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Abstract Cloud-resolving models have shown that under certain conditions, the Radiative-Convective
Equilibrium (RCE) could become unstable and lead to the spontaneous organization of the atmosphere into
dry and wet areas, and the aggregation of convection. In this study, we show that this ‘‘self-aggregation’’
behavior also occurs in nonrotating RCE simulations performed with the IPSL-CM5A-LR General Circulation
Model (GCM), and that it exhibits a strong dependence on sea surface temperature (SST). We investigate
the physical mechanisms that control the initiation of self-aggregation in this model, and their dependence
on temperature. At low SSTs, the onset of self-aggregation is primarily controlled by the coupling between
low-cloud radiative effects and shallow circulations and the formation of ‘‘radiatively driven cold pools’’ in
areas devoid of deep convection, while at high SSTs it is primarily controlled by the coupling between sur-
face fluxes and circulation within convective areas. At intermediate temperatures, the occurrence of self-
aggregation is less spontaneous and depends on initial conditions, but it can arise through a combination
of both mechanisms. Through their coupling to circulation and surface fluxes, the radiative effects of low-
level clouds play a critical role in both initiation mechanisms, and the sensitivity of boundary layer clouds to
surface temperature explains to a large extent the temperature dependence of convective self-aggregation.
At any SST, the presence of cloud-radiative effects in the free troposphere is necessary to the initiation,
growth, and maintenance of convective aggregation.

1. Introduction

Observations show that tropical convection can exhibit a large diversity of organizations, ranging from ran-
dom distribution of convective clouds to mesoscale convective systems [Houze, 2004], squall lines, and hur-
ricanes to planetary-scale organization such as large superclusters [Nakazawa, 1988; Mapes and Houze,
1993] or the Madden-Julian Oscillation (MJO) [Madden and Julian, 1994]. The mechanisms leading to such
organizations have long been studied using a hierarchy of numerical models. In a pioneer study using a
two-dimensional Cloud-Resolving Model (CRM), Held et al. [1993] showed that under certain conditions, the
atmosphere could spontaneously develop narrow and stationary deep convective regions surrounded by
dry subsiding areas. This was the very first example of what is now called convective self-aggregation. In a
later study, Tompkins and Craig [1998] ran a 3-D CRM on a small (100 km 3 100 km) domain and found that
convection organized itself into a band structure. Since then, many studies using CRMs over increasingly
large domains have analyzed the self-aggregation phenomenon and sparked interest in the community by
suggesting that this phenomenon might help us understand or revisit our interpretation of different aspects
of tropical meteorology and climate [e.g., Bretherton et al., 2005; Nolan et al., 2007; Khairoutdinov and Ema-
nuel, 2010; Muller and Held, 2012; Jeevanjee and Romps, 2013; Wing and Emanuel, 2014; Muller and Bony,
2015; Wing and Cronin, 2015].

Through sensitivity studies, a range of analysis methods and mechanism-denial experiments, these studies
have pointed out the role of a few physical mechanisms in the initiation of convective self-aggregation.
These mechanisms include couplings between surface turbulent fluxes and surface wind anomalies associ-
ated with convection (a mechanism often referred to as WISHE for Wind-Induced Surface Heat Exchange),
between radiation (from clear sky and/or cloudy sky) and circulation, and between convection and humidity
[e.g., Tompkins and Craig, 1998; Tompkins, 2001; Bretherton et al., 2005; Nolan et al., 2007; Muller and Held,
2012; Wing and Emanuel, 2014; Emanuel et al., 2014; Muller and Bony, 2015; Wing and Cronin, 2015]. How-
ever, the relative role of the different mechanisms appears to be model dependent.
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Several CRM studies have also highlighted a dependence of convective organization on SST. For example,
Held et al. [1993] found that convection organizes more slowly at low SSTs and Nolan and Rappin [2008]
noticed a faster spontaneous cyclogenesis at high SST. An SST dependence of self-aggregation was also
observed in Khairoutdinov and Emanuel [2010] and Wing and Emanuel [2012], with self-aggregation occur-
ring only above 300 K but not at 310 K or above [Wing and Emanuel, 2012]. This dependence was inter-
preted by Emanuel et al. [2014] as an instability of the ordinary RCE state above a critical SST, leading either
to a dry state with large-scale descent, or to a moist state with mean ascent. They also showed that the sys-
tem exhibited a strong hysteresis: once convection is aggregated, it can remain in this state even if condi-
tions become less favorable (e.g., below the critical SST) [Khairoutdinov and Emanuel, 2010; Muller and Held,
2012]. In simulations performed in a long channel geometry, Wing and Cronin [2015] showed evidence for a
strong dependence of self-aggregation on surface temperature and pointed out the role of cloud-radiative
feedbacks in this dependence.

Beyond the question of what explains the self-aggregation phenomenon, the question arises as to whether
or not convective aggregation has an impact on climate [Bony et al., 2015]. Held et al. [1993] and Bretherton
et al. [2005] showed that the degree of aggregation of convection had a significant impact on the large-
scale state of the atmosphere, a more aggregated convection being associated with a warmer and drier tro-
posphere. This result is consistent with observations [Tobin et al., 2012, 2013], showing that for similar sur-
face and large-scale dynamical forcings, situations where convection is more aggregated are associated
with a lower free-tropospheric humidity, less upper-tropospheric clouds, more outgoing longwave (LW)
radiation, and a lower planetary albedo or reflected shortwave (SW) radiation at the top of the atmosphere.

This raises questions about the potential impact of changes in convective aggregation on climate sensitivity
[Khairoutdinov and Emanuel, 2010; Mauritsen and Stevens, 2015]. Furthermore, it has been suggested that
modes of variability of the tropical atmosphere such as the Madden-Julian Oscillation (MJO) could be a
large-scale manifestation of convective aggregation [Khairoutdinov and Emanuel, 2012]. This idea is sup-
ported by observations showing that the MJO develops in an area where the organization of convection
tends to promote the development of large-scale ascents [Tobin et al., 2013], and by a numerical study
showing that MJO and self-aggregation exhibit similar budgets of moist static energy (MSE) and are sup-
ported by the same diabatic feedbacks [Arnold and Randall, 2015].

