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Each of the 15 chapters in this work presents a paper gleaned from presentations at an
International Space Science Institute Workshop on Shallow Clouds, Water vapor, Circu-
lation and Climate Sensitivity organized as part of the World Climate Research Pro-
gramme’s Grand Science Challenge on Clouds, Circulation, and Climate Sensitivity. The
workshop’s somewhat awkward title reflects the practice of treating each subject sepa-
rately—a state of affairs that the workshop sought to address. As the roughly 40 partici-
pating experts from around the world emphasized, the coupling of clouds and water vapor
to circulation helps determine the nature of circulation systems in the past and present as
well as the climate sensitivity that characterizes the response of the Earth’s surface tem-
perature to radiative forcing.

It has been known for more than a decade that an understanding of factors controlling
the distribution and amount of the low-level, fair-weather, clouds over the tropical oceans
is critical for determining Earth’s climate sensitivity. What has become clear only recently
is that these clouds do not simply respond passively to the large-scale circulations in which
they form. Studies of clouds and circulations across a range of scales, enabled by
increasing computational power, have shown that clouds help set these circulations through
their interactions with radiation. Radiative cooling from low clouds drives low-level
temperature and pressure gradients that reinforce the regions of gentle subsidence in which
they prevail. This pathway is also thought to be responsible for the clustering—or self-
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aggregation—of deep convection seen in simulations with spatially uniform forcing. The
relevance of self-aggregation behavior to clouds on Earth was one theme emerging from
the workshop.

Water vapor, like clouds, interacts powerfully with radiant energy, and there is a
longstanding appreciation that water vapor influences Earth’s climate sensitivity, espe-
cially through changes in water near the tropopause. But as several papers in this collection
highlight, small departures in the relative humidity of the lower atmosphere can be just as
important in influencing Earth’s radiative balance. Moreover, perhaps no other quantity is
as important for patterning the distribution of deep convection. Despite the importance of
lower tropospheric humidity for a vast array of climate relevant processes it is poorly
characterized in the absence of field campaign measurements, largely because current
remote sensing techniques have difficulty unambiguously detecting the structure of water
vapor in the tropical boundary layer.

The 15 chapters in this volume expand on these themes. The first set of papers focuses
on convective self-aggregation, or the tendency of convection to organize even in the
absence of external influences. Allison Wing and her co-authors provide a timely review of
a rapidly expanding literature. Following this lead two groups, led by Christopher Hol-
loway and Matthew Lebsock, respectively, explore the observational record for signatures
of convective self-aggregation. A team consisting of Louise Nuijens, Kerry Emanuel,
Hirohiko Masunaga and Tristan L’Ecuyer asks to what extent radiative forcing from
somewhat deeper clouds, cumulus congestus, also influence the pattern of large-scale
circulation. Paquita Zuidema and Giuseppe Torri consider the disaggregating aspect of
deep convection, namely the cold pools that propagate away from convecting areas and
initiate deeper convection well away from aggregated clusters.

Two articles address the question as to how shallow clouds influence climate sensitivity.
One, a concise summary by Stephen Klein et al., synthesizes five recent studies leveraging
cloud controlling factors to try and infer how low clouds may change in a warming climate.
The other, by Jessica Vial, Sandrine Bony and their co-authors, explores why climate
models are so sensitive to the representation of low clouds, and to what extent more
fundamental modeling approaches, like large-eddy simulation, may help to constrain their
behavior.

The importance of water vapor is reviewed in two articles, one led by Brian Mapes and
one by Bjorn Stevens, Helene Brogniez and co-authors. The latter article, and one by
Robert Pincus and his co-authors, assesses the ability of our present observing system to
characterize the distribution of water in the lower troposphere.

The book’s final section looks to the future. New technologies for observing lower
tropospheric water vapor are becoming more widely available. An article by Christopher
Kiemle demonstrates the use of one such technology in airborne field campaigns, while the
contribution led by Amin Nehrir surveys the range of emerging technologies being
developed for air- and space-borne measurements. The prospects of using related space-
based observations of clouds to constrain the temperature-mediated dependence of clouds
and circulation is reviewed by Dave Winker, Helene Chepfer and Xia Cai. Observational
strategies for directly exploring how satellite observations might be used to measure
shallow circulations are explored in an article by Gilles Bellon, Oliver Reitenbuch and Ann
Kristin Naumann—an especially timely contribution given that the first satellite-based
wind lidar will be launched just as this work appears. Finally, Sandrine Bony, Bjorn
Stevens and a large international team of co-authors outline an exciting new field cam-
paign in which they plan to measure the interaction of low clouds, water vapor and
circulation with the goal of putting better bounds on Earth’s climate sensitivity.
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Abstract Organized convection in the tropics occurs across a range of spatial and temporal
scales and strongly influences cloud cover and humidity. One mode of organization found is
“self-aggregation,” in which moist convection spontaneously organizes into one or several
isolated clusters despite spatially homogeneous boundary conditions and forcing. Self-ag-
gregation is driven by interactions between clouds, moisture, radiation, surface fluxes, and
circulation, and occurs in a wide variety of idealized simulations of radiative—convective
equilibrium. Here we provide a review of convective self-aggregation in numerical simu-
lations, including its character, causes, and effects. We describe the evolution of self-ag-
gregation including its time and length scales and the physical mechanisms leading to its
triggering and maintenance, and we also discuss possible links to climate and climate change.

Keywords Self-aggregation - Convective organization - Radiative—convective
equilibrium - Convective processes - Tropical convection - Idealized modeling

1 Introduction

Radiative—convective equilibrium (RCE) is the statistical equilibrium state that the
atmosphere and surface would reach in the absence of lateral energy transport, in which
there is a balance between net radiative cooling and convective heating. It has long been
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used as an idealization of the tropical atmosphere in simulations with single-column
models (e.g., Manabe and Strickler 1964; Renno et al. 1994), two- and three- dimensional
cloud-resolving models (e.g., Held et al. 1993; Bretherton et al. 2005), and regional/global
models with parameterized convection (e.g., Held et al. 2007).

Convective self-aggregation is the spontaneous spatial organization of convection in
numerical simulations of radiative—convective equilibrium despite homogeneous boundary
conditions and forcing. This instability of the RCE state arises due to interactions among
convection, radiation, environmental moisture, and surface fluxes.

Aggregation has been found to occur in simulations with two-dimensional cloud-re-
solving models (Held et al. 1993; Grabowski and Moncrieff 2001, 2002; Stephens et al.
2008), small-domain square three-dimensional cloud-resolving models (Tompkins and
Craig 1998; Bretherton et al. 2005; Khairoutdinov and Emanuel 2010; Muller and Held
2012; Jeevanjee and Romps 2013; Wing and Emanuel 2014; Abbot 2014; Muller and Bony
2015; Holloway and Woolnough 2016; Hohenegger and Stevens 2016), elongated channel
three-dimensional cloud-resolving models (Tompkins 2001; Posselt et al. 2008, 2012;
Stephens et al. 2008; Wing and Cronin 2016), regional/global models with parameterized
clouds and convection (Su et al. 2000; Held et al. 2007; Popke et al. 2013; Becker and
Stevens 2014; Reed et al. 2015; Arnold and Randall 2015; Reed and Medeiros 2016;
Coppin and Bony 2015; Silvers et al. 2016; Hohenegger and Stevens 2016; Bony et al.
2016) or super-parameterized clouds and convection (Arnold and Randall 2015), and
global models with explicit convection (Satoh and Matsuda 2009; Satoh et al. 2016).

An example of self-aggregation in a cloud-resolving model (CRM) with no rotation is
found in Fig. 1, which shows snapshots of outgoing longwave radiation, where low values
indicate the presence of high, deep convective clouds. Initially, convection is quasi-ran-
domly distributed across the domain (Fig. 1a), but after tens of days, the convection has
aggregated into a single, intensely precipitating moist cluster surrounded by dry, subsiding
air (Fig. 1b).

An example of self-aggregation in aquaplanet simulations of non-rotating RCE with
several general circulation models (GCMs) with parameterized convection is found in Fig. 2.
In GCMs, self-aggregation entails the development of a few isolated clusters of deep con-
vection within a large area of subsidence, and the development of a large-scale circulation.

Spontaneous symmetry breaking in two-dimensional and two-column models (Ray-
mond 2000; Nilsson and Emanuel 1999) and multiple equilibria in weak temperature
gradient simulations with single column (Sobel et al. 2007; Emanuel et al. 2014; Daleu
etal. 2015) and two-dimensional cloud-resolving models (Sessions et al.
2010, 2015, 2016) have also been interpreted as analogous to/consistent with convective
self-aggregation. In single column or small-domain CRM weak temperature gradient
simulations, in which the large-scale circulation is parameterized, the dry equilibrium
corresponds to the dry, non-convecting regions of a self-aggregated state and the equi-
librium with precipitation corresponds to the moist cluster in a self-aggregated state.
Theory and simple models of aggregation (or its root cause, instability of the RCE state)
have been presented by Bretherton et al. (2005), Craig and Mack (2013), Emanuel et al.
(2014) and Beucler and Cronin (2016).

The above refers to aggregation under conditions of non-rotating RCE. Under condi-
tions of rotating RCE, self-aggregation takes the form of spontaneous genesis of tropical
cyclones (Bretherton et al. 2005; Nolan et al. 2007; Held and Zhao 2008; Khairoutdinov
and Emanuel 2013; Shi and Bretherton 2014; Zhou et al. 2014; Boos et al. 2015; Reed and
Chavas 2015; Davis 2015; Wing et al. 2016; Merlis et al. 2016; Zhou et al. 2017). While
aggregation occurs across a wide variety of different models, with different dynamical

Reprinted from the journal 2 @ Springer
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Fig. 1 Snapshot of outgoing 2
longwave radiation (OLR) at (a) Day 10 OLR (W/m )

a day 10 and b day 80 of a
radiative—convective equilibrium
simulation at 305 K. Reprinted
from Wing and Emanuel (2014).
©2013. American Geophysical
Union. All Rights Reserved
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cores, different convective parameterizations (in the case of GCMs), and different radiation
and microphysics schemes, the exact nature and sensitivities of aggregation vary and
depend on model details. This reflects the fact that multiple processes contribute to
aggregation, involving intricate interactions between clouds, moisture, radiation, and cir-
culation. In CRMs, self-aggregation occurs more readily with large domains and coarser
resolution (Muller and Held 2012), although the domain-size dependence disappears if the
evaporation of rain at low levels (which causes downdrafts and cold pools) is eliminated
(Jeevanjee and Romps 2013; Muller and Bony 2015). Interactive radiation and surface
fluxes are generally necessary for self-aggregation to occur, a result supported by mech-
anism denial experiments carried out by many different authors; the details are described in
Sect. 3. Some studies find that self-aggregation is favored by high sea surface temperatures
(SSTs) (Held et al. 1993; Khairoutdinov and Emanuel 2010; Wing and Emanuel 2014,
Emanuel et al. 2014; Coppin and Bony 2015), although it can also occur at temperatures
far below current tropical SSTs (Abbot 2014; Coppin and Bony 2015; Wing and Cronin
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295K
P/'Paug
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2
1
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Fig. 2 Hemispheric view of monthly precipitation (normalized by its global mean value) predicted by the
IPSL, MPI, and NCAR GCMs in RCE simulations forced by an SST of (top) 295 K and (bottom) 305 K.
Reprinted from Bony et al. (2016)

2016; Holloway and Woolnough 2016). Vertical wind shear and/or strong mean winds
make self-aggregation less likely (Held et al. 1993; Bretherton et al. 2005; Wing 2014;
Abbot 2014), although much remains to be understood about the sensitivity of aggregation
to vertical wind shear. Self-aggregation also exhibits hysteresis; that is, once convection
occurs, it is difficult for it to disaggregate, and the aggregated state can be maintained
without the feedbacks that are necessary to trigger it from homogeneous conditions
(Khairoutdinov and Emanuel 2010; Muller and Held 2012; Muller and Bony 2015; Hol-
loway and Woolnough 2016).

The structure of the remainder of this paper is as follows: First, we review the char-
acteristics of self-aggregation, including its time and length scales and impacts on modeled
climate. Next, we review the physical mechanisms leading to self-aggregation, including
longwave radiation, shortwave radiation, surface fluxes, moisture feedbacks, and advective
processes. We then discuss the importance of self-aggregation: Why studies of aggregation
in idealized simulations might be important for understanding the tropical atmosphere and
climate. Finally, we conclude with a synthesis of self-aggregation in idealized numerical
models and its applicability to the real world, and what needs to be explored further. We
will focus our discussion on non-rotating self-aggregation, but will note several areas in
which the rotating case behaves differently.

2 Characteristics of Self-Aggregation
2.1 General Evolution of Aggregation

Simulations of convection in non-rotating RCE using three-dimensional cloud-resolving
models initially produce distributions of convection that are nearly random in space and
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time. Aggregation generally begins with the emergence of one or several dry regions in
which convection is suppressed. The dry regions have strong radiative cooling, weaker
surface enthalpy fluxes, and subsidence, which yields further drying and suppression of
convection. Over time, these persistent dry regions amplify and expand such that con-
vection, clouds, and precipitation are increasingly confined to one (or several, depending
on the domain setup) moist area. As in observations (e.g., Bretherton et al. 2004), there is a
strong correlation between moister columns and more active deep convection. Throughout
the evolution of aggregation, the dry regions get drier and the moist regions get moister,
such that the distribution of precipitable water widens considerably. Usually the dry
regions amplify first, but there are at least a few simulations in which several dry and moist
regions amplify roughly at the same time during the early stages of aggregation (Holloway
and Woolnough 2016). This general picture of the evolution of aggregation is notably
different in simulations of rotating RCE, in which a large moist region is formed which
then spins up into a tropical cyclone (Wing et al. 2016) or multiple moist vortices merge
(Davis 2015), rather than dry regions amplifying and expanding (the online supplemental
videos' from Wing et al. (2016) show this distinction nicely). Non-rotating RCE simula-
tions in which rain evaporation is suppressed also are characterized by growth and merger
of moist regions (e.g., Wing 2014).

2.2 Identifying Metrics

To study self-aggregation, we need to identify it and quantify its strength. As suggested by
the large number of changes that occur during the evolution of self-aggregation in idealized
simulations, there are a number of different metrics that have been used to characterize the
aggregation state.

One category of metrics includes measurements of the drying of the non-convective
environment and the associated increase in the variance of precipitable water (PW) and in
column-integrated moist static energy (MSE). The non-convective environment grows and
dries, while the convective region stays moist and often becomes moister, but the domain-
mean PW decreases with aggregation. Many studies use the decrease in domain-mean PW
and, in particular, the increase in the spread in the PW distribution as measured by, for
instance, the interquartile range (IQR) of PW to quantify self-aggregation (e.g., Bretherton
et al. 2005; Muller and Held 2012; Arnold and Randall 2015; Holloway and Woolnough
2016). Since self-aggregation in non-rotating RCE should have very weak horizontal
temperature gradients, the horizontal variability in PW is also the dominant source of

horizontal variability in column-integrated MSE, h. Wing and Emanuel (2014) use the

horizontal variance of % as a measure of aggregation state (Fig. 3a), and they further derive
an equation for the budget of this quantity that allows for the quantification of the con-
tribution of different processes to the growth of the total variance. Craig and Mack (2013)
use the distribution of free tropospheric PW instead of total PW, and they are also one of
several studies which normalize PW distributions (or measures of spread such as IQR) by
saturation PW to allow for fairer comparisons between simulations with different SSTs. An
example of one of these normalized metrics, the spatial variance of column relative

humidity, is shown in Fig. 3b. Note that while the horizontal variance of 7 increases with
SST because of the Clausius—Clapeyron exponential dependence of water vapor on

! Video S1 and Video S2 from Wing et al. (2016) can be found at http://dx.doi.org/10.1175/JAS-D-15-
0380.1.

@ Springer 5 Reprinted from the journal


http://dx.doi.org/10.1175/JAS-D-15-0380.1
http://dx.doi.org/10.1175/JAS-D-15-0380.1

Surv Geophys (2017) 38:1173-1197

temperature (Fig. 3a), the horizontal variance of column relative humidity is roughly the
same across simulations with different SSTs (Fig. 3b).

The increase in domain-mean outgoing longwave radiation has also been used as a
measure of aggregation (e.g., Khairoutdinov and Emanuel 2010; Wing and Emanuel 2014).
Global RCE studies have also used the increase in “subsiding fraction,” the fractional area
of the domain covered by large-scale mid-tropospheric subsidence, as a measure of
aggregation (Coppin and Bony 2015). A limitation of the metrics mentioned above is that
they do not quantify the horizontal scale of the aggregated convective (or non-convective)
regions. Methods of quantifying the horizontal length scales for convective aggregation
and what may define them are discussed more in Sect. 2.4 below.

For most smaller square domains, aggregation in non-rotating RCE appears to be
binary, either on or off (e.g., Muller and Held 2012; Wing and Emanuel 2014) although
this is not true for at least one study with smaller square domains (Holloway and Wool-
nough 2016). For long-channel experiments or larger domains, aggregation appears to exist
more on a gradual continuum as boundary conditions are varied or mechanisms are sup-
pressed (e.g., Wing and Cronin 2016; Coppin and Bony 2015). This suggests that small
domain size, at least for some models, may prevent key aggregation feedbacks from
occurring at all for certain setups (or enhance the influence of negative feedbacks opposing
aggregation (Jeevanjee and Romps 2013)). Even for simulations that do show strong
aggregation, the time scale for aggregation to fully develop can vary greatly for different
simulations, as discussed in the next section.

2.3 Time Scale

The time scale for idealized self-aggregation from homogeneous initial conditions to reach
a relatively stable state can vary from 15 to 100 days or more. For instance, Bretherton
et al. (2005) found this time scale to be approximately 40 days for a (576 km)> domain,
301 K SST, and a 3-km grid. Holloway and Woolnough (2016) had 16 days for a fairly
similar setup but a different model. Muller and Held (2012) found it took 20-25 days or
more, with less time for coarser grid spacing. Wing and Emanuel (2014) found a time scale
of 60 days for a (768 km)*> domain, 305 K SST, and 3-km grid. Holloway and Woolnough
(2016) found a time scale of only 8 days when rain evaporation and hence downdrafts and
cold pools were suppressed, suggesting that downdrafts and/or cold pools slow or suppress
aggregation as proposed by Jeevanjee and Romps (2013) and Muller and Bony (2015).
Muller and Held (2012) and Holloway and Woolnough (2016) both found a disaggregation
time scale (which is the time needed to return to a less aggregated equilibrium) as small as
10 days when simulations were initialized with an aggregated state and then interactive
radiation was suppressed.

Over a range of SSTs in the square-domain setup of Wing and Emanuel (2014), the
e-folding time for growth of spatial variance of column-integrated MSE was ~ 11-13 days
(Wing 2014). Wing and Cronin (2016) found the times to reach a stable aggregated state
ranged from 15 days for 280 K to 50 days for 310 K, though rapid growth and most of the
organization occurred in the first 10-20 days for all temperatures and the initial e-folding
growth time scale from logistic fits was 2—-6 days (Fig. 3); they used long-channel domains
of 12,228 km x 192 km with a 3-km grid. This kind of exponential growth will lead to
much larger horizontal scales in a given amount of time when starting from larger initial
clustering, as is typically found in nature. The horizontal scale of aggregation is addressed
in the next section.
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Fig. 3 Evolution of a spatial variance of column frozen moist static energy, vaI(Z) (3> m™*), and b spatial
variance of column relative humidity, var(H), in solid lines, and logistic fits to each, in thin dashed lines, for
the channel RCE simulations at different values of SST (K). The vertical scale is a logarithmic and b linear,
and the legend indicates the initial e-folding growth time-scale from each logistic fit. Reprinted from Wing
and Cronin (2016). ©2015 Royal Meteorological Society

The time scale for self-aggregation results from the growth rates associated with dif-
ferent feedbacks that favor or oppose aggregation. Bretherton et al. (2005) developed a
simple semi-empirical model to predict the initial e-folding rate of self-aggregation. They
used physically motivated curve fits of the advective, surface flux, and radiative forcing
from the initial stages of aggregation in their CRM simulations as parameters in an
ordinary differential equation for column relative humidity. Using this semi-empirical
model, Bretherton et al. (2005) found an e-folding time of the instability of 9 days. The
contribution of different processes to the growth rate of column moist static energy vari-
ance is also quantified by the budget introduced by Wing and Emanuel (2014).
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2.4 Length Scale

One of the limitations of square-domain simulations of non-rotating aggregation conducted
thus far is that, when such simulations reach a fully aggregated state, they only contain one
moist, precipitating cluster. This suggests that the size of the domain constrains the size of
the cluster, and so it is difficult to define the length scale of aggregation or develop a theory
for it. In square-domain simulations, the absolute size of the aggregated area increases with
domain size, such that the aggregated area is 20-25% of the total domain area (Muller and
Held 2012). There is no correlation between the area of the aggregated region and reso-
Iution (Muller and Held 2012) or SST (Wing 2014). The precise size of the cluster is
somewhat sensitive to the metric used to define it; for example, Muller and Held (2012)
used various threshold values for precipitable water. Defining the cluster size as the area
where the precipitable water is greater than one standard deviation above the domain-mean
value, Wing (2014) found that, across a range of SSTs at a given domain size, the cluster
covered 15-17% of the horizontal area of the domain. In rotating RCE, where the nonzero
Coriolis parameter introduces the Rossby radius of deformation and the ratio of tropical
cyclone potential intensity over the Coriolis parameter as important horizontal scales, large
enough domains allow for multiple cyclonic features with measurable average size and
separation (e.g., Held and Zhao 2008; Khairoutdinov and Emanuel 2013).

Simulations using an elongated channel domain geometry in non-rotating RCE (e.g.,
Posselt et al. 2012; Wing and Cronin 2016) have the advantage of containing multiple
aggregated areas, allowing a spatial scale to be more easily defined. In such simulations,
the average spacing between convective regions in the longer horizontal dimension is a
simple measure of scale (e.g., Stephens et al. 2008). The autocorrelation length scale of
PW, which is the largest horizontal scale at which the average horizontal autocorrelation
coefficient is > e, is a more objective measure of this scale and has been shown to grow
with self-aggregation in idealized models (Craig and Mack 2013; Wing and Cronin 2016;
Holloway and Woolnough 2016). The power spectrum can also be calculated to charac-

terize dominant scales of horizontal variability of PW or h (Bretherton and Khairoutdinov
2015; Wing and Cronin 2016).

Over a 30 K range of SSTs, Wing and Cronin (2016) found that, using average
wavenumber and correlation length metrics, the spatial scale of the aggregation varied
from ~ 1000 to ~4000 km, with simulations at higher SSTs having smaller spatial scales.
They presented a theory for the separation distance between convectively active regions
based on boundary layer remoistening. A length scale resulting from this theory, propor-
tional to the boundary layer height divided by the surface enthalpy exchange coefficient,
was highly correlated with the spatial scale of aggregation across the main set of Wing and
Cronin (2016)’s simulations; however, attempts to confirm the scaling were inconclusive.
Further, this theory related to the maximum size of a dry region, and it is unknown whether
the size of a moist region scales with that of a dry region or is controlled by other
mechanisms. In addition, there could be a (perhaps temperature-dependent) minimum
length scale of aggregation, below which the instability does not emerge. Bretherton and
Khairoutdinov (2015) examined the scale dependence of self-aggregation feedbacks in
near-global aquaplanet simulations of realistic tropical variability; similar analysis in
idealized simulations may lead to insights on what controls the intrinsic length scale of
self-aggregation. As of now, though, the question of what sets the spatial scale of self-
aggregation in non-rotating RCE remains largely unsolved.
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2.5 Impacts

As alluded to above, self-aggregation is not solely a spatial reorganization of the con-
vection, but has dramatic impacts on the domain-mean climate. Figure 4 shows horizon-
tally averaged profiles of humidity, MSE, and saturation MSE averaged over day 1
(disorganized convection) and day 50 (aggregated convection) from a non-rotating RCE
simulation from Bretherton et al. (2005). The entire depth of the free troposphere is
substantially drier, with relative humidities near 20%, when convection is aggregated. This
is because the domain mean is dominated by the dry, non-convecting areas. Mean drying is
found in all numerical simulations of self-aggregation, to our knowledge, although some
simulations exhibit a less extreme form of aggregation, and consequently, a more muted
(though still substantial) amount of drying (e.g., Wing and Cronin (2016), their Figure 2).
Associated with this decrease in humidity, the domain-mean outgoing longwave radiation
is ~10-30 Wm™? larger when convection is aggregated (Wing and Cronin 2016), which is
comparable to the increase of ~20-30 Wm™? found in observations of aggregated regimes
(Tobin et al. 2013).

Aggregation is also associated with domain-mean warming in the free troposphere, as
indicated by the increase in saturation MSE in Fig. 4, which corresponds to several degrees
of temperature increase (also see Wing and Cronin (2016), their Figure 1). The temperature
increase is consistent with the fact that, when aggregated, the convecting environment is
moister, which reduces the influence of entrainment and drives the troposphere closer to a
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Fig. 4 Horizontally averaged profiles of a relative humidity and b moist static energy (k) and saturation
moist static energy (/) averaged over days 1 and 50 from an RCE simulation. Reprinted from Bretherton
et al. (2005). ©2005 American Meteorological Society
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moist adiabat. It is also consistent with an increase in boundary layer moisture and MSE in
the convective region, shifting buoyant parcels toward a warmer moist adiabat.

Changes in radiative fluxes by aggregation are strongly influenced by changes in
cloudiness. A decrease in high clouds with aggregation is found in CRM simulations
(Fig. 5), GCM simulations of RCE with parameterized convection (Bony et al. 2016), and
in observations (Tobin et al. 2012, 2013). Bony et al. (2016) argued that the decrease in
anvil cloud fraction with aggregation was a result of an increase in upper tropospheric
stability due to the increase in temperature. By mass conservation, the amount of mass
divergence in the convecting regions corresponds to the maximum clear-sky radiatively
driven divergence in the upper troposphere. As the upper troposphere warms with
aggregation, it becomes more stable, reducing the amount of divergence necessary to
balance the same clear-sky radiative cooling. This mechanism is similar to arguments
based on subsidence regions which can explain the weakening of the overturning circu-
lations in the tropics as a response to greenhouse warming (Knutson and Manabe 1995;
Held and Soden 2006). The reduction in anvil cloud fraction is then linked to the reduction
in convective outflow. If the frequency or degree of aggregation changes with warming, the
reduction in high clouds (and the increased drying) could affect cloud feedbacks on surface
warming and climate sensitivity (Mauritsen and Stevens 2015).

In CRM simulations, this decrease in high clouds is largely offset by an increase in low
clouds, such that the reflected shortwave radiation changes little (Fig. 5, Wing 2014; Wing
and Cronin 2016). This result is uncertain, however, because the horizontal resolution of
3 km used in those studies is too coarse to model low clouds accurately. The response of
the top-of-atmosphere net radiation budget in CRM simulations differs from observations
of aggregated convection, which find that the reflected shortwave radiation is reduced due
to a reduced total cloud fraction, which largely cancels the increase in outgoing longwave
radiation (Tobin et al. 2012, 2013). Both numerical simulations and observations agree that
the domain-mean tropospheric radiative cooling increases with aggregation, due to the
drier troposphere.
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Fig. 5 Domain-average profiles of change in a cloud fraction, b liquid condensate ¢.; and ¢ solid
condensate g.; between days 2 and 4 and 50 and 75 of RCE channel simulations. Colors indicate the sea-
surface temperature (K) of the channel simulation, and an overbar indicates a mean over the time range
indicated. Reprinted from Wing and Cronin (2016). ©2015 Royal Meteorological Society
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3 Mechanisms of Self-Aggregation

Numerical studies of self-aggregation have identified multiple processes involving con-
vection-moisture-radiation feedbacks that are capable of creating an area around clouds
that is more favorable for future convection than areas further away. These processes have
been identified using both mechanism denial experiments and diagnostic frameworks. One
diagnostic framework that has been employed is a budget for the spatial variance of
column-integrated moist static energy (Wing and Emanuel 2014), which is given by:

LA e Ny N, — -

ET— FK+ NS+ NL_ V//,'l.l. (1)
where £ is the moist static energy (or frozen moist static energy), F is the surface enthalpy
flux, Ns is the column shortwave flux convergence, N, is the column longwave flux

convergence, and —V, - uh is the “advective term,” the horizontal convergence of the
density-weighted vertical integral of the flux of frozen moist static energy. A primed
quantity, (-)’, denotes the spatial anomaly from the horizontal mean, ((-)), and ~indicates a
density-weighted vertical integral.

The advantage of this (or similar) frameworks is that, since self-aggregation is asso-
ciated with an increase in the spatial variance of MSE, the budget enables the quantifi-
cation of the each feedback associated with a process that is a source or sink of MSE, hence
contributing or opposing self-aggregation. Each feedback can be quantified across the
entire evolution of the simulation. The magnitude of these feedbacks can be compared to
each other within a given simulation and across simulations using different boundary
conditions, parameters, and models. However, while this budget diagnoses the direct effect
of radiative processes [the second and third terms on the right-hand side of Eq. (1)], it does
not explicitly diagnose the indirect effect of a radiatively driven circulation [this, among
other dynamical contributions, is a part of the fourth term on the right-hand side of
Eq. (1)]. Since it is a vertically integrated budget, the impact of shallow circulations or the
sensitivity to the profile of radiative heating anomalies is also not explicitly included (they
are indirectly included, insofar as they determine the circulation response which is a part of
the advective term). On the other hand, mechanism denial experiments, in which a feed-
back process is disallowed, test the sensitivity of self-aggregation to all aspects of that
feedback. For example, horizontally homogenizing the radiative heating rates removes
both the direct and indirect feedbacks associated with radiation. If self-aggregation still
occurs without a particular feedback enabled, this indicates that that feedback is not
necessary for aggregation. However, since many different processes can contribute to
aggregation, caution must be taken to interpret the results of such sensitivity tests, as the
importance of a particular feedback could vary depending on what parameters are used and
what other feedback processes are active. In addition, if there is a critical SST for
aggregation to occur, aggregation will be sensitive to virtually everything when one is near
the critical point.

One fundamental aspect of moist convection in the tropics that underpins the mecha-
nisms of aggregation discussed here is that, in a weak temperature gradient environment,
deep convection is more active in moister tropospheric columns, as shown by precipitation
observations, for example (Bretherton et al. 2004). This should be kept in mind when
interpreting the feedbacks on aggregation identified in this section.

In this section, we review the various processes leading to the self-aggregation of
convection in RCE simulations. This includes longwave radiation (Bretherton et al. 2005;

@ Springer 11 Reprinted from the journal



Surv Geophys (2017) 38:1173-1197

Muller and Held 2012; Posselt et al. 2012; Wing and Emanuel 2014; Emanuel et al. 2014;
Muller and Bony 2015; Coppin and Bony 2015; Arnold and Randall 2015; Wing and
Cronin 2016; Holloway and Woolnough 2016), shortwave radiation (Wing and Emanuel
2014; Wing and Cronin 2016), surface fluxes (Bretherton et al. 2005; Wing and Emanuel
2014; Coppin and Bony 2015; Wing and Cronin 2016), moisture feedbacks (Tompkins
2001; Craig and Mack 2013; Muller and Bony 2015; Holloway and Woolnough 2016), and
advective processes (Bretherton et al. 2005; Muller and Held 2012; Muller and Bony
2015). At the end of this section, we address the relative importance of some of these
processes for the maintenance of an aggregated state as opposed to the initial stages of self-
aggregation. We focus on non-rotating simulations, although we note a few instances
where the mechanisms differ if instead rotating RCE is simulated.

3.1 Surface Fluxes

Surface flux feedbacks favor self-aggregation, though they are not always necessary for
aggregation to occur. Tompkins and Craig (1998) and Bretherton et al. (2005) both found
that sensitivity runs without radiative feedbacks or without surface flux feedbacks did not
aggregate. Muller and Held (2012) extended these sensitivity runs to cover a large range of
domains and resolutions. They also found that surface flux feedbacks favor self-aggrega-
tion, but convection could still aggregate without them as long as radiative feedbacks are
active and the domain is large enough. The converse is not true. Holloway and Woolnough
(2016) confirmed that sensitivity runs with homogeneous surface fluxes can self-aggregate
or not depending on the strength of the surface fluxes imposed. Non-rotating RCE simu-
lations without radiative feedbacks do not aggregate (unless rain evaporation is artificially
removed; see below section on moisture feedbacks). Therefore, at current temperatures, it
seems that surface flux feedbacks are not sufficient on their own, without longwave
radiative feedbacks, for non-rotating aggregation to occur. Rotating RCE simulations, on
the other hand, have stronger surface flux feedbacks and can aggregate without radiative
feedbacks (Wing et al. 2016).

Physically, there are two opposing contributions to the surface flux feedback (Wing and
Emanuel 2014). The air-sea enthalpy disequilibrium is smaller in the moist region than in
the dry region, which would tend to suppress surface fluxes in the moist region, a negative
feedback on aggregation. On the other hand, the surface winds are stronger in the moist,
convecting region, which would tend to enhance surface fluxes there, a positive feedback
on aggregation. The latter dominates in initial triggering of aggregation, yielding an overall
positive surface flux feedback.

3.1.1 Sensitivity to SST

In the GCM simulations of Coppin and Bony (2015), the surface flux-wind feedback was
the leading mechanism of aggregation at high temperatures. In the high-temperature
regime, strong surface winds in the convective region yield strong surface fluxes, moist-
ening the high-MSE convective region, thereby enhancing the MSE gradient and favoring
self-aggregation. In contrast, Wing and Cronin (2016) found that the total surface flux
feedback, as diagnosed from the MSE variance budget, was approximately constant in
magnitude across a wide range of temperatures (280-310 K). Both of these studies used
fixed SSTs and thus do not have surface energy balance. Therefore, caution must be taken
in interpreting these results; with fixed SST, there is no guarantee that the relationship
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between surface evaporation and SST is correct and so the behavior of the surface flux
feedback should not be taken as general.

3.2 Longwave Radiation

Mechanism denial experiments have shown that the longwave radiative feedback is
essential for non-rotating aggregation to occur (Bretherton et al. 2005; Muller and Held
2012; Wing 2014; Holloway and Woolnough 2016). Consistent with this, interactive
radiation drastically increases the parameter range that supports multiple equilibria (the
analog to self-aggregation) in CRM simulations employing the weak temperature gradient
approximation, although there are some limited conditions under which multiple equilibria
can exist with fixed radiation (Sessions et al. 2016). There is also broad agreement that the
formation of one or several dry areas that are driven by enhanced longwave radiative
cooling, termed “radiatively driven cold pool” by Coppin and Bony (2015), is important in
driving non-rotating aggregation.

Longwave radiative feedbacks also contribute substantially to spontaneous tropical
cyclone genesis in simulations of rotating RCE, but are not strictly necessary for it to occur
(Wing et al. 2016).

Enhanced longwave radiative cooling in the dry regions triggers aggregation in two
ways: the direct diabatic effect, where the enhanced cooling relative to the moist regions
decreases the MSE in the dry regions; and the indirect effect mediated by a circulation,
where the enhanced longwave cooling in the dry regions drives a shallow circulation
between the dry and moist regions and this circulation transports MSE upgradient. Both
effects act to suppress convection in the dry regions and enhance convection in the moist
regions. Note that there is no guarantee that there will be enhanced longwave cooling in the
drier regions; this depends on temperature (Emanuel et al. 2014), clouds, and the vertical
structure of the moisture perturbation (Beucler and Cronin 2016). In some circumstances,
the opposite may occur (perhaps at cold temperatures), which would yield a negative
feedback on aggregation (Emanuel et al. 2014; Wing and Cronin 2016). There is also no
guarantee that the circulation driven by radiative heating anomalies transports moist static
energy upgradient (this depends on the vertical structure of the heating anomalies (Muller
and Bony 2015)).

In simulations that aggregate, the direct diabatic effect of the longwave feedback in the
dry regions at the beginning of the aggregation process, as diagnosed with the MSE
variance budget, is large and positive and results from both clear sky and cloud effects
(Wing and Emanuel 2014; Holloway and Woolnough 2016; Wing and Cronin 2016).
However, while the direct longwave feedback is important at amplifying the MSE
anomalies in the early stages of aggregation, as aggregation proceeds, it switches to
become a negative feedback in the dry regions, at least at temperatures near current tropical
SSTs (Wing and Emanuel 2014). The partitioning of the enhanced longwave cooling in the
dry regions between clear sky and cloud effects is sensitive to the choice of radiation
scheme (Wing and Cronin 2016), and it would not be surprising if this was also sensitive to
the cloud microphysics or, in the case of GCMs, the cloud parameterization. Cloud
amounts and hence cloud radiative effects can also be sensitive to resolution and domain
size (Muller and Held 2012; Muller and Bony 2015).

The shallow radiatively driven circulation is largely induced by strong longwave
cooling from low-level clouds in the dry region (Muller and Held 2012; Muller and Bony
2015; Coppin and Bony 2015; Holloway and Woolnough 2016). This low-level cooling in
the dry region yields low-level subsidence and outflow from dry to moist regions near the
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surface where the MSE is large. This results in a divergence of moist static energy out of
the dry region, causing upgradient MSE transport that reinforces MSE gradients and fur-
ther drives aggregation. The role of advective processes in aggregation is discussed further
below.

3.2.1 Sensitivity to SST

In the GCM simulations of Coppin and Bony (2015), the enhanced low-level cooling in the
dry region and its associated circulation were found to be most efficient in driving
aggregation at temperatures near current tropical SSTs and colder. On the other hand,
instability driven by the direct clear-sky longwave feedback is favored by higher tem-
peratures, because the rapid increase in water vapor concentration with temperature causes
the lower troposphere to be very opaque in the longwave at high temperature (Emanuel
et al. 2014). This dependence was interpreted as the cause of the temperature dependence
of non-rotating aggregation in the square simulations of Wing and Emanuel (2014), but
subsequent results have cast doubt on that conclusion. Although the direct longwave
feedback is initially large and negative in the cold (SST < 295 K) simulations of Wing and
Cronin (2016), this is not sufficient to prevent aggregation and, moreover, the negative
longwave feedback is nearly entirely a result of clouds, not clear-sky processes (the clear-
sky longwave feedback is near zero). Wing and Cronin (2016) hypothesized that this is due
to the fact that a low-temperature atmosphere is so optically thin that the presence of
clouds (in the moist regions) would actually increase the longwave cooling of the atmo-
sphere by increasing the number of longwave emitters. We note, though, that the initial
negative longwave cloud feedback in cold simulations does not persist; after a few days,
the longwave cloud feedback is positive (Wing and Cronin 2016; Holloway and Wool-
nough 2016).

Nearly all simulations of self-aggregation have used fixed sea-surface temperature, but a
few studies that have employed a slab ocean have found that coupling between the SST and
the net surface energy may disrupt self-aggregation or delay its onset, or even prevent it if
the slab is thin enough (Bretherton et al. 2005; Reed et al. 2015; Hohenegger and Stevens
2016). Hohenegger and Stevens (2016) found that, in a coupled simulation, SST gradients
develop which tend to oppose the development of the radiatively driven low-level circu-
lation, therefore delaying self-aggregation. However, air-sea coupling could also allow
other instabilities to be realized (Beucler and Emanuel 2016); more work is needed to fully
understand the behavior of self-aggregation with an interactive surface.

3.3 Shortwave Radiation

Shortwave feedbacks can contribute to self-aggregation, but do not appear to be essential
for it to occur. The direct, diabatic effect is positive as measured by its contribution to the
MSE variance budget (only accounting for diabatic warming/cooling in moist/dry regions),
although its magnitude is smaller than the longwave and surface flux terms at current
temperatures (Wing and Emanuel 2014; Holloway and Woolnough 2016; Wing and Cronin
2016). This direct positive shortwave feedback is due to a reduction in shortwave heating
from clear-sky atmospheric absorption in dry regions. The shortwave cloud feedback can
be either positive or negative; it is generally negative in the moist regions after convection
has aggregated, where deep clouds reflect shortwave radiation before it can penetrate into
the column and be absorbed.
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In sensitivity experiments including both direct (diabatic cooling/heating) and indirect
(dynamic response to this diabatic forcing) effects, shortwave radiative feedbacks slightly
oppose aggregation (Muller and Held 2012). This was clarified in Holloway and Wool-
nough (2016) as resulting from the positive anomalous heating at high levels by high
clouds in the moist regions, favoring upward motion and yielding higher MSE divergence
at high levels from the moist region. This transports MSE down-gradient and damps the
convective aggregation. Overall, the impact of shortwave radiation is controlled by this
MSE transport, at least in the simulations of Muller and Held (2012) and Holloway and
Woolnough (2016).

3.3.1 Sensitivity to SST

The direct shortwave feedback was found to be much stronger at low (SST < 295 K)
temperatures in the channel CRM simulations of Wing and Cronin (2016), and, along with
the surface flux feedback, is the dominant initial driver of aggregation in those low tem-
perature simulations. They found that the positive shortwave feedback at low temperatures
was a result of clouds. They proposed several hypotheses for a positive shortwave cloud
feedback, including direct shortwave absorption by cloud water and ice, reflected short-
wave by low clouds in the moist regions (back to the atmosphere, where it could be
absorbed by water vapor), and increased atmospheric absorption because of a higher
fraction of diffuse radiation in cloud regions. It is not known which, if any, of these effects
dominates, or why they should be stronger at lower temperature. Holloway and Woolnough
(2016) found that the clear-sky shortwave feedback was smaller than but of comparable
magnitude to the total shortwave feedback in a simulation at 290 K. This further indicates
that the relative importance of clouds and clear-sky process to radiative feedbacks depends
on the model and radiation package used.

3.4 Advective Processes

As alluded to in Sect. 3.2, advective processes may also contribute to self-aggregation.
Bretherton et al. (2005) first showed that upgradient transport of MSE by the circulation
consistent with a negative gross moist stability occurred during self-aggregation, as
diagnosed from the MSE budget and visualized with a moisture-sorted streamfunction.
Muller and Held (2012) and Muller and Bony (2015) further emphasized the importance of
upgradient advection and specified that strong radiative cooling at the top of low clouds in
the dry region was responsible for driving a shallow circulation that transported MSE
upgradient (an indirect effect of radiation on aggregation). This is shown in Fig. 6, which
displays the moisture-sorted stream function introduced by Bretherton et al. (2005),
radiative cooling rates, MSE, and clouds. The bottom two panels show a simulation
without low clouds and the resulting difference in the circulation. The total contribution of
all advection processes, integrated over the entire column, as quantified with the MSE
variance budget is a positive feedback during the intermediate stages of aggregation, but a
negative feedback during other times (Wing and Emanuel 2014; Holloway and Woolnough
2016). Using the same metric, Wing and Cronin (2016) found that, in an elongated channel
geometry, advective processes always damped the MSE variance tendency, exporting MSE
from the moist regions.

However, even when the total column-integrated advective feedback across the domain,
as expressed by the MSE variance budget, is negative, there could still be local upgradient
transport (Coppin and Bony 2015), and the shallow component of the circulation could still
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be acting to further aggregation. In addition, this metric includes all advective processes, SO
it is possible that the indirect effect of radiative anomalies on the circulation could have a
positive influence on aggregation, but is counteracted by other processes. Indeed, Hol-
loway and Woolnough (2016) found that a low-level circulation did appear to transport
MSE from drier to moister regions, but that this circulation was mostly balanced by other
advective effects of the opposite sign and was forced primarily by horizontal anomalies of
convective heating (leading to low-level upward motion in the moist region), rather than
radiation. Note that Holloway and Woolnough (2016) used the weak temperature gradient
approximation to diagnose circulation components caused by different diabatic processes,
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Fig. 6 Radiative cooling rates (colors in a and ¢), moist static energy (colors in b and d), cloud water
content (liquid + ice, white contours every 5 x 1072 g/kg, starting at 5 x 10> g/kg), and stream function
(black contours for counterclockwise, gray contours otherwise, every 8 x 1073 kg m~2 s~ 1), averaged over
the last 20 days of aggregated RCE simulations, plotted as a function of height z and vertically integrated
MSE. Note the stretched vertical coordinate z below 2 km. a, b Simulations with fully interactive radiation;
¢, 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. Reprinted from Muller and Bony (2015).
©2015. American Geophysical Union. All Rights Reserved
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and so they neglected the potential effects of radiative cooling within the boundary layer
on the circulation.

Overall, it is clear that advective processes contribute to non-rotating self-aggregation,
but there remains some disagreement in the literature as to whether they trigger aggre-
gation on their own or amplify it once direct diabatic feedbacks have started the process.

