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Abstract

The hierarchical structures of eastward-moving tropical super cloud clusters (SCC) and embedded
westward-moving quasi-periodic cloud clusters (QPCC) are successfully simulated by a simple longitude-
height two-dimensional model with simple moist processes.

The model results clearly show a life cycle of cloud activity. The cloud area starts as a low-level shallow
cloud, develops into deep convection, becomes a top-heavy cloud, and decays. Gravity-wave packets are
excited by the growth and decay of this cloud and propagate both eastward and westward. The westward-
propagating gravity waves are coupled with cloud activity and form westward-moving QPCC. On the other
hand, the eastward propagating waves are not immediately coupled with deep convective activity. A deep
convective cloud develops only after the low and middle troposphere is sufficiently moistened and cooled.
The quasi-periodic emergence of the new convective cloud to the east results in the eastward movement of
the envelope of QPCC, forming an eastward-moving SCC.

It is suggested that the excitation of gravity waves of two vertical modes by grow and decay of the
heating with top-heavy vertical profile is essential to this hierarchical structure. Especially, the net upward
parcel displacement due to the shallow gravity-wave cell have a important role in the generation of new
QPCC. Although both eastward-moving SCC and westward-moving SCC are possible in a non-rotating
atmosphere with no external origins of east-west asymmetry, eastward-moving SCC can be selected under
existence of some external asymmetry, such as the beta effect, mean zonal wind shear, or asymmetry of
latent heat flux due to WISHE (wind-induced surface heat exchange) effect.

1. Introduction et al. (1991), Sui and Lau (1992), and Mapes and
Houze (1993). Since SCC often appears in the con-
after referred to as SCC) is one of the most mys- vectm.aly active reglon‘of Madder{—J.uhan qscﬂlatmn
teri feat f the tropical at h It ; (MJO; Madden an Julian 1994), it is considered an
erious features ol the tropical atmosphere. ** " inner structure of the MJO. SCC is usually asso-

an eastward-moving convectively active region near ciated with a strong low-level westerly wind. and
the equator, with a horizontal scale of 3000-5000 km . . . & ety Wind, al
the intensification of the westerly wind possibly trig-

and a propagation speed of 5 to 10 m/s. SCC was - . . .
. . gers tropical air-sea interaction phenomena such as
first found in the tropical atmosphere by Nakazawa o 1.k .
(1988), and further described by, le. L ENSO (El Nifio-Southern Oscillation). Takayabu
» and further described by, lor example, Lau g Murakami (1991) analyzed the structure of SCC
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scale of these cloud clusters is about 1000 km and
the westward speed is about 10-20 m/s. Lau et al.
(1991), and Sui and Lau (1992) confirmed this view
and stated that westward-moving cloud clusters ap-
pears at two- to four-day intervals within a SCC.
They further reported that there are also eastward-
moving cloud clusters with a similar scale but their
occurrence is relatively rare.

Takayabu (1994) found by a spectral analysis of
10-year-period satellite data that westward-moving
cloud areas commonly appear in the convectively
active region near the equator. The cloud areas
have a westward speed of about 20 m/s and ap-
pear quasi-periodically at an approximate period
of two days. It was concluded that this two-day
mode corresponds to the equatorial inertio-gravity
wave (Matsuno 1966). The ‘cloud clusters’ in a SCC
seem to correspond to this quasi two-day mode, al-
though the latter appears even outside the SCC. Re-
cent analysis of TOGA-COARE data by Takayabu
et al. (1996, hereafter TLS96) revealed the structure
associated with the two-day mode, clearly showing
that the structure is consistent with the equato-
rial inertio-gravity wave. With a detailed analysis
of TOGA-COARE IOP satellite data, Chen et al.
(1996) argued that the convectively active phase of
a westward-moving signal consists of several cloud
areas, rather than a single cloud area, and that
the individual cloud areas do not necessarily move
westward even when their envelope moves westward.
Hereafter, this westward-moving cloud signal is re-
ferred to as ‘quasi-periodic cloud clusters (QPCC)’.

The first modeling work relevant to the SCC is
that of Hayashi and Sumi (1986), who also intro-
duced the term ‘supercluster’. There is, however,
no westward-moving substructure corresponding to
that of QPCC in their results using a general circula-
tion model. Using numerical models with finer hor-
izontal resolution, Lau et al. (1989) and Itoh (1989)
succeeded in simulating the westward propagation of
cloud cluster as well as the SCC. In a high-resolution
general circulation model experiments of Hayashi et
al. (1997), some hierarchical structures of convective
activity which resembles the observed SCC-QPCC
structure, appear. They showed that strong gravity
waves are associated with such convective activities.

Theoretical work concerning the mechanism of
SCC is still quite incomplete. The wave-CISK mech-
anism (Hayashi 1970; Lindzen 1974), which is based
on a direct coupling between large-scale waves and
cumulus convection through the upward motion of
the waves, is one of the candidates for the mainte-
nance mechanism. Numaguti and Hayashi (1991)
concluded that the ‘SCC’ obtained by Hayashi and
Sumi (1986), in which the cumulus parameteriza-
tion of Kuo (1974) is used, is maintained by the
wave-CISK mechanism. Recently, the reality of
wave-CISK is questioned by several authors (e.g.,
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Emanuel et al. 1995), and the solutions such as ob-
tained by Hayashi and Sumi (1986) are considered
to be severely affected by inappropriate cumulus pa-
rameterization schemes.

As another mechanism for the maintenance of
tropical waves, the WISHE mechanism (Emanuel
1987), or equivalently the evaporation-wind feed-
back (Neelin et al. 1987), is proposed and found
to be potentially important. It assumes that wave-
induced modification of surface energy fluxes causes
the amplification of waves. Yano et al. (1995, here-
after referred to as Y95) successfully simulated a
SCC-like hierarchical structure with a simple, but
very-high-resolution shallow-water model. They
emphasized the importance of WISHE to the SCC
in their model, in which evaporation is large to the
east of the convectively active region due to strong
easterlies there.

Chao and Lin (1994, hereafter referred to as
CL94) also obtained a SCC-like hierarchical struc-
ture using a longitude-height two-dimensional prim-
itive equation model. They, on the other hand, pro-
posed a ‘cloud cluster teleinduction mechanism’ as
an explanation for the eastward movement of SCC
in their model. They argued that the heating by
a cloud cluster generates some circulation, and this
circulation excites a new cloud cluster to the east of
the existing cloud cluster. However, the dynamical
detail of this mechanism was not clarified in their
work.

Although the results of these two works (Y95,
CL94) show some resemblance to the real SCC, sev-
eral discrepancies remain. One serious drawback
in the result of Y95 (it also appears in Lau et al.
(1989), and Itoh (1989)) is existence of an unreal-
istically continuous cloud area at the eastern edge
of SCC. Another problem in common with in Y95
and CL94 is the existence of unrealistically strong
easterly wind, in particular, to the east of SCC.

In this study, in order to clarify the dynamics of
the hierarchical structure of SCC, a series of nu-
merical experiment is performed by using a simple
two-dimensional numerical model. The importance
of interaction between clouds and gravity waves of
different vertical modes is discussed on the basis of
a detailed analysis of the model results. The model
and experiments are described in Section 2, while
the results of experiments are compared in Section 3.
The structures and evolutions of SCC and QPCC
are examined in detail in Section 4. The possible
mechanism is discussed in Section 5, while summary
and conclusion are given in Section 6.

2. The model and experiments

The model used in this study is a simplified ver-
sion of the CCSR/NIES atmospheric general circula-
tion model (Numaguti 1993). The dynamical frame-
work is based on primitive equations with vertical
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coordinate o, which is the pressure p normalized by
the surface pressure p; (¢ = p/ps). The prognostic
variables are horizontal divergence D, temperature
T, specific humidity g, and surface pressure p,.

The model is applied to the longitude-height two
dimensional plane at the equator. Considering that
the longitude-height structures of SCC and QPCC
can be essentially explained by a Kelvin wave and a
westward-propagating inertio-gravity wave, respec-
tively, only the divergence equation is used and
the vorticity is set to zero. For a further approx-
imation, the longitudinal scale of circulation is as-
sumed smaller than the meridional scale and all
terms that involve meridional differentiations are
neglected. However, the beta term, which comes
from the meridional gradient of Coriolis factor, is
retained. This approximation is the opposite of the
longwave approximation (Gill 1980) and should be
called ‘shortwave approximation’. The validity of
this approximation is discussed in the Appendix.
The equations are the divergence equation,

oD 0 3} ( (9u)

§+3_JJ'—(uD)+5—$‘ 0'%

a2 (i) g

the thermodynamic equation,

ar dm ¢
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the moisture equation,
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the equation of continuity,
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and hydrostatic equation,
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Here, divergence D is defined as

ou
D=_—, 6
Ee (6)
where u is zonal wind, and the Lagrangian derivative
is defined as,
d 0 n 7] i 0

—==+4u—+5—,

dt Ot Ox do
where ¢ is vertical velocity in ¢ coordinate. ¢ is
geopotential, T, virtual temperature, 7 = Inp,, Q
diabatic heating, and S is moisture source.

As shown in the Appendix, two types of linear
waves exist in the model dynamics. One is an east-
ward propagating wave and the other is a west-
ward propagating wave. The former well resembles
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a Kelvin wave and the latter resembles westward-
propagating inertio-gravity wave (Matsuno 1966) in
the context of the dispersion relation. This indicates
that the east-west asymmetry of the dynamics of
leading modes of gravity-type wave is qualitatively
captured in the two-dimensional model, with this
modeled beta effect under the shortwave approxi-
mation. The correspondence in dispersion relation
is, however, not good for a very long zonal wave-
length (> 6000 km) and the dynamics is significantly
distorted in the longwave limit. To overcome this
problem, the computational domain is restricted to
a 90 degree sector along the equator. In this paper,
both the westward and eastward propagating waves
are simply referred to as gravity waves.

The model uses the spectral conversion method in
horizontal descretization. The zonal wavenumbers
are truncated at 168 (the actual number of modes
is only 43 due to 1/4 sector geometry). The corre-
sponding horizontal grid spacing is about 0.7 degree
(80 km). In vertical, the model has unevenly lo-
cated 11 o levels. The semi-implicit scheme is used
for the time integration and the typical time step is
20 minutes.!

