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ABSTRACT
This study investigated the multiscale organization of tropical convection on an aquaplanet in a model
experiment with a horizontal mesh size of 3.5 km (for a 10-day simulation) and 7 km (for a 40-day
simulation). The numerical experiment used the nonhydrostatic icosahedral atmospheric model (NICAM)
with explicit cloud physics.
The simulation realistically reproduced multiscale cloud systems: eastward-propagating super cloud clusters (SCCs) contained westward-propagating cloud clusters (CCs). SCCs (CCs) had zonal sizes of several
thousand (hundred) kilometers; typical propagation speed was 17 (10) m s⫺1. Smaller convective structures
such as mesoscale cloud systems (MCs) of O(10 km) and cloud-scale elements (⬍10 km) were reproduced.
A squall-type cluster with high cloud top (z ⬎ 16 km) of O(100 km) area was also reproduced.
Planetary-scale equatorial waves (with wavelengths of 10 000 and 40 000 km) had a major influence on
the eastward propagation of the simulated SCC; destabilization east of the SCC facilitated generation of
new CCs at the eastern end of the SCC. Large-scale divergence fields associated with the waves enhanced
the growth of deep clouds in the CCs. A case study of a typical SCC showed that the primary mechanism
forcing westward propagation varies with the life stages of the CCs or with vertical profiles of zonal wind.
Cold pools and synoptic-scale waves both affected CC organization. Cloud-scale elements systematically
formed along the edges of cold pools to sustain simulated MCs. The location, movement, and duration of
the MCs varied with the large-scale conditions.

1. Introduction
Large-scale disturbances in the Tropics are often
coupled with moist convection. A typical example is the
Madden–Julian oscillation (MJO; Madden and Julian
1971, 1972) that is characterized by horizontal scales of
40 000 km and time scales of 40–60 days. The MJO has
been investigated observationally and analytically since
its discovery (Madden and Julian 1994, 2005; Yanai et
al. 2000; Wang 2005; Zhang 2005).
Observational studies have revealed the multiscale
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structure of the MJO (Nakazawa 1986, 1988; Takayabu
and Murakami 1991; Takayabu 1994a,b; Chen et al.
1996; Wheeler and Kiladis 1999; Houze et al. 2000;
Straub and Kiladis 2002). Nakazawa (1988) analyzed
Geostationary Meteorological Satellite (GMS) data
and showed that super cloud clusters (SCCs) with scales
of several thousand kilometers comprise the MJO
event. These SCCs consist of cloud clusters (CCs) with
scales of a few hundred kilometers. Cloud clusters are a
common tropical cloud system (Leary and Houze 1979;
Houze and Betts 1981; Takayabu and Murakami 1991;
Mori 1992, 1995; Satoh et al. 1995; Chen et al. 1996;
Houze et al. 2000). Studies using data from the Global
Atmospheric Research Program’s (GARP) Atlantic
Tropical Experiment (GATE) showed that a CC is
comprised of cloud systems organized on the mesoscale
with a horizontal scale of O(10 km) and a lifetime of
several to ten hours (e.g., Zipser 1969, 1977; Houze
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1977; Leary and Houze 1979; Zipser et al. 1981; Mori
1992, 1995; Satoh et al. 1995; Fujiyoshi and Geng 1995;
Takahashi and Uyeda 1995; Chen et al. 1996; Houze et
al. 2000). A variety of terms have been used to define
various mesoscale cloud systems, such as mesoscale
precipitating feature (MPF; Leary and Houze 1979),
mesoscale convective system (MCS; Houze 1993, p.
334), rainband, squall line, and sometimes cloud cluster.
This paper uses the term mesoscale cloud system (MC)
to represent the basic category of mesoscale organized
convection and includes all specific types. The MC is
similar to mesoscale convection as defined by Yamasaki (1983) based on the explicit simulation of tropical cyclones. The MC includes cloud elements with a
horizontal scale of around 1 km (e.g., Houze and Betts
1981; Mori 1992, 1995; Satoh et al. 1995; this scale is
referred to as cloud scale for this paper). Such cloud
elements correspond to individual echo cells in radar
observations.
Houze et al. (2000) analyzed the MJO event that was
observed during the Tropical Ocean Global Atmospheric Coupled Ocean–Atmosphere Response Experiment (TOGA-COARE) and stressed the importance of
momentum transport in MCs (MCSs) in maintaining
the large-scale dynamical structure. Yanai et al. (2000)
argued that the key to the dynamics of the MJO is
coupling between deep convection and large-scale wind
perturbations, where the MC is the primary form of
organized deep convection (Chen et al. 1996; Houze et
al. 2000).
Conventional large-scale models (e.g., general circulation models; GCMs) do not usually explicitly represent mesoscale and cloud-scale processes. Rather, net
effects are incorporated using an idealized formulation
(i.e., parameterized). Slingo et al. (2005) reviewed
GCM intercomparisons in this decade and concluded
that cumulus parameterization is a major source of ambiguity in current GCMs, especially in reproducing the
MJO. Numerical experiments that explicitly resolve
clouds are one way to elucidate forcing mechanisms in
multiscale convective systems and the interactions between different scales. Explicit cloud simulations using
nonhydrostatic models over planetary-scale domains
(Oouchi 1999; Oouchi and Yamasaki 2001; Grabowski
and Moncrieff 2001, 2002; Tulich et al. 2007) have successfully reproduced the multiscale structure of largescale convective disturbances and shed light on the
mechanisms of convective organization within a range
of idealized two-dimensional setups.
Grabowski (2001) proposed a new parameterization
technique that extends the explicit approach. In this
technique, cloud-resolving simulations operate in place
of conventional cloud parameterization. GCMs that
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used this parameterization showed improved representation of tropical convection (Grabowski 2001, 2004;
Khairoutdinov and Randall 2001; Khairoutdinov et al.
2005). Moncrieff (2004) and Biello and Majda (2005)
developed new frameworks that explicitly treat the
multiscale organization of convection with simple formulations. These methods have merit in their lower
computational costs; thus long-time simulations, sensitivity experiments, and ensemble runs can be conducted.
A global cloud-resolving simulation is another promising step. Tomita et al. (2005, hereafter T05) and Satoh
et al. (2005, hereafter S05) described an aquaplanet experiment using a nonhydrostatic model (NICAM; Tomita and Satoh 2004) with a horizontal mesh size down
to 3.5 km. Experiment results included spontaneous organization of eastward-propagating large-scale cloud
systems with zonal sizes and multiscale structures similar to observed SCCs. The vertical structure and propagation speed of the simulated SCCs (about 15 m s⫺1)
were similar to observed convectively coupled Kelvin
waves (Wheeler et al. 2000). New cloud clusters were
successively generated ahead of the eastward migrating
SCC. The new cloud clusters traveled westward and
were incorporated into the SCC. Simulated CCs have
sizes and lifetimes (about 2 days) similar to observed
CCs. The present study seeks to understand the properties of SCCs shown by T05 and S05 from a multiscale
perspective. Particular attention is given to mechanisms
of MCs and CCs that comprised the SCCs, and to the
effects of planetary-scale (e.g., Kelvin waves) and synoptic-scale disturbances on the organization of the convective systems. A separate paper (Nasuno et al. 2007,
manuscript submitted to J. Atmos. Sci.) describes the
coupling of convection and equatorial waves.
Results in this study are from a single experiment
with a limited integration period. This experiment is the
first simulation of planetary-scale disturbances using a
model that marginally resolves clouds over the entire
globe. Advantages of such a model over twodimensional cloud-resolving models (Oouchi 1999;
Oouchi and Yamasaki 2001; Grabowski and Moncrieff
2001, 2002; Tulich et al. 2007) include the full representation of the three-dimensional properties, such as meridional variability and cross-latitudinal interactions, of
the multiscale convective organization. The aquaplanet
setup is used as a basic test to understand the mechanisms of global convective behavior (Grabowski 2001;
Hayashi and Sumi 1986; Hayashi and Golder 1997;
Numaguti and Hayashi 1991; Flatau et al. 1997; Innes et
al. 2001; Woolnough et al. 2001, 2004; Nakajima et al.
2004). As such, it is a vital first step to understanding
real phenomena under highly complex conditions.
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This paper is organized as follows. Section 2 briefly
describes the numerical model and the experimental
design. Section 3 describes the multiscale organization
observed in the simulation results. Sections 4 and 5
contain a discussion and concluding remarks, respectively.

