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ABSTRACT

The relationship between convective penetration depth and tropospheric humidity is central to recent theories

of the Madden–Julian oscillation (MJO). It has been suggested that general circulation models (GCMs) poorly

simulate the MJO because they fail to gradually moisten the troposphere by shallow convection and simulate

a slow transition to deep convection. CloudSat and Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Ob-

servations (CALIPSO) data are analyzed to document the variability of convection depth and its relation to water

vapor during the MJO transition from shallow to deep convection and to constrain GCM cumulus parameteri-

zations. Composites of cloud occurrence for 10 MJO events show the following anticipated MJO cloud structure:

shallow and congestus clouds in advance of the peak, deep clouds near the peak, and upper-level anvils after the

peak. Cirrus clouds are also frequent in advance of the peak. The Advanced Microwave Scanning Radiometer for

Earth Observing System (EOS) (AMSR-E) column water vapor (CWV) increases by ;5 mm during the shallow–

deep transition phase, consistent with the idea of moisture preconditioning. Echo-top height of clouds rooted in

the boundary layer increases sharply with CWV, with large variability in depth when CWV is between ;46 and

68 mm. International Satellite Cloud Climatology Project cloud classifications reproduce these climatological

relationships but correctly identify congestus-dominated scenes only about half the time. A version of the God-

dard Institute for Space Studies Model E2 (GISS-E2) GCM with strengthened entrainment and rain evaporation

that produces MJO-like variability also reproduces the shallow–deep convection transition, including the large

variability of cloud-top height at intermediate CWV values. The variability is due to small grid-scale relative

humidity and lapse rate anomalies for similar values of CWV.

1. Introduction

The Madden–Julian oscillation (MJO; Madden and

Julian 1971), a slowly eastward-propagating envelope

that modulates tropical precipitation in boreal winter on

time scales of 20–90 days from the Indian Ocean to the

West Pacific, is the primary source of subseasonal rain-

fall variability in the tropics. The MJO has captured the

attention of tropical meteorologists for several decades.

It does not lie along dispersion curves for linear equa-

torial waves, as do other observed convectively coupled

equatorial waves (Wheeler and Kiladis 1999), and thus

a plethora of theories have been advanced to explain its

initiation, propagation direction and speed, vertical

structure, and decay (e.g., see the review by Zhang 2005).

Furthermore, the MJO has generally been poorly, if at all,

simulated by several generations of operational general

Corresponding author address: Anthony D. Del Genio, NASA

Goddard Institute for Space Studies, 2880 Broadway, New York,

NY 10025.

E-mail: anthony.d.delgenio@nasa.gov

1 JUNE 2012 D E L G E N I O E T A L . 3755

DOI: 10.1175/JCLI-D-11-00384.1



circulation models (GCMs) (Slingo et al. 1996; Sperber

et al. 2005; Lin et al. 2006; Kim et al. 2009; Mapes and

Bacmeister 2012).

One class of ideas about the MJO invokes the so-

called ‘‘recharge–discharge’’ mechanism by which con-

vection interacts with tropospheric humidity to regulate

precipitation on intraseasonal time scales (Bladé and

Hartmann 1993; Hu and Randall 1994; Kemball-Cook

and Weare 2001; Stephens et al. 2004; Benedict and

Randall 2007). In this framework, shallow convection

dominates under suppressed conditions because dry air

entrained into the updraft evaporates cloud water, re-

ducing the buoyancy of the updraft and limiting its as-

cent. However, the saturated air detrained by the

cumulus moistens the troposphere near the detrainment

level, supplemented by evaporation of any light rain. This

produces a more humid and favorable environment for

later convective events, which penetrate somewhat higher

and moisten higher altitudes until eventually the column

has been moistened sufficiently that deep convection can

be triggered. This transition to the disturbed phase of the

MJO brings heavy precipitation that eventually discharges

the tropospheric moisture, returning the atmosphere to the

dry suppressed state. Simple dynamical models that utilize

an assumed interaction between tropospheric moisture

and precipitation or the diabatic heating profile have

had success producing MJO-like behavior (e.g., Khouider

and Majda 2006; Kuang 2008; Raymond et al. 2009).

GCMs have traditionally focused primarily on deep

convection and assumed weak entrainment to allow con-

vection to penetrate to the tropopause. Derbyshire et al.

(2004) demonstrated that these models do not produce

the sensitivity of convection depth to tropospheric hu-

midity that occurs in cloud-resolving models. The fact

that GCMs poorly simulate the MJO may thus not be

a surprise in light of this result. Indeed, several studies

have shown that behavior consistent with the MJO is

typical of models that have a tighter link between con-

vection and humidity because of strong convective en-

trainment or rain evaporation (Bechtold et al. 2008; Kim

et al. 2009, 2011a; Hannah and Maloney 2011) or that

embed a cloud-resolving model within GCM gridboxes

(Khairoutdinov et al. 2008; Thayer-Calder and Randall

2009; Zhu et al. 2009).

Observational evidence for the link between increasing

tropospheric humidity and increasing convection depth

during the transition from the suppressed to the disturbed

phase of the MJO has accumulated in recent years.

Kikuchi and Takayabu (2004), Kiladis et al. (2005),

Mapes et al. (2006), Morita et al. (2006), Benedict and

Randall (2007), Lau and Wu (2010), and Tian et al.

(2010) show evidence of an upward–westward tilt in the

structure of temperature, humidity, precipitation radar

echo height and diabatic heating anomalies as MJO

phase progresses. Other studies have documented the

variation of precipitation and the humidity profile with

column water vapor in the tropics (Bretherton et al. 2004;

Holloway and Neelin 2009) but not specific to the MJO.

Jensen and Del Genio (2006) and Holloway and Neelin

(2009) have shown relationships between humidity and

convection depth, again not specific to the MJO and at

a location (Nauru Island) on the eastern fringe of the

region affected by the MJO. International Satellite Cloud

Climatology Project (ISCCP) cloud classifications aggre-

gated by MJO phase (Chen and Del Genio 2009; Tromeur

and Rossow 2010) exhibit greater shallow and congestus–

disorganized convection occurrence during the sup-

pressed and developing phases relative to the disturbed

phase, as do Geostationary Meteorological Satellite in-

frared brightness temperatures (Kikuchi and Takayabu

2004). However, the passive remote sensing data used

to define these states have limited information on actual

cloud tops, particularly in multilayer cloud situations.

