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ABSTRACT

Tropical deep convection exhibits complex organization over a wide range of scales. This study investigates

the relationships between the spatial organization of deep convection and the large-scale atmospheric state.

By using several satellite datasets and reanalyses, and by defining a simple diagnostic of convective aggre-

gation, relationships between the degree of convective aggregation and the amount of water vapor, turbulent

surface fluxes, and radiation are highlighted above tropical oceans. When deep convection is more aggre-

gated, the middle and upper troposphere are drier in the convection-free environment, turbulent surface

fluxes are enhanced, and the low-level and midlevel cloudiness is reduced in the environment. Humidity and

cloudiness changes lead to a large increase in outgoing longwave radiation. Cloud changes also result in

reduced reflected shortwave radiation. Owing to these opposing effects, the sensitivity of the radiative budget

at the top of the atmosphere to convective aggregation turns out to be weak, but the distribution of radiative

heating throughout the troposphere is affected. These results suggest that feedbacks between convective

aggregation and the large-scale atmospheric state might influence large-scale dynamics and the transports

of water and energy and, thus, play a role in the climate variability and change. These observational findings

are qualitatively consistent with previous cloud-resolving model results, except for the effects on cloudiness

and reflected shortwave radiation. The proposed methodology may be useful for assessing the represen-

tation of convective aggregation and its interaction with the large-scale atmospheric state in various nu-

merical models.

1. Introduction

In the tropics, deep convection constitutes the primary

mechanism through which water vapor and energy are

transported vertically in the troposphere. It is also re-

sponsible for a large part of the cloudiness and pre-

cipitation. Because deep convective regions are moister

and cloudier than dry, subsiding areas, the fractional area

of the tropics covered by deep convection is critical for the

mean tropical climate and its sensitivity (Pierrehumbert

1995; Larson et al. 1999). At first order, the convective

area is related to the large-scale circulation (Raymond

1995; Lau et al. 1997; Bony et al. 1997; Yang et al. 2003).

For a given large-scale circulation, however, an ‘‘amount

of convection’’ can occur under a variety of organizations,

more or less clumped, over awide range of scales. This can

develop as individual thunderstorm cells, with little or

no apparent organization, or in the form of mesoscale

convective systems (MCSs) such as squall lines (Houze

1977;Redelsperger 1997) andmesoscale complexes (Laing

and Fritsch 1997). They can group into bigger clusters until

forming superclusters (Nakazawa 1988; Mapes 1993) and

planetary envelopes such as theMadden–Julian oscillation

(MJO) (Madden and Julian 1994).

What role does the spatial organization of convec-

tion play in the interaction between convection and

its environment and what are the implications of con-

vective organization for the large-scale atmospheric

state? In other words, for comparable large-scale forcings

and a given amount of convection (i.e., for a given pre-

cipitation amount or convective heating over a domain),

are two different states of convective organization equiv-

alent regarding the mean climate state? If not, climate

feedbacks might be associated with convective organiza-

tion changes.

Several cloud resolving model (CRM) studies, using

the idealized framework of radiative–convective equi-

librium (i.e., without imposing any large-scale flow),
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have suggested a dependence of the mean atmospheric

state on the convective organization at the synoptic

scale. In particular, when deep convection is ‘‘localized’’

(Held et al. 1993), ‘‘aggregated’’ (Bretherton et al. 2005;

Nolan et al. 2007; Khairoutdinov and Emanuel 2010), or

‘‘organized into bands’’ (Tompkins 2001), the large-scale

atmosphere is found to be much drier than when con-

vection is scattered. From these results, a mechanism for

climate regulation has been proposed (Khairoutdinov

and Emanuel 2010) whereby a warmer climate might

favor convective aggregation, lead to a drier troposphere,

experience an increase in the outgoing longwave radia-

tion, and thus result in a negative feedback on surface

temperature.

In light of these studies, two questions arise: Is there

any observational evidence for the dependence of the

climate state on convective aggregation, such as an anti-

correlation between atmospheric humidity and convec-

tive aggregation? And is it possible to quantify this

dependence? This latter question is critical to assessing

the role that this dependence might actually play in cli-

mate. To address these questions, a statistical analysis of

the degree of aggregation of convection along with its

large-scale environmental characteristics is carried out

over tropical oceans by using several satellite datasets and

meteorological reanalyses.

The paper is organized as follows. Section 2 presents

the data and the analysis framework used to conduct the

study. In section 3, a method is proposed to quantify the

degree of aggregation of deep convection. Relationships

between the aggregation state of convection and the

large-scale atmospheric state with regard to humidity and

energy fluxes are presented in section 4. A summary and

a discussion are given in section 5.

2. Data and analysis framework

a. Data

This analysis is based on several datasets, whose de-

tails regarding resolution and time period are summa-

rized in Table 1.

(i) The 50-km brightness temperature (BT) dataset

produced by the Cloud Archive User Service

(CLAUS) is used to detect deep convective clouds.

It consists of a long-time series of global thermal

infrared window channel (10.5–12.5 mm) imagery

of the earth (Hodges et al. 2000). It is derived from

channel 2 (10 mm) of the level B3 thermal infrared

radiances from the operational meteorological

satellites (geostationary and polar orbiting) par-

ticipating in the International Satellite Cloud Cli-

matology Project (ISCCP). Note that the ISCCP

level B3 imagery is produced by subsampling the

raw full-resolution data (;5 km, every 30 min) to

a spatial resolution of 30 km and a temporal reso-

lution of 3 h.

(ii) The precipitation rate is derived from the HOAPS-

3-C data product, which is the new version of

the Hamburg Ocean Atmosphere Parameters and

Fluxes from Satellite Dataset (Andersson et al.

2010). The HOAPS-3-C sea surface temperature

(SST), precipitable water, surface latent and sensi-

ble fluxes, difference between sea surface saturation

specific humidity, and near-surface specific humid-

ity, and 10-m wind speed products are used to

characterize environmental conditions. Except for

the SST dataset, all variables are derived from the

Special Sensor Microwave Imager (SSM/I) carried

TABLE 1. Brief description of the datasets used to conduct this study.

Name Variable

Spatial

resolution

Temporal

sampling Period Reference

CLAUS IR brightness temperature 0.58 3 hourly 1983–2005 Hodges et al. (2000)

HOAPS Surface rain 18 Twice daily 1988–2005 Andersson et al. (2010)

Precipitable water

Surface sensible heat flux

Surface latent heat flux

Sea surface temperature

10-m wind speed

Air–sea difference in humidity

ERA-Interim RH 0.758 6 hourly 1989–present Simmons et al. 2007

37 levels

Vertical velocity 0.758 6 hourly 1989–present

37 levels

AIRS RH 18 Twice daily 2002–present Aumann et al. 2003

OLR-NOAA OLR 2.58 Daily 1976–present Liebmann and Smith 1996

CERES OLR 58 Daily 2000–04 http://ceres.larc.nasa.gov/

Reflected shortwave
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on board DefenseMeteorological Satellite Program

(DMSP) satellites. The swath of this instrument is

1400 km. The SST is derived from the Rosenstiel

School of Marine and Atmospheric Science

(RSMAS)–National Oceanographic Data Center

(NODC) Advanced Very High Resolution Radi-

ometer (AVHRR) carried on board National Oce-

anic and Atmospheric Administration (NOAA)

satellites, which provides twice-daily datasets. It is

here averaged to a daily value. The swath width is

2800 km.

