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 2 

Abstract 1 

 2 

To gain insight into properties of in-cloud vertical motion and precipitation production 3 

in the tropics, three-dimensional outputs from an aquaplanet experiment using a 3.5-km 4 

mesh global cloud-system resolving model (GCRM) were analyzed. Probability 5 

distributions of condensates, latent heating, in-cloud vertical velocities were examined. 6 

Environmental conditions and temporal evolutions of strong upward motion (> 1 m s-1) 7 

were also investigated from the viewpoint of the multi-scale organization of convection.  8 

Spectral representation of precipitation profile against precipitation top height (PTH) 9 

and vertical profile of latent heating rate were compared with those of Tropical Rainfall 10 

Measurement Mission (TRMM) observations. Despite biases of generally higher PTH 11 

and deficiencies near the melting level, the model reproduced the general morphology of 12 

the precipitation and total latent heating profiles. Two-dimensional histograms of the 13 

cloud top height (CTH) and PTH of the simulated clouds reproduced the clear contrast 14 

between deep and shallow convection in active and suppressed environments, 15 

respectively.  16 

The simulated in-cloud vertical velocities were on the order of O(0.1 m s-1) in anvil 17 

clouds and O(1 m s-1) in updraft cores, in the range of those observed. The properties of 18 

upward motion were investigated by defining the maximum in-cloud vertical motion 19 

(w_max) in each column. Probabilities of w_max had double peaks (z = 1−4 and 7−12 20 

km) with minima in the middle troposphere. Vigorous upward motions most frequently 21 
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occurred in the upper troposphere as the active portion of well-organized convective 1 

systems. They were embedded in warm, moist environments and often surrounded by 2 

updrafts with w_max height in the lower to middle troposphere, forming a group of 3 

updraft regions (w_max > 1 m s-1) with horizontal scale of O(10 km). The updrafts were 4 

located on the periphery of the merged cold pools. In the regions of compensating 5 

subsidence, updrafts tended to be capped below the middle troposphere. These updrafts 6 

were mostly accompanied by isolated cold pools and were small in horizontal size.  7 

Life cycles of in-cloud updrafts were investigated using six-level and surface outputs at 8 

10-min intervals. Composite analysis showed that the updraft velocity was generally 9 

larger in deep convection than in shallow convection. The updrafts with w_max height in 10 

the middle troposphere produced the heaviest surface precipitation, preceded by moisture 11 

transport in the lower to middle troposphere. This suggests that middle tropospheric 12 

updrafts most efficiently produced surface precipitation through tight linkage between 13 

dynamics and cloud processes, although their occurrence was rare. 14 

15 
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1.  Introduction 1 

 2 

Vertical motion in tropical deep convection has been considered a basic component of 3 

atmospheric general circulation since the “hot tower hypothesis” (Riehl and Malkus 4 

1958) was proposed half a century ago. However, observations in recent decades 5 

(LeMone and Zipser 1980; Zipser and LeMone 1980; Lucas et al. 1994; Igau et al. 1999) 6 

have found few undiluted updraft cores, or “hot towers,” over the tropical oceans (Zipser 7 

2003), reviving controversy over this radical problem (Fierro et al. 2009).  8 

Recent success in satellite observations such as the Tropical Rainfall Measurement 9 

Mission (TRMM) (Simpson et al. 1988), CloudSat, and Cloud-Aerosol Lidar and 10 

Infrared Pathfinder Satellite Observations (CALIPSO) (Stephens et al. 2002) have 11 

increased our knowledge of cloud microphysical and radiative properties (Liu and Zipser 12 

2005; Liu et al. 2007; Masunaga et al. 2005; Stephens et al. 2008; Takayabu 2002; Tao et 13 

al. 2006). Takayabu (2002), using TRMM precipitation radar (PR) data, investigated the 14 

spectral representation of precipitation profiles with respect to precipitation top height 15 

(PTH) and revealed characteristics of convective and stratiform precipitation over 16 

tropical land and ocean. Masunaga et al. (2005), using TRMM-PR and TRMM Visible 17 

and Infrared Scanner (VIRS) data, investigated the joint probability distributions of cloud 18 

top height (CTH) and PTH. They found significant differences in probability 19 

distributions over different basins and in different phases of the El Ninõ–Southern 20 

Oscillation (ENSO). Liu et al. (2007), reporting statistics of intense precipitation 21 
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observed by TRMM, revealed properties of deep convective cores, which have been 1 

discussed as a proxy for deep convective updrafts (Liu and Zipser 2005). However, the 2 

properties of vertical velocity in a vast tropical domain have not been fully clarified by 3 

now because of limited coverage of in- situ observations. 4 

Numerical simulations using cloud-resolving models (CRMs) are another effective 5 

method for investigating the dynamical and physical properties of moist convection, and 6 

CRMs have been used to develop retrieval algorithms for satellite measurements (Tao et 7 

al. 2001; Shige et al. 2004). Recently, ‘satellite simulators,’ which convert CRM outputs 8 

to observable quantities (Haynes et al. 2007; Masunaga et al. 2010), have been 9 

constructed. A CRM covering the global domain (GCRM) enables investigation of cloud 10 

statistics in the presence of interactions between large-scale dynamics and convective 11 

organization. 12 

The objective of this study is to gain insight into the relationship between precipitation 13 

and in-cloud vertical motion in the tropics using an explicit simulation of convection by a 14 

3.5-km mesh general circulation model (GCM): the Nonhydrostatic ICosahedral 15 

Atmospheric Model (NICAM; Satoh et al. 2008a). Starting from an idealized aquaplanet 16 

experiment (Tomita et al. 2005), several series of global cloud-system-resolving 17 

experiments have been performed (e.g., Miura et al. 2007a, b, and others), and 18 

quantitative evaluations of cloud properties in comparison with satellite measurements 19 

have been made (Inoue et al. 2008, 2010; Masunaga et al. 2008; Satoh et al. 2008b, 2010; 20 

T. Sato et al. 2009). These studies clarified the model biases and discussed the key 21 
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microphysical processes to remove these biases. However, the in-cloud vertical velocity, 1 

which could not be evaluated by satellite observations, was a secondary issue of these 2 

studies. In the present study, vertical motions in tropical convection are of major interest. 3 

The aquaplanet case is analyzed herein. 4 

Aquaplanet experiments (Hayashi and Sumi 1986) have been conducted as one of the 5 

standard cases for GCMs (this issue; Taylor et al. 20091

S08 aimed to quantify the degree to which tropical convection simulated by a GCRM 13 

could reproduce the statistical properties of the TRMM observations by comparing the 14 

vertical distributions of precipitation in an aquaplanet experiment and in TRMM-PR data. 15 

They found that the model had higher PTH and more intense deep convective 16 

precipitation than the TRMM observation, but simulated two frequency peaks of 17 

stratiform precipitation with shallow and deep PTH. S08 also presented average profiles 18 

of simulated water condensates and vertical velocity against PTH; however, the 19 

). Such experiments are useful for 6 

understanding basic mechanisms that control the complicated real atmosphere in 7 

dynamics (Horinouchi and Yoden 1998; Hoskins et al. 1999; Inatsu et al. 2002; 8 

Kraucunas and Hartmann 2005; Neal and Hoskins 2001), convective disturbances (Flatau 9 

et al. 1997; Hayashi and Golder 1997; Hayashi and Sumi 1986; Innes et al. 2001; Nasuno 10 

et al. 2007, 2008; Numaguti and Hayashi, 1991a, b; Tomita et al. 2005), and the statistical 11 

properties of clouds and precipitation (Satoh et al. 2008b, hereafter referred to as S08).  12 

                                                 

1 ‘A summary of the CMIP5 Experiment Design’, 

http://cmip-pcmdi.llnl.gov/cmip5/experiment_design.html?submenuheader=1 
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horizontal distribution and temporal evolution of these features, which are closely related 1 

to convective organization, have not been discussed. The present study explores these 2 

features to obtain insight into relationships among clouds, precipitation, and in-cloud 3 

vertical motion in the presence of large-scale convective disturbances. Comparison with 4 

TRMM data is also extended by the use of TRMM latent heat (TRMM-LH) products 5 

(Shige et al. 2004, 2007). 6 

The structure of this paper is as follows. Section 2 describes the model and simulation 7 

data. Section 3 presents evaluation of simulation using TRMM data and the analyses of 8 

simulated clouds, precipitation, and in-cloud vertical velocities. Section 4 discusses the 9 

results, and section 5 presents our conclusions. 10 

11 
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2.  Model and simulation dataset 1 

 2 

The aquaplanet experiment was performed using NICAM (Satoh et al. 2008a; Tomita 3 

and Satoh 2004), which was designed for cloud-resolving (O[1 km]) global simulations, 4 

including explicit moist processes in a nonhydrostatic framework. The icosahedral grid 5 

system was used to achieve high computational performance in parallel computing. The 6 

cloud processes were explicitly calculated by a cloud microphysical scheme (Grabowski 7 