C-band radar and soundings during the Tropical Ocean

and Global Atmosphere (TOGA) Coupled Ocean–

Atmosphere Response Experiment (COARE) also docu-

mented the transition from shallow to congestus to deep

convective clouds and the concurrent moistening of the

lower troposphere during the MJO developing phase (Lin

and Johnson 1996; Johnson et al. 1999; Haertel et al. 2008),

although C-band too typically underestimates the actual

cloud top (Frederick and Schumacher 2008; Wu et al.

2009).

In this paper, we take advantage of the unique active

remote sensing capabilities of the CloudSat (Stephens

et al. 2008) and the Cloud–Aerosol Lidar and Infrared

Pathfinder Satellite Observations (CALIPSO) (Winker

et al. 2009) satellites, together with the precipitation and

water vapor products from the Aqua Advanced Micro-

wave Scanning Radiometer for Earth Observing System

(EOS) (AMSR-E) instrument flying in formation with

these satellites in the National Aeronautics and Space

Administration (NASA) ‘‘A-train’’ constellation. Our

goals are to directly document the depths of convective

clouds occurring during the transition from the sup-

pressed to the disturbed phase of the MJO and their

relationship to humidity, to compare these to passive

remote sensing views of the same phenomenon, and to

evaluate the ability of a climate GCM to simulate these

relationships. Our work builds on a recent CloudSat

analysis of cloud-type behavior during the MJO by

Riley et al. (2011). Section 2 describes the cloud, pre-

cipitation, and water vapor data used in our study as

well as our technique for defining MJO events from

reanalysis-based indices. Section 3 looks at the com-

posite vertical cloud structure of the MJO in different
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regions and how the transition from shallow to deep

convection depends on column water vapor. Section 4

documents similar relationships in the ISCCP dataset

with a specific focus on how ISCCP identifies scenes

dominated by congestus clouds in the CloudSat/

CALIPSO data. Section 5 performs a similar analysis

with an experimental version of the Goddard Institute

for Space Studies (GISS) GCM to gain insight into the

performance of its convective entrainment parame-

terization. We summarize our results and discuss their

implications in section 6.

2. Data and methods

Our analysis is based on cloud-base and -top detec-

tions by the CloudSat Cloud Profiling Radar (CPR) and

CALIPSO Cloud–Aerosol Lidar with Orthogonal Po-

larization (CALIOP) lidar. The 2B Radar-Lidar Geo-

metrical Profile Product (2B-GEOPROF-lidar) combines

the two datasets to produce a single cloud mask product

with ;1.4 3 2.5 km cross-track and along-track resolu-

tion (Mace et al. 2009). The 2B-GEOPROF-lidar

version P2_R04 dataset covers the period July 2006–

May 2010; we use data from all boreal nonsummer

months (September–May) between 58N–108S and 658–

1708E, following Benedict and Randall (2007).

Surface clutter affects the ability of the CPR to detect

hydrometeors below ;1-km altitude, particularly in the

two range bins below 0.5 km (Marchand et al. 2008). We

therefore define a convective cloud in the GEOPROF-

lidar dataset as any radar–lidar column with lowest cloud

base between 0.5 and 2 km. The actual cloud base (in-

cluding any rain that falls from it) may sometimes be

lower than this but in many cases is indistinguishable

from clutter, so that the first reported GEOPROF-lidar

cloud base is at higher altitude. The altitude of the first

echo top above this base is designated as the convective

cloud-top height (CTH). In principle some of the shal-

lowest of these clouds might be stratocumulus, but such

clouds are rare in the tropical warm-pool region that is

the subject of this study. Stratiform rain regions of me-

soscale convective clusters may be incorrectly classified

as convective clouds by our definition, but inspection of

many individual images (see, e.g., Fig. 7 for examples)

and previous studies (Morita et al. 2006; Riley et al. 2011)

indicate that organized convection is infrequent in the

MJO shallow–deep convection transition region. Our

CTH is the height at which a continuous echo starting

from a low cloud base terminates, with no clear layers

in between, so it does not include cirrus, anvils, or alto-

stratus whose bases are well above the boundary layer.

We have chosen not to use the CloudSat cloud classifica-

tion (CLDCLASS) data product or any radar reflectivity

criteria because cumulus congestus clouds do not fall into

any single class and because there are ambiguities in using

reflectivity thresholds to define congestus (Casey et al.

2011).

Nearly coincident AMSR-E passive microwave sur-

face rainfall rates and column water vapor (CWV) from

the NASA Aqua satellite are derived from the algorithm

of Wentz and Meissner (2000, 2007). The AMSR-E

products from the nearest pixel along the CloudSat

orbital track were obtained from the AMSR-AUX prod-

uct that is accumulated by CloudSat as part of the 2C-

Precipitation Column (2C-PRECIP-COLUMN) dataset.

We also use the ISCCP classification of weather states

based on a k-means clustering algorithm applied to joint

histograms of cloud-top pressure and cloud optical thick-

ness within 2.58 3 2.58 boxes (Rossow et al. 2005) for the

period January 2006–December 2007. The classification

identifies six independent clusters that can loosely be

identified as scenes dominated by deep convection,

cirrostratus anvils, congestus–disorganized convection,

isolated cirrus, shallow cumulus, and stratocumulus

(in addition to clear-sky cases). In fact, the cloud-top

pressure–optical thickness distributions for each cluster

include a variety of retrieved cloud-top pressures, so the

assigned names are intended to merely depict the domi-

nant cloud type in each cluster rather than the exclusive

occurrence of that cloud type.

