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What favors convective aggregation and why?
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Abstract The organization of convection is ubiquitous, but its physical understanding remains limited.

One particular type of organization is the spatial self-aggregation of convection, taking the form of cloud

clusters, or tropical cyclones in the presence of rotation. We show that several physical processes can

give rise to self-aggregation and highlight the key features responsible for it, using idealized simulations.

Longwave radiative feedbacks yield a “radiative aggregation.” In that case, sufficient spatial variability of

radiative cooling rates yields a low-level circulation, which induces the upgradient energy transport and

radiative-convective instability. Not only do vertically integrated radiative budgets matter but the vertical

profile of cooling is also crucial. Convective aggregation is facilitated when downdrafts below clouds are

weak (“moisture-memory aggregation”), and this is sufficient to trigger aggregation in the absence of

longwave radiative feedbacks. These results shed some light on the sensitivity of self-aggregation to various

parameters, including resolution or domain size.

1. Introduction

The spatial organization of deep convection is ubiquitous in the tropics, but the underlying mechanisms

remain poorly understood andmay not bewell represented in global climatemodels. The spontaneous orga-

nization of convection in high-resolution models with homogeneous forcing is a useful starting point for

theories of convective organization. One particular mode of convective organization that has received atten-

tion recently is the self-aggregation of convection [see, for instance, Held et al., 1993; Raymond and Zeng,

2000; Bretherton et al., 2005; Sobel et al., 2007; Muller and Held, 2012; Tobin et al., 2012; Craig and Mack, 2013;

Jeevanjee and Romps, 2013; Emanuel et al., 2014]. Under certain conditions, high-resolution simulations of

Radiative-Convective Equilibrium (RCE) under perfectly homogeneous forcing can exhibit a spontaneous

aggregation of convection into a single region. The self-aggregated climate is a spatially organized atmo-

sphere composed of two distinct regions, a moist region with deep clouds and intense convection and a dry

subsiding environment with strong radiative cooling to space.

As shown in both simulations and observations, this phenomenon strongly impacts the large scales; in partic-

ular, aggregation is associated with drier conditions and increased outgoing longwave radiation [Bretherton

et al., 2005; Tobin et al., 2012]. It has been recently suggested that the self-aggregated state could be the

preferred stable equilibrium of tropical convection under warm sea surface temperatures [Emanuel et al.,

2014]. With global warming, the tropics could therefore switch to this self-aggregated state. Given the large

changes in large-scale properties accompanying self-aggregation, this may have important implications for

climate sensitivity [Bony et al., 2015; Mauritsen and Stevens, 2015]. Self-aggregation is also believed to play a

role in cyclogenesis [Khairoutdinov and Emanuel, 2013; Shi and Bretherton, 2014]. But the conditions that favor

self-aggregation remain unclear.

The study of self-aggregation is complicated by the fact that the system exhibits hysteresis [Khairoutdinov

and Emanuel, 2010]. Muller and Held [2012, hereafter MH12] find that when started from homogeneous ini-

tial conditions, self-aggregation is sensitive to resolution and domain size, with coarse resolutions and large

domains favoring its onset. When started from aggregated initial conditions though, aggregation is main-

tained regardless of the resolution, as long as the domain is large enough. The hysteresis suggests that

different physical mechanisms can trigger or maintain aggregation. Indeed, different initial conditions can

excite different physical processes, which could exhibit different sensitivities to parameters (e.g., domain size

or resolution).

In the simulations of MH12, radiative processes, in particular in the longwave, have been shown to play a cru-

cial role.Other feedbacks, such as those related to interactive surfacefluxesor shortwave radiation, can impact
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aggregation—the former tends to favor self-aggregation, while the latter opposes it (MH12)—but neither

is crucial, only longwave radiation is. There is no self-aggregation in simulations with horizontally homo-

geneous longwave radiative cooling rates. In particular, cloud longwave radiation plays a key role (MH12):

radiation from low clouds is necessary to trigger the aggregation; once convection is aggregated though, low

clouds can bemade transparent to the radiation, and the aggregation persists as long as high clouds interact

with radiation.

Clear-sky longwave radiation has also been identified as a key ingredient in a theoretical model of

self-aggregation [Emanuel et al., 2014]. The theory predicts that above a critical specified sea surface temper-

ature, the ordinary RCE state becomes linearly unstable to large-scale overturning circulations, due to large

clear-sky infrared opacity of the lower troposphere when the free troposphere is dry.

