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ABSTRACT

This study uses Dynamics of theMadden–Julian Oscillation (DYNAMO) shipborne [Research Vessel (R/V)

Roger Revelle] radar and Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) datasets to

investigate MJO-associated convective systems in specific organizational modes [mesoscale convective system

(MCS) versus sub-MCS and linear versus nonlinear]. TheRevelle radar sampledmany ‘‘climatological’’ aspects

of MJO convection as indicated by comparison with the long-term TRMM PR statistics, including areal-mean

rainfall (6–7mmday21), convective intensity, rainfall contributions from different morphologies, and their

variations withMJOphase.Nonlinear sub-MCSswere present 70%of the time but contributed just around 20%

of the total rainfall. In contrast, linear and nonlinear MCSs were present 10% of the time but contributed 20%

and 50%, respectively. These distributions vary with MJO phase, with the largest sub-MCS rainfall fraction in

suppressed phases (phases 5–7) and maximum MCS precipitation in active phases (phases 2 and 3). Similarly,

convective–stratiform rainfall fractions also varied significantly with MJO phase, with the highest convective

fractions (70%–80%) in suppressed phases and the largest stratiform fraction (40%–50%) in active phases.

However, there are also discrepancies between the Revelle radar and TRMM PR. Revelle radar data indicated

a mean convective rain fraction of 70% compared to 55% for TRMM PR. This difference is mainly due to the

reduced resolution of the TRMM PR compared to the ship radar. There are also notable differences in the

rainfall contributions as a function of convective intensity between the Revelle radar and TRMM PR. In ad-

dition, TRMM PR composites indicate linear MCS rainfall increases after MJO onset and produce similar

rainfall contributions to nonlinear MCSs; however, the Revelle radar statistics show the clear dominance of

nonlinear MCS rainfall.

1. Introduction

The Madden–Julian oscillation (MJO) (Madden and

Julian 1971, 1972) is the most remarkable intraseasonal

concept in the tropics. TheMJOhas broad impacts on the

globalweather and climate (Lau andWaliser 2005; Zhang

2005, 2013) such as monsoon onset and rainfall variability

(Lau and Chan 1986; Hendon and Liebmann 1990;

Lawrence andWebster 2002), tropical cyclone frequency

(Liebmann et al. 1994; Maloney and Hartmann 2000),

tornadooutbreaks (Thompson andRoundy 2013), ENSO

(Zhang 2005; Lau 2012), and extratropical climate modes

(Lin et al. 2009; L’Heureux and Higgins 2008). Despite

decades of study, the MJO is not well understood and

therefore MJO prediction skill is limited, especially con-

cerning initiation over the Indian Ocean (Bechtold et al.

2008; Kim et al. 2009; Vitart and Molteni 2010). Mean-

while, the MJO has been poorly simulated by several

generations of general circulation models (GCMs) (Lin

et al. 2006; Hung et al. 2013). To advance understanding of

the oceanic and atmospheric processes governing MJO

initiation, the Dynamics of theMadden–Julian Oscillation

(DYNAMO) field campaign was carried out in the central

Indian Ocean (CIO) region during the boreal fall and

winter of 2011/12 (Yoneyama et al. 2013). DYNAMO

deployed sounding networks, radars across a spectrum of

wavelengths, aircraft, oceanographic instrumentation, and

enhanced moorings (Yoneyama et al. 2013). One of the

key DYNAMO hypotheses is that specific convective

populations are essential to MJO initiation. DYNAMO is

well suited for testing this hypothesis through providing

continuous three-dimensional measurements of convec-

tive clouds, both precipitating and nonprecipitating.
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The DYNAMO field campaign observed three MJO

events during theOctober 2011–March 2012 time period

(Yoneyama et al. 2013; Gottschalck et al. 2013). Ob-

servations from multiwavelength and multiplatform

(ground based, shipborne, and airborne) radars have

been used to investigate the full spectrum of convective

clouds during these MJO events. Feng et al. (2014)

constructed a merged cloud–precipitation radar dataset

from three radars (Ka, C, and S band) deployed on

Addu Atoll (Gan Island, Maldives) to document both

precipitating (i.e., shallow, congestus, and deep con-

vective clouds) and nonprecipitating clouds (i.e., mid-

level, cirrus, and anvil clouds). This dataset, together

with radiosonde data, can effectively serve to study the

role of shallow and congestus clouds in the initiation of

the MJO (Feng et al. 2014). Based on S-band (S pol)

radar measurements collected during DYNAMO,

Zuluaga and Houze (2013) found that rainfall in MJO

active periods was intermittent and occurred in epi-

sodes lasting 2–4 days. They examined the convective

population within these rainfall episodes and showed that

shallow convective echoes (SCE) and narrow deep con-

vective cores (DCC), wide convective cores (WCC), and

broad stratiform (BSR) systems were the most frequent

prior to, during, and after the maximum rainfall, re-

spectively. It is interesting that this convective transition

pattern on the scale of 2–4 days is actually similar to that

on the MJO scale observed by satellite remote sensing

(Morita et al. 2006; Tromeur andRossow 2010; Riley et al.

2011) and shipborne radar in DYNAMO (Xu and

Rutledge 2014, hereafter XR14). In addition, convective

systems in various stages of theMJO also exhibit different

microphysical properties (Rowe and Houze 2014). Using

the S-pol radar data, Powell and Houze (2014) found that

precipitation area, radar echo-top height, and tropo-

spheric humidity rapidly increase over approximately

3–7 days prior to the MJO onset. Based on shipborne

radar measurements in DYNAMO, XR14 documented a

longer period of convective deepening prior toMJOonset:

about 10–15 days. This longer convective deepening

period is consistent with atmospheric moistening time

scales inferred from the DYNAMO sounding network

(Johnson and Ciesielski 2013). XR14 further composited

the ship-based radar data as a function ofMJO phase and

identified strong correlations between convective pop-

ulations and environmental conditions, both evolving

along the ‘‘recharge–discharge’’ process (Bladé and
Hartmann 1993; Hu and Randall 1994; Kemball-Cook

and Weare 2001). The precipitating cloud population

consists of shallow isolated convective cells in suppressed

phases, isolated deep convective systems two phases prior

to MJO onset, deep organized MCSs in active MJO

phases, and stratiform-dominant systems in decaying

phases. Guy and Jorgensen (2014) also found similar

shallow-to-deep-to-stratiform evolution of convective

systems from analysis of airborne Doppler radar obser-

vations of the November MJO event during DYNAMO.

Although the above studies have extensively examined

the convective and microphysical properties of convec-

tive clouds across the MJO life cycle, their convective

organization and precipitationmorphology (e.g., linear or

nonlinear, MCS or sub-MCS) have not been quantified.

Convective organization has important effects on heating

distributions, momentum transport, and surface fluxes.