3.5 Moisture Feedbacks

Moisture feedbacks, which result from the interaction between convection and humidity,
are known to organize convection (Tompkins 2001; Grabowski and Moncrieff 2004;
Mapes and Neale 2011). Perhaps surprisingly, it was recently found that those feedbacks
could lead to the full convective aggregated state, even in the absence of radiative feed-
backs (Muller and Bony 2015; Holloway and Woolnough 2016). In that case, the aggre-
gation process is different from the radiatively driven dry cold pool expansion discussed
earlier. Instead, it develops similarly to the coarsening process described in the theoretical
model of Craig and Mack (2013), with moist areas growing and merging or dying out with
little horizontal drift of moist and dry regions. This occurs when the evaporation of rain is
artificially suppressed, hence when evaporation-driven downdrafts and cold pools below
clouds are weak. This implies that the rain falls without evaporation, which is not realistic
in standard conditions, but may occur when the boundary layer is nearly saturated and the
precipitation efficiency approaches 100%.

The positive moisture feedback is one in which more moisture favors convection, which
in turn yields more moisture. The details of the physical process are still unclear, though
several processes have been proposed. First, convection is favored where the boundary
layer is anomalously moist (hence boundary layer parcels are more buoyant). Without
downdrafts advecting dry air into the boundary layer, it remains moist and the upward
motion remains above the boundary layer moisture anomaly. Second, the absence of cold
pools in this case may also be important (both downdrafts and cold pools are absent when
the evaporation of rain is suppressed), consistent with evidence from Jeevanjee and Romps
(2013) that cold pools actually slow down the aggregation process by increasing low-level
mixing between moist and dry regions. Third, the moisture feedback could be due to
entrainment, since a parcel ascending in a moister environment will be less cooled by
entrainment, leading to a larger parcel buoyancy and stronger convection (Tompkins 2001;
Holloway and Neelin 2009; Mapes and Neale 2011). In a version of the simple model of
Emanuel et al. (2014), the sensitivity of convection to free tropospheric water vapor can
boost the otherwise radiatively driven instability. Emanuel et al. (2014) also found that
aggregation is favored by increased precipitation efficiency; in fact, when the lower tro-
posphere is opaque in the infrared (i.e., at high temperature) and the precipitation effi-
ciency is unity, their two-layer model is always unstable.

3.6 Triggering Versus Maintenance

Several studies have now confirmed that some feedbacks which are not sufficient to trigger
self-aggregation from homogeneous conditions may still be able to maintain aggregation
once it is established (Khairoutdinov and Emanuel 2010; Muller and Held 2012; Holloway
and Woolnough 2016). This is consistent with the feedback analysis from the MSE vari-
ance budget, which shows a strong time evolution of the leading feedback throughout the
aggregation process (Wing and Emanuel 2014; Wing and Cronin 2016). The strongest
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positive feedbacks are typically found in the dry region at early times, while at later times
strong positive feedbacks are found in the moist region.

Although strong longwave cooling in the dry regions, at least partially due to low
clouds, was found to be crucial for the onset of aggregation, for maintenance, low-cloud
longwave cooling is not necessary (Muller and Held 2012; Muller and Bony 2015).
Instead, high-level clouds in the moist regions and clear-sky longwave cooling in the dry
regions can maintain aggregation. The direct diabatic effect of high-level clouds is a strong
longwave positive feedback in the very moistest regions where all the deep clouds are
concentrated, primarily because the column longwave cooling is strongly reduced by the
longwave opacity and low temperature of high clouds. This is the strongest positive
feedback that maintains the high-MSE region during the mature phase of self-aggregation
(Wing and Emanuel 2014).

Surface flux feedbacks are not sufficient to maintain aggregation (Holloway and
Woolnough 2016), at least not at current climate temperatures. While the surface flux
feedback is positive during the early stages of aggregation, later in the evolution of
aggregation, as the boundary layer in the dry regions gets drier, the total surface flux
feedback becomes negative (Wing and Emanuel 2014). This is not the case in simulations
of rotating RCE, in which the surface flux feedback remains positive throughout and in fact
dominates over the radiative feedbacks once a broad vortex has formed (Wing et al. 2016).

4 Importance of Self-Aggregation

Self-aggregation of moist convection represents an important phase transition in moist
convective systems, at least those that have been modeled in cloud system permitting
models and in aquaplanet GCMs. In some simulations (e.g., Wing and Emanuel 2014), the
phase transition is discrete, occurring above some threshold temperature, while in others
(e.g., Bony et al. 2016) it is gradual. Either way, the transition is accompanied by a
substantial drying of the free troposphere (Bretherton et al. 2005), an effect which, if the
surface temperature was allowed to vary, would cool the system by reducing the green-
house effect of water vapor. Khairoutdinov and Emanuel (2010) proposed that this drying,
combined with the temperature dependence of self-aggregation, could strongly regulate
tropical climate. In a simple model, they proposed that this feedback would result in a self-
organized critical state in which the system is attracted to the critical temperature for
aggregation. The general idea that aggregation can act as a kind of thermostat was
extended to the rotating case by Khairoutdinov and Emanuel (2013) and has been
described as a kind of “iris” effect by Mauritsen and Stevens (2015). The temperature
dependence of self-aggregation remains uncertain, however, as it can occur at SSTs far
below current tropical values (e.g., Wing and Cronin 2016) and it is not obvious how or
whether the degree of aggregation depends on temperature in those or other simulations.

When aggregation takes the form of tropical cyclones, an additional set of feedbacks
comes into play, involving turbulent mixing of the upper ocean (e.g., Bender et al. 1993).
The mixing cools the surface waters and warms deeper waters, conserving the ocean
column enthalpy. But the surface cold wakes recover over a period of weeks, and this
represents a net warming of the column. So, ironically, although tropical cyclones operate
by extracting heat from the ocean, their net effect, after a few weeks, is to transport
enthalpy from the atmosphere to the ocean. This may have effects on ocean circulation
(Emanuel 2001), although the magnitude of this effect is disputed (Jansen and Ferrari

Reprinted from the journal 18 @ Springer



Surv Geophys (2017) 38:1173-1197

2009; Jansen et al. 2010). Mixing of nutrients and dissolved CO, to the surface may also
affect marine biology and the carbon cycle (Lin et al. 2003).

Whether and to what degree all these feedbacks operate in the natural world remains an
open question, although attempts to bridge the gap between self-aggregation in idealized
simulations and real organized convection are beginning to be made. For example,
Bretherton and Khairoutdinov (2015) investigated feedbacks related to self-aggregation in
near-global aquaplanet cloud-resolving simulations of realistic tropical variability, finding
that radiative feedbacks amplify humidity variance at all scales, consistent with idealized
CRM simulations. Vertical shear of the large-scale horizontal wind is known to be
destructive to the formation of tropical cyclones and, given what we know about the
physics of non-rotating self-aggregation, it seems likely that shear would inhibit this as
well. The modeling work described here leaves little doubt that the character and perhaps
even the existence of self-aggregation depends on how clouds, radiation, convection, and
the boundary layer are modeled. This casts into some doubt whether current climate
models can simulate aggregation or, if they do, whether it is simulated accurately. Given
that aggregation physics may be important for such phenomena as tropical cyclones
(Bretherton et al. 2005; Nolan et al. 2007; Davis 2015; Wing et al. 2016) and the Madden-
Julian Oscillation (Bretherton et al. 2005; Arnold and Randall 2015), the sensitivity to
physics may help explain why such phenomena have been notoriously difficult to simulate
with global models. If aggregation does indeed have an important negative feedback on
climate change, it is not clear how well this is handled by current GCMs.

Precipitation efficiency is much higher in aggregated convection, because rain falls
through humid air and loses less mass to evaporation. Evaporation tends to concentrate
heavier isotopes of hydrogen and oxygen in the raindrops. Thus, we expect to find smaller
ratios of the heavier to lighter isotopes in rain from aggregated convection. This is a well-
known signal of tropical cyclone rainfall (Lawrence and Gedzelman 1996) and may pro-
vide a proxy for aggregation that could be used as an aggregation metric by measuring the
isotopic composition of rain. Since this composition is recorded in, for example, tree rings
(Miller et al. 2006) and cave deposits (Frappier et al. 2007), there is some hope that one
could detect past variations in aggregation in past climates. This might help test the
hypothesis that aggregation of moist convection serves as a brake on tropical climate
change.

5 Conclusions
5.1 What Aspects of Self-Aggregation do Modeling Studies Agree on?

In the 20+ years since self-aggregation was first described by Held et al. (1993), a growing
body of literature has investigated its characteristics, mechanisms, and impacts. In par-
ticular, a great deal of progress has been made in the last ~5 years, as there has been a
resurgence of interest in radiative—convective equilibrium as an idealization of the tropical
atmosphere which, despite its simplicity, exhibits a rich spectrum of behavior that is yet to
be completely understood. Several aspects of non-rotating self-aggregation have emerged
as robust across these modeling studies; these common features are noted here.

1. Moist static energy variance is dominated by the variance in humidity above the
boundary layer, a consequence of the maintenance of weak temperature gradients in
the tropical atmosphere.
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2. Convection preferentially occurs in humid, high moist static energy regions.

3. As convection aggregates, there is an increase in humidity variance and, in most cases,
not only do the dry regions become drier, but the moist regions also become moister.

4. Self-aggregation is not merely a spatial reorganization of convection, it entails large
changes to the domain-mean climate. Most dramatically, there is a decrease in the
domain-mean humidity.

5. Feedbacks between longwave radiation and water vapor and/or clouds are essential for
triggering and maintaining aggregation.

6. Surface flux feedbacks favor the development of aggregation. In the rotating case,
surface flux feedbacks dominate.

7. The amplification and expansion of dry regions, in which convection is suppressed, is
important in the triggering of self-aggregation.

8. The self-aggregated state exhibits strong hysteresis.

5.2 What Remains Uncertain?

Although the fundamentals of self-aggregation have been established, there are many
details that remain uncertain. In particular, there is disagreement in the literature regarding
the following issues:

1. The relative importance of cloud versus clear-sky radiative processes. This is likely
dependent on the treatment of radiative transfer and cloud microphysics, and the fact
that shallow convection is not well represented at typical CRM resolutions.

2. The relative contributions of the direct (diabatic) and indirect (circulation mediated)
effects of radiative forcing on the growth of moist static energy anomalies and
evolution of self-aggregation.

3. The role of advective processes. Is advective transport of MSE by the circulation
essential for triggering self-aggregation, or does it only contribute after diabatic
processes have started the process?

4. The temperature dependence of self-aggregation. Some studies find it to be favored by
high temperatures, while others find that it occurs across a wide range of temperatures
including those much colder than current tropical SSTs.

5.3 What Could be Explored More?

In addition to reconciling the disagreements between studies noted above, there are many
aspects of self-aggregation that need to be explored further to achieve a complete
understanding of its physics and importance for climate. Several of them are noted here:

1. How does self-aggregation operate when subjected to mean winds and/or vertical wind
shear? Does wind shear affect the initiation and maintenance of aggregation
differently? Does unidirectional shear simply change the form of aggregation to be
more squall line-like, or does it prevent it?

2. How are the mechanisms of self-aggregation altered when the sea-surface temperature
is interactive (i.e., calculated from surface energy balance over a slab ocean) versus
fixed?

3. Does self-aggregation occur over land surfaces? If it does, how are its behavior and
dependencies altered?

4.  What controls the spatial scale of self-aggregation?
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5. How and why does the degree of aggregation depend on temperature?

How does self-aggregation impact climate and climate sensitivity?

7. What is the sensitivity of self-aggregation to boundary layer processes? Most CRM
simulations of self-aggregation are too coarse to fully resolve boundary layer
turbulence yet lack a boundary layer parameterization. Does this have a fundamental
effect on the aggregation of convection?

8. What is the sensitivity of self-aggregation to the dynamical model? A model
intercomparison study in which the simulation design and model configuration is
controlled would enable a better understanding of the robustness of self-aggregation.
“RCEMIP,” a recently proposed model intercomparison of radiative—convective
equilibrium involving both cloud-resolving models and GCMs with convective
parameterizations, may be able to answer this question.

9. How does the self-aggregation found in idealized simulations of radiative—convective
equilibrium relate to organized convection in the real world? For what observed
convective phenomenon is the self-aggregation of convection in RCE the best simple
starting point for understanding? Which aspects of self-aggregation are found in
nature, and which are unrealistic? An overview of observational work on self-
aggregation and ways forward in this area is presented in Holloway et al. (2017).

)

5.4 Synthesis

Self-aggregation of moist convection represents a new frontier in meteorology and climate,
not simply because a new phenomenon has been added to the panoply of atmospheric
processes, but because it also represents a novel intellectual endeavor, breaking the clas-
sical stove pipes of, e.g., dynamics vs. radiation physics vs. cloud microphysics. Rapid
progress is being made largely by a new generation of atmospheric scientists who are well
versed in traditional dynamics, convective and cloud physics, thermodynamics, and
radiative transfer.

The novelty of self-aggregation is reflected by the many remaining unanswered ques-
tions about its character, causes and effects. It is clear that interactions between longwave
radiation and water vapor and/or clouds are critical: non-rotating aggregation does not
occur when they are omitted. Beyond this, the field is in play, with the relative roles of
surface fluxes, rain evaporation, cloud versus water vapor interactions with radiation, wind
shear, convective sensitivity to free atmosphere water vapor, and the effects of an inter-
active surface yet to be firmly characterized and understood. The sensitivity of simulated
aggregation not only to model physics but to the size and shape of the numerical domain
and resolution remains a source of concern about whether we have even robustly char-
acterized and simulated the phenomenon. While aggregation has been observed in models
(e.g., global models) in which moist convection is parameterized, it is not yet clear whether
such models simulate aggregation with any real fidelity. The ability to simulate self-
aggregation using models with parameterized convection and clouds will no doubt become
an important test of the quality of such schemes.

Understanding self-aggregation may hold the key to solving a number of obstinate
problems in meteorology and climate. There is, for example, growing optimism that
understanding the interplay among radiation, surface fluxes, clouds, and water vapor may
lead to robust accounts of the Madden Julian oscillation and tropical cyclogenesis, two
long-standing problems in atmospheric science. Indeed, the difficulty of modeling these
phenomena may be owing in part to the challenges of simulating them using
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representations of clouds and convection that were not designed or tested with self-ag-
gregation in mind. Perhaps most exciting is the prospect that understanding self-aggre-
gation may lead to an improved understanding of climate. The strong hysteresis observed
in many simulations of aggregation—once a cluster is formed it tends to be robust to
changing environmental conditions—points to the possibility of intransitive or almost
intransitive behavior of tropical climate. The strong drying that accompanies aggregation,
by cooling the system, may act as a kind of thermostat, if indeed the existence or degree of
aggregation depends on temperature. Whether or how well this regulation is simulated in
current climate models depends on how well such models can simulate aggregation, given
the imperfections of their convection and cloud parameterizations.
Clearly, there is much exciting work to be done on aggregation of moist convection.
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Abstract Convective self-aggregation, the spontaneous organization of initially scattered
convection into isolated convective clusters despite spatially homogeneous boundary
conditions and forcing, was first recognized and studied in idealized numerical simulations.
While there is a rich history of observational work on convective clustering and organi-
zation, there have been only a few studies that have analyzed observations to look
specifically for processes related to self-aggregation in models. Here we review observa-
tional work in both of these categories and motivate the need for more of this work. We
acknowledge that self-aggregation may appear to be far-removed from observed convec-
tive organization in terms of time scales, initial conditions, initiation processes, and mean
state extremes, but we argue that these differences vary greatly across the diverse range of
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model simulations in the literature and that these comparisons are already offering
important insights into real tropical phenomena. Some preliminary new findings are pre-
sented, including results showing that a self-aggregation simulation with square geometry
has too broad distribution of humidity and is too dry in the driest regions when compared
with radiosonde records from Nauru, while an elongated channel simulation has realistic
representations of atmospheric humidity and its variability. We discuss recent work
increasing our understanding of how organized convection and climate change may
interact, and how model discrepancies related to this question are prompting interest in
observational comparisons. We also propose possible future directions for observational
work related to convective aggregation, including novel satellite approaches and a ground-
based observational network.

Keywords Self-aggregation - Tropical convection - Convective organization - Climate
sensitivity - Cloud feedback

1 Introduction

From the very first studies describing convective self-aggregation (e.g., Held et al. 1993;
Tompkins 2001; Bretherton et al. 2005), the spontaneous clustering of convection, cloud,
and moisture in idealized numerical simulations of radiative—convective equilibrium
(RCE) despite homogeneous initial conditions, boundary conditions, and forcing (cf. Wing
et al. 2017), there has been a recurring question: Is this “real”? In other words, is the
intriguing clumping behavior representative of actual convective organization in nature, or
is it just a model artifact? And, to the extent that the behavior is relevant for understanding
real atmospheric convection, what does it tell us about the role of convective organization
in weather and climate?

Here we argue that this behavior in models does appear to be relevant to real-world
convection and climate. Certainly, the study of convective self-aggregation is leading to
exciting new insights into processes that allow convection to interact with its environment
in models. There are encouraging signs that these processes may operate in nature too, as
we discuss below. There are also some aspects of self-aggregation in models that conflict
with observations, and many aspects that need more observational study.

This paper is organized as follows. In the remainder of this section, we motivate the
study of aggregation as a means of understanding real-world climate and review the
literature on observations of organized convection and convective aggregation. Section 2
presents a fairly brief review of processes important for self-aggregation and the mainte-
nance of aggregated convection in idealized simulations, with a focus on aspects of these
processes that could be targeted in observational studies. We then discuss observational
pathways toward assessing the relevance of the idealized framework for real-world
applications, including some new results comparing humidity profiles from radiosondes
with humidity profiles from idealized self-aggregation, in Sect. 3. Section 4 provides
observational perspectives on the possible interaction between convective aggregation and
climate change, while Sect. 5 proposes novel approaches to observing convective aggre-
gation, including ideas for new satellite studies and ground-based networks; this is fol-
lowed by our conclusions.
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Fig. 1 A visible satellite image showing an active Madden—Julian Oscillation (MJO) event on 8 April 2009
and convection organized over a wide range of scales. Image taken from the NERC Satellite Receiving
Station, Dundee University, Scotland http://www.sat.dundee.ac.uk/

1.1 Importance of Aggregation

Convective clouds exhibit a very large diversity of spatial organization, ranging from
spatially random distributions to coherent structures such as mesoscale cloud clusters,
cloud streets, and squall lines up to cloud envelopes of planetary scale (Fig. 1). For many
decades, studies of convective organization have been developed by mesoscale meteo-
rologists and weather forecasters, motivated by the wish to understand why convection
would organize in one form rather than another, and by the evidence that the organization
of convection matters for the prediction of severe weather. Over the last decade, however,
the ability to study the organization of convection with models running at increasingly fine
resolution over increasingly large domains has led to new perspectives and to a new line of
questioning: Does it make any difference for climate whether convection organizes in one
form or another?

It has long been recognized that convective organization influences the diabatic heating
profile of the atmosphere and thus affects the mean large-scale atmospheric circulation
(e.g., Hartmann et al. 1984). More recent numerical studies show that the clumping of
convection can occur spontaneously even in the absence of external drivers such as
inhomogeneous surface boundary conditions or equatorial wave dynamics (e.g., Held et al.
1993; Bretherton et al. 2005; Muller and Held 2012; Wing and Emanuel 2014) and that this
behavior, referred to as convective self-aggregation, may be considered as a fundamental
instability of radiative—convective equilibrium (Emanuel et al. 2014). Could tropical
phenomena such as tropical cyclones or Madden—Julian Oscillation (MJO) events represent
manifestations of this self-aggregation behavior at different spatial scales (Khairoutdinov
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and Emanuel 2010, 2013; Arnold and Randall 2015)? Answering this question would
provide new opportunities to understand and to predict these phenomena through com-
pletely novel approaches.

Numerical studies of convective aggregation also show that the clumping of convection
is associated with changes in the large-scale state, including a drying of the atmosphere, a
shrinking of upper-tropospheric clouds, and an enhanced ability of the atmosphere to lose
heat to space (e.g., Wing and Emanuel 2014; Wing and Cronin 2016; Holloway and
Woolnough 2016; Bony et al. 2016). Self-aggregation in numerical models also exhibits
some temperature dependence (Khairoutdinov and Emanuel 2010; Wing and Emanuel
2014; Emanuel et al. 2014; Coppin and Bony 2015; Wing and Cronin 2016). The com-
bination of these different findings implies that changes in convective organization could
occur under climate change, potentially affecting the water vapor and cloud feedbacks.
These numerical results shed new light on the role that convective aggregation might play
in climate (Mapes 2016): Could a sensitivity of convective aggregation to temperature
modulate climate sensitivity and hydrological sensitivity (Khairoutdinov and Emanuel
2010; Mauritsen and Stevens 2015; Bony et al. 2015)? In a warmer climate, could it play a
role in the intensification of the MJO (Arnold and Randall 2015; Arnold et al. 2015) or in
the narrowing of tropical rain belts (Bony et al. 2016)?

Many of these exciting scientific questions primarily stem from numerical investiga-
tions. However, numerous studies (e.g., Stephens et al. 2008; Muller and Bony 2015; Wing
and Cronin 2016; Holloway and Woolnough 2016; Silvers et al. 2016; Tompkins and
Semie 2017) demonstrate that the behavior of convective aggregation in models can be
sensitive to aspects of the experimental setup (such as the size of the domain) and/or to the
models themselves (e.g., horizontal resolution, the representation of diabatic processes or
the parameterization of subgrid-scale mixing).

To move forward, we must therefore expand our study of the aggregation of convection
using observations. We must probe links between processes in idealized self-aggregation
and observed convective organization and also confront differences between idealized
frameworks and the real world. We first present a review of relevant literature below
before addressing these topics in the following sections.

1.2 Literature Review: Observational Studies of Convective Organization

There is a rich history of observational work on convective clustering and organization,
much of which details the climatology and life cycles of these systems. The primary source
of data for this observational work is infrared and visible images from geostationary
satellites, dating back to at least Arkin (1979) and encompassing Velasco and Fritsch
(1987), Miller and Fritsch (1990), Laing and Fritsch (1993a, b), Machado and Rossow
(1993), Mapes and Houze (1993), Laing and Fritsch (1997), Zuidema (2003), and Hennon
et al. (2012), but some more recent studies have also used other types of satellite data such
as precipitation radar (Nesbitt et al. 2000; Schumacher and Houze 2003; Futyan and Genio
2007, Peters et al. 2009), microwave measurements of column water vapor (CWV) (Mapes
et al. 2009), and scatterometer winds (Mapes et al. 2009). While cloud clusters are often
identified by searching for large, contiguous cold cloud shields, more advanced techniques
search for the combined signature of deep convection and extensive stratiform cloud and
precipitation area. For example, higher stratiform rain fractions are associated with
organized convection, which can be diagnosed from satellite precipitation radar data
(Schumacher and Houze 2003), as are large optical thicknesses and low-cloud top
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pressures, which can distinguish a particular cloud regime (Tselioudis et al. 2010; Tan
et al. 2013).

A significant fraction of the observational work on organized convection has focused on
mesoscale convective systems (MCSs), or a subset of them known as mesoscale convective
complexes (MCCs), which occur in both the tropics and mid-latitudes. A global clima-
tology of MCCs, which are identified by a large (>10° km?), long-lasting (>6 h), quasi-
circular cold cloud shield, was compiled by Laing and Fritsch (1997) based on previous
regional studies (Miller and Fritsch 1990; Laing and Fritsch 1993a, b; Velasco and Fritsch
1987).

Other studies have detailed the properties of, more generally, tropical cloud clusters and
deep convective systems. This includes studies on the structural characteristics and
radiative properties of tropical high cloud systems (Machado and Rossow 1993), the life
cycles of deep convective systems (Futyan and Genio 2007; Mapes et al. 2009), the size
distribution of cloud clusters (Mapes and Houze 1993; Roca and Ramanathan 2000;
Zuidema 2003; Peters et al. 2009), and the spatial and temporal variability in cloud clusters
and their efficiency at producing tropical cyclones (Hennon et al. 2012). Studies have also
pointed out significant self-similarity between MCSs and convectively coupled equatorial
waves (Mapes et al. 2006; Kiladis et al. 2009).

Despite the fact that the occurrence of mesoscale organized convection makes up a
small fraction of the total frequency of cloud/precipitation features in the tropics (<6%,
Mapes and Houze 1993; Nesbitt et al. 2000; Tan et al. 2013), it contributes a significant
proportion of total tropical cloudiness' and about half of total tropical precipitation.”
Tropical cloud clusters therefore may modulate the radiative heating of the surface and
atmosphere (e.g., Machado and Rossow 1993) and strongly influence the large-scale cir-
culation, moisture distribution, and hydrological cycle. There is observational evidence
that the frequency of organized convection has increased across the tropics over the past
~30 years (Tselioudis et al. 2010) and that most of the regional increases in tropical
precipitation over that period are associated with this increase (Tan et al. 2015). In addition
to their contribution to tropical cloudiness and precipitation, tropical cloud clusters also
play an important role as precursors to tropical cyclones, with globally 6.4% of tropical
cloud clusters developing into tropical cyclones each year (Hennon et al. 2012).

Another observational finding which may be relevant to self-aggregation is the evidence
that tropical precipitation has properties like those of a critical phenomenon. Peters and
Neelin (2006) found that there is a power law increase in precipitation with CWV above a
critical CWV value, and a sharp peak in the variance of precipitation at the critical value.
Holloway and Neelin (2009) further found that free-tropospheric moisture plays a key role
in the transition to deep convection and linked the increase in precipitation with CWV to
an increase in the buoyancy of entraining plumes, which relates to the proposed moisture—
convection feedback in self-aggregation. Neelin et al. (2009) also noted that the atmo-
sphere is near criticality a larger fraction of the time when it is over warm sea surface
temperatures (SSTs). Peters et al. (2009) found that precipitation clusters exhibited scale-

! Mapes and Houze (1993) found that half of the very cold cloudiness was contributed by cloud clusters
greater than 2 x 10*km? in size and half of the moderately cold cloudiness was contributed by cloud
clusters greater than 10° km? in size. Mapes (1993) found that 43% of the total cold cloud coverage in the
tropics was associated with large superclusters.

2 Tan et al. (2013) found that the cloud regime associated with organized convection contributes 45% of
total tropical rainfall. Nesbitt et al. (2000) found that precipitation features that include an MCS contribute
38-55% of total rainfall in various regions of the tropics.
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free size distributions including much larger clusters near-critical CWV than below it,
suggesting a possible link between clustering within the moist convective regions in ide-
alized self-aggregation and near-critical CWV values.

While the literature on observations of tropical cloud clusters is extensive (only a small
segment of which was reviewed here), only a few studies have specifically looked for
processes related to modeled self-aggregation using observations. The first such paper,
Tobin et al. (2012), used geostationary satellite infrared brightness temperature in snap-
shots of large tropical latitude-longitude boxes (10° x 10°) to categorize observations by
their degree of convective organization. To do this, they devised the Simple Convective
Aggregation Index (SCAI) as a combined measure of cluster number and inter-cluster
distance, with cluster pixels defined as having brightness temperature below 240 K and
with larger SCAI corresponding to a less aggregated state. They found that cluster number
was statistically sufficient to discriminate between different levels of aggregation, so they
often used the number of clusters as a metric for the degree of aggregation, with fewer
clusters corresponding to a more aggregated state. By controlling for measures of box-
mean convective intensity and large-scale forcing, including rainfall from microwave
satellite data, SST from infrared satellite data, and vertical velocity from reanalyses, they
could compare atmospheric conditions for varying amounts of convective organization in a
way that was analogous to comparing different stages of aggregation in idealized models.

Tobin et al. (2012) found several similarities between their observational analyses and
idealized simulations of self-aggregation. Holding large-scale SST and rainfall constant,
they found that more aggregated states had a drier free troposphere in the non-convective
environment and, consequently, in the domain as a whole. They also found an increase in
outgoing longwave radiation (OLR) at the top of the atmosphere (by as much as 30 W m~2)
with aggregation (Fig. 2a), mainly because of a reduction of mid-level and upper level
cloudiness. These main conclusions, in agreement with all studies of idealized self-ag-
gregation in models, were also supported by a related paper, Tobin et al. (2013), which
looked at smaller (3° x 3°) domains using higher-resolution satellite brightness

a b c
o +CERES = 4 -
E AOLR-HOM petommg | 8 200
> 260 > -
= 5 35 ++ _
s | § } 400
% 20r ! I f g
o i ¢ L 30 % <
0 = F b
2 oot : 2 { 1L s 600
z ity a H [
5 a0t i k 2 _ 3
o i ] |
,{5} ‘ = 257 P =5 mm/d 800
P =8 mm/d t
2 200 v [
o i S0 , ‘ ; . 1000
0 2 4 6 8 10 0 5 10 15 20 04 05 06 07 08 08
number of convective clusters N number of convective clusters N relative humidity

Fig. 2 a Composites over many 10° x 10° snapshots of domain-averaged OLR from CERES and NOAA
for two different average rain rates for different satellite-derived cluster numbers, with fewer clusters
representing more aggregated convection. b Similar analysis for 3° x 3° snapshots of domain-averaged free-
tropospheric humidity derived from Meteosat Tb in the WV channel, for three different average rain rates. ¢
Domain-averaged AIRS relative humidity composited on the same 3° x 3° snapshots as in b for three cluster
number bins for a precipitation rate of §mmday~'. Figures from Tobin et al. (2012) (panel a) and Tobin
et al. (2013) (panels b, c¢)
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temperature data (Fig. 2b, c), as well as Stein et al. (2017), which analyzed the vertical
cloud structure for different SCAI values using CloudSat—-CALIPSO data.

On the other hand, Tobin et al. (2012, 2013) found some results that were inconclusive,
mixed, or contradictory when compared with modeling studies. For instance, Tobin et al.
(2012) found that surface turbulent heat fluxes increased both inside and outside con-
vective regions when aggregation increased, whereas Tobin et al. (2013) found little
sensitivity of these fluxes to aggregation at the smaller scales they investigated (although
this discrepancy could be due to limitations in satellite retrievals of surface fluxes). In
idealized simulations, surface fluxes generally increase with self-aggregation (e.g.,
Bretherton et al. 2005; Wing 2014; Holloway and Woolnough 2016), with the increase due
to larger wind speeds in general and larger air—sea enthalpy disequilibrium in the dry
environment (Wing and Emanuel 2014). (Note that this modest increase in surface fluxes
for idealized models is also consistent with slightly larger atmospheric radiative cooling
rates and precipitation rates in radiative—convective equilibrium after aggregation has
occurred.) Tobin et al. (2012, 2013) also found that the top-of-atmosphere net radiation
budget was not significantly affected by aggregation because increased OLR was offset by
decreased reflected shortwave radiation. This differs from idealized simulations discussed
by Wing and Cronin (2016), in which an increase in low-cloud fraction with aggregation
left reflected shortwave largely unchanged, leading to a net loss of radiation at the top of
atmosphere for aggregated conditions. Tobin et al. (2013) and Stein et al. (2017) both
found evidence for an increase in low-cloud fraction with aggregation, while Tobin et al.
(2012) found the opposite, so the models are supported by at least some observational
studies regarding low-cloud changes.

In the next section, we briefly review processes found to be important for self-aggre-
gation in models with a focus on links to observed convective organization.

2 Observational Perspectives on Processes Important for Idealized
Convective Aggregation

There are longstanding attempts to reconcile the well-observed clumping of tropical
convection with simple theory (e.g., Mapes 1993). Randall and Huffman (1980) proposed
that clumping occurs when clouds can create an area around themselves that is more
favorable for future convection than areas further away. Numerical studies of self-aggre-
gation have identified multiple processes involving convection—moisture-radiation feed-
backs that are capable of doing exactly that. The diversity of processes that can lead to
convective aggregation may explain why it has been observed by multiple different
modeling groups using very different models, from high-resolution cloud-resolving models
to global climate models (GCMs) with parameterized convection. Additionally, different
feedbacks that lead to aggregation may be excited by different initial conditions.

We will mostly discuss self-aggregation in idealized settings: radiative convective
equilibrium (RCE) over constant uniform SST in non-rotating, three-dimensional, doubly
periodic square domains, though some rectangular and aquaplanet simulations will occa-
sionally be discussed as well. It is worth noting that self-aggregation has been shown to be
robust to the presence of rotation (Bretherton et al. 2005; Khairoutdinov and Emanuel
2013; Bretherton and Khairoutdinov 2015; Davis 2015; Wing et al. 2016), vertical shear
(Bretherton et al. 2005), diurnal cycle (Wing and Cronin 2016), two-dimensional or three-
dimensional settings (Held et al. 1993; Jeevanjee and Romps 2013), and an interactive
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ocean mixed layer (Bretherton et al. 2005; Hohenegger and Stevens 2016), and to occur as
well in global climate simulations with parameterized convection in aquaplanet non-ro-
tating settings (Coppin and Bony 2015; Popke et al. 2013; Reed et al. 2015).

In this section, we briefly review the various processes leading to the self-aggregation of
convection in RCE simulations and the metrics used to quantify them, including the
physical processes that lead to aggregation from homogeneous initial conditions as well as
those which can maintain convective aggregation once it is established. We focus on those
which could be targeted in observations; a more complete review can be found in Wing
et al. (2017).

2.1 Metrics to Quantify Feedbacks

Several methods have been proposed to analyze the leading order feedbacks in simulations
(and also possibly in observations). They all share the methodology of stratifying the data
by vertically integrated moist static energy (MSE). In the tropics, weak temperature gra-
dients imply that horizontal variability of MSE is largely dictated by variability in CWV.
Using this methodology, different variables can be moisture-ranked.

Wing and Emanuel (2014) introduced an analysis framework employing a budget for
the spatial variance of MSE. Self-aggregation is associated with a very strong increase in
MSE variance. The equation for the time evolution of MSE variance allows one to estimate
the various contributions to the enhanced MSE variability. The terms of this budget include
the horizontal convergence or divergence of MSE, as well as the direct diabatic contri-
butions from radiative and surface fluxes, i.e., whether a heating/moistening diabatic
tendency reinforces (positive feedback) or smoothes (negative feedback) MSE gradients.
The potential use of observations to calculate the diabatic terms in the MSE spatial
variance budget is discussed more in Sect. 2.4.

Note that these diabatic terms include the direct diabatic effects of radiative and surface
flux feedbacks, not the circulation that the diabatic terms generate. For instance a positive
shortwave (SW) feedback means anomalous SW heating in the high-MSE region and/or
anomalous SW cooling in the low-MSE region, thereby enhancing the MSE gradient. The
diabatic feedback term does not account for the dynamical response to this SW heating
distribution, which can also transport MSE up- or down-gradient. This transport is a
component of the horizontal convergence term, but is not explicitly diagnosed separately
from the other dynamical contributions in this framework. Another related issue is that
these diagnostics are based on vertical integrals and hence do not explicitly capture the
sensitivity to the vertical distribution of diabatic forcings found in Muller and Bony (2015).
Indeed diabatic tendencies applied at different heights can yield different MSE transports
since MSE varies strongly with height.

An assessment of both the direct diabatic effect and the indirect circulation and MSE
transport corresponding to a heating anomaly is achieved in model simulations with sen-
sitivity runs in which diabatic terms are horizontally homogenized, removing both direct
and indirect effects, as done in Muller and Held (2012). This is obviously not possible with
observations. The remaining option is to analyze the circulation generated by diabatic
forcing and infer the MSE transport as done in Holloway and Woolnough (2016). The
visualization of the MSE transport is usually done with a stream function in moisture and
height space (Bretherton et al. 2005; Muller and Held 2012; Holloway and Woolnough
2016). This quantifies the energy transport between the dry region and the moist region and
hence determines whether it is up-gradient, which is typical of aggregation in idealized
model studies (e.g., Bretherton et al. 2005; Muller and Held 2012) though the total
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vertically integrated transport is not always up-gradient (e.g., Coppin and Bony 2015). This
visualization method is useful in simulations, where vertical profiles of vertical velocity as
a function of MSE are available, but it is not clear whether it is applicable to observations.
Also, quantifying the role played by radiation in the circulation requires vertical profiles of
radiation as a function of MSE (cf. Muller and Bony 2015), which are only beginning to
become available in observations (e.g., Haynes et al. 2013). Section 5.3 explores possible
approaches to observing these profiles using ground-based instruments.

Bretherton et al. (2005) showed that they could capture the aggregation instability in a
semiempirical toy model accounting for the sensitivity of radiative and surface fluxes, as
well as MSE convergence, to humidity. In their theoretical paper of convective aggrega-
tion, Craig and Mack (2013) take a somewhat similar approach, although the physical
processes are modeled differently (in particular the MSE convergence is modeled as a
diffusive process). The end result is an expression of the rate of change of humidity as a
function of humidity itself 01 /0t = f(I) = —0V /oI + T, where [ is the order parameter (in
this case column-integrated free-tropospheric water vapor), V(I) is a potential function, and
T is a diffusive transport term. The minima of the functional V(J) are equilibrium values of
humidity. The structure of the functional V(I) therefore highlights the appearance of
multiple equilibria typical of self-aggregation, with the two minima corresponding to the
moist and dry solutions. Although this framework allows for the identification of aggre-
gation, it is unclear if it can be used to identify feedbacks involved in the aggregation
process. Aggregation from different feedbacks may have different signatures in the
functional dependence V([).

More work using theory, as well as idealized (and perhaps more realistic) simulations, is
desirable to compare conceptual frameworks and metrics of aggregation and determine
how these could be applied to observations.

2.2 Initiation Processes

At SSTs close to our current tropical climate (300 K or so), the leading physical process
behind the spontaneous self-aggregation of convection seems to be a “radiatively driven
cold pool” outside deep convection, as seen in a schematic from Coppin and Bony (2015)
(Fig. 3). One or several dry regions appear and expand, with strong longwave radiative
cooling and subsidence yielding further drying. Moisture and convection are confined to
the rest of the domain, as the dry convection-free region expands. In the following, we
briefly review the various physical processes contributing to the formation of this radia-
tively driven cold pool for temperatures close to current tropical atmospheric temperatures,

@

b

Fig. 3 Aggregation processes for: (left) cold SSTs with radiatively driven cold pools, and (right) warm
SSTs with surface flux feedbacks. Figure adapted from Coppin and Bony (2015)
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and then we discuss the sensitivity of these processes to SST. A more complete review can
be found in Wing et al. (2017).

2.2.1 Longwave Radiation

As mentioned above, aggregation generally begins with the formation of a dry region with
strong radiative cooling. The strong longwave cooling in the dry region is largely induced
by low-level clouds (Muller and Held 2012; Muller and Bony 2015; Coppin and Bony
2015; Holloway and Woolnough 2016), although clear-sky cooling also contributes (Wing
and Emanuel 2014; Wing and Cronin 2016).

Strong subsidence in dry regions, theoretically predicted by the RCE instability study of
Emanuel et al. (2014), further promotes the formation of low-level clouds. These in turn
enhance the radiative cooling, forming radiatively driven cold pools in dry regions
responsible for the clumping of convection in the rest of the domain. Note that these
radiatively driven cold pools are colocated with the dry regions and therefore do not mix
boundary layer air between moist and dry regions, whereas “conventional cold pools”
(defined here as cold pools resulting from downdrafts caused by rain evaporation and/or
condensate loading) can propagate from moist to dry regions and tend to slow or weaken
aggregation (cf. Jeevanjee and Romps 2013).

2.2.2 Surface Fluxes

Feedbacks involving surface enthalpy fluxes favor the initiation of self-aggregation due to
larger surface winds in the moist, convecting area, which enhance the up-gradient MSE
transport associated with the radiatively driven cold pool discussed above. However, while
sensitivity runs with homogenized surface fluxes (no feedback) sometimes do not aggre-
gate (Tompkins and Craig 1998; Bretherton et al. 2005; Wing 2014), they can aggregate
depending on the domain size, strength of the surface fluxes imposed, and availability of
radiative feedbacks (Muller and Held 2012; Holloway and Woolnough 2016). Therefore,
surface fluxes feedbacks are not critical for aggregation to occur, at least at current
temperatures.

2.2.3 Shortwave Radiation

The direct, diabatic effect of shortwave radiation is a positive feedback on aggregation due
to variations in the absorption of shortwave radiation by water vapor (Wing and Emanuel
2014), but it is weaker than the longwave and surface flux feedbacks. In sensitivity
experiments that include both direct and indirect (dynamic response to the diabatic forcing)
effects, shortwave feedbacks slightly oppose aggregation. Either way, the impact of
shortwave radiation appears to be secondary, at least at current temperatures.

2.2.4 Moisture—Convection Feedbacks

Moisture—convection feedbacks, in which convection moistens the atmosphere and is also
more likely to occur in moister conditions, amplify the instabilities leading to self-ag-
gregation (Tompkins 2001; Mapes and Neale 2011; Emanuel et al. 2014). When radiation
feedbacks (which are normally required for self-aggregation) are suppressed while rain
evaporation is also suppressed (preventing conventional cold pools which can otherwise
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weaken aggregation), these moisture—convection feedbacks are strong enough to cause
aggregation on their own (Muller and Bony 2015; Holloway and Woolnough 2016). This
appears to occur through a process similar to the coarsening process in Craig and Mack
(2013) in which initial perturbations of a bistable system grow over time. These feedbacks
are difficult to quantify directly, even in models, and they would also be difficult to target
in observations. A place to start (perhaps using field campaign data) would be to correlate
convective activity with moist (high MSE) locations and then to estimate the transport of
MSE (part of the convergence term in the MSE spatial variance budget) due to circulations
forced by this anomalous convective heating.

2.3 Sensitivity to SST

Several aspects of self-aggregation are sensitive to SST, such as its initiation mechanisms,
spatial scale, and perhaps degree of organization (Khairoutdinov and Emanuel 2010; Wing
and Emanuel 2014; Emanuel et al. 2014; Wing and Cronin 2016; Coppin and Bony 2015;
Abbot 2014; Holloway and Woolnough 2016). It is worth noting that self-aggregation is
found at temperatures much colder than our current climate, including 243 K in snowball
Earth simulations (Abbot 2014) and 280 K in long-channel experiments (Wing and Cronin
2016), as well as much warmer (e.g., 310 K, Wing and Cronin 2016). The radiatively
driven cold pools discussed above seem to be most efficient at cold and current temper-
atures (Fig. 1, Coppin and Bony 2015), possibly because climate models with strong
positive low-cloud feedback (like the model used in that study) do not have any low clouds
at high temperatures. However, cloud radiative feedbacks may behave differently at much
colder temperatures (Wing and Cronin 2016) and clear-sky longwave feedbacks are
favored by warm temperatures (Emanuel et al. 2014). At warm temperatures, surface-flux-
wind feedbacks in the high-MSE convective region are the leading mechanism for self-
aggregation in GCM simulations (Fig. 1, Coppin and Bony 2015).

In their semiempirical model of self-aggregation based on cloud-permitting simulations
at present-day temperatures, Bretherton et al. (2005) found a slightly stronger sensitivity of
radiative fluxes to moisture than that of surface fluxes. These sensitivities are likely to be
different at different temperatures.

2.4 Maintenance Processes

Given that the real tropical atmosphere is never starting from a homogeneous background
state, as in the idealized simulations, the processes that maintain existing convective
aggregation may be easier to observe than those initiating it. While the strongest positive
feedbacks in the early stages of idealized self-aggregation are usually found in the dry
region, at later times strong consistently positive feedbacks are found only in the moist
region. Muller and Held (2012) and Muller and Bony (2015), which find low clouds to be
necessary for the initiation of aggregation using mechanism denial experiments, find that
low clouds are not necessary to maintain self-aggregation in their simulations. Instead,
high clouds in the moist regions and clear-sky longwave feedbacks can maintain aggre-
gation (Muller and Held 2012; Wing and Emanuel 2014; Muller and Bony 2015; Wing and
Cronin 2016). Possible sensitivity of these maintenance processes to SST is discussed in
Sect. 4 below.

Surface flux feedbacks are neither necessary nor sufficient to maintain non-rotating
aggregation (Holloway and Woolnough 2016), at least at current climate temperatures.
Indeed, the surface flux feedback becomes negative in later stages of non-rotating
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aggregation, due to the opposing influences of surface winds and air—sea enthalpy dise-
quilibrium (Wing and Emanuel 2014). However, surface flux feedbacks could behave
differently in simulations with an interactive SST calculated from surface energy balance.

Quantifying the strength of these maintenance feedbacks in observations would be
desirable. As in the simulations discussed earlier, the radiative and surface flux feedbacks
could be diagnosed by their contributions to the MSE spatial variance budget. These
require simultaneous measurements over a large area of the top-of-atmosphere and surface
radiative fluxes, as well as observed surface enthalpy fluxes and vertically integrated MSE.
Alternatively, an MSE temporal variance budget could be computed at a given location,
assuming that with time, both the dry and moist regions of aggregated convection would
pass over the station. Methods for estimating quantities needed to calculate these terms
using satellite data are explored in Sect. 5.1. The strength of the radiative and surface flux
feedbacks could also be correlated with the degree of aggregation as measured by SCAI
(defined in Tobin et al. 2012). Tobin et al. (2013) used SCAI calculated from observations
to suggest that intraseasonal variations of aggregation tend to amplify dynamical
anomalies. Similarly, recent work compositing on MJO events during the DYNAMO field
campaign has shown that radiation and, to a lesser extent, surface heat fluxes play an
important role in amplifying MJO variability (Sobel et al. 2014), revealing potential links
to the aggregation work proposed here.