Cold pools have been shown to impact the aggregation as well [Jeevanjee and Romps, 2013]. These authors

find that in cloud-resolving simulations without cold pools, self-aggregation occurs regardless of the domain

size. The domain size dependence of aggregation is therefore interpreted as resulting from cold pools

interacting with the deep convection.

Here we clarify which aspects of each physical process contribute to the aggregation, using idealized exper-

iments from a cloud-resolving model. More specifically, we address the following questions: What aspect of

the low-cloud longwave radiation helps trigger the aggregation from homogeneous initial conditions? What

aspect of the high-cloud longwave radiation helps maintain the aggregation? What role do cold pools play?

And why is the self-aggregation favored over large domains or when coarse resolution is used?

The next section describes the numerical simulations. Section 3 investigates the role of low-cloud longwave

radiation in the onset of aggregation, and section 4 addresses the role of high-cloud longwave radiation in its

maintenance. Section 5 examines the role of cold pools, and conclusions are presented in section 6.

2. Numerical Simulations and Methods

The cloud-resolving model used in this study is the System for Atmospheric Modeling version 6.10; see

Khairoutdinov andRandall [2003] for a full description. Themodel solves the anelastic continuity, momentum,

and tracer conservation equations. The prognostic thermodynamic variables of the model include total non-

precipitating water (vapor + cloud water + cloud ice) and total precipitating water (rain + snow + graupel).

We focus on radiative feedbacks and hence remove surface flux interactions by homogenizing fluxes horizon-

tally at each time step. All simulations are three-dimensional on a square, doubly periodic horizontal domain,

without rotation and with a constant and horizontally uniform sea surface temperature of 300 K. The vertical

grid has 64 levels (capped at 27 km with a rigid lid), with the first level at 37.5 m and grid spacing gradually

increasing from 80 m near the surface to 400 m above 5 km. To reduce gravity wave reflection and buildup,

Newtonian damping is applied to all prognostic variables in the upper third of themodel domain. Themodel

is run to RCE, and all the outputs are shown at the end of the simulations, after 50 days of run (instantaneous

snapshots at the end of the simulations are shown, unless otherwise noted).

The initial conditions are identical to MH12, namely, to investigate the onset of aggregation, the model is

initialized with horizontally homogeneous profiles from a mean tropical sounding with similar sea surface

temperature, with white noise added to the dry static energy in the lowest five levels of the model to initiate

the convection. To investigate the maintenance of aggregation, the runs are started from aggregated initial

conditions, with the water vapor mixing ratio initialized as a “moist bubble” in the center of the domain.

In section 3, we perform simulations with fully interactive radiation, and simulations with prescribed radiative

cooling profiles, imposing contrasted radiative cooling profiles in moist and dry regions. The two contrasting

profiles correspond to the radiative cooling rates averaged over moist or dry regions in the runs with inter-

active radiation. The moist region is identified by a precipitable water threshold PW > {80% PWmax} (profiles

are robust to reasonable changes in the threshold value).

In section4,weperformsimulationswith interactive radiationbut assuming that lowclouds are transparent to

radiation. Another set of simulations is runwith prescribed radiative cooling profiles inmoist and dry regions.

Now those two profiles correspond to regions with and without high clouds (defined as ice water path larger

than 0.5 gm−2) in the interactive radiation runs. But for simplicity, in the simulationswith prescribed radiation,

we still impose them in the moist and dry regions defined by PW> {80% PWmax} (because regions with high
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Figure 1. (a–g) Simulations with interactive radiation; (h–n) simulations with imposed radiative cooling profiles. Figure 1a shows the radiative cooling profile in
the large domain simulation averaged in the dry (blue) and moist (red) regions shown in Figure 1b (moist is defined here as precipitable water PW > 80%
PWmax). In the fixed radiation runs shown in Figures 1h–1n, two contrasting profiles are imposed in dry and moist regions, shown as the blue and red curves in
Figure 1h. Figures 1b–1g and 1i–1n show snapshots of PW (mm) at various domain sizes L and resolutions Δx (in km).

clouds closely correspond tomoist convective regions). As wewill see, this is sufficient to identify the features

of the radiative cooling profiles which are responsible for the aggregation.

