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ABSTRACT

In the Indo-Pacific region, mesoscale convective systems (MCSs) occur in a pattern consistent with the

eastward propagation of the large-scale convective envelope of the Madden–Julian oscillation (MJO). MCSs

are major contributors to the total precipitation. Over the open ocean they tend to be merged or connected

systems, while over the Maritime Continent area they tend to be separated or discrete. Over all regions

affected by the MJO, connected systems increase in frequency during the active phase of the MJO. Char-

acteristics of each type of MCS (separated or connected) do not vary much over MJO-affected regions.

However, separated and connectedMCSs differ in structure from each other. Connected MCSs have a larger

size and produce less but colder-topped anvil cloud. For both connected and separated MCSs, larger systems

tend to have colder cloud tops and less warmer-topped anvil cloud. The maximum height of MCS precipitating

cores varies only slightly, and the variation is related to sea surface temperature. Enhanced large-scale con-

vection, greater frequency of occurrence of connectedMCSs, and increased midtroposphere moisture coincide,

regardless of the region, season, or large-scale conditions (such as the concurrent phase of theMJO), suggesting

that the coexistence of these phenomena is likely the nature of deep convection in this region. The increase of

midtroposphere moisture observed in all convective regimes during large-scale convectively active phases

suggests that the source of midtroposphere moisture is not local or instantaneous and that the accumulation of

midtroposphere moisture over MJO-affected regions needs to be better understood.

1. Introduction

Deep convective systems are a prominent feature of

tropical convection, precipitation, and upper-level clouds.

These cloud systems play important roles in modulating

diabatic heating and affecting the general circulation

(Houze 1982; Hartmann et al. 1984; Schumacher et al.

2004; etc.). Deep convective systems are also an im-

portant source of upper-level ice clouds and moisture.

The upper-level water vapor and cirriform clouds are

crucial factors for better understanding climate feed-

back. The deepness of convection and the efficiency of

deep convection to produce upper-level clouds need to

be better understood for their potential impacts on

cloud feedback (Hartmann et al. 2001; Lindzen et al.

2001). Deep convective cloud systems are thus key fac-

tors in understanding global weather and climate. The

objective of this study is to document specifically the

population, structure, and organization of deep con-

vective systems associated with the Madden–Julian os-

cillation (MJO; Madden and Julian 1971) to help

understand the fundamental nature of tropical deep

convection, to determine how deep convection varies

with tropical environmental conditions, and to assess its

role in the MJO.

The MJO dominates the variability of tropical con-

vection in the Indo-Pacific region at the intraseasonal

time scale (20–100 days). Since the 1970s, much effort

has been expended to explore MJO characteristics,

structure, initiation, propagation, and its important

effects on weather and climate, including tropical cy-

clone activity, monsoons, El Niño–Southern Oscilla-

tion, and extratropical weather [see reviews byMadden

and Julian (1994), Lau and Waliser (2005), and Zhang

(2005)]. While its effects on a broad spectrum of weather

events and climate variability have been recognized and

extensively documented,most current general circulation

models (GCMs) have difficulty reproducing even the

gross features of theMJO (Lin et al. 2006; Hartmann and
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Hendon 2007). For GCMs capable of reproducing some

salient features of the MJO, the precipitation is generally

too weak and the observed coherence between pre-

cipitation and low-level zonal wind associated with the

MJO in general is not reproduced (Zhang et al. 2006).

A variety of factors are candidates for improving the

MJO simulation in GCMs, cumulus parameterization,

model mean background state, air–sea interaction, and

model resolution [see review by Zhang (2005)]. Among

these factors, deficiencies in the cumulus parameteri-

zation in GCMs have long been considered a primary

limiting factor to simulating the MJO. GCMs that re-

produce some (but not all) observed MJO features have

shown great sensitivity to treatments affecting cumulus

convection, which include the entrainment rate (Tokioka

et al. 1988), types of closure (Slingo et al. 1996), treatments

of convection that directly affect the lower- and mid-

troposphere moisture conditions (Wang and Schlesinger

1999; Maloney and Hartmann 2001; Zhang and Mu

2005; etc.), the model vertical resolution that affects the

representation of moistening effect of midlevel clouds

(Inness et al. 2001), vertical heating profiles (Park et al.

1990; Zhang and Mu 2005; Li et al. 2009), and the use of

explicit cloud-resolving schemes capable of simulating

mesoscale structure of convection (e.g., Grabowski 2001;

Miura et al. 2007; Khairoutdinov et al. 2008; Benedict

and Randall 2009). The crucial role of cumulus param-

eterization in simulating the MJO in climate models

points to the need for better understanding of the nature

and variability of deep convective systems in the MJO.

Gross convective features and large-scale thermody-

namic and dynamic structures of the MJO have been

documented since the 1970s via field observations, sat-

ellite data, and reanalysis fields (Madden and Julian

1994; Zhang 2005). Owing to their large spatiotemporal

coverage, satellite observations of radiation, clouds, and

precipitation have become an important avenue to ex-

plore this intraseasonal large-scale phenomenon. In

the past few decades, the use of domain-mean values or

patterns of tropical precipitation and cloudiness has been

the main way to represent large-scale tropical convection

in both observations and model diagnosis. However,

studies based on infrared satellite images have shown that

deep cloud clusters exhibit rich multiscale temporal and

spatial variability within the MJO (e.g., Nakazawa 1988;

Lau et al. 1991; Sui and Lau 1992; Hendon and Liebmann

1994; Chen et al. 1996).

The use of mean cloud patterns in satellite-based

studies obscures the fact that convection occurs in cloud

clusters and exhibits different forms of organization,

characterized by horizontal size, deepness, and locations

relative to other systems. Such structural differences

in deep convective systems have been shown to be

associated with different physical characteristics and

environmental conditions of convective systems; in par-

ticular, clustering of MCSs is favored by oceanic condi-

tions and tends to produce more thick anvils and thus

more ‘‘stratiform’’ dynamic and microphysical processes

(Yuan and Houze 2010, hereafter YH10; Yuan et al.

2011, hereafter YHH11). Larger fractions of stratiform

rain are found in precipitation features with larger hori-

zontal extent in both South Asian premonsoon and

monsoon (Romatschke and Houze 2011a,b). The size of

precipitation features might be related to some ‘‘criti-

cal’’ values of atmosphere column water vapor path as

suggested by Peters et al. (2009). These physical char-

acteristics are crucial for understanding precipitation

processes and determine the diabatic heating structure,

which affects structures of large-scale tropical circula-

tion (Houze 1982, 1989; Hartmann et al. 1984; Raymond

1994, 1995; Schumacher et al. 2004; etc.). A recent study

also suggested that domain-mean properties of cloud

and precipitation could not effectively reflect variability

in physical processes of convection during the MJO

(Tromeur and Rossow 2010).

Tropical convective systems with wide ranges of sizes

have long been observed based on precipitation and

cloud measurements from radars, microwave imagers,

and infrared and visible sensors (Lopez 1977; Houze and

Cheng 1977; Cheng and Houze 1979; Williams and

Houze 1987; Mapes and Houze 1993; Mohr and Zipser

1996; Chen et al. 1996; YH10; and others). Early theo-

retical and modeling studies also suggested that tropical

deep convection has the tendency to self-aggregate, with

new deep convection favored in the vicinity of past

convection (Held et al. 1993; Mapes 1993; Tompkins

2001; Bretherton et al. 2005). A ‘‘moisture–stratiform

instability,’’ which relates the midtroposphere moisture

deficit to the second baroclinic mode of convective

heating (i.e., stratiform precipitation or congestus clouds)

has been suggested as being important for determining

the large-scale wave growth at wavelengths close to MJO

scale (Kuang 2008). Haertel et al. (2008) demonstrated

the sensitivity of the MJO to the relative amounts of

deep, medium, and shallow convection in the cloud

population. Despite all of these studies, mechanisms de-

termining the organization and upscaling of deep con-

vection remain poorly understood and are considered to

be a fundamental factor limiting our ability to reproduce

MJO features in GCMs (Zhang 2005). Hence, better

understanding of the variability of the population and

structure of deep convective systems should provide in-

sight into the processes that lead to large-scale intra-

seasonal variability of precipitation and clouds and fuel

future research for better understanding the moist con-

vection. That is the goal of this study.
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Infrared images from geostationary satellites provide

excellent temporal resolution for cloud-cluster tracking

but with limited quantitative information on physical

properties of precipitation and clouds because the in-

frared channel used (usually 11 mm) quickly saturates

when deep clouds are present. On the other hand,

present-day lower-orbit satellites carrying multiple

passive and active remote sensing instruments provide

collocated comprehensive and more physically based

estimates of precipitation and cloud properties, which

construct a suitable set of data to comprehensively study

deep convective systems (Mohr andZipser 1996; Nesbitt

et al. 2000; Zipser et al. 2006; Romatschke and Houze

2010; YH10; YHH11). The trade-off is the relative lack

of spatiotemporal coverage of the cloud systems, mak-

ing the life-cycle tracking of each individual system

impossible. In YH10 deep cloud systems were objec-

tively identified by combining CloudSat Cloud Profiling

Radar (CPR) data with co-orbiting satellites of the

A-Train constellation (Stephens et al. 2002; L’Ecuyer

and Jiang 2010). Specifically, YH10 used data from the

Advanced Microwave Scanning Radiometer for Earth

Observing System (EOS) (AMSR-E) and the Moder-

ate Resolution Imaging Spectroradiometer (MODIS;

King et al. 1996) on board the National Aeronautics

and Space Administration (NASA)’s Aqua satellite to

identify precipitating cores and nonraining anvil clouds

of deep cloud systems so that anvil clouds could be

separated from their parent MCSs for study with

CloudSat. This A-Train-based database of MCSs al-

lows analysis of detailed properties/structures of deep

convective systems when combined with other A-Train

measurements toward better understanding of pro-

cesses related to deep convection. In this study, we use

cloud systems identified in YH10 to investigate prop-

erties and organization of deep convective systems in

relation to the MJO.

Data and methodology used in this study are in-

troduced in section 2. Occurrence of deep convective

systems in Indo-Pacific region during MJO is examined

in section 3. The variability of the characteristics of me-

soscale convective systems and whether these chara-

cteristics are influenced by the MJO are the focus of

section 4. Moisture field associated with mesoscale

convective systems is analyzed in section 5, with con-

clusions and summary in section 6.

