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Zusammenfassung

Ein theoretisches Modell welches die Fluktuationen innerhalb eines Wolkenensembles be-
schreibt, stellt die Basis fiir stochastische Konvektionsparametrisierung dar. Hochaufge-
16ste, idealisierte Simulationen eines Wolkenensembles tiber einer homogenen Meeresober-
flache werden benutzt um die Giiltigkeit des theoretischen Modells im Strahlungs-Konvek-
tions-Gleichgewicht zu evaluieren. Im ersten Schritt dieser Studie werden Kontrollsimula-
tionen mit einer horizontalen Auflésung von 2 km durchgefiihrt, wobei fiinf verschiedene
Abkiihlungsraten benutzt werden um das Wolkenensemble anzutreiben. In den Kontroll-
simulationen wird die Giiltigkeit einer exponentiellen Verteilung des vertikalen Massen-
flusses und der WolkengroBlen fiir alle Abkiihlungsraten nachgewiesen. Desweiteren, nimmt
die Anzahl der Wolken im Modellgebiet mit steigender Abkiihlungsrate linear zu, wohinge-
gen nur eine schwache Abhéngigkeit der mittleren Wolkengréflen und deren Vertikalge-
schwindigkeiten von der Stérke der Abkiihlungsrate beobachtet wird. Diese Ergebnisse
zeigen eine gute Ubereinstimmung mit dem theoretischen Modell.

Im zweiten Teil dieser Studie wird die Gitterweite in den numerischen Simulationen sukzes-
sive bis zu einer Auflésung von 125 m verfeinert. Hierbei treten signifikante Anderungen in
der Wolkenstatistik und der Struktur der Wolkenfelder auf. Die Grofle der Wolken nimmt
mit zunehmender Auflosung stark ab, wohingegen die Anzahl der Gitterpunkte innerhalb
einer Wolke ansteigt, da diese mit zunehmender Auflésung besser auf dem numerischen
Gitter dargestellt werden kénnen. Im Gegensatz zu den zufillig verteilten Wolken in den
Kontrollsimulationen, wird in den feinaufgelosten Wolkenfeldern beobachtet, dass sich die
einzelnen konvektiven Zellen in bandartigen Strukturen um wolkenfreie Gebiete anord-
nen. Der Umkreis einer Wolke in dem diese Cluster-Effekte beobachtet werden, scheint
indes unabhéngig von der horizontalen Auflésung zu sein. Mit feiner werdender Auflosung
weicht dartiber hinaus die Wahrscheinlichkeitsdichteverteilung der WolkengrofSen und des
vertikalen Massenflusses immer starker von der exponentiellen Verteilung ab. Fiir groflere
Werte in den Verteilungen zeigen sich Ubereinstimmungen mit einer Power-Law Verteilung.
Durch die Partitionierung der Wolken-Cluster in deren zugrundeliegende, einzelne Aufwind-
bereiche kann die erwartete, exponentielle Verteilung des Massenflusses und der Wolken-
groffen wieder hergestellt werden. Das theoretische Modell ist daher in hochaufgelosten
Simulationen fiir die einzelnen Aufwindbereiche giiltig, allerdings miissen die Cluster-
Effekte im Wolkenensemble hierbei beriicksichtigt werden.
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Abstract

A theoretical model describing equilibrium fluctuations within a field of cumulus clouds is
the basis for a stochastic parameterisation of cumulus convection. High-resolution simula-
tions of an idealised ensemble of cumulus clouds over a uniform sea surface are performed
to validate the theoretical model in radiative-convective equilibrium. First, a set of control
simulations with a horizontal resolution of 2 km is conducted by applying five different
radiative cooling rates in the range of -2 K/day to -12 K/day. Evaluating fluctuations
within the equilibrium convective ensembles, the frequency distributions of cloud size and
cloud vertical mass flux are validated to fit an exponential over a wide range of heights
as well as the entire range of the prescribed forcing. Furthermore, a linear increase of the
number of clouds in the domain with the magnitude of the prescribed forcing is obtained.
In contrast, only a weak dependence on the forcing is observed for cloud size and cloud
vertical velocity. These findings agree well with the theoretical model.

