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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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Figure: mean precipitation from TRMM satellite observations (wikipedia.org)

Figure: Atmospheric Moist Convection, B. Stevens (2005)

Atmospheric Moist Convection, B. Stevens (2005)
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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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Figure: Schneider et al., 2017
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to the equations of !uid dynamics and 
thermodynamics, while using simpli"ed 
representations for still unresolvable 
processes such as droplet and ice crystal 
formation. With LES, we can now simulate 
the clouds and the planetary boundary 
layer within a climate model grid column: 
enhanced computer performance has 
enabled both larger domains in limited-
area LES, and smaller horizontal grid 
spacing in global climate simulations 
(Fig. 3).

$is convergence of LES and climate 
simulations creates fresh opportunities 
for understanding low clouds18 and for 
building better parameterizations. We 
can embed LES in grid columns of global 
models. $e large-scale weather systems 
resolved in a global model drive the LES, 
and if desired, the LES can feed back into 
the large scale models. Embedding an LES 
in each grid column of a global model is 
computationally feasible if the LES covers 
a fraction of the footprint of each grid 
column19. Alternatively, LES that fully 
resolve a grid column of a global model 
can be embedded in a subset of columns. 
Numerical experimentation in such 
‘supercolumns’ can anchor the development 
of new approaches to parameterizing 
cloud dynamics, for example, through 
physically informed machine learning. 
New parameterizations and LES driven 
by weather hindcasts20–22 can be evaluated 
against a wealth of new observations, be 
they local in situ measurements or global 
satellite data of the three-dimensional 
structure of clouds, which have become 
available in the past decade23.

$e prevalent frameworks for the 
parameterization of cloud dynamics 
were developed between the 1960s and 
1980s24. $ey were a breakthrough at 
the time, commensurate in complexity 
with the available computational and 
observational resources. $e exponential 
increase in computer performance and 
observing capabilities calls for new 
breakthroughs now.

Paths forward
A concerted program that capitalizes on 
today’s computational and observational 
resources is needed to build a framework 
for the parameterization of clouds and 
turbulent dynamics at scales below 
the 1–10 km grid spacing that the next 
generation of climate models will achieve. 
Such a framework can rest on the three 
pillars of observations, global climate 
simulations, and limited-area LES, whose 
linkages can be continuously probed in 
a development cycle that simultaneously 
improves climate models and 

parameterizations and identi"es additional 
observations needed to further constrain 
unresolvable processes.

Given the societal importance of 
climate projections and fresh opportunities 
to improve them, it may come as a surprise 
that the factor limiting progress in climate 
modelling is human. It has been estimated 
that reducing uncertainties in climate 
projections has an economic value of 
trillions of dollars if accomplished in the 
next decade25. Yet the number of scientists 
working in the area that is central to 
reducing uncertainties — developing 
representations of turbulence and low 
clouds — is low, only dozens worldwide. 
$ere is ample room for growth, and the 
area is primed for advances. It is a societal 
imperative for the climate sciences to 
provide accurate projections, including 
an accurate answer to the question of 
how much CO2 can accumulate in the 
atmosphere before the 2 °C Paris threshold 
is crossed. $is is achievable now. ❐
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Figure 3 | Grid cells in a global climate model and a large-eddy simulation of shallow cumulus clouds at 
5 m resolution15. The colours at the bottom of the LES domain indicate the buoyancy of near-surface air. 
The horizontal grid spacing of global climate models is approaching the feasible domain size in limited-
area cloud simulations. This creates fresh opportunities for developing parameterizations of the turbulent 
dynamics of low clouds, such as the shallow cumulus clouds here, for climate models with grid spacings 
of order kilometers and larger.
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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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COMMENTARY:

Climate goals and computing 
the future of clouds
Tapio Schneider, João Teixeira, Christopher S. Bretherton, Florent Brient, Kyle G. Pressel, Christoph Schär 
and A. Pier Siebesma

How clouds respond to warming remains the greatest source of uncertainty in climate projections. Improved 
computational and observational tools can reduce this uncertainty. Here we discuss the need for research 
focusing on high-resolution atmosphere models and the representation of clouds and turbulence within them.

In the 2015 Paris Agreement1, 
193 countries agreed to holding 
“the increase in the global average 

temperature to well below 2 °C above 
pre-industrial levels … to reduce the risks 
and impacts of climate change”. Currently, 
the carbon dioxide concentration in the 
atmosphere stands at 404 ppm. "is is 
120 ppm higher than in pre-industrial 
times, and Earth has already warmed 
1 °C since then2. How much higher can 
the concentration of CO2 and other 
greenhouse gases rise before the 2 °C 
threshold is crossed? "e answer to this 
crucial question is uncertain. Depending 
on which, if any, climate model one 
trusts, CO2 concentrations could reach 
between 470 and 600 ppm before the 2 °C 
warming threshold is crossed (Fig. 1a). 
Or, translated into time by assuming CO2 
concentrations continue to rise rapidly3, 
the 2 °C threshold may be crossed by the 
late 2030s, or much later at around 2060 
(Fig. 1a, right axis). Optimal emission 
pathways di#er vastly between allowable 
CO2 concentrations at the high or low end 
of this spectrum. 

A number of factors contribute to 
the spread of projections, including 
uncertainties about how much heat oceans 
take up and how anthropogenic aerosols 
a#ect climate. But the bulk of the spread 
can be traced to the equilibrium climate 
sensitivity, ECS (Fig. 1a). ECS is the global 
surface temperature increase that results 
a$er CO2 concentrations have doubled 
and the climate system has equilibrated to 
this one perturbation4. Because regional 
changes, for example in temperature or 
precipitation extremes, scale with global 
surface temperature5, ECS also measures 
how strongly rising CO2 concentrations 

impact regional climate. ECSs of current 
climate models are scattered between 2 and 
5 K. "is wide range of ECS has neither 
shi$ed nor narrowed substantially since 
the %rst comprehensive climate change 

assessment4,6 by the US National Academy 
of Sciences in 1979.

What lies behind the recalcitrant ECS 
uncertainty are primarily uncertainties 
about how clouds respond to warming, 
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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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How clouds respond to warming remains the greatest source of uncertainty in climate projections. Improved 
computational and observational tools can reduce this uncertainty. Here we discuss the need for research 
focusing on high-resolution atmosphere models and the representation of clouds and turbulence within them.

In the 2015 Paris Agreement1, 
193 countries agreed to holding 
“the increase in the global average 

temperature to well below 2 °C above 
pre-industrial levels … to reduce the risks 
and impacts of climate change”. Currently, 
the carbon dioxide concentration in the 
atmosphere stands at 404 ppm. "is is 
120 ppm higher than in pre-industrial 
times, and Earth has already warmed 
1 °C since then2. How much higher can 
the concentration of CO2 and other 
greenhouse gases rise before the 2 °C 
threshold is crossed? "e answer to this 
crucial question is uncertain. Depending 
on which, if any, climate model one 
trusts, CO2 concentrations could reach 
between 470 and 600 ppm before the 2 °C 
warming threshold is crossed (Fig. 1a). 
Or, translated into time by assuming CO2 
concentrations continue to rise rapidly3, 
the 2 °C threshold may be crossed by the 
late 2030s, or much later at around 2060 
(Fig. 1a, right axis). Optimal emission 
pathways di#er vastly between allowable 
CO2 concentrations at the high or low end 
of this spectrum. 