2. Data and methodology

a. Data sources and technique for identifying MCSs

This study is based on four data sources: MODIS

cloud product (MYD006_L2; Platnick et al. 2003),

AMSR-E instantaneous precipitation retrievals (AE_Rain),

AMSR-E-retrieved daily sea surface temperature (SST),

and the European Centre for Medium-Range Weather

Forecasts (ECMWF) InterimRe-Analysis (ERA-Interim).

We use the same method to define categories of deep

cloud systems as in YH10. Our technique combines infor-

mation from MODIS and AMSR-E since neither sensor

alone provides a satisfactory description of an MCS,

which is defined in terms of the size and coldness of the

cloud top together with the size, intensity, and sub-

structure of the rainfall of a convective entity. We use

the brightness temperature of MODIS channel 31 of

10.8 mm (Tb11) to determine the cloud-top properties,

and the instantaneous precipitation retrieval from the

AE_Rain product (Kummerow et al. 2001; Wilheit et al.

2003; Kummerow and Ferraro 2007) to determine the

rainfall properties. Tb11 is used to identify the cloud

tops exceeding certain degrees of coldness and breadth.

Criteria for determining whether the cloud top and

rainfall meet criteria associated with an MCS are dis-

cussed by YH10 and are based on the statistical distribu-

tions of the satellite-observed quantities and descriptions

of MCSs in the literature. The features of high-cloud

systems identified by these criteria are listed in Table 1,

which is adapted from YH10. To identify an observed

cloud system as an MCS, we first use Tb11 to identify

specific features of cloud-top temperature and rainfall

separately. Using the terminology of the table, high-

cloud complex (HCC) is first identified as a region of

cold cloud, which is then subdivided into one or more

high-cloud systems (HCSs), which are cold centers

within theHCC. Then we use AMSR-E to locate raining

areas [precipitation features (PFs) in Table 1]. If a PF

coincides with an HCS, it constitutes the raining core

(RC) of the HCS.Within the RC we identify each heavy-

rain area or HRA. From these features, we determine

that anHCS is anMCS if it satisfies the four criteria listed

in Table 1. These criteria assure that the cloud top is cold

enough over a broad-enough area, reaches a sufficiently

low temperature (high top), has a big-enough rain area

and that the rain is intense enough to be consistent with

the generally recognized criteria of MCSs. The MCSs so

identified are further categorized according to whether

they are either separated MCSs (SMCSs) or connected

MCSs (CMCSs). The latter are MCSs connected by a

common PF with at least two other MCSs and probably

are a result of mergers of MCSs (Williams and Houze

1987; Mapes and Houze 1993).

The separation of SMCSs and CMCSs is based solely

on their spatial structure as determined by multiple sen-

sors. The definition is not based on any a priori assump-

tion of physical or dynamic differences.However, previous

results based on this classification have consistently
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shown that differences between CMCSs and SMCSs

likely occur for physical reasons. As shown in YH10

(Fig. 9), and as will be presented later in this paper, these

two categories of activeMCSs favor different large-scale

environments. Both small and large separated MCSs

occur ubiquitously in continental convective regions

while large separated MCSs are preferred in the mari-

time continental environment. The connected MCSs

occur most frequently over warm oceans, possibly for

the reasons discussed in YH10 (e.g., sustainability of

the moisture supply). The vertical structures observed

by the CloudSat CPR (Figs. 12–13 in YH10) show that

continental MCSs have lesser amounts of very thick

anvil clouds and more thin anvil clouds, consistent with

different microphysical processes occurring over land

and ocean. YH10 also showed that CMCSs have lesser

amounts of thinner anvil clouds and suggest that their

spatial organization (tendency to cluster close together)

is likely one reason for this difference. YHH11 further

showed that thick anvil clouds close to their precipi-

tating cores in the CMCSs have less spread in the values

of radar reflectivity factor in the upper portions of

clouds, which might indicate that more cloud particles

are from stratiform-type microphysics processes. These

previous results are, moreover, generally consistent with

previous findings from ground-based cloud-radar mea-

surements (Cetrone and Houze 2009).

Table 1 details more specifically the criteria used to

determine each of these features identified in MODIS

and AMSR-E data. The HCCs are defined as spa-

tially contiguous pixels with Tb11 , 260 K. YH10 found

that the 260-K contour includes almost all anvils with

tops above 10 km and thicker than 6 km (verified by

CloudSat Cloud Profiling Radar). The information

about the extent and intensity of the rain within pre-

cipitating portions of each HCS obtained from the

AMSR-E rain-rate product showed that active meso-

scale convective systems (MCSs) defined in this way are

responsible for 56% (YH10) of total tropical rainfall and

thus represent the primary latent heat source of differ-

ent tropical zones.

To understand the dynamic/thermodynamic fields

associated with the identified MCSs in this study we use

pressure-level daily fields of vertical and horizontal veloc-

ities, temperature, and humidity from the ERA-Interim

(Dee et al. 2011). In addition, the daily-mean SST, pre-

cipitation, column-integrated water vapor path (WVP)

derived from AMSR-E is obtained from Remote Sensing

Systems, which is a microwave-based retrieval (Wentz

and Spencer 1998) providing optimally interpolated (OI;

Reynolds and Smith 1994) SST at 1/48 (;25 km) resolu-

tion. In this product, the impact of daytime solar heating

on SST is estimated and removed using a simple empirical

model of diurnal warming (Gentemann et al. 2003) so that

both good daytime and nighttime retrievals provide

nearly complete global coverage each day. Additional

quality control processes remove the contamination of

SSTs by rain. Comparisons with in situ buoy measure-

ments show that microwave-retrieved SST has a 0.088C
mean bias and 0.578C standard deviation (Gentemann

et al. 2004). As shown in Wentz and Spencer (1998),

based on the same retrieving algorithm, the mean dif-

ference betweenWVP retrieved from the earlier version

of microwave imager and quality-controlled radiosonde

data is negligible for all weather conditions. Under

nonraining conditions the variance of the difference is

TABLE 1. Features identified in YH10 by automated algorithms applied to the MODIS Tb11 and AMSR-E AE_Rain data products. The

cloud-top minimum temperature Tb11RC1min is defined as the mean Tb11 of the coldest decile of the largest rain core (RC1).

Abbreviation Name Definition

HCC High-cloud complex Region of MODIS Tb11 contained within a single 260-K isotherm

HCS High-cloud system Portion of HCC associated with a particular minimum value of Tb11

PF Precipitation feature Region of AMSR-E AE_Rain parameter surrounded

by 1 mm h21 contour

RC Raining core Portion of any PF overlapping and/or located within an HCS

HRA Heavy-rain area Portion of PF greater than 6 mm h21

MCS Mesoscale convective system Any HCS whose largest RC satisfies the following criteria:

1) Exceeds 2000 km2 in total area

2) Accounts for more than 70% of the total area with rain rate

greater than 1 mm h21 inside the HCS

3) Minimum cloud-top temperature above the RC (indicated by Tb11RC1min)

is less than 220 K

4) More than 10% of RC is occupied by HRAs

Separated MCS The largest RC of the MCS is part of a PF that contains less than three dominant

RCs of any MCS.

Connected MCS The largest RC of the MCS is part of a PF that contains dominant

RCs of at least three MCSs.
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nearly zero while under heavy-rain conditions the root-

mean-square of their difference is about 2.5 mm.

b. Gridding of data

As described in YH10, the MODIS Tb11 and the

AE_Rain precipitation at their footprint resolutions and

the precipitation data were preprocessed to match each

MODIS pixel. SST, precipitation, and WVP data from

Remote Sensing Systems (http://www.ssmi.com) are

provided at 25 km 3 25 km resolution; they are re-

gridded to 1.58 to match the ERA-Interim data for

analysis in section 5. Dynamic and thermodynamic pa-

rameters from ERA-Interim are kept at their original

resolution as provided (1.58 3 1.58).

c. MJO phases and the phase composite

The MJO phases are defined using the MJO index of

Wheeler andHendon (2004, hereafterWH04). This index

is based on the first two empirical orthogonal functions

(EOFs) of the combined fields of near-equatorially-

averaged zonal winds at 850 and 200 hPa and satellite-

observed outgoing longwave radiation (OLR). Further

details are online at http://cawcr.gov.au/staff/mwheeler/

maproom/RMM/ as well as inWH04. This index captures

variability on the intraseasonal time scale of the MJO

and thus can identify the MJO without time filtering. To

stratify variability associated with the MJO we further

limit our analysis to strong MJOs in boreal winters only

(i.e., daily MJO indices with amplitude greater than one

during October–April). Our analysis contains about

13–15 MJOs over 4 yr.

The WH04 daily index identifies eight phases of the

MJO related to different geographical locations of the

large-scale convective centers of the MJO. Our phase

composites are calculated by

Vj 5

�
N

j

i51

Vij

Nj

, (1)

where V is the variable under investigation (SST, pre-

cipitation, etc.),Nj is the total number of days of phase j,

and Vij is the daily mean of V in the ith day of phase j.

In a previous study, Roundy et al. (2009) showed that

the daily real-time multivariate MJO (RMM) (WH04)

index is very noisy and does not always correspond to

the MJO, even when its amplitude is greater than one.

Hence we also perform a test based on the 5-day running

mean of the RMMs. We found our composites based on

two methods show almost the same results. Thus we

conclude that the day-to-day noise would not signifi-

cantly change our conclusions based on the large sample

composite. Additionally, A-Train satellites fly over the

equator only at 0130 and 1330 local time so that our

sample cannot resolve the diurnal cycle of deep con-

vection. However, according to this study, we found

similar results either using daytime or nighttime data

alone. Therefore, we show results based on all mea-

surements combined.