In the second part of this study, the full set of control simulations is repeated at smaller
grid spacings of 1 km, 500 m, 250 m and 125 m. Significant changes in cloud statistics and
the structure of the cloud fields are obtained when increasing horizontal resolution. Cloud
size systematically decreases, whereas the number of grid points per cloud increases as
the clouds and their turbulent, subcloud processes become better resolved with increasing
resolution. In contrast to the randomly distributed cloud fields in the control simulations,
clouds are observed to cluster and organise in band-like structures around cloud-free areas
in the high-resolution simulations. This clustering of convective clouds in the near-cloud
environment systematically increases with increasing horizontal resolution. However, the
area surrounding each cloud where the clustering occurs, is found to be insensitive to
changes in the grid spacing. Furthermore, strong deviations from the exponential distri-
butions become apparent at smaller grid spacings. A transition from an exponential to a
power law-like distribution is observed for cloud size and cloud mass flux with increasing
horizontal resolution. However, applying a cloud search algorithm that partitions large
clusters of spatially connected clouds into their single updrafts, restores the exponential
distributions of cloud mass flux and cloud size. The theoretical model is thus validated
in this resolution-sensitivity study when partitioning large cloud clusters into the single
updrafts. However, one needs to adapt the theory to account for the observed clustering
of convective clouds in the high-resolution cloud fields.
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Chapter 1

Introduction

1.1 Cumulus clouds

Cumulus clouds are observed in the earth’s atmosphere on a daily basis and are associated
with strong vertical velocities, turbulence and precipitation. Their transport of heat, wa-
ter and momentum is of central importance in the atmospheric energy cycle as are their
radiative effects. Furthermore, they play an important part in the dynamics of the at-
mosphere as many scales are known to interact with them (Smith, 1997). A thorough
understanding of their development and underlying processes is hence of great importance
for daily weather forecasts, numerical simulations of mesoscale atmospheric dynamics as
well as climate predictions.

Two different types of cumulus clouds are dominant phenomena in the earth’s atmosphere:
shallow cumulus clouds and deep precipitating cumulus clouds. Shallow cumulus clouds are
often observed in fair weather periods (Stevens, 2005). They are shallow, short lived and
form very little precipitation as almost all water that condenses inside these clouds, eventu-
ally re- evaporates (Smith, 1997). Examples of shallow cumulus clouds regularly observed
in the earth’s atmosphere are trade wind cumulus clouds and stratocumulus clouds. In con-
trast, deep cumulus clouds develop from shallow cumulus clouds, exhibiting a significantly
larger vertical extend and higher vertical velocities. They often rise to altitudes of order
10 km and interact with the upper troposphere as well as the lower stratosphere (Stevens,
2005). Deep cumulus clouds are therefore essential for the atmospheric energy cycle due to
their vertical transport of heat, water and momentum. Shallow and deep cumulus clouds
can both appear isolated or organised in lines and clusters, with observed cloud sizes rang-
ing from less than 100 m to tens of kilometers. Taking into account mesoscale organisation
and large cloud clusters further extends this range of observed cumulus clouds sizes (Heus
and Seifert, 2013).
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1.1.1 Convective processes and their interactions

Cumulus clouds develop in vertical motions, which result from instabilities in the atmo-
sphere. In general the atmosphere can be either stable, unstable or conditionally unstable.
In a conditionally unstable atmosphere, a parcel of air is stable to upward vertical dis-
placements as long as it is unsaturated. However, when the air parcel is lifted it cools
due to decompression and becomes saturated if lifted high enough. The condensation of
water within the air parcel then provides an extra source of energy and the air parcel
becomes unstable. Conditional instability in the atmosphere is therefore important for
the development of cumulus clouds. The cumulus clouds then form via moist convective
processes. Convection in general can be understood as a transport process within the at-
mosphere where heat, moisture and momentum from the surface are moved upwards and
are re-distributed throughout the atmosphere (Cohen, 2001).

To understand the concept of convection, one imagines a parcel of air, locally warmer
than its environment. This parcel of air is considered to be buoyant as its temperature is
warmer and it is therefore lighter than the surrounding air. The buoyant air parcel will
rise upwards in a characteristic, intense plume. As air rises in the atmosphere it under-
goes decompression and cools. This cooling causes the contained water vapour to condens
into liquid water when the air parcel is cold enough and becomes saturated. The latent
heat released by this phase change in turn constitutes an extra source of energy to the
upward motion. Buoyant air parcels generally rise to the level of neutral buoyancy where
the density of the air parcel is equal to the density of its environment. The buyoant air
parcels rising in a conditionally unstable atmosphere re-stabilise their environment through
transport processes of heat and moisture. Heat and moisture are moved upwards and the
slowly descending air in the cloud-free areas undergoes compression, hereby warming the
environment (so-called subsidence warming).