2. Numerical model and experimental design
Numerical experiments used the NICAM (Tomita
and Satoh 2004). The model was designed for fine-mesh
[O(1 km)] global simulations. It includes explicit moist
processes in a nonhydrostatic framework.
The model equations guarantee conservation of total
(air and water) mass and total (kinetic and internal)
energy (Satoh 2002, 2003). This model formulation is
suitable for long-term simulations such as the climate
problem. Computations at present can be executed
only on very efficient massively parallel computers,
such as the Earth Simulator. The NICAM uses an
icosahedral grid system, instead of a conventional grid
system or a spectral domain, to boost computer performance. An advantage of icosahedral grids is quasiuniformity.
Physical processes in the model are primarily the
same as those in the Center for Climate System Research (CCSR)/National Institute for Environmental
Studies (NIES)/Frontier Research Center for Global
Change (FRCGC) atmospheric GCM (Numaguti et al.
1997; K-1 Model Developers 2004). A notable exception is the cloud physics. The NICAM does not include
a cloud parameterization. Instead, cloud processes are
calculated explicitly using a cloud microphysical
scheme that includes prognostic variables for precipitating and nonprecipitating water condensates
(Grabowski 1998). Water condensates are diagnostically partitioned into liquid and solid phases based on
temperature.
The aquaplanet configuration in this study was the
same as that in the control run by Neale and Hoskins
(2000). Sea surface temperatures were fixed by a zonally uniform value with a meridional distribution defined by an idealized formula (Neale and Hoskins
2000). T05 describes the NICAM runs in detail. The
model was run with horizontal grid spacings of 14, 7,
and 3.5 km for 90, 40, and 10 model days, respectively.
The same vertical grid was used in all experiments. The
model layer depth increased from 35 m at the surface to
750 m in the upper troposphere. The top of the domain
was near 40 km. Initial conditions for the 3.5-km (7-km)
mesh were interpolated from 7-km (14-km) mesh results on the 20th (60th) day. A mesh size less than 1 km
is desirable to represent cloud-scale processes accu-
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rately. However, the 3.5-km mesh allows a qualitatively
adequate simulation of mesoscale processes as shown in
the following sections.