The physical processes used in the model are very
simple. For the cloud process, only so-called large-
scale condensation (LSC) scheme is used. In this
scheme the relative humidity in the grid box is ad-
justed to the saturated value (100 %) whenever it
exceeds the saturated value. The condensed wa-
ter is assumed to precipitate immediately without
evaporation. In one experiment, the moist con-
vective adjustment (MCA) scheme (Manabe et al.
1965) is used simultaneously with the LSC scheme.
In the MCA scheme, the stratification is adjusted
to the moist adiabatic profile with 100 % relative
humidity whenever the predicted stratification be-
comes moist unstable and oversaturated in more
than two contiguous model levels. Note that the
‘clouds’ in the present model with O (100 km) grid
size does not correspond to the individual clouds
in the real atmosphere, which have the horizontal
scale of < 10 km. Instead, they are assumed to
crudely represent groups of clouds, cloud clusters
or ‘mesoscale cloud system (MCS)’, in O (100) km
scale. Also, the cloud activity is not distinguished
from the precipitation activity because the model
assumes instant precipitation of condensed water.

The vertical eddy transport is implemented by a
simple diffusion with a o-dependent fixed diffusion
coefficient. The value is largest at the lowest level
(4 m?/s) and decrease upward linearly in ¢. The
dry convective adjustment scheme is also applied.
The exchange of momentum, heat, and moisture be-

1 Use of the semi-implicit scheme and a relatively long time
step may distort the phase speed of gravity waves. It is
confirmed, however, that the results are qualitatively the
same when a shorter time step is used.
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Fig. 1. Heating profiles in the experiments.
The left two curves indicate the pro-
files of prescribed radiative heating. The
solid line is for experiments LSC, MCA,
NO-BETA, and WISHE, while the dot-
ted line is for experiment LOWLSC. The
right three curves indicate the profiles
of the simulated condensational heating.
The solid line is averaged profile for ex-
periment LSC, while the dotted line is for
experiment LOWLSC. The dashed line
indicates the composite profile during in-
tense cloud ac- tivity for experiment LSC,
which is used in the linear response exper-
iment in Section 5c.

Table 1. List of the experiments.

B MCA radiation WISHE SHEAR

LSC yes - STD - -

MCA yes yes STD - -
LOWLSC yes - LOW - -
NOBETA - - STD - -

WISHE - - STD  yes(—8 m/s) -
SHEAR - - STD - yes(—5 ~0m/s)

tween the surface and the atmosphere is estimated
by a bulk formula with a constant bulk transfer coef-
ficient, Cp|v|. The value, Cplv| = 0.0076, is calcu-
lated assuming the roughness, zp = 0.1 mm, and the
observed typical value of wind speed, |v| = 8 m/s.
Note that the WISHE mechanism is completely ex-
cluded by use of the fixed value for Cplv|. The
surface is assumed to be completely wet and the
temperature is fixed at 300 K. In order to limit the
zonal-mean zonal wind speed to a small value, a
damping term which restores the zonal-mean com-
ponent of the zonal wind to zero in 5-day e-folding
time is incorporated. These settings are intended to
mimic the conditions over the warm water pool in
the western equatorial Pacific, where SCC appears
frequently. Finally, the radiative process is simply
expressed by imposing a fixed cooling rate which is
a function of o only. The standard (STD) profile,
shown by the left solid line in Fig. 1 has a constant
cooling rate (2 K/day) over most of the troposphere.

The experiments and its settings are listed in Ta-

Vol. 78, No. 4

ble 1. Experiment LSC is the standard experiment,
which uses the LSC scheme as the only condensation
process. Experiment MCA uses the moist convective
adjustment (MCA) scheme simultaneously with the
LSC scheme. Experiment LOWLSC is identical to
LSC except that a modified radiative cooling profile
is used. The profile is shown in dotted line in Fig. 1,
which has a low-level maximum of cooling. In ex-
periment NOBETA, the modeled beta term (Bu) in
the divergence equation is removed. In this experi-
ment, there is no external origin of east-west asym-
metry. The modeled beta term is also removed in
experiment WISHE and SHEAR. In the experiment
WISHE, the condition of constant Cplv| is changed
only for the surface moisture flux E so that,

E = pCplu + uol(g* — q), (7)

where g* is saturated humidity of surface, u is cal-
culated wind at the lowest level and up = —8 m/s.
This condition is equivalent to the situation that
an 8 m/s easterly mean wind is imposed through-
out the atmosphere, allowing the WISHE feedback,
and observed from a moving coordinate along with
the mean wind. In the experiment SHEAR, on the
other hand, a basic wind with linear shear (—5 m/s
at 0 = 1 and 0 m/s at ¢ = 0) is imposed, and
the restoring is applied forward to this sheared ba-
sic wind.

At first the model is integrated for about 100 days
under the condition of experiment MCA to acquire
an equilibrium state. From the final state of this
integration, zonally averaged but with small initial
random perturbations added, each experiments are
integrated for 45 days. Results for the last 30 days
are used for the analysis.

3. Results of the experiments

Figure 2 shows the longitude-time distribution of
precipitation for each experiment. In the experi-
ment LSC (Fig. 2a), individual cloud areas tend to
move westward whereas the envelopes move east-
ward. The horizontal scale of the cloud area is 100-
200 km (a few grids) and that of the envelope is
about 2000 km. The westward speed of each cloud
area is about 10-12 m/s and the eastward speed
of the envelope is about 8 m/s. Each westward-
moving cloud area appears about 500 km east of
the old cloud area at time intervals of about one
day. This behavior is qualitatively very similar to
the hierarchical structure of the eastward-moving
SCC and the westward-moving QPCC in the real
atmosphere, although the lifetime of each cloud area
(less than two days) seems a little shorter than the
observed QPCC. Thus the westward-moving each
cloud area in the model is referred to as QPCC and
the eastward-moving envelope as SCC. In some re-
gions, the westward-movement of each cloud area
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Fig. 2. Longitude-time distributions of precipitation for each experiment. Contour levels are 8, 16, 32,
64, 128 mm/day and the areas over 8 mm/day are shaded. The time axis (days) is directed upward.
(a) The standard experiment (LSC), (b) experiment with moist convective adjustment (MCA), (c)
with the modified radiative-cooling profile (LOWLSC), (d) without the beta effect (NOBETA), (e)
with the WISHE process (WISHE), (f) with basic wind shear (SHEAR).

is somewhat unclear, or there are even eastward-
moving cloud areas. However, the westward move-
ment of a group of cloud areas can be traced, for
example, from (day 7, 42 degrees) to (day 9, 30 de-
grees). This behavior seems consistent with the find-

ing of Chen et al. (1996) referred to in the Introduc-
tion.

The result of the experiment with the moist con-
vective adjustment (MCA, Fig. 2b), is very simi-
lar to that of experiment LSC, showing the promi-
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Fig. 2. (Continued)

nent SCC structure. Compared with experiment
LSC, however, the lifetime of each cloud area is rela-
tively shorter and the zonal scale of SCC is relatively
smaller (about 1500 km). The moist convective ad-
justment is considered to play only minor role in the
formation of the SCC in the model.

When the radiative profile is modified to have a
low-level maximum (experiment LOWLSC, Fig. 2c),
the result becomes very different. Each cloud area

seems to be stationary or move at random, while
its lifetime (one to two day) is relatively unchanged.
Further, it is difficult to identify SCC-like larger-
scale moving envelopes from this figure. The east-
west asymmetry, which has clearly appeared in ex-
periments LSC and MCA, is very weak in this ex-
periment.

If the modeled beta effect is removed (NOBETA,
Fig. 2d), the result becomes relatively irregular.
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Fig. 2. (Continued)

There are SCC-like structure similar to experiment
LSC, for example around (day 8, 10 degrees) and
(day 18, 45 degrees). However, we can also rec-
ognize eastward-moving cloud areas in westward-
moving envelopes, which should be called westward-
moving SCC, for example at around (day 4, 30 de-
grees) and (day 25, 10 degrees). If we focus on
a particular space-time region, the local east-west
asymmetry forming SCC, i.e., a moving cloud re-

gion with substructure propagating opposite direc-
tion, still exists. From a global viewpoint, however,
the asymmetry vanishes: Both the eastward- and
westward-moving SCCs equally exist. This seems
natural because there is no external asymmetry in
experiment NOBETA.

Figure 2e is the result of experiment WISHE,
in which the WISHE mechanism is allowed with
imposed mean easterly (Note that the results are
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shown in the moving coordinate along with the im-
posed mean easterly). Some hierarchical structure
is also seen in this experiment, although the east-
west asymmetry is relatively weak and individual
cloud areas sometimes move eastward. The hier-
archical structure also appears in the result of ex-
periment SHEAR, shown in Fig. 2f, in which the
mean zonal wind shear is imposed. In experiment
SHEAR, the lifetime of QPCCs is relatively longer
and westward propagation is clearer compared with
other experiments. Note that the speed of this west-
ward propagation (8 m/s) is clearly faster than the
mean easterly wind speed (5 to 0 m/s). The results
of these two experiments indicate that the east-wast
symmetry (coexistence of eastward moving SCC and
westward moving SCC) can be broken not only by
the modeled beta effect, but also by the WISHE ef-
fect or the basic wind shear. When the direction of
imposed mean wind is reversed, i.e., when a westerly
wind is imposed in WISHE experiment or a mean
wind with opposite shear (5 m/sat ¢ =1 and 0 m/s
at ¢ = 0) is imposed in SHEAR experiment, the
results show the anticipated change; dominance of
westward moving SCC and eastward moving QPCC.

These results suggest that the radiative cooling
profile is important to the formation of the hierar-
chical SCC-QPCC structure. Another experiment
with a strong high-level maximum of radiative cool-
ing (not shown) indicates even a clearer SCC-QPCC
structure than LSC. Thus it is considered that the
strong cooling in the upper troposphere favors the
SCC-QPCC structure. This strong upper-level cool-
ing, however, can also produce the westward-moving
SCC as well as eastward-moving one (see, experi-
ment NOBETA, Fig. 2d). In experiments LSC and
MCA, the modeled beta effect seems responsible to
the asymmetry that the eastward-moving SCC dom-
inates the westward-moving SCC. Such breakdown
of symmetry can be also caused by the WISHE effect
or the basic wind shear.