For example, squall lines accompanied by extensive

stratiform precipitation have very different heating pro-

files from convective-only systems, as the corresponding

latent heating profiles for the convective and stratiform

components are distinctly different (Johnson 1984;Houze

1989; Tao et al. 1993). Previous studies have shown that

convective momentum transport is a function of system

organization, with upgradient transport in the line-normal

direction and downgradient transport in the line-parallel

direction (LeMone 1983; LeMone et al. 1984; Wu and

Yanai 1994; Tung and Yanai 2002). Convection without

linear organization does not show consistent momentum

transport properties (LeMone 1983; LeMone et al. 1984).

Furthermore, surface flux enhancement was observed to

be much stronger in highly organized convective systems

when linear squall lines preceded a region of extensive

stratiform precipitation (Saxen and Rutledge 1998).

Various organizational modes of tropical convection

can occur under different environmental conditions,

predominantly influenced by vertical shear and con-

vective available potential energy (CAPE) (Moncrieff

and Green 1972; Keenan and Carbone 1992; LeMone

et al. 1998; Johnson et al. 2005). These studies found

that vertical shear in the lower-to-middle troposphere

is key to the orientation of convective lines while

CAPE determines convective intensity and longevity.

Convective systems can take on different morphol-

ogies, such as linear convection in the form of a leading

convective line with trailing stratiform precipitation

(e.g., Houze 1977; Zipser 1977) or randomly distrib-

uted convective cells. There are many studies on the

convective organization and environmental charac-

teristics in the literature, based on observations from

the Global Atmospheric Research Program (GARP)

Atlantic Tropical Experiment (GATE; Cheng and

Houze 1979; Barnes and Seickman 1984; Szoke and

Zipser 1986), the Tropical Ocean Global Atmosphere

Coupled Ocean–Atmosphere Response Experiment

(TOGA COARE; LeMone 1983; LeMone et al. 1998;

Rickenbach and Rutledge 1998, hereafter RR98),

the South China Sea Monsoon Experiment (Johnson

et al. 2005), the Equatorial Mesoscale Experiment

624 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 72



(Alexander and Young 1992), and experiments in

northern Australia (Keenan and Carbone 1992;

Keenan and Rutledge 1993). Recently, Liu and Zipser

(2013) constructed a climatology of MCS morphology

in the tropics and subtropics using 14 years of Tropical

Rainfall Measuring Mission (TRMM) measurements.

However, there are very limited studies focusing on the

morphology of the MJO convection over the CIO

where most MJOs initiate.

Zuluaga and Houze (2013) have examined the fre-

quency of convective systems during the MJO active

periods during DYNAMO with the organization of

SCE, DCC, WCC, and BSR. Guy and Jorgensen (2014)

have investigated the convective organization and dy-

namics using airborne radar data collected from the

National Oceanic and Atmospheric Administration

(NOAA) P-3 aircraft deployed in DYNAMO. They

found that DYNAMO MCSs were organized more

parallel to the low-level shear and produced weaker cold

pools due to weaker updrafts compared to MCSs ob-

served in TOGA-COARE. However, the NOAA P-3

data were only available for a single MJO event

(November) and nine separate flight episodes; therefore,

samples of convection were relatively limited (Guy and

Jorgensen 2014). Despite this research, outstanding

questions remain regarding convective organization and

precipitation morphology over the CIO. For example,

the relative frequency of non-MCS- versus MCS-scale

systems has not been quantified, nor has the degree of

convective organization (linear versus nonlinear), nor

has the rainfall production by various convective modes.

Collectively, the variability of these characteristics with

MJO phase has also not been quantified. This study

seeks to contribute knowledge in these areas. In addi-

tion, the DYNAMO-based analyses are placed in the

context of the long-term satellite (i.e., TRMM) clima-

tology. This study first describes a time series of pre-

cipitation morphology based on analysis of DYNAMO

shipborne C-band radar measurements collected from

the Research Vessel (R/V) Roger Revelle. DYNAMO

observations are composited as a function ofMJO phase

and compared in detail to the convective climatology

based on TRMM PR data.

2. Data and methodology

This study employs 15 years (1998–2012) of TRMM

precipitation feature (PF) data (Liu et al. 2008) and 3

months (October–December 2011) of radar observa-

tions collected from the R/V Roger Revelle deployed

during DYNAMO (Moum et al. 2014). The long-term

TRMM PR statistics cover the main MJO time period

(October–April) over a 108 3 108 box centered on the

DYNAMO array (58S–58N, 758–858E). DYNAMO ra-

dar measurements are compared to the TRMM PR cli-

matology from various perspectives, including convective

organization, intensity, and rainfall production as a func-

tion of MJO phase.

a. TRMM data

1) TRMM 3B42 RAINFALL PRODUCT

The version 7 TRMM Multisatellite Precipitation

Analysis (TMPA) 3B42 rain product (Huffman et al.

2007) is used to provide continuous rainfall time series

and large-scale rainfall maps, since the TRMM satellite

data are only available twice a day. The TMPA 3B42 data

are available from 1998 to the present, from 508S to 508N.

This dataset has 3-h temporal resolution and 0.258 spatial
resolution and uses TRMM PR observations, passive-

microwave measurements from low-Earth-orbiting satel-

lites, infrared radiance measurements from geostationary

satellites, and rain gauge data when available.

2) TRMM PF DATASET

We use the version 7 TRMM database, mainly obser-

vations from the precipitation radar (PR) (Kummerow

et al. 1998), to provide climatological context for the

DYNAMOship radar data. PRmeasurements have been

grouped into PFs at the University of Utah (Liu et al.

2008). By definition, PFs are identified as PR-derived

near-surface raining clusters (or continuous radar pixels).

The minimum detectable reflectivity of the PR is 17dBZ

(Kummerow et al. 1998), which therefore defines the

echo boundary of PFs (Fig. 1a). After a PF is identified,

three-dimensional PR observations within the column

are grouped into the PF, including such variables as

maximum 20-, 30-, and 40-dBZ echo-top heights, rainfall

volume (2A25, Iguchi et al. 2009), convective and strati-

form precipitation fractions (2A23; Awaka et al. 2009),

and the overall precipitation area of the PF. Since the

horizontal resolution of the PR is 4 km prior to orbit

boost (August 2001) and 4.5 km after boost, this study

includes only PFs greater than 100 km2 (4–5 TRMMPR

pixels).

b. DYNAMO R/V Revelle dataset

TheR/VRogerRevelle (Moumet al. 2014)was deployed

at the east-central site (08, 80.58E) of the DYNAMO

sounding array over the CIO (Yoneyama et al. 2013).

During DYNAMO, R/V Revelle made four cruises to the

campaign area (XR14) from September 2011 to January

2012. This study only analyzes measurements taken from

cruises 2, 3, and 4 during which time the DYNAMO ob-

servations were extensive and MJO events were sampled

(Yoneyama et al. 2013). Data are not included when the
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ship was transiting to/from port or otherwise off station.

The vacancy of the Revelle had little influence on our re-

sults, since (fortunately) most of the missing data periods

occurred during suppressed MJO phases with little if any

rainfall. TRMM 3B42 rainfall time series over our analysis

period are virtually identical when including and excluding

data during the off-station periods (XR14).