3. Occurrence of deep cloud systems during the
MJO over the Indo-Pacific warm-pool region

a. Large-scale features

We start by constructing composites of the major

large-scale variables used in this study. The composite

large-scale features associated with the thermodynamic

conditions (SST), adiabatic processes (500-hPa-level

vertical velocity v500), and convection (represented by

AMSR-E rainfall) of the eight WH04 MJO phases are

shown in Fig. 1. The results show awell-definedMJO life

cycle composite over the Indo-Pacific region. Figure 1a

shows that large-scale precipitation (convection) starts

and becomes organized in phases 2 and 3, as indicated by

widespread intense precipitation over the eastern Indian

Ocean (EIO). Then the large-scale convective center

propagates eastward across the Maritime Continent

(MA; phase 4, 5), on to the western Pacific Ocean (WP;

phases 6, 7), and finally to the South Pacific convergence

zone (SPCZ; phases 8, 1). The variance of precipitation

across the eight MJO phases over the MA region is less

than that of surrounding oceans. Possible factors con-

tributing to this characteristic are likely: the stronger

diurnal cycle in convection in MA region (Houze et al.

1981; Churchill and Houze 1984; Williams and Houze

1987) competes with the MJO for moisture and energy;

topography interferes with the low-level moisture con-

vergence believed to be crucial to the MJO (Salby and

Hendon 1994; Wang and Li 1994; Zhang and Hendon

1997); insufficient surface evaporation from the thinner

effective surface mixed layer over the MA region in-

hibits organized convection (Maloney and Sobel 2004;

Sobel et al. 2008). The large-scale midtroposphere up-

ward motion (Fig. 1b) shows coherent patterns with

precipitation in all phases, which is not surprising since

the latent heat release and the adiabatic cooling are

major terms determining the atmospheric energy bal-

ance over deep convective regions. The SST varies sys-

tematically in relation to the convection, especially over

the EIO, where anomalies reach 28C. The anomalies over

the EIO peak in the restoring and preonset phases (8, 1),

decrease when convective activity is maximum (phases

2, 3), reach their minimum in the following convective

weakening stage (phases 4, 5), and begin to recover
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FIG. 1. Composites of daily mean of (a) AMSR-E sea surface temperature, (b) ERA-Interim vertical pressure velocity at 500 hPa (v500),

and (c) AMSR-E instantaneous rainfall rate in eight phases of the MJO. The composites are based on 4 yr (2007–10) of data.
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upward in the suppressed stage (phases 6, 7). The phase

difference between SST and precipitation (i.e., the SST

anomaly leads the precipitation anomaly) is consistent

with previous MJO studies (Stephens et al. 2004; Lau

and Wu 2010).

b. Contributions to the clouds and precipitation
of deep convection

Since the composite MJO life cycle (Fig. 1) captures

the large-scale signals of large-scale deep convection,

adiabatic processes, and sea surface conditions over the

Indo-Pacific region, we have confidence to further ex-

plore the variability and organization of deep convective

systems under the same framework. For this purpose, we

make use of the categories of MCSs defined by YH10

(Table 1). In subsequent discussions, we will refer to the

smallest (largest) 25% of the SMCSs as small (large)

SMCSs. Figure 2 shows the spatial distribution of the

number concentration of CMCSs, large SMCSs, and

small SMCSs. The frequency of each type strongly de-

pends on whether they occur over ocean or over the is-

lands of the MA. CMCSs form mostly over the open

ocean, while large SMCSs occur most frequently over

the MA. Small SMCSs slightly favor the island region,

and their occurrence has less phase dependence over the

oceans. These different island versus sea behaviors were

found in YH10 to be a characteristic of deep convective

systems over the whole tropics. One possible reason is

that the ‘‘sustainability’’ of MCSs over warm oceans

favors the formation of stratiform precipitation region

(Yuter and Houze 1998).

The occurrence of MCSs shown in Fig. 2 is generally

consistent with the precipitation patterns shown in Fig. 1.

Increased numbers of MCSs accompany enhanced large-

scale precipitation over all regions, except that the con-

vective systems take different forms: CMCSs dominate

over oceans, while large SMCSs dominate over the MA

region.Although the variation in number of small SMCSs

is similar to other types ofMCSs, they only produce about
1/10 asmuch precipitation as large SMCSs (YH10). That is,

higher occurrences of the smallest SMCSs are not con-

nected with increased precipitation.

Figures 1 and 2 both suggest that differences within

each pair of the four biphase groups—(8, 1), (2, 3), (4, 5),

and (6, 7)—are much smaller than differences between

different pairs. So to reduce the complexity of our re-

sults we construct composites of these four biphases, and

we further limit our regional analysis to be close to 108S–
108N since in boreal winter most of the MJO convective

signal is in this tropical belt (Figs. 1 and 2). We further

divide our analysis into four subregions to fully explore

the spatial and temporal discrepancies/consistencies of

the behavior of deep convective systems in the MJO

(Fig. 3). To demonstrate the dependence of MCSs on

underlying surface types, theMA subregion is defined to

consist mainly of island areas. Figure 4 shows the con-

tributions to cloud cover and total precipitation of deep

convective systems in the four subregions. To test the

robustness of our results we performed t tests on the

mean of daily-averaged value of each variable for each

subregion. The effective numbers of degrees of freedom

were estimated following Bretherton et al. (1999) based

on temporal autocorrelation coefficients computed us-

ing daily-mean time series of each variable.

The fractional coverage (percentage of total area

covered) of CMCSs, SMCSs, and HCSs excluding active

MCSs (HCSXs) show the same phase variation for all

subregions (Fig. 4). They all peak at the local active

phases of theMJO and reach their minima in suppressed

phases, indicating the overall increase and decrease of

the total convective activity, respectively. The total

fractional coverage of these three types of high-cloud

systems varies greatly (up to 1.5–2.5 times; Fig. 4a4),

which suggests that the domain-mean changes in con-

vective impacts on the MJO in each subregion might

result from significant changes in the spatial coverage

and/or intensity of the largest horizontal scales of con-

vection. Among the four subregions, the EIO (WP)

exhibits the largest (smallest) variation [2.5 (1.5) times].

This difference in magnitude of variation is consistent

with the SST variation shown in Fig. 1, which also shows

that largest/smallest variations in both the pattern and

magnitude of SST are observed in EIO/WP.

Despite the similar temporal variation, there are two

notable differences in the nature of the fractional cov-

erage among different regions and different types of

deep convective systems:

1) In theMA,CMCSs have the least fractional coverage

overall compared to the other three oceanic sub-

regions, consistent with Fig. 2.

2) The relative change of the fractional coverage of

CMCSs appears to be the largest among the three

types of systems in all subregions. This variation is

most pronounced in the EIO, where the fractional

coverage of CMCSs varies up to 5 times compared to

2.5 times for SMCSs.

A similar behavior can be distinguished in the relative

contribution to precipitation (percentage of total pre-

cipitation produced). Figures 4b1–b3 show that in terms

of their contribution to rainfall, only CMCSs share

a marked variation from phase to phase in the relative

contribution to precipitation. Comparison of Figs. 4a4

and b4 shows that although these high-cloud systems

only cover 20%–40% of the area, they produce 60%–

90% of total latent heat in any phase of the MJO and in
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FIG. 2. Number concentration ofMCSs observed during the eight phases of theMJO.ActiveMCSs are divided into (a) the smallest 25%

of SMCSs, (b) the largest 25% of SMCSs, and (c) CMCSs. The number concentration is defined as number of systems instantaneously

observed in a 1000 km 3 1000 km box.
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any geographical subregion. This fact indicates the pri-

mary role of mesoscale cloud systems in determining

the latent heat structure of the MJO-affected regions

of the tropics. The major change in the cloud population

of the MJO is that the latent heat release could be

largely influenced by CMCSs in the active phase of the

MJO, especially in the EIO region. This fact has impli-

cations for the vertical distribution of latent heating since

the CMCSs are likely to have the largest stratiform com-

ponents and thusmore top-heavy heating profiles (Houze

1982, 1989).

4. General characteristics of deep convective
systems over the Indo-Pacific region

Section 3b shows that the prevalence of deep con-

vective systems varies systematically in relation to

phases of the MJO. Now we explore whether detailed

characteristics of the systems themselves also vary from

one MJO phase to the next. More specifically, we inves-

tigate the change in anvil cloud production and overall

deepness of cloud systems from convectively active to

suppressed conditions.

a. Anvil cloud production

As defined in YH10, the activeMCSs identified by our

methodology are considered to be in a relatively mature

stage, meaning that they must contain one dominant

large raining core (Table 1). The systems not identified

by the methodology as active MCSs could be growing or

decaying MCSs or systems never becoming MCSs.

These other life cycle stages cannot be determined from

the twice-daily A-Train data. Our methodology thus

allows us to focus specifically on the active, mature

MCSs, and to quantify anvil production for those sys-

tems. In doing so, we consider two parameters: the size

of the system and the ratio R of the area of its largest

raining core to its overall area. This ratio is related to the

efficiency of a system to produce anvil clouds (the part of

a HCS lying outside of its raining cores).

As described in section 3b, we divided our sample into

four biphases and four subregions, yielding a total of 16

ensembles of active MCSs. Examination of these en-

sembles shows that for each type of active MCS (CMCS

or SMCS), the size distribution does not have distinct

relationships with either the phase of MJO or the sub-

regions. However, all ensembles robustly produce a dif-

ference in size distributions between different types of

MCSs. Figure 5a shows that the CMCSs have relatively

more large systems than SMCSs. Similar information is

found for R; differences between two types of MCSs are

much greater than variability within each type of MCS.