3 Comparing the Idealized World to the Natural World

In addition to process-oriented studies, observations can also be used to test the realism of
the mean state, variability, and convective characteristics of the idealized models. Here we
explore similarities and differences between these aspects of idealized simulations of self-
aggregation and observations. We also discuss processes that are not usually captured by
idealized models, such as ocean interaction. Linking self-aggregation processes to envi-
ronments with further complexity, such as non-uniform SST or the effects of land and
orography, is not addressed here but deserves future investigation. The motivation for this
section is that, in order to have confidence in the relevance of self-aggregation processes
found in idealized simulations for observed convective organization, we need to be able to
understand and explain differences between the idealized world and the natural world.

3.1 Time Scales of Self-Aggregation

One common critique of idealized self-aggregation is that the time scale of the aggregation
process is much longer than typical time scales for observed convective organization. This
is a valid concern, but there are several rebuttals which are discussed below. First, there is a
broad range of time scales for self-aggregation and disaggregation in the literature, and
these appear to depend on model, domain size, resolution, initial conditions, SST, and the
inclusion or suppression of processes such as conventional cold pools. Second, self-ag-
gregation from homogeneous initial conditions includes the spin-up of small-scale con-
vective activity and clustering without pre-existing large-scale features, and while we can
learn a lot from these early stages they are not likely to occur simultaneously across a large
region in the real world where asymmetries are always present. Third, while it is likely that
the processes important for idealized self-aggregation are not important for all types of
convective organization in nature, and may be less important for rapidly organizing
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convective systems, some types of organized convection (particularly on longer time
scales) do show intriguing links to self-aggregation.

As mentioned in Wing et al. (2017), self-aggregation in idealized models can take
15-100 days or more to reach a relatively stable aggregated state when starting from
homogeneous initial conditions (though the longer time scales likely relate to an initial
gestation period in some simulations which occurs before aggregation has started at all).
There is some sensitivity of this to domain size and grid scale (Muller and Held 2012).
When rain evaporation and conventional cold pools were suppressed, Holloway and
Woolnough (2016) found that the time scale decreased to only 8 days as opposed to
16 days in their control run, supporting the idea proposed in Jeevanjee and Romps (2013)
that conventional cold pools slow or suppress aggregation in idealized simulations. Perhaps
also relevant to understanding processes that keep convective clusters organized in nature,
Muller and Held (2012) and Holloway and Woolnough (2016) both found a disaggregation
time scale (which is the time needed to return to a less aggregated equilibrium) as small as
10 days when simulations were initialized with an aggregated state and then interactive
radiation was suppressed.

Wing (2014) found that the spatial MSE variance grew with an e-folding time of
~11-13 days. As mentioned in Wing et al. (2017), this kind of exponential growth will
lead to much larger scales in a given amount of time when starting from larger initial
clustering, as is typically found in nature. In other words, much of the time scale for self-
aggregation from homogeneous initial conditions may not be especially relevant to com-
parisons with nature because these time periods involve spinning up mesoscale activity
from extremely small initial length scales (and may also involve gestation periods before
aggregation begins at all). In fact, convective cluster growth across scales (but especially at
larger scales) was found to be linked to radiative feedbacks in near-global RCE channel
runs (including rotation) in Bretherton and Khairoutdinov (2015), with e-folding time
scales of 6-14 days. Those authors suggest that diabatic feedbacks (mainly longwave
radiation feedback) may be especially important for large-scale convective organization
such as the MJO.

3.2 Mean Wind and Wind Shear

Most idealized RCE studies have no imposed mean wind or wind shear. While wind shear
can act to enhance some kinds of mesoscale organization such as squall lines (e.g., Houze
2004; Muller 2013), it has also been shown to slow or prevent self-aggregation in idealized
simulations such as those in Bretherton et al. (2005) and Khairoutdinov and Emanuel
(2010), although the latter found that there was hysteresis, since an already aggregated
state did not disaggregate with some levels of imposed shear.

Nonzero mean vertical velocity due to large-scale circulations is common in regions
containing organized tropical systems in nature but cannot occur for the domain mean in a
typical RCE setup. Global-scale simulations, however, do represent these circulations (e.g.,
Coppin and Bony 2015), and smaller RCE simulations can impose them (e.g., Su et al.
2000) or parameterize them using reference profiles and assumptions of weak temperature
or pressure gradients (e.g., Sessions et al. 2016). As these kinds of modeling studies
progress, there will be more opportunities to evaluate their simulated relationships between
aggregation and large-scale circulations using observations.
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3.3 Humidity Profiles

One of the potentially unrealistic aspects of self-aggregation as seen in idealized models
that needs to be reconciled with observations is the presence of very dry humidity profiles
that occur in the non-convecting areas of the domain. Since humidity plays a key role in all
of the feedbacks important for self-aggregation, it is especially important to investigate this
issue. To that end, we include here some examples of humidity profiles (and the related
radiative heating profiles) in moist and dry areas of simulated self-aggregation. These
profiles are from the simulations presented by Wing and Cronin (2016). We show profiles
from two simulations: one with a square domain that is 1536 km x 1536 km in the hor-
izontal (sq) and one that is an elongated channel with dimensions of 12,288 km x 192 km
in the horizontal (ch). The sq simulation has one circular, intensely precipitating moist
cluster while the ch simulation has multiple moist and dry bands. All other aspects of the
simulations are identical.® Fig. 4 shows water vapor mixing ratio and relative humidity in
the moist and dry areas, averaged over the last 10 days of the two simulations. In Fig. 4a,
the “moist” area is defined as the area where the CWV is greater than 80% of the
maximum CWYV found in the last 10 days of simulation. The rest of the domain is clas-
sified as the “dry” area. Profiles using an alternate definition of moist and dry areas are
shown in Fig. 4b, in which the “dry” and “moist” areas are the driest 10% and moistest
10% of the domain according to CWV. Here, we show profiles from both the developing
and mature stage of aggregation, using 5-day averages centered at day 10 and day 70,
respectively. Figure 4c, d show similar plots to Fig. 4a, b but for relative humidity, with
ranking done according to column relative humidity (CRH, defined as CWV divided by
column-integrated saturation specific humidity) instead of CWV.

As shown in Fig. 4, the water vapor mixing ratio and relative humidity are substantially
reduced in the dry regions relative to the moist regions at all levels (including the boundary
layer), but most strongly in the mid-troposphere. The difference between the dry and moist
regions is stronger for the sq simulation than the ch simulation, reflecting the more extreme
(and arguably less realistic) aggregation that occurs in square domain simulations. There is
significantly more radiative cooling in the dry regions than the moist regions, especially in
the lower troposphere (Fig. 5), which further amplifies the anomalies.

These results naturally lead to several questions about how representative these ideal-
ized simulations are of humidity variability in the real tropics. The behavior of the
humidity profiles across the different evolutionary states of aggregation in the simulations
(from developing to mature aggregation) is interesting; substantial drying is present in the
upper troposphere as early as day 10, but drying of the middle-lower troposphere and
boundary layer does not appear until later in the simulation (Fig. 4b, d). One potential
avenue of research to link this to observations is to relate the evolution of humidity in the
dry regions and the stage of aggregation to the altitude depth of the bimodality of water
vapor (Mapes 2001, 2016; Zhang et al. 2003). However, a more basic starting point is to
determine whether humidity in the tropics exhibits a similar range of variability between
dry and moist conditions: do humidity profiles as dry as the ones in simulated aggregation
exist in the real tropics?

3 SST = 305 K, no rotation, diurnal cycle of insolation at 19.45 N at perpetual Julian day 80.5, Rapid
Radiative Transfer Model (RRTM) radiation scheme, 3 km horizontal resolution, 64 vertical levels, rigid lid
at 28 km, doubly periodic lateral boundaries, initialized with white noise in boundary layer temperature
field.
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Fig. 4 Profiles of water vapor mixing ratio (fop panels) and relative humidity (bottom panels) in
simulations in elongated channel (solid lines) and square (dashed lines) domains. The left panels define
moist regions (blue) as area where CWV > 0.8 max(CWV) [or CRH > 0.8 max(CRH) in panel c], dry
regions (red) defined as the rest of the domain; the profiles are averaged over the last 10 days of the
simulation. The right panels show profiles from the moistest (shades of blue) and driest (shades of red) 10%
of the domain, according to CWV [or CRH in d]. Profiles from both the developing (5-day average centered
at day 10; lighter colors) and mature (5-day average centered at day 70; darker colors) stages of aggregation
are plotted. a ¢ where CWV >/< 0.8 max (CWV), b ¢ in moistest/driest 10% of domain, ¢ RH where CRH
>/< 0.8 max (CRH) and d RH where CRH >/< 0.8 max (CRH)

As a first step toward answering this question, we compare the humidity data from the
idealized simulations in Wing and Cronin (2016) to twice-daily radiosondes from Nauru in
the Pacific warm pool. Figure 6 shows humidity profiles from 5 years of the Nauru
radiosondes. These data span the period from April 1, 2001 to August 16, 2006 and are
from the former Atmospheric Radiation Measurement (ARM) site (Mather et al. 1998;
Long et al. 2016). The data, which include 3491 retained sondes, are described in more
detail in Holloway and Neelin (2009). Figure 6a shows mean specific humidity profiles of
two subsets of sondes divided by a CWV threshold of 0.8 times the 99th percentile of
CWYV (55 mm, the 63rd percentile). Despite coming from a range of SSTs which are
generally a few degrees cooler than 305 K, these profiles look quite similar to the mixing
ratio profiles from the ch simulation shown in Fig. 4a, while the sqg simulation in that
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figure shows much more spread between moist and dry profiles. Similarly, the extreme
moistest 10% and driest 10% of sondes in Fig. 6b are much more similar to those for day
70 of the ch simulation than for day 70 of the sq simulation in Fig. 4b; indeed, the extreme
10% quantiles in the sq simulation at day 70 within the lower and middle free troposphere
are much more extreme than even the extreme 1% quantiles for the sondes. The driest 10%
quantile in the sq simulation at day 70 suggests that air is subsiding from the upper
troposphere down to almost 900 hPa without encountering significant moistening by
mixing or convection, something not seen in the observations.

Figure 6¢, d shows similar analysis to Fig. 6a, b but for relative humidity (defined with
respect to ice for temperatures below 0°C) and CRH. Note that, even for the driest 1% of
sondes, relative humidity in the boundary layer is always above 65% on average. The
corresponding profiles for the simulations in Fig. 4c, d are consistent with the ch simu-
lation being more realistic than the sg simulation, at least regarding humidity variability.
Note that the near-surface relative humidity averaged for the driest 10% of the domain in
the sq simulation at day 70 is about 10% drier (in relative humidity units) than the average
for the driest 1% of sondes at Nauru.
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Fig. 6 Nauru radiosondes: a mean profiles of water vapor specific humidity (g kg™!) for all sondes with
CWYV greater than 0.8 times the 99th percentile of CWV and for all sondes less than this threshold, b mean
profiles for all sondes in the lowest 1%, lowest 10%, highest 10%, and highest 1% as ranked by CWV,
¢ mean profiles of relative humidity (%) for all sondes with CRH greater than 0.8 times the 99th percentile
of CRH and for all sondes less than this threshold, and d mean profiles of relative humidity for all sondes in
the lowest 1%, lowest 10%, highest 10%, and highest 1% as ranked by CRH

Table 1 compares surface observations of relative humidity at Nauru with relative
humidity at the lowest model level (37 m) in the ch simulation from Wing and Cronin
(2016). The values for most of the percentiles are comparable, except the simulation has a
much lower minimum value than the Nauru observations (32.5% compared to 52.0%).

Figure 7 shows contour plots of all 3491 sondes ranked by CRH and divided into 100
equally populated bins. These show both relative humidity and saturation deficit (saturation
specific humidity minus specific humidity). A similar plot for the ch simulation from Wing
and Cronin (2016) is shown in Fig. 8, and Fig. 7d can be additionally compared with a
similar figure from day 90 of the square simulation at 305 K SST in Wing and Emanuel
(2014, their Fig. 11). That figure shows that the square simulation has a large spread in
relative humidity between 1 and 2 km height of about 100% between moist and dry
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Table 1 Values of surface relative humidity (%) at Nauru (averaged from station data over 1 h centered
around on each sonde launch time) and lowest model level (37 m) relative humidity (%) in the 305 K
Channel simulation from Wing and Cronin (2016)

Percentile Nauru Channel simulation
Minimum 52.0 32.5
1st 57.9 58.6
25th 70.8 69.9
50th 76.8 73.5
75th 82.3 71.5
99th 92.8 93.0

The statistics from the channel simulation are computed over the final 25 days of that simulation

regions, while the Nauru sondes show a spread of 60% at most in that layer and a much
larger number of bins with small anomalies. The channel simulation (Fig. 8), on the other
hand, is much more comparable to the Nauru sondes, indicating that this simulation has
realistic humidity variability.

Radiosondes from other tropical locations, such as the Bay of Bengal and the eastern
tropical Pacific, also reveal significant variability in mid- and upper-tropospheric relative
humidity and little variation in boundary layer moisture (e.g., Zuidema et al. 2006; Zui-
dema and Mapes 2008), though these locations are subject to large-scale circulations that
can bring remote influences from neighboring landmasses. Radiosondes from the equa-
torial Indian Ocean also demonstrate that most of the relative humidity variability is
contained within the middle troposphere (Johnson and Ciesielski 2013), where the sig-
nature of self-aggregation may be first detected (Mapes 2016).

There are reasons to expect that the Nauru sondes and tropical sondes from these other
locations would not necessarily look exactly like idealized self-aggregation simulations (or
indeed, would not be representative of tropical maritime observations more generally). For
instance, these sondes are generally launched from islands, which could have local effects
on convection, and transport of air from landmasses or higher latitudes could also cause
differences compared with idealized conditions. Additionally, we may not necessarily
think of idealized aggregated convection as something that would or should be represen-
tative of typical tropical conditions anyway.

However, since humidity variability is fundamentally linked to both the contributing
processes and large-scale impacts of self-aggregation, it is important to consider possible
reasons why the channel simulation appears to have more realistic humidity variability,
while the square simulation is too extreme. One possibility is that the channel simulation is
“getting the right answer for the wrong reason”, for instance because its quasi-2D
geometry leads to a spurious strong wind shear similar to that found in 2D simulations in
Held et al. (1993). Although the channel simulation does have tropospheric along-channel
mean wind and vertical wind shear that are larger than values in the square simulation, the
channel values are of order 1ms~' for both quantities, and this is not overly strong
compared with typical tropical mean values. The channel simulation is 192 km wide,
which allows for multiple convective systems and associated cold pools to exist and
propagate along the shorter dimension. Subsidence in the driest regions is actually stronger
in the channel simulation relative to the square simulation, though ascent in the moist
regions is weaker. While determining the reasons for the differences between the simu-
lations is beyond the scope of this paper, it is likely that the channel simulation has more
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Fig. 7 Nauru radiosondes: a saturation deficit (g kg’l) for all sondes ranked by CRH and averaged in 100
equally populated bins, b anomaly of each bin in a from the all-sonde mean saturation deficit at each level,
¢ as in a but for relative humidity (%), and d as in ¢ but for relative humidity

mixing and transport between convective and subsidence regions—animations (not shown)
reveal that boundaries between convective and subsidence regions are less stationary, and
closer to the center of subsidence regions, in the channel simulation.

While the above discussion does not definitively endorse one model domain geometry
over another, this type of analysis is informative in starting to address the extent to which
idealized aggregated convection is similar to organized convection in the real world, and
we hope that it helps frame future comparisons with other data. For instance, analysis
tracing air particles back to their time of last condensation within both a modeling
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Fig. 8 As in Fig. 7 but for channel simulation at 305 K from Wing and Cronin (2016). a Saturation deficit
(gkg™") for all sondes averaged over 192 km x 48 km blocks and ranked by block-averaged CRH,
b anomaly of each block in a from the domain-mean saturation deficit at each level, ¢ as in a but for relative
humidity (%), and d as in ¢ but for relative humidity

construct and observations could be helpful (e.g., Pierrehumbert 1998), as well as a
spectral analysis to determine if key time scales are matched within both.

3.4 Equatorial Wave Dynamics

Earth’s latitudinally varying rotational effects on large-scale horizontal motions result in
equatorial wave dynamics which help shape tropical convective organization. For instance,
the MJO interacts with equatorially trapped moist Kelvin and Rossby waves, and

these dynamics are also important for the development of the Hadley Circulation, the
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inter-tropical convergence zone (ITCZ), and monsoons. While self-aggregation is gener-
ally defined not to include the effects of a latitudinally varying Coriolis parameter, a few
studies have looked for the processes that lead to self-aggregation in simulations that do
include such effects. Bretherton and Khairoutdinov (2015) found that radiative feedbacks
were likely to be important mainly for large-scale convective organization in their near-
global RCE channel runs. Arnold and Randall (2015) performed global aquaplanet sim-
ulations (using a superparameterization setup in which 2D CRMs are embedded in each
large-scale model grid cell) with uniform SST both with and without rotation and found
similarities in diabatic feedbacks between the self-aggregation in the non-rotating setup
and the MJO in the rotating setup. Holloway (2017) found that simulations of real near-
equatorial case studies using a limited-area CRM setup also showed similarities to ideal-
ized self-aggregation, although the effects of suppressing interactive radiation were con-
strained by the imposed lateral boundary conditions. More studies are needed to probe
links between self-aggregation and convective organization that interacts with equatorial
wave dynamics.

3.5 Ocean Interaction and Feedback

Nearly all studies of self-aggregation have used atmosphere-only simulations. However,
there are a few studies that have used coupled models, and they generally find that ocean
coupling slows or prevents self-aggregation. For instance, an interactive slab ocean
experiment slowed down self-aggregation in Bretherton et al. (2005), possibly because of
cloud shading. That experiment had a 60 W m~2 imposed ocean cooling to represent large-
scale ocean or atmospheric transport, and after aggregation the SST cooled rapidly due to
increased longwave cooling. Khairoutdinov and Emanuel (2010) used a 2-m slab ocean but
homogenized the SST horizontally at each time step (thus removing effects like cloud
shading) and also found that SST dropped after aggregation occurred. They noted hys-
teresis, since cooler SSTs could still maintain aggregation that had already been present but
could not sustain self-aggregation from homogeneous conditions. Popke et al. (2013)
performed global-tropics RCE runs using parameterized convection (with no rotation and
homogeneous solar forcing) coupled to a slab ocean and found that large convective
clusters formed along with transient SST anomalies. Reed et al. (2015) performed similar
global-tropics RCE runs and found that, although ocean coupling slows aggregation
compared to runs with fixed warm SSTs (302 K) in agreement with other studies, runs with
fixed cool SSTs (as low as 295 K) result in much less organization than runs with similar
SSTs and an interactive slab ocean, suggesting a possible link between ocean coupling and
the sensitivity of aggregation to SST.

Coppin and Bony (2017) also ran global-tropics RCE simulations without rotation and
coupled to a slab ocean and found that the coupled RCE system exhibits some internal
variability, arising from the interplay between SST, SST gradients and aggregation. The
time scale of this variability depends on the depth of the ocean mixed layer, and for a large
range of depths, it occurs at the interannual time scale, suggesting a possible link to
internal modes of variability in the real tropical ocean atmosphere system such as El Nifio
Southern Oscillation (ENSO). They also showed that, at this time scale, the relationship
between SST and aggregation could be very different from (or even opposite to) that found
in prescribed SST simulations or in coupled RCE simulations on long time scales.

Hohenegger and Stevens (2016) ran high-resolution coupled RCE runs (without
imposed ocean cooling, but with reduced solar insolation equivalent to that averaged over
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the full Earth rather than the tropics) and found that aggregation seemed to prevent a
runaway greenhouse effect, providing “radiator fins” to the idealized climate in the dry
subsiding regions analogous to the role of the subtropics proposed by Pierrehumbert
(1995). They also found that slab oceans with small depths can slow or prevent self-
aggregation, similar to studies mentioned above. This delay stems from the development of
SST gradients which cause a low-level circulation opposing the one that favors self-
aggregation. Furthermore, Hohenegger and Stevens (2016) suggest that cloud feedbacks
and resulting aggregation and coupled equilibrium states are very different at high reso-
lution using explicit convection versus similar runs using parameterized convection from
Popke et al. (2013), showing another example of model disagreement with regards to these
processes.

While atmosphere—ocean coupling has been extensively studied for large-scale tropical
convective phenomena such as the MJO (cf. DeMott et al. 2015), observational work is
needed to explore the interactions between organized tropical convective systems and SST
or sea surface salinity across scales. Specifically, this analysis could look at processes
important for aggregation in idealized models.

4 Observational Perspectives on Aggregation in a Warming Climate

Several modeling studies suggest that convective aggregation depends on surface tem-
perature, although the exact nature of this dependence remains uncertain. The initiation of
aggregation is found to occur more easily at certain temperatures (Coppin and Bony 2015),
particularly when considering a given domain size (Wing and Emanuel 2014). Once ini-
tiated, the clumping of aggregation in some studies tends to strengthen as the surface
temperature rises (Coppin and Bony 2015), though other studies find that the degree of
aggregation is relatively insensitive to SST (Wing and Cronin 2016; Holloway and
Woolnough 2016; Hohenegger and Stevens 2016). Several interpretations have been
proposed for the temperature dependence of the initiation mechanisms (Sect. 2.3). Some of
them invoke the nonlinearity of the Clausius—Clapeyron relationship, the sensitivity of the
clear-sky longwave radiative cooling of the atmospheric column to lower-tropospheric
longwave opacity (Emanuel et al. 2014), or the sensitivity of the low-cloud cover to
temperature (e.g., Coppin and Bony 2015; Wing and Cronin 2016; Holloway and Wool-
nough 2016), and these temperature dependences differ across models. On the other hand,
the interaction between temperature, high-cloud radiative effects, and dynamics has been
proposed by Bony et al. (2016) as a mechanism for stronger clumping of convection at the
aggregated equilibrium state over warmer surfaces. That study argues that, owing to the
dependence of static stability on temperature and pressure, as the climate warms anvil
clouds not only rise to a higher altitude but also shrink in horizontal area. This behavior,
referred to as the “stability-iris” effect in Bony et al. (2016), concentrates the atmospheric
cloud radiative effects of anvil clouds and enhances the horizontal gradients in atmospheric
radiative cooling (enhancing the cooling in subsiding areas and reducing it in convective
areas), which could lead to enhanced convective aggregation.

Given the implications that a dependence of convective aggregation on temperature
may have for climate (Sect. 1.1), it is important to verify whether this dependence seen in
some models is confirmed by observations. However, very few studies have investigated
this issue so far. Long time series of convective aggregation indices have now been
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produced (e.g., Tobin et al. 2012; Tan et al. 2015), but they have not been analyzed in this
perspective yet.

What has been investigated, on the other hand, is the temperature dependence of various
large-scale organized convective phenomena that share many characteristics with con-
vective aggregation in idealized models. One of these is the MJO, which likely represents a
very large-scale manifestation of convective aggregation in the tropics (Khairoutdinov and
Emanuel 2010; Arnold and Randall 2015). There is modeling evidence that MJO activity
increases when the climate is warming (e.g., Caballero and Huber 2010; Arnold et al.
2015), though MJO-like behavior has been found even at temperatures as cold as 1°C
(Pritchard and Yang 2016); this finding of increased MJO activity with increased SST in
models is qualitatively consistent with observations that suggest linear increases in the
intensity and number of MJO events over the last 50 years (Jones and Carvalho 2006).

Tropical cyclones likely constitute another spectacular manifestation of convective
aggregation. But unfortunately, no such consistency has yet been reached between their
modeled and observed behavior with temperature. Idealized RCE simulations performed in
a rotating framework suggest that the number of tropical cyclones decreases as surface
temperature rises, while their intensity and precipitation rate increases (Nolan et al. 2007;
Held and Zhao 2008; Khairoutdinov and Emanuel 2013). Climate projections made with
general circulation models also suggest such a tendency, although the relationship between
tropical cyclones and temperature very much depends on the metrics used for warming
(Knutson et al. 2013). On the observational side, however, trends in tropical cyclones and
their relationship to temperature remain elusive (Stocker et al. 2013). This is partly due to
the limited availability and quality of long-term historical records, but also to the large
number of global and regional factors that influence the occurrence and intensity of tropical
cyclones. In particular, it is difficult to disentangle a trend associated with global warming
from records which are either too short or associated with an insufficient geographical
sampling. Another source of complication stems from the fact that tropical cyclone activity
does not only depend on absolute surface temperature: it is also affected by factors such as
the temperature difference between the surface and the tropopause (Emanuel 1987), the
local surface temperature relative to the tropical mean (Lin et al. 2015), the wind shear and
mid-tropospheric humidity (Tang and Emanuel 2010), and the upper ocean stratification
(Emanuel 2015), and these factors are strongly modulated by the decadal to multi-decadal
natural climate variability.

To confirm or refute modeling inferences regarding the temperature dependence of
convective aggregation, another approach consists of using observations to test the phys-
ical processes that contribute to this dependence in models. One such process is the
reduction of the anvil cloud amount as the climate warms (Bony et al. 2016). Some
observational studies suggest that, on average over the tropics, the anvil cloud amount
decreases as the surface temperature increases (Zelinka and Hartmann 2011; Igel et al.
2014) as shown in Fig. 9 reproduced from Igel et al. (2014), but other studies do not find
strong evidence for such a relationship (Stein et al. 2017). These differences may result
from methodological differences: in contrast with other studies, Stein et al. (2017) consider
the dependence of anvil cloud amounts on surface temperature for given precipitation and
large-scale forcings, which amounts to comparing situations having a fairly similar con-
vective mass flux, and therefore a weaker change in anvil cloud amount with temperature.
Also, Stein et al. (2017) and Igel et al. (2014) are only comparing local SSTs colocated
with specific cloud scenes, whereas the reduction of anvil cloud amount with warming may
be more sensitive to the tropical mean SST, which is the metric used in Zelinka and
Hartmann (2011). And Igel et al. (2014) study anvil cloud per individual cloud object, not
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total anvil fraction, but Stein et al. (2017) find that SCAI values increase with SST,
meaning that there are more (and smaller) anvil cloud clusters for warmer SSTs, which
could cancel out effects of smaller anvil size per cluster. Additional methodological dif-
ferences may also contribute to these conflicting results, and they will have to be clarified.

More generally, several methodological issues complicate attempts to investigate the
relationship between temperature and convective aggregation in observations. First, unlike
idealized modeling studies forced by uniform boundary conditions, the Earth’s climate is
associated with gradients in surface temperature which strongly influence large-scale
vertical motions in the tropics. As is widely recognized, at the regional scale clouds and
convection are much more influenced by the large-scale atmospheric circulation than by
local surface temperature (Hartmann and Michelsen 1993; Bony et al. 1997). For this
reason, relationships between convective aggregation and surface temperature derived
from regional investigations do not necessarily reflect an intrinsic dependence of aggre-
gation on temperature. Second, there is abundant evidence that the relationship between
temperature and water vapor or clouds can differ on short versus long time scales (e.g.,
Dessler 2010). Relationships inferred from observed climate variations on seasonal or
interannual time scales may thus differ from the temperature dependence of convective
aggregation on decadal time scales and under long-term climate change. Recent results
suggest that this might also be the case for coupled RCE simulations (Coppin and Bony
2017), although the extent to which this result applies to other models remains unknown.
Finally, models suggest that convective aggregation can behave very differently in cold
and warm climates. For instance, Abbot (2014) predicted stronger convective aggregation
on a Snowball Earth than in the modern climate, but observations of clouds and convection
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are only available for a limited time period and thus for a very narrow range of surface
temperatures. To explore possible changes in convective aggregation in more drastically
different ranges of temperature, one must consider paleoclimatic changes using proxy data.
Techniques of paleotempestology offer opportunities to reconstruct tropical cyclone
activity at different periods of the past and for a range of time scales (e.g., Liu and Fearn
2000; Donnelly and Woodruff 2007) and could be very useful for this purpose. The
isotopic composition of water is very sensitive to the organization of convection (e.g.,
Lawrence et al. 2004; Risi et al. 2008), and therefore long-term isotopic records (as well as
recent satellite observations of water isotopes) could be used to explore changes in con-
vective organization with climate.

5 Future Observational Aspirations

Much remains to be done in terms of observing convective aggregation. Using satellite
observations, the variability of aggregation at different time scales could be investigated, as
well as its relationship to local and remote surface and atmospheric conditions. Besides
this, it would be nice to investigate whether the physical mechanisms found to play a role
in the initiation of aggregation in models can also be observed in nature. For instance, is
there evidence for the formation of radiatively driven cold pools in the dry areas of the
tropics? Will future space missions such as the ADM-Aeolus wind lidar mission (Reite-
buch 2012) help observe the interplay between low clouds and shallow circulations in the
vicinity of deep convection? Will they help us observe radiatively driven cold pools? Can
we observe signs of convective self-aggregation? To address these questions, one may
analyze observations from field experiments such as those collected during AMIE/
DYNAMO in the Indian ocean (Feng et al. 2015) or in the tropical Atlantic as part of the
NARVAL-EUREC*A campaigns (Stevens et al. 2015; Bony et al. this issue). One may
also think of organizing a field campaign specially dedicated to these questions.

The ISSI workshop in February 2016 on “Shallow clouds and water vapor, circulation
and climate sensitivity” brought together scientists using numerical simulations to study
convective organization with scientists at the forefront of observational work, including
experts on remote sensing of clouds and their environment. In this section, we present
some perspectives on novel approaches to using satellite data to observe convective
aggregation and the processes discussed above. Another paper (Lebsock this issue) also
presents some promising new work along these lines using CloudSat and other A-Train
satellites, complementing work by Stein et al. (2017). We also propose another possible
way forward using a ground-based observational network.

5.1 Evolution of Convective Organization Using Satellite Data

The physical processes of convective self-aggregation involve a range of elements from the
dynamics of convective systems to the thermodynamics of their rain-free environment. In
this section, we review recent work with unique ideas of exploiting the existing satellite
capability to study precipitating cloud systems and the surrounding atmosphere. The
potential utility of such satellite observations in addressing different aspects of convective
self-aggregation is also discussed.

The variability in the large-scale atmospheric state associated with a life cycle of
convective systems has been examined with a suite of satellite measurements by Masunaga
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(2012) and several subsequent papers. Since the sporadic nature of low-Earth orbiting
(LEO) satellite overpasses with high-inclination orbits makes it difficult to continuously
monitor subdaily scale variations, the variability is statistically reproduced by projecting a
large number of snapshots obtained from multiple LEO satellites onto a composite time
series. For instance, temperature and humidity profiles from the Atmospheric Infrared
Sounder (AIRS) aboard the Aqua satellite are combined with the Tropical Rainfall Mea-
suring Mission (TRMM) Precipitation Radar (PR) so that the evolution of the ambient
sounding is constructed over the hours before and after convection develops (Masunaga
2012).

Masunaga (2013) applied water and heat budget analysis to this composite time series.
The moisture and MSE (denoted by /) budget equations integrated vertically over the
troposphere are:

S+ (T =E-P (n

and

%(h) + (V- hv) =S+ L,E + (Qr), (2)
where (- - -) designates the vertical integral over the whole troposphere, the overbar denotes
horizontal averaging over a large-scale [O(100 km)] domain, g is specific humidity, v is
horizontal wind, E is surface evaporation, P is surface precipitation, S is surface sensible
heat flux, L, is the latent heat of vaporization, and Qg is the radiative heating rate. Each
term on the rhs of (1) and (2) is available from satellite observations and the tendency term
on the lhs is evaluated from the composite time series, leaving as the only unknowns the
second term of (1) and (2), that is, the horizontal convergence of moisture and MSE
convergence. The vertically integrated moisture and MSE convergences, although not
directly measurable from satellites, are instead derived as the residual in the budget
equations. Note that the quantities calculated for these equations could also be used to
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Fig. 10 Satellite-derived moisture and MSE budget parameters in composite time series associated with the
development and dissipation of convection. a Moisture convergence (shaded), surface precipitation (solid
line), and surface evaporation (dotted line) for the organized system regime, b as in a but for the isolated
cumulus regime, ¢ MSE convergence (light-shaded), radiative heating (heavy shaded; red where positive
and blue where negative) on the top of MSE convergence, surface heat flux (dotted line) for the organized
system regime. d As in ¢ but for the isolated cumulus regime. All parameters including precipitation and
evaporation are plotted in energy flux units (W m~2)

Reprinted from the journal 52 @ Springer



Surv Geophys (2017) 38:1199-1236

calculate the diabatic terms of the MSE spatial variance budget from Wing and Emanuel
(2014) as suggested in Sect. 2.4.

Figure 10 shows the composite evolution of different budget terms for both the “or-
ganized system” and “isolated cumulus” regimes. These two regimes are separated by
applying different thresholds to the areal coverage of TRMM-detected precipitation cells
(i-e., <25% for isolated cumuli and >50% for organized systems), aimed at delineating the
elements of atmospheric thermodynamics that are favorable or unfavorable for convective
organization (Masunaga 2014). The primary moisture source of precipitation is moisture
convergence during hours around the peak convection in the organized system regime
(Fig. 10a), while precipitation nearly balances out the local moisture supply from surface
evaporation in the isolated cumulus regime (Fig. 10b). In both the regimes, evaporation
stays almost constant over time at ~ 100-150 W m~2, which suffices to produce modest
rainfall from isolated cumuli but needs to be supplemented by a large dynamically driven
import of moisture to feed organized systems.

The dynamics specific to organized convective systems is illustrated in light of the MSE
budget (Fig. 10c), where MSE convergence stays overall negative but nearly vanishes to
zero as convection intensifies (discussed in detail by Masunaga and L’Ecuyer 2014). The
zero MSE convergence, or neutral gross moist stability (GMS), implies that the import of
moisture is just large enough to drive the large-scale adiabatic ascent and hence allows a
self-sustaining growth of convection (Masunaga 2014). In the isolated cumulus regime
(Fig. 10d), MSE convergence vanishes as in the organized system regime but the enhanced
radiative cooling, owing to reduced high clouds, appears to work against the further growth
of convection that could otherwise occur.

Note that the composite time series above are not to be interpreted as convective self-
aggregation itself being in progress. Idealized simulations demonstrate that convective
self-aggregation proceeds over a week or two (Tompkins 2001) or a few months
(Bretherton et al. 2005; Wing and Emanuel 2014), which is a time scale substantially
longer than the life cycle of individual convective systems (a few days at most) as depicted
in Fig. 10. The isolated cumulus regime and organized system regime, if put into the
context of self-aggregation, may be each a representation of the states before and after the
self-aggregation takes place (or outside and inside the area of aggregated convection).
From this perspective, the convective self-aggregation could be considered as a “phase
transition” from the isolated cumulus regime to the organized system regime. Figure 10c,
d suggests that a key role in the transition, if it occurs, would be the magnitude of radiative
cooling, which is in line with idealized simulations (Muller and Bony 2015) and theories of
convective self-aggregation (Emanuel et al. 2014). This hypothesis may be tested by
separating the composite analysis among different degrees of convective aggregation
using, for example, SCAI (Tobin et al. 2012). With the other environmental conditions
such as SST being equal, a set of composite time series constructed with different SCAI
values would provide an observational test bed to examine the self-aggregation processes
in the context of moisture and thermal budgets. This would be an interesting line of
research to pursue in the future.

5.2 Spaceborne Cloud Radar Approaches
Novel analyses of newer satellite assets that have not traditionally been applied to study

convection may offer potential for advancing our understanding of the coupled radiative
and hydrological responses to convective aggregation. There is growing acceptance of the
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utility of spaceborne cloud radars, in particular, for characterizing the distribution, internal
structure, spatial organization, updraft intensity, and radiative environments of convection.
New methods for discriminating precipitating scenes, isolating convective cores, and
profiling radiative fluxes and heating rates both within cloud and in the adjacent cloud-free
pixels are becoming sufficiently mature to shed new light on the coupled energy and water
cycle impacts of convective aggregation (Haynes et al. 2009; Lebsock and L’Ecuyer 2011;
Henderson et al. 2013; Matus and L’Ecuyer 2017).

Igel and Heever (2015), for example, used CloudSat observations to establish a quan-
titative link between the area of convective anvils and the associated convective cores.
Unlike previous studies that relied on coarser or less direct methods for identifying con-
vective updrafts, the high sensitivity and relatively high spatial resolution of the CloudSat
Cloud Profiling Radar (CPR) provide an unambiguous means of discriminating precipi-
tating and non-precipitating pixels with associated ice cloud area and vertical structure
from a single sensor. Examining nearly 5 years of CloudSat observations over the tropical
oceans, Igel et al. (2014) and Igel and Heever (2015) demonstrate that anvil widths sys-
tematically decrease while anvil temperatures become colder with increasing SST, as
discussed in Sect. 4. In addition, the width of associated cloud object pedestals (the cloud
shapes at the base of the anvils) decreases with increasing SST. These findings could be
consistent with a trend toward more aggregated convection over warmer oceans, though it
should be noted that, as discussed in Sect. 4, these studies look only at anvil size per cloud
object, not at total cloud area or how individual cloud objects are spatially distributed.
Furthermore, these studies do not explicitly control for precipitation intensity or divide
observations into different large-scale circulation regimes, and they look at local SST
rather than tropics-wide SST. Stein et al. (2017) use CloudSat-CALIPSO data to link cloud
amount to aggregation, showing larger areas of anvil cloud and less low cloud in regions
with less large-scale aggregation for a given large-scale rain rate, although they find less
dependence of anvil fraction on (local) SST as discussed in Sect. 4.

The greatest potential of cloud radar observations for advancing theories of convective
aggregation may, however, reside in recent efforts to infer internal dynamics and related
processes (Luo et al. 2010; Nelson et al. 2016). As convection evolves to a more aggre-
gated state, there is reason to anticipate that convective buoyancy and entrainment rates
will change owing to the reduced convective area and cloud lateral boundaries. Luo et al.
(2010) used the difference between cloud top temperature (CTT) and that of the ambient
environment at the radar-defined cloud top height (CTH) to estimate convective buoyancy
and entrainment rates in individual convective systems. CloudSat reflectivity observations
effectively remove the ambiguity between cloud top temperature and height, allowing
buoyancy to be estimated by comparing the observed CTT to the temperature at the CTH
in the environmental sounding. Entrainment rates are then estimated through iterative
application of an entraining plume model to obtain the best match with observed storm
vertical structure. Luo et al. (2010) paint a familiar picture of tri-modal tropical convection
made up of shallow, mid-level congestus, and deep convective modes (e.g., Johnson et al.
1999) but further characterize the composite dynamic processes within each mode. Nearly
all deep convection has negatively buoyant cloud tops and smaller entrainment rates while
congestus can be separated into distinct “transient” and “terminal” modes with positive
and negative buoyancy (smaller and larger entrainment rates), respectively.

Given the challenges associated with directly observing the time evolution of convec-
tive cloud structures on the scales required to observe convective aggregation, it may be
argued that composites of such observation-based estimates of dynamic and thermody-
namic processes will be key to testing model-based inferences regarding the driving
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processes. It is very likely, for example, that transitions from scattered to aggregated states
of convection will be accompanied by a shift in the relative frequencies of convective
states, leading to corresponding changes in domain-mean buoyancy and entrainment rates
that may be measured through a similar approach. While Luo et al. (2010) do not char-
acterize the properties of shallow convection, recent work has demonstrated that evapo-
ration and condensation rates in shallow convection can also be inferred from cloud radar
observations, offering the potential to further address the role of shallow convection in the
transition from isolated to aggregated convection (Nelson et al. 2016).

Spaceborne cloud radar observations also offer potential for testing hypothesized
feedbacks and energy and water cycle impacts of convective aggregation. Luo et al. (2014)
use time-differenced infrared brightness temperatures to relate cloud top vertical velocities
to convective mass transport and precipitation efficiency, two central physical character-
istics linking the causes and effects of convective aggregation. They demonstrate that
stronger updrafts correlate with higher precipitation echo-tops, increased convective mass
fluxes, and heavier rainfall throughout the tropics. While these studies do not definitively
test emerging theories concerning convective aggregation, they attest to the maturity of
novel process-related datasets from cloud radar observations and suggest that pursuing new
ways of integrating spaceborne cloud radar into future studies of convective aggregation is
warranted.

5.3 Feasibility of a Ground-Based Observational Network

Simulations of convective aggregation have shown that there is a marked difference in the
water vapor profiles in the dry and moist regions (Fig. 4), and the longwave radiative
heating difference between the two regions (Fig. 5) results in an up-gradient flow just
above the boundary layer that works to further enhance this moisture gradient (Sect. 2).
This characteristic difference between dry and moist regions is an important indicator of
aggregation, and therefore something that a field experiment could target. In this section,
we discuss the feasibility of such an experiment (for instance as part of a field campaign)
using currently available ground-based instruments.
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Fig. 11 Water vapor mixing ratio profiles from a dry (black) and moist (gray) region of an RCE simulation
(at day 30) where convective aggregation occurred (/eft), and the corresponding longwave radiative heating
rate profiles computed using the RRTM (right). The error bars on the heating rate profiles were computed
by propagating the uncertainties in the Atmospheric Emitted Radiance Interferometer (AERI) retrieved
profiles through the RRTM
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An example of water vapor profiles from the dry and moist regions in a simulation of
aggregation from Muller and Bony (2015), along with longwave radiative heating rates in
cloud-free scenes computed using a radiative transfer model (RRTM; Mlawer et al. 1997),
are shown in Fig. 11. The differences in the shape of the water vapor profiles result in an
extra 2 K day~! clear-sky longwave cooling in the boundary layer. This boundary layer
cooling will be enhanced if there are shallow liquid water clouds at the top of the boundary
layer; cumulus are often seen in the dry regions of simulations that show aggregation.

The challenge of any field experiment that aims to investigate the results shown by
numerical simulations of convective aggregation is the ability to observe water vapor
profiles, especially in the boundary layer, with the needed accuracy to yield significant
differences in the computed radiative heating rate profiles (cf. Stevens et al. this issue).
Many different boundary layer thermodynamic profiling technologies are currently being
used; Wulfmeyer et al. (2015) provides a review of these instruments. Satellite sensors
have difficulty observing the thermodynamic structure of the boundary layer, especially if
there are clouds in the scene; the limitations of satellite observations of water vapor also
affect reanalyses (Pincus et al. this issue). Thus, a network of multiple ground-based
remote sensors distributed over some area is the best option if a long duration dataset is
desired to observe the processes that lead to convective aggregation.

Of ground-based sensors, active remote sensors like water vapor Raman lidar and
differential absorption lidar (DIAL) have a special appeal because of their vertical reso-
lution and accuracy. However, there are no commercially available water vapor Raman
lidars or DIALS, and thus any network of lidars would consist of systems from multiple
research groups where each lidar would have its own sensitivity and uncertainties that may
make the analysis of a network of these datasets more challenging. However, there are
commercially available microwave radiometers and infrared spectrometers, and thus a
network composed only of one of these types of instrument would be homogeneous and
potentially easier to analyze.

Passive remote sensors like microwave radiometers and infrared spectrometers observe
radiance, and retrieval algorithms are needed to derive thermodynamic profiles from these
observations. Several studies have investigated the accuracy and information content of
these retrieved profiles. Lohnert et al. (2009) used an instrument system simulation
experiment to demonstrate that infrared spectrometers such as the Atmospheric Emitted
Radiance Interferometer (AERI, Knuteson et al. 2004a, b) have 2—4 times more infor-
mation on both the temperature and water vapor profile than microwave radiometers,
which leads to improved accuracy in the AERI-retrieved profiles under clear-sky condi-
tions. Blumberg et al. (2015) and Weckwerth et al. (2016) both confirmed that the AERI-
retrieved water vapor profile was more accurate than microwave radiometers below cloud
base or in cloud-free scenes using real observations.

A natural question is: Do the AERI retrievals have the sensitivity to distinguish between
the longwave radiative cooling rate profiles in the dry and moist columns seen in con-
vective aggregation scenarios? If so, then the AERI would be a good choice to include in
any ground-based network that is established to study convective aggregation from
observations. The AERI retrieval algorithm developed by Turner and Lohnert (2014),
which is able to retrieve lower-tropospheric thermodynamic profiles in both clear and
cloudy conditions, provides a complete error covariance matrix for each retrieval. Ther-
modynamic profiles derived from a Monte Carlo sampling of this error covariance matrix
were used to derive the RRTM to compute cloud-free longwave radiative heating profiles,
and the 1 — ¢ uncertainties at each level are shown in Fig. 11 (right). This demonstrates
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that the AERI has the accuracy to determine the radiative heating rate profiles in the two
clear-sky scenes. However, in moist convective regions, where clouds are numerous and
can dominate radiation fluxes, a combination of AERI and microwave radiometer retrievals
may be desirable to ensure sufficiently accurate humidity profiles (Lohnert et al. 2009;
Turner and Lohnert 2014). Furthermore, low clouds in the dry region contribute signifi-
cantly to self-aggregation in numerical simulations, so it would also be desirable to
measure vertical profiles of cloud water. This would enable a calculation of the total
radiative heating rate profiles. Cloud radars are the only type of instrument capable of this
type of measurement, but are likely prohibitively expensive to deploy in a network as
proposed here. A first step could be the deployment of ceilometers, which are a standard,
relatively inexpensive, autonomous, weak lidar used primarily at airports to determine
cloud base height.