3. Results
a. Large-scale structure
Figure 1 shows a snapshot of outgoing longwave radiation (OLR) at the top of the atmosphere in the 3.5km mesh run. Convection was organized in clusters
with O(1000 km) scale along the equatorial zone:
around 130°–90°W, 50°–20°W (A), 20°–70°E (B), and
90°–110°E. Low OLR (⬍120 W m⫺2) was generally
more frequent from 60°W–120°E than from 120°E–
60°W, especially in the eastern part of the O(1000 km)scale convective regions. The well-organized cloud systems A and B are considered to be SCCs for this paper.
Off-equator regions of low OLR have roots in the active portion of the equatorial convection (e.g., around
SCC B). This off-equator convection was associated
with a Rossby wave response (as shown by Nasuno et
al. 2007, manuscript submitted to J. Atmos. Sci.). A
cloud system with a very high cloud top (OLR ⬍ 90 W
m⫺2 over a diameter of 500 km) is considered a super
convective system (SCS), following an analysis of GMS
data (Chen et al. 1996). The SCS is characterized by a
large area of deep cloud cover. Chen et al. (1996) required the continuous region of cold infrared (IR) temperatures (⬍208 K) to exceed 9 ⫻ 104 km2.
Figure 2 shows a vertical cross section of zonal velocity (colors) and total condensate (contours) corresponding to Fig. 1. Low-level easterlies and upper-level
westerlies were enhanced from 100°E–140°W, to the
east of the active hemisphere (60°W–120°E). A strong
signal formed above SCC A in the lower stratosphere.
Circulations with zonal extents around 10 000 km (lowlevel convergence and upper-level divergence) accompanied the O(1000 km)-scale convective regions (e.g.,
SCCs) and were superimposed on this 40 000-km scale
structure. Circulations associated with the SCCs had
tilted phase lines: westward with height in the troposphere and reversed above. Observations of convectively coupled Kelvin waves have shown this boomerang-shaped structure (Wheeler et al. 2000). The SCS
was embedded in the region of strongest vertical shear
of the zonal wind and was characterized by distinct local circulations including inflow/outflow branches in the
midtroposphere.
Figure 3a shows the time–longitude section of 1°S–
1°N averaged OLR from the 40-day run with the
7-km mesh. Super cloud clusters A and B were the
most prominent convective signals during the entire period, and both propagated eastward at approximately
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FIG. 1. Horizontal plots of OLR at the top of the atmosphere (W m⫺2) at 0000 UTC, day 25 in the 3.5-km
mesh run.

17 m s⫺1. Day 25 (Figs. 1 and 2) was a time of rapid
weakening (growth) of SCC A (B) when the SCS was
well established. Chen et al. (1996) showed that observed SCSs had lifetimes ranging from several hours to

a few days without any specified propagation; the SCC
was a special example of a SCS. Multiscale structural
differences between the modeled SCCs and SCS were
clear. The SCCs consisted of westward-propagating

FIG. 2. Vertical cross sections (1°N–1°S average) of zonal velocity (m s⫺1) at 0000 UTC, day 25. Contour lines
show total condensate ⫽ 0.5 g kg⫺1.
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FIG. 3. Hovmöller diagram of (a) OLR (W m⫺2) in the 7-km run, (b) surface pressure (hPa), and (c) OLR in
the 3.5-km mesh run, averaged between 1°N and 1°S. Black lines indicate eastward velocity of 17 m s⫺1.

components (cloud clusters) of O(100 km). The SCS, in
contrast, was a single eastward moving 500-km scale
signal. The SCCs persisted for 20 days. The SCS lasted
2 days. The SCS was the most vigorous of all the simulated cloud systems, as characterized by the duration of
exceptionally low OLR (⬍90 W m⫺2) that traveled
eastward in the low-level easterlies. Strong vertical
shear (Fig. 2) and deepening surface pressure (Fig. 3 b)
preceding this special event were the keys to its occurrence, as discussed in section 3c.
Figures 3b and 3c show results from the 3.5-km run.
Output from the 7-km run captured the general evolution of 3.5-km output, including the multiscale organization of SCCs. From days 24 to 27, the SCS and SCC
B had sharper configurations in the 3.5-km mesh than
in the 7-km mesh. Enhanced low-level easterlies to the
east of the active hemisphere (Fig. 2) and the pressure
anomaly with a horizontal scale of 40 000 km had
Kelvin wave structures. SCCs A and B were also char-

acterized by Kelvin wave structures with horizontal
scales of 10 000 km. The wave structures1 of these two
scales had the same phase near the SCS on day 25. The
semidiurnal cycle that appeared in surface pressure is
due to atmospheric tides (Woolnough et al. 2004).
The propagation speed and structure (Figs. 2 and 3)
of the Kelvin-wave responses that accompanied the
simulated SCCs resembled observed convectively
coupled Kelvin waves (Nakazawa 1988; Takayabu and
Murakami 1991; Takayabu et al. 1999; Wheeler and
Kiladis 1999; Wheeler et al. 2000; Straub and Kiladis
2002, 2003c). Figure 4 shows the thermodynamic structure around SCC B (and the SCS in the right part of the
panels). Observed characteristics that were reproduced

1
The Kelvin wave responses were the primary component
around the equator (Figs. 2 and 3), although Rossby wave responses also accompanied the SCCs (Fig. 1).
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FIG. 4. Vertical cross sections (1°N–1°S average) of SCC B and SCS at 0000 UTC, day 25: (a) zonal velocity
(m s⫺1), (b) temperature (K), and (c) water vapor content (g kg⫺1). Deviations from zonal mean values are drawn.
Contour lines show total condensate ⫽ 0.5 g kg⫺1.

include negative temperature anomalies in the lower
troposphere of the deep convective region and positive
moisture anomalies in the boundary layer to the east of
the deep convective phase (Straub and Kiladis 2002,
2003c; Majda et al. 2004). Cool and dry anomalies near
the surface suggest evaporation of precipitation. Surface cooling lagged the highest cloud tops in SCC B by
at least by 5° (to the west). Surface cooling and highest
cloud tops were nearly coherent in the SCS. This difference implies different roles for the cold pools in the
eastward propagation of the SCC and the SCS. Total
condensate and temperature data suggest that the cloud
top in the SCS reached 18 km above sea level (ASL).
The cloud top in SCC B decreased from 16 km ASL at
the eastern end of SCC B to 12 km ASL at the western
end. The OLR plot (Fig. 1) provides a threedimensional view; the SCS included a round deep convective core with a diameter of 500 km. SCC B spread
meridionally westward with lowered cloud tops.
The eastward increase in cloud top height (Fig. 4)

suggests a zonal gradient in moist instability. In fact, the
low-level moisture anomalies showed a large-scale increase to the east (Fig. 4c). Figure 5 shows a time–
longitude section of moist static energy. The difference
between values at z ⫽ 35 m and 12 km is plotted as a
measure of instability. In the 40-day simulation, anomalously high (low) instabilities to the east (west) generally accompanied the deep convective phase of the
SCCs (e.g., black contour lines showing OLR ⫽ 120
W m⫺2). The instability was especially enhanced near
day 25 to the east of the SCS, reflecting the large-scale
wave structures (i.e., 10 000- and 40 000-km-scale
Kelvin wave responses). Large-scale waves, once established, selectively excited convection to the east
through destabilization (Fig. 5) and large-scale circulations (Fig. 2).