Finally, in section 5, we perform simulations with weakened downdrafts and associated cold pools. Following

Jeevanjee and Romps [2013], this is done by suppressing the evaporation of rain in the lowest kilometer of

the domain. These runs have prescribed, horizontally homogeneous radiative cooling rates, and interactive

surface fluxes. However, the surface wind velocity used in the computation of surface turbulent fluxes is set

to a constant value of 5 m s−1 to eliminate the Wind-Induced Surface Heat Exchange instability mechanism.

3. Onset of Convection

Here we investigate the onset of aggregation, i.e., the spontaneous aggregation of convection from homo-

geneous initial conditions. When started from homogeneous conditions, it has been shown that convection

aggregates on large domains [Bretherton et al., 2005] and at coarse resolutions (MH12). This is consistent with

Figures 1b–1g,which showsimulationswith interactive radiation run for variousdomain sizes and resolutions.

The sensitivity study of MH12 shows that the interaction between the radiation scheme and the convection

is crucial for the aggregation. Simulations with a horizontally homogeneous radiative cooling profile do not

aggregate, whatever the resolution or domain size. MH12 further find that the spatial inhomogeneity of the

radiative cooling due to clouds is necessary for aggregation to occur. Here we address the following question:
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is the difference in radiative cooling profiles between the convecting moist region and the dry environment

responsible for the aggregation?

Figure1a shows the radiative coolingprofiles averaged inside andoutside themoist convecting region in a run

with interactive radiation which self-aggregates (domain size L = 360 km, horizontal resolution Δx = 3 km).

In the dry region, the radiative profiles exhibit a strong low-level cooling due to low-level clouds and dry air.

And in the moist region, the presence of deep clouds induces a warming below and cooling above the three

cloud layers (high clouds around 12 km, middle clouds around 6 km, and low clouds around 1 km).

We perform a new simulation with imposed radiative cooling profiles but imposing the two contrasting pro-

files of Figure 1a inside and outside the moist region (in other words, the spatial distribution of radiative

cooling rates is determined solely by the spatial distribution of PW). In that case, we find that convection

aggregates for each domain size and resolution. In fact, it is sufficient to include the low-level cooling in dry

regions to obtain aggregation in all the runs (Figures 1h–1n). On the other hand, imposing the radiative pro-

file of the moist region only does not yield aggregation (supporting information Figure S1). Furthermore,

imposing the low-level cooling everywhere (radiative cooling everywhere equal toQdry from Figure 1h) does

not yield aggregation either (not shown), consistent with the known result that convection does not aggre-

gate with horizontally homogeneous cooling profiles. The low-level cooling in dry regions results from the

strong radiative cooling of low clouds, as well as clear-sky cooling in the first kilometer or so, due to warm

near-surface conditions overlaid by a dry free troposphere (Figure 2a).

Diagnostics based on the vertically integrated Moist Static Energy (∫ MSE) budget [Bretherton et al., 2005;

MH12] and ∫ MSE variance budget [Wing and Emanuel, 2014] have been used to investigate self-aggregation

and the feedbacks responsible for it. Indeed, self-aggregation is associated with a large variability of precip-

itable water, hence a large variability of ∫ MSE, with very low values in the dry subsidence region, and high

values in the moist convecting region. One measure of the time evolution of self-aggregation is therefore

∫ MSE variability, and the various terms of the time evolution equation for the ∫ MSE variance quantify the

feedbacks contributing to aggregation, as nicely discussed inWingandEmanuel [2014]. In those budgets, only

the vertically integrated radiative cooling enters. One interesting question is whether the vertical structure of

the radiative cooling also matters, or if it is the net vertically integrated value which is key for aggregation.

To address this question, we apply the same vertically integrated cooling in the dry region as in Figure 1h but

with a different vertical structure (constant, or with a maximum cooling at z=2 km instead of at the surface).

In that case, convection does not aggregate (supporting information Figure S1). Therefore, the vertical

distribution of radiative cooling matters for the triggering of aggregation.

The importance of the low-level radiative cooling is consistent with earlier studies, which highlight its role in

generating a low-level circulation from dry (low ∫ MSE) to moist (high ∫ MSE) regions associated with aggre-

gation. The stream function in height and vertically integrated ∫ MSE coordinates in an interactive radiation

simulationwhich self-aggregates is shown in Figures 2a and 2b (see Bretherton et al. [2005], for details on how

to compute this stream function).