(iii) Relative humidity profiles are obtained from the

European Centre for Medium-Range Weather

Forecasts (ECMWF) Interim Re-Analysis (ERA-

Interim) dataset (Simmons et al. 2007). Relative

humidity derived from the Atmospheric Infrared

Sounder (AIRS) on board the Aqua satellite

(Aumann et al. 2003) is also used. The twice-daily

values are averaged to a daily value. The swath

width is 1650 km.

(iv) The vertical velocity fromERA-Interim reanalyses

is used to characterize large-scale dynamics.

(v) Radiative fluxes at the top of the atmosphere

(TOA) are derived from two datasets: the NOAA

interpolated outgoing longwave radiation (Liebmann

and Smith,1996) product for the longwave compo-

nent and the Earth Radiation Budget Experiment

(ERBE)-like Monthly Geographical Averages

(ES-4) 5.08 nested regional daily total-sky product

from the Cloud and Earth’s Radiant Energy System

(CERES) on board Terra for both longwave and

shortwave components.

b. Compositing analysis

To examine the relationships between the aggregation

state of convection and the mean climate state, several

atmospheric variables (viz, precipitable water, relative

humidity, turbulent surface fluxes, and radiative fluxes

at the top of the atmosphere) are composited by the

degree of aggregation of convection (whose computation

is presented in the next section). The study is conducted

above the Pacific, Atlantic, and Indian Oceans, over a

17-yr time period (January 1989–December 2005) except

when using CERES data (2000–04) or AIRS (2002–05).

The analysis is carried out as follows:

At the synoptic scale—Here, the study is conducted

over domains of 108 3 108 (about 1100 km3 1100 km

in the tropics) (Fig. 1), which are comparable to the

domain sizes used in the CRM studies mentioned

in the introduction. The degree of aggregation of

convection is thus determined relative to these

domains and the atmospheric variables are aver-

aged over the domains. The 108 3 108 domains are

taken each 58 in latitude and 58 in longitude. Note

that, within half a day, when only one SSM/I in-

strument operates, the entire tropical oceanic region

cannot be scanned completely. The 108 3 108
domains for which the number of missing values

exceeds 15% are not included in the statistics in

order to ensure that the large-scale state is properly

sampled. The results are not sensitive to this thresh-

old (checked down to 3%).

At the instantaneous scale—Only instantaneous data

are used, except for OLR-NOAA, CERES, and

AIRS, which are at a daily resolution. Since the time

sampling differs between the datasets, the coinci-

dence between the datasets is achieved with a max-

imal lag of 3 h (except for daily datasets).

The compositing analyses are carried out for a given

amount of convective activity within the domain so as to

interpret differences in the mean state as related to the

aggregation state rather than as a consequence of the

convective activity difference itself. Several proxies may

be employed to characterize convective activity. The

proxy used here is the domain-averaged instantaneous

precipitation rate (Fig. 1). Different precipitation re-

gimes are considered by binning the instantaneous

precipitation rate (the bins are 1 or 3 mm day21 wide;

both bin sizes lead to similar results but the results with

the widest bins are less noisy). Moreover, to ensure as

much as possible that the relationships are not driven by

differing large-scale forcings, aggregation composites

are computed for given sea surface temperature (SST)

and large-scale dynamical conditions. The width of

the SST bins is 18C. Each precipitation regime is asso-

ciated with a distribution of vertical velocity at each

vertical level. For each precipitation regime, aggre-

gation composites are computed from situations hav-

ing a comparable domain-averaged vertical velocity

at 800, 500, and 300 hPa (this is ensured by select-

ing situations for which vertical velocity values are

around the most likely values of the distributions,

620 hPa).

3. A diagnostic of the degree of aggregation
of deep convection

The notion of aggregation is a way, among others, of

characterizing the various forms of convective organiza-

tion revealed by satellite imagery, ranging from randomly

scattered convection to clumped, coherent clusters.

However, given the complexity and the diversity of the
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convective organization at the synoptic scale, there is no

univocally established nor unique definition for it. To

capture different features of convective aggregation,

several parameters are used here to measure the degree

of convective aggregation, namely, the number of con-

vective clusters within the domain under consideration,

the clumping of these clusters over the domain, and

a combination of both parameters. The method used in

this study is kept simple and objective so as to be applied

automatically to a large number of domains.

a. Aggregation parameters

The aggregation parameters are derived from

CLAUS brightness temperature data (described in

section 2). Consistently with many previous studies

(Mapes and Houze 1993; Roca and Ramanathan 2000),

pixels with a temperature below a certain threshold

(here 240 K) are considered as being associated with the

presence of deep convective systems. The convective

threshold is chosen as warm compared to those in some

FIG. 1. (top) Snapshot of BT from CLAUS data at 0600 UTC 29 Sep 1997. The two black squares (A

and B) are examples of the 108 3 108 domains under consideration in this study. (bottom) Segmentation

of the domains into two parts: a deep convective region defined by the pixels with a BT colder than 240 K

and the nonconvective environment (pixels warmer than 240 K). Both domains are characterized by the

same domain-averaged rain rate (11 mm day21) but exhibit a different number of convective systems [A,

six clusters; B, one cluster (using the four-connectivity clustering algorithm)].
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previous studies because the aim is not to spot convec-

tive cores but rather to identify convective systems (core

plus anvil) or clusters as an entity. Pixels warmer than

this threshold are referred to as the environment (Fig.

1). The coherent convective zones (or clusters) are

identified with an algorithm of clustering, which consists

of labeling adjacent nonzero pixels with a same index

using four connectivity (i.e., two pixels belong to the

same cluster only if they share a common side).

1) NUMBER OF CONVECTIVE CLUSTERS

For a given convective activity within a domain, the

first parameter that appears to be relevant for charac-

terizing the degree of convective aggregation is the

number of convective clusters N within the domain (or,

equivalently, the mean density of convective clusters

over the domain). Viewed simply, the lower (larger) the

number of clusters N, the more aggregated (scattered)

the convection is. In Fig. 1 (bottom), the convection in

scene A is less aggregated than that in scene B.

The wide range of N encountered in the observations

(see Fig. 3a below) reflects the well-known variety of

forms of convective organization. The probability den-

sity function (PDF) exhibits a dependence on pre-

cipitation regimes. The regimes of weak precipitation

are associated with lower values of N. In stronger pre-

cipitation regimes, higher N are more frequent. How-

ever, the PDF becomes independent of the precipitation

regime above about 9 mm day21, and exhibits a maxi-

mum for N around 2–3. The maximum N reached is

about 13. Scenes with a unique cluster (N 5 1) account

for 15% of the observed cases. Situations with fewer

than four clusters contribute to more than 50% of all

cases andmore than 90% of cases have a number smaller

than seven. Situations with very numerous clusters within

the domain are thus not frequently observed.

