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ABSTRACT

A new framework for interpreting the origin of the tropical intraseasonal oscillation (TISQ), which avoids
the speed and scale selection problems in the previous theories, is proposed in this study. In this interpretation
TISO is viewed as an oscillation driven by an eastward moving convective region. This convective region consists
of one or more super cloud clusters originating in the Indian Ocean and terminating in mid-Pacific, and is then
followed by another convective region arising in the Indian Ocean in a period of 40-50 days. Additionally, a
formal analogy is pointed out between super cloud clusters and the middle-latitude baroclinic wave packets.

This study includes a simulation of TISO in a 2D model to support our interpretation. Experiments were
conducted with four different convection schemes. The authors advocate that the successful simulation of TISO
depends on the successful simulation of super cloud clusters, which in turn depends on the successful simulation
of the life cycle of cloud clusters, which further in turn depends on the choice of cumulus convection scheme.
What makes a cumulus convection scheme successful in simulating TISO is discussed.

1. Introduction

The tropical intraseasonal oscillation (TISO) (Mad-
den and Julian 1971, 1972; Madden 1986; Murakami
and Nakazawa 1985; among others) has thus far no
well-accepted theory [ for a recent review see Hayashi
and Golder (1993)]. The frequently discussed wave-—
CISK mechanism (Chao 1987; Lau and Peng 1987;
Miyahara 1987; Hendon 1988; Chang and Lim 1988;
Wang 1988) has the major difficulty of too high east-
ward speed. Most wave—CISK type simulations give a
period of 2030 days for the convective region to circle
the earth. To reduce the speed of the oscillation, the
height of the maximum cumulus heating must be low-
ered to the lower troposphere (Takahashi 1987; Lau et
al. 1989), a disagreement with observations. Also,
many studies have the implicit assumption that the pre-
cipitation region circles the globe in about 45 days.
This assumption is in conflict with the observations.
The precipitation region associated with the TISO trav-
els only one-third of the globe, from the Indian Ocean
to mid-Pacific, in about 45 days (and then a new con-
vective region starts in the Indian Ocean), a much
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slower speed [see Lau and Chen (1986), including the
cover picture]. This fact puts the wave—CISK mech-
anism in further doubt as a valid explanation for TISO.
The circulation fields associated with this moving con-
vective region have a global scale and of course the
same period. Thus, when the circulation fields are an-
alyzed, one gets a picture of a global-scale traveling
mode circulating the whole globe with a 40--50-day
period.

Another serious difficulty with the wave-CISK
mechanism lies in the fact that its most favored scale
of convective region is the smallest in a model. The
methods of getting around this difficulty (e.g., Wang
and Chen 1989; Wang and Rui 1990) have not been
validated in models. However, we should point out that
the scale selection problem exists mostly in linear mod-
els (with or without conditional heating) and some
nonlinear models do not have this problem (Hayashi
and Sumi 1986). Nevertheless, even if scale selection
does not present a problem, the excessive speed prob-
lem alone can invalidate wave-CISK.

The evaporation—surface wind feedback mecha-
nism, which was later renamed as the wind-induced
surface heat exchange (WISHE ) mechanism (Emanuel
1987; Neelin et al. 1987), also suffers from the scale
selection difficulty. Although there has been an attempt
to resolve this difficulty (Yano and Emanuel 1991),
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the proposed resolution has yet to be tested in global
models. Additionally, Neelin et al. (1987) showed that
when WISHE is suppressed in their model, the same
oscillation can still occur but with much weaker am-
plitude.

Furthermore, the link between wave—CISK and
WISHE on the one hand and the more recent obser-
vational findings on the other has not been established.
These observational findings (Nakazawa 1988; Lau et
al. 1991; Sui and Lau 1992) show that the convective
region associated with the TISO consists of one or more
super cloud clusters and within each super cloud cluster
individual cloud clusters arise, move westward, and
then decay within 2 to 3 days. New cloud clusters ap-
pear to the east of the existing cloud clusters. The en-
velope of the cloud clusters is the super cloud cluster,
which moves eastward.

In this paper we propose a radically different expla-
nation for the origin of the TISO. Our explanation de-
picts the TISO as the result of a convective region mov-
ing eastward starting from the Indian Ocean and ending
in mid-Pacific, apparently due to the fact that the lower
SST in the eastern Pacific can no longer sustain it. In
El Nifio years when warm SST extends into the eastern
Pacific, this convective region can move into the east-
ern Pacific. The speed of the movement is not always
very steady. Once this convective region ends in mid-
Pacific, another one starts in the Indian Ocean. The
cycle repeats in 40—50 days. This part of the expla-
nation is really nothing more than a summary of recent
satellite observations. The global-scale wind circula-
tion in TISO as a response to the heating inside this
convective region has a Kelvin wave structure ahead
of the convective region and a Rossby wave structure
behind it. This circulation response part of the expla-
nation is also not new. It has been proposed by Ya-
magata and Hayashi (1984 ) and Chao (1987) and has
been demonstrated by observations (e.g., Nogues-Pae-
gle et al. 1989). Recent satellite observations have
demonstrated that this convective region is composed
of one or more super cloud clusters (e.g., Nakazawa
1988). What has not been explained thus far is the
origin of this convective region, its internal structure,
size, and speed (~3.5 ms™!). Its speed is the most
important thing to understand, since it is at the core of
understanding the 40—-50-day period.

