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Introduction (I)

Variables and equations (II)

• The effect of clouds and convection on the state of the
atmosphere is a major source of uncertainty in weather
and climate models.

Parameterization (III)

In weather and climate models the large-scale prognostic variables
are:
• u, the zonal wind speed;

• Explicit modeling of convection requires model resolutions on the order of 50 meter, whereas global climate
models have horizontal resolution starting at ∼ 100 km.

• v, the meridional wind speed;

• The effects of convection in individual vertical model
columns must be represented by a parameterization.

• θl , the liquid water potential temperature;

The whole idea of parameterization of shallow cumulus convection is
to express the turbulent heat and moisture fluxes in terms of the
known prognostic variables:
w ′φ′(z) = F (z; u, v, w, θl , qt).

• w, the vertical wind speed;

Our approach is to write:

• qt, the total water specific humidity,

• We use a new method to parameterize shallow cumulus
convection stochastically.

w ′φ′(z) = F α(z),

where the overbar indicates the horizontal average over a model
column (∼ 100 × 100 km). For θl and qt, we have the following
equations:

• A Markov chain is constructed using realistic data obtained from large-eddy simulation (LES) of atmospheric
convection.

∂φ
∂w ′φ′
=−
+ Fφ ,
∂t
∂z

• With a cluster method representative vertical heat and
moisture flux profiles are found.

where α : Ω → {1, 2, . . . , 10} is a Markov process. We consider 10
possible functions F (z), determined by clustering in LES observed
flux profiles. The transition probability matrix is determined by
counting transitions.

φ ∈ {θl , qt},

the first term on the rhs describes the tendency due to turbulent
mixing and convection and the remaining term Fφ contains all
tendency terms due to advection and large-scale processes. We
recognize

• The corresponding transition probability matrix is estimated by counting the number of transitions between
profiles.

LES (IV)
Large-eddy simulation is an atmospheric model in which the
resolution is high enough to resolve clouds. We use 512 × 512 × 80
grid points to get a domain of 25.6 × 25.6 × 3.2 km which we
subdivide into 256 subdomains of 1.6 × 1.6 × 3.2 km. Four hours after
initialization we start to save for every subdomain the horizontally
averaged profiles u, v, w, θl , qt and w ′θl′ and w ′qt′ every minute during
four hours. This means that we obtain for every large-scale variable
and for every flux 256 × 240 instantaneous profiles.

• the turbulent heat flux

• By conditioning the probabilities on the atmospheric
state, a conditional Markov chain is obtained that can
produce realistic turbulent fluxes.

w ′θl′ = (w − w) · (θl − θl )
• and the turbulent moisture flux
w ′qt′ = (w − w) · (qt − qt).

Shallow cumulus cloud (X)

Open question (IX)

Field experiments (V)
LES initial profiles and boundary conditions are based on data
obtained by the following field experiments:

A Markov chain is a brilliant tool to simulate a process of which data
is available. However, since it can only reproduce the process, our
conditional Markov chain only works for a very specific state of the
atmosphere. It produces fluxes corresponding to observed fluxes on
the day the field experiment was done. In our case it assumes for
example that the atmosphere is like the atmosphere near Barbados in
the summer of 1969. How can we construct a model that
works for more general circumstances?

• BOMEX The Barbados Oceanographic and Meteorological Experiment in the summer of 1969 describes a static atmosphere with
shallow cumulus convection above sea.

Conditional Markov chain (VIII)
By conditioning the transition probabilities on the
atmospheric state, a conditional Markov chain is obtained that
can produce realistic turbulent flux profiles. We use the same cluster
method as we used for the turbulent flux profiles to cluster the
large-scale variables. We have to specify which large-scale variables
we want to cluster and how many clusters we want to construct. For
every cluster (which corresponds to a set of states of the atmosphere)
we have a transition probability matrix. By using the conditional
Markov chain to produce turbulent fluxes, we obtain a cloud model
that interacts realistically with the large-scale variables.

• ARM-SGP The Atmospheric Radiation Measurement at the
Southern Great Plains in the spring of 1992 describes a diurnal cycle. The day starts and ends with a clear sky and in between shallow
cumulus clouds develop and dissolve.

Counting transitions (VII)

Clustering (VI)

In LES we count transitions between centroids. In this way we obtain a 10 × 10-stochastic transition
matrix. Given an initial state, the Markov chain can produce random flux states with corresponding
flux profiles. In the right figure we see in LES observed flux states and left we see flux states produced by
the Markov chain.

We use a cluster method (k-means) to cluster the in LES observed vertical heat and moisture flux
profiles. Then, we take averages to obtain a representative flux profile, a so called centroid, for each
cluster. Heat and moisture fluxes are strongly correlated, therefore each heat flux centroid corresponds to
a moisture flux centroid. In this figures we chose 10 clusters:

Produced CMC flux states in 1.6 x 1.6 km subdomain

Observed LES BOMEX flux states in 1.6 x 1.6 km subdomain
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