Note that the parameterN somewhat depends on the

domain size, the spatial resolution of the brightness

temperature data, and the temperature threshold used.

But for the present study, the sorting of the convective

scenes by the aggregation parameter matters more than

the absolute values of these parameters. However, N

can be normalized by a potential maximum of number

Nmax, which is proportional to the ratio (L/a)2, where

L is the characteristic length of the domain and a is the

size of the pixels (here, Nmax is equal to 200).

2) CLUMPING OF THE CLUSTERS

As shown by satellite imagery, an ensemble of N

clusters is not necessarily uniformly distributed over

the domain under consideration but can bemore or less

clumped (Figs. 2a,b). Therefore, when investigating the

degrees of aggregation of convection, it is also relevant

to consider an additional parameter aimed at charac-

terizing the clumping of the clusters within the domain.

Twomeasures of clumping of an ensemble of points are

used in this study, namely, the so-called order-zero

diameter D0 and the Gini index (or order-one di-

ameter) D1 defined by Gauvrit and Delahaye (2006).

For an ensemble of N points, they correspond, re-

spectively, to the geometrical and arithmetical means

of the distances di between points in pairs, respectively,

D0 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

n

i51di
n

q
and D1 5 (1/n) (�n

i51di), where n is the

number of pairs of clusters: n5N(N2 1)/2. These

measures are applied here to the centers of mass of the

clusters. According to these definitions, short distances

(or diameters) indicate the prevalence of clumped

clusters within the domain (Fig. 2a) and the larger the

distance, the more scattered the clusters are over the

domain (Fig. 2b). Note that the range of D0/1 values is

dependent on the size of the domain considered. To find

a parameter that characterizes clumping relative to

a domain, the distances D0 or D1 are normalized by the

characteristic length L (here, about 1000 km) of the

domain under consideration. Note also that the finite

size of the pixels sets a lower bound on the distances.

Since the findings of the study are not affected by the

choice of the distance (D0 or D1), only the analyses

conducted withD0 will be presented in this paper (after

Fig. 3).

In Figs. 3c–f, the distributions of D0 and D1 (not

normalized in this figure), sorted by domain-averaged

precipitation regimes, show that for a given number of

clusters N, the scattering of clusters over a 108 3 108
domain is slightly increasing with precipitation. It can be

explained by the tendency of the cluster size to increase

with the domain-averaged precipitation rate. Weak

precipitation regimes, however, favor the largest D0/1

because the scattering of large clusters is limited by the

finite size of the domain. Figure 4 shows that the mean

D0 of the clusters is independent of the number of

clusters and the spread of the D0 values rapidly de-

creases with N (Fig. 4). Indeed, when N is high, very

shortD0 are not encountered because of the finite size of

the clusters, whereas large D0 are excluded by the lim-

ited size of the domain.

3) A COMBINED MEASURE OF N AND D0: SCAI

ParametersN andD0 are not equivalent [as shown by

the distribution of pairs (D0, N); Fig. 4] but provide

a complementary way of characterizing the degree of

aggregation of deep convection. To take into account

both pieces of information, a third parameter is defined

that is a simple combination of both parameters. It is

referred to as the simple convective aggregation index

(SCAI) and is the product of normalized N and D0:
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SCAI5
N

Nmax

D0

L
3 10005 ~N ~D0 3 1000. (1)

This formula can be interpreted as the ratio of the de-

gree of convective ‘‘disaggregation’’ to a potential

maximal disaggregation, expressed in per thousand. For

instance, in Fig. 2, SCAI will characterize scene A as

being more aggregated than scene B and will consider

scene D as more aggregated than scene C despite

a higher number of clusters in D. Several combinations

of N and D0 have been tested. As they all lead to the

same findings, as long as SCAI is an increasing function

of both N and D0, only one of them will be presented

here. In cases where there is a unique cluster inside the

domain, D0 is set to zero. This choice leads to a discon-

tinuity in D0 values because of the finite size of the

pixels, which leads to a break in thePDFof SCAI (Fig. 3b).

As shown by the PDF of N, scenes with a unique cluster

(SCAI equal to 0) account for 15% of all cases and 50%

occur with an SCAI value lower than 6, whereas the

encountered cases are spread over a range from 0 to

roughly 30. The SCAI values lower than 13 (19) con-

tribute to 80% (95%). Thus, like the PDFs ofN andD0/1,

the PDF of SCAI shows that very scattered situations

are not frequently observed.

b. Preliminary characterization of the aggregation
parameters

To assess their ability to characterize the aggregation

state of convection, the aggregation parameters are

computed for two well-known extreme cases of aggre-

gated convection, squall lines and tropical cyclones. Low

values of aggregation parameters (computed over

a chosen 108 3 108 domain) characterize such cases. For

FIG. 2. Four examples of 108 3 108 segmented domains: (a) 1200UTC 11 Jul 1995,N5 5,D05 229 km,

D15 240 km, SCAI5 5.73; (b) 1200 UTC 21 Jan 2003,N5 5,D05 668 km,D15 720 km, SCAI5 16.7;

(c) 0600 UTC 21 Mar 1992, N 5 3, D0 5 646 km, D1 5 684 km, SCAI 5 9.7; and (d) 0000 UTC 11 Jan

1988, N 5 4, D0 5 334 km, D1 5 344 km, and SCAI 5 6.7.
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instance, the squall line on 21 August 1992, observed

during the Hydrological Atmospheric Pilot Experiment

(HAPEX) campaign (Diongue et al. 2002) is associated

with 1, 3, 2, 3, 1 clusters [respectively, D0 of 0 (0 km),

0.24 (240 km), 0.32 (320 km), 0.53 (530 km), and 0

(0 km), and SCAI of 0, 3.6, 3.15, 7, and 0] every 3 h

during its lifetime. Similarly, several tropical cyclones

along their track, such as Hurricane Daniel on 25 July

2000 or Hurricane Hector on 14 August 2000 over the

eastern Pacific, are characterized by a unique cluster

along their track (N 5 1; D0 and SCAI values of 0).