In our interpretation, the super cloud clusters and
their eastward movement originate from what we shall
call the cloud cluster teleinduction mechanism of ini-
tiating a new cloud cluster by an existing cloud cluster
at a distance (800-1200 km) to its east. Locations close
to the existing cloud cluster, because of the compen-
sating downward motion associated with the existing
cloud cluster, are not favorable for the emergence of a
new cloud cluster. The reason the eastern side of an
existing cloud cluster is more favorable than the west-
ern side for the new cloud cluster to emerge has to do
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with basic flow in the boundary layer being easterly,
which is also strengthened by the circulation induced
by the existing cloud cluster. In other words, the east
side is where the main moisture supply is coming from.
Once the new cloud cluster emerges, it competes for
moisture supply with the existing cloud cluster. Since
the moisture supply comes mainly from the east in the
tropical easterly basic flow environment, the new cloud
cluster has the first chance in harnessing it. Losing the
competition, the existing cloud cluster, while moving
westward (the reason for the westward movement will
be discussed in section 3), soon decays. The successive
generation of new cloud clusters in the east and the
subsequent decay of existing ones give rise to an east-
ward moving envelope, which is the super cloud clus-
ter. The speed of the super cloud cluster is determined
by the westward speed of the cloud cluster, the distance
between the cloud clusters, and the frequency of gen-
eration of new cloud clusters. Often there can be more
than one super cloud cluster in the convective region
associated with the TISO (Nakazawa 1988). This,
along with the origin of the cloud cluster teleinduction
mechanism—that is, why new cloud clusters should
emerge at all—will be explained in section 4.

The basic ideas in wave—CISK and WISHE do play
important roles, in our interpretation, on the temporal
and spatial scales of the cloud clusters and some sup-
porting role on the scale of super cloud clusters. The
term ‘‘CISK’’ has different meanings to different peo-
ple. Here we will confine ourselves to its most basic
meaning: the cooperation between convective heating
and the heating-induced low-level moisture conver-
gence through surface friction. The term ‘‘wave-—
CISK’’ means that the low-level convergence through
surface friction in CISK is replaced by convergence of
the wave (or the circulation field) excited by the con-
vective heating. When wave—CISK is operating, there
is no doubt that WISHE is playing a role. Wave—CISK
is responsible for the growth of a cloud cluster (this
point will be further discussed shortly) but not its ini-
tiation. The initiation of a cloud cluster has to rely on
the circulation field induced by an existing (and evolv-
ing) cloud cluster 800—1200 km to the west, when the
basic flow is easterly. The existing cloud cluster is also
responsible for creating the favorable condition for the
new cloud cluster to rise. So there is no doubt about
the existence of the cloud cluster teleinduction mech-
anism. In other words, wave—CISK is an instability
responsible for the growth of a cloud cluster, and the
cloud cluster teleinduction is the mechanism that brings
the dynamical and thermodynamical fields at a partic-
ular location toward (and provides the final push to
cross over) the critical point beyond which the wave~
CISK instability (or a new cloud cluster) starts.

Thus, in our view wave—CISK operates only at the
scale of cloud cluster. Also, the ‘‘wave’’ involved is
nothing more than the circulation associated with a
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cloud cluster. Such a wave is composed of upward mo-
tion of cloud cluster scale generated by buoyancy and
compensating downward motion outside the cloud
cluster, and the only label that can be attached to it is
gravity wave. This is entirely different from the pre-
vious theories, which associate wave—CISK (invoking
global-scale Kelvin and Rossby waves) directly with
the global scale of the TISO itself. Of course, when the
convective region associated with TISO is viewed as a
whole, there is heating in this region and convergence
into it in the boundary layer giving the appearance of
wave—~CISK, whose importance was misplaced by pre-
vious theories. The ‘‘wave’’ associated with super
cloud clusters has a scale large enough to be affected
by earth’s rotation and can be labeled as a mixture of
gravity, Rossby, and Kelvin waves.

Pushing the above discussion further down the scale,
we may argue that the true wave—CISK operates at
cloud scale only. The wave—CISK associated with a
cloud cluster is only an appearance. Like the super
cloud clusters, which owe their existence to the nonlin-

ear interaction among cloud clusters, cloud clusters de-.

pend on the nonlinear interaction among clouds; that
is, the initiation of one cloud depends on the circulation
field associated with an existing cloud. Wave—CISK is
a concept that does not address the nonlinear scale in-
teraction and the nonlinear interaction among entities
of the same scale that lie at the core of many tropical
phenomena (TISO, in particular). Thus, it is not sur-
prising that studies of TISO based on the wave—CISK
concept are plagued with problems.

In this work, we advocate that the successful simu-
lation of TISO depends on the successful simulation of
the super cloud clusters, which in turn depends on the
successful simulation of the life cycle of cloud clusters
and the cloud cluster teleinduction mechanism. This
paper presents a modeling effort to investigate the su-
per cloud clusters and the TISO with the goal of a better
understanding and with the expectation that such un-
derstanding will contribute to the GCM simulation of
TISO.