MJO events in the data are defined using a two-step

procedure. We first use the real-time multivariate MJO

index of Wheeler and Hendon (2004), which is based on

an empirical orthogonal function (EOF) analysis of 850-

and 200-hPa zonal winds from the National Centers for

Environmental Prediction (NCEP)-1 reanalysis or NCEP

operational analysis and satellite outgoing longwave ra-

diation, with annual and interannual components of

variability removed. MJO events located in the Indian

Ocean, Maritime Continent, or west Pacific (phase index

2–7) are identified as those with intensity index . 1

continuously for at least 15 days. Each identified event is

then located more precisely in the National Oceanic and

Atmospheric Administration (NOAA) Climate Pre-

diction Center daily MJO indices, which are based on

an extended EOF analysis of 200-hPa velocity poten-

tial at 10 longitudes (Xue et al. 2002). We search the

NOAA time series for index 10 (708E) and indices 1–5

(808, 1008, 1208, 1408, and 1608E). For each MJO date

and region identified with the Wheeler–Hendon index,

we find the three lowest consecutive values of the closest

in longitude NOAA index that are ,20.6 and for which

at least one value is ,21. The midpoint of these values is

designated the MJO peak. If one index value is ,22.2

(identified as a strong MJO by Tromeur and Rossow

2010), we select that date as the peak regardless of
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whether it is or is not the midpoint of the lowest three

consecutive values of the index. A total of 10 MJO

events satisfy the above criteria during the CloudSat/

CALIPSO era.

The MJO peak thus identified is defined as day 0 at the

corresponding longitude. All CloudSat/CALIPSO data

on this date that fall within the width of the given lon-

gitude band (658 or 6108) are accumulated, along with

those for peaks identified in the other longitude bands

at other times, to create a composite cloud frequency of

occurrence profile for day 0. Cloud profiles for other

dates are referenced by lag relative to day 0 in the same

longitude band and accumulated in similar fashion to

create a composite MJO structure as a function of

time. Although the NOAA index uses daily data as

input, the index value is only reported at pentad res-

olution, so we smooth all composite plots with a 5-day

running mean.

3. MJO structure as seen by CloudSat/CALIPSO

Figure 1 (upper) shows the composite frequency of

occurrence of all clouds (not just those identified as

convective) for all MJO events in the domain as a func-

tion of altitude and time lag relative to the MJO peak.

High clouds dominate, with maximum occurrence near

14 km but often extending higher. Peak high cloudiness

occurs near the MJO peak and lasts for about 10 days

after the peak, which is not surprising in light of obser-

vations showing a shift from deep convective first baro-

clinic to anvil-like second baroclinic mode heating during

these time periods (Kiladis et al. 2005; Mapes et al. 2006).

Perhaps more surprising is the fact that high clouds

are just as prevalent for 10–15 days in advance of the

peak and that these are the highest clouds seen at any

time in the composite, some of them penetrating to the

stratosphere. This behavior is not anticipated in canon-

ical pictures of composite MJO structure (e.g., Fig. 13 of

Benedict and Randall 2007) but has been noted by Riley

et al. (2011). It suggests that the troposphere, having just

begun the transition from suppressed to disturbed con-

ditions, is at its most unstable at these times, while after

the peak more frequent upper-level anvil heating and

downdraft cooling are beginning to stabilize the upper

troposphere and boundary layer. MJO lapse rate com-

posites (Kikuchi and Takayabu 2004) show that the

highest tropopause heights occur during the developing

stage, as do the highest rain-top heights and lightning

as seen in Tropical Rainfall Measuring Mission data

(Morita et al. 2006), consistent with this picture. The

presence of significant (20%–30% occurrence) cloud

throughout the troposphere below the high cloud peak

at these times is consistent with an origin of some of

these high clouds from deep convective detrainment.

However, high clouds are fairly frequent (30%–50%)

throughout the MJO life cycle including the most sup-

pressed phases 2–3 weeks before and after the peak,

when midtroposphere (4–8 km) cloudiness is at a mini-

mum, suggesting that deep convection is infrequent then

and thus that other proximate causes for the observed

high cloud must also exist. Virts and Wallace (2010)

suggest that this cloudiness is induced by motions asso-

ciated with convectively generated eastward-propagating

mixed Kelvin–Rossby waves.

Other features of the MJO, especially at lower alti-

tudes, become more evident when we calculate anom-

alies of cloud occurrence relative to the time (in effect,

longitude) mean (Fig. 1, lower). Shallow clouds with

tops from ;0.5 to 4 km at 220 to 225 days gradually give

way to deeper congestus with tops at ;4–6 km by day

FIG. 1. MJO composite vertical profile of cloud frequency of

occurrence vs lag relative to the peak for all 10 events in the domain

in GEOPROF-lidar data. (top) Absolute occurrence frequencies

and (bottom) anomaly relative to the longitudinal mean at each

altitude.
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214, peaking near day 210, before the transition to deep

convection occurs (Johnson et al. 1999; Haertel et al.

2008). Despite this general behavior, isolated deep con-

vective clouds are also indicated by the weaker negative

cloud cover anomalies at middle and upper levels from

day 214 to 210 relative to the more suppressed phase.

Thus a more accurate picture of the shift from sup-

pressed to disturbed conditions in the MJO is not

simply a transition from shallow to congestus to deep

convection, but rather a shift in the relative frequency

of occurrence of these cloud types, all of which occur

sometimes in all phases (as also seen by Haertel et al.

2008). The anomaly plot also more clearly shows the

transition to an anvil-dominated phase, with bases most

frequent near 5 km and tops near 12–14 km, beginning

5 days after the peak and lasting for almost another

week, after which a more bimodal cloud structure sets

in. These features are generally similar to those seen for

boreal summer intraseasonal variability in the altitude–

latitude plane (Jiang et al. 2011).

The general picture of MJO cloud evolution seen by

CloudSat/CALIPSO is very consistent with the ‘‘stretched

building block’’ paradigm of Mapes et al. (2006). Mapes

et al. envision the shallow convection–deep convection–

anvil transition that takes place over the life cycle of an

individual convective cluster to also describe tropical

cloud evolution on time scales of days to weeks, with the

relative frequency of occurrence of the three cloud

‘‘building blocks’’ varying on the longer time scale such

that low-pass-filtered tropical cloud variability qualita-

tively resembles that on the individual cluster time scale.