The ability of the aggregation parameters to charac-

terize the evolution of deep convective cloudiness in

terms of the aggregation state is also examined. The first

example is a diurnal evolution of high cloudiness over

western Africa, which exhibits remarkable changes in

aggregation (Fig. 5). In this case, N, D0, and SCAI are

computed over the entire domain under consideration

(08–208N, 58–308E) rather than over 108 3 108 domains

used elsewhere in this study. The N and SCAI di-

agnostics capture the main features of the variations in

the aggregation state. Another example is the active

phase of the January 1999 tropical intraseasonal oscil-

lation occurring over the Indian Ocean (Fig. 6). The

evolution of N (or SCAI) reveals an asymmetry of the

active phase, which does not appear when simply

FIG. 3. (a) Normalized distributions of N within 108 3 108 domains sorted by precipitation regimes P above the

Pacific Ocean for the period 1989–2005. The number of elements that make up the precipitation classes is from about

140 000 for P 5 2 mm day21 to 3200 for P 5 23 mm day21. (b) As in (a), but for SCAI. (c)–(f) Normalized distri-

butions of the distances D0 and D1 within 108 3 108 domains sorted by precipitation regimes P above the Pacific

Ocean, for two given N classes, for the period 1998–2005.
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looking at the rain rate or at the deep convective cloud-

iness, commonly used to characterize the MJO. It in-

dicates that the first step of the intensification phase

consists of an increase in the number of the convective

clusters (sections A–B, Fig. 6), then followed by an ag-

gregation stage (B–C), during which systems become

bigger and less numerous. Finally, the weakening stage

(C–D) corresponds to states that are even more aggre-

gated (at equivalent convective activity) than during

the intensification stage (cf. days I and II in Fig. 6). This

feature is consistent with the description of these phe-

nomena by Duvel and Roca (2002). In both cases,

changes in aggregation are primarily associated with

changes in N.

Thus, this type of diagnostic makes it possible to char-

acterize convective organization consistently with pre-

vious descriptions of observed convective organization.

4. Relationships between the degree of convective
aggregation and the large-scale state
of the atmosphere

This section presents the results of the compositing

analyses of water vapor and energy fluxes by the ag-

gregation parameters N, D0, and SCAI.

a. Atmospheric humidity

1) DOMAIN AVERAGE

(i) Precipitable water

The relationship between precipitable water (PRW)

and the number of clusters within the domain N is first

examined (Fig. 7a) for each domain-averaged pre-

cipitation regime between 1 and 14 mm day21 (beyond

this regime, the statistical significance is too weak

because of the constraints on large-scale conditions).

The analysis reveals a sensitivity of PRW to N, which

holds for all precipitation regimes: for lowN (one or two

clusters within the domain), the atmosphere is drier by

about 1–2 kg m22 (3%–5%) than when convection is

split up into three to five clusters, and by about 2–

4 kg m22 (4%–8%) for higher N (more than five clus-

ters). Thus, precipitable water and the number of con-

vective clusters within the domain (or the density of

clusters) are found to be correlated. Similarly, for givenN

classes, the D0 compositing (Fig. 7b) reveals a sensitivity

of PRW to the clumping of clusters, qualitatively con-

sistent with the sensitivity to N. This sensitivity becomes

significant forN higher than 3 (the clumping class of 0.15–

0.4 is drier than the 0.65–0.9 class by 2–4 kg m22). Thus,

a decrease in N can be compensated by an increase in D0

with regard to PRW variations and vice versa. Figure 7b

also shows that the sensitivity of PRW to N is slightly

higher when D0 is larger. This anticorrelation between

PRWand convective aggregation is also foundwhen using

the combined parameter SCAI, which takes into account

both features of aggregation (Fig. 7c). When comparing

differences between the first and last quartiles of SCAI

and N (or the first and last deciles) for different pre-

cipitation regimes, the sensitivity of PRWtoSCAI is about

10% larger than the sensitivity to N.

(ii) Relative humidity profiles

To examine whether, for a given SST and large-scale

dynamics, the observed modulation of PRW stems from

specific levels of the atmospheric column, the relative

humidity (RH) profiles from the ERA-Interim and

AIRS datasets are composited by the aggregation pa-

rameters. In Fig. 8a, the ERA-Interim RH shows no

sensitivity to N in the lower troposphere (up to about

850 hPa). Then, the profiles exhibit an absolute differ-

ence of 0.10–0.15 (15%–30% in relative difference) in

the lower free troposphere over the range of N exam-

ined (from 1 to 11 clusters), which increases with altitude

up to more than a 0.20 absolute difference (40%) above

400 hPa. AIRS satellite data show consistent results

(Fig. 8b) despite a likely bias of AIRS data since no data

are available in cloudy regions. However, AIRS data are

characterized by a weaker sensitivity (by about 25% in

the lower free troposphere to 50% in themid- and upper

troposphere compared to the ERA-Interim sensitivity;

see Fig. 8c). The level of largest sensitivity also differs

among datasets (e.g., above the Pacific Ocean, it occurs

at 200 hPa for ERA-Interim versus 400 hPa for AIRS;

see Fig. 8c) and among ocean basins (e.g., the ERA-

Interim maximum level is around 300 hPa over the In-

dian Ocean). The analysis has also been conducted with

National Centers for Environmental Prediction –National

FIG. 4. Two-dimensional histogram of pairs (N, ~D0) above the

Pacific Ocean for the period 1988–2005 for all precipitation rates

(for pairs with N . 1).
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FIG. 5. (a) A sequence of CLAUS BT images over the African region 08–208N, 58–308E at (top left) 1800

UTC 30 Jul 2004, (top right) 0300 UTC 31 Jul 2004, (bottom left) 0900 UTC 31 Jul 2004, and (bottom right)

1800 UTC 31 Jul 2004. (b) Corresponding time series of N (dashed), ~D0 (dotted), and SCAI (plain). The

diamonds on the SCAI curve correspond to the CLAUS images shown. Note that the magnitude of the SCAI

range depends on the size of the domain under consideration (mainly owing to the dependence of Nmax).
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Center for Atmospheric Research (NCEP–NCAR)

reanalyses (Kalnay et al. 1996): these capture this anti-

correlation between convective aggregation and hu-

midity but to a lesser extent (not shown). Consistently,

theD0 compositing of RH fromERA-Interim reanalyses

shows that for a givenN, situations characterized by high

clumping (D0 of 0.15–0.4) are statistically drier in the

midtroposphere (by about 0.05 or 10%) than those with

lower clumping (D0 of 0.65–0.9) (Figs. 8d,e). The analysis

conducted with the combined parameter SCAI leads to

the same findings as with N, qualitatively and quantita-

tively (Fig. 8f). As for PRW, RH results are not sensitive

to which aggregation measure is used.

This analysis shows that the anticorrelation between

aggregation and humidity primarily occurs in the free

troposphere: for a given SST and large-scale vertical

velocity, RH statistically increases withN,D0, and SCAI

above about 850 hPa with a maximum sensitivity above

500 hPa. These findings hold above all three tropical

oceans, for all precipitation regimes (not shown).

2) DEEP CONVECTIVE CLOUDINESS AND

HUMIDITY WITHIN AND OUTSIDE DEEP

CONVECTIVE AREAS

To further analyze the relationship between the domain-

averaged humidity and the degree of convective aggrega-

tion, the domain is now decomposed into two subdomains:

the convective area (cv), made up of pixels with a

brightness temperature colder than 240 K, whose extent

is referred to as scv, and the environment outside deep

convection (ncv) (pixels warmer than 240 K). This

analysis is conducted here with the N parameter but

similar conclusions are obtained when using SCAI

instead of N (not shown). For each N class, the mean

characteristics over the domain X can be expressed to

first order (the mean products of the fluctuations are of

higher order):

FIG. 6. Active phase of the January 1999 intraseasonal event over

the Indian Ocean. The N, D0, and SCAI parameters, the pre-

cipitation rate, and deep convective cloudiness are computed

over the domain 08–108N, 758–1008E. The curves are smoothed

with a 4-day moving average.

