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ABSTRACT

Recent observations have revealed an hierarchy of cloud clusters and superclusters within the Madden—Julian
oscillation of the equatorial troposphere. The authors here report on the results of simulations with a model
based on a simple nonlinear analog of the shallow-water equations. The model consists of a troposphere repre-
sented by single values of vertical velocity and temperature and in which the horizontal motions are assumed
always to represent the first baroclinic mode. The troposphere overlies a subcloud layer of fixed depth in which
the evolution of moist entropy is predicted. The model is driven by specified values of radiative cooling and sea
surface temperature, and a Newtonian relaxation of the surface wind toward a specified value. The system is
horizontally homogeneous except for an anisotropy owing to the equatorial g effect.

An eastward-propagating low-wavenumber disturbance containing an hierarchy of superclusters and cloud clusters is
spontaneously generated from a random initial state using each of three cumulus parameterizations: a Kuo-like scheme
and two prognostic schemes. A fourth scheme, which assumes an instantaneous adjustment to convective neutrality, fails
to produce an hierarchical structure. Experiments with fixed wind speed in the surface flux formulas demonstrate that the
WISHE (wind-induced surface heat exchange ) mechanism is responsible for the organized structures in the model fields,
except when the Kuo-like scheme is used; even in this case the modes are strongly affected by WISHE.

The supercluster resembles a Matsuno—Gill pattern in all three cases, but the horizontal cloud distribution
within the superclusters differs substantially among the three schemes. The Kuo-like scheme produces grid-
column convection aligned along the convergence zones as a result of its direct coupling of convection with the
large-scale convergence. This scheme always produces grid-scale motions. The prognostic schemes, which allow
for the finite timescale of convection, are less prone to gridpoint structure, but the degree of such structure
depends sensitively on the parameters of the schemes and the presence or absence of time-lagged downdrafts.

The authors find that the wavenumber spectrum of convective updrafts is nearly flat, while the zonal wind
spectrum is strongly peaked at low wavenumbers. This behavior exists even if the nonlinear advection terms are
switched off, showing that these play little or no role in the final wavenumber selection. Even turning off all of
the model nonlinearity except for the ‘‘up-only’’ nature of convection preserves the essential structure of the
full solution, although it does weakly flatten the zonal wind spectrum.

The dependence of the behavior of the system on the magnitude and direction of the background surface wind
is also explored. A weaker easterly wind forcing leads to a modulation of the superclusters into a yet lower-
wavenumber structure; this modulation propagates faster than the superclusters. Westerly wind forcing sup-
presses the Kelvin-type mode and generates a mixed mode resembling a mixed Rossby—gravity wave. A further
increase of the westerly wind forcing induces westward-moving disturbances as well. This model is considered
as a framework for interpreting more complicated tropical models.

1723

1. Intreduction

Tropical cloud systems are well known to be organized
into an hierarchical structure (see Nakazawa 1988; Yano
and Nishi 1989, and the references therein). The largest
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structures, known as the Madden—Julian wave or 30—60
day oscillation (Madden and Julian 1971, 1972), have
scales on the order of 10* km and propagate eastward
with a phase velocity of about 10 m s™'. There is also
evidence of lower levels of structure, consisting of su-
perclusters, having scales of 2000—3000 km, embedded
within the Madden—Julian waves and propagating east-
ward at a faster rate (e.g., Hayashi and Nakazawa 1989),
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and westward-propagating cloud clusters of order 100 km
(e.g., Leary and Houze 1979).

Previous large-scale modeling efforts have had some
success at simulating various aspects of this hierarchy.
A pioneering work is that of Hayashi and Sumi (1986),
who removed the land from a standard GCM and used
zonally invariant sea surface temperature. Their simu-
lations, which employ a Kuo convective scheme, pro-
duce several grid-scale precipitation areas ( ~10° km)
that propagate eastward with a phase velocity of about
15 ms™'. These are spatially modulated by a planetary-
scale structure with a dominant wavenumber 1 (~10*
km), propagating with the same phase velocity as each
precipitation area. They identified these structures as
superclusters and Madden—Julian waves, respectively,
even though the observed Madden—Julian waves prop-
agate slower than the superclusters. Also, in ‘reality the
Madden—Julian waves appear to be more nearly a tem-
poral modulation of the superclusters and contain usu-
ally only one supercluster [see Fig. 1 of Nakazawa
(1988)]. Westward-propagating cloud clusters do not
appear in their simulations. The other simulation using
a moist convective adjustment scheme did not exhibit
this cloud hierarchy (Numaguti and Hayashi 1991).

Lau and Peng (1987) performed several numerical
simulations using a Kuo-like convective scheme. Lau
et al. (1989) showed that in this model, westward-prop-
agating cloud clusters appear persistently only in the
presence of a longitudinal sea surface temperature gra-
dient. However, perhaps owing to the low resolution of
the model (rhomboidal truncation to 15 wavenumbers,
corresponding to a longitudinal resolution of 7.5°),
both the superclusters and the cloud clusters occur at
the grid scale (~3000 km). Itoh (1989), using a model
similar to that of Lau and Peng, showed that with a
higher horizontal resolution (2° in longitude), the hi-
erarchy of superclusters and cloud clusters is sponta-
neously generated without a longitudinal SST gradient.
In his simulation, the grid-scale cloud clusters are
clearly embedded in a larger-scale supercluster. Two
types of eastward-propagating structures in this model
may be identified with the Madden—Julian waves and
the superclusters. However, in contrast with observa-
tions, the slowly propagating supercluster does not
have a larger horizontal scale than the fast-propagating
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superclusters. One goal of the present work is to extend
Itoh’s simulation to even higher resolution so as to re-
solve more details of the hierarchical structure.

Our main purpose here is to attempt to delineate the
dynamics of the various elements of the hierarchy, us-
ing a model of vastly simplified vertical structure but
high horizontal resolution, and to explore the sensitiv-
ity of the model results to the type of convective rep-
resentation used.! The model is designed to simulate
the broad range of spatial and temporal scales involved
in tropical atmospheric dynamics, evident, for example,
in fractal horizontal structure of clouds (e.g., Lovejoy
1982; Yano and Takeuchi 1987). We wish to assess
the possibility that the rich spectrum of tropical motions
arises from the nonlinear interaction of large-scale
flows with convective processes.

In accordance with this view, we perform simula-
tions of high horizontal resolution and drastically re-
duce the vertical degree of freedom by retaining only
the first baroclinic mode. This results in a system of.
equations that is analogous to the shallow-water system
(Yano and Emanuel 1991). We do not impose any spa-
tial inhomogeneity on the system, apart from the gra-
dient of the Coriolis parameter f = [y, in order to
demonstrate spontaneous generation of a disturbance
hierarchy out of random initial conditions. Specifically,
we assume homogeneity of both the sea surface tem-
perature and the radiation, which consists of a uniform
forcing plus a Newtonian cooling (we neglect cloud/
cloud-free radiation differences for the sake of sim-
plicity). We include the effects of subgrid-scale con-
vective downdrafts, wind-dependent surface evap-
oration, cumulus heating, and moistening of the tro-
posphere, and an explicit thermodynamic budget in the
subcloud layer. We will use and compare several dif-
ferent cumulus parameterization schemes and will
comment on their effectiveness.

The model formulation, presented in section 2, is the
same as that of Yano and Emanuel (1991), apart from
retention of the nonlinear terms, the exclusion of the
stratosphere, and the use of alternative convective
schemes. The system is initialized with random pertur-
bations and is numerically integrated with time. We
describe the initialization and other numerical aspects
of the model in section 3, present the main results in
section 4, report on some supplemental experiments
and analyses of the resuits in section 5, and discuss the
results in section 6.