Figure 1.1 exhibits a schematic of a convective cumulus cloud and the most important
physical processes involved in its life cycle. Five main processes are observed within a sin-
gle convective cloud. First, the buoyant air parcels rise from the surface transporting heat,
moisture and momentum upward throughout the troposhere (Figure 1.1 (1)). Turbulent
mixing with and entrainment of environmental air occurs at the cloud edges. Meanwhile,
as the parcels rise and cool, water vapour condenses and latent heat is released providing
additional energy to the upward motion of the buoyant parcels. Second, as the cloud as-
cends to the level of neutral buoyancy, detrainment of liquid water and cloud ice occurs
at cloud top (Figure 1.1 (2)). In the cloud-free environment, the cloud condensate then
re-evaporates which results in a cooling and moistening of the environmental air. Third,
subsidence occurs in the cloud-free environment, warming the atmosphere as air parcels
compress while descending (Figure 1.1 (3)). Fourth, water vapour condenses during the
vertical development of the cloud as the rising air parcels expand and cool. Due to colli-
sion of these cloud droplets in the turbulent rising motions within the developing cumulus
clouds, the cloud droplets grow and fall out as precipitation when reaching a certain droplet
size (Figure 1.1 (4)). Taking into account the net loss of moisture by convective processes
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leads to an overal heating effect of precipitating cumulus clouds (Cohen, 2001). The drag
caused by the falling precipitation and re-evaporation of rain below the cloud base provokes
the development of negatively buoyant downdrafts (Figure 1.1 (5)). Cool, dry air from the
free troposphere is transported directly into the boundary layer and the downdrafts spread
into gust fronts at the surface, enhancing the local surface winds (Cohen, 2001). In con-
nection with these so-called cold pools, an accumulation of moisture in patches around the
cold pools is observed and new convective clouds are found to form on top of these moist
patches (Tompkins, 2001; Khairoutdinov et al., 2009; Boing et al., 2012; Schlemmer and
Hohenegger, 2014).

Figure 1.1: Schematic of main physical processes within a deep convective cumulus cloud.

Generally, an external source of energy or motion in the atmosphere is necessary to cause
the development of cumulus clouds. This source of energy may for example be provided
by surface fluxes of sensible and latent heat. Air parcels close to the surface will warm
and moisten, causing bubbles of warm air to rise upwards. Furthermore, cooling due to
thermal radiation can render the atmosphere unstable to air parcels rising from the warm
surface. On the other hand, orographic and pre-frontal lifting of moist and warm air are
often the underlying process for the development of cumulus clouds.

Therefore, many scales of the atmospheric flow are known to interact with cumulus clouds.
Shallow, isolated cumulus clouds warm the atmosphere while transporting moisture up-
ward and offsetting subsidence drying. Water vapour converges in the tropics where deep
convective cumulus clouds develop. This is essential for the vertical transport of heat and
moisture, balancing the energy budget of the equatorial trough zone (Johnson et al., 1999).
Thereby, cumulus clouds constitute an energy source for large-scale atmospheric circula-
tions, like the Hadley and Walker cells (Johnson et al., 1999) and are also known to provide



4 1. Introduction

the fuel for tropical and extratropical cyclones (Cohen, 2001). Long-lived cloud systems,
like squall lines for example, can develop in the presence of large-scale environmental wind
shear and have a large impact on regional climate due to their precipitation. Cumu-
lus clouds also have a significant influence on the climate considering radiative-convective
feedbacks due to the influence of the deep convective clouds and their associated anvil cloud
cover on the radiation budget. In addition, a wide range of studies has shown that clouds in
general are highly heterogeneous entities with temperature, buoyancy and vertical velocity
varying significantly among the air parcels that make up a single cloud (Warner, 1977;
Jonas, 1990; Romps, 2010). Furthermore, a convective cumulus cloud is a complex process
combining motions on different scales in space and time. Mesoscale atmospheric systems
with scales up to thousands of kilometers often provide the forcing for the convective pro-
cesses over a time scale of several days. In contrast, subcloud processes such as mixing,
entrainment, detrainment and cloud microphysics occur down to scales of millimeters and
seconds (Cohen, 2001; Heus and Seifert, 2013). It is a natural consequence that the in-
teractions of this wide range of scales are difficult to represent in numerical simulations of
convective cumulus clouds in the atmosphere. Further information regarding the issue of
numerical simulations of cumulus clouds is provided hereinafter.