FIG. 7. (a) Precipitable water composited into precipitation bins

of 1 mm day21 for three N classes. (b) Precipitable water compos-

ited by D0 and N for two precipitation rain rates. (c) As in (a), but

for SCAI. The SST is constrained at 288C. For each precipitation

regime, the vertical velocity profiles are comparable among the ag-

gregation classes. The few bars are the 95% confidence intervals.

The precipitation histograms are shown in the backgrounds of

(a) and (c).
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[X]5 [scv][Xcv]1 (12 [scv])[Xncv] (2)

where brackets indicate the statistical mean within anN

class and bars refer to the spatial averaging over the

convective (cv) and nonconvective (ncv) regions, and

the entire domain.

Variations in the domain-averaged humidity may re-

sult from differences in (i) the extent of the convective

area, (ii) the humidity in the convective regions, and (iii)

the humidity outside the convective regions:

›X

›N
5 (Xcv2Xncv)

›scv

›N
1scv 3

›Xcv

›N

1 (12scv)
›Xncv

›N
. (3)

For a given precipitation rate, as N increases, deep

convective cloudiness is more extended by a few percent

(especially for weak precipitation regimes) (not shown).

The precipitable water of the convective area varies little

(which is expected since cloudy zones are dominated by

FIG. 8. RH profiles sorted by the aggregation parameters for a mean precipitation rate of 5 mm day21. (a) ERA-Interim RH

stratified by N above the Pacific Ocean. (b) AIRS RH stratified by N above the Pacific Ocean. The sizes of the samples are indicated

in the lower-left part of each graph. (c) Corresponding profiles of mean ›RH/›N for ERA-Interim (blue) for the three oceans and

for AIRS (red). (d),(e) ERA-Interim RH stratified by D0 for two N classes, above the Pacific Ocean. (f) Corresponding profiles of

mean ›RH/›SCAI for ERA-Interim (blue) for the three oceans and for AIRS (red). The composites are performed for given SSTs of

288C (Pacific and Indian Oceans) or 278C (Atlantic Ocean). The vertical velocity profiles are comparable among the aggregation

classes.
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saturated conditions and the temperature is fairly uni-

form in the tropical free troposphere) while that of the

environment increases significantly (by about 15%)

(Fig. 9). The quantification [using Eq. (3)] of the con-

tribution of these different variations to ›X/›N shows

that the first two terms contribute very little while the

last term accounts for about 95% of the total variation.

Therefore, the anticorrelation between the domain-

averaged humidity and aggregation primarily stems from

the dryness of the environment outside convection when

convection ismore aggregated.Aggregated situations are

thus characterized by stronger contrasts in humidity be-

tween deep convective and nonconvective regions.

b. Energetics

In addition to their strong interaction with humidity,

which directly affects clear-sky radiative fluxes, con-

vective processes play a key role in the sources and sinks

of energy for the atmosphere, through a tight coupling

with surface turbulent fluxes and cloud radiative effects.

In this section, the relationships between convective

organization and surface latent and sensible fluxes, as

well as with radiative fluxes at the top of the atmosphere,

are investigated.

1) SURFACE HEAT FLUXES

The N-compositing approach shows that total (latent

and sensible) surface turbulent fluxes are very sensitive to

the number of convective systems within the domain

(Fig. 10a), with enhanced fluxes as the number of clus-

ters decreases (15%–20% or about 20 W m22 from 10

clusters to 1). This pattern of behavior characterizes

sensible heat fluxes (40% difference) as well as latent

heat fluxes (15% difference) (not shown). Consistently,

the D0-compositing approach (Fig. 10b) reveals that

grouping of clusters leads to an enhancement of surface

turbulent fluxes (by 10–15 W m22 from 0.65–0.9 to 0.15–

0.4 values of D0) [this dependence is, however, less clear

when the number of clusters is low (two or three clusters)].

Thus, the net effect on surface fluxes related to aggregation

changes will depend on the relative change in N and D0.

For instance, in case of six to seven clusters with a clump-

ing of 0.15–0.4, surface fluxes are stronger by about

20 W m22 than those associated with four to five clusters

with a clumping of 0.65–0.9. These relationships are con-

firmed by the SCAI-compositingmethod, which shows the

strong covariance between surface turbulent fluxes and

aggregation of convection (Fig. 10c). When comparing

differences between the first and last quartiles of SCAI and

N (and the first and last deciles) for different precipitation

regimes, the sensitivity of surface fluxes to SCAI is about

25%–30% higher than the sensitivity to N.

These findings are further analyzed by examining deep

convective and nonconvective areas separately [Eqs. (2)

and (3)], as is done for humidity. Here, N is used, but our

conclusions are very similar when using SCAI. In both

areas surface sensible and latent fluxes exhibit a sensitivity

to the number of clusters (or convective aggregation),

stronger in deep convective areas than in the environment

(varying from 40 to 20 W m22 over the range of N ex-

amined) (Fig. 10d). The contribution of deep convective

regions to the domain-averaged sensitivity is proportional

to the deep convective cloudiness and thus depends on the

precipitation regime (e.g., deep convection regions con-

tribute to 30%of the total variation for 20 mm day21 rain

rates, while for weak precipitation regimes, the contribu-

tion is only of a few percent). The contribution of the

environment remains dominant because of its larger area.

Note that the fluxes are stronger in convective areas than

in the environment by more than 20 W m22 regardless

of the number of clusters, suggesting an enhancement of

surface fluxes by convective systems, as highlighted by

Jabouille et al. (1996) and Saxen and Rutledge (1998). As

a result, unlike humidity, the decrease in the deep con-

vective area as the number of clusters decreases tends

to weaken the sensitivity of the domain-averaged turbu-

lent fluxes to N (or to the aggregation state) by a few

percent.

As expressed by the bulk formula of the turbulent

fluxes [Eq. (4)], the latent heat fluxQL is proportional to

the surface wind speedV and the difference between the

FIG. 9. Precipitable water averaged over the convective areas

(circle) and over the nonconvective environment (cross) of the

108 3 108 domains, composited by theN parameter, for two domain-

averaged precipitation rates (5 and 10 mm day21). The composites

are performed above the PacificOcean, for a given SST of 288C. For
each precipitation regime, the vertical velocity profiles are compa-

rable among the N classes. The bars indicate the 95% confidence

intervals.
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sea surface saturation specific humidity and the near-

surface specific humidity, Dhum. To understand the re-

lationships between surface turbulent fluxes and the

number of clusters both in convective and nonconvective

regions, the 10-m wind speed (V) and Dhum are compos-

ited into N classes for precipitation regimes of 5 and

10 mm day21 (not shown). At first order, the variations in

mean fluxes as a function of N result from a difference in

mean V and mean Dhum with N [Eq. (5)]

QL5 raCdLVDhum5KVDhum, (4)

where ra, Cd, and L are, respectively, the air density

(ra 5 1.2 kg m23), the drag coefficient (Cd 5 1.4 3

1023), and the specific latent heat of vaporization (L 5
2.5 3 106 J kg21):