A number of factors contribute to 
the spread of projections, including 
uncertainties about how much heat oceans 
take up and how anthropogenic aerosols 
a#ect climate. But the bulk of the spread 
can be traced to the equilibrium climate 
sensitivity, ECS (Fig. 1a). ECS is the global 
surface temperature increase that results 
a$er CO2 concentrations have doubled 
and the climate system has equilibrated to 
this one perturbation4. Because regional 
changes, for example in temperature or 
precipitation extremes, scale with global 
surface temperature5, ECS also measures 
how strongly rising CO2 concentrations 

impact regional climate. ECSs of current 
climate models are scattered between 2 and 
5 K. "is wide range of ECS has neither 
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the %rst comprehensive climate change 
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of Sciences in 1979.

What lies behind the recalcitrant ECS 
uncertainty are primarily uncertainties 
about how clouds respond to warming, 
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feedback. a, Allowable CO2 concentration before 2 °C warming threshold is crossed versus ECS. The 
bottom axes displays 1/ECS, the left axes the allowable CO2 concentration, and the right axes the year 
when the 2 °C threshold is crossed (correlation coe"cient r = 0.89). Each circle represents a climate 
model, numbered and coloured in order of increasing ECS (ref. 9). The horizontal axis is expressed as 
1/ECS because temperature changes ΔT and concentration changes ΔCO2 are to first order related by 
ΔT ∝ ECS × ΔCO2, so one expects ΔCO2 ∝ 1/ECS for fixed ΔT. The allowable CO2 concentration for 
each model is determined from a high-emission scenario simulation3 as the concentration when the 
5-year low-pass filtered global mean surface temperature rises 1.19 °C above the model’s average for 
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concentrations into allowable emissions because it is uncertain how much of the emitted carbon dioxide 
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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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32 Chapter 1. Equations of Motion

The Equations of Motion of a Fluid

For dry air, or for a salt-free liquid, the equations of motion may be written as follows:
The mass continuity equation:

∂ρ
∂t

+∇ · (ρv) = 0. (EOM.1)

If density is constant this reduces to ∇ · v = 0.
The momentum equation:

Dv
Dt

= −∇p
ρ
+ ν∇2v + F, (EOM.2)

where F represents the effects of body forces such as gravity and ν is the kinematic viscosity.
If density is constant, or pressure is given as a function of density alone (e.g., p = Cργ ),
then (EOM.1) and (EOM.2) form a complete system.

The thermodynamic equation:

DI
Dt
+ p
ρ
∇ · v = Q̇, or

Dθ
Dt

= 1
cp

(θ
T

)
Q̇, (EOM.3)

where Q̇ represents diabatic sources such as heating and diffusion.
An equation of state:

p = f(I,ρ) or p = g(θ,ρ) (EOM.4)

where f and g are given functions. For example, for an ideal gas, p = ρRI/cv and p =
pR(T/θ)1/κ where T = p/ρR.

The equations describing fluid motion are called the Euler equations if the viscous term
is omitted, and the Navier–Stokes equations if viscosity is included.8 Sometimes these
appellations are taken to mean only the momentum and mass conservation equations, and
sometimes the Euler equations are restricted to a fluid of constant density.

Thus, if a fluid parcel moves adiabatically and at constant composition then dη = 0 and
dθ = 0. Furthermore, if we express entropy as a function of temperature and pressure then

T dη = T
( ∂η
∂T

)

pS
dT + T

(
∂η
∂p

)

TS
dp = cp dT + T

(
∂η
∂p

)

TS
dp, (1.141)

using the definition of cp . If we evaluate this expression at the reference pressure, where
T = θ and dp = 0, then we have θ dη = cp(pR,θ)dθ, and therefore

dη = cp(pR,θ)
dθ
θ

, (1.142)

and dη/dθ = cp(pR,θ)/θ. In the special case of constant cp integration yields

η = cp lnθ + constant, (1.143)
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pR(T/θ)1/κ where T = p/ρR.

The equations describing fluid motion are called the Euler equations if the viscous term
is omitted, and the Navier–Stokes equations if viscosity is included.8 Sometimes these
appellations are taken to mean only the momentum and mass conservation equations, and
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The Equations of Motion of a Fluid

For dry air, or for a salt-free liquid, the equations of motion may be written as follows:
The mass continuity equation:

∂ρ
∂t
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The momentum equation:
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where Q̇ represents diabatic sources such as heating and diffusion.
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where f and g are given functions. For example, for an ideal gas, p = ρRI/cv and p =
pR(T/θ)1/κ where T = p/ρR.

The equations describing fluid motion are called the Euler equations if the viscous term
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dθ = 0. Furthermore, if we express entropy as a function of temperature and pressure then

T dη = T
( ∂η
∂T

)

pS
dT + T

(
∂η
∂p

)

TS
dp = cp dT + T

(
∂η
∂p

)

TS
dp, (1.141)
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26 Chapter 1. Equations of Motion

that is, potential density is proportional to the inverse of potential temperature. We may
also write (1.110) as

ρθ = ρ
(
pR
p

)1/γ

. (1.111)

Finally, for later use we note that for small variations around a reference state manipula-
tion of the ideal gas equation gives

δθ
θ
= δT
T
− κ δp

p
= 1
γ
δp
p
− δρ

ρ
. (1.112)

* The fundamental equation of state for an ideal gas

Equations (1.107) and (1.105) are closely related to the fundamental equation of state, and
using I = cvT and the equation of state p = ρRT , we can express the entropy explicitly in
terms of the density and the internal energy, to wit

η = cv ln I − R lnρ + constant . (1.113)

This is the fundamental equation of state for a simple ideal gas. If we were to begin with
this, we could straightforwardly derive all the thermodynamic quantities of interest for a
simple ideal gas: for example, using (1.70a) we immediately recover P = ρRT , and from
(1.70b) we obtain I = cvT . Indeed, (1.113) could be used to define a simple ideal gas, but
such an a priori definition may seem a little unmotivated. Of course the heat capacities
must still be determined by experiment or by a kinetic theory — they are not given by the
thermodynamics, and (1.113) holds only if they are constant.

1.6.2 * Thermodynamic equation for liquids

For a liquid such as seawater no simple exact equation of state exists. Thus, although (1.95)
holds in general, an expression relating entropy to the other thermodynamic variables is
still needed. For quantitative modelling and observational work such an equation of state
must be accurate, but this entails a complicated, nonlinear expression that is, to most eyes,
uninformative. On the other hand, for most theoretical work and for idealized models
a simplified equation of state that captures the main qualitative effects will suffice. It is
informative to proceed heuristically, and to begin with the entropy equation and make
simplifications to it.

I. Entropy equation using pressure and density

If we regard η as a function of pressure and density (and salinity if appropriate) we obtain

T dη = T
(
∂η
∂ρ

)

p,S
dρ + T

(
∂η
∂p

)

ρ,S
dp + T

(∂η
∂S

)

ρ,p
dS

= T
(
∂η
∂ρ

)

p,S
dρ − T

(
∂η
∂ρ

)

p,S

(
∂ρ
∂p

)

η,S
dp + T

(∂η
∂S

)

ρ,p
dS. (1.114)

From this, and using (1.95) and (1.94), we obtain for a moving fluid

T
(
∂η
∂ρ

)

p,S

Dρ
Dt

− T
(
∂η
∂ρ

)

p,S

(
∂ρ
∂p

)

η,S

Dp
Dt

= Q̇− T
(∂η
∂S

)

ρ,p
Ṡ. (1.115)
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(2.222) are thus:

stability :
∂θ̃
∂z

> 0; or −∂ T̃
∂z

< Γd

instability :
∂θ̃
∂z

< 0; or −∂ T̃
∂z

> Γd

, (2.232a,b)

where a tilde indicates that the values are those of the environment. The atmosphere is in
fact generally stable by this criterion: the observed lapse rate, corresponding to an observed
buoyancy frequency of about 10−2 s−1, is often about 7 K km−1, whereas a dry adiabatic
lapse rate is about 10 K km−1. Why the discrepancy? One reason, particularly important in
the tropics, is that the atmosphere contains water vapour.