4. Structure and evolution of disturbances

This section further analyzes the results of exper-
iment LSC. This experiment is chosen because it
has the simplest physics. Although other experi-
ments, MCA, WISHE or SHEAR, might be more
realistic, the dynamics may be a little more com-
plicated. The structures and evolution of SCC and
QPCC will be described by the use of composite
analysis. Three types of composite are examined
in the following three subsections. The first is the
“QPCC composite”, which extracts the structure
of westward-moving QPCC, while the second is the
“SCC composite” which extracts the structure of
eastward-moving SCC. The last is the “life cycle
composite”, which describes the time evolution of
circulations. The reference points for three com-
posites are exemplified in Fig. 3 (The 8 mm/hour
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contour of precipitation is shown in thick lines. The
shadings will be explained in Section 4.3).

4.1 Structure of QPCC

To describe the structures associated with
westward-moving QPCC, the reference points for
composite are taken from straight lines in the
longitude-time plot of precipitation, which approxi-
mate the westward movement of QPCC (thick solid
lines in Fig. 3). Figure 4 shows composite time-
height sections at the reference longitude. The zonal
and vertical winds, temperature, and condensational
heating are shown in Fig. 4a while the divergence
and relative humidity are shown in Fig. 4b. These
time-height sections have many features in common
with the zonal-height sections (not shown), suggest-
ing simple westward propagation of fixed structure
for the first approximation.

Condensational heating starts at low level (be-
tween hour —24 to —12), grows upward, and re-
mains only in the upper troposphere higher than
the 500 hPa level® after hour 6. The upward ve-
locity also shows a similar development: A down-
draft appears in the lower troposphere and the up-
draft becomes confined in the upper troposphere. In
the upper troposphere, higher than 600 hPa level, a
strong updraft and a warm core exist in the period of
intense heating. The peak of the warm signal, how-
ever, occurs somewhat earlier than the maximum
heating and updraft. This indicates that the circu-
lations have some characteristics of gravity waves.
The temperature shows a vertically oscillating sig-
nal above 200 hPa. This may be related to grav-
ity waves propagating to the stratosphere, although
they are strongly distorted by the insufficient verti-
cal resolution of the model.

In the divergence field (Fig. 4b) there is a large
convergence around day 0 at middle (about 700 hPa)
levels, rather than at the PBL (planetary boundary
layer, approximately lower than 900 hPa). Around
hour —8, there is a PBL convergence and upper-
level divergence. But after hour —2, a divergence
appears in the PBL. Relative humidity is generally
high where upward motion exits. The upper tropo-
sphere is much more humid after the reference time.
In the lower troposphere, a dry signal exists around
hour 12, corresponding to the strong downdraft just
before.

In simple models of the tropical atmosphere, it is
usually assumed that the circulation is dominated by
the so-called ‘first baroclinic’ vertical mode, having
one node in the horizontal wind and no node in the

2 Although the figures are plotted in the o vertical coordi-
nate, the vertical level will be referred to by more famil-
iar pressure values. Each o surface is very close to the
(10000) hPa pressure surface.
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Fig. 3. Longitude-time distributions of precipitation (contours), 900 hPa convergence (dense shading) and
680 hPa convergence (light shading) for experiment LSC. For precipitation, only 8 mm/day contour
lines are plotted. Both the dense and light shadings indicate the areas over 5 x 10™%/s convergence.
Reference points for the three type of composite are also shown. The thick solid lines show the
reference points for the ‘quasi-periodic cloud cluster (QPCC)’ composite, the thick dashed lines for
the ‘super cloud cluster (SCC)’ composite, and the crosses for the ‘life cycle’ composite.

temperature and vertical wind in the troposphere®
(e.g., Gill 1982). However, the structure of QPCC
in Fig. 4 indicates the existence of a shallower ver-
tical structure especially in the later stage of cloud
development. The vertical velocity field, which has
one node, suggests the importance of the so-called
‘second baroclinic’ mode. Note that, however, there
is a period around hour —4 during which the ‘first
baroclinic’ signal dominates the vertical motion.
TLS96 presented a composite analysis of the
‘quasi 2-day wave’ (QPCC) by use of radiosonde ob-
servations during TOGA COARE IOP. Their Figs.
8-12 and Figs. 15-16 are comparable to the present
results (Fig. 4). In general a remarkable similar-
ity is found between their observational results and
the present model results. The phase lines tilt
from lower to higher altitudes for both the obser-

3 Note that the ‘first baroclinic mode’ here is not the baro-
clinic mode with largest equivalent depth in the nor-
mal mode solution of atmosphere including the strato-
sphere and upper atmosphere. The ‘first baroclinic mode’
and ‘second baroclinic mode’ in this work have equiva-
lent depth of ~ 70 m and ~ 15 m and phase speed of
gravity wave of ~ 25 m/s and ~ 12 m/s, respectively.
(These equivalent depths and phase speeds are relatively
smaller than corresponding values in the real tropical at-
mosphere, presumably due to lower tropopause height in
the model.)

vation and the model results. The intense middle-
tropospheric (about 700 hPa) convergence clearly
appears in both TLS96’s and the present compos-
ites. It must be noted that the total depth of cloud
and circulations is relatively shallower compared to
the observed. This discrepancy may be attributed to
the lack of a cumulus parameterization scheme in ex-
periment LSC, and more importantly to the shallow-
ness of prescribed radiative cooling profile (Fig. 1)
and the insufficient vertical resolution. It should
also be noted that the periodicity of about two days
is not so clear in the present model results as the
TLS96’s observational results. The vertical velocity
and humidity signals also have common characters,
including the emergence of a downdraft and signifi-
cant drying in the later stage of cloud activity. For
the temperature, consistency between the model re-
sults and the observation is good in the low-level sig-
nal; a warm signal follows a cold signal. For the up-
per level signal, however, the amplitude of tempera-
ture signal (> 1 K) is much larger than the TLS96’s
result. In the latter, a strong signal exists only in
the diurnal variation. Finally, the development of
condensational heating in the present results seems
consistent with TLS96’s results of TBB histogram
(their Fig. 6); starting from the lower troposphere,
growing up, remaining for a while in the upper tro-
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Fig. 4. Structure of QPCC composite for experiment LSC. Time-height (o) sections at the reference
longitude. (a) Temperature (contours, zonal mean substracted), condensational heating (shades) and
zonal and vertical ¢ velocities (vectors). The contour interval is 0.2 K. Light shading indicate grater
than 4 K/day, while dense shading indicate grater than 10 K/day. The unit vectors at the lower-left
corner represent 8 m/s and 5 x 107%/s. (b) Divergence (contours) and relative humidity (shades).
Contour interval is 2 x 107%/s, light shading indicates the relative humidity higher than 65 % while

dense shading indicates lower than 55 %.

posphere, and decaying.

4.2 Structure of SCC
In order to clarify the structure associated with
the eastward-moving SCC, the reference points for

composite are taken from straight lines in the
longitude-time domain, which approximately corre-
spond to the eastward borders of SCC (thick dashed
line in Fig. 3). Figure 5 shows the results in a zonal-
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Fig. 5. Structure of SCC composite for experiment LSC. Longitude-height (o) section at the reference
time. (a) Temperature (contours, zonal mean substructed), conden- sational heating (shades) and
zonal and vertical o velocities (vectors). The contour interval is 0.3 K. Light shading indicate grater
than 5 K/day, while dense shading indicate grater than 10 K/day. The unit vectors at the lower-left
corner represent 6 m/s and 3 x 107%/s. (b) Divergence (contours) and relative humidity (shades).
Contour interval is 1 x 107 /s, light shading indicates the relative humidity higher than 65 % while
denseshading indicates lower than 55 %.

height section at the reference time. The pattern of  structure can be regarded as a mixture of the first
the temperature and zonal wind has a strong west- and the second baroclinic mode signals. The phases
ward tilt. Since the structure propagates eastward,  of the signals of temperature and zonal wind are
the vertical phase propagation is upward. This approximately coincident in the lower troposphere,
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Fig. 6. Longitude-time section of precipitation and zonal wind at o = 0.90 of the ‘life cycle’ composite for
experiment LSC. The contour levels are 8, 12, 24, and 48 mm/day with the areas over 12 mm/day being
shaded. Unit vector at the lower-left corner indicates 20 m/s. Coordinates are longitude and time

relative to the ‘radiating event’.

i.e., warm signal is associated with the easterly, and
they are almost in quadrature in the upper tropo-
sphere. These structure is generally consistent with
the observed structure of Kelvin waves. Striking
east-west asymmetry exists in the composite of rel-
ative humidity (Fig. 5b). In the free troposphere
higher than the 900 hPa level, the region to the east
of the reference longitude (5 to 20 degrees longi-
tude) is very dry while the region to the west (—15
to 0 degrees) is relatively moist. Near the surface,
however, the depth of the wet region (indicated by
light shading) is deeper in the region to the east (0
to 20 degrees longitude) than the region to the west
(=15 to 0 degrees). This indicates that the relative
humidity in the PBL (900-1000 hPa) is generally
higher to the east than to the west. The east-west
contrasts in specific humidity are similar to these
contrast in relative humidity.

The correlation between condensational heating
and temperature is an important quantity because
it is proportional to the supply of energy into the
disturbance through heating. The area of strong
condensational heating (indicated in Fig. 5 as dense
shading) has a slight westward tilt. The correla-
tion between this part of heating and temperature
is small because the temperature perturbation in
the lower half of the troposphere is negative. How-
ever, there is an additional area of moderate heat-
ing in the upper troposphere (light shading) which
extends about six degrees to the west of the refer-

ence longitude. The positive correlation between the
heating and temperature exists owing to this upper-
tropospheric moderate heating.

The present structure (Fig. 5) can be compared
with the observational results of Takayabu and
Murakami (1991), especially with their Fig. 13. The
comparison indicates a fairly good correspondence,
for example, in westward phase tilt and Kelvin-wave
like phase relationship. The main difference is, as in
the case of QPCC, that the depth of the entire cir-
culation in the present results is relatively shallower
compared to that observed.