›QL

›N
5KV

›Dhum

›N
1KDhum

›V

›N
. (5)

In convective areas, the wind speed andDhum increase

regularly with convective aggregation [by 15% (more

than 1 m s22) and 7%–8% (0.4 g kg21), respectively,

from nine clusters to a unique cluster]. In the non-

convective region, the wind speed increases less than in

convective regions (by about 5%–7%) and Dhum in-

creases with convective aggregation by about 10% from

nine clusters to one. Thus, in convective (nonconvective)

regions, the variations in V contribute to 65%–70%

FIG. 10. (a) The 108 3 108 domain-averaged total surface turbulent heat fluxes (latent1 sensible) composited byN

for two domain-averaged precipitation rates. (b) Total surface fluxes stratified byD0 andN for two domain-averaged

precipitation rates. (c) As in (a), but for SCAI. (d) As in (a), but for surface fluxes of convective (circle) and non-

convective regions (cross) separately. The composites are performed above the Pacific Ocean, for a given SST of

288C. For each precipitation regime, the vertical velocity profiles are comparable among the aggregation classes. The

bars indicate the 95% confidence intervals.
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(25%–40%) of the total flux variations and the variations

in Dhum account for 30%–35% (60%–75%). Therefore,

convective aggregation is accompanied by stronger tur-

bulent energy exchanges between the ocean and the at-

mosphere because of enhanced near-surface wind speed

and air–sea differences; the wind speed effect prevails in

convective regions while the air–sea difference effect

prevails in nonconvective regions.

2) TOA RADIATIVE FLUXES

The differences in atmospheric humidity that accom-

pany the differences in the convective aggregation state

are likely to affect the radiative fluxes at the top of

the atmosphere and, thus, the energy budget of the at-

mosphere. This is examined by first compositing the

outgoing longwave radiation (OLR) by aggregation pa-

rameters. The OLR appears to covary strongly with the

number of clusters: from the least to most aggregated N

class, OLR is enhanced by up to 30Wm22 (Fig. 11a). An

increase in the clumping of clusters (from D0 of 0.65–0.9

to 0.15–0.4) also leads to an increase in OLR of 10–

20 W m22 (Fig. 11d). These relationships are summa-

rized by the SCAI compositing of OLR (Fig. 11e), which

corroborates the correlation between OLR and convec-

tive aggregation. Although both datasets (OLR-NOAA

and CERES) differ systematically from each other by

FIG. 11. (a) The N composites of OLR flux at the TOA for the CERES (diamonds) and OLR-NOAA (triangle) datasets, for two

domain-averaged precipitation rates. (b) As in (a), but for outgoing shortwave radiation at the TOA. (c) As in (a), but for the total

outgoing radiative fluxes. (d) OLR stratified by D0 and N. (e) As in (a), but for SCAI. (f) As in (b), but for SCAI. The composites are

performed above the Pacific Ocean, for a given SST of 288C. For each precipitation regime, the vertical velocity profiles are comparable

among the aggregation classes. The bars indicate the 95% confidence intervals.
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about 7 W m22, both reveal a similar sensitivity to

aggregation.

Such a sensitivity, however, cannot result from a clear-

sky humidity difference. Indeed, for relative humidities

of 30%–60% (Fig. 8), a 20% difference in free-tro-

pospheric humidity would lead to no more than

10 W m22 differences (Spencer and Braswell 1997; Roca

et al. 2011). Therefore, since clouds strongly interact with

longwave radiation, the dependence of the cloud cover on

the degree of convective aggregation needs to be exam-

ined. As for deep convective cloudiness, brightness tem-

perature is used to estimate the cloud amount at lower

altitudes. Table 2 indicates that deep convective cloudi-

ness is less extended for aggregated convection than for

scattered convection, as has already been mentioned in

section 4a(2). This is consistent with the fact that anvils of

connected MCSs are less extended than those of sepa-

rated MCSs (Yuan and Houze 2010). The shallow and

midlevel cloud amounts also decrease with convective

aggregation, which is consistent with the decrease in

humidity. Convective aggregation is thus accompa-

nied by more extended clear-sky regions over the

domain (approximately doubled over the ranges of N

or SCAI explored). Therefore, OLR variations with

convective aggregation primarily result from changes

in both deep convective and nonconvective cloud

cover.

Changes in cloud amount also imply an effect on the

reflected shortwave radiation (RSW). Figures 11b and

11f show that RSW is correlated withN (or SCAI). This

dependence of RSW on aggregation parameters, which

corresponds to a 5% change in planetary albedo of the

domain over the range of N (or SCAI) considered, is

quantitatively comparable to that of OLR (the sensitivity

of RSW to the clumping of clusters cannot be examined

because of poor statistics).

Due to these opposing effects, the TOA energy budget

is not significantly different among the convective aggre-

gation states (Fig. 11c). Nevertheless, the radiative heat-

ing distribution through the atmosphere is presumably

considerably modulated because shortwave radiation

primarily heats the surface while longwave radiative

heating occurs mostly through the troposphere. Con-

sequently, the large-scale circulation is likely to be af-

fected by the aggregation state of convection.

5. Conclusions

a. Summary of main findings

Tropical deep convection exhibits complex organiza-

tion from themesoscale to the planetary scale. Convective

organization is addressed here in terms of the aggregation

state at the synoptic scale. The implications of the con-

vective aggregation for the large-scale atmospheric state

have been the focus of several cloud-resolving model

(CRM) studies (e.g., Held et al. 1993; Tompkins 2001;

Bretherton et al. 2005; Khairoutdinov and Emanuel

2010). This study uses observations to address this issue.A

simple and objectivemethod for characterizing the degree

of convective aggregation is introduced. This method

consists of using satellite infrared brightness temperature

images to compute the mean density and the clumping of

convective clusters within 108 3 108 domains. The analysis

has been conducted above tropical oceans, using long time

series of several satellite and reanalysis datasets. Statisti-

cal relationships between the degree of convective ag-

gregation and water vapor and energy fluxes have been

highlighted:

(i) A robust anticorrelation is found between convec-

tive aggregation and free-tropospheric humidity,

stemming from the environment outside deep con-

vective regions, especially in the middle and upper

troposphere (up to a 0.2 absolute effect on RH).

(ii) Surface turbulent (latent and heat) fluxes are also

found to be enhanced in situations of more aggre-

gated convection (i.e., by 20% or 20 W m22), both

within and outside deep convective regions. This

enhancement in surface fluxes is mainly due to

increased surface wind in convective regions and to

an increase in air–sea humidity differences in the

environment.

(iii) Radiative fluxes at the TOA are highly sensitive to

the aggregation state of convection. More long-

wave radiation (OLR) escapes from the system

when convection ismore aggregated (up to 30 W m22

increase). Humidity differences (which are maxima

TABLE 2. Percentage of cloud coverage at different altitudes

(defined as the fraction of CLAUS pixels having a brightness

temperature BT within a certain range of temperatures) over a 108
3 108 domain composited by (top) N and (bottom) SCAI, for an

instantaneous domain-averaged precipitation rate of 5 mm day21.