b. Multiscale structure in SCC B
An important question is whether the large-scale dynamics are the major control to which convection only
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FIG. 5. As in Fig. 3a, but for the moist static energy difference between altitudes of 35 m
and 12 km. The unit is 105 J. Contour lines show OLR ⫽ 120 W m⫺2.

passively responds. The multiscale organization of convection in SCC B is considered in this section to answer
that question.
Figure 6 displays ice condensates at 10 km ASL at
90-min intervals. Groups of clouds at 40°–48°E, 50°–
57°E, 60°–64°E, and 65°–70°E are defined as CCa, b, c,
d. The CCs were comprised of O(10 km)-scale cores
with large concentrations of condensates surrounded by
O(100 km)-scale regions with less condensates. The
CCs persisted for 1.5–2 days and propagated westward
at 9–10 m s⫺1 (Figs. 3c and 6). These modeled CCs thus
have similar characteristics to observed CCs (Nakazawa 1988; Takayabu 1994b; Takayabu et al. 1996;
Chen et al. 1996). The O(10 km)-scale convective regions are identified as mesoscale cloud systems. The
MCs formed, expanded, merged, and disappeared
within 3 h as shown in Fig. 6, during which time the
CCs’ configurations changed only slightly. Figures 4
and 6 suggest that CCc was developing in a highly unstable environment, CCb was at the mature stage with
cold pools and large amounts of condensates, and CCa
was decaying in a stabilized environment. CCd was in

the early stage of formation; only a few MCs were recognized at 0000 UTC day 25.
The distribution about the equator of active MCs in
the CCs was asymmetric. They were aligned along 1°–
2°S in CCb. The north-northwest (NNW)–southsoutheast (SSE) orientation in CCa was pronounced by
0300 UTC. CCc and CCd were elongated southsouthwest (SSW)–north-northeast (NNE) and NNW–
SSE, respectively. The line of active MCs thus formed a
meandering pattern. Figure 7 shows time series of temperature deviations at z ⫽ 2 km and meridional wind at
z ⫽ 1.5 km. Deviations were calculated after removing
the meridional gradient of the basic state by subtracting
zonal mean values. The SCC-scale (from 40°–66°E)
zonal gradients were then removed by subtracting the
meridional average (over 4°N–4°S). Wavy patterns are
evident at first glance in these variables. Regions of
deep convection (e.g., contour lines showing OLR ⫽
100 W m ⫺2 ) appeared along the edges of negative temperature anomalies where meridional convergence was present in the lower troposphere. The
wavy patterns had zonal wavelengths of approximately
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FIG. 6. CCa–d at 90-min intervals. The sum of cloud ice and
snow content (g kg⫺1) at z ⫽ 10 km is shown.

1000 km and migrated westward, keeping pace with the
CCs, suggesting that synoptic-scale wave disturbances
influence the organization of CCs (Takayabu and Murakami 1991; Takayabu 1994b; Mori 1995).
Synoptic-scale waves are clearly present in the lowlevel meridional wind along the equator (Fig. 7). Thus,
longitude–time sections of zonal and meridional velocities (z ⫽ 1.5 km) were examined (Fig. 8). Zonal velocity yields information on mechanisms controlling the
westward propagation of CCs, which is the next topic
considered. The meridional velocity (Fig. 8c) shows
that westward-propagating signals with zonal wavelengths around 1000 km were abundant during 10 days
of the simulation. These signals were especially prominent around SCC B from days 24 to 28 (including the
period shown in Figs. 6 and 7). The signals came from
the east, amplified in the SCC, and caused a few days of
enhanced wind. The plot of meridional velocity for the
40-day simulation on the 7-km mesh (Fig. 9) shows several such amplifications of synoptic-scale signals around
the SCCs.
Westward propagation of small scale (⬍1000 km)
anomalies was widely observed in precipitation fields
and in low-level meridional velocity fields (Fig. 8).

FIG. 7. (left) Temperature deviations (K) at z ⫽ 2 m and (right) meridional velocity (m s⫺1) at
z ⫽ 1.5 km with wind vectors at 6-h intervals. Thick contour lines show OLR ⫽ 100 W m⫺2.
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FIG. 8. Hovmöller diagram of (a) surface precipitation rate (mm h⫺1), (b) zonal, and (c) meridional velocity
(m s⫺1) at z ⫽ 1.5 km in the 3.5-km mesh run, averaged between 1°N and 1°S. Contour lines show OLR ⫽
120 W m⫺2.

Propagation speeds were generally consistent with
zonal velocity, suggesting that advection by the easterlies was the primary forcing causing the movement. The
westward migration of weak precipitation was particularly pronounced to the east of the SCCs, a region characterized by large OLR (Fig. 3), large moist instability
(Fig. 4), and strong low-level easterlies (Fig. 8b). Many
clouds with low tops that were generated in this unstable region were subsequently advected by easterlies.
This convection deepened rapidly at the leading end of
the SCCs. To the rear of the SCCs, where low-level
easterlies were weak (⬍5 m s⫺1), precipitation did not
move much. In this region, westward propagation was
more distinct in OLR fields (Fig. 3). Figure 10 shows
time–longitude plots of OLR and zonal wind at z ⫽ 12
km around CCa–d. The decaying and mature CCs
(CCa,b) were accompanied by upper-level easterlies

of 6–12 m s⫺1, consistent with advection of well-developed upper-level clouds by the divergent flow. Easterlies in the upper troposphere were much weaker
around developing CCs (CCc,d), reflecting the SCCscale structure (Figs. 4 and 10b); advection of upperlevel clouds by easterlies does not account for the westward migration of these CCs.

c. Mesoscale cloud systems and the super
convective system
This section describes the organization of MCs and
the SCS. The SCS was the most vigorous cloud system
during the entire simulation. These systems were allowed to form by the explicit treatment of clouds.
Figure 11 presents the 1°S–1°N averaged time–
longitude sections of cloud condensates and temperature near the surface in CCa–d. The evolution of major
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FIG. 9. As in Fig. 3a, but for meridional velocity at z ⫽ 1.5 km. Contour lines show OLR
⫽ 120 W m⫺2.