* Effects of water vapour on the lapse rate of an ideal gas

The amount of water vapour that can be contained in a given volume is an increasing
function of temperature (with the presence or otherwise of dry air in that volume being
largely irrelevant). Thus, if a parcel of water vapour is cooled, it will eventually become
saturated and water vapour will condense into liquid water. A measure of the amount of
water vapour in a unit volume is its partial pressure, and the partial pressure of water vapour
at saturation, es , is given by the Clausius–Clapeyron equation,

des
dT

= Lces
RvT 2

, (2.233)

where Lc is the latent heat of condensation or vapourization (per unit mass) and Rv is the
gas constant for water vapour. If a parcel rises adiabatically it will cool, and at some height
(known as the ‘lifting condensation level’, a function of its initial temperature and humidity
only) the parcel will become saturated and any further ascent will cause the water vapour
to condense. The ensuing condensational heating causes the temperature and buoyancy of
the parcel to increase; the parcel thus rises further, causing more water vapour to condense,
and so on, and the consequence of this is that an environmental profile that is stable if the
air is dry may be unstable if saturated. Let us now derive an expression for the lapse rate of
a saturated parcel that is ascending adiabatically apart from the affects of condensation.

Let w denote the mass of water vapour per unit mass of dry air, the mixing ratio, and
let ws be the saturation mixing ratio. (ws = αes/(p − es) ≈ αwes/p where αw = 0.62, the
ratio of the mass of a water molecule to one of dry air.) The diabatic heating associated with
condensation is then given by

Qcond = −Lc
Dws

Dt
, (2.234)

so that the thermodynamic equation is

cp
D lnθ

Dt
= −Lc

T
Dws

Dt
, (2.235)

or, in terms of p and and T

cp
D lnT

Dt
− RD lnP

Dt
= −Lc

T
Dws

Dt
. (2.236)
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radiation: Qrad = QLW + QSW , where  strongly 
depends on atmospheric composition 
and aerosols

Qrad = f(ρ(z)) ρ
28 2 The Global Energy Balance 

Fig. 2.4 Radiative and nonradiative energy flow diagram for Earth and its atmosphere. Units are per- 
centages of the global-mean insolation (100 units = 342 W m-*). 

section of the diagram, which shows that only 10 of the 110 units emitted by the 
ground pass directly into space without being absorbed and reemitted by the atmo- 
sphere. The troposphere receives 149 units from radiative and nonradiative sources: 
103 units of longwave energy absorption, 24 of latent heat release, 17 of solar absorp- 
tion, and 5 of sensible heat transfer from the ground. The troposphere re-emits 89 units 
back to the ground and emits 60 units upward to the stratosphere and space. 

The very strong downward emission of terrestrial radiation from the atmosphere 
is essential for maintaining the relatively small diurnal variations in surface temper- 
ature. If the downward longwave were not larger than the solar heating of the sur- 
face, then the land surface temperature would cool very rapidly at night and would 
warm exceedingly rapidly during the day. The greenhouse effect not only maintains 
relatively warm surface temperatures, but also limits the amplitude of the diurnal 
variation in surface temperature over land. 

2.7 Distribution of Insolation 

Seasonal and latitudinal variations in temperature are driven primarily by variations 
of insolation and average solar zenith angle. The amount of solar radiation incident 
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field are retained:

total field: @t� + (v ·r)� = F� (2.5)

resolved field: @t� + (v ·r)� + (v 0 ·r)�0 = F� (2.6)

sub-grid scale field: @t�
0 + (v ·r)�0 + (v 0 ·r)� = F0� (2.7)

Averaging Operator: The quasi-linearisation can be applied for any well-defined
averaging operator, that fulfils the Reynolds properties and preserves the symmetry
of the flow field. A more detailed discussion can be found in Ait-Chaalal et al.
(2016).

For boundary layer flows, we assume to first order horizontally homogeneous
and isotropic turbulence. These symmetries are preserved by the horizontal aver-
aging operator, defined as

(·) :=
Z x0+�x

x0

Z y0+�y

y0

dx dy (·) . (2.8)

For a parameterisation scheme we think of �x , �y as the resolution (or grid box
length) of the large-scale model, s.t. the averaged quantities corresponds to the
domain mean values.

This symmetry is of course broken for turbulence that is embedded in a non-
trivial large-scale flow with non-zero mean flow and shear. Despite this potential
violation of symmetry conservation, we keep this definition here due to its practical
applications for parameterisation schemes. In parameterisations, the large-scale
flow on the scale of the model resolution corresponds to a horizontal and vertical
average over a model grid box. This mean flow is fed into the parameterisation
scheme, which returns the grid box mean of the sub-grid scale dynamics.

�.�.� CE� Equations

The set of quasi-linear equations (2.6), (2.7) corresponds to a truncation of the hier-
archy of moments at second order: third and higher order moments are neglected.
This becomes visible, when deriving the quasi-linear equation for the second order
moments from Equation 2.7
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field are retained:

total field: @t� + (v ·r)� = F� (2.5)

resolved field: @t� + (v ·r)� + (v 0 ·r)�0 = F� (2.6)

sub-grid scale field: @t�
0 + (v ·r)�0 + (v 0 ·r)� = F0� (2.7)

Averaging Operator: The quasi-linearisation can be applied for any well-defined
averaging operator, that fulfils the Reynolds properties and preserves the symmetry
of the flow field. A more detailed discussion can be found in Ait-Chaalal et al.
(2016).

For boundary layer flows, we assume to first order horizontally homogeneous
and isotropic turbulence. These symmetries are preserved by the horizontal aver-
aging operator, defined as

(·) :=
Z x0+�x

x0

Z y0+�y

y0

dx dy (·) . (2.8)

For a parameterisation scheme we think of �x , �y as the resolution (or grid box
length) of the large-scale model, s.t. the averaged quantities corresponds to the
domain mean values.

This symmetry is of course broken for turbulence that is embedded in a non-
trivial large-scale flow with non-zero mean flow and shear. Despite this potential
violation of symmetry conservation, we keep this definition here due to its practical
applications for parameterisation schemes. In parameterisations, the large-scale
flow on the scale of the model resolution corresponds to a horizontal and vertical
average over a model grid box. This mean flow is fed into the parameterisation
scheme, which returns the grid box mean of the sub-grid scale dynamics.

�.�.� CE� Equations

The set of quasi-linear equations (2.6), (2.7) corresponds to a truncation of the hier-
archy of moments at second order: third and higher order moments are neglected.
This becomes visible, when deriving the quasi-linear equation for the second order
moments from Equation 2.7
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In contrast to the prognostic equations of second-order moments derived from non-
linear dynamics, this equation does not contain any third-order moment. Thus, the
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field are retained:

total field: @t� + (v ·r)� = F� (2.5)

resolved field: @t� + (v ·r)� + (v 0 ·r)�0 = F� (2.6)

sub-grid scale field: @t�
0 + (v ·r)�0 + (v 0 ·r)� = F0� (2.7)

Averaging Operator: The quasi-linearisation can be applied for any well-defined
averaging operator, that fulfils the Reynolds properties and preserves the symmetry
of the flow field. A more detailed discussion can be found in Ait-Chaalal et al.
(2016).