A main strength of microwave and AERI measurements is their ability to measure
vertical profiles of moisture. If deployed in a network, the profilers in combination also
provide spatial context. A further extension integrates the surface-based measurements
with a satellite view of the CWV, thereby more fully interrogating the moisture budget
expressed in (1) (Hannah et al. 2016). The satellite can also be integrated with satellite-
derived perceptions of the precipitation and cloud distribution, while the surface-based
network provides further information on low clouds not easily detected from space and fills
in measurements in-between satellite overpasses, so that a rich, dense, three-dimensional
construction of a moisture field can be constructed that is large enough to encompass both
dry and moist regions. A remaining difficulty may be the typically short time spans for a
field deployment, muddying an interpretation of self-aggregation from data. Nevertheless,
high-resolution large-domain simulations coincident with such field observations, and
combined with observed surface fluxes and top-of-atmosphere radiative fluxes, will inspire
a deeper confidence in the theory of self-aggregation derived from RCE simulations and
help determine the relative importance of contributing processes.

6 Conclusions

Observing convective organization is not a new pursuit, as evidenced by the literature
review in this paper. But as we learn more about how convection clumps in idealized
models, there are new opportunities to formulate theories of fundamental convective
processes and test them (or at least gauge their plausibility) using observations. Models can
also be used at more realistic configurations to form a bridge between idealized simulations
and observations, and to help us better frame observational studies.

Insights from idealized simulations are already raising many new questions about how
the climate interacts with convective organization. But some findings are dependent on
model setup or formulation, and the few existing observational studies of aggregation are
not completely consistent with each other or with some model findings—we encourage
recent efforts to organize an intercomparison of RCE in models over a range of com-
plexities and configurations to help resolve these discrepancies. There is agreement
between models and observations that, as convection becomes clumped into fewer moist
regions, the subsidence regions become drier, resulting in a drier large-scale mean envi-
ronment. This drying, and a reduction of upper-tropospheric stratiform cloud, leads to
larger OLR and stronger atmospheric cooling. However, how aggregation and its effects
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interact with local SST on short time scales and with tropics-wide SST on long time scales
is still uncertain in both models and observations, as discussed further below.

Initiation processes, such as radiatively driven cold pools and related shallow over-
turning circulations, are one obvious observational target. Maintenance processes may be
even easier to study in observations, since they can be studied in heterogeneous conditions
more typical of convection in nature. There are already links between convective self-
aggregation processes in models and observed phenomena such as the MJO and tropical
cyclones, with feedbacks involving convection, clouds, moisture, radiation, and surface
fluxes being important. In fact, the difficulty of global weather and climate models to
simulate these phenomena may be related to problems with those models’ ability to
simulate aggregation processes, as mentioned in Wing et al. (2017).

Time scales are longer in idealized self-aggregation from homogeneous conditions than
typical time scales of observed growth of organized mesoscale convection, but we have
argued that this does not mean that idealized processes are not relevant for real organized
convection. This is because time scales vary a lot in idealized models, and exponential
growth implies shorter effective time scales when starting from already existing organi-
zation as is often found in nature. Furthermore, although the real world certainly contains
additional processes that can organize or disorganize convection (such as those reliant on
coastlines and orography), and these may dominate where they are faster or stronger than
self-aggregation processes, these are likely to be concentrated in particular regions and at
particular (especially smaller) space and time scales. This means that self-aggregation
processes may be favored in other regions and, perhaps, on larger spatial scales, and they
are still likely to be relevant for many phenomena and for climate. Feedbacks allowing for
the maintenance of idealized aggregation may also be important for maintaining organized
convection in nature, since disaggregation time scales are relatively short when longwave
radiation feedbacks are turned off in idealized simulations.

Some preliminary new findings show that an idealized simulation with elongated
channel geometry has a more realistic representation of atmospheric humidity than a
simulation with a square domain, which has too broad distribution of humidity and is too
dry in the driest regions when compared with radiosonde records from Nauru. This is an
example of how observations may be used to discriminate between different model con-
figurations and address concerns that may otherwise cast doubt on the relevance of
aggregation studies in general. Determining the reason for the difference in humidity
between these two model configurations is beyond the scope of this paper, and some
caution should be exercised when interpreting these results until the reasons and their
relationship to physical processes are better understood, since it is possible that the channel
simulation gets the “right answer for the wrong reason”. However, possible reasons for
these humidity differences include differences in wind speed caused by stronger over-
turning circulations in the channel simulations, the development of slightly stronger mean
wind and wind shear in the channel simulations, or interactions between large-scale cir-
culations and multiple convective regions causing increased proximity and mixing between
moist and dry regions.

Recent work has underlined the potential importance of the sensitivity of aggregation
processes to SST and climate change. There are exciting new processes being proposed,
such as the “stability-iris” effect (Bony et al. 2016) that predicts smaller anvil fractions in
a warmer climate. We are gaining an understanding of how organized convection and
climate change may interact, but new questions are being raised about the fidelity of our
models. The ability to represent both large-scale circulations and convective processes
adequately is still a challenge for idealized models, and the effects of more complex
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processes such as ocean coupling are only beginning to be explored. There are also
challenges in using observations of the recent past to test model behavior in both idealized
and more realistic simulations of projected future climate. Specifically, we lack long
observational records, and studies of regional snapshots or individual cloud elements over
short time periods may not scale up to tropics-wide behavior on long time scales. There are
also differences in the SST dependence of initiation processes versus maintenance pro-
cesses in idealized self-aggregation which need to be further explored in both models and
observations. But the problem of aggregation in a warming world is an important one and
deserves a sustained research effort.

In addition to encouraging the continuing endeavor of confronting self-aggregation
processes with observations in general, we have proposed several specific lines of work
which appear promising. These include:

existence, formation, and structure of radiatively driven cold pools

MSE spatial variance budget analysis

particle tracing back to last saturation (model and observations)

radiosonde time scale analysis

changes in satellite-observed aggregation state and anvil fraction over last few decades
(and further investigation of sensitivity to SST)

paleotempestology using long-term isotopic records

satellite analysis of link between water vapor isotopes and aggregation
multiple-satellite temporal evolution of MSE budget for aggregated convection
spaceborne radar to infer convective processes

ground-based observational network

While this list is a good start, there are surely other opportunities to further our knowledge
of aggregation processes in idealized models using observations. And as the field advances,
there will be more ideas to test and explore. We hope the work reviewed and proposed here
is the beginning of an exciting new engagement between modeling and observational
studies of organized convection.
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Abstract Data from several coincident satellite sensors are analyzed to determine the
dependence of cloud and precipitation characteristics of tropical regions on the variance in the
water vapor field. Increased vapor variance is associated with decreased high cloud fraction
and an enhancement of low-level radiative cooling in dry regions of the domain. The result is
found across a range of sea surface temperatures and rain rates. This suggests the possibility of
an enhanced low-level circulation feeding the moist convecting areas when vapor variance is
large. These findings are consistent with idealized models of self-aggregation, in which the
aggregation of convection is maintained by a combination of low-level radiative cooling in dry
regions and mid-to-upper-level radiative warming in cloudy regions.

Keywords Convective aggregation - Radiation - Water vapor - Satellite - Observations

1 Introduction

Radiative-convective equilibrium, in which heating of the atmosphere by moist convection
and precipitation balances radiative cooling, is an idealization of the Earth’s tropical
atmosphere that neglects advective energy transport. Over a uniform surface, and in
domains large enough to contain many convective elements, the null hypothesis would be
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that convection in radiative-convective equilibrium would be distributed roughly uni-
formly throughout the domain. It has been known for more than 20 years, however, that
convection in numerical model simulations of radiative-convective equilibrium frequently
gathers itself together, increasing in spatial scale until, under many circumstances, the
entire domain contains only a single region of convection (Held et al. 1993; Bretherton
et al. 2005; Stephens et al. 2008; Wing and Emanuel 2014; Tompkins and Craig 1998). The
phenomenon of convective ‘self-aggregation’ was originally noted in cloud-resolving
models in which deep convection is explicit (Held et al. 1993; Bretherton et al. 2005;
Stephens et al. 2008; Wing and Emanuel 2014) but it also appears in global models (Bony
et al. 2016; Shi and Bretherton 2014; Reed et al. 2015; Coppin and Bony 2015) in which
convection is parameterized.

Self-aggregation has primarily been found to occur in simulations with warm Sea
Surface Temperatures (SST) with a possible SST threshold below which aggregations does
not occur (e.g., Wing and Emanuel 2014). A precise threshold remains elusive: Self-
aggregation has been simulated at SSTs less than 300 K (Wing et al. 2016; Holloway and
Woolnough 2016) and there are even simulations with an upper SST bound above which
self-aggregation does not occur (Wing and Emanuel 2014). While studies have consistently
found a relationship between temperature and self-aggregation, there is not a consensus on
the specific nature of this relationship. The remainder of this paper will address aggregation
in warm SST environments with the caveat that the phenomena may have broader
applicability.

Models show that in a fully aggregated state, the atmosphere consists of a few very
moist regions containing strong convection and a much larger dry, subsiding region. The
contrast in humidity between dry and moist regions is strong so that the variance of the
moisture field increases with the degree of aggregation (Bretherton et al. 2005; Wing
et al. 2016). High clouds are less frequent in aggregated states, allowing increased
longwave (LW) radiative cooling to space. The precise details of convectively aggre-
gated states are still being explored (Muller and Bony 2015) but the frequent finding that
aggregation increases with sea surface temperature suggests a stabilizing feedback on
climate reminiscent of the ‘Iris hypothesis’ (Lindzen et al. 2001), albeit through dif-
ferent mechanisms than originally proposed (Mauritsen and Stevens 2015; Bony et al.
2016).

The degree to which the self-aggregation of convection is relevant to the Earth’s
atmosphere is not entirely clear. As reviewed carefully by Holloway et al. (2017; this
issue), the organization of convection has been thought of for many years as being inti-
mately linked to mesoscale systems organized by gravity and other convectively coupled
waves (e.g., Mapes 1993) or large-scale circulations. The Earth’s atmosphere does exhibit
some characteristics of convective self-aggregation, including the tendency of more
organized atmospheres to have lower humidity in clear areas, reduced domain-mean high
cloudiness, and increased low cloudiness in non-convective areas, with corresponding
impacts on surface and radiative fluxes (Tobin et al. 2012; Stein et al. 2017; Tobin et al.
2013).

As the mechanisms responsible for self-aggregation in radiative-convective equilibrium
become more robustly understood, observational tests focusing on those mechanisms
become possible (see Holloway et al., this issue; Bony et al., this issue). Here, we expand
on the relatively small literature (Tobin et al. 2012, 2013; Stein et al. 2017) examining how
the structure of the atmosphere, and the clouds embedded in it, depends on the degree of
organization. We exploit a range of colocated observations from the A-Train satellite
constellation (Stephens et al. 2002; L’Ecuyer and Jiang 2010) to identify aggregated states
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in the tropical atmosphere and examine the cloud, precipitation, and radiative structure of
these states. We use a new measure of organization based on the spatial variability of the
water vapor field. The richness of the observations allows us to identify the circumstances
under which aggregation is most frequent and to disentangle the effects of aggregation and
mean environmental conditions on the cloud and humidity structure of the atmosphere. We
emphasize the important distinction between the observed aggregation that is influenced by
external forcing and the idealized concept of self-aggregation, which occurs in the absence
of large-scale forcing. The results of this paper must be interpreted with the understanding
that these are distinct phenomena.

2 Characterizing Aggregation in Clouds and Their Environment
2.1 Observations from the A-Train

We use data products from the A-Train constellation (Stephens et al. 2002; L’Ecuyer and
Jiang 2010). These sensors include the Advanced Microwave Scanning Radiometer for
EOS (AMSR-E), the Moderate resolution Imaging Spectroradiometer (MODIS), CloudSat,
and CALIPSO. AMSR-E data is available from June 2002 to October 2011 when the
instrument spun down. MODIS cloud data is used during this same period. CloudSat/
CALIPSO data was used from the period June 2006 to February 2011. All the observations
are nearly instantaneous snapshots as opposed to daily average quantities. Results that
contain CloudSat/CALIPSO data use the 2006-2011 epoch, whereas results that do not use
CloudSat/CALIPSO data use the full A-Train period.

Here, we use Column Water Vapor (CWV) from the AMSR-E sensor (Kawanishi et al.
2003) derived from the version 7 Remote Sensing System algorithms (Wentz and Meissner
2000, 2007). The CWV has an expected precision of 1 kgnfz. The data product is
available over ocean surfaces on a 0.25° daily grid with the ascending orbital nodes
separated from the descending orbital nodes.

Surface Rain Rate (RR) data are also derived from the AMSR-E sensor using the
version 2 Goddard Profiling (GPROF) algorithm (Kummerow et al. 2011). Like the CWV
data, the RR is available on a 0.25° daily grid with the ascending orbital nodes separated
from the descending orbital nodes.

Cloud data are taken from the collection 5.1, Level 3 Aqua MODIS products. We use
the Cloud top pressure (CTP) histograms in the Level 3 products, which are separately
stored for ascending and descending nodes (Cloud_Top_Pressure_Day_Histogram_Counts
and Cloud_Top_Pressure_Night_Histogram_Counts). The CTP histograms bin the
observed cloud counts as a function of 11 bins in 100 hPa increments from the surface to
the top of the atmosphere. In addition to the histogram, we use the CTP counts
(Cloud_Top_Pressure_Day_Pixel_Counts and Cloud_Top_Pressure_Night_Pixel_Counts)
variable in order to calculate cloud fractions from the histograms.

Cloud occurrence profiles are derived from the release-04 2B-Geoprof-Lidar product
(Mace et al. 2009) which combines the CloudSat radar cloud mask (Marchand et al. 2008)
with the CALIPSO lidar cloud mask (Vaughan et al. 2009). These data are stored on
granules that correspond to single orbits; nadir-only sampling means that there is no
overlap between the ascending and descending observations.

Precipitation incidence is used from the release-04 CloudSat 2C-Precip-Column product
(Haynes et al. 2009; Smalley et al. 2013). Surface rain incidence is defined using the
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Precip_flag variable = 3, which corresponds to certain precipitation and a radar reflectivity
exceeding 0 dBZ at an altitude of approximately 720 m.

Radiative heating profiles are taken from the CloudSat/CALIPSO 2B-Flxhr-Lidar
product (Henderson et al. 2013), which combines meteorological analysis with the cloud
and aerosol profile information from CloudSat and CALIPSO and a dynamic land surface
as input to a radiative transfer model to compute the profile of radiative fluxes at 240 m
vertical resolution. Pixel-level RMS differences between this product and the derived top
of the atmosphere (TOA) fluxes from the Clouds and Earth Radiant Energy System
(CERES) are 5.7 and 16.5 W m ™~ for the longwave and shortwave, respectively. However,
the biases in pixel-scale retrievals are less than 5 W m 2 (Henderson et al. 2013). We use a
modified version of the 2B-Flxhr-Lidar product designed to estimate the diurnal mean
fluxes. This modified product computes the shortwave fluxes using 12 different solar zenith
angles to account for the diurnal precession of the incoming flux. This product does not,
however, account for diurnal changes in the cloud or thermodynamic variables, since they
are not directly observed by the A-Train constellation. The Flxhr-lidar product includes an
estimate of the Cloud Radiative Effect (CRE). The CRE is calculated explicitly by per-
forming the radiative transfer calculation twice: once all sky and once clear sky. The CRE
is then calculated as the difference of the clear-sky calculation from the all-sky calculation.
All fluxes that follow are defined positive downward.

2.2 Characterizing Aggregation in the Water Vapor Field

Observational studies of convective self-aggregation to date (Tobin et al. 2012; Stein et al.
2017; Tobin et al. 2013) have quantified the degree of aggregation based on the degree to
which cold clouds observed with a domain are spatially coherent, and these studies have
also noted that clear areas tend to be less humid when convection is more aggregated. We
invert this logic using a measure of aggregation defined by the inhomogeneity of the
integrated water vapor field. Our motivations are partly practical: Definitions of aggre-
gation based on clouds require processing high volumes of pixel-scale cloud observations,
and cloud observations can be sensitive to the details of the observing system including
sensor resolution, inherent sensitivity, and algorithmic choices (Pincus et al. 2012) while
being subject to much larger high-frequency variability than is vapor. More importantly, it
is useful to understand the degree to which variability in water vapor can exist indepen-
dently of the systematic organization of convection.

We define the degree of aggregation o using the coefficient of variation for water vapor
calculated from the 0.25° data on a 5° twice-daily (day/night) grid,

acwv
e AY ()

where the overbar represents the spatial mean and o is the standard deviation taken over the
grid. All other cloud, precipitation, and radiation data are aggregated to a common twice-
daily 5° grid. The choice of a 5° grid is arbitrary; however, the conclusions drawn herein do
not change when repeating the analysis at 10°. The separation of ascending and descending
nodes is important because it keeps each grid box a semi-instantaneous sample in time.
Pixels identified as land are filtered out of the analysis with no imposed threshold on the
number of ocean pixels that enter each 5° aggregation. The high cloud fraction is calcu-
lated from both the MODIS and CloudSat/CALIPSO data, whereas low cloud fraction is
only derived from the CloudSat/CALISPO data. From MODIS, the high cloud fraction is
calculated using the cloud fraction in the CTP histograms with CTP lower than 400 hPa.
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Similarly, from CloudSat the high cloud fraction is calculated as the fraction of cloud cover
above 7.5 km.

All 5° regions are filtered for SSTs between 300 and 304 K, which include most of the
warmest tropical SSTs. Higher SSTs are infrequent enough that sampling is problematic.
The lower SST bound is motivated by modeling studies that suggest that SSTs over 300 K
are the relevant regime for self-aggregation. We also note that results are robust down to
SSTs of 296 K.

Daily data can occasionally be missing in areas of intense precipitation where high
winds affect surface emissivity and large ice water contents cause scattering of the
emission signal. These missing data points are disregarded in the calculation of the
aggregation. The missing data are most likely the high tail of the CWV distribution and
therefore may introduce some systematic bias in the calculation of «; however, this
influence is somewhat mitigated by the normalization in Eq. 1 as both the standard
deviation and mean will be biased low when data are missing.

Figure 1 shows an example of 1 day’s calculation of the aggregation and related data
products for the ascending (daytime) orbits.

3 Relationships Among Clouds, Humidity, and Aggregation

Our relatively large data set allows us to examine the geographic distribution of aggre-
gation. Figure 2 shows a map of the degree of aggregation, water vapor, and SST over the
period 2002-2011. Aggregation is largest where the gradient of the mean water vapor field
is largest, on the edges of the West Pacific warm pool and the Inter-Tropical Convergence
Zone (ITCZ), suggesting that aggregation, by this measure, is most common in domains
which cover both the ascending and descending regions of either a large-scale or a synoptic
circulation. This geographical distribution is inconsistent with some modeling results
suggesting that aggregation increases with SST although this may be an artifact of the
particular definition of aggregation used here.

Missing CWV retrieval failures might introduce systematic bias in the results that
follow. However, Fig. 3 shows that these failures are rare and relatively evenly distributed
across the range of a. There is a modest maximum in the failure count for o near 3%. The
geographical distribution of failure rate clearly shows that the prevalence of failed CWV
retrievals follows the distribution of precipitation with relative maximum in the ITCZ and
the warm pool. The fraction of missing pixels only exceeds 2% in a handful of poorly
sampled grids. Comparing this distribution to Fig. 2, one cannot find a strong correlation
between the occurrences of high, moderate, or low mean aggregation state with the CWV
failure rate. For example, while both the ITCZ and the warm pool have relatively elevated
precipitation rates and retrieval failure rates, the ITCZ is characterized by large « and the
warm pool by low .

3.1 Cloudiness Depends on Sea Surface Temperature and Aggregation State

One of the most robust features of self-aggregation in idealized simulations is the reduction
in high cloud cover with increased aggregation. This feature appears in our data set,
echoing results from previous observational studies. Figure 4 shows that the MODIS high
cloud cover tends to decrease with increasing aggregation, and results (not shown) using
the CloudSat/CALIPSO data confirm this result. The result is consistent with Stein et al.
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Fig. 1 An example of the data for the ascending orbit of August 04, 2006. The top left panel shows the
0.25° native water vapor fields. All other panels show 5° averaged data for pixels with SST between 300 and
304 K

(2017). That study further finds that the strong dependence of high cloud fraction with
aggregation is largely a function of variations in optically thin cirrus cloud. Note that in
Fig. 3, panel C shows how the mean water vapor varies with «. It is not surprising to see
that CWV decreases with o, contributing to changes in o, since CWV appears in the
denominator of Eq. 1, but these changes in the CWV do not explain the majority of the
variation in o. Therefore, the degree of aggregation is primarily driven by spatial variation
in water vapor, not changes in CWV. We infer that changes in cloud morphology corre-
lated with « are related to changes in the spatial variability of water vapor as opposed to the
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Fig. 2 The left-hand panels show the frequency of occurrence of various aggregation states. Low-
aggregation is defined as < 5%, moderate-aggregation is defined as 5-10%, and high-aggregation is defined
as > 10%. The right-hand panel shows the mean SST, column water vapor, and sample count. Note the
predominance of low-aggregation in the maritime continent with areas of higher aggregation on the
boundaries of the ITCZ and the warm pool

mean water vapor. We can also observe from Fig. 4 panel C that dry states tend to display
a more aggregated state than do moister states which is consistent with the geographical
distributions shown in Fig. 2, which shows a minimum aggregation in the moistest regions.

Figure 5 shows how the vertical profile of cloudiness changes with increases in o (see
also Stein et al. 2017, Fig. 3). Profiles are derived from the CloudSat/CALIPSO data which
only provide a narrow nadir swath within each sample grid box; however, averaged over a
large number of samples, it should provide an unbiased estimate of the mean. This is
evident in the fact MODIS and CloudSat/CALIPSO show the same dependence of high
clouds on o. We see in Fig. 5 that the total cloud cover is a strong function of mean SST
but, for a given SST range, an increase in vapor variability is not only associated with a
decrease in high cloud fraction but also a decrease in mid-level clouds indicating a drying
out of the mid-troposphere, presumably due to a decrease in the convective area fraction.
Smaller changes in the low cloud fraction are observed that depend on the SST. At cooler
SST, the low cloud fraction increases slightly with o, whereas it decreases with o at higher
SST.
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Fig. 3 (top) The distribution of Column Water Vapor (CWYV) retrieval failure rates as a function of the
vapor variability (o). Results for each o bin are normalized such that the sum for each column adds to 100%.
The color scale is logarithmic. Note that for all values of alpha by far the most common occurrence is for a
failure rate of 0. (bottom) The geographical distribution of the CWV retrieval failure rate, which clearly
shows the imprints of the distribution of precipitation

3.2 Cloudiness, Radiative Heating, and Convective Intensity

Figures 1, 2, 3, 4, and 5 mix many different convective states across the aggregation index
o. Might these results be the result of systematic variation in convective activity with the
vapor variance, rather than an indication of the aggregation of convection? To address this
concern, we further stratify our results by the observed rain rate averaged over each
5° x 5° region following the approach of Stein et al. (2017). This admittedly rough metric
for convective intensity is the best available from the A-Train observations. A better
measure of convective area fraction might be gleaned from Global Precipitation Mea-
surement (GPM) mission or Tropical Rainfall Measurement Mission radar observations,
which can identify convective precipitation using the spatial variance of the radar
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Fig. 4 The MODIS high cloud fraction (< 400 hPa), sample count and mean water vapor as a function of
the water vapor aggregation

reflectivity; however, these observations are rarely coincident with the A-Train data used in
this study. The GPM mission includes the GPM Microwave Radiometer (GMI), which has
similar characteristics to the AMSR-E radiometer, so it would be possible to examine GPM
radar observations in terms of the aggregation index defined in this paper.

Figure 6 shows how the mean o depends on both the grid-mean rain rate and SST. There
is a tendency toward larger o with decreases in either SST or rain rate. Thus, stratifying
results by both SST and rain rate is important to determine whether the dependences of
clouds on « are related to variations in « itself or are instead potentially due to correlation
of o with precipitation.

High cloud fraction does indeed decrease with increasing o for each rain rate bin and
each SST (Fig. 7), with the dependence of high cloud fraction on aggregation similar
within each bin. This suggests that the high cloud fraction decreases with o due to
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Fig. 6 The mean vapor variability («) as a function of mean rain rate within a 5° grid box. The error bars
show the standard deviation. While virtually any value of a can be observed for any rain rate or SST value,
there are clear tendencies for alpha to increase with decreasing rain rate and decreasing SST

aggregation of convection, not via a systematic dependence of convective intensity on the
water vapor variance.

Stein et al. (2017) found that low-level cloud fraction increases along with their
aggregation metric. Modeling results also suggest that low-level clouds are crucial for the
onset of convective aggregation and are one of the several processes that help maintain an
established aggregated state (Muller and Bony 2015). Figure 8 shows that the low cloud
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Fig. 7 MODIS high cloud fraction as function of the grid box aggregation, mean precipitation rate, and sea
surface temperature (SST)

fraction as deduced from the CloudSat/CALIPSO data shows increases with alpha, in
agreement with the Stein et al.’s (2017) result. Low cloud fraction decreases with
increasing SST, decreases with increasing rain rate, and low cloud fraction tends to
increase with o regardless of the rain rate or SST bin.

The systematic dependence of the cloud cover on o has a substantial influence on the
cloud radiative effects. Figure 9 shows the result of the aggregation state on the mean
cloud radiative effect at the TOA. As o increases (and high cloud cover decreases), there is
increased domain average longwave emission to space compensated by decreased solar
reflectance. In general, the shortwave effect is larger than the longwave effect. Results are
shown only for the 301-302 K SST bin; qualitatively, similar dependence of the TOA
fluxes is found at the other SSTs. For a given rain rate and SST, therefore, net absorption
by the earth and atmosphere increases with the degree of aggregation o.

The compensation between longwave and shortwave at the TOA implies a redistribution
of heating in the atmospheric column with increased solar heating of the surface and
increased longwave cooling of the atmosphere. Longwave radiative cooling is concentrated
at the effective emission level, which is governed by cloud top and the water vapor scale
height. Indeed, heating rate profiles stratified according to rain rate (Fig. 10) show
increasing low-level cooling of the atmosphere with increased aggregation. As o increases,
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the height of the maximum cooling decreases and the magnitude of the lower tropospheric
cooling increases, each of which supports the LW radiative-convective feedback conjec-
ture whereby enhanced low-level atmospheric cooling with aggregation helps sustain the
aggregated state through positive feedback on the regional circulation.
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Fig. 10 The vertical profile of the CloudSat/CALIPSO diurnal averaged LW heating rate as a function of
the vapor variability

3.3 Does Vapor Aggregation Imply Convective Aggregation?

The results already shown, using a measure of aggregation defined by the water vapor field,
show variations of cloudiness consistent with observations stratified by the connectedness
of clouds themselves, suggesting that large-scale variance of water vapor and the
mesoscale distribution of clouds are tightly linked. In this section, we explore these
relationships more carefully.

We examine differences in the structure of the cloud and radiation fields in the dry and
moist areas by compositing our observations as a function of mean column-integrated
water vapor. Each twice-daily grid box is divided into water vapor octiles, and then cloud
and radiation data are composited as a function of each octile (Fig. 11). This analysis
averages data across the various aggregation states while retaining information of the
covariability of moisture and cloudiness within each domain. Because SST variation across
each 5° box is relatively small, this is analogous to energy-budget analyses used to
diagnose the mechanisms leading to self-aggregation (Bretherton et al. 2005; Wing and
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Fig. 11 Composite view of the LW cooling rate (colors) and cloud fraction (contours) as a function of
vapor octiles averaged over all aggregation states. By definition, the moistest octiles are on the left and the
driest octiles on the right side of the plots

Emanuel 2014; Muller and Bony 2015) although open boundary conditions suggest that
inferring circulations from this stratification is unwise.

Within each rain rate/SST regime, the moistest areas have the highest cloud fraction at
all levels, while the driest show very little cloud in the middle atmosphere and enhanced
low-level cooling. This picture is consistent with modeling results showing preferential
convection in the moist regions that can be maintained (or caused) by an enhanced LW
radiative cooling in the dry region (c.f. Figure 2 in Muller and Bony (2015)).

Aggregated convection might also be expected to lead to more aggregated precipitation.
The hypothesis is tested using a precipitation length scale I, defined as the chord length of
contiguous areas of precipitation, based on precise precipitation incidence flags from
CloudSat (Smalley and L’Ecuyer 2015). On the scale of an individual sample, this chord
length may have a great deal of uncertainty due to the nadir sampling of CloudSat and the
non-isotropic structure of precipitation. We make the assumption that averaged over a
large number of samples, systematic differences in precipitation spatial scale can be
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inferred from the chord-length measurement. Figure 12 contrasts /, in regions with very
aggregated regions (o > 10) with homogenous regions (o < 5). Precipitation length scale
is generally longer in the moistest octile for the o > 10 state than for o < 5, whereas it
tends to be shorter in the other 7 octiles, regardless of SST or rain rate. This would occur if,
for example, rain from convective systems increasingly aggregates in moist regions as
water vapor variance increases. Commensurate with these changes in the character of
precipitation in the moist region is a decrease in the organization in the dry areas, which
may have more isolated shallow convection.
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Fig. 12 The difference in the precipitation length scale (/,) between vapor variance greater than 10% cases
and vapor variance less than 5% cases. In the moistest octile, the aggregated cases tend to have a longer
precipitation length scale, whereas the precipitation length scale is shorter in drier octiles
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4 Summary and Discussion

We have explored the relationships among clouds, precipitation, radiation, and a measure
of the convective aggregation given by the variance in the column water vapor field in
large domains over the tropical oceans. This study was motivated by a number of modeling
studies hypothesizing an increase in convective aggregation with warming SSTs. Cloud
modeling studies of this convective self-aggregation robustly find that the water vapor
variance increases with aggregation of the convection. Over ocean surfaces, column water
vapor is well-measured and relatively continuous. We expect it provides a measure
complementary to the infrared cloud observations that have been employed by previous
observational studies of convective aggregation (Tobin et al. 2012; Holloway, this issue).

In the observations presented here, we see a reduction in the area of high cloud cover
and an associated increase in the longwave cooling of the atmospheric column to space, as
the degree of aggregation increases. We further observe an increase in the low cloud cover
with increased aggregation. The enhanced cooling occurs in the dry regions of the domain,
reinforcing the moist-static energy gradient between moist and dry regions. Modeling
studies suggest that this radiative effect acts as a positive feedback contributing with other
processes to maintain the organization of convection in moist areas (Muller and Bony
2015). It is important here to draw a distinction between the initiation and maintenance of
the aggregated state. The Muller and Bony study finds that cooling rates localized at cloud
top on the order of ~ 13 K/day are required for the initiation, whereas broad lower
tropospheric cooling on the order of ~ 2 K/day is helpful but not necessary for main-
taining aggregation. The observations shown here are on the order of the ~ 2 K/day
helpful for the maintenance of the aggregated state.

This picture of convective organization is consistent across a range of SSTs and rain
rates, which we take as a loose proxy for convective intensity. Sorting the results by rain
rate provides some relevance to the cloud-climate-feedback problem in the context of
radiative-convective equilibrium. In particular, the results show that regions with very
different cloud morphology and associated radiative effects can produce the same mean
rain rate. It follows that if the aggregated state becomes more prevalent as SST warms, the
Earth system may be able to produce the required rainfall to balance the radiative cooling
of the atmosphere while having a significantly reduced amount of high cloud.

An important point not addressed by this study is the issue of the spatial scale over
which convection might be expected to aggregate as the climate warms. Will the aggre-
gation tend to occur on the mesoscale, the global scale, or at some scale in between? The
cyclical boundary conditions and constraint of mass continuity may mean that modeling
studies of self-aggregation are more relevant to global-scale circulations than to the
mesoscale. This study supports the view that aggregated convection on the synoptic scale
produces an environment with a bimodal moisture distribution including dry regions that
produce a positive radiative cooling feedback on the convective circulations. These rein-
forcing radiative feedbacks on convection have also been noted in interannual variability as
manifested in the El Nino Southern Oscillation (Réddel et al. 2016) and are implicit in the
global-scale narrowing of the inter-tropical convergence zone (Wodzicki and Rapp 2016).

We emphasize that this study cannot confirm observationally that convection does
indeed self-aggregate; testing this hypothesis mechanistically will require targeted obser-
vations and analysis (Holloway et al., this issue; Bony et al., this issue). Our survey does
demonstrate that certain features of the cloud morphology present in model simulations of
self-aggregation are also present in observations of the routine aggregation found in the
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tropical atmosphere. This suggests that aggregation of convection in Earth’s atmosphere,
whatever the mechanism, provides a useful conceptual model through which to view
important aspects of cloud feedbacks on climate (Mapes 2016).
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Abstract Space-borne observations reveal that 20-40% of marine convective clouds
below the freezing level produce rain. In this paper we speculate what the prevalence of
warm rain might imply for convection and large-scale circulations over tropical oceans.
We present results using a two-column radiative—convective model of hydrostatic, non-
linear flow on a non-rotating sphere, with parameterized convection and radiation, and
review ongoing efforts in high-resolution modeling and observations of warm rain. The
model experiments investigate the response of convection and circulation to sea surface
temperature (SST) gradients between the columns and to changes in a parameter that
controls the conversion of cloud condensate to rain. Convection over the cold ocean
collapses to a shallow mode with tops near 850 hPa, but a congestus mode with tops near
600 hPa can develop at small SST differences when warm rain formation is more efficient.
Here, interactive radiation and the response of the circulation are crucial: along with
congestus a deeper moist layer develops, which leads to less low-level radiative cooling, a
smaller buoyancy gradient between the columns, and therefore a weaker circulation and
less subsidence over the cold ocean. The congestus mode is accompanied with more
surface precipitation in the subsiding column and less surface precipitation in the deep
convecting column. For the shallow mode over colder oceans, circulations also weaken
with more efficient warm rain formation, but only marginally. Here, more warm rain
reduces convective tops and the boundary layer depth—similar to Large-Eddy Simulation
(LES) studies—which reduces the integrated buoyancy gradient. Elucidating the impact of
warm rain can benefit from large-domain high-resolution simulations and observations.
Parameterizations of warm rain may be constrained through collocated cloud and rain
profiling from ground, and concurrent changes in convection and rain in subsiding and
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convecting branches of circulations may be revealed from a collocation of space-borne
sensors, including the Global Precipitation Measurement (GPM) and upcoming Aeolus
missions.

Keywords Warm rain - Shallow cumulus - Congestus - Circulations - Climate

1 Introduction

Before observations demonstrated that clouds with tops below the freezing level are raining
(Byers and Hall 1955; Battan and Braham 1956), scientists believed that ice nuclei are
necessary to produce rain. Inspired by those observations, scientists soon discovered the
importance of coalescence processes for warm rain formation. Coalescence processes also
helped explain why clouds over oceans with a similar depth as clouds over land rain more
easily. Namely, oceans are deprived of aerosol, except for sea salt and sulfate. Hence, there
are relatively few cloud condensation nuclei over oceans, so that cloud droplets are relatively
large, and auto-conversion and accretion processes are very efficient (Kubar et al. 2009).
In the subtropics and tropics, the freezing level is located between 4 and 5 km, and
raining clouds include subtropical stratocumulus over cold eastern ocean boundaries;
shallow cumulus clouds that are more widespread throughout the subtropics and tropics;
and congestus clouds, which tend to be confined to warmer oceans. According to the WMO
cloud atlas, congestus is not a cloud type on its own, but a species of cumulus with tops
between 2 km and the freezing level (although in the literature congestus is often used to
denote cumuli with tops up to 8 km). Although both shallow cumulus and congestus
produce drizzle and rain alike, a point we return to below, the distinction is useful, because
congestus appears more sensitive to changing large-scale states (Nuijens et al. 2014).
The CloudSat cloud profiling radar (CPR), which is currently the only sensor capable of
delineating warm cloud, drizzle and rain, has demonstrated that oceans are covered by
10-50% of warm clouds (Fig. 1a). Of these warm clouds, between 20 and 40% contain

a Warm Cloud Fraction (0. 172) Raining Fraction (0. 082)
- — e

Fraction
Fraction

Fraction
Fraction

Fig. 1 Global warm rain occurrence observed by CloudSat during 2007-2010. Warm clouds are as those
with tops >273 K. Drizzle is defined as having a “near-surface” (the lowest detectable range bin in
CloudSat observations) reflectivity Z greater than —7.5 dBZ, while rain is defined as Z > 0 dBZ. The rain
and drizzle fractions represent the fraction of warm clouds that contain rain or drizzle, respectively.
CloudSat data are processed using the 2C-PRECIP-COLUMN and 2C-RAIN-PROFILE algorithms
described in Haynes et al. (2009) and Lebsock and L’Ecuyer (2011), respectively
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precipitation (Fig. 1b). Somewhat lower fractions are found near ocean boundaries and
higher fractions in the Eastern Pacific, but overall most regions have clouds with a pre-
cipitating fraction of at least 5-10%. Figure 1c, d further separates precipitation in drizzle
and rain, which shows that drizzle is widespread and concentrated over eastern ocean
boundaries, whereas rain is concentrated in the downstream trades and near the Inter-
tropical convergence zone (ITCZ), e.g., just north of the Equator in the Pacific and Atlantic
oceans, or just south of the Equator in the Indian ocean.

One might not be impressed by those numbers. But those who live on islands have long
appreciated the occasional passing of warm rain showers, which on windward sides of hilly
islands make for lush vegetation, even during the “dry” season when deep convection
abates.

Measurements from the precipitation radar (PR) deployed during the Tropical Rainfall
Measuring Mission (TRMM, 1997-2015) first emphasized the prevalence of warm rain
over global oceans and their potential impact on large-scale heating rates (Short and
Nakamura 2000; Schumacher and Houze 2003; Takayabu et al. 2010). But the TRMM PR
has a minimum detection threshold of about 0.4-0.5mmh~! and therefore misses about
9% of accumulated rain and up to 50% of the occurrence of light rain compared to
CloudSat (Berg et al. 2009). Global precipitation estimates from passive microwave sen-
sors also lack a sensitivity to light rain, especially when rain covers only small areas, which
is the case for isolated cumulus showers (Burdanowitz et al. 2015). The most widely used
Global Precipitation Climatology Project (GPCP) product has long been used to derive
surface latent heat fluxes to construct the global mean energy budget, and a lack of warm
rain might explain why observed heat fluxes at the ocean surface have not matched
observed ocean heating rates. By increasing global precipitation rates by about 16% based
on CloudSat data, equivalent to increasing the latent heat flux by 12 W m~2, the global
mean surface energy budget can be closed (Stephens et al. 2012). But warm rain is
probably not the only reason for residuals in the surface energy budget. Largest residuals
are found in regions where shallow cumuli dominate but alternate with deeper convection
(Kato et al. 2016), but these residuals are larger than warm rain can account for. One
hypothesis is that retrieval errors are caused by greater variability in deeper convection
along with shallow convection, which warrants a better understanding of the coupling
between different types of convection.

Warm rain may also alter the radiation budget by influencing the microphysical and
mesoscale structure of clouds, which satellite images, corroborated by in-situ measure-
ments and high-resolution modeling, have demonstrated. Numerous cells of seemingly
cloud-free air (pockets of open cells, POCs) surrounded by walls of drizzle can be
embedded into an otherwise homogeneous stratocumulus cloud deck (Stevens et al. 2005;
Wood et al. 2008). In these cells cloud droplets have been scavenged by drizzle drops,
leading to very low cloud droplet number concentrations. Observations have also
demonstrated that fields of shallow cumuli accompanied by significant rain are organized
into arc-shaped formations (Snodgrass et al. 2009; Zuidema et al. 2012). These are rep-
resentative for the presence of cold pools, which are produced by the evaporation of rain
and convective downdrafts, similar to the cold pools that accompany deep convection
(Tompkins 2001).

When rain evaporates, it no longer produces a net (latent) heating, and it redistributes
moisture in the atmosphere. The relative fraction of rain that evaporates or reaches the
surface is thus important for large-scale heat and moisture budgets. Herbert Riehl derived
the first heat budget of the trades and argued that each layer of the lower atmosphere would
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precipitate (and heat) just as much as would be required to balance the loss of heat from
radiation. Hence, from the profile of radiative cooling, one could predict the profile of the
rain flux and thus the profile of the moisture flux (Riehl et al. 1951).

But, since Riehl’s study, not much research has focused on large-scale controls and
impacts of warm rain. More attention has been given to microphysical aspects of warm
rain, including the role of aerosols in the onset of warm rain. For instance, aerosol and
cloud condensation nuclei (CCN) concentrations control the height at which rain-sized
drops first start to form. Figure 2, adopted from Lonitz et al. (2015), shows how radar
reflectivity, which measures the sixth moment of the drop-size distribution, increases with
height above cloud base for different CCN concentrations. The gray lines illustrate theo-
retical behavior, assuming a gamma distribution of the drop-size distribution, and the black
lines illustrate the behavior of a 1D kinematic bin microphysics model (Seifert and Stevens
2010). According to the CloudSat definition, a reflectivity larger than —7 dBZ corresponds
to drizzle, which implies that for a CCN concentration of 100 cm 3 drizzle forms when
clouds reach 1.7 km. Indeed, the percentage of clouds that develop a maximum reflectivity
larger than —7 dBZ (drizzle) or 0 dBZ (rain) increases substantially for cloud tops beyond
1.5 km (Fig. 2b): 20% of clouds contain drizzle, and 20% contain rain. For cloud tops
beyond 2 km, most clouds already contain rain (82%).

Warm rain is thus an integral part of shallow convection, which may influence climate
in ways that are not yet well measured or modeled on a global scale. Do we understand
how the presence of warm rain changes the character of warm clouds and the large-scale
circulations in which these clouds are embedded? And what regulates variations in the
depth of the convection?

To formulate ideas about the interaction between convection, warm rain and circula-
tions, a conceptual model can be helpful and bypass some of the complexities of global
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Fig. 2 On the left: the increase in radar reflectivity, a measure of the sixth moment of the rain-drop-size
distribution, with height in developing (not-raining) clouds as simulated with a kinematic 1D bin model of
microphysics (black lines) and from theory assuming a gamma distribution for the rain-drop-size
distribution (gray lines). The figure is adopted from an earlier version in Lonitz et al. (2015). On the right:
distributions of the maximum radar reflectivity found anywhere in individual cloud entities with a cloud base
< 800 m, as observed at the Barbados Cloud Observatory during 3 years. The distributions in black are for
three cloud top height (CTH) categories, and percentages indicate the total number of clouds (in %) which
have a maximum reflectivity > —7 dBZ/> 0 dBZ. The distributions in light gray are for maximum
reflectivities below cloud base only
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models. In this paper we use a two-column radiative—convective equilibrium (RCE) model
to do so, and Sect. 2 introduces the model and presents first results. Even with such a
simplified framework, the interaction between circulation and convection appears intricate,
but we will speculate on a few mechanisms that can be tested in further studies or eval-
uated in models with explicit convection or observations. In Sect. 3 we will discuss
ongoing efforts in fine-scale modeling of convection (Large-Eddy Simulations), space-
borne and ground-based observations, and we summarize our thoughts in Sect. 4.

2 Warm Rain in Large-Scale Circulations

The prevalence of warm rain demands a better understanding of what warm rain implies
for the structure of the lower atmosphere and the energy budget of subtropical and tropical
oceans. Because regions with warm clouds are connected to regions with cold clouds
through large-scale circulations, the influence of warm rain may also be felt remotely.

A number of studies have hinted that shallow convection can have far-reaching effects.
For instance, in an idealized model of tropical climate shallow convection is responsible
for the ventilation of boundary layer humidity, which affects the width and the intensity of
the intertropical convergence zone (Neggers et al. 2007). Shallow convective mixing is
also an attractive tuning factor in numerical weather prediction and global models, because
it can substantially influence global distributions of liquid water, cloudiness and the
radiation budget (Bechtold et al. 2014; Mauritsen et al. 2012). Even the climate sensitivity
of a global model appears to be strongly regulated by local mixing by shallow convection
and large-scale shallow overturning circulations (Sherwood et al. 2014). An important
process underlying these far-reaching effects is the radiative cooling of the cloud-topped
boundary layer. Stronger cloud-radiative effects in the subsiding branch of Walker cir-
culations have been shown to narrow the area of deep convection in the upward branch
(Bretherton and Sobel 2002; Peters and Bretherton 2005). Cloud-radiative effects also help
aggregate deep convection in cloud-resolving and large eddy simulation (LES) models in
radiative-convective equilibrium (RCE) (Muller and Held 2012; Wing and Emanuel 2014;
Hohenegger and Stevens 2016).

