method that Neelin et al.
(1987) adopted. In the same way as K1~Al, the
model is integrated for 120 days and the data of the
last 60 day period is used for analyses. Figure 19b
shows the result of the experiment using the moist
convective adjustment scheme {A1E) which is the
same condition as experiment A1 (Fig. 1b) except
for the above modification. The disappearance of

. planetary scale structure is apparent. Figure 19a is

the result of experiment K1E which is identical to
experiment K1 {Fig. 1a) but with the feedback re-
moved. In order to clarify the difference, longitudi-
nal distributions of composite precipitation around
the equator in experiments K1 and K1E are plotted
in Fig.20. In experiment K1 (Fig. 20a), a plane-
tary scale structure which has a maximum of pre-
cipitation around 120 degrees longitude and a mini-
mum at about 300 degrees longitude can be clearly
seen, even though small scale structure is superim-
posed. In experiment K1E (Fig. 20b), on the other
hand, the amplitude of planetary scale structure is
significantly decreased whereas the eastward-moving
grid scale precipitating areas are still clearly, or even
more clearly observed. Thus we see that the exis-
tence or non-existence of evaporation-wind feedback
does not alter qualitatively the behavior of grid scale
precipitating areas. This statement also holds con-
cerning the precipitation at 10 degrees latitude {not
shown). It is concluded that there exist maintenance
mechanisms peculiar to planetary scale structures
and the evaporation—-wind feedback is an essential
part of the mechanism, at least in the model. Un-
fortunately, the effect of frictional convergence has
not been successfully separated and the importance
of it has not been identified.

These results including the discussions of Part 1
suggest that the hierarchical structure composed of
the grid scale precipitating areas and the planetary
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scale modulation in the model is maintained by the
coexistence of at least two different maintenance
mechanisms of disturbances, i.e., wave-CISK and
evaporation—wind feedback. It is found in Part I
that the speeds of eastward movement of the both -
structures are approximately the same but the de-
pendences of the strength of the two structures on
the SST value is opposite. It can be considered that
there exists a certain kind of interaction between
the two structures. However, the results of experi-
ment, Al suggest that this interaction is not strong:
The existence of the one feature does not rely on
the existence of the other, which is contrary to the
statement of HS86.

The result that the evaporation-wind feedback
mechanism dominates in the planetary scale while
other mechanisms such as wave-CISK dominate in
the comparatively small scale is very informative.
According to the linear theory of wave-CISK, a pref-
erence for small scale structures is naturally ex-
pected. It can be imagined that the relative im-
portance of the evaporation in the moisture budget
increases as the scale of the region increases: The
evaporation term will be proportional to the square
measure of the region, whereas the convergence term
due to circulation will be proportional to the circum-
ference of the region. Hence, we may speculate that
the relative importance of evaporation—wind feed-
back process to the wave-CISK process increases as
the scale increases. Nevertheless, however, the selec-
tion of the planetary scale, especially the wavenum-
ber one, by the evaporation-wind feedback mech-
anism cannot be explained by ordinary linear the-
ories (Emanuel, 1987; Neelin ef al, 1987). Yano
and Emanuel (1991) presented a model in which the
growth of small scale disturbances is suppressed ow-
ing to the large energy outflow by wave propagation
into the stratosphere. It has not been explored in
our model whether such a mechanism is effective for
the scale selection. A model with sufficient resolu-
tion in the stratosphere must be utilized in order to
verify the applicability of their model.

5.2 Nature of precipitation at the ITCZ

In experiments K1~K3, the existence of a dou-
ble ITCZ structure is remarkable. At the latitude of
peak precipitation (10 degrees), precipitation occurs
in the form of eastward-moving precipitating areas.
The circulation structure associated with the pre-
cipitating areas at this latitude resembles the struc-
ture of eastward-propagating inertio-gravity wave.
Furthermore, the phase relationship between heat-
ing and circulation is similar to that associated with
the grid scale precipitating areas at the equator. It
is considered that this circulation associated with
precipitating areas is maintained by the wave-CISK
mechanism.

The disturbance which is commonly observed at
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the ITCZ latitudes in the real atmosphere is the
easterly wave disturbance, which meoves westward
with cumulus activisy. The main difference in struc-
ture between easterly wave disturbances and the
eastward-moving disturbances in the model is the
distribution of the vorticity. There are deep vortic-
ity signals associated with the actual easterly wave
disturbances (Reed and Recker, 1971), whereas the
amplitude of vorticity is confined to the low leveis
in the eastward-moving disturbances in experiments
K1~K3. This difference in the depth of the vorticity
distribution may be attributed to the difference in
the mean vorticity field. In the actual atmosphere,
there is nonzero absolute vorticity in the mean field
so that the vortex can be created by a heat source
through stretching and shrioking. But the absolute
vorticity in the upper layer of the model tropics is
nearly zero (refer to part 1) and a vortex cannot be
created easily there.