The triggering of self-aggregation is associated with the development of a low-level circulation, represented

schematically as arrows in Figure 2. This low-level circulation transports low-level high MSE air into the

high-energy region (solid black arrow, transporting MSE around 330 K), and midlevel low MSE air into the

low-energy region (dashed black arrow, transportingMSE around 320 K). This results in a net reduction ofMSE

in the low-energy region, and a net increase of MSE in the high-energy region, thereby enhancing the ∫ MSE

gradient. This upgradient MSE transport of the low-level circulation is believed to be a key positive feedback

in the aggregation process [Bretherton et al., 2005]. Not only does the strength of the circulationmatter, but its

height as well, since the MSE of the flow is largely determined by its height (Figure 2b). Both the strength and

height are influenced by radiation, since low-level cooling in dry regions promotes subsidence (blue arrow in

Figures 2a and 2b), which in turn forces a low-level return flow from dry to moist areas (solid black arrow).

It is therefore the spatial variability of the low-level coolingwhich yields aggregation. Thismayexplain the sen-

sitivity to domain size and resolution. Indeed, Khairoutdinov et al. [2009] show that low-level cloud amounts

increase at coarse resolution. In our simulations we also find that the condensate amount in clouds is larger

at coarser resolution, as well as on larger domains (supporting information Figure S2). This may lead to

larger contrasts in radiative cooling rates between regions with/without low-level clouds, and thus a larger
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Figure 2. Radiative cooling rates (colors in Figures 2a and 2c), moist static energy (colors in Figures 2b and 2d), cloud
water content (liquid + ice, white contours every 5 × 10−2 g kg−1 starting at 5 × 10−3 g kg−1), and stream function
(black contours for counterclockwise, gray contours otherwise, every 8 × 10−3 kg m−2 s−1), averaged over the last
20 days of aggregated simulations, plotted as a function of height z and vertically integrated moist static energy ∫ MSE.
Note the stretched vertical coordinate z below 2 km. (a, b) Simulations with fully interactive radiation; (c, d) similar
simulation but without the low-cloud radiative effects. The arrows schematically represent the subsidence generated by
the radiative cooling (blue) and rising motion by the warming (red), as well as the low-level (solid black) and midlevel
(dashed black) flows induced.

spatial variability of radiative cooling rates with both coarser resolutions and larger domains, which favors

self-aggregation.

4. Maintenance of Convection

Here we investigate the maintenance of aggregation, i.e., the evolution of simulations which started from

aggregated initial conditions. Although the radiative cooling from low-level clouds is crucial for the onset of

aggregation, it is not necessary for itsmaintenance (MH12). Aggregated runs remain aggregatedevenwithout

radiative cooling from low clouds, as long as high clouds interact with the radiation and the domain size is

large enough. In that case, no sensitivity to resolution is observed (MH12).

Simulations started from aggregated initial conditions with interactive radiation, but removing contribu-

tions from low clouds are shown on the top panels of Figure 3. The radiative contribution from low clouds is

removed by setting the liquid condensate amount that enters the radiation computation to zero (liquidwater

clouds occur only within the first few kilometers above the surface). In other words, only ice clouds impact

radiative cooling rates. Since resolution does not play a role in the maintenance of aggregation, we only

investigate the sensitivity to domain size and use the same resolution (3 km) in all the runs. As expected, the
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Figure 3. Simulations started from aggregated initial conditions. (a–e) Simulations with interactive radiation except radiation from low-level clouds. Low-cloud
radiation is turned off by setting to zero the liquid cloud amount entering the radiation computation. Figure 3a shows the radiative cooling profile of the large
domain simulation averaged in the clear (blue) and cloudy (red) region (cloudy is defined here as ice water path greater than 0.5 g m−2); Figures 3b–3e show
precipitable water PW (mm) at various domain sizes (and with same resolution 3 km). (f–j) Simulations with imposed radiative cooling profiles. Two different
profiles are imposed in the moist (red) and dry (blue) regions (Figure 3f ); Figures 3g–3j show precipitable water PW (mm).

initial aggregation is only maintained on large domains. The radiative profiles inside and outside the cloudy

region (Figure 3a) differ from runs with low-cloud radiation, in particular the low-level clear-sky cooling out-

side the convective region is weaker and occurs at a higher altitude (minimum of -2 K d−1 around 1 km above

the surface. This peak in cooling results from the strong clear-sky cooling of low levels induced by the dry free

troposphere and thewarmnear-surface temperatures,which increases the longwave cooling from low levels).