Finally, it has been proposed that tropical cyclones could represent a particular case of convective aggrega-
tion, as convective aggregation often gives rise to tropical cyclones in simulations performed in the pres-
ence of rotation [Nolan et al., 2007; Held and Zhao, 2008; Khairoutdinov and Emanuel, 2013; Shi and
Bretherton, 2014].

Providing that GCMs exhibit some self-aggregation behavior [Held et al., 2007; Shi and Bretherton, 2014; Reed
et al., 2015; Arnold and Randall, 2015], they would constitute convenient tools to investigate the role that this
behavior plays in the global climate. Pioneering studies carried out by Held et al. [2007], Held and Zhao [2008],
and Popke et al. [2013] have shown that GCMs run in an RCE configuration offered a great potential to study
the fundamental processes that control large-scale circulations, and Held et al. [2007], Reed et al. [2015], Arnold
and Randall [2015], as well as Becker and Stevens [2014] have shown that the GFDL, NCAR, and MPI GCMs run
in this configuration exhibited some form of self-organization. In this study, we study the self-aggregation
behavior using the IPSL-CM5A-LR atmospheric GCM run in RCE for a range of prescribed SSTs. Section 2
presents the model setup and describes the dependence of self-aggregation on SST and initial conditions. Sec-
tion 3 introduces the analysis framework used to analyze the physical processes responsible for the initiation
of self-aggregation, and discusses the dependence of these processes on SST.

Sections 4 and 5 analyze in detail the triggering mechanisms of convective aggregation at low and high SSTs,
respectively, and section 6 examines the case of intermediate SSTs. Section 7 summarizes the key findings
and discusses the similarities and differences between our results and those obtained with other models.

2. Model Setup and Dependence of Self-Aggregation on SST

2.1. Radiative-Convective Equilibrium Simulations
We use the LMDZ5A GCM [Hourdin et al., 2006], the atmospheric component of the IPSL-CM5A-LR coupled
ocean-atmosphere model [Dufresne et al., 2013] that participated in the fifth phase of the Coupled Model
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Intercomparison Project (CMIP5). This model has a horizontal resolution of 3.758 3 1.8758 in longitude-
latitude and 39 levels on the vertical (15 in the stratosphere). Its physical package [Hourdin et al., 2012]
includes the Emanuel convection scheme [Emanuel, 1993], a statistical cloud scheme coupled to the con-
vection scheme [Bony and Emanuel, 2001], a radiative transfer code [Morcrette, 1991], and a parameteriza-
tion of the boundary layer as a diffusion with an eddy diffusivity which depends on the local Richardson
number and handles dry convection in the case of unstable profiles [Deardorff, 1972]. Gravity wave drag is
calculated following Lott [1999]. For a more detailed review of LMDZ5A-LR GCM, readers are referred to
Hourdin et al. [2006] and Dufresne et al. [2013], and references therein.

To run RCE simulations, we use the model in an aquaplanet configuration without rotation, and employ a
latitudinal discretization on a sinusoidal grid to ensure that the grid mesh area is uniform over the globe.
The model is forced by a constant and uniform insolation (1066.78 W/m2 with a zenith angle of 08 and a
diurnal cycle) and a prescribed uniform SST. The ocean albedo is set to 0.07. The stratospheric ozone distri-
bution is invariant and globally uniform (set to its mean equatorial profile). Aerosol effects are not
considered.

2.2. Self-Aggregation Behavior
We perform a series of 2 year RCE experiments for SSTs ranging from 290 to 308 K (longer experiments do
not exhibit significantly different aggregation characteristics). Each simulation starts from horizontally uni-
form initial conditions which correspond to the globally averaged temperature, wind, and humidity profiles
derived from a previous RCE simulation run at the same prescribed SST but initialized by an atmospheric
state corresponding to a SST of 300 K. Note that, at each SST, the global mean state chosen to initialize the
2 year experiments is obtained by averaging a simulation with slightly aggregated convection (to avoid dif-
ferences in the mean state of the atmosphere due to differences in the state of aggregation [Bretherton
et al., 2005; Tobin et al., 2012]).

A white noise of small amplitude is added to the humidity field at 600 hPa to break the symmetry of the ini-
tial conditions and let the potential RCE instabilities develop. The type of atmospheric organization that
emerges from these experiments at 292 or 307 K is illustrated by two snapshots of the global atmosphere
at two different times of the simulation (usually, self-aggregation starts within the first 2 months, with only
a few cases starting later). Between day 40 and day 290 at 292 K (Figures 1a and 1c), and between day 400
and day 650 at 307 K (Figures 1b and 1d), the convective organization evolves from a state when convec-
tion is randomly distributed across the domain, to the point when a large-scale circulation arises and the
atmosphere organizes into large dry areas and narrow areas of strong precipitation. This spontaneous evo-
lution is consistent with a convective self-aggregation behavior taking place at the large-scale. At 292 K,
convection aggregates in the form of small isolated clusters or long lines of intense precipitation converg-
ing toward an intense convective center. These convective centers move around slowly, but decreasingly
so as they become more intense. At 307 K, an even stronger and more localized organization emerges.