1.1.2 Simulating convective clouds

Representing interactions and effects of deep moist convection on the atmosphere is a key
issue in numerical modeling with meteorological applications. Three ways of including
deep moist convection in numerical simulations are commonly used in the scientific com-
munity. First, within global models simulating large-scale atmospheric phenomena, a grid
spacing of order 10 km or larger is applied. These large-scale phenomena often provide
the forcing that drives the convective cumulus cloud ensembles. However, when applying
a grid spacing of order 10 km or larger, cumulus clouds and their underlying convective
processes cannot be adequately represented by the resolved-scale motions. Hence, these
models require some form of a convective parameterisation to represent the mean effect of
the subgrid convective processes on the large-scale environment (see next paragraph).
Second, cloud-resolving models with a grid spacing of order 1 km are used on the global-
and mesoscale. Within these so-called cloud-permitting models, deep convective clouds
can be resolved on the model grid. However, the grid spacing is too coarse to explicitly
simulate subcloud turbulent processes.

Third, large-eddy models do have the ability to reproduce local effects of convection by
explicitly simulating convective clouds and their subcloud processes. However due to their
limited domain size, these models are not capable of representing the interactions of cumu-
lus convection with the mesoscale systems that provide the large-scale forcing of the cloud
ensembles. In these high-resolution simulations of cumulus clouds, the forcing has to be
provided via a prescribed large-scale radiative cooling that renders the atmosphere unsta-
ble and allows for convective processes to develop. Further information about large-eddy
models is given in section 1.3.



1.1 Cumulus clouds 5

Convective parameterisation

In simulations of large-scale atmospheric phenomena with a grid spacing of order 10 km,
cumulus clouds cannot be resolved on the model grid. Therefore, the mean effect of the
unresolved convection within a model grid box on the simulated atmospheric state needs
to be represented by a parameterisation. A convective parameterisation scheme aims to
derive the statistical properties of the unresolved convective processes from the large-scale
atmospheric properties and the forcing. Cumulus parameterisation schemes are generally
based upon a local-equilibrium hypothesis, where it is assumed that the average properties
of the (unresolved) convection within each grid box can be determined solely in terms of
the large-scale (resolved) conditions. Therefore, one seeks a limited number of equations
that govern the statistics of a system with huge dimensions (Arakawa, 2004).

Since the introduction of the first cumulus parameterisation in the early 1960s a number
of different approaches has been formulated to represent cumulus convection in numerical
models. Traditionally, convective parameterisation schemes are deterministic. The instan-
taneous grid-scale flow is taken as input and the scheme produces feedbacks to that flow
from the subgrid convective motions. However, there may be a wide range of convective,
subgrid states that are consistent with the resolved-scale flow due to a lack of scale sep-
aration between the convective motions and the resolved flow. Therefore, a deterministic
scheme has to be regarded as an attempt to evaluate the ensemble-mean effect of the pos-
sible subgrid states (Xu et al., 1992; Plant and Craig, 2008).

The earliest and simplest convective parameterisation scheme was developed by Manabe
and Strickler (1964) who simply adjusted the vertical moisture and heat in a grid box if
the temperature lapse rate indicated conditional instability. A more advanced convective
adjustment approach was proposed by Betts and Miller (1986), where temperature and
moisture fields are simultaneously relaxed towards observed quasi-equilibrium, thermody-
namic structures. Separate schemes for deep, precipitating and shallow, non-precipitating
convection were derived in Betts (1986) and Betts and Miller (1986). In contrast, convec-
tive parameterisations by Fritsch and Chappell (1980) and Kain and Fritsch (1993) apply
the convective available potential energy (effectively the positive buoyancy of an air parcel)
in their closure assumptions. An equilibrium between surface enthalpy fluxes and input of
low entropy air into the subcloud layer by convective updrafts is assumed in Emanuel and
Rothman (1999).

Arakawa and Schubert (1974) assumed that convection can be represented as an ensemble
of entraining and detraining plumes with different heights and entrainment rates. They
furthermore concluded that the modification of the large-scale thermodynamic fields by
a cumulus ensemble mainly depends on the total mass flux within the cloud ensemble.
This cloud mass flux approach provides the basis for many other parameterisation schemes
(Tiedtke, 1989; Moorthi and Suarez, 1992; Grell, 1993).