4.8 Life cycle of circulations

The above analysis indicates that there are at
least two important categories of the vertical struc-
ture of the circulations. These are the so-called
‘first baroclinic mode’ and ‘second baroclinic mode’
in the troposphere. Corresponding to these, there
are two levels of maximum of convergence associated
with QPCC, the low level (about 900 hPa), and the
middle level (about 680 hPa). The ‘first baroclinic
mode’ has a maximum convergence at low level,
while the ‘second baroclinic mode’ has a maximum
convergence at middle level and divergence at low
level. In Fig. 3, the low-level (900 hPa) convergence
is indicated by dense shading while the middle-level
(680 hPa) convergence is indicated by light shad-
ing. There are many westward-propagating sig-
nals along with the westward movement of QPCC
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(thick contours). In addition, there are also distinc-
tive eastward-propagating signals of low-level con-
vergence to the east of each QPCC, almost along
the thick dashed line in the figure. Each eastward-
propagating signal appears to start from one QPCC
and ends at another QPCC. These westward- and
eastward-propagating signals appear to be ‘radiated’
from a common point in the longitude-time domain
(exemplified in Fig. 3 as crosses). These points will
be referred to as ‘radiating events’, which are found
in almost all QPCCs. By examining in more detail,
it is seen that the phase propagation of eastward-
propagating low-level convergence is faster than the
movement of the system (thick dashed lines). Al-
though the low-level convergence signal almost con-
tinuously propagates from west to east, it suspends
its propagation and stays at the same position for a
while near the radiating event, for example around
84 degrees and 90 degrees longitudes. These com-
bination of fast propagation and stationary period
leads to slower eastward propagation of the whole
system.

In order to explore the life cycle of the QPCC and
its association with the SCC-QPCC structure, the
radiating events defined above are used for the refer-
ence points for the composite. They are subjectively
chosen from the 900 hPa and 680 hPa convergence
field. The composite field of precipitation (Fig. 6),
plotted with the longitude and time relative to the
radiating event, shows a clear sequence of QPCC
development. Cloud activity begins about half a
day before the reference time, increasing its inten-
sity staying at the same longitude for a while, and
start propagating westward at about 10 m/s, and
finally decays gradually. The averaged lifetime of
QPCC is about two days. Precipitation signals also
appear around (hour —24, —10 degrees) and (hour
+24, 410 degrees), corresponding to the QPCC of
the previous and next generations, respectively. The
signals are, however, diffused and the indication of
westward movement is not obvious. This is because
the interval of QPCC emergence varies between half
a day and two days. On average, a new QPCC ap-
pears at intervals of about one day and 6 degrees
(700 km). The period is about two days if observed
at a fixed longitude (for example, see around —7 de-
grees longitude) and the zonal ‘wavelength’ is about
12 degrees (1300 km) if observed at a fixed time (see,
around 424 hour). Also indicated in the figure by
arrows are the composite 900 hPa zonal wind, re-
vealing that westerly winds are strong just around
the QPCC. There are also weaker easterly winds to
the east. These features seem consistent with the
observation.

The longitude-height sections of the composite
winds, heating and equivalent potential tempera-
ture (6., will be discussed in Section 5.1) for dif-
ferent time references are shown in Fig. 7. Note
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that the longitudinal range is narrower than Fig. 5.
Schematic sequences are given in Fig. 8 to elucidate
essential features. At hour —12 (Fig. 7a, Fig. 8a),
a low-level cloud area appears around the reference
longitude (0 degree). This low-level cloud area is
associated with a strong updraft. This updraft con-
stitutes the eastern branch of an anti-clockwise cir-
culation to the west, and the western branch of a
clockwise circulation to the east. There is a large
cloud area between —4 degrees to —10 degrees longi-
tude. This cloud area is considered a part of QPCC
of previous generation (associated with previous ‘ra-
diating event’). There is an upward motion, con-
centrated in the mid- to upper troposphere associ-
ated with this western cloud area. It constitutes the
western branch of a clockwise circulation with its
center around (—3 degrees, 500 hPa). At hour —6
(Fig. 7b), the cloud area around 0 degree longitude
is developing into deeper convection. The pair of
anti-clockwise and clockwise cells in the lower tropo-
sphere intensifies and deepens. The upper western
cloud and clockwise cell remain, but the signal have
weakened.

At hour 0 (Fig. 7c, Fig. 8b), the cloud area almost
extends to the entire tropospheric depth. The previ-
ous cloud area to the west has decayed. At hour +6
(Fig. 7d, Fig. 8c), the cloud activity near the refer-
ence longitude becomes confined to the upper tropo-
sphere. This cloud area in general has shifted a little
westward from hour 0. The lower potion of the cloud
area, however, has split into two areas and shifted
to east and west. In this stage, a pair of shallow up-
drafts appear corresponding to the low-level cloud
areas, and a downdraft appears just below the upper
tropospheric cloud. They form an anti-clockwise cell
centered around (1 deg, 850 hPa) and a clockwise
cell centered around (—1.5 deg, 850 hPa). There
are also deep circulations, as seen in the downdraft
around —8 and +8 degrees longitudes, which share
the cloudy low-level updraft with the shallow circu-
lations (see, Fig. 8c).

At hour +12 (Fig. 7e, Fig. 8d), the upper-level
cloud has moved further westward while the up-
draft of deep convective circulation has decayed.
The shallow clockwise cell moved to about —3 de-
grees longitude while the shallow anti-clockwise cell
moved to about +3 degrees. Correspondingly, the
low-level cloud areas moved with these cells. At
this time, however, the eastern cloud area has been
disconnected from the main cloud area while the
western cloud area is still a part of the main cloud
area. Finally at hour +18 (Fig. 7f), the center of the
upper-level cloud area has moved to about —3 de-
grees longitude. Around +6 degrees longitude, the
low-level cloud has intensified along with the updraft
there. This situation is very similar to that seen at
the hour —12 (Fig. 7a) but the longitude has shifted
about 6 degrees eastward.
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Fig. 7. Structure of the ‘life cycle’ composite for experiment LSC. Each longitude-height section is at five
different times relative to the ‘radiating event’. (a) —12 hour, (b) —6 hour, (c) 0 hour, (d) +6 hour,
(e) +12 hour, (f) +18 hour. Equivalent potential temperature (contours), condensational heating
(shades) and zonal and vertical o velocity (vectors) are shown. The contour interval is 3 K (thick
contour begins 324 K). Light shading indicates greater than 4 K/day. while dense shading indicates
greater than 10 K/day. The unit vectors at the lower-left corner represent 15 m/s and 1 x 1075 /s.

In these composite figures, the existence and
movement of the low-level cloud areas during hour
0 to 18 looks continuous. By examining individual
cases, however, this is not true. The low-level clouds

appear at some times, but disappear at other times.
The low-level cloud areas to the west, which are
occasionally created with westward-propagating up-
draft, usually develop into deeper clouds and merge
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Fig. 7. (Continued)

into the upper-level clouds. On the other hand, the
low-level cloud areas to the east, which are also oc-
casionally created, never develop into deeper clouds
until hour +18.

Figure 9 represents the longitude-time section of
the “life cycle” composite. The value shown is the
vertical o-velocity at low (o = 0.87), middle (¢ =
0.60), and upper (0 = 0.43) levels. Dense shading
indicates updrafts, whereas light shading indicates

downdrafts. Some features are directly associated
with the westward-moving cloud area (thick con-
tours). For example, an updraft signal at o = 0.60
occurs almost exactly in the cloud area (Fig. 9b).
An intense updraft signal at ¢ = 0.43 similarly oc-
curs but with a small time lag (Fig. 9c). However,
strong updraft signals and moist signals at o = 0.87
(Fig. 9a) are not directly associated with the clouds.
It is seen that these signals propagate both eastward
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Fig. 7. (Continued)

and westward at approximately constant speed as
indicated by straight lines. Some signals appear to
start at about (0 degree, hour 0). Other signals start
at the same longitude but at about hour 8. This
suggests that the ‘radiation’ of the signal does not
occur in a single event but occurs in at least two sub-
sequent events. These signals, which are found even
at the middle and upper levels, can be interpreted
as propagating gravity waves.

In Fig. 9, there appears at least two dominant
waves with different propagation speeds. One prop-
agates 20 degrees in about two days, and the other in
about one day, their propagation speeds being about
12 m/s and 25 m/s, respectively. The former signal
clearly appears in the vertical velocity field at the
lower (o = 0.87, Fig. 9a) and the higher (o = 0.43,
Fig. 9c) levels, with opposite signs between these
two levels. The latter signal clearly appears at the
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Fig. 8. Schematic illustration of Fig. 7. Cir-

culations (solid curves with arrows) and
cloud areas (dotted contours) are shown.

middle (o = 0.60, Fig. 9b) level. This faster signals
may correspond to the ‘first baroclinic’ mode in the
troposphere, which has a maximum of vertical ve-
locity at middle troposphere. On the other hand,
the slower signals may correspond to the ‘second-
baroclinic’ mode, which has maxima of vertical ve-
locity at lower and upper troposphere with oppo-
site sign. Hereafter, the former will be referred to
as the ‘deep mode’ and the latter as the ‘shallow
mode’. By comparing Fig. 8 and Fig. 9, it is clearly
seen that the propagating gravity-wave signal of the
shallow mode plays a significant role in the life cy-
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cle of QPCC: The westward-movement of QPCC is
associated with westward-propagating gravity-wave
signals, while the emergence of new QPCC to the
east is triggered by eastward-propagating gravity-
wave signals.

5. Discussion

In this section, the dynamics of QPCC and SCC
is discussed in the context of interaction between
clouds and gravity waves. The life cycle of the
QPCC can be divided into four stages; (1) the ini-
tial development of a stationary convective cloud,
(2) the westward movement of circulations with rel-
atively continuous cloud activity, (3) the eastward
movement of circulations with cloud activity only
at low levels, and (4) the emergence of a new con-
vective cloud to the east. The last stage contin-
ues to the first stage of the next generation QPCC.
The remaining questions are why the initial convec-
tive cloud stationarity grows and decays on about a
one-day time scale, how the signals of gravity-wave
circulations are excited and propagate, why the
westward-moving circulations are associated with
clouds whereas the eastward-moving circulations are
not, and why the new convective cloud emerges to
the east after about a one day period. These ques-
tions are examined in the following subsections.