1) RADAR DATA

The National Aeronautics and Space Administration

(NASA) TOGA C-band radar on board the R/V Revelle

(called the Revelle radar herein) operated round the

clock when the ship was on station (XR14). The Revelle

radar completed a full volume scan every 10min in-

cluding twenty-two 3608 plan position indicator (PPI)

sweeps and five vertical cross sections [range height in-

dicator (RHI)]. This particular scanning strategy was set

to provide continuous volume coverage and high-

resolution 3D precipitating-cloud-structure information

(XR14). The Revelle radar data were calibrated and

quality controlled by the Radar Meteorology Group at

Colorado State University and NASA (details in XR14).

After quality control, radar polar coordinate data were

interpolated to Cartesian coordinates using the National

Center for Atmospheric Research (NCAR) REORDER

software package (Oye and Case 1995), with the resolu-

tion of 2 km in the horizontal and 0.5 km in the vertical

(XR14). Radar reflectivity was then classified into con-

vective and stratiformprecipitation components based on

Steiner et al. (1995). This algorithm only considers the

horizontal texture of the radar reflectivity. Note that

TRMM PR (2A23; Awaka et al. 2009) uses a somewhat

more complicated technique that considers both hori-

zontal and vertical gradients of reflectivity, as well as the

existence of a reflectivity bright band. The rain rate–

reflectivity (Z–R) relationship for convective rain isZ5
134R1.44. For stratiform rain,Z5 300R1.55 is used. These

Z–R relationships (as well as the C-band attenuation

FIG. 1. (top) Examples of PFs (reflectivity. 17 dBZ at 2 km) observed by (a) TRMMPR at 2251UTC 18Oct 2011

and (b) Revelle radar at 2250 UTC 18 Oct 2011. (bottom) Examples of different morphologies of PFs measured by

Revelle radar: (c) SubL (sub-MCS linear), SubNL (sub-MCS nonlinear), and MCS-L (MCS linear) at 0300 UTC 9

Nov 2011 and (d)MCS-NL (MCSNonlinear) at 0000UTC 25Oct 2011. PFs in (c),(d) are fit into ellipses (dashed line)

for major axis and minor axis (solid lines).
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correction algorithm) were derived from drop size dis-

tribution measurement on Gan Island (DYNAMO) and

Manus Island in the western Pacific (Thompson et al.

2014, manuscript submitted to J. Atmos. Sci.). Echo-top

heights of specific echo intensities (e.g., 0 and 20 dBZ)

are obtained by finding the maximum height of that

value in the particular gridpoint column.

2) RADAR-BASED PFS

The echo object identification method used in the

TRMMPF (Nesbitt et al. 2000; Liu et al. 2008) study was

applied to the entire Revelle radar dataset. Specifically,

radar PFs are defined as contiguous radar pixels ex-

ceeding the minimum TRMM PR detectable reflectivity

(17dBZ) at 2-km altitude (Fig. 1b). As a particular ex-

ample, the Revelle radar observed nearly the same PF

pattern as the TRMM PR (Figs. 1a,b). The three-

dimensional radar measurements within the column are

grouped into the PF. Therefore, radar PFs contain pa-

rameters such as maximum height of specific radar re-

flectivities (e.g., 20 or 30dBZ), feature size (area of pixels

greater than 20dBZ), and the intensity, area, and volume

of convective and stratiform precipitation. Again, radar

PFs smaller than 100km2 (same rule applied to TRMM

PFs) were not considered for analysis.

c. PF morphologies

The goal of this study is to quantify the frequency,

intensity, and rainfall contributions of the MJO-

associated convective systems as a function of convec-

tive organization (morphology). RR98 described the

morphology of convection over the western Pacific

warm pool using observations collected from the Mas-

sachusetts Institute of Technology (MIT) C-band radar

on board the R/V John V. Vickers deployed during

TOGA-COARE. RR98 divided echoes by sub-MCS

versus MCS scales (less than or exceeding a length scale

of 100 km) and whether the convective component was

organized in a linear or nonlinear manner. We utilize

a similar classification here. RR98 only assigned one

organizational mode per radar volume, that being the

mode with the largest size (MCS) and the highest degree

of organization (linear). In contrast, this study utilizes an

algorithm to automatically classify each PF, allowing

multiple modes per radar volume. The algorithm applies

elliptical fits to the area of PFs and calculates dimensions

(e.g., major andminor axes) of the ellipses (Nesbitt et al.

2006; Liu and Zipser 2013). The major and minor axis

lengths of the ellipse are derived from the mass distri-

bution tensor eigenvalues of the raining points within

each feature (Medioni et al. 2000; Nesbitt et al. 2006).

First of all, PFs are separated into MCSs (area .
1000 km2) and sub-MCSs (area , 1000 km2) mainly

following the TRMM PR morphology studies (Nesbitt

et al. 2000; Cifelli et al. 2007; Liu et al. 2008; Liu and

Zipser 2013). This threshold of 1000 km2 for the MCS

category actually produces very similar MCS rainfall

statistics (,10% difference) as the 100-km horizontal

scale used by RR98 (not shown). MCSs and sub-MCSs

are further defined as linear or nonlinear depending on

the ratios of major to minor axes associated with each

PF. RR98 defined the major-to-minor ratios of convec-

tive features (only considering convective components)

greater than 5:1 as linear and ratios less than 5:1 as

nonlinear. However, we define the major-to-minor ra-

tios of PFs greater than 5:2 as linear and ratios less than

5:2 as nonlinear, considering that PFs (or precipitating

area) are much broader than the embedded convective

elements. Liu and Zipser (2013) also pointed out that

the linear convection definition (ratios less than 5:1) is

too restrictive for PFs. Sensitivity tests show that dif-

ference in rainfall statistics of linear or nonlinear MCSs

is about 10% between the major-to-minor ratios of 5:1

and 5:2 definitions. Figures 1c,d provide examples of

radar PFs in different morphology categories. Linear

MCSs generally represent squall-line systems or con-

vective cells arranged in a linear fashion (Fig. 1c), while

nonlinear MCSs have randomly distributed cells em-

bedded within stratiform precipitation (Fig. 1d).

d. MJO indices

This study employs the Wheeler–Hendon Real-Time

Multivariate MJO (RMM) index (WH index; Wheeler

and Hendon 2004) to define the MJO phase. The WH

index is based on the combined empirical orthogonal

functions (EOFs) of outgoing longwave radiation

(OLR) and zonal wind fields at 850 and 200 hPa. The

WH index has been widely used and is an effective filter

for intraseasonal frequencies associated with the MJO

(Lau and Wu 2010; Riley et al. 2011). Based on the WH

index, each day in the tropics can be assigned to one

of eight MJO phases. The active MJO phases over the

CIO are assigned as phases 2 and 3. In other words,

phases 1 and 4 respectively correspond to preonset and

post-MJO periods in the CIO, while phases 5–8 are as-

sociated with suppressed MJO activity over this same

domain. During the three MJO events in DYNAMO

(October–December 2011), most of the days were of

relatively strongMJOmagnitude (RMM121RMM22. 1),

indicating significant MJO events (XR14). On the

other hand, there were more than 50 MJO events ob-

served by the TRMM satellite from October to April

during 1998–2012. In compositing TRMM data as

a function of MJO phase, we only include TRMM

measurements taken during significant MJO periods

(i.e., RMM12 1 RMM22) . 1.2.
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3. Convective evolution of MJOs during
DYNAMO

TheDYNAMOfield campaign observed two coherent

MJO events and one incoherent (with incomplete cycle)

MJO event (Yoneyama et al. 2013; Gottschalck et al.