We will use a two-dimensional model covering the
vertical plane along the equator for this study. The main
advantages of the 2D model are its ease of use, relative
ease in interpretation, and complementary role to the
3D models. It is certainly an important member of a
hierarchy of models that are necessary in the investi-
gation. The model (section 2) is reduced from the God-
dard Laboratory for Atmospheres General Circulation
Model (GLA GCM). S.-J. Lin has designed a simple
convection scheme for this investigation. In addition,
the relaxed Arakawa—~Schubert (RAS) convection
scheme (Moorthi and Suarez 1992) that comes with
the model, the Emanuel (1991) scheme, and the moist
convective adjustment scheme (Manabe 1965) are
used (section 3) to demonstrate that the successful sim-
ulation of the super cloud clusters and thus the TISO
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depends critically on the type of convection scheme
used. The roles of the Coriolis force, basic wind, and
SST distribution are also investigated. What distin-
guishes the successful cumulus schemes from the un-
successful ones is discussed in section 4. We will also
discuss the origin of the super cloud clusters, which
drives TISO. Summary and remarks are g1ven in the
final section.

2. A 2D model

The model used is reduced from the GLA GCM,
which is a substantially revised version of the original
GLAS fourth-order model (Kalnay et al. 1983). The
model applies a center fourth-order differencing
scheme on the (nonstaggered) A grid in the horizontal,
and a second-order differencing scheme in the vertical.
The flux-form spatial finite-differencing scheme for-
mally conserves kinetic energy but not potential en-
strophy. However, potential enstrophy is nearly con-
served in practice. The vertical finite-differencing
scheme is that of Arakawa and Suarez (1983). As dic-
tated by that scheme, potential temperature (instead of
temperature) is used as a prognostic variable. The lo-
cally consistent hydrostatic equation at the bottom level
is an important feature of this scheme. The time dif-
ferencing is an initial Matsuno step followed by leap-
frog steps. A fourth-order Shapiro filter is applied to
momentum and potential temperature.

The moisture transport utilizes a second-order van
Leer—type scheme, which is conservative and mono-
tonic [see Lin et al. (1994) for details]. The monotonic
constraint on the implied subgrid moisture distribution
guarantees the positivity of the water vapor mixing ra-
tio without the need for an explicit diffusion (such as
the Shapiro filter in the original design) and/or filling
algorithm. Transport of moisture is done sequentially
in each spatial direction. Since there is no need for spa-
tial and time filters, this new scheme is just as fast as
the original fourth-order finite-difference scheme on
the CRAY-YMP. A detailed comparison is presented
in Lin et al. (1994).

The planetary boundary layer and vertical diffusion
parameterizations follow those of the European Centre
for Medium-Range Weather Forecasts General Circu-
lation Model (Louis 1979). It uses the Monin—Obu-
khov similarity theory for surface fluxes calculation.
The bottom layer is treated as the planetary boundary
layer. Vertical diffusion coefficient is Richardson num-
ber dependent. For our limited modeling purpose, the
observed zonally averaged net radiative heating (New-
ell et al. 1972) is used in lieu of the costly radiation
parameterization.

The 2D model is basically a longitude—height model
at a chosen latitude covering half the globe over ocean
only. When the chosen latitude is the equator, meridi-
onal velocity v is set to zero and there is no meridional
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pressure gradient force; otherwise v is allowed to vary
in time and space and a zonally uniform meridional
pressure gradient force is imposed as will be described
later. There are 17 sigma layers, as in the original set-
tings (Fox-Rabinovitz et al. 1991), with the top four
layers in the stratosphere and the bottom three layers
below 900 mb. The horizontal grid size is 1 degree.
Cyclic boundary conditions are used. The time step is
2.5 minutes. The SST is set at 28°C in the left one-third
of the domain and at 30°C in the remaining domain.
The purpose of such setting is to provide an environ-
ment for the initiation and termination of the super
cloud clusters. Observations show that the super cloud
clusters start in the Indian Ocean and terminate in mid-
Pacific or eastern Pacific in the El Niiio years. To main-
tain the easterly basic wind one of two methods is used.
The first method simply restores the zonally averaged
(on sigma surface) u wind to a preset vertical wind
profile at every time step. The second method uses a
Rayleigh-type friction to relax the zonally averaged u
wind toward a preset vertical wind profile with a time
scale of 3 days. The preset vertical wind profile in both
methods is simply a constant (—5 and —10 m s, re-
spectively) with no vertical shear. These methods are
to simulate the convergence (or divergence) of merid-
ional eddy momentum flux, which maintains the zonal
mean wind at the simulated latitude.

To demonstrate the sensitivity of the model results
to various cumulus convection schemes, we will use
the relaxed Arakawa—Schubert scheme (Moorthi and
Suarez 1992), the Emanuel scheme (1991), the moist
convective adjustment scheme (as used in the GFDL
model), and a scheme that S.-J. Lin designed, which
is an intuitively simple, yet realistic in some aspects,
moist convection scheme (SCS hereafter). A brief de-
scription of SCS design follows.