5.1 Development of a stationary convective cloud

To consider the development of a stationary deep
convective cloud, the time-evolution of the thermo-
dynamic state and its budget are examined. In
Fig. 7, contours show the composite evolution of
equivalent potential temperature (6.), which is an
approximately conserved quantity in the advective
and condensational processes. Before the develop-
ment of a convective cloud (Fig. 7a), the 6. has
a minimum value in the mid-troposphere. During
the development of the convective cloud (Fig. 7b
and 7c), high 6. air is advected up to the middle
to upper troposphere from the lower troposphere,
and the stratification is almost neutralized in the
cloud region. After the convective cloud attains
the maximum intensity, 6. in the lower-tropospheric
cloud region becomes small (Fig. 7d) and the strat-
ification becomes stable. By this time, the lower-
tropospheric cloud activity becomes weak at the ref-
erence longitude. Because 0, is an approximately
conserved quantity, this low 6. air should be ad-
vected from some other regions.* Figure 7c and 7d
suggests that this low 6. air originates in the mid-
dle tropospheric region to the west and east of the
convective cloud.

Figure 10 shows the budgets of thermodynamic
variables for 680 hPa and 810 hPa level at 0 degree

4  Small peaks in 8. in the figure are considered due to the
nature of composite, which emphasizes signals near the
reference longitude.
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Fig. 9. Longitude-time sections of vertical o velocity of ‘life cycle’ composite for experiment LSC. (a)
o = 0.87 (about 870 hPa), (b) o = 0.60 (about 600 hPa), (c) o = 0.43 (about 430 hPa). Contour
values are —1 x 107%, —4x 107%, -1 x 107%, +1x 1075, +4 x 1079, and +1 x 1075 /s. Positive values
indicate downdrafts. Areas under —1x10~%/s (updraft) are heavily shaded while those over 1x 10~%/s
(downdraft) are lightly shaded. Thick contours indicate the 8 mm/day contours of precipitation in
Fig. 6. Solid and dashed straight lines schematically indicates the propagation of signals (solid:
shallow-mode; dashed: deep-mode).

longitude. As shown in the dashed line in (a) and  off around hour +10. In the budget of temperature
(b), cloud activity (condensational heating; dashed  at 680 hPa (Fig. 10a), the adiabatic cooling (dotted
line) begins around hour ~10, attains the maximum  line) and the condensational heating are almost bal-
around hour 0, and starts decaying until it is turned anced and the horizontal advection (dotted-dashed
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Fig. 9. (Continued)

line) is small. The net tendency is positive near
hour —6, suggesting the occurrence of CIFK (con-
ditional instability of the first kind). However, the
temperature is cooled down after day 0 during the
decaying stage of the cloud activity, indicating the
termination of CIFK. When the air is saturated,
the temperature and humidity must be closely cou-
pled and determined solely by 6., or almost equiv-
alently the moist enthalpy, CpT + Lq. The budget
of moist enthalpy (Fig. 10c) is greatly affected by
the horizontal advection. After hour 0, a negative
tendency due to horizontal advection is significant,
resulting in significant net drying and cooling. For
this large horizontal advection of moist enthalpy, the
advection of moisture Lg has a larger contribution
(Fig. 10b) than that of dry enthalpy CpT (Fig. 10a).
At lower level, 810 hPa (Fig. 10d), a similar negative
tendency due to horizontal advection is significant
at 810 hPa. This negative tendency occurs earlier
than that at 680 hPa, and is followed by a further
negative tendency by vertical advection due to the
downdraft. In Fig. 10c and 10d, sum of the horizon-
tal and vertical advection terms are plotted in thin
solid line. The difference between this and the thick
solid line (total advection) represents the effects of
diffusion and radiation. It can be seen that the ef-
fects of diffusion and radiation are not important in
the budget near the cloud region, although they are
essentially important in the maintenance of zonally
mean field.

From these analyses, it is suggested that the CIFK
process is responsible for the stationary development

of cloud activity and that the horizontal advection
of the ambient dry, low 6. air is responsible for
the cooling of the lower troposphere, termination
of CIFK, and decay of the cloud activity. From a
Lagrangian viewpoint, the effect of horizontal ad-
vection should be significant when the displacement
becomes comparable to the size of the circulation.
This condition can be written as

ur wr

. = F ~ DT ~ O(1), (8)
where T', U, W, L, H, and D are the representa-
tive values of time, horizontal and vertical velocity,
width and depth of the circulation, and divergence.
Then the time scale should be T' ~ H/W, which is a
turn-over time of the circulation (or ‘direct adjust-
ment time scale’, Bretherton 1994). In the present
model, D ~ 3 x 1075 (see Fig. 3) and the time scale
H/W =~ D is about 3 x 10* sec, about half a day.
This estimation is consistent with the duration of
the deep convective clouds in the model.

5.2 Propagation of gravity-wave signals

It is suggested that propagating gravity-wave sig-
nals play a key role in the life cycle of QPCC. The
signals appearing in Fig. 9 are schematically sum-
marized in Fig. 11. As seen in Fig. 9, there are 2 x 2
types of signal in the vertical velocity field; a deep-
mode updraft (thick dashed lines in Fig. 11), a deep-
mode downdraft (thin dashed lines), a shallow-mode
low-level updraft (or upper-level downdraft — thick
solid lines), and a shallow-mode low-level downdraft
(or upper-level updraft-thin solid lines). Note that
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Fig. 10. Time evolution of the individual budget term for temperature CpT, humidity Lq, and moist
enthalpy CpT + Lq of the ‘life cycle’ composite for experiment LSC at the reference (0 degree)
longitude. Unit is J/kg s™! (0.4 J/kg s™! corresponds 33 K/day). (a) Terms in the heat budget at
the o = 0.68 level. (b) Terms in the moisture budget at the o = 0.68 level. (c) Terms in the moist
enthalpy budget at the ¢ = 0.68 level. (d) Terms in the moist enthalpy budget at the o = 0.81 level.
Thick solid line: total tendency, dashed line: condensation term (only in (a),(b)), dotted line: vertical
advection (including adiabatic cooling), dotted-dashed line: horizontal advection, thin solid line: total

advection (only in (c),(d)).

the lines in Fig. 11 indicate the center (maximum) of
the decomposed signals and the actual field (Fig. 9)
corresponds to a superposition of signals with a fi-
nite width.

For the deep-mode signals (dashed lines — fast
propagation), downdraft signals first start propagat-
ing from about (0 degree, hour 0), and updraft sig-
nals follow, starting around hour 8. For the shallow-
mode signals (solid lines — slow propagation), on
the other hand, low-level updraft signals first start
propagating and low-level downdraft signals follow.
As seen in Fig. 7 (see also Fig. 8), pairs of up-
draft and downdraft signals form closed circulations,
or ‘gravity-wave cells’. The westward movement
of QPCC approximately corresponds to the prop-
agation of the shallow-mode low-level downdraft (or
upper-level updraft).

Bretherton and Smolarkiewicz (1989, referred to
as BS89) and Nicholls et al. (1991, referred to as
NPC91) discussed the formation of gravity waves
from a specified heating, which is turned on as a step
function in time and has an infinitesimal horizontal
width. Spatially concentrated signals of downdraft
(wave-heads) are excited when the heating is turned
on, propagating in both directions at the speed of
free gravity waves, warming the atmosphere behind
them. Because the phase speed of gravity wave de-
pends on the vertical wavelength, the wave-heads of
different vertical wavelengths will disperse and be

separated out from each other as the time advances.
By examining the consequences after the heating is
turned off some time later, Mapes (1993, referred to
as M93) described the generation of gravity-wave
cells. The turn-off of heating excites wave-heads
which have opposite directions to those excited by
the turn-on, and pairs of downdrafts and updrafts
excited by turn-on and turn-off form propagating
closed cells. For example, downdraft wave-head ex-
cited by turn-on and updraft wave-head excited by
turn-off of the ‘first baroclinic’ mode form propagat-
ing closed cell having upper- and low-level horizontal
flows between two wave-heads. Also, the turn-on
and turn-off wave-heads of the ‘second baroclinic’
mode form two-story closed circulations. The sig-
nals in Fig. 11 can be interpreted as these gravity-
wave cells although the heating in the present model
does not behave as a step function as in BS89 and
M93. As easily derived from the solution of BS89,
the response of vertical velocity w is proportional to
the time-derivative of the heating;

oc—l@ 9)

Cat,_y,

when the heating Q(z, t) has an infinitesimal spatial
width, Q(z,t) = Q(t)é(z) .

The response will then be dominated by the
gravity-wave heads from the maximum growth and
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Fig. 11. A schematic representation of ver-
tical velocity signals appearing in Fig. 9
in a longitude-time domain. Solid lines
indicate the propagation of the shal-
low-mode components of signals while the
dashed lines indicate the deep-mode com-
ponents of signals. Thick lines indicate
low-level updraft and thin lines indicate
low-level down- draft. The upper-level
vertical velocity is the same (opposite)
direction to the low- level vertical veloc-
ity for deep(shallow)-mode components.
The non-propagating convective updraft
in the early stage of the life cycle is in-
dicated by a short vertical line around (0
degree, hour 0). Some signals are omitted
for brevity. Cloud areas are shown in dot-
ted contours. Schematic form of the cir-
culations in longitude-height domain are
also shown.

maximum decay of the heating. The former corre-
sponds to the signals starting around hour 0 and the
latter corresponds to those starting around hour 8.
Although the heating in the present model has a fi-
nite width, the qualitative behavior of response may
not be much different from the infinitesimal-width
case, provided that the width is relatively small
(NPC91). One significant difference from M93 is,
however, the existence of the remaining westward-
moving heat source and many westward-propagating
signals associated with it.

5.8 Importance of the heating profile

Examining the behavior of gravity wave signals
excited by turn-on of heating followed by its turn-
off, M93 pointed out that a net upward displace-
ment of low-level air parcels from initial state ap-
pears at remote location a little distant from the
heating. M93 suggested that this upward displace-
ment will increase low-level humidity and trigger the
next convective clouds near the original cloud. He
also pointed out that the parcel displacement by
wave-head signals is sensitive to the vertical pro-
file of heating, and that this ‘gregarious convection’
effect is active only with a top-heavy heating pro-
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file, i.e., the upper-tropospheric heating is stronger
than the lower-tropospheric heating. If the heat-
ing has a top-heavy profile, the switch-on heating
excites not only a pair of downward wave-heads of
‘first baroclinic mode’ (deep mode) but also a pair of
‘second baroclinic mode’ (shallow mode) wave-head,
which have downward motion in the upper tropo-
sphere and upward motion in the lower troposphere.
This is due to the top-heavy heating profile can be
decomposed into a positive ‘first baroclinic’ heat-
ing with maximum at middle level, and a ‘second
baroclinic’ heating with positive (negative) heating
in the upper (lower) troposphere.