Figure 2 shows similar anomaly composites for three

individual regions: Indian Ocean (IO; 658–1108E), Mari-

time Continent (MC; 1108–1308E), and west Pacific (WP;

1308–1708E). While the structure is generally similar in

all three regions, there are also interesting differences:

a more coherent anvil phase signature in the IO and gen-

erally more of the highest-altitude clouds near and before

the MJO peak in the MC and especially the WP.

Figure 3 presents composites of precipitation (upper

panel) and CWV (lower panel) for the entire domain

and each subregion. CWV increases by a very modest

;5 mm over ;20 days in advance of the MJO peak

(compared with precipitation rates that increase from ;5

to ;10 mm day21), that is, the ‘‘recharge’’ phase repre-

sents only a slight (a few percent) positive imbalance

between the moisture convergence 1 evaporation source

and the precipitation sink of moisture. Whether this can

be explained solely by the interaction between con-

vection and the humidity profile or whether tempera-

ture profile changes also come into play during this

time is not known. The moisture budget appears to

equilibrate about a week before the MJO peak while

FIG. 2. As in (bottom) Fig. 1, but for the (top) IO, (middle) MC, and

(bottom) WP.
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precipitation continues to increase until ;2–3 days

before the peak. After this there is a relatively rapid

‘‘discharge’’ phase lasting about a week, by whose end

the atmosphere has returned to the suppressed phase

and after which both precipitation and CWV remain

steady for several weeks. The peak MJO precipitation

anomaly is smallest in the MC, where the MJO is ob-

served to weaken (e.g., Inness and Slingo 2006; Sobel

et al. 2008). The discharge of water vapor is also weakest

in the MC and strongest in the IO, the latter consistent

with our impression from the cloud structure (Fig. 2) that

the canonical MJO postpeak anvil phase is most obvious

in the region in which it is most often triggered rather

than downstream where it sometimes dissipates.

From this point forward we will focus attention on the

cloud evolution during the shallow–deep transition

phase in advance of the MJO peak, specifically the 5-day

period from 214 days to 210 days in Figs. 1–3, which is of

considerable interest as a challenge to GCM cumulus

parameterizations. Precipitation over the tropical oceans

is observed to ramp up sharply when CWV exceeds

;50 mm, associated with a strong increase in the rel-

ative humidity of the midtroposphere (Bretherton et al.

2004; Holloway and Neelin 2009). This should be as-

sociated with a systematic increase in the depth of

convective clouds, a proposition that is directly testable

with CloudSat/CALIPSO data using the convective

CTH defined in section 2. (In principle our CTH

identification might be compromised in the presence of

tilted clouds, but the interested reader can look ahead

to Fig. 7 to see that this is rarely an issue for the isolated

convective cells that dominate the transition region.)

Figure 4 presents the joint probability density function

(pdf) of CTH and CWV in the transition region, calcu-

lated in two different ways. To create the upper panel we

calculated a mean CTH for all identified convective

clouds in a single satellite pass through our domain

(covering 158 of latitude and ;38 of longitude) and

a corresponding mean CWV to represent a ‘‘large-

scale’’ average that is as close as possible, given the ef-

fectively 2D nature of the CloudSat/CALIPSO curtain,

to what a climate GCM’s cumulus parameterization

might try to predict instantaneously in a single grid box.

Each such average contributes one point to the pdf, and

occurrences are binned in intervals of 0.5 km and 2 mm

to create the figure. For the lower panel we sampled the

FIG. 3. MJO composites of AMSR-E (top) precipitation rate and

(bottom) column water vapor vs lag for the entire domain and for

the IO, MC, and WP subregions.

FIG. 4. Joint pdf of relative occurrence frequency (on a loga-

rithmic scale) of convective cloud-top height and column water

vapor for the MJO shallow–deep transition region (defined as lag

214 to lag 210 days). (top) Individual points in the pdf represent

the 58N–108S mean convective cloud-top height and mean column

water vapor for a given satellite pass through the region. (bottom)

Individual points in the pdf represent single-satellite footprints

containing a convective cloud.
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single-footprint values of CTH and CWV for individual

convective clouds to produce the true pdf at the cloud

scale.

In both panels convective clouds are almost exclu-

sively shallow for CWV , 46 mm. Above 46 mm CTH

rapidly ramps up to include congestus clouds and then

frequent occurrences of deep clouds, but for 46 mm ,

CWV , 68 mm there is large variability in CTH with the

most frequent cloud type still being shallow cumulus.

The trimodal character of tropical convection (Johnson

et al. 1999) is especially obvious in these conditions. The

atmosphere spends most of its time in this transition

CWV range. This behavior is very consistent with that

observed for precipitation (Peters and Neelin 2006;

Neelin et al. 2009); we will return to this issue in sec-

tion 5. There are very few large-scale regions with mean

CWV . 68 mm, but numerous instances at the cloud

scale. For these very high CWV values, convective clouds

are primarily very deep, the majority having tops higher

than 14 km. (Anvils do not contribute to this figure be-

cause of our requirement that cloud base be between 0.5

and 2 km.)

There is currently some controversy about the extent

to which CloudSat/CALIPSO snapshots are capturing

the actual ‘‘terminal’’ tops of congestus clouds as op-

posed to the tops of ‘‘transient’’ congestus that are still

rising to become deep convection (Luo et al. 2009;

Bacmeister and Stephens 2011; Casey et al. 2011).

Resolution of this issue is important for the use of these

data to evaluate GCM parameterizations, which sim-

ulate only the ‘‘terminal’’ cloud-top altitude. The be-

havior at very high CWV values in the lower panel of

Fig. 4 is inconsistent with a large contribution from

transient convection, since a large transient population

would produce a variety of instantaneous cloud depths,

representing different stages of ascent, of comparable

probability of occurrence in the very humid conditions

in which deep convection dominates. Apparently deep

convection in the tropics sustains itself near its equi-

librium level for a much longer time than the time it

takes a given parcel to ascend to cloud top. We there-

fore conclude that the large CTH variability at in-

termediate CWV values is a mostly accurate reflection

of the actual distribution of convective cloud-top

heights.