Different metrics may be used to characterize convective aggregation quantitatively. The simple convective
aggregation index (SCAI) defined by Tobin et al. [2012] to characterize the density and the scattering of con-
vective clusters within a 108 3 108 domain using high-resolution satellite observations (0.58, 6 hourly) is not
suited here because of the lack of spatial and temporal resolution of GCM outputs. However, the develop-
ment of convective aggregation in the GCM is closely associated with the tendency of the atmosphere to
develop large areas of dry, subsiding air, and the tendency of convection to clump within narrow areas of
large-scale ascents. It is closely associated with the emergence and strengthening of a large-scale overturn-
ing circulation, whose strength can be characterized by the statistical distribution over the globe of mid-
tropospheric (500 hPa) large-scale vertical velocities. As long as convection remains randomly distributed
within the domain, the large-scale ascents and descents are weak and cover approximately the same area.
In contrast, as soon as convective aggregation develops, the strength of large-scale ascents increases.
Owing to mass conservation and the fact that vertical velocity in subsidence areas is constrained by the
rate of clear-sky radiative cooling and static stability, it is associated with an expansion of the area covered
by large-scale subsidence. In the following, we thus characterize the degree of aggregation of convection in
the GCM by the fractional area of the globe covered by large-scale subsidence in the mid-troposphere, a
quantity that we will refer to as the subsiding fraction (SF). SF is close to 0.5 when convection is disaggre-
gated, but it can reach much higher values when convection is aggregated (Figure 1e).
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2.3. Sensitivity to SST and Initial Conditions
The SF index is diagnosed in RCE experiments initialized from horizontally uniform conditions and forced
by a range of prescribed SSTs. Three different behaviors can be distinguished depending on SST (red circles
in Figure 2). For SSTs lower than 294 K or higher than 305 K, convection self-aggregates and behaves like
discussed previously for 292 and 307 K (these two examples are actually representative of what happens for
these two ranges of SSTs, respectively). For the large range of intermediate SSTs (294–305 K), the occur-
rence of self-aggregation is less systematic and depends on initial conditions.

Whatever the initial conditions, self-aggregation is always initiated and maintained at SSTs lower than 294 K
or higher than 305 K (pink triangles in Figure 2). By contrast, for SSTs in the range 294–305 K, even if most
cases show a triggering of self-aggregation, in many simulations, self-aggregation cannot be maintained.
For most SSTs, initializing the simulation with an aggregated state is enough to develop and/or maintain
aggregation (black circles in Figure 2). As in CRMs [Khairoutdinov and Emanuel, 2010; Muller and Held, 2012;
Muller and Bony, 2015], the atmosphere simulated by the GCM thus exhibits a strong hysteresis behavior.
Around 299–300 K, however, whenever convection starts aggregating, it disaggregates progressively after a
few days, suggesting that convection is reluctant to maintain a state of self-aggregation at these surface

Figure 1. Global snapshots of precipitation for disaggregated convection at (a) day 40 at 292 K and (b) day 400 at 307 K, and for aggre-
gated convection at the same SSTs (respectively, (c) at day 290 and (d) at day 650). Temporal evolution of subsiding fraction (SF, red) and
proportion of dry areas (blue) for the reference simulations at (e) 292 K and (f) 307 K. The approximate timing of the snapshots shown on
Figures 1a–1d is reported on Figures 1e and 1f.
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temperatures. Note that cloud-radiative effects are responsible for the maintenance of self-aggregation, as
aggregated simulations run without cloud-radiative effects systematically become disaggregated (blue
circles in Figure 2).

In summary, the organization of convection exhibits two different regimes depending on SST. At low
and high SSTs, RCE instability always occurs and self-aggregation always develops, irrespective of initial
conditions. At intermediate SSTs, the occurrence of self-aggregation is sensitive to initial conditions,
and its triggering does not necessarily imply its subsequent maintenance. In the rest of the study, we
unravel the physical processes responsible for the triggering of self-aggregation in these different
ranges of SST.

3. Moist Static Energy Budget

3.1. Analysis Framework
Following Bretherton et al. [2005], Muller and Held [2012], and Wing and Emanuel [2014], we analyze the
moist static energy (MSE, noted h) defined as:

h5cpT1gz1Lvqv (1)

where cp denotes the specific heat of dry air, T the temperature, gz the geopotential, Lv the latent heat of
vaporization, and qv the water vapor mixing ratio.

To investigate the physical processes leading to self-aggregation, we analyze the daily budget of vertically
integrated moist static energy, ĥ, and look at the different sources and sinks of MSE:

@ĥ
@t

5Fs1NetSW1NetLW1Adv (2)

with Fs being the surface enthalpy flux defined as the sum of latent and sensible heat fluxes (LHF and
SHF, respectively), NetSW and NetLW the column SW and LW radiative flux convergences, respectively,
and Adv52rh:~̂uh the horizontal divergence of the density-weighted vertical integral of the MSE flux.
This advective term is calculated as a residual from the rest of the budget. Following Wing and Ema-
nuel [2014], the feedbacks affecting self-aggregation are elucidated through the budget analysis of the
spatial variance of MSE:

Figure 2. Subsidence fraction (SF) at equilibrium (mean over the last 6 months) for SST ranging from 290 to 308 K. Red circles correspond
to simulations starting with homogeneous conditions (mean humidity, temperature, and wind vertical profiles imposed with white noise
for humidity at 600 hPa) of RCE simulations at the same slightly aggregated state and same SST. Pink triangles start from the same simula-
tions with different variables homogenized (either wind, or humidity, or both). Black and dark blue circles start from an aggregated simula-
tion, with or without cloud-radiative effects (CRE) during the simulation.
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@ĥ0

2

@t
5ĥ0F

0

s1ĥ0NetSW01ĥ0NetLW01ĥ0Adv0 (3)

where primed terms (.)’ correspond to anomalies from the global mean of the daily outputs. Each term on
the right-hand side of the equation represents the covariance between MSE sources and MSE anomalies,
and, if positive, indicates a positive feedback on self-aggregation.

3.2. Temperature Dependence of the Feedbacks
To determine which feedbacks are active when the initiation of self-aggregation starts, we look for a clear
transition from a disaggregated state to an aggregated one. For this purpose, we identify in simulations the
moment (after spin-up) when SF rapidly increases from a value of about 0.5 to its maximum value. Examples
of such transitions are shown in Figures 1e and 1f, close to day 190 and 480, respectively. For each simula-
tion, we then define the initiation period as the period starting 15 days before the initiation date and end-
ing 10 days after, so as to encompass what happens before the initiation and shortly after.