2. Model formulation

The framework (Fig. 1) is essentially a one-and-a-
half-layer model: a dynamically active free troposphere

.

' A similar problem has been addressed by Chao and Lin (1994)
using a longitudinally one-dimensional GCM with a high vertical
resolution. The advantage of their approach is being able to test var-
ious full-GCM cumulus parameterizations and potentiality to exam-
ine the nonlinear interactions of vertical modes.
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and a dynamically passive subcloud layer. The wind vy
defined at the top of the subcloud layer is driven by the
pressure gradient determined from the dry entropy (S,)
of the midlevel troposphere. The total entropy, a mea-
sure of the system moisture, is calculated in the sub-
cloud layer and in the middle troposphere. These en-
tropies are S, and S,,,, respectively. The subgrid-scale
cloud effects are represented by the convective updraft
vertical velocity w, and the downdraft vertical velocity
w,. The environmental subsidence outside of the cu-
mulus areas is represented by w,.

Thermodynamic variables (Sg, Scp, S.) are defined
as fluctuating components on a constant pressure sur-
face, so that only their relative values have meaning
(cf. section 3). For convenience, we normalize the en-
tropy by heat capacity, so that fluctuations in S obey

68, = 66016,,

with 8, = 300 K, where 0 is the potential temperature.

The details of the model formulation are presented
in the following subsections. For brevity, definitions of
the symbols are given in the appendix, along with the
chosen values of physical constants.

a. Model dynamics

The dynamics on an equatorial § plane are reduced
to an analog of the shallow-water system by assuming
a first-mode baroclinic vertical structure. The momen-
tum equation, evaluated at the top of the subcloud layer,
contains a Rayleigh wind forcing:

D . C
Do Ve = ~Vob — Bk X vy ~ —h’—’ | Ve Vi

1
——(vu—Vy), (2.1)
;

D

with the time derivative defined by

The Rayleigh forcing is a relaxation toward a uni-
form velocity v, = (uy, 0) on a timescale 7p; it replaces
the large-scale dynamics of the mean tropical circula-
tion. Here Cp, is the surface drag coefficient and 4 is
the constant depth of the subcloud layer. The pertur-
bation geopotential (6¢), which corresponds to fluc-
tuations of depth in the shallow-water system, is related
to the dry entropy S, (characterizing the midtropo-
sphere temperature ) by

6 = —C,yeT,S,. (2.2)

This relation is derived by vertically integrating the
hydrostatic equation, using thermodynamic relations
and the constraint that the mass-weighted vertically av-
eraged velocity perturbations vanish, so that only the
first baroclinic mode is retained in the system (Emanuel
1987; Yano and Emanuel 1991). Here v is the ratio of
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moist- to dry-adiabatic lapse rates, € is a thermody-
namic efficiency, and 7, is the absolute temperature at
the top of the subcloud layer. The continuity of mass
is given by the incompressible approximation inte-
grated from the top of the subcloud layer to the middle
troposphere over the depth H,,:

w
V’VH+’_'=O,

H, (2.3)

where w is a representative vertical velocity of the tro-
posphere. The effect of density stratification is ac-
counted for by implicitly introducing a logp coordi-
nate, so that the vertical scales H, H,, are density-
weighted values.

b. Thermodynamics

The effects of convection on the large-scale ther-
modynamics are expressed in terms of the convective
mass flux averaged over the fractional area o, occupied
by cumuli in a given grid domain. This is represented
by a cumulus vertical velocity w,. using the incompress-
ible approximation to mass continuity. By conservation
of the total vertical mass flux,

w=ow.+ (1 —o)w,, (2.4)

where w, is the large-scale descent averaged over the
fractional area 1 — o,. Note that w, represents an en-
semble-average convective updraft velocity.

1) DRY ENTROPY

The equation for the dry entropy of the troposphere
is given by

D N?

—_Sd=—_g—W+Q'conv——Q'R7

Dr (2.5)

where Q.ony = 0W[N?/g + (S — S¥)/H] is the
cumulus heating and Qx = Qgo + S4/T¢ the longwave
radiation, expressed in terms of a Newtonian cooling.
The switching parameter ¢, is set equal to 1 in the Kuo-
like scheme [see section 2¢(4)], otherwise to O.

The second term in Q.,,, represents the heating ac-
cording to the Kuo-like scheme specialized to the lim-
ited vertical structure of our model. (Note that the cloud
mass flux ow, is also replaced by w when using the
Kuo-like scheme.) In the two-layer formulation, there
is essentially no difference between a Kuo scheme and
the ‘‘explicit’’ release of conditional instability by the
large-scale motion, save that all updrafts are assumed
to be saturated. The vertical advection term outside
clouds is expressed as w,N%/g = wN?*/g — Quony. We
note that the system consisting of (2.1)-(2.3) and
(2.5) with no heating has a first baroclinic mode phase
speed given by

H 12
c= N(preTb ?'") ~50ms™".
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2) SUBCLOUD LAYER '

The tropical subcloud layer represents a conduit
through which heat and moisture pass from the sea sur-
face to cumulus clouds. In strict quasi-equilibrium con-
ditions, there is a one-to-one relationship between the
subcloud-layer entropy and the tropospheric virtual
temperature (Emanuel 1987). Prediction of the sub-
cloud-layer entropy is the critical thermodynamic con-
sideration in our model. Heat enters the subcloud layer
from the sea surface and exits through the top by the
agents of mean subsidence and the downdrafts.

The supply of heat from the ocean is described by a
bulk aerodynamic formula:

E = Cy|vul(S% — Sa), (2.6)

where S is the saturation entropy of the sea surface.
Convective activity cools and dries the subcloud layer
chiefly through the downdrafts (D,) both on the scale
of the cumulus and the shallow clouds, and through the
large-scale descent (D;) between the clouds. We as-
sume that both effects exchange the equivalent entropy
of the subcloud layef (S.,) and of the troposphere (S,,,)
at a rate given by a measure of downdraft magnitude
wy and the large-scale descent w,, respectively:

Dy = o ws(Ser — Sem), (2.7a)
Dy =—(1 =0 )w(Se — Sew)  (2.7b)
and
D=D,+ D,, (2.8)
where

. w, w,<0
w, =
07

Here o, is the fractional area covered by the down-
drafts. Additionally, in the case of the Kuo-like scheme,
we subtract the term

C = Ucwc(Seb - S:’km)

w, > 0.

(2.9)

from the entropy budget of the subcloud layer, to be
consistent with the latent heating term in Q... [see Eq.
(2.5)].

With these effects accounted for, the equation for the
subcloud-layer equivalent entropy S, is given by

D
hESe,,=E—D—ekC, (2.10)

where £ is the depth of the subcloud layer.

3) MIDLEVEL EQUIVALENT ENTROPY

The tendency equation for the total entropy S.., rep-
resenting the middle troposphere is defined such that
the total entropy integrated over the troposphere satis-
fies the conservation law
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D .
Dt (hS., + HS.,) = E — HOx. (2.11)

By subtracting Eq. (2.10) from Eq. (2.11), we ob-
tain

D .
H=S,.=D — HQy + ¢C.

Dr (2.12)

c. Cloud representations

The convective updraft and downdraft velocities, w,
and w,, respectively, remain to be determined. We ex-
periment with simplified versions of four types of cu-
mulus parameterizations in this model. Two schemes
(a, d) are diagnostic in Arakawa and Chen’s (1986)
terminology, while the other two (b, ¢) are prognostic
in the sense that the cumulus convection has a memory.