2013; Johnson and Ciesielski 2013). The two coherent

MJOs occurred in October (MJO 1) and November 2011

(MJO 2) with convection propagating from the CIO to

the central Pacific and wind signals circumnavigating the

globe (Gottschalck et al. 2013). Figure 2 clearly shows

that theMJO heavy precipitation envelope initiated over

the western Indian Ocean (Figs. 2a and 2d), passing

through the DYNAMO array (Figs. 2b and 2e), and

propagating eastward to theMaritimeContinent (Figs. 2c

and 2f). The prolonged rain event observed by theRevelle

radar during MJO 1 (Figs. 2a–c) was associated with the

most intense portion of that particular MJO event. Dur-

ing MJO 2 (Figs. 2d–f), although intense precipitation

was observed by the Revelle radar (Fig. 2e), the strongest

convection and precipitation occurred over the northern

portion of the large-scale DYNAMO array (Fig. 2e). The

December MJO (MJO 3) was weaker in the OLR field

accompanied by less coherent propagation in the wind

component (Gottschalck et al. 2013). Only decaying

phases (e.g., WH phases 4–5) were observed in MJO 3 as

the more intense convection was located north of the

Revelle radar coverage area (not shown).

Figure 3 shows time series of Revelle radar-estimated

rainfall (3-hourly, areal mean) as a function of convective

morphology duringMJO 1 (Fig. 3a) andMJO 2 (Fig. 3b).

(Because of the nature of the sampling for MJO 3, we do

not considerMJO 3 for this time series analysis; however,

we do include MJO 3 in the precipitation statistics

FIG. 2. Rainfall distribution (TRMM 3B42) over the Indian Ocean as a function of WH MJO phase. (a)–(c)

During MJO 1 (phase 1: 15–19 Oct; phase 2: 20–29 Oct; phase 3: 30 Oct–3 Nov 2011) and (d)–(f) during MJO 2

(phase 1: 17–20 Nov; phase 2: 21–25 Nov; phase 3: 26–30 Nov 2011). The DYNAMO array is marked by the solid

black line, while the white dashed box defines the climatology study region (58S–58N, 758–858E). DYNAMO radar

ranges are marked by circles: Revelle radar (black solid), S pol on Gan Island (black dashed), and the C-band radar

on R/V Mirai (black dashed).
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described in more detail later.) The WH phase for each

MJO is indicated at the top of each time-series panel. In

general, suppressed periods (phases 5–7) in both MJO

events were dominated by precipitation from sub-MCSs.

During active periods (phases 2 and 3), frequent MCS

(both linear and nonlinear) precipitation was present.

These results are consistent with the evolution of pre-

cipitating cloud populations described by XR14. XR14

showed that deep convective cells frequently developed

prior toMJO onset (i.e., during phase 1), but those cells

rarely organized into mesoscale systems. Throughout

the MJO cycle, sub-MCSs make minor contributions

to precipitation (areal mean, 2–10mmday21), roughly

5%–10% of that generated by MCSs (areal mean,

30–80mmday21). However, sub-MCSs (or isolated

convective cells) dominate the convective cloud pop-

ulation during DYNAMO and were suggested to play

an important role in moistening the lower troposphere

during MJO ‘‘recharging’’ periods (XR14). In terms of

organizational mode, nonlinear MCSs contributed the

most rainfall (20–60mmday21), while linear MCSs

produced only 20%–30% of that of the nonlinear MCSs

(,25mmday21).

During MJO active periods, MCS precipitation was

more frequent and of higher intensity inMJO1 thanMJO2

(Fig. 3, Table 1). As a result, the MJO envelope (active

period) contained substantially more rainfall in MJO 1

(13.7mmday21) compared to MJO 2 (9.3mmday21;

Table 1). This is also evident from the rainfallmaps shown

in Figs. 2b and 2d. There were more than 10 major MCS

precipitation events in MJO 1 (Fig. 3a). In MJO 2, there

were only twomajor periods of MCS precipitation during

active phases (Fig. 3b). These MCS precipitation events

were associated with the passage of two Kelvin waves

comprising MJO 2 (24 and 28 November; Gottschalck

et al. 2013; Moum et al. 2014). Indeed, the precipitation

morphology depicted here follows the evolution of echo-

top height (0-dBZ radar echo top) as shown by XR14

(their Fig. 3b). For example, precipitating echo tops be-

came substantially deeper around 16 October in MJO 1

and 21 November during MJO 2, when the dominant

convective mode shifted to MCS precipitation (Fig. 3).

This is reasonable since deep convective cells are neces-

sary for MCS development. Prior to MJO onset, con-

vective deepening (increase of the echo-top height) was

more persistent and substantial in MJO 1 than in MJO 2

(XR14). After the MJO onsets, MCSs were more fre-

quent and contributed more rainfall in MJO 1 than in

MJO 2 (Fig. 3, Table 1).

4. Overall DYNAMO radar statistics and TRMM
climatology

Based on echo object (or PFs) analysis, convective

characteristics derived from 3 months of Revelle radar

measurements are placed in the context of a 15-yr

TRMM climatology (October–April) over the CIO

(58N–58S, 758–858E; white box in Fig. 2). As detailed

FIG. 3. Time series (3 hourly) of areal-mean rain rate (based onRevelle radar) as a function of

different morphologies: (a) during R/V Revelle cruise 2 and (b) during R/V Revelle cruise 3.

Corresponding WH MJO phase numbers are indicated on the top x axis.
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below, the 3-month-long Revelle radar-observed pre-

cipitation feature populations for the MJOs sampled

during DYNAMO closely resemble the precipitation

feature populations found in the TRMM PR 15-yr cli-

matology (Table 2), comprising over 50 individual

MJO events between 1998 and 2012. The 3-month,

areal-mean rainfall rate recorded by the Revelle radar

(7.0mmday21) was also very close to that of the

TRMM PR’s 15-yr climatology (6.1mmday21), which

is also consistent with that derived from the multi-

satellite rainfall product (3B42, 6.6mmday21). It is

interesting that DYNAMO recordedmuch higher daily

rainfall compared to TOGA COARE (radar estimates

of 4.5–4.8mmday21; Short et al. 1997; RR98). This

difference may owe to the fact that only one major

MJO event occurred during TOGA COARE, while

DYNAMO observed three MJO events during its

(similar) duration. In fact, the 15-yr-averaged areal

rainfall rate based on TRMM PR centered on the

TOGA COARE large-scale domain (58S–58N, 1408–
1508E) is 6.7mmday21, which is very similar to that of