1998, hereafter referred to as G98), and no convective parameterization was used.  8 

The cloud microphysical scheme includes two categories of water condensates: 9 

non-precipitating [cloud ice (qi) and cloud water (qc)] and precipitating [snow (qs) and 10 

rainwater (qr)]. The non-precipitating (precipitating) condensates were diagnostically 11 

separated into solid (qi, qs) and liquid (qc, qr) species by the temperature of the grid point. 12 

The qi and qc are produced by condensation, and qs and qr are produced by 13 

auto-conversion of qi (Eq. 10 of G98) and qc (Eq. 8a of G98). The qs and qr grow by 14 

accretion of non-precipitating condensates and, for qs, also by deposition of water vapor 15 

(Eqs. 11a, 11b and Fig. 1 of G98). For simplicity, water saturation was considered for the 16 

saturation adjustment (a modification from the original scheme). Terminal velocities (VT) 17 

of qs and qr were separately calculated with different sets of parameters (Eqs. 6a, 6b, and 18 

17 of G98), and their mass-weighted sum was calculated as the VT of total precipitating 19 

condensates. The VT values of qs and qr were in the ranges of 0.6–1.2 and 3–7 m s-1, 20 

respectively. 21 
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Other physical processes were modeled in the same way as in the 1 

CCSR/NIES/FRCGC2

The experimental design of the aquaplanet case used in the present study was 7 

documented by Tomita et al. (2005). The sea-surface temperature (SST) was fixed to a 8 

zonally uniform value, with the meridional distribution given by Neale and Hoskins 9 

(2001) (control run). The maximum value of SST was 27°C on the equator, which is 10 

approximately 2°C lower than SSTs in the warm pool region in the real atmosphere. 11 

Three sequences of experiments were performed with horizontal mesh sizes of 14, 7, and 12 

3.5 km for 90, 30, and 10 model days, respectively. Fifty-four vertically stretched layers 13 

were used for all the experiments (Table 1). The initial condition for the 7-km mesh run 14 

was interpolated from 14-km mesh run results on the 60th day, and the initial condition 15 

for the 3.5-km mesh run was interpolated from 7-km mesh run results at 00 UTC on the 16 

20th day. This procedure allowed soft initialization.  17 

 atmospheric GCM (Numaguti et al. 1997; K-1 Model Developers 2 

2004). The MSTRNX scheme (Nakajima et al. 2000; Sekiguchi and Nakajima 2008) was 3 

used for atmospheric radiation, Mellor and Yamada’s (1974) level-2 scheme was used for 4 

subgrid-scale turbulence, and Louis’ (1979) bulk formula was used for surface fluxes of 5 

heat and momentum. 6 

In the present study, full three-dimensional snapshot data in the 3.5-km mesh run at 00 18 

UTC on the 5th day of integration are analyzed. These snapshot data are considered to be 19 

                                                 

2  Center for Climate System Research/National Institute for Environmental 

Studies/Frontier Research Center for Global Change 
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a typical example, except that the most intense convective system in the entire simulation 1 

series evolved at that time (Tomita et al. 2005; Nasuno et al. 2007). The large number of 2 

grid points covering the globe under a zonally invariant boundary condition allows for 3 

statistical analysis of mesoscale phenomena even for single snapshot data (S08). 4 

Six-level (underlined in Table 1) and surface outputs for the subsequent 3 h at 10-min 5 

intervals are also used to investigate time evolutions. All the output variables were stored 6 

on the same vertical levels (Table 1), whereas a Lorentz (staggered) grid system was 7 

employed for the calculation. 8 

To validate the simulation results, TRMM-PR (Takayabu 2002; S08) and the TRMM 9 

latent heat (TRMM-LH) products (monthly mean gridded data, L3_LH) are utilized. The 10 

TRMM-LH products were retrieved from TRMM-PR data using spectral latent heating 11 

(SLH) algorithms (Shige et al. 2004, 2007), and were obtained from the Earth 12 

Observation Research Center (EORC), Japan Aerospace Exploration Agency (JAXA)3

14 

. 13 

                                                 
3 http://www.eorc. jaxa.jp/TRM M/lh 
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3.  Results 1 

 2 

This section first compares the results from this aquaplanet experiment with TRMM 3 

data to validate the model results as an extension of S08 and then presents the analysis of 4 

the simulated precipitation and in-cloud vertical motion. 5 

 6 

3.1.  Comparison with TRMM data 7 

 8 

S08 evaluated the vertical profiles of the simulated precipitation rate in comparison 9 

with those from TRMM-PR data (Takayabu 2002) over oceanic regions. Figure 1 shows 10 

precipitation spectra in the same manner as in Fig. 4 of S08. The PTH of the simulation 11 

data is also defined by the same criteria as applied in S08, using precipitation rate 12 

diagnosed from vertical fluxes of explicitly calculated precipitating condensates 13 

(procedures are fully described in section 3.2). S08 separated the convective and 14 

stratiform precipitation by a simple method: surface precipitation rate (pr_sfc) > 10 mm 15 

h-1 is convective; otherwise, it is stratiform. In this study, a method based on that of 16 

Churchill and Houze (1984) with modifications proposed by Tao et al. (1993) is used for 17 

convective/stratiform separation (hereafter referred to as the Goddard Space Flight 18 

Center [GSFC] method). First, grid points with a surface precipitation rate exceeding two 19 

times that of the background average are identified as convective cores. The convective 20 

cores and neighboring grid points are defined as convective. Second, grid points with a 21 
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surface precipitation rate exceeding 20 mm h-1 are defined as convective. Third, two 1 

additional criteria are applied to identify active convection aloft and new cells in the 2 

lower troposphere (Tao et al. 1993; Lang et al. 2003; Shige et al. 2004). Grid points with 3 

vertical velocity or non-precipitating condensates exceeding a threshold for each are 4 

categorized as convective. The background area (five grid points on each side) and the 5 

threshold values above/below the melting level are the same as those used by Lang et al. 6 

(2003). We use the 0°C level (z = 4.9 km for the mean temperature in the 10°N–10°S 7 

domain) as the melting level.  8 

In the precipitation spectrum (Fig. 1), biases common to those reported by S08 are 9 

found, namely, PTHs generally higher than those in TRMM-PR, excessive intensity of 10 

deep convective precipitation (Fig. 1a, b), and absence of a middle-level peak in the 11 

stratiform precipitation (Fig. 1c, d). Quantitatively, however, the excess in the 12 

precipitation rate is significantly reduced, and the frequency of shallow convective 13 

precipitation increases (PTH < 4 km accounts for 40% of convective precipitation in Fig. 14 

1b and 10% in Fig. 4 of S08). This result is consistent with categorization of shallow 15 

isolated precipitation as convective in the TRMM-PR algorithm (PR2A25 Version 5, 16 

Schumacher and Houze 2003; Shige et al. 2004; Yokoyama and Takayabu 2008). The 17 

convective/stratiform ratio (in areal coverage) is 8:92 in S08, 29:71 in this study, and 18 

24:76 in TRMM-LH data.  19 

Figure 2 compares the latent heating rate in the aquaplanet experiment and that in 20 

TRMM-LH (apparent moisture sink, Q2; Yanai et al. 1973) over oceanic regions. 21 
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Conditional mean profiles of total latent heating and convective/stratiform heating 1 

weighted by the number fraction of each category are plotted. The data in the 10°N–10°S 2 

domain for the period 1998–2008 are used for TRMM-LH. Observed characteristics of 3 

convective and stratiform heating (i.e., bottom-heavy profile and top-heavy with 4 

bottom-cooling profile, respectively) are only qualitatively simulated both by the GSFC 5 

method and the method used in S08. In the lower troposphere (z ~ 1 km), use of the GSFC 6 

method reduces positive biases of stratiform heating compared with the method used in 7 

S08 by re-categorization of shallow convection. The minimum stratiform heating at z = 8 

4–5 km is weaker in the simulation than in TRMM-LH, which is attributable to the fact 9 

that G98’s scheme does not treat the melting process. Nevertheless, the total latent 10 

heating profile is in a realistic range, and the relationship between simulated precipitation 11 

and associated vertical motion is also expected to be in a realistic range. On the basis of 12 

the above evaluations, analyses of the aquaplanet simulation data are presented in this 13 

paper. Evaluations using the satellite data are also discussed in comparison with previous 14 

studies (Masunaga et al. 2008; Satoh et al. 2010; Shige et al. 2008) in section 4.1. 15 