1) STATISTICAL EQUILIBRIUM

In strict quasi equilibrium, as defined by Arakawa
and Schubert (1974), the cumuli are assumed to con-
sume available energy at exactly the rate at which it is
supplied by large-scale processes, and the available en-
ergy for each cloud type remains invariant. In that case,
there is a one-to-one correspondence between the en-
tropy of the subcloud layer and the temperature of the
free troposphere. In terms of the present model for-
mulation, this is expressed as

Se» — ¥Sa =0, (2.13)

unless the system is stable to convection. The constraint
(2.13), coupled with (2.5) and (2.10) and an expres-
sion relating the downdraft to the updraft velocities,
diagnostically defines the cumulus mass flux. This clo-
sure has been used in WISHE (wind-induced surface
heat exchange) models (Emanuel 1987; Yano and
Emanuel 1991). To complete the closure, the convec-
tive downdraft mass flux o,w, is assumed to be pro-

portional to the total cumulus mass flux ow,: ’

1 —¢,

oW, (2.14)

oWy =
€p
with the proportionality defined in terms of the precip-
itation efficiency €, (Yano and Emanuel 1991), which
is set to 0.9 in the present study.?

2) DYNAMIC ADJUSTMENT

The concept of exact statistical equilibrium is phys-
ically sound as long as the grid size is sufficiently large

2 With help of Eq. (2.14), the total cumulus mass flux may be
written as o.w, = (0./€)w, — 0w, with the sum of the cumulus
updraft (o./¢,)w. and the convective downdraft o,w,, whereas o /e,
may measure a fotal cumulus fractional area, also taking into account
a portion of the cumulus area not contributing in a grid-scale average
due to a cancellation by downdrafts.
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that the dynamical timescales are much longer than the
cumulus timescale. However, once we start to decrease
the grid size sufficiently, or the cloud systems are of a
mesoscale character, the timescale separation implicitly
assumed in this scheme is not strictly valid. Emanuel
(1993) found that large-scale dynamics are sensitive to
the small but finite timescales of convection. Thus, we
explicitly consider a finite timescale for the (buoyant)
cumulus growth.

In this scheme, we assume that the cumulus parcel
is accelerated by the buoyancy force (Durran and
Klemp 1982; Emanuel 1983; Yano and Emanuel
1991):

B= Cprm(Seb - 7Sd)s (2-15)

where I, is the moist-adiabatic lapse rate. Following
parcel theory, the pressure gradient in the cloud-scale
momentum equation is ignored, resulting in

d 0
(6_t +vy'V + wca—z)wc = B.

We approximate vertical advection by

0
w.— w, ~ w2/2H,
0z
assuming that the cumulus towers all extend to the tro-
popause. The final expression is

(6% N VH.V)WC =B-w22H. (2.16)

The closure (2.14) for the convective downdrafts is
also used in this scheme. We set w, = 0 whenever it
becomes negative. The scheme anticipates that the cu-
mulus updraft kinetic energy w?2/2 is equal to the con-
vective available potential energy HB (= CAPE) in the
homogeneous equilibrium state when the left-hand side
of Eq. (2.16) vanishes.

3) GRID-COLUMN SCHEME

In this scheme, the convection is represented as a
prognostic process within a grid column: the convec-
tion is activated at, say, ¢ = t,, when the buoyancy force
exceeds the threshold B,, which is defined as a critical
buoyant energy necessary to initiate cumulus towers
occupying a fractional area o.. The cumulus updraft
velocity, which is set to w,. = 0 at the initial time, grows
according to

0

o B
until the buoyancy force B becomes negative at, say, ¢
= ;. A finite buoyancy B, is required for the onset of
parameterized cumulus convection, to represent the
physical prerequisite of finite vertical displacements of
air parcels to overcome typical stability of air just
above the boundary layer. We introduce only a small

(2.17)
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critical buoyancy 6,B./C,T,, ~ 10* K, taking into ac-
count the small cumulus fractional area o, assumed in
the present series of experiments (some experiments
were repeated with B, = 0, and no difference was
found).

At the time ¢t = ¢,, we set w. = 0 so that the convec-
tion instantaneously turns into mesoscale downdrafts,

which decay exponentially with a timescale 7,:
wy=(w, +w)(t =1t —)e" e (2.18)

During the cumulus growth period, we assume that
there is also a downdraft given by

e B
L We + wa(t = tg)eto™ma,

€

P

Wy = (2.19)
The first term on the right-hand side represents a cu-
mulus-scale downdraft and the second a mesoscale
downdraft whose value is w,(t = ;) at the onset of
convection.

Equation (2.17) is chosen primarily by virtue of its
simplicity (the advection terms are omitted). The ex-
ponential decay of the mesoscale downdrafts in Eqgs.
(2.18)—(2.19) is inspired by the observational analy-
sis by Zipser (1969) and others [see, e.g., Houze
(1989) for a review] that tropical squall line systems
are accompanied by mesoscale downdrafts that persist
for several hours after the termination of deep convec-
tion.

Since the cumulus activity is represented as a grid-
scale process in this scheme, we may need to adjust the
cumulus fractional area ¢, with changes of the grid
scales. However, we do not consider this possibility in
the present paper.

4) MobIFiED KUO SCHEME

We introduce a Kuo-like scheme by setting o.w,
=wwhenw > 0 and S, — S* > 0 in Egs. (2.5),
(2.10), and (2.12) with ¢ = 1. Convection is absent
when neither of the above conditions is satisfied at a
grid point.

According to the hypothesis of Kuo (1974), the
heating by an ensemble of convective cloud is propor-
tional to the horizontal convergence of water vapor flux
in an atmospheric column. This quantity is not Galilean
invariant, however, and Krishnamurti et al. (1976,
1980) proposed a small modification that addresses this
defect. According to their formulation, the vertically
integrated convective heating is proportional to

oq
Lw 52

where L, is the latent heat of vaporization. Adding and
subtracting a term proportional to 88/0z, the convec-
tive heating applied to our simple model may be ex-
pressed as

Qconv = W[NZ/g + (Seb - Sem)/H]’ (220)
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applied only where the quantity is positive and the at-
mosphere is conditionally unstable. The above formu-
lation assumes 100% precipitation efficiency [so that
€, = 1.0 in Eq. (2.14): Kuo’s b parameter = 0]. To
account for reduced precipitation efficiency and to
eliminate discontinuities in the convective heating, we
replace (2.20) with

Qo = WIN?/g + (S — S£)H],  (221)

where S%, = yS,. This formulation eliminates discon-
tinuities in the effective static stability that occur in the
Kuo formulation; thus this scheme should not be as
noisy as the Kuo scheme.

3. Computational design

The equations are integrated on an equatorial § plane
with dimensions (20 700 km)?, corresponding to a
half-earth plane (a fractional difference of computa-
tional values from a round number here and elsewhere
is only due to a nondimensionalization in the code) and
an assumed tropospheric depth of 20 km [this corre-
sponds to a density-weighted vertical scale of H = 8
km (cf. appendix )]. The domain is bounded in latitude
by rigid walls and has periodic boundary conditions in
the longitudinal direction. The equator is set at the mid-
dle of the domain (y = 0). We use 128 X 129 points
over the domain with a grid spacing of Ax = Ay
= 161 km. (Note that one additional grid point is re-
quired in the latitudinal direction to apply the sidewall
boundary conditions.)