For boundary layer flows, we assume to first order horizontally homogeneous
and isotropic turbulence. These symmetries are preserved by the horizontal aver-
aging operator, defined as

(·) :=
Z x0+�x

x0

Z y0+�y

y0

dx dy (·) . (2.8)

For a parameterisation scheme we think of �x , �y as the resolution (or grid box
length) of the large-scale model, s.t. the averaged quantities corresponds to the
domain mean values.

This symmetry is of course broken for turbulence that is embedded in a non-
trivial large-scale flow with non-zero mean flow and shear. Despite this potential
violation of symmetry conservation, we keep this definition here due to its practical
applications for parameterisation schemes. In parameterisations, the large-scale
flow on the scale of the model resolution corresponds to a horizontal and vertical
average over a model grid box. This mean flow is fed into the parameterisation
scheme, which returns the grid box mean of the sub-grid scale dynamics.

�.�.� CE� Equations

The set of quasi-linear equations (2.6), (2.7) corresponds to a truncation of the hier-
archy of moments at second order: third and higher order moments are neglected.
This becomes visible, when deriving the quasi-linear equation for the second order
moments from Equation 2.7
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= � 0F0� +�0F0� . (2.9)

In contrast to the prognostic equations of second-order moments derived from non-
linear dynamics, this equation does not contain any third-order moment. Thus, the
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Figure: Schneider et al., 2017
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field are retained:

total field: @t� + (v ·r)� = F� (2.5)

resolved field: @t� + (v ·r)� + (v 0 ·r)�0 = F� (2.6)

sub-grid scale field: @t�
0 + (v ·r)�0 + (v 0 ·r)� = F0� (2.7)

Averaging Operator: The quasi-linearisation can be applied for any well-defined
averaging operator, that fulfils the Reynolds properties and preserves the symmetry
of the flow field. A more detailed discussion can be found in Ait-Chaalal et al.
(2016).

For boundary layer flows, we assume to first order horizontally homogeneous
and isotropic turbulence. These symmetries are preserved by the horizontal aver-
aging operator, defined as

(·) :=
Z x0+�x

x0

Z y0+�y

y0

dx dy (·) . (2.8)

For a parameterisation scheme we think of �x , �y as the resolution (or grid box
length) of the large-scale model, s.t. the averaged quantities corresponds to the
domain mean values.

This symmetry is of course broken for turbulence that is embedded in a non-
trivial large-scale flow with non-zero mean flow and shear. Despite this potential
violation of symmetry conservation, we keep this definition here due to its practical
applications for parameterisation schemes. In parameterisations, the large-scale
flow on the scale of the model resolution corresponds to a horizontal and vertical
average over a model grid box. This mean flow is fed into the parameterisation
scheme, which returns the grid box mean of the sub-grid scale dynamics.

�.�.� CE� Equations

The set of quasi-linear equations (2.6), (2.7) corresponds to a truncation of the hier-
archy of moments at second order: third and higher order moments are neglected.
This becomes visible, when deriving the quasi-linear equation for the second order
moments from Equation 2.7
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In contrast to the prognostic equations of second-order moments derived from non-
linear dynamics, this equation does not contain any third-order moment. Thus, the
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Figure: Schneider et al., 2017
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field are retained:

total field: @t� + (v ·r)� = F� (2.5)

resolved field: @t� + (v ·r)� + (v 0 ·r)�0 = F� (2.6)

sub-grid scale field: @t�
0 + (v ·r)�0 + (v 0 ·r)� = F0� (2.7)

Averaging Operator: The quasi-linearisation can be applied for any well-defined
averaging operator, that fulfils the Reynolds properties and preserves the symmetry
of the flow field. A more detailed discussion can be found in Ait-Chaalal et al.
(2016).

For boundary layer flows, we assume to first order horizontally homogeneous
and isotropic turbulence. These symmetries are preserved by the horizontal aver-
aging operator, defined as

(·) :=
Z x0+�x

x0

Z y0+�y

y0

dx dy (·) . (2.8)

For a parameterisation scheme we think of �x , �y as the resolution (or grid box
length) of the large-scale model, s.t. the averaged quantities corresponds to the
domain mean values.

This symmetry is of course broken for turbulence that is embedded in a non-
trivial large-scale flow with non-zero mean flow and shear. Despite this potential
violation of symmetry conservation, we keep this definition here due to its practical
applications for parameterisation schemes. In parameterisations, the large-scale
flow on the scale of the model resolution corresponds to a horizontal and vertical
average over a model grid box. This mean flow is fed into the parameterisation
scheme, which returns the grid box mean of the sub-grid scale dynamics.

�.�.� CE� Equations

The set of quasi-linear equations (2.6), (2.7) corresponds to a truncation of the hier-
archy of moments at second order: third and higher order moments are neglected.
This becomes visible, when deriving the quasi-linear equation for the second order
moments from Equation 2.7

@t� 0�0 + (v ·r)�0� 0 +
î

� 0v 0 ·r)� +�0v 0 ·r)�
ó

= � 0F0� +�0F0� . (2.9)

In contrast to the prognostic equations of second-order moments derived from non-
linear dynamics, this equation does not contain any third-order moment. Thus, the

total field: @t� = �(~v ·r)�+ F�

= �
⇥
(~v ·r)�+ (~v ·r)�0 + (~v0 ·r)�+ (~v0 ·r)�0⇤+ F�

resolved field: @t� = �(~v ·r)�� (~v0 ·r)�0 + F�

sub-grid scale field: @t�
0 + (~v ·r)�0 + (~v0 ·r) +

h
(~v0 ·r)�0 � (~v0 ·r)�0

i
= F 0

�

@tw0�0 = �(~v ·r)w0�0 �
h
(w0~v0 ·r)�+ (�0~v0 ·r)w

i
+ w0F 0

� + �0F 0
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Figure 1. Schematic view of a shallow cumulus convective boundary layer and mass-flux formulation of the
EDMF scheme.

the level where the buoyancy is zero, the vertical velocity equation is used to determine
the level where wup vanishes. In this way, the overshoot of strong thermals into the
inversion can be taken into account.

The new updraught model has some advantages over previous schemes (Siebesma
and Teixeira 2000): (i) it is less sensitive to the initialization level, zk, or to model reso-
lution, (ii) the initialization is directly based on the TKE budget equation, as the eddy-
diffusivity formulation, (iii) the mass-flux profile avoids the use of an empirical formula
for σw(Holtslag and Moeng 1991) and requires almost no tuning, and, additionally, (iv)
the mass-flux profile can be directly interpreted in the light of the standard conceptual
picture of turbulence in the CBL (Fig. 1).