In SCS we first compute a reference water vapor
mixing ratio profile in the following manner. Starting
from the bottom layer of each column the moist static
energy of the layer #, = C, T, + ®, + Lg,, where ® is
the geopotential and L is the latent heat, is compared
with the saturation moist static energy h; , = CTy
+ ®_y + Lqj_, of the layer immediately above. If A,
> h;_,, that is, when local moist convective potential
energy is available, an approximate amount of excess
water substance, which is less than the maximum al-
lowable amount, W = (k. — h;_,)M,/L, where M, is
the mass in the lower-layer grid box, is transported up-
ward from layer k to layer £ — 1. Note that the latent
heat constant L is just the latent heat of condensation
if the temperature in the lower layer is above freezing;
it is the sum of the latent heat of fusion and conden-
sation if the temperature is below freezing. The updated
Gret at layer £k — 1 is then used in the continued com-
parison with the layer above. If the above convective
instability criterion is not met, then the upward con-
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vective transport of water substance is assumed to ter-
minate right there; but the comparison continues for the
next higher layer. This layer by layer adjustment of the
moisture mixing ratio continues until the top layer is
reached, and a final reference profile g, is obtained.
Note that the upward moisture transport (by the un-
specified subgrid scale drafts) can initiate from any
layer and end at any layer above. In other words, the
cloud base can be at any level, and the possibility of
multiple cloud bases is not ruled out. _

Once the reference mixing ratio profile is obtained,
starting from the top layer, the increase in water vapor
dqi = Gret — Goriginal at layer k is partitioned into two
parts. The first part (a small constant, set to a maximum
of 10% for our chosen horizontal resolution) is used to
moisten the layer, but not to supersaturate the layer.
The remaining part is converted into convective rain.
No moistening is allowed if the original profile is su-
persaturated, and all of the moisture increase is rele-
gated as convective rain in that case. The latent heat of
condensation associated with the production of con-
vective rain is then released to increase 7). Subse-
quently, if T, is below freezing, a fraction of the rain
is frozen (which may become any solid water sub-
stance, e.g., snow, ice, and hail) and the latent heat of
fusion is released to warm the layer. Otherwise, if T} is
greater than the freezing point and there is solid water
substance (received from layers above) present, a frac-
tion of that solid water is melted, which is then added
to the rainwater budget in that layer. This is followed
by the computation of evaporation of convective rain-
water. The rain reevaporation rate was computed by
the simplified form of Emanuel [his Eq. (12b), 1991}
and the terminal velocity is assumed to be a constant
(0.45 mb s ). The evaporation increases g, and de-
creases T, while conserving A,. The convective rain and
solid water are then delivered to the next lower layer
and the computation continues until the bottom layer is
reached. The sum of rainwater and solid water reached
and remained in the bottom layer is the net convective
precipitation. Before the computation of the large-scale
precipitation, this whole process is iterated (at most
three times) to prevent over- and/or underremoval of
the convective instability. The computation of large-
scale precipitation and rain reevaporation is similar to
those of Sud and Molod (1988), except that the freez-
ing and melting processes are included, in a fashion
similar to that of the convective process.

This scheme outputs the final temperature, water va-
por mixing ratio profiles, and the net precipitation. But
instead of an instantaneous adjustment to the final pro-
files, the differences between the final and initial pro-
files are used to compute the heating/cooling and dry-
ing/moistening rates. Since no convective rain can be
generated in the bottom layer, heating due to moist pro-
cess in the bottom layer can only come from large-scale
condensation and/or freezing of the rainwater, which
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FiG. 1. Time—longitude distribution of precipitation in the control experiment (in mm day ').
The 3-hourly accumulated precipitation was used in plotting. Contour interval is 5 mm day ™',

do occur in nature. The design philosophy of this

scheme is to keep the parameterization of unresolvable
processes, which are not well understood either from
theory or observations, as simple and as explicit as pos-
sible. Any physical process that can be treated explic-
itly, such as freezing and melting of the water sub-
stance, should be treated so. The treatment of those
unresolvable subgrid-scale drafts should be done as
simply and as little as possible to avoid too strong and
likely inaccurate interference with the physics and dy-
namics of the resolvable processes. Those unspecified
but implicitly present subgrid-scale drafts serve, in this
simple scheme, mainly as agents of the upward trans-
port of moisture, whose purpose is to release the local
grid-scale convective instability of the resolvable mo-
tions. This scheme is vectorizable on the CRAY-YMP.
In the tests we have done, this scheme is about 5 to 10
times faster than the relaxed Arakawa—Schubert
scheme coupled with a similarly formulated rain re-
evaporation routine (Sud and Molod 1988).

The heating, moistening, and momentum change
rates from the physics package are multiplied by the
dynamics time step, and the products are added to the

respective prognostic quantities every dynamics time
step. The rates are updated at different intervals. The
radiation rates are fixed. For the turbulence and bound-
ary-layer parameterization, the rates are updated every
15 minutes. For convection the rates are updated at dif-
ferent intervals for different convection schemes. We
used a 9-minute interval for the relaxed Arakawa—
Schubert scheme, 15-minute interval for the Emanuel
scheme, and 1-hour interval for both the GFDL scheme
and the SCS.

3. Experiments

The model initial conditions are specified in a simple
manner: v is set to be zero, u is a constant easterly of
10 m s™! everywhere, and T is zonally uniform and
varies from 300 K at the bottom to 220 K at the top
linearly in sigma. Relative humidity is also zonally uni-
form with values set somewhat arbitrarily to be sigma.
Surface pressure is a Gaussian hump of 10-mb ampli-
tude and a width of 8° in longitude centered over the
middle of the domain and superimposed on a zonally
uniform value of 1000 mb.
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F1G. 2. Wind vector distribution of the control experiment at hour 6 of day 16. The maximum upward wind component
located at 380 mb, 84° has a magnitude of 15.5 X 107> mb s ~!. The maximum westerly zonal wind component located
at 280 mb, 86° has a magnitude of 7.8 m s~'. The abscissa is longitude and the ordinate is height in sigma coordinate.