We adopt a pseudospectral method: the horizontal
gradients of the variables are computed in Fourier
space, and all the remaining computations are done on
grid points. For dealiasing, we apply the ‘‘2/3 rule”
(Orszag 1971) to each variable (except for w, and w,
in the statistical equilibrium and the grid-column
schemes) in conjunction with the computations of the
horizontal gradients, so that any Fourier components
with wavenumbers larger than 42 in either direction are
omitted at each time step. A leapfrog time integration
with a time step Az = 2.69 min is used. The time av-
eraging is applied every 10 steps to eliminate the com-
putational mode and to maintain numerical stability
(Matsuno 1966b).

The integration is initialized with a random distri-
bution of dry entropy fluctuations, with a variance of
(S:*)V2 = 0.6 K, where S} = S, — (S,) and the brack-
ets represent the domain mean value. We assume no
wind, no cloud, and a stable troposphere initially. All
the other variables are assumed homogeneous, that is,
S., = S.. = 0 with a constant component (S;) = 1.8 K
for the dry entropy. Hence, the numerical integration
represents an adjustment to a statistical equilibrium
state.

4. Results: Standard case
a. Grid-column scheme

We first present results of the integrations using the
grid-column scheme, because they are representative of
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most of the other schemes summarized in the next sub-
section.

The initial evolution of the downdraft mass flux o,w,
is presented in Fig. 2, which also shows the wind vec-
tors vy. The spontaneous generation of a large-scale
pattern from the random initial condition is evident.

Convective instability is induced by the combined
effects of the entropy increase in the subcloud layer

a) t=56 DAYS

b) t=75 DAYS -

FIG. 2. The temporal evolution of the downdraft field using the
grid-column adjustment scheme from (a) ¢ = 5.6 days with an interval
of 1.87 days to (h) r = 18.7 days. The contour interval for the down-
draft o wzis 6 X 10~ m s~! from O to 0.15 m s~'. The unit of the
wind speed, 5 m s™', is shown at the lower right of (d).
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a) DOWNDRAFT

a8 187
20700 KM

LONGITUDE

LONGITUDE

Fic. 3. Time—longitude section of a mean between 1.45°S and
1.45°N from ¢ = 18.7 days to 37.4 days for (a) the downdraft o,w}
and (b) the zonal velocity 4’ with the zonal means subtracted. The
contour interval is 3 X 107> m s™! and 0.5 m s™' in (a) and (b),
respectively. Only positive values are drawn in (a), while the negative
contours are represented by dashed lines in (b). Westward-propagat-
ing cloud clusters are embedded in eastward-propagating superclus-
ters.

due to the wind-induced surface heat flux and the con-
stant cooling of the troposphere by longwave radiation.
An additional tropospheric cooling by adiabatic ascent
accompanying the disturbances finally initiates convec-
tive activity. The clouds are initially distributed ho-
mogeneously over the domain (¢ = 3—6 days) but sub-
sequently organize along the equator in conjunction
with the development of an equatorially confined east-
erly wind (Fig. 2a).

By day 7 the cloud system is organized into about
five clusters along the equator (Fig. 2b). After day 8
four clusters are evident (Fig. 2¢), but one dies out at
day 10 (Fig. 2d). The remaining three clusters remain
stable until the weakest is absorbed as it is overtaken
by a larger one at day 13, as they propagate eastward
(Fig. 2e). Two superclusters eventually form (Fig. 2f)
and persist for the remainder of the integration period
(56.1 days); this is essentially the final state of the
integration.

The pattern of flow around the superclusters (Fig.
2h, also Fig. 5d) is similar to the linear, shallow-water
response to a moving heat source (Chao 1987), which
extends the earlier analyses of a stationary source [ Mat-
suno—Gill pattern: Matsuno (1966a), Gill (1980)]:
there is a strong easterly wind region to the east of the
supercluster and a cyclone pair to the west.

An equatorial time—longitude section of the pertur-
bation downdraft mass flux and zonal velocity during
a later stage of evolution (¢ = 18.7-37.4 days) is
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shown in Fig. 3. The perturbations are deviations from
the zonal mean. The phase relationship between the
maximum cloud activity and the convergence is evident
in this figure. We further note that westward-propagat-
ing clusters are embedded within eastward-propagating
superclusters. Nakazawa (1988, Fig. 2) discovered this
phenomenon in OLR data analysis and called it an ‘ ‘hi-
erarchical structure.”’

In order to see the relationship between the super-
cluster and the cloud clusters more clearly, we plot the
downdraft mass flux and zonal wind fields at a 4.48-h
interval in Fig. 4. As the superclusters propagate east-
ward, a series of cloud clusters are shed to their rear.
The cloud clusters decay as they propagate westward,
and new cloud activity, which may be interpreted as
new cloud clusters, is initiated at the leading edge of
the superclusters. In this respect, the supercluster is a
modulated train or family of cloud clusters.

b. Results with other schemes

A comparison of the results with different schemes
is summarized in Fig. 5, which displays the final state
of the cloud and the wind fields.

The case with the strict statistical equilibrium
scheme (Fig. 5a) is the exception: it does not generate
a planetary-scale pattern evident in the other schemes.
The final state exhibits eight pairs of westward-propa-
gating cloud clusters aligned along the equator. The
clusters do not experience a coalescence associated
with the grid-column scheme. Although eastward-
propagating clusters are generated initially, these turn
into westward-propagating modes by day 10. The in-

FiG. 4. The evolution of cloud clusters embedded within the su-
percluster shown with 4.48-h interval from (a) t = 29.1 days to (d) ¢
= 29.6 days. The downdraft and the wind fields are represented in
the same manner as in Fig. 2 but between 22.5°S and 22.5°N.
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FiG. 5. The mature stage of the cloud field with (a) the statistical
equilibrium (¢ = 22.4 days), (b) the Kuo-like (at t = 35.5 days), (c)
the dynamic-adjustment (¢ = 31.8 days), and (d) the grid-column
schemes (+ = 37.4 days). The downdraft o,w, is shown with an in-
terval of 3 X 1073,6 X 107%, and 6 X 107> m s™' in (a), (c), and (d),
respectively; the cumulus updraft o.w, is shown in (b) with the in-
terval 6 X 10~ m s~'. Note that the minimum contour is 6 X 10~*
m s~! in (¢). The unit wind vector (shown at the lower right) is 5
m s~! for (a), (¢), and (d) but 7.5 m s~! for (b).

ability of the strict statistical equilibrium scheme to
produce planetary wave activity is consistent with the
linear analysis of Emanuel (1993).

The remaining three cases have a strikingly similar
structure despite the different cloud parameterization
schemes. In all three cases, a coherent pattern is orga-
nized principally as a consequence of a series of cloud-
cluster coalescences.

The organizational stage, during which cloud clus-
ters form, lasts longest for the Kuo-like case, in which
cloud clusters do not appear until day 15. The coales-
cence process is, in contrast, shorter in the Kuo-like
case than the case with two other schemes, because five
well-defined clusters are already conspicuous by day
17. Only three clusters survive after day 19, and by this
time, the strongest already features a Matsuno-Gill pat-
tern. Two weaker clusters appear off the equator by
day 26.

In contrast, the dynamic-adjustment scheme requires
the shortest time to organize well-defined clusters.
Seven clusters identified at day 6 decrease to four clus-
ters by day 8. Only the strongest one survives until
day 18.