The numerical integration scheme uses a Crank–Nicholson semi-implicit scheme,
with a variable degree of implicitness, but with the extra mass-flux term included in the
equations for the tendencies of the conserved variables. Considering the equation for the
tendency of φ, given by the sum of the turbulent flux divergence plus a source term S,
its discretized version follows as

φt+#t (z) − φt (z)

#t
= St + α

∂

∂z

(
Kt ∂φt+#t

∂z

)
+ (1 − α)

∂

∂z

(
Kt ∂φt

∂z

)

+ α
∂

∂z
{Mt(φt+#t − φt

up)} + (1 − α)
∂

∂z
{Mt(φt − φt

up)},
(8)

where α corresponds to the degree of implicitness (α = 1 fully implicit as used in this
paper, α = 0 fully explicit). The spatial discretization of the equations is done using a
common centred scheme for the diffusion term and an upwind scheme for the mass-flux
term. This approach follows the way the EDMF scheme was implemented numerically
in the ECMWF model (Teixeira and Siebesma 2000). Traditionally mass-flux schemes
are integrated explicitly, which often causes stability problems, while we attempt an
implicit version. Note, however, that in the implicit mass-flux term, the updraught part
is taken explicitly in time. This may be a source of numerical stability problems if large
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Irreversible sink / source terms

condensational heating:

32 Chapter 1. Equations of Motion

The Equations of Motion of a Fluid

For dry air, or for a salt-free liquid, the equations of motion may be written as follows:
The mass continuity equation:

∂ρ
∂t

+∇ · (ρv) = 0. (EOM.1)

If density is constant this reduces to ∇ · v = 0.
The momentum equation:

Dv
Dt

= −∇p
ρ
+ ν∇2v + F, (EOM.2)

where F represents the effects of body forces such as gravity and ν is the kinematic viscosity.
If density is constant, or pressure is given as a function of density alone (e.g., p = Cργ ),
then (EOM.1) and (EOM.2) form a complete system.

The thermodynamic equation:

DI
Dt
+ p
ρ
∇ · v = Q̇, or

Dθ
Dt

= 1
cp

(θ
T

)
Q̇, (EOM.3)

where Q̇ represents diabatic sources such as heating and diffusion.
An equation of state:

p = f(I,ρ) or p = g(θ,ρ) (EOM.4)

where f and g are given functions. For example, for an ideal gas, p = ρRI/cv and p =
pR(T/θ)1/κ where T = p/ρR.

The equations describing fluid motion are called the Euler equations if the viscous term
is omitted, and the Navier–Stokes equations if viscosity is included.8 Sometimes these
appellations are taken to mean only the momentum and mass conservation equations, and
sometimes the Euler equations are restricted to a fluid of constant density.

Thus, if a fluid parcel moves adiabatically and at constant composition then dη = 0 and
dθ = 0. Furthermore, if we express entropy as a function of temperature and pressure then

T dη = T
( ∂η
∂T

)

pS
dT + T

(
∂η
∂p

)

TS
dp = cp dT + T

(
∂η
∂p

)

TS
dp, (1.141)

using the definition of cp . If we evaluate this expression at the reference pressure, where
T = θ and dp = 0, then we have θ dη = cp(pR,θ)dθ, and therefore

dη = cp(pR,θ)
dθ
θ

, (1.142)

and dη/dθ = cp(pR,θ)/θ. In the special case of constant cp integration yields

η = cp lnθ + constant, (1.143)
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(2.222) are thus:

stability :
∂θ̃
∂z

> 0; or −∂ T̃
∂z

< Γd

instability :
∂θ̃
∂z

< 0; or −∂ T̃
∂z

> Γd

, (2.232a,b)

where a tilde indicates that the values are those of the environment. The atmosphere is in
fact generally stable by this criterion: the observed lapse rate, corresponding to an observed
buoyancy frequency of about 10−2 s−1, is often about 7 K km−1, whereas a dry adiabatic
lapse rate is about 10 K km−1. Why the discrepancy? One reason, particularly important in
the tropics, is that the atmosphere contains water vapour.

* Effects of water vapour on the lapse rate of an ideal gas

The amount of water vapour that can be contained in a given volume is an increasing
function of temperature (with the presence or otherwise of dry air in that volume being
largely irrelevant). Thus, if a parcel of water vapour is cooled, it will eventually become
saturated and water vapour will condense into liquid water. A measure of the amount of
water vapour in a unit volume is its partial pressure, and the partial pressure of water vapour
at saturation, es , is given by the Clausius–Clapeyron equation,

des
dT

= Lces
RvT 2

, (2.233)

where Lc is the latent heat of condensation or vapourization (per unit mass) and Rv is the
gas constant for water vapour. If a parcel rises adiabatically it will cool, and at some height
(known as the ‘lifting condensation level’, a function of its initial temperature and humidity
only) the parcel will become saturated and any further ascent will cause the water vapour
to condense. The ensuing condensational heating causes the temperature and buoyancy of
the parcel to increase; the parcel thus rises further, causing more water vapour to condense,
and so on, and the consequence of this is that an environmental profile that is stable if the
air is dry may be unstable if saturated. Let us now derive an expression for the lapse rate of
a saturated parcel that is ascending adiabatically apart from the affects of condensation.

Let w denote the mass of water vapour per unit mass of dry air, the mixing ratio, and
let ws be the saturation mixing ratio. (ws = αes/(p − es) ≈ αwes/p where αw = 0.62, the
ratio of the mass of a water molecule to one of dry air.) The diabatic heating associated with
condensation is then given by

Qcond = −Lc
Dws

Dt
, (2.234)

so that the thermodynamic equation is

cp
D lnθ

Dt
= −Lc

T
Dws

Dt
, (2.235)

or, in terms of p and and T

cp
D lnT

Dt
− RD lnP

Dt
= −Lc

T
Dws

Dt
. (2.236)
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Cloud Fraction:

Mean Liquid Water :

From such a cloud closure scheme, the bulk values of cloud fraction, liquid water path (LWP)
and mean liquid water can be computed as following

cloud fraction: CF =

Z 1

�1

Z 1

ql,s

G(✓l, qt) dqt d✓l (79)

mean liquid water: ql =

Z 1

�1

Z 1

q⇤t

G(✓l, qt) ql(✓l, qt) dqt d✓l (80)

mean liquid water path: LWP =

Z 1

0
⇢(z) ql(z) dz

=

Z 1

0

Z 1

�1

Z 1

q⇤t

G(✓l, qt) ⇢(z) ql(✓l, qt) dqt d✓l dz.

(81)

The overbars as e.g. for ql, can be understood both as the ensemble mean and the horizontal domain
average, which the PDF is sought to estimate. The specific humidity of liquid water ql(✓l, qt) is
computed from the sampled data (✓l, qt), using the saturation adjustment scheme implemented in
PyCLES (Pressel et al. 2015).

In this study, we compute the bulk cloud statistics in Equations 79 to 81 from a PDF model and
compare it to the horizontal domain-mean values from the LES output. The statistical variables are
listed according to their statistical order. The cloud fraction as a zeroth order statistical moment
represents the weakest metric. For its correct estimation, only the number of cloudy points has to be
matched while an over- or underestimation of the liquid water content of each point is irrelevant. In
other words, only the mean values of the distribution G(✓l, qt), which determine the fraction of the
sampled points that lie beyond the saturation line, have to be correct. By contrast, the LWP and
mean liquid water content are first order statistical moments and hence more sensitive to a misfit of
the PDF G(✓l, qt). In addition to a correct estimation of the mean values, the LWP and liquid water
content depend on the variance matrix q

0
t✓

0
l. This is reflected in the discussion of the model perfor-

mance in Sections 7 and 9, which in general shows a lower error for the estimation of the cloud fraction.

In this study, we aim on getting an estimate for the performance of the ‘best possible Gaussian
PDF model’ for a given set of data. By the ‘best model’ we mean the Gaussian PDF that maximizes
the likelihood with regard to the training data. The parameters of such a PDF can be computed by
the Expectation Maximization algorithm as described in Section 6.2. The same model has been used
before for a similar study by Firl and Randall (2015).