In the control experiment, SCS is used and so is the
Rayleigh friction method of constraining the zonal
wind. The Coriolis force is not employed. Figure 1
shows the time—longitude precipitation rate of the con-
trol. The cloud clusters have a size of about 300—-400
km, a very realistic result. They last for about 3 days,
and before the termination of a cloud cluster, a new
cloud cluster forms about 1000 km to the east. This
repeated generation of a new cloud cluster to the east
of the existing cloud clusters, which soon terminate,
gives rise to an envelope, a super cloud cluster, moving

eastward. The super cloud cluster terminates when
reaching the low SST domain; at any time there can be
more than one super cloud cluster. The super cloud
cluster covers a distance of 120° longitude in about 50
days, a speed in good agreement with the observed
speed of the convective region associated with TISO,
which travels from the Indian Ocean to mid-Pacific, a
distance of about 120° in about the same period. Thus,
we have successfully, at least in a qualitative sense,
simulated the cloud cluster life cycle, the super cloud
cluster and its life cycle, and arguably the TISO in the
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FIG. 3. Same as Fig. 2 six hours later.
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present 2D model. The zonal mean wind is a vertically
constant westward 10 m s~ initially. Although the
Rayleigh friction tries to maintain it at —10 m s ™, sur-
face friction reduces it to about —4 m s~ near the sur-
face in the first few days. Such reduction should slow
down the westward movement of the cloud clusters.
Thus, the faster westward cloud cluster speed after a
few days must be attributed to the instability growth
toward a greater moisture supply, as proposed later in
this section in the discussion associated with Fig. 10.
Parenthetically, the same experiment repeated with a
30-minute interval for the SCS rendered no qualitative
difference in precipitation pattern, and the speeds of the
cloud clusters and the super cloud cluster did not have
noticeable changes.

In the mature phase of an existing cloud cluster, a
downdraft of the cloud cluster scale forces the bound-
ary-layer air to move eastward on the east side of the
cloud cluster. Figure 2 shows the wind arrows of day
16, hour 6. A downward motion in the lower tropo-
sphere is located at 140°. This downward motion, as a
part of the life cycle evolution of the cloud cluster cen-
tered over 132°, pushes the flow in boundary to its east
eastward. This westerly creates a boundary-layer con-
vergence that initiates a new cloud cluster at 150°, to
the east of the existing cloud cluster. Six hours later the
rising of the new cloud cluster is well under way
(Fig. 3).

In SCS the convective instability starts from the
lower troposphere and then moves up into the upper
troposphere due to the upward transport of moisture
and the rising large-scale motion. At the final stage of
the cloud clusters the bulk of the convective instability
is occurring in the mid- and upper troposphere. Rain
reevaporation in the lower troposphere leads to net
cooling and large-scale downdraft.

In the Introduction we pointed out the existence of
the cloud cluster teleinduction mechanism and pro-
posed that it is responsible for the origin of the super
cloud cluster. Also, we proposed that the super cloud
cluster is the main driving force of the tropical intra-
seasonal oscillations. The present results lend support
for these proposed ideas. :

In the above experiment the zonally averaged con-
vective heating is largely balanced by the prescribed
radiative cooling rate, since the zonally averaged ver-
tical motion is zero, whereas in the real tropics the bal-
ance is largely due to Hadley circulation. To account
for the effects of the zonal mean upward motion field
missing in the model, zonally uniform heating and
moistening rates (hereafter referred to as Hadley forc-
ings) are prescribed in the next experiment. The heat-
ing component is set as Qy = Q, sin(wp/1000), where
p is pressure in mb and Q, = —1°C/day. The moisten-
ing component is set as My = —w(9[g]/0p), where
w = wy sin(mp/1000), we = —2.0 X 10 *mb s, and
[Z] is obtained from the Newell et al. time—zonal mean
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q. This cooling rate together with the radiative cooling
rate determine the sum of the total cumulus heating and
surface sensible heat flux in the model quasi-equilib-
rium state. This rather simple method of incorporating
radiation and effects of zonal mean upward motion of
the Hadley circulation is considered to be sufficient for
our present limited purposes. Figure 4 shows the time—
longitude precipitation in the experiment with the Had-
ley forcings. Due to the additional forcing the convec-
tive activity is more rigorous and there are three super
cloud clusters. Also, the amplitude of the super cloud
clusters is more steady.

We should point out that the strength that we spec-
ified for the Hadley forcings is somewhat excessive
considering the fact that a large component of the Had-
ley upward motion occurs in three stationary locations,
Amazon, Indonesia, and Northern Africa, and only part
of the remaining amount is associated with the super
cloud clusters. However, this excessive strength has the
advantage of demonstrating that the super cloud clus-

ters appearing in our model are quite robust with re-

spect to the Hadley forcings. In the remaining experi-
ments the Hadley forcings are not used.

Figure 5 shows the time—longitude precipitation for
an experiment in which the rain reevaporation in SCS
is not allowed. Besides demonstrating that rain reevap-
oration is not crucial for the existence of super cloud
clusters in the model, the results show an interesting 7-
day fluctuation of the amplitude of the super cloud clus-
ters. The vertical heating profile in this experiment does
not show cooling in the mature phase of the cloud clus-
ters.