Observations also show hints that differences in the characteristics of rain are accom-
panied by differences in the circulation. When shallow overturning circulations in the
tropical Eastern Pacific are stronger, the Eastern Pacific is characterized by more large
clusters of rain, whereas weaker shallow circulations are accompanied with a larger
fraction of smaller isolated raining cells (Chen and Liu 2015). Such findings suggest that
important feedbacks between regions of warm and cold cloud may exist, which include not
only the vertical structure of moisture and cloud, but also rain.

Ideally global climate models (GCMs) would provide us insight into such feedbacks.
But GCMs already disagree on the shallow convection that precedes warm rain (Sherwood
et al. 2014) and their complexity makes it challenging to isolate processes. Instead, we aim
for a more simplified setting following a series of studies that have used idealized two-box
or four-box equilibrium models to study the sensitivity of tropical climate. Notably,
Pierrehumbert (1995) demonstrated that the interaction between dry subsiding regions and
moist convecting regions is an important determinant of tropical climate. His study and
that of others (Miller 1997; Larson et al. 1999) also emphasize the strong sensitivity of
tropical circulations to water vapor, cloudiness and radiative cooling in the subsiding
region. Other factors that are important for circulation strength are the relative area
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occupied by subsiding versus convecting areas (Pierrehumbert 1995; Bellon and Le Treut
2003), e.g., the relative size of the two boxes, and the sea surface temperature (SST)
gradients as set by surface winds and ocean transport (Sun and Liu 1996; Clement and
Seager 1999).

In our first exploration of the sensitivity of circulations to warm rain, we use an extension
of a one-dimensional (single-column) RCE model, which numerically solves the hydrostatic
equations of motion for non-rotating, nonlinear flow in two side-by-side columns. Rather
than assuming convection in the subsiding column is limited to the boundary layer, as in most
of the two-column model studies just mentioned, the depth of convection is calculated
interactively by the convection scheme. Furthermore, radiation is interactive and a cloud
scheme is used. A version of this model for linear flow was first used by Nilsson and Emanuel
(1999), which demonstrated that a positive feedback between the circulation, clear-sky water
vapor and radiation can destabilize radiative—convective equilibrium and attain a new
equilibrium with a thermally direct circulation between the columns. In our simplified setup
we prescribe SST gradients, and the two columns are of equal size. The latter is a shortcoming
of the model setup that we are aware of. The model also uses parameterized physics and thus
carries similar uncertainties as the physics used in GCMs. Nevertheless, the simplified
geometry of the model allows us to get a first insight into mechanisms that may be relevant to
warm rain in circulations, which we hope are further tested in future studies. The next section
describes the model and its setup in more detail.

2.1 A Two-Column RCE Model

The model’s columns are oriented in a x, z plane, and the following equations for tem-
perature T, specific humidity g, and the vorticity # are solved by time integration:
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and the specific volume o as:
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Here, R4 is the gas constant for dry air and € is the ratio of the molecular mass of water
vapor and of dry air. Furthermore, u is the zonal wind; w is the vertical velocity in pressure
coordinates; c;, is the specific heat capacity of dry air; Fsy and Fry are the sensible and
latent heat fluxes at the surface; Fr is the net radiative heating tendency; Fq; and Fg, are
the heat source and moisture source/sink due to convection and condensation; f is the
Coriolis parameter; y represents the inverse of a damping timescale t; F is the tendency of
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Fig. 3 A sketch of the two-column overturning circulation with deep convection in both columns in the
initial RCE state (top). Below two scenarios are sketched whereby deep convection has developed over the
warm ocean and shallow convection over the cold ocean. 1A and 1B correspond to a SST difference of 1 K
between the columns, and 2A and 2B to a SST difference of 1.75 K. In experiment (A) the condensate
threshold for rain formation is 1.4 gkg™' and in experiment (B) the threshold is 1.1 gkg_l. The horizontal
dashed lines denote convective tops over the cold ocean. The arrows denote the large-scale vertical velocity
in each column and the zonal flow at the column boundary

the zonal wind due to convective momentum transport; and represents the

0v(3n/dp)
op
momentum flux divergence in the boundary layer, whereby v is a shear viscosity.

The nonlinear flow is thus forced by zonal gradients in «, and « is inversely proportional
to the virtual temperature predicted by Eqgs. (1) and (2). The Coriolis acceleration is put to
zero; hence, the circulation may be considered a mock-Walker circulation. A simple
Fickian damping of the flow takes place in the model interior through diffusion at a
timescale 7. Furthermore, the momentum flux divergence linearly decreases from a max-

imum damping near the surface to zero damping above the depth of the boundary layer.
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Fig. 4 Sensitivity of convection and precipitation in a Walker-like circulation to the conversion of liquid to >

rain. The circulation occurs between two columns with different sea surface temperatures (SST), with an
increasing SST difference on the x-axis (4SST). On the y-axis are shown: (a) convective tops, (b) surface
precipitation rate, (¢) column water vapor, (d) equivalent potential temperature (0.) of the well-mixed layer,
(e) surface wind speed at the column boundary, (f) surface latent heat flux, (g) integral of radiative cooling
rate from the surface up to 500 hPa, (h) integral of the virtual temperature gradient (AT, /L) between the
columns from the surface up to the convective top in the cold column (L is the width of one column). Both
black lines are for the column over the colder ocean, with dashed lines for a condensate-to-rain threshold of
1.4gkg™", and solid lines for a threshold of 1.1 gkg™' (more efficient warm rain formation). The gray lines
are for the column over the warm ocean instead

Momentum is also damped through convective momentum transport. At the surface, a
linearized surface drag formula is used as the boundary condition for the horizontal flow,
and a free-slip condition is applied at the model top.

The two columns are of equal size and 1500 km wide. A vertical grid of 100 pressure
levels is used, with a resolution of about 125 m that becomes finer above 100 hPa. The
model integration is performed using a time step of 1 min and continued until equilibrium
is reached, usually after 100 days.

Parameterizations are used for the absorption and emission of radiation (Morcrette
1991), for convection and precipitation (Emanuel and Zivkovic-Rothman 1999) and for
cloudiness (Bony and Emanuel 2001), which is an extension to the clear-sky-only calcu-
lations in Nilsson and Emanuel (1999). The Emanuel convection scheme is based on
buoyancy sorting principles, which allows a spectrum of mixtures to ascend or descend to
their level of neutral buoyancy. Notably, the scheme does not distinguish between shallow
and deep convection and has the ability (in the past deemed a disability) to produce light
rain in the absence of deep convection. A simple buoyancy closure determines the mass
flux at cloud base, e.g., the mass flux is adjusted to maintain sub-cloud layer air neutrally
buoyant when displaced beyond the top of the sub-cloud layer. Surface fluxes are calcu-
lated using standard bulk formulae.

We carry out experiments in which we alter the efficiency of rain formation. The
convection scheme has a straightforward way of dealing with (warm) rain formation: all
condensate in excess of a temperature-dependent threshold is turned to rain. This
assumption is based on the idea that the efficiency of coalescence increases with the
amount of condensate and thus the presence of large drops. The threshold is constant up to
the freezing level and decreases beyond this level in light of the Bergeron—Findeisen
process. Rain and its associated heat are added to a single hydrostatic unsaturated
downdraft, and rain evaporates as a function of the temperature and humidity of the
environment and the downdraft (Emanuel 1991).

Given the models’ physics and lack of a separate boundary layer scheme, our experi-
ments exclude stratocumulus clouds, but we acknowledge that also these shallow clouds
produce a significant amount of warm rain that may be relevant to circulating equilibria in
the tropical atmosphere (Sect. 1).

2.2 Circulating Equilibria in the Two-Column System

A sketch of the two-column system is shown in Fig. 3. The columns are first run into RCE
at a uniform prescribed sea surface temperature (SST) of 30 °C (top panel). No circulation
exists when both columns have an identical RCE state (top panel). Consequently, the SST
in one of the columns is lowered with increments of 0.25 K up to an SST difference
(4SST) of 2 K. Alternatively, we can increase the SST in one of the columns from a colder
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RCE state. This gives qualitatively the same results, but some hysteresis is present, because
of differences in the initial moisture structure.

The black dashed lines in Fig. 4a show how the tops of convection over the cold ocean
collapse with ASST for a condensate-to-rain threshold of 1.4gkg™!, with blue-hued
markers for the largest ASST. Here, convective tops are defined as the maximum level of
positive convective mass flux. For all ASST convection over the warm ocean remains deep
with tops up to 150 hPa (the gray dashed lines). Evidently, a ASST = 0.5 K is enough to
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collapse convective tops to roughly 600 hPa (about 4 km), and a ASST = 0.75 K collapses
convection to roughly 800 hPa (about 2 km). Even the shallowest modes produce pre-
cipitation with surface rates just below 1 mmday~'.

Because convection collapses, the atmosphere above the tops of convection experiences
a net (radiative) cooling. This results in a temperature difference with the other column,
which triggers a circulation: subsidence develops over the cold ocean (w¢ng > 0) and
rising motion over the warm ocean (@Wy,m <0). Near the tropopause the flow is directed
from the warm to the cold column (# > 0) and near the surface from the cold to the warm
column (u <0), as illustrated in Fig. 3-1A, 2A (middle panels) for a SST difference (4SST)
of 1, respectively, 1.75 K. A new circulating equilibrium develops in which radiative
cooling above the cloud layer over the cold ocean is now balanced by subsidence warming
instead of convective heating. Over the warm ocean the mean rising motion introduces
extra cooling next to radiative cooling, both of which are balanced by deep convective
heating.

Nonlinear behavior at low ASST, such as in the surface precipitation rates, are caused
by a reverse in the circulation. For ASST < 0.5 K convection over the cold ocean has not
yet collapsed, and a weak oscillatory circulation can develop. Furthermore, the convection
scheme favors detrainment near mid-levels, which can produce large cloud fractions that
significantly lower radiative cooling in the lower troposphere, and also reverse the
circulation.

The profiles of @ and u over the cold ocean show how divergence and near-surface wind
speeds increase with ASST (Fig. 5), but saturate as ASST > 1.5 K, and even weaken again
at very large ASST = 5 K. The strength of the circulation may be understood through a
simplified form of the equation for the flow’s vorticity (Eq. 3). For non-rotating flow and
ignoring horizontal advection, damping, surface friction and convective momentum

transport, we may Write:
op Qo O ([ On
o %o 0 ( 0n 6
o @x+ap<vap> (6)

The first term on the right-hand side measures the buoyancy gradient between the columns
and tends to increase the vorticity. The second term is the momentum flux divergence in
the boundary layer. This shear stress tends to decrease the vorticity, but may be assumed to
vanish at the top of the convective layer. Hence, if we integrate from the surface ps up to
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Fig. 5 Vertical profiles of the vertical velocity o, the horizontal wind speed u, the relative humidity RH, the
heating tendency due to radiation Q; and the cloud fraction, for circulations at ASST between 0.25 and 2 K.
Colors correspond to those used in Fig. 4. All profiles are for the column over the colder ocean surface and
for the higher threshold of condensate-to-rain conversion (1.4 gkg™!)
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the top of the boundary layer py and rearrange the stress term to the left-hand side, we can

write:
on Ph Qo
(ap) - [ @)
on

The term ($ )g on the left-hand side represents a measure of the strength of the circulation.

Equation (7) thus shows how the circulation is not only a function of ASST, but of
buoyancy differences over the entire boundary layer 4. Those buoyancy differences are
strongly regulated by the radiative cooling (Q;) over the cold ocean, which changes as the
free troposphere dries with increasing ASST, which is best seen from the RH profiles in
Fig. 5. O, tends to peak where temperature and moisture gradients and cloudiness are large,
for instance at the inversion and at the mixed layer top (950 hPa). The maximum in Q;
increases as the inversion lowers. Larger cloudiness below the inversion can do so, but
alone the interaction of long wave radiation with the clear-sky humidity profile would be
sufficient (for example, see Stevens et al. 2017 in this same book collection). Large
increases in ASST further dry the convective layer, leading to less liquid water and
cloudiness, and therefore less radiative cooling and a weaker circulation (black dashed
lines, Fig. 5).

In these experiments condensate is turned into rain at a threshold of 1.4 gkg™'. For
liquid water lapse rates at these temperatures, a threshold of 1.4 gkg ™! is exceeded after
about 600 m. A lower threshold of 1.1 gkg™! is exceeded after about 450 m, which is a
small difference, but one which has a relatively large impact on the character of convection
and the circulation at intermediate ASSTs (the black solid lines in Fig. 4). Convection still
collapses, but is more stepwise, with convective tops preferably located near 600 hPa at
ASSTs = 1 K, indicative of congestus clouds. Although convective tops are higher and
column water vapor increases (Fig. 4c), surface precipitation rates remain near or below
I mmday~! (Fig. 4b).

Also in nature surface precipitation rates slowly increase with column water vapor
values between 20 and 60 mm and only pick up beyond a critical value (Holloway and
Neelin 2009). One idea that could explain the slow increase in surface precipitation is that
in order for precipitation and latent heating to increase, the atmosphere would need to cool
more or warm less. Less warming could result from weaker subsidence as congestus
develops. However, subsidence warming is still largely balanced by Q,, and O, itself
decreases as congestus deepens the moist layer.

In the next two sections, some more details of the changes in circulation for the shallow
cumulus mode at ASST = 1.75 K (Fig. 3-2A, B) and the congestus mode at ASST = 1 K
(Fig. 3-1A, B) are discussed.

2.3 Shallow Cumulus

At large ASST (> 1.5 K) the cold ocean column develops shallow cumulus with tops up
to 850 hPa and surface precipitation rates <1mmday ', suggestive of light rain or
drizzle. For this shallow mode, experiments with a condensate threshold of 1.4 and
1.1 gkg ™! are notably similar. However, when looking closely a few interesting differences
can be seen, further illustrated with vertical profiles of the difference in potential tem-
perature between low and high condensate thresholds (40), and profiles of specific
humidity, radiative cooling, convective heating and the vertical velocity (Fig. 6). The
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dashed and solid lines refer to experiments with ¢; thresholds of 1.4 gkg™', respectively,
1.1gkg™ .

Convection is slightly shallower when rain formation is more efficient (¢, = 1.1 gkg™"),
and the surface precipitation rate is marginally smaller (Fig. 4b). The vertical humidity
profile shows that the boundary layer is also a little shallower with a moister sub-cloud and
cloud layer ({0c),_ in Fig. 4d, g in Fig. 6). Accordingly, the surface evaporation is lower
(Fig. 4f). The evaporation of cloud condensate takes place in a somewhat thinner and
stronger inversion layer, with a stronger peak in cooling. As we will discuss later, in
Sect. 3, these results are consistent with LES studies, which show that rain regulates
inversion height by removing condensate that would otherwise deepen the boundary layer.

Because of shallower convection, the integrated buoyancy difference between the two
columns is smaller (Fig. 4h). Without any change in the viscosity, this implies a weaker
circulation (Eq. 7). The maximum wcq at % is smaller, along with smaller w.oq throughout
the rest of the troposphere. Less subsidence drying leads to a slightly moister free tropo-
sphere, consistent with somewhat lower radiative cooling rates.

For the congestus mode the change in the circulation with warm rain efficiency can be
explained in a similar manner, as we will see next. However, in that regime convective tops
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Fig. 6 For the circulations in Fig. 4 at ASST = 1 and 1.75 K we show vertical profiles of the difference in
potential temperature between the two experiments A6 = 0q,—1.; — Oqi—1 4, specific humidity g, the heating
tendency due to convection Q., the heating tendency due to radiation Q; and the vertical velocity w. Black
and gray lines are for the cold, respectively, and warm column, and solid and dashed lines are for the low,
respectively, and high threshold on liquid water for conversion to rain

Reprinted from the journal 96 @ Springer



Surv Geophys (2017) 38:1257-1282

increase with more efficient rain formation and are accompanied by larger changes in
circulation and convection over the warm ocean.

2.4 Congestus

For ASST between 0.75 and 1.5 K convection is more sensitive to the change in con-
densate-to-rain threshold. More efficient rain formation (¢; = 1.1gkg™") gives rise to
deeper convection and larger surface precipitation rates (Fig. 4). When more condensate is
turned to rain, at a lower altitude, updraft buoyancy increases. For ASST = 1 K a marginal
increase in convective heating Q. can be seen between cloud base (950 hPa) and 850 hPa
with more efficient rain formation (Fig. 6). The level where convective heating turns into
cooling has shifted upward, and most of the detrainment and evaporative cooling takes
place at cloud tops near 650 hPa. At this level, where cooling is pronounced, subsidence
peaks.

Again, the change in condensate-to-rain threshold is small, yet important in this
scheme where convection is modeled based on buoyancy sorting principles. Each mixture
of air ascends or descends to its level of neutral buoyancy, which might involve several
episodes of mixing, especially when precipitation changes the amount of condensate
during ascent/descent. Dealing with multiple mixing episodes is bypassed in the current
scheme by insisting that mixed air detrains at levels where its liquid water potential
temperature is equal to that of the environment (Emanuel 1991). This is illustrated in
Fig. 7, which shows the liquid water potential temperature (or liquid water static energy
hy,) of a lifted parcel (hy, p, dashed lines) and that of the environment (hy, = A, solid lines)
before mixing. A, is conserved and equal to the dry static energy & of the sub-cloud layer
when there is no precipitation and no mixing. But upon precipitation A, increases. In this
case, the lower condensate-to-rain threshold of 1.1gkg™' has almost shifted the liquid
water static energy of lifted parcels at ASST = 1 K to that of lifted parcels at
ASST = 0.5 K. Indeed, these two experiments have almost similar congestus tops
(Fig. 4a). In other words, the SST is crucial at setting convective tops, but the precipitation
efficiency may allow convection over colder SSTs to reach a similar depth as convection
over warmer SSTs.

500 -
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T 700 4
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o 800
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1000 +— : .
305 315 325 335
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Fig. 7 The liquid water static energy of the environment hy, (solid lines), and of a lifted parcel ., before
mixing (dashed lines), as calculated in the convection scheme. Two sets of lines are shown, which both
represent the column over the colder ocean: one for the experiment with ASST = 1 K and a threshold of
1.1gkg™" (green) and one for the experiment with ASST = 0.5 K and a threshold of 1.4 gkg™" (brown).
The arrows indicate the levels at which the parcel would detrain upon mixing in this scheme. Increasing Ay, ,
implies that air will not descend as far before detraining
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Along with these changes, the thermodynamic structure over the cold ocean, the cir-
culation, and the character of convection over the warm ocean change. For instance, at a
threshold of 1.1 gkg ™! the mixed layer has a larger equivalent potential temperature (0., in
Fig. 4d). The larger mixed layer 0. can be explained by less low-level radiative cooling, a
decrease in subsidence drying and more precipitation. For the congestus modes, the larger
mixed layer 0. is accompanied by larger column water vapor (Fig. 4c), which is also
evident from the deeper moist layer in the vertical profiles in Fig. 6. Similar to the shallow
cumulus mode, the circulation decreases in strength at a lower condensate-to-rain
threshold. Whereas for the shallow mode the reduction in % helps explain the weaker
circulation (Eq. 7), in the congestus regime the reduced humidity gradient (followed by the
temperature gradient) is responsible for a smaller buoyancy gradient and a weaker circu-
lation (Fig. 4h).

One may question if the response to warm rain efficiency is the same if there were no
interaction between the two columns, i.e., when the circulation is fixed and there is no
feedback of subsidence to latent heating. LES studies of shallow convection generally
impose a fixed subsidence rate and therefore constrain the depth of convection a priori. If
we fix the profile of wcyg (using the profile of the experiment with a threshold of
1.4gkg™") and run a single-column experiment with a lower threshold of 1.1gkg™'
convection is shallower instead of deeper (green lines in Fig. 8). To balance the fixed
moderate subsidence warming while having larger latent heating in the cloud layer, the
model has to find a new equilibrium with larger radiative cooling in the cloud layer. This
layer will be shallower, with a stronger inversion and a drier overlying free troposphere. In
this case, the response is similar to that of the shallow mode and similar to LES studies
discussed in Sect. 3.1.

The circulation is thus critical to the impact of warm rain in the subsiding column. It
leads to small changes in deep convection over the warm ocean. As convection over the
cold ocean precipitates more, convection over the warm ocean precipitates less (Fig. 4b).
Less precipitation is consistent with a weaker circulation and less cooling from mean
vertical ascent over the warm ocean. There is also less cloud-base mass flux, more
detrainment and larger cloud fractions near 400 hPa (Fig. 8j, k), which leads to less
radiative cooling at low and mid-levels (Fig. 8n).

An intricate interaction between convection, rain microphysics, radiation and the cir-
culation is thus responsible for congestus modes in the two-column model. In the next
section, we turn our focus to reviewing some ongoing efforts in fine-scale modeling of
convection and space-borne observations, which may be used to address ideas suggested
by the two-column model. What limits the congestus modes at mid-levels specifically is
discussed in more detail in an upcoming manuscript (Nuijens and Emanuel, in prepara-
tion), along with a longer discussion on the influence of model resolution, domain size and
the momentum of the flow.

3 From a Conceptual Model to Nature

The two-column model suggests that changes in the depth of convection and warm rain in
subsiding regions may be accompanied by changes in convection in ascending regions. The
model also suggests that small-scale processes such as mixing and warm rain formation,
followed by feedbacks through the circulation, have a noticeable impact on the character of
convection and the circulation. But in our setup we have made a number of simplifications,
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Fig. 8 Vertical profiles of circulation, convection and thermodynamic structure for the experiment with
ASST =1 K, which develops congestus with more efficient rain formation. Solid and dashed black lines
correspond to condensate-to-rain thresholds of 1.1 and 1.4 gkg™! (same as in the bottom panel of Fig. 6).
Green lines show an experiment with a threshold of 1.1 gkg’1 but fixed w¢oq and near-surface u and fixed
moisture convergence. The latter are taken from the experiment with a 1.4 gkg™! threshold. Shown are: (top
panel) the vertical velocity and moisture convergence, and (middle and bottom panels) the potential
temperature lapse rate s, relative humidity, the saturated mass flux Mgy, both upward and downward
components, the unsaturated mass flux driven by precipitation falling outside of the cloud Mg, convective
heating Q. and radiative cooling QO

most importantly that the columns are of equal size. As suggested by Pierrehumbert (1995)
and Bellon and Le Treut (2003), an important follow-up to this study would be to change
the relative size of the columns, or even adding columns. Our findings also crucially
depend on the parameterized convection and cloudiness. Hence, our findings should be
interpreted as ideas, which need further testing with models that explicitly simulate
convection.

For instance, cloud-resolving models (CRMs) that are run on very large domains, even
spanning ocean basins, may be forced with a surface temperature gradient to study the
sensitivity of circulations to convection (Bretherton et al. 2006). In another approach,
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CRMs on two domains may be used to simulate convection explicitly, and the two domains
can be coupled through a circulation derived from the weak-temperature gradient
approximation (Daleu et al. 2012).

Because shallow convection and cloudiness occur on scales smaller than conventional
CRM grids, Large-Eddy simulations (LESs) may be preferred to investigate warm rain
implications. So far LESs have been run on domains too small for circulations to develop,
and too small for convection to organize itself into moist clusters surrounded by dry
regions—a process that may crucially impact climate (Pierrehumbert 1995; Mauritsen
et al. 2012). Nevertheless, LES studies have given some insight into the influence of warm
rain on the thermodynamic structure of the lower atmosphere. We shall discuss these in the
next section and draw out similarities with the two-column model results. Furthermore, we
discuss how ground-based or airborne observations may help constrain warm rain for-
mation, which remains uncertain even in LES.

3.1 Large-Eddy Simulations

Large-Eddy simulation has long been a tool to study turbulent flows including the cloudy
boundary layer on limited horizontal domains (20 x 20 x 4km®) at fine grids
(100 x 100 x 40m?). LES is also increasingly used to simulate deeper convection (up to
10-12 km) on horizontal domains of 50 x 50km? and larger and with global-scale sim-
ulations underway. Microphysics in LES are typically parameterized using either a bulk
scheme, which prognoses one or two moments of the drop-size distribution (only the total
mass of rain, or the mass and number of rain drops), or a bin scheme, which uses a
discretized version of the drop-size distribution and attempts to model the full evolution of
the droplet spectrum. For the bulk schemes, the total cloud mass is inferred from an
equilibrium assumption and the cloud droplet number is specified. Hence, these schemes
implicitly assume an aerosol or cloud condensation nuclei concentration. By varying the
cloud droplet number concentration, the sensitivity to warm rain formation has been
studied.

Such sensitivity studies have demonstrated that at larger cloud droplet number con-
centrations shallow cumuli get deeper before they rain (Stevens and Seifert 2008; Seifert
et al. 2015). Therefore, larger cloud droplet number concentrations produce less rainfall
initially. But the response of clouds and the boundary layer will mitigate this initial effect.
Namely, the removal of liquid water via rain reduces evaporative cooling and mixing near
cloud tops and thus the entrainment of warm free tropospheric air into the boundary layer
and the deepening of convection and the boundary layer. Therefore, after a long enough
(>30 h) simulation time, differences in cloud and rain statistics for different cloud droplet
number (aerosol) concentrations are small (Xue and Feingold 2006).

The regulation of inversion height by warm rain has been noted in early bulk theories of
shallow cumulus convection and also matters for the sensitivity of shallow cumuli to global
warming scenarios. Larger SSTs and less large-scale subsidence under global warming
lead to a deepening of shallow cumuli. This increases the entrainment of dry air into the
boundary layer, which dries the cumulus layer drier and reduces cloud fraction. But rainfall
puts a notable limit to such deepening, so that changes in cloudiness with global warming
are overall small (Blossey et al. 2013; Bretherton et al. 2013; Vogel et al. 2016).

In the two-column model, the response of the shallow mode to more efficient warm rain
(Fig. 6, top panels), as well as the response of the congestus mode under fixed subsidence
(Fig. 8, green lines), is similar to these LES studies. But in LES the subsidence rate is
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generally fixed. Our two-column model experiments suggest that changes in subsidence
with (latent) heating can change the response to rain at SSTs that are favorable for
congestus.

A recent study using LES demonstrates processes that are important in the transition
from a shallow to a congestus regime, and we may use these to loosely evaluate changes in
atmospheric structure produced by the two-column model. Vogel et al. (2016) and Vogel
and Nuijens (in preparation) use a constant exponential profile of subsidence, prescribed
SSTs and interactive radiation, for a model domain of 51.2 x 51.2 x 10km? with a res-
olution of 50 m in the horizontal and 10 m in the vertical. To reproduce many of the
differences in cloud and boundary layer structure that are observed during months with
predominantly shallow or deeper convection (congestus), an increase in SST and decrease
in subsidence (at a reference scale height) are sufficient.

A 2K increase in SST and 1.5mms~! decrease in o lead to a deepening of convection
from 2 to 7 km, a quadrupling of surface precipitation and a 15% decrease in cloud cover.
The cloud and boundary layer structure of these control (CTL) and CTL.2K.w6 simulations
is shown in Fig. 9 and reveals that as congestus develops, moisture and temperature are
much better mixed in the vertical, and the inversion is weaker. Because the inversion is
weaker, less cloudiness develops near the inversion.

Critical to reproducing the character of convection and cloudiness in the two regimes is
the role of interactive radiation, which can both stabilize and destabilize convection (Vogel
and Nuijens, in preparation). For instance, interactive radiation is crucial for stabilizing
convection and developing the stratiform outflow layers near the inversion for the CTL
simulation. Sometimes interactive radiation also leads to a response one might not expect.
For instance, when the free troposphere is drier, convection gets deeper and rains more.
This is illustrated with the DRY simulation in Fig. 9, which has 1 gkg™' less water vapor
in the free troposphere. This enhances the radiative cooling in the moist convective layer
and inversion layer, which boosts the buoyancy of cloudy updrafts that reach those layers.
As congestus develops and moisture is mixed over a deeper layer, radiative cooling within
the cloud and sub-cloud layer and its maximum value decrease (Fig. 9¢). Because of the
deeper moist layer, the surface latent heat flux also decreases (Fig. 10). Both factors—less
destabilization from radiative cooling and a lower surface latent heat flux—could imply
that convection self-limits itself. However, in these simulations there is no feedback
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Fig. 9 Domain-averaged profiles of cloud fraction, specific humidity, potential temperature, precipitation
flux and radiative cooling from LES. The CTL (orange) and DRY (gray) simulations differ only in their
initial profile of specific humidity in the free troposphere, whereby the CTL run is about 1 gkg ' more
humid. The CTL.2K.w6 (blue) simulations has a 2K larger SST and a 1.5 mm s~! reduction in the prescribed
w profile compared to the CTL simulation
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Fig. 10 Time series of the surface latent heat flux, the inversion height, the surface precipitation rate and
total cloud cover for the CTL (orange), DRY (gray) and CTL.2K.w6 (blue) simulations shown in Fig. 9

through the circulation such as in the two-column model, where the reduced cooling leads
to a weakening of subsidence.

Average surface rain rates for the congestus clouds in LES are between 20 and
40 W m~2 (Fig. 10). But the simulated rainfall is very intermittent, which is caused by the
limited number of deeper clusters and cold pools that this domain size can support. The
profile of the rain flux also shows that a fraction of rain evaporates in the lower cloud and
sub-cloud layer (Fig. 9d). The evaporation of rain triggers downdrafts which pull down
cooler air that can spread out in the sub-cloud layer like a density current (cold pools).
Such cold pools have been long known to exist for deep convection (see also Zuidema
et al. in this collection). Within cold pools convection is suppressed, but at the downwind
(colliding) boundaries of cold pools new convection can be triggered. This leads to arc-
shaped cloud formations with clear skies in between as seen from satellite imagery (Sn-
odgrass et al. 2009; Zuidema et al. 2012), and which the LES reproduces. The cold pools
from shallow cumuli and congestus are mostly dry in their center, similar to deep con-
vection, because rain rates are sufficiently strong to bring down relatively dry air from
higher altitudes. This is different from the cold pools observed in open cell stratocumulus
decks, which tend to be moist instead. At what rain rates either dry or moist cold pools
develops and for which fraction of rain falling through unsaturated air are still open
questions. And even in LES rain microphysics still carry a considerable uncertainty
(VanZanten et al. 2011; Seifert and Heus 2013; Li et al. 2015). LES development would
thus greatly benefit from progress made in deriving vertical profiles of rain and cloud from
ground-based remote sensing networks, which we discuss next.
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3.2 Observations

Relationships Between Cloud and Rain Estimates of how much condensate is turned into
rain would help validate microphysical models used in LES, which in turn could help
inform models of rain for large-scale models, such as the simple condensate-to-rain
threshold used in the convection scheme in the two-column model. Useful first steps would
be estimating how much water is removed via rain. Surface measurements of rainfall over
a larger area (such as from a weather radar), alongside measurements of surface evapo-
ration (from buoys or ships), and measurements of advection (from sounding arrays) could
provide such estimates. For instance, during the Rain in Cumulus over the Ocean (RICO)
field campaign surface precipitation rates comprised about a fifth of the surface evapora-
tion rate (Nuijens et al. 2009). The upcoming EUREC*A field study (see Bony et al. 2017
in this collection) will provide the measurements needed for such a study.

But surface precipitation rates alone do not reveal at what levels rain has evaporated, or
how much rain has fallen through clouds or clear sky. Those differences are important for
understanding how moisture is distributed vertically or how convective downdrafts form.
This requires better estimates of the vertical profile of the rain flux alongside that of cloud
condensate. But an inherent problem is that the profile of cloud condensate and rain cannot
be measured simultaneously with a single radar wavelength. Existing methods use a
vertically pointing cloud radar (typically 36 GHz or K, band) to measure the sixth moment
of the drop-size distribution, which may be turned into a profile of cloud liquid water by
using the liquid water path obtained from a microwave radiometer, and by making
assumptions on the drop-size distribution. Through synergy of instruments at dedicated
field sites (such as the CloudNet network in Europe or the US Department of Energy’s
Atmospheric Radiation Measurement (ARM) sites), refined algorithms have been devel-
oped to do so. Such data sets seem ripe for further exploration, but are not without
challenges. As drizzle or rain-sized drops develop the drop-size distribution changes, and
assumptions underlying these algorithms need to be adjusted. Furthermore, when rain rates
are sufficiently high the (cloud) radar beam will become attenuated, and the microwave
radiometer has to be shut down. Hence, to estimate the profile of rain that develops in
statistically similar clouds, a radar with a smaller frequency (larger wavelength), which
suffers less from attenuation, has to be employed at a nearby location, where it has a
similar radar footprint. To accurately estimate rain evaporation, the radar should be almost
as sensitive as the cloud radar, and hence, a K or K, band radar would be ideal. Unfor-
tunately, this would exclude deep convection whose rain rates can be so high that even a K
or K, band radar signal will be attenuated.

Globally, the CloudSat Cloud Profiling Radar (CPR) can be used to relate measured
cloud top heights to surface precipitation rates. But also this is not straightforward. A
94 GHz W band radar suffers from significant attenuation as rain intensity increases, and
surface backscatter remains an issue. A recently Bayesian Monte Carlo algorithm uses a
cloud-resolving model database to link observed vertical and integrated measurements of
liquid clouds to latent heating structures and precipitation rates at the surface (Nelson et al.
2016). A histogram of surface rain rates of each CloudSat CPR profile, stratified by cloud
top heights (Fig. 11), shows that clouds with tops beyond 1.6 km produce rain that reaches
the surface (similar to what we infer from Fig. 2). Clouds with tops beyond 2 km clearly
produce even higher rain rates, but beyond 3 km, the increase in rain rates is overall small,
with the exception of very high rain rates, yet these are very rare.
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Fig. 11 Histogram of near-surface rain rates stratified by cloud top heights over tropical oceans as
generated with the algorithm of Nelson et al. (2016) using CloudSat CPR data

The successor of the TRMM mission, the Global Precipitation Measurement (GPM)
mission, has launched a dual-frequency precipitation radar (DPR) in 2014. This radar has a
K, and a K, band, which suffer less from attenuation than CloudSat’s W band. The DPR flies
in a non-Sun synchronous orbit with an inclination angle of 65°, allowing it to measure
extratropical clouds and the Arctic and Antarctic circles, which TRMM did not sample.
Along with a microwave imager, the DPR will measure the vertical structure of precipitation
intensities. By combining these measurements with traditional radiometers that already
onboard satellites, the GPM mission promises to provide three-hourly rain estimates almost
globally (Hou et al. 2013). This will allow studies on relationships between rain and the
large-scale flow that can be done on much shorter timescales than has been possible so far.

Temporal Relationships One idea suggested by the two-column model experiments is
that periods with shallow cumuli and drizzle occur in a different circulation than periods
with congestus and rain. Data from the Barbados Cloud Observatory, currently the only
remote sensing platform in the tropics, have already demonstrated that congestus and rain
vary predominantly on timescales of days to weeks (Nuijens et al. 2014), which suggests
that their occurrence is favored during certain large-scale states.

Linking clouds to circulations has been mostly done by long-term averaging of satellite
observations over geographical regions or dynamical regimes. But to study variability on
daily to synoptic timescales a different approach is needed, because most (polar orbiting)
satellites sample a given location too infrequently (one exception being the new GPM
mission with its three-hourly precipitation rates globally). One approach is to project
different polar orbiting satellites onto a composite time axis centered on a rain event, a
strategy that has been used in Masunaga (2013) and Masunaga and L’Ecuyer (2014). The
result is a statistical time series on hourly and daily timescales, which precedes and follows
those rain events. To illustrate this approach, we can use the areal rain coverage data from
TRMM over the subtropical Pacific as a proxy for congestus. This is an area with con-
siderable warm rain (Fig. 1). Because TRMM’s minimum detection threshold is 17 dBZ,
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much larger than values observed for cloud tops up to 2 km (see also Fig. 2), TRMM likely
does not observe drizzle, but only the more intense warm rain showers from congestus. We
assume that congestus has an areal rain coverage less than 25%, and use all those events to
create the time series in Fig. 12, which shows the evolution of profiles of cloud cover
(measured by CloudSat’s CPR), dry static energy and humidity, and the moisture budget.
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Fig. 12 Top panel (a) shows a composite time series of CloudSat cloud fraction anomalies from the
background state for congestus rain events over the subtropical Pacific at 0 h. Similar composites for the
profile of water vapor mixing ratio (2kg~!) and dry static energy DSE (kJkg~! are shown in panels (b) and
(c). The bottom panel (d) shows the composite moisture budget, including the surface evaporation rate (solid
green), the surface evaporation (red dotted) and the vertically integrated moisture convergence (in shading,
with convergence in light red and divergence in blue)
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Figure 12a shows that after the rain event, cloudiness in the lower troposphere is larger for
up to 12 h. The surface precipitation rate increases only little at the time of the rain event,
which suggests that other precipitating clouds are always nearby (Fig. 12d). We also
observe that the surface evaporation is rather invariant, which suggests it does not play a
major role in controlling rain, unless its heterogeneity is not captured by the measurements.

Between two days before and after the rain event a cool anomaly in the lower and mid-
troposphere is present (Fig. 12b). This cooling can destabilize the atmosphere and promote
convection. Furthermore, during and following rain events the lower troposphere moistens,
especially up to about 3 km (700 hPa) (Fig. 12¢). Radiative cooling might explain the cooling
anomalies, because these anomalies (even those in the upper atmosphere 7236 h preceding the
rain event) roughly correspond to the moist anomalies. But without knowing the winds and thus
advection, we cannot draw any conclusions yet. This approach should therefore be repeated with
additional satellite data, where the zonal wind profiles measured by the upcoming ADM Aeolus
mission are particularly interesting. We may also use GPM data, which is more sensitive to light
rain, and use cloud top heights instead of rain coverage as proxies for convection.

4 Concluding Thoughts

During the last decade, the cloud radar deployed aboard CloudSat has demonstrated that
warm rain over oceans is ubiquitous. Recognizing its importance for shallow convection
and low-level cloudiness, parameterizations of warm rain formation have been included in
high-resolution models, such as LES. LES studies have demonstrated that warm rain can
significantly alter the character of shallow convection, such as the depth of clouds, their
organization and low-level cloudiness. In turn, shallow convection has been shown to
impact large-scale circulations and climate. At least, the radiative driving from low-level
cloud has been shown to strengthen large-scale circulations, and differences in low-level
cloudiness among GCMs result in different predictions of climate sensitivity. Therefore, in
this paper we question how warm rain itself—a process that may alter the character of
shallow convection on larger scales—matters for circulations and climate.

We presented new experiments with an idealized two-column model to speculate on the
influence of warm rain on tropical circulations. This model solves for two-dimensional
non-rotating flow between two columns on a fairly fine vertical grid (125 m) and uses
parameterized convection, cloudiness and radiation. Naturally, these parameterizations
carry uncertainties, alike those used in GCMs. But the simpler dynamics in the two-column
framework allow us to gain some insight into mechanisms involving warm rain, which may
serve as a starting point for future studies using models with explicit convection. A cir-
culation with deep convection in one column and subsidence in the other column is forced
by prescribing the ASST between the columns. The circulation and depth of convection in
the subsiding column as a function of ASST are found to depend on an intricate interaction
between convection, warm rain, the circulation and radiation. The most interesting findings
with respect to the sensitivity to warm rain can be summarized as follows:

1. At large ASST efficient warm rain formation lowers shallow cumulus tops and the
inversion height over the cold ocean. This leads to a small reduction in the integrated
buoyancy gradient between subsiding and ascending columns (Fig. 3-2A, B).

2. At smaller ASST efficient warm rain formation raises shallow cumulus tops, leading to
congestus clouds. These congestus clouds are accompanied with deeper moist
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boundary layers and a reduction in the integrated buoyancy gradient between the
columns (Fig. 3-1A, B).

3. Efficient warm rain formation can thus weaken the circulation across a range of ASST
(but especially at smaller ASST). Surface precipitation rates over the cold ocean
consequently increase, while surface precipitation and cloud-base mass fluxes over the
warm ocean decrease.

4. Congestus clouds can develop because of the extra latent heating with more efficient
warm rain, which raises parcel buoyancy. But the weakening of the circulation
(weaker subsidence) is important for maintaining the congestus mode. Here, the strong
reduction of low-level radiative cooling in response to low-level moistening by
congestus is crucial.

We may thus postulate that warm rain formation has a negative feedback on the strength of
circulations by regulating the depth and thermal structure of the lower troposphere. In other
words, raining or deeper shallow cumuli in regions with subsidence may also weaken
circulations, besides strengthening them through radiative cooling. An interesting obser-
vation in that regard is that periods with stronger near-surface winds are accompanied with
deeper cloud layers and significant rain showers (Nuijens et al. 2009, 2015). This could
suggest that, as circulations strengthen, convection in the subsiding branches responds by
deepening and raining more, which can slow down the circulation.

Because the convection scheme we use is based on the premise that microphysical
processes are important for the humidity structure of the atmosphere, a sensitivity to warm
rain formation may not be a surprise. Given the uncertainty associated with any convection
scheme, the above results should be considered speculative and merely a basis for further
testing with models and observations.

An important step forward in improving warm rain processes in models is to use
existing ground-based remote sensing. For instance, collocated vertical profiles of cloud
and rain from ground-based radar can be exploited to constrain how much cloud con-
densate detrains and moistens the atmosphere, compared to how much condensate reaches
the surface via precipitation. Even in LES such processes remain uncertain. Furthermore,
deriving large-scale winds through the use of sounding arrays, combined with intensive
vertical profiling of cloud, rain and the thermal structure of the atmosphere, can shed light
on relationships between convection and the large-scale flow. These measurements are
planned for the EUREC*A field campaign (see Bony et al. 2017 in this collection). Finally,
to test ideas suggested by the two-column model framework, satellite remote sensing, in
particular the new GPM and Aeolus missions, can be used. Namely, these may identify
whether long-term variations in circulation strength are linked to variations in rain in
subsiding and ascending branches.
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Abstract Pools of air cooled by partial rain evaporation span up to several hundreds of
kilometers in nature and typically last less than 1 day, ultimately losing their identity to the
large-scale flow. These fundamentally differ in character from the radiatively-driven dry
pools defining convective aggregation. Advancement in remote sensing and in computer
capabilities has promoted exploration of how precipitation-induced cold pool processes
modify the convective spectrum and life cycle. This contribution surveys current under-
standing of such cold pools over the tropical and subtropical oceans. In shallow convection
with low rain rates, the cold pools moisten, preserving the near-surface equivalent potential
temperature or increasing it if the surface moisture fluxes cannot ventilate beyond the new
surface layer; both conditions indicate downdraft origin air from within the boundary layer.
When rain rates exceed ~ 2 mm h~!, convective-scale downdrafts can bring down drier
air of lower equivalent potential temperature from above the boundary layer. The resulting
density currents facilitate the lifting of locally thermodynamically favorable air and can
impose an arc-shaped mesoscale cloud organization. This organization allows clouds
capable of reaching 4-5 km within otherwise dry environments. These are more commonly
observed in the northern hemisphere trade wind regime, where the flow to the intertropical
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convergence zone is unimpeded by the equator. Their near-surface air properties share
much with those shown from cold pools sampled in the equatorial Indian Ocean. Cold
pools are most effective at influencing the mesoscale organization when the atmosphere is
moist in the lower free troposphere and dry above, suggesting an optimal range of water
vapor paths. Outstanding questions on the relationship between cold pools, their accom-
panying moisture distribution and cloud cover are detailed further. Near-surface water
vapor rings are documented in one model inside but near the cold pool edge; these are not
consistent with observations, but do improve with smaller horizontal grid spacings.

Keywords Convective cold pools - Tropical convection - Shallow cumulus
convection

1 Introduction

Cold pools are defined by the American Meteorological Society (AMS) as “a region or
pool of relatively cold air surrounded by warmer air,” or, “any large-scale mass of cold
air” (Glickman 2000). In one example, nighttime radiative cooling of a land surface can
create a near-surface cold pool of air. Over the open ocean, far from land, the cooling of
near-surface air is arguably exclusively caused by the partial evaporation of precipitation
within subsaturated air. This precipitation can be liquid or solid, though in subtropical and
tropical regions the precipitation is entirely liquid near the surface. The precipitation-
induced downdrafts introduce denser air underneath warmer, lighter environmental air,
giving rise to a density current. The increased surface pressure establishes a horizontal
pressure gradient force that drives the cold pool air outward, establishing an outflow
boundary known as a gust front. The air inside the cold pool is less able to support surface-
based buoyancy-driven convection. The gust front itself behaves as a material surface, and
air moving over the gust front can encourage further secondary convection through
mechanical lifting and anomalous buoyancy. Such convectively produced atmospheric
cold pools are typically observed to span 10-200 km in diameter, and to last for less than a
day, after which they lose their individual identity to the large-scale or synoptic flow. This
range of sizes and lifetimes identifies them as mesoscale features, although cold pools are
often embedded in and can help define the edges of larger synoptic systems (e.g., squall
lines or hurricane rainbands).