 16 

3.2.   Clouds and precipitation (CTH, PTH) 17 

 18 

As a preparation for the analysis presented below, large-scale characteristics of clouds 19 

and precipitation in the aquaplanet experiment are briefly reviewed. Figure 3 shows 20 

horizontal distributions of column-integrated ice condensates (ice water path, IWP) and 21 
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liquid water condensates (liquid water path, LWP) in the domain of 20°N−20°S. The 1 

pattern of the IWP resembles that of OLR (Nasuno et al. 2007, Fig. 1). Small-scale 2 

features are more evident in the LWP than in the IWP, which is reminiscent of the 3 

horizontal distribution of surface precipitation (S08, Fig. 2). In this aquaplanet 4 

experiment, large-scale convective disturbances similar to moist Kelvin waves were 5 

pronounced throughout the simulation (Nasuno et al. 2007, 2008). In Nasuno et al. (2008), 6 

two types of moist Kelvin waves appeared; one was tightly coupled to a large-scale 7 

convective system resembling a kind of super cloud cluster (SCC; A and B in Fig. 3), and 8 

the other was characterized by a planetary-scale (i.e., zonal wavenumber k = 1) 9 

dynamical structure. The latter is confirmed in the contrast between convective activity in 10 

the enhanced (60°W−0° and 0°−120°E) and suppressed (other) hemispheres (Fig. 3). The 11 

well-organized convective system around 110°E is a squall-type cloud cluster [identified 12 

as a “superconvective system” (SCS) by Nasuno et al. (2007), in reference to Chen et al. 13 

(1996)]. This SCS was the most vigorous convective system in this experiment, with a 14 

very high cloud top (Nasuno et al. 2007, their Fig. 2). The SCS had a lifetime of around 2 15 

days and is in its mature stage at this time level (Nasuno et al. 2007, their Fig. 3). 16 

Vigorous convection associated with the SCS suppresses convective activity in nearby 17 

areas (e.g., 105˚−123˚E, 2˚N−2˚S in Fig. 3). Thus, the distributions of cloud and 18 

precipitation in this aquaplanet case primarily reflected zonally invariant boundary 19 

conditions, but with zonal variations associated with spontaneously generated large-scale 20 

convective disturbances.  21 



 15 

The CTH and PTH are standard variables used to analyze the vertical distributions of 1 

condensates in satellite data (Takayabu 2002; Masunaga et al. 2005). In the present study, 2 

CTH and PTH are defined by the (1) identification of cloudy and precipitating grid points, 3 

and (2) determination of the top grid level of cloud (precipitation) in each cloudy 4 

(precipitating) column4

The cloudy grid points are simply identified by the sum of qi, qc, and qs exceeding 0.5 6 

× 10-5 kg kg-1. Here, snow is used, although it was modeled as a precipitating condensate. 7 

Because most of the condensates floating above the 0˚C level in this experiment are 8 

represented by “snow,” it is physically more appropriate to consider slow-falling snow as 9 

ice clouds. Air columns that include cloudy grid boxes at any vertical level are labeled as 10 

cloudy. The precipitating grid points are defined in the same way as described by S08; 11 

namely, the precipitation rate is calculated from the downward mass flux of precipitating 12 

condensates, and the precipitating grid points are identified by a precipitation rate 13 

exceeding 0.3 mm h-1, which is the minimum detectable value for TRMM-PR (Takayabu 14 

2002). The air-relative precipitation rate is used to avoid complexity in the interpretation 15 

of the effects of air motion, which could not be evaluated using the TRMM data (S08). In 16 

.  5 

                                                 

4Satellite simulators enable definition of CTH and PTH using the same variables as those 

observed (e.g., brightness temperature, radar reflectivity), which allows for more accurate 

comparisons (e.g., Masunaga et al. 2008). In this study, however, the CTH and PTH are 

simply related to model-predicted variables to facilitate understanding of the relationship 

between clouds/precipitation and dynamics in the model. 
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the present study, precipitating columns that do not include a ground-relative 1 

precipitation rate exceeding the threshold value at any vertical level are redefined as 2 

non-precipitating. 3 

The CTH (PTH) is defined by the altitude of the highest vertical model level at which a 4 

cloudy (precipitating) grid exists in a column. Following Takayabu (2002) and S08, 5 

statistical analysis is conducted for the 10°N−10°S domain, in which there are 2,122,998 6 

(660,981) cloudy (precipitating) air columns, accounting for 36.3 (11.3)% of the domain.  7 

Figure 4 shows the PTH and CTH defined by the above criteria. The active convective 8 

regions, including SCCs A and B and the SCS, are displayed. The CTH (Fig. 4a) is 9 

generally higher than the PTH (Fig. 4b), with broader horizontal coverage. The CTH 10 

sometimes exceeds 16 km in the developing SCC (B) (45−65°E) and in the SCS 11 

(95−105°E) (Fig. 4b). In the decaying SCC (A), zonal contrast in CTH is less evident than 12 

that in SCC B, with CTH mostly in the range of z = 10−14 km (50−20°W, Fig. 4a). High 13 

PTH (>12 km) selectively occurs in the eastern part of the SCCs and SCS (Fig. 4b). In 14 

these regions, large-scale conditions associated with moist Kelvin waves are favorable 15 

for deep convection (Nasuno et al. 2007). In the rear (western) part of the SCCs, PTH at z 16 

= 6−12 km is broadly observed (Fig. 4b). This precipitation corresponds to anvil clouds 17 

produced by the SCCs. Besides these large-scale convective systems, a number of 18 

isolated convections are formed, especially between the SCCs and in off-equatorial 19 

regions (Fig. 4).  20 
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Two-dimensional histograms of PTH–OLR and PTH–CTH are presented in Fig. 5, 1 

following Masunaga et al.’s (2005) histograms for TRMM data. In the calculation of 2 

these two-dimensional histograms, bin width for CTH and PTH is 1 km, and that for OLR 3 

is 10 W m-2. The frequencies for each 1-km bin of CTH and PTH are interpolated from 4 

the frequencies for the model output levels, assuming uniform probabilities within the 5 

thickness of each model layer. Figure 5 shows that CTH corresponds well with OLR in 6 

the relationship with PTH. Peak frequencies are found at PTH < 3 km and PTH = 8–12 7 

km, representing a large number of isolated clouds and anvil regions of the organized 8 

cloud systems, respectively (Fig. 4). The PTH is sharply correlated with CTH for PTH < 6 9 

km, whereas a broader range of CTH occurs for a given PTH for PTH > 6 km. The latter 10 

finding implies variation in the level of precipitation formation above the 0°C level.  11 

Figure 6 presents two-dimensional histograms for the sub-domains including the SCCs, 12 

SCS, and suppressed clouds (indicated by boxes in Figs. 3 and 4 and in Table 2). The 13 

probabilities are multiplied by number of precipitating columns for each sub-domain 14 

(Table 2) to represent the contributions to the frequencies for the full 10°N−10°S domain. 15 

The histograms extract properties of convection in the SCCs, SCS, and capped region. 16 

The frequency patterns are similar among SCCs and in the 10°N−10°S domain, with less 17 

low-level convection in the decaying SCC (A) (Fig. 6a, c, e). In the extremely 18 

well-developed convective system (SCS), the CTH exceeds 15 km, with the PTH ranging 19 

from 9 to 15 km (Fig. 6d). Such vigorous convective systems sometimes appear in the 20 

real atmosphere (Liu and Zipser 2005; Liu et al. 2007). The histogram for the capped 21 
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sub-domain (Fig. 6b) is reminiscent of those in central and eastern Pacific regions 1 

observed after a La Niña year (Masunaga et al. 2005).  2 

 3 

3.3.   In-cloud vertical velocity (w_max) 4 

 5 

Figure 7 shows the probability distribution of vertical velocity at different altitudes of 6 

the precipitating columns in the 3.5-km mesh aquaplanet experiment. The abscissa is 7 

logarithmic in Fig. 7a. The peak frequency of vertical velocity is on the order of O(0.1 m 8 

s-1) in the troposphere and O(0.01 m s-1) in the transition layer for both upward and 9 

downward motion. Upward motion is pronounced at z = 6−14 km and around z = 1 km, 10 

whereas downward motion is more frequent at z = 1−5 km and z >14 km. Figure 7b 11 

shows frequencies of updraft and downdraft cores (i.e., vertical velocity exceeding 1 m s-1, 12 

Ziper and Lemone 1980) normalized by the number of up- and downdraft cores (right 13 

panel) at each level, respectively. The bin width is 1 m s-1. Updraft cores occur more 14 

frequently than downdraft cores in the precipitating columns and with greater magnitude 15 

in the upper troposphere (i.e., top 1% of frequency). The magnitudes of the updraft cores 16 

are in the range of those found in a tropical oceanic observation (Zipser and LeMone 17 

1980), where the average vertical velocity in the strongest top 10% of updraft cores was 18 

3−5 m s-1. The probability distributions are also similar to those of regional 19 

cloud-resolving simulations by Lang et al. (2003) (tropical oceanic case, their Figs. 20 

11e−h) and Fierro et al. (2009). 21 
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In the following, we focus on the statistical properties of relatively strong in-cloud 1 

upward motions and their environmental conditions. For this purpose, we define the 2 

in-cloud maximum vertical velocity (hereafter referred to as w_max) in the precipitating 3 

columns by vertically monitoring vertical velocities in the cloudy grid boxes for each 4 

precipitating column. The w_max is useful for extracting three-dimensional properties of 5 

upward motion in a two-dimensional geometry. 6 

Figure 8 shows the horizontal distributions of the magnitude (Fig. 8a) and height (Fig. 7 