Observing at a fixed location, the parcel displace-
ment from the initial state becomes negative after
the passage of a deep-mode wave-head excited by
the turn-on. Then owing to the passage of updraft
wave-head excited by the heating turn-off, the parcel
displacement returns to the initial level. If we con-
sider the effects of deep-mode wave only, the parcel
displacement from initial never reaches a positive
value. If we consider the effects of sallow mode, on
the other hand, the first signal excited by turn-on
is a wave-head with low-level updraft, and the sec-
ond signal excited by turn-off is a wave-head with
low-level downdraft. Then the low-level parcel dis-
placement between the passage of these two shallow-
mode wave-heads becomes upward. These effects on
parcel displacement of wave-heads of deep and shal-
low modes are competitive. The low-level parcel dis-
placement becomes positive only after the downward
displacement by the deep-mode downdraft was can-
celed by the deep-mode updraft due to turn-off, and
after the shallow-mode updraft due to turn-on has
been passed through, but before the shallow-mode
downdraft due to turn-off arrives. Such a condition
can be fulfilled at a remote location distant from the
heating, since the propagation of the shallow-mode
signal is slower than that of deep-mode signal (see,
Fig. 11).

With a bottom-heavy heating case, however, the
low-level net displacement never becomes positive
because even for the shallow-mode, the downdraft
excited by turn-on comes first and the updraft ex-
cited by turn off follows it. The occasional existence
of low-level clouds behind the propagating low-level
updraft, as seen in Fig. 7 (Section 4), and the emer-
gence of a new convective cloud to the east are con-
sidered consistent with this gregarious convection ef-
fect by the top-heavy heating.

In order to demonstrate this effect, responses to
a prescribed heating is calculated using the same
model but with all physical processes removed. An
approximately linear response is derived by impos-
ing a small-amplitude heating. The time- and zonal-
mean state of experiment LSC, with the zonal wind
set to zero, is used for the initial state of the cal-
culation. The vertical profile of heating is assumed
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constant and derived from the composite profile av-
eraged between hour 0 and hour 8 at the reference
longitude (Fig. 7). The profile, which has top-heavy
characteristics, is shown in Fig. 1 as dashed lines.
The time evolution of the heating is assumed to take
sinusoidal form:

Qz,t,0) |
_ {Qo(o’)X(.’L‘) cos(nt/T), for|t| < T/2 (10)
0, otherwise

where the duration of the heating T is specified as
12 hours. The horizontal shape X (z) also takes si-
nusoidal form with a peak at the 0 degree longitude,
and non-zero values of the heating exist at five grid
points ranging +2 degrees.

The results for g-velocity (positive downward),
and specific humidity, which is proportional to the
upward displacement, at the lower level (o = 0.90)
are shown in Fig. 12a and 12b, respectively. In
Fig. 12a, a weak downward signal (around hour
4 at 5 degrees), which corresponds to the deep-
mode signal, appears at first. It is followed by a
strong upward signal, which is a mixture of the deep-
mode and the shallow-mode signals. Then a strong
downward signal follows further, which mainly cor-
responds to the shallow-mode signal but mixed with
signals of higher vertical modes. These behaviors
are generally consistent with the results of the full-
model shown in Fig. 9. Corresponding to these sig-
nals in vertical velocity, a weak dry signal appears
first and a strong moist signal follows in the humid-
ity field (Fig. 12b). After these signals, there are
minor dry and moist signals having a slower propa-
gation due to higher vertical modes. At the longi-
tude of heating (0 degree), the humidity decreases
as soon as the heating weakens.

Figure 12c shows the response for a different,
bottom-heavy (maximum at lower troposphere)
heating profile, which is similar to the dotted line
in Fig. 1. The response is very different from that
with top-heavy heating (Fig. 12b). A large decrease
of humidity (downward displacement) occurs when
and where a large increase occurs in the top-heavy
heating case. An increase of humidity remains at
the longitude of heating, also contrary to the top-
heavy case. Only a weak increase of humidity occurs
around (hour 24, + 3 degrees) by the effect of slowly-
propagating higher vertical modes. These results
also indicate that the top-heavy heating is impor-
tant to the existence of the shallow-mode gravity-
wave cells with an upward displacement.

Figure 1 compares the heating profiles for two ex-
periments; LSC (solid lines) and LOWLSC (dotted
lines). The positive condensational heating (right)
almost balances the negative radiative cooling (left)
except in the lower troposphere and the condensa-
tional heating in the upper troposphere is signifi-
cantly stronger for LSC than that for LOWLSC. It
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Fig. 12. Longitude-time sections of re-
sponses in the linear-response experi-
ment. (a) sigma vertical velocity (pos-
itive downward) at o = 0.87, (b) spe-
cific humidity at o = 0.90, (c) specific
humidity at ¢ = 0.90, but for modified
bottom-heavy heating. Contour intervals
is 2 x 107% 571 for (a) and dashed con-
tours indicates negative value. For (b}
and (c), contour intervals is 3 x 107°
and the deviation from the initial field is
shown with the positive-value areas be-
ing shaded. Heavier shading indicates a
larger value.

is considered that the differences in the results be-
tween LSC (Fig. 2b) and LOWLSC (Fig. 2c) are
attributed to the difference in the profile of conden-
sational heating.

In the top-heavy case, Fig. 12a, a downdraft ap-
pears in the heated region just after the heating de-
cays. This downdraft seems to correspond to the
downdraft in the full-model results. The emergence
of the downdraft associated with a convective cloud
is usually attributed to the cooling by the micro-
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Fig. 13. Time sequence specific humidity ¢
and saturated specific humidity ¢* of the
‘life cycle’ composite for experiment LSC.
Thick lines indicate specific humidity and
thin lines indicate saturated specific hu-
midity. (a) At ¢ = 0.90 level. Solid line:
0 degree longitude, dashed line: +6 de-

gree longitude, dotted line: —6 degree
longitude. (b) At o = 0.68 level. Solid
line: 0 degree longitude, dashed line:
+3 degree longitude, dotted line: —3 de-
gree longitude.

physical processes (evaporation, melting), or precip-
itation drag. In the present results, however, none of
these effects are present and the downdraft is inter-
preted as a part of the dynamical behavior of gravity
waves.

5.4 Westward movement and eastward emergence of
QPCC

In order to further examine the development of
cloud activity, especially its asymmetric behavior
in the east-west direction, the development of spe-
cific humidity ¢ and saturated specific humidity ¢*
(which is a function of temperature and pressure)
is examined at different longitudes and levels and
shown in Fig. 13. At 900 hPa level (Fig. 13a),
the specific humidity g significantly increases around
hour —15 at 0 degrees longitude (solid line), and
around hour +12 at +6 degrees longitude (dashed
line). These events occur just before the develop-
ment of intense cloud activity (Fig. 7). Decreases
in saturated specific humidity ¢* due to cooling are
seen almost simultaneously, but the amplitudes are
smaller than those of the increases in specific hu-
midity. Note that the relative humidity never reach
100 % because the composite technique averages
both saturated and unsaturated cases. At the west-
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ern point, —6 degrees longitude (dotted lines), the
increase in ¢ and the decrease in ¢* both are too
small to initiate strong cloud activity.

At 680 hPa level (Fig. 13b), a similar significant
increase in ¢ and a small decrease in ¢* are seen
just before the intense cloud activity: around hour
—4 at 0 degrees longitude (solid line), and around
hour +6 at —3 degrees longitude (dotted line). At
the eastern point (+3 degrees — dashed line), how-
ever, the increase in ¢ is smaller than at the west-
ern point. Moreover, compared between the eastern
and western points, ¢ is smaller and ¢* is larger at
the eastern point, and thus the relative humidity
is much smaller, even before hour —12. These two
differences, smaller existing relative humidity and a
smaller increase in ¢, are considered to suppress the
onset of cloud activity to the east.

The existing east-west contrast of relative humid-
ity is consistent with the structure of SCC shown in
Fig. 5b. This large-scale east-west contrast is due to
the eastward movement of SCC, which will moisten
and cool the troposphere. From another viewpoint,
the moistness of the western region is attributed to
the moistening and cooling effect of the eastward-
propagating circulations associated with the QPCC
of the previous generation: Fig. 13b indicates that
the ¢ and ¢* at the eastern point around hour 12-24
reach almost the same level as those at the western
point around hour —24——12.

For the asymmetry of the increase in ¢, an obvi-
ous candidate for the origin in this particular ex-
periment (LSC) is the modeled beta effect. The
asymmetry due to the modeled beta effect can be
examined by the linear response described in the
previous subsection. In the low-level (o = 0.90) hu-
midity field shown in Fig. 12a, the maximum humid-
ity is a little higher to the east than to the west. In
the upper level (o = 0.51) shown in Fig. 14a, on the
other hand, the maximum humidity is higher around
—3 degrees west than around +3 degrees east. In
this figure, the contours show the east-west anti-
symmetric part of the response, (g(z) — ¢(—z)) /2,
clearly indicating the larger moistening to the west
than to the east. This is because the low-to-middle-
level convergence (Fig. 14b), and thus the middle-
level upward motion, is stronger to the west. As dis-
cussed in the Appendix, the east-west asymmetry of
divergence due to the modeled beta effect develops
linearly with time as,

D() - D(-2) _ _ptu(x) - u(-z)
; ~-5 ; . (1)

Here @ = (u{z) — u(—2z)) /2 is the symmetric part
of the response of zonal wind (see, (A17)), which
approximately behaves as gravity waves in a non-
rotating environment. This correspondence can be
confirmed by comparing Fig. 14b and Fig. 14c. The
beta effect acts on the low-to-middle-level zonal
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Fig. 14. Longitude-time sections of re-
sponses in the linear-response experi-
ment. (a) Specific humidity at o = 0.51
(positive deviations from initial are
shown in shading) and its anti-symmetric
part (contours). (b) anti-symmetric
part of divergence integrated between
o = 0.51-1.0, (c) symmetric part of zonal
wind integrated under o = 0.51-1.0.

wind, which has opposite directions between the
eastern and western regions, and anti-symmetrically
modifies the divergence and upward motion. It
is confirmed that these east-west asymmetric re-
sponses due to the modeled beta effect in the
present two-dimensional model are not distorted ar-
tifacts of the ‘shortwave approximation’, but they
are essentially similar to the responses in the three-
dimensional model over a sphere (see, Appendix).
The westward-moving cloud cluster (QPCC) can
be interpreted as a coupling between gravity wave
and cloud activity. Because the cloud activity is
mostly confined to the upper half of the troposphere,
where the stratification is moist stable (Fig. 7), the
coupled mode may not be unstable. Rather, it is
considered a neutral coupled mode, in which conden-
sational heating only partly cancels adiabatic cool-
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ing. The structure appearing in Fig. 4a, in which
the temperature quickly drops at the time of a max-
imum updraft, seems consistent with this idea. The
westward-moving cloud cluster (QPCC) will slowly
decay owing to dissipation or other effects.