Although the latent cooling from evaporation of precipitation is necessary for creating a
cold pool, not all precipitation leads to well-defined cold pools at the bottom of the
atmosphere. Precipitative downdrafts are driven by both condensate loading and evapo-
ration, and, if the resulting downdraft is not strong enough to reach the surface, elevated
patches of moist, cool air remain. These most likely will not fit the AMS cold pool
definition, in that they are unlikely to be completely surrounded by warmer air. One
example, common in stratocumulus clouds because of their relatively smaller precipitation
drop sizes (e.g., Wood 2005b), is light precipitation (drizzle) evaporating below cloud base
(e.g., Wood 2005a). The local cooling can serve to destabilize the subcloud layer and
reinforce the updrafts in stratocumulus clouds (e.g., Feingold et al. 1996) and can also be
visualized in lower-level scud clouds. In the shallow cumulus regime, such an elevated
enhanced moisture layer may aid future convection (e.g., Li et al. 2014; Schlemmer and
Hohenegger 2014). As drops reach larger sizes through collision-coalescence (e.g., Baker
et al. 2009) and their corresponding size-dependent fall velocities increase, drops can reach
the ground with only partial evaporation.
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The convective organization established by surface-based precipitation-induced cold
pools differs fundamentally from the larger-scale convective self-aggregation discussed
elsewhere in this volume (e.g., Holloway et al. 2017; Wing et al. 2017). In convective self-
aggregation, radiative subsidence produces an expansive (> 1000 km), convectively sup-
pressed, dry region (a “dry pool”) that is growing in time, neighboring a moist, deep
convective region. Although an analogy between the radiative dry pool and evaporation-
driven cold pools is often made, there are important differences. In the simulation shown in
Fig. 1a and b, the driest precipitable water (PW) percentile corresponds to the “dry pool,”
and the moistest PW percentile to the convective regime capable of supporting cold pools.
A dry region is seen to form and expand, confining the deep convection to the remaining
moist area. Convective self-aggregation is most clearly exhibited within radiative-con-
vective equilibrium models of tropical convection. Observations in nature of convective
self-aggregation remain elusive (Holloway et al. 2017) and difficult to attribute to specific
feedbacks, but one study examining observed aggregation depicts properties similar to
modeled self-aggregation, including large-scale drying (Tobin et al. 2012).

Convective organization leads to an enhancement of moisture gradients, as moist
regions become moister and dry regions become drier, evident in Fig. 1. The mesoscale
convective cold pools within the convectively self-aggregated regions can act to oppose the
aggregation, by transporting water vapor from moist to dry areas, reflecting the divergence
resulting from strong downdrafts in the subcloud layer in the model moist cold pools
(Fig. le). In nature, the most dramatic visual example of this is arguably cold-pool-con-
taining squall lines emanating from the African monsoon into the Sahara desert (e.g.,
Flamant et al. 2009; Trzeciak et al. 2017). Over the tropical ocean, cold pools within
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Fig. 1 Time evolution showing days 10, 20, 30, 40, 50 and 100 of a precipitable water PW(t) and b
outgoing longwave radiation OLR(?) in a cloud-resolving model called System for Atmospheric Model
(SAM) with doubly periodic boundary conditions and without large-scale forcing. The last panel of PW (day
100) also shows the low-level winds, which are seen to converge into the moist aggregate. Vertical profiles
of ¢ temperature, d water vapor and e vertical velocities in the radiatively subsiding dry pool, identified by
PW <20th percentile, and in the precipitation-induced cold pools, identified by the near-surface (first
atmospheric level z = 37 m) temperature T, <20th percentile, and precipitation > 0 at the end of the
simulation. An inset in the first 2 km added to ¢ to indicate the inversion in the dry pool at the top of the
subcloud layer
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simulated squall lines help broaden the precipitating intertropical convergence zone
poleward (Nolan et al. 2016). Precipitatively-generated cold pools also counteract con-
vective self-aggregation through suppression of local convection by divergence of the near-
surface air (Fig. le) (Jeevanjee and Romps 2013; Muller and Bony 2015). In theory, such
mesoscale subsidence within a precipitation cold pool could morph into a new, larger
radiatively induced “dry pool,” although this model behavior has not yet been witnessed,
to our knowledge (see also Held et al. 1993; Muller and Held 2012).

Cold pools act to disperse convection. Atmospheric cold pools over oceans are
receiving attention for their ability to reorganize the mesoscale cloud distributions and
potentially facilitate the transitions from high- to low-albedo shallow cloud cover. In the
Tropics, the expansion of the spatial and height distribution of convection by cold pools
may facilitate transitions from shallow to deep convective regimes, and therefore the
eastward propagation of the Madden—Julian oscillation (MJO) into moistening environ-
ments (Rowe and Houze 2015; Feng et al. 2015; Ruppert and Johnson 2015; Schlemmer
and Hohenegger 2016; Hannah et al. 2016; Ciesielski et al. 2017).

These foci on cold pool impacts justify the timeliness of a survey of cold pool char-
acteristics and processes in different convective regimes. New observational capabilities
and strategies were employed during the Rain in Cumulus over Ocean campaign (RICO;
Rauber et al. 2007) and Dynamics of the MJO campaign (DYNAMO; Yoneyama et al.
2013) and will be during the upcoming Elucidating the role of clouds-circulation coupling
in climate campaign (EUREC*A; Bony et al. 2017). These advance early observational
studies stymied by imprecise data collocation and measurement misunderstanding (e.g.,
Warner et al. 1979; LeMone 1980) that had difficulty perceiving the larger-scale mesos-
cale organization. Measurements either came from one point, e.g., a ship (Addis et al.
1984; Young et al. 1995; Saxen and Rutledge 1998) or from aircraft (e.g., Zipser 1977;
Kingsmill and Houze 1999), convoluting space and time. Modeling capabilities are
improving also, either in their spatial grid spacing (Romps and Jeevanjee 2016; Grant and
van den Heever 2016) or domain size (Schlemmer and Hohenegger 2014, 2016), and at
times both (Seifert and Heus 2013; Vogel et al. 2016). The recent years have also seen
advances in the formulation of cold pool parameterizations (e.g., Qian et al. 1998; Roz-
bicki et al. 1999; Rio et al. 2009, 2013; Grandpeix and Lafore 2010; Grandpeix et al.
2010; Hohenegger and Bretherton 2011; Del Genio et al. 2015; Pantillon et al. 2015) and
their coupling with convective schemes. These provide an avenue for rectifying a model
diurnal cycle that is too closely linked to the solar cycle in models (Rio et al. 2009;
Grandpeix et al. 2010; Schlemmer and Hohenegger 2014).

The focus in this survey is over ocean in the subtropical and tropical latitudes. Cold
pools are extremely important over land for initiating convection, where their depth and
gust fronts are often substantial (e.g., Bryan and Parker 2010), surface sensible fluxes are
significant and aerosol effects are more pronounced (e.g., Grant and van den Heever
2015, 2016; Schlemmer and Hohenegger 2016). Cold pools are also important for squall
lines and tornadogenesis (e.g., Markowski and Richardson 2014). The omission of land-
based cold pools is merely to keep the scope of this particular survey tractable. The focus
on the oceanic regions equatorward of ~ 30°N also emphasizes near-surface latent
cooling induced by the partial evaporation of the liquid phase, as opposed to cooling by ice
melting or sublimation. Cold pool behavior and significance vary with the depth of the
originating convection, its degree of organization and relationship to the large-scale
environment (trade wind vs. equatorial). This is reflected in the structure of the survey,
which begins with shallow convection and moves toward deeper convection. The
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subtropical and trade wind regions are defined by climatologically steady winds imposing a
background wind shear, extending to Barbados in the examples provided and cited liter-
ature. The tropical ocean examples and cited literature are primarily near-equatorial, where
wind shear can be ignored at times, and convection is readily able to span the full free
troposphere.

2 Cold Pools from Boundary Layers not Exceeding 2 km Altitude

The strong inversion capping subtropical stratocumulus clouds maintains cloud top heights
at ~ 1.5 km or less (Zuidema et al. 2009), yet drizzle is ubiquitous (Leon et al. 2008).
Some of the precipitating clouds occupying slightly deeper boundary layers (e.g., Mechem
et al. 2012) are capable of downdrafting air that can reach the surface and develop cold
pools (e.g., Fig. 2), also documented in Savic-Jovcic and Stevens (2008) and Wood et al.
(2011). Aircraft measurements within stratocumulus cold pools indicate that near the
surface the equivalent potential temperature (0,) tends to increase, rather than maintain a
constant value or decrease (Zanten and Stevens 2005; Savic-Jovcic and Stevens 2008;
Terai and Wood 2013).! The increase in 0, is attributed to an accumulation of the surface
fluxes underneath a cold pool capping stratification. Cold pool depth is difficult to observe.
Inferences made from pressure increases suggest altitudes of ~ 300 m (Terai and Wood
2013, and references therein). Further aloft, evaporation at constant moist static energy still
brings air closer to saturation, increasing its susceptibility to convection. Wind speed
convergence of the convectively favorable air near the cold pool edges helps perpetuate
open-celled organization (Feingold et al. 2010), ventilating the accumulated surface fluxes
and mixing air through the boundary layer. Thus, alterations to both the thermodynamic
vertical structure and surface dynamics provide mechanisms by which cold pools can
contribute to the longevity of precipitation within stratocumulus regions, in both closed-
and open-celled organizations. Precipitation is most pronounced pre-dawn (e.g., Burleyson
et al. 2013), suggesting that cold pools are also most effective at night.

Radar observations indicate that the speed of advection of cold pools is similar to that of
the cloud layer (Wilbanks et al. 2015). This suggests that cold pools are better thought of
as tracers or artifacts of stratocumulus precipitation as opposed to drivers. This is also
concluded from simulations relying on fixed cloud droplet numbers (Zhou et al. 2017) and
is consistent with simulations showing little influence on cloud organization from the
inhomogeneization of surface fluxes by cold pools (Kazil et al. 2014). Precipitation is
necessary for transitions from closed- to open-cell stratocumulus cloud organizations (e.g.,
Savic-Jovcic and Stevens 2008; Xue et al. 2008; Wang and Feingold 2009; Feingold et al.
2010; Wood et al. 2011), thereby implicating cold pools in mesoscale organization tran-
sitions, but only indirectly. Aerosol number concentrations must also deplete sufficiently
for open-celled or cumuli organization to form (Wood et al. 2011; Zhou et al. 2017;
Yamaguchi et al. 2015). That said, aerosol budgets are unlikely to be influenced by cold
pools per se, as the wind increases at cold pool fronts are shortlived (Terai and Wood
2013), except perhaps in strongly aerosol-depleted conditions (Kazil et al. 2014). It is also
noteworthy that, while an important motivation for studying shallow mesoscale transitions
is their influence on cloud fraction and the planetary albedo, a clear relationship between

' A notable contradictory observation, of stratocumulus clouds reaching only 1.5 km yet able to transport
drier air downward from aloft, is documented in Jensen et al. (2000); the conditions explaining the dif-
ference remain underexplored.
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Fig. 2 September 14, 2016 MODIS Terra 10:30 am LT visible image near Ascension Island (14°W, 8°S),
located in the upper-left-hand corner of the image. The highest cloud tops reach 1.7 km, as detected by a
cloud radar located on Ascension as part of the DOE Layered Atlantic Smoke Interactions with Clouds
campaign (Zuidema et al. 2016). Radiosonde winds indicate west-northwestward boundary layer flow
(yellow vector)

precipitation and cloud cover is not apparent in Fig. 2, as the precipitation feeds an upper
stratiform layer below the trade wind inversion. Nuijens et al. (2015) clarify that it is this
cloud layer, rather than a lower cloud layer at the lifting condensation level, that is most
variable.

As air advects from the stratocumulus regions to warmer sea surface temperatures, the
altitude of the trade wind capping inversion rises only slowly (Schubert 1995), but the
weakening temperature inversion does begin to permit deeper convection. Early experi-
ments studying the suppressed trade wind/tropical convective environment, namely the
Atlantic Trade wind Experiment (ATEX; Augstein et al. 1973) and the Barbados
Oceanographic and Meteorological Experiment (BOMEX; Nitta and Esbensen 1974),
estimated the fractional area occupied by actively ascending cumuli to be a negligible 0.02
(Augstein et al. 1973). The prevailing cloud organization was isolated cumuli or cloud
lines aligned with the mean wind that precipitated very little if at all (LeMone and Pennell
1976; Nair et al. 1998), suggesting that cold pools can likely be ignored for this envi-
ronment (e.g., Albrecht 1993; Siebesma et al. 2003). This supported a paradigm begun
with Riehl et al. (1951) in which precipitation within the boundary layer does not change
the moist static energy, but rather the cooling introduced by evaporating rain is energet-
ically balanced by an increase in moisture.

3 Cold Pools from Convection Reaching the Mid-Troposphere

The diffusing trade wind inversion strength does allow some deeper clouds to develop,
however, and along with them, cold pools. Larger drop sizes, encouraged by a stronger
collision-coalescence process, allow precipitation to return approximately one-third of the
surface evaporation to the ocean in the trade wind cumulus region (Snodgrass et al. 2009).
Visible in Figs. 3 and 4 are examples of isolated convection in the northeast Atlantic trade
winds able to reach 4 km coexisting with cloud lines lacking precipitation. These images
are representative of the northeast Atlantic (Zuidema et al. 2012; Nuijens et al. 2017). The
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Fig. 3 December 19, 2013, MODIS Aqua 13:30 pm LT visible image, east of Barbados (46.5-50°W,
17.5-20°N) coincident with the Next-generation Airborne Remote Sensing for Validation (NARVAL)
aircraft campaign (Stevens et al. 2016, 2017). The wind is flowing from right to left. The two largest cold
pools span approximately 100 km and are better defined on the downwind side, particularly the left side of
the image. The higher cloud tops within the cold pool centers reach approximately 4 km

Fig. 4 Aircraft view of a cold pool taken on August 25, 2016, southeast of Barbados. Noteworthy are the
cloud lines to the left of the image, with the nearby cold pool convection organized in a circle, a portion of
which is oriented perpendicular to the cloud lines in the left-hand side. Isolated convection reaching a higher
altitude is detraining, most likely into a layer of increased stability

deeper clouds spawn downdrafts capable of bringing down air that is drier than the near-
surface air, contributing to a lowering of the equivalent potential temperature (Zuidema
et al. 2012). The presence of less convectively favorable air near the surface, spreading out
as a density current, explains an organization of mesoscale cloud arcs circumscribing
mostly cloud-free regions. The small areal coverage of the deeper clouds can thus alter a
much larger area of near-surface air. More quantitatively, the satellite-derived cloud
fraction producing rain rates exceeding 1 mm h™! is a mere 0.02 for wintertime Caribbean
cumuli (Snodgrass et al. 2009), over an area of approximately ~ 10* km? scanned by a
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precipitation radar, also consistent with estimates from large-eddy-scale simulations
(Neggers et al. 2002). The diurnal cycle is weak (Snodgrass et al. 2009).

A further notable feature of Figs. 3 and 4 is their siting at approximately 10°N of the
intertropical convergence zone (ITCZ), after a multi-day equatorward advection of
boundary layer air away from the stratocumulus regions. At what point along the journey
shallow convection can deepen substantially remains underexplored. Space-based lidar
suggests the northern hemisphere ocean basins are more conducive of ’deeper’ shallow
convection (Fig. 1 of Medeiros et al. 2010), perhaps because northern hemisphere surface
parcels do not advect over cooler equatorial waters in their journey to the ITCZ. The
environmental conditions supporting shallow convection that can become deep enough to
support coherent downdrafts bringing down air of lower 0, from above the cloudy
boundary layer is also not known and may depend on the history of the air parcel as well.

Liquid-only clouds reaching 4 km produce cold pools that are very similar to those
produced by tropical deep convection extending throughout the depth of the troposphere,
shown next.

4 Cold Pools from Deep Tropical Convection

The mean properties of ~ 300 cold pools composited from conventional surface meteo-
rological datasets from Gan Island (0.6°S, 73.1°E) and the Research Vessel Roger Revelle
located ~ 700 km to the east, at 80.5°E are shown in Fig. 5. A cold pool is identified
through a temperature drop of 0.5 K, applied to a 5-min time series that has been smoothed
using a Haar wavelet filter, combined with the requirement of no rain within the hour prior.
The temperature drops are normalized to their mean time span of 20 min. The cold pool
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Fig. 5 Cold pool composite based on 193 cold pools at Gan island (a—f) and 103 at the Revelle (g—
k) between October 6, 2011 to December 31, 2011, from one prior to 1 h past the cold pool frontal passage.
The cold pool front is defined through a temperature drop of 0.5 K applied to the 5-min time series smoothed
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pressure (red); d, j latent heat fluxes (LHF, black) and the Bowen ratio (surface heat fluxes/latent heat fluxes;
red); e, k rain rate (black) and column water vapor (red, e) only); f liquid water path
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sample is drawn from the full tropical convective spectrum. The composite-mean includes
a near-surface drying of ~ 1 g kg™! and decrease in the equivalent potential temperature
of 2 K. The mean wind speed increases by ~ 2 m s~!, but only for 15-30 min. The
pressure increase corresponds to a mean cold pool depth of approximately 300 m, is that
stronger temperature drops are accompanied by stronger decreases in the water vapor
mixing ratio (and 0,), indicating either higher origin heights for the downdrafts or more
coherent structures less modified by environmental mixing (de Szoeke et al. 2017). The
mean near-surface relative humidity of the cold pools indicate subsaturation (not shown),
suggesting the downdrafts rarely if ever maintain saturation, despite being initially satu-
rated. All of these traits are shared with cold pools in the northeast Atlantic trade wind
regime (Zuidema et al. 2012).

Cold pools are much more likely to occur underneath obscuring cirrus shields (e.g., de
Szoeke et al. 2017), but one example of a tropical cold pool visible from space is shown in
Figs. 6 and 7, coinciding with the DYNAMO field campaign (Yoneyama et al. 2013). A
vertically pointing cloud radar and meteorological station operated within the range of a
scanning precipitation radar, with a range-height indicator scan dedicated to the precipi-
tation radar azimuth encompassing the cloud radar (Feng et al. 2014), allowing a precise
collocation of cold pool convective features with its surface features. The cold pool
spanning ~ 120 km is outlined on the 0615 UTC image, reaching the surface site at
approximately 0915 UTC, where the vertically pointing radar reveals a cloud depth of 12
km in places lacking wind shear. The visible image shows other cold pools that are less
obvious in the radar image. The surface meteorological time series shows a water vapor
path increasing from 5.1 to 5.6 cm prior to the cold pool, whose edge has a temperature
drop of ~ 5 K, a more quickly recovering drop in the vapor mixing ratio, and a short,
almost unidentifiable, wind speed increase. The relative humidity at altitudes above 5 km
was < 50% (not shown).

Stratiform precipitation occurring later in the day prevented recovery of the near-surface
temperature and maintained a near-surface relative humidity of 85-90%. Earlier obser-
vational studies focused on longer-lasting cold pools also selected from mesoscale systems
with stratiform precipitation (e.g., Young et al. 1995), and longer-lasting surface fluxes
changes are documented (Saxen and Rutledge 1998). For these, the altered surface fluxes,
with their higher Bowen ratio, may be enough to influence the mean. This is one difference
from cold pools in the trade wind regime. Deep tropical convection with stratiform pre-
cipitation can also sustain mesoscale downdrafts of warmer air. Early aircraft measure-
ments concluded mesoscale downdrafts are too warm to reach the surface (Zipser 1977),
but this is contradicted by Kilpatrick and Xie (2015), who relied on satellite scatterometer
data combined with surface buoys.

Other influences on tropical cold pool characteristics, besides the level of mesoscale
organization, include the atmospheric moisture distribution and the amount of mixing with
environmental air during the downdraft. Since tropical deep convection easily attains cloud
top heights of 8 km and upwards (Fig. 8), the downdraft air can in theory originate from a
higher altitude. The modification of near-surface air properties is indeed more pronounced
when the cloud top heights of the parent convection are higher (Fig. 8). Most studies point
to an origin altitude for the downdraft air of 2 km or less, however (Betts 1976; Betts and
Dias 1979; Torri and Kuang 2016a; de Szoeke et al. 2017; Schiro and Neelin 2017). That
higher clouds are associated with stronger cold pools may reflect a correlation between
downdraft width and clouds that are wider as a result of organization, discouraging
environmental dilution of the downdraft air (Schlemmer and Hohenegger 2014; Schiro and
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13 December 2011
Terra 0610 UTC (1030LT)

5 UTC
150

94 GHz
zenith-pointing
radar

Fig. 6 a Terra and b Aqua December 13, 2011 MODIS visible satellite imagery of cold pool mesoscale
organization in the equatorial Indian Ocean with ¢, d near-in-time 5-cm scanning precipitation radar
surveillance scan imagery corresponding to a, b. e A 94-GHz vertically pointing radar located on Gan Island
indicates the height of the corresponding convection. Red stars indicate Gan island (0.6°S, 73.1°E). The red
half-circles in panels a, ¢ correspond to the cold pool arriving at Gan island ~ 3 h later
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Fig. 7 December 13, 2011 time series from a surface meteorological station and microwave radiometer on
Gan Island of a water vapor path, b temperature, ¢ water vapor mixing ratio, d equivalent potential
temperature and e wind speed

Neelin 2017; Mapes et al. 2017). The low-altitude origin discounts contributions to the
convective downdrafts (treated separately from stratiform precipitation) by the melting or
sublimation of ice particles (Srivastava 1987).

Convection able to impinge upon relatively dry mid-tropospheres should in theory also
produce stronger cold pools, by allowing more evaporation into the downdraft while
simultaneously transporting drier air of lower 0, to the surface (e.g., Chen et al. 2016).
Many examples of drier atmospheres coexisting with more isolated convection are docu-
mented within shallow-to-deep transition studies (Feng et al. 2014; Ruppert and Johnson
2015), as well as with linearly organized convection such as squall lines (Takemi and
Satomura 2000; Mapes et al. 2017; Schiro and Neelin 2017). A correspondence between
stronger cold pools and drier mid-tropospheres has not yet been robustly identified in
observations, but is consistent with published emphases (see also Takemi et al. 2004). One
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Fig. 8 Changes in a water vapor mixing ratio and b equivalent potential temperature low as a function of
cloud top height ( <4 km in blue, >4 km in red ), from a surface meteorological station at Gan island (0.6°S
and 73.2°W), in the equatorial Indian ocean. Cloud top heights inferred from a 35-GHz-band zenith-pointing
radar. The initial temperature and moisture values correspond to the 1-min smoothed value before the cold
pool temperature drop, and the minimum temperature thereafter represents the end of the cold pool frontal
passage, with a criterion of a temperature drop of at least 0.5 K applied

important compensation is the condensate loading within the downdrafts, as more con-
densate will decrease the surface parcel buoyancy (James and Markowski 2010; Torri and
Kuang 2016a).

Tropical cold pools are more frequent during times of lower outgoing longwave radi-
ation, reflecting more organized deep convection with larger cloud covers, cooler sea
surface temperatures (SSTs), and cooler near-surface layers that are closer to saturation (de
Szoeke et al. 2017), and more fully saturated atmospheres. The number of observed cold
pools only varies weakly with time of day (de Szoeke et al. 2017), though satellite mea-
surements suggest mesoscale downdrafts able to reach the surface occur 8§-12 h after the
peak rainfall (Kilpatrick and Xie 2015). The boundary layer is cooled and moistened over a
large area by the evaporation of stratiform precipitation, reducing the buoyancy of indi-
vidual surface parcels. Nevertheless, cold pools and the surface-originating convection
they reflect clearly do occur (de Szoeke et al. 2017), perhaps more than originally thought
at the time of Houze and Betts (1981). This is also evident in space-based cloud radar
observations of cumulus congestus/cumulonimbus occurring underneath upper-level
stratiform cloud (e.g., Riley et al. 2011). The moisture distribution is influenced more by
layer-lifting and less by surface-based buoyancy (see, e.g., in this issue, Mapes et al.
(2017), dating back to at least Houze and Betts (1981), so that it cannot be argued that cold
pools are important for redistributing moisture.

A connection between deep convective cold pools and those in the trade wind regions
may then be their relationship to the column water vapor path. In the trade wind regions,
column water vapor paths of 4.5-5.0 cm correspond to moister free tropospheres capable of
supporting deeper convection and more cold pools (Zuidema et al. 2012). The DYNAMO
water vapor path frequency distribution contains a plateau at 5.8-5.9 cm, and a mean of 5.1
cm (Zhang et al. 2017), suggesting the slightly drier conditions in which cold pools can be
more influential are close in value to those for the trade wind regions. This is consistent
with the subcloud moisture field remaining critical for convective initiation (Kingsmill and
Houze 1999; Seifert and Heus 2013), particularly at cloud base level (Takemi and Sato-
mura 2000), as well as anomalous moisture in the lower free troposphere (Sherwood et al.
2010), since column water vapor paths between 4.5 and 5.5 cm allow drier mid-tropo-
spheres to coexist with deep, moist lower free tropospheres (Zhang et al. 2017).
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One long-standing question in the Tropics, to which cold pools are relevant, is what
maintains its boundary layer. The powerful Arakawa and Schubert (1974) parameterization
assumes a quasi-equilibrium moisture closure in which surface moisture fluxes are bal-
anced by the clear-sky entrainment of air drier than the saturation surface vapor mixing
ratio. This is questioned within Raymond (1995), which concluded that surface fluxes must
be balanced by convective downdrafts rather than clear-sky entrainment, because down-
drafts provide a larger reduction in near surface 0,. In the more comprehensive observa-
tional assessment of de Szoeke et al. (2017) based on DYNAMO soundings, downdrafts
contribute to 20-30% of the boundary layer moisture and temperature budget, on days with
diminished sea surface temperature (SST), and less otherwise. This suggests the effects of
downdrafts are secondary, if not negligible, to those from clear-air entrainment through the
boundary layer top, on the boundary layer 0,. Thayer-Calder and Randall (2015) in an
updated simulation also conclude clear-air entrainment predominantly balances surface
evaporation. Torri and Kuang (2016a) also find a small contribution from convective
downdrafts to the net flux of moist static energy into the boundary layer, and a much larger
contribution from turbulent mixing across the boundary layer top, using a Lagrangian
particle tracking analysis. These recent, independent studies all indicate a secondary role
for downdrafts on the large-scale boundary layer moist static energy budget.

5 Remaining Questions

This survey motivates two remaining, intertwined questions.

5.1 The Relationship of Trade Wind Cold Pools to Cloud Cover

An outstanding question with shallow convection remains the still poorly known rela-
tionship between convection and cloud cover in the trade wind region, where the cloud
cover is important for the planetary albedo. Modeling simulations, despite their many
advances (e.g., Seifert and Heus 2013), remain inconclusive (van Zanten et al. 2011), to a
substantial degree because many microphysical parameterizations are not optimal for trade
wind cumuli representations (Li et al. 2015). While the cold pool itself discourages further
surface-based convection, detrainment elsewhere in the troposphere increases cloud cover.
In Fig. 4, the deeper convection is detraining at a higher altitude, affecting the overall
cloud cover, arguably also visible in Fig. 3. Such detrainment can occur into layers of
increased stability, and although the altitude of the higher stable layer is not clear in Fig. 2,
the 0 °C level, which occurs at ~ 500 hPa, is enriched with such layers (Zuidema 1998;
Stevens et al. 2017).

This undertaking also means critically assessing microphysical parameterizations and
their interaction with representations of environmental mixing. Experimentation with two
popular microphysical schemes has revealed significant differences in cloud fraction
ensuing from cold pools that are similarly simulated (Li et al. 2015), and relevant obser-
vations should also be acquired to assess results from arguably better-suited schemes
(Seifert and Heus 2013). The sensitivity of the convective downdraft to condensate loading
and mixing above the boundary layer is also important. In addition, this means further
evaluating the effects of low- and high-wind shear, as wind shear can interact dynamically
with the convective structure (Li et al. 2014). Related to all these questions is also the
timescale of the boundary layer recovery within a cold pool, and how often cold pools are
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able to fully recover before being impinged upon by a subsequent cold pool; observations
suggest cold pools occur in clumps (e.g., Fig. 2). If so, and embedded in larger-scale
moisture envelopes, those in tandem can alter the atmospheric longwave radiative cooling
on longer time and larger spatial scales than of just an individual cold pool.

As computational capabilities continue to improve, the trade-off between spatial grid
spacing and domain size in the modeling of cold pools can be expected to diminish. The
enabled sophisticated examinations of cold pools with their larger-scale environment
include examining the relative importance of colliding cold pools as opposed to single
pools. The further development of tracking algorithms (Torri et al. 2015; Feng et al. 2015;
Boing 2016; Drager and van den Heever 2017) within such more complex simulations will
allow for a better understanding of collisions and their impact of the cold pool life cycle.
Such efforts will also further parameterization development.

5.2 Thermodynamic Secondary Initiation Processes

Models, through their ability to capture the full four-dimensional fields (Fig. 9), highlight
an important distinction between dynamical and thermodynamical influences on secondary
convection. Early ideas for triggering new convection focused on dynamics, in which the
cold density currents interacted with the prevailing near-surface wind shear to encourage
upright updrafts favorable for convection (Rotunno et al. 1988). The trade wind regions in
particular experience steady winds, with a maximum wind speed at cloud base decreasing
both above and below. Dynamical forcing of boundary layer air is stronger when the cold
pool gust front is aligned with the mean wind at the downwind side of a trade wind region
cold pool, and the vorticity interactions help explain the more pronounced convection on
the downwind side of a cold pool (e.g., in Figs. 3 and 4, further explored in Li et al. 2014).
Stronger dynamical forcing is also related to higher downdraft heights in Jeevanjee and
Romps (2015).

In tropical oceanic regions lacking rotation and strong wind shear (Fig. 5), a separate
paradigm emphasizing the role of water vapor in initiating new convection has also been
influential (Tompkins 2001). In the study of Tompkins (2001), cloud-resolving simulations
using a doubly periodic domain of 90 km, at a horizontal grid spacing of 350 m, and with
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no imposed mean wind vertical structure, accumulate water vapor within the full outer one-
third of the cold pool, by 0.25 g kg ~! in the mean. The moistening remained inside the
gust front edge. The anomalous moisture was attributed to the evaporation of precipitation
into temperature-recovered air before the downdraft of air from a higher-altitude source
could reach the surface, and a straightforward calculation of how much rain could evap-
orate into the subcloud layer is consistent with the 0.25 g kg~ increase evident in the
composite mean (Langhans and Romps 2015). In this way, rain evaporation not only
moistens the air, but it also raises the air’s 0, (which is otherwise conserved with phase
changes), creating a positive feedback in triggering further convection. Surface fluxes (and
winds) were discounted because these would be diminishing at the cold pool edge, as also
evident in the observational composite (Fig. 5).

More recent modeling experimentation with ’single-bubble’ convection further
emphasizes the existence and importance of enhanced near-surface moisture resulting from
the parent convection, but attributes the source of the moisture primarily to surface fluxes
(Langhans and Romps 2015; Romps and Jeevanjee 2016). Rain evaporation nevertheless
remains important by contributing the anomalous moisture capable of reaching the cloud
base (Torri and Kuang 2016b). Similar to Tompkins (2001), the moisture in both these
studies remains inside the cold pool edge.

The observational composites in Fig. 5 do not show widespread enhancements of water
vapor mixing ratio g, interior to the cold pool. A slight observed enhancement in g, of
0.25 g kg~!, instead, appears at the cold pool edge, and prior to the wind increase. The
increase in temperature of ~ 0.1 K could conceivably reflect how the temperature drop is
identified, but that would not explain the g, increase. Such prior moisture increases were
also noted in the tethered balloon measurements analyzed within Addis et al. (1984) and
associated with upward vertical velocities. Their presence prior to the wind speed increases
points to a convergence of the surface wind, and with it, moisture. The slight temperature
increase could also be explained in this way.

The question then arises why models produce water vapor rings (e.g., Langhans and
Romps 2015). Model cold pools can be composited similarly to observations, using time
series at model grid points in the lowest model layer. Three examples, all based on the
System for Atmospheric Modeling (SAM; Khairoutdinov and Randall 2006), are shown in
Figs. 10 and 11. The composites shown in Fig. 10 incorporate large-scale forcings driven
DYNAMO observations (Wang et al. 2015) and utilize a one-km horizontal grid spacing.
Figure 11 show composites based on the Torri and Kuang (2016b) simulations, with an
additional simulation performed using a smaller grid spacing (80 vs. 250 m), but otherwise
identical. All three simulations lack wind shear.

Similarly to the Tompkins (2001) composites, a water vapor mixing ratio increase is
seen to occur within the cold pool frontal edge, before a decrease after the frontal passage.
This occurs within all three simulations. The simulations in Fig. 11 do place the water
vapor increase closer to the front, but are themselves not sensitive to the horizontal grid
spacing. The model ¢, increases exceed those observed, also evident in Fig. 3 of Feng et al.
(2015). These comparisons suggest models may overproduce water vapor rings. Postulated
explanations can include an under-entrainment of drier air into the gust front edge or
excessive evaporation, reflecting turbulent mixing and microphysical processes that are
difficult to represent accurately, or a surface flux-wind feedback that is too strong. In
Fig. 11, the simulation with the smaller grid spacing produces surface fluxes that are
slightly lower than in the other simulation (102.7 vs. 100.6 W m~2 for the latent heat
fluxes, and 9.58 vs. 9.48 W m~2 for the sensible heat fluxes), and may be due to different
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Fig. 10 Composites of a, g: air temperature (black) and water vapor mixing ratio (red); b, h water vapor
mixing ratio (red) and equivalent potential temperature (black); ¢, i surface wind speed (black) and surface
pressure (red); d, j latent heat fluxes (LHF, black) and the Bowen ratio (surface to latent heat fluxes; red); e,
k rain rate (black) and column water vapor (red, e) only); f, 1 liquid water path, based on SAM simulations.
The left a—f panel applies to Gan island from two time periods combined, October 8-16 and December
18-25, 2011. The right g-1 panel applies to R/V Revelle simulations spanning October 2 to November 1,
2011. The doubly periodic simulations at a one-km horizontal grid spacing incorporate daily large-scale
forcings developed for the DYNAMO time period from the campaign observations (Wang et al. 2015).
5-min model output was evaluated at 16 grid points within a 256 km by 256 km spatial domain

gust front velocities, while evaporation rates are slightly higher when the grid spacing is
smaller. More work is required to confidently explain the differences beyond the scope of
this current contribution, with this example primarily introduced to highlight the need for a
benchmark dataset of both observations and model simulations.

In addition, model simulations of cold pools generally make trade-offs between domain
size and grid spacing.” Studies that use larger domain sizes to represent cold pool
mesoscale organization are more likely to attribute anomalous moisture sources for sec-
ondary convection outside of the cold pool (Li et al. 2014; Schlemmer and Hohenegger
2016). This is also consistent with the observed inhomogeneity of the secondary con-
vection around the mesoscale arc (Figs. 2, 4) locations, where a dynamical lifting of a
surface parcel is most able to access moisture, will be the most likely to see convection
thrive (see also Torri et al. 2015). Further advantages of larger domains are the ability to
capture colliding cold pools (e.g., Fig. 9), and, when incorporating the large-scale forcing
at the boundary as opposed to using doubly periodic domains, the ability to capture cold
pool asymmetries (Li et al. 2014, 2015). Wind shear aloft can modify the cloud’s geom-
etry, thus limiting cloud deepening (Zuidema et al. 2012; Li et al. 2014) but can also
increase evaporation (Schlemmer and Hohenegger 2014), as well as allow the precipitation
to fall outside of the main updraft core, and has bearing on the overall cloud fraction.

2 For example, Romps and Jeevanjee (2016) use a horizontal grid spacing of 50 m and a vertical grid
spacing as high as 10 m in the bottom 600 m of the computational domain. Grant and van den Heever (2016)
imposed a 50-m grid spacing in the horizontal and 25 m in the vertical, within a two-dimensional cold pool.
In contrast, Schlemmer and Hohenegger (2014) and Schlemmer and Hohenegger (2016) use a computational
domain of 256 x 256 km? with a horizontal grid spacing of 250 m, and Li et al. (2014) and Li et al. (2015)
use a large outer domain of 972x972 km? nesting an inner domain with a 100-m grid spacing. Seifert and
Heus (2013) use a 50 x 50 km? domain with grid spacings of 25-100 m.
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Fig. 11 Composites of a temperature, b water vapor and ¢ wind speed based on the Torri and Kuang
(2016b) model simulations, at 250- and 80-m horizontal grid spacings (blue and red lines, respectively),
shown as anomalies from a 2-h mean to control for model drift. Cold pool selection is based on a virtual
temperature drop of 0.5 K within a 10-min time period at 10,000 random points within the 30-meter bottom
layer (#;,;). The history between t;,; and t,,;, interpolated to a fixed length, similar to Fig. 5. Domain size is
64 km by 64 km, with the model output saved every 30 min over 2.5 days

The dominating remaining observational challenge arguably remains the need to better
resolve the four-dimensional humidity field. The idea that the updraft air feeding con-
vection tends to have a high 0, (or equivalently, moist static energy) is not controversial,
either observationally (Kingsmill and Houze 1999) or theoretically (Emanuel et al. 1994).
Consensus about the source of the anomalous moisture and equivalent potential energy (0,)
for the secondary convection that is triggered by cold pools has not yet been reached. The
distribution of moisture near cloud base remains poorly known, along with the vertical
structure of cold pools. This is unlikely to be solved soon via remote sensing (see, e.g.,
Mapes et al. 2017; Zhang et al. 2017), with what is possibly the best passive remote
sensing technique, using spectral infrared (Blumberg et al. 2015) still primarily limited to
clear skies. Differential absorption and Raman lidars can profile moisture (Kiemle et al.
2017) but are obstructed by cloud, although extrapolation from points nearby could provide
insight, and in combination with Doppler wind lidar might be able to resolve moist
updrafts. The measurement of the most important state variables can also be readily done
as the standard package on a small research aircraft and now also on drones and unmanned
aerial vehicles (e.g., http://vandenheever.atmos.colostate.edu/vdhpage/c3loud-ex/index.
php), or using small, light balloons as pseudo-Lagrangian drifters (https://sites.psu.edu/
pmarkowski/2017/06/07/markowski-and-richardson-fly-dozens-of-airborne-probes-into-three-
severe-storms-in-oklahoma-and-kansas/). This would shed further light on the relationship
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of the thermodynamics to the cold pool dynamics as well as conceivably interaction with
surface fluxes (Ross et al. 2004; Gentine et al. 2016; Grant and van den Heever 2016).

Future challenges also remain on the modeling front. For example, the influence of
entrainment at the gust front remains an open question. Work has been done to determine
the entrainment in gravity currents (see e.g., Hacker et al. 1996; Hallworth et al. 1996;
Fragoso et al. 2013), but mostly in idealized scenarios, which raises questions on the
applicability of these results to real-world cold pools. To address this question using
numerical models is a challenging task as the simulations required for this purpose would
have to be conducted in a large enough domain, and, at the same time, with a spatial grid
spacing capable of properly representing turbulent mixing at the gust front (see Grant and
van den Heever (2016) for such an attempt). Such efforts will also improve parameteri-
zations of the boundary layer turbulent transports towards representing clear-air entrain-
ment and up/downdrafts correctly (see also Tompkins and Semie 2017).
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Abstract The response to warming of tropical low-level clouds including both marine
stratocumulus and trade cumulus is a major source of uncertainty in projections of future
climate. Climate model simulations of the response vary widely, reflecting the difficulty
the models have in simulating these clouds. These inadequacies have led to alternative
approaches to predict low-cloud feedbacks. Here, we review an observational approach
that relies on the assumption that observed relationships between low clouds and the
“cloud-controlling factors” of the large-scale environment are invariant across time-scales.
With this assumption, and given predictions of how the cloud-controlling factors change
with climate warming, one can predict low-cloud feedbacks without using any model
simulation of low clouds. We discuss both fundamental and implementation issues with
this approach and suggest steps that could reduce uncertainty in the predicted low-cloud
feedback. Recent studies using this approach predict that the tropical low-cloud feedback is
positive mainly due to the observation that reflection of solar radiation by low clouds
decreases as temperature increases, holding all other cloud-controlling factors fixed. The
positive feedback from temperature is partially offset by a negative feedback from the
tendency for the inversion strength to increase in a warming world, with other cloud-
controlling factors playing a smaller role. A consensus estimate from these studies for the
contribution of tropical low clouds to the global mean cloud feedback is
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025+ 0.18 Wm 2 K" (90% confidence interval), suggesting it is very unlikely that
tropical low clouds reduce total global cloud feedback. Because the prediction of positive
tropical low-cloud feedback with this approach is consistent with independent evidence
from low-cloud feedback studies using high-resolution cloud models, progress is being
made in reducing this key climate uncertainty.

Keywords Climate change - Cloud feedbacks - Low clouds

1 Seeking Observational Constraints on Low-Cloud Feedbacks

How clouds respond to the climate warming is a major uncertainty in climate change
science that hinders prediction of the temperature sensitivity to radiative perturbations
(Boucher et al. 2013). At the center of this uncertainty is the response of tropical oceanic
low clouds, which is the single cloud type that explains the most spread of climate model
predictions of cloud feedbacks (Bony and Dufresne 2005). A recent study estimates that
low clouds globally explain around 50% of the inter-model variance of the global mean
cloud feedback (Zelinka et al. 2016).

The widely varying responses of low clouds are perhaps unsurprising because climate
models struggle to simulate these clouds. Tropical low clouds involve highly interactive
processes of radiative transfer, turbulent and convective mixing and cloud physics that are
imperfectly represented by climate model parameterizations. The parameterizations are
necessary because the space and time-scales that climate models resolve are coarse relative
to the space and time-scales of tropical low clouds.

The problems simulating low clouds motivate approaches to determine tropical low-
cloud feedbacks that do not directly rely upon climate model simulations. One approach is
to use large-eddy simulations that resolve low-cloud processes to predict the low-cloud
changes forced by the climate changes in the environment (Rieck et al. 2012; Zhang et al.
2012; Blossey et al. 2013; Bretherton 2015). A second approach relies on observations of
clouds to predict how they will respond to changes in the large-scale environment typical
of climate warming. This observational approach is the subject of this paper.

At the heart of the observational approach is the fact that tropical low clouds are not
randomly distributed but instead tend to vary with characteristics of the large-scale
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Fig. 1 Low-cloud cover from the International Satellite Cloud Climatology Project. Rectangles indicate the
preferred regions of tropical low clouds of the stratocumulus type. These regions were studied in Q15, but
they were also studied by M16, B16, and M17. Another common low-cloud type is trade cumulus which
typically occur in the regions to the west of the rectangles in the figure. These clouds were studied directly
by M17 and to some extent by B16. Low clouds are also common in the subsidence portions of the tropical-
extra-tropical transition zone between 20° and 40° latitude in each hemisphere, and these clouds were
studied in Z15 and M17. (Figure from Q15)
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environment (Fig. 1). The conditions that favor extensive sheets of low clouds such as
stratocumulus include a relatively cold sea-surface temperature (SS7) and a strong capping
temperature inversion, among others. Elsewhere in the tropics, SST is warmer and the
inversion weaker even as the air is still subsiding, favoring the smaller cloud fractions
typical of trade cumulus clouds. Assuming low clouds are a response to their environment,
environmental conditions influencing low clouds may be called “cloud-controlling fac-
tors” (Stevens and Brenguier 2009).

The basis of the observational approach for predicting low-cloud feedbacks from their
controlling factors is the following: suppose we know how sensitive the clouds are to each
cloud-controlling factor, as derived from observations of cloud variability in the present
climate, and we have an idea of how each of the factors will change with climate warming,
as derived from climate models and confirmed by physical reasoning. Then we can predict
how the low clouds will change with climate warming under the assumption that the
sensitivities of clouds to their controlling factors are time-scale invariant. This approach
has been taken in five recent studies (Qu et al. 2015b; Zhai et al. 2015; Myers and Norris
2016; Brient and Schneider 2016; McCoy et al. 2017, in chronological order; hereafter
these studies will be named “Q15,” “Z15,” “M16,” “B16” and “M17,” respectively). In
this paper, we review these studies. From them we form a consensus estimate of the
average tropical low-cloud feedback for marine subsiding regions (including both stra-
tocumulus and trade cumulus) that can be used in an estimate of Earth’s climate sensitivity.
We also examine issues with this approach and how uncertainties in its predictions might
be reduced.