8b) of w_max in the precipitating columns. The presented domains are the same as in Fig. 8 

4. In-cloud updrafts (w_max > 1 m s-1) are found in the active part of convective systems 9 

(e.g., eastern part of the SCCs and SCS, section 3.2) with high PTH (Fig. 4) and on the 10 

outer boundaries of the SCC (Fig. 8a). Moderate upward motion (w_max = 0.1−1 m s-1) is 11 

found in the anvil regions of SCCs with broad coverage in the upper troposphere (Fig. 8a, 12 

b). The magnitudes of w_max described above are consistent with in-cloud vertical 13 

velocities observed in previous field campaigns (Zipser and LeMone 1980; Lucas et al. 14 

1994; Yuter and House 1995; Igau et al. 1999; Deng and Mace 2008; K. Sato et al. 2009). 15 

The height of w_max roughly coincides with the PTH but includes finer scale 16 

fluctuations (Figs. 4b, 8b), and small isolated updrafts (w_max > 1 m s-1) appear at 17 

various altitudes (Fig. 8a, b). Upward motion with low PTH is generally weak. 18 

Probabilities of the magnitude of w_max on the precipitating columns in the 19 

10°N−10°S domain are shown in Fig. 9a (as logarithms). The bin width is 0.1 m s-1. The 20 

probabilities have a peak on the order of 0.1 m s-1 and exponentially decrease with 21 
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increase in the magnitude. Figure 9b shows the two-dimensional histogram of the 1 

magnitude and height of w_max in the lower range (w_max < 1 m s-1). The bin widths of 2 

the magnitude and height of w_max are 0.1 m s-1 and 1 km, respectively. The frequency 3 

of w_max is vertically interpolated in the same way as for CTH and PTH. The peak 4 

frequencies of w_max are found around 0.1−0.4 m s-1 in z = 7−12 km and z = 1−2 km. 5 

The peaks in the upper and lower troposphere represent vertical motions in the anvil 6 

regions and in the low-level clouds, respectively (Figs. 4, 8). Figure 9c shows vertical 7 

distributions of probability at different magnitudes of w_max, which is useful for 8 

investigating intense upward motion. The bin width for w_max is 0.5 m s-1. The height of 9 

occurrence of w_max (> 1 m s-1) increases as w_max values become larger. Occurrences 10 

of w_max exceeding 7−8 m s-1 are mostly found in the upper troposphere, whereas 11 

w_max of 1−3 m s-1, which is much more frequent than the former, selectively occurs in 12 

the lower troposphere (z = 1−4 km). In the middle troposphere (z = 4−7 km), frequencies 13 

of w_max are generally lower than those in other altitudes, except for the w_max range of 14 

3−5 m s-1. The role of these middle-level updrafts is discussed in the following sections 15 

and in a companion paper (Nasuno and Satoh 2010). 16 

Figure 10 shows two-dimensional histograms of w_max for the sub-domains marked 17 

in Figs. 3 and 4. (Unlike Fig. 6, Fig. 10 plots probability densities rather than number 18 

frequencies.) The range of w_max < 4 m s-1 is presented. General features such as 19 

maximum frequencies in the upper and lower troposphere for w_max < 1 m s-1 and 20 

selective occurrence in z = 1−4 km for w_max = 1−2.5 m s-1 are common to the SCCs and 21 
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to the full 10°N−10°S domain (Fig. 10a, c, e). In the SCS (Fig. 10d), weak upward motion 1 

in anvil regions peaks at higher altitudes (z = 12−15 km), reflecting high CTH (Figs. 4, 6). 2 

The fraction of updrafts of w_max > 1 m s-1 is more pronounced in the SCS than in other 3 

regions at all the levels. Occurrences of w_max > 2 m s-1 around z = 6 km are more 4 

frequent in the developing SCC (B) and SCS (cf. Fig. 9c). In the suppressed region (Fig. 5 

10b), in-cloud vertical motion is capped below 6 km, corresponding with CTH in this 6 

sub-domain (Figs. 4, 6b). The probabilities of updrafts of w_max = 1−2.5 m s-1 are rather 7 

pronounced in this sub-domain compared to other regions, but with scarce occurrences of 8 

updrafts of w_max > 2.5 m s-1.  9 

To determine the cause of the regional differences in the two-dimensional histograms 10 

of PTH−CTH (Fig. 6) and magnitude−height of w_max (Fig. 10), dynamical and 11 

thermodynamical conditions averaged in the sub-domains shown in Figs. 3 and 4 12 

(including both precipitating and non-precipitating grid points) are examined. Figure 11a 13 

shows the average profiles of vertical velocity. Large-scale upward motion is formed 14 

around the SCCs and SCS throughout the troposphere, with maxima in the upper 15 

troposphere (z = 8−14 km). The greater magnitude of mean vertical velocity around the 16 

SCS than around the SCCs (Fig. 11a) is consistent with the higher occurrence frequencies 17 

of intense upward motion in the SCS (Fig. 10). The ‘capped region’ is characterized by 18 

mean upward motion confined below z = 4 km and downward motion above, which 19 

compensated vigorous updrafts in the SCS. The middle tropospheric subsidence induces 20 

drying over the capped region (Fig. 11b). This contrasts with the moist environment 21 
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(50−60% relative humidity to water saturation) around the SCS and SCCs. Noticeably, 1 

relative humidity below z < 4 km is 80−90% for both the SCS and the capped region, 2 

higher than that around the SCCs by 20−30%. Figure 11c shows the buoyancy of the air 3 

parcel pseudo-adiabatically ascending from z = 110 m as a measure of latent instability. 4 

The buoyancy profiles are similar between the SCS and the capped region at z < 2 km, 5 

reflecting comparable profiles of temperature and moisture in these regions (not shown). 6 

Over the capped region, adiabatic warming due to the subsidence results in the minimum 7 

buoyancy at z = 3−6 km, although buoyancy is still positive (Fig. 11c). Properties of 8 

convection are also affected by vertical wind shear. Figure 11d shows vertical profiles of 9 

zonal velocity. In this aquaplanet experiment, zonal wind (i.e., easterly with a maximum 10 

in the lower troposphere) is dominant in the tropics (Figs. 2, 8 of Nasuno et al. 2007). In 11 

Fig. 11d, both the SCS and the capped region are embedded in significant westerly wind 12 

shear (the SCS was a squall-type cluster; cf. Nasuno et al. 2007). In comparison, vertical 13 

wind shear around the SCCs is not significant.  14 

 15 

3.4.   Temporal evolution 16 

 17 

The properties of in-cloud updrafts reflect the stage of their life cycles as well as 18 

environmental conditions. To understand the initiation and evolution processes of 19 

simulated updrafts, the six-level and surface outputs at 10-min intervals are analyzed. The 20 

w_max was redefined as the maximum vertical velocity in the cloudy grid points for 21 
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temporal (3 h) and vertical (six levels) surveys. The w_max by this definition (hereafter 1 

referred to as w_tmax) is calculated for each horizontal grid point in the 10°N−10°S 2 

domain. Grid points with w_tmax > 1 m s-1 are classified by the height of w_tmax, and 3 

variables of each class are composited with respect to the time at which w_tmax occurs 4 

(Figs. 12–14). The maximum number of composite air columns occurs at the base time 5 

(Fig. 12f). The w_tmax approximately represents the maximum vertical velocity in the 6 

life cycle of an updraft, although accuracy is limited by the short period of analysis and 7 

the sparse vertical sampling. 8 

Figure 12 shows composite vertical velocity and total condensates for five classes of 9 

w_tmax height. Upward motion throughout the troposphere and downward motion in the 10 

lower to middle troposphere after the time of w_tmax are common in grid points with 11 

w_tmax heights at 5, 10, and 14 km (Fig. 12c−e) (hereafter referred to as ‘deep 12 

categories’). The magnitude of w_tmax exceeds 2 (3) m s-1 for w_tmax height = 5 (10) 13 

km. These grid points already contain condensates in the middle to upper troposphere by 14 

3 h prior to the time of w_tmax (remnants of previous convection). In the grid points with 15 

w_tmax confined in the lower troposphere, downward motion in the middle troposphere 16 

is observed, especially before initiation of upward motion (Fig. 12a, b) (hereafter referred 17 

to as ‘shallow categories’). In all the cases, condensates remain in the upper troposphere 18 

for at least 2 h after the time of w_tmax and remain for more than 3 h in the case of deep 19 

categories.   20 
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Figure 13 shows composite surface variables: precipitation, temperature, moisture, and 1 

horizontal convergence. For all the cases, the time of maximum surface precipitation 2 

coincides with the time of w_tmax. Surface precipitation is most intense for w_tmax 3 

height = 5 km, which is accompanied by the most significant drop of surface temperature 4 