4. ISCCP portrayal of the shallow–deep convection
transition

CloudSat and CALIPSO provide the most authorita-

tive global picture of cloud locations and depths in ex-

istence because of their unique active remote sensing

capabilities. The limitation of active sensing, however, is

spatial and temporal coverage. GEOPROF-lidar data

‘‘curtains’’ are in effect a series of two-dimensional

slices through the atmosphere, meaning that each in-

dividual location on earth is sampled very infrequently.

Furthermore, GEOPROF-lidar spans only 5 years at

the present time, and recent difficulties with the

CloudSat spacecraft batteries suggest that the dataset

is unlikely to extend more than several years beyond

this.

One important function of CloudSat/CALIPSO,

therefore, is the perspective it can give us on the much

more comprehensive and longer global records of cloudi-

ness from passive remote sensing instruments. ISCCP, for

example, provides an almost-global 3-hourly record

of cloud properties spanning almost three decades and

thus potentially has the ability to document longer-

term dynamical variability in clouds. However, the

ISCCP retrieval algorithm, based on reflected sunlight

and emitted longwave radiation, is limited in its ability

to accurately define cloud top, especially in multilayer

cloud scenes and when clouds are thin or do not fill the

satellite footprint (e.g., Chen and Del Genio 2009;

Mace et al. 2011; Pincus et al. 2012).

Of particular interest for our purposes is the k-means

clustering classification of cloud regimes, or ‘‘weather

states,’’ that has been performed for most of the ISCCP

record (Rossow et al. 2005). Each cluster represents

preferred groupings of cloud-top pressure and optical

thickness values that in principle can be used to isolate

convection of different depths and distinguish convec-

tive from stratiform cloud types. Here, we examine the

extent to which ISCCP captures the features of cloud

variability during the MJO seen in CloudSat/CALIPSO

data.

Chen and Del Genio (2009) and Tromeur and Rossow

(2010) have already created composites of the relative

frequency of occurrence of the different ISCCP cloud

regimes as a function of MJO phase (Fig. 5). Compari-

son of this composite with the GEOPROF-lidar version

in Fig. 1 indicates that in a climatological sense, ISCCP is

very skillful in detecting both obvious and subtle char-

acteristics of the MJO cloud structure. ISCCP not sur-

prisingly captures the increase in occurrence of deep

convective and cirrostratus anvils leading up to the MJO

peak, and the greater dominance of the anvil cloud type

just after the MJO peak; these features, associated with

high optically thick clouds, are the most straightforward

for visible–IR techniques to detect (e.g., Fu et al. 1990).

Of more interest is that ISCCP portrays the suppressed-

disturbed transition phase of the MJO as a decrease in

the relative frequency of occurrence of shallow cumulus

and congestus–disorganized convection, but with some

deep convection present as well, rather than as a simple
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change from shallow to congestus to deep clouds. The

ISCCP congestus–disorganized convection peak is at

215 days, slightly earlier than seen by GEOPROF-

lidar but consistent with TOGA COARE data (Haertel

et al. 2008). Furthermore, ISCCP also detects the thin

cirrus regime to be present at all times at roughly constant

frequency of occurrence, similar to the impression from

CloudSat/CALIPSO. This suggests that other non-

convective large-scale processes must operate fairly

regularly in the upper troposphere to supersaturate

moist air.

Figure 6 shows the monthly mean relative frequency

of occurrence of the ISCCP cloud regimes as a function

of CWV. Comparison with the upper panel of Fig. 4

suggests generally good agreement with CloudSat/

CALIPSO. For CWV , 40 mm ISCCP detects shallow

cumulus and stratocumulus almost exclusively, with

only a small number of occurrences of the congestus–

disorganized cloud type, consistent with GEOPROF-

lidar. Deep convective and anvil clouds begin to appear at

CWV 40 ; 45 mm, become comparable in occurrence to

the shallow–congestus–disorganized types at CWV 45 ;

50 mm, and are the dominant cloud types for CWV .

50 mm. CloudSat/CALIPSO indicate that shallow and

deep convective cloud types do not occur with com-

parable frequency until CWV reaches 54–62 mm, and

that deep convection only dominates for CWV . 62 mm.

However, the ISCCP plot is for monthly means rather

than the instantaneous data used to construct the

GEOPROF-lidar plot. Bretherton et al. (2004) show

that the transition from light to heavy precipitation also

occurs at smaller CWV values in monthly mean data

relative to daily data.

A different perspective is obtained by examining

the ISCCP cloud regime classification for individual

CloudSat/CALIPSO satellite segments. Figure 7 shows

eight examples of the GEOPROF-lidar cloud mask for

satellite passes through the MJO shallow–deep transition

phase region (days 214 to 210). These examples were

randomly chosen from the subset of cases with numerous

instances of cumulus congestus clouds, since the ISCCP

congestus–disorganized convection regime is perhaps the

least understood, is ostensibly a mix of cloud types and

is therefore perhaps its greatest retrieval challenge. Be-

neath each image is the ISCCP cluster classification

number (defined in Fig. 5) for each segment. Each satellite

pass spans latitudes 58N–108S and covers 38–48 of longi-

tude and thus typically intersects six ISCCP 2.58 boxes.