Figure 5b illustrates that CMCSs consistently generate

less anvil cloud for the same size of raining area for all

sizes; that is, CMCSs are systematically more efficient at

producing precipitation than are SMCSs. The closely

located curves based on the largest raining core (RC1)

and the total raining area show less than a 10% differ-

ence for all sizes, which suggest that the RC1s in fact

represent the dominant cores of MCSs. In YH10 an area

of 2000 km2 is used as the threshold of size of RC1 to

identifyMCSs, which sets the lower limit ofR. As shown

in Fig. 5b, it is apparent that for very small systems the

magnitude of R is constrained by this threshold limit

while for larger systems the much lower value of the

threshold limit unlikely regulates the R. Because the

areal coverage is determined primarily by large systems

(one can roughly derive that based on Fig. 5a), the

overall areal-weighted R is approximately 0.32 and 0.22

for CMCSs and SMCSs, respectively. Therefore, SMCSs

produce on average greater than 67% more anvil cloud

for the same size of raining area. One factor resulting in

the lower efficiency of CMCSs to produce horizontal

extensive anvil clouds is likely the relative spatial loca-

tions of this type of MCSs. As defined in YH10, CMCSs

share a common precipitation feature (i.e., spatially

contiguous precipitating area observed by AMSR-E)

among multiple MCSs, which means this type of MCS is

clustered together, leaving less space for outer, thinner

anvil. CloudSat radar data lead to a similar conclusion

(YH10).

b. Deepness of MCSs indicated by the brightness
temperature distribution for all Indian Ocean
and western Pacific MCSs

The vertical structure of convective clouds is impor-

tant for understanding the precipitation processes, the

moistening effect on the troposphere, and the cloud

radiative heating profile. Bulk and internal properties of

MCS clouds, including likely microphysical mecha-

nisms, were obtained by YH10 and YHH11 using the

merged MCS dataset of the present study along with

CloudSat CPR measurements. However, because of the

FIG. 3. Definition of the four subregions used in this study:

eastern Indian Ocean (EIO), Maritime Continent (MA), north-

western Pacific (NWP), and southwestern Pacific (SWP).
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small sample size of CloudSat CPR the analysis could

only be applied to all systems (i.e., not broken down into

subsets). The passive cloud remote sensing retrievals

only capture the column-mean properties from the tops

of clouds. However, the larger sample size and the

physically based relationship between clouds and the

Tb11 provide valuable information on the variability of

the vertical structures of MCSs.

Figure 6 shows the variability of the probability den-

sity function (PDF) of the Tb11 patterns of three types

FIG. 4. Contributions to daily-mean (a) cloud cover and (b) total precipitation by (top to bottom) CMCSs, SMCSs,

HCSXs, and areas outside of HCSs in the four biphases of theMJO in EIO,MA, NWP, and SWP regions. Error bars

represent t tests (95% significant levels) based on daily means.
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of high-cloud systems. To compute the PDF we first

discretized the Tb11 and the size of MCS intoYT andXS

bins, respectively. Then we sorted one type of system

into Xs groups according to their size. For each group

the PDF (Pik) of Tb11 of each system’s raining portion

or anvil portion is computed as

Pik 5
Aik

Sk
, (2)

with i 5 1, 2, . . . YT and k 5 1, 2, . . . Nj.

In (2) Sk is the area of the raining/anvil portion of the

kth system, Aik is the area of its raining/anvil portion

falling in the ith bin of Tb11, and Nj is the total number

of systems in the jth size bin. Themean PDF (Pij) of each

group can be computed either as

Pij 5

�
N

j

k51

PikSk
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j
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(3a)

or

Pij 5

�
N

j

k51

Pik

Nj

, (3b)

with i 5 1, 2, . . . YT and j 5 1, 2, . . . Xs.

Practically, we found that (3a) and (3b) produce very

similar results and here we only present results com-

puted by using (3a). Values of Pij were computed for

CMCSs, SMCSs, and HCSXs separately. Because no

significant/robust difference was found among different

subregions and different MJO phases, we use data from

the whole Indo-Pacific region from all phases.

The 10.8-mm channel is an atmospheric window chan-

nel, within which gases and aerosols in the atmosphere

only lightly absorb radiation without the presence of

clouds. Hence, for deep clouds (optically thick with high

cloud tops), Tb11 is usually a good index of cloud-top

height, especially for deep precipitating clouds. On the

other hand, the interpretation of Tb11 of nonprecipitating

anvil clouds could easily result from cloud properties

other than the cloud-top height (YHH11). Therefore, we

separate the cloud tops located over the raining cores of

cloud from those of the nonprecipitating anvil portions

(left and right columns of Fig. 6).

Figures 6a and 6c shows that the raining cores of active

MCSs tend to have a single dominant mode, with a value

less than 220 K (equivalent to the emission level of

12–13 km).We take this value to be themost likely cloud-

top (emission level) temperature over the raining cores

of the type of deep convective system under consider-

ation. Precipitation areas within HCSXs have warmer

cloud tops, especially for the smallest systems, whose

cloud tops shift to a warmer mode between 255 and

260 K (;6.5 km). This warmer mode is likely related to

precipitating congestus clouds or growing systems not

having yet reached maximum height. All Tb11 distri-

butions have strong size dependencies, for which raining

FIG. 5. (a) Size distribution of SMCSs (dotted) and CMCSs

(solid). (b) Ratios of the area of the largest raining core (RC1,

dotted and solid) and total raining area (RC, dotted and solid with

squares) of MCSs to their overall area. The solid line with circles

(threshold limit) shows the ratio of the threshold area of 2000 km2

to the size ofMCSs.AllMCSs in the Indo-Pacific warm-pool region

(108S–108N, 758E–1808) in all phases of winter-season strong-MJO

periods are included in the 4-yr data sample used in this study.

Error bars represent t test 95% significant levels.
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cores of larger active MCSs have colder and narrower

Tb11 distributions. This behavior suggests that larger

precipitating cores usually penetrate deeper and have

less horizontal heterogeneity, which may partly be due

to relatively less entrainment of dry air in the case of

larger precipitating cores (Lucas et al. 1994a,b) and

likely larger stratiform fractions within large systems

(Romatschke and Houze 2011a,b). Rain cores of

CMCSs appear to have slightly narrower/colder distri-

butions, which might be because CMCSs in general have

FIG. 6. PDFs of the field of cloud-top Tb11 values are shown in gray shades as functions of HCS size, for the entire

Indo-Pacific region (108S–108N, 758E–1808), for all phases of strong winter-season MJO periods. (a),(c),(e) Raining

cores of three categories of HCSs. (b),(d),(f) As in (a),(c),(e), but for anvil clouds. Dotted black, solid white, and solid

black lines represent the 10th, 50th (median), and 90th percentiles, respectively.
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larger raining cores, they are clustered together, and

they generally have larger stratiform regions.

The anvil clouds in large active MCSs have warmer

and broader Tb11 distributions than over the raining

cores. According to YH10 and YHH11, we should ex-

pect this result because compared to the raining cores

anvils have 1) slightly lower cloud tops, 2) overall lower

cloud-hydrometeor contents, and/or 3) larger variability

in the amount and properties of hydrometeor contents.

Factors 1 and 2 result in lower emission levels and factor

3 induces broader distributions. The fewer occurrences

of anvil clouds with warmer cloud tops (.240 K) for

large CMCSs compared to that of SCMCs is also con-

sistent with the fact that CMCSs have a lesser amount of

thinner anvil cloud (section 4a above and YH10). A

warmer mode starts to present itself in the Tb11 distri-

bution of anvil clouds as MCS size decreases, and it

becomes dominant in smaller systems, suggesting that

the latter tend to have a greater proportion of thin anvil

cloud. The tendency of larger systems to produce rela-

tively more thick anvil cloud would be consistent with

the larger fraction of stratiform rain production in large

raining features (Romatschke and Houze 2011a,b).

Tb11 distributions of nonprecipitating clouds in HCSXs

consistently show that warmer effective cloud tops

dominate and little similarity is found in the distribu-

tion patterns compared to Fig. 6e. This is likely because

HCSXs have precipitating areas occupying less than 7%

of their total area and most statistics of their nonpre-

cipitating clouds are from clouds not relevant to these

simultaneously existing raining cores.

In addition to information about cloud structures, Fig. 6

provides some useful hints about the link between Tb11

and precipitation. Figure 6 shows that there is almost no

specific Tb11 value that could be used to separate pre-

cipitating and anvil clouds except for the coldest tops

(&190 K) that capture the deepest part of very large

systems. Actually, cloud clusters defined by any single

threshold of Tb11 warmer than that will most likely

represent a mixture of cold anvils and precipitating areas

together, and the relative mixture of different types of

clouds depends on the organization of convection (i.e.,

type and size of systems). This finding indicates that a

purely infrared-based precipitation estimate using a uni-

versal relationship (such as the global precipitation index;

Arkin and Meisner 1987) might produce biases even in

a large spatial domain across different large-scale con-

vective scenes (such as the MJO active phase region).

Moreover, the relative amounts of different types of

clouds (deep raining, thick and thin anvils, etc.) in a cloud

cluster depend on the organization and the physical

processes of systems associated with each cluster. So

representations of deep convective activity by statistics

of single sensor data report at grid points (no coherent

cloud object organization recognized by comparison

with surrounding pixels) or Tb11 cloud clusters alone

(no physically based precipitation information) would

not be able to depict accurately the behaviors of spe-

cific forms of deep convection, such as those shown by

Fig. 2.

c. Does deepness of MCSs vary with phase
of the MJO?

As shown in Fig. 6, larger active MCSs tend to have

colder cloud tops. This result was obtained for all

subregions in our analysis and for all phases of the

MJO. We wish to know if these temperature properties

vary from one phase of the MJO to the next. To answer

this question, we first determine if there is a relation-

ship between cloud height and the profile of equivalent

potential temperature:

ue5 u exp

 
Lq

CpT

!
, (4)

where

u5T

�
ps
p

�R/C
p

, (5)

where u, L, q, Cp, T, R, ps, and p are potential tempera-

ture, latent heat of vaporization at 08C (2:53 106 J kg21),

specific humidity, specific heat at constant pressure

(1004 J kg21), absolute temperature, dry gas constant

(287 JK21 kg21), surface pressure, and pressure,

respectively.

For this investigation, we look for empirical relations

between the Tbmin of MCSs and the intercept temper-

ature Tint, defined as the temperature of the level at

which the ue is equal to the ue near the surface uesfc. We

assume that Tbmin is indicative of the maximum height

that undiluted convective parcels could attain (as in the

‘‘hot tower’’ concept of Riehl and Malkus 1958). For

MCSs with very large precipitating cores this approxi-

mation is probably reasonable. The value of Tint is

computed using the SST and temperature profiles from

the ERA-Interim. To estimate the uesfc, we assume that

the near-surface relative humidity is 80% universally

and then find the level in the upper troposphere where ue
can most closely match the uesfc. Figure 7a shows scat-

terplots of mean Tint against the mean Tbmin of large

MCSs (size . 104.5 km2). Since we use SST data, only

the three oceanic subregions are presented in the plot.