The composites are performed above the Pacific Ocean, for a given

SST of 288C. The vertical velocity profiles are comparable among

the aggregation classes.

N 1 2–3 4–5 6–7 8–9

BT $ 285 K 64% 56% 47% 39% 33%

260 # BT , 285 K 22% 24% 27% 29% 30%

240 # BT , 260 K 8% 12% 17% 22% 26%

BT , 240 K 6% 8% 9% 10% 11%

SCAI 0–6 6–12 12–18 18–24 24–30

BT $ 285 K 62% 54% 48% 39% 31%

260 # BT , 285 K 22% 24% 27% 29% 32%

240 # BT , 260 K 10% 14% 17% 22% 25%

BT , 240 K 6% 8% 8% 10% 12%
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at the levels where OLR is the most sensitive to RH

changes) contribute to OLR differences but do not

constitute the primary cause of OLR variations

because RH changes do not strongly affect the OLR

when the free troposphere is fairly moist (relative

humidities of 30%–60%) (Spencer andBraswell 1997;

Roca et al. 2011). The present analysis shows that, as

convective aggregation increases, the significant re-

duction (by half in total) in cloudiness at all levels is

primarily responsible for this strong OLR increase.

The reflected shortwave radiation is also substantially

reduced and, thus, the TOA net radiative budget is

not significantly affected by the degree of convective

aggregation. Nevertheless, the vertical distribution of

the radiative heating through the atmosphere is

affected, which is a forcing for the large-scale circula-

tion. Consequently, the latter is likely to be modu-

lated by the degree of convective aggregation.

This analysis has revealed significant relationships be-

tween atmospheric variables and both the number and the

clumping of convective clusters. To first order, however, the

atmospheric variables are more strongly associated with

the number of clusters. This is because, within the present

observational framework, the variability of the clumping of

clusters is weak (cf. Figs. 3 and 4). This partly results from

geometrical reasons (finite size of the clusters and limited

size of the domains), but it may also have physical causes

such as the ability of convective systems to inhibit or favor

neighboring systems. Within a different framework (mod-

eling) or in a different climate, the variability of the

clumping of clusters may differ. Given the potential role of

this parameter in the atmospheric state variability, itmaybe

important to consider as a supplement to the number of

clusters when carrying out this type of study.

b. Discussion

1) METHODOLOGY

The potential limitations of this observational study,

associated with both themethodology and the data used,

have been examined. Main points are presented here.

d IR instruments cannot measure through clouds. To

ensure the reliability of the HOAPS SST data, derived

from IR measurements, this dataset has been com-

pared to the optimally interpolated (OI) SST dataset,

derived from microwave measurements and thus

making it possible to measure the SSTs under clouds.

Some biases are identified for SSTs higher than 298C,
but the correction of these biases does not affect the

results (not shown).
d During strong precipitation events, the retrieval of near-

surface wind speed, turbulent fluxes, or precipitable

water is not possible or requires some corrections. This

might affect observational results primarily related

to convective cores. The signals reported here, however,

are dominated by changes outside convective cores.

They are thus unlikely to be affected by this limitation.
d The coincidence of the different datasets is not perfectly

achieved, especially when relating the instantaneous

convective state from CLAUS data to daily radiative

longwave and shortwave fluxes data. The same conclu-

sions, however, are obtained when a daily averaged

aggregation index is related to daily radiation data.

Indeed, the daily variance of the aggregation parame-

ters is quite small over tropical oceans (especially

compared to land regions), which might be due to the

longer lifetime of convective systems over oceans than

over lands (Houze 2004).
d A number of arbitrary selections of parameters have

been made, such as the tolerated amount of missing

data within 108 3 108 domains, the connectivity

between pixels, the convective brightness temperature

(BT) threshold, and the formula for the aggregation

index. As mentioned in the paper, however, our

findings are not sensitive to these choices.
d Using the deep convective area (scv), defined by pixels

colder than 240 K, as the proxy for convective activity

instead of the precipitation rate also leads to the same

findings. This is consistent with the fact that, for a given

precipitation rate, scv changes very little among the

degreesof aggregation.Themaindifference is a reduced

sensitivity of TOA radiation to convective aggregation

when scv is used. The choice of the precipitation rate is,

however, preferred because this variable is much more

constrained by climate equilibria than is the cloud

amount. Moreover, it allows us to reveal the tendency

of aggregated convection to be slightly less horizontally

extended than scattered convection.
d The clustering over a limited domain frequently leads

to the disregard of whole clusters at the edges of the

domains. Repeating the analysis by considering only

the domains that include full clusters leads to dras-

tically reduced statistics, but does not affect the

results.
d Finally, the 0.58 spatial resolution of the CLAUS data-

set used is quite coarse and does not make it possible to

capture isolated thunderstorm cells (a few kilometers).

A cold pixel is already considered to correspond to an

MCS. The analysis has been repeated with the much

higher-resolution BT dataset of Meteosat (5-km reso-

lution; every 30 min) over the Atlantic Ocean. The

findings of the study are well confirmed qualitatively

and quantitatively (see Table 3). The Meteosat dataset

is not used for this study because it is less convenient to

handle than low-resolution datasets for a long time
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period and a large fraction of the globe (all tropical

oceans).
d The analyses have been repeated using the vertical

velocities from NCEP–NCAR reanalyses (Kalnay

et al. 1996). The results are qualitatively similar to

the ones obtained by using ERA-Interim vertical

velocity but the sensitivity of the climatological vari-

ables to the degree of convective aggregation is in-

creased by 25%–35%.

The insensitivity of the results to these choices and to

most of the limitations, as well as the strong consistency

among all datasets (which are derived from independent

instruments), both give confidence in the robustness of

our findings. However, it would be worth repeating the

analysis with other datasets such as the Tropical Rainfall

Measuring Mission (TRMM; Liu et al. 2007) for better

characterizing convective precipitation, active datasets

such as Cloud–Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO; Winker et al. 2009)

for better characterizing changes in cloud types, or even

the future products of the recently launched Megha-

Tropiques satellite (Roca et al. 2010) for improving both

the spatiotemporal sampling and coincidence of pre-

cipitation, radiative fluxes, and water vapor measure-

ments over the tropics.

2) PHYSICAL MECHANISMS

The findings of this study are qualitatively consistent

with previous CRM studies, with regard to humidity

(Held et al. 1993; Tompkins 2001; Bretherton et al. 2005;

Khairoutdinov and Emanuel 2010), surface fluxes

(Bretherton et al. 2005), and OLR (Held et al. 1993;

Bretherton et al. 2005, Khairoutdinov and Emanuel

2010). Moreover, the analysis of mean precipitation in

convective areas has shown that aggregated convection

is statistically characterized by more intense rainfall

events at the mesoscale than scattered convection (not

shown), which is also in agreement with Bretherton et al.