The analysis of the MSE variance budget for a range of SSTs shows that the feedbacks controlling the initia-
tion of self-aggregation vary with SST (Figure 3a). At all SSTs, the radiative feedbacks are positive and the
LW feedback largely dominates, although it weakens as SST increases. In comparison, the SW feedback is
very small and nearly constant. The positive LW feedback is almost entirely due to clouds, while the SW
feedback is mainly due to clear-sky effects. For SSTs less than 302 K, the LW feedback is the main feedback

Figure 3. (a) LW (yellow) and SW (pink) due to clouds (circles) or clear sky (triangles), LHF (blue), SHF (green), and advection (black) covari-
ance terms of equation (3) for SSTs between 290 and 308 K. Shown are averages for the initiation period. (b) Relative proportion of positive
feedbacks on self-aggregation as a function of SST over the same period. NetLW and NetSW correspond to the total (clear sky and clouds)
LW and SW terms.
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governing the initiation of self-aggregation (representing about 90% of the positive covariance term in Fig-
ure 3b). The advective term is always negative. Beside the LW feedback, the covariance terms exhibiting the
largest dependence on SST are those associated with the sensible and latent heat fluxes: the LHF term
increases substantially with SST and above 302 K, its contribution to the MSE variance becomes positive
and of similar magnitude as that of the LW feedback (Figure 3b). The SHF contribution is negative at low
SSTs but becomes positive above 300 K and then stabilizes at a value close to that of the SW feedback.

To interpret the temperature dependence of convective self-aggregation, we study below the physical
mechanisms underlying these feedbacks. We first consider the case of low and high SSTs (considering the
representative cases of 292 and 307 K), and then the case of intermediate SSTs.

4. Mechanisms Triggering Self-Aggregation at Low Sea Surface Temperature

4.1. Phenomenology
To examine the triggering of self-aggregation at 292 K, we analyze the simulation initialized with horizon-
tally homogeneous conditions of wind, humidity, and temperature (Figure 1, left column). This simulation
presents two distinct phases on its way toward aggregation: from day 120 to day 190, SF is fairly constant
(close to about 0.55), while after day 190, it suddenly increases before reaching a new equilibrium value of
about 0.7 (Figure 1e). A visual inspection of the simulation shows that the triggering is preceded by the
rapid expansion and strengthening of dry and cold patches devoid of deep convection (dry areas
are defined by a threshold at 15 kg m22 on precipitable water). To understand the mechanisms underlying
the triggering of convection around day 190, we focus on a region of about 808 3 1408 containing one of
these cold patches. It appears around day 120 and subsequently expands (see Figure 1e for the time evolu-
tion of the area covered by cold/dry patches, and Figure 4 for the appearance and growth of the patches).
A second patch develops in parallel in the Southern Hemisphere after day 120. These patches are associated
with a strong subsidence in the mid-troposphere, the presence of low clouds in the planetary boundary
layer, strong gradients of temperature and humidity at their borders, and a divergence of the near-surface
wind (Figure 4).

The different cold/dry patches of the domain expand and get closer to each other until they connect. Their
merging coincides with an abrupt expansion of the area covered by dry regions over the globe and a large
increase of SF (Figure 1e). The initiation of self-aggregation thus appears to be related to the expansion of
cold/dry patches that progressively isolate deep convection and force the clumping of convective clouds
away from these patches.

4.2. Radiatively Driven Cold Pools
The behavior of cold patches in this simulation at 292 K is reminiscent of density currents that occur in the
atmosphere when air masses of different densities come in contact, with the denser air sinking down and
spreading out along the surface. In convective situations, such density currents occur for instance when
convective downdrafts generated by the evaporation of rain forms a pool of cold air in the boundary layer
which is denser than its surrounding environment and spreads out horizontally near the surface. The veloc-
ity at which the cold pool spreads out (C�, defined here as the 10 m wind speed averaged over the surface
of the cold pool) depends on the virtual potential temperature difference between the cold pool and its
environment, as expressed by the potential energy EP [Rotunno et al., 1988; Grandpeix and Lafore, 2009]:

EP52g
ðhbl

0

Tvp2Tve

Tve
dz (4)

where hbl is the height of the boundary layer (determined by eye), and Tvp and Tve the mean virtual temper-
atures within and outside the cold pool, respectively. Using the hydrostatic equilibrium equation, and
assuming that Tve 5Tv , (4) can be written as

EP5R
ðPsurf

Pbl

ðTvp2TvÞ
dP
P

(5)

where Pbl is the pressure at the top of the boundary layer and Psurf , the surface pressure.
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To investigate the extent to which the spreading of the dry, cold patches in our simulations can be interpreted
as the behavior of a density current, we use equation (4) to estimate the potential energy associated with the
cold patches, and examine the relationship between the velocity at which the patches spread out and the
square root of their potential energy. Following Grandpeix and Lafore [2009], we relate both quantities using

Figure 4. Zoom on a large region of the planet (808 3 1408) showing a cold/dry pool in the reference simulation at 292 K. Each row is a
snapshot at a (first row) day 125, 151, 177, and (fourth row) 193. First column shows temperature at 2m (shading) and wind at 10 m
(arrows). Second column represents precipitable water and the third one the vertical velocity at 500 hPa (shading, negative upward) and
low-level cloud cover >50% (hatchings).
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C�5k�
ffiffiffiffiffiffiffi
2EP

p

where k� is a positive parameter. In our simulations, C� values (that range from 1 to 4 m s21) and EP values
(that range from 7 to 30 J) are actually well correlated (R 5 0.90), with k�50:42 (the methods used to com-
pute C� slightly affect k� but do not change the correlation with EP). This value is close to that estimated for
squall lines based on 2D simulations (0.68 in Lafore and Moncrieff [1989]), 3-D simulations (0.33 in J.-P. Lafore
(personal communication, 2000)), or observations (0.5 in Bryan et al. [2005]). It suggests that the behavior of
cold patches in our simulations can actually be interpreted as cold pools, whose origin is not the reevapora-
tion of rain like in convective cases, but another mechanism to be explained.