Of these three regions, only the EIO exhibits large vari-

ations of SST (Fig. 1a), and no significant relationship is
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found between Tint and Tbmin in the northwestern Pacific

(NWP) and southwestern Pacific (SWP) where the vari-

ation of uesfc is relatively small. Larger variations of both

the Tint (;7 K) and the Tbmin (;5 K) occur in the EIO,

and they are well correlated with a slope of 1.25. We

compared results for near-surface relative humidity of

75% and 85%, and they primarily show similar linear

relations except for a systematic decrease in the Tint with

increased humidity. If the relative humidity actually

varies significantly temporally and spatially, then the re-

lationship of Tint and Tbmin would be noisier; therefore,

the results in Fig. 7a must be accepted with caution. Also,

a perfectly undiluted parcel probably rarely occurs in real

convection. The actual height that a convective parcel can

reach usually is largely affected by the entrainment of dry

air as well as the environmental lapse rate at upper levels.

The use of the ue difference as ameasure of buoyancy also

ignores the additional latent heat released when ice par-

ticles are produced (Lucas et al. 1994a; Zipser 2003).

With these caveats in mind, we note that if the slope of

1.25 (or some similar slope) is real, then Fig. 7a suggests

that the intercept height increases more than does the

cloud-top height, as the cloud-top height increases (Tbmin

decreases).

Since the maximum height of the MCSs varies sys-

tematically with SST, we might expect that if the effec-

tive cloud-top height varies with phase of the MJO it

would be most apparent in the EIO region, where the

SST varies substantially from colder in the active phases

to warmer in the suppressed phases in that region (Fig.

1). Figure 7b shows the anomaly of mean Tbmin of MCSs

in EIO. In general the MCS tops are about 58C colder in

the active phase than the suppressed phase. This dif-

ference corresponds to about 0.5 km in cloud-top

height—only a slight difference. In other words, the

deepness of MCSs is not strongly associated with phase

of the MJO.

5. Moisture field and mesoscale convection in
active and suppressed conditions

In sections 3 and 4, we showed that the occurrence of

the all types of deep convective systems increases from

suppressed to active phases of the MJO at all subregions

of the tropical Indo-Pacific region. We also showed that

the most pronounced variability in deep convective

systems in theMJO is the shift in the fractional coverage

of different types of systems (comparative numbers of

CMCSs, SMCSs, HCSXs, etc.), while relatively little

variability is found in the statistical structural properties

of each type ofMCS regardless of the phase of theMJO.

In this section we will show that the upscaling of deep

convection in the form ofMCSs shifting toward the form

FIG. 7. (a) Scatterplot of the intercept temperature against Tbmin

of MCSs. The intercept temperature is the temperature of a parcel

lifted from the surface to the level where its equivalent potential

temperature equals that of the environment. Each phase-mean

Tbmin is the mean Tbmin of all large MCSs over each region within

each of eight MJO phases. First, values of Tint are computed for

each ERA-Interim grid point. The phase-mean Tint is the mean of

gridpoint Tint for all grids with v500 , 0 (i.e., ascending regimes

only) within each oceanic region. The dotted line is the linear fit for

IO data based on principle component analysis and 80% near-

surface relative humidity. Scales of t-test errors at 95% significant

levels are listed in the top-left corner. (b) Box plots show anomalies

of mean Tbmin of MCSs as functions of MJO phase for EIO region.

The anomalies are defined as departures from the mean of all

phases. The tops and bottoms of each box are the 25th and 75th

percentiles of the samples, respectively. The line in the middle of

each box is the sample median. The bottom and top bars aligned

with each box show the extremes within the 2.5th and 97.5th per-

centile values, respectively.
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of CMCSs is robustly associated with anomalously high

midlevel moisture.

a. The general variation of moisture in the MJO

Composites of the anomaly of averaged specific hu-

midity across the Indo-Pacific region for the four

biphases of the MJO (Fig. 8a) show the well-known

equatorial westward-tilt structures in the MJO (Kiladis

et al. 2005; Tian et al. 2006; Haertel et al. 2008; etc.). The

most significant change in the specific humidity profile is

in the middle troposphere, where the vapor content

always peaks where the local convection is enhanced.

Moreover, the enhanced convection in the MJO is usu-

ally associated with the horizontal convergence in a

deep layer from the surface to around 400 hPa (which

can be seen in the zonal wind component in Fig. 8b).

In general, the westward-tilted moisture field would

be consistent with the moisture convergence anomaly in

the lower troposphere leading the enhanced deep con-

vection and anomalous upward transport of water va-

por. Since the corresponding variation in temperature in

midtroposphere is small (20.28 to 10.28C; not shown),

FIG. 8. (a) The anomalies of specific humidity (Q) profiles in Indo-Pacific zonal cross section. (b) Maps of absolute

wind shear jU250 2U700j of that region. Daily-mean Q profiles were averaged between 108N and 108S and then

anomalies were taken by subtracting the mean of four biphases’ composites from the mean of each biphase’s

composite. First, the absolute difference between daily-mean wind vectors at 250- and 700-hPa levels was computed

for each grid. Then, the wind shear was computed for each grid as the mean of all wind differences for each biphase

composite.
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the variation in midtroposphere relative humidity is

large (215% to115%; not shown). The increased water

vapor in the midtroposphere can come from deep con-

vection (especially, the evaporation of precipitating and

nonprecipitating anvil clouds and/or mesoscale second-

ary circulations), shallower convection (detraining and/

or evaporating congestus clouds), and widespread up-

ward motion associated with large-scale convergence

(e.g., associated with equatorial waves or the MJO).

Figure 8b shows the composite of absolute upper-level

vertical shear. The wind shear is dominated by the zonal

wind. The magnitude of shear is greater in the Indian

Ocean than in the western Pacific. The strongest shear

mostly follows enhanced midlevel moistening and deep

convection, which is consistent with previous findings

(e.g., Kiladis et al. 2005). Theoretical and modeling

results suggest that the vertical shear should signifi-

cantly alter the structure of equatorial waves (e.g.,

Holton 1970, 1971; Lindzen 1971; Boyd 1978; Zhang and

Webster 1989;Wang and Xie 1996; Xie andWang 1996).

These potential effects on the MJO need to be in-

vestigated more thoroughly and are beyond the scope of

this study. Here wewant tomention that a weaker upper-

level vertical shear tends to keep upper-level clouds and

moisture aligned with low-level active convection that

generates them. Thus, with other conditions held un-

changed, weaker shears favor development of larger

MCSs, possibly favoring CMCSs. Looking at Fig. 8, the

causality between the variation of shear and the intensity

of deep convection is unclear, except that over EIO and

MA the strongest shear is present in transition phases of

the MJO in which deep convection is subsiding (cf. Figs.

2 and 4).

Previous studies point out that moisture conditions

play crucial roles in both the development and self-

organization of deep convection. Held et al. (1993)

suggested that deep convection can more easily de-

velop in places where the midtroposphere is moist and

also tends to maintain moisture in middle and upper

troposphere. The moist midtroposphere, combined with

other factors (weaker wind shear, radiative heating, and

surface fluxes), likely builds a positive feedback between

the deep convection and the moisture field to help con-

vection to self-aggregate (Tompkins 2001; Bretherton

et al. 2005). Such self-aggregation tends to result in

a spatially inhomogeneous precipitation and moisture

field in contrast to the general thinking of a statistical

equilibrium state. It also may favor CMCS development.

A recent study also suggested that a very dry midtropo-

spheric profile can suppress deep convection in favor of

a shallow convection regime (Derbyshire et al. 2004).

Yuter and Houze (1998) hypothesized that the sustain-

ability of water vapor in the boundary layer is a favorable

condition for developing large and long-lasting MCSs,

which favors their occurrence over warm oceans with

widespread moist boundary layers undergoing only slight

diurnal modulation. Increased midtroposphere moisture

coincides with both increased occurrence of all deep

convective systems and relatively more frequent oc-

currence of CMCSs, which likely suggests that a moist

midtroposphere is favorable for the development of

mesoscale convective systems and it seems reasonable

to further expect that extreme conditions favorable

for MCSs might result in more CMCSs. However,

whether the increased moisture is a consequence of or

causative factor for enhanced deep and/or mesoscale-

organized convection is not clear from these data or

any other previous analyses of which we are aware.

Observations have shown that the grid-mean (2.58 3
2.58) column relative humidity (column WVP divided

by the column saturated WVP) has very strong cor-

relations with the magnitude of total precipitation rate

on daily scales and almost exactly in phase (Bretherton

et al. 2004). The exact reason for such a relationship is

still an open question, and the possibility that theWVP

is primarily the consequence of deep convection (si-

multaneously coexisting) cannot be ruled out. In that

case, the WVP is strictly (statistically) related to local

precipitation intensity and the increased midlevel mois-

ture may be primarily a result of the expanding of con-

vective regimes (i.e., the total occurrence of deep

convective systems). According to that idea, the WVP

would be solely a function of precipitation rather than

related to the form of MCSs. Furthermore, whether the

coherent changes in the form of deep convective system

organization and the associated moisture field are spe-

cifically related to the MJO or rooted in the funda-

mental nature of moist convection remains a separate

interesting question. Next we will attempt to address

these questions.

b. Vertical motion as a proxy for active
and suppressed conditions

As shown in section 3b the variability of the form of

deep convective systems is strongly reflected in their

relative contribution to precipitation (Fig. 4b1). CMCSs

produce a significantly greater fraction of total precip-

itation in active phases of the MJO in all subregions.

Hence, we investigate the variability of the relative

contribution to precipitation of CMCSs and the column-

integrated WVP by constructing 16 composites by sub-

dividing the data into

1) four regions,

2) two seasons (October–March or ‘‘winter’’ andApril–

September or ‘‘summer’’), and

480 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70



3) strong/weak (or no) MJO (the amplitude of WH04

RMM indices greater than/less than or equal to 1).

The domain-mean v500 is used as a proxy of the overall

strength of domain-mean convection on a large scale

(thousands of kilometers). This proxy is based on the

fact that deep convection dominates ascending regimes

and stronger large-scale upward motions are usually

related to enhanced deep convection while subsiding

regimes are primarily associated with shallow clouds

(Yuan and Hartmann 2008).