Details of the convection patterns do, however, sub-
stantially differ among the various schemes. In the
Kuo-like scheme case (Fig. 5b), the supercluster con-
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sists of a conglomerate of single gridpoint cumuli con-
sistent with its direct coupling with the large-scale
vertical velocity (e.g., Emanuel 1988). These gridpoint
cumuli are aligned along the convergence zones. On
the other hand, the dynamic—adjustment scheme (Fig.
5c) produces a smooth cloud field containing only
large-scale structure within the supercluster. Note that
in this scheme the cumuli are considered in an ensem-
ble-mean sense, so they tend not to produce any single-
grid structure. However, note a strong longitudinal con-
centration of the superclusters in the neighborhood of
the convergence zone.

The structure of the grid-column case (Fig. 5d) is by
and large intermediate to the two previous cases: as in
the Kuo-like scheme case, it consists of a conglomerate
of single-grid-column cumuli. However, due to the lack
of direct coupling with the large-scale vertical velocity
in this scheme, the cumuli are even more homogene-
ously spread than in the case of the dynamic-adjust-
ment scheme.

Time—longitude sections similar to these shown in
Fig. 3 are presented for the dynamic-adjustment and
the Kuo-like schemes in Fig. 6 and 7, respectively. The
dynamic-adjustment case (Fig. 6) represents a very
similar hierarchical structure to that of the grid-column
scheme. A major difference is the narrower spacing
between the clusters within the supercluster, so that it
contains more clusters than the grid-column case. On
the other hand, the Kuo-like scheme (Fig. 7) is char-
acterized by a sporadic westward detachment of clus-
ters from the superclusters. This type of feature with
the Kuo-type scheme was also obtained by Itoh
(1989).

LONGITUDE

LONGITUDE

FIG. 6. The same as Fig. 3 but for the dynamic-adjustment scheme.

The contour interval for the downdraft in (a) is changed to 6 X 10™*
-1
ms™.
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F1G. 7. The same as Fig. 3 but for the Kuo-like scheme. The cu-
mulus velocity is instead shown in (a) with the interval 6 X 107>
ms,

5. Analysis
a. Wave—CISK versus WISHE

Perhaps the best-known theory for tropical wave mo-
tions is wave—CISK (see, e.g., Lindzen 1974), in
which the large-scale, low-level convergence is directly
coupled to the cumulus activity, so that convective
available potential energy (CAPE) is directly con-
verted into large-scale kinetic energy. However, recent
work by Emanuel (1993), Brown and Bretherton
(1995), and Neelin and Yu (1994) suggests that con-
vection tends to damp large-scale motions in the Trop-
ics, if it responds over a finite time to large-scale forc-
ing. These authors argue that only the WISHE mech-
anism, represented by Eq. (2.6), and forcing from
outside the Tropics can excite large-scale tropical dis-
turbances. On the other hand, linear analyses with Kuo-
type schemes, which tend to alias conditional instability
onto the resolved scales, show the development of ex-
plicit structure even in the absence of wind-dependent
surface fluxes. To determine the dynamics underlying
the organized structures found in the present model, we
undertake a series of experiments in which the WISHE
mechanism is turned off at various stages.

1) DECAY EXPERIMENT

In the first set of experiments, we turned off the
WISHE process at t = 37.4 days by replacing v, with
the constant v, in the heat—moisture exchange term in
standard experiments, so that

E = C0|V0|(S:;;_Seb), (5.1)

oy . ¥ T 7 _\a_"___~t=24.3
T Skt S SR - B - A - SN LA
. A>., A -~ -~
b) b e -y P QV..,V,',,,,,-_.,‘
b g2 L X o
e g-& .. . 4'—‘°?o‘o'f’l__»“ L
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1=374
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FiG. 8. The Kuo-like scheme result without WISHE process: the
cumulus field is plotted from (a) ¢ = 24.3 days to (h) t = 37.4 days
with an interval of 1.87 days. The contour interval is 6 X 10> m s™
and the unit wind vector length is 2.5 m s™', The area from 7.23°S
to 7.23°N is shown.

and also set Cpp, = 0 to suppress the subsequent decay
of the free waves. In the dynamic—adjustment scheme
case, the westward-propagating clusters suddenly dis-
appear and the eastward-propagating supercluster grad-
ually decays over about 15 days. A zone of strong hor-
izontal convergence is emitted westward from the su-
percluster as soon as the WISHE process is turned off
and propagates with a phase velocity of =~ —10 m s~
along the equator. This is interpreted as a free equato-
rial Rossby wave. This result may be compared with
Fig. 7 of Hayashi and Sumi (1986), where solutions
without convection are shown.

The supercluster decays more slowly in the Kuo-like
scheme case: it takes 15 days to become intermittent,
but then lasts another 10 days. Interestingly, the super-

L

F1G. 9. The grid-column scheme in the limit 7o > +0 at 1 = 16.9
days with (a) ¢, = 0.9 and (b) ¢, = 1.0. The cumulus updraft o.w, is
plotted with an interval of 6 X 107> m s™', and the wind vectors with
unit of 5 m s™' (cf. Figs. 2, 5).
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FiG. 10. The dependence of the grid-column scheme on the mesoscale downdraft decay time 7,: time—longitude section of a mean between
1.45°S and 1.45°N from 7 = 18.7 to 37.4 days for the downdraft o,w, with the contour interval 6 X 10> m s™': (a) 7, = 3.6 h (twice of the

standard value), (b) 7, = 7.2 h, and (¢) 7, = 14.4 h.

cluster starts to propagate about half as fast 10 days
after the WISHE mechanism is switched off. The
Rossby wave emission is not as conspicuous with the
Kuo-like scheme as it is with the dynamic-adjustment
scheme.

The most dramatic change occurs with the grid-col-
umn scheme: the whole domain is filled with small-
scale convection within a few hours after turning off
the WISHE process. This breakdown apparently stems
from decaying mesoscale downdrafts remaining after
the termination of the convection.

2) EXPERIMENT WITHOUT WISHE

In this experiment, the wind dependence of the sur-
face heat exchange is removed from the beginning of
the experiment [the surface friction Cp is retained in
this set of experiments so that a possibility of frictional
wave—CISK (cf. Wang 1988) is not excluded]. No
organized structure is generated either with the dy-
namic—adjustment or the grid-column scheme. The do-
main is covered by convection in a few days, but the
cumulus activity decays within a few days with the
dynamic-adjustment scheme.

On the other hand, the 'Kuo-like scheme is capable
of generating planetary-scale coherent structures even

without the WISHE mechanism (Fig. 8). The convec-
tion consists of a single, isolated eastward-propagating
supercluster (left part of the frame) and an aggregation
of superclusters propagating eastward (right part of the
frame ). The latter may be compared with the results of
Hayashi and Sumi (1986, Figs. 3, 4). Each supercluster
is confined to only a single gridpoint, in contrast to the
control case with wind-dependent surface fluxes. Also,
the westward propagating modes are completely miss-
ing, as in the results of Hayashi and Sumi.

The results of these experiments are consistent
with previous numerical simulations and linear sta-
bility analyses: prognostic convective schemes,
which respond to available buoyant energy over a
finite but small timescale, lead to damping of all re-
solved disturbance modes in the Tropics. The
WISHE mechanism can amplify disturbances. Kuo-
type schemes, on the other hand, directly alias con-
ditional instability onto the resolved scales, and in
models such as ours with simple vertical structure,
there is essentially no distinction between the use of
the Kuo-type scheme and direct release of condi-
tional instability by the resolved flow (except that
upward motion is assumed to be contained in satu-
rated clouds). This aliasing of conditional instability
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FiG. 11. The power spectra (in nondimensional units) of the standard run with the grid-column scheme as a function of the longitudinal
wavenumber for (a) the cumulus velocity w, and (b) zonal wind u at t = 3.74 days (solid line), 7.48 days (long-dashed line), 11.2 days
(dashed line), 15.0 days (chain~dot line), 18.7 days (thick, short-dashed line) averaged over 1.45°S—1.45°N.

onto the resolved scales does lead to Kelvin wave—
like structure, even in the absence of WISHE.

b. Effects of downdrafts

Downdrafts are an essential element of moist con-
vection and are well known to have a profound influ-
ence on the moist entropy of the subcloud layer. Lin-
ear stability analysis (e.g., Yano and Emanuel 1991)
shows that the phase speed of WISHE modes is sen-
sitive to the assumed precipitation efficiency, which
governs the relative magnitude of the downdrafts.
Here we present the results of several experiments de-
signed to explore the sensitivity of the model distur-
bance properties to parameters controlling down-
drafts.