To the east of the original stationary cloud, al-
though the shallow-mode low-level updraft occasion-
ally forms weak low-level cloud activity, it cannot
extend to a tall convective cloud. This is because
the upward motion caused by this cloud activity is
so weak and transient and the middle-level air is
so dry that the mixture of the original dry middle-
level air and advected moist low-level air is never
saturated at the middle level. Convective cloud ac-
tivity develops only after sufficient moistening and
cooling have occurred both in the low and middle
troposphere. This saturation initiates an explosive
growth through CIFK and a development of QPCC
of the next generation. To the west, on the other
hand, an explosive growth of a convective cloud
will not occur. This is because the stratification
is already adjusted near neutral through westward-
moving cloud activity (QPCC). Another reason is
that the smaller increase in moisture to the west
(Fig. 13a), which is considered partly due to the beta
effect (Fig. 12b) and partly due to the downward
motion excited by the top-heavy heating associated
with westward-moving QPCC (Fig. 9a, Fig. 12a).

The possibility of the onset of the next convec-
tive cloud is considered highest when and where the
humidity becomes largest. As discussed in the pre-
vious subsection (5.3; see also Fig. 11, Fig. 12a and
12b, and Fig. 13a and 13b), the largest upward dis-
placement of low-level air and thus the largest hu-
midity signal exists to the east just after the deep-
mode updraft signal passes through, but before the
shallow-mode updraft turns to a downdraft. Be-
cause the deep-mode updraft departs from the ori-
gin longitude later but with a faster speed than the
shallow-mode updraft, these two updraft signals in-
tersect, and the humidity becomes maximum around
this intersection. It is about 15 hours (~ the period
of the gravity waves) after the time of maximum
heating and about 6 degrees (~ wavelength of the
shallow mode) to the east of the original convective
cloud. The quasi-periodic emergence of a new con-
vective cloud (new QPCC) to the east of the original
convective cloud (QPCC) causes the eastward move-
ment of the SCC, which is the envelope of QPCC.
However, we cannot discuss the horizontal scale of
SCC and its propagation speed in detail because of
the restricted sector geometry of the model and non-
negligible error in the phase speed of the eastward
gravity (Kelvin) wave of the scale of SCC due to the
short-wave approximation (see, Appendix).

In experiment NOBETA (Fig. 2d), there exist not
only SCCs similar to those in experiments MCA
and LSC, but also westward-propagating SCCs with

NII-Electronic Library Service



June 2000

eastward-propagating QPCCs. This indicates that
the SCC-like structure, in which the larger-scale
structure and the smaller-scale substructure move
in opposite directions, can exist without the exter-
nal origin of asymmetry. The mechanism can be
understood by omitting the beta effect in the previ-
ous discussion. If the initial atmosphere is moister
and colder to the west, the QPCC will move west-
ward while the SCC will move eastward, and vice
versa. The east-west contrast of relative humidity
tends to be maintained by the QPCC-SCC life cy-
cle, but the feedback is too weak to maintain the
contrast persistently.

If there is some external origin of east-west asym-
metry, one of the two modes of SCC (eastward mov-
ing and westward moving) can be selectively ap-
peared. With the modeled beta effect, an eastward-
moving SCC is selected because the asymmetry of
the updraft helps the westward movement of QPCC.
Similar selection of eastward-moving SCC is oc-
curred in the experiments WISHE and SHEAR. In
the experiment WISHE, the evaporation (not shown
in figures) is generally large to the east of SCC be-
cause the easterly wind perturbations exists there
on top of the mean easterly. This large evaporation
will intensify the eastward-moving gravity-wave cir-
culations associated with the SCC by the WISHE
feedback. By incorporating mean wind shear (ex-
periment SHEAR), the westward moving QPCC and
eastward moving SCC can be selected in certain con-
ditions due to dynamical asymmetry caused by the
mean shear. The detailed mechanisms of the se-
lection due to the effects of WISHE and mean shear
are currently under research and will be discussed in
separate papers. Moreover, the question which pro-
cess (or some processes other than beta, WISHE, or
shear) is most effective for the selection of the east-
ward moving SCC is beyond the scope of this pa-
per. In order to answer the question, more detailed
studies on sensitivities to the external parameters,
preferably with three dimensional models without
shortwave approximation, are required.

6. Summary and concluding remarks

The hierarchical structures of eastward-moving
super cloud clusters (SCC) and embedded westward-
moving cloud clusters with quasi-two-day periodic-
ity (QPCC) are successfully simulated by a simple
longitude-height two-dimensional model with sim-
ple moist processes. The simulated structures of
both SCC and QPCC are found to be very similar to
the observed structures described in Takayabu and
Murakami (1991), and Takayabu et al. (1996).

The model results clearly show the life cycle of cir-
culations and clouds and indicates the importance
of interaction between gravity waves and clouds.
The essence is schematically shown in Fig. 15. The
cloud area starts as a low-level shallow cloud. Sub-
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Fig. 15. Schematic representation of the pro-
cesses involved in the SCC-QPCC devel-
opment. A simplified version of Fig. 11.

sequently, the cloud grows deeper and deeper, to
become deep cumulus convection, and then starts
decaying from lower levels to higher levels. This
convective cloud does not move horizontally during
its growth. The growing process can be interpreted
as due to CIFK (conditional instability of the first
kind) triggered by low-level updraft and condensa-
tion. The decay is considered due to the advection of
dry, low 0, air from the ambient atmosphere. More
than two vertical modes (deep-mode and shallow-
mode — corresponds to so-called ‘first baroclinic’
and ‘second baroclinic’ mode in the troposphere) of
gravity-wave packets are excited by the heating due
to this cloud, propagating both eastward and west-
ward. In the decaying stage, the upper-level cloud
activity propagates westward, coupled with an up-
draft signal of gravity wave, and forms a westward-
moving cloud cluster (QPCC). The QPCC in this
stage is interpreted as a cloud activity coupled with
a neutral wave. To the east, a deep convective cloud
develops only after the low and middle levels are
sufficiently moistened by the cooperation of updraft
signals associated with shallow- and deep-mode up-
drafts. When a deep convective cloud develops to
the east, it becomes the QPCC of the next gen-
eration. The quasi-periodic emergence of the new
QPCC to the east causes the eastward movement of
SCC, which is the envelope of QPCC. The life-cycle
behavior of clouds and waves, especially a combi-
nation of stationary growing stage and propagation
stage leads to slower eastward propagation of the
whole system, compared from the propagation speed
of shallow-mode gravity waves. The top-heavy heat-
ing profile is important to the excitation of shallow-
mode gravity-wave cells and the subsequent genera-
tion of the new convective cloud to the east.

The QPCC moves only westward because the
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eastern region of the middle to upper troposphere is
much drier than the western region. This east-west
moisture contrast is the result of the existence of the
QPCC of the previous generation to the west, which
causes a moistening of the upper troposphere. Al-
though both eastward- and westward-moving SCCs
are possible, depending on the initial conditions, one
of them (eastward-moving or westward-moving) will
dominate if there is some external origin of east-west
asymmetry. One of the candidates is the beta ef-
fect due to the rotation of the earth. It is shown
that the modeled beta effect under ‘shortwave ap-
proximation’, which mimics the east-west asymme-
try of the dynamics of gravity waves, helps the west-
ward movement of QPCC and then the eastward
movement of SCC. However, the conclusion on the
possible importance of the beta effect is tentative,
because the modeled beta effect by short-wave ap-
proximation captures only a part of many aspects of
beta plane dynamics. This modeled beta effect sim-
ulates the east-west asymmetry of the wave behavior
in qualitative and linear sense, but it may not cor-
rectly reproduce the qualitative behavior including
the non-linear processes and meridional structures.
Other candidates for asymmetry are the effect of
basic wind shear and the WISHE feedback. Exami-
nation of relative importance of the external origins
of the east-west asymmetry using three dimensional
model are left as future works.

The fundamental time scale of the present mecha-
nism of QPCC-SCC formation is the lifetime of the
cloud in the stationary growth stage. This time
scale, about half a day, is considered to be deter-
mined by the turn-over time of the convective cir-
culation. This time-scale determines the period of
excited gravity waves (about one day). Then the in-
terval of formation of new convective clouds to the
east, also about one day, is determined by the in-
terplay of gravity waves of different vertical wave-
lengths (see, Fig. 15). The periodicity of two days,
observing at a fixed longitude, can be explained
by the combination of this one-day and the addi-
tional one-day for QPCC to travel westward. In our
model, the turn-over time of the convection and life-
time of the cloud are considered determined by the
grid size of the model. These timescales should be
constrained by the timescale of smallest-scale grav-
ity waves resolved in the model. In nature, however,
the scales of the cloud cluster is considered to be de-
termined by mesoscale dynamical and physical pro-
cesses, which is not properly treated in the present
model. Moreover, the diurnal cycle of insolation,
which is neglected in this study, may also contribute
the timescale of QPCC (Chen et al. 1996).

The present results show many characteristics in
common with the results of Chao and Lin (1994,
CL94). Thus, the mechanism proposed in the
present study is considered very similar to the
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‘cloud-cluster teleinduction mechanism’ proposed by
CL94. However, it is found that the basic zonal
wind, which CL94 considered essential, is not neces-
sary for the breakdown of the east-west symmetry.
On the other hand, the mechanism of SCC in Yano
et al. (1995) is considered very different from that
in the present study. The interaction between the
gravity waves of different vertical wavelength, which
is found to be essential to the present mechanism,
cannot be represented by their shallow-water model.
The eastward movement of cloud activity in their
model is essentially due to the WISHE mechanism.