This model is well suited since it can be extended to multi-component Gaussian PDFs (superpo-
sitions of several joint Gaussian PDFs), in the following denoted as Gaussian mixture model (GMM).
Such superpositions allow the representation of skewed distributions of data, which are common
in convective dynamics. An additional benefit of the GMM algorithm is given by its property to
cluster the data with regard to the Gaussian components. This can be used to decompose the LES
data points into ‘updraft’ and ‘environmental’ points, hence identifying convective updrafts and
testing conditional statistics in the environment or updraft areas. An analysis for shallow convection
is can be found in Section 8.

The GMM models are tested by comparing data generated by an LES to sample-data that are
drawn from the fitted PDF. The PDF fitting uses the LES data as training data to determine the
PDF parameters. The LES model PyCLES is described in Section 6.3.
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average, which the PDF is sought to estimate. The specific humidity of liquid water ql(✓l, qt) is
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In this study, we aim on getting an estimate for the performance of the ‘best possible Gaussian
PDF model’ for a given set of data. By the ‘best model’ we mean the Gaussian PDF that maximizes
the likelihood with regard to the training data. The parameters of such a PDF can be computed by
the Expectation Maximization algorithm as described in Section 6.2. The same model has been used
before for a similar study by Firl and Randall (2015).

This model is well suited since it can be extended to multi-component Gaussian PDFs (superpo-
sitions of several joint Gaussian PDFs), in the following denoted as Gaussian mixture model (GMM).
Such superpositions allow the representation of skewed distributions of data, which are common
in convective dynamics. An additional benefit of the GMM algorithm is given by its property to
cluster the data with regard to the Gaussian components. This can be used to decompose the LES
data points into ‘updraft’ and ‘environmental’ points, hence identifying convective updrafts and
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Cloud Fraction:

Mean Liquid Water :

From such a cloud closure scheme, the bulk values of cloud fraction, liquid water path (LWP)
and mean liquid water can be computed as following

cloud fraction: CF =

Z 1

�1

Z 1

ql,s

G(✓l, qt) dqt d✓l (79)

mean liquid water: ql =

Z 1

�1

Z 1

q⇤t

G(✓l, qt) ql(✓l, qt) dqt d✓l (80)

mean liquid water path: LWP =

Z 1

0
⇢(z) ql(z) dz

=

Z 1

0

Z 1

�1

Z 1

q⇤t

G(✓l, qt) ⇢(z) ql(✓l, qt) dqt d✓l dz.

(81)

The overbars as e.g. for ql, can be understood both as the ensemble mean and the horizontal domain
average, which the PDF is sought to estimate. The specific humidity of liquid water ql(✓l, qt) is
computed from the sampled data (✓l, qt), using the saturation adjustment scheme implemented in
PyCLES (Pressel et al. 2015).

In this study, we compute the bulk cloud statistics in Equations 79 to 81 from a PDF model and
compare it to the horizontal domain-mean values from the LES output. The statistical variables are
listed according to their statistical order. The cloud fraction as a zeroth order statistical moment
represents the weakest metric. For its correct estimation, only the number of cloudy points has to be
matched while an over- or underestimation of the liquid water content of each point is irrelevant. In
other words, only the mean values of the distribution G(✓l, qt), which determine the fraction of the
sampled points that lie beyond the saturation line, have to be correct. By contrast, the LWP and
mean liquid water content are first order statistical moments and hence more sensitive to a misfit of
the PDF G(✓l, qt). In addition to a correct estimation of the mean values, the LWP and liquid water
content depend on the variance matrix q

0
t✓

0
l. This is reflected in the discussion of the model perfor-

mance in Sections 7 and 9, which in general shows a lower error for the estimation of the cloud fraction.

In this study, we aim on getting an estimate for the performance of the ‘best possible Gaussian
PDF model’ for a given set of data. By the ‘best model’ we mean the Gaussian PDF that maximizes
the likelihood with regard to the training data. The parameters of such a PDF can be computed by
the Expectation Maximization algorithm as described in Section 6.2. The same model has been used
before for a similar study by Firl and Randall (2015).

This model is well suited since it can be extended to multi-component Gaussian PDFs (superpo-
sitions of several joint Gaussian PDFs), in the following denoted as Gaussian mixture model (GMM).
Such superpositions allow the representation of skewed distributions of data, which are common
in convective dynamics. An additional benefit of the GMM algorithm is given by its property to
cluster the data with regard to the Gaussian components. This can be used to decompose the LES
data points into ‘updraft’ and ‘environmental’ points, hence identifying convective updrafts and
testing conditional statistics in the environment or updraft areas. An analysis for shallow convection
is can be found in Section 8.

The GMM models are tested by comparing data generated by an LES to sample-data that are
drawn from the fitted PDF. The PDF fitting uses the LES data as training data to determine the
PDF parameters. The LES model PyCLES is described in Section 6.3.
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Data, sampled from a shallow convection (BOMEX) 
cloud layer (z = 800m) and the coloring indicates the 
liquid water content. 
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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!1 is a mere 0.02 for wintertime Caribbean

cumuli (Snodgrass et al. 2009), over an area of approximately " 104 km2 scanned by a

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

wind

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

Surv Geophys (2017) 38:1283–1305 1289
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Figure 1: a) Open cellular convection as seen from the International Space Station. Source: Wikimedia commons, public do-
main. Courtesy NASA/JPL-Caltech. b) Pockets of open cells o� the coast of Peru, as seen by Moderate Resolution Imaging Spec-
troradiometer (MODIS) on NASA’s Aqua satellite. Source: Wikimedia commons, public domain. Courtesy: Je� Schmaltz, NASA
Earth Observatory.

lifting [5, 10], which is driven by convergence of boundary layer air into certain regions of the subcloud layer
due to the spreading of cold pools.

Open cellular convection shows a wide range of interesting behaviors, including dependence on initial
conditions. A previous study by Heus and Seifert [11] argues that both a regime with and a regime without
cold pool organization can be found in cumulus simulations with the same large-scale forcings, but di�erent
initial conditions. In the case described in Heus and Seifert, the clouds which generate the precipitation have
a horizontal dimension of a few hundred meters. These clouds are not explicitly resolved by current weather
and regional climate models, and will likely remain underresolved by global climate models for decades to
come. Heus and Seifert also show the di�erences in cumulus size statistics between the open cell and the
unorganized regime: signi�cantly larger clouds appear in the open cell regime.

In stratocumulus convection, pockets of open cells can sometimes also be embedded within areas of
closed cell convection [1, 12, 13]. In this case, both the open and the closed cells showadegree of organization.
Figure 1b shows an example of such a pocket of open cells. These pockets may indicate transitions from an
open cell to a closed cell regime and vice versa. A recent study by Feingold et al. [14] discusses the reversibility
of transitions between open and closed cell convection. In this study, it was found that the transition to open
cell convection occurs much more rapidly than the reverse transition. Wang et al. [15] and Yamaguchi and
Feingold [16] argue that the spacing between precipitation generating convective clouds is a key factor in
determining whether or not a transition to open cell convection takes place. They refer to this as a ‘remote
control’ mechanism.