For this purpose, we diagnose the influence of physical processes on Tv and then on the building of EP. If
dT
dt

� �
i and dq

dt

� �
i

are the tendencies of process i on temperature and humidity, respectively, then

X
i

dTv

dt

� �
i
5
X

i

ð11eqÞ @T
@t

� �
i
1eT

@q
@t

� �
i

	 

(6)

Assuming that dP
P does not vary over time (which is true at first order), using (6) and DTv 5Tve 2Tvp , equation

(5) becomes:

dEP

dt
5
X

i

R
ðPbl

Psurf

dP
P

@DTv

@t

� �
i

	 

(7)

with, at first order,

@DTv

@t

� �
i
5ð11eqeÞ

@Te

@t

� �
i
1eTe

@qe

@t

� �
i
2ð11eqpÞ

@Tp

@t

� �
i
2eTp

@qp

@t

� �
i

(8)

and Tp ; qp ; Te ; qe being the mean temperature and mean specific humidity inside and outside the patch,
respectively. Index i corresponds to each term that affects the temperature and humidity budgets, namely
LW and SW radiation, convection, large-scale condensation, and vertical diffusion. This enables us to identify
and quantify the processes that tend to increase dEP

dt and thus contribute to the expansion of the cold pools.
This analysis is applied to the boundary layer of the zoomed-in region shown in Figure 4, but the results are
qualitatively similar when it is applied to the whole globe (not shown). The patches are defined as the
regions where the precipitable water is smaller than 15 kg/m2 (the result is not sensitive to this threshold as
long as we keep it under 18 kg/m2, not shown).

Figure 5 shows that the large LW radiative cooling of the cold pools relative to their environment is the pri-
mary contributor to EP and thus to the spreading of the cold pools. All other processes exert negative influ-
ences on the development and maintenance of EP. The strong LW atmospheric cooling is primarily due to

Figure 5. Temporal evolution of the different terms of equation (7) over the same region as in Figure 4: LW due to clouds (red) and clear
sky (red dashed), SW due to clouds (yellow) and clear sky (yellow dashed), convection (blue), large-scale (green) and boundary layer
(black).
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the presence of low-level clouds (which can exert local LW coolings as high as tens of K/day) and, to a lesser
extent, to the strong clear-sky radiative cooling of the boundary layer in the presence of large-scale subsi-
dence and dry conditions in the free troposphere aloft. By cooling the cold/dry patches (i.e., low-MSE areas),
low-level clouds contribute to enhance the MSE variance of the domain, and thus contribute to the strong
LW feedback noticed at low SSTs in Figure 3 (note that the different sign of the clear-sky LW and SW feed-
backs between Figures 3 and 5 is related to the fact that feedbacks in Figure 5 are integrated over the
whole troposphere while EP is integrated over the boundary layer only).

This analysis thus suggests that the formation and expansion of cold pools in our simulations results from
the interplay between low clouds, radiation, and circulation. Since the formation of cold pools is driven by
radiative effects (as opposed for instance to the reevaporation of rain in convective situations), we will refer
to them as ‘‘radiatively driven’’ cold pools.

4.3. Cloud-Radiative Effects and Shallow Circulation
To explore further the role of cloud-radiative effects in the triggering of self-aggregation, we design
mechanism-denial experiments: we restart a simulation at day 90 and switch off the radiative effects of
clouds in the lower and/or upper troposphere. When boundary layer clouds are made transparent to radia-
tion, convective self-aggregation never happens (red line in Figure 6a), supporting the idea that low clouds
actually play a critical role in the initiation of self-aggregation. However, switching off the radiative effects
of free tropospheric (above the 700 mb level) clouds also prevents self-aggregation from happening (blue
line in Figure 6a), indicating that high-cloud radiative effects are also needed.

To better understand the role of low clouds and high clouds in the initiation of self-aggregation, we follow
Bretherton et al. [2005] and analyze the effective stream function W:

WiðzÞ5Wi21ðzÞ1wiðzÞ�qðzÞ (9)

(with W0ðzÞ50 for all z, w the vertical velocity and qðzÞ the mean density profile) in a height-CRH space
(CRH is the column relative humidity). W provides us with a simple visualization of the main circulations
that develop within the domain, and helps understand how MSE is exchanged between dry and moist
areas. The analysis is applied to the area (considered in Figure 4) that encompasses a large cold pool and its
surroundings, but similar results are obtained when considering the global domain (not shown).

In the presence of low-cloud radiative effects (Figures 6b–6d), a horizontal MSE gradient develops within
the first 3 km of the atmosphere and a shallow overturning circulation builds up (as seen on Figures 6c and
6d by the shift and narrowing of the W contours close to the ground and the development of a secondary
maximum below 5 km). As shown by Figure 7, this circulation mainly decreases ĥ in the moist regions and
increases it in the dry ones, leading to a negative feedback of the vertically integrated advective term
(ĥ
0
Adv0 in equation (3)) almost everywhere. In Figure 6e, the circulation at day 220 resembles the circulation

before self-aggregation and does not exhibit any low-level circulation, showing that low-cloud radiative
effects play an active role in the development of the shallow circulation. By enhancing subsidence/drying in
low-MSE regions and convergence/moistening in moist regions, the shallow circulation promotes the devel-
opment of convective aggregation. Moreover, Figure 6f shows that in the absence of cloud-radiative effects
in the free troposphere, the atmospheric circulation is nearly suppressed, showing that high-cloud radiative
effects are necessary to the occurrence of large-scale overturning circulations.