As in section 3, we investigate whether imposing the contrasting radiative cooling rates inside and outside

themoist convecting regionmaintains aggregation.When these twoprofiles are imposed,we find that aggre-

gation is maintained for all domain sizes. In fact, it is sufficient to include the low-level clear-sky cooling of

the dry regions and the midlevel warming of the moist regions to maintain aggregation for all domain sizes

(Figures 3f–3j). Interestingly, in that case, imposing either of these separately does not yield aggregation at

all domain sizes (supporting information Figure S3). We note also that the upper level part (10–15 km) or the

low part (below 4 km) of the cloudy profile can contribute to maintain aggregation, though only the middle

part yields aggregation at all domain sizes (supporting information Figure S4; to ease comparison, a constant

cooling is added to the profiles tomaintain the same vertically integrated net cooling). This again implies that

not only does the vertically integrated radiative cooling matter but the vertical profile of radiative cooling is

important as well. Changing the vertical structure of the cooling can make the convection disaggregate.

The low part of the radiative profile in the dry region is particularly critical, owing to its role in the low-level

circulation discussed in the previous section, but it is weaker and is not sufficient by itself to maintain

the aggregation (Figure 2c). To maintain the aggregation, the low-level cooling in the dry region must be

accompanied bymidlevel radiative warming in themoist region caused by clouds. It again has to do with the
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Figure 4. Clouds (white surfaces) and near-surface water vapor mixing
ratio (first atmospheric level at 37.5 m in colors) at the end of a
simulation without cold pools. The cold pools and associated
downdrafts have been removed by suppressing the reevaporation of
rain in the first kilometer as in Jeevanjee and Romps [2013]. The
radiative cooling profile is imposed and the same at every location,
equal to −1.5 K d−1 in the troposphere everywhere in the domain
(linearly decreasing to zero in the stratosphere, dashed red profile in
Figure 1h).

low-level dynamics (schematically repre-

sented by arrows in Figures 2c and 2d)

and the associated MSE transport. The

low-level cooling generates subsidence

(blue arrow), and the midlevel warming

enhances the upwardmotion in themoist

region (red arrow), generating a low-level

circulation (black arrows). This low-level

circulation transports low-level high MSE

air into the high-energy region (solid

black arrow), and midlevel low MSE air

into the low-energy region (dashed black

arrow), thereby enhancing the ∫ MSE gra-

dient. As in theonset of aggregation, both

the strength and the height of the radia-

tive cooling/warming matter, since they

determine the strength and height of the

low-level circulation and hence the associated MSE transport. Not only are high-cloud radiative effects

important for the maintenance of aggregation, but the clear-sky cooling in the subcloud layer also plays a

key role.

5. Role of Cold Pools

It has recently been suggested that cold pools could play an important role in the dependence of aggregation

on domain size. Jeevanjee and Romps [2013] show that simulations started from aggregated initial conditions

remain aggregated at all domain sizes when the cold pools are weakened.

We also find that weakening cold pools yields aggregation at all domain sizes. But the simulations aggregate

even if we impose a fixed horizontally homogeneous radiative cooling profile (−1.5 K d−1 in the troposphere

everywhere in thedomain, decreasing to zero in the stratosphere, dashed redprofile in Figure 1h). This implies

that the feedback involved is different from the longwave radiative feedback responsible for aggregation in

other studies. Instead, convection remains aggregated at the same location throughout the run because of

the absence of evaporation-driven downdrafts below deep convective clouds.

In standard conditions, the cooling associated with the evaporation of rain below deep convecting clouds

generates downdrafts, which through their thermodynamical effect oppose the upward motion that gen-

erated the cloud. This negative feedback on upward convection suppresses the deep cloud in a few hours.