MCs in the CCs can be traced. MCs in the developing
CCs (CCc,d) showed high concentrations of ice condensates. Such high concentrations were preceded, by
approximately 10 min, by the formation of liquid

condensates. Cold pools were formed by precipitation
(Fig. 11c), and persisted for a few hours. A new MC
formed to the west of the preexisting one (i.e., at the
western edge of the cold pools) in CCc,d. This succes-

FIG. 10. Hovmöller diagram of CCa–d (1°N–1°S average): (a) OLR (W m⫺2) and (b) zonal
velocity at z ⫽ 12 km. The ordinate indicates the time (hour) at 0000 UTC, day 25. Contour
lines show OLR ⫽ 120 W m⫺2.
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FIG. 11. As in Fig. 10, but for (a) ice water path (kg m⫺2), (b) liquid water path (kg m⫺2),
and (c) temperature at z ⫽ 2 m (K) for a subdomain. Contour lines in (a) and (b) show OLR
⫽ 120 W m⫺2, and in (c) surface precipitation rate ⫽ 5 mm h⫺1. In (c) deviation from 300 K
is drawn.

sive formation is a major mechanism forcing the westward propagation of developing CCs. Mature and decaying CCs (CCa,b) were characterized by large
amounts of liquid condensates that followed the formation of ice condensates. MCs often merged together
and persisted for more than a few hours. CCs developed cold pools of O(100 km) through the aggregate
effects of repeatedly formed MCs. Several MCs were
aligned over the broad cold pool associated with CCb;
some of the MCs originated from 1°–2°S (Figs. 6, 7), but
MCs were more often generated along the edges (western in particular) of the cold pool than near the middle.
Figure 12 shows time series of CCc from 0–3 h
around the equator (Fig. 11) at 20-min intervals. CCc is
in the eastern half of the presented domain. The eastern
end of CCb appears in the western part of the panels.
Contour lines indicate condensate values exceeding 4 g
kg⫺1. MCs were characterized by a maximum diameter
of the enclosed region of around 100 km and were organized by successive formation of deep convective
cells with horizontal scales of less than 10 km (close to
the grid size in this model), or cloud-scale elements.
Cloud-scale elements evolved within an hour and
tended to initiate near preexisting elements. Individual
MCs moved little during their lifetime of a few hours.
However, the location of active MCs shifted westward

by approximately 1° during the 3 h presented in Fig. 12,
consistent with the time–longitude sections (Fig. 11).
Selective development of an MC on the west side of
preexisting MCs was evident at 60°–62°E on the equator. A group of MCs that developed between CCb and
CCc eventually merged with CCc (Fig. 11).
Figure 13 shows the low-level structure for the last 40
min of Fig. 12. Cold pools were generated by the MCs
(Fig. 13a, shading; Figs. 13b–d, thick contour lines).
Low-level clouds repeatedly formed along the edges of
the cold pools (Figs. 13b–d, shading), with frequent replacement of small (about grid size) peak regions. Lowlevel flow in this region was generally easterly (Figs.
13b–d, vectors). Moisture advection by the low-level
easterlies partly accounts for the selective formation of
MCs to the west.
Figure 14 shows low-level structures in typical MCs
to highlight the organization of clouds in MCs. The
isolated MCs that formed in the leading region of SCC
B were sampled. Evaporation of precipitation generated MC-scale [O(10 km)] cold pools (Fig. 14c). The
cold pools forced downward motion and divergent outflow; upward motions occurred along their peripheries
(Fig. 14b). In regions of intense upward motion, clouds
formed at 1 km ASL (Fig. 14a) by the same well-known
mechanism that forces thunderstorms (Byers and Bra-
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FIG. 12. Sum of cloud ice and snow content (g kg⫺1) at z ⫽ 10 km in CCc at 20-min intervals.
Contour lines are drawn where values exceed 4 g kg⫺1 (at 1 g kg⫺1 intervals). Wind vectors
at this level are also plotted.

ham 1949) and mesoscale cloud systems (e.g., Zipser
1969). Tompkins (2001) described a radiative–
convective equilibrium experiment with horizontal grid
scales down to 200 m and highlighted the roles in cloud
formation of moisture gain near the surface and increase of convective available potential energy. Moist
static energy in the boundary layer (Fig. 14d) showed a
qualitatively similar effect in the present study; there
were negative anomalies within the cold pools and positive anomalies on the outer edges of the cold pools;
these anomalies mostly reflected moisture distributions. The MC organization was primarily controlled in
this way by local processes of O(⬍10 km) within the
MC; in other words, self-organization dominated.
Large-scale disturbances (e.g., Kelvin waves and synoptic-scale waves) affected the location, movement,
and duration of MCs.
The simulated SCS was the most prominent example
of an organized cloud system in this experiment, espe-

cially with respect to the role of cold pools and vertical
wind profiles on the organization of convection. Figure
15 shows a time–longitude section (Fig. 15a) and a horizontal plot (Fig. 15b) of the cold pool generated by the
SCS. The front edge of the cold pool, where cloud water was successively generated, is clearly defined. The
arc-shaped configuration of the leading edge (Fig. 15b)
is typical of a squall line. Modeled features that are part
of the basic structure of a squall line include eastward
propagation in an environment with strong westerly
shear (Figs. 2 and 3), vertical structure with a convective leading edge, a trailing anvil cloud to the rear, and
midlevel rear inflow (Fig. 4). Thus, the simulated SCS is
regarded as a squall cluster (Houze and Betts 1981).