(Fig. 13b), low-level downward motion (Fig. 12c), and surface divergence (Fig. 13d) 5 

among the five classes of w_tmax height. These results indicate that a cold pool and 6 

downdrafts due to the evaporation of precipitation are well developed for this category. 7 

The surface precipitation for w_tmax height = 2 km is comparable to that of w_tmax 8 

height = 10 km, despite more vigorous upward motion in the latter. This result implies 9 

that not only the magnitude of updrafts, but also the height of their occurrence has 10 

relevance to surface precipitation intensity. 11 

In terms of life cycle, convection in shallow categories (w_tmax height ≤ 2 km) is 12 

characterized by a sharp increase of surface convergence, moisture, precipitation, and 13 

surface cooling at 0.5−1 h before and after the time of w_tmax (Fig. 13). On the other 14 

hand, convection in deep categories (w_tmax height ≥ 5 km) is formed at 1.5−2 h prior to 15 

the time of w_tmax near the surface, gradually grows into the middle to upper 16 

troposphere (Fig. 12c−d, contour lines), and is followed by surface divergence (Fig. 13d).  17 

Figure 14 shows composite temperature and water vapor deviations in the same 18 

manner as in Fig. 12. Deviations from the average over all grid points with w_tmax > 1 m 19 

s-1 in the 10°N−10°S domain for 3 h are presented. The w_tmax height in the upper 20 

troposphere occurs in a warm, moist environment in the deep troposphere (Fig. 14d, e), 21 
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whereas w_tmax height in the lower troposphere occurs in a dry environment with warm 1 

(cool) anomalies in the middle (upper) troposphere (Fig. 14a, b) due to the middle level 2 

subsidence (Fig. 12a, b). The environment for the w_tmax height in the middle 3 

troposphere is intermediate and characterized by pronounced peaks of moisture anomaly 4 

in the middle troposphere (Fig. 14c). The collocation of middle tropospheric warming 5 

with upward motion for w_tmax height = 5 and 10 km suggests vertical transport of 6 

moisture by the link between latent heat release and upward motion 7 

(moisture–convection feedback) (Figs. 12c−d, 14c−d). Quantitatively, the larger 8 

moisture anomaly for w_tmax height = 5 km than 10 km implies that updrafts in the 9 

middle troposphere can be more tightly linked to low-level processes than can updrafts in 10 

the upper troposphere, leading to more intense surface precipitation and cold pools in the 11 

former (Fig. 13a, b). 12 

 13 

14 
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4.  Discussion 1 

 2 

This section discusses the results presented in the previous section in comparison with 3 

findings of previous studies. The main focuses are on (1) comparison with observations 4 

and (2) cold pools, which have been known to play an important role in the mesoscale 5 

organization of convection. 6 

 7 

4.1.   Comparison with observations 8 

 9 

An aquaplanet experiment with a GCRM is useful for investigating the basic properties 10 

of moist convection in a planetary-scale domain (section 1), but the idealized setup is not 11 

necessarily suited for direct comparison with observations. It is thus beneficial to discuss 12 

the results obtained in the present study (section 3.1) with reference to previous studies 13 

that have made direct comparisons between realistic GCRM/CRM simulations and 14 

satellite observations (Masunaga et al. 2008; Satoh et al. 2010; Shige et al. 2008). 15 

Masunaga et al. (2008) and Satoh et al. (2010) (hereafter referred to as M08 and S10, 16 

respectively), using satellite simulators (the SDSU5 and COSP6

                                                 

5 Satellite Data Simulator Unit (Masunaga et al. 2010). 

, respectively), evaluated 17 

synthesized radar and lidar signals in global cloud-system resolving simulations (Miura et 18 

6 Cloud Feedback Model Intercomparison Project (CFMIP) Observational Simulator 

Package (Haynes et al. 2007). 
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al. 2007a) based on signals observed (TRMM and CloudSat/CALIPSO) in a real 1 

Madden–Julian Oscillation (MJO) event. The same physical packages including the same 2 

cloud microphysical scheme (G98) were used for the MJO simulation and the aquaplanet 3 

case, except for revisions in the turbulent and advection schemes (Miura et al. 2007b).  4 

The biases of high PTH and intense precipitation rate (Fig. 1; Fig. 4 of S08) found in 5 

the present study are common to those of M08 and S10, where the PTH was defined by 6 

synthesized radar signals. The high PTH is partly due to the insensitivity of TRMM-PR to 7 

frozen hydrometeors (Masunaga et al. 2002) and partly to the absence of fast-falling ice 8 

condensates (i.e., hail and graupel) in the G98 scheme, which leads to excessive 9 

production of snow (Inoue et al. 2010; M08; S10) and rainwater (S10). The large amount 10 

of snow and rainwater accounts for the overly strong precipitation rate (by the definition 11 

of the present study). On the basis of sensitivity experiments using different cloud 12 

microphysical schemes, S10 found that the excessive production of snow and rainwater 13 

was reduced by the use of a new scheme including six prognostic variables of water 14 

species (NSW6, Tomita 2008), but the excessive production (in mass) of ice condensates 15 

in the upper troposphere, which had been evident in the synthesized lidar signal, was not 16 

reduced. They suggested the importance of model vertical resolution to accurate 17 

simulation of upper level clouds. 18 

The average latent heating profiles in the present study (Fig. 2) have insufficient 19 

stratiform heating (cooling) above (below) the 0°C level. Figure 15 shows the latent 20 

heating profiles in the aquaplanet experiment with respect to PTH (cf. Fig. 3 of Shige et al. 21 
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2008). Peaks of stratiform heating are found around the PTH, whereas convective heating 1 

peaks are found at several kilometers below the PTH. Cooling is pronounced below the 2 

stratiform heating. These features agree with those reported by Shige et al. (2008) for 3 

PTH < 10 km, but deep convective (stratiform) heating (PTH > 10 km) is excessive 4 

(insufficient) and stratiform cooling at z = 4–5 km is less evident in the present study than 5 

those of Shige et al. (2008). Improvement by inclusion of the melting process and 6 

fast-falling ice condensates (e.g., NSW6) is expected. Nasuno and Satoh (2010, their Fig. 7 

2c) show that the average temperature profile in precipitating columns with heavy surface 8 

precipitation (deviations from the average of all precipitating columns) in the simulations 9 

using NSW6 (S10) had a minimum around z = 5 km, which is insignificant for this 10 

aquaplanet experiment and the realistic simulation using the G98 scheme (Miura et al. 11 

2007a). Shige et al. (2009) compared results of two-dimensional (2D) and 12 

three-dimensional (3D) CRM simulations to develop lookup tables (LUT) for retrieval 13 

algorithm of TRMM latent heating profiles. They found that the LUT from the 2D 14 

simulation better reproduced the observed sounding-based heating than the LUT from the 15 

3D simulation and the latter produced stronger (weaker) deep convective (stratiform) 16 

heating above (below) the melting level than the former. These biases of the 3D 17 

simulation are similar to those found in the present study (Figs. 2, 15).  Shige et al. (2009) 18 

speculated that the horizontal resolution used in their 3D simulation (2 km) was too 19 

coarse to properly represent deep convection. Further research with finer horizontal and 20 

vertical resolution is warranted. 21 
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Takayabu et al. (2010), based on an analysis of TRMM-LH data, found that “cumulus 1 

congestus,” characterized by peak levels of latent heating at z = 2 km and echo top at z = 2 

4 km, was pronounced over ocean. They also suggested that the transition of deep heating 3 

to shallow heating (i.e., cumulus congestus) depends on large-scale vertical motion in the 4 

middle troposphere and is basically independent of the SST. The SST range in this 5 

aquaplanet experiment (25°, 26.5°, and 27°C at 10°, 5°, 0° latitude, respectively) 6 

corresponds to Figs. 13c (apparent heat source) and 14c (relative humidity) of Takayabu 7 

et al. (2010). Furthermore, their findings of deep (shallow) latent heating under mean 8 

upward (downward) motion in the middle troposphere and low relative humidity due to 9 

the middle tropospheric subsidence over the shallow mode are consistent with the results 10 

of the present study (Fig. 11). Relatively strong convection in the capped region (Fig. 6b) 11 

and convection with w_tmax at z = 2 km (Figs. 12, 14) are qualitatively similar to 12 

cumulus congestus in their properties. The low PTH under the middle tropospheric 13 

subsidence even with positive buoyancy (Figs. 6b and 11a, b, c) also implies the 14 

significant role of entrainment of middle tropospheric dry air (Takayabu et al. 2010). 15 

Masunaga et al. (2005) identified cumulus congestus by PTH ranges near the melting 16 

level and CTH limited to below the middle troposphere. Quantitatively, the experiments 17 

using the G98 scheme simulated fewer cumulus congestus by Masunaga et al.’s (2005) 18 

definition than observed (Fig. 5; Fig. 6 of M08). S10 also found a lack of middle 19 

tropospheric lidar signals corresponding to cumulus congestus in simulations using the 20 