DYNAMO. TRMM PR and the Revelle radar also

observed very similar convective precipitation areas

(25%–27%). However, there is a significant discrep-

ancy concerning the convective rain volume fraction

between TRMMPR (55%) andRevelle radar (73%). In

fact, the convective rain fraction derived from Revelle

radar (73%) is very close to that based on TOGA

COARE shipborne radars (72%; Short et al. 1997;

RR98). In contrast, Lin et al. (2004) reported a con-

vective rain fraction of 40%–50% (or stratiform rain of

50%–60%) over the equatorial tropics based on a 5-yr

TRMM PR climatology. The reason that the TRMM

PR convective fraction is less than Revelle is due to the

reduced resolution of the TRMMPR. For example, the

convective (stratiform) fractions become 60% (40%)

when the Revelle radar data are reduced to a 4-km

resolution. The coarser resolution of the TRMM PR

relative to the Revelle radar does not allow it to resolve

various reflectivity gradients that are characteristic

of convection. We also need to emphasize that the

convective–stratiform fractions derived from the

Revelle data may not be generally representative of

MJO precipitation since only MJO 1 made a ‘‘direct hit’’

on the Revelle’s location (Fig. 2), with the heaviest

precipitation passing to the north of the Revelle during

MJOs 2 and 3.

a. Morphology statistics

Even though theMJOs documented during DYNAMO

passed through the Revelle radar area to various de-

grees, the cumulative function distribution (CDF) of

Revelle radar PFs as a function of size is very close to that

of the TRMM PR climatology (Fig. 4, red curves). This

agreement suggests that during the 3-month observa-

tional period the Revelle radar did obtain a view of MJO

convection that is representative of MJOs over this re-

gion of the CIO. Recall that the TRMM PR database

contains over 50 MJO events. Although MCSs (PFs .
1000km2) constitute only 10%of the total PF population,

they contribute more than 70% of the total precipitation

(Fig. 4, blue curves). This is quite common over the

tropics (Nesbitt et al. 2000; Liu et al. 2008; Cifelli et al.

2007). Compared to the TRMM PR, the Revelle radar

observed a smaller fraction of rainfall contributed by very

large PFs (.50 000km2). This may be due to the fact that

the TRMM PR simply covers a larger swath area com-

pared to the Revelle radar.

Figure 5 shows the PF frequency, contribution to total

rainfall, and convective rain fraction in the four mor-

phology categories. Error bars represent t test at the 95%

significance level. Generally, the TRMMPR climatology

TABLE 1. Rain depth (areal-mean rain rate) during MJO wet periods of MJO 1 (14–29 Oct) and MJO 2 (15–30 Nov). Fractions of rainfall

contributed from systems of specific morphology category are also listed.

MJO envelope Rain depth (mmday21) Linear MCS (%) Nonlinear MCS (%) Linear sub-MCS (%) Nonlinear sub-MCS (%)

MJO 1 13.7 16 61 7 16

MJO 2 9.3 15 49 11 25

TABLE 2. Summary of total PF population, areal-mean rain rate, convective precipitation area percentage, and convective rainfall

fraction observed by TRMM PR and the Revelle radar. Areal-mean rain rate derived from the TRMM 3B42 is listed in the parentheses.

Revelle radar data are from October to December 2011, and TRMM PR data are during October–April from 1998 to 2012 over 58S–58N,

758–858E.

Total PF samples

Areal-mean rain

rate (mmday21)

Convective area

fraction (%)

Fraction of convective

rain volume (%)

TRMM PR (3B42) 87 140 6.1 (6.6) 27 55

Revelle radar 77 408 7.0 25 73

630 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 72



and the Revelle radar statistics show similar distribution

patterns as a function of PF morphology. They both in-

dicate significant differences among different morphol-

ogies. The occurrence frequency (green bars in Fig. 5) is

in the ascending order of linear MCSs (3%–5%), non-

linear MCSs (5%–7%), linear sub-MCSs (20%–25%),

and nonlinear sub-MCSs (60%–65%). Obviously, the

nonlinear sub-MCS mode dominated over the CIO in

terms of frequency of occurrence. The linear MCS cate-

gory was the least observed convective mode. In terms of

rainfall contribution (blue bars in Fig. 5), nonlinearMCSs

contributed about 50% of the total rainfall compared to

linear MCSs which produced about 20% of the total

rainfall. Similarly, sub-MCSs with linear organization

contributed less rain (,10%) than nonlinear sub-MCSs

(;20%). RR98, examining TOGA COARE shipborne

radar data, reported that MCSs with linear organization

dominated the total rainfall (80%), while nonlinear

MCSs contributed less than 5% of the total rainfall.

However, this study is PF based (multiple categories can

appear in one radar image), while RR98 manually de-

fined each radar image as having only one morphology

mode defined as the convective feature with the highest

degree of organization and size (i.e., the linearMCS is the

largest and most organized mode). This study utilizes an

objective algorithm (Nesbitt et al. 2006; Liu and Zipser

2013) to automatically identify each PF as one of the

morphology categories, allowing systems of different

morphologies (e.g.,MCS and isolated convective cells) to

be classified within the same radar image. In addition,

RR98 classified on only convective components, while

this study classifies on overall precipitation area of PFs. In

fact, our analysis method yields very similar statistics

when it is applied to the TOGACOAREMIT radar data

(RR98) and TRMM PR measurements over a box of

1000km 3 1000km over the TOGA COARE region

(Fig. 6). Furthermore, our morphology statistics are

consistent with the TRMM PR climatology across the

broad tropical oceans—for example, there were 3 times

more MCSs (PFs . 1000km2) in the nonlinear mode

compared to the linear mode (Liu and Zipser 2013). The

assumptions made by RR98 (owing to the nonexistence

of automated methods to objectively evaluate the large

amount of radar data) led to a bias toward linear MCS

systems.

The convective rainfall fraction was also calculated for

each morphology category (red bars in Fig. 5). Con-

cerning the statistics derived from the Revelle radar, sub-

MCSs have larger fractions of convective precipitation

(85%–95%) than MCS categories (60%–85%), in-

dicating the more isolated and convective nature of the

former category. The lower fraction of convective rain in

MCSs is of course due to their substantial stratiform

precipitation component. The convective rain fraction in

DYNAMO MCS events ranges from 70%–85% for lin-

earMCSs to 60%–75% for nonlinearMCSs. RR98 found

an opposite trend for TOGA COARE event, with 66%

for linear MCSs and 83% for nonlinear MCSs. Collec-

tively, the convective fractions of DYNAMO events are

also somewhat higher than several case studies of in-

dividual tropical squall lines from GATE [Houze (1977):

60%, Gamache and Houze (1983): 51%, and Houze and

Rappaport (1984): 58%]. The comparison of these sta-

tistics needs to be done with caution since different

FIG. 4. CDF of PF population and rainfall fraction as a function of

PF area.Revelle radar data (squares) are fromOctober toDecember

2011, and TRMM PR data (stars) are selected over 58S–58N, 758–
858E during October–April from 1998 to 2012.