We also repeated the control experiment replacing
SCS with the Emanuel convection scheme with a call-
ing frequency of 15 min. The time—longitude precipi-
tation result is shown in Fig. 6. It shows the 3-hourly
accumulated precipitation (as in all precipitation fig-
ures in this paper). The precipitation has grid-size con-
centration, and most concentrations last for less than 3
hours. There is discontinuity in both time and space.
This means that there is a high rate of precipitation
within the 3 hour interval part of the three hours has
no rain, and in the next three hours rain occurs in a
neighboring grid usually on the eastern side. Such pre-
cipitation discontinuity is due to the fact that this
scheme (if not by itself, at least when combined with
the rest of our model, the boundary-layer treatment
in particular) produced convective overadjustment.
Overadjustment means that the convection scheme
changes the T and q profiles to such a degree that the
large-scale processes, even under their normal favora-
ble conditions, cannot bring the profiles back to satisfy
the convection initiation criterion before the next call
of the convection scheme, and several convection calls
have to elapse before the criterion can be met again.
The consequence of overadjustment is spotty grid-size
precipitation pattern, lacking continuity in both time
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and space. The grid-size convection and the overad-
justment must have contributed to the fact that cloud
clusters did not appear in the experiment. Without
cloud cluster, simulation of super cloud cluster and
TISO is of course not possible. The grid-size convec-
tion is concentrated in a sizable region (30°-40° lon-
gitude) that moves eastward at a speed equivalent to
circling the globe in 10-12 days, a common feature
appearing in many aquaplanet simulations (Hayashi
and Sumi 1987; Numaguti and Hayashi 1991; etc.).
Such a feature is in good agreement with the wave—
CISK interpretation of the TISO and is clearly not in
agreement with observations. The eastward movement
that appears in this 2D model certainly cannot be in-
terpreted as Kelvin wave—CISK. It is probably due to
the fact that the basic wind (and thus moisture supply)
comes from the east, and thus new precipitation centers
appear only to the east of the existing convective re-
gion. Whether this scheme or the way it is coupled to
the rest of the model (involving changes outside this
scheme) can be modified to generate cloud cluster and
to simulate the cloud cluster teleinduction mechanism
remains an interesting question.

The experiment with the relaxed Arakawa-Schubert
scheme (with a calling frequency of every 9 minutes)
did produce cloud clusters. However, the life cycle of
the cloud clusters and the cloud cluster teleinduction
mechanism were not successfully simulated. Thus, no
super cloud cluster appeared. The precipitation (Fig.
7) shows patterns moving eastward similar to what the
Emanuel scheme produced, although the detailed pat-
tern is very different. The speed of the movement is
typical of wave—CISK type simulation—much higher
than that of observed super cloud clusters. In addition,
the maximum precipitation is much lower than the con-
trol.

The experiment with the GFDL version of the moist
convective adjustment yields results qualitatively very
similar to those of the control (Fig. 8). The speed of
the super cloud clusters is almost the same as that in
the control. The separation between cloud clusters is
very clear, and the life span of individual cloud cluster
is somewhat longer than that in the control. Also the
maximum precipitation intensity is much higher than
that in the control. There are one to possibly three
(around day 15) wave packets. The number of itera-
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tions to bring the vertical temperature and humidity
profile close to that of the moist adiabat every time the
scheme is called can affect the precipitation pattern.
The super cloud cluster pattern disappears, if three it-
erations per call are used. Additionally, the convection
calling frequency can also significantly change the de-
tails of the precipitation pattern. With a higher calling
frequency (9 minutes), the results show shorter cloud
cluster life span and shorter distance between cloud
clusters, though the speeds of the cloud clusters and the
super cloud clusters change little. Figure 8 shows the
results with one iteration and a calling frequency of one
hour.

We did not try the Kuo scheme in our experiments.
Judging from the fact that Hayashi and Sumi (1987)
and Numaguti and Hayashi (1991), using the Kuo
scheme, obtained results in agreement with the Kelvin
wave—CISK mechanism, we expect that the Kuo
scheme will not be successful.

Figure 9 shows the precipitation in an experiment
repeating the control but with the Coriolis force term
set at its value at 10°N. Also added in this experiment
is a zonally uniform meridional pressure gradient force
geostrophically balancing the zonal mean 4 wind. For

simplicity the method of achieving this is a simple res-
toration of zonally averaged v wind on sigma surface
to zero at every time step. That the zonal average is
done on the sigma surfaces poses no serious problem
in our no-topography setting. The super cloud clusters
no longer exist and the life span of the cloud clusters
is somewhat shortened. This result is consistent with
the observational finding that TISO has largest ampli-
tude right at the equator (Madden and Julian 1972).
The control experiment was also repeated with the
Rayleigh friction—type method of constraining the zon-
ally averaged u wind replaced by the method of re-
storing zonally averaged u wind to a vertically uniform
constant of —5 m s™! at every time step. This experi-
ment provides a sensitivity test on the Rayleigh friction
time scale, which is zero in this case. Figure 10 shows
the time—longitude distribution of precipitation. The
super cloud clusters still exist, but their eastward speed
is faster than in the control. Obviously this is due to
the fact that the basic wind that Rayleigh friction tends
to adjust to in the control experiment is an easterly of
greater magnitude (—10 m s™'). The cloud clusters
move westward at a speed of 11.5 ms™', that is, a
westward 6.5 m s~ relative to the zonally averaged u
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wind. There is reason to believe this westward speed
relative to the zonal mean wind is realistic. Nakazawa’s
(1988) Fig. 2 shows a cloud cluster westward speed of
16 m s~ in the northern summer season. Judging from
the Newell et al. analysis (their plate 3.14) of the cli-
matological wind, the average easterly speed in the
western Pacific is much less than 16 m s ™' in the lower
troposphere. Thus, observations do show a westward
speed relative to the basic flow for the cloud clusters.
Such relative speed is consistent with the fact the new
cloud clusters appearing in the east and competing for
moisture supply with the existing ones. Thus, for the
existing cloud clusters to maximize their moisture sup-
ply, it is better for them to assume a westward speed
relative to the basic flow.