4. Discussion
This section compares the multiscale organization of
simulated convection, shown in the previous section,
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FIG. 13. As in Fig. 12, but for (a) potential temperature at z ⫽
35 m (K) and snow and cloud water content at z ⫽ 2 km at (b) 140,
(c) 160, and (d) 180 min. Contour lines in (a) indicate the sum of
cloud ice and snow content (z ⫽ 10 km) of 2 and 4 g kg⫺1. (b)–(d)
Thick contour lines show temperature of 297.5 K at z ⫽ 35 m. In
(a) deviation from 300 K is drawn.

with results from previous observational and modeling
studies. The main focuses are on propagation mechanisms of the convective systems, the effects of mean
zonal wind (vertical shear), and the impacts of the
aquaplanet setup. Roles of the cold pools at different
scales of convective organization are also discussed.

a. Eastward propagation of the SCCs
The eastward velocity of the simulated SCCs was approximately 17 m s⫺1 (Fig. 3). This propagation is comparable to those observed in convectively coupled
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FIG. 14. Horizontal cross sections of MCs near the boundary
layer at 0000 UTC, day 25. (a) Cloud water content at z ⫽ 1 km
(g kg⫺1), (b) vertical velocity at z ⫽ 35 m (10⫺2 m s⫺1) with
horizontal wind vectors at this level, (c) potential temperature at
z ⫽ 35 m (K), and (d) moist static energy at z ⫽ 500 m (105 J
kg⫺1). In (c) deviation from 300 K is drawn.

Kelvin waves (11–22 m s⫺1 for an equivalent depth of
12–50 m; Wheeler and Kiladis 1999), although it is substantially faster than those typically observed in the
warm pool (about 5 m s⫺1; Chen et al. 1996; Yanai et al.
2000). Kelvin waves are often coupled to SCCs (Nakazawa 1986, 1988; Takayabu and Murakami 1991), especially during El Niño events (Takayabu et al. 1999) and
in the eastern Pacific (Straub and Kiladis 2002).
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FIG. 15. (a) Hovmöller diagram (1°N–1°S average) and (b) horizontal plots of SCS. In (a)
shading shows the liquid water path (kg m⫺2), and thin, thick solid, and thick broken lines
show temperatures (z ⫽ 35 m) of 299, 298, and 297 K, respectively. In (b) shading shows
potential temperature (z ⫽ 35 m) at 0000 UTC, day 25, and contour lines indicate cloud water
content (z ⫽ 1 km) of 0.1 g kg⫺1. In (a) deviation from 300 K is drawn.

Nakazawa (1988) showed that eastward propagation
of a SCC is preceded by successive formation of CCs
1000–2000 km east of the SCC. The formation mechanisms of the CCs are relevant to the propagation. Recent observational studies have argued that vertical
moisture transport in shallow convection preconditions
the atmosphere before the onset of the deep convective
phase of the MJO (Kemball-Cook and Weare 2001;
Kikuchi and Takayabu 2004). In fact, Bladé and Hartmann (1993) and Waliser et al. (1999) proposed that an
increase in moist static energy and moisture in the
lower troposphere prior to the onset of active convection was key to the onset of MJO. Kiladis et al. (2005)
showed that such structures were commonly observed
in a variety of convectively coupled equatorial waves,
regardless of wavelength and propagation direction.
Results from the present study support the above
studies (Figs. 4c, 5, and 8). Moreover, in the present
aquaplanet setup, where clouds can be abundant along
the equator (Fig. 1), the large-scale structure more
significantly affected the deepening of CCs (e.g., by
removing the suppression due to subsidence and by
subsequent upward motion) than midlevel moistening
by the shallow convection. Oouchi (1999) used results from a two-dimensional cloud-resolving simulation to show that gravity waves propagating from an
SCC can trigger CCs 1000–2000 km distant. The global
simulation in this study contained many disturbances
at various scales, including disturbances that originated in the midlatitudes. The generation of clouds
rather quickly responded to large-scale conditions.
Mechanisms described by Oouchi (1999) may have oc-

curred in some cases, and further investigation is warranted.

b. Westward propagation of the CCs
The present study showed that the major mechanisms forcing westward propagation of CCs vary with
the life stages of CCs, reflecting the different dynamic
and thermodynamic conditions present during different
phases of the SCC (section 3b). During the early formation and decaying stages of CCs, advection by easterlies (in the lower and upper troposphere, respectively) accounted for the propagation speed. In developing CCs, the formation and movement of MCs that
comprised the CC controlled the movement of the CC
as a whole. Mori (1995) examined the mesoscale organization of convection in a CC that was observed during
TOGA-COARE. The CC was in an environment with
low-level westerlies. New MCs (MPFs) formed west
(i.e., upwind) of the CC and propagated eastward. Developing CCs simulated in the present study were in
low-level easterlies with relatively weak vertical shear,
and new MCs selectively formed west (i.e., downwind)
of the CCs. The MCs were nearly stationary during
their lifetime. Thus, properties of MCs vary with environmental flow and thermodynamic conditions (Mori
1995; Houze et al. 2000), although self-organization
mechanisms through cold-pool formation (section 3c)
are similar.
Results from this study also show that synoptic-scale
disturbances exert a considerable influence on CC organization; there was good correspondence between
CC configurations and westward-propagating waves
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with zonal wavelengths of approximately 1000 km
(Figs. 7 and 8). Observational studies have shown a
wide variety in the organization and propagation of
tropical cloud clusters (Takayabu and Murakami 1991;
Takayabu 1994b; Mori 1995; Chen et al. 1996;
Takayabu et al. 1996; Straub and Kiladis 2002). Several
analyses have related the convective signal corresponding to CCs to wave disturbances including easterly
waves (Takayabu and Murakami 1991) and inertiogravity waves (Takayabu 1994b; Takayabu et al. 1996;
Chen et al. 1996). Mori (1995) showed that a wave disturbance with a horizontal scale of 1500–2000 km that
propagated westward significantly affected convective
activity in MPFs that constituted the CC. The phase
velocity of the wave was consistent with an inertiogravity wave (Takayabu 1994b).