FIG. 5. Total PF frequency (green), fraction of total rain volume

(blue), and convective rainfall fraction (red) of different morphol-

ogy categories: (a) statistics from Revelle radar and (b) statistics

based on TRMM PR. Error bars pass the t test at 95% confidence

interval based on daily means.
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analysis techniques were used (including different Z–R

relationships for convective and stratiform rain; different

convective–stratiform partitioning assumptions, etc.).

Also, the present study represents a combination ofmany

snapshot observations of MCS events while previous

studies examined the entire life cycle of MCS events.

Tropical squall lines over a portion of the system’s life-

time produced a broad range of convective rain fractions

[Leary (1984): 70% and Zipser et al. (1981): 45%–50%].

It is important to point out that there are also differ-

ences in the morphology statistics between TRMM PR

and the Revelle radar. For example, linear MCSs have

higher rainfall contributions based on TRMMPR (28%)

compared to the Revelle radar (15%). This may be

partially due to the fact that the TRMM PR can detect

longer line-shaped PFs (i.e., maximum of 1000 km along

the PR swath in the study box) compared to the Revelle

radar (i.e., maximum dimension of 300 km). As shown in

Fig. 4, the TRMM PR observed a larger fraction of

rainfall from extremely large PFs. On the other hand,

the Revelle radar detected a larger rainfall fraction

contributed from nonlinear sub-MCSs (23%) compared

to that detected by the TRMM PR (12%). This may be

due to the coarser native horizontal resolution of the

TRMM PR data compared to the Revelle radar (4 km

versus approximately 2 km). Furthermore, the convec-

tive rain fraction based on the Revelle radar is higher

than that of the TRMM PR climatology regardless of

morphology category. Again, differences in the native

data resolution are likely at play in explaining these

differences.

b. Convective intensities

Figure 7 shows the probability distribution function

(PDF) of 20- and 30-dBZ echo-top heights by convec-

tive mode—an indication of convective intensity. Rev-

elle radar statistics are generally consistent with the

TRMM PR climatology on echo-top heights of both 20

and 30 dBZ, with Revelle-observed PFs slightly taller

(0.5 km) than those measured by TRMM PR. It is clear

that MCSs persistently exhibited higher 20- or 30-dBZ

echo tops than sub-MCSs, indicating that they contained

stronger convective elements compared to convective

elements in sub-MCSs. Rowe and Houze (2014) showed

similar differences between MCSs and sub-MCSs over

Gan Island during DYNAMO, in terms of 0-dBZ echo

tops and frequency of large ice particles deduced from

theNCARS-pol radar polarimetric data. Liu andZipser

(2013) reported that organized convective lines across

the broad tropics are slightly weaker than those with

near-circular shapes, indicated by lower 30-dBZ echo-

top heights and warmer 37-GHz brightness tempera-

tures. However, this study indicated that convective

systems over the CIO with linear and nonlinear orga-

nization have nearly the same convective intensities

(e.g., 30-dBZ echo-top heights). In this study, the

20-dBZ echo-top heights of MCSs peaked at 7.5 km,

FIG. 6. As in Fig. 5, but for (a)MIT radar statistics during TOGA

COARE and (b) TRMM PR statistics over the large TOGA

COARE region (58S–58N, 1408–1508E) duringOctober–April from

1998 to 2012.

FIG. 7. PDFs of PFs categorized by (a) maximum 20-dBZ echo-

top height and (b) maximum 30-dBZ echo-top height, based on

Revelle radar (blue) and TRMM PR (red) measurements. Specific

precipitation morphology of different categories is indicated by

different markers.
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with approximately 10% of those systems achieving

heights above 10 km (Fig. 7a). For MCS convective

cores, the 30-dBZ echo-top-height mode was near 6 km,

with a very sharp drop off above this altitude (Fig. 7b).

Only 5% of the 30-dBZ echo tops exceeded 8 km, which

is an effective threshold for lightning occurrence (Zipser

1994; Petersen et al. 1996).

Figure 8 depicts rainfall fractions contributed by each

morphology type as a function of 20- and 30-dBZ echo-

top height. Most of the MCS rainfall (70%–80%) was

contributed from deep systems (e.g., 20-dBZ echo-top

height greater than 10 km; Fig. 8a). Note that only 10%

of the observed MCSs had 20-dBZ echo tops exceeding

10 km (Fig. 7a). Only 5% of the sub-MCS precipitation

came from systems with 20-dBZ echo tops higher than

10 km. Approximately 10%–20% (2%) of MCS (sub-

MCS) rainfall over the CIO was associated with intense

convection—for example, 30-dBZ echo tops greater

than 8 km (Fig. 8b). Xu and Zipser (2012) reported that

over oceans less than 10% of rainfall was contributed

by intense convection (e.g., 30-dBZ echo tops greater

than 8 km or presence of lightning) compared to 70%

over tropical continents. These findings are consistent

with observed lightning frequencies presented by

XR14.

There are notable differences in the rainfall contri-

butions (as a function of convective intensity) between

the Revelle radar and the TRMM PR climatology. The

TRMMPR climatology suggests that more than 40%of

the MCS rainfall was contributed by systems with ex-

tremely deep convective cores (e.g., 20-dBZ echo tops

greater than 12 km), but the Revelle radar indicates

only about 15% of MCS rainfall was due to MCSs with

deep convective cores (Fig. 8a). In addition, TRMM

PR climatology shows 20% of the MCS rainfall was

associated with intense convection (30-dBZ echo tops

greater than 8 km), while the Revelle radar shows only

10%. However, there was a larger fraction of sub-MCS

rainfall contributed by PFs with relatively high echo

tops (e.g., 20-dBZ echo tops greater than 8 km, or

30-dBZ echo tops greater than 6 km) as indicated by

the Revelle radar compared to the TRMM PR clima-

tology. Again, these discrepancies might originate from

differences in rainfall estimation algorithms between

TRMM PR and the Revelle radar, as the convective

intensities are similar between Revelle statistics and

TRMM PR climatology. It is possible that the TRMM

PR underestimated rainfall for relative weak radar

echoes but overestimated for strong radar echoes

compared to the Revelle radar, since sub-MCSs should

contain weaker radar echoes near the surface, owing to

their substantially weaker convective intensities com-

pared to MCSs (Fig. 7).

5. Composites as a function of MJO phase

XR14 showed that convective characteristics (i.e.,

precipitation amount, convective intensity, and light-

ning frequency) and environmental variables (SST,

tropospheric humidity) evolved along the ‘‘recharge–

discharge’’ processes (Bladé and Hartmann 1993;
Kemball-Cook and Weare 2001). One of the major

goals of this study is to examine how the precipitation

morphologies vary with MJO evolution or MJO phase

defined by the WH index. It is also important to know

whether these MJO phase-based composites observed

during DYNAMO are comparable to the TRMM PR

climatological patterns. This section compares the

three MJO events in DYNAMO against more than 50

MJO events observed by TRMM, from the pers-

pectives of total rainfall, convective/stratiform rain

fraction, precipitation morphology, and rainfall con-

tribution as a function convective depth. There were

more than 300MJOevent days in eachMJOphase during

October–April in 1998–2012. However, we only include

major MJO event days (i.e., RMM12 1 RMM22 . 1.2).