Because convection patterns vary with regions and

seasons, we define four quartiles based on the cumula-

tive frequency of occurrence of v500 for each subregion

in each season, with quartile 1 being the most con-

vectively active days and quartile 4 representing the

most suppressed days for each ensemble (Figs. 9a,b).

The increase of the relative contribution to precipitation

from CMCSs with increasing overall strength of the

large-scale convection (domain mean of the v500 proxy)

is clearly seen in Fig. 9c. The difference between quartile

1 and quartile 4 is about 13% as measured by the dif-

ference between median lines, which indicates up to 3

times variation in the relative contribution to pre-

cipitation of CMCSs since the mean of all 64 ensembles

(F in Fig. 9c) is about 13.3%. This shows that under such

separation according to large-scale convective scenario,

the shifting of form of MCSs is well stratified regardless

whether it is restricted to the strong winter season MJO.

Next we will investigate how WVP within a more local,

fixed convective regime varies in different large-scale

convective scenarios.

The associated anomalies inWVP are shown in Fig. 10

based on 1.58 gridded daily-mean data from ERA-

Interim and AMSR-E retrievals. To illustrate the spatial

variability of moisture anomalies we divided the com-

posites into seven convective regimes corresponding to

different gridpoint values of AMSR-E daily-mean pre-

cipitation. Composites for column relative humidity (de-

rived based on ERA-Interim temperature and moisture;

not shown) show results similar to those of WVP, given

that atmospheric temperature anomalies are small

across both convective regimes and large-scale con-

vective scenarios (not shown). We then focus only on

results and discussions regarding the WVP. As shown

in Fig. 10, the middle point of each precipitation bin

ranges from 0 to 39.8 mm day21. Here we consider the

daily-mean grid-mean precipitation to be a good in-

dicator of the overall amount of deep convection for a day

at the 1.58 grid scale. The data are grouped by quartiles of
the domain-mean v500. As noted in the preceding para-

graph, the quartiles are proxies for active (quartile 1) to

suppressed (quartile 4) large-scalemean conditions. Such

FIG. 9. The cumulative frequency of occurrence of daily mean of

domain-mean v500 for four subregions in (a) boreal winter and

(b) boreal summer is shown. (c) The anomaly of CMCS precipitation

contribution across different quartiles defined by the curves in (a)

and (b). For each of the 16 ensembles (2 seasons3 2MJOscenarios3
4 subregions) there are four relative-contribution-to-precipitation

values corresponding to four quartiles. The anomaly is computed

as the departure from the mean of four quartiles. Then each

quartile consists of 16 anomalies. On the other hand, F is the mean

of all 64 ensembles (4 quartiles3 16 ensembles). Boxes are defined

as in Fig. 7. Values beyond the central 95% range are marked as

outliers (plus signs).
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widespread conditions could be determined by phase of

the MJO or some other large-scale dynamical condition

affecting the whole domain. It is well known that deep

convection can occur locally under widespread sup-

pressed conditions. Thus, the plots show how locally ac-

tive convection might behave in an otherwise large-scale

active or suppressed condition. Figures 10a1–a3 show

that grid-mean column WVP increases with increasing

local precipitation, consistent with Bretherton et al.

(2004). In addition, the ERA-Interim data show that the

increase of WVP toward stronger convective regimes is

largely due to an increase ofWVP (.8 mm) inmidlevels.

FIG. 10. (a) WVP and precipitation composites as functions of grid-mean precipitation and (b) their anomaly

composites: WVP and WVP anomaly of (a1),(b1) 400–850-hPa layer, (a2),(b2) 850 hPa–surface layer, and (a3),(b3)

total atmospheric column, along with (a4) precipitation and (b4) its anomaly. The mid- and low-level WVPs were

computed from ERA-Interim moisture profile. The total column WVP and precipitation were obtained from

AMSR-E retrievals. Error bars in (a) show 95%confidence intervals based on t tests of 64 samples (see caption of Fig. 9).

The anomalies in (b) are computed as in Fig. 9c, but for each composite bin. Error bars in (b) show 95% confidence

intervals based on t tests of 16 samples.
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The low-level WVP is only about 2 mm. We have found

that the composites of ERA-Interim andAMSR-EWVP

in general agree with each other quantitatively (cf. Figs.

10a1 and 10a2 with Fig. 10a3). Not surprisingly, Fig. 10a4

shows that the variance of precipitation composites is

negligible because the composite is based on fixed bins of

the same data. Although the precipitation (or the mean

strength of convection) within each convective regime

does not vary perceptibly, the WVP of the same con-

vective regime varies considerably according to the

strength of the large-scale upward motion and net rain

amount. In the right-hand column (Figs. 10b1 and

10b3), the midlevel WVP and columnWVP anomalies

are seen to progressively decrease from quartiles 1 to

4, across all convective regimes ranging from regimes

with no precipitation to very intense precipitation

(.35 mm day21). Figure 10b4 further confirms that rel-

ative variations in precipitation within each convective

regime are negligible. These plots show that the 16 en-

sembles of midtroposphere conditions (850–400 hPa)

over all convective regimes consistently have an (10%–

25%) increase in WVP from quartile 4 to quartile 1.

These results suggest that the amount of local convection

is not the primary explanation for the varying midlevel

moisture contents of the four regimes. And the more

humid midtroposphere is associated with the phenome-

non that MCSs tend to cluster and form spatially larger

active systems (CMCSs). To the extent that the upward

motion and net precipitation regimes are proxies for the

MJOphases (quartile 1—active, quartile 4—suppressed),

one could conclude that the intensity of local convection

is not the proximate cause of the increased mass of water

vapor at midlevels on the daily scale in active phases of

the MJO. Other explanations could be sustained water

vapor from previous convection, the spread of moisture

from another convective area, or large-scale moisture

convergence (e.g., due to wave-forced uplift).

Figures 10a2 and 10b2 show that the WVP below

850 hPa does not vary much among different convective

regimes or different quartiles, which indicates that a ro-

bust moist layer is present at all times, whether con-

ditions are locally convectively active or convectively

suppressed over a wide domain. This result shows that

all the phases of the MJO are well supplied with low-

level moisture, and that the variability from phase to

phase is more likely a free-atmospheric variation above

the moist layer.

We also used the grid-mean v500 instead of precip-

itation to divide our data into different dynamical re-

gimes associated with different strengths of v500 and

obtained similar results (not shown). Gradual increases

of midlevel WVP from quartile 4 to quartile 1 were

found over all dynamical regimes, including regimes

with strong subsiding motions and very dry troposphere

(;43-mm ERA-Interim column WVP).

6. Conclusions

This study has examined the characteristics of deep

convective systems in association with the boreal-winter

MJO, as defined byWH04 strong MJO indices. As found

to be the case by many previous studies [see review by

Zhang (2005)], our composites show well-defined MJO

features in SST, v500, precipitation, water vapor, and

zonal wind field in the Indo-Pacific region of the tropics.

We have further found that the MCS occurrence field

propagates eastward in a pattern resembling precipita-

tion in the MJO.

In addition to general features associated with MJO,

we have brought to light new information associated

with the organization of deep convective systems during

phases of the MJO. High-cloud systems, which we have

categorized as CMCSs, SMCSs, and HCSXs, contribute

20%–40% of domain-mean cloud cover and 60%–90%

of the total precipitation. CMCSs have the largest in-

crease in their relative occurrence over all subregions of

the Indo-Pacific zone in the local active phase of MJO.

The mesoscale organization of deep convection within

theMJO,moreover, has clear geographical dependence.

CMCSs favor oceanic conditions, and the largest SMCSs

occur more frequently over the MA area. In the MJO,

deep convection thus not only changes in its overall

frequency of occurrence but also varies in its horizontal

scale and form of organization.

Despite the overall shift in the MCS organization

(preferred type of MCS) from one phase of the MJO to

another, the statistical characteristics of a given type of

deep cloud system do not vary much. Large differences

though are found in the structures of different types of

systems. CMCSs overall have larger horizontal size, and

they generally produce horizontally less extensive but

relatively colder (lower Tb11) anvil clouds. The spatial

clustering that characterizes the larger MCSs is one

possible reason for the smaller anvil fraction of CMCSs.

The structural differences among different systems are

not well reflected in their Tb11 patterns alone. Repre-

senting cloud processes (such as precipitation) through

methods that consider pixel values without consider-

ation of their mesoscale cloud context of that grid point,

or through purely infrared-based cloud-cluster methods,

is thus largely limited. Larger MCSs usually penetrate

deeper (i.e., have colder tops) than smaller MCSs, and

they systematically but only slightly change their maxi-

mum height (in association with SST differences) with

the MJO phases. The main difference in mesoscale con-

vective system behavior from phase to phase is in the
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number of large SMCSs and CMCS, which are more

prevalent in the active phases.

By examining gridpoint values of precipitation in

several subregions of the Indo-Pacific region, we find

that the midlevel water vapor content is always highest

when the domain-averaged conditions correspond to

convectively active conditions (more domainwide pre-

cipitation) and lowest when the domain-averaged condi-

tions correspond to widespread convectively suppressed

conditions (less domainwide precipitation), regardless of

whether or not deep convection is occurring locally (on

the ;150-km grid scale). This enhancement in domain-

scale convection is coherently associated with MCSs

shifting toward their most exaggerated mesoscale form

(i.e., CMCSs). Such information cannot be extracted

either from gridpoint data or cloud-cluster occurrence if

the clusters have not been categorized according to the

spatial organizations of MCSs (i.e., SMCSs versus

CMCSs). This coherence suggests that the increased

relative frequency of occurrence of CMCSs in particular

is likely associated with increased midlevel moisture or

some other physical factor. Moreover, the increase in

midlevel moisture spreading over all convective regimes

further suggests that the increase of moisture in the mid-

troposphere is due to either nonlocal processes or the

accumulation of moisture from previous convection. The

moisture content of the atmosphere below the 850-hPa

level showsmuch smaller variabilitywith respect to either

local or domain-averaged convective strength, indicating

that the variability in convection associatedwith theMJO

is connected with changing conditions in the free atmo-

sphere above the persistent low-level moist layer.

Deep convective systems alter their preferred modes

of organization when large-scale convection is enhanced

along with the moistening of the middle troposphere.