Summarizing our experimental results, we would
conclude that our experiments support our interpreta-
tion of the origin of the TISO. One of our most impor-
tant findings is that the successful simulation of the
TISO depends critically on the choice of convection
scheme. Specifically, the successful simulation of TISO
depends on the model’s ability to simulate the super
cloud clusters, which in turn depends on the model’s
ability to simulate cloud clusters, their life cycle, and

90.0
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the cloud cluster teleinduction mechanism. The latter
phenomena depend critically on the choice of convec-
tion scheme for their successful simulation.

4. Discussion

One of the most intriguing questions arising from our
experiments is what in a convection scheme is so crit-
ical for the successful simulation of the life cycle of the
cloud clusters and the successful simulation of the su-
per cloud clusters (including the cloud cluster telein-
duction mechanism), which drive the TISO. This is a
very fundamental question and is of great importance.
Our speculative answer is that schemes such as RAS
and Kuo’s keep the state of the model atmosphere away
from not only the critical point where vertical profile
becomes grid-scale convectively unstable but also the
critical point where the cloud cluster teleinduction
mechanism can occur, and thus do not possess the abil-
ity to simulate the life cycle of cloud clusters. In the
case of RAS the model atmosphere is constantly ad-
justed to an observed average equilibrium state, char-
acterized by a constant cloud work function for each
cloud type, which is not very close to the convective
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instability critical point. The constant cloud work func-
tions for different cloud types are obtained from ob-
served tropical soundings. These sounding profiles are
of course the results of convective instabilities of var-
ious scales including cloud, cloud cluster, and super
cloud cluster scales. Therefore, RAS keeps the model
atmosphere to an equilibrium state that corresponds to
the resultant state of various convective instabilities.
In other words, RAS is already doing what these in-
stabilities are trying to achieve, and thus prevents the
model from exhibiting phenomena due to these insta-
bilities. This is the same as the fact that dry convective
adjustment prevents the models from exhibiting dry
convection. In the Kuo scheme, convection is invoked
as long as there is any moisture convergence in an
atmospheric column. So the criterion for convection
to occur is not tied to a grid-scale moist convectively
unstable profile. '

On the other hand, the schemes such as ours and the
moist convective adjustment scheme only keep the
model atmosphere away from the grid-scale moist con-
vective instability and allow the state of atmosphere to
exceed the critical point for cloud cluster instability. In
these schemes, adjustment is done when the tempera-

ture and moisture profiles are grid-scale moist convec-
tively unstable and the amount of adjustment is only
sufficient to remove such instability; thus, the ability
for the model atmosphere to simulate linear and non-
linear cloud cluster instabilities is intact. At this writ-
ing, we are not certain whether the Emanuel scheme
can be successful when its overadjustment problem is
resolved. o

QOur study touches upon the basic strategy of cu-
mulus parameterization. If the purpose of cumulus pa-
rameterization is to simulate the effects of grid-scale
moist convective instability, then it is best to do just
that. Doing more would mean the likelihood of sup-
pressing or distorting convective instability of larger
scales. It can thus lead to unphysical modes such as the
wave—CISK mode that is found in our experiments
with RAS and the Emanuel scheme and in many pre-
vious 3D experiments with the Kuo scheme. Of course,
when constructing a new cumulus convection scheme
it may not be easy to judge from the design whether or
not the scheme will exclude or distort the linear and
nonlinear cloud cluster instabilities. A simple 2D model
like ours provides a good preliminary test-bed. Taking
a broader view, we should also point out that a quali-
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tative successful simulation of TISO is only one of the
criteria in measuring the success of a convection
scheme. The quantitative successful simulation of
TISO and the successful simulation the quasi equilib-
rium of the tropical atmosphere are also important cri-
teria.

From what we have simulated and what exists in
observations, we would like to point out a formal anal-
ogy between the super cloud clusters and the middle-
latitude finite amplitude baroclinic wave packets (Ped-
losky 1972). Although the cloud cluster instability is
entirely different from the baroclinic instability, the up-
stream cloud cluster teleinduction mechanism is anal-
ogous to the downstream cyclogenesis in the middle-
latitude wave packets, both at the front of the packet.
Using this wave packet analogy, it is not hard to un-
derstand that there can be more than one super cloud
cluster existing at the same time. The number of wave
packets appearing in a quasigeostrophic model can be
increased by raising the supercriticality of baroclinic
instability (Lee and Held 1993). Similarly, our exper-
iment with the Hadley forcing (Fig. 2) has more super
cloud clusters than the control. The cause for the mid-
dle-latitude wave packets is the nonlinear baroclinic in-