In the first experiment, we explore the effects of the
finite timescale of downdraft development in the grid-
column scheme by setting 7, to zero in (2.19); this
eliminates decaying mesoscale downdrafts. The result,
with a finite convective downdraft (¢, = 0.9, Fig. 9a),
is to produce fields that look very similar to those of
the dynamic-adjustment scheme. This suggests that the
principal difference between the schemes is not the

Galilean invariance of the dynamic-adjustment scheme
but the lagged mesoscale downdraft that we included
in the grid-column scheme. Even when the cloud-scale
downdrafts are completely turned off (¢ = 1.0, Fig.
9b), the results are similar. This demonstrates that east-
ward propagation occurs even when there are no cloud-
scale downdrafts, consistent with linear stability anal-
yses (e.g., Emanuel 1987).

The dependence of the simulations with the grid-
column scheme on the decay scale 7, of the mesoscale
downdrafts is also investigated (Fig. 10). When the
decay timescale of the downdraft is doubled (Fig. 10a),
the equilibrium state exhibits a single eastward-propa-
gating coherent structure. Another doubling of the
timescale (Fig. 10b) tends to disorganize the cloud-
cluster field. On further doubling the decay timescale
(Fig. 10c), the configuration with two superclusters is
recovered, but the westward propagating cloud clusters
are virtually suppressed.

¢. The role of nonlinearity

How much of the spectrum of tropical motions is
due to direct excitation of instabilities at various
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FiG. 12. The same as in Fig. 11 but for the run
without advection terms.

scales, and how much results from nonlinear inter-
actions among the directly excited components? For
example, what is the mechanism controlling the co-
alescence of cloud clusters (Fig. 2)? In an attempt
to answer this question using the present model, we
have performed a number of experiments in which
the degree of nonlinearity of the equations is pro-
gressively reduced.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 52, No. 10
1) FULLY NONLINEAR SYSTEM

In order to assess the role of the nonlinearity in es-
tablishing the equilibrium states of the model, we have
evaluated the temporal evolution of the power spectra
of several model fields. To accomplish this, each vari-
able is averaged over 1.45°S—~1.45°N, then a Fourier
decomposition is made in the longitudinal wavenum-
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FiG. 13. The same as in Figs. 11 and 12 but for the pseudolinear
system. Also the scale is normalized in this figure.
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FiG. 14. The dependence of the grid-column scheme on the radiative forcing Qgo: time—longitude section of a mean between 1.45°S and
1.45°N from ¢ = 18.7 to 37.4 days for the downdraft o,w, with the contour interval 6 X 10~ ms™". (a) Oro = 0.5 K day~! (half the standard
value), (b) Qro = 2 K day™' (twice the standard value), and (c) Qgo = 4 K day~' (four times the standard value).

bers. The power is defined as a square of the magnitude
of each longitudinal Fourier component.

The evolution of the power spectra of the cumulus ver-
tical velocity w, and the zonal wind « in the grid-column
version of the model is plotted in Figs. 11a and 11b, re-
spectively, at 3.74-day intervals. Early in the simulation
(t = 3.74 days, solid curve) the maximum power in the
convection spectra is found at wavenumber 8, but it is
not a single peak as expected from the linear stability
analysis, perhaps reflecting residual noise from the ran-
dom initial condition. The power spectrum of the con-
vection subsequently evolves into a white spectrum. A
peak at wavenumber 2 is noticeable at the final time (¢
= 15.0 days, dotted curve), but the peak does not persist
long after this time (cf. £ = 18.7 days, chain—dot curve).
The zonal wind spectra (Fig. 11b) starts with a white
spectrum shape, but energy eventually accumulates at
lower wavenumbers with a slight decrease of energy at
higher wavenumbers late in the integration. The power
spectra evolve in a similar way with both the Kuo-like
and the dynamic-adjustment schemes.

2) THE SYSTEM WITHOUT ADVECTION TERMS

To assess the role of the nonlinearity, we perform a
numerical experiment that is identical to the grid-col-

umn case described in a above, but omitting the ad-
vection terms (i.e., D/Dt in all the equations is replaced
by 0/0¢). The nonlinearities that remain are the switch
in the convection scheme, vertical entropy flux terms,
and the nonlinear surface drag. The evolution of the
spectra with time for this case is shown in Fig. 12. The
character of the evolution of the spectra is remarkably
similar to the fully nonlinear case (Fig. 11). The ap-
pearance of the fields in real space is also essentially
the same as in the standard case, and the phase veloc-
ities of the superclusters and cloud clusters are within
a few percent of those of the standard case.

We conclude that advection plays essentially no role
in establishing the properties of the equilibrated state
in the model. The same experiment is repeated using
both the dynamic-adjustment and Kuo-like schemes,
and the same conclusion is reached.

3) A PSEUDOLINEAR SYSTEM

In a final experiment, we eliminate all of the nonlin-
earity in the system aside from the switch in the grid-
column convection scheme, starting from an initial
condition that represents the zonal average of the equil-
ibrated fully nonlinear system [using the result with 32
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FIG. 15. The dependence of the grid-column scheme on the easterly Rayleigh wind forcing u,: time-longitude section of a mean between
1.45°S and 1.45°N from ¢ = 18.7 to 37.4 days for the downdraft o,w, with the contour interval 3 X 10> ms™". (a) u4 = 0 m s™' (no wind
forcing), (b) up = —5.0 m s™! (half the standard value), and (c) up = —20 m s~' (twice the standard value).

X 33 resolution described in section 5¢(1)]. This re-
sults in disturbances that grow exponentially in time.
The power spectra (Fig. 13) are normalized so that the
power integrated over wavenumber remains constant.

The resulting spectra are remarkably similar to the
fully nonlinear integration, except that the zonal wind
curve is flatter at low wavenumbers. This appears to
indicate that the coalescence process of the cloud clus-
ters was controlled by an implicit nonlinearity owing
to the switch in the convective scheme.

d. Effects of radiation and mean wind forcing

Linear theory (e.g., Emanuel 1993) predicts that the
growth rate of small-amplitude disturbances is propor-
tional to the degree of air—sea thermodynamic disequi-
librium mean state; this is in turn proportional to the
radiative cooling rate and inversely proportional to the
mean surface wind speed. Linear theory also contains
no Kelvin-like modes if the mean wind is westerly,
though higher-order modes are not ruled out.

We performed experiments in which the radiative
cooling and the direction and speed of the mean wind
forcing are varied. We found, in accordance with linear
theory, that the eastward-propagating superclusters ex-

ist through a large range of cooling rates and wind forc-
ings, as long as the latter are easterly. The westward-
propagating clusters weaken if the mean sea—air dis-
equilibrium is reduced either by decreasing the
radiative cooling (Fig. 14) or by increasing the mean
wind forcing (Fig. 15). These cloud clusters virtually
disappear if the radiative cooling is too weak (Fig. 14a)
or the mean wind forcing is too strong (Fig. 15¢). The
superclusters continue to exist even in the absence of
mean wind forcing (Fig. 15a), consistent with the re-
cent results of Xie et al. (1993a,b).