c. Impacts of the aquaplanet setup
The present study shows propagation speeds of SCCs
that are similar to those observed during an El Niño
event (Takayabu et al. 1999) when the zonal SST contrast was small. The SST contrast was not considered in
the present aquaplanet setup. It is possible that the
slower propagation speeds (about 5 m s⫺1) of SCCs
over the warm pool are controlled by factors including
a zonal SST contrast, an interactive sea surface, and
monsoonal circulations that were omitted from the
present experimental design. The absolute value of the
SST can also influence propagation speed. Oouchi
(1999) and Grabowski and Moncrieff (2001) described
explicit, two-dimensional simulations of planetary-scale
tropical convective systems. SCC phase speeds were
3–6, and 6–8 m s⫺1 when uniform SST values were 302
and 303 K, respectively. Linear theoretical analyses
(Wang 1988; Wang and Rui 1990) showed that growth
rates for the unstable Kelvin mode are greatest for
SSTs of 28.5°–29°C. Growth rates are substantially
smaller for cooler SSTs. The present study included a
relatively narrow region of SSTs exceeding 25°C
(10°N–10°S); the maximum value was approximately
27°C on the equator. SSTs exceeding 28°C critically
affect the organization and propagation of convective
systems. In addition, Flatau et al. (1997) and Waliser et
al. (1999) argued that interactive sea surfaces in a
model forced a stronger signal and slower phase speed
for the MJO.
A number of aquaplanet experiments (Hayashi and
Sumi 1986; Numaguti and Hayashi 1991; Flatau et al.
1997, in a case without air–sea interaction; Woolnough
et al. 2001, control case; Nakajima et al. 2004) have
revealed a dominant planetary-scale Kelvin wave structure with a phase velocity of around 15 m s⫺1 that ac-
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companied the convective signal. Such results are
therefore not unique to the present study. The key
question is why and to what extent are the simulated
convective disturbances in the present case similar to
previous GCM runs. How do the different treatments
of cloud processes (parameterization in conventional
GCMs and explicit calculation in NICAM) influence
the results? Answering this important question is left
for future study.
Low-level environmental flow in the present experiment was generally easterly and in geostrophic balance
with the meridional pressure gradient. The pressure
gradient reflects the meridional SST distribution. Lowlevel easterlies also dominated in some observations
(Takayabu and Murakami 1991; Takayabu et al. 1999).
The behaviors of SCCs in those cases were similar to
modeled results in the present study, as mentioned earlier. Houze et al. (2000) discussed the effects of vertical
wind shear on momentum transport by mesoscale organized convection (i.e., a super convective system;
SCS). Convective momentum transport associated with
the MJO and with the mesoscale organization of convection has recently been highlighted in observational
studies (Houze et al. 2000; Tung and Yanai 2002) and in
a multiscale analytical framework (Moncrieff 2004). In
the present experiment, a well-organized squall-type
cloud system (SCS) spontaneously emerged in a region
of high instability where strong vertical shear was
present in the horizontal wind associated with largescale structure. Scale interaction through convective
momentum transport is another topic to be examined in
the future using this global, explicit, cloud-modeling approach.

d. The role of cold pools
There are differences in the low-level structures of
the simulated SCS, SCCs, and CCs. The coolest surface
temperature in the SCCs was under the western portions of the SCCs (Figs. 4b and 11) and did not cause
eastward propagation by a squall-type mechanism, although cold anomalies coincided with precipitation
(Fig. 11). The CCs were similar to the SCS in size,
lifetime (Figs. 1, 3, and 4), and in the formation of new
constituents on the front edge of the cold pool (e.g.,
CCc). However, the vertical profile of the zonal wind
around the CCc (Fig. 2) was not favorable for vigorous
squall-type organization because low-level easterlies
had to pass through a precipitating region before reaching the cloud-formation region on the western end. In
addition, CC organization was more complex than SCS
organization. Figure 16 shows the low-level structure
around CCa, b. Two scales of cold pools are present, a
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FIG. 16. As in Fig. 14, but for CCa, b.

CC scale [O(100 km)] and an MC scale [O(10 km)]. The
maxima of the CC-scale cold pools were over the northern parts of CCa,b, about 300 km distant from the region of maximum low-level convergence. Similarly,
300 km separated regions of active convection and major precipitation; these regions coincided with maximum low-level convergence and cold pools, respectively. Much of the domain below the CCs was dominated by northerly flow that may not have been only
cold-pool outflow. Cold pools associated with each MC
eroded after a few hours, and their effects did not extend beyond a few tens of kilometers. Synoptic-scale
waves (Fig. 7) also affected the structure and organization of the CCs, as mentioned earlier.