stability, or the finite-amplitude baroclinic instability.
Analogously, the cause for the super cloud cluster must
be the nonlinear cloud cluster instability. Based on this
analogy, we would also suggest that super cloud clus-
ters are, in their canonical form, really solitary waves.
As shown by Pedlosky (1972), these wave packets
owe their existence to both linear and nonlinear insta-
bilities, and their speed is not that of the group velocity
(a linear concept) of the carrier waves (the middle-
latitude cyclones or the cloud clusters in our case).
Though it is easy to infer superficially that the speed
of the super cloud clusters is related to that of the basic
flow, the frequency of cloud cluster generation, and the
distance between cloud clusters, a derivation of an an-
alytical expression for the speed parallel to Pedlosky’s
(1972) work would be much more interesting and in-
formative. Also using the middle-latitude baroclinic
wave packets, which interact with the background flow,
as a guide, it is reasonable to expect TISO to interact
with zonal mean wind. Such interaction may lead to
fluctuation of the zonal mean wind in the 40-50-day
period as observed (Anderson and Rosen 1983) as well
as fluctuation of the total intensity of the train of super
cloud clusters. Our 2D model, due to the way we force
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the zonal mean flow, hinders such interaction. This re-
striction will disappear when we go to the 3D model.
An aspect that our 2D model fails to achieve is that
observations (Fig. 5 of Nakazawa 1988) show super
cloud clusters tend to pack together to form a convec-
tive region. This is also likely related to the way we
force the zonal mean flow. We anticipate that the 3D
model will show improvement in this aspect.

At a more fundamental level, in order to be complete
our interpretation for the TISO should also include the
origin for the cloud clusters, that is, the cloud cluster
instability, both in its linear and nonlinear forms. The
importance of the cloud cluster instability for the trop-
ics rivals that of the baroclinic instability for the middle
latitudes. The basic ideas in wave—CISK and WISHE
of cooperation among convective heating, heating-in-
duced circulation, and circulation-enhanced surface
fluxes provide good basis for studying the cloud clus-
ters. This instability along with the life cycle, the size,
and the internal structure of the cloud clusters is cur-
rently being intensively studied by the research com-
munity.

90.0
LONGITUDE

FiG. 9. Same as Fig. 1 but with the Coriolis term set at its value at 15°N.

120.

5. Summary and remarks

In summary, we have put forth a new framework for
interpreting the origin of TISO. Our interpretation takes
into account the recent observational facts related to
super cloud clusters, and it avoids the speed and scale
selection problems that have long plagued the previous
theories. In supporting our interpretation, we have sim-
ulated in a 2D model the tropical intraseasonal oscil-
lation, including the super cloud cluster, the life cycle
of cloud cluster, and the cloud cluster teleinduction
mechanism. These simulation results demonstrate that
the core of the origin of the TISO is the cloud cluster
teleinduction mechanism, which is responsible for the
existence of the super cloud clusters, and that the suc-
cessful simulation of these multiscale phenomena de-
pends critically on the cumulus convection scheme
used. Moreover, we have provided a speculative an-
swer for what distinguishes the successful cumulus
convection schemes from the unsuccessful ones.

Our findings are of course all based on the 2D sim-
ulation. The circulation associated with the TISO in the
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2D model is convectively forced gravity wave on both
sides of the super cloud cluster. In a 3D model we
expect the super cloud cluster to excite Kelvin wave to
its east and Rossby wave to its west (Chao 1987), and
the eastward propagation of the TISO is not directly
linked to the speeds of these two waves. The successful
2D simulation indicates that horizontal wind shear is
not necessary in the cloud cluster teleinduction mech-
anism. However, horizontal wind shear can still play a
supporting role in 3D models and in nature.

The GFDL convective adjustment scheme has pro-
duced results very similar to those based on the simple
convective scheme. Thus, as long as the cumulus
scheme does no more than removing the grid-scale con-
vective instability, TISO can be successfully simulated.
The details of the convective scheme, such as rain ree-
vaporation, are not crucial, although they do affect the
details of the life cycle of the cloud clusters. Which of
these two schemes and what modifications in them can
give the best details of the cloud cluster teleinduction
mechanism will have to be studied with the aid of ob-
servations, such as the TOGA COARE data. The sud-

den rise of the new cloud cluster suggests a catastrophe
phenomenon whose details may lead to interesting in-
sights.

Our 2D model suffers from the limitation of not hav-
ing Kelvin and Rossby waves. Thus, another of our
future directions is naturally the numerical simulation
of the tropical intraseasonal oscillation and the related
phenomena in a 3D GCM. Our present work has clearly
demonstrated the importance of cumulus convection
scheme in this investigation. Thus, we will try our con-
vection scheme and the moist convective adjustment
scheme in the 3D model. A successful simulation of
TISO should produce not only a power spectrum peak
in the 40-50-day range in various fields but also the
movement of super cloud clusters from the Indian
Ocean to the mid-Pacific in the same time range.

There are more problems associated with the TISO
that we have not touched upon. The movement of the
TISO convection region from the Indian Ocean to the
western Pacific is not always very smooth. In northern
summer the movement is occasionally very abrupt with
the appearance of a convection seesaw (Zhu and Wang
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1993). Also in northern summer there is northward
movement of a northwest—southeast band shape con-
vective region in the Indian Ocean and the India sub-
continent ( Yasunari 1981). Furthermore, spectral anal-
ysis of ECMWF data (Hayashi and Golder 1993)
shows a distinct tropical tropospheric planetary 25-30
day oscillation that has weaker amplitude than the 40—
50-day wave. These phenomena require additional in-
vestigations and will be a part of our future research.
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