G98 and NSW6 schemes, compared to observations.  21 
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 1 

4.2.   Cold pools 2 

 3 

As described in section 3.4, convective updrafts in the middle troposphere (w_tmax = 5 4 

km) are accompanied by heavy precipitation, distinct cold pools, and surface divergence 5 

(Figs. 13a, b, d). The importance of cold pools to the mesoscale organization of 6 

convection is generally accepted. Strong surface cold outflow limits the lifetime of 7 

updrafts, but enhances the organization of convective systems by triggering new upward 8 

motion nearby. Here we discuss the horizontal distributions of cold pools and w_max in 9 

view of the multi-scale organization of convection. 10 

Figure 16 shows temperature at the lowest model level (z = 35 m) in the sub-domains 11 

including SCC A, SCC B, and the SCS (shading). The temperature distributions exhibit a 12 

hierarchical structure reflecting the multi-scale organization of convection (Nasuno et al. 13 

2007). Cold anomalies associated with the large-scale precipitating region (SCC) are 14 

embedded in the large-scale zonal gradient (warmer in the eastern region than in the 15 

western region) and consist of mesoscale [O(10 km)−O(100 km)] components. The 16 

mesoscale components represent cold pools associated with cloud clusters and mesoscale 17 

convective systems (MCSs; Houze 1993, Nasuno et al. 2007). The leading edges of the 18 

cold pools are identified by a sharp horizontal gradient in temperature. Here, the 19 

maximum absolute values of the difference between neighboring grids in four directions 20 

are used as a measure of the horizontal temperature gradient (Fig. 16, blue lines). Because 21 
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cold pools often merge with each other in SCCs, the leading edges are most clearly 1 

defined along the periphery of the SCCs in round patterns with diameter of O(10 2 

km)−O(100 km). 3 

The locations of in-cloud updrafts (w_max > 1 m s-1) with w_max height < 4 km, 4−8 4 

km, and > 8 km are marked in Fig. 16 (yellow, red, and purple lines, respectively). The 5 

updraft regions with w_max height > 8 km selectively appear over regions with high CTH 6 

and PTH (Fig. 4) and relatively high background temperature, such as the eastern portion 7 

of SCC B (Fig. 16b) and the SCS (Fig. 16c). They are often surrounded by updrafts with 8 

lower w_max height (<8 km) and form a group of updrafts at various altitudes (Fig. 16d). 9 

The updraft regions with w_max height < 8 km are small in diameter (not exceeding 10 10 

km in many cases) and selectively occur on the edges of merged cold pools or in the 11 

center of small cold pools.  12 

In view of the temporal evolution, the updrafts with w_max height > 8 km (= 4−8 km) 13 

are in the latter half (i.e., growing to mature stages) of the life cycles of updrafts of deep 14 

categories (Fig. 12c−e). In the life cycles of updrafts of deep categories, upward motion at 15 

z = 4−8 km continuously transports moisture from the boundary layer to the middle 16 

troposphere (Fig. 14c−d), creating a tight link between convection and vertical circulation. 17 

Cold outflow associated with the mesoscale organized convection (group of updrafts) 18 

systematically triggers new upward motion (e.g., w_max < 4 km) nearby. Updrafts with 19 

w_max height < 4 km often appear in isolated cold pools and in the capped region with 20 
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middle tropospheric subsidence (Figs. 10b, 11a, 16c). These isolated updrafts can 1 

represent shallow categories (Fig. 12a, b). 2 

 3 

4 
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5.   Conclusions 1 

This study analyzes a 3.5-km mesh aquaplanet experiment using a GCRM (NICAM) to 2 

explore statistical properties of in-cloud vertical velocities in the tropics and associated 3 

cloud processes. The simple aquaplanet setup facilitates understanding of basic 4 

mechanisms. The GCRM explicitly calculates moist convection in a nonhydrostatic 5 

framework with simple cloud microphysics including two predictable variables and 6 

diagnostic partition of liquid and solid phases (G98). The horizontal distributions and 7 

vertical profiles of in-cloud vertical motion and water condensates are investigated using 8 

three-dimensional snapshot outputs, and the time evolution of in-cloud updrafts is 9 

examined using the six-level (z = 35 m, 1, 2, 5, 10, and 14 km) and surface outputs at 10 

10-min intervals for a 3-h period. Statistics are calculated for the precipitating columns 11 

(precipitation rate exceeding 0.3 mm h-1 at any level of the column) in the 10°N–10°S 12 

domain.  13 

The statistics of vertical profiles of precipitation rate are compared with those of 14 

TRMM-PR by spectral representation with respect to precipitation top height (PTH), as 15 

was done in S08. The present study applies the convective/stratiform separation proposed 16 

by Tao et al. (1993), which, compared with the method used in S08, provides a shallow 17 

convective component that more closely represents that by TRMM algorithms. The 18 

known biases of generally higher PTH and stronger convective precipitation than 19 

observed (M08; S08; S10) are confirmed. These biases are related to excessive 20 

production of snow and rainwater by use of the simple cloud microphysical scheme 21 
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(M08; S10) as well as insufficient model vertical resolution (S10). Latent heating profiles 1 

are also evaluated using TRMM-LH, and a lack of stratiform heating (cooling) in the 2 

upper (lower) troposphere is found. These discrepancies are expected to be improved by 3 

the use of a more sophisticated cloud microphysical scheme (e.g., NSW6, S10). Despite 4 

these biases, the precipitation and total latent heating profiles generally reproduce the 5 

observed morphology over tropical oceanic regions.  6 

The statistics of simulated vertical velocities are examined by probability distributions 7 

at different altitudes for the precipitating columns. The probability has peak frequencies 8 

on the order of 0.1 m s-1, and the top 10% of updraft cores (> 1 m s-1) have magnitudes of 9 

several meters per second. The former (latter) is mostly found in the anvil regions (active 10 

part) of organized convective systems. These values are in the range found in previous 11 

observations (Deng and Mace 2008; K. Sato et al. 2009; Zipser and LeMone 1980; Lucas 12 

et al. 1994; Yuter and Houze 1995; Igau et al. 1999). 13 

The properties of upward motion are investigated by defining the maximum in-cloud 14 

vertical velocity, w_max (magnitude, height), in each column. Probabilities of w_max 15 

have double peaks (z = 1−4 and 7−12 km), with minima in the middle troposphere. The 16 

horizontal maps of w_max show that the intense (weak) in-cloud upward velocities with 17 

w_max > 1 m s-1 (< 1 m s-1) are small (broad) in area. Their locations are primarily 18 

controlled by dynamical and thermodynamical conditions associated with large-scale 19 

disturbances (e.g., moist Kelvin waves) that spontaneously generated in the GCRM.  20 
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Vigorous upward motions most frequently occur in the upper troposphere as the active 1 

portion of well-organized convective systems (e.g., super cloud clusters, SCCs; super 2 

convective system, SCS). These upward motions are embedded in warm, moist 3 

environments and often surrounded by updrafts with w_max height in the lower to middle 4 

troposphere, forming a group of updraft regions (w_max > 1 m s-1) with horizontal scale 5 

of O(10 km). The updrafts are located on the periphery of the merged cold pools of the 6 

precipitation associated with the mesoscale convective systems (MCSs) that constitute 7 

the SCCs and SCS. In the regions of compensating subsidence of the deep convective 8 

systems, which are sometimes overlapped by the subsiding phase of moist Kelvin waves, 9 

the updrafts tend to be capped below the middle troposphere. These updrafts are mostly 10 

accompanied by isolated cold pools and are small in horizontal size. Contrast between the 11 

regions with large-scale upward motion (e.g., SCCs, SCS) and suppressed regions with 12 

middle tropospheric subsidence is also evident in the two-dimensional histograms of the 13 

CTH−PTH and magnitude−height of w_max. 14 

Composite time evolution of in-cloud updrafts is investigated using the six-level and 15 

surface outputs at 10-min intervals. The updrafts (> 1 m s-1) are categorized by the height 16 

of the maximum vertical velocity in the vertical and temporal survey of each grid 17 

(w_tmax) and composited with respect to the time at which w_tmax occurs.  18 

The w_max = 10 and 14 km categories are initiated in a moist environment throughout 19 

the troposphere, with upper tropospheric clouds remaining for more than 3 h. The w_max 20 

= 5 km category produces the heaviest surface precipitation, which is preceded by 21 
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moisture transport in the lower to middle troposphere. As a result, cold pools and surface 1 

divergence are strongest for this category. This result suggests that middle tropospheric 2 

updrafts most efficiently produce surface precipitation through tight linkage between 3 

dynamics and cloud processes, although their occurrence is rare. The properties of such 4 

middle tropospheric updrafts are further investigated in a companion paper (Nasuno and 5 