5. Conclusions
This study investigated the multiscale organization of
tropical convection in an aquaplanet simulation with
horizontal mesh size down to 3.5 km. Numerical experiments used the nonhydrostatic icosahedral atmospheric
model (NICAM; Tomita and Satoh 2004) with explicit
cloud physics to eliminate uncertainties that arise from
convective parameterizations.
Simulation results revealed spontaneous organization of large-scale (several thousand kilometers) cloud
systems with realistic multiscale structure: eastwardpropagating super cloud clusters (SCCs) that consist
of westward-propagating cloud clusters (CCs) of

O(100 km). Mesoscale cloud systems (MCs) of
O(10 km) and cloud-scale elements (⬍10 km) were also
simulated. Modeled MCs represents a basic category of
mesoscale organized convection, including mesoscale
convective systems (MCSs) or mesoscale precipitating
features (MPFs) that are known to be constituents of
observed CCs (Houze 1993; Leary and Houze 1979).
Kelvin wave responses with zonal wavelengths of
10 000 and 40 000 km appeared in the output dynamics.
These waves were originally excited by organized convection in the spinup run. Once excited, they subsequently had significant effects on the large-scale organization of convection. The simulated 10 000-km-scale
wave was tightly coupled to an SCC and resembled
observed convectively coupled Kelvin waves (Wheeler
et al. 2000; Straub and Kiladis 2002, 2003c; Takayabu et
al. 1999) in phase velocity (17 m s⫺1) and vertical structure. The Kelvin-wave structure amplified the moist instability to the east of the SCC and thereby facilitated
the generation of a new CC at the eastern end of the
SCC. The convective system consequently showed eastward migration. The 40 000-km-scale wave kept the location of the most active SCC in phase with the lowlevel convergence throughout the simulation.
CCs evolved as they propagated westward within the
SCC. Propagation mechanisms varied depending on the
CC life stages. Vertical shear of the zonal wind associated with the large-scale circulation had significant influences on the westward propagation of CCs, as well as
the thermodynamic structure that affected the convec-
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tive activity. For example, in the shallow convective
phase in the eastern part of the SCC, advection by enhanced low-level easterlies was evident. During the
rapid deepening phase in the middle of the SCC, where
vertical wind shear was weak, propagation arose
through the selective formation of new MCs on the
west side of CCs. In the mature CCs under the western
part of the SCC, propagation was forced mostly by advection of well-developed upper-level clouds by easterlies associated with SCC-scale divergence.
The SCC was exclusively coupled to a Kelvin wave in
this simulation. In contrast, the organization of the CC
was affected to similar degrees by multiple processes.
This is consistent with the wide variety of mechanisms
shown to influence observed CCs (Takayabu and Murakami 1991; Takayabu 1994b; Takayabu et al. 1996;
Mori 1995; Chen et al. 1996; Wheeler and Kiladis 1999).
Synoptic-scale waves and cold pools were relevant factors in the present study.
Synoptic-scale wave disturbances that were characterized by westward propagation and asymmetry about
the equator emerged intermittently in the model results, especially in the output of low-level meridional
velocity. These waves generally had large amplitudes
around SCCs, and in some instances coherently moved
with the active convective regions in the CCs. Quantification of the mechanisms linking the wave and the
CCs are beyond the scope of this study. However, such
spontaneous occurrence of synoptic-scale disturbances
showing meridional structure and cross-scale interaction was simulated for the first time in this experiment.
Cold anomalies near the surface coincided well with
precipitation and coalesced into cold pools of O(100
km) below mature CCs. This suggests a contribution of
evaporation of precipitation to the O(100 km) structure. However, temperature gradients associated with
large-scale dynamics (i.e., wave disturbances) also affected the CCs, and the relative importance of cold
pools warrants further investigation. For example, active convection in a CC was 300 km distant from the
major cold anomalies, and cold-pool formation mechanisms were not simple.
Only some of the various processes affecting CC organization were examined in this study. Future studies
will examine the effects of the diurnal cycle (Chen et al.
1996), easterly waves (Takayabu and Murakami 1991),
inertio-gravity waves (Takayabu 1994b; Takayabu et al.
1996; Mori 1995; Oouchi 1999), equatorial wave disturbances (Wheeler and Kiladis 1999; Wheeler et al. 2000;
Clayson et al. 2002; Straub and Kiladis 2002, 2003a;
Yang et al. 2003; Roundy and Frank 2004), and cold
pools and downdrafts due to precipitation.
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Simulated MCs were maintained by systematic formation of cloud-scale elements along the edges of cold
pools, in agreement with previous studies on the mesoscale organization of convection (Yamasaki 1975, 1983;
Oouchi and Yamasaki 2001). The MCs were clearly
defined in developing CCs and had a typical lifetime of
2–3 h. MCs in mature and decaying CCs often merged
together or aligned in banded configurations and therefore persisted longer. Thus, large-scale conditions
modified modeled MC properties just as they modify
properties in observed MCSs and MPFs (Mori 1995;
Satoh et al. 1995; Takahashi and Uyeda 1995; Fujiyoshi
and Geng 1995; Chen et al. 1996; Houze et al. 2000).
However, the primary organizing mechanism for individual MCs was not essentially altered by large-scale
conditions. Rather, local processes were of primary importance. This organization mechanism contrasts with
that of CCs.
The simulation also reproduced a squall cluster
(Houze and Betts 1981) with an area of high cloud top
(z ⬎ 16 km) of O(100 km) in a region of strong instability and pronounced wind shear at a time when the
10 000- and 40 000-km-scale waves overlapped. This
was the most active convective system in the entire
simulation and was categorized as a super convective
system (SCS) as in Chen et al.’s (1996) analysis of satellite data. The modeled SCS formed a well-defined
cold pool and arc-shaped leading edge. The convective
organization was successfully simulated using the explicit approach in the model.
Critical issues in the numerical experiments remain
that are related to computational capacity. The mesh
sizes of 7- and 3.5-km cloud marginally resolved deep
clouds but not shallow clouds in the lower troposphere.
The shallow convection presented in this experiment is
a very crude approximation. Simulations with higher
resolution that improve the representation of boundary
layer processes are pending. In addition, only output
from a single 40-day run (for the 7-km mesh run) was
available for the present study. The generality of the
results can only be examined using output from longer
simulations. In particular, the ability of the explicit
global model to reproduce the MJO must be investigated, preferably with a realistic setup. The simplified
setup used in this study should be considered when
results are compared to observations. Observational
studies have noted the interaction between tropical
convection and extratropical disturbances (e.g., Straub
and Kiladis 2003b) for which global explicit simulations
are a promising approach. The present study should be
considered a first step toward realistic, global, cloudresolving climate simulations.
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