Among all images we inspected we found no cases

of purely congestus clouds over an area this large,

though there are a few examples of mostly or exclu-

sively congestus clouds in individual 2.58 segments, for

example, the third segment on 15 February 2007 (first

row, left panel) and the first segment on 21 December

2006 (second row, right panel). Keeping in mind that (i)

CloudSat/CALIPSO samples only a small portion of an

ISCCP gridbox and (ii) assigning a dominant cloud type

visually is subjective when more than one type exists,

it appears from the figure that when actual congestus

are present, ISCCP correctly detects the congestus–

disorganized type (regime 3) ;50% of the time. In

cases where it does not, the culprit is often the ambiguity

produced by near-ubiquitous cirrus that exist above

lower-level clouds, which can either cause ISCCP to

identify congestus beneath cirrus as shallow cumulus,

FIG. 5. Relative frequency of occurrence of ISCCP weather

states as a function of lag relative to the MJO peak. The classifi-

cation is as follows: 1 (red) 5 deep convective; 2 (orange) 5 anvil; 3

(yellow) 5 congestus–disorganized convection; 4 (green) 5 iso-

lated thin cirrus; 5 (blue) 5 shallow cumulus; and 6 (violet) 5

marine stratocumulus. [Reprinted from Chen and Del Genio

(2009) with permission from Springer.]
FIG. 6. Relative frequency of occurrence of ISCCP weather

states vs AMSR-E monthly mean column water vapor for 158N–

158S and 408E–1808. States 1–6 as in Fig. 5; state 7 5 clear sky.
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as on 2 March 2008 (third row, right panel, fifth seg-

ment), or as deep convection, as on 13 December 2007

(fourth row, right panel, sixth segment). On the other

hand, one scene on 23 January 2008 with extensive

cirrus and a single deep convective cell is classified as

congestus–disorganized instead (fourth row, left panel,

fourth segment).

5. GISS GCM simulation of the shallow–deep
convection transition

The simulations described in this paper were con-

ducted with the GISS Model E2 (GISS-E2) GCM

(G. Schmidt et al. 2012, unpublished manuscript) at a

resolution of 28 3 2.58 with 40 levels in the vertical . This

FIG. 7. Samples of the GEOPROF-lidar cloud mask between 58N and 108S for individual CloudSat/

CALIPSO satellite passes through the MJO shallow–deep transition region that contains congestus

clouds. The numbers underneath each image indicate the corresponding ISCCP weather state classifi-

cation for each segment.
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model version is almost identical to that used for the fifth

Coupled Model Intercomparison Project. Model E2

uses a mass flux cumulus parameterization with a cloud-

base neutral buoyancy closure, a division of the mass

flux into two plumes with different entrainment rates,

a representation of convective downdrafts, and a di-

agnostic updraft speed (Del Genio et al. 2007) that in-

teractively determines condensate detrainment into an

anvil based on empirical fall speeds applied to an as-

sumed Marshall–Palmer size distribution (Del Genio

et al. 2005).

Two features of the Model E2 cumulus parameteriza-

tion are especially relevant to the discussion here. First,

convective entrainment and updraft speed are diagnosed

using the parameterization of Gregory (2001), as de-

scribed in Del Genio et al. (2007). The Gregory scheme

parameterizes the entrainment rate as «(z) 5 CB/wc
2,

where B is the updraft parcel buoyancy, wc is the updraft

vertical velocity, and C is a constant representing the

fraction of the buoyant turbulent kinetic energy gener-

ation used by entrainment. Del Genio and Wu (2010)

have shown that the Gregory scheme is consistent with

cloud-resolving model inferences of entrainment rate.

Gregory suggests that C should be larger for shallow

convection than deep convection; in Model E2 we set

C 5 0.3 and 0.6 for the two plumes that share the cu-

mulus mass flux. The second relevant feature of Model

E2 is its representation of convective precipitation

evaporation. We assume that all precipitating conden-

sate evaporates to the extent possible within the convec-

tive downdraft; the only evaporation into the environment

occurs below cloud base. Convective moistening of the

environment above cloud base thus only occurs at the

cloud-top detrainment level.

Kim et al. (2011) have shown that the standard Model

E2 does not have any MJO-like behavior. They con-

ducted several sensitivity tests, finding three parame-

terization changes that helped produce a reasonable

MJO-like signal in the model: 1) increasing the Greg-

ory entrainment coefficient of the first convective

plume from 0.3 to 0.6; 2) removing a limit on the mass

of the convecting parcel that restricted it to no more

than the mass of the cloud-base layer, which had led to

occasional zero entrainment rates at upper levels; and

3) allowing only half the convective precipitating con-

densate to enter the downdraft and allowing the other

half to evaporate into the environment. Standard di-

agnostics of MJO vertical structure and phase rela-

tionships for this version of the GCM can be found in

Kim et al. (2011).

Unfortunately these changes produced several other

undesirable results, including a drastic reduction of the

downdraft mass flux, an overly strong Hadley cell, increased

mean precipitation and precipitation variance, and ra-

diation imbalance. We therefore made several addi-

tional changes to improve the model mean climate

while preserving the MJO signal: 1) downdraft buoy-

ancy was changed to include the effects of water vapor

and condensate loading; 2) the entrainment coefficient

C for the first convective plume was increased only to

0.4; and 3) stratiform cloud formation relative humidity

thresholds were changed to bring the model to radiation

balance.

This model version restores a vigorous downdraft and

slightly improves the mean precipitation and precipitation

variance, at the expense of a slightly weaker MJO signal.

However, we regard this experimental model version as

the best combination of mean state and MJO variability

we have achieved to date, and we therefore focus on this

simulation in this section. Figure 8 shows a Hovmöller

diagram of outgoing longwave radiation for the equato-

rial region from the IO to the WP. Several MJO events

are present in the experimental run, most notably a dis-

turbance that is initiated in the Indian Ocean in late

January and propagates eastward at ;5 m s21, reach-

ing the date line in mid-March.

Figure 9 shows the response of convection to the pa-

rameterization changes. Relative to the Model E2 con-

trol run, the experimental version has greater cumulus

mass flux (left panel) in the lower troposphere and slightly

less in the upper troposphere, a result of increased en-

trainment. Convective heating (middle panel) and drying

(right panel) are reduced in the middle troposphere de-

spite the increased mass flux there, due to the increased

rain evaporation. This behavior suggests that the experi-

mental model version allows tropospheric moisture to

build during shallower phases of convection, perhaps fa-

voring the production of ‘‘moisture modes’’ as portrayed in

simple models of the MJO (e.g., Raymond et al. 2009) and

perhaps seen in other GCMs (Hannah and Maloney 2011).