The physical mechanism underlying the initiation of self-aggregation at low SSTs can thus be summarized
as follows: (random) events of large-scale subsidence which are strong enough to favor the formation of
low-level clouds and to dry the free troposphere aloft, induce an intense radiative cooling of the boundary
layer. This cooling leads to the formation of radiatively driven cold pools which expand like density currents,
and initiate the aggregation of convection outside of these cold pools. In parallel, cold pools enhance large-
scale subsidence and low-level outflow in the lower troposphere, which contributes to the development of
a shallow overturning circulation between dry and moist regions. This shallow circulation is further pro-
moted by the remote high-cloud radiative effects. By promoting the maintenance of large-scale subsidence
and low clouds, this low-level circulation amplifies the mechanism that gave rise to the expanding cold
pools and further forces the convection to aggregate in high-MSE areas at the edge or in-between cold
pools.
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5. Mechanisms Triggering Self-Aggregation at High SST

5.1. Phenomenology
To study the triggering of self-aggregation at high SSTs, we analyze a simulation forced by a SST of 307 K
and starting from horizontally homogeneous wind, humidity, and temperature conditions. This SST is repre-
sentative of the range of SSTs (>305 K) for which the self-aggregation always triggers whatever the initial
conditions. At the beginning of the simulation, convection is randomly distributed over the globe (Figure
1b). However, as soon as an area of deep convection develops in one point of the planet (here close to
598N and 21208E, Figure 8, first row on the left), it remains localized and expands, giving rise to a self-

Figure 6. (a) Temporal evolution of SF for the reference simulation (black) and, starting from the same conditions at day 90, for the simulation without radiative effects of low clouds
(red) or without radiative effects of high clouds (blue). (b–d) Daily mean circulation for the reference simulation at day 90, 160, and 220, respectively. (e and f) Daily mean circulation at
day 220 for the simulations without low-cloud radiative effects and without high-cloud radiative effects, respectively. Black contours represent the stream function W (contours
interval 5 0.5 kg m22 s21 starting at 0.5 kg m22 s21, dashed if negative). Shading corresponds to moist static energy. On the x axis, dry regions are on the left and moist regions on the
right, sorted according to column relative humidity (CRH).
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aggregation of deep convection (Figure 8, middle and right columns). Note that unlike in Held et al. [2007],
more than 90% of the precipitation is convective in that point, which means that it is not a grid point storm.

A few days before the initiation (at day 480) of convective self-aggregation, the surface wind field starts
converging toward the convective area and new convective cells develop in the vicinity of the previous
convective cluster (Figure 8, third row). Once self-aggregation is initiated (Figure 8, last row), the lower-
tropospheric convergence of winds strengthens and covers an increasingly large domain, and new convec-
tive cells develop on the edges of previous convection.

5.2. Role of Cloud Radiative Effects
One striking difference between initiation at 292 and 307 K is the absence of low clouds in the initiation
area (no hatchings in Figure 8), suggesting that low-level clouds do not play any role in the triggering of
self-aggregation at high SSTs. This is confirmed by a simulation performed without low-cloud radiative
effects, which exhibits a self-aggregation behavior similar to that of the control simulation (Figure 9). How-
ever, imposing low-cloud radiative effects in the dry regions of a disaggregated simulation (using a radiative
heating profile comparable to that found in low-cloud regions at lower SSTs) is enough to force the occur-
rence of self-aggregation (not shown). It suggests that the reason why low-level clouds do not play an
important role here is that the low-cloud amount is too small at high SSTs (the strong decrease of the low-
cloud amount as SST rises is a well-known feature of this model [Brient and Bony, 2012; Vial et al., 2013]) to
produce a significant radiative cooling of the boundary layer. Cloud radiative effects in the free troposphere,
on the other hand, appear to be necessary for the initiation of self-aggregation (Figure 9): by reducing the
atmospheric radiative cooling, they increase the net input of energy into the column and favor the develop-
ment of large-scale ascents as soon as convection and clouds reach the free troposphere, i.e., as deep con-
vection develops in the vicinity of existing convection. Furthermore, as high clouds occur in moist regions,
their radiative effects contribute to the LW radiative feedback discussed in section 3.2 and thus enhance
the spatial variance of MSE (equation (3)).

5.3. Role of WISHE
We identify high clouds as an important contributor to the initiation of self-aggregation. However, as dis-
cussed earlier, the period before initiation is characterized by major changes in the surface wind field. We
hypothesize that the mass convergence associated with the convective cluster leads to an increase of the
surface winds, and then of surface fluxes, in surrounding areas. By increasing the moist entropy of the sub-
cloud layer, enhanced surface fluxes are likely to favor the development of convection in the vicinity of the
existing cluster, and thus to promote the expansion of the convective area. To test this hypothesis, we run a
simulation at 307 K starting at day 450 of the reference simulation, and impose an homogeneous wind in
the calculation of surface turbulent fluxes. When the surface wind anomalies are not coupled to surface

Figure 7. Advection anomaly (Adv’) as a function of ĥ
0

calculated over the same region as in Figure 4 during the initiation period. Both
terms are integrated over the troposphere. Grey shading indicates a positive feedback of ĥ

0
Adv0 (equation (3)) while areas without shading

indicate ĥ
0
Adv0 < 0, showing the dominance of the negative feedback. Dry regions correspond to ĥ

0
< 0 and moist regions to ĥ

0
> 0.
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fluxes, no self-aggregation arises (Figure 9). It supports our hypothesis and shows that self-aggregation is
triggered by the wind-induced surface heat exchange (WISHE) feedback [Emanuel, 1987; Neelin et al., 1987].

These experiments highlight the role of two critical mechanisms in the initiation of self-aggregation, one
related to surface fluxes (Fs) and the other one to the atmospheric radiative cooling (Qrad5

NetLW1NetSW). To determine whether one acts prior to the other, we examine the time evolution of both

Figure 8. Same as Figure 4 but for a 808 3 1408 region in the reference simulation at 307 K showing the area from where aggregation
starts. Each row is a snapshot at a day (first row) 468, 473, 478, and (last row) 483.
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variables during the initiation period (Figure 10) over the 808 3 1408 domain (the results are qualitatively
similar when looking at the whole globe): Fs starts increasing prior to Qrad, in coincidence with the increase
(and direction shift) of the surface wind speed (Figure 8). Both terms then increase until the convective clus-
ter disaggregates while other clusters develop elsewhere on the planet following the same mechanism. The
lag between Fs and Qrad thus suggests that WISHE plays a dominant role in the triggering of self-
aggregation at high temperature, and that its effect is subsequently amplified and maintained by changes
in cloud-radiative effects.