Satoh 2010). The categories with w_tmax = 1 and 2 km are initiated under middle 6 

tropospheric subsidence. Their time scales are shorter than those of deep categories. The 7 

differences between deep and shallow categories suggest that the growth of updrafts 8 

substantially depends on the stability, namely humidity in the middle troposphere.  9 

In terms of the ‘hot tower hypothesis,’ the results of the present study suggest that the 10 

most critical factor for determining the depth of convective updrafts is humidity in the 11 

middle troposphere. In this aquaplanet experiment, thermodynamical conditions in the 12 

lower troposphere are nearly the same between the sub-domain around the squall-type 13 

cluster with extremely high cloud tops (SCS) and the sub-domain capped by 14 

compensating subsidence. The convective available potential energy is even larger in the 15 

capped region than in the SCS, but convection in the capped region cannot break into the 16 

dry middle troposphere. This result supports recent observations (Liu and Zipser 2005; 17 

Zipser 2003) and research arguing the importance of entrainment to deep clouds in the 18 

tropics (Fierro et al. 2009).  19 

Many other uncertainties remain after this preliminary study. First, the statistical 20 

significance shown by single snapshot data should be improved by use of a sufficient 21 
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number of samples, although this is not so critical to the aquaplanet case as to realistic 1 

cases. In realistic conditions, the statistics of precipitation and associated vertical motion 2 

are expected to vary with geographical locations, SST distributions, seasonal/annual 3 

cycles, and variations with longer time scales. The dependence on horizontal and vertical 4 

model resolutions is another issue of great relevance. We focus on intense upward motion 5 

in this study, but downdrafts are also relevant to the organization of convective systems. 6 

These subjects will be explored in forthcoming studies using GCRMs. 7 

 8 

9 
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Table captions 1 

 2 

Table 1. 3 

Model vertical levels. The unit is meters. The levels of 10-min interval outputs are 4 

underlined. 5 

 6 

Table 2. 7 

Latitude–longitude ranges of the sub-domains (Figs. 1, 2, 4, 11, and 12) and number and 8 

fraction of precipitating columns in each sub-domain. 9 

10 
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Figure captions 1 

 2 

FIG. 1. 3 

Vertical profiles of (a) (b) convective and (c) (d) stratiform precipitation rates stratified 4 

by precipitation top height (PTH) in (a) (c) TRMM-PR data (ocean) and (b) (d) the 5 

NICAM 3.5-km mesh aquaplanet experiment. Panels (a) and (c) are adopted from Fig. 4 6 

of S08. See the text for the definitions of convective/stratiform precipitation. 7 

 8 

FIG. 2. 9 

Vertical profiles of the latent heating rate from TRMM-LH (black lines) and the 3.5-km 10 

mesh NICAM with convective/stratiform separation in this study (red lines) and in S08 11 

(blue lines). Conditional averages over all the heating columns (plain solid lines) and 12 

those over convective (open circle) and stratiform (closed circle) pixels, weighted by the 13 

fraction of all pixels in the latent heating grid points (0.5 degree) are plotted. For the 14 

TRMM-LH data, averages of oceanic grid points for the period 1998–2008 are shown. 15 

  16 

FIG. 3. 17 

Horizontal distributions of the (a) ice water path and (b) liquid water path (kg m-2) in the 18 

20°N−20°S domain. The boxes indicate the sub-domains shown in Figs. 6, 10, and 11. 19 

 20 

FIG. 4. 21 
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(a) Cloud top height (CTH) and (b) precipitation top height (PTH) in the active 1 

hemisphere. The unit is kilometers. The boxes indicate the sub-domains shown in Figs. 6, 2 

10, and 11. 3 

 4 

FIG. 5. 5 

Two-dimensional histograms of (a) PTH−OLR and (b) PTH−CTH for the 10°N−10°S 6 

domain. The units are 1.0 x 10–2% m w-1 and 1.0 x 10–6% m-2, respectively. The bin 7 

widths for OLR and CTH (PTH) are 10 w m-2 and 1 km, respectively. 8 

 9 

FIG. 6. 10 

Same as Fig. 5b, except for sub-domains including (a) SCC A, (b) the capped region, (c) 11 

SCC B, (d) SCS, and (e) the 10°N−10°S domain. The sub-domains are marked by boxes 12 

in Figs. 1 and 2, and Table 2 gives the number of precipitating columns in each 13 

sub-domain. The units are 1000 (number of precipitating columns). The frequencies were 14 

vertically interpolated to 1-km bins. 15 

 16 

FIG. 7. 17 

Probability distributions of (a) vertical velocity and (b) drafts (|w| > 1 m s-1) at different 18 

altitudes of precipitating columns in the 10°N−10°S domain. The abscissa is logarithmic 19 

in (a). In (b), the numbers of updrafts and downdrafts are exhibited in the right panel. The 20 

bin-width for vertical velocity is 0.1 in logarithm (1 m s-1) in (a) ([b]). The unit is 21 
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percentage. The top 10% (solid lines), 5% (broken lines), 1% (dash-dotted lines), and 0% 1 

(gray lines) of frequencies are also depicted for updrafts and downdrafts, respectively, in 2 

(b).  3 

 4 

FIG. 8. 5 

Horizontal distributions of the (a) magnitudes and (b) height of maximum in-cloud 6 

vertical velocity (w_max) in each precipitating column. 7 

 8 

FIG. 9. 9 

(a) Probabilities of w_max in a log coordinate. The bin width is 0.1 m s-1. (b) 10 

Two-dimensional histograms of magnitude and the height of w_max in the precipitating 11 

columns. The unit is 1.0 x 10–3% m-2 s. The bin widths of magnitude and height are 0.1 m 12 

s-1 and 1 km, respectively. (c) Vertical distribution of the probabilities at different w_max. 13 

The bin width for w_max is 0.5 m s-1. 14 

 15 

FIG. 10. 16 

Two-dimensional histograms of magnitude and height of w_max in the precipitating 17 

columns for sub-domains including (a) SCC A, (b) the capped region, (c) SCC B, (d) SCS, 18 

and (e) the 10°N−10°S domain (marked in Figs. 1, 2). The unit is 1.0 x 10–3% m-2 s. 19 

 20 

FIG. 11. 21 



 53 

Vertical profiles of (a) vertical velocity (m s-1), (b) relative humidity for water saturation, 1 

(c) buoyancy of an air parcel pseudo-adiabatically ascending from z = 110 m (m s-2), and 2 

(d) zonal velocity (m s-1) averaged in the sub-domains including SCC A (no mark), the 3 

capped region (open circles), SCC B (crosses), and SCS (closed circles). 4 

 5 

FIG. 12. 6 

Time series of composite profiles of vertical velocity (color, red contour lines, m s-1) and 7 

amount of total condensates (black contour lines, 1.0 x 10-3 kg kg-1) for columns with 8 

w_tmax (> 1 m s-1) height at z =  (a) 1, (b) 2, (c) 5, (d) 10, and (e) 14 km. (f) Number of 9 

columns with w_tmax (> 1 m s-1) height at z =  1 (black line), 2 (green line), 5 (red line), 10 

10 (blue line), and 14 km (purple line). Six-level (underlined in Table 1) outputs at 11 

10-min intervals for 3 h are used. The base time of the composite is the time at which 12 

w_tmax occurs. Contour lines for vertical velocity are drawn at 0.05, 0.1, and 0.2 m s-1, 13 

0.5 m s-1 intervals, and 0.01 m s-1 intervals (<0.0 m s-1), and those for condensates are at 14 

0.2, 0.4, 0.6, and 0.8 x 10-3 kg kg-1, and 1.0 x 10-3 kg kg-1 intervals. The unit in (f) is 1000 15 

(100) for w_tmax height at z = 2, 5, and 10 km (1 and 14 km). 16 

 17 

FIG. 13. 18 

Same as Fig. 12, but for composite (a) surface precipitation rate (mm h-1), (b) temperature 19 

(K), (c) water vapor content (1.0 x 10-3 kg kg-1) at z = 2 m, and (d) horizontal convergence 20 

at z = 35 m (s-1) for w_tmax (> 1 m s-1) height at z = 1 (black lines), 2 (green lines), 5 (red 21 
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lines), 10 (blue lines), and 14 (purple lines) km. In (b) and (c), deviations from the 3-h 1 

average at all grid points with w_tmax > 1 m s-1 in the 10°N−10°S domain are drawn. 2 

 3 

FIG. 14. 4 

Same as Fig. 12, but for deviations of potential temperature (color, K) and water vapor 5 

content (black contour lines, 1.0 x 10-3 kg kg-1). Deviations from the 3-h average for all 6 

grid points with w_tmax > 1 m s-1 in the 10° N−10° S domain are drawn. Contour lines for 7 

temperature are drawn at -0.2 and -0.1 K, and at 0.5 K intervals, and those for water vapor 8 

are drawn at -0.2 and at 0.2 x 10-3 kg kg-1, and at 0.5 x 10-3 kg kg-1 intervals. 9 