This result has broader implications than the crucial

role of convection in the MJO. In a general way, it

suggests a certain type of cloud feedback. When SST

increases in a warm climate the deep convection is en-

hanced overall. However, such enhancement of deep

convection may not only correspond to an increase of

the general intensity of all convection as proposed in the

‘‘iris’’ hypothesis (Lindzen et al. 2001). Instead, the

convective systemsmight shift their organization toward

having larger precipitating areas. As suggested by pre-

vious work (YHH11; Romatschke and Houze 2011a,b),

the relative amount of stratiform precipitation alters

with the size and type of deep convective systems. It

is well known that the variation of the fraction of

stratiform rain usually corresponds to variation of the

structure of diabatic heating, which might result in dif-

ferent mesoscale/large-scale circulation that can further

affect properties and occurrence of upper-level clouds

(Hartmann et al. 1984; Schumacher et al. 2004). Hence,

mechanisms controlling upper-level ice clouds associ-

ated with deep convection in response to the increase of

underlying SST might be much more complicated than

that proposed in the iris hypothesis and awaits further

study. This inference again points out the need for fur-

ther investigation of mechanisms controlling the meso-

scale structure and organization of deep convection and

associated humidification processes.

Acknowledgments. This work is supported by ARM–

DOE Awards DE-SC0001164/ER-64752 and DE-

SC0008452, DYNAMO–NSF Award AGS-1059611, and

NASA Awards NNX10AM28G and NNX07AQ89G.

The ERA-Interim data are provided by the ECMWF.

The authors thank C. Zhang and S. Chen for useful

discussions. The authors also thank three anonymous

reviewers for their useful suggestions. Stacy Brodzik

supported the data management. Beth Tully provided

graphics and editorial assistance.

REFERENCES

Arkin, P. A., and B. N. Meisner, 1987: The relationship between

large-scale convective rainfall and cold cloud over the West-

ern Hemisphere during 1982–84. Mon. Wea. Rev., 115, 51–74.
Benedict, J. J., and D. A. Randall, 2009: Structure of the Madden–

Julian oscillation in the superparameterized CAM. J. Atmos.

Sci., 66, 3277–3296.

Boyd, J. P., 1978: The effects of latitudinal shear on equatorial waves.

Part I: Theory and methods. J. Atmos. Sci., 35, 2236–2258.
Bretherton, C. S., M. Widmann, V. P. Dymnikov, J. M. Wallace,

and I. Blade, 1999: Effective number of degrees of freedom of

a spatial field. J. Climate, 12, 1990–2009.

——, M. E. Peters, and L. E. Back, 2004: Relationships between

water vapor path and precipitation over the tropical oceans.

J. Climate, 17, 1517–1528.

——, P. N. Blossey, and M. Khairoutdinov, 2005: An energy-

balance analysis of deep convective self-aggregation above

uniform SST. J. Atmos. Sci., 62, 4273–4292.

Cetrone, J., and R. A. Houze Jr., 2009: Anvil clouds of tropical

mesoscale convective systems in monsoon regions. Quart.

J. Roy. Meteor. Soc., 135, 305–317.

Chen, S. S., R. A. Houze Jr., and B. E. Mapes, 1996: Multiscale

variability of deep convection in relation to large-scale circu-

lation in TOGA COARE. J. Atmos. Sci., 53, 1380–1409.
Cheng, C.-P., and R. A. Houze Jr., 1979: The distribution of con-

vective and mesoscale precipitation in GATE radar echo

patterns. Mon. Wea. Rev., 107, 1370–1381.

Churchill, D. D., and R. A. Houze Jr., 1984: Development and

structure of winter monsoon cloud clusters on 10 December

1978. J. Atmos. Sci., 41, 933–960.

Dee, D. P., and Coauthors, 2011: The ERA-Interim reanalysis:

Configuration and performance of the data assimilation sys-

tem. Quart. J. Roy. Meteor. Soc., 137, 553–597.

Derbyshire, S. H., I. Beau, P. Bechtold, J. Y. Grandpeix, J. M.

Piriou, J. L. Redelsperger, and P. M. M. Soares, 2004: Sensi-

tivity of moist convection to environmental humidity. Quart.

J. Roy. Meteor. Soc., 130, 3055–3079.

484 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70



Gentemann, C. L., C. J. Donlon, A. Stuart-Menteth, and F. J.

Wentz, 2003: Diurnal signals in satellite sea surface tempera-

ture measurements.Geophys. Res. Lett., 30, 1140, doi:10.1029/

2002GL016291.

——, F. J. Wentz, C. A. Mears, and D. K. Smith, 2004: In situ

validation of Tropical Rainfall Measuring Mission microwave

sea surface temperatures. J. Geophys. Res., 109, C04021,

doi:10.1029/2003JC002092.

Grabowski, W. W., 2001: Coupling cloud processes with the large-

scale dynamics using the Cloud-Resolving Convection Pa-

rameterization (CRCP). J. Atmos. Sci., 58, 978–997.
Haertel, P. T., G. N. Kiladis, A. Denno, and T. Rickenbach, 2008:

Verticalmode decompositions of 2-daywaves and theMadden–

Julian oscillation. J. Atmos. Sci., 65, 813–833.

Hartmann, D. L., and H. H. Hendon, 2007: Resolving an atmo-

spheric enigma. Science, 318, 1731–1732.
——, ——, and R. A. Houze Jr., 1984: Some implications of the

mesoscale circulations in tropical cloud clusters for large-scale

dynamics and climate. J. Atmos. Sci., 41, 113–121.

——, L.A.Moy, andQ. Fu, 2001: Tropical convection and the energy

balance at the top of the atmosphere. J. Climate, 14, 4495–4511.

Held, I. M., R. S. Hemler, and V. Ramaswamy, 1993: Radiative

convective equilibrium with explicit two-dimensional moist

convection. J. Atmos. Sci., 50, 3909–3927.

Hendon, H. H., and B. Liebmann, 1994: Organization of convec-

tion within theMadden-Julian oscillation. J. Geophys. Res., 99

(D4), 8073–8083.

Holton, J. R., 1970: The influence of mean wind shear on the

propagation of Kelvin waves. Tellus, 22, 186–193.

——, 1971: A diagnostic model for equatorial wave disturbances:

The role of vertical shear of the mean zonal wind. J. Atmos.

Sci., 28, 55–64.

Houze, R. A., Jr., 1982: Cloud clusters and large-scale vertical

motions in the Tropics. J. Meteor. Soc. Japan, 60, 396–410.

——, 1989: Observed structure of mesoscale convective systems

and implications for large-scale heating.Quart. J. Roy.Meteor.

Soc., 115, 425–461.

——, and C.-P. Cheng, 1977: Radar characteristics of tropical

convection observed during GATE: Mean properties and

trends over the summer season. Mon. Wea. Rev., 105, 964–

980.

——, S. G. Geotis, F. D. Marks Jr., and A. K. West, 1981: Winter

monsoon convection in the vicinity of north Borneo. Part I:

Structure and time variation of the clouds and precipitation.

Mon. Wea. Rev., 109, 1595–1614.
Inness, P. M., J. M. Slingo, S. J. Woolnough, R. B. Neale, and V. D.

Pope, 2001: Organization of tropical convection in a GCM

with varying vertical resolution; implications of the Madden-

Julian Oscillation. Climate Dyn., 17, 777–793.

Khairoutdinov, M., C. DeMott, and D. Randall, 2008: Evaluation

of the simulated interannual and subseasonal variability in an

AMIP-style simulation using the CSU multiscale modeling

framework. J. Climate, 21, 413–431.

Kiladis, G. N., K. H. Straub, and P. T. Haertel, 2005: Zonal and

vertical structure of the Madden–Julian oscillation. J. Atmos.

Sci., 62, 2790–2809.

King,M.D., andCoauthors, 1996: Airborne scanning spectrometer

for remote sensing of cloud, aerosol, water vapor, and surface

properties. J. Atmos. Oceanic Technol., 13, 777–794.

Kuang, Z. M., 2008: A moisture–stratiform instability for con-

vectively coupled waves. J. Atmos. Sci., 65, 834–854.

Kummerow, C., and R. Ferraro, 2007: EOS/AMSR-E level-2

rainfall. National Snow and Ice Data Center Algorithm

Theoretical Basis Doc., 10 pp. [Available online at http://

nsidc.org/data/amsre/pdfs/amsr_atbd_supp06_L2_rain.pdf.]

——, and Coauthors, 2001: The evolution of the Goddard profiling

algorithm (GPROF) for rainfall estimation from passive mi-

crowave sensors. J. Appl. Meteor., 40, 1801–1820.

Lau,W.K.-M., andD. E.Waliser, 2005: Intraseasonal Variability in

the Atmosphere-Ocean Climate System. Springer, 436 pp.

——, and H. T. Wu, 2010: Characteristics of precipitation, cloud,

and latent heating associated with the Madden–Julian oscil-

lation. J. Climate, 23, 504–518.
——, T. Nakazawa, and C. H. Sui, 1991: Observations of cloud

cluster hierarchies over the tropical western Pacific. J. Geo-

phys. Res., 96, 3197–3208.

L’Ecuyer, T. S., and J. H. Jiang, 2010: Touring the atmosphere

aboard the A-Train. Phys. Today, 63, 36–41.

Li, C., X. Jia, J. Ling, W. Zhou, and C. Zhang, 2009: Sensitivity of

MJO simulations to diabatic heating profiles. Climate Dyn.,

32, 167–187.
Lin, J. L., and Coauthors, 2006: Tropical intraseasonal variability in

14 IPCC AR4 climate models. Part I: Convective signals.

J. Climate, 19, 2665–2690.

Lindzen, R. S., 1971: Equatorial planetary-scale waves in shear:

Part I. J. Atmos. Sci., 28, 609–622.

——, M. D. Chou, and A. Y. Hou, 2001: Does the Earth have an

adaptative infrared iris?Bull. Amer.Meteor. Soc., 82, 417–432.

Lopez, R. E., 1977: Lognormal distribution and cumulus cloud

populations. Mon. Wea. Rev., 105, 865–872.
Lucas, C., E. J. Zipser, and M. A. Lemone, 1994a: Convective

available potential energy in the environment of oceanic and

continental clouds: Correction and comments. J. Atmos. Sci.,

51, 3829–3830.