In order to represent such examples of spatial pattern formation in clouds, we may want to explore sim-
pli�ed models of the dynamics of the clouds and the subcloud layer. Several pathways for such an approach
exist.Mapes andNeale [17], for example, introduced a single non-dimensional parameter to account for cloud
organization, whereas Grandpeix and Lafore [18] use a relatively extensivemodel of cold pool dynamics. Sev-
eral approaches try to explicitly model (stochastic) spatial and temporal variations in convection. Such ap-
proaches provide a form of memory, which is absent from traditional parameterizations, but may be needed
to reduce biases in global models. Ongoing work by Martin Willett at the UK Met O�ce highlights this is-
sue. A damped-driven oscillator has been used as a model for temporal variations in convection by Davies
et al. [19], whereas Khouider et al. [20] used a Markov Chain lattice model to represent convective regimes
at the subgrid scale and in particular the temporal transition probabilities between these regimes. Here, the
Markov Chains were only coupled through the mean state of the grid cell. Spatial models have also been
used: Randall and Hu�man [21], for example, introduced a model of so-called cumulus clumping. This is a

Figures:  
Zuidema et al., Surv Geophys (2017)  
NASA / JPL-Caltech, S. Böing (2016)
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Earth Observatory.

lifting [5, 10], which is driven by convergence of boundary layer air into certain regions of the subcloud layer
due to the spreading of cold pools.

Open cellular convection shows a wide range of interesting behaviors, including dependence on initial
conditions. A previous study by Heus and Seifert [11] argues that both a regime with and a regime without
cold pool organization can be found in cumulus simulations with the same large-scale forcings, but di�erent
initial conditions. In the case described in Heus and Seifert, the clouds which generate the precipitation have
a horizontal dimension of a few hundred meters. These clouds are not explicitly resolved by current weather
and regional climate models, and will likely remain underresolved by global climate models for decades to
come. Heus and Seifert also show the di�erences in cumulus size statistics between the open cell and the
unorganized regime: signi�cantly larger clouds appear in the open cell regime.

In stratocumulus convection, pockets of open cells can sometimes also be embedded within areas of
closed cell convection [1, 12, 13]. In this case, both the open and the closed cells showadegree of organization.
Figure 1b shows an example of such a pocket of open cells. These pockets may indicate transitions from an
open cell to a closed cell regime and vice versa. A recent study by Feingold et al. [14] discusses the reversibility
of transitions between open and closed cell convection. In this study, it was found that the transition to open
cell convection occurs much more rapidly than the reverse transition. Wang et al. [15] and Yamaguchi and
Feingold [16] argue that the spacing between precipitation generating convective clouds is a key factor in
determining whether or not a transition to open cell convection takes place. They refer to this as a ‘remote
control’ mechanism.

In order to represent such examples of spatial pattern formation in clouds, we may want to explore sim-
pli�ed models of the dynamics of the clouds and the subcloud layer. Several pathways for such an approach
exist.Mapes andNeale [17], for example, introduced a single non-dimensional parameter to account for cloud
organization, whereas Grandpeix and Lafore [18] use a relatively extensivemodel of cold pool dynamics. Sev-
eral approaches try to explicitly model (stochastic) spatial and temporal variations in convection. Such ap-
proaches provide a form of memory, which is absent from traditional parameterizations, but may be needed
to reduce biases in global models. Ongoing work by Martin Willett at the UK Met O�ce highlights this is-
sue. A damped-driven oscillator has been used as a model for temporal variations in convection by Davies
et al. [19], whereas Khouider et al. [20] used a Markov Chain lattice model to represent convective regimes
at the subgrid scale and in particular the temporal transition probabilities between these regimes. Here, the
Markov Chains were only coupled through the mean state of the grid cell. Spatial models have also been
used: Randall and Hu�man [21], for example, introduced a model of so-called cumulus clumping. This is a



Bettina Meyer, 10.7.2020 31

Vertical velocity - triple collision

Meyer and  Haerter, 2002  (in prep.)
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Vertical velocity - triple collision

Meyer and  Haerter, 2002  (in prep.)
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Vertical velocity - triple collision

Meyer and  Haerter, 2002  (in prep.)
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Convection triggering

Meyer and  Haerter, 2002  (in prep.)

Triggering condition: 
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CIN
<latexit sha1_base64="BNCISwdoti4uzcOpn9b6uObvIhs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMdgLnqRCOaByRJmJ5NkyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeDUXXqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT6s3tpFssuWV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons4gk5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/6qVBxglyx+aJ+IglGZPo+6QnNGcqxJZRpYW8lbEg1ZWhDKtgQvMWXl0njrOy5Ze/uvFS5yuLIwxEcwyl4cAEVuIYa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QOLopDR</latexit><latexit sha1_base64="BNCISwdoti4uzcOpn9b6uObvIhs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMdgLnqRCOaByRJmJ5NkyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeDUXXqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT6s3tpFssuWV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons4gk5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/6qVBxglyx+aJ+IglGZPo+6QnNGcqxJZRpYW8lbEg1ZWhDKtgQvMWXl0njrOy5Ze/uvFS5yuLIwxEcwyl4cAEVuIYa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QOLopDR</latexit><latexit sha1_base64="BNCISwdoti4uzcOpn9b6uObvIhs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMdgLnqRCOaByRJmJ5NkyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeDUXXqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT6s3tpFssuWV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons4gk5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/6qVBxglyx+aJ+IglGZPo+6QnNGcqxJZRpYW8lbEg1ZWhDKtgQvMWXl0njrOy5Ze/uvFS5yuLIwxEcwyl4cAEVuIYa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QOLopDR</latexit><latexit sha1_base64="BNCISwdoti4uzcOpn9b6uObvIhs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMdgLnqRCOaByRJmJ5NkyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeDUXXqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT6s3tpFssuWV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons4gk5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/6qVBxglyx+aJ+IglGZPo+6QnNGcqxJZRpYW8lbEg1ZWhDKtgQvMWXl0njrOy5Ze/uvFS5yuLIwxEcwyl4cAEVuIYa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QOLopDR</latexit>

KE =
1

2
w2

<latexit sha1_base64="V9djD4vGMz3aYKnPq34jzIfEAOM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokRdCNUBRBcFPBPqCJZTKdtEMnD2Zu1BKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vv8WLBFVjWt1FYWFxaXimultbWNza3zO2dpooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre8GLst+6ZVDwKb2EUMzcg/ZD7nBLQUtfcc4A9Qnp9meEz7PiSULuKH+6qXbNsVawJ8Dyxc1JGOepd88vpRTQJWAhUEKU6thWDmxIJnAqWlZxEsZjQIemzjqYhCZhy08kDGT7USg/7kdQVAp6ovydSEig1CjzdGRAYqFlvLP7ndRLwT92Uh3ECLKTTRX4iMER4nAbucckoiJEmhEqub8V0QHQKoDMr6RDs2ZfnSbNasa2KfXNcrp3ncRTRPjpAR8hGJ6iGrlAdNRBFGXpGr+jNeDJejHfjY9paMPKZXfQHxucPzQWVOQ==</latexit><latexit sha1_base64="V9djD4vGMz3aYKnPq34jzIfEAOM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokRdCNUBRBcFPBPqCJZTKdtEMnD2Zu1BKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vv8WLBFVjWt1FYWFxaXimultbWNza3zO2dpooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre8GLst+6ZVDwKb2EUMzcg/ZD7nBLQUtfcc4A9Qnp9meEz7PiSULuKH+6qXbNsVawJ8Dyxc1JGOepd88vpRTQJWAhUEKU6thWDmxIJnAqWlZxEsZjQIemzjqYhCZhy08kDGT7USg/7kdQVAp6ovydSEig1CjzdGRAYqFlvLP7ndRLwT92Uh3ECLKTTRX4iMER4nAbucckoiJEmhEqub8V0QHQKoDMr6RDs2ZfnSbNasa2KfXNcrp3ncRTRPjpAR8hGJ6iGrlAdNRBFGXpGr+jNeDJejHfjY9paMPKZXfQHxucPzQWVOQ==</latexit><latexit sha1_base64="V9djD4vGMz3aYKnPq34jzIfEAOM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokRdCNUBRBcFPBPqCJZTKdtEMnD2Zu1BKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vv8WLBFVjWt1FYWFxaXimultbWNza3zO2dpooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre8GLst+6ZVDwKb2EUMzcg/ZD7nBLQUtfcc4A9Qnp9meEz7PiSULuKH+6qXbNsVawJ8Dyxc1JGOepd88vpRTQJWAhUEKU6thWDmxIJnAqWlZxEsZjQIemzjqYhCZhy08kDGT7USg/7kdQVAp6ovydSEig1CjzdGRAYqFlvLP7ndRLwT92Uh3ECLKTTRX4iMER4nAbucckoiJEmhEqub8V0QHQKoDMr6RDs2ZfnSbNasa2KfXNcrp3ncRTRPjpAR8hGJ6iGrlAdNRBFGXpGr+jNeDJejHfjY9paMPKZXfQHxucPzQWVOQ==</latexit><latexit sha1_base64="V9djD4vGMz3aYKnPq34jzIfEAOM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokRdCNUBRBcFPBPqCJZTKdtEMnD2Zu1BKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vv8WLBFVjWt1FYWFxaXimultbWNza3zO2dpooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre8GLst+6ZVDwKb2EUMzcg/ZD7nBLQUtfcc4A9Qnp9meEz7PiSULuKH+6qXbNsVawJ8Dyxc1JGOepd88vpRTQJWAhUEKU6thWDmxIJnAqWlZxEsZjQIemzjqYhCZhy08kDGT7USg/7kdQVAp6ovydSEig1CjzdGRAYqFlvLP7ndRLwT92Uh3ECLKTTRX4iMER4nAbucckoiJEmhEqub8V0QHQKoDMr6RDs2ZfnSbNasa2KfXNcrp3ncRTRPjpAR8hGJ6iGrlAdNRBFGXpGr+jNeDJejHfjY9paMPKZXfQHxucPzQWVOQ==</latexit>