Convection tends to occur in moist areas. Without the evaporation of rain and the effect of the associated

downdrafts, moist areas remain moist (or even get moister by convergence) and thus become even more

favorable to convection. This tends to “localize” the convection, as observed in our simulations (Figure 4). As

mentioned in section 2, in those simulations, feedbacks associated with interactions between surface winds

and surface fluxes have been removed.We expect that theywouldmake the aggregation evenmore vigorous

(enhancedmoisture fluxesby surface convergentwinds). The feedback responsible for the aggregation in that

case in not a radiative feedback, but a “moisture-memory” feedback [Tompkins, 2001]. This moisture-memory

self-aggregation of convection is relevant in situations where downdrafts are weak, as is the case for instance

when the subcloud layer is nearly saturated (as, for instance, in hurricanes). This is reminiscent of the the-

oretical model for aggregation proposed by Craig and Mack [2013], which accounts for moisture-memory

feedbacks but not radiative effects.

6. Conclusions

We find that several physical processes can give rise to self-aggregation. Longwave radiative feedbacks yield

a “radiative aggregation.” More precisely, the contrasting radiative cooling rates inside and outside the moist

convecting region generate a low-level circulation, which transports MSE upgradient and helps trigger or

maintain the aggregationprocess [Brethertonetal., 2005].We show that thismayexplainwhy self-aggregation

is favored under certain conditions, such as large domains and coarse resolutions: the contrast in cooling

rates, and hence the strength of the circulation that results from it, may increase with larger variability on
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larger domains and at coarse resolutions. This is consistent with larger cloud condensate amounts on larger

domains and at coarser resolutions [Khairoutdinov et al., 2009], leading to larger spatial variability of radiative

cooling rates between regions with clouds and regions without. Artificially imposing the radiative variability

yields aggregation at all domain sizes and resolutions.

Conditions in which downdrafts below clouds are weak can give rise to amoisture-memory aggregation. This

behavior results from the absence of low-entropy advection into the subcloud layer by evaporative-driven

downdrafts below clouds, which would otherwise kill convective cells within a few hours. As a consequence,

convection remains at the same humid location throughout the simulation. In that case, convection remains

aggregated even if radiative feedbacks are turned off. The simple model proposed by Craig andMack [2013],

which includes moisture effects, may very well capture this coarsening feedback. This feedback may be

relevant in cases where the subcloud layer is nearly saturated.

The variety of processes leading to aggregation may explain its presence in different model runs in vari-

ous configurations [e.g., Bretherton et al., 2005; Muller and Held, 2012; Jeevanjee and Romps, 2013; Shi and

Bretherton, 2014; Wing and Emanuel, 2014] and its hysteresis, since evolving conditions can trigger various

feedbacks. Conditions leading to a large radiative variability can more easily trigger radiative aggregation,

while a humid subcloud layer can more easily yield moisture-memory convective coarsening.

We find that not only do vertically integrated radiative budgets matter for aggregation, but the vertical pro-

file of cooling is also key. The vertically integrated radiative terms typically yield positive feedbacks on MSE

gradients, mainly due to reduced longwave cooling in moist regions and enhanced cooling in dry regions.

This is true whether or not convection is aggregated (MH12). What is specific to aggregation is the fact that

the circulation does not oppose the energy gradient by transporting MSE from the moist to the dry region.

Instead, the circulation reinforces theMSE gradient by transporting energy from the dry to themoist convect-

ing region. This work suggests that the vertical distribution of radiative cooling in the dry and moist regions

is key to the dynamics and associated MSE transport. This is because MSE is a strong function of height, with

high MSE near the surface and lower MSE values at midlevels. The vertical profile of radiation dictates the

height of the dynamic response, which in turn dictates the MSE transport between dry and moist regions.

Self-aggregation has been shown to be sensitive to temperature, being favored not only at warm but also at

cold temperatures [Khairoutdinov and Emanuel, 2010; Abbot, 2014]. Our simulations were all performed with

a fixed sea surface temperature of 300 K. The relative efficiency of these different processes may change as

temperature rises. Morework is needed to investigatewhich feedback, if any, dominates in current conditions

and under different climates. High-resolution simulations under more realistic conditions, as well as a careful

comparisonwith observations of convective aggregation in the tropics and of its impact on large scales [Tobin

et al., 2012, 2013], could be useful to better understand this phenomenon and see whether the processes

highlighted in this idealized study can also be found in nature.
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