6. Temperature Dependence of Initiation Mechanisms

The previous sections identified two main mechanisms of initiation of self-aggregation: the interaction
between low-cloud radiative effects, cold pools and shallow circulation at 292 K, and WISHE at 307 K. In all
cases, cloud radiative effects in the free troposphere were also found to play an important role in the
growth and maintenance of the self-aggregation. To examine the range of SSTs over which these mecha-
nisms play a role in the triggering of self-aggregation, we rerun the simulations of Figure 3 that were devel-
oping self-aggregation, but 30 days before the initiation of self-aggregation, we switch off either the low-
cloud radiative effects (i.e., from the surface to 700 hPa), the free-tropospheric cloud radiative effects (at
heights above the 700 hPa level), or WISHE.

Figure 9. Temporal evolution of SF for the reference simulation at 307 K (black) and, starting from the same conditions at day 450, for the
simulation without effect of wind on surface fluxes (red), without low-cloud radiative effects (blue), or without high-cloud radiative effects
(green).

Figure 10. Temporal evolution of the surface enthalpy flux (blue), total and clear sky (CS) radiative (red and red dashed, respectively) terms
over the 808 3 1408 region for the reference simulation at 307 K.
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When high-cloud radiative effects are switched off, self-aggregation never happens, whatever the SST (not
shown). Without WISHE, self-aggregation does not occur anymore at SSTs higher than 298 K, and without
low-cloud radiative effects, it does not occur anymore at SSTs lower than 297 K (Figure 11). It suggests that
the ‘‘radiation-circulation coupling’’ mechanism discussed in section 4 is necessary to initiate self-
aggregation at SSTs lower than 296 K, and that the WISHE mechanism is necessary at SSTs higher than
299 K. At 298 and 299 K, switching off both WISHE and low-cloud radiative effects prevents self-aggregation
from occurring (not shown), but switching off only one of these mechanisms does not, suggesting that
either mechanism is sufficient to trigger self-aggregation.

Based on this analysis, two questions arise: (i) what explains the temperature dependence of the initia-
tion mechanisms? and (ii) how much do these two mechanisms interact with each other? For a given
surface wind anomaly and near-surface relative humidity, the WISHE mechanism is more efficient at
high SSTs than at low SSTs because the moisture difference between the surface and the near-surface
air just above tends to increase with SST. It likely contributes to make the WISHE mechanism more rele-
vant at high SSTs than low SSTs. In addition, the GCM used in this study is known to produce a strong
positive low-cloud feedback as surface temperature rises [Brient and Bony, 2012], i.e., the low-cloud
cover decreases strongly as SST rises (in RCE, the model predicts a globally averaged low-cloud cover
that decreases from about 40% at 290 K to 7% at 300 K, and 5% at 306 K). It makes the radiative effects
of low-level clouds weaker at high SSTs, and therefore the ‘‘radiation-circulation coupling’’ mechanism
less efficient. Moreover, the low-cloud radiative effects are known to be strongly coupled to surface tur-
bulent fluxes: by decreasing the MSE of the boundary layer, the LW radiative cooling of low-level clouds

Figure 11. (a) Same as Figure 3a but for simulations without WISHE feedback. (b) Same for simulations without low-cloud radiative effects.
Grey spaces correspond to simulations that do not self-aggregate.
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tends to enhance turbulent fluxes at the ocean surface [Fermepin and Bony, 2014; Vial et al., 2015], and
the moistening of the boundary layer by surface fluxes has a positive influence on the formation of low-
level clouds and thus low-cloud radiative effects [Zhang et al., 2013]. Although the WISHE mechanism
can operate in the absence of low-level clouds, the interaction between low-cloud radiative effects and
surface fluxes is thus likely to make WISHE more efficient. Therefore, at SSTs for which the low-cloud
radiative effects alone are not sufficient to trigger self-aggregation through a ‘‘radiation-circulation cou-
pling,’’ they can still favor the triggering of self-aggregation by making WISHE more efficient. This
‘‘cloudy WISHE’’ is likely at play in our model at SSTs between 295 and 305 K. The influence of low-cloud
radiative effects on WISHE also suggests that even in a model that would predict low clouds at high
temperatures, the dominant mechanism of self-aggregation could still be WISHE. This is actually con-
firmed by high-SST experiments in which low-cloud radiative effects are artificially imposed in the simu-
lation (not shown).

7. Summary and Discussion

This study analyses the phenomenon of self-convective aggregation in the IPSL-CM5A-LR GCM run in a non-
rotating RCE framework and forced by a range of globally uniform SSTs. As summarized in Figure 12a, self-
aggregation is spontaneous at SSTs lower than 294 K or higher than 305 K, whatever the initial conditions.
At intermediate SSTs, it is less spontaneous and its occurrence depends on initial conditions. In particular,
self-aggregation occurs more easily when initial conditions are derived from a previous experiment in which
convection was aggregated. Yet overall self-aggregation tends to occur more easily at low and high temper-
atures than at intermediate temperatures.

Two main physical mechanisms can trigger self-aggregation in this model, and their relative contribution
depends on surface temperature (Figure 12b). At low SSTs, self-aggregation is triggered by a ‘‘radiation-
circulation coupling’’: events of large-scale subsidence which are strong enough to favor the formation of
low-level clouds and dry the free troposphere aloft, induce an intense radiative cooling of the boundary
layer and the formation of radiatively driven cold pools which expand like density currents. The expansion
of the cold pools forces the convection to aggregate at the edges or in-between cold pools (Figure 13a).
The development of a shallow circulation between dry and moist regions reinforces subsidence and pro-
motes the formation of low-level clouds in dry regions, which positively contributes to the self-aggregation.
At high SSTs, the initiation mechanism is primarily related to the interaction between surface turbulent
fluxes and near-surface wind anomalies (WISHE): as deep convection develops somewhere, the mass con-
vergence associated with it enhances the surface wind around the convective area, and then surface fluxes.
It promotes the development of deep convection in the vicinity of the existing convection, which eventually
yields to convective aggregation (Figure 13b). At intermediate SSTs, self-aggregation is less spontaneous

Figure 12. Schematic representation of (a) the probability of triggering self-aggregation as a function of SST and (b) the relative role of the different mechanisms governing self-
aggregation depending on SST. The radiation-circulation coupling (red), cloudy-WISHE (dashed blue), and WISHE feedbacks (blue) are represented. Note that self-aggregation can only
be triggered if free-tropospheric clouds interact with radiation.
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but it can be triggered by a combination of both mechanisms. At all SSTs, the reduction of the atmospheric
radiative cooling by deep convective clouds helps develop a large-scale circulation between dry and moist
regions which is necessary to the growth and maintenance of convective aggregation.