Samples of selected MJO event days in each MJO phase

and corresponding PF populations are listed in Table 3.

a. Total rainfall and precipitation types

Figure 9 shows the areal-mean rainfall derived from

the Revelle radar, TRMM PR, and 3B42 estimates as

FIG. 8. CDFs of rain volumes contributed from different PFs

categorized by (a) maximum 20-dBZ echo-top height and

(b) maximum 30-dBZ echo-top height, based on Revelle radar

(blue) and TRMM PR (red) measurements. PFs of specific pre-

cipitation morphology are indicated by different markers.

FEBRUARY 2015 XU AND RUTLEDGE 633



a function of MJO phase. XR14 previously showed that

Revelle radar-based rainfall time series agreed well

with that from TRMM 3B42. Figure 9 indicates that the

large-scale MJO phase-to-phase rainfall evolution

pattern was also captured by the Revelle radar obser-

vations. For example, each rainfall plot shows a similar

increasing trend from phase 7 to phase 2, maximum at

phase 2, and a decreasing trend from phases 2 to 5. The

MJO phase-composited rainfall evolution during

DYNAMO (black, orange, and blue curves; Fig. 9) was

higher than that of the TRMM PR climatology (red

curve), especially during active phases of the MJO

(e.g., phases 1–3). Note that because the TRMM PR

provides very small data samples during the 3 months

of DYNAMO (only two overpasses per day), 3B42 data

are used to represent the satellite rainfall estimates

during DYNAMO. Compared to the 3B42 product

over the Revelle radar coverage area (orange curve),

the Revelle radar (black curve) measured more rainfall

during MJO building phases (e.g., phases 8 and 1) but

less rainfall during MJO active and decaying phases

(phases 2–4). This may result from the fact that TRMM

3B42 mainly relies on microwave and infrared mea-

surements. Both microwave and infrared rainfall esti-

mation techniques are based on indirect relationships

between ice particles/cloud tops and the surface

precipitation that vary greatly among different weather

regimes. During the active and decaying phases, pre-

cipitation systems could still have abundant ice particles

and extensive cold cloud tops, but precipitation intensity

is substantially reduced owing to the weakening of con-

vective intensity (XR14). In this case, microwave and

IR techniques likely overestimate precipitation. These

trends suggest that 3B42 may underestimate rainfall

produced by deep isolated convective cells during MJO

building phases and overestimate precipitation produced

by large MCSs during active phases. Compared to 3B42

over the large-scale area (blue curve), the Revelle radar

(black curve) diagnosed less rainfall during MJO active

and decaying phases. This difference is likely caused by

the heaviest precipitation passing to the north of the

Revelle during MJOs 2 and 3. However, the main take-

away message from the above is that the Revelle radar

measurements evidently captured the MJO rainfall

evolution revealed in the much longer record (TRMM

PR) satellite statistics.

The total rainfall was further divided into convective

and stratiform types based on estimations from the

Revelle radar and TRMM PR (Fig. 10). The 3-month

Revelle radar estimates (Fig. 10a) show similar rainfall

magnitudes as the long-term TRMM PR estimates

(Fig. 10c) but display greater phase-to-phase variability

compared to TRMM PR climatology. Both Revelle

(Figs. 10a,b) and TRMM PR (Figs. 10c,d) precipitation

estimates show that convective precipitation domi-

nates the suppressed MJO phases (phases 5–7), but

stratiform-type rainfall becomes substantial (40%–

50%) in the MJO active phases (phases 2 and 3). XR14

related the growth of stratiform precipitation to moist

mid- to upper-tropospheric conditions and strong deep

tropospheric wind shear in active MJO phases. Revelle

radar observations indicate that 80%–90% of the total

precipitation in MJO suppressed phases (phases 5–7)

falls as convective rain (Fig. 10b). This is reasonable, as

the MJO suppressed phases were characterized by

shallow and isolated convection as shown by XR14. In

TABLE 3. Samples ofMJO event days and PFs as a function ofWHMJO phase in the TRMMPR andRevelle radar dataset. TRMMPR

dataset includesmeasurements observed duringOctober–April from 1998 to 2012 over theCIO (58S–58N, 758–858E). TRMMsampling for

WH MJO composites only include significant MJO days (i.e., RMM12 1 RMM22 . 1.2).

Phase 1 2 3 4 5 6 7 8

TRMM sampling days 138 189 227 187 234 231 194 180

TRMM PFs 4749 6177 6006 3586 5173 5276 4996 5757

Revelle sampling days 9 14 5 10 6 6 8 9

Revelle PFs 12 708 22 043 6645 9453 1406 1371 3699 10 538

FIG. 9. Rainfall (areal mean) composites as a function of WH

MJOphase from various rainfall estimationmethods. Rainfall over

the Revelle radar coverage area during October–December 2011

(whenR/VRevellewas in station) is derived from theRevelle radar

(black star) and TRMM 3B42 (orange diamond). TRMM 3B42

rainfall is also averaged over 58S–58N, 758–858E during October–

December 2011 (blue triangle). Long-term (15 yr) TRMM PR

(2A25) rainfall is averaged over 58S–58N, 758–858E during October–

April from 1998 to 2012 (red square). Note that the 1–2–1

smoothing filter has been applied to these time series. Error bars

pass the t test at 95% confidence interval based on daily means.
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contrast, the TRMM PR climatology displays much

lower convective rain fraction (50%–60%) in the sup-

pressed phases (Fig. 10d).

Throughout the MJO life cycle, TRMM PR estimated

lower convective rain fractions compared to Revelle ra-

dar. As has beenmentioned previously, this is mainly due

to the coarser resolution of the TRMM PR (4km) rela-

tive to the Revelle radar (;2 km) such that the TRMM

PR cannot adequately resolve various reflectivity gradi-

ents that are often characteristic of convection. Sensitiv-

ity tests show that the convective rain fractions are similar

between Revelle radar and TRMM PR when the Revelle

radar data are degraded to 4-km resolution. In addition,

the TRMM PR may classify some of the isolated con-

vection as stratiform precipitation owing to its lower

sensitivity and reduced horizontal resolution compared

to the Revelle radar. In fact, the identification of isolated

convection poses a significant difficulty for partitioning

algorithms (both for satellite and ground-based radars)

because these echoes often have low reflectivities and

weak horizontal gradients. While these isolated echoes

are minor contributors to the total rainfall (;10%), it is

important to properly classify them in order to un-

derstand the role of shallow isolated convection in MJO

initiation. These types of echoes are present in 20%–30%

of the radar observations from Revelle and are dominant

during highly suppressed periods (XR14).

b. Rainfall distribution as a function of morphology
and echo-top height

The total precipitation in each MJO phase was also

broken down into fractional rainfall contributed from

PFs in each of the four morphologies (Fig. 11). In gen-

eral, suppressed MJO phases (e.g., phases 5–7) were

characterized by sub-MCS rainfall, while active phases

(e.g., phases 2 and 3) were dominated by the MCS

rainfall. This is especially obvious in both the time series

(Fig. 3) and composites (Figs. 11a,b) of Revelle radar

measurements. Revelle-based composites also display

more variability than the TRMM PR climatology. For

example, Revelle radar measurements indicated that

60%–80% of the rainfall during suppressed phases (e.g.,

phases 5–7) came from sub-MCSs (Fig. 11b), while the

TRMM PR analysis shows that only 30%–40% of rain-

fall fell from sub-MCSs (Fig. 11d). Revelle-based

composites also show that the increase of MCS pre-

cipitation was quite sudden—for example, a rapid in-

crease from phases 7 and 8 to phase 1 (Fig. 11a; also see

the time series of the two MJO events in Fig. 3). Both

the Revelle radar and TRMM PR indicated that MCSs

contribute 75%–85% of the total precipitation during

the MJO peak phase (e.g., phase 2; Figs. 11b and 11d).