Once a westerly wind forcing (i.e., up > 0) is set,
however, a qualitatively “different behavior appears
(Figs. 16, 17). With a weak westerly wind forcing (u,
= 3-7 m s~ '), the eastward-propagating Kelvin-type
mode is totally suppressed, as expected from linear
analysis, but the westward-propagating mode is prom-
inent (Fig. 16a). An intertropical convergence zone
(ITCZ)-like cloud band oscillates around the equator,
accompanied by pairs of cyclones and anticyclones
straddling the equator (Fig. 17a), which is identified
as a mixed Rossby—gravity mode from S, field. In-
creasing the westerly wind forcing (4, > 8 m s™)
causes the ITCZ-like cloud band to dissipate (Fig.
17b), and some eastward-propagating disturbances ap-
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FiG. 16. The dependence of the grid-column scheme on the westerly Rayleigh wind forcing u,: time—longitude section of a mean between
1.45°S and 1.45°N from ¢ = 18.7 to 37.4 days for the downdraft o,w, with the contour interval 6 X 107> m s™". (a) uy = 5.0 m s™' and (b)
uo = 10 m s™'. (c) The same as (b) but of a mean between 11.6°S and 11.6°N with the contour interval 3 X 10> m s~',

pear (Fig. 16b). The hierarchy of the superclusters and
the cloud clusters is reestablished to a certain extent.
The superclusters propagate more slowly than in the
standard case, and there also appears a modulation of
the westward-propagating clusters propagating east-
ward at about half of the phase velocity of the super-
clusters. This slowly propagating modulation is more
clearly seen when a wider latitudinal average is used
(Fig. 16¢). The overall behavior is more intermittent
with a higher westerly wind forcing.

e. Other sensitivity experiments
1) RESOLUTION DEPENDENCE

To explore the sensitivity of the simulations to spa-
tial resolution, we also ran the model with all but the
statistical equilibrium convection scheme with doubled
resolution (so that Ax = 80.5 km), starting from ¢
= 37.4 days and continuing for another 9.35 days.

In the case of the two prognostic convective
schemes, the solutions are virtually identical, save
for a slight increase in the eastward phase speed of
superclusters in the case with the dynamic adjust-
ment, a general sharpening of the edges of cloud

clusters, and a decrease in the noise level in the so-
lutions.

Changes in the results of the Kuo-like scheme on
doubling the resolution are much more noticeable (Fig.
18). The size of the superclusters decreases and their
phase speed increases by 25%. After 6 days, the dif-
ference in the overall structure of the supercluster is
remarkable (Fig. 18b). This is consistent with the view
of the Kuo scheme as a means of aliasing conditional
instability onto the resolved scales. The resulting insta-
bility has strong components on the grid scale and is
thus sensitive to grid size.

One more set of experiments was performed in
which the resolution was decreased to 32 X 33; this
gives a grid size of roughly two Rossby radii. The in-
tegration was carried on for 122 days. No organized
structure is generated in runs using any of the convec-
tive schemes, due to the poor resolution.

2) DEPENDENCE ON INITIAL CONDITIONS

The standard computations were started from a state
far from statistical equilibrium; thus, the timescale to
reach equilibrium does not reflect the true timescales
in the system. To more accurately determine the equil-
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FiG. 17. (a) The same as in Fig. 2 but with uy = 5 m s™', from ¢
= 28.1 to 30.9 days with an interval of 0.94 day: the frame is from
the upper left to the right and then to the lower left. (b) The same as
in Fig. 17a but with 4y = 10 m s™".

ibration timescale of the system, we performed an ad-
ditional set of experiments at fuil resolution, starting
from the equilibrated state of the low-resolution run
described in the previous subsection. Since this tate
does not contain any disturbances, it can be considered
to be a state of one-dimensional radiative—-convective
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equilibrium. The cloud hierarchy is reestablished over
about 10 days with all three parameterizations. The
generation timescale of the superclusters is much
shorter than in the standard cases and is comparable to
the observed genesis timescale of disturbances propa-
gating eastward from the Indian Ocean to the Pacific
(cf. Nakazawa 1988).

With the Kuo-like and the dynamic-adjustment
schemes, a virtually identical final state is obtained.
In the case with the grid-column scheme, however, the
final state of the system is different: the superclusters
are spatially modulated into a single eastward-prop-
agating coherent structure (Fig. 19, compare with Fig.
4), which constitutes a higher order in the hierarchy.
The superclusters are successively generated at the
front side and decay into a cloud cluster at the rear
side of the higher-order coherent structure, so that the
modulation is propagating faster than the superclus-
ters. Note, on the other hand, that the observed Mad-
den—Julian waves are identified as temporal modu-
lations, propagating slower than the superclusters.

3) DEPENDENCE ON PARAMETERS OF CONVECTIVE
SCHEMES

It is of some interest to determine the sensitivity of
the simulations to unknown or poorly known param-
eters in the convection schemes: In the case of the
dynamic-adjustment scheme, a decrease of the frac-
tional updraft area o, tends to smooth the convection
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FiG. 18. The resolution dependence of the Kuo-like scheme: com-
parison of the cumulus field with the different resolutions 256 X 257
(a, b) and 128 X 129 (c, d) at ¢ = 44.8 days (a, ¢) and ¢ = 46.7 days
(b, d), starting from a same condition at ¢+ = 37.4 days. The format
of the figure is same as in Fig. 5a. The size of the supercluster remains
steady with the resolution 128 X 129 but decreases with 256 X 257.
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FiG. 19. A sequence of the generation and the decay of the super-
clusters within the Madden—Julian wave (with the grid-column
scheme): from (a) t+ = 24.3 days after a restarting of the integration
with 128 X 129 grids, to (p) t = 52.3 days with the interval of 1.87
days. The downdraft o,w, is shown with contour interval of 1.5
%X 102 m s™'. The minimum contour is 3 X 107> m s™'. The wind
vectors are shown with a unit scale 5 m s™!. The area from 7.23°S to
7.23°N is shown with the frame moving with phase velocity 40 m
s7!, so that the center of the Madden—Julian wave remains at almost
the same place in the frame. The origin in longitude (x = 0) is indi-
cated by a pair of vertical bars along the latitudinal boundaries at
each frame. The integration is initialized with an equilibrated state.
The two superclusters A, B are seen at ¢ = 24.3 days (a). The super-
cluster A gradually decays (a—d) and modulates into a cloud cluster
(e), while a new supercluster C is generated east to the supercluster
B at t = 33.6 days (f). Subsequently, the supercluster B decays and
the supercluster C grows (g—h). By r = 39.2 days (i), the structure
B is as weak as a cloud cluster, while the generation of a new su-
percluster D is noted. The pair of superclusters C, D survives until
day 44.8 (1). Supercluster C is replaced by E by ¢ = 46.7 days (m),
which subsequently forms a pair with D (n-p).
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field (Fig. 20a), while an increase of o, tends to gen-
erate gridpoint structures. With an extreme value o,
= 0.1 (Fig. 20b), the result is virtually identical to
that of the grid-column scheme, presumably because
the convective ensembles then have a very short mem-
ory. A similar result is obtained when the convective
downdrafts are completely turned off, or when 100%
precipitation efficiency ¢, = 1.0 is assumed (Fig.
20c). On the other hand, if we decrease the precipi-
tation efficiency e, the cloud field becomes smoother
and cloud clusters turn into a continuous tail of the
supercluster (Fig. 20d).