To further investigate the model’s convection–humidity

relationship, Fig. 10 shows the composite relative humidity

profile as a function of precipitation for the control run

(upper), the experimental version (middle), and the dif-

ference between the two (lower). Several previous mod-

eling studies have argued that a sharp transition from a

dry middle troposphere at weak rain rates to a very humid

middle troposphere at high rain rates is diagnostic of

a good MJO simulation (Thayer-Calder and Randall 2009;

Zhu et al. 2009), though this is not the case for every model

(Kim et al. 2011a). The GISS model behavior is consistent

with the idea that a strong contrast in midlevel humidity

between light and heavy rain situations is diagnostic of

a good MJO. Stronger entrainment in the experimental

version produces a drier middle–upper troposphere rela-

tive to the control for all but the strongest rain rates, while
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increased rain evaporation moistens the middle–lower tro-

posphere, especially in heavily raining locations where the

experiment’s relative humidity is 20%–25% wetter than

the control. A similar sensitivity to entrainment and rain

evaporation was shown by Hannah and Maloney (2011).

Since the experimental GCM version simulates an

MJO, it is of interest to examine its transition from

shallow to deep convection more closely. We therefore

created a GCM analog of the CloudSat/CALIPSO joint

distribution of CTH and CWV for the MJO transition

region (Fig. 11). (The closest comparison should be with

the upper panel of Fig. 4, in which the data are averaged

over a large scale more comparable to a GCM gridbox.)

Both the more weakly entraining (Plume 1, upper panel)

and more strongly entraining (Plume 2, lower panel)

plumes exhibit a gradual transition from shallow to deep

convection as CWV increases. For Plume 1 the transi-

tion occurs too soon, at CWV 44 ; 46 mm as opposed

to the observed CWV ;50 mm. For Plume 2, however,

the behavior better resembles that observed, with a

shallow–deep transition at 50 ; 54 mm. (Note that the

observations in Fig. 4 are for ocean-only points, since

AMSR-E CWV is only retrieved over ocean. Doing the

same for the GCM would eliminate any contribution

from the MC region, so instead Fig. 11 is plotted for grid

boxes that are .50% ocean.) The GCM never produces

values of CWV . 72 mm, as AMSR-E detects regularly

on the individual footprint scale and even occasionally

in the larger-scale mean, and so the GCM does not have

a broad high-CWV regime of almost exclusively deep

convection, at least in the MJO shallow–deep transition

region, as is seen by CloudSat/CALIPSO.

Figure 4 raises the question of why the atmosphere

produces both shallow and deep convection for CWV

54 ; 62 mm. This has been discussed extensively in the

context of the maximum observed variance of pre-

cipitation at intermediate values of CWV. Among the

mechanisms proposed are self-organized criticality as

occurs in continuous phase transitions (Neelin et al.

2009), a threshold boundary layer water vapor value

for precipitation combined with independently varying

boundary layer and free troposphere humidity (Muller

et al. 2009), and stochastic triggers for deep convection

(Stechmann and Neelin 2012). All of these ideas have

features in common, most notably an emphasis on

water vapor as the controlling factor for convection

depth.

We cannot answer this question in the CloudSat/

CALIPSO observations, since they are not accompa-

nied by soundings, but we can address it in the GCM.

The GISS cumulus parameterization has no explicit

stochastic elements, yet it nonetheless produces the full

range of observed CTH variability for a given CWV. To

examine the reasons for this we defined two subsets of

the Plume 2 convective events that fall within a narrow

range of CWV values (55.5–56 mm), one consisting of

shallow convective clouds (CTH , 3 km) and the other

deep convective clouds (CTH . 9 km). The mean

environmental (gridbox mean) moist static energy and

saturation moist static energy profiles for these subsets

prior to each convective event are shown in Fig. 12. The

deep convective subset has slightly higher relative

humidity at most levels and a lower lifting condensa-

tion level, mostly because of slightly cooler tempera-

tures. Specific humidity is similar for shallow and deep

events in the boundary layer and slightly drier for the

deep subset in the middle troposphere, but slightly

wetter in the upper troposphere. Similar behavior exists

for other narrow ranges of CWV between 46 and 60 mm.

The GCM deep convective subset also has a slightly

steeper free-troposphere lapse rate than the shallow

subset.

FIG. 8. Hovmöller diagram of outgoing longwave radiation

anomalies for the equatorial 608E–1808 region for October–May

for the GCM experimental version. Positive anomalies indicate

more high, thick clouds.
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6. Discussion

The CloudSat/CALIPSO dataset provides an un-

precedented opportunity to explicitly observe the verti-

cal cloud structure associated with variations of convection

during the MJO. The observed structure agrees qualita-

tively with previous indirect inferences, with shallow con-

vection during the suppressed phase gradually giving

way to congestus as the troposphere moistens, leading

eventually to the onset of widespread deep convection

as column water vapor peaks and then a further transi-

tion to a cloud structure dominated by upper-troposphere

anvil clouds as moisture is discharged by precipitation

and the suppressed phase returns. However, CloudSat

and CALIPSO reveal or confirm a number of more subtle

aspects of the MJO behavior: 1) the presence of con-

vection of all depths during all phases, that is, the tran-

sitions are best described as gradual changes in the

relative frequency of occurrence of different convec-

tion depths rather than a simple shallow–congestus–

deep progression; 2) the almost ubiquitous presence of

cirrus regardless of MJO phase, especially in the two

weeks prior to the MJO peak; 3) the occurrence of the

deepest, tropopause-penetrating convective events at

the onset of the disturbed phase a week before the MJO

peak; and 4) regional differences in MJO structure,

with the most canonical variations of structure with

MJO phase occurring in the Indian Ocean where many

MJO events are triggered. Convective cloud-top height

variations with column water vapor during the shallow–

deep transition phase are consistent with previously

documented precipitation variations—a transition from

shallow to deep beginning at CWV ; 46 mm and occur-

rence of the full range of convection depths when CWV

;50–65 mm.

ISCCP weather state occurrences exhibit behavior as

a function of MJO phase and CWV that is generally con-

sistent with the CloudSat/CALIPSO data, including some

of the subtle features described above. This suggests that

despite the limitations of passive remote sensing, the al-

most three-decade span of the ISCCP dataset can be a

valuable source of information on decadal climatological

variations in vertical cloud structure. Instantaneously,

though, the ISCCP weather state classification appears

to correctly identify congestus-dominated scenes only

about half the time, primarily because of the frequently

occurring cirrus that overlay congestus clouds. Thus it

appears (to the extent that the small sample examined

here is representative) that the ISCCP classification

may somewhat underrepresent the occurrence of con-

gestus, at least in the tropical warm-pool region where

cirrus occur most frequently. The problem may be less

severe in other geographic regions that contain fewer

cirrus.