For active phases, TRMM PR climatology reveals that

linear MCSs and nonlinear MCSs each contribute

FIG. 10. Rainfall composites as a function of WHMJO phase contributed by convective and stratiform precipitation.

(a),(b) Revelle radar statistics and (c),(d) TRMM PR statistics.
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significantly to total rainfall (;40%; Fig. 11d). Revelle

radar measurements indicate dominance of nonlinear

MCS rainfall (;60%; Fig. 11b). The TRMM PR cli-

matology also shows an increase of rainfall produced

by linear MCSs from inactive to active phases

(Figs. 11c,d), suggesting the frequent development of

squall-line systems during active periods. As has been

previously mentioned, the long swath (up to 1000 km in

the study box) of the TRMM PR might enable PR to

detect longer (or larger) squall-line systems compared

to the Revelle radar (whose coverage was limited to

300 km in length).

Figure 12 indicates the rainfall amount and fractions

in each MJO phase contributed from PFs with different

echo-top heights [i.e., shallow (,5 km), middepth (5–

8 km), and deep (.8 km)]. Basically, shallow PFs con-

tribute a very small fraction of the total precipitation

(;5% fromTRMMPR,;2% fromRevelle) throughout

theMJO life cycle. Deep PFs produced the most rainfall

(60%–80%) during all MJO phases, with 20%–40% of

the rainfall contributed by PFs reaching heights at least

to the midtroposphere. Both TRMM PR and Revelle

statistics show that deep PFs contribute 15%–20%more

rainfall in active periods than during MJO inactive pe-

riods (e.g., minimum at phases 5 and 6 and maximum at

phase 2). This pattern of deep PF rainfall is exactly the

same as that of MCS rainfall (Fig. 11). TRMM PR

(70%–85%; Fig. 12b) observed a higher fraction of

rainfall originating from deep PFs compared to the

Revelle radar (60%–75%; Fig. 12c), as well as MCS

rainfall (Fig. 11). As was previously discussed, TRMM

PR tended to retrieve more rainfall (in the climatolog-

ical sense) than the Revelle radar (Fig. 8) for MCSs of

similar convective intensities (Fig. 7). The reasons for

these differences remain unclear.

6. Conclusions

This study used 3 months of shipborne radar observa-

tions during the 2011/12DYNAMOfield campaign along

with a 15-yr climatology of TRMM PR measurements

over the central Indian Ocean region to investigate con-

vective morphologies, as well as convective intensity and

rainfall contributions by each organizational category.

This study first presented the convection–precipitation

morphology characteristics of two major MJO events

observed by the shipborne radar (Revelle radar) during

DYNAMO. Time series of Revelle radar data indicated

clear transitions of convective organization, intensity, and

precipitation morphology from suppressed periods to

active periods. The DYNAMO-based analysis was

placed in the context of the substantially longer-term

satellite (i.e., TRMM) climatology. This comparison in-

dicates that theRevelle radar statistics are consistent with

FIG. 11. Rainfall composites as a function of WH MJO phase contributed from PFs of different precipitation

morphologies. (a),(b) Revelle radar measurements and (c),(d) TRMM PR statistics.
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those from the long-term TRMM PR record. Major

findings in this study are as follows:

1) During theOctober andNovember 2011MJO events

observed by the Revelle radar, convective organiza-

tion evolved from the sub-MCS organizational mode

in suppressed periods to the MCS-dominated mode

in active periods; this transition was consistent with

those of the convective intensity and environmental

conditions; MCSs were rare outside the MJO con-

vective envelope.

2) The Revelle radar captured well the major climato-

logical characteristics of MJO convection as indicated

by comparison to the long-term TRMM PR statistics

over the DYANMO array, including aspects of areal-

mean rainfall (6–7mmday21), distributions of con-

vective intensities (20-/30-dBZ echo-top heights),

rainfall contributions from the four morphology cat-

egories, and variations of these parameters as a func-

tion of MJO phase.

3) Sub-MCSs (including both linear and nonlinear) were

present 90% of the time (20% in linear and 70% in

nonlinear mode) but only contributed roughly 30% of

the total precipitation (10% in linear and 20% in

nonlinear mode); nonlinear MCS events contribute

much more volumetric rain (50%) compared to

linear MCS events (20%), owing to their higher

frequency of occurrence; however, these distribu-

tions also varied with MJO phase, with the highest

sub-MCS rainfall fraction in suppressed phases (phases

5–7) and maximumMCS precipitation in active phases

(phases 2 and 3).

4) Convective cells are deeperwithinMCSs (e.g., 20- and

30-dBZ echo-top heights are on average 2 km higher)

compared to sub-MCSs; convective–stratiform rain-

fall fraction varies significantly with MJO phase, with

the highest convective fraction (70%–80%) in sup-

pressed phases and the largest stratiform fractions

(40%–50%) in active phases; similarly, active phases

are also characterized bymaximum fraction of rainfall

generated by deep convective cells.

5) There are differences between the statistics derived

fromRevelle radar andTRMMPR, such as convective–

stratiform rainfall fraction (e.g., Revelle radar in-

dicated a mean stratiform fraction of 30% compared

to 45% for TRMM PR); TRMM PR composites

indicate linear MCS rainfall increases after MJO

onset and produces similar rainfall contributions to

nonlinearMCSs; however, theRevelle radar statistics

showed the clear dominance of nonlinear MCS

rainfall (more than twice that of linear MCSs).

6) The TRMM PR estimated lower convective rain

fractions compared to the Revelle radar. We suggest

this is mainly due to the coarser resolution of the

FIG. 12. As in Fig. 11, but for rainfall contributed fromPFs of different 20-dBZ echo heights: shallow (,5 km),middle

(between 5 and 8 km), and deep (.8 km).

FEBRUARY 2015 XU AND RUTLEDGE 637



TRMM PR (4 km) relative to the Revelle radar

(;2 km) such that the TRMMPR cannot adequately

resolve various reflectivity gradients that are often

characteristic of convection. When the Revelle radar

data were degraded to 4-km resolution, convective

fractions between the two platforms were very

similar.
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