 10 

FIG. 15. 11 

Vertical profiles of (a) convective and (b) stratiform latent heating rate in the aquaplanet 12 

experiment (Fig. 2) against PTH. 13 

 14 

FIG. 16 15 

Horizontal distributions of temperature (shading, K), the temperature gradient (blue 16 

lines) at z = 35 m, and outlines of precipitating regions with w_max > 1 m s-1 at z < 4 km 17 

(yellow lines), z = 4–8 km (red lines), and z > 8 km (purple lines). The domains including 18 

(a) SCC A, (b) SCC B, (c) SCS, and (d) a close-up of SCCB (box in [b]) are displayed. 19 

 20 



Table 1. Model vertical levels. The unit is meters. The levels of 10-min interval outputs are
underlined.

z levels z levels z levels
1 35.5 19 4159.1 37 15449.8
2 110.3 20 4626.2 38 16149.8
3 192.9 21 5120.0 39 16849.8
4 285.7 22 5639.7 40 17549.8
5 391.4 23 6184.2 41 18249.8
6 512.2 24 6752.5 42 18949.8
7 650.2 25 7343.3 43 19649.8
8 807.4 26 7954.8 44 20349.8
9 985.5 27 8585.5 45 21119.8
10 1186.1 28 9233.4 46 22043.8
11 1410.4 29 9896.4 47 23152.6
12 1659.7 30 10572.2 48 24483.16
13 1934.8 31 11258.2 49 26079.832
14 2236.6 32 11951.8 50 27995.838
15 2565.7 33 12650.1 51 30295.046
16 2922.4 34 13349.8 52 33054.095
17 3306.9 35 14049.8 53 36364.954
18 3719.2 36 14749.8 54 40337.985

1



Table 2. Latitude-longitude ranges of the sub-domains (Figs. 1, 2, 4, 11, and 12),
and number and fraction of precipitating columns in each sub-domain.

acronym longitudes latitudes number fraction
SCCA 20◦-50◦W 10◦N-8◦S 118370 27.0
SCCB 20◦-70◦E 10◦N-6◦S 175254 27.2
SCS 97◦-105◦E 5◦N-5◦S 34482 52.8

CAPPED 105◦-123◦E 2◦N-2◦S 13525 23.1
10◦N-10◦S 660981 11.3

2



FIG.1 Vertical profiles of (a) (b) convective and (c) (d) stratiform precipitation rates stratified by pre-
cipitation top height (PTH) in (a) (c) TRMM-PR data (ocean) and (b) (d) the NICAM 3.5-km mesh
aquaplanet experiment. Panels (a) and (c) are adopted from Fig. 4 of S08. See the text for the definitions
of convective/stratiform precipitation.

1



FIG.2 Vertical profiles of latent heating rate from TRMM-LH (black lines) and the 3.5-km mesh NICAM
with the convectivestratiform separation in this study (red lines) and in S08 (blue lines). Conditional
averages over all the latent heating pixels (plain solid lines) and those over convective (open circle) and
stratiform (closed circle) pixels, weighted by the fraction to all pixels in the latent heating grid points (0.5
degree)are plotted. For the TRMM-LH data, averages of oceanic grid points for the period 1998-2008
are shown.

2



FIG.3 Horizontal distributions of the (a) ice water path and (b) liquid water path (kg m−2) in the
20◦N-20◦S domain. The boxes indicate the sub-domains shown in Figs. 6, 10, and 11.

3



FIG.4 (a) cloud top height (CTH) and (b) precipitation top height (PTH) in the active hemisphere. The
unit is kilometers. The boxes indicate the sub-domains shown in Figs. 6, 10, and 11.

4



FIG.5 Two-dimensional histgrams of (a) PTH-OLR and (b) PTH-CTH for the 10◦N-10◦S domain. The
units are 1.0 x 10−2 % m w−1 and 1.0 x 10−6 % m−2, respectively. The bin widths for OLR and
CTH(PTH) are 10 w m−2 and 1 km, respectively.

5



FIG.6 Same as Fig.5b, except for sub-domains including (a) SCC A, (b) the capped region, (c) SCC B,
(d) SCS, and (e) the 10◦N-10◦S domain. The sub-domains are marked by boxes in Figs. 1 and 2, and
Table 2 gives the number of precipitating columns in each sub-domain. The units are 1000 (number of
precipitating columns). The frequencies were vertically interpolated to 1-km bins.
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FIG.7 Probability distributions of (a) vertical velocity and (b) drafts (|w| > 1 m s−1) at different altitudes
of precipitating columns in the 10◦N-10◦S domain. The abscissa is logarithmic in (a). In (b), the numbers
of updrafts and downdrafts are exhibited in the right panel. The bin-width for vertical velocity is 0.1
in logarithm (1 m s−1) in (a) ([b]). The unit is percentage. The top 10%(solid lines), 5%(broken lines),
1%(dash-dotted lines) and 0%(gray lines) of cumulateive frequencies are also dipicted for updrafts and
downdrafts, respectively, in (b).
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FIG.8 Horizontal distributions of the (a) magnitudes and (b) height of maximum in-cloud vertical velocity
(w max) in each precipitating column.
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FIG.9 (a) Probabilities of w max in a log coordinate. The bin width is 0.1 m s−1. (b) Two-dimensional
histograms of magnitude and height of w max in the precipitating columns. The unit is 1.0 x 10−3 % m−2

s. The bin widths of magnitude and height are 0.1 m s−1 and 1 km, respectively. (c) Vertical distribution
of the probabilities at different w max. The bin width for w max is 0.5 m s−1.
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FIG.10 Two-dimensional histograms of magnitude and height of w max in the precipitating columns for
sub-domains including (a) SCC A, (b) the capped region, (c) SCC B, (d) SCS, and (e) the 10◦N-10◦S
domain (marked in Figs. 3, 4). The unit is 1.0 x 10−3 % m−2 s.
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FIG.11 Vertical profiles of (a) vertical velocity (m s−1), (b) relative humidity for water saturation, (c)
buoyancy of an air parcel pseudo-adiabatically ascending from z = 110 m (m s−2), and (d) zonal velocity
(m s−1), averaged in the sub-domains including SCC A (no mark), the capped region (open circle), SCC
B (cross), and SCS (closed circle).
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FIG.12 Time series of composite profiles of vertical velocity (color, red contour lines, m s−1) and amount
of total condensates (black contour lines, 1.0 x 10−3 kg kg−1) for columns with w tmax (> 1 m s−1)
height at z = (a) 1, (b) 2, (c) 5, (d) 10, and (e) 14 km. (f) Number of columns with w tmax (> 1 m
s−1) height at z = 1 (black lines), 2 (green lines), 5 (red lines), 10 (blue lines), and 14 km (purple lines).
Six-level (underlined in Table 1) outputs at 10-min intervals for 3 h are used. The base time of the
composite is the time at which w tmax occurs. Contour lines for vertical velocity are drawn at 0.05, 0.1,
and 0.2 m s−1, 0.5 m s−1 intervals, and 0.01 m s−1 intervals (< 0.0 m s−1), and those for condensates
are drawn at 0.2, 0.4, 0.6, and 0.8 x 10−3 kg kg−1, and 1.0 x 10−3 kg kg−1 intervals. The unit in (f) is
1000 (100) for w tmax at z = 2, 5, 10 km (1 and 14 km).
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FIG.13 Same as Fig. 12, but for composite (a) surface precipitation rate (mm h−1), (b) temperature (K)
at z = 2 m, (c) water vapor content (1.0 x 10−3 kg kg−1) at z = 2 m, and (d) horizontal convergence at
z = 35 m (s−1) for w tmax (> 1 m s−1) height at z = 1 (black lines), 2 (green lines), 5 (red lines), 10
(blue lines), and 14 (purple lines) km. In (b) and (c), deviations from the 3-h average at all grid points
with w tmax > 1 m s−1 in the 10◦N-10◦S domain are drawn.
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FIG.14 Same as Fig. 12, but for temperature (color, K) and water vapor content (black contour lines,
1.0 x 10−3 kg kg−1). Deviations from the 3-h average for all grid points with w tmax > 1 m s−1 in the
10◦N-10◦S domain are drawn. Contour lines for temperature are drawn at -0.2 and -0.1 K, and at 0.5 K
intervals, and those for water vapor are drawn at -0.2 and 0.2 x 10−3 kg kg−1, and at 0.5 x 10−3 kg kg−1

intervals.
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FIG.15 Vertical profiles of (a) convective and (b) stratiform latent heating rate in the aquaplanet exper-
iment (Fig. 2) against PTH.
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FIG.16 Horizontal distributions of temperature (shading, K) and temperature gradient (blue lines) at z
= 35 m, and outlines of precipitating regions with w max > 1 m s −1 at z < 4 km (yellow lines), z = 4-8
km (red lines), and z > 8 km(purple lines). The domains including (a) SCC A, (b) SCC B, (c) SCS, and
(d) a close-up of SCC B (box in [b]) are displayed.
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