An experimental version of the GISS GCM cumulus

parameterization with increased entrainment and rain

evaporation that produces MJO-like variability performs

surprisingly well in simulating variations of convective

cloud-top height with column water vapor. The parame-

terization partitions the cumulus mass flux into two plumes

with weaker and stronger entrainment, intended to allow

for the possibility of simultaneous deep and shallow (or

congestus) convection in a grid box without invoking

a separate shallow convection parameterization. The

more weakly entraining plume transitions from shallow

to deep convection at CWV values lower than observed,

while the more strongly entraining plume simulates the

transition at approximately the correct value of CWV.

Kim et al. (2011) show that a good simulation of the

MJO can be obtained using only the more strongly

FIG. 9. Zonal mean vertical profiles of differences in (left) cumulus mass flux (1025 hPa s21), (middle)

convective heating (1022 W m22 hPa21), and (right) convective drying (1022 W m22 hPa21) for the

GCM experiment minus control.
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entraining plume. However, there are indications that

such a model suppresses stronger convective events, thus

arguing for weaker entrainment under the right circum-

stances. (For example, comparing Figs. 4 and 11, we can

see that the more weakly entraining plume simulates

peak CTH values of 14–16 km, similar to the spatially

averaged observations, while the strongly entraining

plumes never penetrate beyond 12–13 km.) The failure

of the more weakly entraining plume to simulate the

shallow–deep transition at the correct CWV value

suggests therefore that weaker entrainment must be

restricted to special (specifically, wetter) conditions not

anticipated by the current parameterization. Such

linkages have been proposed elsewhere (Bechtold et al.

2008; Mapes and Neale 2011).

In the current model the part of the cumulus mass flux

assigned to Plume 1 is determined by the grid-scale low-

level convergence; the remainder of the mass flux re-

quired to create neutral cloud-base buoyancy goes into

Plume 2. Kikuchi and Takayabu (2004) show that strong

low-level convergence exists even in the suppressed–

developing stage of the MJO, as well as near the MJO

FIG. 10. Composite vertical profiles of relative humidity vs pre-

cipitation for the MJO region for the (top) GCM control run,

(middle) GCM experiment, and (bottom) difference between the

two.

FIG. 11. As in Fig. 4, but for the (top) less-entraining and (bot-

tom) more-entraining convective plume in the GCM experiment.

For this figure the transition region is defined as the 10–14-day

period prior to the peak positive outgoing longwave radiation

anomaly for the MJO event in Fig. 8 discussed in the text.
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peak. Thus, if entrainment rate variations in part dis-

tinguish the shallow–developing stage from the peak

stage, low-level convergence on GCM grid scales is not a

good discriminator. Cloud-resolving model simulations

indicate instead that mesoscale convergence at the gust

front formed by the spreading of downdraft-generated

boundary layer cold pools is associated with the weaker

entrainment characteristic of deep convection (Kuang

and Bretherton 2006; Khairoutdinov and Randall 2006;

Del Genio and Wu 2010). Thus, an improved parameteri-

zation might restrict the occurrence of Plume 1 to situations

after the onset of deep convection and after downdraft

cold pools had already occurred. Ideally it would produce

less frequent deep convection when CWV , 50 mm

and slightly more (and deeper) deep convection when

CWV . 50 mm because Plume 1 would have a nonzero

mass flux only when the column was sufficiently moist to

have already triggered deep convection.

Proposed mechanisms for the variability of pre-

cipitation and convection depth at intermediate CWV

values in one way or another invoke stochastic aspects

of convection associated with variations in the water

vapor field. The spatial scale on which such variability

occurs is not always specified, but it is often assumed

for the purposes of GCM cumulus parameterizations

that subgrid-scale variability, especially of boundary

layer humidity, is the source of the stochastic convec-

tive response to a given thermodynamic state (e.g.,

Plant and Craig 2008; Tompkins and Berner 2008).

Such variability undoubtedly exists (perhaps in Fig. 7)

and is worth attempting to parameterize. However, our

results show that in principle it is possible to produce

the full range of variability of convective depths at a given

CWV value in a deterministic cumulus parameterization

as a result of small variations in boundary layer and free

troposphere relative humidity at the GCM grid scale and

as a result of small temperature and lapse rate varia-

tions as well. Such variability might be associated with

synoptic tropospheric dry air intrusions from the sub-

tropics (Mapes and Zuidema 1996; Yoneyama and

Parsons 1999) and/or small short-term departures from

strict quasi equilibrium following prior convective

events. Kuang (2010) and Tulich and Mapes (2010) have

independently shown that in a cloud-resolving model,

small perturbations of both moisture and temperature

can affect convection depth, especially when the pertur-

bation occurs at low altitude. Consistent with this, the

GISS GCM produces deeper convection when the

boundary layer is slightly more humid, though the free

troposphere also plays a role (Fig. 12). It may also be

relevant to the question of why the deepest convection

during the MJO actually occurs during its developing

phase (Fig. 1) rather than near the MJO peak, even

sometimes at intermediate local CWV values (Fig. 4,

lower panel). Such events would appear to be a good test

for GCM entrainment parameterizations (e.g., Mapes

and Bacmeister 2012).

The CloudSat/CALIPSO data are not accompanied

by tropical ocean soundings and thus cannot answer this

question by themselves. However, as part of the Dy-

namics of the MJO (DYNAMO) Indian Ocean field

experiment beginning in late 2011, a variety of scanning

radars will be deployed to map not only the three-

dimensional cloud field but also water vapor in the vicinity

of the clouds, along with enhanced soundings of the

environment. Observations such as these should pro-

vide further insight into the processes that trigger the

disturbed phase of the MJO and the features absent

from current cumulus parameterizations that limit our

ability to simulate it.
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