KE =
1

2
w2 > |CIN |

<latexit sha1_base64="PxoTvuPd+vv3qOfYKEQgTibQegA=">AAACCHicbVDLSgNBEJz1GeNr1aMHB4PgKewGQS9KMAiKIBHMA5IYZiezyZDZBzO9atjk6MVf8eJBEa9+gjf/xkmyB00saCiquunuckLBFVjWtzEzOze/sJhaSi+vrK6tmxubZRVEkrISDUQgqw5RTHCflYCDYNVQMuI5glWcbmHoV+6YVDzwb6AXsoZH2j53OSWgpaa5Uwf2APHl2QAf47orCbVz+P42h09wv3Bx1W+aGStrjYCniZ2QDEpQbJpf9VZAI4/5QAVRqmZbITRiIoFTwQbpeqRYSGiXtFlNU594TDXi0SMDvKeVFnYDqcsHPFJ/T8TEU6rnObrTI9BRk95Q/M+rReAeNWLuhxEwn44XuZHAEOBhKrjFJaMgepoQKrm+FdMO0WmAzi6tQ7AnX54m5VzWtrL29UEmf5rEkULbaBftIxsdojw6R0VUQhQ9omf0it6MJ+PFeDc+xq0zRjKzhf7A+PwBvA2X2Q==</latexit><latexit sha1_base64="PxoTvuPd+vv3qOfYKEQgTibQegA=">AAACCHicbVDLSgNBEJz1GeNr1aMHB4PgKewGQS9KMAiKIBHMA5IYZiezyZDZBzO9atjk6MVf8eJBEa9+gjf/xkmyB00saCiquunuckLBFVjWtzEzOze/sJhaSi+vrK6tmxubZRVEkrISDUQgqw5RTHCflYCDYNVQMuI5glWcbmHoV+6YVDzwb6AXsoZH2j53OSWgpaa5Uwf2APHl2QAf47orCbVz+P42h09wv3Bx1W+aGStrjYCniZ2QDEpQbJpf9VZAI4/5QAVRqmZbITRiIoFTwQbpeqRYSGiXtFlNU594TDXi0SMDvKeVFnYDqcsHPFJ/T8TEU6rnObrTI9BRk95Q/M+rReAeNWLuhxEwn44XuZHAEOBhKrjFJaMgepoQKrm+FdMO0WmAzi6tQ7AnX54m5VzWtrL29UEmf5rEkULbaBftIxsdojw6R0VUQhQ9omf0it6MJ+PFeDc+xq0zRjKzhf7A+PwBvA2X2Q==</latexit><latexit sha1_base64="PxoTvuPd+vv3qOfYKEQgTibQegA=">AAACCHicbVDLSgNBEJz1GeNr1aMHB4PgKewGQS9KMAiKIBHMA5IYZiezyZDZBzO9atjk6MVf8eJBEa9+gjf/xkmyB00saCiquunuckLBFVjWtzEzOze/sJhaSi+vrK6tmxubZRVEkrISDUQgqw5RTHCflYCDYNVQMuI5glWcbmHoV+6YVDzwb6AXsoZH2j53OSWgpaa5Uwf2APHl2QAf47orCbVz+P42h09wv3Bx1W+aGStrjYCniZ2QDEpQbJpf9VZAI4/5QAVRqmZbITRiIoFTwQbpeqRYSGiXtFlNU594TDXi0SMDvKeVFnYDqcsHPFJ/T8TEU6rnObrTI9BRk95Q/M+rReAeNWLuhxEwn44XuZHAEOBhKrjFJaMgepoQKrm+FdMO0WmAzi6tQ7AnX54m5VzWtrL29UEmf5rEkULbaBftIxsdojw6R0VUQhQ9omf0it6MJ+PFeDc+xq0zRjKzhf7A+PwBvA2X2Q==</latexit><latexit sha1_base64="PxoTvuPd+vv3qOfYKEQgTibQegA=">AAACCHicbVDLSgNBEJz1GeNr1aMHB4PgKewGQS9KMAiKIBHMA5IYZiezyZDZBzO9atjk6MVf8eJBEa9+gjf/xkmyB00saCiquunuckLBFVjWtzEzOze/sJhaSi+vrK6tmxubZRVEkrISDUQgqw5RTHCflYCDYNVQMuI5glWcbmHoV+6YVDzwb6AXsoZH2j53OSWgpaa5Uwf2APHl2QAf47orCbVz+P42h09wv3Bx1W+aGStrjYCniZ2QDEpQbJpf9VZAI4/5QAVRqmZbITRiIoFTwQbpeqRYSGiXtFlNU594TDXi0SMDvKeVFnYDqcsHPFJ/T8TEU6rnObrTI9BRk95Q/M+rReAeNWLuhxEwn44XuZHAEOBhKrjFJaMgepoQKrm+FdMO0WmAzi6tQ7AnX54m5VzWtrL29UEmf5rEkULbaBftIxsdojw6R0VUQhQ9omf0it6MJ+PFeDc+xq0zRjKzhf7A+PwBvA2X2Q==</latexit>
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Vertical mass flux

y

Cold pool height

35

Vertical mass (moisture) flux & cold pool height 

Meyer and  Haerter, 2002  (in prep.)

2-CP collision
3-CP collision
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Conclusions

• Convection triggering:  
• Stronger updrafts in 2-CP collisions  

> strongly stratified / inhibited environments 
• Deeper updrafts & highest mass flux in 3-CP collisions 

> pre-moistening in (deep) convection 

• Climate Models: need representation of cold pool collisions 
> organisation of the cloud field 
> precipitation intensity 

Thank you for your input: bettina.meyer@nbi.ku.dk
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