As noted above, a deterministic parameterisation scheme aims to represent the mean ef-
fect of the individual unresolved clouds within a grid box. However, a wide range of
subgrid states may be consistent with the resolved-scale flow. Furthermore, strong inter-
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actions between convective fluctuations, non-linearities in the convective system and the
resolved-scale dynamics exist in the atmosphere. This motivates the application of stochas-
tic elements in cumulus cloud parameterisation schemes to account for these uncertainties
(Plant and Craig, 2008). Approaches range from introducing a stochastic forcing (Buizza
et al., 1999; Palmer, 2001; Bright and Mullen, 2002; Wilks, 2005), evaluating the fractional
area of a grid box that supports deep convection to involving systematically derived cloud
birth/death processes (Khouider et al., 2003). Furthermore, random perturbations to the
convective available potential energy or the vertical heating profile are used as a basis for
stochastic parameterisations of deep convection (Lin and Neelin, 2003).

However, these parameterisation schemes use rather ad hoc assumptions about the scales
and structures of the convective variability. Ultimately, a stochastic parameterisation
scheme of deep convection should be based on systematic observations or simulations of
the convective behaviour though. One approach of a stochastic cumulus parameterisa-
tion, designed to produce this “correct” convective variability is developed by Plant and
Craig (2008). In this stochastic parameterisation scheme a theoretical model describing
the equilibrium convective statistics (Craig and Cohen, 2006) (see next section) is applied.
Different theories on the convective variability within a cloud ensemble are described in
the next section.

1.2 Variability in a cumulus cloud ensemble

Strong interactions between convective fluctuations, non-linearities in the convective sys-
tems and the resolved-scale dynamics exist in the convecting atmosphere. Reproducing
the correct variability present in cumulus cloud ensembles within a convective parameter-
isation scheme is therefore essential. However, this poses a challenge to the meteorolog-
ical community (Khouider et al., 2003; Lin and Neelin, 2003; Plant and Craig, 2008) as
representing fluctuations in convective cloud ensembles first requires a knowledge of the
variability observed in these ensembles. Ideally, this knowledge would be based on system-
atic observations of cumulus cloud ensembles. However, systematic direct measurements
of cloud size and in-cloud properties like vertical mass flux, entrainment or detrainment
rates are not feasible up to this point. Deriving theories on the convective behaviour in
cumulus cloud ensembles has therefore been and still is an important topic of research in
the scientific community. The distribution of cloud size in a cumulus cloud ensemble is of
great interest in this context and discussed in the first part of this section. In the second
part, a theory on the distribution of cloud mass flux is presented.

1.2.1 Distribution of cumulus cloud size

In the past, studies regarding the physical structure of a convective cloud field have pri-
marily focused their attention on the particular size distribution of the cumulus clouds.
Up to today however, there is no general agreement on a universal functional form for the
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distribution of cumulus cloud sizes (Lennard, 2004). Using photographs of cumulus cloud
fields taken from aircrafts over Florida, Plank (1969) was amongst the first to conduct a
cumulus cloud size study. He obtained the number density of the cumulus clouds to de-
crease approximately exponential with increasing diameter of the clouds in early morning
cloud fields. His theory however, failed to describe the cloud populations in the afternoon
(Plank, 1969; Lennard, 2004). Other observational studies by Hozumi et al. (1982) and
Wielicki and Welch (1986) using photographs and satellite images also proposed an expo-
nential distribution of cumulus cloud size.

Studies suggesting a log-normal distribution were undertaken by LeMone and Zipser (1980)
and Lopez (1977), investigating convection over the tropical eastern atlantic as well as radar
echoes of tropical disturbances. LeMone and Zipser (1980) found cloud diameter, average
vertical velocity and mass flux to be approximately log-normally distributed, whereas Lopez
(1977) obtained log-normal behaviour analysing cloud mass flux and average cloud sizes.

In contrast, evaluating satellite data, Machado and Rossow (1993) observed a single power
law distribution in deep convective cloud fields including clusters of individual convective
cells. Applying an eight-connected segmentation technique to define the convective clouds,
this single power law behaviour was found to be valid up to cloud cluster radii of 50 km.