(2005). The results related to surface turbulent fluxes

are also consistent with previous observational studies

(Saxen and Rutledge 1998; Jabouille et al. 1996; Young

et al. 1995).

Although determining cause and effect relationships

between convective aggregation and humidity is not

obvious when using observations, a positive feedback is

likely to operate. Under the convection–humidity posi-

tive feedback (e.g., Tompkins 2001; Grabowski 2003),

a dry atmosphere is not favorable for deep convection to

develop in many spots. In turn, the localization of con-

vection limits horizontal mixing between deep convec-

tive regions and the large-scale environment outside

convection (Held et al. 1993; Tompkins 2001). This results

in maintaining the dryness of the regions surrounding

deep convection and allows the convection–moisture

feedback to operate efficiently, which may amplify the

dry conditions in subsiding areas. Efficient mesoscale

circulations that transport moist static energy from dry

tomoist regionsmay also enhance the contrasts between

both regions (Bretherton et al. 2005). ThoseCRM studies

suggest that the absence of tropospheric vertical wind

shear is essential for the interaction between convective

organization and tropospheric humidity to operate effi-

ciently. In our case, over oceans, the analysis of NCEP

wind profiles shows that weak or no wind shear condi-

tions are prominent over tropical oceans, which justify

the comparison and the consistency with CRMs findings.

In addition, the clustering of convection may increase

the precipitation efficiency by protecting convective

mass fluxes from the environment and thus limiting the

entrainment of unsaturated air alongwith rain evaporation.

Clumped convection is hereby likely to be associated

with more intense rainfall events than scattered con-

vection. Indeed, the precipitation efficiency of con-

vective clusters, as calculated by the ratio of the

precipitation rate over the boundary layer precipitable

water, P/PRWBL (Del Genio and Kovari 2002), in-

creases with convective aggregation, since in convective

regions precipitation rates are higher while boundary

layer precipitable water does not differ from scattered

convection. Less condensate is then detrained in the free

troposphere, which may result in less extended anvils of

convective systems and in a decrease in the mean at-

mospheric moisture.

The enhancement of turbulent surface fluxes in con-

vective regions as convective aggregation increases can

be related to the observed dependence of surface fluxes

TABLE 3. Differences (dQ) between the 15% least aggregated (Qsup) and the 15% most aggregated (Qinf) classes (dQ5Qsup 2Qinf),

derived from Meteosat and CLAUS data for precipitable water (PRW, kg m22), RH at 500 and 300 hPa (rhum500, rhum300; %), tur-

bulent fluxes (LATE1HEAT,W m22), and OLR (W m22). The precipitation regime is about 10 mm day21. The analyzed region is the

tropical Atlantic Ocean.

dQ PRW dQ rhum500 dQ rhum300 dQ LATE 1 HEAT dQ OLR

CLAUS 3 10.5 12 28.5 219

Meteosat 3.1 9.8 17.5 28 217
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on the mode of convective organization (Saxen and

Rutledge 1998); that is, highly organized systems pro-

duce larger enhancement of surface fluxes than does less

organized convection. This effect could imply a modu-

lation of mean surface fluxes at larger scales [Jabouille

et al. (1996) show it at a smaller scale than in the present

study]. Cold pools formed under convective systems,

whose characteristics are likely to be affected by con-

vective organization, may play a role in the modulation

of surface fluxes intensity, through the generation of

gust winds and air–sea differences (Young et al. 1995).

Depending on their extent, cold pools can also more

or less influence the environment. Environmental

enhancement of fluxes in aggregated situations may also

be induced by mesoscale circulations (Bretherton et al.

2005), as well as by the increase in air–sea difference.

Observational results and CRM studies disagree on the

causes of OLR increase when convection is more aggre-

gated. The reduction in environmental cloudiness that

prevails in observations is not reproduced in CRMs

studies, which solely invoke the clear-sky humidity effect

on radiation. The observed compensating effect of con-

vective aggregation on reflected shortwave radiation (SW)

and OLR is not found in CRM simulations: either the SW

effect is not considered (Khairoutdinov and Emanuel

2010) or it is found to amplify theOLR effect, owing to an

increase in low-level clouds in the regions surrounding

deep convection (Held et al. 1993).

c. Implications and outlook

The diagnostic of convective aggregation presented in

this paper would be easily applicable to theOLR field or

simulated BT of CRM simulations (Diongue et al. 2002).

It would be possible to compare quantitatively modeling

and observational results in order to point out the per-

formance and the shortcomings of CRMs with regard to

convective organization, such as the effect on mid- and

low-level cloudiness and reflected shortwave radiation.

The strong interaction between the degree of con-

vective aggregation and the large-scale state, revealed

by this observational study, has implications for climate

modeling. The present work suggests that a good rep-

resentation of 1) convective organization and 2) the

relationships between convective organization state and

mean state may be required for simulating a realistic

large-scale state in terms of water vapor and energy

fluxes. It might also be important for the simulation of the

climate variability such as the Madden–Julian oscillation

(MJO) (cf. Fig. 6), for which convection–humidity feed-

back plays an important role (Grabowski and Moncrieff

2004; Bony and Emanuel 2005). The representation of

tropical convective organization, however, remains

a challenge for general circulation models (GCMs) at

most scales: at the 50–300-km scale (grid-box sizes), the

mesoscale organization of convection is not represented

in current convection parameterizations and the large-

scale (explicitly resolved) organization of convection,

such as the MJO, is still poorly simulated in many GCMs

(Lin et al. 2006). In addition, the difficulties of models

relative to moisture–convection interactions (Derbyshire

et al. 2004), cloud representation, and other processes are

likely to impact the relationships between convective

organization and the mean state. These deficiencies may

be a source of systematic biases in the simulated mean

state, such as the biased precipitation–humidity rela-

tionship (Biasutti et al. 2006) or in the simulation of

climate variability such as the MJO.

The diagnostic of convective aggregation may be ap-

plied to high-resolution GCMs in order to evaluate the

representation of convective organization and its in-

teraction with water vapor and energy fluxes. Whether

convective organization at synoptic resolved scales re-

quires a realistic representation of convective organization

at subgrid scales remains an open issue. Some attempts to

include features of mesoscale convective organization

in parameterization schemes have been carried out

(Moncrieff 2004; Qian et al. 1998; Redelsperger et al.

2000; Grandpeix and Lafore 2010; Mapes and Neale

2011). By using the diagnostic of convective aggregation, it

would be informative to analyze the impact of these ef-

forts on the representation of convective organization

and its relationships with the mean climate state in these

GCMs.

The aggregation state of convection presumably affects

the interaction of convection with atmospheric humidity

and cloudiness, by modulating features such as precip-

itation efficiency, precipitation evaporation, or entrain-

ment and detrainment characteristics. Changes in the

aggregation state of convection have hence the potential

to affect the atmospheric circulation and its organization

over a large range of scales (Slingo and Slingo 1988;

Randall et al. 1989; Zurovac-Jevtic et al. 2006; Kang et al.

2008). Therefore, a ‘‘convective organization feedback’’

might play a role in climate variability and change. This

possibility will be examined in a future study.
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