2 Cloud-Controlling Factors

The studies considered make the assumption that anomalies in some measure of tropical
low clouds AC relevant to radiative fluxes (such as low-cloud fraction or shortwave cloud-
radiative effect) can be represented by a first-order Taylor expansion in cloud-controlling
factors x;:

Ax; (1)

oC
AC=D Tl

In (1), the partial derivative %C represents the sensitivity of low clouds to a cloud-con-

trolling factor and is assumed to be the same regardless of the time-scale over which
anomalies are calculated (“time-scale invariant”). This time-scale is often inter-annual, but
it could also be weekly or over decades and centuries. Any time-scale is valid provided it is
greater than about 2-3 days, the longest time-scale over which the boundary layer and its
clouds respond to changes in the cloud-controlling factors (Schubert et al. 1979; Bretherton
1993). Temporal averaging reduces but does not eliminate any disequilibrium between the
clouds and their controlling factors.

Table 1 lists the most important controlling factors for tropical low clouds. The
table also explains why tropical low clouds depend on each controlling factor, and cites a
supporting observational and/or large-eddy simulation modeling study. While a wide body
of research supports each factor, they do not all have the same level of theoretical
understanding or observational and modeling support. The relationship of increased low
cloud to increased inversion strength is the most robust relationship. Covariance between
factors, such as free-tropospheric relative humidity with downward longwave radiative
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Table 1 Most prominent cloud-controlling factors affecting tropical low clouds, their physical explanation,
and their support from observational and large-eddy simulation modeling studies

Cloud-controlling Physical explanation Observational ~ Modeling

factor support support

Strengthened Reduced mixing across inversion keeps boundary Wood and Bretherton
inversion layer shallower, more humid and more cloudy Bretherton et al. (2013)
stability (2006)

Reduced Deeper boundary layer increases cloud Myers and Blossey et al.
subsidence Norris (2013)

(2013)

Increased Greater destabilization of the surface—atmosphere  Norris and N/A
horizontal cold interface increases upward buoyancy flux Tacobellis
advection promoting more clouds (2005)

Increased free- Entrainment drying is reduced, thus moistening the M16 van der
tropospheric boundary layer and increasing cloud Dussen et al.
humidity (2015)

Decreased Reduced downward longwave radiation increases  Christensen Bretherton
downward cloud-top radiative cooling, driving more et al. (2013) et al. (2013)
longwave turbulence supporting cloud
radiation

Colder Sea-surface  Colder temperature reduces the efficiency of Ql15 Bretherton
temperature entrainment necessitating more cloud to produce and Blossey
(8ST) a given entrainment rate (2014)

Increased surface Increased surface driven shear mixing increases Brueck et al. Bretherton
wind speed latent heat flux and cloud (2015) et al. (2013)

In the first column, the direction of the cloud-controlling factor corresponds to that that would increase low
clouds. Only the single most prominent study supporting the cloud-controlling factor is listed in the third and
fourth columns

N/A indicates the absence of a study demonstrating the role of the factor in tropical low clouds

flux, makes it difficult to conclusively identify the individual role of some factors from
observations, even if these are easily distinguished in modeling studies. Reliable large-
scale observations of some controlling factors are sometimes unavailable. It is unlikely that
Table 1 is missing any important cloud-controlling factors since it includes the majority of
the external large-scale variables in the energy and moisture budget equations for the
boundary layer (Stevens and Brenguier 2009). Nonetheless, the list may be missing some
known (e.g., aerosol) and unknown factors that likely only play a minor role in tropical
low-cloud feedbacks to climate warming.

3 Low-Cloud Feedbacks

In the forcing-adjustment-feedback framework (Sherwood et al. 2015), changes in global
mean top-of-atmosphere radiative flux (R) due to individual feedbacks such as clouds are
assumed to be linearly related to changes in global mean surface air temperature (7). The
contribution of tropical low clouds to the global cloud feedback can be thought of as the
product of the fraction of the planet dominated by tropical low clouds (a) with the sen-
sitivity to changes in T} of the local cloud-induced changes in top-of-atmosphere radiation
(e.g., using shortwave cloud-radiative effect):
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If we view the local cloud response as resulting from changes in the local cloud-

controlling factors, we can use (1) to expand the local cloud feedback 3—? as:

dc oC dx;
T, = 2-a, ®
ocC

In (3), the partial derivatives £ are the radiative sensitivities of cloud to the controlling

factors and fjb‘T’ measures how each cloud-controlling factor x; varies with increases in T, on
g

climate change time-scales. Equation (3) expresses the concept that clouds respond to the
local values of the cloud-controlling factors while cloud-controlling factors may depend on
non-local factors (such as the large-scale circulation of the atmosphere), which can be
(imperfectly) parameterized as a function of T.

Multi-linear regression analysis of observations provides the sensitivities of clouds to
their controlling factors on inter-annual or shorter time-scales (but no shorter than 8 days
in the studies reviewed here), whereas analysis of climate model simulations reveals how
the factors vary with long-term climate change. Cloud sensitivities can also be calculated
from model simulations and compared to those calculated from observations on the time-
scales for which they are available.

Figure 2 shows the end result from one of the studies covered by this review (M16). In
particular, panel (a) compares the local cloud feedback predicted by Eq. (3) (called
“constrained”) with that simulated by climate models (called “actual”); panel (b) shows
each individual term from the right-hand side of Eq. (3). As Fig. 2 shows, M16 deduce a
positive cloud feedback primarily because aggr is positive in the satellite cloud observa-
tional datasets they use. However, the positive contribution from SST increases is offset by
a negative contribution from changes in the Estimated Inversion Strength (EIS). This
contribution results from the facts that (1) climate models universally predict, with robust
physical justification, that EIS will increase with warming (Webb et al. 2013; Qu et al.
2015a), and (2) cloud amount and the associated reflection of solar radiation increases
strongly with increases in EIS in observations. EIS increases in warming simulations are
driven by increased SST gradients between tropical low cloud and deep convection regions
as well as increased land—ocean surface temperature contrast (Qu et al. 2015a). The other
factors examined in M16, namely horizontal temperature advection, free-tropospheric
humidity and subsidence, make smaller but collectively non-negligible negative contri-
butions to the predicted cloud feedback.

The five studies in our review make different choices with respect to the observational
datasets, cloud-controlling factors and spatiotemporal variability examined (Table 2).
Despite these differences, the following commonalities emerge: (1) SST is the most
important cloud-controlling factor for climate change cloud feedbacks; (2) tropical low
clouds are observed to decrease in extent or radiative impact with increasing SS7, leading
to the prediction of positive tropical low-cloud feedbacks to climate change; (3) the four
studies that consider EIS agree that although EIS contributes a negative feedback, it only
partially offsets the positive feedback from SST; and (4) the three studies that consider
additional factors beyond EIS and SST agree that these additional factors collectively make
only a minor contribution to tropical low-cloud feedback.
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Fig. 2 a Local tropical low- (a)
cloud feedback predicted from
the observed sensitivity of clouds
to their controlling factors (called
“constrained”) and that actually
simulated by climate models; and
b the components of the
predicted cloud feedback from
each controlling factor according
to Eq. (3). The estimate in black
is computing using the model- ! il
mean changes in factors and °
shows a 95% confidence interval
calculated from the uncertainty in
the cloud sensitivities calculated
from observations. In panel b and
for the constrained predictions in
panel a, the spread in model
predictions is due solely to inter-
model differences in how cloud- SW CRE feedback
controlling factors change with (b)
rises in global mean surface air 4
temperature. Symbol color

classifies climate models

according to how well they 3
reproduce the observed cloud
sensitivities (cyan = above
average, orange = average,

red = below average). Acronym
definitions in the figure are:
“EIS”—Estimated Inversion 1
Strength, “SSTadv”—horizontal

temperature advection, b 4
“RH700”—relative humidity at 0 =
700 hPa, “omega700”—

subsidence velocity at 700 hPa,

and “SW CRE”—Shortwave -1
Cloud-Radiative Effect. . i . . .
(Figure from M16) SST EIS SSTadv RH700  omega700

Wm2K!

-1 A

constrained actual
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._1:!-

Components of the obs constrained SW CRE feedback

Figure 3 displays the quantitative predictions of the local tropical low-cloud feedback
from these observationally based studies, along with values predicted from large-eddy
simulations and global climate models; the “Appendix” explains how these predictions
were derived. Some observational studies have more than one estimate because they
consider multiple satellite cloud datasets (Q15 and M16), geographical areas (M17) or
temporal scales of variability (B16). Nearly all observational estimates of the local tropical
low-cloud feedback are positive and many values cluster near 1 W m™> K.

4 Implications for Climate Sensitivity
Do the cloud feedback estimates from the observational studies reviewed here help narrow

the uncertainty in the climate change response of tropical low clouds? Local cloud feed-
back values from the cloud-controlling factor studies range from — 1.0 to
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Table 2 List of observational cloud data, cloud-controlling factors, and the spatial-temporal variability
examined in each study employing observations of clouds and their controlling factors to predict tropical
low-cloud feedbacks

Study

Satellite cloud observations
used

Cloud-controlling factors
included

Variability used to define
cloud sensitivities

Qu et al.
(2015b)—
Q15

Zhai et al.
(2015)—
Z15

Myers and
Norris
(2016)—
Ml6

Brient and
Schneider
(2016)—
B16

McCoy
et al.
(2017)—
M17

Cloud fraction observations
from ISCCP (1984-2009),
MISR (2000-2013),
MODIS (2002-2014), and
PATMOS-x (1982-2009)

Cloud fraction from merged
CloudSat and CALIPSO
data (2006-2010)

Shortwave cloud-radiative
effect from CERES-EBAF
(2000-2012) and ISCCP-
FD (1984-1999)

Shortwave cloud-radiative
effect from CERES-EBAF
(2000-2015) and low-
cloud fraction from
CALIPSO-GOCCP
(2006-2014)

EIS and SST (model 1); EIS,
latent heat flux, specific
humidity lapse rate, free-
tropospheric humidity,
subsidence rate, surface
wind speed, and
horizontal temperature
advection (model 2)

SST

EIS, SST, free-tropospheric
humidity, subsidence rate,
and horizontal
temperature advection

EIS and SST

Cloud fraction from MODIS  EIS, SST, free-tropospheric

(2002-2014)

humidity, subsidence rate,
and surface wind speed

Inter-annual temporal
variability in the annual
means of the tropical low-
cloud regions containing
stratocumulus and cumulus
with stratocumulus (Fig. 1)

Seasonal cycle temporal
variability in the monthly
means averaged over
subsidence portions of the
20°—40° latitude band

Combined spatial and
temporal variability in the
inter-annual anomalies of
monthly means of tropical
low-cloud regions
containing stratocumulus
and cumulus with
stratocumulus

Temporal variability at 3
time-scales (intra-annual,
seasonal cycle, and inter-
annual) and using inter-
annual anomalies in the
monthly means averaged
over geographically
varying tropical regions in
the lowest quartile of
500 hPa relative humidity

Combined spatial and
temporal variability in
8-day mean data within 3
oceanic regions: 40°N—
40°S, trade cumulus, and
mixed stratocumulus and
trade cumulus regions

Acronym definitions and references for the satellite cloud observations are: ISCCP International Satellite
Cloud Climatology Project (Rossow and Schiffer 1999), MISR Multiangle Imaging SpectroRadiometer
(Marchand and Ackerman 2010), MODIS Moderate Resolution Imaging Spectroradiometer (Platnick et al.
2003), PATMOS-x Pathfinder Atmospheres Extended (Foster and Heidinger 2013), merged CloudSat/
Calipso (Mace et al. 2009), CERES-EBAF Clouds and the Earth’s Radiant Energy System Energy Balanced
and Filled (Loeb et al. 2009), ISCCP-FD International Satellite Cloud Climatology Project Radiative Flux
Dataset (Zhang et al. 2004), and CALIPSO-GOCCP Cloud-Aerosol Lidar and Infrared Pathfinder Satellite

Observations GCM-Oriented CALIPSO Cloud Product (Chepfer et al. 2010)
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Tropical Low-Cloud Feedbacks
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Fig. 3 Values of local tropical low-cloud feedbacks predicted from recent observational studies, large-eddy
simulations and global climate models. Local feedbacks are defined as the local change in top-of-atmosphere
radiation from tropical low clouds per degree increase in global mean surface air temperature. Bar widths for
observational studies (unavailable for M17) and this study’s meta-analysis represent 90% confidence
intervals. Values from individual large-eddy simulation studies are shown. The bar width for global climate
models indicates the range of model results. See the “Appendix” for details

+ 1.9 W m 2 K~'. This range would appear to offer no constraint on the climate model
range, — 0.8 to + 1.8 Wm™> K™, as seen in Fig. 3. Still it is worth recognizing that
many observational estimates are concentrated in a narrower range. We synthesize these
results to form a consensus estimate through a meta-analysis of these studies. A formal
approach would consider the uncertainty of each study and account for their degree of
independence, but measures of uncertainty are not supplied uniformly for these studies,
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and no confidence intervals are supplied by M17 at all. Instead we proceed approximately
by assuming that each study represents a partially independent result, which we justify by
noting the diversity of observational satellite cloud datasets, geographic domains, and time
periods employed. We also assume that each study gives a representative estimate of the
cloud feedback averaged over tropical low-cloud regions; this is further discussed below
(issue 13). Our consensus estimate is made by averaging all central estimates to form a
single value of cloud feedback for each study (shown near our meta-estimate in Fig. 3).
Then we compute the five-study mean and 90% confidence interval as 1.645 times the
sample standard deviation, consistent with a normal distribution. The meta-analysis
uncertainty describes the uncertainty across the ansidtze employed by each of the five
studies but not the uncertainty within each study. Nonetheless, this uncertainty estimate
seems appropriate as it produces a 90% confidence interval whose width is within 10% of
the average interval width in individual studies shown in Fig. 3.

The meta-analysis produces a local tropical low-cloud feedback of
1.0 £ 0.7 W m™2 K™, Our estimate suggests that climate models with negative tropical
low-cloud feedback are unrealistic, but still leaves an uncertainty range of ~ 50% (= 1.4/
2.6) of that of current climate models.

To determine how the local response of tropical low clouds contributes to climate
sensitivity, we first calculate the tropical low-cloud contribution to global cloud feedback
by multiplying the local cloud feedback by the fraction of the planet covered by tropical
low-cloud regions, following (2). Under the assumptions that (a) subsidence regions cover
2/3 of the tropical oceans, (b) oceans cover 3/4 of the tropics, and (c) the tropics cover ¥ of
the planet, we estimate that tropical oceanic subsidence regions cover approximately 1/4 of
the planet (a = 1/4). Thus, we arrive at a contribution of tropical low clouds to the global
mean cloud feedback of 0.25 & 0.18 W m™> K.

We then calculate an approximate equilibrium climate sensitivity ECS according to
ECS = Fa,/(—4), Where Fa, is the effective radiative forcing for a doubling of carbon
dioxide (CO,) and /4 is the climate feedback parameter (Dufresne and Bony 2008). The
climate feedback parameter is equal to the sum of the Planck response and feedbacks from
water vapor, lapse, surface albedo and clouds. We use average climate model values for the
forcing and non-cloud feedbacks as reported in Caldwell et al. (2016) (Table 3). Further
assuming a high-cloud altitude feedback (Zelinka et al. 2016) of + 0.2 W m~2 K~ but no
other cloud feedbacks, we compute an ECS of 2.4 K. Adding the central estimate of
+0.25W m > K! for the tropical low-cloud feedback from our meta-analysis to the
high-cloud altitude feedback, we arrive at a central estimate for ECS of 3.0 K. Thus, if the
tropical low-cloud feedback is positive with the magnitude suggested by these observa-
tional studies, ECS would be in the middle of its canonical range of 1.5-4.5 K (Stocker
et al. 2013).

5 Sources of Uncertainty

In interpreting cloud feedbacks derived from observations of clouds and their controlling
factors, a number of issues merit discussion. We roughly divide these into two categories:
those of a fundamental nature (F/—F4) that may limit the validity of this observational
approach, and those related to implementation (//-15) that may limit the accuracy of the
feedback estimated with a presumed valid approach. The latter issues, if addressed, might
allow for tighter constraints on tropical low-cloud feedback.
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Table 3 Values of the CO, radiative forcing and various feedbacks used in the calculation of equilibrium
climate sensitivity

Term Value

Radiative forcing for doubling of CO, concentration (Faco,) 343 Wm™
Planck feedback —315Wm?2K!
Water vapor feedback 1.69 Wm 2 K™!
Lapse rate feedback —053Wm?2K™!
Surface albedo feedback 038 Wm >K™'
High-cloud altitude feedback 020 Wm 2 K™!

These values are the multi-model-mean values from Caldwell et al. (2016) computed by linear regression of
the first 150 years of the abrupt quadrupling of CO, climate model experiments. As such, the forcing is an
effective radiative forcing that includes the rapid cloud adjustments. The values are averaged only for
models passing the clear-sky linearity test used to test the accuracy of the radiative kernel approach to
quantify feedbacks. See Caldwell et al. (2016) for details

5.1 Fundamental Issues
5.1.1 Fl. Are Cloud Sensitivities Time-scale Invariant?

The approach used in these five studies relies heavily on the assumption that the sensitivity
of clouds to their controlling factors remains constant across any time-scale longer than a
few days—the longest time-scale over which the boundary layer is still in a state of
transient adjustment to changes in the cloud-controlling factors. We can test this propo-
sition by examining results from studies that consider multiple time-scales. B16 calculates
sensitivities at 3 time-scales: intra-annual, seasonal cycle, and inter-annual (from monthly
mean data). Table 5 indicates consistency (within their uncertainty estimates) across these
time-scales for the SST sensitivity. Although this is less true for the EIS sensitivity, the final
estimates of their cloud feedback are still consistent across time-scale (Fig. 3). M17 cal-
culates sensitivities at 2 time-scales: using 8-day means and annual means. They find that
the sensitivities vary by less than a factor of two between those two time-scales, with one
exception, namely for % from the regions of mixed stratocumulus and trade cumulus.
Because M17 do not supply uncertainty coefficients, one cannot judge if this difference is
significant. Separately, deSzoeke et al. (2016) make a thorough analysis of the time-scale
dependence of the relationship between low cloud and EIS, finding that while the amount
of low-cloud variance explained by EIS varies with time-scale, the sensitivity of low cloud
to EIS varies by less than a factor of two between daily, monthly, and inter-annual time-
scales examined. Klein (1997) examined low-cloud variability at a single point in the
Northeast Pacific and found that the signs of the correlation coefficients between low-cloud
fraction and several controlling factors remain fixed across time-scales from daily to
monthly. Some variations in the cloud sensitivities are expected due to statistical uncer-
tainty in sensitivity coefficients, and from this available evidence one cannot disprove the
notion that cloud sensitivities are time-scale invariant. Certainly the sensitivities agree
qualitatively and in sign across time-scales, if not in exact magnitude. To fully address this
question, more observational studies calculating cloud sensitivities with error estimates at
multiple time-scales are needed.
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5.1.2 F2. Are Clouds Responding to the Controlling Factors?

When regression analysis is applied to observations to derive sensitivity coefficients, it is
assumed that these reflect the influence of the factors on the clouds, rather than the
influence of the clouds on the factors. But how confident are we that this is the case? This
concern is most obviously relevant for variables internal to the boundary layer. For
example, relative humidity in the boundary layer or the state of cloud organization would
be questionable candidates for a controlling factor and is not listed in Table 1 for this
reason. For the cloud-controlling factors listed in Table 1, substantial observational evi-
dence exists that cloud properties are best correlated to upwind (Klein et al. 1995; Klein
1997; Mauger and Notris 2010) or earlier (deSzoeke et al. 2016) sampling of the factors.
These lines of evidence reinforce the notion that these quantities are external and large-
scale characteristics of the atmosphere or ocean which influence the boundary layer and its
clouds, rather than the other way around.

The relationship between clouds and SST deserves extra discussion in this connection,
given the major role for ag% in determining tropical low-cloud feedback. Modeling studies
demonstrate that a positive radiative feedback from tropical low clouds can amplify low
frequency (multi-year and decadal) SST variability (Bellomo et al. 2014, 2015), so there is
no doubt that clouds affect SST. Nonetheless, it is also clear from large-eddy simulations
(Blossey et al. 2013) and observational evidence (Klein et al. 1995; Klein 1997; Mauger
and Norris 2010) that clouds respond to SST over just a few days. For an ocean mixed-layer
depth of 50 m, it takes about 300 days to produce an SST anomaly in response to cloud-
radiative anomalies that is consistent with the observed value of 62% (deSzoeke et al.
2016); covariations of cloud with SST at time-scales shorter than 300 days would therefore
reflect the influence of SST on cloud, and not the other way around. The fact that M17 find
similar values of % at 8-day time-scales as at inter-annual time-scales (with the exception
of the region with mixed stratocumulus and trade cumulus) suggests that two-way inter-
actions between cloud and SST do not cause a_as% to be different at the longer time-scales.
Furthermore, climate model simulations with prescribed SS7, which by definition do not
have the two-way interactions of clouds and SST, produce a value of % reasonably close
to those derived from simulations with fully coupled ocean—atmosphere models (X. Qu
personal communication).

To understand the reason for this similarity across time-scales, we appeal to our
understanding of the water vapor feedback. One expects water vapor anomalies to adjust to
changes in the underlying SST so that relative humidity is approximately conserved. One
expects this to be true even if water vapor did not produce the longwave radiative
anomalies that fed back on the SST changes. Thus, the diagnosed sensitivity of water vapor
to surface temperature is the same, whether the interaction is one-way or two-way. In a
similar way, we may also think of cloud anomalies as being in a state of mutual adjustment
with underlying SS7, so as to maintain a boundary layer that is thermodynamically con-
sistent with its environment. This would be the case whether or not SS7 has enough time to
be affected by the top-of-atmosphere energy budget perturbation that the cloud anomaly
produces.
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5.1.3 F3. Uncertainty in the Climate Change Prediction of Cloud-Controlling
Factors

The cloud-controlling factors are among the more trustworthy variables of climate models
because they are aspects of the resolved large-scale state. While climate models generally
agree on their predicted climate changes, any inter-model spread contributes to spread in
the predicted low-cloud feedback with this observational approach. This can be seen in
Fig. 2, where the spread among climate models (which are displayed as colored symbols)
for the “constrained” column in panel a and for each factor in panel b arises solely from
inter-model spread in the climate changes in cloud-controlling factors - d . For the total

feedback (“constrained” column in panel a), inter-model spread is comparable to, but
slightly smaller than the spread due to the uncertainty in the observed cloud sensitivities
(shown by the black uncertainty bar). Comparison to panel b indicates that much of the
total feedback spread is due to inter-model differences in the predicted changes in EIS and
free-tropospheric humidity. For SS7—the factor with the largest average cloud feedback

contribution—inter-model spread in ngT in the period examined (121-140 years after CO,

quadrupling) is smaller than the uncertainty in the observed value of aggr We conclude
from this figure, as well as the analysis of Q15, that the uncertainty in the predicted climate
change of the cloud-controlling factors is a significant component of the cloud feedback
uncertainty but not quite as large as the uncertainty in ag% Reducing this uncertainty
would include diagnosing the influences on the cloud-controlling factors and identifying
constraints on the climate-model-simulated changes. A step in this direction for EIS was
taken by Qu et al. (2015a). Also, a preliminary investigation finds that the normalized
changes in SST and associated cold advection are positively correlated across models with
the low-cloud feedback itself (Tim Myers, personal communication). This correlation is
consistent with more positive low-cloud feedbacks locally warming the ocean more (rel-
ative to the global mean temperature increase). Normalized changes in other cloud-con-
trolling factors including free-tropospheric humidity, subsidence and EIS do not have an
apparent relationship to the low-cloud feedback itself, consistent with the expectation that
their large-scale nature makes them additionally sensitive to remote influences. Until this
uncertainty is reduced, the “constrained” column in Fig. 2a suggests that the uncertainty in
the local cloud feedback will not be smaller than £ 0.5 W m~2 K~'. While this uncer-
tainty is considerably smaller than that of the individual observational estimates in Fig. 3,
it is not very much smaller than the & 0.7 W m~? K™ uncertainty in our meta-estimate.

5.1.4 F4. Time-Dependency of Cloud-Controlling Factors During a Climate Change

Our cloud feedbacks estimates have been made under the assumption that changes in

dx,

cloud-controlling factors dr, <L are constant in time. A growing body of evidence (Andrews

et al. 2015; Rugenstein et al. 2016) suggests that cloud feedbacks to climate change are
sensitive to the spatial pattern of SST warming, which evolves during simulated time-
dependent climate change. Of particular importance to tropical low-cloud feedbacks is the
differential rate of warming between tropical ascent and subsidence regions: if tropical
ascent regions initially warm more rapidly than tropical subsidence regions, EIS in tropical
subsidence regions will increase through the influence of the large-scale circulation
(Caldwell and Bretherton 2009; Qu et al. 2015a). This will contribute to low cloud
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increases and hence smaller low-cloud feedbacks (Zhou et al. 2016). When more warming
later appears in the subsidence regions, tropical low-cloud feedbacks will become more
positive. This behavior is most apparent in the simulations with abrupt quadrupling of CO,
(Andrews et al. 2015; Rugenstein et al. 2016), but it also occurs in decadal feedbacks
inferred for the last century (Gregory and Andrews 2016; Zhou et al. 2016). This does not

negate the framework of Eqs. (1-3). Rather it suggests that there would be value in

dx; dEIS and dSST

allowing that the T especially G, a7, > might vary with time, even as the cloud

sensitivities STC to local conditions remain constant.

As interesting as SST pattern effects are, they are unlikely to have a first-order impact on
the century time-scale tropical low-cloud feedback. With typical values of the cloud
sensitivities, a negative tropical local low-cloud feedback would not occur unless the ratio
of EIS to SST change is ~ 1, several times larger than the typical ratio of 0.2 exhibited by
climate models. Such a large value might happen for decadal variability (Zhou et al. 2016),
but is extremely unlikely to happen for century time-scale warming. Oceanic heat transport
on the century time-scale prevents warming in tropical subsidence regions from differing
much from warming in tropical ascent regions. For century time-scale forced climate
change such as 100 + years after abrupt quadrupling of CO, or by the end of the twenty-
first century in a scenario simulation, the values of cloud-controlling factors simulated by
climate models are such that the tropical low-cloud feedbacks are decidedly positive, given
the observed cloud sensitivities.

5.2 Implementation Issues
5.2.1 I1. Imperfect Observations of Clouds and Their Controlling Factors

Figure 3 shows that the central estimate spread among the four satellite cloud fraction
datasets in Q15 is 1.1 W m~2 K™', but the spread among two satellite cloud-radiative
effect datasets in M16 is only 0.4 W m~2 K~'. Such differences could arise from uncer-
tainties in cloud observations. Indeed, the five studies in this review employed a wide range
of satellite-derived cloud metrics, including estimates of cloud fraction and shortwave
cloud-radiative effect (Table 2). However, the effect of these choices on cloud feedback
estimates is difficult to determine. Q15 and M16 use multiple cloud datasets, but the
datasets cover different years, and thus differences are not solely due to measurement or
algorithmic changes. The larger spread among Q15 estimates might be consistent with the
fact that cloud fraction is more difficult to measure. As a result, there may be greater
differences between cloud fraction datasets than those describing cloud-radiative effect
(Maddux et al. 2010; Pincus et al. 2012).

The differences in feedback estimates could also come from observational uncertainty
in cloud-controlling factors. Unfortunately, no study has quantified this effect. SST is
extremely well-observed from satellite, but observational uncertainty might be not negli-
gible for the other factors that often rely on reanalysis data (Pincus et al. this issue). For
example, M17’s estimate of % using satellite EIS observations appears consistent with
M16’s estimate using EIS from reanalysis data. But this is not a clean comparison because
the satellite observations are used in data assimilation, among other reasons.

Clearly, more research into the impact on predicted low-cloud feedbacks of observa-
tional uncertainty in clouds and their controlling factors would be helpful. At the same
time, because the error bars on low-cloud feedback estimates derived from diverse cloud
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and cloud-controlling factors overlap substantially, we judge it unlikely that estimates of
cloud feedback would change significantly if observational uncertainties in cloud or cloud-
controlling factors were better quantified and reduced.

5.2.2 I2. Limited Duration of the Observational Record

The majority of studies use inter-annual variability to determine ag% and %, and the
typical length (15-25 years) of the more reliable satellite records offers very limited
numbers of independent samples. This suggests the limited duration of the observational
record is a major contributor to uncertainty in the estimates shown in Fig. 3. A com-
pounding problem arises from the covariance of EIS and SST for current climate variability
on monthly and longer time-scales. However, the uncertainty in << is probably smaller

SEIS
than the uncertainty in % because sub-monthly variations of EIS, which typically do not
co-occur with large SST fluctuations, confirm the value of the EIS sensitivity (M17,
deSzoeke et al. 2016). As time goes by, longer satellite records will gradually reduce

uncertainty in 2§

35ST due to limited observational duration.

5.2.3 I3. Limited Spatial Sampling of the Observations

The results of large-eddy simulation suggest a systematic difference in the cloud feed-
back between regions dominated by trade cumulus and regions dominated by stratocu-
mulus (Fig. 3). Three of the observational studies used here, however, (Q15, M16, B16)
primarily analyze variations in the stratocumulus regions. These studies’ estimates of
low-cloud feedback may be biased because they do not sample trade cumulus that might
have a smaller feedback. However, M17’s feedback for trade cumulus is close to our
meta-estimate and is in fact larger than their feedback for stratocumulus regions. The
observational analysis for latitude bands in M17 and Z15 also produces feedbacks that do
not depart significantly from our meta-estimate. For individual cloud sensitivities, M17
found general agreement between regions for most factors, with the exception of sub-
sidence (Myers and Norris 2013; deSzoeke et al. 2016). Observational studies focused
specifically on trade cumulus exhibit relationships of low clouds to cloud-controlling
factors with the same sign as in M17 (Brueck et al. 2015; Nuijens et al. 2015). In
conclusion, there is not enough evidence at this time to demonstrate that differing spatial
sampling in the observational studies leads to a biased estimate of the mean feedback for
tropical low-cloud regions. Further observational studies, particularly for trade cumulus
regions, are needed.

The unusual spatial sampling in B16 bears further examination. In B16, the particular
locations analyzed vary in time, unlike those in the other studies. Moreover, they obtain a
single data point for each month by averaging data across all points they select, no matter
how wide their geographical separation. This means the cloud sensitivities they calculate
may not necessarily represent a local relationship between cloudiness and SST or EIS.

5.2.4 I4. Imprecise Statistical Modeling
A key question is whether clouds vary linearly with their controlling factors. Although low
clouds result from the interactions of inherently nonlinear processes, there is ample evi-

dence that a linear approach can explain cloud variations at spatial scales greater than
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100 km and time-scales longer than a few days. For example, observations show that a
linear relationship with inversion strength can explain over 80% of the variance in the
seasonal cycle of tropical and extra-tropical marine low clouds (Klein and Hartmann 1993;
Wood and Bretherton 2006). Over decadal time-scales, Seethala et al. (2015) find that
observed tropical low-cloud changes can be well explained with a linear model using SS7,
EIS, and horizontal temperature advection as cloud-controlling factors. In large-eddy
simulations, changes in shortwave radiation reflected by low clouds in response to the
simultaneous changes in many cloud-controlling factors are within 10% of the linear sum
of changes in simulations forced by individual cloud-controlling factors (Bretherton et al.
2013).

There is a hazard in applying any statistical model “out of sample,” an inherent risk
whenever sensitivities inferred from a system’s variability are used to infer information
about the system’s response to a perturbation. But this does not appear to be an
important concern for low-cloud-controlling factors. In tropical subsidence regions, both
inter-annual variability in SST (1-2 K ~ two standard deviations, Deser et al. 2010) and
the amplitude of its seasonal cycle (2—4 K, Shea et al. 1992) are generally comparable in
magnitude to the 2-3 K increases typical of a response to CO, doubling. If cloud
changes are indeed linear within the ranges of variability and climate change, the cloud
sensitivities derived from variability ought to approximately agree with those associated
with climate change. The reviewed studies find approximate agreement when we com-
pare the actual cloud feedback simulated by the climate model to that predicted by (3)
when the sensitivities to each factor are derived from each model’s simulation of current
climate variability. Figure 2a of M16 shows that the linear model of (3) gives a very
good prediction for the actual cloud feedback for those climate models whose cloud
sensitivities are closer to observations, but less so for the climate models with more
erroneous cloud sensitivities. Clouds in the latter models are likely sensitive to cloud-
controlling factors not found in nature and also excluded from the linear prediction
model. This good agreement (sometime regardless of model fidelity) was also found by
Z15, Q15, and B16, although in some instances the feedback from (3) overestimates the
actual feedback. The across-model agreement between cloud variability in the current
climate and the cloud feedback to climate change illustrates a type of “emergent con-
straint” relationship (Klein and Hall 2015). This range of evidence provides support for a
linear model of tropical low-cloud changes, although residuals between the actual cloud
feedback and that predicted by (3) should be expected.

”

5.2.5 I5. Incomplete Set of Cloud-Controlling Factors

The number of factors used varies across the reviewed studies (Table 2); in Q15 and
B16, one can directly examine the sensitivity to this issue. Q15 arrive at similar pre-
dictions whether they use two or seven factors, although the climate-model-predicted
feedback with seven factors would be 15-30% smaller than the feedback predicted with
two factors (SST and EIS). This is consistent with M16’s result that the factors other than
SST and EIS produce small negative feedbacks (Fig. 2b) whose collective sum is
—04Wm 2K ! BI16 find that % is ~ 30% smaller when a two-factor (SST and
EIS) regression model is used instead of a single factor (SST), consistent with the general
anti-correlation of SST and EIS within natural climate variability. This suggests that
studies (Z15, B16, Q15 two-factor model shown in Fig. 3, M17) calculating feedbacks
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with a reduced set of cloud-controlling factors may have a small positive bias in their
predicted low-cloud feedback.

6 Summary and Final Remarks

Tropical low-cloud feedback is a key uncertainty for climate change. In this paper, we
reviewed recent studies that predict the tropical low-cloud feedback using the observed
sensitivities of clouds to controlling factors of the large-scale environment. The strength of
this approach is that it relies primarily on observations of the cloud response to controlling
factors and does not depend on the simulation of clouds by climate models. (It does rely on
model predictions of how the controlling factors change with climate, however.) Although
we only discuss studies of tropical low clouds, there is also evidence that this approach
would also be useful for predicting and understanding low cloud amount and reflectivity
feedbacks over the middle-latitude oceans (Gordon and Klein 2014; Ceppi et al. 2016;
Terai et al. 2016; Grise and Medeiros 2017).

Studies taking this approach agree that the tropical low-cloud feedback is positive. Our
synthesis of the results from these studies is that the contribution of tropical low clouds to
the global mean cloud feedback is 0.25 4 0.18 W m~> K™, indicating that climate
models with negative tropical low-cloud feedbacks are implausible. Our synthesis suggests
a central estimate for climate sensitivity of 3.0 K. Longer observational records offer
perhaps the best near-term prospects for reducing uncertainty, but ultimately smaller
uncertainties would also require greater certainty in the prediction of climate changes in
cloud-controlling factors. More observational studies targeting trade cumulus regions
would also be desirable (Brueck et al. 2015; Bony et al. 2017).

Our observational estimate of tropical low-cloud feedback is consistent with indepen-
dent estimates from large-eddy simulation models forced by climate-model-simulated
changes in cloud-controlling factors. The range of local cloud feedbacks from large-eddy
simulations is 0.3-2.3 W m > K™' (Fig. 3). This overlaps reasonably well with our
observational estimate of the local cloud feedback of 0.3-1.7 W m~> K™\,

Even if we know what the tropical low-cloud feedback should be based upon obser-
vations and large-eddy simulations, getting climate models to reproduce a feedback of this
magnitude is not straightforward. Although some climate models are in agreement with our
estimate of the tropical low-cloud feedback, it remains to be seen if they are in agreement
for the right reasons. This motivates additional research to understand the physical basis for
the cloud sensitivities (particularly for %) through both observations (Brient et al. 2016)
and large-eddy simulations (Bretherton and Blossey 2014), and whether the physics is
correctly modeled in global climate models (Zhang et al. 2013; Sherwood et al. 2014; Vial
et al. 2017
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Appendix: Details Used in Synthesizing Studies

In order for Fig. 3 to provide a meaningful comparison of feedbacks between studies, the
original estimates must be converted into a common measure. The common measure is the
local cloud feedback: namely by how much the absorbed local net radiation at the top-of-
atmosphere in tropical low-cloud regions changes per degree increase in the global mean
surface air temperature, as given by (3). We also aim to synchronize error bars so that they
each represent 90% confidence intervals, the typical confidence interval used in Inter-
governmental Panel on Climate Change reports.

In this synthesis, there are two common issues affecting multiple studies. First, all
observational studies except M 16 only provide estimates of the cloud sensitivities %f,, SO we

dssT
dr,

the ratio of changes in local SST to changes in global mean surface air temperature, T, is
0.7 which is a typical value for climate model simulations of climate warming (Andrews
etal. 2015). A value less than unity reflects model predictions of greater warming over land
relative to oceans, high latitudes relative to low latitudes, and (least important) tropical

ascent regions relative to tropical subsidence regions. We also specify that % =0.14,

must supply values of the cloud-controlling factor changes (‘11"7; in (3). We specify that

matching climate model results that the ratio of temperature-mediated EIS changes to local
SST increases in tropical subsidence regions is around 20% (Webb et al. 2013; Qu et al.
2015a).

Second, questions arise whether the cloud sensitivities measured with observations of
either “cloud fraction” (in Q15, Z15, and M17) or “cloud-radiative effect” (in M16 and
B16) are a direct measure of the impact of tropical low clouds on the top-of-atmosphere
radiation budget. Tropical low clouds have only a small impact on the top-of-atmosphere
longwave radiation budget, so we focus on determining the impacts of tropical low clouds
on the shortwave radiation budget. The use by M16 and B16 of the shortwave cloud-
radiative effect (which is defined as clear-sky fluxes minus all-sky fluxes) as a surrogate for
these cloud impacts is known to be a good approximation since clear-sky shortwave
radiation undergoes relatively smaller changes over the ice-free oceans (Hakuba et al.
2016). However, the results are less clear when using observations of cloud fraction since
cloud feedbacks may also result from changes in other cloud properties, especially the
distribution of optical thickness (Zelinka et al. 2012). Cloud fraction itself is also relatively
sensitive to details of the observing system (Maddux et al. 2010; Pincus et al. 2012) and
how this system changes over time (Norris and Evan 2015). Nonetheless, these concerns
are somewhat mitigated by the fact that the observed variability in cloud reflectance in
tropical low-cloud regions is primarily driven by changes in low-cloud fraction (Klein and
Hartmann 1993; George and Wood 2010). To that end, we convert the cloud fraction
sensitivities from Q15, Z15, and M17 into cloud feedbacks by multiplying by the sensi-
tivity of the top-of-atmosphere radiation budget to a unit increase in low-cloud fraction. In
particular, we use a | W m™~ 2 decrease per % increase in low-cloud fraction based upon
Klein and Hartmann (1993) who analyzed the relationship between top-of-atmosphere net
radiation and ISCCP cloud fraction in tropical low-cloud regions. We note this factor is
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within 10% of an average factor derived by comparing cloud-radiative effect sensitivities
to CALIPSO-GOCCP cloud fraction sensitivities (Tables 2, 3 of B16).
We now present the study-specific details used to derive the estimates shown in Fig. 3

Q15

The cloud feedback for Q15 is calculated using the reported values from different satellite

cloud observations of the cloud sensitivities =c¢= assr and L& (Table S4 of Q15), together with

aEls
our specified values of % and % The 5-95% confidence intervals for total sensitivity
g g

are calculated assuming that Q15’s reported values of 90% confidence intervals for the

sensitivities assr and < aEls (scaled by 0.2) add in quadrature. This assumes that EIS and SST
are normally distributed and uncorrelated. Finally, we convert Q15 measures of low-cloud
fraction into cloud feedbacks by multiplying by the — 1 W m? per % cloud fraction
factor.

715

Z15 determine from seasonal cycle satellite observations that low-cloud fraction decreases
at a rate of 1.28% cloud fraction per degree SST increase with a 3-sigma (standard devi-
ation) uncertainty of 0.56% cloud fraction per degree. For a 90% confidence interval, the
uncertainty would be equal to 1.81 times the standard deviation of the slope estimate,
assuming that the slopes are governed by a Student’s ¢ distribution with 10 degrees of
freedom (= 2 less than the 12 months used in a regression). Thus, we estimate that the 90%
uncertainty in this slope is 0.56%(1.81/3) = 0.34% cloud fraction per degree. As SST is the
only cloud-controlling factor in Z15, this slope is equal to the climate change time-scale
cloud fraction sensitivity and a cloud feedback can be computed by multiplying by
% =0.7 and the — 1 Wm™2 per % cloud fraction factor. This yields a value of

+0.90 + 0.24 W m~2 K~! to the 90% confidence interval of the local low-cloud feed-
back from Z15.

M16

M16 report a local tropical cloud feedback of 4 0.4 4+ 0.9 W m~ 2> K~'. This estimate
combines separate estimates from two independent observational datasets in two different
time periods. In order to illustrate the level of agreement, we show the results for each
dataset separately. Tim Myers kindly provided these estimates which are
+0.7 £ 1.7 W m > K" for ISCCP-FD and + 0.3 £ 1.1 W m > K™ for CERES-EBAF.
We make two modifications to convert these estimates into our desired quantity. First, the
confidence intervals in M16 are 95% confidence intervals calculated assuming perfect
knowledge of the changes in cloud-controlling factors, and 95% uncertainty in the sen-
sitivities of clouds to controlling factors. We convert the uncertainty estimates to 90%
confidence intervals by multiplying by (1.645/1.96), the ratio of the ¢-distribution standard
variables corresponding to 90 and 95% confidence intervals for large number samples.
Second, M16 calculate cloud feedbacks from the difference between year 121-140 of the
abrupt quadrupling of CO, climate model experiment and a control integration, so that
differences in cloud-controlling factors result not only from increases in temperature but
also from adjustments to the CO, radiative forcing (Gregory and Webb 2008; Sherwood
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et al. 2015). Thus, the M16 “feedback” includes cloud changes from rapid adjustments in
cloud-controlling factors that needs to be removed in order to have an improved estimate of
the temperature-mediated changes in the cloud feedback as represented by (3). The most
significant of the cloud adjustments to remove from M16 are those in response to the rapid
adjustment of EIS. From the difference of the two climate states, M16 estimate an EIS

change of %ETIES =0.28. As this is twice of our desired value of that %5 = 0.14, the EIS

component of the temperature-mediated cloud feedback in M16 is overestimated by a
factor of two. Using M16’s reported sensitivity of top-of-atmosphere shortwave cloud-
radiative effect to EIS, we calculate that the M16 feedback should further be adjusted
upward by 0.5 W m~2 K~'. With this second change, we arrive at our estimates of
+ 1.2+ 1.4 W m 2 K for ISCCP-FD and + 0.8 & 0.9 W m~2 K~' for CERES-EBAF
for the 90% confidence intervals of the local low-cloud feedback from M16.

B16

Table 5 of B16 reports the sensitivity of the albedo cloud-radiative effect to two cloud-
controlling factors, SST and EIS, using de-seasonalized variations and variations band-
passed filtered to 3 time-scales. To recover the cloud feedback of (3), we use our specified
%, and then multiply the sum by the average insolation of
387.9 W m~? that B16 calculates for their examined regions. The central estimate of the
calculated cloud feedback shown in Fig. 3 is produced using their central estimate of the
cloud sensitivities. B16 also report 90% confidence intervals for these sensitivities. But
because B16 use a boot-strap procedure, their confidence intervals are not symmetric about
the central estimate. In order to produce 90% confidence intervals for the cloud feedback
which are also asymmetric about their central estimate, the following approximate pro-
cedure was used. First a provisional lower bound is calculated using the lower bounds for
the EIS and SST sensitivities. Likewise, a provisional upper bound is calculated using the
upper bounds for the EIS and SST sensitivities. At the same time, we calculate our target
value of the difference between the 5th and 95th percentiles of the cloud feedback dis-
tribution by assuming that the 5th—95th percentile difference in the SST and EIS (scaled by
0.2) sensitivities add in quadrature. We then modify our provisional upper and lower
bounds such that the difference between upper and lower bounds equals our target value of
the difference between the 5th and 95th percentiles without changing the mean value of the
upper and lower bounds. By this procedure, we recover approximate 90% confidence
intervals for the cloud feedback that are asymmetric about the central estimate.

values of 95T and
dT,

M17

M17 use their observed estimates of the sensitivity of cloud to EIS and SST to calculate a
cloud fraction change for a 1 degree rise in local SST and 0.2 degree rise in EIS. As the
ratio of EIS to SST changes is the same as our desired value, we only need to multiply their
estimates by % = 0.7 and the -1 W m~? per % cloud fraction factor to yield the local
cloud feedback according to (3). Their cloud sensitivities are calculated from observations
in three types of regions: (a) 4 latitude bands between 40°N and 40°S, (b) 5 regions with
predominately trade cumulus clouds, and (c) 5 regions that contain a mix of stratocumulus
and trade cumulus clouds. M17 do not calculate any confidence intervals, and thus in Fig. 3
we report all their estimates without 90% confidence intervals.
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Large-Eddy Simulation Cloud Feedbacks

For large-eddy simulations, we use the estimates of local cloud feedback from Table 1 of
Bretherton (2015) along with his characterization of cloud regime simplified to either
stratocumulus or trade cumulus. For simplicity, we characterize the LES for his transition
regime as stratocumulus. We also include the estimate from the large-eddy simulation of
precipitating trade cumulus in Vogel et al. (2016). Per degree of local SS7, their simula-
tions have a radiation change that spans the range of 0.3-0.55 W m~> K~'. We assign the
feedback from this study to the midpoint of this range and multiply by % = 0.7 to arrive
at a value of the local cloud feedback of 0.3 W m™~> K~ for this study. We note that the
exact environmental changes forcing the large-eddy simulations vary in these studies. For
example, some simulations omit changes to EIS (Vogel et al. 2016), while others may
include changes in additional environmental parameters such as wind speed, subsidence
and CO, concentration (Bretherton 2015). Comparison is justified based upon the expec-
tation that the temperature response is the dominant factor contributing to the cloud
feedback.