——,——, and——, 1994b: Vertical velocity in oceanic convection

off tropical Australia. J. Atmos. Sci., 51, 3183–3193.

Madden, R. A., and P. R. Julian, 1971: Detection of a 40–50 day

oscillation in zonal wind in tropical Pacific. J. Atmos. Sci., 28,

702–708.

——, and ——, 1994: Observations of the 40–50-day tropical os-

cillation: A review. Mon. Wea. Rev., 122, 814–837.

Maloney, E. D., and D. L. Hartmann, 2001: The sensitivity of in-

traseasonal variability in the NCAR CCM3 to changes in

convective parameterization. J. Climate, 14, 2015–2034.

——, and A. H. Sobel, 2004: Surface fluxes and ocean coupling in

the tropical intraseasonal oscillation. J. Climate, 17, 4368–4386.

Mapes, B. E., 1993: Gregarious tropical convection. J. Atmos. Sci.,

50, 2026–2037.
——, and R. A. Houze Jr., 1993: Cloud clusters and superclusters

over the oceanic warm pool.Mon. Wea. Rev., 121, 1398–1415.

Miura, H., M. Satoh, T. Nasuno, A. T. Noda, and K. Oouchi, 2007:

A Madden-Julian Oscillation event realistically simulated by

a global cloud-resolving model. Science, 318, 1763–1765.

Mohr, K. I., and E. J. Zipser, 1996: Mesoscale convective systems

defined by their 85-GHz ice scattering signature: Size and in-

tensity comparison over tropical oceans and continents. Mon.

Wea. Rev., 124, 2417–2437.
Nakazawa, T., 1988: Tropical super clusters within intraseasonal

variations over the Western Pacific. J. Meteor. Soc. Japan, 66,

823–839.

Nesbitt, S. W., E. J. Zipser, and D. J. Cecil, 2000: A census of pre-

cipitation features in the tropics using TRMM: Radar, ice scat-

tering, and lightning observations. J. Climate, 13, 4087–4106.

Park, C.-K., D. M. Straus, and K.-M. Lau, 1990: An evaluation of

the structure of tropical intraseasonal oscillations in three

general circulation models. J. Meteor. Soc. Japan, 68, 403–417.

FEBRUARY 2013 YUAN AND HOUZE 485



Peters, O., J. D. Neelin, and S. W. Nesbitt, 2009: Mesoscale con-

vective systems and critical clusters. J. Atmos. Sci., 66, 2913–

2924.

Platnick, S., M. D. King, S. A. Ackerman, W. Paul Menzel, B. A.

Baum, and R. A. Frey, 2003: The MODIS cloud products:

Algorithms and examples from Terra. IEEE Trans. Geosci.

Remote Sens., 41, 459–473.

Raymond, D. J., 1994: Convective processes and tropical atmo-

spheric circulations.Quart. J. Roy.Meteor. Soc., 120, 1431–1455.

——, 1995: Regulation of moist convection over the west Pacific

warm pool. J. Atmos. Sci., 52, 3945–3959.

Reynolds, R. W., and T. M. Smith, 1994: Improved global sea-

surface temperature analyses using optimum interpolation.

J. Climate, 7, 929–948.

Riehl, H., and J. S. Malkus, 1958: On the heat balance in the

equatorial trough zone. Geophysica, 6, 503–538.

Romatschke, U., and R. A. Houze Jr., 2010: Extreme summer

convection in South America. J. Climate, 23, 3761–3791.

——, and ——, 2011a: Characteristics of precipitating convective

systems in the South Asian monsoon. J. Hydrometeor., 12,

3–26.

——, and ——, 2011b: Characteristics of precipitating convective

systems in the premonsoon season of South Asia. J. Hydro-

meteor., 12, 157–180.

Roundy, P. E., C. J. Schreck, andM.A. Janiga, 2009: Contributions

of convectively coupled equatorial Rossby waves and Kelvin

waves to the real-time multivariate MJO indices. Mon. Wea.

Rev., 137, 469–478.

Salby, M. L., and H. H. Hendon, 1994: Intraseasonal behavior of

clouds, temperature, and motion in the tropics. J. Atmos. Sci.,

51, 2207–2224.

Schumacher, C., R. A. Houze Jr., and I. Kraucunas, 2004: The

tropical dynamical response to latent heating estimates de-

rived from the TRMM precipitation radar. J. Atmos. Sci., 61,
1341–1358.

Slingo, J. M., and Coauthors, 1996: Intraseasonal oscillations

in 15 atmospheric general circulation models: Results from an

AMIP diagnostic subproject. Climate Dyn., 12, 325–357.

Sobel, A. H., E. D. Maloney, G. Bellon, and D. M. Frierson, 2008:

The role of surface heat fluxes in tropical intraseasonal oscil-

lations. Nat. Geosci., 1, 653–657.
Stephens, G. L., and Coauthors, 2002: The CloudSat mission and

the A-Train: A new dimension of space-based observations of

clouds and precipitation. Bull. Amer. Meteor. Soc., 83, 1771–

1790.

——, P. J. Webster, R. H. Johnson, R. Engelen, and T. L’Ecuyer,

2004: Observational evidence for the mutual regulation of the

tropical hydrological cycle and tropical sea surface tempera-

tures. J. Climate, 17, 2213–2224.
Sui, C. H., and K. M. Lau, 1992: Multiscale phenomena in the

tropical atmosphere over the western Pacific.Mon. Wea. Rev.,

120, 407–430.
Tian, B., D. E.Waliser, E. J. Fetzer, B.H. Lambrigtsen, Y. L. Yung,

and B. Wang, 2006: Vertical moist thermodynamic structure

and spatial temporal evolution of the MJO in AIRS obser-

vations. J. Atmos. Sci., 63, 2462–2485.
Tokioka, T., K. Yamazaki, A. Kitoh, and T. Ose, 1988: The equa-

torial 30-60 day oscillation and the Arakawa-Schubert pene-

trative cumulus parameterization. J. Meteor. Soc. Japan, 66,

883–901.

Tompkins, A. M., 2001: Organization of tropical convection in low

vertical wind shears: The role of cold pools. J. Atmos. Sci., 58,

1650–1672.

Tromeur, E., and W. B. Rossow, 2010: Interaction of tropical deep

convection with the large-scale circulation in the MJO.

J. Climate, 23, 1837–1853.

Wang, B., and T. M. Li, 1994: Convective interaction with boundary-

layer dynamics in the development of a tropical intraseasonal

system. J. Atmos. Sci., 51, 1386–1400.

——, and X. Xie, 1996: Low-frequency equatorial waves in verti-

cally sheared zonal flow. Part I: Stable waves. J. Atmos. Sci.,

53, 449–467.

Wang, W. Q., and M. E. Schlesinger, 1999: The dependence on

convection parameterization of the tropical intraseasonal os-

cillation simulated by the UIUC 11-layer atmospheric GCM.

J. Climate, 12, 1423–1457.

Wentz, F. J., and R. W. Spencer, 1998: SSM/I rain retrievals within

a unified all-weather ocean algorithm. J. Atmos. Sci., 55, 1613–
1627.

Wheeler, M. C., and H. H. Hendon, 2004: An all-season real-time

multivariate MJO index: Development of an index for moni-

toring and prediction. Mon. Wea. Rev., 132, 1917–1932.
Wilheit, T., C. D. Kummerow, and R. Ferraro, 2003: Rainfall al-

gorithms for AMSR-E. IEEETrans. Geosci. Remote Sens., 41,

204–214.

Williams, M., and R. A. Houze Jr., 1987: Satellite-observed char-

acteristics of winter monsoon cloud clusters. Mon. Wea. Rev.,

115, 505–519.

Xie, X., and B. Wang, 1996: Low-frequency equatorial waves in

vertically sheared zonal flow. Part II: Unstable waves. J. At-

mos. Sci., 53, 3589–3605.

Yuan, J., and D. L. Hartmann, 2008: Spatial and temporal de-

pendence of clouds and their radiative impacts on the large-

scale vertical velocity profile. J. Geophys. Res., 113, D19201,

doi:10.1029/2007JD009722.

——, and R. A. Houze Jr., 2010: Global variability of mesoscale

convective system anvil structure from A-Train satellite data.

J. Climate, 23, 5864–5888.

——, ——, and A. J. Heymsfield, 2011: Vertical structures of anvil

clouds of tropical mesoscale convective systems observed by

CloudSat. J. Atmos. Sci., 68, 1653–1674.

Yuter, S. E., and R. A. Houze Jr., 1998: The natural variability of

precipitating clouds over the western Pacific warm pool.

Quart. J. Roy. Meteor. Soc., 124, 53–99.
Zhang, C. D., 2005: Madden-Julian Oscillation. Rev. Geophys., 43,

RG2003, doi:10.1029/2004RG000158.

——, and P. J.Webster, 1989: Effects of zonal flows on equatorially

trapped waves. J. Atmos. Sci., 46, 3632–3652.
——, and H. H. Hendon, 1997: Propagating and standing compo-

nents of the intraseasonal oscillation in tropical convection.

J. Atmos. Sci., 54, 741–752.

——, M. Dong, S. Gualdi, H. H. Hendon, E. D. Maloney,

A. Marshall, K. R. Sperber, and W. Q. Wang, 2006: Simula-

tions of the Madden–Julian oscillation in four pairs of coupled

and uncoupled global models. Climate Dyn., 27, 573–592.
Zhang, G. J., andM. Q.Mu, 2005: Simulation of theMadden–Julian

oscillation in the NCAR CCM3 using a revised Zhang–

McFarlane convection parameterization scheme. J. Climate,

18, 4046–4064.
Zipser, E. J., 2003: Some views on ‘‘hot towers’’after 50 years of

tropical field programs and two years of TRMM data. Cloud

Systems, Hurricanes, and the Tropical Rainfall Measuring Mis-

sion (TRMM),Meteor.Monogr.,No. 51,Amer.Meteor. Soc., 49.

——, D. J. Cecil, C. T. Liu, S. W. Nesbitt, and D. P. Yorty, 2006:

Where are the most intense thunderstorms on Earth? Bull.

Amer. Meteor. Soc., 87, 1057–1071.

486 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70