The strong temperature dependence of self-aggregation in this model is partly due to thermodynamics
(e.g., the higher efficiency of WISHE at high temperatures due to the increase of the surface thermodynamic
disequilibrium), and partly due to the strong dependence of low-level clouds on surface temperature. As
SST increases, the model predicts a decrease of the low-level cloudiness, and hence makes the formation of
radiatively driven cold pools less likely. On the other hand, the coupling between surface fluxes and low-
cloud radiative effects makes WISHE more likely to trigger convection at intermediate SSTs (cloudy WISHE).
In this model, self-aggregation is least likely to occur around 300 K. It presumably arises from the fact that
300 K is a surface temperature too high for the model to predict a significant low-cloud fraction and there-
fore an efficient radiation-circulation coupling mechanism, but too low for WISHE to be thermodynamically
efficient (especially in the near absence of low-level clouds).

This study thus shows that the phenomenon of self-aggregation pointed out in CRMs [Bretherton et al.,
2005; Held et al., 2007; Muller and Held, 2012; Wing and Emanuel, 2014; Wing and Cronin, 2015; Muller and
Bony, 2015] and a few other GCMs [Held and Zhao, 2008; Becker and Stevens, 2014; Shi and Bretherton, 2014;
Reed et al., 2015] also occurs in this GCM. Consistently with other studies, self-aggregation exhibits a
dependence on surface temperature [e.g., Khairoutdinov and Emanuel, 2010; Wing and Emanuel, 2014], and
the mechanisms primarily responsible for its initiation depend on the range of SST considered [e.g., Wing
and Cronin, 2015]. The role of cloud radiative effects and WISHE in the initiation of self-aggregation has
been pointed out in most studies. However, the temperature dependence, as well as the physical mecha-
nisms which dominate the triggering of self-aggregation at a given SST, sometimes differ significantly from
one model to the next. For instance, in contrast to Wing and Emanuel [2014], we find no evidence in our
model of a critical role played by the absorption of SW radiation by water vapor in the triggering of self-
aggregation. In contrast with several CRM studies [Bretherton et al., 2005; Muller and Held, 2012; Muller and
Bony, 2015], the shallow circulation that develops between dry and moist areas does not contribute to self-
aggregation in our model by transporting MSE up-gradient (Figure 7). Instead, self-aggregation relates to
the strengthening and expansion of the radiatively driven cold pools that progressively isolate the deep
convection and force it to occur in increasingly narrow areas. Finally, in contrast to other studies [Muller and
Held, 2012; Wing and Emanuel, 2014; Wing and Cronin, 2015], high-cloud radiative effects are also necessary
for the triggering of self-aggregation at all SSTs.

These differences can arise from different factors. Some processes present in CRMs may not be represented
by GCMs (e.g., the impact of the mesoscale organization of shallow convection on surface winds, and there-
fore the role of WISHE in subsidence areas). The representation of low-level clouds and of their radiative
effects can also play an important role: the sensitivity of the low-cloud fraction to surface temperature (i.e.,

Figure 13. Cartoon illustrating the two main physical mechanisms that initiate self-aggregation in the model. (a) At low SSTs, a strong sub-
sidence promotes the formation of low-level clouds which radiatively cool the lower troposphere, drive the formation of a shallow circula-
tion that increase the subsidence in dry areas, and of ‘‘radiatively driven cold pools’’ that force the convection to aggregate outside of
these cold/dry areas. (b) At high SSTs, the development of an isolated convective area is associated with a mass convergence that enhan-
ces surface winds and surface turbulent fluxes in the vicinity of existing convection, which favors the triggering of convection in nearby
areas and thus convective aggregation.
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the strength of the low-cloud feedback) is known to be vastly different across models [Bony and Dufresne,
2005; Sherwood et al., 2014], and therefore the role that low-cloud radiative effects play in the triggering of
self-aggregation at any given SST can also differ across models.

In this context, observational investigations of the interplay between low clouds, cold pools, surface fluxes
and shallow circulations in the lower troposphere, its dependence on SST, and the role that it may play in
the organization of deep convection, would be highly welcome. Is there evidence for the formation of ‘‘radi-
atively driven’’ cold pools in the dry areas of the tropics? Is the organization of shallow convection such as
studied with Large-Eddy Simulation models [Seifert and Heus, 2013] sufficient to produce cold pools in non-
convective regions of the tropics and influence the remote organization of deep convection? Can the sensi-
tivity of low-level clouds to surface temperature, which is found to play such a critical role in the
temperature dependence of self-aggregation in this model, be constrained by observations? Some of these
questions might be answered by extending to the trade wind regions of the tropics studies such as the one
carried out over the Indian Ocean by Feng et al. [2015], and by developing observing networks such as the
one discussed by Stevens et al. [2015].

In the meantime, the evidence for the presence of a self-aggregation behavior in a large range of numerical
models makes us wonder what role this phenomenon may play in climate. How much does it affect the
large-scale circulation of the atmosphere in realistic model configurations? What role does it play in the abil-
ity of the model to predict Madden-Julian Oscillations, or in Climate Sensitivity? GCMs constitute convenient
tools to address these questions, and the present model will be used to carry out some of these
investigations.
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