At 10 degrees latitude in experiments K1~K3,
vorticity signals exist in the lower levels for a long
time and move westward, driven by an easterly
wind. However, the precipitation is not directly cou-
pled with these vorticity signals in experiments K1
~X3. Ii is coupled with the eastward-propeagating
mertio-gravity waves. The vorticity causes only the
amplification and suppression of precipitation as an
amplitude modulation. Unfortunately, it is still un-
clear whether or not this amplification and suppres-
sion of precipitation is responsible for the mainte-
nance of the double ITCZ structure as hypothesized
by Charney (1969).

It has been already confirmed that the
‘evaporation-wind feedback mechanism is very im-
portant in the maintenance of & certain kind of large
scale precipitating structure. Inspection of the zonal
mean field in this respect suggests another mecha-
nism of the maintenance of the double ITCZ struc-
ture. The amount of evaporation at the equator
s somewhat smaller than that at 10 to 15 degrees
latitude, as seen in Fig.4b. It is possible that this
latitudinal contrast of evaporation is responsible for
the existence of the double I'TCZs. The minimum
of evaporation at the equator is considered to be
caused by a weakness of the surface wind there (see
Fig. 4a). This suggests the existence of a process
which can be called ‘evaporation—wind feedback for
the zonal mean field’. The possible feedback for
the zonal mean fleld can be removed by averaging
the bulk transfer coefficient Cplv! not only longi-
tudinally but also latitudinally, in the same way as
we did for removing the feedback for the planetary
scale disturbances. Figure 21 represents the results
of experiment K1T, which is identical to experiment
K1 except that a longitudinally and latitudinally av-
eraged bulk transfer coefficient is used between 30
degrees north and 30 degrees south. The resulting
precipitation is concentrated at the equator and the
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Fig. 21. Latisudinal distributions of time and
zonal mean precipitation and evaporation.
Solid line: standard experiment K1. Bro-
ken line: experiment K1T with latitu-
dinally averaged bulk transfer coefficient
([Col[). (a) Precipitation, {b) evapo-
ration. Unit is mm/day (left) and W/m®
(right).

double ITCZ structure has disappeared. The latitu-
dinal contrast of evaporation becomes rather weak.
¥rom these results, it is strongly suggested that the
dependence of evaporation on wind speed is an im-
portant factor for the maintenance of the zonal mean
field.

A single I'TCZ structure appeared in the exper-
iment by Lau ef al. (1988). The SST distribution
they used is the time and zonal mean field of the re-
sult of a swamp experiment (experiment with zero
surface heat capacity), which is quite different from
ours. Another experiment with an 58T distribution
which is obtained in the same manner as Lau et al.
(1988) is performed with our model by using Kuo’s
parameterization. In this experiment, the single
precipitation belt at the equator has appeared (not
shown). The difference in SST between the equator
and 10 degrees latitude is about 2K in this experi-
ment, while the difference is only 0.5K in our stan-
dard 88T distribution. In the case of swamp exper-
iments or the experiments using the SST distribu-
tions derived from swamp experiments, the amount
of latent energy supply from the ocean surface into
the atmosphere is approximately the same as the
net radiation at the surface and has a maximam at
the equator in the equinox condition. This means
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that, in the swamp experiment, the SST should be
significantly higher at the equator than at the non-
equatorial latitudes when the wind speed is smaller
at the equator. If the difference in SST between 10
degrees latitude and the equator is not as large as
the case of swamp condition, the latent energy sup-
ply at the equator cloud be smaller than those at 10
degrees latitude. Thus the amount of precipitation
at 10 degrees latitude is expected to be larger than
that at the equator only when the difference in SS8T
is sufficiently small. The tendency of the precipita-
tion at off-equatorial latitudes to be larger when the
SST contrast is sufficiently small is prominent in the
experiments with Kuo’s parameterization. When we
use the moist convective adjustment, this tendency
becomes weaker. The result of the experiment by
Manabe et al. (1974) which shows that the ITCZ fol-
lows the maximum latitude of SST does not contra-
dict our results, because the parameterization they
used is the moist convective adjustment scheme.

Recently, Sumi (1991} investigated the behavior
of precipitating areas in GCM with globally uniform
S8T distribution. It is shown that a double ITCZ
structure centered at the equator appears even if
the meridional gradient of SST is zero. He claimed
that the frictional CISK mechanism associated with
vortices is the most important factor in determin-
ing the location of ITCZs in such a sitnation. In
our experiments, the characteristics of the general
circulation are greatly different from that of Sumi’s
(1991) experiments in many respects because of the
difference of meridional SST gradient. What we em-
phasize here is that, in order to describe the circu-
lation characteristics of our experiments, the merid-
ional inhomogeneity of the moisture budget must
be considered in addition to latitudinal dependence
of dynamical properties. Further investigations con-
cerning this problem will be presented in subsequent
papers.