Global Climate Model Cloud Feedbacks

Figure 3 shows a range of climate model feedbacks for tropical low-cloud regions. This
estimate was derived from Q15, Z15, M16 (second column of panel a in Fig. 2), and B16,
each of whom examined the cloud responses to climate change simulated by climate
models in each of their studied regions. Because the regions studied differ, the estimates of
cloud feedback from climate models will differ. The cloud feedback estimates may also
differ because these studies examined different model ensembles (Coupled Model Inter-
comparison Project Version 3 vs. Version 5), model experiments (scenarios such as A1B or
the Representative Concentrations Pathway 4.5 or 8.5 versus idealized experiments such as
the abrupt quadrupling or 1% per year increase of CO;), and model variables (cloud
fraction versus shortwave cloud-radiative effect). Cloud fraction sensitivities are converted
to cloud feedbacks by multiplying by the previously mentioned factor of — 1 W m ™2 per
% cloud fraction. This is appropriate because Fig. 2 of Qu et al. (2014) showed that in
climate models the sensitivity of the top-of-atmosphere shortwave cloud-radiative effect to
cloud fraction in tropical low-cloud regions is close to this factor. The differing model
experiments means that the rapid cloud adjustments to CO, are included in some studies. In
addition to these four estimates, we also consider the average cloud feedbacks in tropical
subsidence regions calculated from the abrupt CO, quadrupling simulations analyzed in
Caldwell et al. (2016). These feedbacks primarily reflect the shortwave feedbacks from low
clouds due to the absence of upper-level clouds. Despite these differences, the upper and
lower bounds of the climate model values across the five studies differ by no more than
0.7 W m~2 K~ from the multi-study mean values of — 0.8 and + 1.8 W m~ K~! shown
in Fig. 3.
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Abstract Shallow cumulus clouds in the trade-wind regions are at the heart of the long
standing uncertainty in climate sensitivity estimates. In current climate models, cloud
feedbacks are strongly influenced by cloud-base cloud amount in the trades. Therefore,
understanding the key factors controlling cloudiness near cloud-base in shallow convective
regimes has emerged as an important topic of investigation. We review physical under-
standing of these key controlling factors and discuss the value of the different approaches
that have been developed so far, based on global and high-resolution model experimen-
tations and process-oriented analyses across a range of models and for observations. The
trade-wind cloud feedbacks appear to depend on two important aspects: (1) how cloudiness
near cloud-base is controlled by the local interplay between turbulent, convective and
radiative processes; (2) how these processes interact with their surrounding environment
and are influenced by mesoscale organization. Our synthesis of studies that have explored
these aspects suggests that the large diversity of model responses is related to fundamental
differences in how the processes controlling trade cumulus operate in models, notably,
whether they are parameterized or resolved. In models with parameterized convection,
cloudiness near cloud-base is very sensitive to the vigor of convective mixing in response
to changes in environmental conditions. This is in contrast with results from high-reso-
lution models, which suggest that cloudiness near cloud-base is nearly invariant with
warming and independent of large-scale environmental changes. Uncertainties are difficult
to narrow using current observations, as the trade cumulus variability and its relation to
large-scale environmental factors strongly depend on the time and/or spatial scales at
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which the mechanisms are evaluated. New opportunities for testing physical understanding
of the factors controlling shallow cumulus cloud responses using observations and high-
resolution modeling on large domains are discussed.

Keywords Climate sensitivity - Global climate models - High-resolution
models - Low-cloud feedbacks - Observations - Single-column models - Trade-wind
shallow cumulus clouds

1 Introduction

Over the past decades, marine boundary-layer clouds have emerged as a central issue for
the projection and understanding of anthropogenic climate change. Because shallow
cumulus and stratocumulus clouds cover large areas of the tropical and subtropical oceans,
their response to global warming substantially impacts the Earth’s radiative budget. Cli-
mate models predict different low-level cloud responses to a warming climate, which
results in a large dispersion in model-based estimates of climate sensitivity (Bony and
Dufresne 2005; Webb et al. 2006). In the fifth Intergovernmental Panel on Climate Change
(IPCC) assessment report (Boucher et al. 2013), global climate models (GCM) generally
produce a positive low-level cloud feedback ranging between —0.09 and 0.63 W m 2 K~!
(Boucher et al. 2013; Zelinka et al. 2016), which is primarily associated with a reduction
in low-level cloud cover (Rieck et al. 2012; Bretherton et al. 2013; Brient and Bony 2013;
Webb and Lock 2013; Zhang et al. 2013; Qu et al. 2014; Zelinka et al. 2016). Despite the
apparent robustness in the sign of the low-cloud feedback among GCM (Zelinka et al.
2016), climate models suffer from important systematic biases in the present-day repre-
sentation of marine boundary-layer clouds (e.g., Nuijens et al. 2015b) and physical
mechanisms underlying cloud changes sometimes operate differently depending on whe-
ther they are parameterized (as in GCM) or largely resolved (as in high-resolution models).
As a result, the confidence in the sign of the low-cloud feedback and therefore in the
magnitude of climate sensitivity remains fairly low (Vial et al. 2016; Sherwood et al.
2014; Brient et al. 2015).

Although boundary-layer clouds are an integral part of a tightly coupled system, the
structure and dynamics of these clouds appear to depend primarily on local processes
acting at timescales that are much shorter than the large-scale dynamics (Neggers 2015a).
These processes, which include turbulent and convective mixing, cloud radiative forcing
and microphysics, remain unresolved at the typical grid size of standard GCM and thus
have to be represented through parameterizations. Unfortunately parameterizations remain
limited and model-based estimates of low-level cloud feedback and climate sensitivity
depend on how cloud-related processes are parameterized (Zhang et al. 2013; Qu et al.
2014; Vial et al. 2016).

The confidence attributed to low-level cloud changes in a warming climate can only be
improved by advancing the comprehension of the key processes that influence these
clouds, ideally to the point where our understanding of factors controlling the cloud
response can be tested against data (Klein and Hall 2015). Moreover, better process
understanding of low-cloud changes contributes to the development and/or improvement in
physical parameterizations and thus to the reduction in systematic model biases. Important
contributions arose from the analysis of low-cloud feedbacks across a hierarchy of
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numerical models (Wyant et al. 2009; Brient and Bony 2012; Rieck et al. 2012; Blossey
et al. 2013; Bretherton et al. 2013; Webb and Lock 2013; Zhang et al. 2013; Medeiros
et al. 2015; Tan et al. 2017), through perturbed-physics model experimentations (Watan-
abe et al. 2012; Brient and Bony 2013; Tomassini et al. 2014; Zhao 2014; Webb et al.
2015; Vial et al. 2016) and by the use of process-oriented diagnostics in models and
observations (e.g., Brient et al. 2015; Nuijens et al. 2015b).

This review aims to synthesize what is known about marine boundary-layer cloud
feedbacks from observation- and model-based studies, focusing on the physical under-
standing of processes underlying the cloud response of fair-weather cumulus. As these
clouds are most frequently observed in the trade-wind regions, they are often referred to as
trade cumulus. Because, in climate models, trade cumulus cloud feedbacks are governed to
a large extent by changes in cloud fraction near cloud-base in a warming climate (Brient
and Bony 2013; Brient et al. 2015; Vial et al. 2016), a better understanding of the
mechanisms that control cloudiness at lowest levels deserves particular attention. A
number of studies have addressed this question over the past decades, including global and
high-resolution modeling, and observational studies. But it appears that the cloud con-
trolling factors on present-day timescales and the cloud feedback mechanisms in response
to climate perturbations remain uncertain in this specific cloud regime.

Whereas inconsistencies in the response of stratocumulus to warming are thought to
arise from differences in the balance of opposing feedback processes that are increasingly
well understood (Bretherton 2015), the diversity of model responses of fair-weather
cumulus appears to be more related to fundamental differences in how processes operate in
models with parameterized, as opposed to resolved convection. Accordingly, we structured
this review paper so as to emphasize two divergent interpretations of trade cumulus cloud
feedbacks and mechanisms, as they emerged across the past decades, from the perspective
of large-scale model parameterizations or from the perspective of Large-Eddy Simulations
(LES). In Sect. 2, we discuss the first perspective, derived from the analysis of GCM. It
considers changes in cloud-base cloud fraction as the main driver of trade cumulus cloud
feedbacks and brings out the important role of parameterized convective mass fluxes in the
diversity of model responses. In contrast, the interpretation of shallow cumulus cloud
feedbacks at the process scale, based on theoretical considerations (Sect. 3) and LES (Sect.
4), suggests that cloud-base cloud fraction remains nearly invariant in response to climate
change perturbations and that uncertainty in cumulus cloud feedbacks among LES is
primarily driven by cloud changes near the trade inversion. In Sect. 5, we attempt to use a
unified framework for GCM and LES results, to better interpret these contrasting views of
trade cumulus cloud feedbacks and help consider the issue from a broader perspective.
Finally, in Sect. 6 we discuss observational support for model-based trade-wind cumulus
cloud mechanisms and consider opportunities for more discriminating observational tests.

2 Interpreting Model Differences in Trade-Wind Cloud Responses
to Warming in General Circulation Models

Because GCM are designed to simulate the evolution of the climate system at the global
scale for hundreds of years, computational constraints limit the spatial resolution with
which they can represent circulation systems. The effect of small-scale physical processes
(such as turbulent and convective transports) on the resolved large-scale circulation must
be parameterized. These parameterizations involve a large number of assumptions and
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numerical approximations that can affect the balance of the physical processes responsible
for cloud formation and variability. This therefore causes large differences in cloud-topped
boundary-layer structures among models (Brient et al. 2015; Nuijens et al. 2015b). Fur-
thermore, at the time when parameterizations were developed for numerical weather
prediction, the processes controlling low-level cloudiness were probably less of an interest
as those clouds only represent a small contribution to the total cloud cover in many
circulation regimes. Therefore, for the purpose of getting the total cloud cover right,
parameterizations were tuned and harmonized to give a good representation of the present
climate (e.g., Tiedtke 1989), which only indirectly constrains how cloud might respond to a
changing climate.

2.1 Boundary-Layer Moisture Budget

To better understand the behavior of the parameterized physics within GCM, we consider
the budget equation of moisture, which in its simplest form (Eq. 1) describes the time rate
of change of water vapor (g) as a function of source and sink terms, namely condensation
(¢) and evaporation (e), respectively:

—=c—e (1)

To solve this equation in a numerical model, we use its Eulerian form (Eq. 2), which then
includes a local rate of change in ¢ (0g/0r) and its evolution resulting from transport
U-Vg):

0q

5
To solve Eq. (2) in a large-scale model, the transport term is separated into two different
types of transport: one by resolved fluid motions (U - V) and the other by unresolved fluid
motions (O(w'q’)/0p, assuming horizontal homogeneity). In a GCM, the unresolved fluid
motions are further broken down into two terms (convection and turbulence), so that to get
the evolution of g requires different parameterized processes to interact with one another in
a consistent way. Thus, the budget equation of moisture in a GCM can be written as:

+U-Vg=c—e (2)
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where physical parameterized processes affecting specific humidity and thus low-level
clouds in subsidence regimes usually arise from separate schemes for turbulent diffusion in
the boundary layer (turb), convection (conv) and net grid-scale condensation (¢ — e, which
includes cloud formation, precipitation and evaporation and thus determines to a large
extent the conversion to cloud water).

Large-scale low-level divergent winds in subsidence regimes act to export mass out of
the boundary layer, which lowers the boundary layer. This is compensated by turbulent
mixing that deepens and then dries the boundary layer as dry free tropospheric air is
entrained into the boundary layer. In steady-state climates, this drying effect is compen-
sated by moistening from the sum of the physical processes: the turbulence scheme is a
source of moisture at lowest tropospheric levels, the convection scheme (when it is active)
vertically transports moisture over the depth of the trade-wind layer from cloud-base up to
overlying layers below the inversion or in the lower free troposphere and thus dries at
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levels near cloud-base (this transport is now commonly called lower-tropospheric con-
vective mixing or shallow convective mixing), and the condensation scheme, which is the
direct source of cloud water, is usually a sink term for the boundary-layer moisture budget.

Coordinated multi-model intercomparison studies such as those conducted by CFMIP
(the Cloud Feedback Model Intercomparison Project; Webb et al. 2016) offer a way to
sample model structural uncertainties for a given idealized framework and perturbation.
The single-column model (SCM) intercomparison carried out as part of the CGILS
(CFMIP-GASS Intercomparison of LES and SCM; Zhang et al. 2012, 2013; Blossey et al.
2013; Bretherton et al. 2013) project focused on marine boundary-layer clouds under
idealized large-scale forcings representative of three different cloud regimes. This review
focuses on those cases where cumulus convection plays a role in the coupling.

Different models balance their moisture budgets in regions of shallow cumulus in very
different ways. This is illustrated in Fig. 1 (taken from a regime of mixed cumulus and
stratocumulus convection), where differences in the convective mixing terms (tendencies)
stand out when comparing how models maintain the present state and its response to
warming. The ways in which these different balances influence the response to warming
can be seen by considering what happens in a warmer climate. Because surface latent heat
fluxes are expected to increase with warming (by about 2%/K—cf. Qu et al. 2015; Tan
et al. 2017), we expect a larger turbulent moisture flux convergence in the cloud layer. In
addition, the large-scale subsidence is reduced owing to the weakening of the tropical
circulation. These two effects lead to increased cloud water (thicker and/or more abundant
clouds). However, when convection plays a role, the enhanced moistening via turbulence
and large-scale vertical advection is to a large extent compensated by enhanced drying
from the export of condensate and the shallow convection (in a warming climate). If the
rate of drying from the shallow convection is greater than the rate of moistening from
turbulence and large-scale vertical advection, then we expect less condensation and less
cloudiness, which would constitute a positive cloud feedback on the radiative forcing (as in
Fig. 1c). Zhang et al. (2013)’s findings suggest that cloud feedbacks tend to be negative in
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Fig. 1 Physical tendencies of moisture (in g kg~' day~') for decoupled stratocumulus (s11) in the present-
day climate (solid lines) and in a warmer climate (dash lines): turb for the turbulence scheme, conv for the
convection scheme, c—e for the net condensation scheme. g/ represents the grid-averaged cloud liquid water
(0.1 g kg™, black dotted line). A sample of three SCM, having very different behaviors, is shown: a JMA
(Japan Meteorological Agency), b CAM4 (Community Atmospheric Model Version 4), and ¢ GISS
(Goddard Institute for Space Studies). Note that although these profiles apply to decoupled stratocumulus,
the sampled model diversity presented here remains relevant for shallow cumulus clouds. From Zhang et al.
(2013)
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models where parameterized convection is not playing an important role in balancing the
moisture budget. The inter-model spread in this cloud regime for this SCM intercompar-
ison is presented in Fig. 2 (in yellow). This large model diversity in shallow cumulus cloud
feedbacks is primarily due to differences in cloud fraction changes at lowest atmospheric
levels, where the effect of convective drying is the most important.

2.2 The Role of Shallow Convective Mixing

In a warmer climate, the enhanced rate of drying by the shallow convection is similar to the
thermodynamic response described by Rieck et al. (2012), Blossey et al. (2013) and
Bretherton et al. (2013) on the basis of their analysis of LES results. More specifically, it
was found that when just a surface (and/or atmospheric) warming is applied (while keeping
the subsidence unchanged), the moisture gradient between the saturated air at surface and
the drier free tropospheric air increases, yielding more efficient drying of the boundary
layer by cloud top entrainment and/or vertical mixing by shallow convection (for a given
entrainment/mixing rate). It is noteworthy as well that, in both LES and GCM, the presence
of a stronger humidity gradient can also be interpreted as an enhanced subsidence drying
(from an Eulerian point of view, which takes the equilibrium depth of the boundary layer
fort granted); this provides an additional drying on top of the convective drying.

To better understand how convective mixing influences cloud amount, Vial et al. (2016)
developed an analysis framework which allowed them to explore how changes in the
convective mixing influence cloudiness in conditions reminiscent of trade cumulus con-
vection. Using a single-column configuration of the Institut Pierre Simon Laplace (IPSL)
model, they performed experiments using two different convective parameterization
schemes. Their framework starts from the well-recognized result that the boundary-layer
cloud fraction is mainly influenced by two antagonistic mechanisms: (1) the shallow

Case perturbation Ao d in size SST precip
& references ACO, ASST |no  yes [10km 50 km|fixed slab| no yes
LES SILS-like s6 :
CTC‘LTI‘ka X X X X X X X i H
X X X X X X H
y X X X +
x| % X X i

global X "

coupled

-2 -1 [ 1 2 3
Shallow cumulus cloud feedbacks (W m? K*)

Fig. 2 Synthesis of trade-wind shallow cumulus cloud feedback strength (in W m~2 K~') as simulated by
different types of numerical models: LES (blue), SCM (orange) and CMIP5 GCM (green). For LES/SCM,
different case studies are considered: CGILS-like s6 (Zhang et al. 2012; Blossey et al. 2013; Tan et al.
2017) and RICO-like (Rieck et al. 2012; Vogel et al. 2016). For each study, we provide, where applicable,
information on the perturbed experiment used as surrogate for climate change (ASST or ACO,), if the large-
scale subsidence (w) is perturbed or not, the domain size (small domain of ~ 10 km or large domain of
~ 50 km), if SST is prescribed (fixed SST) or interactive (the atmosphere is coupled to a slab ocean), and if
precipitation is allowed or not. For multi-model studies, we indicate the number of models that simulate a
positive or negative feedback (colored numbers on the top of the arrow bars). The black numbers at the
extremities of the SCM arrow bar correspond to the minimum and maximum values of the simulated
feedbacks
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convective mixing that dries the lower atmosphere and reduces the cloud fraction (Stevens
2007; Rieck et al. 2012; Zhang et al. 2013; Brient et al. 2015) and (2) the boundary-layer
turbulent moistening (or latent heat flux) that enhances the cloud amount at low levels
(Rieck et al. 2012; Webb and Lock 2013; Zhang et al. 2013; Brient et al. 2015). They thus
expressed the sensitivity of the boundary-layer cloud fraction (df) to a change in con-
vective mixing (du) and latent heat flux (E) as:

df =Cdu+7TdE 4)
where the first term on the right-hand side describes the sensitivity of cloud fraction to
convective (C) mixing, the second to turbulent (7)) mixing. The model thus attempts to

encapsulate the interplay between the two parameterizations used to model the transport of
eddies as in Eq. (3). More specifically:

e (s the reduced cloud fraction when lower-tropospheric convective drying is enhanced

§
under the effect of increased mixing (C = a—f <0)
Hlg
e 7T is the increased cloud fraction when lower-tropospheric turbulent moistening is

o

enhanced through increased latent heat flux (7 = 3E > 0)

u

Using a series of sensitivity experiments, they showed that it was possible to linearly relate
the surface latent heat fluxes to changes in the convective mixing (dyu) and changes in the
net boundary-layer cloud radiative effect (dR) as:

dE = Jdu + /xdR

5
dE = (A + aCly)du ©)

where the variations in the net cloud radiative effect are essentially driven by the longwave
cloud radiative cooling (R > 0 by convention) and linearly related to df, such as dR =
odf = aCdu + a7 dE [see Vial et al. (2016) for more details on the simplifications that lead
to the final form of Eq. (5)].

In Eq. (5), / and 4, describe the two additional mechanisms that influence the latent heat
flux, which can then modulate the sensitivity in boundary-layer cloud fraction to a change
in convective mixing [see Vial et al. (2016) for more details on how A and 4, are defined;
here we just provide their physical description]:

e / is the increased latent heat flux through lower-tropospheric drying induced by the
convective mixing (1 > 0), which damps the reduction in cloudiness.

e /. is the reduced latent heat flux as the lower troposphere stabilizes under the effect of
reduced low-cloud radiative cooling (4, > 0), which enhances the reduction in
cloudiness.

By replacing dE into Eq. (4), the sensitivity of the boundary-layer cloud fraction to a
change in convective mixing can be expressed as:

df = [C+ T (2 + oCh;)]du (6)

Using Eq. (6), the relative importance that the model assigns to the two processes (i.e.,
convective mixing and radiative cooling) can thus be measured by the magnitude of A and
Ar. In the IPSL model, this depends to some extent on the closure of the convective
parameterization. When this model uses a closure in stability (e.g., the convective available
potential energy—CAPE), it exhibits a stronger sensitivity of low-level clouds to
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convective mixing in the present-day climate and a stronger low-level cloud feedback in
response to surface warming, due to the prevailing coupling between latent heat flux and
cloud radiative cooling (/;). In contrast, when the IPSL model is run using a closure in
subcloud moisture convergence, the coupling between latent heat flux and convective
mixing (4) dominates, which results in a lower sensitivity of cloudiness to convective
mixing in the present-day climate and a weaker low-cloud feedback in a warming climate
(Vial et al. 2016).

However, the closure of the convective parameterization is not the only assumption that
can affect boundary-layer cloud feedbacks. In the CGILS SCM intercomparison (Zhang
et al. 2013), two models having the same closure of the convective parameterization
(CAPE) exhibit cloud feedbacks of opposite signs (the models differ also by entrainment/
detrainment assumptions: one model includes lateral entrainment into the convective
plumes, while the other does not). It is very challenging to determine how the different
parameterizations fix the behavior of boundary-layer clouds, because they all are tightly
connected to each other and with other parameterized and/or resolved processes (e.g., Vial
et al. 2016). That said, this illustrates how different parameterization assumptions can
affect the balance of the physical processes and boundary-layer cloud feedbacks, often in
ways that were not considered when the schemes were designed. Following the Zhang
et al. (2013) study, other process-oriented studies have then suggested that shallow con-
vective mixing (and also more generally parameterized convection) appears as a leading
source of inter-model spread in cloud feedbacks (Sherwood et al. 2014; Brient et al. 2015;
Kamae et al. 2016; Vial et al. 2016).

Although convection is likely an important source of model diversity in the response of
clouds in some regimes, the importance of other processes can also be important. This is
shown for instance in experiments wherein convective cloud parameterizations are elim-
inated (Webb et al. 2015) and support the idea that the treatment of turbulence and cloud
radiative effects also influences the evaporation and cloud amount (Vial et al. 2016).

Brient et al. (2015) have proposed another mechanism that could influence the change
in convective mixing in a warmer climate, and thus the low-cloud feedback. Based on their
analysis of the Coupled Model Intercomparison Project (CMIP5, Taylor et al. 2012)
ensemble, they argue that increased near-surface stability in a warming climate weakens
the sensible heat flux and limits the increase in latent heat flux. This in turn reduces the
buoyancy flux and yields a shallowing of moisture mixing (due to weaker turbulent
mixing) within the boundary layer and thus a shallowing of low-level clouds (with only
subtle changes in cloud fraction). In their study, about half of the models favor this
mechanism with respect to enhanced lower-tropospheric convective mixing as a result of
increased surface evaporation. For these models, the low-cloud feedback is weaker (less
positive). In contrast, in models where the changes in surface fluxes are more strongly
related to changes in the trade-wind vertical humidity gradient (rather than near-surface
stability), the moisture mixing deepens, yielding deeper clouds with a reduced cloud
fraction at lowest levels and a more positive cloud feedback. In all models, the convective
mixing is enhanced in a warmer climate, but models that simulate a low-cloud shallowing,
with warming, are more influenced by the weakening of turbulent mixing (due to reduced
surface sensible heat flux) and models that simulate a low-cloud deepening with warming
are more influenced by the strengthening of convective mixing (due to increased surface
evaporation).

A number of recent studies have used observations to evaluate which of the hypothe-
sized mechanisms better describe the cloud response to changes in large-scale environ-
mental conditions (e.g., Clement et al. 2009; Qu et al. 2014, 2015; Brient and Schneider
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2016). These studies generally indicate that it might be the lower-troposphere mixing,
although a complete demonstration of this mechanism using current observations remains
difficult (this is a point we return to in Sect. 6).

The above discussion reflects our understanding of shallow cumulus cloud feedbacks
and mechanisms from the perspective of large-scale model parameterizations of the trade-
wind boundary layers (in GCM and SCM). In those models, cloudiness near cloud-base is
the main driver of shallow cumulus cloud feedbacks and is strongly controlled by local
interplays between turbulent, convective and radiative processes as a response to changes
in large-scale environmental factors (e.g., surface/atmospheric temperature, vertical
humidity gradient, subsidence). This is in contrast to what one finds in high-resolution
modeling (e.g., LES), in which cloud fraction near cloud-base is nearly invariant with
warming and independent of large-scale environmental factors that vary on long time-
scales. As a result, trade cumulus cloud feedbacks as simulated by LES are much smaller
than usually simulated in GCM or SCM (Fig. 2). As discussed in the following sections,
this contrasting behavior between GCM and LES appears to be related to the fact that
large-scale climate models might lack cloud-base regulation processes between the cloud
and subcloud layer, which in nature act to couple the turbulent fluxes in the subcloud layer
with the convective fluxes within the cloud layer. In the following section, we provide the
theoretical background used to rationalize the apparent constancy in trade-wind cloud
fraction near cloud-base. Shallow cumulus cloud changes and mechanisms as simulated by
LES are then reviewed in Sect. 4.

3 A Mass Budget Perspective on Cloud-Base Cloud Fraction

Unlike what happens in most large-scale models, conceptual models of the layers of
shallow convection [e.g., single-bulk layer models for the entirety of the trade-wind layer
in Betts and Ridgway (1989) or subcloud layer models in Betts (1976)] emphasize how
exchanges between the cloud and subcloud (well mixed) layers adjust the amount of mass
in the subcloud layer so that its height remains close to the lifting condensation level
(LCL). Such a process would imply that the humidity at cloud-base remains roughly
constant. A closure of this form was used in early models of trade-wind cumulus (Albrecht
et al. 1979; Betts and Ridgway 1989; Stevens 2006). By immediately adjusting the sub-
cloud layer height to the LCL, these models essentially fix the humidity at cloud-base and
by implication allow little room for cloudiness at cloud-base to vary with the cloud-base
convective mass flux, M.

The mass budget of the subcloud layer (illustrated in Fig. 3) provides the theoretical
backdrop for this idea. Neglecting variations of density, p, within the shallow subcloud
layer, the total mass (per unit area) of the layer can be written as ph, where # is the depth of
the layer, and

dh 1

b=l (7)

This equation recognizes three source or sink terms: (1) the entrainment (£ > 0) of air from
the cloud layer into the subcloud layer, a mass source (of relatively dry and warm air); (2)
the large-scale divergence of mass out of the layer, which by continuity is equal to the
large-scale subsidence velocity (w) at h, for @ > 0 a mass sink; and (3) a convective mass
flux (M > 0), whereby cumulus convection evacuates mass out of the subcloud layer, a
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3.

Fig. 3 Tllustration of the cumulus-valve mechanism. In (/) the system is at equilibrium, with a surface
evaporation flux (Fg), a typical trade-wind humidity profile (¢) roughly constant up to the top of the well-
mixed layer at & (dotted line), clouds starting to form at the lifting condensation levels (LCL, represented by
the blue layer) and the processes controlling the mass budget of the well-mixed layer (Eq. 7): the
entrainment rate at i (€), the large-scale subsidence at & (w) and the convective mass flux (M). In (2) the
humidity profile within the well-mixed layer is increased by dg. This reduces the surface evaporation, lowers
the LCL, enhances the fraction of air parcels (including the cloud core fraction, a.) and through the mass
flux closure (M = a.w,) increases M. Larger M transports more moisture upward, which deepens trade-wind
clouds and also yields more downward mixing of dry free tropospheric air to the mixed layer. In (3) a new
equilibrium is reached whereby increased mixing has lowered the mixed-layer top close to the LCL again.
Therefore, the fraction of saturated air parcels is reduced again (including a.) and thus M is weakened. From
Nuijens et al. (2015b)

further sink. Assuming that the subcloud layer is well mixed, and neglecting downdrafts,
only the entrainment term changes the properties of the subcloud layer air. The other
source terms in Eq. 7 export mass with the same properties as the subcloud layer.

Neggers et al. (2006) adjust the subcloud layer height, #, to the LCL through a closure
on M. This cloud-base mass flux can be interpreted as being composed of the product of an
effective area of convective active mass export out of the subcloud layer, a., and the mean
velocity of this export, w., such that

M = pglacw.). (8)

The Neggers et al. (2006) closure for M follows by parameterizing w. as being propor-

tional to the convective scale velocity, w, (hB)l/ 3 where B is the surface buoyancy flux
and a. as being proportional to the disequilibrium between the LCL and A, or the humidity
at the top of the subcloud layer. This means that, for a given w,; the larger the difference
between i and the LCL, the larger is a., and hence the larger is M.

To understand how this closure maintains 2 near the LCL, consider the perturbed
scenario whereby the humidity of the subcloud layer is increased. As a result, the LCL will
lower and the surface fluxes will decrease. The reduction in 3 has a small effect on w, but
this is more than offset by the increase in a. arising from the larger difference between the
LCL relative to h. As a result M is increased, thereby exporting more mass out of the
subcloud layer and lowering A, bringing it closer to the LCL. This process is also illustrated
schematically in panels 2 and 3 in Fig. 3. Note that the moistening of the subcloud layer
also affects the entrainment term, both by changing the surface fluxes and slightly affecting
the stability at the top of the subcloud layer, but for the purpose of our discussion these can
be considered to be negligible. In practice, this mechanism can be thought of as a moisture
convergence closure on M. It is sometimes called the cumulus-valve mechanism because
the clouds act as a valve which helps maintain the top of the subcloud layer, A, close to the
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LCL and thus acts as a negative feedback of convection on the humidity, and presumably
cloudiness, at the base of the cumulus layer.

The cumulus-valve mechanism has been evaluated at a specific shallow cumulus
location but also in an tropical climate model with full interaction with the large-scale flow.
Neggers et al. (2006) argue that the cloud fractions that result from the implementation of
this closure are consistent with what is known about the climatology of shallow cumulus
clouds from observations. A close inspection of their results shows that a. indeed increases
with M, which implies a relatively moister subcloud layer, as air-moves though the trades
over warmer waters. This in contrast to what one finds in parameterizations used in many
climate models, whereby increasing M, without adjusting & (which given the coarseness of
the Eulerian coordinate in most parameterizations is hardly possible) dries, instead of
shoals, the subcloud layer. This happens because, by not resolving variations in %, any
convective mass out of the layer has to (by definition) be compensated by a flux of mass in
(i.e., an implicit entrainment). Therefore, the GCM parameterizations effectively are
increasing £ to compensate for an increase in M; increased entrainment dries and warms
the subcloud layer. A more careful accounting for the terms influencing the boundary-layer
mass budget would (in the absence of a downdraft mass flux) not imply a subcloud layer
drying, but rather a shoaling.

The above discussion illustrates how, when it comes to the humidity of the subcloud
layer, old debates regarding closures for the convective mass flux have, it seems, unin-
tended implications. In particular, the idea of the cumulus valve raises the question as to
whether the strongly negative coupling between low-level cloudiness and convective
mixing in many climate models (as shown in Sherwood et al. 2014; Brient et al. 2015; Vial
et al. 2016; Kamae et al. 2016) may be a consequence of parameterizing the convective
mass flux in a manner that does not sufficiently account for its link to the mass budget of
the subcloud layer. Based on these ideas, and (as discussed in the following sections) the
support they receive from measurements and large-eddy simulations, it is tempting to argue
that many climate models generate cloud-base cloud fractions that are overly, or even
wrongly, sensitive to the magnitude of the cumulus mass flux. In the case of the mea-
surements, the lack of observations of key terms, such as the mass flux, hinders a con-
clusive interpretation using this framework (Bony et al. in revision). Evidence from LES
presumes that the relative humidity at the top of the subcloud layer is the best determinant
of cloud amount at cloud-base, and that LES—whose predictions of cloud-base cloud
amount have not been critically evaluated against data (see Bony et al. in revision)—is a
good surrogate for nature.

4 High-Resolution Simulation of Shallow Cumulus Cloud Changes
and Mechanisms

Unlike in climate models, where cloudiness near cloud-base is strongly controlled by
convective and turbulent parameterizations as a response to changes in the large-scale
environment (such as subsidence, surface temperature and vertical gradient of humidity—
see Sect. 2), large-eddy simulation aims to explicitly resolve these convective and turbulent
processes. Until quite recently computational restrictions only permitted LES over rela-
tively small domains, which then required the parameterization of larger scale processes,
usually by assuming that they can be specified independently of how turbulent and con-
vective processes themselves develop. LES over larger domains are increasingly relaxing
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this assumption. Here we review what we know about shallow cumulus from LES, and
whether LES is indeed doing a good job at capturing the observed vertical distribution and
variability of shallow cumulus cloudiness. In so doing, we evaluate to what extent we can
reject the strong cloud-base response to warming seen in many climate models, or at least
what observations would be required to improve confidence in one or the other hypothesis.

4.1 Trade-Wind Shallow Cumulus Cloud Response to Warming in LES

Overall, LES studies exhibit very small changes in cloudiness near cloud-base in response
to surface and/or atmospheric warming. This suggests that the cumulus-valve mechanism
(Sect. 3) may robustly constrain cloudiness at cloud-base in response to strong climate
change perturbations (up to 8 K surface and atmospheric warming in Rieck et al. 2012). On
the other hand, and unlike current climate models, LES models show that cloud changes
near the inversion are the primary contributor to the total change in cloud cover (Rieck
et al. 2012; Blossey et al. 2013; Vogel et al. 2016). The corresponding changes in cloud
radiative effects appear robustly positive among LES studies, but much smaller than
changes routinely simulated in global or single-column models (Fig. 2).

Cloud changes in a warming climate along with moistening tendencies in LES are
illustrated in Figs. 4 and 5 (taken from Vogel et al. 2016).

In the absence of mesoscale organization and precipitation, the response of trade-wind
cumulus to warming, as represented by LES, can be understood through simple bulk
arguments (Rieck et al. 2012; Vogel et al. 2016). In a warmer climate, larger absolute
humidity gradients imply that for a boundary layer of the same depth, which thus has the
same rate of deepening to balance an assumed constant subsidence, the entrainment drying
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Fig. 4 Domain-averaged vertical profiles of trade-wind shallow cumulus cloud fraction in LES (using the
University of California Los Angeles—UCLA model) of precipitating clouds (leff) and non-precipitating
clouds (middle) over a small domain (~ 13 km), and precipitating clouds over a larger domain ( ~ 50 km;
right panel). The experimental setup is similar to that in Bellon and Stevens (2012) and consists of
prescribed initial conditions and large-scale forcings (sea surface temperature, subsidence, radiative cooling
and geostrophic wind) representative of the trade-wind regions. Results are shown for the present-day
climate (solid) and as a response to a uniform warming of +4K at constant relative humidity (dashed).
Figure adapted from Vogel et al. (2016)
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Fig. 5 Domain-averaged vertical profiles of moisture tendencies: sub for the large-scale subsidence
(orange), cnv for convection (diffusive and advective processes—in cyan), prc for precipitation (blue) and
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simulations on a small domain ( ~ 13 km), and the precipitating simulation over a larger domain ( ~ 50 km).
The same experimental setup as for Fig. 4 is used. Results are shown for the present-day climate (solid) and
as a response to a uniform warming of +4K at constant relative humidity (dashed). Figure adapted from
Vogel et al. (2016)

is larger. Stationarity implies a drier boundary layer so as to induce a sufficiently large
moisture flux to balance this increased rate of entrainment drying (Fig. 5). But a larger
moisture flux also implies deeper mixing and more drying, enhancing these effects further
so that the equilibrium in a warmer atmosphere evolves to a deeper and drier cloud layer,
with a reduction in cloudiness above ~ 1.5km (Fig. 4).

This is a typical view of shallow cloud feedbacks, which is similar to the thermody-
namic mechanism for stratocumulus cloud reduction reviewed in Bretherton (2015), and
similar to the thermodynamic response in many climate models (Sect. 2). However, the
above arguments neglect precipitation, which introduces a new process in the balance of
the water budget. Precipitation also affects the assumed structure of the boundary layer and
the spatial organization (e.g., Seifert and Heus 2013). Motivated by these findings, Vogel
et al. (2016) performed LES experiments to study the response of trade-wind cumulus
clouds to warming for non-precipitating and precipitating shallow cumulus clouds. They
also performed simulations on a large domain of about 50 x 50km? to better understand
the role of organization. How these processes change our view of the balances determining
cloudiness in the trade-wind layer are discussed below.

4.1.1 The Role of Precipitation

Studies of precipitating shallow cumulus (e.g., Blossey et al. 2013; Bretherton et al. 2013;
Vogel et al. 2016) suggest that the main effect of precipitation is to restrain the deepening
of the trade-wind layer, as explained in Stevens and Seifert (2008). Secondary effects arise
from changes in the inversion and subcloud layer. With more precipitation, the cloud layer
is more stable, but the inversion layer is less stable, so that clouds tend to detrain more
continuously, leading to less stratiform cloudiness at the top of the cloud layer (compare
left and middle panels in Figs. 4, 5). In addition, evaporation of precipitation in the lower
part of the cloud layer induces a moistening and cooling, which yields an increase in cloud
fraction near cloud-base compared to non-precipitating simulations. In a related study,
Seifert and Heus (2013) explored the response of clouds to precipitation amount, rather
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than the differences between precipitating and non-precipitating simulations. They found
that increasing precipitation leads to a reduction in cloud fraction over the whole trade-
wind layer, including at cloud-base. Not withstanding that many of the responses to pre-
cipitation make physical sense, the magnitudes of the changes are not straightforward to
assess. This is because, as a growing literature suggests, these are sensitive to the details of
how the simulations are set up, ranging from the choice of microphysical schemes
(Bretherton et al. 2013; Seifert and Heus 2013) to the effects of mean wind and resolution
(Stevens and Seifert 2008; Matheou et al. 2011; Seifert and Heus 2013)—this point is
further discussed in Sect. 4.2.

For precipitating layers, the response to warming is complicated by what are, at times,
very strong changes in precipitation. For instance, in the warmer climate state of Vogel
et al. (2016), increased surface fluxes with warming lead to congestus clouds developing
with tops up 7 km. These dramatically change the structure of the boundary layer,
weakening the inversion associated with more trade-wind-like clouds and limiting strati-
form cloud formation. More compensating subsidence also leads to a shallowing and
drying of the cloud layer, reducing cloud amount near cloud-base (Fig. 4).

4.1.2 The Role of Organization

Larger domain simulations (~ 50 kilometers as in Seifert and Heus 2013; Vogel et al.
2016) allow shallow convection to organize in clusters of variable depth (depending on the
domain vertical extension). The reasons for this organization are still being debated, but
phenomenologically it shares similarly with convective self-aggregation as seen in simu-
lations of deep convection (Wing et al. 2017). Clouds organized in clusters tend to produce
larger amounts of precipitation, which generates evaporative downdrafts and initiates cold
pools that spread out and trigger new convective cells at the cold pool boundary, where
subsequent shallow cumulus clouds form. Because most of the precipitation remains
concentrated in the convective clusters that populate the moist regions of the domain (e.g.,
in Vogel et al. 2016), evaporation of precipitation is reduced although the cloud layer is
overall drier. These processes can also influence the response of clouds to warming.

The greater precipitation efficiency that accompanies mesoscale organization leads to a
more stable and drier trade-wind layer. In addition, and with the help of compensating
subsidence in the drier area, this effect keeps the trade-wind clouds in the rest of the
domain shallow. Therefore, in the presence of organized convection, the trade-wind
boundary layer is drier and more stable, and trade-wind cumulus clouds are shallower,
compared to when shallow cumulus clouds are more randomly distributed in space (in
smaller domain simulations). In a warming climate, upward convective transport of
moisture strengthens in the large domain simulations, comparable to the small domain
simulations (Fig. 5). Because the amount of deep cloud clusters is enhanced with warming,
precipitation, as mentioned above, increases much more strongly with warming than in the
small domain simulations (Vogel et al. 2016). Thereby, the drying due to precipitation
tends to replace the drying due to large-scale subsidence, which cannot efficiently balance
the enhanced convective moistening in the presence of a few deep cloud clusters and an
otherwise very shallow and dry trade-wind layer (Vogel et al. 2016). As a result, different
changes in cloud fraction and vertical distribution occur in the larger domain: clouds
become deeper with a reduced cloud fraction near cloud-base—a feature that is not cap-
tured in the smaller domain (Fig. 4), yet is reminiscent of the dynamics seen in parame-
terizations (Sect. 2).
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Does the reduction in cloud-base cloud fraction with warming imply that the presence of
organized clusters in larger domain simulations can trigger mechanisms that overcome the
internal cumulus-valve mechanism? Recently, Neggers (2015b) has shown that a mass flux
framework that takes into account the spatial distribution of cumulus horizontal sizes can
introduce interactions between convective plumes of different sizes (see also Seifert et al.
2015). In particular, if large cumulus clouds are more abundant than small clouds, the
vertical convective fluxes tend to dry at low levels and transport moisture to higher levels.
This low-level drying is compensated by the smaller cumulus plumes that detrain at levels
where larger plumes remove moisture (Neggers 2015b). More study on the role of spatial
organization and the influence of the cumulus size distribution on trade-wind shallow
cumulus cloud variability and feedback appears important to have a more complete
understanding of shallow cumulus cloud mechanisms. Note that the effect of spatial
organization on larger domains and cumulus size distribution might be related to each
other, as larger domains lead to organized clusters and therefore a larger proportion of
cumulus with larger cloud-base area. The main point being that the constancy of cumulus
base cloud fraction is not necessarily something that can be taken for granted.

4.2 Robustness and Uncertainties of LES Studies

There is a tendency to view LES as surrogate of the truth, as able to fully represent the
observed characteristics of the marine boundary layer. To some extent, this may be war-
ranted by the robustness of simulated behavior across different LES. Simulated vertical
distributions of cloud fraction and, to a slightly lesser extent, of projected cloud cover, tend
to show relatively good agreement across different LES models in the Barbados
Oceanographic and Meteorological EXperiment (BOMEX) and Rain In Cumulus over the
Ocean (RICO) intercomparison cases of typical shallow trade-wind cumulus conditions
(Siebesma et al. 2003; Van Zanten et al. 2011). An intercomparison case of the diurnal
cycle of shallow cumulus over land also shows good model-to-model agreement (Brown
et al. 2002). The cloud distributions of the above three intercomparison cases show a
strong peak in cloud fraction at cloud-base, a rapid decrease in cloud fraction above cloud-
base, and relatively small cloud fractions near the tops of cumulus clouds under the trade
inversion. Total cloud cover ranges between about 13 £ 6% for BOMEX (Siebesma et al.
2003) and 19 4+ 9% for RICO (Van Zanten et al. 2011), with the simulated cloud cover for
RICO comparing favorably with corresponding lidar data. In simulations of an interme-
diate regime between stratocumulus and trade-wind cumulus, representative of the Atlantic
Tradewind EXperiment (ATEX) field campaign and marked by a stronger inversion, the
vertical distribution of cloud fraction has its maximum near the inversion instead of near
cloud-base (Stevens et al. 2001). In this ATEX intercomparison case, there is more spread
in simulated total cloud cover among the participating LES (total cloud cover ranges
between 20 and 80% (mean =+ 20)), with the spread related to the representation of
stratiform cloud amount under the inversion (Stevens et al. 2001). Also the CGILS
intercomparison case of the response of shallow cumulus to climate change perturbations
(location S6) shows the most apparent differences in the simulated cloud fraction profile
near the top of the cloud layer under the trade inversion (Blossey et al. 2013). Whereas
stratiform outflow layers are observed frequently at Barbados (Nuijens et al. 2014, 2015a),
LES apparently have difficulties to properly simulate detrained layers of stratiform cloud.
This difficulty is likely related to a poor representation of tight feedbacks between such
outflow layers with radiation and subsidence, and to the fact that a very high vertical
resolutions is necessary to resolve sharp inversions (Stevens et al. 20