The shape most often observed in cloud size studies of shallow convection, is a double
power law distribution. One of the first studies obtaining a double power law distribution
was undertaken by Cahalan and Joseph (1989). Obtaining different power law exponents
for various cloud types, they suggested a scale break to exist at the size of the largest
individual shallow convective cell and that any cloud larger than this size, is actually made
up of smaller clouds (Cahalan and Joseph, 1989; Lennard, 2004).

Other studies revealing double power law distributions of shallow cumulus cloud size were
conducted by Kuo et al. (1993), Nair et al. (1998), and Neggers et al. (2003). Different
cloud sizes at the scale break and different power law exponents have been obtained in
their studies. Comparing cloud size density distributions from cloud-resolving models with
observational data, Neggers et al. (2003) observed a distinct scale break at a cloud size
of 1 km. Double power law behaviour with a scale break at 1 km has also been found in
the tracking of shallow cumulus clouds in numerical simulations performed by Heus and
Seifert (2013) and Dawe and Austin (2012).

It was concluded in Lennard (2004) that it is sometimes possible to fit more than one
functional form to cloud data and that variations in cloud size distributions may some-
times be explained by differences in data analysis techniques. Analysing model data of
simulations of deep convective cloud ensembles at different height levels revealed the dis-
tribution of cloud sizes to be exponential at most of the vertical levels and a double power
law with a distinct scale break to be a reasonable fit for the others. However, Lennard
(2004) claims the size distribution might mistakenly be found to resemble an exponen-
tial when the range of cloud sizes is limited by the grid spacing used, causing the entire
spectrum of clouds to fall on one side of the scale break size.
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1.2.2 A theory on cloud mass flux

Convective parameterisations based on vertical mass flux (Tiedtke, 1989; Plant and Craig,
2008) require an additional knowledge of the particular distribution of cloud vertical mass
flux in the convective cloud ensembles. In contrast to cloud size, the upward mass flux
within convective cloud ensembles cannot be obtained from photographs or measured by
airplanes. Hence, one needs to rely on theories proposing the structure and variability
of cloud mass flux in cumulus cloud fields. Parameterisations of cumulus convection are
generally based upon a local-equilibrium hypothesis, where it is assumed that the average
properties of the (unresolved) convection within each grid box can be determined solely in
terms of the large-scale (resolved) conditions.

In the absence of large-scale circulations, the tropical atmosphere assumes a state of
radiative-moist-convective equilibrium in which the divergence of the net vertical radia-
tive flux is compensated by the convergence of the vertical flux of enthalpy in convective
clouds. The paradigm of moist convection in a state of radiative-convective equilibrium is
highly idealised and has been found to be unstable to large-scale perturbations. However,
this idealised state has been very useful for understanding many aspects of deep convec-
tion and invaluable in studies of climate sensitivity (Manabe and Strickler, 1964; Asai and
Najasuji, 1977; Held et al., 1993; Randall et al., 1994; Parodi and Emanuel, 2009).
Within the concept of a radiative-convective equilibrium, the atmosphere is rendered un-
stable through a combination of radiative cooling (radiative forcing), large-scale ascent and
surface fluxes of latent and sensible heat. Moist convection, consisting of moist updrafts
and downdrafts, then acts to reduce this instability by the vertical transport of heat and
moisture. Air mass descending between the convective updrafts warms the atmosphere by
adiabatic compression (subsidence warming) and thus restores stability of the simulated
atmosphere (Craig and Cohen, 2006). Several studies have used three-dimensional simu-
lations integrated to a state of radiative-convective equilibrium, evaluating the convective
feedbacks to changes in the magnitude of the prescribed forcing (Tompkins and Craig,
1998a; Robe and Emanuel, 2001; Pauluis and Held, 2002).

A statistical model describing the fluctuations of cloud upward mass flux in terms of the
same large-scale properties that determine the mean behaviour of the convective ensemble
has been derived in Craig and Cohen (2006) and is the basis for a stochastic parameterisa-
tion of deep convection (Plant and Craig, 2008). Craig and Cohen (2006) used elementary
concepts from statistical mechanics to derive a probability density function of cloud mass
flux for an ensemble of weakly interacting clouds in statistical equilibrium. In the equilib-
rium state the net convective mass flux is constrained by the need to produce subsidence
warming equal to the magnitude of the large-scale cooling that poses the forcing of the
convective ensemble. Therefore, one can assume that the convective mass flux over an area
of interest is constrained by the large-scale flow. The variability within the equilibrium
cloud ensemb