The results of the experiments with Kuo’s param-
eterization show unrealistic dominance of eastward-
moving precipitating areas at the ITCZs. Because
of this, one may consider that Kuo’s parameteri-
zabion tends to exaggerate the nature of produc-
ing the wave-CISK mechanism compared with other
schemes or the real atmosphere. However, it is dan-
gerous to connect this result directly to the judge-
ment of the superiority of a particular cumulus pa-
rameterization because the results probably change
when parameterizations of other physical processes
and the resolution of the model are changed.

6. Conclusions

The characteristics of cumulus activity and their
parameter dependence in the ‘aqua planet’ GCM ex-
periments are examined, concentrating on the plan
etary scale structure and the structure of the pre-
cipitating areas around the ITCZ regions.
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The eastward-moving structures on the plane-
tary scale can be similarly recognized in the experi-
ments with two different cumulus parameterization
schemes, i.e., Kuo's scheme and the moist convec-
tive adjustment. The structures of circulation on
the planetary scale in the two experiments look ba-
sically similar, although the behavior of precipita-
tion on the synoptic scale is remarkably different.
Further, the resulis of the experiments with Kuo’s
parameterization show a tendency that the plane-
tary scale structure is more prominent when the ac-
tivity of the grid scale precipitating areas is low.
These results do not support HS86’s explanation of
the existence of the planetary scale structure by the
feedback of the non-uniformity in the distribution of
the grid scale precipitating areas. The results of the
analyses of the circulation structure suggest that the
frictional CISK and/or the evaporation-wind feed-
back mechanism is effective for the maintenance of
the eastward-propagating planetary scale structure.

When the evaporation-wind feedback process is
artificially removed, the eastward-moving planetary
scale modulation structure almost disappears. Thus
the planetary scale structure is considered to be
maintained by the evaporation-wind feedback mech-
anism to a certain extent. The fact that the grid
scale structures still exist without evaporation—wind
feedback process in the experiment using Kuo's
scheme suggests that the evaporation—wind feedback
is comparatively ineffective and other processes such
as wave-CISK are more important for structures of
small time and spatial scales in the model. It is
concluded that the hierarchical siructure composed
of the grid scale precipitating areas (super clusters)
and the planetary scale modulation (30 day oscilla-
tion} in the model is maintained by the coexistence
of at least two maintenance mechanism of different
nature, i.e., wave-CISK and evaporation—wind feed-
back. Unfortunately, the role of the frictional CISK
mechanism has not been clarified because we could
not treat that process separately. ’

In the experiments with Kuo’s parameterization,
the precipitation at the double ITCZs occurs in the
form of eastward-moving precipitating areas. They
are considered to be maintained by the wave-CISK
mechanism, although the inertio-gravity wave mode
is dominant instead of the Kelvin wave at the equa-
tor. This feature is quite different from the east-
erly wave disturbances in the real atmosphere. Be-
cause of this discrepancy, Kuo's parameterization in
the model may be considered to enhance artificially
the wave-CISK mechanism. In the experiment with
moist convective adjustment, the ITCZ is not clearly
separated into two bands and eastward-moving pre-
cipitating areas are not evident at 10 degrees lati-
tude. Insiead, there are westward-moving vortices
which are coupled with precipitation and resemble
well the easterly wave disturbances observed in the
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real atmosphere.

As for the mechanism of the separation of the
ITCZ into double bands, the explanation concerning
the latitudinal difference of efficiency of frictional
CISK was presented by Charney {1969). Amplifi-
cation and suppression of precipitation associated
with westward-moving vortices can be recognized in
the results of the experiment with Kuo’s parame-
terization. However, this does not necessarily sup-
port Charney’s idea because the precipitating areas
are dominated by the structure of the wave-CISK
made. On the other hand, it is revealed that the de-
pendence of evaporation on wind speed has a large
influence on the zonal mean structures. At the equa-
tor, the evaporation rate is small compared to the
higher latitudes of the tropics because of the weak-
ness of the surface wind there. It is demonstrated
that the precipitation is concenirated at the equa-
tor and a single ITCZ forms when this dependence
is artificially removed.

In summary, in our model experiments, it is clar-
ified that the disturbances on synoptic or small
scale in the model are tightly associated with pre-
cipitation, and direct coupling processes befween
the circulation and cumulus heating, such as wave-
CISK mechanism, play an important role in their
formation and maintenance. It is also suggested
that the budget of moisture, which is strongly af-
fected by evaporation rate, is the primarily impor-
tant factor for the formation and maintenance of
planetary scale structures. Unfortunately, these ve-
sults depend rather strongly on the parameteriza-
tion schemes utilized in the model. As for the dis-
turbances on the synoptic or small scale, different
cumulus parameterization promotes different types
of disturbances. The characteristics of the planetary
scale structures is expected to depend not only on
cumulys parameterization but also on parameteriza-
tions of the surface fluxes, the vertical diffusion and
the radiative processes. For further understanding
of tropical circulation fields, observational estimates
of the moisture and energy budgets on various time
and spatial scales are required. Moreover, extensive
examinations on the dependence of model results on
the parameterizations of physical processes and ex-
ternal parameters are alsc desired.
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