6. Summary

A shallow-water analog of the tropical atmosphere
on a constant SST ocean is proposed as a prototype
to interpret the complex hierarchical structure of
tropical disturbances. While the vertical resolution of
the present model is crude, the very high horizontal
resolution represents a substantial difference from
earlier work (e.g., Lau and Peng 1987; Hendon
1988), and we have attempted to incorporate more
realistic and physically plausible representations of
convection and compare these with standard

FIG. 20. The sensitivity of the dynamic-adjustment scheme to the
downdraft effects: (a) with a small fractional cumulus area o, = 1073
(¢ = 33.7 days); (b) with a large fractional cumulus area o, = 0.1 (¢
= 37.4 days); (c) without convective downdraft ¢, = 1.0 (+ = 33.7
days); (d) with a strong convective downdraft ¢, = 0.7 (+ = 33.7
days). The convective downdraft o,w, is plotted with the interval 6
X 107*m s in (a) and (b), the cumulus updraft o.w, with the interval
6 X 1073 m s™' in (c), and convective downdraft is plotted with the
interval 3 X 107> m s™' in (d) with the minimum contour 6 X 10™*
m s™'. A unit wind vector is 5 m s'. Compare with Figs. 2 and 5.
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schemes. The model domain covers 180° in longitude
on an equatorial § plane.

Model simulations using two different prognostic
convective schemes and a Kuo-like scheme spontane-
ously generate a hierarchical convective structure, with
eastward-propagating superclusters and westward-
propagating cloud clusters when the imposed mean
wind is not westerly;® simulations using a strict statis-
tical equilibrinm convection scheme fail to produce co-
herent, eastward-moving structures. The WISHE
mechanism is identified as the source of the distur-
bances in all cases, although some structure does
emerge with the Kuo scheme in the absence of WISHE.

Experiments with the four convective schemes show
that the finite, albeit small, timescale of convection is
crucial for good simulations of disturbances in the
Tropics, and that downdrafts are important elements of
convection that cannot be ignored. The lack of physical
plausibility in Kuo-type schemes shows up as an alias-
ing of conditional instability onto the resolved scales
and results in large sensitivity to grid size. It is also
emphasized that the coincidence of the low-level con-
vergence with the core of the superclusters as observed
(e.g., Murakami and Nakazawa 1985 ) is obtained with-
out assuming their direct coupling in the parameteriza-
tion.

The qualitative behavior of disturbances in the equil-
ibrated states conforms in most aspects to expectations
based on linear theory. The dominant modes in the sim-
ulations using prognostic convective schemes consist
of eastward-propagating planetary-scale structures of a
Kelvin mode~like nature, and westward-moving syn-
optic-scale disturbances that more nearly resemble
mixed Rossby—gravity waves in a westerly wind re-
gime. This is also true, though to a lesser degree, with
the Kuo scheme, but the imposition of strict statistical
equilibrium eliminates any planetary wave structure,
again in conformance with linear theory (Emanuel
1987). Also, the spatial structures of the superclusters
resemble the linear response to a specified heat source
(cf. Matsuno—Gill pattern).

Spatial inhomogeneity, in particular the longitudinal
dependence of the sea surface temperature, is not re-
‘quired to generate a hierarchy of superclusters and
cloud clusters, contrary to the suggestion of Lau et al.
(1989). [Chao and Lin (1994 ) virtually share this con-
clusion, even though they did include a longitudinal
dependence to the sea surface temperature.] The hier-
archy is generated spontaneously through a series of
coalescences of smaller cloud structures. The equili-
brated kinetic energy is maximum at low wavenum-
bers. A somewhat surprising result is that nonlinear ad-

3 In contrast, the recent longitudinally one-dimensional experiment
by*Chao and Lin (1994) represents a strong cumulus parameterization
dependence. The reason for such a strong dependence warrants fur-
ther analysis, though this may well indicate the limitation of our
approach with a vertically limited resolution.
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vection plays a secondary role in determining the na-
ture of the equilibrated state. The most important
nonlinearity in the model appears to be the switch that
prevents convection in stable conditions. The power
spectrum of convection and zonal wind in the fully
nonlinear model is moderately well simulated by a re-
duced model in which the on/off switch in the convec-
tion scheme is the only remaining nonlinearity.

Two future directions of study with this type of the
model are indicated. A gradual increase of the com-
plexity of the model, with selective addition of features,
such as a horizontal gradient of the sea surface tem-
perature, land—sea contrast, and extratropical forcing,
will help us understand the behavior of both more re-
alistic models and the real atmosphere. It is also ap-
parent that yet more work needs to be done to under-
stand and mimic formation of convective ensemble and
their interaction with the large-scale flow.
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APPENDIX
Summary of Symbols
a. Dry entropy

Ss (=1nd): dry entropy of the lower troposphere
Note that the factor C, is omitted in the definition of
entropies in this paper.

b. Equivalent entropy

S.» (=Ind,,): equivalent entropy of the subcloud
layer

S.m (=1nd,,,): equivalent entropy at the middle tro-
posphere

S% (=Inf%): equivalent saturated entropy of the
subcloud layer v

Sk, (=In8%, = ¥S,): equivalent saturated entropy
at the middle troposphere [cf. appendix of Emanuel
(1987)]

c. Velocities

vy: horizontal wind velocity

w: vertical velocity at the middle troposphere

w,: cumulus convective velocity (average over the
grid scale)

wy,: downdraft velocity (average over the grid scale)

w,: environmental subsidence (average over the grid
scale) :

d. Constants

1) THERMODYNAMICAL

N = 1072 s~': Brunt—Viisili frequency
I';: adiabatic lapse rate
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T, = 6 X 107 K/m: moist lapse rate

y=T,JT,=17

T, = 300 K: temperature at the top of subcloud layer

T: mean temperature over the troposphere

e=(T,-T)T,=01

C, = 10° J/K-Kg: specific heat with constant pres-
sure

2) RADIATIVE

Tk = 50 day: longwave radiative relaxation time
(constant for Newtonian cooling term)

Qro = 4 X 1078 1/s: constant cooling rate of the
atmosphere by longwave radiation [ corresponding to 1
K/day: Dopplick (1972, 1974)]

3) CLOUD PHYSICS

74 = 1.8 hours: decaying timescale of downdrafts

o.: fractional area occupied by cumulus clouds in a
single grid box (¢, = 0.01 for the dynamic-adjustment
scheme, o, = 1.26 X 10 for the grid-column scheme )

o4 fractional area covered by the downdrafts in a
single grid box

€, precipitation efficiency coefficient (¢, = 1.0 for
the grid-column scheme, ¢, = 0.9 for the statistical
equilibrium and the dynamic-adjustment schemes)

B.: critical buoyancy B = C,I',.(S., — yS,) neces-
sary to initiate cumulus convection in grid-column rep-
resentation (assumed proportional to ¢, with B, = 1.5
X 107* for the standard resolution Ax = 161 km)

4) DyNAMICAL

6¢: perturbation geopotential
B=23x%x10"*s"'Km™': equatorial beta parameter
Cy = 1.2 X 1073: evaporation rate by wind

Cp =1 X 107: surface drag coefficient

Tp = 75 days: Rayleigh forcing timescale

uy = —10 m s': Rayleigh forcing wind

5) VERTICAL SCALES

h = 500 m: depth of subcloud layer

H = 8 km: depth of troposphere (density-weighted
scale in logp coordinate)

H,, = 5 km: height of middie-level troposphere (a
level of minimum equivalent entropy, which is given
by Sem)
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