The result suggests that the fundamental origin
of the disturbance energy of QPCC and SCC is
CIFK. It is considered that CIFK works during the
development of individual cumuli. The convective
cloud activity in the model should be compared with
groups of cumulus (mesoscale cloud system, MCS).
Whether or not the CIFK concept is approximately
valid for the development of the MCS is not obvious.
However, the real MCS and the cloud activity in the
present model seem to share many common charac-
teristics, and some of them are considered important
in the dynamics of the SCC and QPCC; a life-cycle
behavior, a time scale of several hours to a day, and
a top-heavy heating profile in the mature and decay-
ing stages (Houze 1993). Thus the essential results
of the present study may not be seriously distorted
by the crude treatment of the cloud process.

In this paper, discussion is mainly focused on
the results of experiment LSC, in which only the
grid-resolvable process of condensation is consid-
ered. The results with the moist convective ad-
justment scheme (experiment MCA) appear quali-
tatively the same. The main difference is that the
development of a convective cloud is faster and the
appearance of QPCC is more regular and frequent in
experiment MCA than in experiment LSC. This re-
sult seems reasonable because the MCA scheme will
help the successive upward development through the
complete vertical mixing within the unstable cloud
layers. Except for this ‘acceleration’ of convective
development, the MCA scheme shares similar char-
acteristics with the LSC scheme — both schemes are
activated only when and where grid-scale humid-
ity exceeds a saturated value. For other types of
schemes, for example those in which the convective
onset is controlled mainly by low-level convergence
(e.g., the scheme of Kuo 1974), the result might be
totally different from the present results (cf., CL94;
Numaguti and Hayashi 1991).

The present results indicate the importance of
the interaction between gravity waves and clouds in
the dynamics of the SCC. In particular, their tran-
sient, interactive, and life-cycle behaviors are essen-
tial. Such interaction may not only be applied to
the dynamics of SCC, but it will also be involved in
the dynamics of other tropical disturbances. Re-
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cently, Hayashi and Golder (1994; 1997a,b) pro-
posed the ‘saturation-triggering mechanism’ to ex-
plain the generation of large-scale tropical transient
waves, such as Kelvin and mixed Rossby-gravity
waves. They hypothesized that transient waves,
coupled with moist convection, are triggered upon
saturation by the intermittent onset of convective
heat pulses. The present study suggests that the
generation of the pulses and the subsequent devel-
opment of convection in their mechanism can be in-
terpreted as the interaction between gravity waves
and clouds.

It will be a challenging future work to refine
the gravity-wave dynamics examined in this study
and to apply it to the phenomena other than SCC.
Also left for future studies are more realistic simula-
tion with finer resolution, including some important
cloud physics, various effects of mean wind shear and
WISHE, and an extension to a three-dimensional do-
main.
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Appendix
Derivation of the shortwave approximation

For simplicity, the derivation of the shortwave
approximation is discussed here based on the lin-
ear shallow water equations on the equatorial beta
plane.

ou _@

ov _ 0¢

0p o f0u  Ov

Yo C (3z+0y>+F' (A3)

By differentiating (A1) by = and (A2) by v, re-
spectively, and nondimentionalized with
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(u, v, ¢, 8/0z, 0/0y, y, t)
= (U, V, CU, 1/Ly, 1/L,, Y, L,/C)

assuming that the primary balance is the same as
that of the zonally-propagating gravity waves, these
become,

8 Ou 8% .. Ov

5o o2 + uﬂny%, (A4)

L 00v 9% . Ou

M’Y&a—y = —’YW - Pu— 57Iya—y, (A5)

dp  Ou . Ov

Eﬁ'——'”zig'—lfYéz + F. CAG)
where,

. BL2  (L.\? . [(L.\*

ﬁ: =\ 7 y Y=\ 7 )

C Ly L,
A__Y_ . VL,
=1 A=

Here Lp is the equatorial radius of deformation:
Lp=+/C/B.

Assuming lowest meridional mode of the equato-
rial waves, it becomes L, ~ Lg and then 8 = 4.
From the balance of (A5). it should be 4 < 1. If we
define the nondimensional divergence D as,

ou

_ . ~0v
D= 32 T ,Uﬂ'@ (A7)
(A4) +(A5) becomes,
oD %9 0% .
o o Pap T
-, Ov . Ou
iy, — M. (A8)

Now we assume that 8 < 1 and 7 < 1. The for-
mer condition assumes that the zonal scale of the
disturbance is smaller than the equatorial radius of
deformation, and the latter assumes that the equa-
tions are applied at the latitude sufficiently near the
equator. By ignoring second-order (O(37)) terms,

oD_ 2o 0%
ot 0z Oy
From (A7)

- Bu (A9)

u= / Ddz - 8 / g—;’dz =u* — pfv*  (A10)

where the integration constants are determined by
the condition that the zonal mean of u, u* and v*
should be zero. By replacing u in (A9) by (A10),

and further ignoring second-order (O(43?))terms,

oD 0% 0%
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Finally, the term of 9%¢/dy® is neglected due to
lack of explicit y-dependence of the model. This
term can be parameterized as —¢/L% assuming the
meridional structure of the equatorial waves. How-
ever, Lr depends on C and thus on the vertical scale
of the motion, it is impossible to adequately apply
this parameterization in multilevel models. There-
fore, we neglect this term for simplicity. Then the
dimensionalized equations become,

oD 9% .

B = a2 P (Al2)
06

5, = C'D+F, (A13)
ou*

o= =D. (A14)

The basic equation of the model (1)-(6) can be
derived similarly by extending the procedure to
the non-linear primitive equations. The divergence
Eqg. (1) should be written, more precisely, as

oD 8 , ., d (. ou
., 0% 0 on

In this equation, some O(B) terms in the non-linear
advection terms are ignored. Then, in (1)-(6), u* is
replaced by u for simplicity. Note that this replace-
ment is not an approximation but only a change of
notation. The precise meaning of u in (1)—(6) is not
the pure zonal wind, but it includes the contribution
of the meridional wind.

Dispersion relation and east-west
asymmetry under the shortwave
approximation

Based on (A12)—(A14), the dispersion relation is
calculated by assuming a sinusoidal perturbation as,

2
w== k202+(£) 5

%) T 2% (A16)

where w is the frequency and k is the zonal
wavenumber. The result for C = 15 m/s is shown in
Fig. Al. It is seen that two solutions (dotted lines)
given by (A16) reasonably reproduce the exact solu-
tions of equatorial waves on a § plane (solid lines).
The eastward propagating (positive frequency) wave
behaves as the Kelvin wave, and the westward-
propagating (negative frequency) wave behaves as
the inertio-gravity wave of n = 1. However, in the
low-wavenumber limit, the direction of the group
velocity of the westward-propagating wave is wrong
and the frequency of the eastward-propagating wave
is too low.
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Dispersion Relation

(x107°)

Fig. Al. Dispersion relations of a linear
shallow-water version of the model for ¢ =
15 m/s. The abscissa is wavenumber (k =
1 corresponds to 40,000 km wavelength)
and the ordinate is frequency in 1/s. Dot-
ted lines indicate the solution of disper-
sion relation (A16) and solid lines indicate
the exact solution of equatorial waves on
a beta plane (Matsuno 1966); Kelvin wave
and n = 1 westward-propagating inertio-
gravity wave.

In the followings, the east-west asymmetry of the
solution of these equation is examined compared
with that of the three dimensional equations. We
define the ‘symmetric part’ {concerning longitude)
as,

1} 1 u*(z) — u*(—x)
2 | =5 e@+o-2) |, (A17)
D D(x) + D(—x)
and the ‘anti-symmetric part’ as,
o u*(z) + u*(—x)
¢ | =5 | ¢() - ¢(—2) (A18)

) 2\D@)-D(-2)

If the external forcing F' as well as the initial con-
dition is purely symmetric, the anti-symmetric part
of response should come from the beta term. Then,
|w/|/|al ~ |¢|/|6| ~ O(B). Ignoring terms of O(5?),
the equations for the symmetric part of (A12)-(A14)
results in the equation of gravity waves in a non-
rotational environment:

D %D

ot? 9x2 F,

(A19)
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while the equations for the anti-symmetric part re-
sults in,

D _L,9°D'  ou
ot? ox2 T ot
The longitudinal asymmetry of the response in the
presence of the beta effect is described by a forced
response of (A20) with forcing of — 31, which in turn
is described by the equation of pure gravity wave
(A19)
If the solution of (A19) is represented by

= /ukeik(x—ct)dk,

-8 (A20)

the solution of (A20) with initial condition D' = 0
att=0is

D = _%t_ /ukteik(x—Ct)dk — _%{ﬂ' (A21)

By extending this result to multi-level equations, we
get,

1 1
d':/ D'daz—%/ ado.

The corresponding equations on a three-
dimensional equatorial 3 plane in the limit of f — 0
are,

(A22)

0°D 8’D  9*D _

D e (8:::2 + 57 ) - F (A23)
and

%D’ 0?D'  9*D’ 0u

G (o + ) =05 (2

The Eqgs. (A19) and (A20) are identical to the Egs.
(A23) and (A24) except for the difference of ge-
ometry. Then, the longitudinal asymmetry of the
response is described in the two-dimensional sys-
tem similar to that in the three-dimensional system,
provided that the symmetric solution of (A19) is a
good approximation of the solution of (A23). In
the problem of heating response, this condition is
considered to hold in the regions just to the west
and to the east of the heating, where the inequality
0?%/0y* < 82/0z? is generally satisfied.

In order to further justify the representation of
the beta effect in the two-dimensional model, three-
dimensional calculations of a linear heating response
are made. The heating is identical to (10) but
with Gaussian latitudinal distribution centered at
the equator. Figure A2 shows the result for the anti-
symmetric part of divergence integrated between
the o = 0.51 ~ 1.0 levels. Comparing this with
the two-dimensional result (Fig. 14b), it is consid-
ered that the two-dimensional model is capable of
qualitatively reproducing the results of the three-
dimensional model at least in a linear context.
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“12 A T

-15 -10 -5 ) 5 10 15
longitude

Fig. A2. Longitude-time section of response in
the three-dimensional linear-response ex-
periment. Anti-symmetric part of diver-
gence integrated under o = 0.51 is shown.
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